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RESUMO

Nas ultimas décadas, problemas econdémicos e ambientais tém provocado crescentes
preocupacbes com o grande volume de subprodutos gerados pelas industrias
alimenticias. Destes, destaca-se 0 residuo da ciriguela (Spondias purpurea L.), que
contém compostos bioativos com propriedades antioxidantes. Sendo assim, este
trabalho teve como objetivo otimizar o processo de extracdo dos compostos fenolicos da
farinha de residuo de ciriguela (FRC) utilizando extracao assistida por ultrassom (EAU)
e comparar em relacdo ao teor de compostos fenolicos (TCF), aos extratos obtidos por
extracdo convencional e extracdo assistida por micro-ondas. Em seguida foi realizada a
otimizacdo da microencapsulacdo por atomizacdo do extrato de FRC obtido por EAU e
producdo do extrato microencapsulado por liofilizacdo (controle). Caracterizagéo fisica,
determinacdo do perfil fendlico por HPLC, digestdo gastrointestinal in vitro, e andlise
de estabilidade por 90 dias em duas temperaturas (7 e 25 °C) foram realizadas com 0s
extratos microencapsulados da FRC. A condicdo 6tima da EAU dos compostos
fenolicos do extrato de FRC foi obtida usando amplitude ultrassénica de 100% e tempo
de 15 min. O processo de extracdo afetou TCF e a atividade antioxidante por DPPH e
FRAP, quanto maior a amplitude ultrassénica e maior tempo, maior foi o TCF e
atividade antioxidante. O TCF dos extratos atomizados variaram de 190.45 a 454.66 mg
equivalentes de acido galico (EAG/g), tendo maior influencia pela formulacdo de
agentes encapsulantes. A eficiéncia de encapsulamento (EE) dos extratos atomizados
variou de 76.83% a 99.84%. A condicdo otimizada da microencapsulacdo por
atomizacdao do extrato de compostos fenolicos de FRC foi obtida utilizando temperatura
de 150 °C, vazdo de alimentacdo de 0.80 L/h e 100% de goma ardbica como agente
encapsulante. A umidade, solubilidade e higroscopicidade dos extratos atomizados e
liofilizados ndo apresentaram diferenca significativa. Para EE e TCF houve diferenca
significativa (p<0.05), o extrato atomizado apresentou maior EE e o extrato liofilizado
maior TCF. No extrato atomizado de FRC, a rutina (82.69 pg g™) foi o composto
encontrado em maior quantidade. Enquanto catequina (93.94 ug g*) foi predominante
no extrato de FRC liofilizado. Ao analisar a digestdo gastrointestinal simulada dos
extratos, observou-se que maiores valores de compostos fenolicos foram encontrados
apos a fase gastrica, e os menores valores na Ultima fase. A rutina foi 0 composto que
apresentou maior teor ap6s a digestdo dos extratos atomizado (68.74 pg g™) e liofilizado
(93.98 pg g*). O microscopio eletronico de varredura (MEV) revelou que as
microcépsulas atomizadas apresentaram formato esférico e superficie lisa, com menos
deformac6es do que as microcapsulas liofilizadas com extensas rugas e superficie mais
dentada. As microcapsulas atomizadas e liofilizadas, independente da temperatura (7 ou
25 °C), mantiveram seu TCF quase inalterados por 90 dias de armazenamento. O
extrato de compostos fendlicos atomizado de FRC apresentou elevado TCF,
propriedade antioxidante e potencial mercadoldgico, visando a utilizacdo do extrato
como ingrediente no enriquecimento de alimentos e na producdo de novos ingredientes
alimenticios, cosméticos ou farmacéuticos.

Palavras-chaves: Compostos bioativos; antioxidantes; ultrassom; micro-ondas;
microencapsulacdo; atomizacdo, liofilizacdo; Spondias purpdrea L.



ABSTRACT

In recent decades, economic and environmental problems have caused growing
concerns about the large volume of by-products generated by the food industries. Of
these, the ciriguela residue (Spondias purpurea L.) stands out, which contains bioactive
compounds with antioxidant properties. Therefore, this study aimed to optimize the
process of extracting phenolic compounds from ciriguela residue flour (CRF) using
ultrasound-assisted extraction (UAE) and compare, in relation to the content of phenolic
compounds (TPC), to the extracts obtained by conventional extraction and microwave-
assisted extraction. Then, the optimization of microencapsulation was performed by
spray-drying the CRF extract obtained by EAU and production of the
microencapsulated extract by freeze-drying (control). Physical characterization,
determination of the phenolic profile by HPLC, in vitro gastrointestinal digestion, and
stability analysis for 90 days at two temperatures (7 and 25 °C) were performed with the
microencapsulated extracts of CRF. The optimal condition of the EAU of the phenolic
compounds of the CRF extract was obtained using an ultrasonic amplitude of 100% and
a time of 15 min. The extraction process affected TPC and antioxidant activity by
DPPH and FRAP, the greater the ultrasonic amplitude and the longer the time, the
greater the TPC and antioxidant activity. The TPC of the spray-dried extracts ranged
from 190.45 to 454.66 mg equivalent of gallic acid (GAE/g), having greater influence
on the formulation of encapsulating agents. The encapsulation efficiency (EE) of the
spray-dried extracts ranged from 76.83% to 99.84%. The optimized condition of
microencapsulation by atomization of the extract of CRF phenolic compounds was
obtained using a temperature of 150 °C, a feed rate of 0.80 L/h and 100% gum arabic as
an encapsulating agent. Moisture, solubility and hygroscopicity of the spray-dried and
freeze-dried extracts did not show any significant difference. For EE and TPC there was
a significant difference (p<0.05), the spray-dried extract showed higher EE and the
freeze-dried extract higher TPC. In the spray-dried extract of FRC, rutin (82.69 pg g™)
was the compound found in greater quantity. While catechin (93.94 pg g*) was
predominant in the freeze-dried CRF extract. When analyzing the simulated
gastrointestinal digestion of the extracts, it was observed that higher values of phenolic
compounds were found after the gastric phase, and the lowest values in the last phase.
Rutin was the compound that presented the highest content after digestion of the spray-
dried (68.74 pg g*) and freeze-dried (93.98 pg g™) extracts. The scanning electron
microscope (SEM) revealed that the spray-dried microcapsules had a spherical shape
and smooth surface, with less deformation than the freeze-dried microcapsules with
extensive wrinkles and a more serrated surface. The spray-dried and freeze-dried
microcapsules, regardless of temperature (7 or 25 °C), maintained their TPC almost
unchanged for 90 days of storage. The spray-dried extract of CRF showed high TPC,
antioxidant property and marketing potential, aiming to use the extract as an ingredient
in food enrichment and in the production of new food, cosmetic or pharmaceutical
ingredients.

Keywords: Bioactive antioxidant compounds; ultrasound; microwave; atomization;
freeze-drying; Spondias purpurea L.
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1. INTRODUCAO

Nas Ultimas décadas vem ocorrendo um aumento no consumo internacional de
frutas tropicais, que sdo bastante apreciadas por causa da sua diversidade no aroma e
sabor exotico (SCHIASSI et al., 2018). Este aumento € devido ao valor nutricional e
funcional destas frutas e de como sdo importantes para a saide humana (HABIBI;
RAMEZANIAN, 2017). O Brasil € um pais com caracteristicas geograficas e climaticas
favoraveis para a producdo de frutas, e muitas dessas, ricas em compostos bioativos e
importantes para a indUstria de alimentos, sdo encontradas nos biomas brasileiros da
Floresta Amazonica, Cerrado, Mata Atlantica e Caatinga (CAPPATO et al., 2018).

A regido do semiarido, principalmente o bioma Caatinga apresenta uma imensa
biodiversidade de frutas, destacando-se as do género Spondias, principalmente a
ciriguela (Spondias purpurea L.) que é originaria do México e América Central. Esta
fruta é rica em metabolitos secundarios, em particular compostos fenolicos, de interesse
biolégico (MALDONADO-ASTUDILLO et al., 2014). No processamento de frutas,
cascas e sementes sdo os dois principais subprodutos (GOOT et al., 2016). A casca da
ciriguela representa aproximadamente 45% do peso total da fruta (ALBUQUERQUE et
al., 2016).

Diante do aumento no consumo de frutas, o processamento destas em produtos
como sucos e bebidas apresentou elevado crescimento, possibilitando a obtencdo de
novas fontes funcionais e saudaveis (JEDDOU et al., 2017). O elevado crescimento das
industrias de polpas e sucos de frutas tem gerado grande volume de residuos, que pode
ser explorado para a extracdo de substancias de alto valor agregado (BEN-OTHMAN;
JOUDU; BHAT, 2020; SALEEM; SAEED, 2020; KRINGEL et al., 2020).

A extragdo dos compostos de interesse pode ser realizada por métodos
convencionais, utilizando maceragdo e/ou agitacdo com solventes e extragcdo por
soxhlet, que se fundamenta na captacdo dos compostos de interesse de um soluto ou
matriz, associado ou ndo ao uso de calor. No entanto, métodos convencionais de
extracdo requerem tempos longos para se alcancar a concentracdo maxima dos
compostos de interesse, grande demanda de solvente e degradacdo térmica devido ao
longo tempo de processo (CALDAS et al., 2018). Diante dessas desvantagens, buscam-
se métodos mais sustentaveis, em que o consumo de solventes e o tempo de extracdo

sejam minimizados e o rendimento de extracdo aumentado (PINTAC et al., 2018).
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As tecnologias inovadoras ou ndo-convencionais que vém sendo utilizadas sdo
aplicacdo de campos elétricos pulsados, extracdo assistida por ultrassom, micro-ondas,
alta pressao, fluido supercritico e extracdo acelerada por solvente (PUTNIK et al.,
2018). Destaca-se a extracdo assistida por ultrassom, que utiliza ondas mecanicas que
apresentam frequéncias entre 20 e 100 kHz (DADAN et al., 2018), e a extracdo assistida
por micro-ondas, que utiliza ondas eletromagnéticas para penetrar nos materiais e
interagir com grupos polares, aumentado a extragdo dos compostos de interesse
(CALDAS et al., 2018; ZHAO et al., 2019).

Os compostos bioativos, principalmente os fendlicos, sofrem degaradacéo
facilmente durante a extracdo, processamento e armazenamento de alimentos, sendo
altamente sensiveis a fatores como luz, pH, temperatura, presenca de oxigénio e
enzimas (RENARD, 2018). A microencapsulacdo pode ser uma alternativa para
aumentar a estabilidade dos compostos bioativos e, consequentemente, a atividade
antioxidante (REZENDE; NOGUEIRA; NARAIN, 2018; SANTOS et al., 2019). A
microencapsulacdo é uma das técnicas mais importantes sendo utilizada para revestir ou
selar materiais durante o processamento de alimentos e proteger compostos sensiveis de
condicdes externas (PIECZYKOLAN; KUREK, 2019). Dentre os métodos de
microencapsulacdo de compostos destacam-se a atomizacdo e a liofilizacdo. A
atomizacdo € um processo continuo, simples e rapido no qual um liquido é
transformado em um produto em pé ap6s um periodo de secagem relativamente curto
(SANTHALAKSHMY et al., 2015). A liofilizacdo, por sua vez, € baseada na remocao
da agua por sublimac&o, desenvolvida para superar as perdas de compostos responsaveis
pelos aromas e sabor nos alimentos e de compostos bioativos (RAMIREZ; GIRALDO;
ORREGO; 2015; HARNKARNSUJARIT et al., 2016).

Esses aspectos, juntamente com o crescente interesse global em tecnologias de
extracdo emergentes, que visam a minimizacdo dos impactos ambientais, justificam a
utilizacdo de subprodutos gerados nas inddstrias de processamento de frutas. Uma
alternativa para o aproveitamento tecnoldgico do residuo da ciriguela é a sua utilizacdo
na producdo de extratos microencapsulados de compostos fendlicos que possam ser
aplicados como ingredientes funcionais em varios alimentos. Este trabalho teve como
objetivos: i) otimizar o processo de extracdo assistida por ultrassom de compostos
fenolicos do residuo de ciriguela, ii) avaliar a estabilidade fisica e quimica do extrato
microencapsulado por atomizacdo e liofilizacdo frente ao extrato liquido, e iii)
determinar a bioacessibilidade dos compostos fenélicos do extrato microencapsulado.
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2. REVISAO DE LITERATURA

Para realizacdo desta pesquisa cientifica, antes apresento 0 necessario a se
conhecer sobre 0 tema e 0 objeto que serdo investigados, a fim de iluminar o
delineamento do problema, dos objetivos e da metodologia da pesquisa, assim como
oferecer subsidios para a interpretacdo dos dados na etapa de resultados e discusséo.
Sendo assim, apresento esta revisdo de literatura, que aborda as tematicas de producéo e
consumo de frutas, destacando dados da ciriguela, residuos de frutas, compostos
bioativos e atividade antioxidante, principais métodos de extracdo de compostos
fenolicos e alguns estudos sobre extracdo de compostos bioativos. Alem de destacar os
metodos de microencapsulacdo mais utilizados na literatura (atomizacéo e liofilizacéo),
e as principais pesquisas envolvendo microencapsulacdo de extratos de compostos
bioativos.

2.1. Producéo e consumo de frutas

A grande biodiversidade encontrada nos biomas da América do Sul,
principalmente o territorio Brasileiro (como a Floresta Atlantica, Caatinga, Cerrado e a
Floresta Amazdnica), representa uma importante fonte de novas plantas para nutricdo
humana, sabores e materiais para a industria de alimentos (INFANTE et al., 2016). O
Brasil € o terceiro maior produtor mundial de frutas tropicais, ficando atras apenas da
China e da India, e dentro deste cenario, destaca-se a regido Nordeste. A producéo
brasileira de frutas tropicais atingiu 602,65 mil toneladas em 2018, correspondendo a
2,52% de toda a producdo mundial (BARROS et al., 2017; FAO, 2018), possui uma
grande variedade de espécies de frutos subexploradas, nativas e exoticas, de grande
potencial e interesse pela agroindustria, devido aos seus sabores e cores agradaveis, mas
principalmente porque sdo consideradas fontes ricas em compostos bioativos (PAZ et
al., 2015; CARVALHO et al., 2017; SCHIASSI et al., 2018).

Apesar do alto potencial nutricional e econdmico, o Brasil apresenta um grande
numero de frutas nativas e exoéticas que permanece inexplorado. Principalmente as
frutas presentes no bioma Caatinga, que ocupa 11% do territério Brasileiro. Sua
vegetacdo estd presente nos nove estados nordestinos e faz parte da cultura social,
econbmica e também da educacdo da regido. O bioma enfrenta desafios em sua
preservacdo e valorizacdo. Esta regido desde 1980 tem descoberto sua vocacdo de
produzir frutas de excelente qualidade, a medida que os avancos das tecnologias de
irrigacio e de manejo permitiram superar a limitagdo do déficit hidrico (ANUARIO
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BRASILEIRO DE FRUTICULTURA, 2017). Com isso a caracterizacéo fisico-quimica
de frutos da Caatinga Brasileira e a quantificacdo de seus componentes sdo importantes
para a compreensdo de seu valor nutricional, a fim de melhorar a qualidade e agregar
valor econdmico ao produto final.

Nas ultimas décadas vem ocorrendo um aumento no consumo internacional de
frutas tropicais, que sdo bastante apreciadas por causa da sua diversidade no aroma,
sabor e valor nutricional (HABIBI; RAMEZANIAN, 2017; ALBURQUERQUE et al.,
2019). Os sucos de frutas, de modo geral, sdo uma boa fonte de compostos
antioxidantes biologicamente ativos, particularmente acido ascérbico e compostos
fendlicos. O &cido ascorbico é conhecido por sua acdo antioxidante e anti-inflamatdrio,
enquanto que os compostos fendlicos sdo conhecidos por sua agao preventiva em alguns
tipos de cancer, doencas cardiovasculares e neuroldgicas (BENJAMIN et al., 2015). O
consumo de frutas tropicais tem aumentado devido ao reconhecimento do seu valor para
a salde humana, aliado a tendéncia dos consumidores em valorizar a ingestdo destas
frutas (BARROS et al., 2017; ALBURQUERQUE et al., 2019).

Pesquisas indicam que o consumo frequente de frutas esta associado ndo sé a
manutencdo de diversas atividades metabdlicas do organismo, como também, a uma
menor incidéncia de doencas degenerativas e prevencdo de anomalias fisioldgicas, tais
como cancer, disfungbes cardiovasculares, inflamacgdes, arteriosclerose, diabetes,
aceleracdo do envelhecimento, Parkinson e Alzheimer (HABIBI; RAMEZANIAN,
2017; LESJAK et al., 2018; ABREU et al., 2022). Os beneficios a saude podem ser
atribuidos a capacidade antioxidante dos fitoquimicos, tais como vitaminas,
carotenoides, flavonoides e outros polifendis, e do conteldo destes compostos nas frutas
e produtos derivados (SAMOTICHA; WOJDYLO; GOLIS, 2017; KANG et al., 2018).
Essas frutas tropicais podem se tornar uma fonte inesgotavel de recursos nutricionais,
uma vez que é uma fonte potencial de compostos bioativos, desempenhando um papel
essencial na prevencao de doencas.

Diante desse aumento no consumo de frutas, aliado ao elevado potencial
antioxidante de sucos e derivados de frutas, as industrias de alimentos sdo estimuladas a
desenvolver novas fontes de ingredientes funcionais e saudaveis, além de novos

produtos.
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2.2. Ciriguela

Na regido Nordeste do Brasil destaca-se o consumo da ciriguela. A cirigueleira
(Spondias purpurea L.) pertence ao género Spondias, que compreende mais de 600
espécies, as quais se concentram nas regides tropicais da Africa, Asia e América Central
(AUGUSTO; CRISTIANINI; IBARZ, 2012; BARROS et al., 2017). A ciriguela (Figura
1) apresenta periodo de colheita entre dezembro e marco e alta perecibilidade. E
conhecida por diversos nomes, que variam em funcdo da regido geogréfica, como:
mombim vermelho, siriguela, seriguela, ceriguela, ciriguela, jocote, joco, corona,
ciruela, ciruela mexicana, jobillo, ameixa espanhol e caja-vermelho (AUGUSTO;
CRISTIANINI; IBARZ, 2012; BICAS et al., 2011; FURTADO et al., 2010).

A ciriguela é um fruto tipo drupa, de cor bem acentuada e atrativa, que
dependendo do estado de maturagédo pode variar de verde a amarelo, laranja, vermelho e
até violeta; possui formato ovoide e cerca de 3 a 5,5 cm de comprimento, pesando
aproximadamente de 12 a 28 g, de sabor adocicado e acido, devido a influéncia de

variedade boténica e da fase de amadurecimento (ENGELS et al., 2012).

Figura 1. Frutos de ciriguela (Spondias purpurea L.)

A coloragdo dessa fruta pode variar também em fungdo do processo de
amadurecimento como resultado do metabolismo dos carotenoides e da clorofila, além
disso, a intensidade luminosa e composicdo atmosférica durante 0 armazenamento sdo
fatores chaves para determinar essa caracteristica (MALDONADO-ASTUDILLO et al.,
2014).
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Este fruto apresenta epicarpo liso, que representa aproximadamente 14% do peso
total da fruta; endocarpo lignificado, fibroso, ndo comestivel, de coloracao
esbranquicada representando aproximadamente 17% do peso total do fruto; e
mesocarpo, de flavor agradavel ao paladar, contribuindo com aproximadamente 69% do
peso total do fruto (MALDONADO-ASTUDILLO et al., 2014; ENGELS et al., 2012;
OMENA et al., 2012). Apresenta excelente qualidade sensorial sendo consumida fresca
ou processada, e 6timas perspectivas comerciais gragas ao uso de processamento pos-
colheita, além de agregar valor ao produto final e facilitar a comercializagdo em regides
onde o clima ndo é favoravel para o cultivo (DUTRA et al., 2017, TODISCO et al.,
2014).

A ciriguela possui baixas quantidades de proteinas, gorduras e teor moderado de
calorias, além de grandes quantidades de fibras e de vitamina C (Quadro 1). Ela também
contétm uma alta quantidade de minerais, entre eles o calcio, potassio, manganés,

magnésio, cobre, fosforo e zinco (TACO, 2011).

Quadro 1. Composi¢do quimica da ciriguela.

Constituintes Quantidade em 100 g de
ciriguela in natura

Umidade (%) 78,7

Energia (kJ) 317,98
Proteina (g) 1,4
Lipideos (g) 0,4
Carboidrato (g) 18,9
Fibra Alimentar (g) 3,9
Cinzas (Q) 0,7
Vitamina C (mg) 27,0
Fosforo (mg) 49,0
Célcio (mg) 27,0
Magnésio (mg) 18,0

Potassio (mQ) 248,0

Fonte: Adaptada de TACO (2011).

Do ponto de vista fitoquimico, a ciriguela (polpa e casca) é rica em metabdlitos
secundarios, em particular compostos fendlicos, de interesse bioldgico
(MALDONADO-ASTUDILLO et al., 2014; SILVA et al., 2016). No processamento de
frutas, casca e sementes sdo o0s dois principais subprodutos e 0s seus extratos contém

uma consideravel quantidade de compostos bioativos (GOOT et al., 2016).
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O crescimento e o processamento de frutas geram um grande volume de
residuos, que pode ser explorado para a producgdo de substancias altamente valorizadas
(BEN-OTHMAN; JOUDU; BHAT, 2020). Esses subprodutos de diferentes indUstrias
de processamento de frutas sdo tradicionalmente descartados como residuos e estdo
sendo reconhecidos como importantes fontes de compostos quimicos valiosos
(SEPULVEDA et al., 2018; SANTANA NETO et al., 2022).

2.3. Residuos de frutas

Nos ultimos anos, a elevada quantidade de residuos industriais tém gerado
problemas econdmicos e ambientais, causando preocupacdes crescentes com a poluicdo
(CALDAS et al., 2018). Nesse sentido, um dos desafios atuais é a reclassificacdo de
residuos como "co-produtos” ou “subprodutos” que podem ser reprocessados, visando
reduzir seus impactos negativos, bem como obter materiais de valor agregado (SETTE
et al., 2020). A valorizacdo de residuos e subprodutos pode contribuir para a geracdo
minima de residuos ou atender ao amplamente popular "conceito de desperdicio zero"
visando as necessidades e demandas atuais do consumidor e da sociedade (BEN-
OTHMAN; JOUDU; BHAT, 2020).

Globalmente, uma grande quantidade de subprodutos agricolas é gerada a cada
ano pelas indastrias de processamento de alimentos, levando a um sério problema
ambiental. Apenas uma fragdo destes residuos séo reciclados e reutilizados na producéao
de fertilizantes, fonte de combustivel, racdo animal etc. (BEN-OTHMAN; JOUDU;
BHAT, 2020; KASAPIDOU, SOSSIDOU; MITLIANGA, 2015). A exploragdo deste
tipo de recurso permite reduzir a quantidade de desperdicio de alimentos, diminuindo
assim o impacto negativo no meio ambiente devido ao efeito fitotoxico do alto contetdo
de matéria organica (LAVELLI et al., 2017).

De acordo com a Organizagdo das NagOes Unidas para Alimentacdo e
Agricultura (FAO), todos os anos, cerca de um terco (1,6 bilhdes de toneladas) dos
alimentos produzidos globalmente sdo perdidos ou desperdicados. O desperdicio de
alimentos ¢ definido pela FAO como “perdas de qualidade e quantidade de alimentos
pelo processo da cadeia de suprimentos que ocorre na producdo, pos-colheita, e estagios
de processamento” (FAO, 2018; CORRADO et al., 2019; TSANG et al., 2019).

O desperdicio de alimentos é produzido durante toda a cadeia produtiva dos

alimentos. Excluindo as perdas de alimentos pela producéo agricola, até 42% delas séo
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produzidos pelos consumidores, 38% ocorrem durante o processamento de alimentos e
20% sdo distribuidos ao longo de toda a cadeia (FAO, 2018). Associado ao desperdicio
de alimentos estima-se que a populacdo mundial aumentara para mais de 9,7 bilhGes em
2050 (SALIM; SINGH; RAGHAVAN, 2017), reforcando a necessidade de politicas
mundiais prioritarias para reducdo desse desperdicio (VAN HERPEN et al., 2019).

Grandes quantidades de residuos e subprodutos agro-alimentares sdo geradas no
setor industrial agroalimentar. Em torno de 50% dos residuos agricolas, ndo apenas
criam problemas de descarte seguro, mas também contribui para impactos ambientais
negativos. De acordo com a estimativa da FAO, no mundo um terco de todos o0s
alimentos produzidos séo desperdicados ou perdidos, entre 0s quais a maior parte séo
frutas, hortalicas e frutos do mar. Além disso, ainda de acordo com a FAO, para
alcancar e garantir o sucesso das “Metas do Desenvolvimento Sustentavel” é importante
que sejam tomadas as medidas apropriadas para minimizar os residuos gerados no setor
agroalimentar (FAO, 2018).

Em relagdo aos componentes potencialmente comercializaveis presentes nos
subprodutos alimentares, o objetivo € explorar aqueles de alto valor como proteinas,
polissacarideos, fibras, compostos aromatizantes e fitoquimicos como ingredientes
nutricionais e farmacologicamente funcionais (HEERES, 2009; KRINGEL et al., 2020).
No cenério global atual, a utilizacdo sustentavel de subprodutos agro-alimentares para
gerar produtos de elevado valor agregado para possiveis aplicacbes em usos cosmeéticos,
farmacéuticos ou industriais de alimentos podem proporcionar oportunidades
consideraveis para obter renda adicional para o setor industrial. Além disso, a
valorizacdo efetiva de residuos/subprodutos pode ajudar eficientemente a reduzir o
estresse ambiental, diminuindo a poluicdo e impulsionando o crescimento econdmico
(SEPULVEDA et al.,, 2018; BEN-OTHMAN; JOUDU; BHAT, 2020, SANTANA
NETO et al., 2022).

Os subprodutos vém sendo utilizados devido a presenca de compostos bioativos,
que possuem atividade antioxidante e antimicrobiana. Além disso, a valorizacdo de
subprodutos agroalimentares pode garantir a seguranca alimentar regional e, assim,
garantir a producdo sustentavel de alimentos (BHAT, 2017; BEN-OTHMAN; JOUDU;
BHAT, 2020; KRINGEL et al., 2020).

Do total de residuos gerados, estima-se que 14,8% sejam provenientes de

producdo e processamento de frutas/hortalicas. Além disso, quase 50% dos desperdicios
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familiares de alimentos também concernem as frutas e hortalicas (LAURENTIIS;
CORRADQO; SALA, 2018).

Os residuos de frutas representam uma quantidade significativa de desperdicio
total de alimentos produzido em todo o mundo. Hoje, com a disponibilidade das
tecnologias modernas, juntamente com o0s principios da "Quimica Verde", novos
conceitos foram estabelecidos, levando a utilizagdo eficaz de residuos e subprodutos do
setor agroalimentar para a producdo de produtos de valor agregado (BEN-OTHMAN;
JOUDU; BHAT, 2020). Contudo, sua valorizacdo através da recuperacdo de
componentes valiosos é limitada. Nesse sentido, a industria e os pesquisadores tém
trabalhado juntos para transformar residuos de frutas em produtos de alto valor
agregado (KRINGEL et al.,, 2020). A reducdo de residuos de alimentos e sua
valorizacdo tornaram-se um topico de interesse crescente de pesquisa nos ultimos anos.
Diante do exposto, muitos pesquisadores estdo trabalhando na recuperacdo,
bioconversao, reciclagem e utilizacdo de compostos bioativos a partir de residuos de
frutas (CALDAS et al., 2018; GUANDALINI et al., 2019; ROY; LINGAMPETA,
2014; SHARAYEI et al., 2019; SETTE et al., 2020; ABREU et al., 2022; SANTANA
NETO et al., 2022, TOLEDO-MERMA et al., 2022).

2.4. Compostos bioativos

Seguindo a tendéncia de maior preocupacdo com a salde e foco na prevencao de
doencas, tem-se observado um aumento no consumo de frutas no Brasil e em todo o
mundo apo6s a pandemia de COVID 2019. Com efeito, varias evidéncias cientificas
apontam efeitos benéficos a saude de dietas ricas em frutas e hortalicas, que apresentam
em sua composi¢do varios compostos com potencial antioxidante, como vitaminas,
carotendides e compostos fendlicos.

Os vegetais produzem metabodlitos primarios e secundarios. Os metabolitos
priméarios sdo responsaveis pela fotossintese, assimilagdo de nutrientes, crescimento,
desenvolvimento e reproducdo das plantas, enquanto os secundarios tém a funcéo de
defender o organismo de certos predadores e atrair polinizadores, liberando odores e
coloracdo atrativos. Os metabolitos secundarios sdo destacados pelas suas atividades
bioldgicas diversas, tais como, anticarcinogénica, antiviral, anti-inflamatoria, reducao

do risco de doengas cardiovasculares e neuroldgicas, entre outras (COSTA et al., 2015;
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NOREEN et al., 2017; AGUDELDO et al., 2017), o que confere aos produtos naturais o
reconhecimento como substancias bioativas (ALl et al., 2010).

Essas biomoléculas foram identificadas em varios subprodutos agricolas, como
cascas de frutas. Esses compostos sdo sintetizados como mecanismo de protecdo contra
estressores (luz, secas, pragas, mudancas térmicas, entre outros) (BANERJEE et al.,
2017) e desempenham um papel essencial na pigmentagcdo e sabor (BARBA et al.,
2016).

Dentre os metabolitos secundarios, encontrados em vegetais, estdo 0s compostos
fenolicos, o acido ascérbico e os carotenoides. Os compostos fenolicos, como acidos
fendlicos, flavonoides (incluindo as antocianinas), tém por caracteristica ao menos um
anel aromético e um grupamento hidroxila, substituindo um atomo de hidrogénio (ALI
et al., 2010). Fatores genéticos determinam quais classes e subclasses desses compostos
sdo sintetizadas pelos vegetais. Os extratos de compostos bioativos podem apresentar
teores diferentes entre amostras de um mesmo vegetal, e o perfil dos compostos
fendlicos pode ainda variar em funcdo dos estagios de crescimento e maturacao, fatores
bioticos e abidticos, aos qual o vegetal foi submetido, além das metodologias analiticas
de extracdo e determinacdo utilizadas (BUNIOWSKA et al., 2017; DUTRA et al.,
2017).

Estudos confirmam que uma das principais causas por tras do envelhecimento
prematuro e de doengas como cancer, cardiovasculares, neurodegenerativas (Alzheimer
e Parkinson) ou diabetes reside no acumulo excessivo no corpo humano de produtos
derivados de reacdes de oxigénio e nitrogénio que podem causar condicGes de estresse
oxidativo, danificando moléculas de DNA, paredes dos vasos sanguineos, proteinas e
lipidios. Por sua vez, essa clivagem de moléculas de DNA pode influenciar a regulacéo
do crescimento celular, que resulta na formacdo de células cancerigenas e no
desenvolvimento de doencas cardiovasculares (AGUDELO et al.,, 2017; AGUIAR;
ESTEVINHO; SANTOS, 2016).

Uma solugdo possivel para esse problema é o consumo de produtos que contém
compostos fendlicos, uma vez que livres, atuam como catadores de radicais. Produtos
fendlicos e polifendlicos, sozinhos ou em combinagdo com vitaminas e carotenoides,
vitamina E e vitamina C, atuam como antioxidantes que protegem os tecidos no corpo
humano dos efeitos nocivos do estresse oxidativo. Os polifendis sdo os antioxidantes
mais comuns encontrados em dietas a base de frutas e vegetais (RAHMAN et al., 2022).

Os compostos bioativos, também chamados de fitoquimicos, sdo estruturas organicas
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obtidas de fonte vegetal, geralmente de baixo peso molecular, que buscam e neutralizam
radicais livres, contribuindo na atuagdo de atividades benéficas ao organismo humano,
como reducdo do risco de doengas coronarianas, atividade antioxidante, estimulagéo do
sistema imunoldgico, reducdo da pressdo sanguinea, regulacdo hormonal, entre outras
(AGUDELDO et al., 2017). Além destas funcdes, nas industrias alimenticias, sua adi¢éo a
alimentos pode aumentar o prazo de validade, retardando a peroxidacdo lipidica e o
crescimento microbiano, bem como permitir a producdo de alimentos funcionais ou
mesmo para serem incorpororados em embalagens de alimentos (FIDELIS et al., 2015;
RAHMAN et al., 2022).

Cascas de frutas e hortalicas sdo consideradas residuos que devem ser usados
para extrair diversos compostos (bioativos, agentes antimicrobianos e antioxidantes). Os
principais elementos com propriedades bioativas nos vegetais sdo 0S compostos
fenolicos ou polifendis (maior grupo de compostos), os carotenoides e os glicosinolatos
(RAMIREZ; GIRALDO; ORREGO; 2015). Os polifendis sdo os principais compostos
bioativos presentes nas frutas e em seus subprodutos (BATAGLION et al., 2015).
Vérios estudos realizados com subprodutos de vegetais revelaram a presenca de
compostos fendlicos (CALDAS et al., 2018; CASSOL; RODRIGUES; NORENA,
2019; GUANDALINI et al., 2019; MILANI et al., 2020; SHARAYEI et al., 2019), e
que estes compostos podem ser utilizados pelas industrias alimenticias, e também para
fins farmacoldgicos ou farmacéuticos (SALEEM; SAEED, 2020).

2.5. Compostos fendlicos

Os compostos fenolicos, que estdo amplamente distribuidos no reino vegetal,
englobam uma gama de compostos (aproximadamente 10.000 estruturas fendlicas),
divididos em duas classes em fungdo da estrutura quimica: flavonoides e néo-
flavonoides (TSAO, 2010). Também chamados de polifendis, os compostos fendlicos
sdo micronutrientes que apresentam inimeros beneficios a saide humana e seus efeitos
protetores nos sistemas alimentares como compostos antioxidantes sao bem conhecidos
e tém sido extensivamente investigados (DUTRA et al., 2017; LUCAS-GONZALEZ et
al., 2018; RAFIEE et al., 2017; SHAVANDI et al., 2018). Variagbes na estrutura
quimica de compostos fendlicos em frutas, hortalicas e residuos agroindustriais estdo

relacionadas a proporcdes diferentes de fendis simples e complexos, como acido
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benzoico e cindmico, cumarinas, taninos, ligninas, lignanas e flavonoides (AHMAD et
al., 2016).

Os é&cidos gélico, elagico, protocatecuico e 4-hidroxibenzoico sdo os acidos
benzoicos mais consumidos por humanos, enquanto os acidos cafeico, ferulico, sinapico
e p-cumarico sdo os acidos cindmicos mais comuns. As dietas a base de vegetais sdo
ricas em polifendis, que fornecem nutrientes, aléem de contribuir para a prevencao de
doengas cronicas (MINATEL et al, 2017; RAHMAN et al., 2022).

As propriedades antioxidantes dos compostos fenolicos tém atraido cada vez
mais a atencdo de pesquisadores e consumidores, devido os seus inimeros beneficios a
salide humana (ALBAYRAK; ATASAGUN; AKSOQY, 2017). Esses compostos podem
prevenir a reatividade negativa de espécies reativas de oxigénio/nitrogénio indesejadas
produzidas pelas atividades metabdlicas do corpo. Devido aos seus potenciais
beneficios para a saude, os polifendis e outros fenolicos dietéticos estdo gerando muita
atencdo no mundo cientifico (RAHMAN et al., 2022).

Estes compostos apresentam destaque especial como antioxidantes, por atuarem
como eficientes captadores de espécies reativas de oxigénio (EROs), além de reduzirem
e quelarem ions férricos que catalisam a peroxidacdo lipidica (MALDONADO-
ASTUDILLO et al., 2014) e outras importantes atividades biologicas, como
anticarcinogénica, doencas cardiovasculares e neuroldgicas (COSTA et al.,, 2015),
antiviral (NOREEN et al., 2017), antibiotica, antialergénica, anti-inflamatéria e de
protecdo fotoquimica (AGUDELO et al., 2017). Além disso, os compostos fenolicos
podem ter um papel importante na salde humana, interagindo com a microbiota
intestinal (OZDAL et al., 2016), ser usados pela industria alimenticia como substituto
de antioxidantes sintéticos (RAFIEE et al., 2017) e para a producdo de alimentos
funcionais e pela industria farmacéutica como farmacos (ASSADPOUR et al., 2017;
FARIDI ESFANJANI; ASSADPOUR; JAFARI, 2018). As propriedades biologicas de
compostos fenolicos sdo diversas, embora 0os mecanismos especificos que exercem
efeitos preventivos das doencas permanecam desconhecidos (RAHMAN et al., 2022).

A biodisponibilidade e fungdo dos compostos fendlicos, presentes em alimentos
de origem vegetal, no corpo humano dependem de muitos fatores como
bioacessibilidade, efeito da matriz alimentar, transportadores, estruturas moleculares e
enzimas metabolizadoras (REIN et al., 2013). Dutra et al. (2017) realizaram a
caracterizagdo do perfil fendlico de ciriguela, umbu-cajd e mangaba, bem como a
bioacessibilidade dos compostos fendlicos e a atividade antioxidante dos dialisados
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apos a exposicdo a condicdes gastrointestinais simuladas Os principais compostos
fendlicos livres e conjugados detectados por Dutra et al. (2017) foram: cido gentisico
(762,73 mg.100 g7, 4cido p-hidroxibenzoico (391,25 mg.100 g™), 4cido p-cumarico
(217,8 mg.100 g™, rutina (174,35 mg.100 g), 4cido vanilico (158,78 mg.100 g*),
4cido protocatecuico (143,77 mg.100 g™, 4cido sinépico (122,83 mg.100 g*), 4cido
salicilico (98,56 mg.100 g™), catequina (62,61 mg.100 g™) e quercetina (59,92 mg.100
g™), expressos em base seca. Apesar das diferencas nas quantidades de cada composto
fenolico identificado, perfis fenolicos relativamente semelhantes foram observados nos
frutos da ciriguela, umbu-caja e mangaba. Fendlicos livres totais foram predominantes
em frutas e polpas congeladas de umbu-caja e mangaba, enquanto fenolicos conjugados
totais o foram na ciriguela. O &cido gentisico (derivado do acido benzoico) foi o
principal composto detectado por cromatografia liquida de alta eficiéncia, dentre os
fenolicos livres e conjugados de todas as frutas analisadas, bem como o acido fendlico
detectado na concentracdo mais alta nos frutos de mangaba e ciriguela.

Os principais compostos fendlicos relatados na literatura em cascas de ciriguela
foram: &cido galico, quercetina, rutina e kaempferol (ENGELS et al., 2012; SILVA et
al., 2016), enquanto flavondides de glicosideos, como rutina, quercetina-3-galactosideo,
cianidina-3-glicosideo,  quercetina-o-rutinosideo  (ramnosil) ou kaempferol-o-
rutinosideo, acido elégico e acido 4-hidroxibenzoéico, foram detectados apos a digestdo
in vitro em subprodutos de quinoa e de caqui (PELLEGRINI et al., 2017; LUCAS-
GONZALEZ et al., 2018;).

Apesar da identificacdo dos diversos compostos fendlicos em frutas e residuos,
sua bioacessibilidade no organismo humano, indicada pelas quantidades liberadas ap6s
digestdo gastrointestinal que se torna disponivel para absor¢do no célon, deve ser
considerada (BUNIOWSKA et al,, 2017). Os compostos fendlicos podem ser
transformados durante a digestdio em compostos com menor bioacessibilidade, e
consequentemente, sua bioatividade pode ser comprometida. Durante a digestdo gastrica
e intestinal, a matriz alimentar determina a estabilidade e afeta a proporcdo de
compostos fendlicos que atingem o co6lon intacto ou que serdo potencialmente
absorvidos (MOSELE et al., 2015).

Geralmente, os niveis de compostos fendlicos diminuem apds exposicdo a
condigdes gastricas simuladas de polpas e residuos de frutas (BUNIOWSKA et al.,
2017; DUTRA et al., 2017). No estudo de Dutra et al. (2017) a bioacessibilidade dos
fendlicos variarou entre as frutas avaliadas. Os dialisados da polpa de ciriguela e umbu-
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caja apresentaram a maior capacidade de captura do radical 2,2'-difenil 2-picrilhidrazil
(DPPH®), enquanto o dialisado da polpa de mangaba apresentou a maior capacidade
redutora de ferro. As concentracbes de compostos fenolicos liberados apos a fase
gastrica e a fase intestinal foram menores do que suas concentragdes iniciais em todas as
frutas analisadas no estudo.

Ainda no estudo de Dutra et al. (2017) foi observado que o &cido galico, um dos
compostos mais bioacessiveis identificados apds a digestdo in vitro em polpa de umbu-
caja, ndo foi detectado ap0Os a etapa gastrica para polpas de mangaba e ciriguela. Os
resultados das fracGes do dialisado da ciriguela, obtido por meio de uma membrana
celulésica semipermeavel, mostraram que o conteddo de fendlicos foi
significativamente menor do que aquele encontrado na digestdo gastrica e intestinal.
Notadamente, a rutina, o principal flavonoide presente em ciriguela, apresentou
bioacessibilidade de 17,56%.

A extracdo dos componentes bioativos deve ser economicamente viavel de
executar. Este objetivo pode ser alcancado por meio da separacdo dos compostos de
interesse por agdes individuais e/ou combinadas, por abordagens fisicas e bioguimicas
para fornecer uma variedade de componentes, de alto a baixo valor. Os diversos tipos de
compostos apresentam rendimentos varidveis a diferentes condicdes de extracdo. Além
disso, a recuperacdo ideal de fendlicos difere de um substrato para outro e depende do
tipo de frutas, hortaligas e seus subprodutos (BAKIC et al., 2019). Além do rendimento
dos extratos, a bioacessibilidade dos compostos presentes nos extratos é afetada pelos
processos de maceracdo e/ou trituracdo aplicados durante a obtencdo dos extratos, que
podem tornar os acidos fendlicos conjugados mais acessiveis para absor¢do no
organismo humano, uma vez que 0 processo de extracdo causa a quebra do tecido
celular dos constituintes (TOMAS et al., 2015).

Os compostos fenodlicos se degradam facilmente, diminuindo sua eficécia,
durante a extragdo, processamento e armazenamento de alimentos. S&o altamente
sensiveis a fatores como luz, pH, temperatura, presenca de oxigénio e enzimas, que
podem induzir alteragdes de seus niveis ou a conversdao em compostos secundarios.
Reacdes enzimaticas e ndo enzimaticas podem ativar a absor¢do e o metabolismo de
fenolicos. Alteracbes moleculares podem ocorrer durante a producdo de alimentos, e
reacOes de conjugacdo também podem aumentar ou diminuir a biodisponibilidade
dessas moléculas (MERCALI et al., 2013; MINATEL et al., 2017). Além disso, a

biodisponibilidade e a funcdo dos compostos fendlicos, presentes nos alimentos de
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origem vegetal, no corpo humano dependem de fatores variados, como
bioacessibilidade, efeito da matriz alimentar, transportadores, estruturas moleculares e
enzimas metabolizadoras (REIN et al., 2013). E sua biodisponibilidade pode ser afetada
no decorrer da digestdo, a depender das condic¢des do trato gastrointestinal dos humanos
(RAMIREZ; GIRALDO; ORREGO; 2015).

Os compostos bioativos podem ser recuperados dos residuos usando métodos de
extracdo adequados. Condicdes operacionais de extracdo, como o tipo de solvente,
duracdo do processo e temperatura 6tima, determinam o desempenho e a qualidade dos
compostos obtidos (PINTAC et al., 2018).

2.6. Métodos de extracdo de compostos bioativos

Na recuperacdo de compostos bioativos de fontes naturais, a etapa de extracéo
desempenha um papel importante. E o principal passo para a recuperagio (isolamento e
purificacdo) de preciosos compostos bioativos presentes em matrizes vegetais e pode ser
descrito como um fenbmeno de transporte de massa onde componentes presentes em
uma matriz sdo transferidos para o solvente (LEE et al., 2011; PAL; JADEJA, 2019). A
técnica de extracdo selecionada para cada processo deve ser versatil, facil de usar,
eficiente e econdmica, além de extrair e preservar a maior fragdo dos compostos
bioativos naturais contidos nos materiais vegetais (GULLON et al., 2017; HOHNOVA;
SALPLACHTA; KARASEK, 2017).

As condigdes de extracdo sdo extremamente importantes, devido a seus efeitos
na liberacdo de compostos da matriz para 0 meio. Inddstrias alimenticias recuperam
valiosos compostos bioativos de fontes naturais utilizando diferentes técnicas de
extracdo (PAL; JADEJA, 2019). Para garantir a obtencdo méxima de compostos
fenolicos sem nenhuma degradacdo e/ou modificacdo, a selecdo do método e os
principais fatores que afetam a extracdo sdo essenciais (TRUJILLO-MAYOL et al.,
2019).

A extracdo dos compostos fenolicos presente em residuos de frutas,
especialmente a ciriguela, pode aumentar o valor comercial da matéria-prima. A
extracdo representa o ponto central para obter extratos de compostos bioativos de
residuos de frutas (GARCIA-CASTELLO et al., 2015). No entanto, a taxa de extragdo
dos compostos fendlicos e a eficiéncia do processo de extracdo sdo influenciadas pelo

método de extracdo, tipo de solvente, razdo sélido/liquido (amostra/solvente), tempo de
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extracdo, temperatura, pH, tamanho de particula, poténcia, frequéncia entre outros
(ESPADA-BELLIDO et al., 2017; CHEMAT et al., 2017a). Além das condi¢des de
extracdo, o contelido fenolico dos materiais vegetais é fortemente afetado por outros
fatores, como antecedentes genéticos e/ou condigdes climaticas (BLASI et al., 2016;
LOMBARDI et al., 2017). O processo de extracdo visa promover o rendimento maximo
de compostos fendlicos ndo degradados, 0 que aumenta a atividade bioldgica dos
extratos (ESPADA-BELLIDO et al., 2017).

Geralmente, um processo de extracdo consiste em duas etapas consecutivas: (1)
mistura do material com o solvente; e (2) movimento de compostos soltveis da célula
para o solvente, difusdo e extracdo (HUANG et al., 2013). Véarios materiais vegetais
requerem condi¢cOes e procedimentos de extragdo distintos para se obter recuperacao
ideal de compostos fendlicos, pois cada vegetal possui caracteristicas especificas em
termos de constituintes fendlicos (CHEMAT et al., 2017a; GULLON et al., 2017).

Métodos tradicionais

A extracdo dos compostos bioativos pode ser realizada por métodos
convencionais, como maceracdo e/ou agitacdo solido-liquido com solventes, destilacéo,
compressdo ou extracdo por Soxhlet, que se fundamenta na captacdo dos compostos de
interesse de um soluto ou matriz, associado ou ndo ao uso de calor. No entanto, esses
processos sdo demorados e podem causar degradacdo de compostos termolabeis
(CHEMAT et al., 2017a).

As técnicas tradicionais de extracdo normalmente exigem uma longa maceracéo,
que pode variar de 1 a 20 horas e utilizam quantidades relativamente grandes de
solvente, o que pode afetar o rendimento (GOGOI et al., 2019). A extracdo deve ter boa
reprodutibilidade e a razdo solido-liquido tem maiores valores usando tempos de
extracdo mais altos (CALDAS et al., 2019; GOGOI et al., 2019). As técnicas de
extragdo convencionais mais utilizadas sdo: Soxhlet, refluxo de calor, agitagéo, ebulicéo,
lixiviacdo e destilacdo (GULLON et al., 2017). Esses métodos convencionais baseiam-
se na maceracdo dos frutos ou residuos em diferentes condi¢des de pH, concentracdo de
solvente e tempo, requerendo elevados tempos para se alcangar a concentracdo maxima
do composto de interesse, grande demanda de solvente, solventes com alta pureza, baixa
seletividade de extracdo e degradacéo térmica dos compostos termolabeis (ARES et al.,
2015; DROSOU et al., 2015; CALDAS et al., 2018).
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O processo convencional de extracdo solido-liquido é amplamente utilizado para
recuperar compostos intracelulares de matrizes, que normalmente envolve o contato
intimo entre matriz alimentar e solvente organico ou mistura de solventes com alta
afinidade para os compostos-alvo. Este se baseia na transferéncia de massa do soluto da
matriz sélida para a solucdo extratora envolvendo mecanismos diversos como a difuséo,
sorcao e dessorgéo, dentre outros, até que se atinja o equilibrio entre as fases (GULLON
etal., 2017).

A extracdo por refluxo térmico € o método convencional de extracdo que
envolve aquecimento, fervura e refluxo por um periodo de tempo. E amplamente
utilizada devido a sua simplicidade e facilidade de operacdo. No entanto, além dos
menores rendimentos de extracdo associados a essa técnica, também requer o uso de
grandes volumes de solvente, que ndo é ecoldgico e pode afetar a saude humana
(GULLON et al., 2017).

A extracdo por Soxhlet é empregada como um processo em lote, mas pode ser
convertida em um processo continuo. E um procedimento que, em média ou grande
escala, permite economias adicionais comparadas a extracdo soélido-liquido. As
vantagens incluem a lavagem repetida da matriz com solvente fresco, a maior
solubilizacdo possivel do analito devido ao uso de solvente quente e a possibilidade de
aplica-lo a muitas matrizes alimentares. Por outro lado, apresenta desvantagens
similares a extracdo sélido-liquido tradicional e o risco de degradacdo de compostos
sensiveis a temperatura (BARBA et al., 2016).

A escolha do tipo de solvente é um fator muito importante, pois pode determinar
0 sucesso de um processo de extracdo especifico. Deve ser feita com cuidado, a fim de
eliminar ou minimizar interferéncias matriciais enquanto os parametros experimentais
(temperatura, tempo, pH, relacdo solido/liquido, tamanho de particula, agitacéo,
polaridade do solvente) devem ser otimizados para obter extracdo quantitativa dos
compostos de interesse (VIAPIANA; WESOLOWSKI, 2017). Os principais fatores
utilizados na escolha do solvente sdo: estrutura e polaridade do composto-alvo,
seguranca ambiental, toxicidade humana e viabilidade financeira (GULLON et al.,
2017).

Os solventes mais empregados na extracdo de compostos fenolicos sdo metanol,
hexano, acetona, etanol, éter dietilico, isopropanol, agua, acetato de etila ou solucbes
aquosas destes solventes, o que aumenta a eficiéncia da extracdo aumentando a area da

superficie de contato entre o soluto (polifendis extraiveis) e o solvente (AIRES;
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CARVALHO; SAAVEDRA, 2017; BAKIC et al., 2019; CALDAS et al., 2018).
Também foi relatado o acréscimo de &cido cloridrico ou hidroxido de sodio a misturas
de &gua ou &gua/solvente organico para melhorar a extracdo de compostos fendlicos
(AIRES; CARVALHO; SAAVEDRA, 2017; GULLON et al., 2017; BAKIC et al.,
2019). Esses solventes apresentam uma polaridade proxima a polaridade dos compostos
alvo, o que facilita os estagios de difusdo. No entanto, alguns solventes organicos
convencionais podem causar problemas ambientais e risco a saide, embora as vezes
apresentem um maior rendimento; este € um ponto a ser considerado na escolha do
solvente, além do custo e viabilidade operacional para a total remocdo do mesmo
(BARBA et al., 2016).

Embora 0os métodos convencionais sejam bastante utilizados, a maioria desses
tem algumas limitacGes, e para aumentar o rendimento da extracdo, esses métodos
requerem frequentemente pré-tratamentos intensivos, bem como temperaturas de
extracdo relativamente altas, longos tempos de extracdo, e grandes volumes de solventes
organicos, que muitas vezes sdo potencialmente toxicos e prejudiciais ao meio
ambiente. Além disso, eles podem induzir a perda de compostos valiosos ou a co-
extracdo de componentes indesejaveis, aumentando assim 0s custos de processamento
(FRONTUTO et al.,, 2019; GARCIA-CASTELLO et al.,, 2015). Diante dessas
desvantagens, buscam-se métodos mais sustentaveis, em que o consumo de solventes e
0 tempo de extracdo sejam minimizados e o rendimento de extracdo aumentado
(BARBA et al., 2016).

Métodos nao-convencionais

Também chamados de tecnologias emergentes podem oferecer eficiéncia de
extragdo superior em termos de custo, rendimento, tempo de extracdo e/ou seletividade
(PUTNIK et al., 2018). As tecnologias emergentes visando uma extracdo mais
aprimorada e eficiente estdo sendo exploradas, incluindo ultrassons (SHARAYEI et al.,
2019; WEN et al., 2019), micro-ondas (CASSOL et al., 2019; JESUS et al., 2019),
campos elétricos pulsados (PASHAZADEH et al., 2020; FRONTUTO et al., 2019),
fluidos pressurizados e supercriticos (GARCIA-MENDOZA et al., 2017) e extracdo
acelerada por solvente (CAl et al., 2016; NAYAK et al., 2015).

O uso dessas tecnologias permite aumentar as taxas de transferéncia de massa, a
permeabilidade das células e a difusdo secundaria do metabdlito. Essas técnicas levam a

maiores rendimentos de extracdo e menos impurezas no extrato final, sdo realizadas a
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temperatura ambiente, com preservacdo de estruturas termossensiveis, fazem uso de
diferentes solventes ndo organicos, e se caracterizam por baixo consumo de energia,
curto tempo de operacdo e efeito desprezavel sobre a estrutura de compostos bioativos
(MOREIRA et al., 2019).

Os estudos sobre a obtencdo de extratos antioxidantes de varios residuos de
frutas com diferentes métodos de extracdo tém aumentado recentemente. Além disso, a
otimizacdo de processos para parametros de extracdo visando maximizar a obtencéo de
compostos fenolicos antioxidantes vem atraindo a atencdo de varios pesquisadores
(REZENDE; NOGUEIRA; NARAIN, 2017; NIPORNRAM et al., 2018;
GUANDALINI et al.,, 2019; SHARAYEI et al., 2019; TRUJILLO-MAYOL et al.,
2019; SETTE et al., 2020; ZULKIFLI et al., 2020).

A ineficiéncia das abordagens tradicionais promoveu o desenvolvimento de
alternativas altamente eficientes e abordagens compactas (HOU et al., 2019). Extracdo
assistida por ultrassom e por micro-ondas oferecem vantagens sobre as extracdes de
liquidos pressurizados, de fluidos subcriticos e supercriticos e por aceleracdo de
solvente, devido ao seu custo razoavel, facil escalabilidade e alta versatilidade para
extrair moléculas de diferentes polaridades (NAYAK et al., 2015; NIPORNRAM et al.,
2018).

Em comparacdo com os métodos convencionais, as extragdes ndo-convencionais
visam evitar/minimizar o uso de solventes organicos, reduzir o tempo de processo,
potencializar a penetracdo do solvente na matéria-prima, diminuir a temperatura de
processamento, intensificar o processo de transferéncia de massa, aumentar 0S
rendimentos e/ou reduzir consumo de energia. Além disso, apresentam boa
reprodutibilidade e possibilidade de utilizacdo de solventes alternativos mais
econbmicos e mais seguros para o ambiente e para a salde (BARBA et al., 2016;
CALDAS et al., 2018).

Sendo assim, a escolha de qual técnica deve ser usada para realizar a extracao de
um metabdlito desejado de um vegetal especifico tem que ser resultado de uma anélise
entre a eficiéncia e a reprodutibilidade da extracdo, facilidade de processo, juntamente
com consideragdes de custo, tempo, seguranga e grau de automacgédo (CHEMAT et al.,
2017a).
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2.6.1. Extracao assistida por ultrassom (EAU)

A extracdo assistida por ultrassom & um processo relativamente simples que
representa uma ligeira modificacdo do método de extracdo convencional por agitagcdo
(CALDAS et al., 2018). EAU é considerada um processo verde, simples, barato e
econémico, por utilizar energia acustica e solventes para melhorar a liberacao e difusédo
de compostos-alvo de vérias matrizes (GUANDALINI et al., 2019; ROMBAUT et al.,
2014).

EAU utiliza ondas mecénicas que se dividem em elasticas e acusticas. As ondas
mecanicas que se propagam em solidos sdo chamadas de “elasticas”, enquanto aquelas
que se propagam em fluidos sdo denominadas “acusticas” (ENSMINGER; BOND,
2011). A frequéncia das ondas mecanicas varia de menos de 16 Hz a acima de 1 GHz e
permite dividir “sons” em quatro grupos (Figura 2): infrassons (1 a 16 Hz), sons
audiveis (16 a 20 kHz), ultrassons (20 kHz - 1 GHz ) e hipersons (acima de 1 GHz)
(CHEEKE, 2012).

Figura 2. Faixa de frequéncia das ondas sonoras.
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Fonte: Adaptado de Cheng et al. (2015).

As diferentes aplicagdes dos ultrassons sdo baseadas na faixa de frequéncia
utilizada e podem ser classificadas como de baixa poténcia/alta frequéncia (100 kHz a

10 MHz e poténcia inferior a 1 W/cm?) e alta poténcia/baixa frequéncia (<16-100 kHz
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de frequéncia e 10-1000 W/cm? de poténcia) (MOREIRA et al., 2019). Os ultrassons de
baixa poténcia/alta frequéncia sdo utilizados para diagnostico medico e monitoramento
da qualidade dos alimentos, reducdo de ions metélicos e oxidacdo de poluentes
organicos, enquanto os ultrassons de alta poténcia/baixa frequéncia sdo usados para
induzir alteracdes quimicas em materiais bioldgicos através da cavitacdo e uso de altas
temperaturas (ASHOKKUMAR, 2015).

Os ultrassons podem ser gerados com o uso de métodos mecanicos (aero e
hidrodinamico), térmicos (descarga elétrica), opticos (impulso de um laser de alta
poténcia) ou elétricos e magnéticos reversiveis (piezoelétrico, eletrostricdo,
magnetostricdo) (MUSIELAK; MIERZWA; KROEHNKE, 2016). Os ultrassons podem
ser propagados através de um meio (gas, liquido ou sélido), criando compressao e
expansdo (DADAN et al., 2018).

Um dos fendmenos gerados pela propagacéo do ultrassom em meios liquidos é a
cavitacdo (Figura 3), caracterizada pela producdo de bolhas, seu crescimento e
consequente colapso (ADETUNJI et al., 2017). As ondas ultrassonicas criam forgas de
cavitacdo, que ocorrem pela implosdo de microbolhas que sdo formadas no meio liquido
devido a oscilacBes de pressdo (compressdes e rarefacdes alternadas) causadas pela
passagem das ondas acusticas no meio (DADAN et al., 2018; CHEMAT et al., 2017a).
Este processo consiste na criacdo de uma forte vibracdo entre moléculas da amostra,
levando a formacdo e ruptura de bolhas dentro da parede celular, danificando sua
estrutura e facilitando a transferéncia de massa das particulas celulares para o solvente.
O colapso das bolhas de cavitacdo e a temperatura altamente localizada levam a quebra
das paredes celulares e liberacdo, por difusdo, dos compostos das células no solvente de
extracdo (MOREIRA et al., 2019). Durante o estagio inicial da cavitacdo, ha inchaco da
parede celular juntamente com aumento dos poros, 0 que incrementa a difusividade do
solvente na matriz solida. Com exposi¢éo adicional, a matriz celular entra em colapso e
hd maxima difusdo do contetdo interno no solvente, facilitando a extracdo de
compostos fendlicos (AL-DHABI; PONMURUGAN; JEGANATHAN, 2017).

Sendo assim o ultrassom é também conhecido por acelerar a transferéncia de
massa e calor durante os processos de extragdo, na medida em que seus efeitos de
cavitacdo perturbam a parede celular, e, assim, liberam uma maior quantidade de
compostos bioativos (ROSELLO-SOTO et al., 2015). De forma geral, o ultrassom induz

uma maior penetracdo de solvente nos materiais celulares, melhorando a transferéncia
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de massa e também rompe as paredes celulares bioldgicas, facilitando a liberacdo do
contetdo (WANG, 2008).

Figura 3. Processo de cavitacdo por ultrassom (colapso da bolha de cavitacdo e

liberacdo do material vegetal da estrutura celular).
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Fonte: Adaptado de Chemat et al. (2011).

A extracdo assistida por ultrassom ndo atua apenas com 0 mecanismo de
cavitacdo sobre a matriz, mas também através de mecanismos independentes ou
combinados como fragmentacdo, erosdo, capilaridade, detexturizacdo, sonoporacéo e
tensdo de cisalhamento (CHEMAT et al., 2017b).

Fragmentacdo: ocorre durante a aplicacdo de ultrassom em um meio liquido
contendo uma materia-prima solida, causando a redugdo no tamanho das particulas pela
acao do ultrassom, devido a colisbes entre particulas e ondas de choque criadas a partir
de bolhas de cavitacdo em colapso no liquido. Como consequéncia da fragmentacéo
ocorre 0 aumento da area superficial do sélido, resultando em maior transferéncia de
massa e aumento da taxa de extracdo e producéo.

Erosdo: mecanismo que, devido a imploséo de bolhas de cavitacdo na superficie
da matéria-prima, induz a eroséo de estruturas de vegetais, auxiliando na liberagdo dos

compostos de interesse no meio de extracao.
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Capilaridade: O efeito capilar ultrassonico refere-se ao aumento da profundidade
e velocidade de penetragdo do liquido em canais e poros sob algumas condicbes de
sonicagéo.

Detexturizacdo: Em alguns casos, ap6s a extracdo por ultrassom, uma destruicéo
ou detexturacdo de estruturas de vegetais € observada. Pode-se supor que tal ruptura
celular favorega a acessibilidade ao solvente.

Sonoporacdo: efeito aplicado quando uma permeabilidade das membranas
celulares é desejada. No campo da extracdo, a sonoporacdo pode ser reversivel ou
irreversivel, o que resulta na liberacdo do conteudo celular no meio extrativo. A
sonoporacdo pode ser utilizada in vitro para a absorcdo celular em moléculas, por
exemplo, em medicamentos, genes (sonoporacdo reversivel) ou para destruicdao celular
(sonoporacdo irreversivel).

Tensdo de cisalhamento: Durante a aplicacdo de ultrassom em uma mistura
solido-liquido, algumas forcas de cisalhamento e turbuléncias sdo geradas no meio
liquido resultando da evolucgdo (oscilagdo e colapso) da bolha de cavitagdo dentro do
fluido. No entanto, a combinacdo desses efeitos simultdneos na matéria-prima pode
explicar o desempenho aprimorado de extracdes assistidas por ultrassom (CHEMAT et
al., 2017h).

A EAU é uma alternativa potencial a extracdo convencional de compostos
fenolicos, e é amplamente aplicada, uma vez que reduz o uso de compostos toxicos e
requer temperaturas e periodos de tempo mais baixos. Além isso, apresenta alta
reprodutibilidade, conferindo maior pureza ao produto final, eliminando o pos-
tratamento das &guas residuais e consumindo apenas uma fracdo da energia fossil
normalmente necessaria para um método de extracdo convencional, como extracdo de
Soxhlet, maceracdo ou destilagcdo a vapor (REZENDE; NOGUEIRA; NARAIN; 2017,
MARIC et al., 2018; VERRUCK; PRUDENCIO, 2018).

Na EAU é possivel usar agua como solvente, para reduzir o tempo de extracéo,
reduzir o desperdicio de solvente organico, aumentar o rendimento da extracdo e
melhorar a qualidade dos extratos (TAO; ZHANG; SUN, 2014). Outras vantagens sao a
alta taxa de transferéncia de processamento, diminuicdo de ruido, extragdo de
componentes labeis ao calor, economia significativa em manuten¢do, menos energia
necessaria para o0 processamento, maior compatibilidade com o meio ambiente e menor
custo. Além disso, essa tecnologia é altamente versatil, pois pode ser usada em muitos

alimentos, na agricultura e na produgdo de produtos biotecnoldgicos, desde matérias-
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primas a produtos finais. Também pode ser facilmente conectada com os dispositivos
como parte do site da planta tecnolégica ou como uma nova linha de producédo
(ROSELLO-SOTO et al., 2015; MOREIRA et al., 2019). Comparado a EAU & extragio
convencional, pode-se aumentar significativamente o rendimento de extracdo de
compostos fenodlicos (MANE et al., 2015).

O processo de EAU é afetado por varios fatores, como frequéncia, poténcia de
sonicagdo, tempo e distribuicdo das ondas ultrassonicas (CHEMAT et al., 2017a). De
uma forma geral pode-se afirmar que a cavitacdo é a forca motriz da extracéo assistida
por ultrassom que a uma temperatura especifica por um determinado periodo séo fatores
que regem a eficiéncia da extracdo (CHEMAT et al., 2017b). A frequéncia do ultrassom
pode ter grandes efeitos sobre o rendimento de extracdo e cinética, dependendo da
natureza do material vegetal a ser extraido (CHEMAT et al., 2017a; VERRUCK;
PRUDENCIO, 2018).

2.6.2. Extracdo assistida por micro-ondas (EAM)

A extracdo por microondas € um método de extracdo promissor com alta
eficiéncia de extracdo, com potencial para reduzir a quantidade de solvente a ser usado e
o tempo do processo. Também apresenta fécil controle, utiliza baixa temperatura e
baixo consumo de energia, resultando em uma melhor separacdo e recuperagdo de
compostos de interesse (KRISHMAN; RAJAN, 2016; ROMBAUT et al., 2014).

Micro-ondas sdo ondas eletromagnéticas que consistem em um campo elétrico e
um campo magnético que oscilam perpendicularmente um ao outro em frequéncias que
variam de 300 MHz a 300 GHz, sendo a de 2,45 GHz geralmente usada para
equipamentos laboratoriais € 915 MHz para equipamentos industriais (VINATORU;
MASON; CALINESCU, 2017; SUN et al.,, 2016). As ondas eletromagnéticas sdo
responsaveis pelo rapido movimento de moléculas polares e da mobilidade i6nica do
meio sem alterar a amostra. Esta rotacdo das moléculas polares gera a absorcdo e
dissipacdo de energia no meio, causando uma rapida migracao de todos 0s compostos
ativos da fase solida para a fase solvente (SUN et al., 2016). A energia das micro-ondas
atua diretamente nas moléculas por conducdo idnica e rotacdo dipolar e, portanto,
apenas materiais polares podem ser aquecidos com base em sua constante dielétrica
(CHEN et al., 2020).
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O principio da EAM ¢ baseado no efeito direto do aquecimento das micro-ondas
nas moléculas por conducdo idnica ou rotagdo dipolar, que causam fricgdo e colisdo
entre ions e dipolos, onde os dois mecanismos podem ocorrer simultaneamente (LIU et
al., 2019; CHEN et al., 2020). Moléculas polares, como a agua, possuem cargas parciais
positivas e negativas em extremos opostos e giram a medida que a incidéncia de ondas
eletromagnéticas produzidas pelas micro-ondas aumentam, numa tentativa de alinhar
com o campo elétrico formado (BARBA et al., 2008). Como a irradiacdo por micro-
ondas promove 0 processo de extracdo ou reacdo quimica através da rotacdo dipolar e
da conducado idnica, isso torna a EAM um dos métodos mais promissores (ZHAO et al.,
2019). EAM aquece a matriz interna e externamente sem um gradiente térmico; sendo
assim, as biomoléculas podem ser extraidas com eficiéncia e prote¢cdo (ROMERO-DIEZ
etal., 2019).

Na extracdo assistida por micro-ondas, as ondas eletromagnéticas sdo utilizadas
para penetrar nos materiais e interagir com grupos polares, gerando calor e promovendo
assim o aquecimento do sélido e do solvente (ROUTRAY; ORSAT, 2012). O principio
fundamental do aquecimento volumétrico por micro-ondas € atribuido a friccdo rapida
da conducao de particulas iénicas e rotacdo rapida do relaxamento dipolar dentro de um
material dielétrico (SUN et al., 2016). O movimento do nivel molecular e o atrito entre
as moléculas fazem com que a energia das ondas eletromagnéticas seja transformada em
energia térmica, aumentando a temperatura da matriz, e esse efeito leva a ruptura celular
que facilita a extracdo dos compostos de interesse (ASPE; FERNANDEZ, 2011) e ao
aumento da difusdo de massas constantes dos solutos no solvente, reduzindo o tempo de
extracdo e o consumo de solventes, além de permitir taxas de extracdo mais elevadas,
melhores resultados, menores custos, técnicas automatizadas e maior preocupagao com
a prevencdo da poluicdo (CALDAS et al., 2018; CVJETKO BUBALO et al., 2016).

A EAM e caracterizada pela ruptura da estrutura celular causada pelo volume
penetrante de aquecimento por irradiacdo das micro-ondas. A capacidade de difusédo dos
componentes-alvo pode ser melhorada pelo incremento da temperatura do solvente sob
aquecimento por micro-ondas. Sendo assim, a irradiacao por micro-ondas induz a rapida
elevacdo da temperatura do solvente para acelerar a difusdo do compostos-alvo na
matriz do vegetal. Como consequéncia, a penetracdo do solvente & favorecida,
resultando na alteragdo ou na ruptura da estrutura celular, o que torna mais facil a
extracdo de compostos bioativos e sua dissolugdo em solvente (LIU et al., 2019). O

aquecimento volumétrico por micro-ondas provoca elevacdo rapida da temperatura de
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extratos para aumentar a pressao dentro das células do material vegetal. Quando a
pressdo dentro da célula excede a forga de escoamento da parede celular, ocorre a
ruptura das células vegetais e 0s compostos bioativos do material vegetal s&o facilmente
liberados no solvente de extracdo (CHAN et al., 2016; SUN et al., 2016). Essas
caracteristicas de aquecimento permitem que a EAM seja utilizada na extracdo de
compostos bioativos de produtos naturais (CASSOL; RODRIGUES; NORENA; 2019).

Comparado com os métodos tradicionais de extracdo por aquecimento, a EAM
obviamente possui caracteristicas superiores, como taxa de aquecimento rapido,
controle eletrbnico constante e preciso e aquecimento limpo (SADEGHI;
HAKIMZADEH; KARIMIFAR, 2017), além de apresentar a reducdo do tempo de
extracdo e da quantidade de solvente, obtencdo de melhores rendimentos de compostos
de interesse, alta reprodutibilidade, bem como o controle da temperatura e da pressédo
(COVA et al., 2019).

Porém, em comparacdo ao ultrassom, EAM apresenta elevado custo (CVJETKO
BUBALO et al., 2016). EAM pode acelerar a transferéncia de energia e reduzir o
gradiente térmico, o que torna o aquecimento mais eficiente e seletivo para certos
materiais e, portanto, tem sido amplamente usada na industria de alimentos (CASSOL,;
RODRIGUES; NORENA, 2019; VINATORU; MASON; CALINESCU, 2017; SUN et
al., 2016; POLTORAK et al., 2015; PU; SUN, 2016 ¢ 2017).

2.6.3. Estudos sobre extracdo de compostos bioativos

Diversos estudos foram publicados utilizando extracdo assistida por ultrassom e
micro-ondas de compostos bioativos de diferentes residuos de frutas. Estudos de
extracdo de compostos bioativos foram realizados utilizando EAU em casca de manga
(GUANDALINI et al., 2019); casca de roma (SHARAYEI et al., 2019); cascas e
sementes de manga Haden (manga rosa) (CASTANEDA-VALBUENA et al., 2021);
subproduto do café (pele) (WEN et al., 2019); e subprodutos da salvia (ZEKOVIC et
al., 2017). Ja com a técnica de extracdo de compostos bioativos assistida por micro-
ondas foram encontrados os trabalhos realizados com casca de roméd (KADERIDES et
al., 2019); casca de manga (PAL; JADEJA, 2019); semente de uva (CHEN et al., 2020);
casca de tomate (BAKIC et al., 2019); subprodutos de alcachofra (MENA-GARCIA et
al., 2020); casca de urucum (QUIROZ et al., 2019); hibisco (CASSOL; RODRIGUES;
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NORENA, 2019); bambu (MILANI et al., 2020); e casca de Albizia myriophylla
(MANGANG; CHAKRABORTY; DEKA, 2020).

Também foram publicados estudos que comparam diferentes métodos de
extracdo de compostos bioativos. Pollini et al. (2021) estudaram a extracdo de
compostos fendlicos do bagaco de maca por diferentes métodos de extracdo nédo
convencionais (extracdo assistida por ultrassom, extracdo em ultraturrax, extragédo
acelerada por solvente e extracdo em campo elétrico pulsado. Os autores concluiram
que a EAU é o método mais eficiente na extracdo de compotos fenolicos do bagaco de
maca. Marinelli et al. (2020) compararam trés técnicas de extracdo (liquido
pressurizado, ultrassom e fluido supercritico) em termos de eficiéncia de extracdo de
compostos bioativos de subprodutos de brdcolis. Oroian, Dranca e Ursachi (2020)
avaliaram a extracdo de compostos fenolicos de propolis, comparando trés técnicas
(maceracdo, micro-ondas e ultrassom). A eficiéncia da extracdo foi medida com base no
rendimento de extracdo dos compostos fendlicos e a EAU teve um rendimento de
extracdo superior a extracdo por maceracdo e por micro-ondas. Caldas et al. (2018)
compararam a extracao convencional e ndo-convencional (EAU e EAM) de compostos
fenolicos do residuo da uva. A EAU mostrou o melhor desempenho, resultando em um
extrato com teor fendlico duas vezes superiores ao obtido por extragdo convencional
(agitacdo mecénica), em um tempo muito menor (9 min). Rocchetti et al. (2019)
estudaram a extracdo de polifendis de folhas de Moringa oleifera utilizando extracédo
por maceracdo, extracdo assistida por homogeneizador, extracdo rapida por solido-
liguido, EAU e EAM. A extracdo assistida por homogeneizador permitiu extrair as

maiores quantidades de polifendis das folhas de Moringa oleifera.

2.7. Microencapsulacao

Devido a crescente demanda por compostos com propriedades antioxidantes, a
investigacdo de novas fontes antioxidantes e a incorporagdo destes compostos em
produtos da industria alimenticia, farmacéutica e de cosméticos estdo sendo estudados.
No entanto, vérias limitacdes tém sido associadas ao uso de extratos de compostos
bioativos em produtos devido a sua instabilidade sob condicbes de alta temperatura e
oxigénio durante os periodos de armazenamento, que é influenciada por solventes, pH,
temperatura, oxigénio, luz e enzimas (CAM; ICYER; ERDOGAN, 2014; RIBEIRO;
ESTEVINHO; ROCHA, 2020). Assim, as técnicas de microencapsulacdo sdo um
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processo alternativo para superar esses problemas, aumentando a estabilidade destes
compostos e protegendo-os de efeitos adversos ambientais por incorporagdo de uma
matriz protetora (LEE; CHANG, 2020).

A tecnologia da microencapsulacao surgiu na década de 30, mas foi apenas em
1950 que ocorreu a primeira aplicacdo em larga escala deste procedimento
(CARVALHO; ESTEVINHO; SANTOS, 2016). O termo microencapsulacao é definido
COMO um processo em que pequenas particulas solidas, goticulas de liquidos ou
compostos gasosos, geralmente definidos como ingredientes ativos (material de nucleo)
sdo envolvidos, aprisionados por um revestimento ou incorporados em uma matriz
homogénea ou heterogénea e as propriedades requeridas das capsulas como protecdo
quimica e mecanica, liberacdo controlada, ou outras, podem ser atingidas manipulando-
se a composicao da matriz. Por outro lado, o material a ser revestido pode ser composto
por sélidos, liquidos ou gases (GHARSALLAOQUI et al., 2007; EZHILARASI et al.,
2013).

Em alimentos, os estudos sobre microencapsulacdo se iniciaram na década de
1960, com 6leos essenciais, visando evitar a perda de compostos volateis, promovendo
liberagdo controlada de aromas e reduzindo a oxidacdo (RE, 1998). A
microencapsulacéo de diferentes componentes bioativos dos alimentos desempenha um
papel critico na protecdo desses nutrientes contra condi¢des desfavoraveis de processo e
armazenamento (KATOUZIAN; JAFARI, 2016; JAFARI et al., 2017). Como o0s
principais contribuintes para a baixa estabilidade dos fitoquimicos sdo ambientais
(oxigénio, umidade, luz, pH, calor etc.), uma alternativa eficaz para melhorar a
estabilidade ¢é formar uma barreira entre fitoquimico e ambiente externo
(LABUSCHAGNE, 2018). Esse desafio pode ser superado adicionando materiais de
parede ao extrato para promover a formacéo de filme durante a microencapsulagao para
servir como barreira para proteger os materiais essenciais do ambiente durante o
microencapsulamento e o armazenamento (MOSER et al., 2017; ZHANG et al., 2020).
Além disso, o material de revestimento usado na microencapsulacdo mantém as varias
caracteristicas fisico-quimicas do composto protegido, incluindo suas propriedades de
umidade e prazo de validade. Essas propriedades dependem da estrutura dos materiais
de revestimento (NAWI; MUHAMAD; MARSIN, 2015).

A microencapsulacdo é uma alternativa de protecdo aos compostos que se
degradam facilmente devido a condi¢des adversas e o0 intuito deste processo é aprisionar

uma substancia dentro de outro material (revestimento, escudo ou material de
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suporte/parede), formando pequenas particulas, seladas, que podem liberar seu contetdo
a taxas controladas em condicdes especificas (CELLI et al., 2015; CARVALHO et al.,
2016). O ingrediente a ser preso ¢ chamado de “material ativo", "nucleo", "fase interna"
ou "preenchimento”, considerando que o material que forma a matriz € denominado
"material de parede”, "agente encapsulante ou carreador”, "involucro”, "transportador”
ou "membrana" (DAVIDOV-PARDO; MCCLEMENTS, 2015). A composi¢do do
agente carreador € o principal determinante das propriedades funcionais da
microcapsula e de como ela pode ser utilizada para melhorar o desempenho de um
determinado ingrediente (MORENO et al., 2016; EZHILARASI et al., 2013).

Varios tipos de materiais de parede estdo sendo utilizados na microencapsulagéo
de polifendis, principalmente os que apresentam baixo custo, incluindo polissacarideos
(maltodextrina, goma arabica, amidos e xaropes de milho), lipidios (mono e
diglicerideos) e proteinas (caseina, proteina do soro de leite, gelatina e proteina de soja).
De modo geral, sdo empregados biopolimeros naturais de diversas fontes, usados
sozinhos ou em combinacdes (ESTEVEZ et al., 2019; FARRAG et al. 2018).
Dependendo do polimero utilizado, a microencapsulacdo pode controlar modificagdes
sensoriais e aumentar a taxa de solubilidade/dissolucdo do produto em pd. Um bom
agente de encapsulamento deve ter propriedades emulsificantes e formadoras de filme,
exibir baixa higroscopicidade, baixa viscosidade e alto contetdo de sélidos, resisténcia
ao trato gastrointestinal, ser biodegradavel, ndo tdxico, de baixo custo, sem sabor, sem
odor, soltvel em solventes aquosos e de qualidade alimentar (TAN et al., 2015).

A aplicacdo de diferentes materiais de parede influencia as caracteristicas fisico-
quimicas do po, incluindo o teor de umidade, a atividade da agua e a morfologia da
superficie, devido a formacao do filme pelos materiais de parede. Os grupos funcionais
quimicos presentes nos materiais de parede também podem interagir com os materiais
encapsulados, funcionando como estabilizadores (MICHALSKA et al., 2018).

A maltodextrina € um material de parede amplamente utilizado na
microencapsulacdo por atomizacdo devido ao seu baixo custo, alta eficiéncia de
microencapsulacado, alta solubilidade, baixa viscosidade em alta concentracgdo e protecdo
eficaz contra a oxidagdo (LABUSCHAGNE, 2018). Além disso, as maltodextrinas séo
caracterizadas por um sabor suave e suas solucdes sdo incolores. A maltodextrina é
classificada com base em valor equivalente a dextrose (DE), que representa o teor de

reducdo de aclcar (ZHANG et al., 2020). A goma arébica também apresenta eficiéncia,
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estabilidade e boas caracteristicas de formacdo de filme, apesar de seu alto custo
(FERNANDES et al., 2014).

Para os compostos bioativos, como os polifenolicos, a microencapsulacdo vem
sendo largamente avaliada e testada devido aos ganhos efetivos com estabilidade,
aumento da meia-vida, e reducdo dos sabores desagradaveis, quando comparado ao uso
dos mesmos compostos na forma livre. A microencapsulacdo destaca-se por permitir
um controle sofisticado de certas propriedades do produto e por ser uma tecnologia que
envolve processos complexos que permitem incorporar a um material ativo novas
propriedades funcionais e "inteligentes"”. A liberacdo ou atuacdo controlada/direcionada
de ingredientes bioativos em produtos comerciais em um meio especifico ou no corpo
humano sob condic¢Oes apropriadas, tornando mais eficaz o produto final do qual esse
material fard parte (FARIDI ESFANJANI; ASSADPOUR; JAFARI, 2018).
Dependendo da escolha do material de parede e de suas caracteristicas, 0 composto é
liberado do material de parede através de varios mecanismos, como inchaco, dissolugdo
ou degradacgéo. Dependendo da velocidade desses mecanismos, a liberacdo pode ocorrer
durante periodos diferentes. A escolha do material da parede também deve ser
compativel com os métodos convencionais de encapsulamento (LABUSCHAGNE,
2018).

A microencapsulagdo de ingredientes alimentares em materiais de revestimento
pode ser realizada por diversas técnicas como atomizagdo, coacervacao, liofilizacdo,
aprisionamento em lipossomas, revestimento em leito fluidizado, revestimento por
extrusdo, cocristalizacdo dentre outros (SANTHALAKSHMY et al., 2015).

2.7.1. Atomizacgao

A atomizacdo também chamada de spray drying, € uma das mais populares
tecnologias de encapsulamento, por ser simples e econdémica, podendo ser utilizada em
ampla gama de nutracéuticos, probiéticos, sabores, enzimas e peptideos (SARABANDI
et al., 2018). E uma técnica amplamente utilizada na indGstria alimenticia para secar
produtos de frutas, especialmente em formas de puré ou suco. A atomizagéo é¢ o método
de encapsulamento mais popular usado para a estabilizagdo e protecdo de compostos
biologicamente ativos de varias condigdes ambientais, como oxidag&o, luz, umidade,
pH e temperatura (PUDZIUVELYTE et al., 2019; EROGLU; TONTUL; TOPUZ,
2018).
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A atomizacdo consiste na transformacdo de um produto no estado fluido para o
estado sélido na forma de pd, numa operagdo continua, em um tempo relativamente
curto (FERRARI et al., 2012). Esse processo é realizado através da dispersdo de
goticulas do material dentro de uma camara, na qual o material fluido entra em contato
com o ar aquecido, na forma de nuvem ou spray (SANTHALAKSHMY et al., 2015). A
técnica de microencapsulacdo por atomizacdo é aplicada, devido ao seu custo
relativamente baixo de instalagdo de equipamentos, alta produtividade e desidratacdo
rapida (ZHANG et al., 2020).

A qualidade dos produtos obtidos por atomizacdo depende das caracteristicas do
atomizador e da transferéncia de calor e massa entre o ar aquecido e as goticulas da
camara de secagem. Entre as vantagens da atomizacao destaca-se a alta relagéo entre a
area de superficie e o volume das goticulas, resultando em menor tempo de exposi¢do
das particulas a temperatura de secagem. Além disso, o processo produz particulas
muito pequenas, tornando o produto final bastante solivel. Em relagdo as desvantagens,
temos que os compostos, com baixo ponto de ebulicdo, responsaveis pelo sabor e aroma
podem ser perdidos (PHISUT, 2012; SHISHIR & CHEN, 2017, ZHANG et al., 2020).

A principal vantagem da microencapsulacdo por atomizacéo € a rapida formacéo
(alguns segundos) das capsulas/esferas (material de parede), que protegem o
encapsulado (material do ndcleo) (Figura 4) mesmo em temperatura elevada, permitindo
assim poucas perdas e preservacdo; por esta razdo, mesmo ingredientes sensiveis ao
calor, como compostos fenolicos, podem ser encapsulados por atomizacdo (DI
BATTISTA et al., 2017; SHAMAEI et al., 2017).

Figura 4. Esquema mostrando a capsula formada ao redor das particulas durante a
secagem por atomizacao.

| Material de nlcleo | | Material de ntcleo |
Spray-drying /

\

W
Solugéo do material
de parede Envoltério contendo material de parede e material de ntcleo
Solugédo de alimentagdo liquida Microparticula

Fonte: Adptado de PUDZIUVELYTE et al. (2019).
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Geralmente, duas grandes categorias relacionadas a morfologia das particulas
existem: microcdpsula e microesfera. A primeira € um reservatorio onde o nucleo é
cercado por uma camada externa, enquanto a segunda é considerada como um tipo de
matriz onde o nucleo é homogeneamente integrado ao material da parede (AGUIAR,;
ESTEVINHO; SANTOS, 2016).

A microencapsulagdo apresenta inimeras vantagens, incluindo prolongamento
do prazo de validade, preservacdo do conteldo de compostos fendlicos e reducdo no
custo de embalagem (ZHANG et al., 2020). Além disso, a microencapsulacdo pode
aumentar a vida de armazenamento de um composto volatil, diminuir a taxa de
evaporacdo ou transferéncia do material ativo do ndcleo para o meio (liberacdo
controlada) e prevenir reagdes quimicas com fatores externos. Também apresenta como
beneficios para encapsulamento de ingredientes bioativos de alimentos: o controle do
tamanho, forma e morfologia das particulas (forma amorfa/cristal, porosidade) e a
melhoria e/ou modificacdo das propriedades do composto principal, como cor, volume,
densidade aparente, reatividade, durabilidade, sensibilidade a pressdo e ao calor e
fotossensibilidade (ARPAGAUS et al., 2018; ASSADPOUR; JAFARI, 2017).

Além disso, a microencapsulacdo por atomizacdo vem sendo mais largamente
empregada pela industria alimenticia pelo baixo custo em comparacdo com os demais
processos como liofilizacdo que chegam a ser 30 a 50 vezes mais caras
(PUDZIUVELYTE et al., 2019). Esta técnica visa prolongar a vida util do produto,
protegendo 0s componentes ativos contra a degradacdo durante o armazenamento e/ou
processamento e mantendo a funcionalidade, além de mascarar flavours, odores ou
sabores indesejados (JAFARI et al., 2017). A atomizacdo de compostos ativos aumenta
a biodisponibilidade destes e melhora a solubilidade de compostos pouco soliveis
(PUDZIUVELYTE et al., 2019).

2.7.2. Liofilizacéo

A liofilizacdo é uma técnica baseada na remocédo da agua por sublimagdo que €
utilizada para se obter varios produtos industriais. O desempenho do processo &
fortemente dependente da escolha adequada das condi¢des operacionais e, portanto, ha
necessidade de uma extensiva analise de seus efeitos no tempo de processamento e na
qualidade do produto obtido. Essa tecnologia foi desenvolvida para superar as perdas de

compostos responsaveis pelos aromas nos alimentos, 0s quais sdo muito suscetiveis as
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modalidades de processamento que empregam temperaturas elevadas, como a secagem
convencional (SALAZAR; ALVAREZ; ORREGO, 2017).

A técnica da liofilizacdo mantém a alta qualidade dos alimentos e bioprodutos,
incluindo a aparéncia, nutrientes, sabor e alta capacidade de reidratacdo. O processo
consiste principalmente em congelamento e desidratacdo sob pressdo reduzida. Um
processo de liofilizagdo bem-sucedido resulta em matrizes altamente porosas e
desidratadas com alta capacidade de reidratacdo, que € uma propriedade importante da
liofilizacdo (HARNKARNSUJARIT et al., 2016). Apesar destas vantagens, as amostras
liofilizadas exibem uma alta higroscopicidade, e, podem ser adversamente afetadas pela
umidade durante o armazenamento. Sob a influéncia de umidade e oxigénio,
componentes sensiveis ao oxigénio podem rapidamente se decompor. A liofilizacdo
aumenta a porosidade, e consequentemente, a area do produto que estd exposta a
atividade de radicais livres (MATERSKA, 2014).

Alimentos liofilizados sdo produtos com alto valor agregado por reter grande
parte de seus nutrientes originais, uma vez que se empregam baixas temperaturas em
seu processamento. Entretanto, seu custo € expressivamente maior quando comparado
aos produtos secos por outras técnicas, necessitando-se, assim, de pesquisas que

minimizem 0s custos operacionais.

2.7.3. Estudos sobre microencapsulagdo de extratos de vegetais e subprodutos

A atomizacdo e a liofilizacdo sdo amplamente utilizadas para a
microencapsulacdo de extratos de residuos e outros compostos bioativos de fontes
naturais, por exemplo, a casca de uva (Vitis labrusca var. Bordo) (KUCK; NORENA,
2016), o extrato de erva-mate (llex paraguariensis) (NUNES et al., 2015) e o residuo de
acerola (REZENDE et al., 2018).

Diversos estudos utilizando microencapsulacdo por atomizacdo de extratos de
compostos bioativos foram publicados, como exemplos, microencapsulacdo de extrato
de polifendis de semente de uva (YADAV et al., 2020); de compostos fenolicos de
cranberry (ZHANG et al., 2020); de compostos bioativos de cagaita (Eugenia
dysenterica) (DAZA et al., 2016); de antocianinas de chokeberry (PIECZYKOLAN;
KUREK, 2019); de compostos bioativos de bagaco de amora (SANTOS et al., 2019), e
de polifendis de chicoria vermelha e couve roxa (ZANONI et al., 2020). Entretanto

Sharayei, Azarpazhooh e Ramaswamy (2020) utilizaram a microencapsulagcdo por
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liofilizacdo em extratos de compostos fendlicos da casca de roma e obtiveram bons
resultados. Também encontram-se na literatura estudos que utilizam as duas técnicas de
microencapsulacéo (atomizagéo e liofilizagdo) de extratos de compostos bioativos com
diferentes agentes encapsulantes. Ramirez, Giraldo e Orrego (2015) avaliaram a
estabilidade de polifendis de frutos encapsulados por atomizacdo e liofilizacdo,
utilizando maltodextrina e goma arabica, como agentes encapsulantes. Rezende et al.
(2018) estudaram a microencapsulacdo por atomizagéo e por liofilizacdo de compostos
bioativos da polpa e do residuo da acerola utilizando goma arabica e maltodextrina
como agentes encapsulantes, enquanto que Agudelo et al. (2017) analisaram o efeito da
preservacdo da retencdo de antioxidantes em diferentes pos de toranja obtidos por
liofilizac&o e por atomizagé&o.

Com base nos diversos estudos de extracdo e microencapsulacdo de compostos
fenolicos de vegetais e seus subprodutos, citados anteriormente, uma alternativa para o
aproveitamento tecnolégico do residuo da ciriguela é a sua utilizacdo na producédo de
extratos microencapsulados, de modo a obter um extrato rico em compostos bioativos
que possua elevado teor de compostos fenélicos. E importante otimizar o processo de
extracdo e microencapsulcdo de extrato da farinha de residuo de ciriguela visando obter
um extrato com maior concentracdo de compostos fenolicos e consequentemente, maior
atividade antioxidante. Esses aspectos, juntamente com o crescente interesse global em
tecnologias de extracdo emergentes, que visam a minimizacdo dos impactos ambientais,
justificam a utilizacdo deste subproduto gerado nas industrias de processamento de

frutas.
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3.1 Desenho experimental e local de execucéo da pesquisa
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O desenho experimental desta pesquisa foi dividido basicamente em 3 fases: a

primeira etapa (Figura 5) compreendeu a obtencdo do residuo de ciriguela e

processamento da farinha de residuo de ciriguela (FRC), até a caracterizacao e obtencao

dos extratos de compostos fendlicos obtidos por diferentes métodos de extracdo. Esta

etapa da pesquisa foi realizada no Laborat6rio de Processamento de Alimentos, e no

Laboratdrio de Andlises Fisico-quimicas, ambos locados no Departamento de Ciéncias

do Consumo (DCC) da Universidade Federal Rural de Pernambuco (UFRPE).

Figura 5. Fase | do desenho experimental da pesquisa.

Obtencéo do residuo de ciriguela

Secagem em estufa do residuo (60 °C/24 h)

Obtenc&o da farinha de residuo de ciriguela (FRC)

Caracterizacdo do residuo in natura e da FRC

Sélidos sollveis

pH

Acidez

Atividade de agua

Umidade

Cor

Teor de compostos fendlicos (TPC)

VVVYVVY

Otimizacdo da extracdo assistida por ultrassom
(EAU) de compostos fendlicos da FRC

Obtencéo da melhor condigédo de extracdo e
comparacgéo do extrato obtido por EAU

Anadlises dos extratos obtidos por diferentes
métodos de extracao

—
—

Variaves Indepedentes:
*Amplitude ultrassénica
(20, 60 e 100%)
*Tempo (5,10¢e 15
min).

Variavés dependentes:
*TPC

*Atividade antioxidante
(DPPH e FRAP)

*Solido-liquido por
agitacdo mecanica
*Micro-ondas

* Teor de compostos
fenolicos

*Atividade antioxidante
(DPPH e FRAP)

A segunda fase experimental (Figura 6) consistiu da realizacdo do

planejamento experimental da microencapsulacdo por atomizagdo do extrato de
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compostos fendlicos de FRC, realizado no Laboratorio de Processamento de Alimentos
da UFRPE. E também foi realizada a comparacao entre o extrato atomizado otimizado e
o extrato liofilizado. A produgdo do extrato liofilizado foi realizada no Centro de Apoio
ao Pesquisador (CENAPESQ) da UFRPE. Além da caracterizacao fisica, fisico-quimica
e tecnoldgica, determinacdo de compostos fendlicos e da atividade antioxidante dos
extratos em pos, realizada no Laboratorio de Andlises Fisico-quimicas do DCC da
UFRPE.

Figura 6. Fase Il do desenho experimental da pesquisa.

encapsulantes

de compostos fenolicos da FRC s
*Vazdo de

*Temperatura (°C)
Otimizacdo da microencapsulacdo por atomizagdo ) *Formulacad dos

alimentacdo (mL/min)

Obtencdo do extrato de compostos fendlicos da FRC por
liofilizacdo (Temperatura: -80 °C, pressdo da camara: 0,28 mbar,
tempo: 48 h)

Caracterizacao dos extratos atomizados e liofilizados de FRC

» Atividade de agua
» Umidade
» TPC
» Eficiéncia da encapsulacéo
» Atividade antioxidante (DPPH e FRAP)
» Densidade aparente
» Densidade absoluta
» Porosidade Intragranular
» Solubilidade

» Higroscopicidade

» Paramétros colorimétricos

» Diametro médio e distribuicdo de tamanho das particulas
» Morfologia das microcéapsulas

A terceira fase (Figura 7) foi basicamente a caracterizagdo dos extratos
atomizado e liofilizado (perfil fenolico por HPLC, digestdo gastrointestinal in vitro e
estudo da estabilidade). O perfil fenolico por HPLC foi realizado no Laboratério de
Cromatografia Liquida, do Departamento de Tecnologia em Alimentos, do Instituto
Federal do Sertdo Pernambucano (IFSertdoPE), Campus Petrolina. A digestdo
gastrointestinal in vitro foi realizada no Laboratério de Microbiologia de Alimentos, do

Centro de Educacdo e Saude (CES), da Universidade Federal de Campina Grande
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(UFCG). E o estudo da estabilidade foi realizado no Laboratorio de Andlises Fisico-
quimicas do DCC da UFRPE.

Figura 7. Fase 111 do desenho experimental da pesquisa.

Caracterizacdo dos extratos atomizados e liofilizados de FRC

Determinacéo do perfil fendlico do extrato livre e dos extratos
microencapsuladpos por atomizacao e liofilizacdoem HPLC-DAD

Digestéo gastrointestinal in vitro dos extratos microencapsulados
por meio da bioacessibilidade ao longo da digestédo

Estudo da estabilidade do TPC nas microcapsulas atomizadas e
liofilizadas (armazenadas a 7 e 25 °C por 90 dias)

3.2. Obtencao do residuo

Os residuos da polpa de ciriguela (cascas e carocos) foram fornecidos por uma
indUstria de polpas de frutas congeladas, localizada em Jodo Pessoa/PB. Os frutos foram
cultivados na Paraiba (07° 09' S 36° 49' W), a extracdo da polpa foi realizada pela
industria de polpas. Foram disponibilizados 50 kg de subprodutos (cascas e carogos) de
ciriguela, que foram transportados em caixas térmicas mantendo a temperatura (7 + 2
°C) até o laboratério de Processamento de Alimentos do DCC da UFRPE. Apés a
separacdo manual dos carocos das cascas, rendeu aproximadamente 11 kg de cascas de

ciriguela.

3.3. Obtencdo da farinha de residuo de ciriguela (FRC)

As cascas da ciriguela foram separadas dos carogos manualmente e submetidas a
secagem a 60 °C por 24 h (CALDAS et al., 2018), em estufa com circulagdo de ar
(Marconi®, modelo MAO035), até atingir umidade igual ou inferior a 10%, em seguida
trituradas em moinho multi uso TE 631/2 (Tecnal) e peneirada #40 (425 um). Foram
produzidos aproximadamente 3,5 kg de FRC, que foi armazenada em sacos de

polietileno de baixa densidade, envolvidos com papel laminado a -22 °C.
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3.4. Analises fisicas e fisico-quimicas do residuo in natura de ciriguela e da FRC

A determinacdo de sélidos sollveis foi realizada com refratdmetro digital de
marca Reichert® (r2 i300 - USA), e os resultados foram expressos em °Brix; o pH foi
analisado por meio de medidas diretas utilizando pHmetro com eletrodo de vidro
(AAKER®); a atividade de 4gua (aw) foi determinada com o auxilio de um analisador de
atividade de agua (DECAGON®, AQUA LAB - 4TE) a 25°C; a umidade foi
determinada em balanca de infravermelho (MARTE® — IDSO - Piracicaba/SP) a 105
°C, com resultados expressos em (%), enquanto a acidez titulavel foi realizada por
método titulométrico, com resultados expressos em g de acido citrico/100 g de FRC
(AOAC, 2019).

A cor foi avaliada em colorimetro (Minolta® CR 400, Konica Minolta, Sensing
Inc), utilizando-se os padrdes de cor do sistema CIELab — “Comission Internationale de
L’Eclairage”: L* (luminosidade) variando do branco (L=100) ao preto (L=0), a* que
caracteriza a coloracdo na regido do vermelho (+a*) ao verde (-a*), e b* que indica a
coloragdo no intervalo do amarelo (+b*) ao azul (-b*) (YILDIZ; RABABAH; FENG,
2016). O colorimetro foi previamente calibrado com um padrdo branco antes de cada
analise, usando como fonte de luz uma lampada de xendnio, iluminante C (Y=92.78;
x=0.3139; y=0.3200), angulo de observacdo de 10° e area de medicdo de 8 mm de
diametro (YILDIZ; RABABAH; FENG, 2016).

3.5. Analise de compostos fenolicos da FRC

Para quantificacdo de compostos bioativos da FRC foi realizada a extracéo
convencional, utilizando maceracdo da FRC e solventes em almofariz. 10 g de FRC
foram adicionadas a 40 mL de etanol-4gua a 80% (solvente selecionado em testes pré-
liminares), seguido de agitacdo constante por 20 min em agitador magnético (Fisatom
752A - Séo Paulo/Brasil) com auxilio de barra magnética, centrifugacdo (2500 rpm
equivalente a 1500 g/10 min) e filtracdo. O extrato obtido foi armazenado em vidros
ambar sob congelamento na temperatura de -22 °C.

Os compostos fenolicos totais foram  determinados por método
espectrofotométrico pela absorbancia a 725 nm, utilizando reagente de Folin Ciocaulteu
(Sigma Aldrich®, St. Louis, MO, USA), segundo metodologia descrita por Wettasinghe
e Shahidi (1999). Resumidamente, em um tubo de ensaio foram adicionados 0,5 mL do

extrato de cada amostra, 8,0 mL de agua destilada e 0,5 mL do reagente Folin-
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Ciocaulteu. Apdés 3 min, 1,0 mL de solucdo de carbonato de sodio foi adicionado e
deixado reagir por 60 min no escuro. O teor de compostos fendlicos totais foi
determinado por interpolacdo da absorbancia das amostras contra uma curva padréo
preparada a partir das solugdes aquosas de acido galico (0,1-1 mg/mL) e os resultados

foram expressos em mg de equivalente de acido galico (EAG)/g de FRC.

3.6. Obtencao dos extratos de FRC

Inicialmente foi realizado o planejamento experimental da extracdo por
ultrassom dos compostos fendlicos da FRC, e em seguida o extrato otimizado foi
comparado aos extratos obtidos pela extracdo por método convencional (sélido-liquido

por agitacdo mecanica) e pela extracdo assistida por micro-ondas.

3.6.1. Extracédo assistida por ultrassom (EAU)

Para obtencdo do extrato de compostos fendlicos por EAU, a FRC juntamente
com o solvente (etanol a 80%, acidificado com 0,1% de HCI) foram submetidos a sonda
ultrassénica (modelo QR1000, Ultronique, Ecosonics, Sdo Paulo/Brasil) com poténcia
méaxima de 1000 Watts (W) e frequéncia ultrassénica de 20 kHz. O extrato obtido foi
filtrado e armazenado em recipiente ambar a -20 °C.

Para a EAU da FRC utilizou-se o planejamento experimental Box-Behnken
(Tabela 1) com 8 pontos fatoriais (niveis + 1) e 5 pontos centrais (nivel 0), totalizando
13 ensaios. Conforme o estudo de Sharayei et al. (2019), as varidveis independentes
foram: amplitude ultrassonica (20, 60 e 100%) e tempo de exposic¢do ao ultrassom (5,
10 e 15 min), e as variaveis dependentes foram: teor de compostos fenolicos, atividade
antioxidante por DPPH e FRAP.

Os dados obtidos no planejamento experimental foram ajustados & Equagéo 1
(AZARPAZHOOH; RAMASWAMY, 2012):

k k
y =B+ Z.Bji’j + Z Z Bijriz + Z_Qﬂx? +e
j=1 i<j J=1

(Eg. 1)
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onde: Y representa a resposta prevista, fo o coeficiente de regressdo constante, Bi, Bjj e
Bij os coeficientes lineares, quadraticos e de interacdo, respectivamente, Xi ¢ Xj as
variaveis independentes e € o ruido ou erro.

A qualidade dos modelos polinomiais ajustados foi expressa pelo coeficiente de

regressdo (R?), R? ajustado, precisdo adequada (AP) e coeficiente de variacéo (CV).

Tabela 1. Planejamento experimental codificado e decodificado da extracéo
por ultrassom da farinha de residuo de ciriguela (FRC).

Ensaio Amplitude Tempo de exposicao
ultrassonica (%) ao ultrassom (min)
01 0 (60) 0 (10)
02 0 (60) +1 (15)
03 0 (60) 0 (10)
04 -1 (20) +1 (15)
05 -1 (20) 0 (10)
06 +1 (100) 0 (10)
07 -1(20) -1 (5)
08 +1(100) -1 (5)
09 0 (60) 0 (10)
10 0 (60) -1 (5)
11 0 (60) 0 (10)
12 +1 (100) +1 (15)
13 0 (60) 0 (10)

3.6.2. Extracdo por méetodo convencional (sélido-liquido por agitacdo mecanica)

A extracdo dos compostos fendlicos por método convencional foi realizada
utilizando maceragdo da FRC e solventes em almofariz. Para tanto, 10 g de FRC foram
adicionados a 40 mL de etanol-4gua a 80% acidificado com 0,1% de HCI, seguido de
agitacdo constante por 60 min em agitador magnético, com auxilio de barra magnética,
centrifugacgdo (2500 rpm equivalente a 1500 x g/10 min) e filtracdo (condigdes definidas
em testes preliminares). O extrato obtido foi armazenado em vidros &mbar sob

congelamento na temperatura de -22 °C.

3.6.3. Extracdo assistida por micro-ondas (EAM)

Para obtencdo do extrato de compostos fendlicos por micro-ondas, a FRC
juntamente com o solvente (etanol a 80%, acidificado com 0,1% de HCI) foram

colocados no equipamento de micro-ondas CEM Discover (modelo Discover System
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908005) utilizando poténcia de 800W, temperatura de 120 °C e tempo de extracdo de 15
min (condi¢cBes definidas em testes preliminares). Ap0s a exposicdo as ondas
eletromagnéticas o sobrenadante obtido foi filtrado e armazenado em recipiente &mbar a
-22 °C.

3.7. Analises dos extratos obtidos por diferentes métodos de extracao

3.7.1. Teor de compostos fenodlicos (TPC)

O teor de compostos fendlicos foi realizado conforme citado anteriormente no
item 3.5.

3.7.2. Capacidade de Sequestrar o Radical DPPH*® (EC 50%)

Foi realizado segundo método descrito por Brand-Williams et al. (1995)
modificado por Sanchez-Moreno et al. (1998). O extrato foi diluido em trés diferentes
concentracdes de fendlicos totais (2, 3 e 9 pg/mL) e adicionado a solucdo de DPPH*®
(1,1-difenil-2-picrilhidrazil) em metanol (0,1M). A absorbancia a 517 nm foi
monitorada em espectrofotdmetro (Shimadzu UV-1650PC, Sdo Paulo/Brasil) até a
reacao atingir o plato.

A atividade de eliminacdo de radicais foi calculada conforme Ramadan et al.

(2003), como porcentagem da descoloracdo do DPPH® usando a Eq. (2):
DPPH® % = [(ADPPH - AS)/ADPPH] x 100 (Eq. 2)

onde AS é a absorbancia da solucdo quando a amostra € adicionada em um nivel
particular e ADPPH é a absorbancia da solugdo de DPPH®.

A concentragdo da amostra que fornece metade do maximo (50%) da atividade
de eliminagdo de radicais (ECsp) € uma medida da eficacia de uma substancia na
inibicdo de uma funcdo biologica ou bioquimica especifica. Ela foi calculada por
interpolagdo do gréafico da porcentagem de atividade de eliminacdo de radicais em
relacdo & concentracdo da amostra.

Os resultados foram expressos em ECsq (concentracdo de extrato em pg/mL
capaz de reagir com 50% do radical presente na solucdo de DPPH®).
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3.7.3. Poder de reducdo do ferro — FRAP

O ensaio do poder antioxidante redutor férrico (FRAP- Ferric Reducing
Antioxidant Power) foi conduzido de acordo com a metodologia relatada por Thaipong
et al. (2006). A absorbancia utilizada foi 593 nm, utilizando um espectrofotdmetro
(Shimadzu UV-1650PC, S&o Paulo - Brasil). A atividade antioxidante por FRAP foi

expressa em pmol de equivalente ferroso por g de extrato (umol Fe?*g).

3.8. Microencapsulacdo do extrato de compostos fendlicos da FRC

O método de extracdo que produziu o extrato com maior concentracdo de
compostos fendlicos foi escolhido para dar continuidade a pesquisa. As condigdes
Otimas de extracdo foram de acordo com os dados obtidos do planejamento
experimental. Ao extrato rotaevaporado por 15 min a 40 °C e em seguida diluido em
agua destilada (para facilitar a passagem pelo bico atomizador) e foram adicionado(s)
o(s) agente(s) encapsulante(s) (goma arabica e maltodextrina), de acordo com a

guantidade de sélidos totais para cada ensaio do planejamento.

3.8.1. Microencapsulacéo por atomizagao

A encapsulagdo foi realizada em atomizador modelo MSD 1.0 (LABMAQ do
Brasil LTDA). Os agentes carreadores utilizados foram: maltodextrina 10DE (Ingredion
— Sédo Paulo/Brasil) e goma arabica (Dinanica — Sdo Paulo/Brasil), por apresentarem
baixo custo e/ou alta eficiéncia no encapsulamento de compostos bioativos.

O extrato de FRC juntamente com a formulacdo de agente encapsulante foram
homogenizados por 5 min em homogenizador Turratec (Tecnal/TE-102 — Piracicaba,
Sdo Paulo/Brasil) utilizando velocidade de 14.000 rpm. Na microencapsulacdo por
atomizacédo a concentracdo de sélidos totais da solucdo final foi fixada em 30% (27% de
material de parede e 3% do material de recheio/extrato), enquanto a vazdo de
alimentacdo da mistura foi fixada em 0,60 L/h, utilizando bico injetor de 1,2 mm de
diametro, fluxo de ar de 30 m%h e presséo do ar de 0,6 bar.

Foi realizado um planejamento experimental 2° composto por 8 pontos fatoriais
(niveis = 1) e 3 pontos centrais (nivel 0), totalizando 11 ensaios (Tabela 2). As variaveis
independentes foram: temperatura (T), formulacdo do encapsulante (F) e vazdo de

alimentacdo (V, mL/min). Os dados obtidos foram ajustados a Equagé&o 3:



52

Y =Bo + B1T + BoF + B3V + B4 TF + Bs TV +B FV

(Eq.3)

onde Y ¢ a resposta, Bop ¢ o coeficiente de regressdo constante, P1, B2 ¢ B3 SA0 0S
coeficientes lineares, T, F e V sdo as varidveis independentes ¢ Bs, Ps, Ps S80 0S
coeficientes de efeito de interagéo.

As variaveis de resposta (dependentes) foram: umidade, atividade de &gua, teor
de compostos fendlicos, eficiéncia de encapsulamento, cor e atividade antioxidante por
DPPH e FRAP.

Tabela 2. Planejamento experimental codificado e descodificado da microencapsulacéo
por atomizagdo do extrato de compostos fendlicos da FRC.

Ensaio Temperatura (°C) Formulagéo do Vazdo de
encapsulante alimentacéo
(mL/min)
01 -1 (130) -1 (0% M /100% GA) -1 (0,40)
02 +1(170) -1 (0% M/ 100% GA) -1 (0,40)
03 -1 (130) +1 (100% M / 0% GA) -1 (0,40)
04 +1 (170) +1 (100% M / 0% GA) -1 (0,40)
05 -1 (130) -1 (0% M/ 100% GA) +1 (0,80)
06 +1 (170) -1 (0% M / 100% GA) +1 (0,80)
07 -1 (130) +1 (100% M / 0% GA) +1 (0,80)
08 +1 (170) +1 (100% M / 0% GA) +1 (0,80)
09 0 (150) 0 (50% M/ 50% GA) 0 (0,60)
10 0 (150) 0 (50% M/ 50% GA) 0 (0,60)
11 0 (150) 0 (50% M / 50% GA) 0 (0,60)

M=maltodextrina e GA=goma arabica.

3.8.2. Microencapsulacéao por liofilizagéao

A liofilizagdo foi utilizada como controle/padréo no processo de
microencapsulacao, realizada em liofilizador (Christ Alpha 1-4 LD Plus) disponivel no
CENAPESQ (Centro de Apoio a Pesquisa da UFRPE). Na microencapsulacdo por
liofilizacdo foi utilizada temperatura de liofilizacdo (-80 °C), vacuo da camara (0,28
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mbar), tempo de 48 h, e agente carreador (utilizando as condi¢bes otimizadas na

secagem por atomizacao).

3.9. Analises dos extratos microencapsulados por atomizacao e liofilizacéo

3.9.1. Umidade, atividade de &gua, cor e teor de compostos fendlicos

Conforme citado anteriormente para caracterizagdo da FRC no item 3.3.

3.9.2. Atividade antioxidante por DPPH e FRAP

Conforme citado anteriormente para analise dos extratos de FRC no item 3.6.

3.9.3. Eficiéncia da encapsulacéo (EE)

Para determinacdo do teor total de fendlicos do microencapsulado (TTF), 100
mg do microencapsulado foram dispersos em 1 mL da solu¢do etanol:acido acético:agua
destilada (50:8:42 v/v). A mistura foi agitada em vortex por 1 min, e filtrada em
microfiltro (Syringe Filters K18-230) com poros de didmetro de 0,22 pm (SAENZ, et
al., 2009). O teor de fendlicos foi determinado por método espectrofotdmetro, com
espectro de absorcdo registrado no comprimento de onda de 725 nm, utilizando o
reagente de Folin-Ciocalteu (Merk — Darmstadt/Alemanha) e curva padrdo de acido
galico (WETTASINGHE; SHAHIDI, 1999). Os resultados foram expressos em pg de
equivalente de 4cido galico por mg microcépsulas (p6) (ug EAG/mg™).

O teor de fenolicos totais na superficie da microcépsula (TFS) foi determinado
segundo procedimento descrito por Saénz et al. (2009). 100 mg do microencapsulado
foram dispersos em 1 mL de etanol:metanol (1:1 v/v), levemente agitados por 5 min e
filtrados em microfiltro (Syringe Filters K18-230) de 0,22 pm. O teor de fendlicos foi
determinado utilizando o reagente de Folin-Ciocalteu (Merk) e curva padréo de acido
galico (WETTASINGHE; SHAHIDI, 1999).

A eficiéncia do encapsulamento (EE) foi calculada considerando a Equacéo 4
proposta por MAHDAVI et al. (2016).

EE (%) = TTF — TFS x100
TTF (Eq. 4)

onde: EE=Eficiéncia da encapsulacdo; TTF= Teor de Fendlicos totais das microcapsulas

e TFS= Teor de fendlicos totais da superficie das microcapsulas.
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3.10. Caracterizacao fisica dos extratos de compostos fendlicos microencapsulados
por atomizacao e liofilizacdo

O extrato otimizado microencapsulado por atomizagéo e o extrato liofilizado
foram escolhidos para dar continuidade a pesquisa, e consequentemente foram

caracterizados quanto as variaveis fisicas descritas abaixo.

3.10.1. Densidade aparente

A densidade aparente foi determinada de acordo com procedimento descrito por
Barbosa-Canovas e Juliano (2005) e Caparino et al. (2012), com algumas modificacdes.
Foram transferidas 2 g de amostra para uma proveta graduada de 10 mL, onde o po foi

compactado batendo a proveta 50 vezes sobre a bancada.

A densidade foi calculada de acordo com a Equacdo (5) e o resultado expresso

em g/mL:
Pap = MV

(Eq.5)
onde: m é a massa da amostra (g); V é o volume total que o pé ocupou na proveta (mL).

3.10.2. Densidade absoluta
Determinada por meio de metodologia proposta por Caparino et al. (2012), a 25

°C em um picndmetro com termoémetro.

3.10.3. Porosidade intragranular (g)

Calculada de acordo com Caparino et al. (2012), utilizando a Equacao (6):

€= 1-Pap/Pabs (Eq. 6)

onde: pyp € a densidade aparente (g/mL) e pays € a densidade absoluta (g/mL) da

amostra.
3.10.4. Solubilidade

Determinada de acordo com a metodologia descrita por Cano-Chauca et al.
(2005). 1 g da amostra foi diluido em 100 mL de &gua destilada, agitado em agitador

magnético (Fisatom, modelo 752) por 5 minutos, formando uma solucdo aquosa, que
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em seguida foi centrifugada a 3000 rpm (equivalente a 1800xg) por 5 minutos em
centrifuga (Cientec, modelo CT-6000R). Uma aliquota de 25 mL do sobrenadante foi
colocada em placa de Petri, esterilizada e previamente pesada e levada para estufa com
circulacédo e renovacao de ar (Marconi, modelo MA-035) a 105 °C por 5 h. Ao término
do processo a placa foi pesada em balanca analitica e a solubilidade obtida através da

diferenca de peso.
3.10.5. Higroscopicidade

Determinada de acordo com a metodologia proposta por Cai e Corke (2000),
modificada. Capsulas com 1 g de extrato microencapsulado foram colocadas em um
recipiente hermético contendo uma solucdo saturada de NaCl (umidade relativa de
75,29%) a 25 °C e, ap6s uma semana foram pesadas. A higroscopicidade foi expressa

em g de umidade adsorvida por 100 g de massa seca da amostra (g/1009).

3.10.6. Diametro médio e distribuicdo de tamanho das particulas

Determinada em aparelho com difracdo a laser (Microtrac, modelo S3500),
disponivel no Laboratério Multiusuario de Nanotecnologia do CETENE (Centro de
Tecnologias Estratégicas do Nordeste — CETENE), acoplado a um aparelho de
ultrassom comum de bancada para aumentar a dispersibilidade da amostra. O liquido
sedimentador utilizado foi isopropanol, visto que as particulas ndo sdo sollveis neste
composto. Uma pequena quantidade de amostra foi dispersa em isopropanol e
submetida a leituras de distribuicdo do tamanho de particulas. O diametro médio foi
determinado com base no didmetro médio de uma esfera do mesmo volume (didmetro

de Broucker, D[4,3]), geralmente utilizado para caracterizar particulas de po.
3.10.7. Morfologia das particulas

Foi realizado por meio da microscopia eletronica de varredura (MEV), modelo
(Vega 3, Tescan, Brno, Czech Republic) disponivel no Centro de Apoio a Pesquisa
(CENAPESQ) da Universidade Federal Rural de Pernambuco. As amostras foram
fixadas em porta-espécimens metélicos (stubs) com uma fita adesiva de dupla face
condutora convencional, em seguida metalizadas com ouro em um metalizador (Leica,
modelo EM SCD500), a uma taxa de recobrimento de 15 nm de espessura, por 80

segundos e corrente de 40 mA e, observadas em um microscopio eletrbnico de
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varredura (FEI, modelo Quanta 200 FEG), operando com 20 kV. A aquisicdo das
imagens foi realizada pelo software, XT microscope.

3.11. Parametros colorimétricos

3.11.1. Cromaticidade
A cromaticidade (C) € a relacdo entre os valores de a* e b*, onde se obtém a cor
real do objeto analisado. Foi calculada conforme a equagéo:

C=(@**+ b*?)
(Eq.7)
onde: C: cromaticidade; a*: intensidade da cor vermelha a verde do extrato

microencapsulado; b*: intensidade da cor amarela a azul do extrato microencapsulado.

3.11.2. Angulo de tonalidade (Hue-angle)
E o angulo formado entre a* e b*, indicando a saturacéo da cor do produto. Para

calculo do angulo de tonalidade foi utilizada a equacao:

He = tan™ b*/a*
(Eq.8)
onde: H% angulo de tonalidade; a*: intensidade da cor vermelha a verde do extrato

microencapsulado; b*: intensidades da cor amarela a azul do extrato microencapsulado.

3.11.3. Diferenca de cor

A variagdo na diferenga de cor (AE*) em p6s microencapsulados obtidos por
atomizacéo e liofilizacdo foi calculado pela Equacéo (9) (CAl & CORKE, 2000), com
base na analise de cor do extrato livre antes do encapsulamento e do extrato

microencapsulado reconstituido (1g de extrato/10 mL de agua).

AE* = (L*- Lo)* + (a*- ag*) + (0*- bp*)?)"®
(Eq.9)
Onde: AE*: é a diferenca total de cor; Lo* e L*: sdo as luminosidades das amostras do
extrato livre e do extrato microencapsulado reconstituido, respectivamente; ap* e a*: sao
as intensidades da cor vermelha a verde das amostras do extrato livre e do extrato

microencapsulado reconstituido, respectivamente; by* e b*: sdo as intensidades da cor
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amarela a azul das amostras do extrato livre e do extrato microencapsulado

reconstituido, respectivamente.

3.12. Perfil fenélico em HPLC-DAD

Amostras (1 g) de p6s microencapsulados de extrato de FRC foram adicionadas
a 10 mL de metanol/6 mol L™ HCI. As amostras foram submetidas & extracdo por
ultrassom a 40 kHz por 30 min a 25 °C (UNIQUE, modelo USC-1800, Brasil). Em
seguida, o extrato foi centrifugado a 3000xg por 20 min (centrifuga SL-701; Solab, Séo
Paulo, Brasil), e o sobrenadante (extrato fendlico) foi coletado. Uma aliquota de 1 mL
do extrato foi filtrada em filtro seringa membrana (Zhejiang Alwsci Technologies-
China) de 0,45 um (PTFE) e utilizada para identificacdo e quantificacdo de compostos
fenolicos por HPLC.

Os compostos fendlicos individuais foram determinados seguindo a metodologia
validada por Padilha et al. (2017), com adaptacfes de Dutra et al. (2018) em gradiente e
tempo de execucdo para quantificacdo de estilbenos, flavonois e flavanonas, utilizando
um cromatdgrafo liquido Agilent 1260 Infinity LC System (Agilent Technologies, Santa
Clara— EUA) acoplado a um detector de arranjo de diodos (DAD) (modelo G1315D). A
separagdo cromatografica dos compostos fendlicos foi realizada em uma coluna Zorbax
Eclipse Plus RP-C18 (100 x 4,6 mm, 3,5 um) e na pré-coluna Zorbax C18 (12,6 x 4,6
mm, 5 um). A coleta e anélise dos dados foram realizadas no software OpenLAB CDS
ChemStation Edition (Agilent Technologies, Santa Clara — EUA). A temperatura
utilizada foi de 35 °C e o volume de inje¢do foi de 20 pL. da amostra, previamente
diluida na fase A, e filtrada através de membrana de 0,45 um (Millex Millipore, Barueri,
SP, Brasil). O fluxo de solvente foi de 0,8 mL min™'
foi de 0-5 min: 5% B; 5-14 min: 23% B; 14-30 min: 50% B; 30—33 min: 80% B onde o

solvente A era uma solucdo de acido fosférico (0,52 M - pH = 2,0) e o solvente B era

. O gradiente utilizado na separacao

metanol acidificado com 0,5% H3;PO,. A detecgdo dos compostos foi feita em 220, 280,
320, 360 e 520 nm, e a identificacdo e quantificacdo por comparacdo com padrdes

externos. Os resultados foram expressos em pg/g DW.

3.13. Digestéao gastrointestinal in vitro

O procedimento de digestdo gastrointestinal foi realizado imitando as condicdes
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gastrointestinais fisioldgicas, avaliadas em trés fases sequenciais (oral, estbmago e
intestino delgado incluindo diélise), conforme Rodrigues-Roque et al. (2013) e Dutra
et al. (2017). As aliquotas do extrato de compostos fendlicos microencapsulado
reconstituido (50 mL) foram misturadas com 5 mL de solucdo salivar (2,38 g de
Na;HPO4, 0,19 g de KH2PO4, 8 g de NaCl e 200 mL de amilase) em frascos ambar. A
mistura foi homogeneizada durante 10 minutos num banho de 4gua a 37 + 2 °C a 95 g.
Depois, as amostras foram acidificadas até pH 2,0 com 1 mL de uma preparacao de
pepsina porcina (13 mg de pepsina em 5 mL de HCI a 0,1 M) para dar um volume final
de 5 mL e posteriormente incubadas a 37 °C em agitacdo a 95 x g durante 1 h, para
simular a digestdo gastrica. No final da digestdo pds-gastrica, a mistura foi
imediatamente arrefecida num banho de gelo e uma aliquota de 1 mL foi removida e
armazenada a -18 °C. O restante da amostra foi submetido a digestdo intestinal. Os
segmentos de membrana de dialise foram cortados a 30 cm de comprimento e
preenchidos com 25 mL de &gua/NaHCO; (0,5 M). A quantidade necessaria de
NaHCO; (0,5 M) para titular a digestdo gastrica a pH 7,5 foi a contida na membrana de
dialise. Cada 20 mL de digestdo gastrica foi colocada num tubo de polietileno, e uma
membrana de dialise foi completamente imersa até atingir um pH de 5,0. Depois,
foram adicionados a cada tubo 5 mL de pancreatina (0,12 g) e sais biliares (40 mg de
glicodesoxicolato em 1 mL de solucéo salina), taurodesoxicolato (25 mg em 1 mL de
solucdo salina), taurocolato (40 mg em 1 mL de solucdo salina). As amostras foram
incubadas sob agitacdo (95 rpm) a 37 °C durante 2 h para completar a fase intestinal.
Por ultimo, a membrana de diélise foi retirada e enxaguada com &gua destilada. Os
compostos fendlicos disponiveis para absorcao estavam dentro da membrana de diélise
(fracdo bioacessivel). Em seguida a fracdo bioacessivel foi analisada em HPLC,
conforme Caldas et al. (2018), para determinacdo do perfil de compostos fenolicos

presentes apos a digestdo gastrointestinal simulada.

3.14. Estudo da estabilidade

As microcapsulas atomizadas e liofilizadas do extrato de compostos fendlicos da
FRC foram armazenadas conforme Nunes et al. (2015) com modificagdes a diferentes

temperaturas (7 e 25 = 1 °C). As amostras foram colocadas em embalagens plésticas



59

flexiveis laminadas (Zip lock) e armazenadas no escuro por 90 dias. Foi avaliado o TPC

(conforme item 3.5) a cada 15 dias.

3.15. Andlise estatistica

Os dados experimentais foram analisados e apresentados como valores médios e
desvios-padrao de dados obtidos em triplicata. A andlise de variancia (ANOVA), o teste
de falta de ajuste (teste F), a determinacdo dos coeficientes de regressdo, a otimizagédo
dos processos foram executados utilizando a Metodologia de Superficie de Resposta
(RSM) e o teste de diferencas de médias (Teste Tukey) foram realizados com o auxilio
do software Statistica versdo 12.0 (StatSoft Inc., Tulsa, EUA) ao nivel de 5% de
significancia. A correlagdo de Person’s foi realizada utilizando o R Studio Build 461
(RStudio Inc., Boston, EUA).



60

REFERENCIAS

ABREU, D. J. M.; CARVALHO, E. E. N.; VILAS BOAS, E. V. B.; ASQUIERI, E. R;
DAMIANI, C. Ultrasound-assisted extraction of red mombin seed oil (Spondias
purpurea L.): phenolic profile, fatty acid profile and chemical characterization of the
cake, residue from the oil extraction. Grasas Aceites, v. 73(1), e451, 2022.

ADETUNJI, L. R.; ADEKUNLE, A.; ORSAT, V.; RAGHAVAN, V. Advances in the
pectin production process using novel extraction techniques: A review. Food
Hydrocolloids, v. 62, p. 239-250, 2017.

AHMAD, N.; ZUO, Y.; LU, X.; ANWAR, F.; HAMEED, S. Characterization of free
and conjugated phenolic compounds in fruits of selected wild plants. Food Chemistry,
v. 90, p. 80-89, 2016.

AIRES, A.; CARVALHO, R.; SAAVEDRA, M. J. Reuse potential of vegetable wastes
(broccoli, green bean and tomato) for the recovery of antioxidant phenolic acids and
flavonoids. International Journal of Food Science and Technology, v. 52, p. 98-107,
2017.

AGUDELDO, C.; BARROS, L.; SANTOS-BUELGA, C.; MARTINEZ-NAVARRETE,
N.; FERREIRA, I. C. F. R. Phytochemical content and antioxidant activity of grapefruit
(Star Ruby): A comparison between fresh freeze-dried fruits and different powder
formulations. LWT - Food Science and Technology, v. 80, p. 106-112, 2017.

AGUIAR, J.; ESTEVINHO, B. N.; SANTOS, L. Microencapsulation of natural
antioxidants for food application - the specific case of coffee antioxidants - a review.
Trends in Food Science and Technology, v. 58, p. 21-39, 2016.

ALBARICI, T. R.; FREITAS, D. M.; PESSOA, J. D. C. Atividade antioxidante pelo
método ORAC (Capacidade de Absorcao de Radicais de Oxigénio). In T. R.
ALBARICI; D. M. FREITAS (Eds.). Protocolos de analises para polpa de acai: um
guia pratico de consulta (pp. 33-38). Sdo Carlos: Livros Cientificos (ALICE) —
Embrapa Instrumentacdo Agropecuaria, 2009.

ALBAYRAK, S.; ATASAGUN, B.; AKSOY, A. Comparison of phenolic components
and biological activities of two Centaurea sp. obtained by three extraction techniques.
Asian Pacific Journal of Tropical Medicine, v. 10, n. 6, p. 599-606, 2017.

ALBUQUERQUIE, J. G.; DUARTE, A. M.; CONCEIC;AO, M. L. AQUINO, J. S.
Integral utilization of seriguela fruit (Spondias purpurea L.) in the production of
cookies. Revista Brasileira de Fruticultura, v. 38, n. 3, 2016.

ALBUQUERQUE, M. A. C.; LEVIT, R.; BERES, C.; BEDANI, R.; LEBLANC, A. M.;
SAAD, S. M. |.; LEBLANC, J. G. Tropical fruit by-products water extracts as sources
of soluble fibres and phenolic compounds with potential antioxidant, anti-inflammatory,
and functional properties. Journal of Functional Foods, v. 52, p. 724— 733, 2019.


https://www.sciencedirect.com/science/article/abs/pii/S0308814615008122?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0308814615008122?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0308814615008122?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0308814615008122?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0308814615008122?via%3Dihub#!
https://www.sciencedirect.com/science/journal/03088146

61

AL-DHABI, N. A.; PONMURUGAN, K.; JEGANATHAN, P. M. Development and
validation of ultrasound-assisted solid-liquid extraction of phenolic compounds from
waste spent coffee grounds. Ultrasonics Sonochemistry, v. 34, p. 206-21, 2017.

ALI, K.; MALTESE, F.; CHOI, Y. H.; VERPOORTE, R. Metabolic constituents of
grapevine and grape-derived products. Phytochemistry Reviews, v. 9, n. 3, p. 357-378,
2010.

ALLEY, M. C.; SCUDIERE, D. A.; MONKS, A.; HURSEY, M. L.; CZERWINSKI, M.
J.; FINE, D. L.; ABBOTT, B. J.; MAYO, J. G.; SHOEMAKER, R. H.; BOYD, M. R.
Feasibility of drug screening with panels of human tumor cell lines using a microculture
tetrazolium assay. Cancer Research, v. 48, p. 589-601, 1988.

ANUARIO BRASILEIRO DE FRUTICULTURA, 2017. Cleonice de Carvalho et al.—
Santa Cruz do Sul: Editora Gazeta Santa Cruz, 2017.

AOAC - Official Methods of Analysis of the Association of Official Analytical
Chemists: Official Methods of Analysis of AOAC International. 21st Edition, AOAC,
Washington DC, 2019.

ARES, A. M.; BERNAL, J.; NOZAL, M. J.; TURNER, C.; PLAZA, M. Fast
determination of intact glucosinolates in broccoli leaf by pressurized liquid extraction
and ultra high performance liquid chromatography coupled to quadrupole time-of-flight
mass spectrometry. Food Research International, v. 76, p. 498-505, 2015.

ARPAGAUS, C.; COLLENBERG, A.; RUTTI, D.; ASSADPOUR, E.; JAFARI, S. M.
Nano spray drying for encapsulation of pharmaceuticals. International Journal of
Pharmaceutics, v. 546, n.1-2, p.194-214, 2018.

ASHOKKUMAR, M. Applications of ultrasound in food and bioprocessing.
Ultrasonics Sonochemistry, v. 25, p. 17-23, 2015.

ASSADPOUR, E.; JAFARI, S. M. Spray drying of folic acid within nano-emulsions:
optimization by Taguchi approach. Drying Technology, v. 35, n. 9, p.1152-60, 2017.

ASSADPOUR, E.; JAFARI, S. M.; FARIDI ESFANJANI, A. Protection of phenolic
compounds within nanocarriers. CAB Reviews, v. 12, n.57, p. 1-8, 2017.

ASPE, E.; FERNANDEZ, K. The effect of different extraction techniques on extraction
yield, total phenolic, and anti-radical capacity of extracts from Pinus radiata Bark.
Industrial Crops and Products, v. 34, p. 838-844, 2011.

AUGUSTO, P. E. D.; CRISTIANINI, M.; IBARZ, A. Effect of temperature on dynamic
and steadystate shear rheological properties of siriguela (Spondias purpurea L.) pulp.
Journal of Food Engineering, v.108, p. 283 — 289, 2012.

AZARPAZHOOH, E.; RAMASWAMY, H. S. Modeling and optimization of
microwave osmotic dehydration of applecylinders under continuous-
flowspraymodeprocessing conditions. Food and Bioprocess Technology, v. 5, n.5,
p.1486-1501, 2012.



62

BAKIC, M. T.; PEDISIC, S.; ZORIC, Z.; DRAGOVIC-UZELAC, V.; GRASSINO, A.
N. Effect of microwave-assisted extraction on polyphenols recovery from Tomato peel
waste. Acta Chimica Slovenica, v. 66, p. 367-377, 2019.

BANERJEE, J.; SINGH, R.; VIJAYARAGHAVAN, R.; MACFARLANE, D.; PATTI,
A. F.; ARORA, A. Bioactives from fruit processing wastes: Green approaches to
valuable chemicals. Food Chemistry, v. 225, p. 10-22, 2017.

BARBA, F.J.; ZHU, Z.; KOUBAA, M.; SANT’ANA, A. S.; ORLIEN, V. Green
alternative methods for the extraction of antioxidant bioactive compounds from winery
wastes and by-products: A review. Trends in Food Science and Technology, v. 49, p.
96-109, 2016.

BARBA, A. A.; CALABRETTI A.; D’AMORE, M.; PICCINELLIL, A.L,;
RASTRELLLI, L. Phenolic constituents levels in cv. Agria potato under microwave
processing. LWT - Food Science and Technology, v. 41, p. 1919-1926, 2008.

BARBOSA-CANOVAS, G.V.; JULIANO, P. Physical and chemical properties of food
powders. In: ONWULATA, C. Encapsulated and powdered foods. Boca Raton:
Taylor & Francis, p.39-71, 2005.

BARROS, R. G. C.; ANDRADE, J. K. S.; DENADAI, M.; NUNES, M. L.; NARAIN,
N. Evaluation of bioactive compounds potential and antioxidant activity in some
Brazilian exotic fruit residues. Food Research International, v. 102, p. 84-92, 2017.

BATAGLION, G. A,; SILVA, F. M. A.; EBERLIN, M. N.; KOOLEN, H. H. F.
Determination of the phenolic composition from Brazilian tropical fruits by UHPLC—
MS/MS. Food Chemistry, v. 180, p. 280-287, 2015.

BENJAMIN, S. R.; OLIVEIRA NETO, J. R.; MACEDO, I. Y. L.; BARA, M. T. F.,
CUNHA, L. C.; CARVALHO, L. A. F.; GIL, E. S. Electroanalysis for quality control of
acerola (Malpighia emarginata) fruits and their commercial products. Food Analytical
Methods, v. 8, p. 86-92, 2015.

BEN-OTHMAN, S.; JOUDU, I.; BHAT, R. Bioactives from agri-food wastes: present
insights and future challenges. Molecules, v. 25, p. 510-544, 2020.

BHAT, R. Sustainability Challenges in agro-food sector; Wiley Blackwell Publishers:
West Sussex, UK, 2017; p. 720.

BICAS, J. L.; MOLINA, G.; DIONISIO, A. P.; BARROS, F. F. C.; WAGNER, R,;
MAROSTICA JR.; M. R., PASTORE, G. M. Volatile constituents of exotic fruits from
Brazil. Food Research International, v. 44, p. 1843-1855, 2011.

BLASI, F.; URBANI, E.; SIMONETTI, M. S.; CHIESI, C.; COSSIGNANI, L.
Seasonal variations in antioxidant compounds of Olea europaea leaves collected from
different Italian cultivars. Journal of Applied Botany and Food Quality, v. 89, p.
202-207, 2016.



63

BRAND-WILIAMS, W.; CUVELIER, M.E.; BERSET, C. Use of a free radical method
to evaluate antioxidant activity. Food Science and Technology, v. 28, p.25-30. 1995.

BUNIOWSKA, M.; CARBONELL-CAPELLA, J. M.; FRIGOLA, A.; ESTEVE, M. J.
Bioaccessibility of bioactive compounds after non-thermal processing of an exotic fruit
juice blend sweetened with Stevia rebaudiana. Food Chemistry, v. 221, p. 1834-1842,
2017.

CAl, Y. Z.; CORKE, H. Production and properties of spray dried Amaranthus
betacyanin pigments. Journal of Food Science, v.65, p.1248-1252, 2000.

CAl Z.;QU, Z; LAN, Y.; ZHAOQ, S.; MA, X.; WAN, Q.; LI, P. Conventional,
ultrasoundassisted, and accelerated-solvent extractions of anthocyanins from purple
sweet potatoes. Food Chemistry, v. 197, p. 266-272, 2016.

CALDAS, T.W.; MAZZA, K. E. L.; TELES, A. S. C.; MATTOS, G. N; BRIGIDA, A.
I.S.; CONTE-JUNIOR, C. A,; BORGUINI, R. G.; GODOY, R. L. O.; CABRAL, L. M.
C.; TONON, R. V. Phenolic compounds recovery from grape skin using conventional
and nonconventional extraction methods. Industrial Crops & Products, v.111, p. 86—
91, 2018.

CAM, M.; ICYER, N. C.; ERDOGAN, F. Pomegranate peel phenolics:
Microencapsulation, storage stability and potential ingredient for functional food
development. LWT — Food Science and Technology, v. 55, n.1, p. 117-123, 2014.

CANO-CHAUCA, M.; RAMOS, A. M.; STRINGHETA, P. C. Effect of the carriers on
the microstructure of mango powder obtained by spray drying and its functional
characterization. Innovative Food Science e Emerging Technologies, v.6, p.420-428,
2005.

CAO, L.;SI,J. Y,; LIU, Y.; SUN, H.; JIN, W.; LI, Z.; ZHAO, X.; PAN, R. L. Essential
oil composition, antimicrobial and antioxidant properties of Mosla chinensis Maxim.
Food Chemistry, v. 115, n.3, p. 801-805, 2009.

CAPARINO, O. A.; TANG, J.; NINDO, C. L.; SABLANI, S. S.; POWERS, J. R.
FELLMAN, J. K. Effect of drying methods on the physical properties and
microstructures of mango (Philippine ‘Carabao’ var.) power. Journal of Food
Engineering, v.111, p.135-148, 2012.

CAPPATO, L. P,; FERREIRA, M. V. S.; MORAES, J.; PIRES, R. P. S.; ROCHA, R.
S.; SILVA, R;; NETO, R. P. C.; TAVARES, M. |. B,; FREITAS, M. Q;
RODRIGUES, F. N.; CALADO, V. M. A;; RAICES, R. S. L,; SILVA, M. C.; CRUZ,
A. G. Whey acerola-flavoured drink submitted Ohmic Heating: Bioactive compounds,
antioxidant capacity, thermal behavior, water mobility, fatty acid profile and volatile
compounds. Food Chemistry, v. 263, p. 81-88, 2018.

CARVALHO, A. V., DASILVEIRA, T. F. F., DE MATTIETTO, R. A,, DO
OLIVEIRA, M. S., DE, P., & GODOY, H. T. Chemical composition and antioxidant



64

capacity of acai (Euterpe oleracea) genotypes and commercial pulps. Journal of the
Science of Food and Agriculture, v. 97, p. 1467-1474, 2017.

CARVALHO, I. T.; ESTEVINHO, B. N.; SANTOS, L. Application of
microencapsulated essential oils in cosmetic and personal healthcare products — a
review. International Journal of Cosmetic Industry, v. 38, n. 2, p. 109-119, 2016.

CASSOL, L.; RODRIGUES, E.; NORENA, C. P. Z. Extracting phenolic compounds
from Hibiscus sabdariffa L. calyx using microwave assisted extraction. Industrial
Crops & Products, v. 133, p. 168-177, 2019.

CASTANEDA-VALBUENA, D.; AYORA-TALAVERA, T.; LUJAN-HIDALGO, C.;
ALVAREZ-GUTIERREZ, P.; MARTINEZ-GALERO, N.; MEZA-GORDILLO, R.
Ultrasound extraction conditions effect on antioxidant capacity of mango by-product
extracts. Food and Bioproducts Processing, v. 127, p. 212-224, 2021.

CELLI, G. B.; GHANEM, A.; BROOKS, M. S. Bioactive encapsulated powders for
functional foods — a review of methods and current limitations. Food and Bioprocess
Technology, v. 8, n. 9, p. 1825-1837, 2015.

CHAN, C. H.; YEOH, H. K.; YUSOFF, R.; NGOH, G. C. A first-principles model for
plant cell rupture in microwave-assisted extraction of bioactive compounds. Journal of.
Food Engineering, v. 188, p. 98-107, 2016.

CHEEKE, J. D. N. Fundamentals and applications of ultrasonic waves. 2nd edition.
Boca Raton:CRC Press, 2012. 504p.

CHEMAT, F.; ROMBAUT, N.; SICAIRE, A. G.; MEULLEMIESTRE, A.; FABIANO-
TIXIER, A. S.; ABERT-VIAN, M. Ultrasound assisted extraction of food and natural
products. Mechanisms, techniques, combinations, protocols and applications. A review.
Ultrasonics Sonochemistry, v. 34, p. 540-560, 2017a.

CHEMAT, F.,, ROMBAUT, N., MEULLEMIESTRE, A., TURK, M., PERINO, S,
FABIANOTIXIER, A. S.; ABERT-VIAN, M. Review of green food processing
techniques. Preservation, transformation, and extraction. Innovative Food Science and
Emerging Technologies, v. 41, p. 357-377, 2017h.

CHEMAT, F.; ZILL-E-HUMA; KHAN, M. K. Applications of ultrasound in food
technology: Processing, preservation and extraction. Ultrasonics Sonochemistry, v. 18,
n. 4, p. 813-835, 2011.

CHEN, G.; CHEN, S.; ZHAO, Y.; LUOQ, C.; LIB, J.; GAO, Y. Total phenolic contents
of 33 fruits and their antioxidant capacities before and after in vitro digestion.
Industrial Crops and Products, v. 57, p. 150-157, 2014.

CHENG, X.; ZHANG, M.; XU, B.; ADHIKARI, B.; SUN, J. The principles of
ultrasound and its application in freezing related processes of food materials: A review.
Ultrasonics Sonochemistry, v. 27, p. 576-585, 2015.



65

CHEN, J.; , THILAKARATHNA, W. P. D. W.; ASTATKIE, T.; RUPASINGHE, H. P.
V. Optimization of catechin and proanthocyanidin recovery from grape seeds using
microwave-assisted extraction. Biomolecules, v. 10, p. 243-257, 2020.

CHIRINQOS, R.; ROGEZ, H.; CAMPOS, D.; PEDRESCHI, R.; LARONDELLE, Y.
Optimization of extraction conditions of antioxidant phenolic compounds from mashua
(Tropaeolum tuberosum Ruiz & Pavon) tubers. Separation and Purification
Technology, v. 55, p. 217-225, 2007.

CORRADO, S.; CALDEIRA, C.; ERIKSSON, M.; HANSSEN, O. J.; HAUSER, H. E.;
VAN HOLSTEUNN, F.; LIU, G.; OSTERGREN, K.; PARRY, A.; SECONDI, L.;
STENMARCK, A.; SALA, S.. Food waste accounting methodologies: Challenges,
opportunities, and further advancements. Global Food Security, v. 20, p. 93-100, 2019.

COSTA, R. G.; ANDREOLA, K.; MATTIETTO, R. A.; FARIA, L. J. G.; TARANTO,
O. P. Effect of operating conditions on the yield and quality of acai (Euterpe oleracea
Mart.) powder produced in spouted bed. LWT - Food Science and Techonology, v. 64,
p. 1196-1203, 2015.

COVA, C. M.; BOFFA, L.; PISTOCCHI, M.; GIORGINI, S.; LUQUE, R,;
CRAVOTTO, G. Technology and process design for phenols recovery from industrial
Chicory (Chicorium intybus) leftovers. Molecules v. 24, n. 15, p. 2681-2694, 2019.

CVJETKO BUBALO, M.; CURKO, N.; TOMASEVIC, M.; GANIC, K. K;;
REDOVNIKOVIC, I. R. Green extraction of grape skin phenolics by using deep
eutectic solvents. Food Chemistry, v. 200, p. 159-166, 2016.

DADAN, M.; RYBAK, K.; WIKTOR, A.; NOWACKA, M.; ZUBERNIK, J.;
WITROWA-RAJCHERT, D. Selected chemical composition changes in microwave-
convective dried parsley leaves affected by ultrasound and steaming pre-treatments —
An optimization approach. Food Chemistry, v. 239, p. 242-251, 2018.

DAI, J.; MUMPER, R. J. Plant Phenolics: Extraction, analysis and their antioxidant
and anticancer properties. Molecules, v.15, n.10. p. 7313-7352, 2010.

DAVIDOV-PARDO, G.; McCLEMENTS, A. J. Nutraceutical delivery systems:
Resveratrol encapsulation in grape seed oil nanoemulsions formed by spontaneous
emulsification. Food Chemistry, v.167, p. 205-212, 2015.

DAZA, L. D.; FUJITA, A.; FAVARO-TRINDADE, C. S.; RODRIGUES-RACT, J. N.;
GRANATO, D.; GENOVESE, M. I. Effect of spray drying conditions on the physical
properties of Cagaita (Eugenia dysenterica DC.) fruit extracts. Food and Bioproducts
Processing, v. 97, p. 20-29, 2016.

DELVA, L.; GOODRICH-SCHNEIDER, R. Antioxidant activity and antimicrobial
properties of phenolic extracts from acerola (Malpighia emarginata DC) fruit.
International Journal of Food Science and Technology, v. 48, p.1048-1056, 2013.



66

DI BATTISTA, C. A.; CONSTENLA, D.; RAMIREZ RIGO, M. V.: PINA, J. Process
analysis and global optimization for the microencapsulation of phytosterols by spray
drying. Powder Technology, v. 321, p. 55-65, 2017.

DROSOU, C.; KYRIAKOPOULOU, K.; BIMPILAS, A.; TSIMOGIANNIS, D.;
KROKIDA, M. A comparative study on different extraction techniques to recover red
grape pomace polyphenols from vinification byproducts. Industrial Crops &
Products, v.75, p.141-149, 2015.

DUTRA, R. L. T.; DANTAS, A. M.; MARQUES, D. A.; BATISTA,J.D. F,;
MEIRELES, B. R. L. A.; CORDEIRO, A. M. T. M.; MAGNANI, M.; BORGES, G. S.
C. Bioaccessibility and antioxidant activity of phenolic compounds in frozen pulps of
Brazilian exotic fruits exposed to simulated gastrointestinal conditions. Food Research
International, v. 100, p. 650-657, 2017.

DUTRA, M. C. P.; RODRIGUES, L. L.; OLIVEIRA, D.; PEREIRA, G. E.; LIMA, M.
S. Integrated analyses of phenolic compounds and minerals of Brazilian

organic and conventional grape juices and wines: Validation of a method for
determination of Cu, Fe and Mn. Food Chesmitry, v. 269, p. 157-165, 2018.

ENGELS, C.; GRATER, D.; ESQUIVEL, P.; JIMENEZ, V. M.; GANZLE, M. G.;
SCHIEBER, A. Characterization of phenolic compounds in jocote (Spondias purpurea
L) peels by ultra high-performance liquid chromatography/electrospray ionization mass
spectrometry. Food Research International, v.46, p. 557-562, 2012.

ENSMINGER, D.; BOND, L. J. Ultrasonics: fundamentals, technologies, and
applications. 3nd. ed. Boca Raton, FL: CRC Press, 2011. 723p.

EROGLU, E.; TONTUL, I.; TOPUZ, A. Optimization of aqueous extraction and spray
drying conditions for efficient processing of hibiscus blended rosehip tea powder.
Journal of Food Processing and Preservation, v. 42, p. 1-9, 2018.

ESPADA-BELLIDO, E.; FERREIRO-GONZALEZ, M.; CARRERA, C.; PALMA, M;
BARROSO, C. G.; BARBERO, G. F. Optimization of the ultrasound-assisted extraction
of anthocyanins and total phenolic compounds in mulberry (Morus nigra) pulp. Food
Chemistry, v. 219, p. 23-32, 2017.

ESTEVEZ, M.; GUELL, C.; LAMO-CASTELLVI, S. D.; FERRANDO, M.
Encapsulation of grape seed phenolic-rich extract within W/O/ W emulsions stabilized
with complexed biopolymers: evaluation of their stability and release. Food Chemistry,
v. 272, p. 478-487, 20109.

EZHILARASI, P. N.; INDRANI, D.; JENA, B. C.; ANANDHARAMAKRISHNAN, C.
Freeze drying technique for microencapsulation of Garcinia fruit extract and its effect
on bread quality. Journal of Food Engineering, v. 117, p. 513-520, 2013.

FAO (Food and Agriculture Organisation of the United Nations). FAOSTAT domains,
crops: In: FOOD and Agriculture Organization, 2018. Disponivel em:
http://www.fao.org/faostat/en/#data/QC. Acesso em 03 set 2022).



67

FARRAG, A.; MOHAMMED EL-MESSERY, T.; MOHAMED EL-SAID, M;
SOLIMAN, T. N.; MOHAMED FAKHR EL-DIN, H. Microencapsulation of grape
phenolic compounds using whey proteins as a carrier vehicle. Journal of Biological
Scienses, v. 18, n. 7, p. 373-380, 2018.

FARIDI ESFANJANI, A.; ASSADPOUR, E.; JAFARI, S. M. Improving the
bioavailability of phenolic compounds by loading them within lipid-based nanocarriers.
Trends Food Science and Technology, v. 76, p. 56-66, 2018.

FANG, Z.; BHANDARI, B. Encapsulation of polyphenols - a review. Trends in Food
Science & Technology, v.20, p.510-523, 2010.

FERNANDES, R. V. D. B.; BORGES, S. V.; BOTREL, D. A. Gum
Arabic/starch/maltodextrin/ inulin as wall materials on the microencapsulation of
rosemary essential oil. Carbohydrate Polymers, v. 101, p. 524-532, 2014.

FERRARI, C. C.; RIBEIRO, C. P.; AGUIRRE, J. M. Spray drying of blackberry pulp
using maltodextrin as carrier agent. Brazilian Journal of Food Technology, v.15,
p.157-165, 2012.

FIDELIS, J. C. F.; MONTEIRO, A. R. G.; SCAPIM, M. R. S.; MONTEIRO, C. C. F,

MORAIS, D. R.; CLAUS, T.; VISENTAINER, J. V.; YAMASHITA, F. Development
of an active biodegradable film containing tocopherol and avocado peel extract. Italian
Journal of Food Science, v. 27, p. 468-475, 2015.

FRONTUTO, D.; CARULLO, D.; HARRISON, S. M.; BRUNTON, N. P.; FERRARI,
G.; LYNG, J. G.; PATARO, G. Optimization of pulsed electric fields-assisted
extraction of polyphenols from potato peels using response surface methodology. Food
and Bioprocess Technology, v. 12, p. 1708-1720, 2019.

FURTADO, G.; SILVA, F.; PORTO, F. S.; SANTOS, A. G. Secagem de polpa de
ciriguela pelo método de camada de espuma. Revista Brasileira de Produtos
Agroindustriais, v. 12, p. 9-14, 2010.

GARCIA-CASTELLO, E. M.; RODRIGUEZ-LOPEZ, A. D.; MAYOR, L.;
BALLESTEROS, R.; CONIDI, C.; CASSANO, A. Optimization of conventional and
ultrasound assisted extraction of flavonoids from grapefruit (Citrus paradisi L.) solid
wastes. LWT - Food Science and Technology, v. 64, n.2, p. 1114-1122, 2015.

GARCIA-MENDOZA, M. DEL P.; ESPINOSA-PARDO, F. A.; BASEGGIO, A. M.;
BARBERO, G. F.; MAROSTICA JUNIOR, M. R.; ROSTAGNO, M. A.; MARTINEZ,
J. Extraction of phenolic compounds and anthocyanins from jucara (Euterpe edulis
Mart.) residues using pressurized liquids and supercritical fluids. The Journal of
Supercritical Fluids, v. 119, p. 9- 16, 2017.

GHARSALLAOUI, A.; ROUDAUT, G.; CHAMBIN, O.; VOILLEY, A.; SAUREL, R.
Applications of spray drying in microencapsulation of food ingredients: An overview.
Food Research International, v.40, p.1107-1121, 2007.


https://www.researchgate.net/profile/Jesui_Visentainer

68

GOGOI, P.; CHUTIA, P.; SINGH, P.; MAHANTA, C. L. Effect of optimized
ultrasound-assisted aqueous and ethanolic extraction of Pleurotus citrinopileatus
mushroom on total phenol, flavonoids and antioxidant properties. Journal of Food
Process Engineering, v. 42, n. 6, p. 1-12, 2019.

GOOT, A. J.; PELGROM, P.J. M.; BERGHOUT, J. A. M.; GEERTS, M. E. J,;
JANKOWIAK, L.; HARDT, N. A.; BOOM, R. M. Concepts for further sustainable
production nof foods. Journal of Food Engineering, v. 168, p.42-51, 2016.

GROSS, J. Carotenoids. In: GROSS, J. Pigments in fruits. London: Academic Press,
1987. p. 87-186, 303 p.

GUANDALINI, B. B. V.; RODRIGUES, N. P.; MARCZAK, L. D. F. Sequential
extraction of phenolics and pectin from mango peel assisted by ultrasound. Food
Research International, v. 119, p. 455-461, 2019.

GULLON, B.; LU-CHAU, T. A.; MOREIRA, M. T.; LEMA, J. M. Rutin: A review on
extraction, identification and purification methods, biological activities and approaches
to enhance its bioavailability. Trends in Food Science and Technology, v. 67, p. 220—
235, 2017.

HABIBI, F.; RAMEZANIAN, A. Vacuum infiltration of putrescine enhances bioactive
compounds and maintains quality of blood orange during cold storage. Food
Chemistry, v. 227, p. 1-8, 2017.

HARNKARNSUJARIT, N.; KAWAL, K.; WATANABE, M.; SUZUKI, T. Effects of
freezing on microstructure and rehydration properties of freeze-dried soybean curd.
Journal of Food Engineering, v. 184, p. 10-20, 2016.

HEERES, H.L. Regulatory Requirements for valorisation of food-chain co-products in
the European Union. In Handbook of waste management and co-product recovery in
food processing; Waldron, K.W., Ed.; CRC Press: Boca Raton, FL, USA, 2009.

HOHNOVA, B., SALPLACHTA, J.; KARASEK, P. Pressurized hot water extraction
followed by high-performance liquid chromatography for determination of polyphenols
in Sambucus nigra L. branches in dependence on vegetative period of the plant.
Journal of Food and Nutrition Research, v. 56, n. 3, p. 299-303, 2017.

HOU, K.; BAO, M.; WANG, L.; ZHANG, H.; YANG, L.; ZHAO, H.; WANG, Z.
Agueous enzymatic pretreatment ionic liquidelithium salt based microwaveeassisted
extraction of essential oil and procyanidins from pinecones of Pinus koraiensis.
Journal of Cleaner Production, v. 236, 117581, 2019.

HUANG, H. W.; HSU, C. P.; YANG, B. B.; WANG, C. Y. Advances in the extraction
of natural ingredients by high pressure extraction technology. Trends in Food Science
& Technology, v. 33, n. 1, p. 54-62, 2013.

HUI, Y. H. Handbook of fruit and vegetable flavors. Wiley, p. 1095, 2010.



69

INFANTE J.; ROSALEN, P. L.; LAZARINI, J. G.; FRANCHIN, M.; ALENCAR, S.
M. Antioxidant and anti-inflammatory activities of unexplored Brazilian native fruits.
PL0oS ONE, v. 11, n. 4, e0152974, 2016.

JAFARI, S. M.; GHALENOEI, M. G.; DEHNAD, D. Influence of spray drying on
water solubility index, apparent density, and anthocyanin content of pomegranate juice
powder. Powder Technology, v. 311, p. 59-65, 2017.

JEDDOU, K. B.; BOUAZIZA, F.; ZOUARI-ELLOUZIA, S.; CHAARIA, F.;
ELLOUZ-CHAABOUNIA, S.; ELLOUZGHORBELA, R.; NOURI-ELLOUZC, O.
Improvement of texture and sensory properties of cakes by addition of potato peel
powder with high level of dietary fiber and protein. Food Chemistry, v. 217, p. 668—
677, 2017.

JESUS, M. S.; GENISHEVA, Z.; ROMANI, A.; PEREIRA, R. N.; TEIXEIRA, J. A;;
DOMINGUES, L. Bioactive compounds recovery optimization from vine pruning
residues using conventional heating and microwave-assisted extraction methods.
Industrial Crops & Products, v. 132, p. 99-110, 2019.

KADERIDES, K.; PAPAOIKONOMOU, L.; SERAFIM, M.; GOULA, A. M.
Microwave-assisted extraction of phenolics from pomegranate peels: Optimization,
Kinetics, and comparison with ultrasounds extraction. Chemical Engineering &
Processing: Process Intensification, v. 137, p. 1-11, 20109.

KANG, J.; LIU, L.; LIU, M.; WU, X; LI, J. Antibacterial activity of gallic acid against
Shigella flexneri and its effect on biofilm formation by repressing mdoH gene
expression. Food Control, v. 94, p. 147-154, 2018.

KASAPIDOU, E.; SOSSIDOU, E.; MITLIANGA, P. Fruit and vegetable co-products
as functional feed ingredients in farm animal nutrition for improved product quality.
Agriculture, v. 5, n. 4, p. 1020-1034, 2015.

KATOUZIAN, I.; JAFARI, S. M. Nano-encapsulation as a promising approach for
targeted delivery and controlled release of vitamins. Trends Food Science Technology,
v. 53, p. 34-48, 2016.

KRINGEL, D. H.; DIAS, A. R. G.; ZAVAREZE, E. R.; GANDRA, E. A. Fruit wastes
as promising sources of starch: Extraction, properties, and applications. Starch —
Starke, v.72, 1900200, 2020.

KRISHNAN, R. Y.; RAJAN, K. S. Microwave assisted extraction of flavonoids from
Terminalia bellerica: Study of kinetics and thermodynamics. Separation and
Purification Technology, v. 157, p. 169-178, 2016.

KUCK, L. S.; NORENA, C. P. Z. Microencapsulation of grape (Vitis labrusca var.
Bordo) skin phenolic extract using gum arabic, polydextrose, and partially hydrolyzed
guar gum as encapsulating agents. Food Chemistry, v. 194, p. 569-576, 2016.


https://www.sciencedirect.com/science/journal/13835866
https://www.sciencedirect.com/science/journal/13835866

70

LABUSCHAGNE, P. Impact of wall material physicochemical characteristics on the
stability of encapsulated phytochemicals: a review. Food Research International, v.
107, p. 227-247, 2018.

LAURENTIIS, V.; CORRADO, S.; SALA, S. Quantifying household waste of fresh
fruit and vegetables in the EU. Waste Management, v. 77, p. 238-251, 2018.

LAVELLI, V.; HARSHA, P. S. C. S.; LAUREATI, M.; PAGLIARINI, E. Degradation
kinetics of encapsulated grape skin phenolics and micronized grape skins in various
water activity environments and criteria to develop wide-ranging and tailor-made food
applications. Innovative Food Science and Emerging Technologies, v. 39, p. 156 —
164, 2017.

LEE, H.S.; LEE, H. J.; YU, H. J.; JU, W.; KIM, Y.; KIM, C. T.; KIM, C. J.; CHO, Y.
J.; KIM, N.; SUH, H. J. A comparison between high hydrostatic pressure extraction and
heat extraction of ginsenosides from ginseng (Panax ginseng CA Meyer). Journal of
the Science of Food and Agriculture, v. 91, n. 8, p. 1466-1473, 2011.

LEE, Y.; CHANG, Y.H. Microencapsulation of a maca leaf polyphenol extract in
mixture of maltodextrin and neutral polysaccharides extracted from maca roots.
International Journal of Biological Macromolecules, v. 150, p. 546-558, 2020.

LESJAK, M.; BEARA, I.; SIMIN, N.; PINTAC, D.; MAJKIC, T.; BEKVALAC, K
ORCIC, D.; MIMICA-DUKIC, N. Antioxidant and anti-inflammatory activities of
querce tin and its derivatives. Journal of Functional Foods, v. 40, p. 68-75, 2018.

LIU, C.; XUE, H.; SHEN, L.; LIU, C.; ZHENG, X.; SHI, J.; XUE, S. Improvement of
anthocyanins rate of blueberry powder under variable power of microwave extraction.
Separation and Purification Technology, v. 226, p. 286-298, 2019.

LOMBARDI, G.; COSSIGNANI, L.; GIUA, L.; SIMONETTI, M. S.; MAURIZI, A.;
BURINI, G.; COLI, R.; BLASI, F. Phenol composition and antioxidant capacity of red
wines produced in Central Italy changes after one-year storage. Journal of Applied
Botany and Food Quiality, v. 90, p. 197-204, 2017.

LUCAS-GONZALEZ, R.; VIUDA-MARTOS, M.; PEREZ ALVAREZ, J. A.; JUANA
FERNANDEZ-LOPEZ, J. Changes in bioaccessibility, polyphenol profile and
antioxidant potential of flours obtained from persimmon fruit (Diospyros kaki) co-
products during in vitro gastrointestinal digestion. Food Chemistry, v. 256, p. 252-258,
2018.

LUTHRIA, D. L. Influence of experimental conditions on the extraction of phenolic
compounds from parsley (Petroselinum crispum) flakes using a pressurized liquid
extractor. Food Chemistry, v. 107, n. 2, p. 745-752, 2008.

MAHDAVI, S.A.; JAFARI, S.M.A; ASSADPOOR, E.; DEHNADA, D.
Microencapsulation optimization of natural anthocyanins with maltodextrin, gum
Arabic and gelatin. International Journal of Biological Macromolecules, v.85,
p.379-385, 2016.


https://research.wur.nl/en/publications/comparing-wasted-apples-and-oranges-an-assessment-of-methods-to-m
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kim%2C+Chul-Jin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Cho%2C+Yong-Jin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kim%2C+Namsoo

71

MALDONADO-ASTUDILLO, Y. I.; ALIA-TEJACAL, I.; NUNEZ-COLIN, C. A;
JIMENEZ-HERNANDEZ, J.; PELAYO-ZALDIVAR C.; LOPEZ-MARTINEZ, V.;
ANDRADE-RODRIGUEZ, M.; BAUTISTA-BANOS, S.; VALLE-GUADARRAMA,
S. Postharvest physiology and technology of Spondias purpurea L. and S. mombin L.
Scientia Horticulturae, v. 174, p. 193-206, 2014.

MANE, S.; BREMNER, D. H.; TZIBOULA-CLARKE, A.; LEMOS, M. A. Effect of
ultrasound on the extraction of total anthocyanins from Purple Majesty potato.
Ultrasonics Sonochemistry, v. 27, p. 509-514, 2015.

MANGANG, K. C. S.; CHAKRABORTY, S.; DEKA, S. C. Optimized microwave-
assisted extraction of bioflavonoids from Albizia myriophylla bark using response
surface methodology. Journal of Food Science Technology, v. 57, p. 2107-2117,
2020.

MANTHEY, J. A.; GUTHRIE, N.; GROHMANN, K. Biological properties of citrus
flavonoids pertaining to cancer and inflammation. Current Medicinal Chemistry, v. 8,
p. 135-153, 2001.

MARIC, M.; GRASSINO, A. N.; ZHU, Z.; BARBA, F. J.; BRNCIC, M.; RIMAC
BRNCIC, S. An overview of the traditional and innovative approaches for pectin
extraction from plant food wastes and by-products: Ultrasound-, microwaves-, and
enzyme-assisted extraction. Trends in Food Science & Technology, v. 76, p. 28-37,
2018.

MARINELLI, V.; SPINELLI, S.; ANGIOLILLO, L.; DEL NOBILE, M. A.; CONTE,
A. Emerging techniques applied to by-products for food fortification. Journal of Food
Science Technology, v. 57, n. 3, p. 905-914, 2020.

MATERSKA, MALGORZATA. Bioactive phenolics of fresh and freeze-dried sweet
and semi-spicy pepper fruits (Capsicum annuum L.). Journal of Functional Foods,
V.7, p. 269-277, 2014.

McGUIRE, R. G. Reporting of objective color measurements. HortScience, v.27, p.
1254-1555, 1992.

MENA-GARCIA, A.; RODRIGUEZ-SANCHEZ, S.; RUIZ-MATUTE, A. |.; SANZ,
M. L. Exploitation of artichoke byproducts to obtain bioactive extracts enriched in
inositols and caffeoylquinic acids by microwave assisted extraction. Journal of
Chromatography A, v. 1613, p. 460703, 2020.

MERCALI. G. D.; JAESCHKE, D. P.; TESSARO, I. C.; MARCZAK, L. D. F.
Degradation kinetics of anthocyanins in acerola pulp: Comparison between ohmic and
conventional heat treatment. Food Chemistry, v. 136, p. 853-857, 2013.

MICHALSKA, A.; WOJDYLO, A.; HONKE, J.; CISKA, E.; ANDLAUER, W.
Drying-induced physico-chemical changes in cranberry products. Food Chemistry, v.
240, p. 448-455, 2018.

MILANI, G.; CURCI, F.; CAVALLUZZI, M. M.; CRUPI, P.; PISANO, I.; LENTINI,
G.; CLODOVEDO, M. L.; FRANCHINI, C.; CORBO, F. Optimization of microwave-



72

assisted extraction of antioxidants from bamboo shoots of phyllostachys pubescens.
Molecules, v. 25, p. 215-225, 2020.

MINATEL, I. O.; BORGES, C. V.; FERREIRA, M. |.; GOMEZ, H. A. G.; CHEN, C.-
Y. O.; LIMA, G. P. P. Phenolic compounds: Functional properties, impact of processing
and bioavailability. Phenolic Compondus - Biological Activity, v. 8, p. 1-24, 2017.

MOREIRA, S. A.; ALEXANDRE, E. M. C.; PINTADO, M.; SARAIVA, J. A. Effect of
emergent non-thermal extraction technologies on bioactive individual compounds
profile from different plant materials. Food Research International, v. 115, p. 177—
190, 2019.

MORENO, T., DE PAZ, E., NAVARRO, |., RODRIGUEZ-R0JO, S., MATIAS, A.,
DUARTE, C., SANZ-BUENHOMBRE, M., COCERO, M. J. Spray Drying
Formulation of polyphenols-rich grape marc extract: Evaluation of operating conditions
and different natural carriers. Food and Bioprocess Technology, v. 9, n. 12, p. 2046—
2058, 2016.

MOSELE, J. I.; MACIA, A.; ROMERO, M.; MOTILVA, M.; RUBIO, L. Application
of in vitro gastrointestinal digestion and colonic fermentation models to pomegranate
products (juice, pulp and peel extract) to study the stability and catabolism of phenolic
compounds. Journal of Functional Foods, v. 14, p. 529-540, 2015.

MOSER, P.; TELIS, V. R. N.; ANDRADE NEVES, N.; GARCIA-ROMERO, E.;
GOMEZ-ALONSO, S.; HERMOSIN-GUTIERREZ, I. Storage stability of phenolic
compounds in powdered BRS Violeta grape juice microencapsulated with protein and
maltodextrin blends. Food Chemistry, v. 214, p. 308-318, 2017.

MOSMAN, T. Rapid colorimetric assay for cellular growth and survival: application to
proliferation and cytotoxicity assays. Journal of Immunological Methods. 65: 55-63.
1983.

MUSIELAK, G.; MIERZWA, D.; KROEHNKE, J. Food drying enhancement by
ultrasound — A review. Trends in Food Science and Technology, v. 56, p. 126-141,
2016.

NAWI, N. M.; MUHAMAD, I. I.; MARSIN, A. M. The physicochemical properties of
microwave-assisted encapsulated anthocyanins from Ipomoea batatas as affected by
different wall materials. Food Science Nutrition, v. 3, p. 91-99, 2015.

NAYAK, B.; DAHMOUNE, F.; MOUSSI, K.; REMINI, H.; DAIRI, S.; AOUN, O.;
KHODIR, M. Comparison of microwave, ultrasound and accelerated-assisted solvent
extraction for recovery of polyphenols from Citrus sinensis peels. Food Chemistry, v.
187, p. 507-516, 2015.

NIPORNRAM, S.; TOCHAMPA, W.; RATTANATRAIWONG, P.; SINGANUSONG,
R. Optimization of low power ultrasound-assisted extraction of phenolic compounds
from mandarin (Citrus reticulata Blanco cv. Sainampueng) peel. Food Chemistry, v.
241, p. 338-345, 2018.



73

NOREEN, H.; SEMMAR, N.; FARMAN, M.; JAMES McCULLAGH, J. S. O.
Measurement of total phenolic content and antioxidant activity of aerial parts of
medicinal plant Coronopus didymus. Asian Pacific Journal of Tropical Medicine, v.
10, n. 8, p. 792-801, 2017.

NUNES, G. L.; BOAVENTURA, B. C. B,; PINTO; S. S.; VERRUCK, S;
MURAKAMI, F. S.; PRUDENCIO, E. S.; AMBONI, R. D. M. C. Microencapsulation
of freeze concentrated llex paraguariensis extract by spray drying. Journal of Food
Engineering, v.151, p. 60-68, 2015.

OMENA, C. M. B.; VALENTIM, I. B.; GUEDES, G. S.; RABELO, L. A.; MANO, C.
M.; BECHARA, E. J. H.; SAWAYA, A. C. H. F.; TREVISAN, M. T. S.; COSTA, J.
G.; FERREIRA, R. C. S.; SANT'ANA, A. E. G.; GOULART, M. O. F.; Antioxidant,
anti-acetylcholinesterase and cytotoxic activities of ethanol extracts of peel, pulp and
seeds of exotic Brazilian fruits Antioxidant, anti-acetylcholinesterase and cytotoxic
activities in fruits. Food Research International; v.49, p. 334-344, 2012,

OROIAN; M.; DRANCA, F.; URSACHI, F. Comparative evaluation of maceration,
microwave and ultrasonicassisted extraction of phenolic compounds from prépolis.
Journal of Food Science Technology, v. 57, n. 1; p. 70-78, 2020.

OZDAL, T.; SELA, D. A.; XIAQ, J.; BOYACIOGLU, D.; CHEN, F.; CAPANOGLU,
E. The reciprocal interactions between polyphenols and gut microbiota and effects on
bioaccessibility. Nutrients, v. 8, n. 2, p. 78, 2016.

PADILHA, C. V. S.; MISKINIS, G. A;; SOUZA, M. E. A. O.; PEREIRA, G. E;
OLIVEIRA, D.; BORDIGNON-LUIZ, M. T.; LIMA, M. S. Rapid determination of
flavonoids and phenolic acids in grape juices and wines by RP-HPLC/DAD: Method
validation and characterization of commercial products of the new Brazilian varieties of
grape. Food Chesmistry, v. 228, p. 106-115, 2017.

PAL, C. B. T.; JADEJA, G. C. Microwave-assisted extraction for recovery of
polyphenolic antioxidants from ripe mango (Mangifera indica L.) peel using lactic
acid/sodium acetate deep eutectic mixtures. Food Science and Technology
International, v. 26, n. 1, p. 78-92, 2019.

PASHAZADEH, B.; ELHAMIRAD, A. H.; HAINAJARI, H.; SHARAYEI, P;
ARMIN, M. Optimization of the pulsed electric field -assisted extraction of functional
compounds from cinnamon. Biocatalysis and Agricultural Biotechnology, v. 23,
2020.

PAZ, M.; GULLON, P.; BARROSO, M. F.; CARVALHO, A. P.; DOMINGUES, V. F.;
GOMES, A. M.; BECKER, H.; LONGHINOTTI, E.; DELERUE-MATOS, C. Brazilian
fruit pulps as functional foods and additives: Evaluation of bioactive compounds. Food
Chemistry, v. 172, p. 462-468, 2015.

PELLEGRINI, M.; LUCAS-GONZALEZ, R.; FERNANDEZ-LOPEZ, J.; RICCI, A;
PEREZ-ALVAREZ, J. A.; LO STERZO, C.; VIUDA-MARTQOS, M. Bioaccessibility of



74

polyphenolic compounds of six quinoa seeds during in vitro gastrointestinal digestion.
Journal of Functional Foods, v. 38, p. 77-88, 2017.

PHISUT, N. Spray drying technique of fruit juice powder: some factors influencing the
properties of product. International Food Research Journal, v.19, p.1297-1306, 2012.

PIECZYKOLAN, E.; KUREK, M. A. Use of guar gum, gum arabic, pectin, beta-glucan
and inulin for microencapsulation of anthocyanins from chokeberry. International
Journal of Biological Macromolecules, v. 129, p. 665-671, 2019.

PINTAC, D.; MAJKIC, T.; TOROVIC, L.; ORCIC, D.; BEARA, I.; SIMIN, N.;
MIMICAE-DUKIC, N.; LESJAK, M. Solvent selection for efficient extraction of
bioactive compounds from grape Pomace. Industrial Crops and Products, v, 111, p.
379-390, 2018.

POLLINI, L.; COSSIGNANI, L.; JUAN, C.; MANES, J. Extraction of phenolic
compounds from fresh apple pomace by different non-conventional techniques.
Molecules, v. 26, 4272, 2021. https://doi.org/10.3390/molecules26144272

POLTORAK, A.; WYRWISZ, J.; MOCZKOWSKA, M.; MARCINKOWSKA-
LESIAK, M.; STELMASIAK, A.; RAFALSKA, U.; WIERZBICKA, A.; SUN, D. W.
Microwave vs. convection heating of bovine gluteus medius muscle: impact on selected
physical properties of final product and cooking yield. International Journal of Food
Science and Technology, v. 50, n. 4, p. 958-965, 2015.

PUDZIUVELYTE, L.; MARKSA, M.; JAKSTAS, V.; IVANAUSKAS, L.;
KOPUSTINSKIENE, D. M.; BERNATONIENE, J. Microencapsulation of Elsholtzia
ciliata Herb ethanolic extract by spray-drying: impact of resistant-maltodextrin
complemented with sodium caseinate, skim milk, and beta-cyclodextrin on the quality
of spray-dried powders. Molecules, v. 24, n. 8, p. 1461, 2019.

PU, Y. Y.; SUN, D. W. Prediction of moisture content uniformity of microwave-
vacuum dried mangoes as affected by different shapes using NIR hyperspectral
imaging. Innovative Food Science and Emerging Technologies, v. 34, p. 348-356,
2016.

PU, Y. Y.; SUN, D. W. Combined hot-air and microwave-vacuum drying for improving
drying uniformity of mango slices based on hy- perspectral imaging visualization of
moisture content distribution. Biosystems Engineering, v. 156, p. 108-119, 2017.

PUTNIK, P.; LORENZO, J. M.; BARBA, F. J.; ROOHINEJAD, S.; JAMBRAK, A. R;;
GRANATO, D.; MONTESAN, D.; BURSAC KOVACEVIC, D. Novel food processing
and extraction technologies of high-added value compounds from plant materials.
Foods, v. 7, p. 106-122, 2018.

QUIROZ, J. Q.; TORRES, A. C.; RAMIREZ, L. M.; GARCIA, M. S.; GOMEZ, G. C;
CAMARGO, J. R. Optimization of the microwave-assisted extraction process of
bioactive compounds from annatto seeds (Bixa orellana L.). Antioxidants, v. 8, p. 37,
2019.


https://ifst-onlinelibrary-wiley.ez15.periodicos.capes.gov.br/action/doSearch?ContribAuthorStored=Wierzbicka%2C+A

75

RAFIEE, Z.; BARZEGAR, M.; ALI, M.; MAHERANI, B. Nanoliposomal carriers for
improvement the bioavailability of high — Valued phenolic compounds of pistachio
green hull extract. Food Chemistry, v. 220, p. 115-122, 2017.

RAHMAN, M. M.; RAHAMAN, M. S.; ISLAM, M. R.; RAHMAN, F.; MITHI, F. M.;
ALQAHTANI, T.; ALMIKHLA, M. A.; ALGHAMDI, S. Q.; ALRUWAILI, A. S;;
HOSSAIN, M. S.; et al. Role of phenolic compounds in human disease: Current
knowledge and future prospects. Molecules, v. 27, p. 233, 2022.

RAMADAN, M. F., KROH, L. W., & MORSEL, J. T. Radical scavenging activity of
black cumin (Nigella sativa L.), coriander (Coriandrum sativum L.), and Niger
(Guizotia abyssinica Cass.) crude seed oils and oil fractions. Journal of Agricultural
and Food Chemistry, v. 51(24), p. 6961-6969, 2003.

RAMIREZ, M. J.; GIRALDO, G. I.; ORREGO, C. E. Modeling and stability of
polyphenol in spray-dried and freeze-dried fruit encapsulates. Powder Technology, V.
277, p. 89-96, 2015.

REIN, M. J.; RENOUF, M.; CRUZ-HERNANDEZ, C.; ACTIS-GORETTA, L.;
THAKKAR, S. K.; PINTO, M.D. S. Bioavailability of bioactive food compounds: A
challenging journey to bioefficacy. Nutraceuticals Themed Section, v. 75, n. 3, p.
588-601, 2013.

RE, M. I. Microencapsulation by spray drying. Drying Technology, v. 16, n. 6, p.
1195-1236, 1998.

RENARD, C. M. G. C. Extraction of bioactives from fruit and vegetables: State of the
art and perspectives. LWT - Food Science and Technology, v. 93, p. 390-395, 2018.

RE, R; PELLEGRINI, N.; PROTEGGENTE, A.; PANNALA, A.; YANG, M.; RICE-
EVANS, C. Antioxidant activity applying an improved ABTS radical cation
decolorization assay. Free Radical Biology and Medicine, v.26, n.9/10, p.1231-1237,
1999.

REZENDE, Y. R. R. S.; NOGUEIRA, J. P.; NARAIN, N. Comparison and optimization
of conventional and ultrasound assisted extraction for bioactive compounds and
antioxidant activity from agro-industrial acerola (Malpighia emarginata DC) residue.
LWT - Food Science and Technology, v. 85, p. 158-169, 2017.

REZENDE, Y. R. R. S.; NOGUEIRA, J. P.; NARAIN, N. Microencapsulation of
extracts of bioactive compounds obtained from acerola (Malpighia emarginata DC)
pulp and residue by spray and freeze drying: Chemical, morphological and chemometric
characterization. Food Chemistry, v.254, p. 281-291, 2018.

RIBEIRO, A. M.; ESTEVINHO, B. N.; ROCHA, F. Microencapsulation of polyphenols
- The specific case of the microencapsulation of Sambucus nigra L. extracts - A review.
Trends in Food Science & Technology, v. 105, p. 454-467, 2020.

ROCCHETTI, G.; BLASI, F.; MONTESANO, D.; GHISONI, S.; MARCOTULLIO,
M. C.; SABATINI, S.; COSSIGNANI, L.;LUCINI, L. Impact of conventional/non-



76

conventional extraction methods on the untargeted phenolic profile of Moringa oleifera
leaves. Food Research International, v. 115, p. 319-327, 2019.

RODRIGUES-AMAYA, B. B. A guide to carotenoid analysis in foods. ILST Press. p.
64, 1999.

RODRIGUES, F. A. R.; BOMFIM, I. S.; CAVALCANT]I, B. C.; PESSOA, C,;
GONCALVES, R. S. B.; WARDELL, J. L.; WARDELL, S.M.S.V.; SOUZA, M. V.
Mefloquine—oxazolidine derivatives: a new class of anticancer agents. Chemical
biology & drug design, v. 83, p. 126-131, 2014.

RODRIGUEZ-ROQUE, M. J.; ROJAS-GRAU, M. A.; ELEZ-MARTINEZ, P.;
MARTIN-BELLOSO, O. Changes in vitamin C, phenolic, and carotenoid profiles
throughout in vitro gastrointestinal digestion of a blended fruit juice. Journal of
Agricultural and Food Chemistry, v. 61, p. 1859-1867, 2013.

ROMBAUT, N.; TIXIER, A.-S.; BILY, A.; CHEMAT, F. Green extraction processes of
natural products as tools for biorefinery. Biofuels, Bioproducts and Biorefining, v. 8,
n. 4, p. 530-544, 2014.

ROMERO-DIEZ, R.; MATQOS, M.; RODRIGUES, L.; BRONZE, M. R,;
RODRIGUEZ-ROJO, S.; COCERO, M. J.; MATIAS, A. A. Microwave and ultrasound
pre-treatments to enhance anthocyanins extraction from different wine lees. Food
Chemistry, v. 272, p. 258-266, 2019.

ROUTRAY, W.; ORSAT, V. Microwave-assisted extraction of flavonoids: A review.
Food Bioprocess Technology. v.5, n.2, p.409-424, 2012.

ROSELLO-SOTO, E.; BARBA, F. J.; PARNIAKOV, O.;: GALANAKIS, C. M.;
LEBOVKA, N.; GRIMI, N.; VOROBIEV, E.. High voltage electrical discharges,
pulsed electric field, and ultrasound assisted extraction of protein and phenolic
compounds from Olive Kernel. Food Bioprocess Technology, v. 8, p. 885-894, 2015.

ROY, S.; LINGAMPETA, P. Solid wastes of fruits peels as source of low cost broad
spectrum natural antimicrobial compounds furanone, furfural and benezenetriol.
International Journal of Research in Engineering and Technology, v. 3, n. 7, p.
273-277, 2014.

SADEGHI, A.; HAKIMZADEH, V.; KARIMIFAR, B. Microwave assisted extraction
of bioactive compounds from food: A review. International Journal of Food Science
and Nutrition Engineering, v. 7, n. 1, p. 19-27, 2017.

SAENZ, C.;: TAPIA, S.; CHAVEZ, J.; ROBERT, P. Microencapsulation by spray
drying of bioactive compounds from cactus pear (Opuntia ficus-indica). Food
Chemistry, v.11, p.616-622, 2009.

SALAZAR, N. A.; ALVAREZ, C.; ORREGO, C. E. Optimization of freezing
parameters for freeze-drying mango (Mangifera indica L.) slices. Drying Technology,
v.36, n.2, p.192-204, 2017.



77

SALEEM, M.; SAEED, M. T. Potential application of waste fruit peels (orange, yellow
lemon and banana) as wide range natural antimicrobial agente. Journal of King Saud
University — Science, v. 32, p. 805-810, 2020.

SALIM, N. S. M.; SINGH, A.; RAGHAVAN, V. Potential utilization of fruit and
vegetable wastes for food through drying or extraction techniques. Novel Techniques
in Nutrition and Food Science, v. 1, n. 2, p. 15-27, 2017.

SAMOTICHA, J.; WOJDYLO, A.; GOLIS, T. Phenolic composition, physicochemical
properties and antioxidant activity of interspecific hybrids of grapes growing in Poland.
Food Chemistry, v. 215, p.263-273, 2017.

SANCHEZ-MORENO, C.; LARRAURI, J. A.; SAURA-CALIXTO, F. A procedure to
measure the antiradical efficiency of polyphenols. Journal of the Science of Food and
Agriculture, v.76, n.2, p.270-276, 1998.

SANTANA NETO, D. C.; FERREIRA, V. C. S.; ARAUJO, I. B. S.; MEIRELES, B. R.
L. A.;; CORDEIRO, A. M. T. M.; SILVA, F. A. P. Solid-liquid extraction of bioactive
compounds from Spondias mombin L. by-products: optimization and identifcation of

phenolic profle. Brazilian Journal of Chemical Engineering,v. 39, p. 511-525, 2022.

SANTHALAKSHMY, S.; BOSCO, S. J. D.; FRANCIS, S.; SABEENA, M. Effect of
inlet temperature on physicochemical properties of spray-dried jamun fruit juice
powder. Powder Technology, v.274, p.37-43, 2015.

SANTOS, S. S.; RODRIGUES, L. M.; COSTA, S. C.; MADRONA, G. S. Antioxidant
compounds from blackberry (Rubus fruticosus) pomace: Microencapsulation by spray-
dryer and pH stability evaluation. Food Packaging and Shelf Life, v. 20, p. 100177,
2019.

SARABANDI, K.; SADEGHI MAHOONAK, A.; HAMISHEKAR, H.; GHORBANI,
M.; JAFARI, S. M. Microencapsulation of casein hydrolysates: physicochemical,
antioxidant and microstructure properties. Journal Food Engineering, v. 237, p. 86—
95, 2018.

SCHIASSI, M. C. E. V.; SOUZA, V. R.,; LAGO, A. M. T.; CAMPOS, L. G;
QUEIROZ, F. Fruits from the Brazilian Cerrado region: Physico-chemical
characterization, bioactive compounds, antioxidant activities, and sensory evaluation.
Food Chemistry, v. 245, p. 305-311, 2018.

SEPULVEDA, L.; ROMANI, A, AGUILAR, C. N.; TEIXEIRA, J. Valorization of
pineapple waste for the extraction of bioactive compounds and glycosides using
autohydrolysis. Innovative Food Science & Emerging Technologies, v. 47, p. 38-45,
2018.

SETTE, P.; FERNANDEZ, A.; SORIA, J.; RODRIGUEZ, R.; SALVATORI, D,
MAZZA, G. Integral valorization of fruit waste from wine and cider industries. Journal
of Cleaner Production, v. 242, p. 118486, 2020.



78

SHAMAEL, S.; SADEGH, S.; AGHBASHLO, M.; TSOTSAS, E.; KHARAGHANI, A.
Microencapsulation of walnut oil by spray drying: Effects of wall material and drying
conditions on physicochemical properties of microcapsules. Innovative Food Science
& Emerging Technologies, v.39, p. 101-112, 2017.

SHARAYEI, P.; AZARPAZHOOH, E.; RAMASWAMY, H. S. Effect of
microencapsulation on antioxidant and antifungal properties of aqueous extract of
pomegranate peel. Journal Food Science Technology, v. 57, n. 2, p.723-733, 2020.

SHARAYEI, P.; AZARPAZHOOH, E.; ZOMORODI, S.; RAMASWAMYC, H. S.
Ultrasound assisted extraction of bioactive compounds from pomegranate (Punica
granatum L.) peel. LWT - Food Science and Technology, v. 101, p. 342-350, 2019.

SHAVANDI, A.; BEKHIT, A. E. A, SAEEDI, P.; IZADIFAR, Z;
KHADEMHOSSEINI, A. Polyphenol uses in biomaterials engineering. Biomaterials,
v. 167, p. 91-106, 2018.

SHISHIR, M. R. I.; CHEN, W. Trends of spray drying: A critical review on drying of
fruit and vegetable juices. Trends in Food Science & Technology, v.65, p. 49-67,
2017.

SILVA, R. V.; COSTA, S. C. C.; BRANCO, C. R. C.; BRANCO, A. In vitro
photoprotective activity of the Spondias purpurea L. peel crude extract and its
incorporation in a pharmaceutical formulation. Industrial Crops and Products, v. 83,
p. 509-514, 2016.

SUN, Y.; XUE, H.K,; LIU, C. H,; LIU, C.; SU, X. L.; ZHENG, X. Z. Comparison of
microwave assisted extraction with hot reflux extraction in acquirement and degradation
of anthocyanin from powdered blueberry. International Journal of Agricultural and
Biological Engineering, v. 9, n. 6, p. 186-199, 2016.

TABELA BRASILEIRA DE COMPOSICAO DE ALIMENTOS - TACO / NEPA —
UNICAMP.- 4. ed. rev. e ampl. Campinas: NEPA UNICAMP, 2011.

TAN, S.P.; KHA, T.C.; PARKS, S.; STATHOPOULOS, C.; ROACH, P.D. Optimising
the encapsulation of an aqueous bitter melon extract by spray-drying. Foods, v. 4, p.
400-419, 2015.

TAO, Y.; ZHANG, Z.; SUN, D. W. Kinetic modeling of ultrasoundassisted extraction
of phenolic compounds from grape marc: influence of acoustic energy density and
temperature. Ultrasonics Sonochemistry, v. 21, n. 4, p. 1461-1469, 2014.

THAIPONG, K.; BOONPRAKOB, U.; CROSBY, K.; CISNEROS-ZEVALLOS, L.;
BYRNE, D. H. Comparison of ABTS, DPPH, FRAP, and ORAC assays for estimating
antioxidant activity from guava fruit extracts. Journal of Food Composition and
Analysis, v. 19, n. 6-7, p. 669-675, 2006.

TODISCO, K. M.; CASTRO-ALVES, C. C. C.; GARRUTI, D. S.; COSTA, J. M. C,;
CLEMENTE, E. The use of headspace solid-phase microextraction (HS-SPME) to



79

Assess the quality and stability of fruit products: An example using red Mombin pulp
(Spondias purpurea L.). Molecules, v. 19, p. 16851-16860, 2014.

TOLEDO-MERMA, P. R.; CORNEJO-FIGUERO, M. H.; CRISOSTO-FUSTER, A. D.
R.: STRIEDER, M. M.; CHANI-PAUCAR, L. O.; NATHIA-NEVES, G.;
RODRIGUEZ-PAPUICO, H.; ROSTAGNO, M. A.; MEIRELES, M. A. A ;
ALCAZAR-ALAY, S. C. Phenolic compounds recovery from pomegranate (Punica
granatum L.) by-products of pressurized liquid extraction. Foods, v. 11(8), 1070, 2022.

TOMAS, M.; TOYDEMIR, G.; BOYACIOGLU, D.; HALL, R.; BEEKWILDER, J. C.
E. The effects of juice processing on black mulberry antioxidants. Food Chemistry, v.
186, p. 277-284, 2015.

TONON, R. V.; FREITAS, S. S.; HUBINGER, M. D.; Spray drying of acai (Euterpe
oleraceae Mart.) juice: effect of inlet air temperature and type of carrier agent. Journal
of Food Processing and Preservation. v. 35, p. 691-700, 2011.

TRUJILLO-MAYOL, I.; CESPEDES-ACUNA, C.; SILVA, F. L.; ALARCON-ENOS,
J. Improvement of the polyphenol extraction from avocado peel by assisted ultrasound
and microwaves. Journal of Food Process Engineering, v. 42, n. 6, p. 1-11, 2019.

TSANG, Y. F.; KUMAR, V.; SAMADAR, P.; YANG, Y.; LEE, J.; OK, Y. S.; SONG,
H.; KIM, K. H.; KWON, E. E.; JEON, Y. J. Production of bioplastic through food waste
valorization. Environment International, v. 127, p. 625-644, 2019.

TSAO, R. Chemistry and biochemistry of dietary polyphenols. Nutrients, v. 2, n. 12, p.
1231-1246, 2010.

VAN HERPEN, E.; VAN DER LANS, I. A.; HOLTHUYSEN, N.; NIJENHUIS-DE
VRIES, M.; QUESTED, T. E. Comparing wasted apples and oranges: An assessment of
methods to measure household food waste. Waste Management, v. 88, p. 71-84, 2019.

VERRUCK, S.; PRUDENCIO, E. S. Ultrassom na industria de alimentos: aplica¢cdes no
processamento e conservacgdo . Ponta Grossa (PR): Atena Editora, 2018.

VIAPIANA, A., WESOLOWSKI, M. The phenolic contents and antioxidant activities
of infusions of Sambucus nigra L. Plant Foods for Human Nutrition, v. 72, n. 1,
p.82-87, 2017.

VINATORU, M.; MASON, T. J.; CALINESCU, I. Ultrasonically assisted extraction
(UAE) and microwave assisted extraction (MAE) of functional compounds from plant
materials. Trends in Analytical Chemistry, v. 97 (Suppl. C), p. 159-178, 2017.

WALDRON, K. Handbook of waste management and co-product recovery in food
processing; Woodhead Publishing: Cambridge, UK, 2009.

WANG, J. Optimization of ultrasound-assisted extraction of phenolic compound from
wheat bran. Food Chemistry, v. 106, p. 804-810, 2008.


https://koreauniv.pure.elsevier.com/en/publications/production-of-bioplastic-through-food-waste-valorization
https://research.wur.nl/en/publications/comparing-wasted-apples-and-oranges-an-assessment-of-methods-to-m

80

WEN, L.; ZHANG, Z.; RAI, D.; SUN, D. W.; TIWARI, B. K. Ultrasound-assisted
extraction (UAE) of bioactive compounds from coffee silverskin: Impact on phenolic
content, antioxidant activity, and morphological characteristics. Journal of Food
Process Engineering, v. 42, n. 6, p. 1-11, 2019.

WETTASINGHE, M.; SHAHIDI, F. Evening primrose meal: a source of natural
antioxidants and scavenger of hydrogen peroxide and oxygen-derived free radicals.
Journal of Agricultural and Food Chemistry, v.47, p.1801-1812, 1999.

YADAYV, K.; BAJAJ, R. K.; MANDAL, S.; MANN, B. Encapsulation of grape seed
extract phenolics using whey protein concentrate, maltodextrin and gum arabica blends.
Journal of Food Science Technology, v. 57, n. 2, p. 426-434, 2020.

YILDIZ, G.; RABABAH, T.; FENG, H. (2016). Ultrasound-assisted cutting of
Cheddar, Mozzarella and Swiss Cheeses — Effects on quality attributes during storage.
Innovative Food Science and Emerging Technologies, v. 37, p. 1-9, 2016.

ZANONI, F.; PRIMITERRA, M.; ANGELI, N.; ZOCCATELLI, G.
Microencapsulation by spray-drying of polyphenols extracted from red chicory and red
cabbage: Effects on stability and color properties. Food Chemistry, v. 307, 125535,
2020.

ZHANG, J.; ZHANG, C.; CHEN, X.; QUEK, S. Y. Effect of spray drying on phenolic
compounds of cranberry juice and their stability during storage. Journal of Food
Engineering, v. 269, 109744, 2020.

ZHAO, Y.; WANG, P.; ZHENG, W.; YU, G,; LI, Z,; SHE, Y.; LEE, M. Three-stage
microwave extraction of cumin (Cuminum cyminum L.) Seed essential oil with natural
deep eutectic solventes. Industrial Crops & Products, v. 140, n. 111660, 2019.

ZEKOVIC, Z.; PINTAC, D.; MAJKIC, T.; VIDOVIC, S.; MIMICA-DUKIC, N ;
TESLIC, N.; VERSARI, A.; PAVLIC, B. Utilization of sage by-products as raw
material for antioxidants recovery - Ultrasound versus microwave-assisted extraction.
Industrial Crops and Products, v. 99, p. 49-59, 2017.

ZULKIFLI, S. A.; GANI, S. S. A.; ZAIDAN, U. H.; HALMI, M. I. E. Optimization of
total phenolic and flavonoid contents of defatted pitaya (Hylocereus polyrhizus) seed
extract and its antioxidant properties. Molecules, v. 25, p. 787, 2020.



81

4. RESULTADOS
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acordo com as normas estabelecidas pelo Programa de P6s-Graduacdo em Ciéncia e

Tecnologia dos Alimentos (Norma Complementar n® 56/2014).
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ABSTRACT

The ciriguela (Spondias purpurea L.) residue resulting from its pulp and juice
processing stands out due to the high content of bioactive compounds. This study aimed
to optimize the ultrasound-assisted extraction (UAE) process of phenolic compounds
from ciriguela peel. The response surface method was used to investigate the effects of
process-independent variables (ultrasonic amplitude, UA): 20%, 60% and 100%, and
ultrasonic exposure time (T): 5, 10 and 15 min on the dependent variables (content of
total phenolic compounds (TPC), DPPH - 1,1-diphenyl-2-picrylhydrazyl free radical
scavenging (ICso) and ferric reducing-antioxidant power (FRAP) of ciriguela peel
extract. The UA and time influenced TPC, ICsy and antioxidant activity by FRAP.
However, the antioxidant activity of DPPH had no significant influence on the variables
used. Ideal conditions were set at UA = 100% (200 W) and T = 15 min. The extract of
phenolic compounds from the ciriguela peel obtained by optimized ultrasound was
compared with other extraction techniques (conventional and microwave-assisted).
UAE showed better results concerning the extraction yield of phenolic compounds and
high antioxidant activity (35.15 mg GAE/g, IC 50 = 0.19 mg/mL), compared to
conventional extraction (30.10 mg GA/g and IC 50 = 1.68 mg/mL) and microwave-
assisted (23.31 mg GA/g and IC 50 = 4.29 mg/mL). These results demonstrate the
efficacy and better usefulness of the ciriguela residue in obtaining the extracts of
bioactive compounds using the ultrasound-assisted extraction technique.

Keywords: Phenolic compounds; Antioxidants; Extraction; Ultrasound; Microwave.

1. Introduction

Brazil is a country with favorable geographical and climatic characteristics for
fruit production. In the semiarid region, the Caatinga biome has an immense
biodiversity of fruits, particularly those of the genus Spondias, mainly ciriguela
(Spondias purpurea L.), which originated in Mexico and Central America. This fruit is
rich in secondary metabolites, particularly phenolic compounds and is of biological
interest (Maldonado-Astudillo et al., 2014).

In recent decades, there has been an increase in the international consumption of
tropical fruits. Considering this increase, the processing of fruits into products such as
juices and beverages showed high growth, mainly due to the possibility of producing
new sources of functional and healthy ingredients (Jeddou et al., 2017). However, this
high growth in the pulp and fruit juice industries has generated a large volume of waste,
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which can be exploited for the production of highly valued substances (Ben-Othman et
al., 2020; Saleem and Saeed, 2020). Fruit residues are rich in bioactive compounds.
However, these substances degrade easily during food extraction, processing and
storage (Renard, 2018).

The extraction of the compounds of interest present in fruit residues can generate
products with high added value (Kringel et al., 2020). This extraction can be carried out
by conventional methods, using maceration and/or agitation with solvents and by
Soxhlet extraction, which is based on the capture of the compounds of interest from a
solute or matrix, with or without heat. However, it requires long times to reach the
maximum concentration of the compounds of interest and a high solvent demand and
thermal degradation due to the long processing time (Caldas et al., 2018). Considering
these disadvantages, more sustainable methods are sought, in which solvent
consumption and the extraction time are minimized and the extraction yield is increased
(Pintac et al., 2018).

The recent interest in operating an environmentally sustainable way as well as
safety and economic aspects led to the best choice of applying new “green” extraction
techniques (Noroozi et al., 2021). The innovative or nonconventional technologies that
have been used include the application of pulsed electric fields, ultrasound-assisted
extraction (UAE), microwave-assisted extraction, high pressure and solvent acceleration
(Putnik et al., 2018). UAE stands out and uses mechanical waves that present
frequencies between 20 and 100 kHz (Dadan et al., 2018). UAE has several advantages:
shorter processing time, better penetration, low solvent consumption, higher yield, good
reproducibility, improves the extraction rate and quality of the extract, allows the
possibility of using more economical and safer alternative solvents for the environment
and health (Chemat et al., 2017b; Mari¢ et al., 2018). The UAE process allows complete
extraction of target compounds in short time mainly via production of hydrodynamic
cavitation phenomenon. Different stages of hydrodynamic cavitation phenomenon were:
nuclei formation, expansion phase, maximum radius, collapse phase, explosion and
release of energy (Noroozi et al., 2021).

The main contribution of this manuscript was the consideration of the possibility
of the valorization of ciriguela peel generated during ciriguela processing or beverage
production. The growing global interest in emerging extraction technologies, which aim
to minimize environmental impacts, justifies the use of ciriguela residue as a source of

antioxidants, which have a high content of phenolic compounds. Since the use of RSM
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has not been reported yet for modeling the UAE of phenolic compounds from ciriguela
peel, the aim of this study was to evaluate and optimize the extraction process of
phenolic compounds from using UAE from ciriguela peel, maximizing the yield of
phenolic compounds and antioxidant activity of ciriguela peel extracts, in addition to

comparing conventional and microwave-assisted extraction processes.

2. Materials and methods

2.1. Materials
Ciriguela residues (Spondias purpurea L.) were supplied, as a byproduct, by the
fruit pulp industry, located in Jodo Pessoa, Paraiba, Brazil (07° 09' S 36° 49' W).

2.2. Chemicals

Ethanol (Vetec, Rio de Janeiro, Brazil) and distilled water were used for
extraction. Folin-Ciocalteu phenol reagent, gallic acid (C;HgOs), 2,4,6-tripyridyl-s-
triazine (TPTZ) and 2,2-diphenyl-1-picrylhydrazyl radical (DPPH®) were obtained from
Sigma Aldrich (St. Louis, MO, USA).

2.3. Obtaining the ciriguela residue flour (FRC)

The ciriguela peels were separated from the seeds manually and subjected to
drying at 60 °C for 24 h (Caldas et al., 2018) in an oven with circulation and air renewal
(Marconi; model MAO035) until the moisture reached at or below 10%. Next, they were
crushed in a 631/2 multiuse mill (Tecnal) and sieved using a sieve mesh #40 (425 pm).
The FRC was packed in 140-micron low-density polyethylene bags, wrapped with

laminated paper and frozen at -18°C for further analysis.

2.4. Extraction processes of phenolic compounds
2.4.1 Preliminary analysis

In order to optimize the extraction conditions, initially preliminary extractions
were carried out using UAE. The extractions were performed at specified conditions,
ultrasound power (120 W) and extraction time (10 min). To evaluate the extracts by
ultrasound, water (100%) and ethanol (20%, 50% and 80%) were used as solvents,

acidified with 0.1% HCI. Ethanol is in compliance with good manufacturing practice
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and it is considered as a GRAS (generally-recognized-as-safe) solvent (Santos et al.,
2010).The parameters used were: 10 g of FRC mixed with 40 mL of the solvent, was
placed in a 100-mL beaker and submitted to an ultrasonic probe (Ultronique, Ecosonics)
that has an ultrasonic frequency of 20 kHz. The extract was filtered using Whatman N°
2 filter paper. The extracts were stored in amber bottle which were kept in a freezer (-

20°C) until analysis.

2.4.2 Ultrasound-assisted extraction (UAE)

Ultrasound experiments were carried out using 10 g of FRC placed in an
extraction unit with 40mL of solvent (selected in the pre-tests). The sample container
was covered with aluminum-foil paper to prevent oxidative change from light. In the
UAE procedure, the sonicator (QR1000 Ultronique, Ecosonics - Brazil) used in this
study has a constant frequency of 20 kHz, that has a maximum power of 1000 Watts
(W) and a horn microtip with diameter of 25.4 mm. UAE process variables including
ultrasonic intensity and time were investigated as outlined in Table 3. However, the
temperature was controlled using a water bath around the extraction flask. The obtained
extracts were filtered and kept in the dark at -20 °C for further analysis.

The UAE optimization of FRC phenolic compounds was developed using
Statistica 7.0 software (StatSoft, Tulsa, USA). The central experimental design,
comprised 8 factorial points (levels £ 1) and 5 central points (level 0). The independent
variables were ultrasonic amplitude (UA) (20, 60 and 100%) and time (t) of exposure to
ultrasound (5, 10 and 15 min), and the dependent variables (response) were the total
phenolic compounds (TPC), ferric reducing-antioxidant power (FRAP) and 1,1-
diphenyl-2-picryl hydrazyl (DPPH) free radical scavenging activity expressed as the
ICso.

Five replicates of the central point of the experimental design were used to
estimate the value of the pure error and sum of squares. Because the various responses
were the result of the interactions of the independent variables, the data for all the

responses were adjusted to the second-order polynomial regression equation, Eq. (1).

k k
j=1 i<j =1

(1)
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Where Y represents the predicted response, Po is the constant regression coefficient, i,
[jj and Pij are the linear, square and interaction coefficients, respectively, Xi and Xj are
the independent variables, and € is noise or error (Azarpazhooh and Ramaswamy,
2012). The quality of the adjusted polynomial models was expressed by the regression
coefficient (R?), adequate precision (AP) and variation coefficient (CV).

The experimental data were adjusted to the proposed model, and analysis of
variance (ANOVA), the lack of fit test (F test), determination of the regression
coefficients and obtaining the response surfaces were performed using Statistica 7.0
software (StatSoft, Tulsa, USA) at the 5% significance level.

2.4.3. Microwave-assisted extraction (MAE)

For microwave extraction, 0.33 g of FRC was mixed with 20 mL of ethanol-
water (80%), and then the mixture was subjected to a CEM Discover microwave
(Discover System model 908005) using a power of 800 W, a temperature of 120°C and
an extraction time of 15 min (Best result of preliminary analysis). After exposure to
electromagnetic waves, the supernatant obtained was filtered and stored in an amber

container at -20°C until further analysis.

2.4.4. Conventional extraction by maceration (MCE)

Three replicates (10.0 g) of FRC were extracted in 40 mL of 80% ethanol-water
(v/v), by using a dynamic maceration, brought to room temperature (25°C) and kept
under stirring for 1 h. After extraction, suspended solids were removed by filtration
through qualitative filter paper and the extracts obtained were stored at -20°C until
further analysis.

2.5. Physico-chemical analysis of FRC
2.5.1. Soluble solids and Titratable acidity

The according to the methodology described by A.O.A.C. (2006). Soluble solids
was expressed as °Brix and acidity were expressed as g of citric acid/100 g of FRC.
2.5.2. pH

The pH was measured directly measurements using a pH meter with a glass
electrode (AAKER).
2.5.3. Moisture
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The moisture content was determined using an infrared moisture balance
(MARTE-IDSO, S&o Paulo, Brazil) and heating at 105°C for 30 minutes. The results
are expressed as (%) (A.O.A.C., 2006).

2.5.4. Water activity

Water activity was measured using a water activity analyzer (DECAGON,
AQUA LAB - 4TE) at 25 °C.

2.5.5. Color

The color was evaluated in a colorimeter (Minolta CR 400; Konica Minolta,
Sensing Inc.), using the color standards of the CIELab (“Commission Internationale de
L'Eclairage”). The instrumental color was determined on the surface of the ciriguela
residue flour. The colorimeter was previously calibrated with a white standard before
each analysis using a xenon lamp, illuminant C (Y = 92.78; x = 0.3139; y = 0.3200), an

observation angle of 10° and a measuring area of 8 mm in diameter.

2.6. Analysis of bioactive compounds and antioxidant activity

2.6.1. Total phenolic compounds (TPCs)

The TPC content was determined spectrophotometrically, where the absorbance
was quantified at 725 nm using Folin—Ciocalteu reagent and ethanol as the solvent,
according to the methodology described by Wettasinghe and Shahidi (1999). Briefly,
the reaction was conducted in test tubes. An amount of 0.5 mL of each sample was
incubated with 8.0 mL of distilled water and 0.5 mL of Folin-Ciocalteau reagent. After
3 min 1.0 mL of sodium carbonate solution was added and left to react for 60 min in the
dark. The TPCs was calculated using a standard curve prepared from the aqueous
solutions of gallic acid (0.1-1 mg/mL) and results were expressed in mg of gallic acid
equivalent (GAE)/g of FRC.

2.6.2. Antioxidant activity by DPPH

The determination of the free-radical scavenging capacity was evaluated with
the stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) as described by Brand-
Williams et al. (1995) and modified by Sanchez-Moreno et al. (1998). The extract was
diluted at three different concentrations of total phenolics. Briefly, 0.1 mL of
appropriately diluted FRC extracts samples was added to 3.9 mL of DPPH (0.03 mg/ml)

in methanol. The decrease in absorbance at 517 nm was monitored until the reaction
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reached a plateau (30 min) of reaction, using a spectrophotometer (Shimadzu UV-1650
PC). The results were expressed as the 1Csy (concentration of the extract in ug/mL that
can react with 50% of the radicals present in the DPPH solution).

2.6.3. Ferric reducing antioxidant power (FRAP)

The FRAP test was performed according to the methodology reported by por
Thaipong et al. (2006). The absorbance was measured at 593 nm, using a
spectrophotometer (Jenway 6705 UV/Vis). FRAP reagent was freshly prepared by
mixing a 10 mM 2,4,6-tris (1-pyridyl)-5-triazine (TPTZ) solution in 40 mM HCI with a
20 mM, FeClj solution and 0.3 M acetate buffer (pH 3.6) in a proportion 1:1:10 (v/v/v).
A calibration curve was prepared with aqueous solution of FeSO, (2.5, 5.0, 7.5 and 10
mg/L). In test tube 90 pL of the filtered and duly diluted extract with 270 uL of distilled
water and 2.7 mL of FRAP reagent. Then, the reaction mixture was incubated at 37 °C
for 30 min. Antioxidant activity by FRAP were expressed as umol of ferrous equivalent

per g of extract (umol Fe?/g).

2.7. Statistical analysis

All the experiments were performed in triplicate, and the results were expressed
as the mean values + standard deviation. Statistical analysis of the model was performed
using Statistica 7.0 software.

3. Results and discussion
3.1. Physico-chemical properties

The data on the soluble solid content, pH, titratable acidity, moisture and
colorimetric parameters of the FRC are presented in Table 1.

The FRC presented 4.63 °Brix of soluble solids (Table 1), indicating the
presence of water-soluble compounds and substances, such as sugars, acids, vitamin C
and some pectins (Maldonado-Astudillo et al., 2014). The pH (3.79) characterized FRC
as an acid product. The FRC acidity obtained as 1.57 g/100 g of citric acid (Table 1)
was similar to that reported in the study by Neris et al. (2017), which characterized
ciriguela peel and obtained 1.66 g/100 g of citric acid. The water activity found in the
FRC (0.178) was considered a low value (the value varies from 0 to 1). The presence of
moisture in plant matter indicates the possibility of microbial growth during storage
(Shardul et al., 2013), and FRC showed low moisture (5.83%). The colorimetric
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parameters (L a* b*) remained on the positive side, indicating a shade of red to yellow,

and the value of L was 61.86, indicating that the FRC has clear luminosity.

Table 1

Physico-chemical characterization of FRC.

Parameters Mean values + SD

Soluble solids (°Brix) 4.66 £ 0.15

pH 3.79+0.15

Acidity (g/100g citric 1.57 £ 0.06
acid)

Aw 0.178 £ 0.04

Moisture (%) 5.83+£0.01

L* 61.86 + 1.05

ax 16.26 + 0.34

b* 31.52+0.17

Means + standard deviation (n = 3).

3.2. Preliminary experiments — solvent selection

Selection of the best solvent for extraction by UAE was based on the values of
phenolic compounds of the extracts. Table 2 shows the data on phenolic compounds
from the extracts obtained using water and ethanol (20, 50 and 80%) as solvent.

Table 2
Extraction of phenolic compounds from FRC using different solvents.
Solvents TPC
(mg GAE/g of FRC)
Water 23.04° + 1.50
Etanol 20% 43.70°+0.37
Etanol 50% 45.93° +2.29
Etanol 80% 56.38% + 0.98

Means + standard deviation (n = 3).
Means in each column followed by different superscript letters were significantly different (p> 0.05), by

Tukey's test.

Ethanol has been found to possess the highest affinity for phenolics and hence it
is the first choice for the extraction of phenolic compounds from fruit and vegetable
waste (Rami¢ et al., 2015). Table 2 shows that the extract obtained with 80% ethanol
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had a higher content of phenolic compounds. This was expected because the solubility
of polyphenols increases with increasing concentrations of ethanol (He et al., 2016).
Noroozi et al. (2021) studying continuous ultrasound-assisted extraction of Cucurbita
pepo seeds, revealed that with increasing ethanol concentration, the phenolic
compounds recovery increased and reached a maximum value at the ethanol
concentration of around 80%, and then slightly decreased. This is because the polarity
of the solvent decreases, and the similarity in the solvent to the polyphenols polarity
increases, causing an increase in the solubility of polyphenols. Increase in ethanol
concentration increases the yield of phenolic compound until a maximum ethanol
concentration and then it has negative effect on the yield. The ethanol concentration
near 100% i.e. highly pure ethanol solvent causes dehydration of the tissue of plant
along with denaturation of the protein leading to decreased yield at such high
concentration (Kumar et al., 2021). Caldas et al. (2018) observed that the highest
phenolic content was found for medium values of ethanol concentration (60%), within
the studied range (8-92%), which may be related to the different polarities of phenolics
present in grape skin. Savic and Savic Gajic (2020) analyzed the extraction of
polyphenols from wheatgrass (Triticum aestivum L.) obtained maximum yield of

phenolic compounds using 56% ethanol concentration.

3.3 Experimental design of FRC by UAE

The contents of the experimental variables used in this study and the results
obtained for the quality parameters of the experimental design are shown in Table 3.
TPC ranged from 14.56 to 35.15 mg GAE/g of FRC, antioxidant activity by 1Csy from
0.19 to 3.51 mg/mL and antioxidant activity by FRAP from 7.624,40 to 17.373,73 umol
Fe?*/g.

ANOVA for the quadratic model of the response surface is shown in Table 4.
Not significant variables were omitted, and the other coefficients were used in the final
predictive equations. The data showed a good fit with Eqg. (1), which was statistically
acceptable at p <0.05.

The adequacy of the model was also evaluated by the residuals, which represent
the difference between the observed and predicted values of the response (Maran et al.,
2017). The residuals are thought of as the elements of variation unexplained by the
regression model (Savic Gajic et al., 2019). The obtained residuals are plotted against
the expected values in the normal probability plot (Figure 1 a, b and c). The obtained
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plots of the model after excluding nonstatistically significant terms indicate that the
residuals are normally distributed. The slight deviation of points from the straight line in

the reduced model indicates a better prediction of the regression model.

Table 3
Face-centered composite design 3° of UAE using two variables and the resulting
quality response parameters of the FRC extract.

Exp. n0 UA Time TPC 1IC 50 FRAP
(%) (min) (mg GAE/g (mg/mL) (umol Fe?*/g)
of FRC)

1 60 (0)  10(0)  29.40+0.68  1.46%0.13  15.403,05+23.82
2 60(0) 15(+1) 30.01+0.98  1.03+0.08  15.653,02+63.52
3 60(0)  10(0)  28.96+0.30  1.40+0.14  14.290,19+45.91
4 20(-1) 15(+1) 2253+0.18  2.17#0.23  11.456,33+67.92
5 20(-1)  10(0)  20.42+0.48  2.52+0.09  10.857,03+30.40
6 100(+1)  10(0)  28.03%0.25  2.64+0.04  14.657,94+85.25
7 20(-1)  5(1) 1456+054  3.51+0.04 7.624,40+38.18
8 100 (+1)  5(-1)  21,70+0,10  2.99+0.06  12.148,17+90.78

9 60(0)  10(0)  29.73x0.20  1.96+0.07  15.749,00+57.54
10 60(0)  5(1)  25.06+0.60  2.97+0.07 9.573,12+34.99
11 60(0)  10(0)  29.05:0.30  1.95:0.16  16.462,94+74.69
12 100(+1) 15(+1) 35.15+0.43  0.19+0.02  17.373,73+29.19
13 60(0)  10(0)  29.43+1.22  1.48+0.17  15.770,72+97.94

UA: Ultrasound Amplitude.

TPC: Total Phenolic Compound.

FRAP: Ferric Reducing Antioxidant Power.

DPPH: scavenging activity of DPPH.

IC50: The concentration of extract required to scavenge 50%
of 2, 2-diphenyl-1-picryl-hydrazyl free radical.

*Analytical results are the means £ SD (n = 3).

Table 4

ANOVA for the response surface quadratic model.

Source

Df TPC IC 50 FRAP

(mg  (mg/mL (umol Fe?*/g)
GAE/g of de fenol)
FRC)

Regression 4  984.98° 2461  2929070.19
Residual 34 73.12 5.87 229854.43
Lack of fit 4  63.21 455" 157999.76"
Pure Error 30 9.90™ 1.31™ 71854.67™
Cor Total 38 1058.10 30.48 3158924.62

R-Squared 0.93 0.81 0.93

ns: Not significant (p > 0,05).

*Significant at (p < 0,05).

*
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Fig. 1 Normal probability plot of studentized residuals for the reduced polynomial
model: (a) TPC; (b) IC50; (c) antioxidant activity by FRAP.
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3.3. Effect of process variables on TPC
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The TPC of the FRC extracts and ANOVA of the results obtained are presented
in Tables 3 and 4, respectively. Data analysis showed that the TPC was significantly
affected by UA and t (p <0.05). Additionally, it was possible to determine the
significant regression coefficients for the TPC, as shown in Eq. (2).

TPC=25.26 + 4.56X; + 4.39X, + 2.29X;° + 0.63X,° (2)

The variables that significantly influenced the model for TPC were as follows:
UA (X; and X;%) and t (X,?, as shown in Table 4. The lack of fit was significant for the
TPC model, however, when the pure error value is low, that is, the reproducibility is
very good, resulting in a false result of lack of fit, since the Fcalculated value is high
due to the denominator being very low. Therefore, it does not explain the lack of fit.
The model has statistical and predictive significance, and there is no lack of fit. To
visualize the influence of variables on the TPC, the response surface graph (Fig. 2) was

constructed.

Fig. 2 Effect of the interaction of process variables on the extraction of TPC from FRC.
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As observed in tests 4, 2 and 12 (Table 3), the TPC increased slowly with the
increase in UA and reached a peak at 100% UA, both obtained using 15 min of
extraction time and resulting in 22.53, 30.01 and 35.15 mg GAE/g of FRC, respectively.
Significant increases in TPC were observed as the UA range was increased during the
extraction of phenolic compounds from the pomegranate peel (Sharayei et al., 2019).
Opposite results have been obtained in some studies in which UA was not a significant
factor in the extraction of phenolic compounds (Espada-Bellido et al., 2017; Saifullah et
al., 2020).

The increase in UA causes an additional effect of cavitation and temperature

increase, causing the explosion of bubbles, resulting in material swelling, solvent
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uptake, and pore enlargement in the materials (Bimark et al., 2019; Gam et al., 2020;
Gogoi et al., 2018). Cavitation effect works by imploding cavitation bubbles and
thermal effect works by swelling and loosening the cell structure, which increase solute
solubility and diffusivity (Poodi et al., 2018). The increase of ultrasonic power
accelerates the destruction of cell walls, thereby promoting the extraction of the TPC
into the extraction solvent (Gam et al., 2020). In addition, the penetration of the solvent
into the solid matrix is improved, facilitating the mass transfer rate of phenolic
compounds from the food matrix to the solvent (Gogoi et al., 2018).

The extraction time showed a positive linear effect on the extraction of phenolic
compounds from FRC and led to a gradual increase in the TPC. Similar results were
obtained in the study of extraction of antioxidants from plum seeds (Savic and Savic
Gajic, 2021). The contact time allows for a higher mass transfer rate, resulting in better
extraction efficiency. The operating time is very important during extraction because it
helps to reduce electricity consumption as the operating time decreases (Chakraborty et
al., 2020). The same effect was obtained in other studies (Fernandes et al., 2020;
Saifullah et al., 2020).

As the extraction time increased, a higher TPC was obtained, according to tests 7
(14.56 mg GAE/g of FRC), 5 (20.42 mg GAE/g of FRC) and 4 (22.53 mg GAE/g of
FRC), using 20% of ultrasonic amplitude and extraction time of 5, 10 and 15 minutes,
respectively (Table 3). Gogoi et al. (2018) observed that the increase in extraction time
from 8.00 to 14.00 min increased the yield of phenolic compounds, which subsequently
decreased with a further increase in treatment time. Opposite results were obtained in
some studies in which time was not a significant factor in the ultrasound-assisted

extraction of phenolic compounds (Jovanovic et al., 2017; Li et al., 2016).

3.4. Effect of process variables on the antioxidant activity by DPPH (1Csp)

ICso represents the concentration of the extract necessary to inhibit 50% of
DPPH free radicals. The following equation describes the 1Cs, predicted by the model
(Eq. 3) according to the coded and significant variables (p <0.05).
ICs0= 2.14 — 0.39X; — 1.01X, — 0.29X, 3)
The variables that significantly influenced the model for 1Cso were UA (X; and
X1%), and t (X,). The not significant value of the lack of fit showed that the model was
considered predictive for 1IC50 (R*=0.81) (Table 4). The not statistically significant
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terms could be excluded from the second order polynomial equation in order to improve
the prediction ability of the proposed model. The regression coefficients indicate that
the linear effects and quadratic effect UA have a negative impact on the response.

UA caused a negative signal effect in 1Cso, and the increase in I1Csy was related
to the increase in UA (Fig. 3). Similar results were obtained by Sharayei et al. (2019), in
which the 1Cso increase was observed when a UA up to 60% was used; additionally,
when the UA was further increased, the 1Csy decreased. Li et al. (2016) reported
significant increases in the antioxidant activity (DPPH) as the ultrasound time was
increased. In a study of the extraction of phenolic compounds from pomegranate peel,
an increase in UA up to 60% was observed to increase the antioxidant activity (Sharayei
etal., 2019).

Fig. 3 Effect of the process variables on the ICsy of extracts of FRC phenolic

compounds.
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3.5. Effect of the process variables on the antioxidant activity by FRAP

Through factorial experimental design, it was possible to determine the
significant regression coefficients for antioxidant activity by FRAP, as shown in Eq. (4).

FRAP= 12883.45 + 2357.01X; + 2484.01X; + 820.78X, + 926.32X,°>  (4)

However, only the linear terms UA (X3 and X;?) and t (X, and X5?) (p < 0.05)
showed positive signal effects in the extraction. The not significant value of the lack of
fit showed that the model was considered predictive for antioxidant activity by FRAP
(R?=0.93) (Table 4). The lack of fit was significant for antioxidant activity by FRAP
model, however, when the pure error value is low, that is, the reproducibility is very

good, resulting in a false result of lack of fit, since the Fcalculated value is high due to
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the denominator being very low. Therefore, it does not explain the lack of fit. The
model has statistical and predictive significance, and there is no lack of fit.

The increase in UA likely promoted more efficient extraction of phenolic
compounds, resulting in the increased antioxidant activity by FRAP (Fig 4). This effect
may be due to the cavitation process and vibration mechanics produced by the pressure
of ultrasonic radiation, which can accelerate the penetration of solvents and improve the
extraction efficiency and antioxidant activity of the obtained extracts (Wang et al.,
2016).

Fig. 4 Effect of the influence of process variables on the antioxidant activity by FRAP
using FRC extracts.
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Tests 7, 10 and 8, all using an extraction time of 5 min, showed significant
increases in the antioxidant activity by FRAP as the UA was increased (7.624,40 (20%
UA), 9.573,12 (60% UA) and 12.148,17 umol Fe*/g (100% UA), respectively (Table
3). The same trend was obtained by several authors using UAE (Chen et al., 2018; Li et
al., 2016; Sharayei et al., 2019). UAE contribute to more efficient extraction of the
compounds, improving the cavitation phenomena, mechanical agitation, and process
efficiency and facilitating the transport of bioactive compounds, in addition to
contributing to the reduction of extraction time (Chakraborty et al., 2020).

Higher FRAP values were obtained when longer extraction times were used
(Fig. 4). Li et al. (2016) also reported significant increases in antioxidant activity by
FRAP as the ultrasound time was increased.
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3.6. Comparison of different extraction methods in the recovery of phenolic compounds
from FRC

The optimization of the extraction of FRC phenolic compounds resulted in a
higher content of phenolic compounds and high antioxidant activity using the following
optimal extraction conditions—UA (100%) and t (15 min). Comparing the total
phenolic compounds obtained by different methods, it could be noted that the
ultrasound-assisted extraction was significantly more efficient (Table 5).

Table 5

Extraction of phenolic compounds from FRC using different extraction methods.
Methods of TPC IC 50 FRAP
extraction (mg GAE/g (mg/mL) (umol Fe**/g)

of FRC)
Ultrasound 35.15%+0.43 0.19% £ 0.02 17.373,73* £ 29.19

Microwave 23.31°+0.17 4.29°+0.03 15.784,15% + 80.16
Conventional 30.10°+0.07  1.68"+0.11 16.040,50° + 25.13
*Means + standard deviation (n = 3).

Means in each column followed by different superscript letters were significantly different (p> 0.05),

by Tukey's test.

The extract obtained in the UAE showed greater phenolic recovery, indicating
that the application of ultrasonic waves is a promising alternative, aiming to increase the
extraction yield of phenolic compounds (Table 5). This can be seen in other studies
(Caldas et al., 2018; Fernandes et al., 2020; Martinez-Ramos et al., 2020; Rezende et al.
2017) who investigated the recovery of phenolic compounds from grape residue,
jabuticaba peel, mango peel and acerola residue, respectively, using different extraction
methods. Compared to the UAE with maceration and soxhlet extraction, the UAE gives
higher yields of desired compounds for shorter extraction times and at lower
temperatures (Savic Gajic et al., 2019). The higher extraction efficiency using the UAE
was due to the effect of cavitation (Vinatoru et al. 2017), facilitating the penetration of
the solvent through the healthy cells is better, which reflects the increase in the mass
transfer (Savic and Savic Gajic, 2020).

The higher rate extraction for UAE is attributed to the cavitation process, which
causes the rupture of cellular structures and greater penetration of the solvent into the

internal structure of the particles, increasing the intraparticle diffusivity (Chemat et al.,
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2017). During sonication, ultrasonic waves create shock waves within the cell wall and
liquid jets are formed as a result of cavitation of the liquid media due to compression
and rarefaction cycle of ultrasonic waves (Gogoi et al., 2019). Cavitation is a process
that results in swelling of the material, increased temperature, solvent absorption,
softening of plant surfaces and enlarged pores in materials, factors that are favorable to
mass transport (Chakraborty et al., 2020; Gam et al. 2020).

The conventional techniques require the use of organic solvent for the extraction
of bioactive compounds from plant material. In addition to evaporation and recycling of
the solvent after using these techniques. These facts cause the increase of solvent
consumption, energy consumption and generation of hazardous solvent residues after its
evaporation from the sample (Savic Gajic et al., 2021). Meregalli et al. (2020) compared
conventional extraction and UAE in the extraction of bioactive compounds obtained
from red aracé and observed an increase of 23.45% in the levels of phenolic compounds
and a 25.00% reduction in the time of extraction using UAE compared with
conventional extraction by maceration. Additionally, ultrasonic extraction produced a
higher yield of propolis phenolic compounds than extraction by maceration and
microwave (Oroian et al., 2020). Bimakr et al. (2017) investigated the effects of
ultrasound-assisted extraction on the extractive value (EV) of bioactive phenolics from
Malva sylvestris leaves and its comparison with agitated bed extraction (ABE)
technique. In comparasion the free radical scavenging activity (FRSA) and TPC
analyses results revealed that UAE afforded extracts with relatively higher FRSA and
TPC values compared with ABE in much shorter time (48.77 min). Opposite results
were obtained in some studies evaluated the impact of different extraction methods of
phenolic compounds (Da Rocha and Norefia, 2020; Rocchetti et al., 2019).

4. Conclusions

Ciriguela peel (Spondias purpurea L.) is considered a sustainable source of
natural antioxidants and phenolic compounds. The optimum condition of the UAE of
phenolic compounds from the FRC extract was obtained using an ultrasonic amplitude
(UA) of 100% and a time (t) of 15 min. The extraction process affected the content of
bioactive compounds and antioxidant activity. In this work, the impacts of different
extraction technologies (including conventional and nonconventional) that is,

mechanical agitation, ultrasound and microwave—were evaluated in terms of
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recovering phenolic compounds from ciriguela peel. Additionally, UAE was more

efficient in recovering the compounds of interest.
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ARTIGO Il1. Microencapsulation by spray-drying and freeze-drying of phenolics
obtained from ciriguela peel: Chemical, morphological and chemometric

characterization of microcapsules

Abstract

Microcapsules of ciriguela peel extracts obtained by ultrasound-assisted extraction were
prepared by spray drying, whose results were compared with those of freeze-drying as a
control. The effects of spray-drying air temperature, feed flow rate and ratio of
encapsulating agents (maltodextrin and arabic gum) were studied. Encapsulation
efficiency, moisture content, total phenolic compounds (TPC), water activity,
hygroscopicity, solubility, colorimetric parameters, phenolic profile by HPLC/DAD,
simulated gastrointestinal digestion and morphology of spray-dried and freeze-dried
microcapsules were evaluated, as well as their stability of TPC during 90 days storage at
7 and 25 °C. Spray-dried extracts showed values of moisture content, water activity,
hygroscopicity and solubility within the expected ranges for powder products, and the
use of arabic gum as an encapsulating agent ensured the highest encapsulation
efficiency and TPC content. Spray-dried extract showed higher encapsulation efficiency
(98.83%) and TPC (476.82 mg GAE g™?) than freeze-dried extract. The most abundant
compounds in the liquid extract of ciriguela peel flour were rutin (342.59 £ 45.08 ug g’
1, epicatechin gallate (228.63 + 12.78 ug g™, chlorogenic acid (228.31 + 5.67 pug g*)
and quercetin (181.02 + 6.28 pg g). Rutin and myricetin were the major flavonoids in
the atomized extract, while quercetin and kaempferol were in the freeze-dried one. The
simulated gastrointestinal digestion test of microencapsulated extracts revealed the
highest TPC contents after the gastric phase and the lowest one after the intestinal one.
Rutin was the most abundant compound after the digestion of both spray-dried (68.74
Hg gb) and freeze-dried (93.98 pg g™) extracts. Scanning electronic microscopy
examination of the atomized extract showed the presence of spherical microcapsules
with smooth surface, while those of the lyophilized extract had extensive wrinkles and
more rough surface. Atomized microcapsules had higher phenolic compounds contents
after 90 days of storage at 7 °C compared to those stored at 25 °C, while the lyophilized
ones showed no significant difference between the two storage temperatures. The
ciriguela agro-industrial residue can be considered an interesting alternative source of
phenolic compounds that could be used, in the form of bioactive compounds-rich
powders, as an ingredient in pharmaceutical, cosmetic and food industries.

Keywords: antioxidant activity; phenolic compounds; powder extract; encapsulating
agents.
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1. Introduction

In Brazil, it stands out the consumption of ciriguela (Spondias purpurea L.), a
species belonging to the genus Spondias, which comprises more than 600 species
concentrated mainly in the tropical regions of Africa, Asia and Central America
(AUGUSTO et al., 2012; BARROS et al., 2017). From a phytochemical point of view,
ciriguela is rich in secondary metabolites, mainly phenolic compounds
(MALDONADO-ASTUDILLO et al., 2014), the main of which are gallic acid,
kaempferol, quercetin and isorhamnetin (DUTRA et al., 2017; MACEDO et al., 2019).
Thanks to their important antioxidant effects, phenolic compounds are beneficial to
human health; they can in fact act as potential agents to prevent and treat diseases
related to the oxidative stress and even to control cancer (INSANG et al., 2022), in
addition to having proven antibiotic, antiallergic, anti-inflammatory and photochemical
protection effects (AGUDELO et al., 2017). In addition, they can be used as substitutes
for synthetic antioxidants as well as to produce functional foods, drugs and cosmetics
(SHAVANDI et al., 2018; RENARD, 2018).

The main by-products of fruit processing are peels and seeds, whose extracts
contain a considerable amount of valuable substances with potential application in food,
cosmetic and pharmaceutical industries (SZABO et al., 2018; BEN-OTHMAN;
JOUDU; BHAT, 2020). Compared to other extraction methods, ultrasound assisted
extraction stands out, because it is a simple, green and low cost process that uses
acoustic energy to improve the release and diffusion of target compounds from various
matrices, makes less use of solvents and requires lower temperatures and shorter
extraction time (REZENDE; NOGUEIRA; NARAIN; 2017; CALDAS et al., 2018;
GUANDALINI et al., 2019). There are numerous limitations in the application of these
extracts due to the instability of bioactive compounds under conditions of high
temperature and presence of oxygen, light and enzymes, as well as pH variations
(RIBEIRO; ESTEVINHO; ROCHA, 2019). These bottlenecks can be overcome by
microencapsulation techniques, which are capable of increasing the stability of these
compounds by protecting them from environmental adverse effects thanks to the
incorporation of a protective matrix (LEE; CHANG, 2020; AGUILERA-CHAVEZ et
al., 2022).

Among them, spray-drying, or atomization, is the most popular
microencapsulation method (PUDZIUVELYTE et al., 2019; ZHANG et al., 2020). This
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technique, which consists of transforming a fluid suspension into dry particles, is widely
used to encapsulate heat-sensitive food ingredients, such as bioactive compounds, using
an encapsulating agent that acts as a coating material (ZANONI et al., 2020; INSANG
et al., 2022; AGUILERA-CHAVEZ et al., 2022). Commonly used encapsulating agents
are biopolymers such as maltodextrin with different dextrose equivalents and arabic
gum. Variations in the quantity and type of coating agent result in different
encapsulation efficiencies and in powders with different physical properties and
(SHISHIR & CHEN, 2017).

The need for environmental protection, which has boosted the search for a better
use of raw materials and waste, and the growing global interest in emerging extraction
technologies justify the use of ciriguela waste to produce phenolic compounds-rich
microencapsulated extracts. Given the above, the main objective of the present work
was to study the influence of temperature, feed flow rate and ratio of encapsulating
agents (maltodextrin and gum arabic) on the microencapsulation by spray-drying of
ciriguela waste extracts prepared by ultrasound-assisted extraction. It was also
compared the TPC stability of the spray-dried extract with that of a control powder
prepared by freeze-drying over 90-day storage at different temperatures (7 and 25 °C),
for its possible use as a functional ingredient in food, cosmetic and pharmaceutical

applications.

2. Materials and Methods
Materials

Ciriguela fruits were produced in the state of Paraiba (07° 09' S 36° 49' W).
Ciriguela pulp by-products (peel and seed) were provided, after pulp extraction, by a
frozen fruit pulp factory located in Jodo Pessoa, PB, Brazil. After manual separation, 50

kg of ciriguela by-products yielded approximately 11 kg of ciriguela peel.

Chemicals
All chemicals used in this study were obtained from Sigma-Aldrich (St. Louis,
MI, USA) or Merck (Darmstadt, Germany).

Preparation of ciriguela peel flour (CPF)
Ciriguela peel was subjected to drying at 60 °C for 24 h (CALDAS et al., 2018)
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in an oven with air circulation and renewal (Model MAQ35/5, Marconi, Piracicaba, SP,
Brazil) until reaching moisture below 10%. Then they were ground in a multipurpose
mill (model TE 631/2, Tecnal, Piracicaba, SP, Brazil) and sieved through a 40-mesh
(425 pm) screen. The resulting ciriguela peel flour (CPF) was stored in low-density
140-um thick polyethylene bags, wrapped with laminated paper, and frozen to -20 °C

for later analyses.

Physicochemical and chemical characterization of ciriguela residue in natura and
ciriguela peel flour

Soluble solids were determined with a digital refractometer (model r%i300,
Reichert, Depew, NY, USA) and expressed in °Brix. The pH was analyzed using a pH-
meter (HANNA, model HI 2210). The water activity (a,) was determined with a water
activity meter (Decagon 4TE, Aqualab, Pullman, WA, USA) at 25°C. The moisture
content was determined on an infrared balance (model ID50, Marte Cientifica, Sao
Paulo, SP, Brazil) at 105 °C, and the results were expressed in %. Titrable acidity was
determined titrimetrically, and the results were expressed in g of citric acid/100g CPF
(AOAC, 2016).

Determination of total phenolic compounds in in natura ciriguela residue and
ciriguela peel flour

Ten g of CPF and 10 g ciriguela residue were separately extracted in 40 mL of
solvent [80 % (v/v) ethanol-water acidified with 0.1 % (v/v) hydrochloric acid] by using
a dynamic maceration, brought to room temperature (25°C) and kept under stirring for 1
h. After extraction, suspended solids were removed by filtration through qualitative
filter paper and the extracts obtained were stored at -22°C until further analysis.

The content of total phenolic compounds (TPC) in both in natura ciriguela
residue and CPF was determined on a spectrophotometer (model UV-1650PC,
Shimadzu, Sdo Paulo/Brazil) at 725 nm using Folin-Ciocalteu reagent, according to the
methodology described by Wettasinghe & Shahidi (1999). Briefly, 0.5 mL of each
sample were incubated in a test tube with 8.0 mL of distilled water and 0.5 mL of Folin-
Ciocalteu reagent. After 3 min of reaction, 1.0 mL of sodium carbonate solution was
added, and the mixture was left to react for 60 min in the dark. The TPC content was

calculated using a standard curve prepared from aqueous gallic acid solutions (0.1-1.0
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mg/mL™), and the results were expressed in mg of gallic acid equivalents (GAE) g™ of
CRF.

Ultrasound-assisted extraction

Ten g of CRF with 40 mL of solvent [80 % (v/v) ethanol-water acidified with
0.1 % (v/v) hydrochloric acid] were placed in a 100-mL beaker and subjected to the
action of a ultrasonic probe (model QR1000 Eco-sonic, Ultronique, Sao Paulo, SP,
Brazil), using 1000 W power, 20 kHz frequency and 15 min exposure time (Silva Janior
et al., 2021). The extracts obtained were filtered and kept in the absence of light at -20
°C for later analyses.

Microencapsulation of ciriguela peel flour extracts
Spray-drying

Microencapsulation by atomization was performed in a spray-dryer (model MSD
1.0, Labmaq do Brasil, Ribeirdo Preto, SP, Brazil). The carrier agents used were
maltodextrin 10DE (Ingedion, Mogi-Guacu, SP, Brazil) and gum arabic (Dindmica
Quimica Contemporanea, Indaiatuba, SP, Brazil). Extracts together with the
encapsulating agent formulation were homogenized in Turrax (model TE-102, Tecnal —
Piracicaba, Sdo Paulo/Brazil) using a speed of 14.000 rpm for 5 minutes. The content of
total solids in the suspension (wall material plus extract) was fixed at 30%, and
atomization was performed using 1.2 mm diameter injector nozzle, 30 m*® h air flow
rate and 0.6 bar air pressure.

Runs were carried out according to a 2°-full experimental design composed of 8
factorial points (levels + 1) and 3 central points (level 0), totaling 11 runs (Table 1).

Temperature (T), ratio of encapsulating agents (F) and feed flow rate (V) were
the independent variables, while moisture content, water activity, hygroscopicity,
solubility, TPC content, encapsulation efficiency and chromatic parameters were the

response variables. The data obtained were adjusted to Equation 1:

Y =fo+ piT + foF + f3V + B4TF + psTV + feFV + 7 TFV (1)
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where Y is the response, f is the constant regression coefficient, 1, f» and f; are the

linear coefficients, T, F and V are the independent variables, and S4, fs, s and p; are the

coefficients of the interaction effects TF, TV, FV and TFV, respectively.

Table 1. Matrix of the experimental design used for microencapsulation by spray-drying of ciriguela
residue flour extract, with indication of the coded and real levels of the independent variables. M =
maltodextrin; GA = gum arabic.

Run Temperature (°C)  Ratio of encapsulating  Feed flow rate (mL
agents (%) min™)

1 -1 (130) -1 (0% M/ 100% GA) -1 (0.40)
2 +1(170) -1 (0% M /100% GA) -1 (0.40)
3 -1 (130) +1 (100% M / 0% GA) -1 (0.40)
4 +1 (170) +1 (100% M / 0% GA) -1 (0.40)
5 -1 (130) -1 (0% M / 100% GA) +1 (0.80)
6 +1 (170) -1 (0% M /100% GA) +1 (0.80)
7 -1 (130) +1 (100% M / 0% GA) +1 (0.80)
8 +1 (170) +1 (100% M / 0% GA) +1 (0.80)
9 0 (150) 0 (50% M / 50% GA) 0 (0.60)
10 0 (150) 0 (50% M / 50% GA) 0 (0.60)
11 0 (150) 0 (50% M / 50% GA) 0 (0.60)

Freeze-drying

Microencapsulation by freeze-drying, used as a control, was performed for 48 h

in a lyophilizer (model Alpha 1-4 LD Plus, Martin Christ, Osterode am Harz, Germany)

at -80 °C and 0.28 mbar chamber pressure, using the optimum encapsulating agents

formulation established for microencapsulation by spray-drying.

Analysis of extracts microencapsulated by spray-drying and freeze-drying

Moisture content, water activity and total phenolic compounds content

These characteristics of the microencapsulated extracts were determined by the

same methodologies used for in natura ciriguela residue and CPF.

Hygroscopicity
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The hygroscopicity of microencapsulated extracts was determined according to
the methodology described by Cai and Corke (2000) with some modifications. Briefly,
one g samples of each microencapsulated extract were placed at 25 °C in an airtight
container containing a saturated NaCl solution (75.29% relative humidity) and weighed
after one week. Hygroscopicity was expressed in g of moisture absorbed per 100 g of

sample dry mass (g/1009).

Solubility

The solubility in water of microencapsulated extracts was determined according
to the methodology reported by Cano-Chauca et al. (2005). To this purpose, 1.0 g
samples of each powder were suspended in 100 mL of distilled water, stirred for 5 min
in a magnetic stirrer (model 752, Fisatom, Sdo Paulo, SP, Brazil) and centrifuged at
3000 rpm (1800 x g) for 5 min in a centrifuge (model CT-6000R, Cientec, Belo
Horizonte, MG, Brazil). A 25-mL supernatant aliquot was placed in a pre-weighed
sterilized Petri dish and kept at 105 °C for 5 h in oven. The plate was then weighed on

an analytical balance, and the solubility determined by weight difference.

Chromatic parameters

The chromatic parameters of microencapsulated extracts were evaluated with a
colorimeter (model CR 400, Konica Minolta, Sensing Inc., Osaka, Japan), using the
color standards of the Commission Internationale de L'Eclairage (CIELab) system,
namely, luminosity (L*) ranging from white (100) to black (0), intensity of the green (-
a*) to red (+a*) component of light, and intensity of the blue (-b*) to yellow (+b*)
component.

The variation in color (AE*) compared to the in natura extract was calculated by
Equation (2) (CAl & CORKE, 2000):

AE* = V(L*- Lo)? + (a*- ag*)” + (0*- bo*)? )

where Lo* and L*: are the luminosities of the samples of the free extract and the
reconstituted microencapsulated extract, respectively; ao* and a*: are the red to green
color intensities of the free extract and reconstituted microencapsulated extract samples,
respectively; bp* and b*: are the intensities of the yellow to blue color of the samples of

the free extract and the reconstituted microencapsulated extract, respectively.
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Encapsulation efficiency

The phenolics contents in microencapsules (TMPC) and on microcapsules
surface (SMPC) were determined spectrophotometrically at 725 nm according to Saénz
et al. (2009), after reaction with the Folin-Ciocalteu reagent and using a gallic acid
standard curve (WETTASINGHE & SHAHIDI, 1999). The results were expressed in
mg of gallic acid equivalents per g of microcapsules (mg GAE/g™).

The microencapsulation efficiency (ME) was calculated by Equation (3)
according to Mahdavi et al. (2016):

TMPC — SMPC

ME (%) - TMPC

X 100 ©)

Apparent density

The apparent density of microcapsules (psp) Was determined according to the
procedure described by Barbosa-Canovas and Juliano (2005) and Caparino et al. (2012),
with some modifications. Two g of sample were transferred to a 10-mL graduated test
tube, where the powder was compacted by beating it 50 times on the bench. pqp,

expressed in g/mL, was calculated according to Equation (4):

pap= MV 4)

where m is the sample mass (g) and V the total volume occupied by the powder in the
tube (mL).

Absolute density

The absolute density (pans) Was determined at 25 °C by means of a pycnometer
provided with thermometer according to the methodology proposed by Caparino et al.

(2012) and expressed in g mL™.

Intagranular porosity
The intragranular porosity (&) was calculated according to Caparino et al. (2012)

using Equation (5):
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e=1- ;’—bﬂ (5)

DPPH: scavenging capacity

The 1,1-diphenyl-2-picrylhydrazyl radical (DPPH’) scavenging capacity of
microcapsules was assessed according to the method described by Brand-Williams et al.
(1995) and modified by Sanchez-Moreno et al. (1998). The extract was diluted up to
three different TPC concentrations by its addition to a 0.1 M DPPH' solution in
methanol. The absorbance at 517 nm was monitored with a spectrophotometer (model
UV-1650PC, Shimadzu, S&o Paulo, SP, Brazil) until the reaction reached a plateau. The
results were expressed according to Ramadan et al. (2003). The inhibition percentage
(ICsp), i.e., the sample concentration needed to inhibit the DPPHe* radical formation by
50%, was obtained according to Equation (6):

DPPH% = “PEP45 5 100 (6)

DPFH

where As is the absorbance of the sample suspension and Apppy is the absorbance of the
DPPH solution.
The sample concentration providing 1Cso was calculated by interpolation from

the graph of radical-scavenging activity percentage against sample concentration.

Ferric reducing antioxidant power

The ferric reducing antioxidant power (FRAP) of microcapsules was determined
by monitoring the absorbance at 593 nm (Thaipong et al., 2006), and the results were
expressed as pmol of ferrous equivalent per g of powder (umol Fe®* g™).

Profile of phenolic compounds by HPLC-DAD

One g samples of microencapsulated extracts were added to 10 mL of 6.0 M HCI
in methanol and submitted for 30 min to extraction under ultrasonication at 25 °C and
40 kHz (model USC-1800, Unique, Indaiatuba, SP, Brazil). The extract was then
centrifuged at 3000 x g for 20 min (model SL-701, Solab, Piracicaba, SP, Brazil). A
1.0-mL aliquot of the supernatant was filtered through a politetrafluoroetilene syringe
filter with 0.45-um pore diameter and used to identify and quantify the phenolic
compounds by High Performance Liquid Chromatography (HPLC).

The methodology validated by Padilha et al. (2017), with adaptations by Dutra et
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al. (2018) on gradient and runtime, was used to quantify individual phenolic compounds
using an Agilent 1260 Infinity LC System (Agilent Technologies, Santa Clara, CA,
USA) coupled to a diode arrangement detector (DAD) (model G1315D). Separation of
phenolic compounds was performed in a Zorbax Eclipse Plus RP-C18 column (100 x
4.6 mm, 3.5 um) and a Zorbax C18 precolumn (12.6 x 4.6 mm, 5 um). Data collection
and analyses were carried out using the software OpenLAB CDS ChemStation Edition
(Agilent Technologies). After dilution in solvent A (0.1 M phosphoric acid solution, pH
2.0), samples were filtered through a membrane with 0.45-um pore diameter (Millex
Millipore, Barueri, SP, Brazil) and injected (20 uL). The oven temperature was 35 °C,
the eluent a mixture of solvents A and B (metanol acidified with 0.5% phosphoric acid),
and the eluent flow rate 0.8 mL min™*. The gradient used in the separation was 0-5 min:
5% B, 5-14 min: 23% B, 14-30 min: 50% B, 30-33 min: 80% B. Detection of
compounds was done at 220, 280, 320, 360 and 520 nm, and the identification and
quantification by comparison with external standards. The results were expressed in pg
g™ dry weight.

Simulated gastrointestinal digestion

The gastrointestinal digestion simulation was performed, according to
Rodrigues-Roque et al. (2013) and Dutra et al. (2017), mimicking the physiological
gastrointestinal conditions, i.e., considering two sequential phases in stomach (gastric)
and small intestine including dialysis (intestinal). Microencapsulated extract aliquots
(50 mL) were mixed with 5 mL of simulated salivary solution (2.38 g Na,HPO,, 0.19 g
KH,POy,, 8 g NaCl, and 200 U/L of a-amylase) in amber vials. After homogenization of
the mixture for 10 min in a water bath at 37 + 1 °C and 95 x g, the samples were
acidified to pH 2.0 with 1.0 mL of a porcine pepsin solution (13 mg pepsin in 5 mL of
0.1 M HCI) and later incubated at 37 °C under agitation at 95 x g for 1 h to simulate
gastric digestion. The mixture was then immediately cooled in an ice bath, and a 1.0-mL
aliquot was stored at -18 °C, while the rest of the sample was submitted to intestinal
digestion. Thirty cm long dialysis membrane segments were filled with 25 mL of a 0.5
M NaHCOjs; solution, which was used to titrate the gastric digestate at pH 7.5. Each 20-
mL sample of gastric digestate was placed in a polyethylene tube, and a dialysis
membrane was completely immersed until pH 5.0 was reached. Then, 5.0 mL of
pancreatine (0.12 g) and bile salts solution (40 mg glycodeoxycholate, 25 mg

taurodeoxycholate, 40 mg taurocholate in 1.0 mL of saline) were added to each tube.
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The samples were incubated under agitation of 95 rpm at 37 °C for 2 h to complete the
intestinal phase. Finally, the dialysis membrane was removed and rinsed with distilled
water. The bioaccessible fraction of phenolic compounds transferred within the dialysis
membrane was then analyzed by HPLC to determine the profile of residual phenolic

compound after simulated gastrointestinal digestion.

Average diameter and particle size distribution

The average diameter and particle size distribution were determined on a laser
diffraction analyzer (model S3500, Microtrac, Largo, FL, USA) coupled to a common
bench ultrasound device to increase sample dispersibility. A small amount of sample
was dispersed in isopropyl alcohol as a carrying fluid and subjected to particle size
distribution readings. The average diameter was determined based on the average
diameter of a sphere of the same volume (Brouckere diameter, D[4.3]), which is

generally used to characterize powder particles.

Particle morphology

The morphology of microparticles was examined with a scanning electron
microscope (SEM) (model Vega 3, Tescan, Brno, Czech Republic). The samples were
fixed in metallic specimen holders (stubs) with a conventional electrically conductive
double-sided adhesive tape, metallized with gold in a metallizer (model EM SCD500,
Leica, Wetzlar, Germany) at a coating rate of 15 nm thickness for 80 seconds and a
current of 40 mA, and examined with the above SEM operating at 10 kV. Image
acquisition was performed using the XT microscope software.

Storage stability of microcapsules

Microcapsules were stored according to Nunes et al. (2015) with some
modifications. The samples (1.0 g) were placed in flexible laminated packages (Zip
lock), kept at two different temperatures (7 and 25 £ 1 °C) and stored for 90 days. The
TPC content was determined at 0, 15, 30, 45, 60, 75 and 90 days.

Statistical analysis
Experimental data were analyzed and presented as means plus standard
deviations of triplicate measurements. Analysis of variance (ANOVA), F-test for lack

of fit, determination of regression coefficients and generation of response surfaces were
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done with the aid of Statistic 7.0 software (Statsoft, Tulsa, OK, USA) at 5% error
probability.

3. Results and Discussion

Characterization of the in natura ciriguela residue and ciriguela peel flour

Table 2 lists the results of the physicochemical characterization of in natura
ciriguela residue and ciriguela peel flour (CPF).

The waste drying process resulted in a total solids content in CPF within the
range found by other authors for flours of different fruit residues (ALBUQUERQUE et
al., 2016; REIS et al., 2017). The pH values of both in natura ciriguela residue and CPF
are in the range of acid foods, which suggests inhibition of the growth of most
pathogenic and deteriorating microorganisms. This value is in agreement with that
reported by Albuquerque et al. (2016) (3.17) for ciriguela whole flour. The water
activity (a,) of CPF (0.178 + 0.004) was much lower than that of in natura residue,

which indicates that it can be considered microbiologically safe (LEONG et al., 2011).

Table 2. Physicochemical characterization of the in natura ciriguela residue and the ciriguela peel

flour (CPF).

Parameter In natura residue CPF
Soluble solids (°Brix) 0.90£0.01 4.63 £0.15
pH 3.86 +0.02 3.79+0.15
Water activity (aw) 0.983 £ 0.001 0.178 + 0.004
Titratable acidity (g/100g citric 0.51+£0.04 0.93+£0.01
acid)

Moisture content (%) 69.57 + 2.26 5.83+£0.15
Total phenolic compounds (mg 11.60 £ 0.20 25.97 £0.42
GAE.g?)

*Values are means + standard deviation (n = 3). Different letters in the same column indicate
significant differences among powders (p < 0.05). GAE = gallic acid equivalents.

Experimental design of ciriguela peel extract microencapsulation
Table 3 shows the results of the quality parameters (water activity, moisture
content, hygroscopicity and solubility) of the CPFs prepared by spray-drying according

to the experimental design shown in Table 1.
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1138 Table 3. Analyses of ciriguela peel flours prepared by spray-drying according to the experimental design
1139 shown in Table 1.
Run Water activity Moisture Hygroscopicity Solubility ME (%) TPC (mg
(aw) content (%) (9/100g) (%) GAE g
powder)
1 0.207°+0.004 485 +0.17 1399°+0.28  86.43°+091  99.14* +0.07 385.91°%1.13
2 0.183°+0.003 5.03°+0.04 12.16™+0.22 87.84*+1.76  99.84*+0.02 370.95°%1.42
3 0.225®+0.001 4.23*+0.10 11.20°+0.10 88.93°+0.21  93.47'+0.44 190.45'+0.56
4 0.200°°+0.009 3.16'+0.13 11.73%+0.08 92.20°+0.46  76.83°+0.76 218.48"+1.99
5 0.188%+0.007 558°+021 1524°+#0.13 89.79®° £2.00 98.40™ £0.09 454.66" + 2.60
6  0.235°+0.002 453°°+022 14.92°+0.24 8877 +222 98.35°+0.09 432.69°+1.42
7 0155'+0.002 3.65"+029 14.15°+0.39 89.39%+214  9553°+0.22 219.24"+1.42
8  0.225"+0.001 4.07"*+0.26 12.30°+0.88 88.47°+099  98.23°+0.12 201.82'+0.56
9 0.218™+0.016 4.19°¢+0.26 1257°+0.13 88.02*°+0.23  97.13°+0.04 279.66°+0.98
10  0.210°+0.008 4.46™"+0.37 13.80™+0.52 89.49°+2.00  9554°+0.06 290.27'+1.42
11 0.204"%*+0.010 4.61°"+0.45 12.65+0.65 89.19°+193  97.68+0.02 296.89°+2.15
1140  *Values are means * standard deviation (n = 3). Different letters in the same column indicate
1141  significant differences among powders (p < 0.05). ME = microencapsulation efficiency; TPC =
1142  total phenolic compounds content; GAE = gallic acid equivalents.
1143
1144 The results of analysis of variance (ANOVA) applied to linear models (Equation
1145 1) of each response variable, omitting the non-significant terms, are gathered in Table 4.
1146
1147  Table 4. Results of the analysis of variance (ANOVA) applied to linear models of response variables.
Source
Water Moisture Hygroscopicity  Solubility ME (%) TPC
activity content (9/1009) (%) (mg GAE/g
(%) of powder)
Regression  0.014702°  12.57281 49.46205 57.8693  1219.093  263356.6
Residual 0.002213 1.89926 7.46184 56.9365 30.531 4027.7
Lack of fit ~ 0.000651°  0.17479™ 0.90142™ 1.1931™ 21.391" 3261.4"
Pure Error  0.001562™  1.72447"™ 6.56042" 56.8998™ 9.140™ 506.3™
Total 0.016915 14.47207 56.92389 114.8058 1249.624 267384.3
R-Squared 0.87 0.87 0.87 0.50 0.97 0.98
1148  ns: Not significant (p > 0.05). Significant at (p < 0.05); Df = degrees of freedom; ME =
1149 microencapsulation efficiency; TPC = total phenolic compounds contents; GAE = gallic acid equivalents.
1150
1151 As is known, a,, moisture content and hygroscopicity are important
1152  characteristics for the stability and storage of any powder, while solubility is associated
1153  with its eventual reconstitution. All a, values of spray-drying microencapsulated
1154  extracts (0.155-0.235) (Table 3) were lower than the threshold limit (0.3) below which
1155 powders can be considered stable (DAMODARAN; PARKIN, 2017) and resistant to
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the attack of both spoilage microorganisms and enzymes responsible for lipid oxidation
(JANISZEWSKA-TURAK et al., 2017). a,, values close to those obtained in this study
were reported for different bioactive compounds-rich microencapsulated extracts
(ARCHAINA et al., 2017; KUCK; NORENA, 2016; NGUYEM et al., 2021;
REZENDE et al., 2018; ZHANG et al., 2020).

This response was significantly influenced by inlet air temperature (T),
interaction between temperature and feed flow rate (TV) and interaction between the

ratio of encapsulating agents and feed flow rate (FV), according to Equation (7):

aw=0.205 + 0.008T +0.020TV - 0.009FV )

The higher the temperature, the lower the a,, value of powder extracts, which
indicates its positive effect on this response similar to that observed by Tulek et al.
(2020) for atomized lemongrass extract. The higher temperature, the lower the aw value
of the powdered extracts, which indicates their positive effect on this response, similar
to that observed by Tulek et al. (2020) for atomized extract of lemongrass. When using
a high feed flow rate of (0.80 mL min-1) and combined with 100% gum arabic as an
encapsulating agent, the extracts showed lower aw probably due not only to the
influence of the TxV and FxV binary (p < 0.05) (Figures 1S and 2S of the
Supplementary Material), but also the ability of gum arabic to incorporate water
molecules thanks to the presence of proteins and hydrophilic groups in its composition
(ZHANG et al, 2020). Similarly, Bednarska & Janiszewska-Trak (2020) and
Janiszewska-Tuk et al. (2017) observed that the greater the addition of gum arabic, the
lower the aw values of chokeberry and carrot powder juices, respectively.

Moisture contents in the 1-6% range are sought by industry to ensure stability of
powder products during storage (DAMODARAN; PARKIN, 2017). All moisture
contents obtained in this study, varying from 3.16 to 5.58% (Table 3), fell within this
range and were close to those reported in several studies for different atomized fruit
extracts or by-products, such as cagaita (Eugenia dysentrica DC) (DAZA et al., 2016),
grape (Vitis labrusca var. Bordo) skin (KUCK; NORENA, 2016) and grape pomace
(TSALI; GOULA, 2018), acerola residue (REZENDE et al., 2018), pineapple peel
(LOURENCO et al., 2020), maca leaf (LEE; CHANG, 2020), cranberry juice (ZHANG
et al., 2020), cocoa pod husk (NGUYEN; TRA; LE, 2021), and mulberry (Morus alba
L.) leaf (INSANG et al., 2022).
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Moisture content was significantly influenced by the linear effects of T and F as
well as the ternary interaction between T, F and V (p < 0.05) (Tables 3 and 4), according
to Equation (8):

Moisture content = 4.39 - 0.18T - 0.61F + 0.33TFV (8)

ANOVA showed a coefficient of determination (R?) of 0.87 (Table 4), indicating
that fitting of experimental data to this model was more than satisfactory. In particular,
the decrease in microcapsule moisture content resulting from an increase in air inlet
temperature (Figures 3S and 4S of the Supplementary Material). The temperature had a
negative effect on the moisture of the powders, higher inlet air temperature (170 °C)
produced extracts in powders with lower moisture contents, probably due to different
drying rates between the droplets of the feed solution and the air of drying due to their
different physical properties (LOURENCO et al., 2020). The same negative effect of air
temperature on moisture content has been reported for different phenolic compounds-
rich atomized extracts (DAZA et al., 2016; LOURENCO et al., 2020; SHAMAEI et al.,
2017; TSALI & GOULA, 2018). According to Kaderides et al. (2015), the higher the
temperature difference between drying air and particles, the higher the heat transfer rate
to the particles, thus causing a driving force for moisture removal. The powders
produced with gum arabic as an encapsulating agent exhibited the highest moisture
contents and (Figure 3S of the Supplementary Material), confirming the trend observed
by Pudziulyte et al. (2019) for Elsholtzia ciliata essential oil microcapsules. According
to Tran and Nguyen (2018), gum arabic has higher capacity of absorbing water from
surrounding environments than maltodextrin.

The hygroscopicity of powders, varying from 11.20 to 15.24 g of water
absorbed/100 g of sample (Table 3), was low, which promises to facilitate their
conservation and preserve their color and content of bioactive compounds. This
response variable was significantly influenced by T, F, V and ternary TxFxV interaction
(p < 0.05) (Tables 3 and 4), according to Equation (9):

Hygroscopicity = 13.15 - 0.43T - 0.86F + 0.94V - 0.48TFV (9)

Hygroscopicity values close to those of this study were reported for different
spray-dried extracts (ARCHAINA et al., 2017; DAZA et al., 2016; KUCK; NORENA,
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2016; REZENDE et al., 2018). More hygroscopic powders were produced when higher
feed rates were used. This response was influenced mainly and positively by V and
negatively by F (Figure 5S of the Supplementary Material). Similar results were
obtained by Bednarska & Janiszewska-Trak (2020) for chokeberry juice powder.

Water solubility of atomized extracts, ranging from 86.43 to 92.20% (Table 3),
fell within the solubility range reported for other atomized fruit extracts or by-products
(ARCHAINA et al., 2017; LOURENCO et al., 2020; PUDZIUVELYTE et al., 2019;
REZENDE et al., 2018). It was significantly influenced by F and by the FxV and TxV
binary interactions (p < 0.05), according to Equation (10):

Solubility = 88.96 + 0.77F - 0.82TV - 0.94FV (10)

This model, however, was not predictive due to a too low R? value (0.5) (Table
4), so the effect of each variable on powders solubility were illustrated in the form of
Pareto Graph (Figure 7S of the Supplementary Material). The maltodextrin/gum arabic
ratio in the coating agents formulation had a positive effect on water solubility, in that,
powders produced with maltodextrin were more soluble, although the solubility of all
them was high (Figure 8S of the Supplementary Material). The high solubility of
powders produced in this work can be related to the high solubility of the selected
encapsulating agents (LABUSCHAGNE, 2018) as well as the product granulometry, in
that, the lower the particles size, the greater the surface area available for hydration
(KUCK; NORENA, 2016). As shown in Figure 9S (Supplementary Material), the most
soluble microencapsulated extracts were those produced using the lowest feed flow rate
and maltodextrin as a wall material.

The microencapsulation efficiency (ME) of atomized extracts ranged from 76.83
to 99.84% (Table 3), indicating that the selected formulation of encapsulating agents
was very efficient in protecting phenolic compounds. This response was significantly
influenced by all independent variables and their combinations (p < 0.05) according to
Equation (11):

ME =95.46 - 1.66T - 3.95F + 2.65V - 1.82TF + 2.32TV + 3.21FV + 2.51TFV (11)

The model had statistical and predictive significance with R? of 0.97. When the
value of pure error is low as in this case, i.e., the reproducibility is very good, the lack
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of fit, even though significant (Table 4), is a false result due to the fact that the F-
calculated value is high because of the very low denominator value. This model was
validated through ANOVA before building the response surface charts illustrated in
Figure 1.

The atomized extracts produced with gum arabic showed the highest ME values,
in agreement with the results obtained by Pudziulyte et al. (2019) for microcapsules of
E. ciliata essential oil. It has been reported that ME of microencapsulated extracts
would be related to the combination of encapsulating agents used, which would be
responsible for different filmogenic properties, keeping the active principle protected
(KUCK; NORENA, 2016).
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Figure 1. Response surfaces of the efficiency of ciriguela residue extracts encapsulated by
spray-drying as a function of (a) temperature and ratio of encapsulating agents; (b) feed flow rate
and ratio of encapsulating agents; and (c) feed flow rate and temperature.

The TPC content of atomized extracts, which ranged from 190.45 to 454.66 mg
GAE g'1 (Table 3), was significantly influenced by F, V, TF, TV, and FV (Table 4)
according to Equation (12):

TPC content = 303.72 — 101.77F + 17.82V + 5.94TxF — 6.55TxV — 14.79FxV (12)

The high R? value (0.98) compensates for the significant lack of fit for same

reasons as for ME (Table 4), indicating that the model has statistical and predictive
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significance. The influence of independent variables on this response is illustrated by
the response surfaces in Figure 2.

Since the ratio of coating agents in the encapsulating formulation was the
variable that most influenced this response, followed by the FV interaction, the highest
TPC contents were obtained using gum arabic (Figures 2A and B). Similar result was
reported for spray-drying of grape (V. labrusca var. Bordo) skin extract (KUCK;
NORENA, 2016). This special gum arabic capacity of encapsulating TPC has been
related to its structure, being a highly branched sugar heteropolymer with small protein
content, which allows to protect these compounds mainly during the critical early phase
(KUCK; NORENA, 2016; REZENDE et al., 2018). As a result, all the runs performed
using the mixture of encapsulating agents (9, 10 and 11) also led to TPC contents higher
than those obtained only with maltodextrin, similarly to what was observed by Rezende

et al. (2018) for atomized acerola residue extract.

I 400
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[ 300 = e ]300
[53 250 I 250
I 200 I 200

(A) (B)

Figure 2. Response surfaces of the total phenolic compounds (TPC) content of ciriguela residue extracts
encapsulated by spray-drying as a function of (a) ratio of encapsulating agents and feed flow rate and (b)
ratio of encapsulating agents and temperature.

Selection of the best conditions for ciriguela residue extract spray-drying and freeze-
drying

According ANOVA applied to results from runs performed according to the
above experimental design, the optimal conditions for microencapsulation by spray-
drying of CPF extracts were a temperature of 150 °C, a feed flow rate of 0.80 L h™ and
100% gum arabic as a coating agent. Microencapsulation by freeze-drying, used as a
control, was performed with the same encapsulating agent. Table 5 lists the results of
physicochemical parameters and antioxidant activity of ciriguela residue extracts

microencapsulated by both drying methods.
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ME, TPC content, antioxidant activity by the DPPH method, apparent density
and intragranular porosity showed statistically significant differences (p < 0.05)
between atomized and lyophilized extracts, while antioxidant activity by the FRAP
method did not (p > 0.05) (Table 5). These results suggest the importance of using
different methods for the safe and conclusive determination of antioxidant activity, as
each method has its own specificities and acts better in a specific field (REZENDE et
al., 2018). Higher values of ME, TPC content and antioxidant activity by DPPH were
obtained for the spray-dried extract (p < 0.05). On the other hand, Ramirez et al. (2015),
when studying the stability of freeze-dried and spray-dried fruits, observed greater

retention of polyphenols in the former encapsulates.

Table 5. Physicochemical parameters and antioxidant activity of ciriguela residue extracts
microencapsulated by spray-drying and freeze-drying.

Parameter Spray-drying* Freeze-drying*

TPC content (mg GAE g™) 486.82" + 3.04 532.96* + 0.58
Microencapsulation efficiency (%) 98.83% + 0.07 88.76° +0.42
DPPH (%) 68.21%* + 0.59 48.84° +0.59

FRAP (umol Fe** g% 4.826,48% + 49.65 4.802,01° + 23.41

Moisture content (%) 451%+0.12 4.35% £ 0.20
Solubility (%) 89.02° + 1.37 86.37%+ 2.36
Hygroscopicity (g 100g) 14.83% £ 0.07 14.84° £ 0.30
L* 89.73*+0.39 88.42" + 0.38
a* -0.07* £ 0.03 -0,05* £ 0.03
b* 13.07° £ 0.33 17,11°+0.36
AE * 55.04° + 2.04 53.17% + 1.67
Apparent density (g mL™) 0.25° £ 0.01 0.31°+0.01
Absolute density (g mL™) 1.06* £ 0.01 1.074+0.01
Intragranular porosity (%) 70.44° + 0.86 64.37° + 0.95

*Values are means * standard deviation (n = 3). Different letters in the same column indicate
significant differences among powders (p < 0.05). ME = microencapsulation efficiency; TPC =
total phenolic compounds content; GAE = gallic acid equivalents; DPPH = antioxidant activity
by the DPPH method; FRAP = antioxidant activity by the ferric reducing antioxidant power
method; L* = luminosity; a* = intensity of green/red component of light; b* = intensity of
yellow/blue component of light; AE*= difference in color.

Luminosity (L*) values were close to 90.00 (Table 5), indicating that atomized
and lyophilized extracts had color close to white, similarly to what was observed for
atomized cagaita extract (DAZA et al., 2016). According to Comunian et al. (2011),
these results are due to the dilution effect of the white encapsulating agents. Although
microencapsulation by spray-dring, due to high inlet air temperature, can lead to
darkening reactions responsible for color loss (CALISKAN; DIRIM, 2016), the
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intensity of green/red component of light (a*) and difference in color (AE*) showed no
significant difference between the two extracts, unlike the intensity of yellow/blue
component of light (b*) (p < 0.05). Taking the colorimetric parameters as a whole (L*,
a*, b*), it can be concluded that the CPF extract microcapsules can be considered of
greenish-yellow color like those obtained from mulberry (M. alba L.) leaf (INSANG et
al., 2022).

Physical parameters showed no significant differences between atomized and
lyophilized extracts (p > 0.05), except for apparent density and intragranular porosity
that were 24% higher (0.31 + 0.01 g mL™) and 8.6% lower (64.37 + 0.95%),
respectively, for the lyophilized extract (Table 5). It is noteworthy that these
characteristics play an important role in controlling the degree of rehydration and

reconstitution of powders.

Phenolics profiles in liquid and microencapsulated extracts and during simulated
gastrointestinal digestion

The profile of phenolic compounds was investigated by HPLC-DAD in both the
liquid extract and the microcapsules prepared by spray-drying and freeze-drying using
100% gum arabic as a coating agent (Table 6). Phenolic acids, flavanols and flavonols
were identified as the four major groups, while flavanones, stilbenes and anthocyanins
were detected in lower amounts. Although the contents of identified phenolics varied
statistically between the two powders (p < 0.05), as expected, their qualitative profile
(Table 6) was relatively similar to that observed for frozen ciriguela pulp (DUTRA et
al., 2017) and ciriguela bark (ENGELS et al., 2012; SILVA et al., 2016). This shows that
after microencapsulation of ciriguela residue extract, the microcapsules still had
phenolic compounds with biological activities of interest such as antioxidant,
antimicrobial and anti-inflammatory attributed to the various phenolic compounds
found (DUTRA et al., 2017; KANG et al., 2018).



126

1371  Table 6. Phenolics profile in liquid (control), spray-dried and freeze-dried ciriguela residue extracts.
Phenolic compound Retention Liquid extract Spray-dried Freeze-dried
(Mg g™ time (min) (control) extract extract
Phenolic acids
trans-Caftaric acid 134 14.092+ 0.26 ND ND
Chlorogenic acid 14.6 228312+ 567  40.09" +1.53 17.72°+0.17
Caffeic acid 17.1 18.012 + 3.03 ND ND
p-Coumaric acid 23.3 15.45% + 0.62 ND ND
Flavanols
Procyanidin B1 12.6 596°+0.12 ND 16.742 + 0.22
Procyanidin B2 16.9 15.478 £ 0.37 ND ND
Catechin 14.6 60.95°+0.93  16.59°+ 0.07 93.942 £+ 0.67
Epicatechin 19.3 105.718+2.02  22.40°+0.06 ND
Epigallocatechin gallate 20.2 28.96"+0.48 53.622+0.99 ND
Epicatechin gallate 25.3 228.632+12.78 71.23"+0.41 41.85°+1.02
Procyanidin A2 26.4 80.408+ 4.70 83.708 + 4.28 35.08° + 0.55
Flavonols
Myricetin 23.9 65.852 £ 0.24 21.60° £ 0.52 17.15° + 0.40
Rutin 25.3 342,592+ 4508 82.69"+0.70 54.66° + 0.35
Quercetin 25.7 181.022+6.28 11.75°+0.08 26.77° £ 0.90
Kaempferol 27.0 5.32°+0.02 12.84° +0.26 70.468 £ 1.33
Isorhamnetin 27.9 ND 54,782+ 0.54 ND
Flavanones
Hesperidin 27.1 92.482 £ 5.09 80.34° + 2.07 ND
Stilbenes
trans-Resveratrol 29.2 26.38% + 0.86 ND ND
Anthocyanins
Petunidin 3-glucoside 24.7 7.192+1.45 ND ND
1372 *The results are expressed as mean + standard deviation (n = 3). Values expressed in pug g~ dry matter. Means
1373  followed by the same letters in the same line do not differ by the Tukey’s test at 5% error probability. ND — not
1374  detected.
1375
1376 Rutin (342.59 + 45.08 pg g), epicatequin gallate (228.63 + 12.78 ug g™,
1377  chlorogenic acid (228.31 + 5.67 ug g™) and quercetin (181.02 + 6.28 pg g™) were the
1378  most abundant phenolic compounds in the CPF liquid extract. Chlorogenic acid was the
1379  only phenolic acid found in spray-dried (40.09 + 1.53 pg g™*) and freeze-dried (17.72 +
1380 0.17 pg g*) extracts. Catechin content was significantly higher (p < 0.05) in the
1381  lyophilized extract (93.94 + 0.67 pg g™*) compared to both liquid and atomized extracts
1382  (Table 6). Isorhamnetin was present only in the atomized sample, while epicatequin,
1383  epigallocatechin gallate and hesperidin were only detected in the free and atomized
1384  extracts. Rutin was the major flavonol in both liquid (342.59 + 45.08 pg g*) and
1385  atomized (82.69 + 0.70 pg g™) extracts, while kaempferol was in the lyophilized one
1386  (70.46 £ 1.33 g g'l). Santana Neto et al. (2022) observed similar phenolic acids’ profle
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to that of this study in extract ciriguela residue, and among the flavonoids identified,
rutin had the highest level.

trans-Caftaric acid, caffeic acid, p-coumaric acid, trans-resveratrol and
petunidin 3-glucoside were found only in liquid extract. In this regard, it has been
reported that, when fruits are subjected to processing, including maceration, crushing,
microencapsulation or freezing, oxidation and/or degradation of antioxidant compounds
may occur (BARBOSA et al., 2016; BUNIOWSKA et al., 2017; DUTRA et al., 2017,
TOMAS et al., 2015).

The contents of phenolic compounds recovered after each phase (oral, gastric
and intestinal) of simulated gastrointestinal digestion of microencapsulated extracts are
listed in Table 7. It is noteworthy that the higher this residual content, the greater the
resistance of microcapsules to gastric conditions. The highest values were found after
the gastric phase (p < 0.05), while the minor ones after the latter, i.e., the intestinal one.
Similar result was reported for flour from persimmon (Diospyros kaki) fruit co-product
during in vitro gastrointestinal digestion (GONZALEZ et al., 2018).

While in the post-gastric phase most phenolic compounds were identified, in the
post-intestinal phase there was a significant reduction in the amount of compounds. This
tendency may be related to digestion conditions, mainly due to changes in gastric pH
(pH 2.0) and intestine (pH 7.5) (YUCETEPE; ALTIN; OZCELIK, 2021). The acidic
conditions of the gastric phase probably contributed to the release of the compounds.

During gastric digestion, several phenolic acids, flavanols and flavonols were
detected, highlighting the significant phenolic content available for absorption.
However more research is needed to investigate the dynamics of absorption of phenolic
compounds in the stomach. The transition from gastric to intestinal digestion reduced
the bioaccessibility of most compounds, but did not increase the bioaccessibility of
procyanidin A2 from the atomized extract.

Regarding the microcapsule production method, freeze-drying ensured greater
phenolic compound content than spray-drying, except for epigallocatechin gallate and
quercetin. Most phenolic compounds were completely degraded after the gastric phase,
except for epicatechin gallate and rutin in the freeze-dried extract, while procyanidin A2
was detected only after the intestinal phase in the spray-dried one. Finally, the highest
concentrations of epicatechin gallate and rutin (p < 0.05) were detected after the gastric
phase, similarly to what was observed for persimmon fruit co-product flour
(GONZALEZ et al., 2018).
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Table 7. Phenolic compounds contents (ug g™, mean values + standard deviation, n = 3) obtained during
simulated gastrointestinal digestion of spray-dried and freeze-dried ciriguela residue extracts.

Compound (ugg™)  Sample Phase
Oral Gastric Intestinal
o Spray-dried | ND 36.06°+2.39 | ND
Chlorogenic acid _ -
Freeze-dried | ND 45.29" +£0.32 ND
Spray-dried | ND 11.80° £0.91 ND
Procyanidin B1 i
Freeze-dried | ND 14.67" +0.46 ND
Spray-dried | ND 32.99°+0.95 |ND
Catechin i
Freeze-dried | ND 35.53" +0.02 ND
Epicatechin Spray-dried | ND 11.22°+0.22 | ND
Freeze-dried | ND 95.45" +057 | ND
Epigallocatechin Spray-dried | ND 29.49"+0.26 | ND
gallate Freeze-dried | ND ND ND
_ _ Spray-dried | 33.10° + 0.57 50.69+0.98 | ND
Epicatechin gallate _ .
Freeze-dried | ND 59.98™+8.41 |17.10™+0.27
o Spray-dried | ND ND 37.90 + 1.66
Procyanidin A2 _
Freeze-dried | ND ND ND
Rutin Spray-dried | 23.61"+020 [68.74%+1.97 |ND
Freeze-dried | 28.74"°+0.64 [93.98"+2.00 |21.24°+0,16
Quercetin Spray-dried | ND 66.53" + 3.17 ND
Freeze-dried | ND 10.64° + 0.27 ND

ND: No detection. Different superscript lowercase letters on the same line indicate a statistically significant
difference (p < 0.05) for the same compound obtained by the same microencapsulation method at different stages of
gastrointestinal digestion. Different superscript capital letters in the same column indicate a statistically significant
difference (p < 0.05) based on t-test, for the same compound at the same stage of gastrointestinal digestion obtained
by different microencapsulation methods.

A total of three compounds were detected after the intestinal phase of digestion
and six were not detected. This finding is consistent with several studies that found a
considerable decrease in phenolic compounds after
(GONZALEZ et al., 2018; PEANPARKDEE; BOROMPICHAICHARTKUL;
IWAMOTO, 2021; NIGNPENSE et al., 2022). The loss of these compounds may have

been caused by conditions in the intestinal environment that were unfavorable to its

gastrointestinal  digestion

stability, such as alkaline pH, pancreatin, and bile secretions (PODIO et al., 2019). After
the intestinal phase, the presence or absence of phenolic compounds revealed the
variable chemical behavior of phenolic compounds. For example, quercetin, which is
extracted in relatively large amounts during gastric digestion, is not detected after
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intestinal digestion. A similar result was found in the study by Nignpense et al. (2022).
This is consistent with evidence that quercetin has low solubility in alkaline media such
as water and intestinal juice (GAO et al., 2009).

The chemical characteristics of phenolic compounds, such as solubility,
hydrophobicity, molecular weight or even isomer configuration, are influencing their
stability in the course of digestion (BARBA et al., 2017). The decrease of most phenolic
compounds during in vitro digestion, regardless of the FRC extract microencapsulation
method, may be related to the release of proteins and fibers by enzymatic degradation.
Since both proteins and carbohydrates are able to interact with phenolic compounds and
block their detection through spectrophotometric analysis (ALTIN et al., 2019;
YUCETEPE; ALTIN; OZCELIK, 2021). Changes in the simulated digestive
environment’s pH can convert anthocyanins and transform some phenolics into

different structural formulas with various chemical properties (KIM et al., 2020).

Average diameter and particle size distribution

The particle size of powder extracts has been associated with important
characteristics such as susceptibility to deterioration, fluidity, appearance and
dispersibility (BOTREL et al., 2014). Particle size distribution graphs (Figure 10S of the
Supplementary Material) allowed to calculate for atomized and lyophilized
microcapsules average diameters (16.75 and 25.19 um, respectively) within the values
reported for spray-drying in general (10-100 um) (FANG; BHANDARI, 2010) and for
other microencapsulated natural products or by-products (FIGUEIREDO et al., 2020;
REZENDE et al., 2018; NUNES et al., 2015; PANG et al., 2014). The largest size of
freeze-dried particles compared to the spray-dried ones may have been due to the low
process temperature as well as the lack of strength to break frozen drops or to change
surface during drying (SAIKIA et al., 2015).

Particle morphology

Figure 3 shows the scanning electron micrographs of CPF extracts
microencapsulated by spray-drying (a) and freeze-drying (b). Microcapsules prepared
by freeze-drying had a more deformed and irregular shape, with extensive wrinkles and
more toothed surface than the ones prepared by spray-drying, which had spherical
shape, few deformations and a smooth surface, confirming the observations of other
authors (NUNES et al., 2015; DAZA et al., 2016; TOLUN; ARTIK; ALTINTAS, 2020).
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Figure 3. Scanning electron micrographs of ciriguela peel extract microparticles
prepared by (a) spray-drying and (b) freeze-drying.

According to Ballesteros et al. (2017), the quite different conditions of spray-
drying and freeze-drying result in different morphology, shape and size of
microparticles. Moreover, superficial imperfections, such as wrinkles or cracks, occur
when there is slow film formation during droplet microencapsulation (RE, 1998). Also
the type of encapsulating agent can influence the morphology of microcapsules. In fact,
Bernstein & Norefia (2015) obtained similar particles with toothed surface using gum
arabic, likely due to sudden moisture loss during microencapsulation (TOLUN; ARTIK;
ALTINTAS, 2020). Even the deformations of microcapsules, i.e., irregular spherical
shape, shrinks and wrinkles on their surface, may have been due to the use of arabic

gum as an encapsulating agent (DAZA et al., 2016).

Storage stability of microcapsules

Microcapsules placed in flexible laminated packages were stored for 90 days at
7 £ 1 ° C, aiming at their use as an additive for low temperature stored products, and 25
*+ 1 ° C, representing the room temperature. Figure 4 shows the stability of atomized and
lyophilized microcapsules under these conditions in terms of ability to retain their TPC

content over time.
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Figure 4. Stability analysis of atomized and lyophilized microcapsules of ciriguela residue extract stored
at 7 and 25 °C for 90 days in terms of ability to retain phenolic compounds. Different capital letters
indicate statistically significant differences over time for the same powder. Different lowercase letters
indicate statistically significant differences between powders obtained by the same encapsulation method,
at the same storage time and at different storage temperatures.

The freeze-dried microcapsules of CPF extract did not show any statistically
significant difference in their TPC content (602.77-623.41 mg GAE g™) (p > 0.05) after
90 days compared to the beginning (568.86 + 0.98 mg GAE g™), regardless of the
storage temperature. The spray-dried powder extract started with 476.82 + 2.04 mg
GAE g, and at the end of the stability at 7°C it presented 485.34 + 1.50 mg GAE g*
and at 25°C, 471.70 + 2.47 mg GAE g, so there was no significant difference between
the start and end time.This small increase in TPC after stability is due to recoveries and
formation of polyphenols as a consequence of the hydrolysis of conjugated polyphenols
(NUNES et al., 2015; BAKOWSKA-BARCZK; KOLODZIEJCZYK, 2011).

Conclusions

Spray-drying and freeze-drying proved to be suitable processes to prepare
ciriguela peel extract microcapsules to be used as a source of phenolic compounds for
foods, such as drinks, salty cookies, cookies, bakery products among others, as well as
pharmaceuticals and cosmetics. The optimized conditions of microencapsulation by
atomization were shown to be a temperature of 150 °C, a feed flow rate of 0.80 L h™
and the use of 100 % gum arabic as an encapsulating agent. Spray-dried extract showed
higher TPC (486.82 mg GAE g%). The fenolic compounds found in greater
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concentrations in the liquid extract of ciriguela residue were rutin, epicatechin gallate,
chlorogenic acid and quercetin, while rutin and myricetin were the most abundant in the
atomized extract, and quercetin and kaempferol in the freeze-dried one. After simulated
gastrointestinal digestion of microencapsulated extracts, rutin was the fenolic compound
most abundant in microcapsules. Atomized and lyophilized powders, regardless of the
temperature (7 or 25 °C), maintained their high content of phenolic compounds almost
unvaried for 90 days of storage.
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Microencapsulation by spray-drying and freeze-drying of phenolics obtained from

ciriguela peel by ultrasound-assisted extraction: Chemical, morphological and

chemometric characterization of microcapsules

Supplementary Material
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Figure 1S. Response surface of water activity of ciriguela residue extract encapsulated by spray-drying as
a function of feed flow rate and ratio of encapsulating agents.
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Figure 2S. Response surface of water activity of ciriguela residue extracts encapsulated by spray-drying

as a function of temperature and feed flow rate.
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Pareto Chart of Standardized Effects; Variable: Solubility
2**(3-0) design; MS Residual=2,27746
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Figure 7S. Pareto Chart of the solubility of ciriguela residue extract encapsulated by spray-drying.
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ARTIGO I11. Effect of coating material on microencapsulation by spray-drying
and freeze-drying of phenolic compounds extracted from ciriguela peel residue

Abstract

Extract of ciriguela residue was microencapsulated by spray-drying and freeze-drying
using maltodextrin(M), gum arabic(GA), and mixture (50%M;50%GA) as
encapsulating agents. Total phenolic compounds (TPC), antioxidant activity,
physicochemical properties, profile of phenolic compounds by HPLC-DAD, and storage
stability were evaluated. TPC content of powders ranged 306.93 to 451.25 mg GAE.g™.
Powder spray-dried using GA as encapsulating agent showed higher TPC content and
antioxidant activity. Powders freeze-dried had lower moisture content and water
activity. Spray-dried microcapsules were of spherical shape, freeze-dried products of
irregular structures. Profile of phenolic compounds identified in samples was similar,
rutin and quercetin were the major compounds in liquid and freeze-dried extracts,
myricetin was predominant in spray-dried ones. Storage stability tests carried out for 45
days at 7 or 25 °C revealed no statistically significant difference in TPC content.
Ciriguela agro-industrial residue can be considered a source of TPC and used as

ingredient with good antioxidant activity in the food industry.

Keywords: Antioxidant activity; gum arabic; maltodextrin; powdered extract; Spondias

purpurea L.

INTRODUCTION

Ciriguela (Spondias purpurea L.) is a fruit native to the tropical regions of
Africa, Asia and Central America (AUGUSTO; CRISTIANINI; IBARZ, 2012,
BARROS et al., 2017), the pulp and peel of which are rich in secondary metabolites of
biological interest, including in particular phenolic compounds (MALDONADO-
ASTUDILLO et al., 2014; SILVA et al., 2016). Phenolics can provide many health-
promoting properties such as antioxidant, antimicrobial, anticancer, anti-inflammatory,
and antiallergic actions (ASSADPOUR; JAFARI, 2019).

In fruit processing, peel and seeds are the two main by-products, whose extracts

contain a considerable amount of bioactive compounds (GOOT et al., 2016). It is
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estimated that 40% of the fruit volume is discarded, which generates a large volume of
organic waste (DUZZIONI et al., 2013). In the last decades, economic and
environmental issues have increased concerns about the large amount of waste
generated by the food industry, which could be exploited to produce highly valued
ingredients (BEN-OTHMAN; JOUDU; BHAT, 2020; CALDAS et al., 2018). By-
products of the fruit processing industry, such as seeds, kernels, and bagasse, which
were earlier considered wastes, possess high potential for use as food supplements
(REZENDE; NOGUEIRA; NARAIN, 2018).

In this context, the extraction of bioactive compounds present in the ciriguela
residue could increase the commercial value of the raw material and the profitability of
fruit processing. Several works have evaluated the recovery of phenolic compounds
from fruit skin and seeds by different extraction methods. Ultrasound-assisted extraction
is a green, relatively simple, and cheap process that represents a slight modification of
the conventional stirring method (CALDAS et al., 2018) and uses acoustic energy and
solvents to improve the release and diffusion of target compounds from various
matrices (GUANDALINI; RODRIGUES; MARCZAK, 2019; MOREIRA et al., 2019).

Several limitations have been associated with the use of extracts of bioactive
compounds in products due to their instability under conditions of high temperature and
oxygen during storage as well as the influence of solvent, pH, light, and enzymes
(CAM; ICYER; ERDOGAN, 2014; RIBEIRO; ESTEVINHO; ROCHA, 2020).
Microencapsulation techniques are alternative processes able to overcome these
problems, increasing the stability of these compounds and protecting them from adverse
environmental effects by incorporating a protective matrix (LEE; CHANG, 2020).
According to a survey made to know the most used encapsulation methods for
phytochemicals, spray-drying and freeze-drying appear in about 84% of publications
(LABUSCHAGNE, 2018).

However, there is still no work that has described the microencapsulation of the
bioactive compounds from ciriguela residue. Thus, this study aimed to encapsulate the
extracts of bioactive compounds from agro-industrial peel ciriguela residue by spray-
drying and freeze-drying, and to determine the physicochemical characteristics of the
resulting powders (moisture content, water activity, solubility, hygroscopicity and
color), their antioxidant activity, their stability under typical storage conditions, and the

efficiency of phenolic compounds encapsulation.
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MATERIALS AND METHODS

Microencapsulating materials, standards and reagents

The ciriguela by-products (peels and seeds) were supplied by a frozen fruit pulp
industry, located in Jodo Pessoa, PB, Brazil. The fruits were cultivated in the state of
Paraiba (07° 09' S 36° 49" W), and the pulp extraction was carried out by the same
factory. 50 kg of ciriguela by-products were made available, which, after manual
separation of peels from the seeds, yielded approximately 11 kg of ciriguela peels.

Maltodextrin dextrose equivalent 5 (M 5DE) (MOR-REX® 1905) was
purchased from Ingredion (Mogi-Guacu, SP, Brazil), gum arabic (G9752) and 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH) from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA), nitric acid, Folin Ciocalteu reagent, ethanol, phosphoric acid and
potassium phosphate monobasic from Merck (Darmstadt, Germany), and methanol from
J.T. Baker (Phillipsburg, NJ, USA). Ultrapure water was produced with a purification
system (Marte Cientifica, Sdo Paulo, SP, Brazil). External standards of hesperidin,
procyanindin B,, catechin, procyanidin B, trans-caftaric acid, chlorogenic acid, caffeic
acid, p-Coumaric acid were purchased from Sigma-Aldrich (St. Louis, MO, USA),
while epigalocatechin gallate, epicatechin, epicatechin gallate, procyanidin A,
quercetin 3-glucoside, rutin, myricetin, kaempferol 3-glucoside, and petunidin 3-
glucoside from Extrasynthese (Genay, France). Trans-resveratrol was obtained from
Cayman Chemical Company (Ann Arbor, MI, USA).

Preparation of the ciriguela residue flour

The ciriguela peels were dried at 60 °C for 24 h (CALDAS et al., 2018) in an
oven with air circulation (model MAOQ35/5, Marconi, Piracicaba, SP, Brazil) until a
moisture content < 10%, then ground in a multipurpose mill (model TE 631/2, Tecnal,
Piracicaba, SP, Brazil), and sieved (40 mesh, corresponding to 425 um). The resulting
ciriguela residue flour (CRF) (approximately 3.5 kg) was stored in low-density
polyethylene bags, wrapped with laminated paper, and frozen at -18 °C for further

analysis.

Extraction of polyphenols from flour by ultrasound-assisted extraction
To obtain the extract of phenolic compounds by ultrasound-assisted extraction,
10 g of CRF were mixed with 40 mL of 80% etanol — 20% water (v/v) solution acidified
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with 0.1% HCI (SILVA JUNIOR et al., 2021). The mixture was submitted to the action
of an ultrasonic probe (Ultronique, Eco-Sonics, S&o Paulo, SP, Brazil) with a maximum
power of 1000 W and 20 kHz ultrasonic frequency for 15 min. The obtained liquid

extract was filtered and stored in an amber container at -18 °C.

Microparticles production and characterization
Microencapsulation by spray-drying

The atomization process was performed in a Mini-Spray dryer MSD 1.0
(Labmag do Brasil, Ribeirdo Preto, SP, Brazil). Three experiments were carried out
using M 5DE (treatment 1), gum arabic (treatment 2), or a formulation of 50% M 5DE
and 50% gum arabic (treatment 3), as the encapsulating agent. The CRF extracts
together with the selected formulation of encapsulating agent and distilled water were
homogenized in Turrax (model TE-102, Tecnal) using a speed of 14.000 rpm for 5
minutes and then submitted to spray-drying under the following conditions: 30% total
solids concentration in the feeding solution (300 mL), 0.60 L/h feed flow rate, inlet air
temperature of 140 °C, diameter injector nozzle of 1.2 mm, 30 m*h flow air pressure
and 0.6 bar air pressure.
Microencapsulation by freeze-drying

Microencapsulation was also performed by freeze-drying (model Alpha 1-4 LD
Plus, Martin Christ, Osterode am Harz, Germany) at -80 °C for 48 h using a chamber
pressure of 0.28 mbar. Three experiments were carried out using M 5DE (treatment 4),
gum arabic (treatment 5), or a formulation of 50% M 5DE and 50% gum arabic
(treatment 6) as encapsulating agent.

Determination of bioactive compounds and antioxidant activity
Total phenolics compounds

The total phenolic compounds (TPC) were quantified spectrophotometrically at
725 nm after reaction with the Folin-Ciocaulteu reagent (Sigma Aldrich, St. Louis, MO,
USA) in ethanol as a solvent, according to the methodology described by Wettasinghe
& Shahidi (1999). Briefly, 0.5 mL of each sample, 8.0 mL of distilled water, and 0.5
mL of the Folin-Ciocalteu reagent were added to a test tube. After 3 min, 1.0 mL of a
sodium carbonate solution was added and allowed to react for 60 min in the dark. The

content of TPC was determined by interpolating the absorbance of the samples against a
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standard curve prepared from aqueous solutions of gallic acid (0.1-1 mg/mL), and the
results were expressed in mg of gallic acid equivalent (GAE)/g of microcapsules
(powder) (mg GAE/Q).

Microencapsulation efficiency

To determine the total phenolic content in microencapsules (TMPC), 100 mg of
microencapsules were dispersed in 1.0 mL of a 50:8:42 (v/v/v) ethanol:acetic
acid:distilled water solution. The mixture was vortexed for 1 min, filtered through a
microfilter with 0.45-um pore diameter (Syringe Filters K-18) (SAENZ et al., 2009),
and analyzed after reaction with the Folin-Ciocalteu reagent as described above.

The phenolics content on the microcapsule surface (SMPC) was determined
according to the procedure described by Saénz et al. (2009). 100 mg of microcapsules
were dispersed in 1.0 mL of 1:1 (v/v) ethanol:methanol solution, gently stirred for 5 min
to avoid their rupture, and microfiltered as described above. The phenolics content was
assessed in the filtrate using the Folin-Ciocalteu reagent and a gallic acid standard curve
(WETTASINGHE & SHAHIDI, 1999).

The microencapsulation efficiency (ME) was then calculated by the equation
described by Mahdavi et al. (2016):

TMPC — SMPC

ME (%) = TMPC

X 100 1)

DPPH: scavenging capacity

The DPPH" scavenging capacity assay was assessed according to the method
described by Brand-Williams, Cuvelier, & Berset (1995) and modified by Sanchez-
Moreno, Larrauri, & Saura-Calixto (1998). The extract was diluted up to three different
concentrations (7.84 - 23.54 ug/mLY) of total phenolics by addition to a 0.1 M solution
of 1,1-diphenyl-2-picrylhydrazyl radical (DPPH") in methanol. The absorbance at 517
nm was monitored in a spectrophotometer (model UV-1650PC, Shimadzu, S&o Paulo,
SP, Brazil) until the reaction reached a plateau. The results were expressed according to
Ramadan, Kroh, & Morsel (2003). The inhibition percentage (ICsp), i.e., the sample
concentration needed to inhibit the DPPH" radical formation by 50%, was obtained
according to Eq. (2).

DPPHY% = 22228 5 100 )

DFFH
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where As is the absorbance of the solution when the sample is added at a particular level
and Apppy is the absorbance of the DPPH" solution.

The sample concentration providing 1Cso was calculated by interpolation from
the graph of radical-scavenging activity percentage against sample concentration.

Ferric reducing antioxidant power

The ferric reducing antioxidant power (FRAP) assay was conducted according to
Thaipong et al. (2006) by monitoring the absorbance at 593 nm with the same
spectrophotometer, and the results were expressed as umol of ferrous equivalent per g

of extract (umol Fe?*/g).

Determination of the physicochemical properties of the microencapsulated
powders
Water activity and moisture

The water activity (a,) was determined with a water activity meter (Decagon
4TE, Aqualab, Pullman, WA, USA) at 25°C, while the moisture content on an infrared
balance (model ID50, Marte Cientifica, S&o Paulo, SP, Brazil) at 105 °C for 30 min.

Solubility

The solubility of powders in water was determined according to the
methodology described by Cano-Chauca, Ramos, & Stringheta (2005) after diluting 1.0
g of sample in 100 mL of distilled water, stirring for 5 min in a magnetic stirrer (model
752, Fisatom, Sao Paulo, SP, Brazil) and then centrifuging at 3000 rpm (1800 x g) for 5
min in a centrifuge (model CT-6000R, Cientec, Belo Horizonte, MG, Brazil). An
aliquot of the supernatant (25 mL) was placed in a pre-weighed sterilized Petri dish and
kept at 105 °C for 5 h in the oven with air circulation and renewal described above. At
the end of the process, the plate was weighed on an analytical balance, and the solubility

obtained by weight difference.

Hygroscopicity

Powders hygroscopicity was determined according to the methodology proposed
by Cai & Corke (2000) with some modifications. Plastic capsules with 1.0 g of

microencapsulated extract were placed in an airtight container containing a saturated
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solution of NaCl (75.29% relative humidity) at 25 °C and weighed after one week.
Hygroscopicity was expressed as g of moisture absorbed per 100 g of dry mass of the
sample (g/100g).

Colorimetric parameters

The color of powders was evaluated on the surface of the microencapsulated
extracts in a colorimeter (model CR 400, Konica Minolta, Sensing Inc., Osaka, Japan),
using the color standards of the Commission Internationale de L'Eclairage (CIELab)
system, i.e., luminosity (L*) ranging from white (100) to black (0), intensity of the
green (-a*) to red (+a*) component, and intensity of the blue (-b*) to yellow (+b*)
component. The colorimeter, previously calibrated with a white standard before each
analysis, was operated using as light source a xenon lamp (llluminant C; Y =92.78; x =
0.3139; y = 0.3200), observation angle of 10°, and measurement area of 8 mm x 8 mm
(YILDIZ; RABABAH; FENG, 2016).

The chroma (C), which is the relationship between the values of a* and b*,
where the real color of the analyzed object is obtained, was calculated according to the
Eq. (3):

C="(a**+b*? (3)

The hue-angle is the angle formed between a* and b*, indicating the color
saturation of the product. To calculate it, the following Eq. (4) was used:
h =tan™ (b*/a*) (4)
The variation in color (AE*) in microencapsulated powders obtained by spray-
drying and freeze-drying was calculated by Eq. (5) (Cai & Corke, 2000), considering
the color parameters of the free extract before encapsulation as a reference:

AE* = V(L*- Lo)* + (a*- ag*)” + (b*- bg*)? (5)
where Lo* and L*: are the luminosities of the samples of the free extract and the
reconstituted microencapsulated extract, respectively; ap* and a*: are the red to green
color intensities of the free extract and reconstituted microencapsulated extract samples,
respectively; bp* and b*: are the intensities of the yellow to blue color of the samples of

the free extract and the reconstituted microencapsulated extract, respectively.

Particle morphology
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The morphology of microparticles produced with different encapsulation agents
and by different methods was examined with a scanning electron microscope (SEM)
(model Vega 3, Tescan, Brno, Czech Republic). The samples were fixed in metallic
specimen holders (stubs) with a conventional double-sided adhesive tape, metallized
with gold in a metallizer (model DESK V, Denton Vacuum, Moorestown, NJ, USA) at
a coating rate of 15 nm thickness, for 80 seconds and a current of 40 mA, and examined
with the above SEM operating at 20 kV. Image acquisition was performed using the XT

microscope software.

Profile of phenolic compounds by HPLC-DAD

Samples (1.0 g) of microencapsulated powders were added to 10 mL of
methanol containing 6.0 M HCI and submitted to extraction under ultrasonication at 40
kHz for 30 min at 25 °C (model USC-1800, Unique, Indaiatuba, SP, Brazil). Afterward,
the extract was centrifuged at 3000 x g for 20 min (model SL-701, Solab, Piracicaba,
SP, Brazil), and the supernatant containing the phenolic compounds was collected. An
aliquot of the supernatant (1.0 mL) was filtered through a politetrafluoroetilene syringe
filter with 0.45-um pore diameter and used to identify and quantify the phenolic
compounds by High Performance Liquid Chromatography (HPLC).

For this purpose, the methodology validated by Padilha et al. (2017), with
adaptations by Dutra et al. (2018) on gradient and runtime, was used to quantify
phenolic acids, flavanols, flavonols, flavanones, stilbenes and anthocyanins using the
Agilent 1260 Infinity LC System (Agilent Technologies, Santa Clara, CA, USA)
coupled to a diode arrangement detector (DAD) (model G1315D). Chromatographic
separation of phenolic compounds was performed in a Zorbax Eclipse Plus RP-C18
column (100 x 4.6 mm, 3.5 um) and the Zorbax C18 precolumn (12.6 x 4.6 mm, 5 um).
Data collection and analyses were carried out using the software OpenLAB CDS
ChemStation Edition (Agilent Technologies). Before the injection (20 uL), samples
were diluted in solvent A (0.52% phosphoric acid solution, pH 2.0), and filtered through
a membrane with 0.45-um pore diameter (Millex Millipore, Barueri, SP, Brazil). The
oven temperature was 35 °C, the eluent a mixture of solvents A and B (metanol
acidified with 0.5% phosphoric acid), and the eluent flow rate 0.8 mL/min. The gradient
used in the separation was 0-5 min: 5% B, 5-14 min: 23% B, 14-30 min: 50% B, 30—
33 min: 80% B. Detection of compounds was done at 220, 280, 320, 360 and 520 nm,



2278
2279
2280

2281

2282
2283
2284
2285
2286
2287

2288

2289
2290
2291
2292
2293
2294

2295

2296

2297
2298
2299
2300
2301
2302
2303
2304

2305

2306

154

and the identification and quantification by comparison with external standards. The
results were expressed in pg/g dry weight. Typical chromatogram of residue extract of
ciriguela is available in the Supplementary Material (Fig. S1).

Storage stability tests

The microcapsules produced by spray-dring or freeze-drying were stored
according to Nunes et al. (2015) with some modifications. The samples (1.0 g) were
placed in flexible laminated packages (Zip lock), kept at two different temperatures (7
1°C and 25 + 1 °C) and stored for 45 days. The TPC content was determined at 0, 15,
30, and 45 days.

Statistical analysis

Experimental data were analyzed and presented as mean values and standard
deviations of triplicate measurements. Results were subjected to analysis of variance
(ANOVA), and post hoc comparison of the means was performed by the Tukey’s test at
p < 0.05 using the Statistica (version 12.0, Stat Soft. Inc., Tulsa, OK, USA) software
package. Person’s correlation was performed using the Build 461 (RStudio Inc., Boston,
MA, USA) package.

RESULTS AND DISCUSSION
Bioactive compounds and antioxidant activity

The results of total phenolic compounds (TPC) and the antioxidant activity
determined by both DPPH" and FRAP methods of the microencapsulated extracts of
ciriguela residue are listed in Table 1.

In general, powders obtained by spray-drying using gum arabic (GA) as the
encapsulating agent (treatment 2) showed significantly higher content of TPC and
antioxidant activity by DPPH" (p < 0.05) than the others, while the one obtained by
freeze-drying with 50% maltodextrin 5 Dextrose (M 5DE) and 50% GA (treatment 6)
showed the highest antioxidant activity by FRAP.
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Table 1. Total phenolic compounds (TPC) and antioxidant activity by both DPPH and FRAP methods of
the ciriguela peel extract microencapsulated with maltodextrin 5 Dextrose (M 5DE), gum arabic (GA),
and mixture of M 5DE and GA by spray drying and freeze drying.

Treatment TPC (mg GAE/g  DPPH (%) FRAP (umol
dry powder) Fe?*/g)

Spray-drying (100% M) 313.93+1.42° 40.67 +0.87°  3558.77 + 71.84°
Spray-drying (100% GA) 451.25+0.98° 63.83+0.78°  4563.62 + 87.46°
Spray-drying (50% M/50% GA)  407.88 +2.92° 58.17+0.88°  4583.72 + 54.79°
Freeze-drying (100% M) 306.93+3.97° 38.21+0.82° 323854 + 31.35°
Freeze-drying (100% GA) 397.84 +3.54° 48.84 +0.59° 4832.01 +23.41°
Freeze-drying (50% M/50% GA) ~ 398.78 + 1.99° 43.83+0.48" 6617.20 + 13.62°

*Results are the means of three determinations (n= 3) + standard deviations. Different letters in the same
column indicate significant differences among microencapsulated extracts (p < 0.05).

In particular, the TPC content ranged from 306.93 to 451.25 mg GAE/g dry
powder, with the highest value (451.25 mg GAE/g dry powder) being observed for the
extract microencapsulated by spray-drying with 100% GA followed by that prepared
with 50% M and 50% GA (407.88 + 2.92 mg GAE/g dry powder), while lower values
were detected in those prepared by freeze-drying. To explain this variability, it should
be remembered that polyphenol losses can occur during the drying process as the result
of several factors: whereas in the spray-drying process, phenolics loss is mainly due to
exposure to oxygen and high temperature, in freeze-drying product grinding can lead to
degradation of compounds due to the occurrence of oxidation reactions (KUCK;
NORENA, 2016).

In both drying processes, biopolymers are used as wall materials just to prevent
degradation. Although maltodextrin is the biopolymer most commonly used for
phenolics encapsulation, some researchers observed an enhancement of encapsulation
efficiency when combining it with other biopolymers (RAMIREZ; GIRALDO;
ORREGO, 2015; TOLUN; ARTIK; ALTINTAS, 2016; BUSCH et al., 2017; LEE;
CHANG, 2020). Gum arabic, owing to its low viscosity in aqueous solution, its film
forming and emulsifying capacities (TSAI; KITAMURA; KOKAWA, 2017), and its
peculiar structure, being a highly branched sugar heteropolymer with small protein
content (LABUSCHAGNE, 2018), was shown to overcome typical problems related to
the use of maltodextrin such as scarce activity on the surface of microcapsules and low
emulsifying power (AUGUSTIN; HEMAR, 2009; LABUSCHAGNE, 2018). Taking
into account that the lowest TPC contents in microencapsulated ciriguela peel extracts
were observed using M regardless of the drying method (313.93 and 306.93 mg GAE/g
dry powder for spray-drying (100% M) freeze-drying (100% M), respectively) (p >
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0.05), gum arabic proved to be a more effective wall material than M to preserve these
compounds.

Moreover, the highest TPC content obtained with spray-drying (100% GA) can
be justified by the fact that the sample, despite the high temperature used in this process,
was exposed to it only for a very short time because microencapsulation occurs
instantaneously, thus ensuring the preservation of sensitive compounds (AGUDELO et
al., 2017). A similar result was reported by Kuck & Norefia (2016), who investigated
the microencapsulation by spray-drying and freeze-drying of phenolic compounds from
grape skin (Vitis labrusca var. Bordo). TPC contents as high as 785.50-891.00 mg/g dry
powder were observed for microencapsulated extracts of maca leaf produced by spray-
drying using different formulations of wall materials (LEE; CHANG, 2020), likely due
to the high content of these compounds in the raw material.

The antioxidant activity of the microencapsulated powders determined by the
DPPH assay, which ranged from 38.21 to 63.83%, followed a trend similar to that of
TPC, with the highest value being obtained for the extract spray-dried with 100% GA,
followed by that spray-dried with 50% M and 50% GA. Figueiredo et al. (2020), who
used a similar method to quantify the antioxidant activity of spray-dried extracts of
camu-camu, found the highest antioxidant activity (92.72%) in microparticles produced
with maltodextrin as a coating agent, followed by those produced with oligofructose
(85.32%) and inulin (82.43%). On the other hand, the antioxidant activity determined by
the FRAP assay, which ranged from 3238.54 to 6617.20 pmol Fe?*/g, showed a quite
different trend, with the highest values being detected for the extract freeze-dried with
50% M and 50% GA, followed by that freeze-dried with 100% GA. These results
confirm the importance of using different tests for the safe and conclusive determination
of antioxidant activity, since each method has its own specificities and acts at a
particular site of action (REZENDE et al., 2018).

Microencapsulation efficiency (ME) of phenolic compounds varied from 79.65
to 98.37% (Fig. 1) and showed statistically significant differences among all treatments.
Such high values can be ascribed not only to the selected encapsulating agents (gum
arabic and maltodextrin) but also to their high concentration used (30%). Comparable
values were reported for microencapsulation by spray-drying of maca leaf polyphenol
extract using a mixture of maltodextrin and neutral polysaccharides from roots or arabic
gum (79.23-90.61%) (LEE; CHANG, 2020) as well as of jussara (Euterpe edulis
Martius) fruit extract using inulin (87.66%), arabic gum (87.19%) and maltodextrin
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(79.73%) (BERNARDES et al., 2019). On the other hand, the lower values of ME of
bioactive compounds observed for acerola pulp and residual extracts microencapsulated
by spray-drying and freeze-drying (17.25-69.75%) using gum arabic and maltodextrin
(REZENDE et al., 2018) were probably due to the low concentration of encapsulating
agents used (10%).

Although all treatments allowed to obtain powders with high ME, spray-drying
using 100% M 5DE stood out showing the highest value (98.37% + 0.01). Ballesteros et
al. (2017) also found the highest ME when using 100% maltodextrin as a wall material.
This result is of great importance, since it is desirable that most of polyphenols remain
trapped within the microcapsules, given that the fraction of those that remain on the
surface is more prone to oxidation (ZANONI et al., 2020). On the other hand, freeze-
drying led to the lowest ME values (79.65 and 81.16% for treatments 4 and 6,
respectively) (Figure 1). Such a loss of bioactive compounds during the freeze-drying
process could mainly be due to water sublimation, which is able to cause premature
release of the encapsulated components and hence their degradation (REZENDE et al.,
2018).
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Microencapsulation efficiency (%)
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*Means followed by different letters in the bars differed significantly by the Tukey’s test at 5% probability.

Figure 1. Microencapsulation efficiency of the ciriguela peel extract microencapsulated using different

treatments: (1) spray-drying with 100% M 5DE; (2) spray-drying with 100% GA,; (3) spray-drying with

50% M 5DE and 50% GA; (4) freeze-drying with 100% M 5DE; (5) freeze-drying with 100% GA; (6)
freeze-drying with 50% M 5DE and 50% GA.

3.2. Physical properties of the microencapsulated powders

The water activity (a,) of microencapsulated powders ranged from 0.081
(treatment 4) to 0.297 (treatment 1), with statistically significant differences among

almost all samples (p < 0.05) (Fig. 2A). These low values indicate that the prepared
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powders are microbiologically stable, being all within the recommended limit to ensure
powder stability (< 0.30) (NUNES et al., 2015; ZANONI et al., 2020). Several studies
with powdered polyphenol extracts reported a,, values within the range obtained in this
study (NUNES et al., 2015; CALISKAN; DIRIM, 2016; KUCK; NORENA, 2016;
REZENDE et al., 2018; ZANONI et al; 2020). On the other hand, although Daza et al.
(2016) detected similar values for cagaita extracts spray-dried using arabic gum, freeze-
drying was unsuccessful (0.75). Also, Bernardes et al. (2019) reported a,, values higher
than the recommended limit (0.35-0.57) for the extract of phenolic compounds from
jussara pulp microencapsulated by spray-drying.

The moisture content varied from 3.72 to 6.47% (Fig. 2B), with significantly
higher values (p < 0.05) for spray-dried powders prepared by treatments 1 and 2, while
the freeze-dried extracts did not show any significant differences among them and
treatment 3 (p > 0.05) (Fig. 2B). As in this study, Kuck & Norefia (2016) observed
significantly lower moisture contents in freeze-dried grape skin extracts than in the
spray-dried ones. Similar values were obtained by Rezende et al. (2018) in extracts of
bioactive compounds from acerola residue prepared by spray- and freeze-drying. Daza
et al. (2016) found moisture contents lower than those of the present study in spray-
dried cagaita extracts (2.55 to 5.01%), but higher in freeze-dried one (9.55%). Likewise,
Caliskan & Dirim (2016), studying sumac extract powder, found moisture contents
between 2.94 and 4.30% in spray-dried samples and between 5.60 and 8.49% in freeze-

dried ones.

Water activity
Moisture (%)
- R

Treatmems Treatments
*Means followed by the same letter in the bars do not differ significantly by the Tukey’s test at 5% probability.
Figure 2. (A) Water activity; and (B) moisture content of ciriguela peel extract microencapsulated using
different treatments: (1) spray-drying, with 100% M 5DE; (2) spray-drying, with 100% GA; (3) spray-
drying, with 50% M 5DE and 50% GA; (4) freeze-drying, with 100% M 5DE; (5) freeze-drying, with
100% GA,; (6) freeze-drying, with 50% M 5DE and 50% GA.
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Hygroscopicity is the ability of a material to absorb moisture from the
surrounding environment, and it is an important property to be considered in food
processing due to its influence in food stability (DAZA et al., 2016). The hygroscopicity
values varied from 8.86 to 14.84 g/100g, with a statistically significant influence of the
of encapsulating agent, but not of the microencapsulation method (Fig. 3A). Low
hygroscopicity values of powders like these facilitate their conservation as well as the
preservation of color and bioactive compounds content. Similar results were reported
for spray-dried and freeze-dried extracts of bioactive compounds from acerola residue
(REZENDE et al., 2018), spray-dried anthocyanin extract from Ardisia compressa K.
fruit (ANTONIO-GOMEZ et al., 2021), and spray-dried cagaita fruit extracts (DAZA et
al., 2016).

Water solubility is an important characteristic of powdered products that can
affect their properties, especially in relation to dry extract reconstitution or the
availability of encapsulated compounds in a food system. Although it depends on
various factors, feed composition and particle size are the most impactful (DAZA et al.,
2016; REZENDE et al., 2018).
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*Means followed by the same letter in the bars do not differ significantly by the Tukey’s test at 5% probability.

Figure 3. (A) Hygroscopicity; and (B) solubility of ciriguela peel extract microencapsulated using
different treatments: (1) spray-drying, with 100% M 5DE; (2) spray-drying, with 100% GA, (3) spray-
drying, with 50% M 5DE and 50% GA,; (4) freeze-drying, with 100% M 5DE; (5) freeze-drying, with
100% GA,; and (6) freeze-drying, with 50% M 5DE and 50% GA.

Water solubility of all powders produced in this study was high, ranging from
79.93 to 86.37% (Fig. 3B). Even though there was no statistically significant influence

of the drying method (p > 0.05), the microencapsulated powders obtained by freeze-
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2454  drying as a whole exhibited greater solubility than those obtained by spray-drying.
2455  Particularly, the solubility of those produced with gum arabic (treatments 2 and 5)
2456  showed no significant difference between them, regardless of the method used. The high
2457  solubility of all these powders may be related to the high solubility of GA and M,
2458  which, when used in combination, proved to ensure proper water solubility and
2459  encapsulation efficiency (PAPILLO et al., 2018). Bernardes et al. (2019) reported even
2460  higher solubility (> 99.00%) for the extract of phenolic compounds from jussara pulp
2461  microencapsulated by spray-drying.
2462
2463  3.3. Colorimetric analysis
2464 Color parameters, namely luminosity (L*), intensities of the green to red (a*)
2465  and blue to yellow (b*) components, chroma (C), hue-angle (h) and variation in color
2466  (AE*), were used to verify the color difference between initial and final samples (Table
2467  2). The higher L* values of powders obtained with maltodextrin (92.27 and 92.45 for
2468  treatments 1 and 4, respectively) indicate that they were darker than those obtained with
2469  gum arabic (89.73 and 88.42 for treatments 2 and 5, respectively), likely due to the
2470  formation of differently-colored by-products during the drying process. Kuck & Norefia
2471  (2016), analyzing grape skin phenolic extracts microencapsulated with different wall
2472  materials, observed that the type of wall material did not influence luminosity of freeze-
2473  dried samples, while polydextrose decreased that of samples prepared by spray-drying.
2474
2475  Table 2. Color parameters, namely luminosity (L*), intensities of the green to red (a*) and blue to yellow
2476  (b*) components, chroma (C) and hue-angle (h), of ciriguela peel extract microencapsulated with
2477  maltodextrin 5 Dextrose (M 5DE), gum arabic (GA) and mixture of 50% M 5DE and 50% GA by spray-
2478  drying and freeze-drying.
Treatment L* a* b* AE* C h
1 9227+0.26°  -1.21+0.05% 11.78+0.34° 53.33+£0.83* 11.83+0.34° 84.13 + 0.06°
2 89.73+0.40°  -0.07+0.03"° 13.07+0.33° 5504+166*° 13.07+0.33" 89.69+0.142
3 919140718  -0.64+0.04° 1253+0.95% 5213+1.09*° 1254+0095" 87.05%0.34°
4 92.45+050°  -0.94+004° 1580+0.18° 51.96+047* 1583+0.18° 86.57+0.17°
5 88.42+0.38°  -0.05+0.04° 17.11+£0.37° 53.17+136* 17.11+0.37° 89.80+0.13
6 88.60+0.12°  -0.55+0.01° 19.63+0.13*  47.85+054° 19.63+0.13* 88.39 +0.04°
2479 *Results are the means of three determinations (n = 3) + standard deviations. Different letters in the same column indicate
2480 significant differences among extracts (p < 0.05). Treatment 1: spray-drying with 100% M 5DE; Treatment 2: spray-drying with
2481 100% GA; Treatment 3: spray-drying with 50% M 5DE and 50% GA, Treatment 4: freeze-drying with 100% M 5DE; Treatment 5:
2482 freeze-drying with 100% GA,; Treatment 6: freeze-drying with 50% M 5DE and 50% GA.
2483
2484 The results obtained for a* and b* (Table 2) show that all intensities were
2485 located in the fourth quadrant (-a*, +b*), indicating a tendency to green and yellow
2486  components of light. Similar results were reported for spray-dried cagaita fruit extracts
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using GA (DAZA et al., 2016). The variation in color (AE*) did not show any
significant difference (p > 0.05) among most microencapsulated powders (51.96-53.33),
except for that produced by freeze-drying with 50% M and 50% GA (treatment 6) that
displayed a significantly lower value (47.85 + 0.54).

C, which indicates the color intensity of foods or products, is directly linked to
the concentration of the coloring element (BERNARDES et al., 2019). The higher the
value of C, the higher the man-perceived saturation of colors. Neutral colors have low
saturation, while pure colors have high saturation and, therefore, are brighter in human
perception (PATHARE; OPARA; AL-SAID, 2013). There was no statistically
significant difference among C values of spray-dried samples (treatments 1, 2 and 3),
which, taken as a whole, were significantly lower than those of freeze-dried ones
(treatments 4, 5, and 6). This means that latter had the desirable feature of higher
saturation or color purity. A similar result was obtained by Rezende et al. (2018) for
powdered extracts of acerola residue.

The hue-angle is a qualitative attribute of colors traditionally defined as reddish,
greenish, etc. The angles 0° (red), 90° (yellow), 180° (green), and 270° (blue) are
graphically considered (MCGUIRE, 1992; PATHARE et al., 2013). In the present
study, h ranged from 84.13 to 89.80 (Table 2); therefore, all spray-dried and freeze-
dried samples can be considered to be yellow almost regardless of the type of wall
material and drying method. Rezende et al. (2018) reported h values between 57.78 and
78.60 for powdered extracts of acerola residue, indicating a tendency to red and yellow

hues.

3.4. Correlation analysis

Figure 4 illustrates the results of Pearson’s correlation coefficients among the
phenolic compounds content, antioxidant activity, and physical properties of
microencapsulated ciriguela residue extracts. The correlation analysis revealed that both
the DPPH and FRAP scavenging capacities had significant positive correlations with
TPC (R = 0.88 and 0.63, respectively, p < 0.05), which means that the higher the TPC
content of a microencapsulated product, the higher its antioxidant activity. These results
are consistent with the positive correlations between antioxidant activity and TPC
reported by other researchers for different microencapsulated extracts (AN et al., 2022;
DENG et al., 2019; JIANG et al., 2017; REZENDE et al., 2018). Significant positive
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correlations were also pointed out between a* and TPC (R = 0.85, p < 0.05), between h
and a* (R = 0.97, p < 0.05), between C and b* (R =1.00, p < 0.05) and, as expected by
their strong inter-dependency, between moisture and water activity (R = 0.785, p <
0.05).
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Figure 4. Pearson’s correlations among the main characteristics of ciriguela peel extracts
microencapsulated using different protocols.

3.5. Particle morphology

Figure 5 shows the scanning electron micrographs of ciriguela peel extracts
microencapsulated by both spray-drying (panels A, B, and C) and freeze-drying (panels
D, E, and F). Since the two selected coatings, maltodextrin and gum arabic, possess
similar morphologies, all the microparticles were irregular and spherical with different
sizes. Nonetheless, some differences can be recognized.

The spray-dried microparticles (Fig. 5 A, B, and C) exhibited spherical shape
and had different size, few deformations and a smooth surface. These observations are
consistent with those reported for a lot of different extracts microencapsulated by this
technique (BERNSTEIN; NORENA, 2015; DAZA et al., 2016; TOLUN; ARTIK;
ALTINTAS, 2020; ZANONI et al., 2020). On the other hand, the microparticles
prepared by freeze-drying (Fig. 5 D, E, and F) had a more deformed and irregular shape,
with extensive wrinkles and a porous and more serrated surface than those
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microencapsulated by spray-drying. A similar morphology was observed by Yadav,
Bajaj, Mandal, & Mann (2020) for freeze-dried grape seed extract using blends of whey
protein concentrate, maltodextrin and gum arabic as wall materials. These authors
suggested that ice supported the frozen structure during freeze-drying, and once ice was

removed by sublimation, microcapsules retained the porous structure.

Figura 5. Scanning electron microscopy images of ciriguela peel extract microparticles prepared
using different treatments: (A) spray-drying, with 100% M 5DE; (B) spray-drying, with 100% GA,
(C) spray-drying, with 50% M 5DE and 50% GA; (D) freeze-drying, with 100% M 5DE; (E) freeze-
drying, with 100% GA; (F) freeze-drying, with 50% M 5DE and 50% GA.

Differences in morphology, shape and size of microparticles produced by the
freeze-drying and spray-drying processes should be expected due to the quite different
drying conditions (BALLESTEROS et al., 2017). The use of gum arabic interfered with
the morphology of microcapsules, causing deformations (irregularly spherical shape,
shrinkage and dents on the surface) similar to those observed by Daza et al. (2016) and
Tolun et al. (2020) using the same encapsulating agent. Such morphological changes are
expected to alter the power of encapsulation due to variation in the surface area of the
coatings, which can affect the degradation of the encapsulated compounds
(BALLESTEROS et al., 2017).
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3.6. Phenolics profile by HPLC

An overall comparison of microparticles features revealed that those produced
using 50% maltodextrin 5DE and 50% gum arabic by both spray-drying (treatment 3)
and freeze-drying (treatment 6) showed the best physicochemical characteristics, good
retention of phenolic compounds and high antioxidant activity. Therefore, the phenolics
profile by HPLC and stability analysis were performed only on these two powders.

Thirty-one phenolic compounds were investigated in the liquid extract of
ciriguela peel by-product as well as in the microcapsules prepared by spray-drying and
freeze-drying it (Table 3). Four major groups were identified and quantified by HPLC,
namely phenolic acids, flavanols, flavonols and flavanones, plus minor amounts of
anthocyanins and stilbenes, whose amounts, however, strongly depended on the sample
preparation protocol.

As expected, such profiles are relatively close to those reported for frozen
ciriguela pulp (DUTRA et al., 2017) and ciriguela peels (ENGELS et al., 2012; SILVA
et al., 2016). Chlorogenic acid was the main phenolic acid found in the liquid extract
(228.31 = 5.67 pg/g of dry matter) and the only one detected in both spray-dried (26.28
+ 0.39 ug/g of dry matter) and freeze-dried (24.10 + 1.14 pg/g of dry matter) extracts.
Whereas epicatechin and epicatechin gallate were the main flavanols detected in the
control, epigallocatechin gallate and epicatechin gallate were the most abundant in the
spray-dried extract and procyanidin B1, catechin and epigallocatechin gallate in the
freeze-dried one (Table 3). Rutin and quercetin were the major flavonols in the liquid
and freeze-dried extracts, while myricetin and rutin were predominant in the spray-dried
one, followed by kaempferol and quercetin.

As is known, all phenolic compounds are important nutrients and flavor
components, whose presence is desirable especially in food products.
Microencapsulation by spray drying significantly increased the amounts of the flavanols
procyanidin B1 and epigallocatechin gallate and of the flavonols myricetin and
kaempferol compared to the liquid extract, but both drying methods significantly
reduced those of the flavonols rutin and quercetin (p < 0.05). On the other hand, trans-
resveratrol and petunidin 3-glucoside, belonging to stilbene and anthocyanin classes,

respectively, were only found in the liquid extract.
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2611 Table 3. Phenolics profiles of the liquid ciriguela peel extract (control) and of microcapsules prepared by
2612  spray-drying and freeze-drying it using 50% M 5DE and 50% GA as a wall material.
Phenolic compound Retention Liquid extract Spray-dried Freeze-dried
(ug/g of dry matter) time (min) (control) microcapsules  microcapsules
Phenolic acids
Trans-caftaric acid 134 14.09 £ 0.262 ND ND
Chlorogenic acid 14.6 228.31+5.67%0  26.28+0.39° 2410+ 1.14°
Caffeic acid 17.1 18.01 + 3.03? ND ND
p-Coumaric acid 23.3 15.45 + 0.622 ND ND
Flavanols
Procyanidin B1 12.6 5.96 +0.12° 12.91+0.12° 95.02 £ 0.328
Procyanidin B2 16.9 15.47 + 0.378 ND ND
Catechin 14.6 60.95 + 0.93" 11.08 + 0.06° 97.08 £ 2.16%
Epicatechin 19.3 105.71 £ 2.028 18.25 + 2.67° 30.06 + 13.52°
Epigallocatechin gallate 20.2 28.96 + 0.48" 70.17 £0.26*  82.25+13.412
Epicatechin gallate 25.3 228.63 +12.78°  40.19+0.36" 51.64 + 0.07°
Procyanidin A2 26.4 80.40 £ 4.702 36.98+0.17° 40.04 + 1.94°
Flavonols
Myricetin 23.9 65.85 + 0.24° 97.41 £ 1.962 18.53 +0.33°
Rutin 25.3 34259 +45.08¢  71.11+1.14° 72.92+0.73"
Quercetin 25.7 181.02 £ 6.282 56.37 + 0.67° 43.24 + 0.26°
Kaempferol 27.0 5.32 +0.02° 57.14 £ 7.092 ND
Flavanones
Hesperidin 27.1 92.48 #5092  7476+5.10° ND
Stilbenes
Trans-resveratrol 29.2 26.38 = 0.86% ND ND
Anthocyanins
Petunidin 3-glucoside 24.7 7.19 +1.45° ND ND
2613 *Results are the means of three determinations (n = 3) + standard deviation. Different letters in the same column
2614 indicate significant differences among samples (p < 0.05). ND — not detected.
2615
2616 It has been reported in previous studies that oxidation and/or degradation of
2617  antioxidant compounds can occur when fruits are subjected to processing, including
2618  maceration, trituration, microencapsulation or freezing (TOMAS et al.,, 2015;
2619 BARBOSA et al., 2016; BUNIOWSKA et al., 2017; DUTRA et al., 2017), which can
2620  justify the reductions observed for some less stable phenolic compounds after both
2621  spray-drying and freeze-drying.
2622  3.7. Storage stability
2623 One-gram microcapsules prepared by spray-drying and freeze-drying with 50%
2624 M and 50% GA were packed in metallized plastic bags, vacuum-sealed, and stored for
2625 45 days at two temperatures, namely 7 + 1 °C, aiming to use the powder as an additive
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in products stored under refrigeration, and room temperature (25 £ 1 °C). The 45-days
stability profiles of microcapsules produced by spray-drying and freeze-drying are
illustrated in Figure 6 in terms of retention of TPC.
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*Different capital letters represent statistically significant differences (p < 0.05) among different days at the same storage
temperature. Different lowercase letters represent statistically significant differences (p < 0.05) after the same storage time at
different temperatures.

Figure 6. 45-Days storage stability at 7 and 25 °C of total phenolic compounds entrapped in spray-
dried and freeze-dried microcapsules of ciriguela peel extract using 50% maltodextrin 5 DE and
50% gum arabic.

The spray-dried and freeze-dried microcapsules of ciriguela peel extract did not
show any statistically significant difference in their TPC contents (p > 0.05) after 45
days compared to the beginning (time 0), regardless of the storage temperature. The
highest TPC content after 45 days of storage was observed in microcapsules prepared
by spray-drying (437.61 and 441.4 mg GAE/g at 7 °C and 25 °C, respectively). Under
refrigeration at 7 °C, the TPC content of spray-dried microcapsules has even increased
slightly compared to the initial value, probably due to the formation of polyphenols
following the hydrolysis of polyphenol conjugates (BAKOWSKA-BARCZK;
KOLODZIEJCZYK, 2011; NUNES et al., 2015).

CONCLUSIONS
In this study, extracts of the phenolic compounds-rich ciriguela agroindustrial
residue were dried by spray-drying and freeze-drying using gum arabic and

maltodextrin as encapsulating agents. The content of total phenolic compounds (TPC)
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showed significant and positive correlations with antioxidant activity determined by
both DPPH and FRAP assays. The microencapsulation efficiency was greater than 80%
for TPC, and the antioxidant activity was high in all powders. In general, spray- and
freeze-dried powders had good physicochemical characteristics, i.e., water activity,
moisture, hygroscopicity, solubility, and color parameters. Compared to freeze-drying,
the spray-drying treatment led to better morphological characteristics of microcapsules,
which showed spherical shape and lower incidence of roughness and fissures.
Chlorogenic acid, epicatechin gallate and quercetin were the major phenolic compounds
in the liquid extract, while epigallocatechin gallate and myricetin those in the spray-
dried extract, and procyanidin B1, catechin and epigallocatechin gallate those in the
freeze-dried one. Rutin was one of the most abundant phenolic compounds both in the
liquid and in the microencapsulated extracts. The stability of microcapsules rich in
phenolic compounds showed no significant difference after 45 days compared to the
initial value, regardless of storage temperature and encapsulation method. These
characteristics make the microencapsulated powders here developed a promising source

of functional ingredientes for nutraceutical foods.
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Effect of coating material on microencapsulation by spray-drying and freeze-

drying of phenolic compounds extracted from ciriguela peel residue

Supplementary Material

Fig S1. HPLC-DAD chromatogram of ciriguela residue extract.
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5. CONSIDERACOES FINAIS

Diante dos resultados obtidos nos artigos apresentados conclui-se que:

- Casca de Ciriguela (Spondias purpurea L.) é considerada uma fonte
sustentavel de antioxidantes naturais e compostos fendlicos. A condi¢do 6tima da
extracdo assistida por ultrassom dos compostos fendlicos do extrato de residuo da
farinha de ciriguela foi obtida utilizando amplitude ultrassénica (UA) de 100% e tempo
(t) de 15 min. O processo de extracao afetou o teor de compostos bioativos e a atividade
antioxidante.

- As condicGes otimizadas de microencapsulagdo por atomizacdo do
extrato de residuo de ciriguela foram: temperatura de 150 °C, vazdo de alimentacdo de
0,80 L/h™ e 100 % de goma arabica como agente encapsulante.

- O extrato atomizado apresentou maior TPC (476,82 mg GAE g-1) do que
o extrato liofilizado (382,86 mg GAE g-1). Os compostos fendlicos encontrados em
maiores concentracdes no extrato liquido do residuo de ciriguela foram rutina, galato de
epicatequina, acido clorogénico e quercetina, enquanto rutina e miricetina foram os
mais abundantes no extrato atomizado, e quercetina e kaempferol no liofilizado.

- Apos digestdo gastrointestinal simulada de extratos microencapsulados, a
rutina foi o composto fendlico mais abundante nas microcapsulas.

- Pds atomizados e liofilizados, independente da temperatura (7 ou 25 °C),
mantiveram seu alto teor de compostos fendlicos apos 90 dias de armazenamento. O
contetdo de compostos fendlicos totais (TPC) apresentou correlagdes significativas e
positivas com a atividade antioxidante determinada pelos ensaios DPPH e FRAP.

- As microcapsulas liofilizadas tinham formato mais deformado e
irregular, com rugas extensas e superficie mais dentada do que atomizadas, que tinham
formato esférico, poucas deformacdes e superficie lisa.

- Essas informagdes tornam os pds microencapsulados aqui desenvolvidos

uma fonte promissora de ingredientes funcionais para alimentos nutracéuticos.
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