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RESUMO
A propolis ¢ uma resina natural constituida de diversos compostos e elevada concentragdo em
polifenodis com propriedades benéficas a satide, como a atividade antioxidante e antimicrobiana.
No entanto, sua aplicagao em produtos alimenticios ¢ limitada devido a sua baixa solubilidade
em agua e baixa biodisponibilidade. Nesse sentido, a estabilizagdo de compostos bioativos da
propolis pela técnica de nanoprecipitagdo antissolvente usando amidos como material de parede
surge como alternativa para preservar as propriedades bioativas, aumentar a hidrossolubilidade,
e minimizar os efeitos sensoriais negativos. Assim, este trabalho teve como objetivo produzir
nanoparticulas de amido com cristalinidade do tipo A (amido de mandioca) e do tipo B (amido
de batata) para estabilizar os compostos bioativos da prépolis, utilizando a técnica de
nanoprecipitacdo antissolvente, bem como caracterizar as propriedades fisico-quimicas das
nanoparticulas e aplica-las em alimentos usando balas de gelatina como modelo. Para alcancar
0 objetivo, a pesquisa foi realizada em etapas conforme apresentado a seguir. Capitulo trés:
as nanoparticulas de amido de batata e de mandioca foram produzidas a partir de diferentes
concentragcdes de etanol/dgua; capitulo quatro: extratos de propolis (EP) marrom foram
produzidos em diferentes concentragdes de etanol/dgua homogeneizado em banho ultrassénico,
e caracterizados quanto ao contetido de fenodlicos totais e atividade antioxidante (ABTS,
DPPH). Adicionalmente, estudou-se a estabilizagdo dos compostos bioativos da propolis em
nanoparticulas de amido, o efeito da concentracdo da fase organica nas propriedades fisico-
quimicas das nanoparticulas de amido/propolis produzidas por nanoprecipitacdo antissolvente.
O EP marrom na concentracdo de etanol/agua (96:04, v/v) foi o que apresentou maior
concentracdo de compostos fendlicos (27,63+1,17). As nanoparticulas foram caracterizadas
quanto a morfologia, propriedades térmicas, fisico-quimica e funcionais. Os resultados
mostraram que as nanoparticulas obtidas apresentaram distribui¢do bimodal com tamanho de
particula inferior a 600 nm. Além disso, as nanoparticulas apresentaram estrutura amorfa e alta
solubilidade em 4gua a 30 °C (S>69%) e a 90 °C (S>80%). A concentrac¢do de etanol utilizada
na soluc¢ao hidroetanodlica acidificada afetou a eficiéncia de recuperagdo e as propriedades
fisico-quimicas das nanoparticulas de amido, como tamanho de particula e carga superficial. A
espectroscopia no infravermelho com transformada de Fourier (FTIR) e a difracdo de Raios-X
(DRX) confirmaram a estabilizacao do extrato de propolis, com eficiéncia de estabilizagcdo de
>54, 91%. Neste capitulo, embora os compostos bioativos da propolis tenham sido estabilizados
nos amidos, mas esses nanomateriais ndo apresentaram atividade antimicrobiana. Capitulo
cinco: EP verde na concentragdo de etanol/agua (96:04, v/v), a qual apresentou os melhores

resultados no capitulo 4, foi utilizada para o estudo da atividade antimicrobiana e estudo de



digestibilidade in vitro. O EP apresentou atividade antimicrobiana frente a bactéria Gram-
positiva Litéria monocytogenes com concentragdo minima inibitoéria (CMI) de 0,5 mg/mL e
concentracdo minima bactericida (CMB) de 1,0 mg/mL. Ja as nanoparticulas apresentaram
concentracdo minima inibitéria de variando de 500 mg/mL a 750 mg/mL. Além disso, as
nanoparticulas apresentaram liberagdo dos compostos bioativos durante a digestao in vitro, com
valores para os compostos fenolicos entre 25,48 e 27,71 mg de EAG/g de nanoparticulas.
Capitulo seis: foi realizado a aplicagdo das nanoparticulas de amido carregadas com EP verde
na producdo de balas a base de gelatina. Nesta etapa, as balas foram analisadas quanto suas
propriedades fisico-quimicas, perfil de textura e estabilidade dos compostos bioativos durante
60 dias de armazenamento. As balas apresentaram estabilidade na cor, nos compostos fendlicos
totais, € no perfil de textura durante o armazenamento. A partir dos resultados obtido pode-se
concluir que os amidos utilizados como material de parede foram eficazes para estabilizar os
compostos bioativos do EP. Essas nanoparticulas possuem atividades antimicrobiana e
antioxidantes e podem ser utilizadas para fortificacdo de alimentos, tendo como modelo balas

de gelatina.
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ABSTRACT
Propolis is a natural resin made up of several compounds and a high concentration of
polyphenols with beneficial health properties, such as antioxidant and antimicrobial activity.
However, its application in food products is limited due to its low water solubility and low
bioavailability. In this sense, the stabilization of propolis bioactive compounds by the
antisolvent nanoprecipitation technique using starches as a wall material appears as an
alternative to preserve the bioactive properties, increase water solubility, and minimize negative
sensory effects. Thus, this work aimed to produce starch nanoparticles with crystallinity type A
(cassava starch) and type B (potato starch) to stabilize the bioactive compounds of propolis,
using the technique of antisolvent nanoprecipitation, as well as to characterize the properties
physical-chemical nanoparticles and apply them to food using gelatin candies as a model. To
achieve the objective, the research was carried out in stages as shown below. Chapter three:
potato and cassava starch nanoparticles were produced from different concentrations of
ethanol/water; chapter four: extracts of brown propolis (EP) were produced in different
concentrations of ethanol/water homogenized in an ultrasonic bath and characterized in terms
of total phenolic content and antioxidant activity (ABTS, DPPH). Additionally, the stabilization
of propolis bioactive compounds in starch nanoparticles, the effect of the concentration of the
organic phase on the physicochemical properties of starch/propolis nanoparticles produced by
antisolvent nanoprecipitation were studied. The brown EP in the ethanol/water concentration
(96:04, v/v) showed the highest concentration of phenolic compounds (27.63+£1.17). The
nanoparticles were characterized in terms of morphology, thermal, physical-chemical and
functional properties. The results showed that the obtained nanoparticles presented a bimodal
distribution with a particle size smaller than 600 nm. In addition, the nanoparticles showed an
amorphous structure and high solubility in water at 30 °C (S>69%) and 90 °C (S>80%). The
ethanol concentration used in the acidified hydroethanolic solution affected the recovery
efficiency and the physicochemical properties of the starch nanoparticles, such as particle size
and surface charge. Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction
(XRD) confirmed the stabilization of the propolis extract, with a stabilization efficiency of
>54.91%. In this chapter, although the bioactive compounds of propolis were stabilized in
starches, but these nanomaterials did not show antimicrobial activity. Chapter five: Green PE
at ethanol/water concentration (96:04, v/v), which showed the best results in chapter 4, was
used for the study of antimicrobial activity and in vitro digestibility study. EP showed
antimicrobial activity against the Gram-positive bacterium Literia monocytogenes with a

minimum inhibitory concentration (MIC) of 0.5 mg/mL and a minimum bactericidal



concentration (MBC) of 1.0 mg/mL. The nanoparticles, on the other hand, presented a
minimum inhibitory concentration ranging from 500 mg/mL to 750 mg/mL. In addition, the
nanoparticles released bioactive compounds during in vitro digestion, with values for phenolic
compounds between 25.48 and 27.71 mg of EAG/g of nanoparticles. Chapter six: the
application of starch nanoparticles loaded with green EP in the production of gelatin-based
candies was carried out. At this stage, the candies were analyzed for their physicochemical
properties, texture profile and stability of bioactive compounds during 60 days of storage. The
candies showed stability in color, total phenolic compounds, and texture profile during storage.
From the results obtained, it can be concluded that the starches used as wall material were
effective in stabilizing the bioactive compounds of the EP. These nanoparticles have
antimicrobial and antioxidant activities and can be used for food fortification, using gelatin

candy as a model.

Keywords: Bioactive compounds. Nanoparticles. potato and cassava starches, Functional
candies.
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DIAGRAMA CONCEITUAL

O qué?

- Estabilizar os compostos bioativos da propolis pela técnica de nanoprecipitacao antissolvente usando
amidos, de batata ¢ de mandioca, como material de parede.

Por qué?

- A aplicagdo de compostos bioativos extraidos da propolis ¢ limitada devido a fatores como baixa
estabilidade quimica e baixa solubilidade em meio aquoso;

- A estabilizacdo dos extratos de propolis proporcionara aumento da solubilidade em agua, maior
estabilidade dos compostos bioativos, possibilitando liberagdo dos compostos bioativos, e assim melhor
eficiéncia das atividades bioldgicas;

- A nanoprecipitagdo € uma técnica que visa a protecdo, assegurando a estabilidade e liberacdo de
compostos ativos;

- O amido é um polissacarideo abundante, barato, ndo toxico, biodegradavel e biocompativel, que tem
sido amplamente utilizado em diferentes aplicagcdes alimenticias devido a facilidade de obtencao;

- Uso em produtos alimenticios.

O que ja foi feito?

- Encapsulamento de extrato de prépolis por nanoprecipitacdo usando outros materiais de paredes
(quitosana, goma arabica, proteinas do arroz, proteinas da ervilha, proteina da soja, ciclodextrinas, zeina,
alginato);

- Encapsulamento de extrato de propolis por outras técnicas como spray drying, liofilizagdo,
coacervagdo complexa, gelificagdo i0nica;

- Aplicagdo de extrato da propolis em alimentos como hamburguer, peixes e em filmes para embalagem.

Hipdteses?

- E possivel produzir nanoparticulas de amido e estabilizar compostos bioativos da propolis nessas
nanoparticulas;

- A concentragdo do etanol acidificado e a cristalinidade do amido (tipo A, tipo B) podem influenciar
nas propriedades fisico-quimicas e de encapsulamento das nanoparticulas produzidas por
nanoprecipitagio;

- A nanoprecipitagdo do extrato de propolis com amido proporcionara maior solubilidade em meio
aquoso e liberacdo gastrointestinal in vitro;

- As nanoparticulas apresentam atividades antimicrobiana contra a Listeria monocytogenes;

- As propriedades funcionais das nanoparticulas sdo preservadas quando aplicadas em balas de gelatina.

Metodologia experimental

- A estabilizacdo dos compostos bioativos da propolis pela técnica de nanoprecipitagdo utilizando
polissacarideos (amido de batata ¢ de mandioca);

- Estudo de digestibilidade das nanoparticulas de propolis em modelo de digestdo in vitro;

- A aplicagdo das nanoparticulas de contendo compostos bioativos da propolis em balas de gelatina.

Respostas

- A influéncia da concentragdo do etanol acidificado e da cristalinidade do amido nas propriedades
fisico-quimicas e de encapsulamento das nanoparticulas de propolis;

- Obtencdo de nanoparticulas de propolis a base de amidos (amido de batata, amido de mandioca) que
promovam a protecao, solubilidade em meio aquoso, boa estabilidade e liberagao intestinal in vitro;

- Nanoparticulas de amido contendo extratos de propolis como fonte de compostos fenolicos;

- Balas a base de gelatina com nanoparticulas de propolis como fonte de compostos fenolicos.
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APRESENTACAO DA ESTRUTURA DA TESE DE DOUTORADO

Esta tese de doutorado esta estruturada em capitulos e apresentada da seguinte maneira:

- Capitulo 1. INTRODUCAO E OBJETIVOS

- Capitulo 2. REVISAO BIBLIOGRAFICA

Metodologia e Resultados

A metodologia de cada etapa do trabalho e seus respectivos resultados e discussdo
serdo apresentadas em capitulos, na forma de artigos, como descrito abaixo.

As referéncias bibliograficas de todos os capitulos da tese de doutorado estdo

apresentadas no final do documento.

- Capitulo 3.
Impact of the acidified hydroethanolic concentration on the physicochemical properties
of starch nanoparticles produced by anti-solvent precipitation.

Este capitulo sera apresentado inglés, na forma de artigo cientifico.

- Capitulo 4.
Antioxidant nanoparticles based on starch and the phenolic compounds from propolis
extract: Production and physicochemical properties.

Este capitulo sera apresentado inglés, na forma de artigo cientifico.

- Capitulo 5.
Starch nanoparticles containing phenolic compounds from green propolis:
characterization and evaluation of antioxidant, antimicrobial and digestibility properties.

Este capitulo sera apresentado inglés, na forma de artigo cientifico.

- Capitulo 6.
Gelatin candies architected with active starch nanoparticles containing phenolic
compounds from propolis extract

Este capitulo sera apresentado inglés, na forma de artigo cientifico.



- Capitulo 7.

Conclusio geral e sugestoes de trabalhos futuros

- Capitulo 8.
REFERENCIAS
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1 INTRODUCAO

A propolis ¢ um material resinoso e heterogéneo produzido pelas abelhas a partir de
substancias coletadas em partes de plantas. Este composto possui teores significativos de
flavonoides e acidos fenolicos (ALMUHAYAWI, 2020; ANDRADE et al., 2017, 2018), sendo
utilizado mundialmente na medicina tradicional, industrias farmacéutica, cosmética e
alimenticia devido as suas propriedades antibacterianas, antifingicas, anti-inflamatorias, anti-
sépticas, antiproliferativas, anticarcinogénicas e antioxidantes (PASUPULETI et al., 2017,
SFORCIN, 2016; TORETI et al., 2013; XAVIER et al., 2017).

Devido suas propriedades funcionais e/ou ativas pode ser utilizada na formulacao ou
conservagdo de alimentos. Porém, o uso da propolis como ingrediente alimentar ainda ¢
limitado devido a sua baixa solubilidade em 4gua, seu metabolismo rapido e sua instabilidade
fisico-quimica e biologica. Consequentemente, apresenta baixa biodisponibilidade, além do
forte sabor e aroma que podem alterar as propriedades organolépticas dos alimentos (BODINI
et al., 2013; NORI et al.,, 2011). Dessa forma, alguns pesquisadores tém relatado o
encapsulamento da propolis como uma alternativa para mascarar sabores/aromas, mantendo as
propriedades organolépticas em salame tipo italiano (BERNARDI et al., 2013a), hambtrguer
de peixe (SPINELLI et al., 2015), hamburguer de carne (REIS et al., 2017), pudim, queijo
Minas Frescal (JANSEN-ALVES et al., 2018) e filé de peixe (PIEDRAHITA MARQUEZ;
FUENMAYOR; SUAREZ MAHECHA, 2019). Contudo, ainda sdo poucos os trabalhos que
realizam a etapa de aplica¢do das nanoparticulas/microparticulas/emulsdes com aplicagdo em
sistemas alimenticios.

Além disso, o encapsulamento de propolis pode proteger sua bioatividade e aumentar
sua solubilidade em 4&4gua. Nesse sentido, varios trabalhos de pesquisa relataram o
encapsulamento de propolis usando diferentes técnicas, secagem por spray drying (ANDRADE
et al., 2018; BUSCH et al., 2017; CATCHPOLE et al., 2018), liofilizacdo (ZHANG et al.,
2018), coacervacao complexa (NORI et al., 2011; ONBAS et al., 2016) e gelificacdo ionica
(ONG et al., 2017).

Outra alternativa para encapsular a propolis € por meio do método de precipitagdo com
antissolvente. Neste método, duas fases sdo utilizadas: uma fase aquosa contendo uma
macromolécula soluvel em 4gua, e uma fase organica contendo o composto ativo. Em seguida,
a macromolécula ¢ precipitada pelo gotejamento da fase organica, sendo que o composto ativo
é estabilizado durante sua precipitagio (MARTINEZ RIVAS et al., 2017; QIN et al., 2016). A

vantagem dessa técnica ¢ o baixo custo, uso de baixas temperatura ou temperatura ambiente,
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menor risco de contaminagdo da amostra, ndo hd necessidade de grandes quantidades de
solventes toxico (ASCHENBRENNER et al., 2013) e ndo necessita de um agente emulsificante,
como em outros métodos (por exemplo, nanoemulsoes) (CAICEDO CHACON et al., 2023b).

Estudos mostraram que o amido e seus derivados sdo bons candidatos para produzir
nanoparticulas (NPs), tendo sido usado recentemente como macromolécula soluvel em agua
pelo método de precipitagdo antissolvente para estabilizar resveratrol (AHMAD; GANI, 2021),
curcumina (ACEVEDO-GUEVARA et al., 2018), silibinina (QIU et al., 2020), piroxicam
(BHATIA; ROHILLA, 2020) e antocianinas (ESCOBAR-PUENTES et al., 2020; LIMA et al.,
2021). O amido é uma macromolécula natural considerada a mais importante fonte de energia
alimentar encontrada nas plantas. Esta macromolécula ¢ formada por amilose e amilopectina,
sendo armazenada na forma de granulos com diferentes tamanhos de particula, variando entre
2 ¢ 100 um (DUFRESNE, 2014; DULARIA et al., 2019). Os granulos de amido t€ém estruturas
cristalinas que fornecem padrdes de difracdo de raios-X especificos, sendo classificados como
A (por exemplo, amidos de cereais e tubérculos), B (por exemplo, amidos de tubérculos, frutas
e caule) e tipo C (por exemplo, amidos vegetais e de raiz). Particularmente, as estruturas do tipo
C podem ser consideradas como a mistura de cristais do tipo A ¢ B (PEREZ-MASIA et al.,
2015).

A propolis estabilizada em amidos por precipitacdo antissolvente surge como uma
alternativa para preservar as propriedades bioativas e aumentar a solubilidade da prépolis em
agua. Além disso, na literatura revisada (de 2017 a 2023), nao foram encontrados estudos sobre
essa abordagem.

Neste contexto, esta pesquisa teve como objetivo estabilizar os compostos bioativos
do extrato de propolis através do processo de nanoprecipitagdo antissolvente, utilizando amidos
como material de parede, além de caracterizar as nanoparticulas obtidas e avaliar seu perfil de

liberacao em condigdes gastrointestinais simuladas, apos sua aplicacdo em balas de gelatina.
1.1  OBJETIVOS
1.1.1  Objetivo Geral

Este trabalho tem como objetivo produzir nanoparticulas carregadas com os compostos

bioativos da propolis pelo método de precipitacdo antissolvente utilizando duas fontes de

amidos, batata e mandioca, visando sua estabilizagao e aplicacdo em balas de gelatina.
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Objetivos Especificos

Obter e caracterizar os extratos de propolis marrom e verde com diferentes
concentragdes etanolicas quanto aos compostos fendlicos totais e atividade
antioxidante;

Produzir nanoparticulas de amido de batata e de mandioca usando diferentes
concentragdes de etanol acidificado pela técnica de nanoprecipitagdo antissolvente;
Caracterizar as principais propriedades fisico-quimicas das nanoparticulas;

Obter e caracterizar nanoparticulas de amido carregadas com extrato de propolis
marrom ¢ verde com diferentes concentragdes de etanol acidificado pela técnica de
nanoprecipitacao antissolvente utilizando amido de batata ¢ amido de mandioca;
Estudar a digestibilidade gastro-intestinal in vifro dos compostos fenolicos e
antioxidantes das nanoparticulas;

Estudar a atividade antimicrobiana das nanoparticulas contra Listeria monocytogenes,
Produzir balas de gelatina fortificadas com nanoparticulas de amido com e sem extrato
de propolis;

Estudar as propriedades mecanicas (dureza, gomosidade, mastigabilidade) das balas de
gelatinas fortificadas nanoparticulas de amido com e sem extrato de propolis, e verificar
a estabilidade durante o armazenamento;

Avaliar a degradacao dos compostos bioativos da propolis nas balas de gelatina em

fun¢do do tempo de armazenamento.
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2  REFERENCIAL TEORICO

Este segundo capitulo tem como objetivo apresentar uma revisao de literatura atual
sobre este tema de tese, apresentando o crescente interesse no uso da técnica de
nanoprecipitacao antissolvente para o encapsulamento de compostos bioativos, destacando o
uso de amidos como material encapsulante. Assim, obtendo e apresentando um panorama do
desenvolvimento desta area nos ultimos anos. Além disso, sdo apresentadas as caracteristicas
da propolis, composi¢do, beneficios a saude, os diversos compostos que estdo presentes em
extratos de propolis, as técnicas e os materiais de parede que tém sido utilizados para encapsular
0s compostos bioativos da propolis e aplicagdes desses materiais em alimentos.

O contetdo faz parte de um artigo de revisao intitulado “Food Applications of Starch
Nanomaterials: A Review” publicado na revista Starch. De acordo com as regras de assinatura
da Wiley, os autores se reservam o direito de incluir o artigo em uma tese, desde que nao seja
publicado comercialmente. Além disso, foi publicado um capitulo de livro intitulado

“Applications in food products” no livro Biopolymeric Nanomaterials da Elsevier.

2.1 PROPOLIS: CARACTERISTICAS GERAIS

A propolis ¢ uma substancia resinosa produzida pelas abelhas a partir de diversas
fontes vegetais, como das flores e exsudatos, com intuito de vedagdo, assepsia, forro,
impermeabilizagdo de agua ou prote¢ao contra crescimento de micro-organismos e fungos nas
colmeias. E um material duro e quebradigo em temperaturas abaixo de 25 °C e torna-se macio,
flexivel, pegajoso ou muito pegajoso entre 25 °C e 45 °C (ALVARENGA et al., 2021).

A propolis crua deve ser purificada para remover o material ceroso e preservar a fragao
de polifendis, considerados os mais significativos para os efeitos antioxidantes. Os métodos
mais comuns de extra¢do sdo: maceracao (AUGUSTO-OBARA et al., 2019; PETER et al.,
2019; WOZNIAK et al., 2019), maceragao combinada com ultrassom (ESCRICHE; JUAN-
BORRAS, 2018), soxhlet (SHARAF; EL-NAGGAR, 2018), micro-ondas (MASEK et al.,
2018), fluido supercritico (altas pressdes) (BISCAIA; FERREIRA, 2009; MONROY et al.,
2017), e banho de ultrassom (ANDRADE et al., 2017, DEMBOGURSKI et al., 2018; SEIBERT
etal., 2019). Tais métodos apresentam variagao de parametros como, por exemplo, temperatura,
tempo, propor¢do amostra-solvente e tipo de solvente. No que diz respeito a capacidade

antioxidante e as inumeras atividades biologicas desses extratos, destaca-se os extratos obtidos
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pela extracdo por ultrassom. Gargourl et al. (2019) estudou os compostos fendlicos na propolis
tunisiana, comparando o solvente convencional e os procedimentos assistidos por ultrassom,
ambos utilizando etanol 80%, e os resultados dos teores de fenodlicos totais e flavonoides foram
mais eficientes por ultrassom.

Os solventes mais utilizados para a extragdo sdo: dgua, etanol, metanol, cloroférmico,
hexano, éter etilico (MARTINOTTI; RANZATO, 2015; MELLO; HUBINGER, 2012;
MELLO; PETRUS; HUBINGER, 2010). Dentre esses, o etanol ¢ o mais utilizado por se obter
de extratos com baixo teor de cera e mais ricos em compostos bioativos, pela elevada
solubilidade da prépolis no etanol (MARTINOTTI; RANZATO, 2015; MELLO; HUBINGER,
2012; MELLO; PETRUS; HUBINGER, 2010). Além disso, o etanol ndo ¢ toxico ¢ também
pode ser facilmente removido apds a extracdo, caso o extrato de propolis seja usado como

ingrediente alimentar (GARGOURI et al., 2019).

2.1.1 Composicao e propriedades biologicas da Propolis

Em geral a propolis bruta ¢ composta de resinas (50-60%), cera (30—40%), oleos
essenciais (5—10%), polen (~5%) e outras substancias como vitaminas, minerais, aminoacidos,
fendlicos e flavonoides (GUIAR, 2002; PIETTA; GARDANA; PIETTA, 2002). Quanto a
caracterizagdo quimica de extratos de propolis, os estudos mostram que existem mais de 300
constituintes e novos componentes vem sendo identificados (CAUICH-KUMUL; CAMPOS,
2018; MARCUCKCI, 1995).

Diversos métodos analiticos sdo utilizados para quantificar e qualificar os extratos de
propolis, os métodos espectrofotométricos e os cromatograficos. Os métodos
espectrofotométricos t€m sido os mais utilizados por apresentarem baixo custo com reagentes,
dispensa o uso de padrdes analiticos individuais, as analises sdo rdpidas, apresentam boa
repetibilidade e reprodutibilidade, ndo requerem o uso de equipamentos sofisticados, e sdo
aplicados em diferentes matrizes (GRANATO et al., 2016). Dentre os métodos para determinar
os compostos fendlicos, o0 método de Folin-Ciocalteu, o qual € composto por sais de molibdato
de sodio e tungstato de sddio e ¢ usado juntamente com uma solugdo de carbonato de sddio
gerando o anion fenolato. Posteriormente, ocorre uma reagdo de 6xido-redugdo entre anion
fenolato e o reagente Folin-Ciocalteu, ocorrendo uma alteragdo na coloracgdo, da solucdo de
amarelo para azul. A intensidade da cor azul est4 associada ao numero de hidroxilas ou grupos

oxidaveis dos compostos fenolicos. A reacao ocorre em um periodo de 2 horas a temperatura
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ambiente e na auséncia de luz. E, finalmente, uma leitura espectrofotométrica ¢ realizada no
comprimento de onda de 765 nm
(absor¢do maxima do complexo azul) (SINGLETON; ORTHOFER; LAMUELA-
RAVENTOS, 1999). E a cromatografia liquida de alta eficiéncia e cromatografia em fase
gasosa tém sido utilizadas em diferentes estudos para identificar e quantificar a composi¢do de
extratos de propolis quanto a compostos fendlicos e flavonoides, entre outros (BITTENCOURT
et al., 2015).

De acordo com Anjum et al. (2019), os principais compostos encontrados na propolis
sdo flavonoides, acidos aromaticos, acidos graxos, fendis, aminoacidos, polissacarideos,
enzimas (desidrogenase succinica, glicose-6-fosfatase, adenosina trifosfatase e fosfatase acida)
vitaminas B1, B2, B6, C e E, ¢ minerais como Mn, Cu, Ca, Al, Si, V, Ni, Zn ¢ Cr. A
concentragdo desses compostos varia com o tipo da propolis, €pocas de colheita, com as partes
da planta (caules, folhas), origem geografica, a sazonalidade, pela espécie produtora, e também
pelo método de obtengdo dos extratos (WAGH, 2013). Esses fatores sdo responsaveis pelos
diferentes tipos de cor da propolis (amarelo-esverdeado ao marrom-escuro), sabor, aroma da
propolis e textura (BROWN, 1989). Como consequéncia, os diferentes tipos de propolis sao
caracterizados por perfis quimicos diferentes, de acordo com a sua origem vegetal, com a
presenca de compostos de tipos especificos como polifendis, terpendides, aldeidos, alcoois
aromaticos, acidos graxos, entre outros (WATANABE et al., 2011).

Os compostos fenolicos sdo a maior parcela de compostos organicos encontrados na
propolis (SHEHATA et al., 2020). Eles possuem um carater heterogéneo e possuem em suas
estruturas um anel aromatico com um ou mais substituintes hidroxilicos, apresentando-se como
moléculas simples e também como moléculas com alto grau de polimerizacdo (ACOSTA-
ESTRADA; GUTIERREZ-URIBE; SERNA-SALDIVAR, 2014; YEO; SHAHIDI, 2017).
Dentre os compostos fendlicos presentes na propolis, os mais importantes sao os flavonoides,
acidos fenolicos e seus ésteres (SHEHATA et al., 2020; WAGH, 2013).

Os acidos fendlicos, quimicamente, tém pelo menos um anel aromatico, em que pelo
menos um hidrogénio estd substituido por uma hidroxila (HELENO et al., 2015). Eles sao
divididos em dois grupos, 4acidos hidroxibenzdicos e 4cidos hidroxicindmico, e sdo
normalmente derivados de moléculas do acido benzoico (4cido gélico) e derivados do acido

cindmico (&cido p-cumadrico, acido caféico, acido fertlico) (Figura 2.1).
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Fig. 2.1. Estrutura quimica comum dos acidos fenolicos derivados (a) do 4acido cinamico e (b)
do acido benzobico.

(a) (b) R’

Fonte: adaptado de Heleno et al. (2015).

Os flavonoides possuem uma estrutura de carbono C6—C3—C6 sdo classificados nos
grupos: flavonas, flavononas, flavonoléis, isoflavonas, flavandis (catecinas), antocianinas,
chalconas, flavononas, flavonas, isoflavonas, flavonodis, isoflavonoides, neoflavonoides,
quercetina, entre outros (PANDEY et al., 2016; SELEEM; PARDI; MURATA, 2017),
diferenciando de acordo com o grau de oxidacdo e nivel de satura¢do no anel C e na presenca

de anéis adicionais (Figura 2.2) (PANDEY et al., 2016).

Fig. 2.2. Estrutura quimica comum dos flavonoides.

|

Fonte: adaptado de Wang, Li e Bi (2018).

Estudo comparando extratos de propolis de seis paises diferentes, Egito, China,
Bulgéria, Brasil, Arabia Saudita e Oma, mostrou que todos os tipos de propolis apresentaram
um teor significativo de compostos polifendlicos, sendo encontrados 33 diferentes desses
compostos. A propolis do Brasil apresentou 12 diferentes compostos, sendo superiores aos

demais (SHEHATA et al., 2020), provavelmente devido a grande diversidade de espécies de
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plantas no Brasil, que podem contribuir para a diversidade de compostos polifendlicos em
amostras de propolis. Os autores ressaltaram que houve diferengas significativas entre os teores
fendlicos, flavonodides totais e capacidade antioxidante total dos diferentes tipos de amostras de
propolis, indicando que essas diferencas sdo decorrentes das condigdes climaticas, da
diversidade da flora ao redor da colmeia e da época de colheita.

Em outro estudo complementar, trés tipos diferentes de propolis no Brasil (marrom,
vermelha e verde) foram analisadas. Para a propolis marrom, os terpenos foram a principal
classe quimica, quantitativamente e qualitativamente, além de apresentar uma variedade de
ésteres, alcoois e aldeidos (OLEGARIO et al., 2019). Waller et al. (2017) estudando a propolis
marrom brasileira observaram que os principais compostos fenolicos presentes nas amostras
foram os 4cidos p- cumarico, rutina, acido clorogénico, acido ferulico e acido caféico. Nesses
estudos observou-se que a composicao dos extratos de propolis apresenta variagdes em termos
de composicao quantitativa. Os compostos da propolis t€ém sido estudados quanto as suas
atividades biologicas benéficas a saltde, incluindo atividades anti-inflamatoria, antiviral
(SFORCIN, 2016), antioxidante (ANDRADE et al., 2017), antipotozoario, anestésico,
antitumoral (FROZZA et al., 2017) antimicrobiana (BITTENCOURT et al., 2015), antifingico
(PETER et al., 2019), anti-séptico, anti-mutagénico, anti-hepatotdxico além de ser usado para
atividade citotoxica (TORETTI et al., 2013), que estdo associadas a sua rica composi¢do de
varios polifendis (EL-GUENDOUZ et al., 2016; HUANG et al., 2014), vale ressaltar que além
dessas propriedades, o extrato etandlico de propolis ndo mostrou efeito de citotoxicidade contra
Caenorhabditis elegans apos 24 h de exposicao (ABDULLAH et al., 2019), indicando que ¢
composto considerado seguro para ser aplicado em alimentos.

Dentre as atividades biologicas atribuidas a propolis, a atividade antioxidante ¢ bem
explorada e também a atividade anti-inflamatéria (ANDRADE et al., 2017; FRANCHIN et al.,
2018; PEIXOTO et al., 2021).

2.1.1.1 Atividade antioxidante e antimicrobiana

A demanda por alimentos e suplementos funcionais tem aumentado significativamente
nas ultimas décadas. Assim, esse apelo por ingestdo de produtos mais saudaveis tem levado
setores da industria alimenticia e de suplementos alimentares a encontrar fontes naturais de

antioxidantes e compostos funcionais.
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Os compostos antioxidantes possuem capacidade de eliminagdo de radicais livres, que
¢ a principal causa da oxidagao de lipidios, acidos nucléicos e proteinas, consequentemente
inibindo a degradagdo da vitamina C, lipidios e outros compostos de oxidagao (CHANDNA et
al., 2014). Em outras palavras, os compostos fendlicos doam ions de hidrogénio aos radicais
livres para proteger a célula das reacdes de oxidagao, assim protegendo o produto da oxidagao
durante o armazenamento. E importante indicar que a atividade sequestradora de radicais livres
dos extratos etanolicos de propolis ¢ atribuida principalmente a presenca de acidos fenodlicos,
flavonoides e outros polifendis (CAUICH-KUMUL; CAMPOS, 2018).

A capacidade antioxidante de alimentos auxilia na reducdo do risco de doengas, tais
como: doenca de Parkinson, doenca de Alzheimer, artrite, cardiovascular, cancer e diabetes
(KUROPATNICKI; SZLISZKA; KROL, 2013; WAGH, 2013). Portanto, ¢ importante
identificar compostos naturais ¢ novas substancias que podem neutralizar esses radicais livres
para prevenir o estresse oxidativo. Os extratos de propolis tém sido aplicados em alimentos
(suplementos alimentares) como fonte de compostos fenolicos (BRASIL, 2018).

A capacidade antioxidante pode ser determinada pelos métodos de captura do radical
DPPH (1,1-difenil-2-picrilidrazina) e do radical ABTS+. A metodologia DPPH (1,1-difenil-2-
picrilidrazina) apresenta alta sensibilidade e pode ser utilizada para quantificar antioxidantes de
carater hidrofobico e hidrofilico. E um método simples e barato, o que justifica sua ampla
utilizacdo (BOROSKI et al., 2015). O radical DPPH apresenta dois anéis aromaticos de seis
membros ligado a trés grupos NO> e uma hidrazina, em que o atomo de nitrogénio esta ligado
diretamente ao anel, que apresenta um elétron desemparelhado, caracterizando a espécie como
um radical livre, e sua capacidade de redu¢do ¢ na maioria das vezes avaliada por
espectroscopia, a uma absorbancia de 515 nm (BOROSKI et al., 2015). Mas essa avaliagao de
antioxidante ndo deve se basear em apenas uma Unica metodologia, sendo necessarios outros
métodos para caracterizar completamente um composto, como o método do radical 2,2-azinobis
(3-etilbenzotiazolina-6-acido sulfonico) (ABTS ponto radical ). Similar ao método de redugio
do radical DPPH, o método ABTS ¢ simples e barato, além disso fornece resultados rapidos. O
radical ABTS ¢ gerado por reacdes quimicas ou enzimaticas, € € solivel em agua e também em
solventes organicos (diferente do DPPH que ¢ soluvel apenas em solventes organicos)
permitindo a analise tanto de amostras hidrofilicas, como lipofilicas. O radical ABTS (ABTS")
na presenc¢a de Trolox (ou de outro antioxidante doador de hidrogénio), o 4&tomo de nitrogénio
se liga o 4tomo de hidrogénio, resultando na descoloragao da solucdo, e sua capacidade de

antioxidade ¢ na maioria das vezes avaliada a uma absorbancia de 743 nm (MARC et al., 2004).
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Também temos o método de FRAP (sigla do inglés para Ferric Reducing Ability
Power), que se baseia na redu¢do de um complexo férrico incolor (Fe*" -tripiridiltriazina) a um
complexo ferroso de cor azul (Fe?tripiridiltriazina), com maxima absor¢do em 593 nm, através
da a¢do de antioxidantes doadores de elétron em um meio acidificado. A redugdo ¢ monitorada
através de um espectrofotdometro UV (DUDONNE et al., 2009). Este método se destaca por ser
de facil execucdo, com resultados confiaveis € em um curto periodo de tempo, sendo muito
utilizado na andlise da capacidade antioxidante em plantas e alimentos, especialmente, em
conjunto com o método DPPH (MOON; SHIBAMOTO, 2009).

Outra atividade importante dos extratos de propolis ¢ a atividade antimicrobiana. A
atividade antibacteriana da propolis ¢ atribuida a presenca de flavonoides, acidos fenodlicos,
aldeidos, cetonas e terpenos (SANTOS et al., 2018; VASILAKI et al., 2019).

Ha diversos estudos abordando a atividade antimicrobiana de extratos de propolis, €
em sua maioria, eles mostram que o extrato de propolis tem melhores resultados de atividade
antimicrobiana contra bactérias Gram-positivas quando comparado com a atividade contra
bactérias Gram-negativas (ANJUM et al., 2019; JANSEN-ALVES et al., 2019; KIM; CHUNG,
2011).

Embora o mecanismo de acdo para seu efeito antimicrobiano ainda ndo seja claramente
compreendido, uma possivel razdo poderia ser a sintese de uma ampla variedade de enzimas
hidroliticas por microrganismos Gram-negativos (GRECKA et al., 2019; KATIYAR, 2023).
Essas enzimas hidroliticas podem interferir nos componentes ativos da propolis e resultar no
desenvolvimento de resisténcia (BRYAN; REDDEN; TRABA, 2016). Outros autores sugerem
que os constituintes da propolis interferem na inibi¢do da divisdo celular, sintese de acidos
nucleicos , sintese de proteinas, impedimento da fun¢do da membrana citoplasmatica, alteracao
da permeabilidade da membrana, reducdo da capacidade de formar biofilmes, bacteridlise,
inibicdo a via de geragdo de energia e reduzindo a resisténcia bacteriana a certos antibidticos
convencionais (PRZYBYLEK; KARPINSKI, 2019). Esses métodos podem ajudar a explicar
por que a propolis tem um efeito antibacteriano, aumentando a permeabilidade da membrana e
diminuindo o movimento bacteriano.

Azra et al. (2023) observaram valores de concentragdo minima inibitoria (CMI)
variando de 10 a <40 (mg/mL) para Escherichia coli, Salmonella typhimurium, Staphylococcus
aureus e Listeria monocytogenes. Observaram que a E. coli e a Salmonella typhimurium como
bactérias Gram-negativas apresentaram maior resisténcia contra propolis pura quando

comparadas com as bactérias Gram-positivas.
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Pedonese et al. (2019) avaliaram a atividade antimicrobiana de uma prépolis italiana
contra bactérias Gram+ (Listeria monocytogenes, Staphylococcus aureus, Bacillus cereus) e
bactérias Gram™ (Salmonella enterica serovar Typhimurium, Escherichia coli, Pseudomonas
fluorescens). O extrato de propolis apresentou valores de CMI de 0,89 - 1,78 mg/mL para
bactérias Gram+, na faixa de 1,78 (Pseudomonas fluorescens) e 3,55 mg/mL para Gram-. E os
valores para a concentracdo minima bactericida (CMB) para Gram+ foram 3,55-7,11 mg/mL e
7,11-28,44 mg/mL para Gram-.

Mahdavi-Roshan (2022) relataram que o extrato aquoso de propolis pode controlar as
contagens de bactérias totais, Staphylococcus aureus, Escherichia coli, leveduras e bolores em
amostras de carne de frango embebidas com diferentes concentracdes (0, 4, 8 e 12% v/p)
durante 12 dias de armazenamento a 5 °C. O crescimento das bactérias foi mais lento com o
aumento da concentracdo da préopolis. Os resultados de analises sensorial mostraram que os
escores de cor, odor das amostras diminuiram com o aumento do tempo de armazenamento,
porém os menores escores foram observados na amostra contendo 12% de extrato aquoso de
propolis, indicando que a concentracao de 12% afetava a qualidade sensorial da carne de frango.

Vasilaki et al. (2019) avaliaram a substituicdo do sorbato de potassio por extrato de
propolis (aquoso com solugdo de HP-B-ciclodextrina (11,1% m/m)) em refrigerantes de laranja.
Eles encontraram inibicdo do crescimento de bactérias, leveduras e fungos durante o
armazenamento nas bebidas com propolis. E, concluiram que estudos adicionais devem ser
realizados para melhorar a estabilidade da cor e determinar a estabilidade a longo prazo durante
0 armazenamento. Nesse estudo nao avaliaram a aceitacao dos consumidores.

Pobiega et al. (2019) produziram cinco extratos de propolis polonés e detectaram que
os compostos flavondides majoritarios foram pinocembrina, crisina, pinobancsina, apigenina e
kaempferol e os acidos fenolicos predominantes foram acido p-cumarico, acido fertlico e acido
cafeico. Esses autores estudaram a concentracdo minima inibitéria (CMI), concentragdo
minima bactericida/fungicida (CMB/CMF) dos extratos desses extratos frente a 11 cepas,
dentre essas quatro eram Gram+( Staphylococcus aureus, Bacillus cereus, Listeria
monocytogenes, Enterococcus faecalis) e sete eram GRAM- (Salmonella Enteritidis, Shigella
sonnei, Klebsiella pneumoniae, Escherichia coli O157, Proteus mirabilis, Enterobacter
aerogenes, Pseudomonas aeruginosa). Os extratos apresentaram eficacia com valores de CMI
e CMB variando de 1 a 8 mg/mL e > 8 mg/mL, respectivamente, para as Gram+. Enquanto as
Gram- apresentaram valores de CMI e CMB variando de 2 a 16 mg/mL e de 8 a 32 mg/mL,

respectivamente, sendo a E. coli a bactéria mais resistente.
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Diante do exposto, observou-se que a concentracao de extrato de propolis é um fator
importante na inibigdo do crescimento de patdogenos de origem alimentar. E, ¢ necessario
escolher a concentracao adequada, pois o aroma da propolis ¢ forte e afeta os indicadores
sensoriais. Portanto, a estabilizacdo dos compostos bioativos da prépolis poderia mascarar o

forte odor da propolis, facilitando assim a aplica¢do da propolis na area alimenticia.

2.2 ENCAPSULAMENTO DE COMPOSTOS BIOATIVOS

O encapsulamento consiste no revestimento ou incorpora¢ao de compostos bioativos
(encapsulado) em uma matriz ou sistema (encapsulante), que forma de particulas de diferentes
tamanhos, variando de escala de nanométrica a micrométrica (ABDUL MUDALIP et al., 2021).
O encapsulamento de compostos bioativos tem como objetivo proteger o encapsulado de
oxidacdo e degradacdo térmica, controlar sua taxa de liberagdo sob determinadas condigoes,
melhorar a qualidade sensorial ao mascarar o sabor desagradavel (por exemplo, amargor de
polifendis) e proporcionar aumento da solubilidade e biodisponibilidade, devido as alteracdes
causadas na superficie dos compostos (CORTES-MORALES; MENDEZ-MONTEALVO;
VELAZQUEZ, 2021; MARTINEZ RIVAS et al., 2017).

Os compostos bioativos podem ser encapsulados por diferentes técnicas e a sua escolha
depende da natureza do polimero, do composto a ser encapsulado, do uso pretendido, e das
propriedades desejadas do produto final, entre outros fatores. Existem intimeras técnicas de
encapsulamento para a formacao de cépsulas, como spray drying, coacervagdo, liofilizagao,
nanoprecipitacdo e gelificacdo idnica, entre outras (ANDRADE et al., 2018; AZEVEDO et al.,
2018; CORTES-MORALES; MENDEZ-MONTEALVO; VELAZQUEZ, 2021; JANSEN-
ALVES et al., 2018; LIU et al., 2020; MARTINEZ RIVAS et al., 2017; SATO et al., 2020).

A escolha da técnica de encapsulagdo deve considerar um conjunto de elementos, como:
custo, tamanho da particula desejada, escala de produ¢do, propriedades fisicas e quimicas do
material de parede e do nticleo, mecanismo de liberagdo requerido. Uma vez escolhido o sistema
de encapsulamento, ele deve apresentar facilidade na incorporagdo as matrizes, ser eficiente e
ndo causar caracteristicas indesejaveis na aplicacdo. A agregacao entre o agente e o material
pode ser de natureza quimica, fisica ou fisico-quimica (JIA; DUMONT; ORSAT, 2016;
SHISHIR et al., 2018).

Como mencionado anteriormente, existem diferentes tipos de metodologias utilizadas

para produzir nanoparticulas biopoliméricas. Destacando-se o método de nanoprecipitacao anti-
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solvente (ou deslocamento de solvente, ou deslocamento de solvente), para a preparagdo de

nanoparticulas.

2.2.1 Nanoprecipitacdo antissolvente

A nanoprecipitacao descrita por Fessi et al. (1989), ¢ uma técnica que tem como
objetivo encapsular moléculas hidrofobicas, e tem sido amplamente usada para producao de
NPs (FESSI et al, 1989). A nanoprecipitacdo, também conhecida como precipitagdo
antissolvente, provoca a formagao de goticulas como resultado da turbuléncia interfacial entre
duas fases imisciveis (FESSI et al., 1989). Esta técnica ¢ classificada como um método quimico
em que o polimero ¢ gelatinizado em 4gua sob altas temperaturas e apos o resfriamento,
precipitados pela adi¢do da solugdo organica, gota a gota, a solu¢ao de polimero (fase aquosa),
induzindo a supersaturacao, que fornece uma for¢a motriz para a precipitagao do soluto (Figura
2.3a). A principal forga motriz para a formacdo de particulas durante a precipitacdo do
antissolvente ¢ o desequilibrio das interagdes moleculares entre aquosa e a solu¢do organica
(JOYE; MCCLEMENTS, 2013). Esta fase organica ao entrar em contato com uma fase aquosa
que esta sobre agitagdo magnética (apos a formagao das particulas, € importante que haja uma
repulsdo suficientemente forte entre elas para evitar que se agreguem), gera uma difusdo para a
fase aquosa devido ao excesso de dgua, com formacao de goticulas de polimero, devido a sua
hidrofobicidade, ocorrendo a precipitacao, e gerando as nanoesferas ou nanocéapsulas, contendo
o composto ativo (Figura 2.3b e 2.3¢) (CRUCHO; BARROS, 2017; FESSI et al., 1989). Nas
nanoesferas, o composto encapsulado fica disperso em toda matriz polimérica, enquanto que,

no segundo caso, o encapsulado fica no interior (MARTINEZ RIVAS et al., 2017).



41

Fig. 2.3. Representacdo das principais etapas da formagao de particulas no processo de
encapsulamento por Nanoprecipitacao (a) e da formacao de nanocapsulas (b) e nanoesferas
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Fonte: A autora (2021).

Em seguida, os solventes sdo evaporados e um método de secagem ¢é aplicado para
remog¢ao de agua das NPs, sendo a liofilizacdo o principal método de secagem empregado
(CRUCHO; BARROS, 2017; FESSI et al., 1989). A nanoprecipitacdo ¢ uma tecnologia
promissora quando comparada a outros métodos de sintese, uma vez que ¢ um técnica simples,
de baixo custo, (dispensa o uso de fontes externas de energia), uso de baixas temperatura ou
temperatura ambiente, menor risco de contamina¢do da amostra, ndo ha necessidade de grandes
quantidades de solventes toxico (ASCHENBRENNER et al., 2013) e n3o necessita de um
agente emulsificante, como em outros métodos (por exemplo, nanoemulsdes) (CAICEDO
CHACON et al., 2023b). Apesar de ser uma metodologia simples, ¢ importante ressaltar que a
principal limitacdo desse método ¢ a floculagdo de particulas, e assim, ocorrendo a formagao
de grandes agregados (CAICEDO CHACON et al., 2023a).

Os solventes mais usados no método de nanoprecipitacdo sdo os organicos polares,
como etanol, acetona, hexano, cloreto de metileno ou dioxano. E na fase nao solvente (ou fase
aquosa), geralmente se utiliza a 4gua (MARTINEZ RIVAS et al., 2017), por ser miscivel com
o solvente polar em todas as propor¢des (CAICEDO CHACON et al., 2023b) .

2.2.2 Material de parede usado na nanoencapsulagio
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Os materiais formadores de particulas podem ser polimeros naturais, sintéticos ou
semi-sintéticos. Na literatura, os biopolimeros mais comuns na produ¢ao de nanoparticulas sao
a maltodextrina, quitosana, proteinas, amido, celulose e gomas (BARTHOLD et al., 2019;
GARCIA-CASAS et al., 2017; JAISON; CHANDRASEKARAN; MOTHILAL, 2020; LIU et
al., 2022).

Esses biopolimeros sdo atualmente utilizados na industria de alimentos devido as
diversas aplicagdes e possiveis usos como aditivos alimentos. Os biopolimeros sao “geralmente
reconhecidos como seguros” e usados para aplicagdes em alimentos devido as suas fontes
naturais, biocompatibilidade, ndo toxicidade, biodegradabilidade e propriedades mecanicas
aceitaveis (VALENCIA et al., 2019).

Devido a sua alta aplicabilidade no setor alimenticio, neste trabalho foram escolhidos
dois biopolimeros obtidos da biomassa: o0 amido de mandioca (AM) e o amido de batata (AB).

Eles foram utilizados como material de parede para a elaboracdo das NPs deste estudo.

2.2.2.1 Amido

O amido ¢ a principal fonte de energia das plantas, sendo armazenado em
tubérculos/raizes, frutos e graos/sementes na forma de granulos com diferentes formatos e
tamanho de particula variando entre 2 a 100 pm (DUFRESNE, 2014; DULARIA et al., 2019).
Ele ¢ constituido de amilose (20-35%), e amilopectina (80-65%) e essa razdo de
amilose/amilopectina depende da fonte botanica da qual o amido foi obtido (OBADI; XU,
2021). Tanto a amilose como a amilopectina sdo constituidas de alfa glucanos, conectados por
ligagdes a 1-4 e o 1-6. A porcentagem de ligagcdes a 1-6 na amilose e na amilopectina ¢ de
aproximadamente 1% e 5%, respectivamente. As ligacdes o 1-4 formam estruturas lineares,
enquanto as ligagdes a 1-6, geram estruturas ramificadas. Portanto, a amilose se caracteriza por
ser um biopolimero linear, enquanto que a amilopectina é ramificado (PEREZ; BALDWIN;
GALLANT, 2009).

A cristalinidade dos amidos nativos pode variar entre 15% e 45%, sendo classificada
como tipo A, B e C, tipico de cereal, tubérculo e mistura de amidos, respectivamente
(DUFRESNE, 2014; ZOBEL, 1988). Os tipos A e B sdo as estruturas cristalinas mais comuns
encontradas em amidos nativos. Além disso, o tipo C € considerado uma mistura de amidos
tendo estruturas cristalinas do tipo A e B. Cada tipo de estrutura cristalina do amido fornece

caracteristicas fisicas e quimicas particulares aos granulos, desejados ou nao pelo setor
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industrial (DULARIA et al., 2019; FROST et al., 2009; HE; WEI, 2017; PINTO et al., 2012).
Os amidos apresentam birrefringéncia quando observados em microscopio optico sob luz
polarizada, devido ao modelo tipico da cruz de mata (DUFRESNE, 2014).

O amido ¢ amplamente utilizado no setor de alimentos. Entretanto, essa
macromolécula ndo ¢ soluvel em 4dgua a temperatura ambiente, e muitas das suas propriedades
funcionais sdo exibidas somente apos a desordem da estrutura do granulo, que ocorre por
aquecimento em meio aquoso, processo chamado de gelatinizacdo (HASPERUE et al., 2016;
PARKER; RING, 2001; STEENEKEN; WOORTMAN, 2009), cuja temperatura depende da
fonte do amido (60 - 80 °C) (LIU et al., 2019).

Durante o processo de gelatinizacdo, os cristalitos de amido derretem, provocando
alteragdo na ordem molecular, estrutura e carater birrefringente dos granulos e,
simultaneamente, ocorre a solubilizacdo do amido. Nesse processo, a dgua entra primeiro nas
regides amorfas, que se expandem e transmitem forcas disruptivas para as regides cristalinas
(BEMILLER, 2011).

Com a desordem da estrutura do granulo ocorre a lixiviagdo de moléculas de amilose
e amilopectina para fora do granulo, atribuida devido a formacdo de pontes de hidrogénio,
provocando mudancas irreversiveis nas suas propriedades, como na cristalinidade
(STEENEKEN; WOORTMAN, 2009).

Na fécula de mandioca (amido da mandioca), os granulos tém forma lenticular e/ou
esférica, com tamanhos entre 2 - 45 pum, proporcao de amilose/amilopectina de 17/83 e
temperatura de gelatinizacdo entre 65 - 70 °C (BREUNINGER; PIYACHOMKWAN;
SRIROTH, 2009). O amido de batata possui granulos com tamanhos entre 5 - 100 pm, relagao
de amilose/amilopectina de 75/25 e temperatura de gelatinizacao entre 60 - 65 °C
(BREUNINGER; PIYACHOMKWAN; SRIROTH, 2009; CHEN et al., 2011; HAN et al.,
2019; VALENCIA; DJABOUROV; DO AMARAL SOBRAL, 2016).

Nesse sentido, a industria de alimentos vem tentando melhorar as propriedades fisico-
quimicas dos amidos, uma vez que os amidos nativos ndo apresentam as caracteristicas
suficientes para garantir a qualidade dos produtos alimentares finais (BEMILLER, 2018). Uma
alternativa recente para melhorar as propriedades fisico-quimicas ou adicionar novas
funcionalidades aos amidos ¢ sua modificacao de tamanho, da microescala para a nanoescala,
a qual traz como vantagens a reduc¢ao do tamanho de particulas, consequentemente uma maior
area de contato, bem como aumento solubilidade em 4gua. Nesse sentido, as nanoestruturas de

amido sdo definidas como materiais com pelo menos uma dimensdo entre 1 ¢ 1000 nm
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(CAMPELO; SANT’ANA; PEDROSA SILVA CLERICI, 2020; SUN, 2018b). Os
nanomateriais de amido (NMA) podem ser classificados como nanocristais (a) nanofibras (b),
nanomicelas (¢) ), nanoparticulas (d) e nanovesiculas, conforme mostrado na Figura 2.4 (SUN,
2018b). Os nanocristais sdo plaquetas cristalinas resultantes da ruptura da estrutura
semicristalina de granulos de amido (GUTIERREZ; VALENCIA, 2021; LECORRE et al.,
2012; LECORRE; BRAS; DUFRESNE, 2012), enquanto nanofibras e nanoparticulas sao
definidas como estruturas cilindricas e particulas solidas amorfas, respectivamente (AHMAD
et al., 2020; ASHRAF et al., 2019; LIU et al., 2017). Outros nanomateriais, como as
nanomicelas sdo definidas como dispersdes coloidais com um nucleo hidrofébico e casca
hidrofilica com base em nanomateriais de amido, (KOU et al., 2020), enquanto as nanovesiculas

chamadas nanolipossomas convencionais sao vesiculas lipidicas revestidas com nanomateriais

de amido (SINTOV, 2020).

Fig. 2.4. Nanoestruturas a base de amidos.

10kV  X1,000 10pm LOME-UFSC

10V X5 80pm 4 “ECMEUFSC

Nanocristais (a)  Nanofibras (b) Nanomicelas (¢} Nanoparticulas (d) Nanovesiculas (e)

Fonte: Adaptado de Desai; Mondal; bera (2020); Fonseca et al. (2019); Kou et al. (2020); Sintov (2020)

2.2.2.2 Nanoparticulas de amido

Uma série de ingredientes alimentares foram estabilizados com sucesso usando amido
com boa eficiéncia de encapsulamento (AHMAD et al., 2019; AHMAD; GANI, 2021; LIU et

al., 2020). Nos ultimos anos, varios trabalhos (Tabela 1) tém usado NPs a base de amidos
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produzidas pela técnica de precipitacdo antissolvente para estabilizar compostos bioativos, com
o objetivo de aplicagdes farmacéuticas e alimentares devido a sua alta relagdo superficie/volume
e compatibilidade, baixo custo, abundantes e de facil sintese, além de ser uma fonte renovavel
(DONG et al., 2021).

Dessa forma, Acevedo-Guevara et al. (2018) concluiram que NPs obtidas a partir de
amido nativo e acetilado oriundo de bananas verdes podem ser usadas para encapsular a
curcumina (eficiéncia >80%). As NPA amido de banana acetilado mostraram a capacidade de
encapsular mais moléculas de curcumina do que as NPA nativos, permitindo uma libera¢ao

mais controlada de curcumina sob condi¢des gastricas.
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Tabela 2.1. Aplicagdes de nanoparticulas de amido (NPA), produzidas por precipitacdo antissolvente, como material de parede para estabilizar

compostos bioativos.

Material de Método de Encapsulado Principais resultados Autores
Parede encapsulamento
(amidos)
Raiz de 16tus Precipitacao Luteolina O tamanho de particula foi de 305 nm e eficiéncia de (CHEN et al., 2021)
antissolvente encapsulamento igual a 87,2%.
Quinoa Precipitacao Quercetina Tamanhos de particula menores que 166,25 nm e eficiéncia (Jiang et al., 2022)
antissolvente de encapsulamento superior a 26,62%.
combinado com
ultrassom
Milho normal Precipitacao B-caroteno Tamanhos de particula menores que 120 nm e eficiéncia de (Lee et al., 2022)
antissolvente encapsulamento superior a 80%.
Batata e Precipitacao Antocianinas Tamanhos de particulas menores que 900 nm e eficiéncia de Lima et al. (2021)
mandioca antissolvente encapsulamento entre 9,89 ¢ 12,37%
Castanha da India Precipitacdo Resveratrol Tamanho de particulas entre 419 ¢ 797 nm e Ahmad; Gani (2021)
(HSC), castanha antissolvente eficiéncia de encapsulamento em torno de 72 = 2%
d'agua (WSC) e combinado com
caule de 16tus ultrassom
(LSC)
Banana acetilado Precipitagao Curcumina Tamanhos de particulas menores que 250 nm e eficiéncia de ~ Acevedo-Guevara et
antissolvente encapsulamento superior a 80% al. (2018)
Quinoa Precipitacdo Piroxicam Tamanhos de particulas entre 282 e 870 nm e eficiéncia de ~ Bhatia; Rohilla (2020)
antissolvente encapsulamento de 78%.
Milho anormal Precipitacao Antocianinas Tamanhos de particulas entre 65 €390 nm e eficiéncia de Escobar-Puentes et al.
antissolvente estabilizacdao acima de 45% (2020)
Banana Precipitacao -caroteno Tamanhos de particulas menores que 250 nm e eficiéncia de Santoyo-Aleman;
antissolvente encapsulamento de 95,32% Sanchez; Villa (2019)
Milho anormal Precipitacao Silibinina Eficiéncia de encapsulamento de 89,93% Wu; Wang; Wang
antissolvente (2020)



Mandioca
acetilado

Precipitacao
antissolvente

Acido galico
(AG) e
hidroxitolueno
butilado (HTB)

Tamanhos de particulas entre 500 e 900 nm
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De Oliveira et al.
(2018)

Fonte: A autora (2023).
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Também foram produzidas NPs a partir de amido de castanha da India, castanha
d’agua e caule de Iotus, e essas foram capazes de distribuir e liberar resveratrol de maneira
eficiente nos locais especificos e exibem atividades antiobesidade e antidiabética mais altas do
que o resveratrol livre apds a digestdo gastro-intestinal (AHMAD; GANI, 2021). Em outro
trabalho, as NPA de quinoa carregadas com piroxicam intensificaram a atividade anti-
inflamatoria in-vitro, mostrando aproximadamente 78% da liberacdo do medicamento em HCI
0,IN apds 2h (BHATIA; ROHILLA, 2020).

Lima et al. (2021) verificaram que NPA baseadas em amido de mandioca (AM) e
amido de batata (AB) podem ser usadas para encapsulamento antocianinas (eficiéncia de
encapsulamento =11%). Essas NPA carregadas com antocianinas de jamboldo foram
completamente dispersas em 4gua e agua acidificada em temperatura ambiente. Esses
resultados sugerem que as NPA contendo antocianinas podem ser usadas como corante
alimentar natural. Recentemente, Escobar-Puentes et al. (2020) produziram NPA a partir de
amido de milho para estabilizar antocianinas, ¢ obtiveram nanomateriais que poderiam ser
utilizados para a liberagdo controlada de compostos bioativos visando aplicagdes como
embalagens biodegradaveis de alimentos ou como aditivos antioxidantes na industria
alimenticia.

Na mesma linha, De Oliveira et al. (2018) usaram amido acetilado (mandioca e amido
oxidado) para produzir NPs carregadas com acido galico (AG) e hidroxitolueno butilado
(HTB). As NPs resultantes exibiram alta estabilidade térmica e eficiéncia de encapsulamento
em torno de 90% para HTB e 10% para AG. Remanan e Zhu (2020) prepararam NPs a partir
de quinoa e amido de milho para encapsular e aumentar a biodisponibilidade da rutina, bem
como para melhorar a solubilidade em agua visando aplicagdes em alimentos. Da mesma forma,
Wu et al. (2020) concluiram que NPs a partir de amido de milho podem ser usadas para
armazenar silibinina (SLB). As NPs de amido de milho carregadas com SLB tiveram melhores
propriedades de dissolugdo e biodisponibilidade oral com liberagdo sustentada do que as NPs
de SLB e SLB livres.

Sendo assim, € possivel concluir que as NPA possuem grande potencial para melhorar
a estabilidade, solubilidade, biodisponibilidade, bem como proteger de condi¢des adversas de
processamento e armazenamento de alimentos, e entre outras, de compostos bioativos, a fim de

contribuir para o bem-estar e saude humana.
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2.2.3 Encapsulamento da propolis

A prépolis apresenta um excelente perfil de compostos fenolicos, como ja mencionado
anteriormente, ¢ tem despertado grande interesse no setor alimenticio. Porém, os compostos
tém cardter hidrofobico, com baixa biodisponibilidade, instabilidade digestiva, rapido
metabolismo e excrecdo, além de apresentar um aroma e sabor forte que limita a sua aplicagao
na industria alimenticia. Portanto, o encapsulamento tem se mostrado uma alternativa,
melhorando significativamente a solubilidade em agua, suas caracteristicas fisico-quimicas
gerais, e a estabilidade térmica, bem como sua biodisponibilidade oral, que permite a liberagao
dos compostos bioativos, evitando a degradacdo dos compostos presentes.

Na literatura, varias pesquisas usaram diferentes matérias de paredes para preservar e
estabilizar os compostos bioativos da propolis, e por meio de diferentes técnicas (Tabela 2). Os
estudos em sua maioria trazem as caracteristicas fisico-quimicas do material de parede
empregado, das particulas, no que diz respeito ao tamanho de particulas, eficiéncia de
encapsulamento, potencial zeta, e resultados de anélises in vitro, em microrganismos.

Além de avaliar as propriedades fisico-quimicas dos encapsulados, os pesquisadores
também tém procurado mostrar sua viabilidade e possibilidade de aplica¢do. Alguns autores
realizaram a microencapsulacdo de propolis e, sequencialmente, adicionaram as
microparticulas em alimentos. Bernardi et al. (2013) aplicaram microcépsulas de extrato de
propolis em salame tipo italiano, e os resultados (cor, pH, perda de peso e a,) foram
semelhantes quando comparados com a amostra controle, evitando a oxida¢do do salame
durante o armazenamento. Porém, a amostra com adi¢do das microparticulas da propolis
apresentou aceitacdo sensorial inferior. Em outro trabalho realizado por Spinelli et al. (2015),
microparticulas foram produzidas utilizando a goma arabica e capsul (amido modificado), por
spray drying. A capsul na propor¢ao 1:20 (m/m) apresentou melhor carregamento do extrato da
propolis durante atomizagdo e também os melhores escores de andlise sensorial, mascarando
sabor ¢ aroma quando adicionados em hamburgueres de peixe, obtendo um produto com

compostos fendlicos, o que proporciona um aumento da atividade antioxidante no produto.



Tabela 2.2. Principais técnicas e materiais de parede utilizados no encapsulamento de propolis nos ultimos anos.
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Técnica de Material de Principais objetivos Aplicacao Resultados Referéncia
encapsulamento/P parede em matriz
ropolis Alimentar
Nanoprecipitagao/  Policaprolactona Desenvolver NPs poliméricas carregadas N.i As NPs carregadas com extrato de Do
liofilizacao / pluronica com extrato de propolis vermelha brasileira propolis vermelho apresentaram nascimento

Propolis  vermelha

brasileira

Nanoprecipitagdo/  Quitosana

Spray drying

Propolis  marrom

(Egipcia e

Brasileira)

Nanoprecipitagdo ~ Matriz
polimérica

Propolis vermelha  Eudragit

— Alagoas Brasil E100®-
plurdnico e
PCL-Plurdnico

Spray drying Goma  arabica
(GO), goma de

Propolis de Tigre galactomanano

(GG) (vinal) e

com atividade antioxidante e atividade
citotoxica contra Leishmania (V.) braziliensis

Produzir nano em microparticulas (NMIs)
carregada de propolis e avaliar sua liberacao
controlada (in vitro), bem como sua atividade
anticancer

Desenvolver NPs poliméricas contendo
extrato de propolis e caracterizar suas
propriedades fisico-quimicas, antioxidantes
compostos fendlicos, e avaliar o efeito em
doengas cronicas e negligenciadas

como a leishmaniose

Desenvolver NPs de propolis utilizando
diferentes matrizes de gomas com potenciais
antioxidantes

N.i

atividade citotoxica em Leishmania (V.)
braziliensis

As NMIs apresentaram eficiéncia de

encapsulamento >T73%. A
nanoencapsulagdo e a  nano-em-
microencapsulagdo de extrato de
propolis  (EP) apresentaram  uma

liberagdo mais controlada e sustentada
de EP em comparagdao com EP livre.
Além disso, induziram mais efeito
anticancer do que o EP livre

Tamanho de particulas entre 140,4 a
280,2 nm e potencial zeta entre 54,6 a -
12,7 Mv. As NPs de Eudragit E100®-
plurdnico apresentaram maior eficiéncia
de encapsulamento de flavonoides (65,2-
81,2%) enquanto as de PCL-Plurdnico
apresentaram resultados inferiores (28,0-
55,3%), ambas com atividades contra
leishmanicidas

A eficiéncia de encapsulamento foi >
81%. A adicdo de gomas influenciou de
forma positiva na encapsulacdo dos
compostos fendlicos. Sistema com GO

et al. (2016)

Elbaz et al.
(2016)

Azevedo et
al. (2018)

Busch et al.
(2017)



Spray drying

Propolis verde
brasileira
Spray drying

Propolis brasileira

marrom, verde e
vermelho

Spray drying

Propolis  marrom
brasileira

Spray drying

maltodextrina
(MD)

y-Ciclodextrina
(yCD)

Goma arabica e
MD

Proteinas do
arroz, ervilha,
soja e
ovoalbumina

Quitosana/ MD

Encapsular EP verde brasileira em yCD e
avaliar o potencial anti-inflamatério no
figado de camundongo in vivo

Caracterizar os extratos de diferente propolis,
desenvolver pds desidratados utilizando
goma arabica e MD como materiais de
parede, bem como verificar a capacidade de
reter compostos bioativos

Microencapsular o EP utilizando diferentes
proteinas por spray drying e analisar a
digestdo in vitro em alimentos com alto teor
de agticar e gordura

Avaliar o efeito de revestimentos a base de
quitosana comestivel contendo extrato de
propolis etanolico na preservacao de filés

queijo

Minas
frescal e

pudim

Filé de
peixe

cachama
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apresentou menor conteudo de fenolicos

na superficie € maior na parte interna do

material

O EP apresentou propriedades anti- Rimbach et
inflamatérias e pode ser utilizado em al. (2017)
processos inflamatorios cronicos

A eficiéncia de encapsulamento foi entre Andrade et
70-79% e apresentou boa retencdo dos al. (2018)
compostos bioativos. Microparticulas de

propolis vermelha e verde apresentaram

maiores teores de fenodlicos totais e

flavonoides quando comparados as
microparticulas de propolis marrom,
independentemente do material
encapsulante

A eficiéncia de encapsulamento foi > Jansen-
70% e manteve-se a atividade Alves etal.
antioxidante da propolis. A (2018)
microparticulas de proteina de ervilha

quando aplicadas no queijo tiveram o

melhor perfil de liberagao controlada dos

compostos nas condigdes intestinais,

atingindo 89,64% de liberagao apds 300

min de digestdo in vitro, e para o pudim,

a melhor liberacdo foi da proteina de

arroz, liberando 100% dos compostos

fenolicos na fase intestinal

O revestimento comestivel com Marquez;
quitosana-extrato de propolis aumentou Fuenmayor;
em até 8 dias a vida util do filé¢ de peixe  Suarez


https://www.sciencedirect.com/topics/food-science/gum-arabic

Propolis nao
especificada

colombiana

Spray drying e
liofilizagao

Propolis da Nova
Zelandia

Spray drying
Propolis nao
especificada da
Turquia

Spray drying

Propolis vermelha
Brasileira

Ciclodextrinas
(CD) (o, B, v)

MD, proteina de

soro de
isolada (PSI)
6leo de girassol

Casei

leite

€

natos (CSPV10,

CSPV18,
CSPV28
CSPV35)

€

Desenvolver NPs e avaliar a atividade anti-
cancer gastro-intestinal e anti-inflamatorias
das propolis encapsulada por CD (a, B, v)

Investigar os efeitos da taxa de
homogeneiza¢do (rpm), temperatura de
entrada e saida nas propriedades fisicas e
quimicas das microparticulas e aumentar a
estabilidade dos compostos antioxidantes e
fendlicos

Desenvolver particulas e avaliar as
propriedades fisico-quimicas, propriedades
antioxidantes, antibacterianas

As amostras revestidas com extrato de
proépolis etandlico previamente
microencapsuladas em maltodextrina

apresentaram percep¢ao sensorial mais
desejavel e melhor textura, comparadas
tanto aos filés ndo revestidos, e também
quando comparado quanto aos filés
revestidos com quitosana contendo as
mesmas concentragdes de extrato de
propolis.

O yCD foi mais eficaz para encapsular a
propolis da Nova Zelandia. As NPs
apresentaram propriedades anti-
proliferativo e anti-inflamatoria
indicando beneficios a satde gastro-
intestinal

Microparticulas  obtidas em  altas
temperaturas de entrada e saida, e baixa
taxa de homogeneizacdo apresentaram
maiores atividades antioxidantes e teores
de fenolicos totais, com eficiéncia de
encapsulamento variando entre 29,79 e
99,73%

Particulas em escala de micro a
nanométrica entre 5263 ¢ 41,32 nm,
potencial zeta variando entre -32,1 a -
42,4 mV. Os caseinatos CSPV50 e
CSPV35 apresentaram os melhores
valores de atividades antioxidante. Os
extratos de propolis vermelha e
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mahecha
(2018)

Catchpole
et al. (2018)

Baysan;
Elmas; Kog¢
(2019)

Do
Nascimento
et al. (2021)



Spray drying
Propolis  marrom
brasileira

Spray drying/
spray-chilling

A propolis
vermelha,
originaria do

Nordeste brasileiro

Processo de
secagem

As propolis foram
coletadas de
Haryana, Punjab e
Himachal Pradesh
da India durante
marco a setembro
de 2020

Liofilizagao

Proteina de
ervilha (PDE)

gordura vegetal
e goma arabica

Mantodextrina
(DE20)

Goma arabica

Avaliar a influéncia de diferentes
concentragdes de extrato de propolis e
também de PDE na atividade antioxidante e
antimicrobiana de microparticulas

Produzir particulas obtidas por trés técnicas:
spray-drying, spray-chilling e spray-drying
em combinacdo com spray-chilling e avaliar
as propriedades fisico-quimicas e a cinética
de liberagdo dos compostos bioativos foi
avaliada em ensaios de digestdo simulada in
Vitro

Desenvolver p6 de prépolis seco a vacuo,
sem alcool e rico em polifendis

Investigar o  efeito da  digestdo
gastrointestinal dinamica seguida de um

N.i

caseinatos atividade
antibacteriana

A eficiéncia de encapsulamento variou
entre  49,40%-97,00%. As maiores
eficiéncias foram observadas com o uso
de 5% de extrato de propolis e 2% de
PDE. Microparticulas preparadas com
2% de PDE e 2,5 ¢ 5% de EP
apresentaram atividade antimicrobiana
contra L. monocytogenes e S. aureus

As particulas que apresentaram o0s
melhores resultados na preservacao dos
compostos bioativos foram produzidas
combinando as técnicas de spray-drying
e spray-chilling. O estudo da liberacao
gastrointestinal apresentou liberagdes
distintas em todas as fases (oral, géstrica
e intestinal).

Os resultados mostraram maior TPC
(20,98-30,91 mg GAE.g™h),
higroscopicidade entre 9,12-15,41%,
valor de brancura de 66,13-74,85, ¢
solubilidade entre 61.29 - 45,27%.

apresentaram

A bioacessibilidade foi maior para o
EEPB encapsulado (21,4%-57,6%) do
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Jansen-
Alves et al.
(2019)

Sa et al.
(2023)

Pant et al.
(2022)

Alencar et
al. (2023)



A prépolis
vermelha crua foi
coletada em

Maceid, estado de
Alagoas, Brasil (S
9° 38’ 53.3004" W
35° 43" 2.0604")
em novembro de
2019
Complexacao

A propolis  foi

coletada de
colméias
localizadas em
Meydavoud,
provincia de
Khuzestan (a

latitude ¢ 31,4360
°N e a longitude ¢
49,0413 °E
(coordenadas
geograficas)), Ira
no inicio de
novembro.
Atomizagao
assistida por
fluidos
supercriticos

Goma de
améndoa (AG) e
caseinato de
sodio (CAS)

Hidroxipropil-b-
ciclodextrina(H
PBCD)/
Polivinilpirrolid
ona(PVP)

modelo celular de permeabilidade intestinal
na estabilidade dos compostos ativos e nas
propriedades biologicas do extrato etandlico
de propolis vermelha brasileira (EEPB),
encapsulado ou ndo. Além disso, investigar a
toxicidade aguda in vivo deste extrato apos a
digestao.

Estudar a estabilidade térmica, a atividade
antimicrobiana, a libera¢do gastrointestinal e
a citotoxidade dos extratos e dos extratos
encapsulados.

Investigar a melhor relagdo propolis/material
para encapsular o extrato de propolis

N.i

que para o ndo encapsulado (19,3%-
30,2%). O encapsulamento afetou
negativamente as atividades
antioxidantes e anti-inflamatérias do
EEPB ap6s o transporte de células Caco-
2. O EP pode ser considerado como
tendo baixa toxicidade.

A estabilidade térmica e a atividade
antibacteriana da  propolis  foram
melhoradas apds o encapsulamento. A
propolis apresentou maior atividade
antibacteriana contra bactérias Gram-
positivas do que Gram-negativas. A
propolis  encapsulada mostrou uma
liberagdo  controlada em  vdrios
simuladores de alimentos e ambientes
gastrointestinais. A avaliagdo da
apoptose e o ensaio de MTT
confirmaram que a propolis encapsulada
induz menor citotoxicidade do que a
propolis pura contra a linha celular de
fibroblastos.

Particulas com alto conteudo de
polifenol sdo obtidas para ambos os
transportadores, com eficiéncia de
encapsulamento >90%. As formulacdes
R=1/5 para EEP-HPBCD e R= 1/3 para
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SALEHI et
al. (2023)

Di Capua et
al. (2018)



Propolis nao
especificada do
Chile

Difusdo em
emulsio
Propolis  egipcia
marrom.

Método de difusdo
de solvente a
quente

propolis verde

Emulsdao o6leo-em-
agua (O/A)

Extrato  etandlico
de propolis (EEP)
da Tailandia
Automontagem por
interacao
eletrostatica

Emulsdo: Alcool
polivinilico
(PVA), agua
destilada, alcool
etilico

Surfactantes:
poloxamero/lecit
ina de soja

Poli
latico-co-
glicolico)
(PLGA)

(acido

quitosana (CS) e
acido
hialurénico
(HA)

Avaliar o efeito de NPs de propolis no
tratamento de fibrose hepatica induzida por
CCl4 e nefropatia em modelo de rato albino

Desenvolver NPs de préopolis e avaliar sua
atividade antimicrobiana in vitro contra S.
aureus ¢ isolados de leite mastitico, bem
como a citotoxicidade para células epiteliais
de mamaria bovina.

Produzir NPs de PLGA carregadas EEP, e
avaliar o perfil de liberagdo in vitro, a
citotoxicidade e efeito inibitorio contra a
levedura patogénica C. albicans

Investigar as razdes ideais de CS/HA e
nlcleo/parede para a formulagdo de
nanoparticulas carregadas com extrato de
propolis (PE-NP), e os efeitos do PE-NP na
solubilidade e estabilidade.

EEP-PVP apresentaram os melhores
resultados

Os tamanhos de particula obtidos
variaram entre 5 ¢ 10 nm. As NPs de
propolis investigadas mostraram
potencial no reparo do tecido renal,
potencializam a regeneracdo  dos
hepatocitos; e também ajuda na
recuperagao na destruicao hepatobilia
Os tamanhos de particula obtidos
variaram entre 181 e 201 nm. A
eficiéncia de encapsulamento variou
entre 73 e 91%. As NPs apresentaram
potencial antimicrobiano contra cepas de
S. aureus dependendo da concentragdo e
da formulacao. As melhores formulacdes
foram com 5% EP, 1% poloxamero e
0,25 % lecitina; e 7% extrato de propolis,
4% poloxamero e 1 % lecitina

As NPs de EEP apresentaram tamanho
de particula <500 nm e potencial zeta
entre-1,2+1,1mVe-3,9+£0,5mV, com
eficiéncia de encapsulamento ~90%,
com efeitos inibitdrios sobre o
crescimento de C. albicans

As proporcdes de CS para HA e nucleo
para o material da parede ideal para a
formulagdo de PE-NP foi 4:7 e 1:2,
respectivamente. o PE-NP aumentou
significativamente a solubilidade do PE
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Izzularab;
Megeed;
Yehia
(2020)

Machado et
al. (2019)

Jadnut et al.
(2019)

Kim et al.
(2023)



Automontagem
eletrostatica e
hidrofébica
Propolis  coletada
na primavera em
colonias de
abelhas, A.
mellifera L., com
choupo  (populus
sp.)

Emulsificagdo por
inversdo de fases

Propolis verde de
Minas Gerais

Gelificagao
ionotropica

Zeina
(Z)/carboximetil
quitosana
(CBMQ)
Nanoemulsoes:
6leo de milho,
agua destilada,
monooleato de
sorbitano e

polissorbato 80

Alginato

Otimizar as formulagcdes com teor de
propolis, relagcdo de massa Z/CBMQ e
relagio massa CMCS/Ca’" e avaliar a
eficiéncia de encapsulamento, e além disso
estudar o perfil de liberacdo in vitro e a
atividade antioxidante das NPs

Estudar atividades  antimicrobiana e
antioxidante, e desenvolver uma
nanoemulsdo de EP para uso como

conservante natural de alimentos

Desenvolver NPs a partir de extrato de
propolis e extrato de jabuticaba encapsulada

N.i

em 2,43 vezes em comparacao com o PE
livre.

As NPs apresentaram formas esféricas,
tamanho médio de particula de ~156 nm,
potencial zeta de ~-30 mV e eficiéncia
de em encapsulamento superior a 83%
foi observada na propolis-zeina/CBMQ
reticulada de célcio e com atividade alta
de antioxidantes determinadas pelos
métodos de ABTS e FRAP.

O EEP apresentou potencial antioxidante
superior quando comparado a sua forma
livre. As nanoemulsdes com particulas
entre 20 e 200 nm e valor médio de
potencial zeta de —11,61+0,90mV. A
nanoemulsdo foi estavel a tratamento
térmico e centrifugagdo, bem como
reproduziu as propriedades bioldgicas
avaliadas para o extrato livre, e
apresentaram atividade contra bactérias
gram-positivas. Os resultados da
atividade antioxidante pelos métodos
ABTS e DPPH apresentaram valores de
ICsovariando de 0.023 a 41.47 e de 0.004
a 3.72, respectivamente.

A eficiéncia de encapsulamento atingiu
89,6% para composto fenolico total e
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(2018)
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al. (2019)
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et al. (2020)



Abelha sem ferrdo
Tubuna (Maringi,
Sul do Brasil)

Gelificagao i6nica

Propolis da Malasia

Gelificagao
ionotropica com
CaCl

Propolis nao
especificada do
Egito

Sol-gel

Propolis nao
especificada
Bulgéria

quitosana

Alginato

Prata/Ag-silica

(jabuticaba: extrato de propolis, 2: 1 (V:V))
por gelificacdo ionotropica usando o
alginato, e com BERN

Desenvolver NPs de quitosana-propolis em
diferentes formulagdes e estudar seu efeito
em inibir a formacgdo de biofilme por E.
faecalis

Avaliar efeito antimicrobiano das NPs de
alginato carregadas com prépolis contra
diferentes bactérias patogénicas

Produzir NPs de prata contendo silica
mesoporosa Ag-SBA-15 e Ag-MCM-41
carregados com propolis e estudar a liberagao
in vitro e atividade antimicrobiana em
Staphylococcus aureus, Escherichia coli e
Candida albicans
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98,1% para concentragdo de antocianina
monomeérica  total.  Microparticulas
resistentes ao pH gastrico (1,2)
apresentando uma liberacdo lenta de

cerca de 40% em 240 min

O tamanho de particulas variou entre Ong et al.
247,1 nm e 512,3 nm com potencial zeta (2017)
entre +35,5 mV e +74,1 mV, e eficiéncia

de encapsulamento >77%. As NPs

Inibiram o crescimento de bactérias, bem

como a formagdo de biofilme por
Enterecoccus. faecalis

As NPs estaveis com potencial zeta de Hegazi; El-
—72,26 £ 6,04, e com potencial contra Houssiny;
Salmonella enterica.e Staphylococcus Fouad
aureus, mas também Escherichia coli , (2019)
Proteus vulgaris, Citrobacter diversus

Eficiéncia de encapsulamento >71%. Os Popova et
sistemas de silica-prata carregados de al. (2018)
propolis mostraram um efeito sinérgico

da prata e da propolis contra cepas de

bactérias e fungos

N. i: Nao informado. Fonte: A autora (2021).
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Posteriormente, Reis et al. (2017) obtiveram microcapsulas de Capsul carregadas com
extrato de propolis com eficiéncia de encapsulamento de 76 - 78% e as aplicaram em
hamburguer de peixe para reduzir a oxidagao lipidica e, consequentemente, aumentar a vida util
desse produto. Os resultados mostraram uma inibi¢do da deterioracdo oxidativa no produto,
porém estudos seriam necessarios para identificar uma concentragdo menor, para suavizar o
sabor. Jansen-Alves et al. (2018) produziram microcapsulas de extrato de préopolis pela técnica
de spray drying utilizando diferentes materiais de parede (proteinas do arroz, ervilha, soja e
ovoalbumina), e as adicionaram em duas matrizes alimentares, o queijo Minas frescal e pudim.
Foi observado que a atividade antioxidante das microparticulas de propolis encapsuladas foi
superior a 73%. E as amostras usando a proteina de ervilha como composto encapsulante foi
mais eficaz no queijo Minas frescal.

Microcapsulas de quitosana/maltodextrina (MD) carregadas com extrato da propolis
foram aplicadas em filés de peixe, e avaliou-se a qualidade delas durante 20 dias. Pode-se
observar que a oxidacao lipidica secundaria dos musculos revestidos foi 12% a 15% menor em
comparag¢ao com as amostras ndo revestidas apos 12 dias, bem como melhora de sabor, odor ¢
textura, e as amostras revestidas com quitosana/MD tiveram maior preferéncia pelos
avaliadores (PIEDRAHITA MARQUEZ; FUENMAYOR; SUAREZ MAHECHA, 2019).

Zhang et al. (2018), sintetizaram NPs de grau alimenticio como portadores de propolis
a fim de expandir a biodisponibilidade oral. As NPs de propolis apresentaram atividade
antioxidante e aumento na hidrossolubilidade, sugerindo que o complexo zeina/carboximetil
quitosana foi eficiente e pode ser aplicado na industria alimenticia, cosmética e farmaceéutica.
Nesse estudo ndo foi realizado estudo de analise sensorial.

Porém, ainda sdo poucos as referéncias que mostram a aplicagdo do extrato de propolis
estabilizado na forma de nanoparticula ou microparticulas ou na forma de emulsdes em
sistemas alimenticios. Acredita-se que o maior desafio ¢ estudar o sinergismo entre os
compostos bioativos e o material encapsulante dentro de uma matriz alimentar, bem como
avaliar sua influéncia no comportamento e nas propriedades dos alimentos, além da sensorial.

O desenvolvimento de novos produtos incorporados de compostos bioativos naturais
destaca-se como uma estratégia de marketing interessante para a industria, especialmente para
produtos que requerem apelo de saudabilidade, como produtos de confeitaria (as balas), visto
que ¢ um produto consumido por um grupo de consumidores de criancas a idosos. Assim, sua
fortificagdo com compostos fenolicos ¢ uma forma de fornecer compostos benéficos para a

saude humana e atingir maior publico (CAPPA; LAVELLI; MARIOTTI, 2015).
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Nesse contexto, até o0 momento ndo existem relatos da producao de NPA de batata e
de mandioca pela técnica de precipitagdo antissolvente estabilizando os compostos bioativos da
propolis. Portanto, o objetivo foi obter nanoparticulas de amido para estabilizar os compostos
bioativos da propolis empregando a técnica de nanoprecipitagdo antissolvente e aplicar as

nanoparticulas como fonte de compostos fendlicos em balas de gelatinas.
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CAPITULO 3
PRODUCAO E CARACTERIZACAO DE NANOPARTICULAS DE AMIDO DE BATATA
E DE MANDIOCA PELA TECNICA DE NANOPRECIPITACAO ANTISSOLVENTE

Apresentado na forma de artigo
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3 IMPACT OF THE ACIDIFIED HYDROETHANOLIC CONCENTRATION
ON THE PHYSICOCHEMICAL PROPERTIES OF STARCH
NANOPARTICLES PRODUCED BY ANTI-SOLVENT PRECIPITATION

Este capitulo relata a primeira fase experimental desta tese: produgdo e caracterizacao
de nanoparticulas de amido.

A partir desta etapa, foi escrito o primeiro trabalho de pesquisa, intitulado “Impact of
the Acidified Hydroethanolic Solution on the Physicochemical Properties of Starch
Nanoparticles Produced by Anti-Solvent Precipitation” publicado no Starch (fator de impacto
(2021): 2.741; https://doi.org/10.1002/star.202100034). De acordo com as regras de assinatura
da Wiley, os autores se reservam o direito de incluir o artigo em uma tese, desde que nao seja

publicado comercialmente.

Graphical abstract

Organic phase:
Acidified hydroethanolic solution (AHS)
with ethanol concentrations
50, 80, 70, 80, and 96% (v/v)

Adqueous phase: Agitation (12 hours) Centrifugation Lyophilization
native starch

-

Starch nanoparticles
(NPs)

¢ Starch NPs were produced by antisolvent precipitation using different AHS.
* Particle size and surface charge of starch NPs were impacted with the ethanol concentration used in the AHS.
* Starch NPs have V-type crystallinestructure and they were soluble in water at 30 2C.

Abstract

This study aimed to understand the effect of the acidified hydroethanolic solution with
different ethanol concentrations (50, 60, 70, 80, and 96%) on the physicochemical properties
of potato and cassava starch nanoparticles (NPs) obtained by anti-solvent precipitation (AP).
The recovery efficiency (RE) was investigated, and the starch NPs were characterized by
particle size, surface charge, chemical bonds, crystalline structure, thermal properties, moisture
content, water activity, solubility in water, and swelling factor. The starch NPs had particle size
lower than 1000 nm and V-type crystalline structure. Furthermore, these nanomaterials showed

high solubility values in water at 30 °C and 90 °C. In general, the ethanol concentration used in
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the acidified hydroethanolic solution altered the RE, particle size and surface charge of
nanoparticles.

Keywords: cassava starch; food gummies; nanoprecipitation; potato starch.

Abbreviations

AP: anti-solvent precipitation; aw: water activity; CS: cassava starch; DLS: Dynamic light
scattering; DSC: differential scanning calorimeter; DTGA: Differential thermal analysis; FTIR:
Fourier-transform infrared; MC: moisture content; NPs: nanoparticles; CSNPs: starch
nanoparticles based on cassava starch; PSNPs: starch nanoparticles based on potato starch; PS:
potato starch; RC: Relative crystallinity; RC: Recovery efficiency; S: solubility in water; SF:
swelling factor; TGA: thermogravimetric analysis; TPA: texture profile analysis; To:
gelatinization onset temperature; Tp: gelatinization peak temperature; Tc: gelatinization

conclusion temperature; AH: gelatinization enthalpy.

3.1 INTRODUCTION

Starch nanoparticles (NPs) are structures based on starch chains having at least one
dimension between 1 and 1000 nm (CAMPELO; SANT’ANA; PEDROSA SILVA CLERICI,
2020; SUN, 2018a). These NPs have different thermal and solubility in water properties than
those found in native starches, being promissory ingredients to be used in food applications
(CHACON et al., 2020a; SUN, 2018a). Starch NPs are produced by “top-down” approaches
through a breakdown of starch granules using physical, chemical, or enzymatic treatments
(ANDRADE et al., 2020; CHACON et al., 2020a; SUN, 2018a).

Anti-solvent precipitation (AP) also known as nanoprecipitation is a chemical method
used to produce starch NPs. In this approach, the starch granules are gelatinized, cooled, and
then precipitated by the addition of an organic solvent (anti-solvent) dropwise to the starch
solution (CHACON et al., 2019, 2020a; LIMA et al., 2021). According Joye and Mcclements
(2013) the main driving force for the formation of NPs during AP is the imbalance of molecular
interactions between anti-solvent, solvent, and solute. Particularly, at certain anti-
solvent/solvent combinations, the solute-solute interactions are strong enough when compared
with the solute-solvent or solute-antisolvent interactions. In this way, the solute precipitate

forming nanomaterials. The main factors affecting the production of NPs by AP are the type of
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solvent, anti-solvent, and temperature, as well as the mechanical stirring used to avoid NPs
aggregation. AP is considered a simple and low cost technique used to produce food-grade NPs
with controlled particle size (CHACON et al., 2019; CHIN; PANG; TAY, 2011).

Ethanol has been the most used organic solvent (anti-solvent) to precipitate starches
previously gelatinized in water by AP (CHACON et al., 2019, 2020a; HEBEISH et al., 2014;
QIN et al., 2016). Recently, Lima et al. (2021) observed that an acidified hydroethanolic
solution (pH = 1) can be used as solvent to stabilize anthocyanins and as anti-solvent to
precipitate cassava and potato starches by AP. After the precipitation, the authors observed
cassava and potato NPs with particle sizes lower than 1000 nm, trapping anthocyanins in their
structures. In this way, the acidified hydroethanolic solution could be used as an organic solvent
to disperse bioactive compounds to be stabilized during the formation of starch NPs by AP. The
main disadvantage of the AP method is the large volume of ethanol used to separate the starch
from the water solution (CHACON et al., 2019, 2020a; HEBEISH et al., 2014; QIN et al., 2016).
In the reviewed literature, no study has explored the effect of ethanol concentration used in the
acidified hydroethanolic solutions and their impact on the physicochemical properties of starch
NPs produced by AP.

Therefore, the objective of this present research was to study the effect of the ethanol
concentration used in the acidified hydroethanolic solutions during the production of starch NPs
by AP and its impact on the particle size, surface charge, chemical bonds, crystalline structure,
phase transitions, moisture content, water activity, solubility in water, and swelling factor of

these materials.

3.2 MATERIALS AND METHODS

3.2.1 Materials

Cassava starch (CS) and potato starch (PS) were purchased from Juréia and Shambala
Naturais Food Industries (Santa Catarina, Brazil), respectively. Distilled water, ethanol (>
99.5%, Exodo Cientifica, Brazil) and hydrochloric acid (37 wt%, Neon, Brazil) were used as
solvents. Type A gelatin (Gelnex, Brazil) with 260 Bloom and 30 Mesh was used as a protein

to manufacture the gummies.
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3.2.2 Preparation of the starch nanoparticles

Starch NPs were prepared by the precipitation of CS and PS using the AP technique
(CHACON etal., 2019, 2020a). Firstly, starch granules (2.5 g) were hydrated in 50 g of distilled
water at 25 °C for 30 min, under constant agitation (300 rpm). Thereafter, starch granules
suspensions were gelatinized by heating at 90 °C for 30 minutes. The starch suspensions were
cooled to 30 °C and then an acidified hydroethanolic solution was added drop wise for the
gelatinized starch in a 1:1 (% v/v) ratio. The acidified hydroethanolic solution was prepared by
diluting the absolute ethanol in water to obtain solutions with ethanol concentrations of 50, 60,
70, 80, and 96% v/v. Then, the hydroethanolic solutions were acidified by blending with
hydrochloric acid (100:1 v/v, hydroethanolic solution:HCI 37 wt%, pH = 1).

The resulting slurry obtained after the mixture of the gelatinized starch suspension
with the acidified hydroethanolic solution was kept in magnetic agitation with constant stirring
for 12 hours. Then, the slurry was centrifuged at 25 °C, using a centrifuge (Kasvi, Brazil) with
1700xg force at 4000 rpm for 15 minutes to separate the starch NPs from the solvents. Starch
NPs were centrifuged three times with an ethanol solution in water (80% v/v), and finally
washed with absolute ethanol (99.6%). The starch NPs were removed by centrifugation using
the same centrifuge and then the ethanol in the samples was evaporated using a forced-air
convection oven (Solidsteel, Brazil) at 60 °C for 10 min. In sequence, the starch NPs were
frozen at -24 °C for 48 h, and finally lyophilized (Liotop L 101). The resulting starch NPs based
on CS and PS were finely macerated and stored in desiccators with controlled relative humidity
(RH) of 10% at 25 °C for 14 days before analysis. PS and CS also were conditioned at 10% RH
for 14 days.

3.3 CHARACTERIZATION OF THE STARCH NANOPARTICLES

3.3.1 Recovery efficiency (RE)

The RE was calculated according to Eq. (3.1):

RE (%) = ——NPs 4 100 3.1)

DWhative starch
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where DWyp, is the dry weight of starch NPs obtained after lyophilization (g) and

DWhative starch 18 the dry weight of each native starch used to produce starch NPs (g).

3.3.2 Particle size distribution and surface charge

Dynamic light scattering (DLS) measurements were performed using a LUMiSizer
(LUM GmbH, Germany) and a Zetasizer Nano ZS (Malvern, England) to analyze the native
starches (CS and PS) and starch NPs. Before analyses, the suspensions based on native starches
(0.5% w/v) and starch NPs (0.03% w/v) in ultrapure Mili-Q water were sonicated for 30 min at
40 KHz, using a sonicator bath (Ultracleaner 1650, Unique, Brazil) (AHMAD et al., 2019).

Zetasizer Nano ZS (Malvern, England) was used to study the surface charge of native
starches and starch NPs. Before analyses, the samples were diluted in deionized water (0.03%,
w/v), controlling pH (pH = 6), and sonicated at 40 KHz for 30 min in the same sonicator

bath.(AHMAD et al., 2019).

3.3.3 Chemical bonds

Fourier-transform infrared spectrometer (FTIR, Cary 600, Agilent, US) was used to

evaluate the chemical bonds of native starches and starch NPs. The spectra were obtained in

1 1

the infrared region between 4000 and 400 cm " and using 4 cm™ resolution. In each analysis
were performed 32 scans. Samples were blended with KBr before analyses (CAPELLO et al.,

2019).

3.3.4 Crystalline structure

Native starches and starch NPs were analyzed using an X-ray diffractometer (Rigaku
MiniFlex 600 DRX, Japan) equipped with Cu-Ka radiation (A = 0.154056 nm) in the diffraction
ranges (20) between 3 and 60° and using a rate of 10 °/min (CHACON et al., 2019). The Eq.
(3.2) (Bragg’s law) was used to calculate the interplanar spacing d (nm) from the diffraction

angle at the maximum intensity of the peaks/halos found in the X-ray diffractograms.

nA = 2dsin0 3.2)
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where n is the reflection order (n = 1), A is the wavelength of CuKa radiation, and 0 is
the reflection angle.

Relative crystallinity (RC, %) in each sample was calculated using Eq. (3.3) proposed
by Komiya.Nara and Komiya (1983).

RC (%) = (AﬁA) £ 100 (3.3)

where Ac and A, are the areas related to the crystalline and amorphous regions in the
X-ray diffractograms for each sample, respectively.

The starch crystallinity also was studied using a polarized light microscopy.(YU et al.,
2015) Firstly, suspensions based of native starches and starch NPs in distilled water were
prepared and then placed on a slide and finally covered with glycerin and a coverslip. Native
starches and starch NPs were photographed using a polarizing light microscope (ML-9400,
Meiji, Japan) with 10% and 20x magnification, equipped with a camera with a trinocular tube
attached to a USB camera (1.2 megapixel). Photos were taken at random sample spots using

the free software AMCAP (AMCAP Direct Show Video Capture Sample v.8.12, ©Microsoft
Corp.).

3.3.5 Thermal properties

Thermal transitions of suspensions based on native starches and starch NPs in distilled
water were analyzed in a differential scanning calorimeter (DSC, PerkinElmer Jade®, USA),
using hermetically sealed aluminum pans. Native starches and starch NPs were weighed in
aluminum pans and mixed with distilled water in a 1:2 w/w starch:water ratio. An empty
aluminum pan was used as reference. The pans were sealed hermetically and allowed to
equilibrate for 1 h at room temperature and then heated from 20 to 90 °C, with a heating rate of
10 °C/min, under a N> flow rate of 45 mL/min (QIN et al., 2016). Thermal transitions related to
the starch gelatinization such as onset (To), peak (Tp), and conclusion (T¢) temperatures, as well
as enthalpy (AH, expressed in Joules per gram of dry starch) were obtained from the DSC
thermograms using Pyris Data Analysis software®.

Thermal stability of native starches and starch NPs was studied using a
thermogravimetric balance (TGA/DTA STA 449 F3 Jupiter, Netzsch, Germany). Native
starches and starch NPs (10 mg) were heated from 30 to 700 °C, using a heating rate of 10
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°C/min and a platinum pan as reference. Thermogravimetric analysis were carried out using a

flow of 100 mL/min of dry N> (CAPELLO et al., 2019).
3.3.6 Moisture content and water activity

The moisture content (MC) of native starches and starch NPs was determined
gravimetrically using a forced-air convection oven (Odontobras, Brazil) at the temperature of
105 °C. The samples were weighted periodically until there was no further mass variation (=
24 h).(MERZ et al., 2020) MC values were expressed as gram of water per gram of dry material.

The water activity (aw) of native starches and starch NPs was carried out at 25 °C using
a water activity meter (Aqualab Model Series 3 instrument, Decagon Devices Inc., Pullman,

WA, USA).(CHACON et al., 2020a)
3.3.7 Solubility in water and swelling factor

Solubility in water (S) and swelling factor (SF) tests were carried out according to the
methodology proposed by Andrade-Mahecha et al.(ANDRADE-MAHECHA; TAPIA-
BLACIDO; MENEGALLI, 2012) Firstly, each sample (W = 0,150 g) was mixed with 15 mL
of distilled water and heated at 30 or 90 °C for 30 min, being that each 10 min the samples were
shaken for 10 s in a vortex. In sequence, the tubes containing the samples were cooled until
room temperature and then centrifuged at 4000 rpm (Kasvi, Brazil) for 15 minutes. The
supernatant liquid was placed in crucibles previously weighed and then dried at 105 °C for 48
hours. In sequence, the remaining weight in the crucible (W:) was used to calculate S value by
Eq. (3.4). The mass of the gelatinous material adhered to the wall of the tube was considered as

sediment and it was weighed (W;) and then used to calculate the SF values using Eq. (3.5).

S (%) = WW* 100 (3.4)

(3.5)
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3.3.8 Statistical analyses

All the tests were performed at least two times for each sample with exception of TPA
analyses which were determined at least three times in each sample. The results were expressed
as means * standard deviation. The experimental data were analyzed using Analysis of variance
(ANOVA) and Tukey test with multiple comparisons was performed with a 5% significance
level using the software Statistica 10.0 (StatSoft®, USA).

3.4 RESULTS AND DISCUSSIONS

3.4.1 Recovery efficiency

RE increased with the ethanol concentration used in the acidified hydroethanolic
solution (Table 3.1), indicating that more ethanol in the solution lead to the starch
supersaturation, providing a driving force for starch NPs precipitation.(JOYE;
MCCLEMENTS, 2013) In the reviewed literature, no study has investigated the effect of
ethanol concentration on the RE of starch NPs obtained by AP.

Table 3.1. Recovery efficiency (RE, %) of starch nanoparticles based on PS (PSNPs) and CS
(CSNPs) obtained with different acidified hydroethanolic solutions (50, 60, 70, 80, and 96%).

Sample RE (%)
PS -
PSNPs-50% 70.56+3.36*
PSNPs-60% 79.73+£2.51%
PSNPs-70% 84.26+3.38°
PSNPs-80% 78.87+4.24%
PSNPs-96% 83.96+3.81°
CS -
CSNPs-50% 74.52+4.64%

CSNPs-60% 78.96+3.58%
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CSNPs-70% 73.12+45.24*
CSNPs-80% 87.36+1.24%
CSNPs-96% 90.35+3.93¢

*All values were expressed as mean =+ standard error (n > 3). Means in the same column for the same starch source

and followed by different superscripts are significantly different (p < 0.05).

3.4.2 Particle size distribution and surface charge

Native starches displayed a monomodal particle size distribution with particle size
diameter oscillating between 6 and 50 um and between 2 and 30 um in PS and CS, respectively
(Fig 3.1). Both particle size distributions are in accordance with those results informed by
Chacon et al., (2020a) and Lima et al., (2021) in PS ( 10 e 100 pm) and CS (2 e 30 pm),

respectively.

Fig. 3.1. Particle size distribution of potato starch and cassava starch.
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Source: Alves et al. (2021).

NPs presented a bimodal particle size distribution. In this sense, starch NPs based on
PS (Fig. 3.2a) and CS (Fig. 3.2b) exhibited a first particle size distribution between 15.3 and
98.8 nm, and a second population with particle size ranged between 157.6 and 588.6 nm. In
general, starch NPs based on PS were smaller when compared with those produced using CS
(Fig. 3.2). The ethanol concentration used in the acidified hydroethanolic solutions impacted

the population of starch NPs with particle size between 157.6 and 588.6 nm. Hence, a reduction
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in the particle size of this population was observed when the ethanol concentration was > 80%
(Fig. 3.2), confirming that the ethanol concentration has an important role to separate the starch
chains from water and then precipitate the starch NPs. According to Campelo; Sant'ana,Clerici
(2020) starch NPs could be defined as particles that have at least one dimension smaller than
1000 nm, therefore, in the current research all modified starches by AP can be classified as
starch nanomaterials. The particle size distributions obtained in this study are lower than those
reported by Ahmad and Gani (2021) studying starch-based nanoparticles (horse chestnut, water
chestnut and lotus) stem to encapsulate resveratrol with values between 419 and 797 nm, and
Lima et al., (2021) studying starch nanoparticles from PS and CS obtained particle size values
between 30 and 100 nm for a first population, and between 200 and 900 for a second population,

both authors used the antisolvent precipitation technique and the solvent was pure ethanol.

Fig. 3.2. Particle size distribution of: (a) potato starch nanoparticles (PSNPs); (b) cassava
starch nanoparticles (CSNPs), both prepared with different acidified hydroethanolic solutions
(ethanol concentration: 50, 60, 70, 80, and 96%).
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Source: Alves et al. (2021), with permission.

The surface charge (zeta potential) of native starches oscillated between —12.5 mV and

—44.0 mV in PS and CS, respectively (Table 3.2).
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Table 3.2. Zeta potential (ZP) of potato starch (PS), cassava starch (CS), and starch
nanoparticles based on PS (PSNPs) and CS (CSNPs) obtained with different acidified
hydroethanolic solutions (50, 60, 70, 80, and 96%).

Sample ZP (mV)

PS -12.543.04
PSNPs-50% -22.50+1.22°
PSNPs-60% -21.53+0.93%
PSNPs-70% -26.40+2.76°
PSNPs-80% -23.17+0.21°
PSNPs-96% -24.57+1.25%

CS -43.9743.87°
CSNPs-50% -20.40+0.44°
CSNPs-60% -18.77+0.97°
CSNPs-70% -17.33+0.74%
CSNPs-80% -20.27+4.52°
CSNPs-96% -16.03+2.06°

All values were expressed as mean + standard error (n > 3). Means in the same column for the same starch source

and followed by different superscripts are significantly different (p < 0.05).

A low surface charge in PS could be due to the presence of potassium (phosphate ester
groups), as well as by the higher particle size in this raw material when compared with
CS(NODA, 2021). Regarding the nanomaterials, all starch NPs had negative surface charge
values varying between —21.5 to —26.4 mV for starch PSNPs, and between —16.0 to —20.4 mV
for CSNPs (Table 3.2). Starch NPs prepared with PS showed more negative surface charge
values due to the smaller particle size in these nanomaterials when compared with those
produced using CS. Similar surface charge values were observed by Agi et al. (2019) in starch
NPs produced from CS by AP at high temperature (60 °C), assisted with ultrasonication and
using absolute alcohol (palm wine) as an organic solvent, and by Ahmad et al., (2019) in starch
NPs produced by AP from horse chestnut, water chestnut, and lotus stem starches, using

absolute ethanol as an organic solvent.
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3.4.3 Chemical bonds

Regarding the Fourier transform infrared spectra (Fig. 3.3) obtained with native
starches, stretching of hydroxyl groups were detected between 3700-3000 cm™! followed by
stretching vibrations of C-H groups at 2921 cm ™! (AGI et al., 2019; QIN et al., 2016). The band
at 1649 cm™! was attributed to bending vibrations of O-H, indicating the presence of water
molecules hydrating the starch structure (AGI et al., 2019). The peaks centered at 1168 and
1158 cm! corresponds to the CO bonds stretching of carbohydrates (VALENCIA et al., 2015b).
Stretching of C=0 groups were observed at 1082 cm™! (LIMA et al., 2021). The band centered
at 1000 cm™ was associated with intramolecular hydrogen bonding of the hydroxyl groups at
C-6 and it is typical of materials with partial crystallinity. Finally, the band with peak at 928
cm’!

(VALENCIA et al., 2015b).

was correlated with the symmetric elongation of C—O—C groups, respectively (Fig. 3.3)

Fig. 3.3. FTIR spectra of: (a) potato starch (PS) and potato starch nanoparticles (PSNPs); (b)
cassava starch (CS) and cassava starch nanoparticles (CSNPs). Starch NPs were prepared
using different acidified hydroethanolic solutions (ethanol concentration: 50, 60, 70, 80, and

96%).
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Source: Alves et al. (2021), with permission.

The starch NPs exhibited the same bands observed previously in PS and CS, however
the band intensity in starch NPs at 1649 cm™! deceased, suggesting that starch NPs have less
water molecules hydrating their structure (Fig. 3.3). Furthermore, a decreasing in the bands
centered at 1000 and 928 cm! indicated that starch NPs have less crystalline regions as a

consequence of polymer chain fragmentation during AP (Fig. 3.3) (LIMA et al., 2021).
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3.4.4 Crystalline structure

The X-ray diffractograms of native starches were typical of partial crystalline
materials. In this way, PS exhibited a diffraction pattern of B-type crystal structure, with
diffraction peaks at angles of 20 = 5° (d = 1.77 nm), 17° (d = 0.52 nm), 19.5° (d = 0.45 nm),
22° (d = 0.40 nm), and 24° (d = 0.39 nm) (Fig. 3.4a). In contrast, CS showed a diffraction
pattern of A-type crystal structure, with diffraction peaks at angles of 20 = 15° (d = 0.59 nm),
17°(d=0.52 nm), 18° (d =0.49 nm), and 23° (d = 0.39 nm) (Fig. 3.4b). In the current research,
the X-ray diffractograms of PS and CS are in accordance with the literature (CHACON et al.,
2019; LIMA et al., 2021; VALENCIA; HENAO; ZAPATA, 2012).
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Fig. 3.4. X-ray diffractograms of: (a) potato starch (PS) and potato starch nanoparticles (NPs-

PS); (b) cassava starch (CS) and cassava starch nanoparticles (CSNPs). Starch NPs were

prepared using different acidified hydroethanolic solutions (ethanol concentration: 50, 60, 70,
80, and 96%). Polarized light micrographs of: (c) PS; (d) CS; PSNPs prepared with an

acidified hydroethanolic solution with ethanol concentration of () 50% and (f) 96%; and

CSNPs prepared with an acidified hydroethanolic solution with ethanol concentration of (g)
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The starch NPs had X-ray diffractograms typical of materials with V-type structure
with diffraction peaks at 26 = 7.4° (d = 1.23 nm), 13° (d = 0.68 nm), and 20° (d = 0.44 nm)
(Fig. 3.4a and 3.4b). Similar results were also reported in the literature for starch nanomaterials
produced by AP (LIMA et al., 2021; YAN et al., 2018).

In the current research, X-ray diffractograms of starch NPs are in concordance with
the reduction in the crystalline regions observed in the FTIR spectra at 1000 cm™ (Fig. 3.3). In
the same way, RC values confirmed the crystalline phase reduction in starch NPs, hence, PS
and CS had RC values between 14.7 and 21.7%, whereas the RC values in starch NPs oscillated
between 4.8 and 7.5% (Fig. 3.4a and 3.4b). The crystallinity decreasing in starch NPs was due
to the destruction of crystalline regions in starch granules during gelatinization and precipitation
by contact with ethanol (YAN et al., 2018). The Maltese cross typical of native starch granules
was observed by polarized light microscopy analyses in PS and CS, confirming the presence of
crystalline regions in the studied starch granules (Fig. 3.4c and 3.4d). In contrast, less starch
NPs having the Maltese cross were observed by polarized light microscopy analyses,

confirming which these materials have a low crystallinity (Fig. 3.4e-h).

3.4.5 Thermal Properties

Regarding the DSC thermograms, PS and CS suspensions in water had an endothermic
peak during the heating cycle from 0 to 90 °C, associated with the starch gelatinization. The
endothermic peak was centered between 53 and 58 °C in PS and between 52 and 59 °C in CS.
Furthermore, AH values in PS and CS were 22.33 + 0.87 and 5.07 + 0.19 J/g of dry starch,
respectively (Fig. 3.5). Differences in AH values could be associated with differences in particle
size in each starch as discussed in Section 3.5.2 (SINGH; LARA; TLALI, 2017). The AH values
in PS and CS were comparable with those informed in the literature for the same
starches,(KARLSSON; ELIASSON, 2003; VALENCIA; DJABOUROV; DO AMARAL
SOBRAL, 2016) as well as when compared with other natives starches (LUCIANO et al., 2017;
VALENCIA etal., 2015a, 2015b). In contrast, starch NPs did not have endothermic peak during
the heating cycle, confirming the presence of less crystalline structures in these materials, not
being detected by DSC. DSC results in starch NPs are in concordance with those previously
discussed in FTIR and X-ray results (Fig. 3.5). Lima et al. (2021) also observed the same
behavior in starch NPs based on PS and CS prepared by AP.



Fig. 3.5. DSC thermograms of: (a) potato starch (PS) and potato starch nanoparticles
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(PSNPs); (b) cassava starch (CS) and cassava starch nanoparticles (CSNPs). Starch NPs were
prepared using different acidified hydroethanolic solutions (ethanol concentration: 50, 60, 70,

80, and 96%).
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About the thermal stability in native starches and starch NPs, it was observed that PS

and CS have three main decomposition stages in the thermogravimetric (TGA) curves (Fig.

3.6a and 3.6b) (CHACON et al., 2019). The first region occurred between 25 and 120 °C,

associated with water evaporation. In sequence, the second stage was observed between 121

and 303 °C in PS and between 121 and 318 °C in CS. This second stage was correlated with the

devolatilization of starch granules. Finally, the third region at temperatures higher than 303 °C

in PS or 318 °C in CS were associated to the biochar or unburnt carbon formation (CHACON

etal., 2019, 2020b). Differential thermal analysis (DTGA) curves from native starches revealed

a peak that was correlated with the end of the second stage in the native starches (Fig. 3.6¢ and

3.6d). In the present research, the TGA and DTGA curves were typical of native starches
(CHACON et al., 2019; LIMA et al., 2021).
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Fig. 3.6. Thermogravimetry curves of: (a) potato starch (PS) and potato starch nanoparticles
(PS NPs) and (b) cassava starch (CS) and cassava starch nanoparticles (CSNPs). Derivative of
the thermogravimetric curves of: (¢) PS and PSNPs and (d) CS and CSNPs. Starch NPs were
prepared using different acidified hydroethanolic solutions (ethanol concentration: 50, 60, 70,

80, and 96%)).
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Starch NPs showed the same three decomposition stages observed in the native
starches (Fig. 3.6a and 3.6b), however, in the DTA curves (Fig. 3.6¢ and 3.6d) two peaks were
observed. The first peak could be due to the moisture desorption from the surface and the second
one was correlated with the decomposition of the studied materials due to the thermal
degradation (CHACON et al., 2020b). Interestingly, the second peak in the DTA curves of
starch NPs was displaced to lower temperatures when compared with PS and CS (Fig. 3.6¢c and
3.6d), suggesting that thermal degradation of starch NPs started earlier as a consequence of the
particle size reduction in these materials (CHACON et al., 2019).

DSC, TGA, and DTGA results demonstrated that the ethanol concentration used in the
acidified hydroethanolic solutions during the production of the starch NPs did not show a

considerable effect on the thermal properties of these nanostructures.
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3.4.6 Moisture content and water activity

CS and PS moisture content (MC) and water activity (aw) values oscillated between
10.9 and 14.3% and 0.60 and 0.65, respectively (Table 3.3. MC and ay values in the native
starches are in concordance with the literature and they are typical of foods with moderate

chemical and microbiological stability (LIMA et al., 2021).

Table 3.3. Moisture content (MC), water activity (a,y), of potato starch (PS), cassava starch
(CS), and starch nanoparticles based on PS (PSNPs) and CS (CSNPs) obtained with different
acidified hydroethanolic solutions (50, 60, 70, 80, and 96%).

Sample MC (%) ay

PS 14.34+0.62° 0.65+0.01°
PSNPs-50% 7.56+0.59%¢ 0.31£0.01%
PSNPs-60% 6.93+0.62° 0.27+0.03¢
PSNPs-70% 8.84+0.49° 0.31+0.04%
PSNPs-80% 7.88+0.34b° 0.28+0.02°
PSNPs-96% 7.21+0.75° 0.3440.02°

CS 10.90+0.12° 0.60+0.00°
CSNPs-50% 5.84+0.10° 0.30+0.01°
CSNPs-60% 6.10+0.56° 0.3140.04°
CSNPs-70% 7.310.15¢¢ 0.32+0.02°
CSNPs-80% 6.50+£0.29%¢ 0.30+0.03°
CSNPs-96% 7.53+0.21¢ 0.31+0.05°

All values were expressed as mean + standard error (n > 3). Means in the same column for the same starch source

and followed by different superscripts are significantly different (p < 0.05).

As previously observed in FTIR results (see Section 3.5.3), starch NPs have fewer
water molecules hydrating their structure, hence, MC and ay values in these materials were
lower when compared with those obtained in the native starches (Table 3.3). Considering that
all samples were conditioned under the same RH (10%), higher MC and ay, values in the native
starches when compared with the starch NPs can be explained due to the necessity of water
molecules to hydrate the crystalline structure of the starches (LOURDIN et al., 2015). In

contrast, starch NPs have less crystalline structure, not being necessary the presence of
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moderate amounts of water molecules. According to Chirife and Buera (1994) a, values
between 0.2 and 0.4 are typical of food with high chemical and microbiological stability. In the
current research, most starch NPs had ay, values lower than 0.4, indicating which these systems
are low moisture products which are not susceptible to chemical reactions and microorganism
growth when stored at 10% RH (AL-MUHTASEB; MCMINN; MAGEE, 2002). However,
these nanomaterials could absorb high amounts of water molecules when exposed at high

relative humidities (CHACON et al., 2020a).

3.4.7 Solubility in water and swelling factor

The solubility in water (S) at 30 °C of the native starches was low and oscillated

between 0 and 5.27% (Table 3.4). The S values at 30 °C confirm that the native starches are not
water-soluble at this temperature. However, S values increased from 0 % to 18.31 % and from
5.27 % to 44.49% for PS and CS, respectively, when the water was heated to 90 °C (Table 3.4).
Furthermore, swelling factor (SF) at 90 °C were higher than 50 g/g, being typical of native
starches (Table 3.4) (CHACON et al., 2020a; VALENCIA et al., 2015a). Solubility in water
and swelling factor depend on the type of starch and its botanical source, amylose-amylopectin
ratio, molecular weight distribution, and particle size.(SINGH et al., 2003) The amylopectin
content is directly associated with solubility in water and swelling factor of starch granules
(SINGH et al., 2003; VAMADEVAN; BERTOFT, 2020). According to Vamadevan and
Bertoft (2020) CS has a higher amylopectin content than PS. Therefore, in the current research,
CS had higher S and SF values when compared with PS (Table 3.4). In the current research, the
S and SF values in CS and PS are in concordance with those informed in the literature for the
same starches (SINGH et al., 2003; VAMADEVAN; BERTOFT, 2020).
Starch NPs had S values at 30 °C oscillating between 40.76 and 89.34%, being altered by the
type of native starch. Furthermore, the S values were higher than 80% when the starch NPs
were dispersed in hot water (90 °C) (Table 3.4). The S values indicate that starch NPs are more
soluble in water at 30 °C or 90 °C when compared with PS and CS.
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Table 3.4. Solubility in water (S), and swelling factor (SF) of potato starch (PS), cassava
starch (CS), and starch nanoparticles based on PS (PSNPs) and CS (CSNPs) obtained with
different acidified hydroethanolic solutions (50, 60, 70, 80, and 96%).

30 °C 90 °C
Sample
S (%) SF (g/g) S (%) SF (g/g)

PS 0.00+0.00? 2.224+0.172 18.31+4.24% 55.75+5.24%
PSNPs-50% 72.84+7.93b 6.68+0.41° 94.49+3.18° 17.10+2.53b¢
PSNPs-60% 62.29+6.86° 8.04+0.81°¢ 93.4342.24% 22.38+2 .74
PSNPs-70% 56.43+7.12¢ 5.92+0.71bd 89.9142.05° 10.0842.23¢
PSNPs-80% 52.7043.24¢ 6.84+0.96° 91.9242.94° 8.57+1.38¢
PSNPs-96% 40.76+5.614 4.96+0.734 90.64+1.87° 10.03+0.74¢

CS 5.27+1.152 2.054+0.022 44.49+8.07° 69.33+11.82%
CSNPs-50% 80.59+7.88b¢ 8.40+0.99° 85.74+1.01° 5.71+£0.97°
CSNPs-60% 77.99+4.14° 10.10+£0.65¢ 81.79+4.50° 7.87+1.06°
CSNPs-70% 89.34+6.67¢ 8.12+7.06° 84.15+4.20b 10.76+1.63°
CSNPs-80% 86.53+4.43b¢ 13.00+0.39¢ 88.85+2.83" 10.93+4.01°
CSNPs-96% 83.08+9.59b¢ 8.27+0.53b 88.40+5.57° 10.14+3.95°

All values were expressed as mean + standard error (n > 3). Means in the same column for the same starch source

and followed by different superscripts are significantly different (p < 0.05).

The AP precipitation impacted the swelling behavior of starch NPs when compared
with the native starches. Hence, starch NPs showed lower swelling factor (SF) values than PS
and CS at 90 °C (p <0.05) (Table 3.4). The SF in starch NPs oscillated between 4.96 and 13.00
g/g, at 30 °C, and between 5.71 and 22.38 g/g, at 90 °C, suggesting that starch NPs did not swell
because these samples have high S values at the same temperatures. Furthermore, these
nanoparticles did not swell due to the starch chain modification during AP. These results are in
concordance with those informed by Chacon et al. (2020a) for PS and starch NPs produced by
AP.

Solubility in water and swelling factor are important properties of starches since that
water is the universal solvent in food products. Based on S and SF values, it is possible to
suggest that starch NPs can be used as a raw material in food products where the starch must

be solubilized at 30 °C.
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3.5 CONCLUSIONS OF CHAPTER 3

In the current research, potato and cassava starch nanoparticles (NPs) were obtained
by anti-solvent precipitation (AP) using acidified hydroethanolic solutions with different
ethanol concentrations (50, 60, 70, 80, and 96%). The obtained starch NPs showed bimodal
distribution with particle size lower than 1000 nm. Also, these nanomaterials displayed V-type
crystalline structure and high solubility in water at 30 °C and 90 °C. The ethanol concentration
used in the acidified hydroethanolic solution impacted the recovery efficiency and some

physicochemical properties of starch NPs such as particle size and surface charge.
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CAPITULO 4
PRODUCAO E CARACTERIZACAO DE NANOPARTICULAS DE AMIDO
CARREGADAS COM OS COMPOSTOS FENOLICOS DO PE MARROM ACIDIFICADO

Apresentado na forma de artigo
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4 ANTIOXIDANT NANOPARTICLES BASED ON STARCH AND THE
PHENOLIC COMPOUNDS FROM PROPOLIS EXTRACT: PRODUCTION
AND PHYSICOCHEMICAL PROPERTIES.

Este capitulo relata a segunda fase experimental desta tese: a produgdo e caracterizagdo
de nanoparticulas de amido carregadas com os compostos fenolicos do PE acidificado.

A partir desta etapa, foi escrito o segundo artigo experimental intitulado “Antioxidant
Nanoparticles Based on Starch and the Phenolic Compounds from Propolis Extract: Production
and Physicochemical Properties” publicado na revista Starch (fator de impacto (2021): 2.741;
https://doi.org/10.1002/star.202100289). De acordo com as regras de assinatura da Wiley, os

autores se reservam o direito de incluir o artigo em uma tese, desde que ndo seja publicado

comercialmente.
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e Starch nanoparticles (NPs) could stabilize the phenolic compounds of propolis.

e Starch NPs have antioxidant activity, and they are soluble in hot water.
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e Starch NPs containing phenolic compounds have V6h-type crystalline structure.

Abstract

Propolis has health beneficial properties attributed to their phenol composition.
Although, it has low water solubility, strong taste, and aroma, limiting its application in the
food industry. This study explores the stabilization of phenolic compounds from propolis
extract (PE) during the production of potato and cassava starch nanoparticles (NPs) by anti-
solvent precipitation. Phenolic content and antioxidant capacity (ABTS and DPPH) of acidified
PE obtained with different ethanol concentrations were determined. Starch NPs based on
cassava and potato starch were characterized in terms of physicochemical properties, including
loading efficiency, particle size distribution and surface charge, moisture content, water
activity, chemical bonds, crystalline structure, thermal stability, color, and solubility in water.
Fourier-transform infrared spectra and X-ray diffractograms revealed that the phenolic
compounds of PE were stabilized with the starch NPs, in this way, at least 54.91% of phenolic
compounds from PE were stabilized by the starch NPs. Starch NPs stabilizing the phenolic
compounds displayed brown color and high solubility in hot water (90 °C). This research reports
for the first-time information regarding the stabilization of phenolic compounds from PE using
starch NPs. These starch NPs have a great potential to be used in food formulations or to

manufacture active food packaging.
Keywords: bioactive compounds; cassava starch; nanomaterials; potato starch.

Abbreviations

AP: anti-solvent precipitation; aw: water activity; CS: cassava starch; DLS: Dynamic light
scattering; DSC: differential scanning calorimeter; DTGA: Differential thermal analysis; FTIR:
Fourier-transform infrared; GAE: gallic acid equivalent; Loading Efficiency (LE); LTPC:
loaded total phenolic compounds; MC: moisture content; NPs: nanoparticles; potato starch
nanoparticles (PSNPs-PE) and cassava starch nanoparticles (CSNPs-PE) loading the phenolic
compounds from acidified propolis extracts (PE); CSNPs: starch nanoparticles based on
cassava starch; starch nanoparticles (NPs), GRAS: Generally Recognized as Safe, PSNPs:
starch nanoparticles based on potato starch; PE: propolis extract; PS: potato starch; RC:
Relative crystallinity; RC: Recovery efficiency; S: solubility in water; TGA: thermogravimetric

analysis; phenolic content TPC: total phenolic content; T,: gelatinization onset temperature; Tp:
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gelatinization peak temperature; T.: gelatinization conclusion temperature; XRD: X-ray
diffraction; zeta potential (ZP).
4.1 INTRODUCTION

Nanomaterials are defined as structures having at least one dimension between 1 and
1000 nm, these structures can be used as reinforcing or antimicrobial materials in food
packaging, or as delivery systems and stabilizing agents in foods (ALVES et al., 2021;
CAMPELO; SANT’ANA; PEDROSA SILVA CLERICI, 2020). Starch nanomaterials are a
kind of nanostructures and they can be classified as nanocrystals, nanofibers, nanomicelles,
nanoparticles, and nanovesicles, being produced by means of “top-down” and “bottom-up”
approaches such as acid and enzymatic hydrolysis, anti-solvent precipitation, high-pressure
homogenization, ultrasonication, electrospinning, self-assembly, and emulsification (ALVES
etal., 2021; CAMPELO; SANT’ANA; PEDROSA SILVA CLERICI, 2020).

Particularly, starch nanoparticles (NPs) can be produced by anti-solvent precipitation
(AP), a “top-down” approach where GRAS (Generally Recognized as Safe) reagents are used
aiming food applications (CHACON et al., 2019, 2020a; HEBEISH et al., 2014). In the AP
method, gelatinized starch granules in water are precipitated by the addition of ethanol or
acidified ethanol (anti-solvent), resulting in starch NPs with particle size lower than 1000 nm
(ALVES et al.,, 2021; CAMPELO; SANT’ANA; PEDROSA SILVA CLERICI, 2020;
CHACON et al., 2019, 2020a; ALVES et al., 2021; HEBEISH et al., 2014).

AP method using starch NPs has been applied to develop starch nanomaterials with
functional properties. In this way, Ahmad et al. (2019) stabilized catechin in starch NPs
produced from three starch sources (horse chestnut, water chestnut, and lotus stem). The authors
concluded that these nanomaterials protected the catechin against the gastric environment and
retained the bioactivity of catechins during the in-vitro digestion process. In another research,
Garcia-gurrola et al. (2021) stabilized the phenolic compounds from arugula (Eruca sativa)
leaves using starch NPs produced from waxy corn and concluded that the developed
nanomaterials displayed high antioxidant properties. The same authors speculated that the
functional nanoparticles could be used as a colloidal system in food and pharmaceutical
formulations. In the same line, Lima et al. (2021) stabilized anthocyanins using starch NPs
produced from cassava and potato starches and observed that the bioactivity of anthocyanins
loaded on starch NPs was preserved. The same authors suggested the application of these

functional starch NPs as natural colorants in food formulations. Finally, Remanan and Zhu,
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(2020) used starch NPs based on quinoa and maize starch to stabilize rutin, a phenolic
compound with therapeutic properties. The authors concluded that the starch NPs had a high
potential for stabilize polyphenols (rutin) and preserve its bioactivity during simulated in-vitro
digestion test.

Propolis is a resinous and heterogeneous material collected by bees (Apis mellifera L.)
from different parts of plants. This natural compound has high amounts of flavonoids and
phenolic acids, being used worldwide in traditional medicine, as well as in pharmaceutical,
cosmetic, and food applications due to its antibacterial, antifungal, anti-inflammatory,
antiseptic, antiproliferative, anticarcinogenic, and antioxidant properties (IRIGOITI et al.,
2021; KOWACZ; POLLACK, 2020; ONG et al., 2017; OROIAN; URSACHI; DRANCA,
2020; REYES; LANDGRAF; SOBRAL, 2021; TAVARES et al., 2021; ZULHENDRI et al.,
2021).

The use of propolis as a food ingredient is still limited due to its low solubility in water,
strong flavor, and aroma which change the organoleptic properties of foods (BODINI et al.,
2013; IRIGOITT et al., 2021). Thus, some researchers have reported the encapsulation of
propolis as an alternative to mask flavors/aromas, maintaining the organoleptic properties in
Italian-style salami (BERNARDI et al., 2013b), fish burger (SPINELLI et al., 2015), hamburger
meat (REIS et al., 2017), pudding and Minas Frescal cheese (JANSEN-ALVES et al., 2018)
and fish fillets (PIEDRAHITA MARQUEZ; FUENMAYOR; SUAREZ MAHECHA, 2019).
The stabilization of phenolic compounds from propolis in starch NPs appears as an alternative
to develop new starch nanomaterials with functional properties, adding value to the propolis in
the food sector. Previously, our research group produced starch NPs based on potato and
cassava starch by AP, using different ethanol concentrations (ALVES et al., 2021). However,
be noted that for our current knowledge, no research has explored the stabilization of phenolic
compounds from propolis using starch NPs. Hence, this study was carried out to develop and
characterize starch NPs loaded with the phenolic compounds from acidified PE. Cassava and
potato starches were selected as sources to produce the NPs due to their availability, low cost,
and recent use to produce these nanomaterials by AP (CHACON et al., 2020a; ALVES et al.,
2021; LIMA et al., 2021).

4.2 MATERIALS AND METHODS
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4.2.1 Materials

Native starches isolated from cassava and potato were purchased from Juréia and
Shambala Naturais Food Industries (Santa Catarina, Brazil), respectively. Brown propolis was
kindly donated by Breyer & Cia Ltda (Unido Vitdria, PR, Brazil). In the current research, brown
propolis was used due to its high availability in Brazil and antioxidant activity (OLEGARIO et
al., 2019). Distilled water, ethanol (> 99.6%, Exodo Cientifica, Brazil) and hydrochloric acid
(37 wt%, Neon, Brazil) were used as solvents. Potassium chloride and sodium carbonate were
purchased from Dindmica (Brazil). Folin-Ciocalteu, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
and 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were acquired directly
from Sigma-Aldrich (Brazil). All reagents used were of analytical grade and they were used as

received.

4.2.2 Production of brown propolis extracts

Propolis extracts were performed in a batch mode according to the method of Cavalaro
et al. (2019), with slight modifications. Ground brown propolis was added to hydroethanolic
solutions in a 1:35 ratio (% w/v). The hydroethanolic solutions were prepared by diluting the
absolute ethanol in water to obtain solutions with ethanol concentrations of 50, 60, 70, 80, and
96% v/v (ALVES et al., 2021). The extraction was carried out using an ultrasonic bath at 40
kHz (Ultracleaner 1650, Unique, Brazil) for 20 minutes, with a total extract volume of 100mL,
ensuring that all samples had the same contact surface. After the extraction, the propolis extracts
were centrifuged at 25 °C using a centrifuge (Kasvi, Brazil) with 1700 x g force at 4000 rpm
for 15 minutes. In sequence, the extracts were filtered using filter paper and stored into amber

flasks at -24 °C under absence of light until analysis.

4.2.3 Characterization of brown propolis extracts

The total phenolic content (TPC) in each brown propolis extract (PE) was determined
by the Folin-Ciocalteu spectrophotometric method (SINGLETON; ORTHOFER; LAMUELA-
RAVENTOS, 1999). The PE was diluted in ethanol (> 99.6%) in a 1:2 (% v/v) ratio. Thereafter,
100 pL of the ethanolic extract was transferred to test tubes and mixing with 7.9 mL of distilled

water and 0.5 mL of Folin-Ciocalteu reagent (2N), followed by homogenization in vortex. In
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sequence, 1.5 mL of sodium carbonate solution 20% (w/v) was added and then homogenized
in vortex. The test tubes were kept in dark at room temperature for 2 h. The absorbance of
solutions was measured at a wavelength of 760 nm, using a spectrophotometer (QUIMIS,
Q898U2M5, Diadema, SP, Brazil) and a blank solution with ethanol concentration of 95.6%.
TPC results were expressed as milligrams of gallic acid equivalent (GAE) per g of fresh brown
propolis according to a calibration curve with concentrations varying between 0 and 750 pg of
GAE/mL of extract (y = 0.0011x + 0.0548, R?= 0.9993).

The antioxidant capacity was determined by the DPPH radical (2,2-diphenyl-1-
picrylhydrazyl) scavenging method informed by Brand-Williams, Cuvelier and Berset (1995),
with slight modifications. Firstly, 100 pL of each PE was mixed with 2.9 mL of DPPH, followed
by homogenization in vortex. The samples were kept in dark at room temperature for 30 min,
then, the absorbance was read at a wavelength of 517 nm using the same spectrophotometer.
The Trolox results were expressed as pumol of Trolox per g of fresh brown propolis, according
to a calibration curve with concentrations varying between 0 and 750 pumol Trolox/L (y = —
0.0006x + 0.7766, R? = 0.9753)

Free radical ABTS+ was captured according to the methodology proposed by Re et al.
(1999). An aliquot of 30 pL of extract was transferred to test tubes with 3.0 mL of the ABTS+
radical and homogenized in vortex. The samples were kept in dark at room temperature for 6
min and the absorbance value was read in the same spectrophotometer at a wavelength of 734
nm. Results were expressed as pmol of Trolox per g of propolis, according to a calibration curve
with concentrations varying between 0 and 1500 pmol /mL (y = — 0.0003x + 0.6931, R? =
0.9978).

4.2.4 Production of starch nanoparticles loaded with the phenolic compounds from

propolis extract

Starch NPs were produced through the AP technique by Alves et al. (2021).
Dispersions (5% w/w) of CS and PS were prepared in distilled water at 25 °C and then they
were heated at 90 °C for 30 minutes to guarantee the starch gelatinization. In sequence, the
gelatinized starch solutions were cooled to 30 °C and then an acidified PE was added drop wise
for the gelatinized starch in a 1:1 (% v/v) ratio. The PE extracts were acidified to separate the

starch nanoparticles, hence, acidified PE was prepared by blending each PE (see Section 4.2.2.)
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with hydrochloric acid (100:1 v/v, hydroethanolic solution: HCI 37 wt%, pH = 1) (ALVES et
al., 2021)

The resulting slurry obtained after the mixture of the gelatinized starch solution with
the acidified PE was kept in magnetic agitation with constant stirring for 12 hours. Then, the
slurry was centrifuged at 25 °C using a centrifuge (Kasvi, Brazil) with 1700 x g force at 4000
rpm for 15 minutes to separate the starch NPs from the solvents. Starch NPs were centrifuged
three times with an hydroethanolic solution (80% v/v), and finally washed with absolute ethanol
(99.6%). Starch NPs were removed by centrifugation using the same centrifuge and the ethanol
in the starch NPs was evaporated using a forced-air convection oven (Solidsteel, Brazil) at 60
°C for 10 min. In sequence, starch NPs were frozen at -24 °C for 48 h, and finally lyophilized
(Liotop L 101). The resulting starch NPs loading the phenolic compounds from PE were finely

macerated and stored in desiccators with silica gel at 25 °C for further analysis.

4.2.5 Characterization of the starch nanoparticles loaded with the phenolic compounds

from propolis extract

4.2.5.1 Loading Efficiency (LE) and loaded total phenolic compounds (LTPC) on starch

nanoparticles

The LE of the phenolic compounds from acidified PE stabilized with starch NPs was
calculated as proposed by Quiroz et al. (2020) (Eq. 4.1):

TPC;—TPCg
TPC;

LE (%) = ( ) £ 100 4.1)
where TPC; is the initial TPC of the PE before stabilization with starch NPs and TPCg
is the TPC of supernatant collected after the first centrifugation at 4000 rpm for 15 min (see
Section 4.2.4.). The quantification of TPC was carried out using the same method informed in
Section 4.2.3.
LTPC on starch NPs was calculated as the product between TPC of each PE (see
Section 4.2.3.) and the LE previously obtained in each starch NPs.

4.2.5.2 Particle size distribution and surface charge
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Particle size and surface charge of starch NPs loading the phenolic compounds from
acidified PE were determined using a LUMiSizer (LUM GmbH, Germany) and a Zetasizer
Nano ZS (Malvern, England), respectively. Before analyses, starch NPs were dispersed in
ultrapure Mili-Q water (0.03% w/v, pH = 6) and sonicated for 30 min at 40 KHz, using a
sonicator bath (Ultracleaner 1650, Unique, Brazil) (AHMAD et al., 2019).

4.2.5.3 Moisture content (MC) and water activity (aw)

The MC of starch NPs loading the phenolic compounds from acidified PE was
determined gravimetrically (drying at 105 °C) and the ay of the same nanoparticles was carried
out at 25 °C using a water activity meter (Aqualab Model Series 3 instrument, Decagon Devices
Inc., Pullman, WA, USA), both following the methodologies informed by Alves et al. (2021),

MC values were expressed as gram of water per gram of dry starch nanoparticle.

4.2.5.4 Chemical bonds

Infrared spectroscopy (FTIR) studies were performed to qualitatively determine the
chemical groups of starch NPs loading the phenolic compounds from PE. Samples blended with
KBr were analyzed using a Fourier-transform infrared spectrometer (FTIR, Cary 600, Agilent,
US) in the infrared region between 4000 and 400 cm™, with resolution of 4 cm™. In each

analysis were performed 32 scans (CAPELLO et al., 2019).

4.2.5.5 Crystalline structure

X-ray diffraction (XRD) patterns were recorded using X-ray diffractometer (Rigaku
MiniFlex 600 DRX, Japan) equipped with Cu-Ka radiation (A = 0.154056 nm). The
diffractograms were obtained in the diffraction ranges (20) between 3 and 60°, using a rate of
10 °/min (ALVES et al., 2021). The Bragg’s law (Eq. 4.2) was used to calculate the interplanar
spacing d (nm) from the diffraction angle at the maximum intensity of the peaks/halos found in

the XRD patterns.

nA = 2dsin@ (4.2)
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where n is the reflection order (n = 1), A is the wavelength of CuKa radiation, and 6 is
the reflection angle.

Relative crystallinity (RC, %) of starch NPs loading the phenolic compounds from PE
was calculated using Eq. (4.3) proposed by Nara and Komiya (NARA; KOMIYA, 1983).

Ac
Act+A,

RC (%) = (s55-) * 100 4.3)

where A; and A, are the areas related to the crystalline and amorphous regions in the

X-ray diffractograms for each sample, respectively.
4.2.5.6 Thermal stability

Thermal stability of starch NPs loading the phenolic compounds from acidified PE
was investigated using a thermogravimetric balance (TGA/DTA STA 449 F3 Jupiter, Netzsch,
Germany). Samples of approximately 10 mg were heated from 30 to 700 °C, with heating rate
of 10 °C/min. A platinum pan was used as reference and the TGA curves were carried out using

a flow of 100 mL/min of dry N> (CAPELLO et al., 2019).
4.2.5.7 Color

The color of starch NPs loading the phenolic compounds from acidified PE was
evaluated using a high-resolution digital camera (Nikon AF-SDX Nikkor 18-55mm1:3.5-5.6G
VR 11, 0.28m/0.92 ft. ¢ 52) configured in automatic mode, without flash and zoom (55x%). A
chamber with homogeneous illumination using a diffused fluorescent lamp source and a
standard white plate as the background were used for photos acquisition. Samples were
positioned inside the chamber and photos were taken and then analyzed using ImagelJ v 1.52a

software® altogether with the Color Space Converter plugin (DALLABONA et al., 2020).

CIELab coordinates were used for color characterization, being used the L* (lightness,
0-100), a* (redness (+) to greenness (-)), and b* ((yellowness (+) to blueness (—)) coordinates
(CARDENAS-PEREZ et al., 2017).
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4.2.5.8 Solubility in water (S)

The S test was carried out according to the methodology proposed by Alves et al.
(2021) Approximately 0.150 g (W) of each sample was mixed with 15 mL of distilled water
and then heated at 90 °C for 30 min. The samples were shaken each 10 min for 10 s in a vortex.
After that, the samples were cooled until room temperature and then centrifuged at 4000 rpm
(Kasvi, Brazil) for 15 minutes. The supernatant liquid was placed in crucibles previously
weighed and then dried at 105 °C for 48 hours. In sequence, the remaining weight in the crucible

(W:) was used to calculate S value by Eq. (4.4).
S (%) = =+ 100 (4.4)
4.2.6 Statistical analyses

All results were expressed as means + standard deviation (n > 3). The experimental
data were analyzed using Analysis of variance (ANOVA) and Tukey test with multiple
comparisons, was performed with a 5% significance level using the software Statistica 10.0

(StatSoft®, USA). Pearson's correlation was performed using Excel® software.
4.3 RESULTS AND DISCUSSIONS
4.3.1 Characterization of brown propolis extracts

The total phenolic compounds (TPC) in propolis extracts increased with the ethanol
concentration, suggesting that ethanol successfully extracted these compounds from brown
propolis. Hence, TPC values increased from 10.85 to 27.63 mg of GAE/g of propolis in PE with
an ethanol concentration varying between 50 % and 96%, respectively (Table 4.1). Similar
behavior was observed by Cavalaro et al. (2019) who studied different process conditions to
extract the phenolic compounds from green propolis by ultrasound, and by Dallabona et al.
(2020) in PE (hydroethanolic solution of 70% (v/v) and propolis/solvent ratio of 1:25 (w/v))
produced by maceration method (48 h) followed by an ultrasonic bath. These authors found a
mean TPC value of 18.6 mg GAE/g of propolis, which was lower than the TPC value found in

current research for the same ethanol concentration (Table 4.1). In another study, brown
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propolis extracts from four Brazilian states and obtained in a thermostatic bath at 75 + 2 °C for
30 min had TPC values oscillating between 6.12 and 45.84 mg of GAE/g of propolis.
Differences in TPC values were correlated with the geographical origin of each propolis
(OLEGARIO et al., 2019). Other factors such as bee species, propolis color, time of collection,
and extraction also could impact the TPC values (PICCINELLI et al., 2011).

Table 4.1. Total phenolic compounds (TPC) and antioxidant capacity by DPPH and ABTS of
the propolis extract (PE) obtained with different ethanol concentrations (50, 60, 70, 80, and

96%).
TPC DPPH ABTS
PE (mg of GAE /g of (nmol TROLOX/g  (nmol TROLOX/g
propolis) of propolis) of propolis)
PE50% 10.85 + 1.06* 39.24+0.27° 33.13 £ 1.66°
PE60% 16.35 £ 0.90° 37.82 +0.80° 50.65 + 1.25°
PE70% 21.20 +0.59¢ 46.26 + 1.38° 72.78 + 3.80°¢
PE80% 24.82+0.514 51.53 £2.06° 91.54 +2.79¢
PE96% 27.63 £ 1.17° 52.46 +0.67° 95.17 + 3.15¢

GAE: gallic acid equivalent. All values were expressed as mean + standard error using the replicates of three

experiments. Mean values with different letters within the same column were significantly different (p < 0.05).

The antioxidant capacity of the propolis extracts showed a significant increase as the
ethanol concentration increased in the PE (p < 0.05) (Table 4.1). The high antioxidant capacity
was obtained for EP96% with values of 52.46 and 95.17 umol TROLOX/g of propolis for the
radical DPPH and ABTS, respectively. It is possible to observe that, although the extracts
exhibited good antioxidant activities by the DPPH and ABTS methods, the ABTS radical
scavenging values were higher than the DPPH (Table 4.1). This behavior could be attributed to
the presence of hydrophilic and lipophilic antioxidants that are better reflected by the ABTS
assay (FLOEGEL et al., 2011) when compared with DPPH assay which detects mainly
hydrophobic compounds (KIM et al., (2002). Dallabona et al. (2020) reported lower
concentrations of DPPH (25.7 umol/g of propolis) and ABTS (17.1 umol/g of propolis) for
Brazilian propolis extracts when compared with the DPPH and ABTS values found in the
current research. However, in another research, Jansen-Alves et al. (2019) obtained higher

DPPH values (51.12 pmol TROLOX/g of propolis) in PE of Brazilian brown propolis from Rio
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Grande-RS, using an ethanol concentration of 80% and obtained by stirring at room temperature
for 24 h.

The correlation between the TPC and the antioxidant activity (DPPH and ABTS) was
evaluated by Pearson's correlation coefficient (r). A strong correlation was observed between
the phenolic compounds and the DPPH and ABTS methods (r=0.92 and r = 0.98, respectively),
confirming that the antioxidant activity of brown propolis is related to the TPC. Andrade et al.
(2017) also evaluated the correlation coefficients in brown, green and red propolis extracts, and
found a good correlation between the phenolic compounds and the ABTS and DPPH methods
(r=0.76 and r = 0.89, respectively).

4.3.2 Characterization of starch nanoparticles loaded with the phenolic compounds

from propolis extract

4.3.2.1 Loading Efficiency (LE) and loaded total phenolic compounds (LTPC) on starch
nanoparticles (NPs)

LE values were not altered with the ethanol concentration in acidified PE and starch
type, hence, LE oscillated between 55 and 70% without a statistical difference (Table 4.2). In
contrast, LTPC values increased with the ethanol concentration used in each acidified PE,
indicating that more phenolic compounds were stabilized in starch NPs (Table 4.2). LE and
LTPC results suggest that the phenolic compounds from acidified PE were successfully loaded
in the starch NPs. In the current research, LE values were higher to those informed by Garcia-
Gurrola et al. (2021) in starch NPs loaded with the phenolic compounds from Arugula (Eruca

sativa) leaves extract and obtained by AP.
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Table 4.2. Loading efficiency (LE), loaded total phenolic compounds (LTPC) of potato starch

nanoparticles (PSNPs-PE) and cassava starch nanoparticles (CSNPs-PE) loading the phenolic

compounds from acidified propolis extracts (PE) with different ethanol concentration (50, 60,
70, and 96%).

Sample LE (%) LTre
(mg of GAE /g of propolis)

PSNPs-PE50% 70.63 £ 2.922 6.88+0.28?

PSNPs-PE60% 64.41 £6.27° 10.53+1.03%
PSNPs-PE70% 62.77 £ 4.03? 13.31+0.85°
PSNPs-PE80% 5594+ 7.112 13.89+1.77°
PSNPs-PE96% 5491 +7.712 15.41£2.16°
CSNPs-PE50% 64.12+5.112 6.25+0.502

CSNPs-PE60% 66.55+1.78* 10.88+0.29°
CSNPs-PE70% 60.85 £ 0.96 12.90+0.20°
CSNPs-PE80% 59.89 + 0.43* 14.87+0.11°¢
CSNPs-PE96% 64.23 +4.832 18.02+1.35¢

All values were expressed as mean + standard error using the replicates of three experiments. Mean values with

different letters within the same column were significantly different (p < 0.05).

4.3.2.2 Particle size distribution and surface charge

NPs based on potato (PSNPs-PE) and cassava (CSNPs-PE) starch loaded with the
phenolic compounds from acidified PE displayed bimodal distribution with particle size from
58.26 to 618 nm (Fig. 4.1a), and from 24.27 to 614.43 nm (Fig. 4.1 b), respectively. In general,
an increase in the particle size was observed in all starch NPs as the LTPC increased in the
starch NPs. Previously, it was observed a reduction in the particle size on starch NPs with the
increase in the ethanol concentration (ALVES et al., 2021). However, in the current research,
the acidified PE at high ethanol concentration showed more total phenolic compounds
concentrations (Table 4.1). In this way, the presence of phenolic compounds could modify the
molecular arrangement and increase the particle size of starch NPs (Fig. 4.1). Similar results
were found in the literature regarding the stabilization of hydrophobic active compound with

starch NPs (AHMAD; GANI, 2021; GARCIA-GURROLA et al., 2021).
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Fig. 4.1. Particle size distribution of: (a) potato starch nanoparticles (PSNPs-PE); (b) cassava
starch nanoparticles (CSNPs-PE) loading the phenolic compounds from propolis extracts (PE)

with different ethanol concentration (50, 60, 70, and 96%).
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Source: Alves et al. (2022), with permission.

The zeta potential (ZP) is used to determine the surface charge and stability of colloidal
suspensions and it is indicative of good colloidal stability. According to DLVO theory, ZP
values in modules between 0 - 10mV, 10 - 20mV, and 20 - 30 mV are typical in highly
unstable, relatively stable, and moderately stable particles, respectively. Furthermore, ZP values
higher than 30 mV are associated with high stable particles (BANERJEE et al., 2016; PARK et
al., 2017). All starch NPs loading the phenolic compounds from acidified PE had negative ZP
values typical of moderately stable particle systems (Table 4.3).
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Table 4.3. Zeta potential (ZP) of potato starch nanoparticles (PSNPs-PE) and cassava starch
nanoparticles (CSNPs-PE) loading the phenolic compounds from acidified propolis extracts
(PE) with different ethanol concentration (50, 60, 70, and 96%).

Sample ZP (mV)
PSNPs-PE50% 3170 £ 1.842
PSNPs-PE60% 26.10£1.132
PSNPs-PE70% 28.93+£0.212
PSNPs-PE80% -27.07 £ 0.472
PSNPs-PE96% -25.85 £ 0.492
CSNPs-PE50% 2540+1.112
CSNPs-PE60% -25.95+0.78?
CSNPs-PE70% -26.10 £ 0.302
CSNPs-PE80% -25.03 £0.35%
CSNPs-PE96% -17.27 £ 0.29°

All values were expressed as mean + standard error using the replicates of three experiments. Mean values with

different letters within the same column were significantly different (p < 0.05).

It is desirable to promote electrostatic repulsion between particles, preventing
agglomeration and keeping stable the NPs in suspension (MULLER; JACOBS, 2002).
Comparing with a previous study of our research group, the ZP values of starch NPs loading
the phenolic compounds from acidified PE (PSNPs-PE and CSNPs-PE) were more negative
when compared with the same nanoparticles produced with similar ethanol concentration in the
hydroethanolic solutions, but without the phenolic compounds from propolis (ALVES et al.,
2021). This result suggests that the phenolic compounds modified the surface charge of starch
NPs, reducing their ZP values.

4.3.2.3 Moisture content (MC) and water activity (aw)

Low MC is necessary to ensure the physicochemical and microbiological stability of
starch nanoparticles, avoiding their agglomeration and increasing their shelf life. Starch NPs
loaded with the phenolic compounds from PE had low MC and ay values, oscillating between

7.18 — 10.38 % and between 0.23 — 0.42, respectively (Table 4.4).
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(PSNPs-PE) and cassava starch nanoparticles (CSNPs-PE) loading the phenolic compounds

from acidified propolis extracts (PE) with different ethanol concentration (50, 60, 70, and

96%).

Sample MC (%) ay
PSNPs-PE50% 9.53+1.76* 0.38 + 0.00?
PSNPs-PE60% 942 +1.77° 0.37 +0.03?
PSNPs-PE70% 8.76 + 0.65° 0.34 +0.02°
PSNPs-PE80% 8.84 +(.802 0.37 £ 0.04*
PSNPs-PE96% 8.86 + 0.892 0.36 + 0.02°
CSNPs-PE50% 7.18 £ 0.54% 0.42 + (.03
CSNPs-PE60% 10.09 + 0.73? 0.39 + 0.00°
CSNPs-PE70% 9.41 £ 0.422 0.23 + 0.00°
CSNPs-PE80% 727 +1.51°2 0.26 = 0.00°
CSNPs-PE96% 10.38 £0.20? 0.26 + 0.03°

All values were expressed as mean + standard error using the replicates of three experiments. Mean values with

different letters within the same column were significantly different (p < 0.05).

MC and aw values of starch NPs loaded with the phenolic compounds from acidified PE are
typical of dried materials having high microbiological stability (AL-MUHTASEB; MCMINN;
MAGEE, 2002). MC and aw values were similar to those obtained by Da Silva et al. (2013)
(MC =4.9 -12.6 %, aw = 0.25 - 0.39) in microparticles based on gum arabic/starch stabilizing
PE and dried by spray-drying.

4.3.2.4 Chemical bonds

Fourier transform infrared (FTIR) spectra of starch NPs loaded with the phenolic
compounds from PE exhibited similar bands due to the presence of the same functional groups
in each sample (Fig. 4.2). All the starch NPs exhibited the vibration of hydroxyl groups typical
of starch chains at 3400 cm™'. The short bands between 3000 and 2900 cm ™! were attributed
with asymmetric and symmetric vibrations in C=H groups and with the stretching of aliphatic
compounds (BERGO; SOBRAL; PRISON, 2010). These bands are typical of lipids from
amylose—lipid complex (VALENCIA et al., 2015b). However, the same bands (3000 and
2900 cm ') are typical in propolis containing fatty acids (PEREZ-VERGARA et al., 2020). In
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this way, the increase of band intensity at 3000 and 2900 cm ™' in starch NPs could be correlated

with the increase in the amounts of fatty acids loaded in each sample (Fig. 4.2).

Fig. 4.2. FTIR spectra of: (a) potato starch nanoparticles (PSNPs-PE); (b) cassava starch

nanoparticles (CSNPs-PE) loading the phenolic compounds from propolis extracts (PE) with
different ethanol concentration (50, 60, 70, and 96%)).

Transmittance (a.u)

Transmittance (a.u)

PSNPs-PE96%

/VpsNPs-PESOY%

PSNPs-PE70%

PSNPs-PEG0%

/\/p;

PSNP

PSNP

[N
L

5-PEQ6%

s-PE80%

s-PE70%

PSNPs-PEG0%

PSNPs-PE50%

%

197,

T T T T T T T
4000 3000 2000 1000

3250 3000 2750

Wavelength (cm™)

1500 1000 500

CSNPs-PES6%

CSNPs-PEBD%

CSENPs-PET0%

CSNPs-PEE0%

CSNPs-PES0%

:

3
<

CSNPs-
|

PE96%

il

CSNPs-PE80%

CSNPs-PE70%

CSNPs-PE60%

CSNPs-PES0%

T T T T
4000 3000 2000 1000

T T T
3250 3000 2750

Wavelength (cm™)

T T
1500 1000 500

Source: Alves et al. (2022), with permission.

All starch NPs loaded with the phenolic compounds from acidified PE exhibited bands

associated with the absorbance of hydroxyl groups (3310 cm™) and C=0 elongation (1657 cm

1) typical of starch chains. The band at 1645 cm™! was associated with the presence of water

molecules hydrating the starch NPs (ALVES et al., 2021). The same band (1645 cm™') also was
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also correlated with stretching vibrations of C=C and C=0O groups from flavonoids and
asymmetric bending vibration of N—H groups from amino acids, typical compounds in propolis
(IRIGOITI; YAMUL; NAVARRO, 2021). The increase in the band intensity at 1645 cm™ also
could be correlated with the presence of flavonoids and amino acids from PE in starch NPs

(Fig. 4.2).

4.3.2.5 Crystalline structure

Starch NPs loaded with the phenolic compounds from PE showed Ven-type crystalline
structure, exhibiting diffraction peaks at 20 = 13.0° (d = 0.68 nm) and 20.0° (d = 0.44 nm) (Fig.
4.3) (SHI et al., 2019).

Fig. 4.3. X-ray diffractograms of: (a) potato starch nanoparticles (PSNPs-PE); (b) cassava
starch nanoparticles (CSNPs-PE) loading the phenolic compounds from propolis extracts (PE)
with different ethanol concentration (50, 60, 70, 80 and 96%).
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Source: Alves et al. (2022), with permission.

The Ven-type crystalline structure is composed of 6 glucose units per helical turn and
it is considered the most effective V-type structure to stabilize bioactive compounds (PEREZ-
VERGARA et al., 2020; SHI et al., 2019). Recently, our research group observed the formation
of Vea-type (20 =7.4°, 13.5°, and 20.8°) crystalline structure in starch NPs produced by AP and
using hydroethanolic solutions with ethanol concentrations between 50 and 96% (ALVES et
al., 2021). However, in the current study, the presence of phenolic compounds in the acidified
PE (having the same ethanol concentrations) modified the helical turn of amylose from Ve, to

Ven-type. According to the literature, the Ven-type has more water molecules hydrating its
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structure when compared with the Vga-type crystalline structure (PEREZ-VERGARA et al.,
2020; SHI et al., 2019). MC values confirmed this structural modification since that the starch
NPs loaded with the phenolic compounds from PE had higher MC when compared with the
same starch NPs produced without PE (ALVES et al., 2021). In this research, the modification
of Vea to Ven-type crystalline structure could be associated with the stabilization of hydrophilic
and lipophilic antioxidants from acidified PE (see Section 4.3.1).

Relative crystallinity (RC) in all starch NPs loaded with the phenolic compounds from
PE oscillated between 3.40 and 7.80% (Fig. 4.3). These RC values were similar to those
informed previously in starch NPs produced by anti-solvent precipitation using different
ethanol concentrations (ALVES et al., 2021). According to XRD results, anti-solvent
precipitation strongly affected the crystal structure of starches, resulting in NPs with low
crystallinity (Fig. 4.3) when compared with their native starches (potato and cassava) (ALVES
et al., 2021). The low RC in these materials could be important for their application as carriers

of phenolic compounds in foods and drugs (TEODORO et al., 2015).

4.3.2.6 Thermal stability

Starch NPs loading the phenolic compounds from PE showed thermogravimetric
(TGA) curves typical of starch nanomaterials (CHACON et al., 2019; ALVES et al., 2021).
Hence, TGA curves displayed three main decomposition stages in each sample, firstly, the
water evaporation was observed between 25 and 120 °C, followed by the devolatilization of
starch NPs and phenolic compounds from acidified PE (between 121 and 303 °C) and finally
the unburnt or biochar carbon formation at temperatures higher than 303 °C (Fig. 4.4). Similar
behavior was observed in potato and starch NPs produced with different ethanol concentrations,
but without PE, (ALVES et al., 2021) suggesting that the incorporation of phenolic compounds
in starch NPs did not alter the thermal stability and biochar formation of the resulting

nanomaterials.
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Fig. 4.4. Thermogravimetry curves of: (a) potato starch nanoparticles (PSNPs-PE); (b)
cassava starch nanoparticles (CSNPs-PE). Derivative of the thermogravimetric curves of: (¢)
potato starch nanoparticles (PSNPs-PE); (d) cassava starch nanoparticles (CSNPs-PE) loading
the phenolic compounds from propolis extracts (PE) with different ethanol concentration (50,
60, 70, 80 and 96%).
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4.3.2.7 Color

Color is of the important factor for quality and visual description of food product. The
increase in LTPC significantly decreased (p < 0.05) the L* values in starch NPs (Table 4.3),
confirming the stabilization of phenolic compounds in starch NPs. Similar results were
observed for starch-based films containing beeswax and ethanolic propolis extract (87.69 and
91.03%) (PEREZ-VERGARA et al., 2020).

Regarding the a* coordinate, these values were low, but slight increased with the
increase in LTPC in starch NPs, indicating that there was a reduction in gray intensity and a
tendency to brown. The b* coordinate values were between -2.71 and 9.00 for PSNPs-PE and
between -3.28 and 4.75 for CSNPs-PE (Table 4.5). Interestingly, PSNPs-PE96% and CSNPs-
PE96% showed a more intense brown color than those produced using lower ethanol

concentrations (Table 4.5). This result is due to the higher LTPC in PSNPs-PE and CSNPs-PE
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as discussed previously in Section 4.3.2.1. Irigoiti, Yamul and Navarro (2021) also found a
decreasing in lightness and a color enhancement in co-crystallized powders when increased the

load of different contents of propolis by co-crystallization in sucrose.

Table 4.5. Color parameters (L*, a* and b*) of potato starch nanoparticles (PSNPs-PE) and
cassava starch nanoparticles (CSNPs-PE) loading the phenolic compounds from propolis
extracts (PE) with different ethanol concentration (50, 60, 70, 80 and 96%).

Color parameter

Sample I pe b
PSNPs-PE50% 91.86 + 0.052 1.81+£0.01*  -2.71+0.01?
PSNPs-PE60% 88.8 2 +£0.03° 1.97 £0.00®  0.91+0.10°
PSNPs-PE70% 89.69 + (0.23¢ 2.03 £ 0.08° 0.21£0.18°
PSNPs-PE80% 85.17 + 0.36¢ 2.55+0.08° 6.78 = 0.37¢
PSNPs-PE96% 82.36 +0.33¢ 2.41+0.07° 9.00 + 0.05¢
CSNPs-PE50% 91.63 +0.03? 2.35+0.01*  -3.28+0.01?
CSNPs-PE60% 91.41 + 0.02% 2.39+0.01*  -2.91+0.00°
CSNPs-PE70% 90.10 + 0.00° 2.66+0.00°  -1.09+0.02°
CSNPs-PE80% 90.53 + 0.05 1.99+0.06° -0.38+0.13¢
CSNPs-PE96% 86.66 + 0.82¢ 223+£022*°  475+0.17°

All values were expressed as mean + standard error using the replicates of three experiments. Mean values with

different letters within the same column were significantly different (p < 0.05).

4.3.2.8 Solubility in water (S)

Starch NPs loading the phenolic compounds of acidified PE had S values between
74.74 to 89.11% (Table 4.6), being superior when compared with native potato (S = 18.31%)
and cassava (S = 44.49%) starches , but lower than the S values informed in starch NPs
produced with different ethanol concentrations (81.79% < S < 94.49%), but without PE
(ALVES et al., 2021). The reduction in S values could be correlated with the presence of
phenolic compounds in the starch NPs, however, S values confirm the high-water solubility of
the starch NPs produced in the current research. Based on S results, the starch NPs loading the
phenolic compounds of acidified PE could be used as additives in food formulations or to
manufacture active food packaging. Further studies could investigate the effect of temperature

on the thermal degradation of phenolic compounds loaded in starch NPs.
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Table 4.6. Solubility in water (S) of potato starch nanoparticles (PSNPs-PE) and cassava
starch nanoparticles (CSNPs-PE) loading the phenolic compounds from acidified propolis
extracts (PE) with different ethanol concentration (50, 60, 70, 80 and 96%).

Sample S (%)
PSNPs-PE50% 88.25+ 1.81°
PSNPs-PE60% 89.04 + 4.68?
PSNPs-PE70% 86.43 + 5.05°
PSNPs-PE80% 89.11 +3.16°
PSNPs-PE96% 83.30 + 1.69°
CSNPs-PE50% 84.19 + 4.022
CSNPs-PE60% 84.63 +2.05°
CSNPs-PE70% 82.24 +5.97°
CSNPs-PE80% 82.80 + 3.66
CSNPs-PE96% 74.74 + 3.43°

All values were expressed as mean + standard error using the replicates of three experiments. Mean values with

different letters within the same column were significantly different (p < 0.05).

4.4 CONCLUSIONS OF CHAPTER 4

In this study, the different ethanol concentrations used in the propolis extract impacted
the retention of phenolic compounds in starch nanoparticles. The obtained starch nanoparticles
had particle size lower than 1000 nm, as well as high concentrations of phenolic compounds
and antioxidant activity. Furthermore, these starch nanoparticles displayed V-type crystalline
structure, low moisture content and water activity, suggesting that these powders are not
susceptible to microbial growth during storage. Finally, starch nanoparticles containing the
phenolic compounds showed brown color typical of propolis extract and high solubility in hot
water, indicating that these nanomaterials could be used as additives in food formulations or to

manufacture food packaging with antioxidant properties.
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CAPITULO 5
PRODUCAO E CARACTERIZACAO DE NANOPARTICULAS DE AMIDO
CARREGADAS COM OS COMPOSTOS BIOATIVOS DO EP VERDE ACIDIFICADO

Apresentado na forma de artigo
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5 STARCH NANOPARTICLES CONTAINING PHENOLIC COMPOUNDS
FROM GREEN PROPOLIS: CHARACTERIZATION AND EVALUATION
OF ANTIOXIDANT, ANTIMICROBIAL AND  DIGESTIBILITY
PROPERTIES

E importante ressaltar que neste capitulo foi utilizada a propolis verde para obtengio
dos extratos de propolis, pois em testes preliminares foi observado que os extratos de propolis
marrom (estudados no capitulo 3) ndo apresentaram atividade antimicrobiana. Além disso, o
ultrassom para obtencao de extratos de propolis do Capitulo 3 foi quebrado e passamos a obter
extratos com ultrassom de ponta combinado com shaker. Com base nos resultados obtidos no
Capitulo 3, foi possivel continuar apenas com o extrato obtido na concentracdo de 96% de
etanol acidificado.

Este capitulo relata a terceira fase experimental desta tese, que envolve o estudo das
propriedades antimicrobianas e de digestibilidade de nanoparticulas de amido carregadas com
compostos fendlicos de PE.

A partir desta etapa, foi escrito o terceiro artigo experimental intitulado
“Nanoparticulas de amido contendo compostos fendlicos da propolis verde: Caracterizagdo e
avaliacdo de propriedades antioxidantes, antimicrobianas e digestibilidade” que esta submetido

(ainda nao publicado) ao International Journal of Biological Macromolecules.

Graphical abstract

j

Green propolis extract
(PE)

Listeria monocytogenes

Starch nanoparticlescontaining

. phenoliccompounds from PE
Starch chains
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Highlights

e Starch nanoparticles (NPs) stabilizing phenolic compounds were produced.
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e NPs stabilizing phenolic compounds displayed antioxidant activity.
e Active NPs had antibacterial activity against L. monocytogenes.

e Phenolic compounds can be released from NPs.

Abstract

In this study was investigated the production of nanoparticles through
nanoprecipitation using cassava and potato starches as carriers to stabilize bioactive compounds
from green propolis extract (PE). Additionally, the antioxidant and antimicrobial activities of
phenolic compounds stabilized with starch nanoparticles (SNPs), as well as their release under
gastrointestinal conditions were investigated. PE exhibited antioxidant and antibacterial
properties, specially PE3 (PE produced using sonication by 20 min and stirring at 30 °C for
24h) had the highest concentrations of p-coumaric acid, rutin, kaempferol and quercetin.
Contact angle results showed that potato and cassava starch nanoparticles were more
hydrophobic due to the presence of phenolic compounds on their surfaces. The active SNPs
from PE showed antibacterial activity against L. monocytogenes, at 750 mg of propolis/mL.
Controlled release of phenolic compounds was observed from the nanoparticles when exposed
under simulated gastrointestinal conditions, indicating the potential use of these nanomaterials

as ingredients to manufacture functional foods.

Keywords: active nanomaterials, biopolymer nanoparticles, carbohydrates, natural

antimicrobials.

Abbreviations

AP: anti-solvent precipitation; CS: cassava starch; GAE: gallic acid equivalent; Loading
Efficiency (LE); MIC: minimum inhibitory concentration; MBC: minimum bactericidal
concentration; PSNPs-PE: potato starch nanoparticles loading the phenolic compounds from
acidified propolis extracts; CSNPs-PE: cassava starch nanoparticles loading the phenolic
compounds from acidified propolis extracts PE; CSNPs: starch nanoparticles based on cassava
starch; GRAS: Generally Recognized as Safe; PSNPs: starch nanoparticles based on potato
starch; PE: propolis extract; PS: potato starch; SNPs: starch nanoparticles; SH: starch
hydrolysis; TPC: total phenolic content;; WCA: water contact angle.
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5.1 INTRODUCTION

Propolis is a natural resinous mixture produced by bees that exhibits a variety of
biological activities due to its main bioactive chemical constituents, essential and aromatic oils,
phenolic acids, and polyphenols such as flavonoids. More than 300 constituents have been
identified in propolis, depending on their origin. The chemical composition of crude propolis
was found to contain 50% resins and balsams, 30% waxes, 10% essential oils, 5% pollen, and
5% assorted organic and mineral compounds as constituents (STURM et al., 2019). The ratio
of various constituents to their chemical composition depends on the time and place of
collection. Propolis has great potential to be used as a food additive due to its various biological
properties, such as antioxidant, antimicrobial, antitumor, anti-inflammatory,
immunomodulatory and antiproliferative. In the literature, several studies reveal that the
effectiveness of propolis in numerous applications is based on the synergistic effect of its
various components (PASUPULETI et al., 2017; SFORCIN, 2016; TORETI et al., 2013;
XAVIER et al., 2017).

Therefore, the development of foods enriched with bioactive compounds isolated from
propolis has attracted attention in recent years. However, the main limitation of propolis is its
low bioavailability, low permeability, and deficiency during human digestion, which restricts
it to obtain better health benefits. In addition, there are fundamental challenges for its large-
scale application, including solubility, poor biodistribution with lower absorption and
photosensitivity, and strong taste. In the literature, many of the reported methods for the
stabilization of the phenolic compound from propolis require synthetic chemicals with several
steps that can lead to dissolution of the bioactive compounds during the stabilization process.
In addition, a few number of studies have investigated the stability, bioaccessibility and
bioavailability, as well as the release under gastrointestinal conditions of phenolic compounds
isolated from propolis extract (BODINI et al., 2013; NORI et al., 2011).

Nanomaterials obtained using starches can be used in various food applications due to
their small size, large surface area, excellent biocompatibility, low toxicity and attractive
physical and chemical properties. (ALVES et al., 2021; CAICEDO CHACON et al., 2023a;
QIU et al., 2018). In addition, biopolymer-based nanoparticle matrices have “generally
recognized as safe” (GRAS) status, are non-toxic and environmentally friendly (CAICEDO
CHACON et al., 2023a; QIU et al., 2018). In particular, SNPs have shown the capacity to
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stabilize bioactive compounds with hydrophobic properties and allow a controlled release
(ACEVEDO-GUEVARA et al., 2018).

One of the techniques to stabilize the phenolic compounds from propolis is through
the antisolvent precipitation (AP) method. In this method, two phases are used, an aqueous
phase containing a water-soluble macromolecule (i.e., starch) and an organic phase containing
the active compound. Then, the macromolecule is precipitated by dripping the organic phase,
and the macromolecule/active compound is stabilized during its precipitation (MARTINEZ
RIVAS et al., 2017; QIN et al., 2016). The AP method is known for its simplicity and low cost,
as well as the fact that toxic or environmentally harmful reagents are not required (QIU et al.,
2019).

In the literature, there is little research available about the stabilization of phenolic
compounds using SNPs, as well as the study of these materials with respect to antimicrobial
activity, starch hydrolysis, and release under gastrointestinal conditions. Therefore, this study
aims to produce starch nanoparticles loaded with the phenolic compounds from propolis and
produced by AP method, as well as to investigate the potential use of these nanomaterials as
natural antimicrobials, understanding the behavior of these active nanomaterials when exposed

to simulated gastrointestinal conditions.

5.2 MATERIALS AND METHODS

5.2.1 Materials

In this research, native starches isolated from cassava (Juréia Food Industry, Santa
Catarina, Brazil) and potato (Shambala Naturals Food Industry, Santa Catarina, Brazil) were
used as macromolecules. The source of bioactive compounds was green propolis (Breyer®,
Formigas — Minas Gerais, Brazil). Distilled water was used as the universal solvent, whereas
ethanol (> 99.6%, Exodo Cientifica, Brazil) and hydrochloric acid (37 wt%, Neon, Brazil) were
used in the production of propolis extracts. For total phenolic compounds, DPPH radical
scavenging, free radical ABTS+, ferric reducing antioxidant power were used potassium
chloride and sodium carbonate were purchased from Dindmica (Brazil). Folin-Ciocalteu, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) and ferric reducing antioxidant power (FRAP). All reagents were acquired directly
from Sigma-Aldrich (Brazil) and they were of analytical grade.
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5.2.2 Production of green propolis extracts

The extraction of phenolic compounds from green propolis was carried out using
sonication and mechanical stirring. Propolis extract (PE) was prepared by dispersing 2.85 g of
green propolis in 100 mL of a hydroethanolic solution (96% v/v) and then sonicated using an
ultrasonic probe device (4 mm diameter) (Eco-Sonics, model QR500, Indaiatuba, SP-BR) with
a digital timer, operating with a power of 500 W (100% amplitude), a frequency of 20 kHz at
30 °C by Alves, Monteiro and Valencia (2022) with some modifications. The resulting propolis
extracts were named PE1 (sonicated for 20 min) and PE2 (sonicated for 40 min), PE3 (sonicated
for 20 min with mechanical stirring at 30 °C for 24h at 120 rpm) and PE4 (sonicated for 20 min
with mechanical stirring at 30 °C for 48 h at 120 rpm). Next, each PE was centrifuged at 25 °C
in a centrifuge (Kasvi, Brazil) with a force of 1700 % g at 4000 rpm for 15 minutes, and finally
filtered through qualitative filter paper and stored in amber bottles at -24 °C in the absence of
light until analysis.

5.2.2.1 Characterization of green propolis extracts

Total phenolic compounds (TPC) of PE was measured using the method described by
Alves, Monteiro and Valencia (2022). PE was diluted in ethanol (> 99.6%) in a 1:40 (% v/v)
ratio. An aliquot of 100 pL of the ethanolic extract was mixed with 7.9 mL of distilled water
and 0.5 mL of Folin-Ciocalteu reagent (2N), followed by homogenization in vortex. In
sequence, 1.5 mL of sodium carbonate solution 7.5% (w/v) was added and then homogenized
in vortex. The test tubes were kept in dark at room temperature for 2 h. The absorbance of
solutions was measured at a wavelength of 760 nm, using an UV-Vis spectrophotometer
(QUIMIS, Q898U2M5, Diadema, SP, Brazil) and a blank solution with ethanol concentration
0f 95.6%. TPC results were expressed as milligrams of gallic acid equivalent (GAE) per g of
green propolis. A calibration curve made with concentrations oscillating between 0 - 750 pg of
GAE/mL of extract (y = 0.0011x + 0.0548, R?= 0.9993) was used in this quantification.

DPPH radical scavenging was quantified according the previous study of Alves et al.
(2022). In summary, 100 pL of PE was mixed with 2.9 mL of a DPPH solution (0.1 mM) at
room temperature. The mixture was kept in a dark place for 30 min. Then, the same UV—Vis

spectrophotometer was used to measure the absorbance of samples at 515 nm. Trolox results
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were expressed as umol of Trolox per g of green propolis. A calibration curve made with
concentrations oscillating between 0 - 750 pmol Trolox/L (y =—0.0006x + 0.7766, R?=0.9753)
was used in this quantification.

Free radical ABTS+ was determined according to the methodology proposed by Re et
al. (1999). An aliquot of 30 uL of PE was transferred to test tubes with 3.0 mL of the ABTS+
radical and homogenized in vortex. The samples were kept in dark at room temperature for 6
min and the absorbance value was read in the same UV-Vis spectrophotometer at a wavelength
of 734 nm. Free radical ABTS+ results were expressed as pmol of Trolox per g of propolis. The
quantification was done using a calibration curve made with concentrations varying between 0
- 1500 pmol /mL (y = —0.0003x + 0.6931, R? = 0.9978).

The ferric reducing antioxidant power (FRAP) of PE was performed according to
Ebner et al. (1996). Briefly, 10 pL of PE and 290 pL of FRAP reagent were added onto a
microplate. This solution was kept in the dark at room temperature for 30 min and absorbance
was measured at 593 nm in a microplate reader (Tecan Infinite M200). The analyses were
performed in triplicate with a blank for each sample (10 pL of solvent + 290 pL of FRAP).
Trolox was used as a reference and values were calculated using a calibration curve with
concentrations varying between 50 and 500 pM. FRAP results were expressed as pmol of
Trolox equivalent per g of dry extract (umol TE/g extract).

The chromatographic profile of the PE was obtained using high-performance liquid
chromatography coupled to a diode array detector (DAD). Sample preparation involved a
cleanup step through solid phase extraction (SPE) using a previously activated C18 column
(Chromabond, C18 EC) with 2.0 mL of methanol. An aliquot of PE was solubilized in HPLC
grade methanol and 2.0 mL of this sample was eluted into the cartridge, using methanol (100%)
as eluent. The resulting fraction from the SPE, had the solvent removed in a rotoevaporator and
was then resolubilized to a concentration of 20.0 mg/mL. Finally, the solution was filtered
through a PTFE membrane (Cobetter, Unichro®) with a pore size of 0.45 um, directly in an
HPLC vial for injection into a chromatographic system (DA SILVA et al., 2022).

To obtain the chromatograms, a Restek Ultra C18 column (250 x 4.6mm (di); 4.8um)
was used with an eluent system consisting of water:acetic acid (1%) (phase A) and acetonitrile
(phase B). The run was performed in gradient mode with a ramp from 5 to 100% B in 35 minutes
and maintained at 100% for five minutes at the end of the run. The mobile phase flow was
0.9mL/min, the oven temperature was kept constant at 40 °C, and the sample injection volume

was 10uL. Data were acquired through a DAD-type detector, with selected wavelengths of 280,
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300 and 320nm, and processed in Shimadzu's LabSolutions software (DA SILVA et al., 2022).
The phenolic compounds were identified by comparing the DAD spectra and retention times of
injected standards with those of the samples injected (DA SILVA et al., 2022). The
quantification of the phenolic compounds was performed using the external standard method.
The equations obtained through linear regression were used to quantify each identified
compound by applying the values of the sample’s peak areas. To obtain the means and standard

deviation, samples were injected in duplicate.

5.2.3 Production of starch nanoparticles loaded with the phenolic compounds from

propolis extract

SNPs were produced by AP method Alves, Monteiro and Valencia (2022). Dispersions
(5% w/w) of cassava (CS) and potato (PS) starch were prepared in distilled water at 25 °C and
then they were heated at 90 °C for 30 minutes. In sequence, gelatinized starches were cooled to
30 °C and PE (previously acidified with HCI, pH 1) was added with the aid of a peristaltic pump
(flow of 0.7 mL/min) drop wise for the gelatinized starch in a 1:1 (% v/v) ratio.

After mixing the gelatinized starch solution with the PE, the resulting slurry was kept
in magnetic agitation with constant stirring for 12 hours. Then, the slurry was centrifuged at 25
°C using a centrifuge (Kasvi, Brazil) with 1700 % g force at 4000 rpm for 15 minutes to separate
SNPs from the solvents. SNPs were centrifuged three times with a hydroethanolic solution
(80% v/v), and finally washed with absolute ethanol (99.6%). SNPs were removed by
centrifugation using the same centrifuge and the ethanol in the SNPs was evaporated using a
forced-air convection oven (Solidsteel, Brazil) at 60 °C for 10 min. In sequence, SNPs were
frozen at -18 °C for 48 h, and finally lyophilized (Liotop L 101). The resulting SNPs loading
the phenolic compounds from PE were finely macerated and stored in desiccators with silica

gel at 25 °C for further analysis.

5.2.4 Characterization of the starch nanoparticles loaded with the phenolic compounds

from propolis extract

5.2.4.1 Loading efficiency (LE)
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The LE of the phenolic compounds from acidified PE stabilized with SNPs was
calculated as proposed by Quiroz et al. (2020) (Eq. 5.1):

TPC;—TPCs
TPC;

LE (%) = ( ) * 100 (5.1)

where TPC; and TPCg are the initial total phenolic compounds (TPC) of the PE before
stabilization with SNPs and TPC of supernatant collected after the first centrifugation at 4000
rpm for 15 min (see Section 5.2.3), respectively. The quantification of TPC was carried out

using the same method informed in Section 5.2.2.1.
5.2.4.2 Particle size distribution, surface charge and water contact angle

Particle size and surface charge of SNPs were determined using a LUMiSizer (LUM
GmbH, Germany) and a Zetasizer Nano ZS (Malvern, England), respectively. For the particle
size measurements, SNPs were dispersed in ultrapure Mili-Q water (0.03% w/v, pH 4.0 to 7.0)
and sonicated for 30 min at 40 KHz, using a sonicator bath (Ultracleaner 1650, Unique, Brazil)
(AHMAD et al., 2019).

To water contact angle, the samples were compressed into tablets using a thermopress
and a cylindrical mold. About 0.2 g of sample was deposited in the mold and 1 ton of force was
applied. The pellets were approximately 1.5 mm thick and 1 cm in diameter. The compressed
samples then had their contact angles analyzed in a goniometer, dropping 5 pL of water over
them. The final result is the average of 10 measurements taken over a 5 s interval

(AMIRABADI; MILANI; SOHBATZADEH, 2020; GRZEGORZEWSKI et al., 2010).
5.2.4.3 Release behavior under simulated gastrointestinal conditions

The in vitro digestibility tests of nanoparticles with and without the addition of
propolis were carried out according to the gastrointestinal digestion simulation protocol defined
by INFOGEST and described by Minekus et al. (2014) and Brodkorb et al. (2019), with some
modifications. The simulation was performed sequentially for the oral (matrix release fraction
in the mouth), gastric (matrix release fraction in the stomach) and intestinal (matrix release
fraction through the small intestine) phases. The fluids of each stage had the following

composition:
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- Salivary simulation fluid (SSF): 15.1 mM KCI, 3.7 mM KH2PO4, 13.6 mM
NaHCOs;, 0.15 mM MgCI(H20), 0.06 mM (NH4)2CO3, 1.1 mM HCI and 1.5 mM
CaCl2(H20)2;

- Gastric simulation fluid (SGF): 6.9 mM KCIl, 0.9 mM KH>PO4, 25 mM NaHCOs3,
47.2 mM NaCl, 0.12 mM MgCI>(H20), 0.5 mM (NH4).COs3, 15 .6 mM HCI and 0.15 mM
CaCl2(H20)2;

- Intestinal simulation fluid (SIF): 6.8 mM KCI, 0.8 mM KH>PO4, 85 mM NaHCOs3,
38.4 mM NaCl, 0.33 mM MgCl>(H20), 8.4 mM HCI and 0.6 mM CaCl>(H20):;

Initially, all solutions used in the experiment were heated to 37 °C, and the simulation
was performed at the same temperature. Samples (0.250 g) were transferred to a falcon tube (10
mL) and the oral phase simulation was started by adding SSF 1:1 (m/v) and human salivary a-
amylase solution (75 U/mL, Sigma-Aldrich A1031). The mixture was then adjusted to pH 7
and incubated at 37 °C in a water bath under agitation at 180 rpm for 2 min. Then, the oral bolus
was mixed with SGF 1:1 (v/v), adjusted to pH 3 with 1M HCI and added with swine pepsin
solution (2,000 U/mL, Sigma-Aldrich P7012). The mixture was then incubated at 37 °C in a
water bath under agitation at 100 rpm for 2 h. For the small bowel phase, gastric chyme was
mixed with SIF 1:1 (v/v), containing pancreatin (200 U/mL based on a-amylase activity, Sigma-
Aldrich P7545) and bile salts (10 mM, Sigma-Aldrich B3883). The pH was adjusted to 7 using
1M NaOH and the samples were again incubated at 37 °C in a water bath under agitation at 100
rpm for 2 h. During the intestinal phase, samples of 100 pL of the mixture were taken at different
time intervals (80, 120 and 180 min). Absolute ethanol was added to the collected samples in a
4:1 ratio to stop all enzymatic reactions and kept at room temperature for 30 minutes. The
ethanolic mixtures were then centrifuged (4000 x g, 15 min) and the supernatants were collected
for glucose measurement. Then all samples were centrifuged at 4677 g for 15 min (Kasvi,
Brazil) and stored at -20 °C until further analysis. The in vitro digestion experiments were

performed in duplicate.

5.2.4.3.1 Glucose measurement and starch hydrolysis

To determine the amount of glucose in the in vitro digested samples, the D-glucose
assay procedure (GOPOD, Labtest) was used to quantify the amount of glucose present at each
time point. The supernatants collected in the previous step were incubated with

amyloglucosidase (from Aspergillus niger) to convert a-amylase products into glucose
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(ROVALINO-CORDOVA; FOGLIANO; CAPUANO, 2018). Supernatants (0.1 mL) were
mixed with amyloglucosidase solution (27 U/mL) in sodium acetate buffer (pH 4.8). Then, the
aliquots were combined with 1 mL of GOPOD reagent and incubated for 10 min at 37 °C and
the absorbance of the samples was read at 510 nm against the blank reagent. The percentage of

starch hydrolysis in each sample was expressed as follows:

Sh

where SH is the percentage of starch hydrolysis, Sh is the amount of starch hydrolyzed
at different times in the intestinal phase, Si is the initial amount of starch in the sample and Gp
is the amount of glucose produced due to starch hydrolysis. A conversion factor of 0.9 was
applied based on the molecular weight of a starch monomer divided by the molecular weight
of glucose to convert the glucose content into the corresponding amount of starch (GONI;

GARCIA-ALONSO; SAURA-CALIXTO, 1997).
5.2.4.4 Microbial analysis

To prepare the L. monocytogenes inoculum (TCC 7474), 100 pL of the suspensions
were thawed and transferred to a tube containing 10 mL of BHI broth, incubated at 37 °C for
24 h and then seeded in Listeria Agar by Ottaviani & Agosti (ALOA) to verify their
characteristics (greenish cultures). A colony was harvested from the ALOA plates, inoculated
into tubes containing 10 mL of BHI broth, then incubated under agitation at 210 rpm at a
temperature of 37 °C and cultivated for 8 h until the stationary phase of culture (10° CFU/mL)
(Fig 5.1).

Fig. 5.1. Preparation of L. monocytogenes inoculum in BHI broth.
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Source: Author.

After that, the dilution and inoculation methodology in culture medium was performed
according to Cano et al. (2016), with modifications. After preparing, the bacterial culture, the
inoculum was diluted in an Eppendorf tube with 0.9 mL of peptone water (0.1%) to obtain 10®
CFU/mL inoculum concentration.

Tubes containing 10 mL of BHI agar, extract and nanoparticle masses were added.
Subsequently, were vortexed for 2 min for complete homogenization. Then, this volume was
poured into petri dishes (60 mm) until complete solidification of the medium. Then, 50 uL of
the inoculum (108 CFU/mL) was spread on the surface of the plate containing BHI agar + extract

or BHI agar + NPs. The plates were incubated for 24 h at 37 °C (Fig 5.2).

Fig. 5.2. Dilution and inoculation of L. monocytogenes in culture medium.
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Due to the coloring of the extract and nanoparticles, cell recovery was performed as
follows: BHI agar from plate was transferred to a sterile plastic bag and diluted in peptone water
(1:1) while stirring in a stomacher bag mix (Servilab) for 1 min. Then plating was performed.
Serial dilutions in peptone water were prepared and 100 pL aliquots of the dilutions were seeded
on the surface of BHI Agar (in 90 mm petri dishes) for quantification of L. monocytogenes and
then incubated in BOD at 37 °C for 48 h and 24 h, respectively. The mean CFU/mL count (and
standard deviation) of two independent samples from each sampling.

The minimum inhibitory concentration (MIC) of the PE and NPs was defined as the
lowest concentration capable of inhibiting bacterial growth and the minimum bactericidal

concentration (MBC) as the lowest concentration that leads to bacterial death.
5.2.5 Statistical analyses

All results were expressed as means + standard deviation (n > 3). The experimental
data were analyzed using Analysis of variance (ANOVA) and Tukey test with multiple
comparisons, was performed with a 5% significance level using the software Statistica 10.0
(StatSoft®, USA). Pearson's correlation was performed using Excel® software.
5.3 RESULTS AND DISCUSSIONS

5.3.1 Green propolis extracts composition

In the propolis extracts, a total of 8 compounds were detected, showing the peaks with

the identified substances, being: Protocatechuic ac. (1); chlorogenic ac (2); ac. caffeic (3); rutin
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(4); p-coumaric ac (5); quercetin (6); ac. cinnamic (7); kaempferol (8). For some of the
remaining peaks in the chromatogram (Fig. 5.3), it was not possible to identify the

corresponding compounds due to a lack of reference compounds.

Fig. 5.3. Chromatogram of the propolis extract produced using sonication by 20 min and
stirring at 30 °C for 24h (PE3).
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PE3 showed the higher concentration compounds, among them: p-coumaric acid
(15.96 mg/g extract), rutin (5.176 mg/g extract), kaempferol (0.781 mg/g extract), cinnamic
acid (0.863 mg/g extract) and quercetin (5,376 mg/g of extract) were higher when compared to
the other extracts (Table 5.1). Thus, PE3 was considered the best PE sample. These results agree
with assessed the total phenol content of propolis samples from different regions of Brazil

(TIVERON et al., 2016).



119

Table 5.1. Concentration of individual phenolic components for propolis extract (PE)
obtained by HPLC. Total phenolic compounds (TPC) and antioxidant capacity by DPPH,
FRAP, and ABTS of the PE3.

Phenolic compounds (mg/g PE)

Compounds
PE1 PE2 PE3 PE4

chlorogenic acid 4.67 +0.034 6.79 £0.21? 5.64 +0.08° 6.20 +0.08°
caffeic acid 1.38 £ 0.08° 1.68 £ 0.07° 1.67 £0.01° 1.86 + 0.05°
p-coumaric acid 11.30£0.18° 12.80 +0.10° 15.96 £ 0.04* 15.76 £ 0.09*
cinnamic acid 0.52 +£0.04° 0.67 £0.01° 0.86+0.01? 0.75+0.01°
rutin 4.53 £0.06° 475 +0.01° 5.18 £0.01° 551+0.14
kaempferol 0.60 + 0.05° 0.65 £ 0.08* 0.78 £ 0.03* 0.66 + 0.02*
quercetin 3.67+0.01° 4.40 +0.05° 538+0.18 429 +0.12°

TPC (mg of DPPH (nmol FRAP (umol ABTS (umol
Sample GAE/g of TROLOX/g of TROLOX/g of TROLOX/g of

extract) extract) extract) extract)

PE3 763.36 + 30.73 727.60 + 10.05 202.61 +3.51 2516.33 +£189.77

PE1: 20 min Ultrasound at 30°C; PE 2: 40 min Ultrasound at 30°C; PE3: 20 min Ultrasound + 24 h Shaker (120
rpm) at 30°C; PE4: 20 min Ultrasound + 48 h Shaker (120 rpm) at 30°C. Mean values with different letters within
the same column were significantly different (p < 0.05).

GAE: gallic acid equivalent. All values were expressed as mean + standard error using the replicates of three

experiments.

Based on the previous literature, these values are comparable or superior to many plant
extracts that are rich in phenolic compounds. Polyphenolic compounds, such as caffeic acid and
ferulic acid, extracted from propolis have antimicrobial activity. Several studies reported the
excellent antioxidant activity of green propolis extract (PE) attributed to its rich phenolic
composition, which includes chlorogenic acid, p-coumaric acid and artepilin C. Among all
compounds already identified in propolis, p-coumaric acid is the chemical compound that
attracts the attention of researchers, due to its numerous biological properties. p-coumaric acid
has also potential to treat different injuries by acting as antiulcerogenic (BARROS et al., 2008),
antimicrobial, anticancer and antimutagenic (PEI et al., 2016).

Furthermore, it was analyzed the total phenolic content and antioxidant capacity of
PE3 (Table 5.1). The green propolis extract had a total phenol content of 763.36 mg GAE/g,
DPPH of 727.60 (umol TROLOX/g of extract), ABTS of 2516,33 (umol TROLOX/g of
extract), FRAP of 202.61 (umol TROLOX/g of extract) (Table 5.1). These results are higher
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with those reported by Cruz et al. (2021) that assessed the total phenol and flavonoid content
of propolis extracts from different regions of Brazil where the total phenol content ranged
between 17.59 mg GAE/g and 79.84 mg GAE/g. Previously, Calavaro et al. (2019) used
ultrasound-assisted extraction with different percentages of ethanol and showed that the
antioxidant activity increased with the increasing time of the ultrasound-assisted extraction and
the increasing percentage of ethanol in the extraction solution. These differences could be due
to the phenolic composition of each extract, which varies according to the geographic region in
which the propolis was produced, the climatic conditions, the harvesting period, and the type

of extraction (CAVALARO et al., 2019).

5.3.2 Characterization of starch nanoparticles loaded with the phenolic compounds

from propolis extract

5.3.2.1 Loading Efficiency (LE)

In the current research, LE values oscillating between 65.45 + 2.53% and 73.32 +
1.61% for SNPs produced with CS and PS, respectively. LE values had statistical difference (p
< 0.05) and could be due to the differences in the starch composition, structure, and surface
charge (ALVES; MONTEIRO; VALENCIA, 2022; ZHU, 2015). Similar LE results were
informed in SNPs loaded the phenolic compounds from brown propolis extract (ALVES;
MONTEIRO; VALENCIA, 2022). However, LE values were higher when compared with those
informed in succinylated starch nanomaterials (LE = 17%) loaded with the polyphenolic extract
from Arugula (Eruca sativa) leaves and obtained by antisolvent precipitation (GARCIA-

GURROLA et al., 2021).

5.3.2.2 Particle size distribution, surface charge and water contact angle

Starch nanoparticles displayed bimodal distribution with particle size between 8 and
23 nm and from 189 to 340 nm (Fig. 5.4a). No difference was observed between samples added
or not with PE, suggesting that the phenolic compounds stabilized did not alter the particle size
of starch nanomaterials. In general, the peak of small particle size has been attributed to free
nanoparticles, whereas the peak of large particle size could be caused by the aggregation of

starch nanoparticles during the antisolvent precipitation (SADEGHI et al., 2017).
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Fig. 5.4. (a) Particle size distribution of potato starch nanoparticles (PSNPs); cassava starch
nanoparticles (CSNPs); potato starch nanoparticles (PSNPs-PE) and cassava starch
nanoparticles (CSNPs-PE) loading the phenolic compounds from propolis extracts (PE). (b)
Surface charge of PSNPs, CSNPs, PSNPs-PE, and CSNPs-PE. (c) Water contact angle of (i)
PSNPs, (ii) CSNPs, (iii) PSNPs-PE, and (iv) CSNPs-PE.
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In the literature, several research studies have informed comparable particle sizes. In
this way, particle size of starch nanoparticles obtained through antisolvent precipitation were
ranged between 207.9 nm and 475.6 nm, 16.7 nm, and 2750 nm, and 16.7 nm and 2750 nm
using corn, lotus seed, and maize starches, respectively (LIN et al., 2020; SADEGHI et al.,
2017; WU et al., 2016).

With respect to surface charge, it was observed that the SNPs containing the phenolic
compounds from PE had higher surface charge values when compared with control samples

(Fig. 5.4b), indicating that the phenolic compounds from PE increased the hydrophobicity of
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the nanoparticles, which can be indicate that there was an incorporation of functional groups of
the PE. Furthermore, it is concluded that these nanomaterials can be considered moderately
stable (BANERJEE et al., 2016). The increase in hydrophobicity after the addition of PE can
be attributed to the hydrogen bonding interaction between the molecular chains of starch and
PE through the hydroxyl groups. The hydrogen bonding interaction reduced the free hydroxyl
groups in the water-absorbing starch molecules, thereby increasing the hydrophobicity of the
SNPs (WANG; ZHOU, 2022). The surface charge results can explain the changes in wettability
observed by the contact angle analysis (WCA), in which the WCA of CSNPs and PSNPs
remained constant in 41.05° £ 0.17 and 41.40° £+ 0.13, respectively. With the incorporation of
the phenolic compounds, it was observed an increase in the WCA, hence, starch nanoparticles
loaded the phenolic compounds from PE had a WCA ranged between 66.80° + 1.21 (CSNPs-
PE) and 75.70° + 0.75 (PSNPs-PE) (Fig. 5.4c).

5.3.2.3 Release behavior under simulated gastro-intestinal conditions and starch hydrolysis

Release and starch hydrolysis results revealed that the percentage of hydrolysis
increased significantly (p < 0.05) in the first 80 min of the simulation in the intestinal phase
(Fig. 5.5). This increase was due to the addition of the enzyme pancreatin, which is a mixture
of amylase, proteases, and lipases, which has its activity optimized at the pH used in the
simulation of intestinal digestion (pH = 7.0) (FERNANDES et al., 2020). After this period (80
min), the percentage of hydrolysis increased more slowly. According to Kim, Park and Lim
(2008), starch hydrolysis follows two phases: an initial phase of rapid hydrolysis and a slower
phase of digestion. The first phase corresponds to the hydrolysis of the amorphous region,
whose amylase accessibility is greater due to the disorder of the starch chains (KIM; PARK;
LIM, 2008; NAYAK; DE J. BERRIOS; TANG, 2014). The second phase corresponds to the
hydrolysis of the crystalline region, less susceptible to enzymatic action (KIM; PARK; LIM,
2008; NAYAK; DE J. BERRIOS; TANG, 2014). For all samples hydrolysis was pronounced
and it was typical of starch materials (Fig. 5.5) (KIM; PARK; LIM, 2008; NAYAK; DE J.
BERRIOS; TANG, 2014).
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Fig. 5.5. Starch hydrolysis of potato starch nanoparticles (PSNPs); cassava starch
nanoparticles (CSNPs); potato starch nanoparticles (PSNPs-PE) and cassava starch
nanoparticles (CSNPs-PE) loading the phenolic compounds from propolis extract (PE).
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All values were expressed as mean + standard error (n > 3). Uppercase superscripts represent statistically
significant differences among the samples for the same phase release, and lowercase superscripts represent

statistically significant differences over phase release (p < 0.05).

Furthermore, PSNPs-PE and CSNPs-PE were subjected to simulated conditions
intestinal digestion and the release behavior of TPC was studied (Fig. 5.6a). The initial release
of phenolic compounds and antioxidants could be due to leaching and dissolution of the
compounds that were free or adsorbed on the surface of the wall material. Potato and cassava
SNPs showed high surface areas, as shown in the particle size results. This facilitated water
absorption and contributed to the sudden release of compounds near the surfaces of starch
nanoparticles (JIANG et al., 2022). After 3 h of intestinal conditions, all the trapped phenolic
and antioxidant compounds were released from the nanostructures. The amount of phenolic
compounds released (p < 0.05) after of 3h of intestinal digestion was 27.71 and, 25.48 mg of
GAE/g of nanoparticles, for PSNPs-PE and CSNPs-PE, respectively.
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Fig. 5.6. (a) TPC and (b) ABTS of potato starch nanoparticles (PSNPs-PE) and cassava starch
nanoparticles (CSNPs-PE) loading the phenolic compounds from propolis extracts (PE).
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All values were expressed as mean * standard error (n > 3). Uppercase superscripts represent statistically
significant differences among the samples for the same phase release, and lowercase superscripts represent

statistically significant differences over phase release (p < 0.05).

The results of antioxidant activity by ABTS method after each digestion step is also
showed in Fig. 5.6b. Antioxidant activity assessed by ABTS radical scavenging increased
(p <0.05) after throughout the passage through the intestinal phase for all samples. A greater
release was observed in PSNPs-PE, this could be associated with the fact that this nanoparticle
showed a higher LE value. PSNPs-PE and CSNPs-PE showed similar release profiles for TPC
and ABTS, indicating that both NPs have similar interaction with the intestinal fluid.

Silva et al. (2019) studied the production and characterization of guarana seed extract
particles obtained by spray-chilling. The authors performed the simulated release test with free
extract and observed a drop in the content of phenolic compounds throughout the analysis.
However, when encapsulating the extract, they observed that the release of phenolic compounds
increased over time, with its maximum release in the intestinal phase of the test. Similar
behavior was also observed by Salehi et al. (2023b) who used almond gum (AG) and sodium
caseinate (CAS) at pH = 7 and 4.6, respectively, for encapsulation of propolis alcoholic extract.
These authors observed that in the first 10 minutes, about 10% of phenolic compounds were
released, and that propolis showed a sustained release at a constant rate in both gastric and

intestinal conditions. The cumulative release of propolis in the gastric (after 2h) and intestinal
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(after 8h) media was around 23% and 49%, respectively. In another study, Spanidi et al. (2021)
evaluated the release of TPC from propolis at pH = 7.2 and indicated that the cumulative release
was only 23.99% after 8 h. Protein and carbohydrate complexes have been reported to be more
resistant to gastrointestinal conditions compared to a single carbohydrate or protein, resulting
in less release of stabilized phenolic compounds with these macromolecules (DAJIC
STEVANOVIC et al., 2020).

In the current research, stabilization of the phenolic compounds from PE using potato
and cassava starches modified by antisolvent precipitation can serve as an effective protection

for slow release at the absorption site of the gastrointestinal tract.

5.3.2.4 Microbial analysis

Listeria monocytogenes was chosen because it is responsible for causing listeriosis, a
foodborne disease with high mortality, which makes this disease a significant concern for public
health. In addition to the lack of food safety, it can also generate high economic losses (ZHANG
etal., 2021). In the current research, the initial concentration (NO) was 5.7 + 0.07 UFC/mL, and
the concentrations after 48h are shown in Table 5.2. It was observed that PE has antibacterial
effect against L. monocytogenes, with minimum inhibitory concentration (MIC) at a
concentration of 0.5 mg/mL and minimum bactericidal concentration (MBC) 1.0 mg/mL,
which has already been reported by other authors (DA CRUZ ALMEIDA et al., 2017;
JANSEN-ALVES et al., 2019). Studies report that the antimicrobial activity of PE has been
attributed to both hydrophilic and hydrophobic phenolic compounds, including flavonoids,
acids, and aromatic esters, which possibly act on the cell wall of this bacterium (PATEL et al.,
2015). Pernin et al. (2019) evaluated the inhibitory activity of several phenolic acids against L.
monocytogenes as a function of their total concentration and observed that the phenolic acids
(p-coumaric, caffeic and chlorogenic acids) inhibited the growth the Listeria monocytogenes.
The quercetin also antimicrobial against Listeria monocytogenes (YONG et al., 2020).

JANSEN-ALVES et al. (2019) found superior MIC results (0.62 mg/mL) for the
ethanol extract of propolis against L. monocytogenes. However, these authors used green
propolis ethanolic extract and nanoemulsions. In another research, Seibert et al. (2019),
observed that the nanoemulsion composed of corn oil (5.0% w/w) as oil phase, distilled water

(84.0% w/w) as aqueous phase, nonionic surfactants sorbitan monooleate (3.0% w/w)
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and polysorbate 80 (7.0% w/w) and ethanolic propolis extract (1% w/w) maintained the

biological properties against L. monocytogenes, with a MIC value of 6.2 mg/mL.

Table 5.2. Antimicrobial activity against Listeria monocytogenes of propolis extract (PE),
potato starch nanoparticles (PSNPs-PE) and cassava starch nanoparticles (CSNPs-PE) loading
the phenolic compounds from PE.

Samples (mg/mL) Y (UFC/mL)
PE

0.10 *

0.25 *

0.50 5.00+£0.11

0.75 3.10+0.07

1.00 ok
PSNPs-PE

100 *

250 6.90 £ 0.05

500 5.90+0.03

750 5.20+0.03
CSNPs-PE

100 7.50 £0.01

250 7.60 +0.01

500 5.10+0.01

750 4.90 +0.04

Y: Concentration found after 48h; *: Countless cell Count. **: Total cell inactivation.

Regarding the antimicrobial activity of the nanoparticles, it was observed that both
PSNPs-PE and CSNPs-PE have action against L. monocytogenes, oscillating between 500 —
750 mg/mL. It can be observed that the PE showed superior antimicrobial activity than the
nanoparticles, explained by the concentration of PE in the SNPs being lower than the pure
extract. Therefore, the result also showed that the antisolvent process did not result in loss of
these bioactive components since nanoparticles had antimicrobial activity. However, in the

nanoparticles, the maximum concentration tested was 750 mg/mL and no MBC were observed,


https://www.sciencedirect.com/topics/chemistry/polysorbate-80
https://www.sciencedirect.com/topics/chemistry/propolis-extract
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indicating that the MBC is > 750 mg/mL. This can be explained by the difference in the cell
structure and bacterial membrane (SALIM et al., 2023). Salehi et al. (2023b) obtained similar

results to those of the antibacterial activity of propolis against L. monocytogenes.

5.4 CONCLUSIONS OF CHAPTER 5

In this study, starch nanoparticles loaded with the phenolic compounds from propolis
extract (PE) were produced by the antisolvent precipitation method. Nanoparticles exhibited
particle sizes between 8 - 340 nm and high loading efficiency (65 - 73%) of phenolic
compounds from PE. According to the digestibility results, it was possible to verify that potato
starch nanoparticles stabilizing the phenolic compounds from PE (PSNPs-PE) presented the
highest release of compounds when compared to CSNPs-PE (cassava starch nanoparticles
stabilizing the phenolic compounds from PE). The presence of phenolic compounds increased
the hydrophobicity of the starch nanoparticles. Additionally, PSNPs-PE and CSNPs-PE showed
positive results concerning the antimicrobial activity, demonstrating their effectiveness in the
inhibition of L. monocytogenes. Starch nanomaterials loaded with the phenolic compounds
from propolis extract could be used as an antimicrobial agent and as an antioxidant ingredient

to manufacture functional foods.
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CAPITULO 6
PRODUCAO E CARACTERIZACAO DE BALAS DE GELATINA FORTIFICADAS COM
NANOPARTICULAS DE AMIDO COM E SEM EXTRATO DE PROPOLIS VERDE

Apresentado na forma de artigo
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6 GELATIN CANDIES ARCHITECTED WITH ACTIVE STARCH
NANOPARTICLES CONTAINING PHENOLIC COMPOUNDS FROM
PROPOLIS EXTRACT

Este capitulo relata a quarta fase experimental desta tese, que envolve o estudo da
aplicacdo de nanoparticulas de amido carregadas com compostos bioativos de propolis em balas
de gelatina.

A partir desta etapa, foi escrito o quarto artigo experimental intitulado “Gelatin candies
architected with active starch nanoparticles containing phenolic compounds from propolis
extract” publicado no Starch (fator de impacto (2021): 2.741;
https://doi.org/10.1002/star.202300162. acordo com as regras de assinatura da Wiley, os

autores se reservam o direito de incluir o artigo em uma tese, desde que nao seja publicado

comercialmente.

Abstract

Gelatin candies were selected as a model food system to incorporate starch
nanoparticles (SNPs) obtained by nanoprecipitation and loaded with phenolic compounds from
green propolis extract (PE). The aim of this study was to use starch nanomaterials (CSNPs-PE
and PSNPs-PE), honey and gelatin to develop a candy product, and to investigate their effect
on physicochemical properties, texture and functional properties. Candy stability was evaluated
during storage at 25°C and 30% RH for 60 days. Water activity and total soluble solids resulted
in stable gelatin candies at room temperature and RH = 30% from the microbiological point of
view. According to the results, the addition of SNPs in gelatin candies did not prove to be a
factor that influenced texture parameters, especially hardness, gumminess and chewiness.
Candies containing SNPs loaded with the phenolic compounds from PE have high total
phenolic compounds (324 - 362 mg of GAE/100 g) and antioxidant activity (133 - 136 pmol
TROLOX/100 g). These results indicate that SNPs loaded with the phenolic compounds from

PE can be used for gelatin candies fortification.
Keywords: functional foods, natural additives, macromolecules, phenolic compounds.
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AP: anti-solvent precipitation; aw: water activity; CS: cassava starch; GAE: gallic acid
equivalent; PSNPs-PE: potato starch nanoparticles loading the phenolic compounds from
acidified propolis extracts; CSNPs-PE: cassava starch nanoparticles loading the phenolic
compounds from acidified propolis extracts PE; CSNPs: starch nanoparticles based on cassava
starch; GRAS: Generally Recognized as Safe; PSNPs: starch nanoparticles based on potato
starch; PE: propolis extract; PS: potato starch; S1: gelatin candy; S2: gelatin candy containing
CSNPs-PE; S3: gelatin candy containing PSNPs-PE; S4: gelatin candy containing CSNPs; S5:
gelatin candy containing PSNPs; SNPs: starch nanoparticles; TPA: Texture profile analysis;
TPC: total phenolic content.

6.1 INTRODUCTION

Nowadays, consumers are interested in purchasing natural products and processed
foods having shorter ingredient lists, familiar ingredients or minimally processed ingredients.
This trend has been known as clean label (CL), being broadly explored in recent years (SA;
CARMO; VALENCIA, 2023). In addition, ingredients such as artificial food additives
(flavoring and coloring) also have negative health effects (CRUPI et al., 2018). In this sense,
consumers look for natural and attractive foods that confer health benefits (LUIZA KOOP et
al., 2022). Therefore, the confectionery industry has sought technological innovation, mainly
by replacing some artificial ingredients present in products with healthier alternatives
(ADAMS; SAVAGE, 2017; RIEDEL; BOHME; ROHM, 2015).

In the literature, several studies have used natural ingredients to manufacture soft and
gelatinous candies, among gummy candies colored with Opuntia ficus-indica betalains
(OTALORA et al., 2019), gummy candies colored with a red beet extract (MOGHADDAS
KIA et al., 2020), chewy candies added guava pulp in (VERGARA et al., 2020), candies added
honey and fruit juices (MUTLU; TONTUL; ERBAS, 2018), gummy candies added beta-
carotene microcapsules (CONSTANTINO; GARCIA-ROJAS, 2023).

Propolis i1s a GRAS (Generally Recognized as Safe) and natural product produced by
bees, which has many beneficial properties (BALICA et al., 2021; CORNARA et al., 2017).
Propolis is a source of antioxidant compounds, whose activity is due to its ability to scavenge
free radicals (YAN et al., 2020). However, in terms of food applications of propolis, not only

can it act as a natural preservative, but it also has excellent functional properties. However, the
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use of propolis is limited due to its strong and unique odor, which can affect the sensory
qualities of food (BODINI et al., 2013).

Recently, starch nanoparticles were used to stabilize phenolic compounds from
propolis extract. These nanomaterials had showed better water-solubility when compared with
native starches and propolis extract, as well as antioxidant properties (ALVES; MONTEIRO;
VALENCIA, 2022). To date, no study has explored the application of these materials in foods.
In this context, the application of starch nanoparticles loaded with bioactive propolis
compounds in gelatin candies is a promising alternative. Therefore, the objective of this
research was to produce and characterize the physicochemical properties of gelatin candies
fortified with starch nanoparticles containing phenolic compounds from propolis extract, as

well as to evaluate the change in these properties during storage.

6.2 MATERIALS AND METHODS

6.2.1 Materials

Native starches isolated from cassava (Juréia Food Industry, Santa Catarina, Brazil)
and potato (Shambala Naturals Food Industry, Santa Catarina, Brazil) were used as
macromolecules. Bovine gelatin (bloom 250, Gelnex, Brasil) was used as macromolecule in the
candies. Commercial honey was purchased from the local market. Green propolis (Breyer®,
Formigas — Minas Gerais, Brazil) was used as the source of bioactive compounds. Distilled
water, ethanol (> 99.6%, Exodo Cientifica, Brazil) and hydrochloric acid (37 wt%, Neon,
Brazil) were used as solvents. Potassium chloride and sodium carbonate were purchased from
Dinamica (Brazil). Folin-Ciocalteu and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were acquired
from Sigma-Aldrich (Brazil). All reagents used were of analytical grade and they were used as

received.

6.2.2 Production and characterization of the green propolis extract

The extraction of phenolic compounds from green propolis was carried out using
sonication and mechanical stirring methods. Propolis extract (PE) produced by sonication was
prepared by dispersing the resin (2.85 g) in a hydroethanolic solution (100 mL, 96% v/v) and

then sonicated by 20 min at 30 °C using an ultrasonic probe device (4 mm diameter) (Eco-
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Sonics, model QR500, Indaiatuba, SP-BR) with a digital timer, operating with a power of 500
W (100% amplitude) and a frequency of 20 kHz. In sequence, PE was stirred in a shaker at 30
°C for 24 h, stirring at 120 rpm.

PE was centrifuged at 25 °C using a centrifuge (Kasvi, Brazil) with 1700 x g force at
4000 rpm for 15 minutes, and finally filtered using qualitative filter paper and stored in amber
flasks at -24 "C under the absence of light until analysis.

Total phenolic compounds (TPC) of PE was measured using the method described by
Alves et al. (2022). PE was diluted in ethanol (> 99.6%) in a 1:40 (% v/v) ratio. An aliquot of
100 uL of the ethanolic extract was transferred to test tubes and mixed with 7.9 mL of distilled
water and 0.5 mL of Folin-Ciocalteu reagent (2N), followed by homogenization in vortex. In
sequence, 1.5 mL of sodium carbonate solution 7.5% (w/v) was added and then homogenized
in vortex. The test tubes were kept in dark at room temperature for 2 h. The absorbance of
solutions was measured at a wavelength of 760 nm, using an UV-Vis spectrophotometer
(QUIMIS, Q898U2MS5, Diadema, SP, Brazil) and a blank solution with ethanol concentration
0f 95.6%.

TPC results were expressed as milligrams of gallic acid equivalent (GAE) per g of
green propolis according to a calibration curve with concentrations varying between 0 and 750
ng of GAE/mL of extract (y = 0.0011x + 0.0548, R?=0.9993).

DPPH radical scavenging was quantified according the previous study of Alves et al.
(2022). In summary, 100 uL of PE was mixed with 2.9 mL of a DPPH solution (0.1 mM) at
room temperature. The mixture was kept in a dark place for 30 min. Then, the same UV—Vis
spectrophotometer was used to measure the absorbance of samples at 515 nm. Trolox results
were expressed as umol of Trolox per g of green propolis, according to a calibration curve with
concentrations varying between 0 and 750 pmol Trolox/L (y = —0.0006x + 0.7766, R? =
0.9753).

6.2.3 Production of starch nanoparticles loaded with the phenolic compounds from

propolis extract

Starch nanoparticles (SNPs) were produced by antisolvent precipitation as proposed
by Alves et al. (2022). Starch water dispersions (5% w/w) previously prepared at 25 °C were
heated at 90 "C for 30 minutes and then cooled to 30 °C. Gelatinizad starches were precipitated

by the addition of PE (previously acidified with HCI, pH 1) using a peristaltic pump (flow of
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0.7 mL/min) drop wise for the gelatinized starch in a 1:1 (% v/v) ratio. The resulting slurry was
kept in magnetic agitation with constant stirring for 12 hours and then centrifuged at 25 °C using
a centrifuge (Kasvi, Brazil) with 1700 x g force at 4000 rpm for 15 minutes to separate SNPs
from the solvents. SNPs were centrifuged three times with a hydroethanolic solution (80% v/v),
and finally washed with absolute ethanol (99.6%). SNPs were removed by centrifugation using
the same centrifuge and the ethanol in the SNPs was evaporated using a forced-air convection
oven (Solidsteel, Brazil) at 60 °C for 10 min. In sequence, SNPs were frozen at -18 °C for 48 h,
and finally lyophilized (Liotop L 101). The resulting SNPs loading the phenolic compounds
from PE were finely macerated and stored in desiccators with silica gel at 25 °C for further

analysis.

6.2.4 Characterization of starch nanoparticles

Particle size determination was carried out in dispersions of SNPs in ultrapure Mili-Q
water (0.03% w/v, pH 4.0 to 7.0). Dispersions were sonicated for 30 min at 40 KHz, using a
sonicator bath (Ultracleaner 1650, Unique, Brazil) and then analyzed with a LUMiSizer (LUM
GmbH, Germany) (AHMAD et al., 2019).

The color of SNPs was evaluated using a high-resolution digital camera (Nikon AF-
SDX Nikkor 18-55mm1:3.5-5.6G VR II, 0.28m/ 0.92 ft ¢ 52) (ALVES; MONTEIRO;
VALENCIA, 2022). SNPs without the phenolic compounds from PE were used as controls.

Total phenolic compounds (TPC) and DPPH radical scavenging in SNPs loading
phenolic compounds from PE were determined using the methodologies provided in Section

6.2.2.

6.2.5 Production and characterization of gelatin candies added of starch nanoparticles
Gelatin candies added of SNPs were prepared according to the methodology proposed

by Mutlu, Tontul e Erbas (2018), with modifications. The composition of the candies was done

using a mass ratio of 60:40 (honey: hydrated gelatin with and without the addition of

nanoparticles). Candies formulations are summarized in the Table 6.1.

Table 6.1. Gelatin candies formulations.

Ingredients Samples
(g/100 g) S1 S2 S3 S4 SS
Honey 60 60 60 60 60
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Gelatin 8 8 8 8 8

Water 31.5 30.5 30.5 30.5 30.5
Citric acid 0.5 0.5 0.5 0.5 0.5
Nanoparticle 0.0 1.0 1.0 1.0 1.0

Sample 1 (S1): Gelatin; Sample 2 (S2): Gelatin + CSNPs-PE; Sample 3 (S3): Gelatin + PSNPs-PE; Sample 4 (S4):
Gelatin + CSNPs; Sample 5 (S5): Gelatin + PSNPs. PE: propolis extract; CSNPs: cassava starch nanoparticles;

PSNPs: potato starch nanoparticles.

Firstly, gelatin was hydrated in distilled water (25 °C) for 30 min and then heated in a
water bath at 60 °C for 30 min (VALENCIA et al., 2016). In sequence, pre-heated honey (60
°C) was added to the gelatin dispersion and manually homogenized for 2 min. Finally, the
mixture was poured into cylindrical molds (3 x 15 mm) cooled to room temperature for 30 min,
and stored for 24 h in a refrigerator at 7 °C. After the candies were taken out of the mold and
cut into slices (3 x 2 mm) and they were conditioned for three days in a desiccator containing a
saturated potassium carbonate solution (30% relative humidity, RH) at 25 °C.

The water activity (aw) of gelatin candies was measured with a hygrometer (Aqualab,
Decagon Devices) at 25 °C. Samples were cut into 2 mm thick circular sheets, placed in sample
containers, and analyzed. The pH of the candies was measured using a pH meter to solids (Testo
205-Brazil). Soluble solids content (°Brix) was determined in gelatin candies using a
refractometer (0 — 93°, ATAGO, PAL-BY/RI, Japan). Color of gelatin candies was determined
using the same methodology informed in Section 6.2.4. The color difference (AE™) was

calculated using Eq. (6.1):

* * * 2 * * 2 * * 2
AE™ = \/(Lstandard - Lsample) + (astandard - asample) + (bstandard - bsample) (61)

In this study, color parameters of each sample at day zero of storage were considered
as the standard (MERZ et al., 2020).

The texture profile of gelatin candies was performed using a texture analysis device
(TA-XT plus; Stable Micro Systems, Surrey, UK). For each test, 10 samples were compressed
twice at a compression rate 50 % with a 35 mm flat circular probe and a speed of 2 mm. s! at
25 °C (MUTLU; TONTUL; ERBAS, 2018). Texture parameters such as hardness, gumminess,

and chewiness were analyzed from the force-time graph.
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The functional properties of candies were evaluated by TPC (total phenolic
compounds) and antioxidant activity by DPPH. Samples (5 g) were added in a falcon tube with
20 mL of distilled water, after which the tube was added in a water bath at 40 °C for 5 min to
dissolve the candies. The tubes were centrifuged at 4000 g for 10 min (Kasvi, Brazil) and the
supernatant was collected. The quantification of TPC and DPPH were performed using the

methodologies provided in Section 6.2.2.

The physicochemical properties of gelatin candies were studied during 60 days of

storage at 25 °C and 30 %RH, in absence of light.

6.2.6 Statistical analyses

All results were expressed as means + standard deviation (n > 3). The experimental
data were analyzed using Analysis of variance (ANOVA) and Tukey test with multiple
comparisons, was performed with a 5% significance level using the software Statistica 10.0

(StatSoft®, USA). Pearson's correlation was performed using Excel® software.

6.3 RESULTS AND DISCUSSIONS

6.3.1 Characterization of propolis extract and starch nanoparticles

PE had TPC and DPPH values oscillating between 732.65 — 794.14 mg of GAE/g of
extract and 717.52 — 737.64 pmol TROLOX/g of extract, respectively. These results revealed
that PE has a high concentration of phenolic compounds, as well as antioxidant activity. Similar
results have been informed in PE using resins from different regions of Brazil (TIVERON et
al., 2016).

SNPS had particle size lower than 340 nm and the presence of phenolic compounds
from PE did not alter the particle size in SNPs. Similar results regarding the particle size of
SNPs and the effect of PE on the particle size of these nanomaterials were informed in the
literature (ALVES et al., 2021; ALVES; MONTEIRO; VALENCIA, 2022).

Cassava starch nanoparticles (CSNPs) and potato starch nanoparticles (PSNPs) had
light gray color, whereas nanoparticles loaded with the phenolic compounds from PE (CSNPs-

PE and PSNPs-PE) displayed light green/brown color (Fig. 6.1a). It was observed that the
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presence of phenolic compounds from PE reduced the L* values of SNPs when compared with
control samples (Table 6.2). This alteration was due to the green/brown color of PE. Similar
behavior was observed by Soleimanifard et al. (2021) who studied the encapsulation of different

concentrations of PE with proteins.

Fig. 6.1. (a) Visual aspect of: (a) cassava starch nanoparticles loaded with the phenolic
compounds from propolis extract (CSNPs-PE); cassava starch nanoparticles (CSNPs), ),
potato starch nanoparticles loaded with the phenolic compounds from propolis extract
(PSNPs-PE) and potato starch nanoparticles (PSNPs); (b) gelatin candy (S1), gelatin candy
containing CSNPs-PE (S2), gelatin candy containing PSNPs-PE (S3), gelatin candy
containing CSNPs (S4), gelatin candy containing PSNPs (S5).

| ....

CSNPs-PE PSNPs-PE CSNPs PSNPs

b)
S1 s2 S3 s3 S5

CSNPs-PE: cassava starch nanoparticles loaded with the phenolic compounds from propolis extract (PE); CSNPs:

cassava starch nanoparticles; PSNPs-PE: potato starch nanoparticles loaded with the phenolic compounds from
PE; PSNPs: potato starch nanoparticles.

Sample 1 (S1): Gelatin; Sample 2 (S2): Gelatin + CSNPs-PE; Sample 3 (S3): Gelatin + PSNPs-PE; Sample 4 (S4):
Gelatin + CSNPs; Sample 5 (S5): Gelatin + PSNPs.

Regarding the a* coordinate, a* values decreased with the addition of PE (p < 0.05)
(Table 6.2), indicating that there was a reduction in the intensity of red and a tendency towards
green, confirming the retention of the phenolic compound in these nanomaterials. For the b*
parameter, a significant increase (p < 0.05) was observed in SNPs containing the phenolic
compounds from PE (Table 6.2). These results corroborate with those informed in co-

crystallized sucrose with PE (IRIGOITI; YAMUL; NAVARRO, 2021), and crystallized
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powders containing compounds from yerba mate and marjoram extracts with sucrose (LOPEZ-
CORDOBA et al., 2014; SARABANDI; MAHOONAK; AKBARI, 2019).

Table 6.2. Color parameters (L"*, a** and b"*) of starch nanoparticles.

Color CSNPs-PE CSNPs PSNPs-PE PSNPs
parameter

L* 87.43+0.218 93.69+0.134 84.85+0.03¢ 93.74+0.08"
a® -0.33+0.028 1.10+0.074 -0.66+0.03¢ 1.07+0.06*
b* 7.30+0.168 -2.17+0.05% 12.01+0.07¢ -2.43+0.22%

CSNPs-PE: cassava starch nanoparticles loaded with the phenolic compounds from propolis extract (PE); CSNPs:
cassava starch nanoparticles; PSNPs-PE: potato starch nanoparticles loaded with the phenolic compounds from
PE; PSNPs: potato starch nanoparticles.

All values were expressed as mean =+ standard error (n > 3). Means in the same row followed by different capital

letter are significantly different (p < 0.05).

6.3.2 Characterization of gelatin candies added of starch nanoparticles

6.3.2.1 Physicochemical analysis

Gelatin candies with the addition of starch nanoparticles showed a uniform appearance
and attractive color (Fig. 6.1b). Water activity (aw) values were significantly reduced with
storage, probably due to the loss of moisture (Table 6.3). Ay values of the candies are in
agreement with those reported (aw = 0.54 — 0.68) by Amyjadi et al. (2018) in gelatin candies
added with betalains from fruits, and lower than those informed by Mutlu et al. (2018) in
candies containing honey and fruit juice and also b(Yan et al., 2021) in gelatin candies added
of vitamin C. Based on aw results, these candies can be considered as safe for confectionery
products (aw =0.48 - 0.59) (Table 6.3). At values of ayw > 0.6, there may be fungal growth during
storage (ERGUN; LIETHA; HARTEL, 2010), so citric acid was added to the candies

formulation as a
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Table 6.3. Water activity (aw) and total soluble solids content (°Brix) of gelatin candies during storage.
Gelatin candies

Parameter Time (days)
S1 S2 S3 S4 S5

0 0.592+0.0142 0.59240.0042 0.588+0.0142 0.592+0.0142 0.586+0.0042

20 0.561+0.01B4® 0.571+0.0152 0.549+0.01Bab 0.577+0.014 0.561+0.0242

aw 40 0.475+0.01¢2 0.476+0.01¢ 0.498+0.01<° 0.500+0.005° 0.481+0.01Ba®

60 0.488+0.02¢ 0.485+0.01¢ 0.482+0.01¢ 0.489+0.0152 0.487+0.0182

0 86.70+0.6942 84.00+0.424Bb 83.93+0.554° 83.10+0.504° 83.63+0.254°

Brix 20 87.33+1.404B2 82.29+1.844P 87.73+1.5288 85.88+2.67AB2 87.70+1.328¢2
40 86.52+0.4142 87.25+1.058¢ 86.26+1.1982 87.58+0.63B¢2 86.12+1.00¢2

60 89.07+1.0152 88.77+0.32¢ 88.13+0.3152 90.17+1.35¢ 89.50-+0.82B2

Sample 1 (S1): Gelatin; Sample 2 (S2): Gelatin + CSNPs-PE; Sample 3 (S3): Gelatin + PSNPs-PE; Sample 4 (S4): Gelatin + CSNPs; Sample 5 (S5): Gelatin + PSNPs.

CSNPs-PE: cassava starch nanoparticles loaded with the phenolic compounds from propolis extract (PE); CSNPs: cassava starch nanoparticles; PSNPs-PE: potato starch
nanoparticles loaded with the phenolic compounds from PE; PSNPs: potato starch nanoparticles.
All values were expressed as mean + standard error (n > 3). Means in the same column followed by different superscripts are significantly different (p < 0.05). In a row, results

with a different superscript letter indicate a statistically significant difference between each other (p < 0.05).
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preservative. Rivero et al. (2021) also added citric acid and propolis extract to prevent fungal
development in jelly candies.

Gelatin candies had a pH value ranging from 4.65 to 5.93 during storage, above the
values reported in the literature for hibiscus candies (3.42 and 3.54) (DE MOURA et al., 2019)
and vitamin C candies (3.01 to 3.12) (YAN et al., 2021). The pH value is in line with other
studies that produced gelatin candies with the addition of fruit extract and citric acid and
obtained pH values between 3.0 to 5.0 (COBAN et al., 2021). Differences in the values are
associated with the fact that in the current research a lower citric acid concentration (0.5 %w/w)
was used when compared with the literature (1 %w/w) (CANO-LAMADRID et al., 2020).

The high content of total soluble solids (TSS = 82.29 — 90.17 °Brix) resulted in stable
jelly candies at room temperature and RH = 30 % from the microbiological point of view.
Similar values were reported for pectin candies containing hibiscus (TSS = 82.83 - 84.87) (DE
MOURA et al., 2019).

Food color (L, a* and b*) is an important factor that impacts sensory acceptability of
the products (SANT’ANNA et al., 2022). The effect of storage time, temperature (25 °C) and
relative humidity (30% RH) on the color of gelatin candies was investigated and the values are
shown in Fig. 6.2.

On day 0 of storage, the parameter L*, for candies S1, S2, S3, S4 and S5 was +15.32,
+15.72, +15.90, +16.14 and +16.72, respectively. It was observed that the L* parameter of the
candies did not present a significant difference (p > 0.05%), showing that the incorporation of
SNPs did not interfere in this parameter when compared with the control candy (S1) (Fig. 6.1b
and 6.2a).



Fig. 6.2. Color of gelatin candies during storage.
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Sample 1 (S1): Gelatin; Sample 2 (S2): Gelatin + CSNPs-PE; Sample 3 (S3): Gelatin + PSNPs-PE; Sample 4 (S4):
Gelatin + CSNPs; Sample 5 (S5): Gelatin + PSNPs. CSNPs-PE: cassava starch nanoparticles loaded with the
phenolic compounds from propolis extract (PE); CSNPs: cassava starch nanoparticles; PSNPs-PE: potato starch
nanoparticles loaded with the phenolic compounds from PE; PSNPs: potato starch nanoparticles. Uppercase
superscripts represent statistically significant differences among the samples for the same time of storage, and

lowercase superscripts represent statistically significant differences over times of storage (p < 0.05).

However, this parameter showed a significant reduction with storage time for all
samples. Thus, at 60 days, the candy S2 showed a statistically different value from the candy
S4, and the same behavior was observed when comparing candies S3 and S5. Therefore, it was
observed that the addition of propolis had an influence only when comparing samples S2 and
S4, and also when comparing samples S3 and S5. While S1, S4 and S5 candies that did not
contain propolis did not differ after 60 days of storage. The reduction in the luminosity of the
candies with storage time can be attributed to the lipid oxidation of the candies (MOGHADDAS
KIA et al., 2020).
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Positive values of a* and b* showed that the gelatin candies and the candies with the
incorporation of SNPs were similar to each other, presenting a yellowish-red color, due to the
natural color of honey and propolis being similar, thus not presenting a significant color
modification.

For the a* parameter on day 0 of storage, it was observed that S2 and S4 candies were
statistically different (p < 0.05%) and S3 and S5 candies, showing that the addition of CSNPs-
PE and PSNPs-PE did not affects this parameter. Furthermore, it is shown that after 60 days,
the color sample changed, by decrease of a* values, indicating that the samples are less red than
those at time zero (Fig. 6.2b).

Since candies S2 and S4, when compared, showed no statistical difference, while
candies S3 and S5 were significantly different. Therefore, it was observed that candies S1, S4
and S5 did not present a significant difference. This result was expected since there was no
addition of CSNPs-PE and PSNPs-PE. It was also observed that S2 and S3 candies, with the
addition of CSNPs-PE and PSNPs-PE, respectively, showed smaller reductions in the value of
a* and b*, due to the presence of propolis compounds that were efficient in maintaining the
color of the candies (Fig. 6.2b-c).

The total color change (AE) (Fig. 6.2d) was clearly dependent on the addition of
CSNPs-PE and PSNPs-PE in the gelatin candies and it was due to the decrease in a* and b*
values. In this way, AE* were higher in samples without the addition of CSNPs-PE and PSNPs-
PE, suggesting that S2 and S3 candies, due to the addition of CSNPs-PE and PSNPs-PE,

presented greater color stability of the candies.

6.3.2.2 Texture profile analysis (TPA) of gelatin candies

Relevant texture descriptors for confections candies are hardness, chewiness and
gumminess. The maximum force needed to distort candies on the first bite is directly related to
hardness. Gumminess comes from the multiplication of hardness and cohesiveness, while
chewiness comes from the multiplication of hardness, cohesiveness and elasticity (DELGADO;
BANON, 2015).

On day 0 of storage, it was observed that the S2, S3, S4 and S5 candies did not show
statistical difference for the hardness parameter when compared with the S1 candies.

Furthermore, there was no significant difference when comparing candies S2 with candies S4,
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and candies S3 with candies S5, showing that the addition of SNPs did not interfere this
parameter (Fig. 6.3a).

During the storage of candies at 25 °C and 30% RH for 60 days, it was verified that
the candies showed an increase in hardness (p < 0.05). This behavior could be due to the
decrease in aw, leading to a harder layer on the surface of the samples (Table 6.3).

Since at 60 days, the S2 candy (gelatin + CSNPs-PE) had the highest hardness value,
and it was statistically different when compared with the S4 candy (gelatin + CSNPs). Similar
behavior was observed between candies S3 (gelatin + PSNPs-PE) and S5 (gelatin + PSNPs).

Finally, candies S5 showed no significant difference when compared with candies S1.

Fig. 6.3. Texture parameters of gelatin candies during storage.
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lowercase superscripts represent statistically significant differences over times of storage (p < 0.05).
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On the other hand, candies S2 (Fig. 6.3b) showed a statistical difference when
compared to the candies S1, while the candies S3, S4 and S5 showed values similar to the
candies S1. It was also observed that the effect of incorporating propolis extract and starch
nanoparticles was similar. Furthermore, at 60 days, it was observed that the gumminess values
increased with the increase in hardness values, and these results were compatible with those
found by Periche et al. (2014) using alternative sweeteners in confectionery candies.

It was also verified that the chewiness (Fig. 6.3¢) was not influenced by the addition
of SNPs when compared S2, S3, S4 and S5 candies with S1 candies. Behavior similar to that
found for gumminess, where at 60 days of storage it was observed that chewiness values

increased with increasing hardness values.

6.3.2.3 Functional properties of gelatin candies

Potential health benefits of functional candies are an outcome of the bioactive presence
in appropriate quantity and, more importantly, its stability during storage (KOOP et al., 2022).
On day 0, it was observed that candies S2 (CSNPs-PE) and S3 (PSNPs-PE) had levels of
phenolic compounds of 267.25 and 275.40 mg of GAE/100 g, respectively, being higher (p <
0.05) than the values found for candies S4 (CSNPs) and S5 (PSNPs), with values of 221.58 and
186.67 mg of GAE/100 g, respectively (Fig. 6.4a).

Candies S2 and S3 had higher values due to the presence of nanoparticles loaded with
propolis extract. After 60 days of storage, the S2 and S3 candies continued to show the same
behavior when compared to the S4 and S5 candies, respectively, confirming the release of these
compounds present in the candies.

TPC values this word were higher than those found by Archaina et al. (2019) in freeze-
dried currant and yogurt sweets using alternative sweeteners. These authors observed a total
phenolic compound content of 53.64 and 52.93 mg of GAE/100 g of dry matter), sweetened
with honey and stevia, respectively.

Regarding the antioxidant capacity, the same behavior was observed in the results of
phenolic compounds. Initially, the candies with the addition of propolis nanoparticles, S2 and
S3, presented values of 116.40 and 120.20 pmol TROLOX/100 g, respectively, being superior
to the control candies, S3 and S5, with values of 53.40 and 44.37 umol TROLOX/100 g,
respectively (Fig. 6.4b).
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And after 60 days of storage, the candies with the addition of propolis nanoparticles,
S2 and S3, showed values of 133.02 and 136.45 umol TROLOX/ 100 g, respectively, being
superior to the control candies, S4 and S5, with values of 110.09 and 110.12 pmol
TROLOX/100 g, respectively. Also, a slight increase in the levels of phenolic compounds and
antioxidant activity was observed during storage, which may be related to the lack of
homogenization in the samples or to the bioactive compounds showing low release in the

medium.

Fig. 6.4. Total phenolic compounds (TPC) and antioxidant capacity (DPPH) of gelatin
candies during storage.
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Sample 1 (S1): Gelatin; Sample 2 (S2): Gelatin + CSNPs-PE; Sample 3 (S3): Gelatin + PSNPs-PE; Sample 4 (S4):
Gelatin + CSNPs; Sample 5 (S5): Gelatin + PSNPs. CSNPs-PE: cassava starch nanoparticles loaded with the
phenolic compounds from propolis extract (PE); CSNPs: cassava starch nanoparticles; PSNPs-PE: potato starch
nanoparticles loaded with the phenolic compounds from PE; PSNPs: potato starch nanoparticles. Uppercase
superscripts represent statistically significant differences among the samples for the same time of storage, and

lowercase superscripts represent statistically significant differences over times of storage (p < 0.05).

Cano-Lamadrid et al. (2020) reported TPC values ranging from 72—159 mg GAE/100
g for pomegranate juice-based sweets, while Seremet et al. (2020) showed TPC of 170—180 mg
EAG/100 g for white tea-based sweets. Rivero et al. (2021) obtained 550.8 mg EAG/100 g and
1820 pmol of Trolox/100 g for candies added with propolis extract and raspberry powder as a
natural dye.

This behavior could be related to the difference in formulations and concentrations of
ingredients. Therefore, it is important to point out that the functional properties of the gelatin

candies in our formulation were associated with the presence of honey and propolis
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nanoparticles. Propolis extract is rich in bioactive compounds, as previously demonstrated. And
honey is a functional food produced by bees (Apis mellifera) that contains a variety of bioactive
substances and enzymes that give it antioxidant properties, among these compounds we can
highlight the flavonoides (such as apigenin, pinocembrin, kaempferol, quercetin, galangin,
chrysin and hesperetin), phenolic acids (such as ellagic, caffeic, p-coumaric and ferulic acids,

among others (ETERAF-OSKOUEI; NAJAFI, 2013).

6.4 CONCLUSIONS OF CHAPTER 6

Gelatin candies with the addition of starch nanoparticles showed a uniform appearance
and attractive color. All formulations showed physicochemical characteristics expected for
gelatin candies. Furthermore, fractions of bioactive compounds remained available after 60
days of storage and could exert their bioactivity. In general, the use of starch nanoparticles
loaded with the phenolic compounds from propolis extract in gelatin candies is feasible and it
is an innovative and promising alternative for the food industry in the fortification of gelatin

candies.



147

CAPITULO 7
CONCLUSAO GERAL E SUGESTAO DE TRABALHOS FUTUROS
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7 CONCLUSAO GERAL E SUGESTAO DE TRABALHOS FUTUROS

Este capitulo final apresenta as conclusdes mais relevantes com base nos resultados

relatados nos capitulos anteriores e sugestdes para trabalhos futuros.

7.1 CONCLUSAO GERAL

O uso da técnica de nanoprecipitagdo antissolvente foi eficiente para produgdo de
nanoparticulas de amidos, de batata e de mandioca, e para estabilizar os compostos bioativos
dos extratos da propolis. A técnica de nanoprecitagdo antissolvente possibilitou a obtengao de
nanoparticulas de amido estabilizando os compostos de propolis pela primeira vez.

As técnicas de FTIR e DRX possibilitaram a confirmagdo da estabilizagdo do extrato
de propolis nos amidos, de batata ¢ de mandioca. Independente do amido (mandioca e batata)
utilizado como material estabilizante obteve-se nanoparticulas com estrutura cristalina tipo V,
baixo teor de umidade e atividade de 4gua.

Em ambos os amidos, a estabilizagdo possibilitou que os materiais apresentassem
atividades biologicas. Essas atividades foram observadas em analises de digestao in vitro, o que
possibilita a aplicacdo dos nanomateriais tanto na area alimenticia como farmacéutica.

Os resultados microbioldgicos, expressos em CIM e CBM demonstraram que a
atividade antibacteriana do extrato de propolis puro foi superior quando comparada com a as
nanoparticulas de amido de batata e de mandioca na concentragdo de 750 mg de
nanoparticulas/mL para a bactéria gram positiva, Listeria monocytogenes.

Ap0s a aplicacdo das nanoparticulas de amido com os compostos da propolis em balas
de gelatina, apresentou coloragdo marrom estavel, uniforme e visualmente atrativa por 60 dias
de armazenamento a 25 °C e 30 UR. Os compostos fenolicos e a atividade antioxidante das
formulagdes de balas com fortificadas com nanoparticulas de amido contendo os compostos
bioativos da propolis (S2 e S3) foram superiores quando comparados com a bala de gelatina
(S1) e balas adicionadas de nanoparticulas de amido sem os compostos bioativos da propolis
(S4 e S5); este ¢ um aspecto positivo se for considerado que as balas convencionais possuem
propriedades funcionais pobres ou nulas.

Por fim, as nanoparticulas obtidas nesta tese podem ser aplicadas como aditivo

alimentar na industria de alimentos.
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7.2 SUGESTAO DE TRABALHOS FUTUROS

e Identificar e quantificar os compostos bioativos apds a digestdo in vitro das
nanoparticulas de amido contendo compostos bioativos da préopolis;

e Avaliar a citotoxidade do extrato de propolis e das nanoparticulas de amido contendo
compostos bioativos da propolis;

e Avaliar a aceitagdo e inten¢do de compra das balas de gelatina por analise sensorial;

e [Estudar a liberacdo digestibilidade in vitro das balas de gelatina fortificadas com nano

nanoparticulas de amido contendo compostos bioativos da préopolis;
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