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RESUMO

Filmes biodegradaveis sdo uma alternativa ao uso de embalagens ndo biodegradaveis,
relacionado ao aumento do uso deste material, impacto e descarte inadequado. Para producéo
de filmes diversos polimeros podem ser utilizados, em que o amido apresenta boas
caracteristicas e propriedades para obtencdo. A adicdo de antioxidantes naturais
nanoencapsulados, como carotenoides, pode auxiliar no desenvolvimento de filmes
biodegradaveis com atividade antioxidante, com maior estabilidade e solubilidade destes
compostos. Assim, filmes biodegradaveis ativos foram obtidos a partir do amido de mandioca
com adi¢do de licopeno ou B-caroteno livres e nanoencapsulados. Diferentes formulagoes
foram desenvolvidas, nos quais os antioxidantes naturais livres ou nanoencapsulados foram
adicionados a mesma concentracdo. Os filmes com adicdo dos pigmentos nanoencapsulados
apresentaram caracteristicas diferentes da adi¢do dos pigmentos livres, com maior espessura,
permeabilidade ao vapor de agua, opacidade, propriedades mecénicas, menor transmissao de
luz UV/Vis e maior interacdo do aditivo com a matriz. Os filmes com nanocépsulas também
apresentaram maior efeito protetor sobre a estabilidade do 6leo de girassol armazenado sob
condicgdo acelerada de oxidagdo, com menor formacdo de produtos de oxidacdo e potencial
aplicacdo como embalagem de alimentos. Os filmes foram utilizados para avaliar a
estabilidade oxidativa de manteiga, que apresentou maior estabilidade e manutencdo da
qualidade durante o0 armazenamento sob incidéncia de luz quando armazenada nos filmes com
adicdo de nanocépsulas. Além disso, independente da adigdo de licopeno ou B-caroteno livres
e nanoencapsulados, todos os filmes apresentaram estabilidade térmica e rapida
biodegradabilidade apds 15 dias. Filmes biodegradaveis com adi¢do de carotenoides, licopeno
e P-caroteno, apresentaram resultados promissores para o desenvolvimento de embalagens
com antioxidantes naturais e manutencdo da estabilidade de alimentos com alto teor de

gordura durante o armazenamento.

Palavras-chave: filmes biodegradaveis; carotenoides; nanoencapsulacdo; atividade

antioxidante; embalagens ativas.



ABSTRACT

Biodegradable films are an alternative to use of non-biodegradable packaging, related to
increased use of this material, impact and inappropriate disposal. For film production, various
polymers may be used, wherein the starch has good characteristics and properties for
obtaining. The addition of natural nanoencapsulated antioxidants, such as carotenoids, may
aid the development of biodegradable films with antioxidant activity, with greater stability
and solubility of these compounds. Thus, active biodegradable films were obtained from
cassava starch with the addition of free and nanoencapsulated lycopene or [-carotene.
Different formulations were developed, where free or nanoencapsulated natural antioxidants
were added at the same concentration. The films with the addition of nanoencapsulated
pigments presented different characteristics of free pigment addition, with greater thickness,
permeability to water vapor, opacity, mechanical properties, lower transmission of UV/Vis
light and greater interaction of the additive with the matrix. The films with nanocapsules also
had a greater protective effect on the stability of the sunflower oil stored under accelerated
oxidation conditions, with less formation of oxidation products and potential application as
food packaging. The films were used to evaluate the oxidative stability of butter, which
presented higher stability and maintenance of the quality during storage under light incidence
when stored in the films with the addition of nanocapsules.

In addition, independent of the addition of free and nanoencapsulated lycopene or -carotene,
all films showed thermal stability and rapid biodegradability after 15 days. Biodegradable
films with the addition of carotenoids, lycopene and (-carotene, presented promising results
for the development of packages with natural antioxidants and maintenance of the stability of

foods with high-fat content during storage.

Keywords: biodegradable films; carotenoids; nanoencapsulation; antioxidant activity; active

packaging.
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1. INTRODUCAO

As embalagens plasticas que sdo tradicionalmente utilizadas para embalar e armazenar
os alimentos sdo obtidas em sua maioria a partir de fontes ndo renovaveis. Os plasticos vém
sendo utilizados devido ao baixo custo, facil obtencdo, boas propriedades mecénicas, alta
aplicabilidade, baixa permeabilidade a gases e ao vapor de agua. Com o aumento do uso de
embalagens plasticas e sua alta durabilidade, ocorre acumulo e muitas vezes o descarte
inadequado desse tipo de material no meio ambiente.

Aliado ao desenvolvimento de técnicas para minimizar ou mesmo substituir 0 uso
desse tipo de material, estuda-se a elaboracdo de filmes biodegradaveis como alternativa as
embalagens tradicionais para alimentos. O desenvolvimento de filmes biodegradaveis pode
ser realizado a partir de recursos renovaveis, em que as principais fontes para sua obtencéo
sdo carboidratos e proteinas, ou uma combinacdo destes com outros compostos. Os filmes
apresentam rapida biodegradabilidade em curto periodo de tempo, o que auxilia em um menor
impacto ambiental. O amido é uma das fontes mais utilizadas para a producdo destes filmes
devido a facil obtencéo e capacidade de proporcionar a formagdo de uma matriz continua.

Além disso, com o avanc¢o da tecnologia outra opcdo sdo as embalagens ativas, que
apresentam interacdo desejavel com o produto, com manutencgdo da estabilidade, qualidade e
consequente aumento da vida de prateleira. Inmeros agentes naturais podem ser utilizados
beneficamente para a formulacdo de filmes ativos, como pigmentos, vitaminas, compostos
fenolicos ou a adicdo de extratos e produtos que contenham esses tais compostos em sua
composicao (Park et al., 2004; Souza et al., 2011; Martins et al., 2012; lahnke et al., 2015;
Reis et al., 2015; Pagno et al., 2016; Pifieros-Hernandez et al., 2017)

O uso de aditivos, como antioxidantes, pode levar a mudanca da matriz polimérica,
com menor permeabilidade ao vapor de dgua, menor transmissdo de luz, maior resisténcia a
tracdo ou elongamento na ruptura, dependente da caracteristica e interacdo do aditivo
adicionado, de carater hidrofobico ou hidrofilico, que pode proporcionar maior protecao aos
alimentos durante o armazenamento (Barbosa-Pereira et al., 2013; Noronha et al., 2014,
Medina Jaramillo et al., 2016).

Dentre estes, o licopeno e o B-caroteno sdo importantes carotenoides que apresentam
alta atividade antioxidante, porém, como todo composto bioativo, seu uso pode ser limitado
devido sua suscetibilidade as reagdes de oxidacao e caracteristica lipossoltvel, o que restringe
sua utilizacdo em alimentos com baixo teor de lipideos. Assim, uma técnica para aumentar a

solubilidade e estabilidade € a nanoencapsulacdo. A nanotecnologia recebe grande atengédo
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por proporcionar maior estabilidade dos compostos bioativos na escala nanométrica, como a
solubilidade de compostos hidrofébicos em matrizes hidrofilicas e uma liberagéo continua e
controlada dos compostos ao longo do tempo (Lobato et al., 2013; Dos Santos et al., 2015;
Gonzalez-Reza et al., 2015; Da Silva et al., 2016).

Neste contexto, o licopeno ¢ o B-caroteno podem representar excelentes compostos
naturais para adicdo em filmes biodegradaveis e a nanoencapsulacdo pode ser uma técnica
promissora para aumentar a solubilidade destes carotenoides, além de proporcionar melhor
estabilidade frente a diversos fatores. Apds obtencdo, os filmes sdo caracterizados quanto as
suas propriedades mecanicas, barreira (permeabilidade ao vapor de agua, transmissdo de luz),
morfologia, estabilidade térmica, cor, biodegradabilidade, umidade e solubilidade em &gua,
para verificar a interacdo dos aditivos com a matriz e as caracteristicas da embalagem. A
determinacdo destes atributos permite a avaliacdo e a obtencdo de filmes com caracteristicas
semelhantes as embalagens convencionais, em que as propriedades podem indicar o perfil
para aplicagcdo como embalagem para determinado alimento. A fim de determinar o efeito da
interacdo embalagem-aditivo-alimento, o carater protetor sobre a estabilidade, assim como a
migracdo de compostos, é necessario realizar a aplicacdo dos filmes ativos como embalagem

para alimentos e avaliar seu armazenamento.
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2. OBJETIVOS

2.1 Objetivo geral

O objetivo do trabalho foi desenvolver filmes biodegradaveis de amido com atividade
antioxidante através da adi¢do de licopeno ou f-caroteno livres e nanoencapsulados, avaliar o
efeito destes aditivos sob as propriedades fisicas, mecanicas e de barreira dos filmes. Além
disso, também foi avaliada a aplicabilidade dos filmes como embalagem ativa para alimentos

com alto teor de gordura.

2.2 Objetivos especificos

e Desenvolver filmes biodegradaveis a base de amido de mandioca com diferentes
concentracgdes de licopeno e B-caroteno livres ou nanoencapsulados;

e Avaliar as propriedades de barreira dos filmes biodegradaveis relacionadas a
permeabilidade ao vapor de agua e transmissdo de luz;

e Caracterizar as propriedades fisico-quimicas dos filmes biodegradaveis: espessura,
propriedades mecanicas, umidade, solubilidade em &gua, estabilidade térmica, cor,
opacidade, propriedades morfoldgicas e biodegradabilidade;

e Determinar a atividade antioxidante dos filmes através do armazenamento de 6leo de
girassol sob condicdo acelerada de oxidacao;

e Aplicar os filmes como embalagem ativa para avaliacdo da estabilidade de manteiga

armazenada sob condicdes aceleradas de oxidacao.

Esta dissertacdo esta estruturada em capitulos. No Capitulo I encontra-se uma reviséo
bibliografica sobre os principais temas abordados no trabalho, como a atividade antioxidante e
estabilidade dos carotenoides, nanotecnologia e filmes biodegradaveis. No Capitulo Il esta
descrito os materiais e métodos utilizados para obtencdo do licopeno e [-caroteno,
nanoencapsulamento, desenvolvimento, caracterizagdo e a aplicagio dos filmes
biodegradaveis ativos. No Capitulo 111 sdo apresentados os trés artigos elaborados a partir
dos resultados obtidos neste estudo, onde os dois primeiros artigos abordam o

desenvolvimento e a caracterizagdo dos filmes biodegradaveis de amido de mandioca com
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adi¢do de licopeno ou [B-caroteno livres e nanoencapsulados; e o terceiro artigo relata a
aplicacéo dos filmes desenvolvidos. O Capitulo IV aborda uma discusséo geral e a concluséo

desta dissertacéo.
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3. REVISAO

3.1 Carotenoides

Os carotenoides estdo presentes na forma de pigmentos naturais, responsaveis por
conferir cor a diversos alimentos, como frutas e legumes, um dos principais parametros
relacionados a qualidade no momento da escolha de um produto. A cor dos carotenoides é
resultante da presenca de um sistema de ligacdes duplas conjugadas, que confere cores que
variam entre laranja, amarelo e vermelho. O conjunto de ligagbes duplas constitui o
cromoéforo do pigmento, o qual € a parte da estrutura quimica utilizada como base para sua
identificacdo. A presenca de no minimo sete ligacGes duplas conjugadas é necessaria para a
percepcao da cor amarela, mas um aumento dessas ligacGes resulta em bandas de absorcéo em
maiores comprimentos de onda, 0 que torna o composto mais vermelho (Rodriguez-Amaya e
Omni, 2001).

Os carotenoides possuem sua estrutura composta por unidades de isopreno ligadas
entre si, o que forma uma molécula simétrica. As estruturas dos carotenoides apresentam
algumas modificacdes, como ciclizagdo, hidrogenagédo, desidrogenacdo, encurtamento ou
prolongamento da cadeia, isomerizacdo, 0 que origina inumeras estruturas. De acordo com
sua estrutura, os carotenoides podem ser divididos em dois grupos: carotenos hidrocarbonetos
e xantofilas (Rodriguez-Amaya e Omni, 2001; Havaux, 2014; Liu et al., 2015).

Os carotenoides sdo compostos lipofilicos, ou seja, sdo sollveis em 06leos e solventes
organicos, como acetona, alcool, éter etilico, cloroférmio e acetato de etila (Bobbio e Bobbio,
2001; Rodriguez-Amaya e Omni, 2001). Podem ser utilizados como corantes naturais, mas
sua utilizacdo as vezes pode ser limitada devida sua baixa solubilidade em agua ou seu uso em
alimentos com baixo teor de lipideos.

Em plantas, os carotenoides desempenham funcdes importantes na fotossintese e
atuam como pigmento acessorio e como fotoprotetor. Como pigmento acessorio, sao capazes
de absorver e transferir a energia na forma singlete-singlete para a clorofila, que sera utilizada
na fotossintese. Ja 0 mecanismo de fotoprotecdo ocorre quando a taxa de energia absorvida é
maior que a quantidade necessaria para a fotossintese, assim o carotenoide atua na inibigéo da
formagdo de oxigénio singlete (*Oz) (Ronen et al., 2000; Britton et al., 2008; Damodaran et
al., 2010).

Como antioxidantes naturais os carotenoides podem desativar radicais livres e

oxigénio singlete, uma vez que a superproducdo de espécies reativas de oxigénio (ERQOS)
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devido a fatores exdgenos ou enddgenos resulta em um estado chamado de estresse oxidativo,
que pode ser um importante mediador de danos nas estruturas celulares, DNA, proteinas e
lipideos (Jomova e Valko, 2013).

Alguns carotenoides alem de apresentar atividade antioxidante, também apresentam
atividade de vitamina A, em que 0s principais compostos sdo 0 B-caroteno, a-caroteno e a [3-
criptoxantina, cujas fontes alimentares mais comuns séo a cenoura, batata doce, vegetais de
folhas verdes e muitas outras frutas e vegetais caracterizados por sua cor laranja e vermelho
(Courraud et al., 2013). Outros carotenoides, como o licopeno, apresentam atividade
antioxidante, mas ndo apresentam atividade vitaminica, pois para apresentar atividade de pro-
vitamina A, os carotenoides devem ter em sua estrutura o anel B-ionona ndo substituido e uma
cadeia lateral isoprenoide com pelo menos 11 &tomos de carbono com terminacdo de uma
funcdo alcool, aldeido ou carboxila (Damodaran et al., 2010).

Contudo, o sistema de ligac6es duplas presentes na estrutura destes compostos, o qual
é responsavel pela cor e pela atividade antioxidante, os tornam mais susceptiveis a oxidagdo e
a isomerizacdo. A degradacao oxidativa, a principal causa de perdas significativas, depende
da disponibilidade de oxigénio e é estimulada por luz, enzimas, metais e co-oxida¢do com
hidroperdxidos de lipideos (Rodriguez-Amaya e Omni, 2001). Em geral, essas ligacdes
ocorrem totalmente na forma trans e podem sofrer isomerizacdo através de tratamento
térmico durante a etapa de processamento, exposicao a solventes organicos, luz, oxigénio e
tratamentos com &cidos, o que resulta na formacgdo de isdmeros na forma cis (Stahl e Sies,
2003; Calvo e Santa-Maria, 2008).

Assim, devido as caracteristicas das moléculas de B-caroteno e do licopeno, pelo seu
alto grau de insaturacdo, esses carotenoides podem apresentar maior susceptibilidade as

reacOes de oxidacdo e isomerizacao.

3.2 Licopeno e B-caroteno: estrutura quimica e fontes alimentares

O licopeno é o carotenoide responsavel pela cor vermelha do tomate, melancia, goiaba
vermelha, entre outros. O tomate é umas das fontes mais conhecidas e importantes de
licopeno, em que a concentracdo varia de acordo com o grau de maturacdo dos frutos que
contém aproximadamente de 80 a 90% desse pigmento quando completamente maduros (Shi
e Le Maguer, 2000).

O licopeno é um carotenoide aciclico, sem atividade de pro-vitamina A, composto por

onze ligacOes duplas conjugadas e duas ndo conjugadas, que confere uma estrutura linear e
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planar, responsavel por conferir cor vermelha (Pennathur et al., 2010; Takehara et al., 2014)
(Figura 1). Os carotenoides absorvem luz na regido do visivel em torno de 400 nm a 500 nm,
sendo a estrutura de ligacGes duplas conjugadas responsavel pela absorcdo, chamada também
de cromoéforo. Com o aumento do nuimero de ligagcGes duplas conjugadas ocorre uma
mudanga batocrdmica, o que significa que a banda de absorcdo da luz na faixa do espectro
visivel muda de um comprimento de onda pequeno para um grande, apresentando mudanca na
cor (Cardoso, 1997).

Figura 1 - Estrutura quimica do licopeno
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Fonte: Srivastava e Srivastava (2015)

A estrutura do licopeno encontra-se na maioria das vezes na configuragao trans, que
pode ser a forma mais estavel deste pigmento. Contudo, com a exposi¢do a luz, oxigénio e
processamento térmico pode sofrer oxidacdo e isomerizacdo, 0 que leva a alteracdo de sua
configuracdo para cis. Além disso, devido a sua estrutura quimica, este pigmento é um
composto relativamente apolar, soltvel em 6leos e insoltvel em agua (Chasse et al., 2001,
Weisburger, 2002). O licopeno pode apresentar 2048 configuracbes de sua estrutura,
relacionada a presenca de onze liga¢bes duplas conjugadas, contudo, 72 isdbmeros cis do
licopeno sdo estruturalmente formados (Srivastava e Srivastava, 2015).

Na obtencédo de licopeno, o rendimento e a eficiéncia da extracdo estdo associados ao
as condicdes utilizadas (solvente, temperatura), o que pode influenciar na isomerizagao ou
oxidacdo devido ao uso de temperaturas elevadas. Os teores também sdo dependentes da fonte
utilizada para extracdo, como variedade de tomate e ou composi¢do dos residuos (Poojary e
Passamonti, 2015a; b).

Outro pigmento de grande importancia entre os carotenoides ¢ o B-caroteno, o qual é
capaz de conferir cor vermelho-alaranjado, ¢é insolivel em agua e apresenta como principal
fonte mais conhecida a cenoura (Zaccari et al., 2015; Behsnilian e Mayer-Miebach, 2017). O
[B-caroteno apresenta estrutura C40, em que sua atividade de vitamina A e atividade
antioxidante estdo relacionadas a presenca de onze ligagfes duplas conjugadas e dois anéis

nas extremidades de sua estrutura (Figura 2), onde cada anel contém uma dupla ligacdo
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(Ferreira e Rodriguez-Amaya, 2008). Um anel B-ionona ndo substituido com uma cadeia de
polieno C11 é o requisito minimo para que este pigmento apresente atividade de vitamina A
(Rodriguez- Amaya, 2001). A capacidade de conferir cor é atribuida ao seu cromdforo,
formado pelas duplas ligacbes (C=C) que absorvem luz na regido do azul-verde, capaz de
intensificar a cor amarela de acordo a concentragdo quando utilizado como corante (Tatraaljali
et al., 2014). Licopeno e B-caroteno apresentam onze ligagdes duplas conjugadas, mas devido
a um impedimento estérico entre o C-5 do anel e o hidrogénio presente em C-8, a estrutura do
[-caroteno apresenta estrutura na qual os anéis e as ligacdes duplas C-5,6 e C-5',6" sdo

colocadas fora do plano (Miller et al., 1996).

Figura 2 - Estrutura quimica do B-caroteno.
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Fonte: Britton et al. (2008)

O B-caroteno é um dos carotenoides de grande interesse que tem sido estudado e
avaliado para determinacdo de sua estabilidade, atividade antioxidante, atividade de vitamina
A, como agente de cor e em relacdo a métodos de extracdo ou mesmo a sua concentracdo em
diferentes alimentos. Muitos trabalhos avaliam a concentracdo deste pigmento em diversas
fontes, como a concentracdo em cenouras (Zaccari et al., 2015; Behsnilian e Mayer-Miebach,
2017), batata doce (Islam et al., 2016), variedades de arroz (Oryza sativa L.) (Renuka et al.,
2016), abobora (De Carvalho et al., 2012), frutas (Charoensiri et al., 2009), entre outras.
Alguns alimentos apresentam importante concentragdo destes carotenoides, como mostrado

na Tabela 1.
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Tabela 1- Contetdo de licopeno e B-caroteno em alguns alimentos.

] Licopeno B-caroteno .
Alimento Referéncia
(ng/g) (ng/g)

Cenoura - .

) 84 37 Behsnilian e Mayer-Miebach (2017)
(Red nutri)
Cenoura (cozida) - 79 Zaccari et al. (2015)
Abdbora - 141,95 - 244,22 De Carvalho et al. (2012)
Maméo - 13,3 Nieto Calvache et al.(2016)
Batata doce - 83,62 Islam et al. (2016)
Manga - 41,4 Ibarra-Garza et al. (2015)
Meldo - 0,633 - 38,61 Laur e Tian (2011)
Tomate 78,6 1,18 Fattore et al. (2016)
Puré de tomate

] 85,43 - Knockaert et al. (2012)
contendo 6leo
Goiaba 48,5-53,4 6,6 -11,9 Padula e Rodriguez-Amaya (1986)
Pitanga 33,22 2,35 Filho et al. (2008)

- : ndo determinado

Esses carotenoides também podem ser encontrados e obtidos a partir da extracdo de
subprodutos do processamento de alimentos, como casca de tomates que apresentam alto
contetdo de licopeno (Rizk et al., 2014), residuos de polpa de tomate (Poojary e Passamonti,
2015b), cascas de cenouras (Hiranvarachat e Devahastin, 2014), casca de manga (Garcia-
Mendoza et al., 2015).

3.3 Acdo antioxidante

Os carotenoides sdo conhecidos por possuirem propriedades antioxidantes, ja que sao
eficientes desativadores do oxigénio singlete (*O2) e de outras espécies reativas de oxigénio
(EROS). Essa propriedade é de relevante importancia, visto que a producdo descontrolada e o
acumulo de ROS resulta em estresse oxidativo, o que pode desencadear processos patogénicos
de muitas doengas (Fiedor e Burda, 2014). A atividade antioxidante dos carotenoides est4
relacionada ao sistema de ligacGes duplas conjugadas, que confere alta reatividade. Esses

pigmentos, como o licopeno e B-caroteno, apresentam capacidade de desativar 0 oxigénio
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singlete (*O2), com diminuigdo da susceptibilidade a danos oxidativos através da transferéncia
de energia, de acordo com a equacao abaixo (Foote e Denny, 1968; Krinsky e Johnson, 2005).

10, + CAR———— %0, +3CAR

Onde:
10,: oxigénio singlete

CAR: carotenoide

Outro exemplo da acéo dos carotenoides € a reacdo com radicais, através da adicdo de
radicais, transferéncia de elétrons para o radical e a captacdo do hidrogénio (Krinsky e
Johnson, 2005).

CAR + R®* —— > R-CAR’
CAR + R®* ——  CAR** + R~

CAR+R*—— C(CAR'+RH

Onde:
CAR: carotenoide

R*: radical livre

O licopeno € um carotenoide insaturado aciclico de cadeia aberta, que o torna mais
facilmente reativo ao oxigénio (Chen et al., 2009). A atividade antioxidante deste pigmento
esta relacionada a sua alta reatividade, que embora ndo apresente atividade pré-vitaminica A é
capaz de atuar como antioxidante, com maior capacidade de desativar oxigénio singlete que o
[-caroteno ou a-tocoferol. O licopeno também € utilizado como corante ou antioxidante
natural, por conferir cor e ndo apresentar toxicidade (Weisburger, 2002; Rizk et al., 2014).

Durante o processo de oxidacdo de &cidos graxos poliinsaturados ocorre a formacéo de
produtos de oxidacdo, como peroxidos e hidroperéxidos, como o desenvolvimento de
compostos volateis. Quando adicionados em sistemas alimentares o licopeno e [-caroteno
podem atuar como agentes antioxidantes, capazes de inibir a propagacdo do processo de

oxidacdo e reduzir o periodo de indugdo, que confere maior estabilidade e vida Util aos
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alimentos durante o armazenamento (Goulson e Warthesen, 1999; Montesano et al., 2006;
Kaur et al., 2011; Siwach et al., 2016).

Por apresentarem atividade antioxidante, capazes de proteger contra danos oxidativos,
os carotenoides sdo associados a protecdo contra radicais, restauracdo da funcdo hepatica,
oxidacdo de lipideos e inflamag&o, ou mesmo um efeito protetor sobre o cncer de prostata ou
outras doencas cronicas (Hazewindus et al., 2012; Sheriff e Devaki, 2013; Pereira Soares et
al., 2014).

3.4 Nanotecnologia de compostos bioativos

Devido a sua estrutura quimica os carotenoides sdo susceptiveis as reacdes de
degradacdo, principalmente na presenca de temperatura, luz e presenca de oxigénio
(Damodaran et al., 2010). Aliada a suscetibilidade as reacdes de oxidacdo e isomerizacdo,
outro fator que pode dificultar o uso de carotenoides em diferentes matrizes é seu carater
hidrofobico, com solubilidade em 6leo e solventes organicos. Uma alternativa para aumentar
a estabilidade de antioxidantes naturais pode ser atraves da técnica de nanoencapsulacdo. O
encapsulamento de bioativos na escala nanométrica, além de promover maior estabilidade
durante o processamento, também pode contribuir para dispersdo em agua destes compostos,
0 que amplia seu uso em diferentes matrizes (Lobato et al., 2013; Dos Santos et al., 2015; Da
Silva et al., 2016).

Alguns estudos avaliam o encapsulamento a partir de diferentes agentes encapsulantes,
como ciclodextrinas, poli-e-caprolactona e acido polilactico (Matioli e Rodriguez-Amaya,
2003; Cao-Hoang et al., 2011; Lobato et al., 2013; Dos Santos et al., 2015; Da Silva et al.,
2016).

Na nanoencapsulacao de licopeno com nucleo oleoso, através da deposigéo interfacial
de polimeros pré formados, Dos Santos et al. (2015) produziram extrato com 93,9 % de
pureza e elevada eficiéncia de encapsulacdo, de 95,12 %. As nanocapsulas apresentaram
didmetro médio de 193 + 4,7 nm, potencial zeta de -11,5 mV e viscosidade tipica de um
fluido Newtoniano, devido ao tamanho pequeno das particulas e homogeneidade da suspenséo
de nanocapsulas. Na analise de estabilidade durante o armazenamento a temperatura ambiente
durante 4 semanas, as nanocapsulas ndo apresentaram alteracdes no perfil granulomeétrico,
sendo considerada fisicamente estavel. Durante o armazenamento houve uma diminuic¢do do

contetdo de licopeno, fato que pode estar relacionado com a presenca de oxigénio no frasco
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utilizado para 0 armazenamento da suspensdo, mas que mesmo a temperatura ambiente apos
14 dias as nanocépsulas apresentaram 50 % do teor inicial.

Os mesmos autores também avaliaram a estabilidade das nanocépsulas de licopeno
qguando submetidas a fotossensibilizacdo (5 °C - 25 °C), aquecimento (60 °C - 80 °C) e
refrigeracdo (5 °C). Para o estudo da fotossensibilizagdo, as nanocépsulas de licopeno foram
armazenadas sob incidéncia de luz (3000 lux), com aumento da perda de licopeno com o
aumento da temperatura. Observou-se uma degradacdo lenta do teor de licopeno sob N2 em
relacdo as mesmas condicGes de armazenamento sob oxigénio, sendo este um fator importante
da degradacéo de licopeno a 25 °C. A energia de ativacao para 0s sistemas com ar saturado foi
de 67 Kcal/mol, este elevado valor estéa relacionado com a maior estabilidade obtida através
da técnica de nanoencapsulacdo. Quando submetidas ao sistema modelo de aquecimento para
verificar a estabilidade a temperaturas de 60 °C, 70 °C e 80 °C, observou-se uma perda do
teor de licopeno ao longo do tempo, contudo, durante os primeiros 10 min ndo houve
diferenga significativa do teor de licopeno entre os tratamentos. Quando armazenada sob
refrigeracdo, as nanocapsulas apresentaram teor final de licopeno apds 84 dias de 38,24 + 1,14
pug/mL, que se manteve estavel apds 42 dias de armazenamento. A nanoencapsulagéo conferiu
maior estabilidade e solubilidade em agua deste carotenoide, o que possibilita seu maior uso
em diferentes alimentos ou mesmo sob diferentes tratamentos durante o processamento, sendo
esta a técnica a ser utilizada para o desenvolvimento do presente estudo (Dos Santos et al.,
2016).

Lobato et al. (2013), ao realizar a nanoencapsulacéo de bixina, verificaram que dentre
as formulagdes (100 pg/mL, 58 pg/mL, 37 ug/mL, 16 ug/mL ¢ 11 pg/mL), as concentragdes
de 16 pg/mL e 11 pg/mL apresentaram didmetro médio de 208 nm e 163 nm,
respectivamente, e maior estabilidade durante trés semanas de armazenamento. As
nanocapsulas com concentragdo de bixina de 16 pg/mL foram submetidas a andlise de
caracterizacdo e apresentaram coloracdo amarela, diametro médio de 90 % das nanocépsulas
de 124 nm e eficiéncia de encapsulacdo de cerca de 100 %. Durante 0 armazenamento a
temperatura ambiente (25 °C) durante 119 dias, houve um decréscimo do potencial zeta, mas
a suspensdo de nanocapsulas apresentou estabilidade em relagdo ao diametro. Apos o periodo
de armazenamento, observou-se um teor de bixina de 45,7 £ 1,1 %, que demonstrou que a
técnica de nanoencapsulacdo pode contribuir para uma maior estabilidade de compostos
antioxidantes, além de promover um aumento da solubilidade de carotenoides em agua.

Em outro estudo, esses mesmos autores avaliaram a estabilidade das nanocapsulas de

bixina quando submetidas a fotossensibilizacdo e aquecimento. A solucdo de nanocapsulas de
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bixina foram analisadas nas temperaturas de 5 °C, 15 °C e 25 °C. A degradacéo de bixina livre
e nanoencapsulada aumentou de acordo com as temperaturas, com perdas no processo
realizado na presenca ou auséncia de oxigénio, onde na presenca deste houve um aumento da
taxa de degradacdo. Nas condicdes de degradacéo, a perda de bixina livre foi maior quando
comparada com a bixina nanoencapsulada, onde a constante de degradacdo para a forma
nanoencapsulada foi menor, ou seja, maior estabilidade. J& na anélise sob aquecimento, a
solucdo de bixina foi submetida ao aquecimento a temperaturas de 65 °C, 80 °C e 95 °C
durante 120 min. Durante esta etapa houve maior perda de bixina com o aumento da
temperatura, com perdas mais rapidas de bixina livre, o que indicou que o processo de
nanoencapsulacdo apresentou maior estabilidade para as duas condicGes de anélise (Lobato et
al., 2015).

A nanoencapsulagdo de B-caroteno com poli-e-caprolactona apresentou eficiéncia de
76 % e potencial zeta de -34,20 mV, o que indicou estabilidade e baixa probabilidade de
agregacdo. Durante a analise de degradacdo térmica em um permutador de calor de superficie
raspada, a maior perda de nanocapsulas de 3-caroteno foi de 30 % sob o uso da maior pressdo
de vapor do sistema, de 180,5 kPa, que demonstrou uma retencdo minima de 70 %. Os
resultados mostraram que o biopolimero pode conferir maior estabilidade a compostos
antioxidantes quando submetidos a tratamento térmico (Gonzalez-Reza et al., 2015).

Da Silva et al. (2016) avaliaram o desenvolvimento e a caracterizagdo de nanocapsulas
contendo B-caroteno, a-caroteno e luteina obtidos a partir de cenouras e nanocapsula de -
caroteno sintético. A técnica de deposicdo interfacial de polimeros pré formados conferiu
eficiéncia de encapsulacdo de aproximadamente 100 %, com 26 pg/mL, diametro médio
142,33 £+ 5,69 nm para as nanocapsulas com os pigmentos naturais e de 190,33+ 32,81 nm
para as nanocapsulas com o carotenoide sintético. Ao analisar a estabilidade das nanocapsulas
durante 100 dias de armazenamento a 4 °C, observaram que houve diminui¢ao do teor de f3-
caroteno entre as nanocépsulas, com manutencgéo de 67,62 + 7,77 % e de 11,69 + 1,65 % para
composto natural e sintético, respectivamente. De acordo com os autores, a maior estabilidade
pode estar relacionada com o efeito sinérgico entre os pigmentos naturais, o0 que auxiliou em
uma maior retengdo quando comparada com a nanocépsula contendo o composto sintético
isolado. Durante o armazenamento também houve a diminui¢do do pH relacionado com a
degradacdo da parede polimérica, mas que as nanocapsulas apresentaram estabilidade em
relacdo ao didmetro médio e indice de polidispersdo. O encapsulamento conferiu maior

estabilidade e solubilidade destes carotenoides, sendo uma técnica promissora para uso destes
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compostos em diferentes matrizes ou mesmo o0 encapsulamento de uma mistura de
antioxidantes naturais.

Okonogi e Riangjanapatee (2015) realizaram a caracterizacdo fisico-quimica de
nanoestruturas lipidicas carregadas com licopeno para administracdo topica. AS
nanoestruturas foram preparadas com emprego de temperatura e homogeneizagcdo de alta
pressdo, onde obteve-se dispersGes com 5 mg, 25 mg e 50 mg de licopeno e didmetro médio
de 157 nm, 160 nm e 166 nm, respectivamente. Na avaliacdo da liberacdo in vitro do
licopeno, a cinética de liberacao foi de primeira ordem, com taxa de liberacao de 2,3 %/h para
dispersdo com menor concentracdo de licopeno e de 0,7 %/h para as demais concentracdes.
As dispersdes com licopeno também apresentaram elevada oclusdo, estando diretamente
relacionada com o tempo e a concentracdo de licopeno; com o aumento destes parametros
houve um aumento desta propriedade. Quando analisadas em relacédo a atividade antioxidante,
a suspensdo com 50 mg de licopeno apresentou maior capacidade antioxidante em relacdo as
demais concentracfes. As amostras também foram avaliadas em relacdo a estabilidade
durante o armazenamento a 4 °C, 30 °C e 40 °C durante 120 dias e demonstraram degradacao
mais rapida do licopeno a temperatura mais elevada, com mudancas de cor da suspensao.

Na nanoencapsulacdo de vitamina E com amidos modificados, Hategekimana et al.
(2015) observaram que as particulas apresentaram diametro médio entre 208 nm e 235nm
com o0 uso do amido de mandioca, em que a nanoemulsdo com uso do amido modificado
derivado de milho ceroso apresentou maior diametro. Apds secagem por pulverizacdo, as
quantidades de vitamina E retida nas nanocapsulas foram de 79,16%, 73,15%, 71,46%, para
0s amidos de mandioca e dois amidos derivado de milho ceroso, respectivamente. No
armazenamento durante 60 dias, sob 4 °C, 20 °C e 35 °C e umidade relativa de 73%, a
encapsulacdo com o uso do amido MS-B mostrou ser mais eficiente na manutencdo da
estabilidade da nanoemulsé&o, o que indicou que encapsulagdo pode aumentar a estabilidade e
solubilidade em &gua da vitamina E.

Ao avaliar nanoencapsulagdo de resveratrol e curcumina, Coradini et al. (2014)
verificaram que as nanocapsulas apresentaram tamanho dentro da escala nanométrica, com
didmetro médio das particulas entre 190 nm e 210 nm e eficiéncia de encapsulacdo proxima
de 100 %. As nanocapsulas demonstraram estabilidade no armazenamento a temperatura
ambiente e ao abrigo da luz durante trés meses, ndo apresentando aglomeracéo das particulas.
A nanoencapsulacdo melhorou a estabilidade a oxidag&o, mas a técnica de co-encapsulagdo do

resveratrol apresentou melhores resultados.
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O nanoencapsulamento de carotenoides como licopeno e [-caroteno, pode ser uma
técnica promissora para ampliar 0 uso destes pigmentos naturais, como alternativa ao uso de
antioxidantes sintéticos. A adicdo de compostos hidrofébicos em matrizes hidrofilicas pode
alterar a interacdo entre o0s componentes da estrutura, como a adicdo em filmes
biodegradaveis. Assim, a nanoencapsulacdo pode ser utilizada para promover maior
estabilidade aos compostos, dispersdo em &gua e liberacdo controlada ao longo do
armazenamento. Caracteristicas estas desejaveis para adicdo em filmes biodegradaveis, que
podem representar boa alternativa ou novo metodo para adi¢do de antioxidantes naturais no
desenvolvimento de embalagens ativas, uma vez que estudos demonstram que a adi¢do destes

compostos na forma livre apresenta bons resultados como embalagens antioxidantes.

3.5 Filmes biodegradaveis com antioxidantes naturais

Com a maior preocupacdo com o0s impactos relacionados ao uso de materiais
derivados do petréleo e com o avan¢o da tecnologia, diversos estudos sdo realizados para o
desenvolvimento e caracterizacdo de polimeros obtidos a partir de fontes renovaveis. O uso
destes polimeros visa a obtencdo de embalagens biodegradaveis que apresentem
caracteristicas semelhantes as embalagens tradicionais.

Os filmes biodegradaveis podem ser definidos como uma pelicula fina obtida a partir
de materiais bioldgicos, que surgem como uma alternativa para substituir ou minimizar o uso
de embalagens ndo biodegradaveis, o que auxilia o desenvolvimento e 0 uso de matérias
primas com caracteristicas para formar filmes (Henrique et al., 2008). Dentre 0s materiais
utilizados no desenvolvimento de filmes encontram-se carboidratos, proteinas ou mesmo a
combinacdo destes com lipideos, com objetivo de se obter filmes com caracteristicas
especificas. Alguns estudos avaliam o desenvolvimento de filmes biodegradaveis a partir de
gelatina (Bitencourt et al., 2014; lahnke et al., 2015), metilcelulose (Noronha et al., 2014),
quitosana (Park et al., 2004; Martins et al., 2012; Santana et al., 2013), proteina de girassol
(Salgado et al., 2010) e amido (Reis et al., 2015; Pagno et al., 2016).

Alguns estudos visam a adicdo de compostos antioxidantes, como compostos
fenolicos, carotenoides ou mesmo vitaminas, 0 que pode auxiliar em uma maior estabilidade a
oxidagdo, um dos principais problemas relacionados a deterioracdo de alimentos com alto teor
de gordura (Siripatrawan e Harte, 2010; Santana et al., 2013; Bitencourt et al., 2014; Noronha
et al., 2014; Reis et al., 2015).
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No desenvolvimento de filmes a base de amido de mandioca com adigdo de extrato de
erva mate e polpa de manga como aditivos antioxidantes, Reis et al. (2015) verificaram que a
adicdo levou a alteraces nas propriedades mecénicas e de barreira dos filmes. Houve uma
reducdo da permeabilidade ao vapor de agua, relacionada a presenca de fibras insollveis que
diminuiram o espago entre a matriz polimérica. A adicdo também promoveu uma reducdo da
resisténcia a tracdo e elongamento dos filmes, devido a obtengdo de estrutura com menor
homogeneidade e acgUcares naturalmente presentes nos aditivos adicionados. Contudo, a
adicdo desses aditivos antioxidantes proporcionou maior estabilidade do 6leo de palma
armazenado nos filmes biodegradaveis ao longo de 90 dias (63% UR a 30 °C), onde a adi¢do
de extrato de erva mate apresentou maior eficacia quando comparado com o filme adicionado
somente de polpa de manga.

A adicdo de polpa de manga e acerola como antioxidante em filmes de amido de
mandioca levou a obtencdo de filmes com maior conteido de carotenoides, polifenol e
vitamina C, de acordo com o aumento da concentracdo dos aditivos adicionados. Os filmes
foram utilizados para armazenar 6leo de palma sob condicédo acelerada de oxidacdo (30 ° e 63
% UR) durante 45 dias, em que o 6leo embalado nos filmes apresentou maior estabilidade a
oxidagcdo quando comparado com os controles (filme sem adicdo de aditivos, filme de
polietileno de baixa densidade e sem embalagem). O 6leo armazenado no filme adicionado
somente de polpa de manga apresentou aumento do indice de peroxidos de 61,28%, enquanto
o filme com adi¢do de somente polpa de acerola apresentou indice de aumento de 63,69%,
onde a adicdo de polpa de manga apresentou maior efeito protetor a oxidacdo do 6leo.
Durante 0 armazenamento, o produto embalado nos filmes com aditivos antioxidantes
apresentou menor indice de dienos conjugados e conteddo hexanal, devido ao aumento do
tempo de formacdo desses compostos formados durante o processo de oxidacdo. Os resultados
demonstraram um efeito protetor dependente do tipo do aditivo antioxidante adicionado,
polpa de manga ou polpa de acerola. Contudo, os filmes de amido de mandioca sem adicéo
destes também apresentaram maior efeito protetor quando comparado ao filme de polietileno
comercial, em que demonstram potencial aplicacdo como embalagem antioxidante para
manutencdo da estabilidade de alimentos com alto teor de gordura durante o armazenamento
(Souzaetal., 2011).

No desenvolvimento de filmes a base de quitosana adicionados de 0,1 % e 0,2 % de a-
tocoferol, Martins et al. (2012) observaram que o aumento da concentragdo deste antioxidante
contribuiu para a reducdo do teor de umidade dos filmes, aumento da espessura e da

permeabilidade ao vapor de agua. A adicdo de a-tocoferol levou a alteracdo da matriz
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polimérica, diminuindo significativamente a resisténcia a tracdo e o elongamento na ruptura
dos filmes. Os filmes com antioxidante apresentaram melhor barreira a luz visivel e UV, onde
a adi¢ao de 0,2 % de a-tocoferol conferiu menor nivel de transmitancia na faixa UV (entre
250 nm e 300 nm), mas ambas as concentracdes demonstraram maior capacidade antioxidante
quando comparadas com os filmes sem adi¢do de a-tocoferol, o que indicou ser uma opgao na
protecdo de alimentos susceptiveis a oxidacao.

Ao desenvolver embalagens biodegradaveis a base de quitosana com adicdo de
urucum como aditivo antioxidante, Santana et al.(2013) verificaram que adicdo deste
antioxidante natural ndo alterou a espessura, atividade agua, umidade, permeabilidade ao
vapor de agua e propriedades mecanicas dos filmes. Contudo, os filmes proporcionaram
maior estabilidade a oxidacdo do azeite de dendé armazenado durante 45 dias (30 °C e 63%
UR) em relacdo ao produto armazenado no filme controle, filme de polietileno de baixa
densidade e sem embalagem. A maior adi¢do do antioxidante natural (1 %) levou a um efeito
protetor mais amplo em relacdo as demais concentragées (0,25 % e 0,5 %), visto que quanto
maior o percentual do aditivo, menor foi o processo de oxidacdo do azeite de dendé. Os
resultados demonstraram que a adicdo do antioxidante natural proporcionou maior
estabilidade ao produto embalado e ndo alterou as propriedades dos filmes biodegradaveis,
com potencial aplicacdo para embalar alimentos com alto teor de lipideos,

Ao adicionar extrato de cha verde, como antioxidante natural, na elaboracédo de filmes
a partir de quitosana, Siripatrawan e Harte (2010) observaram que o aumento da concentracédo
(0 a 20 %) de extrato contribuiu para uma diminui¢do da luminosidade e opacidade dos
filmes. A adicdo de 5 % de extrato ndo diferiu significativamente quanto a resisténcia a tracdo
e elongamento na ruptura, mas a adicdo superior a esta concentragdo aumentou
significativamente, com melhorias nas caracteristicas mecanicas dos filmes. O teor de
compostos fenolicos aumentou de acordo com a concentracdo de extrato adicionado, com
maior teor e consequentemente maior atividade antioxidante para a formulacdo com 20 % de
adicéo.

Na elaboracéo de filmes biodegradaveis de amido mandioca com adigéo de extrato de
alecrim, Pifieros-Hernandez et al. (2017) observaram que a adi¢do de extrato (5 %, 10 % e 20
%) levou a obtencédo de filmes com estrutura com menor homogeneidade e com presenca de
rachaduras. A adicdo de extrato levou ao aumento da hidrofobicidade da superficie e maior
permeabilidade ao vapor de agua dos filmes, devido ao aumento do angulo de contato da dgua
com a superficie dos filmes e a presenca de rachaduras, respectivamente. A obtengdo de uma

estrutura heterogénea através da adi¢do do extrato levou a diminuicao significativa da tensao
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na ruptura dos filmes, com reducdo de aproximadamente 60 % em comparacdo ao filme
controle, com resisténcia a tragdo entre 0,5 e 0,8 MPa. Os filmes apresentaram transparéncia e
alta biodegradabilidade durante 14 dias de estudo, o que demonstra que adicdo de extrato de
alecrim pode ser uma alternativa para obtencdo de embalagens ativas com atividade
antioxidante e biodegradaveis.

Ao desenvolver filmes biodegradaveis de metilcelulose adicionados de nanocépsulas
de a-tocoferol, Noronha et al. (2014) verificaram que a adi¢cdo contribuiu para o aumento da
espessura dos filmes, de 39,00 £ 1,84 um para 60,87 £ 4,91 um, para o filme controle e filme
com a maior concentracdo de nanocapsulas (70 %), respectivamente. Quando submetidos a
andlise das propriedades mecénicas, os filmes apresentaram diminuicéo da resisténcia a tracdo
e um aumento do elongamento na ruptura, com diminui¢do do modulo de elasticidade. A
adicdo de nanocapsulas também contribuiu para o aumento da intensidade de cor dos filmes
quando comparados ao filme controle, com diminuicéo significativa da transmissao de luz na
regido do UV (210 nm) e visivel (500 nm). O aumento da concentracdo de nanocéapsulas
levou a obtencdo de filmes com estrutura menos compacta e com maior porosidade, resultado
da menor miscibilidade e compatibilidade dos filmes adicionados de nanocépsulas de a-
tocoferol. De acordo com o aumento da concentracdo de nanocapsulas de a-tocoferol, houve
um aumento da atividade antioxidante dos filmes, com o aumento do perfil de liberacdo
inicial durante 1 h, seguida por uma liberacdo sustentada ao longo de 10 dias em um
simulador alimentar para gorduras, 6leo e alimentos lipidicos.

Pagno et al. (2016), ao desenvolver filmes biodegradaveis de amido de mandioca
contendo nanocapsulas de bixina, observaram que adicdo ndo modificou a espessura dos
filmes, variando entre 97,2 £ 8,9 e 1255 + 14,3 um. O aumento da concentragdo de
nanocapsulas de bixina levou a diminuicdo da resisténcia a tracdo e ao aumento do
elongamento na ruptura dos filmes, de 12,13 + 0,95 MPA para 1,94 + 0,37 MPA e 6,05 £ 0,72
% para 34,34 + 3,40 %, para o filme controle e filme com 10 % de nanocapsulas,
respectivamente. Houve um aumento da permeabilidade ao vapor de agua dos filmes,
variando entre 0,207 + 0,014 g.mm.m2.h"* kPa* e 0,273 + 0,018 g.mm.m.h"* kPa!, resultado
da presenca de rachaduras na estrutura dos filmes de acordo com o aumento do antioxidante
adicionado. A adi¢cdo de nanocapsulas de bixina levou ao aumento dos valores de AE*, 0 que
contribuiu para o aumento da opacidade dos filmes, de 14,3 + 0,8 Amm™ para 41,6 + 1,7
A.mm? na regido do UV (210 nm) e de 12,8 + 1,0 Amm? para 21,9 + 2,3 na regido do
visivel (500 nm), para os filmes controle e filme com maior adi¢do do antioxidante (10%). Os

filmes adicionados de 2%, 5% e 8% de nanocapsulas de bixina apresentaram maior protecéo a
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oxidagdo do Oleo de girassol armazenado durante 13 dias sob condi¢Bes aceleradas de
oxidacdo (35 + 2 °C e 75 % UR), com indice de peroxidos de 8,6 £ 0,1 mEg/kg, 6,2 £ 0,1
mEqg/kg e 6,0 = 0,2 mEqg/kg ao final do estudo, dentro do limite estabelecido pelo Codex
Alimentarius (10 mEqg/kg), respectivamente.

Bitencourt et al. (2014) ao desenvolver filmes a base de gelatina e adicionar extrato
etandlico de circuma, verificaram que o aumento do extrato contribuiu para um aumento na
cor amarela dos filmes, auxiliando na barreira contra luz, onde o filme com maior
concentracdo de extrato apresentou mostrou valor de transmitancia de 0,01% a 0,35% na faixa
de comprimento de onda de 200 nm 500 nm, o que indica boa barreira aos raios UV e luz
visivel. O aumento da concentracdo de extrato também contribuiu para uma diminuicdo a
permeabilidade ao vapor de agua quando comparado com o filme controle, mas aumentou
significativamente a atividade antioxidante, onde os de maiores concentracdes de extrato
apresentaram maior atividade antioxidante. A adigdo de extrato curcuma também demonstrou
interagdo com a matriz do filme, onde houve um aumento da resisténcia a tragéo,
elongamento na ruptura e diminuicdo da elasticidade para as concentrac@es de 5 g, 50 g e 200
g de extrato por 100 g de gelatina, respectivamente.

Salgado et al. (2010) desenvolveram filmes biodegradaveis obtidos a partir da proteina
de girassol com diferentes niveis de compostos fendlicos. Os filmes apresentaram maiores
absorcdo de dgua com a elevacdo da atividade de &gua, enquanto o filme elaborado com o
isolado proteico de girassol com maior concentracdo de compostos fendlicos apresentou
maior absorcdo na faixa de atividade de agua inferior a 0,85. Os filmes obtidos com maior
teor de compostos fenolicos apresentaram cor verde escuro, enquanto filmes com menores
teores tinham tom castanho, podendo ser um fator limitante para o uso em alimentos que
devem ser facilmente visiveis através da embalagem ou ser utilizado como protecdo a luz
visivel. Todos os filmes de proteina girassol apresentaram aproximadamente o mesmo
comportamento mecanico, com resisténcia a tragdo de 4 MPa e elongamento na ruptura de 24
%, pois apresentavam a mesma concentracdo de glicerol e &gua em sua formulacéo.

Filmes de gelatina com atividade antioxidante foram elaborados com diferentes
concentragdes (4%, 6% e 8% v/v de gelatina) de 6leo essencial de Zataria multiflora. De
acordo com o aumento da concentragdo de 0leo essencial os filmes apresentaram maior
rugosidade e solubilidade em agua, devido a presenca de bolhas em sua estrutura e maior
interacdo com o dominio hidrofobico da gelatina, provocando um aumento na solubilidade
dos filmes. Com a adi¢cdo de Oleo essencial também houve alteracdo nas propriedades

mecanicas dos filmes, com uma diminui¢cdo da resisténcia a tragdo, mddulo de Young e
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aumento do elongamento na ruptura. A adicdo contribuiu para aumentar a atividade
antioxidante e a opacidade dos filmes, o que auxiliou na protecdo contra oxidagdo e luz
durante o armazenamento de produtos (Kavoosi et al., 2014).

Li et al. (2014) desenvolveram filmes a de gelatina adicionados de antioxidantes
naturais, como extrato de cha verde, extrato de semente de uva (proantocianidinas), extrato de
gengibre, extrato de folha de gingko. A adicdo de 1,0 mg/mL de extrato de folha de gingko
apresentou maior capacidade antioxidante e também melhor barreira a luz UV, mas a adi¢éo
dos outros extratos também conferiu um efeito antioxidante e protetor a luz no
desenvolvimento dos filmes. Na avaliacdo mecénica, os filmes com adicdo dos extratos
apresentaram uma diminuicdo na resisténcia a tracdo e alongamento na ruptura devido a
interacdo com a gelatina, com diminuic¢do da interacdo proteina-proteina para estabilizar a
rede proteica, mas sem apresentar diferenca quanto a permeabilidade ao vapor de agua.

Ao desenvolver filmes com farinha de acafrdo, residuo da extracdo de solvente,
Maniglia et al. (2014) verificaram que os filmes apresentaram atividade antioxidante devido a
presenca de compostos antioxidantes como a curcumina, bisdemetoxicurcumina e
desmetoxicurcumina. Ao otimizar o processo de producdo dos filmes, verificaram que a
temperatura 6tima e pH eram de 86,7 °C e 8,5, respectivamente, o que proporcionou filmes
com maior resisténcia a tracdo e baixa solubilidade em &gua, permeabilidade ao vapor de 4gua
e opacidade, com boas caracteristicas para ser utilizado como embalagem ativa.

Ferreira et al. (2014) avaliaram o desenvolvimento de filmes de quitosana com adicéo
de extrato obtido a partir do bagaco de uva. Os filmes com adi¢do de 0,75% de extrato das
sementes apresentaram menor solubilidade em agua, mas a adicdo de 0,3% de extrato (6leo) e
0,3 % e 0,75% das sementes contribuiram para uma diminuicdo significativa na resisténcia a
tracdo, aumento e diminuicdo da elasticidade, respectivamente. A adicdo de extrato de bagaco
de uva com promoveu um aumento da atividade antioxidante, quando comparado com o filme
controle.

No desenvolvimento de filmes a partir de capsulas de gelatina com residuo de cenoura
minimamente processada, lahnke et al. (2015) observaram que a adi¢cdo proporcionou maior
atividade antioxidante, relacionada a presenga de compostos antioxidante naturais presentes
no residuo. Houve um aumento da espessura dos filmes de acordo com a concentracdo do
residuo adicionado, com menor coesdo com a matriz e diminuicdo do elongamento, maior
intensidade de cor, opacidade e transmissdo de luz quando comparado ao filme controle.
Contudo, o filme com adicdo de 26% de cépsulas de gelatina e 8,5% de residuo de cenoura

apresentou maior efeito protetor sobre a estabilidade do Oleo de girassol armazenado sob
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condicdo acelerada de oxidagdo (40 °C e luz: 900-1000 lux), com menor indice de perdxido
(5,32 £ 0,22 mEqg/Kg) quando comparado com o Gleo armazenado em embalagem pléstica
(274,91 + 22,19 mEqg/KQ), 6leo sem protecdo (272,00 + 5,11 mEg/Kg) e filme controle (9,96
+ 0,62 mEg/Kg), apdés 28 dias de armazenamento. Os filmes apresentaram rapida
biodegradabilidade em solo ap6s 15 dias (75 %), que demonstra boa alternativa para obtencéo
de embalagens biodegradaveis.

Filmes biodegradaveis de amido com adicdo de microcapsulas de antocianinas
apresentaram comportamento distinto de acordo com a proporcdo do agente encapsulante
utilizado. Os filmes ndo apresentaram diferenca quanto a espessura, com média de 0,145 mm.
A adicédo de bioativo encapsulado com maltodextrina (30 %) levou a obtencgéo de filmes com
menor permeabilidade (5,93 + 0,47), menor opacidade (0,65 *+ 0,01 Amm™) e maior
resisténcia a tracdo (0,75 £ 0,11 MPa), mas com elongamento semelhante ao filmes com
adicdo de microcapsulas com a combinacdo de goma arabica:maltodextrina (15:15 %), de
1242 + 10,8 % e 104 + 11,1 %, respectivamente. De acordo com 0s autores, 0 maior
elongamento pode estar relacionado ao menor peso molecular da maltodextrina, efeito
sinérgico com o glicerol, obtencdo de estrutura com maior homogeneidade e menor
rugosidade. Os filmes com antocianinas microencapsuladas com maltodextrina apresentaram
maio efeito sobre a estabilidade do 6leo de girassol apds trés dias de armazenamento (40 °C e
luz: 950 lux), com 4,7 mEqg/kg e estabilidade até o sexto dia (Stoll et al., 2016).

A adicdo de antioxidantes naturais, extratos ou compostos nanoencapsulados, pode
melhorar as propriedades funcionais dos filmes, com maior interacdo e manutencdo da
qualidade de alimentos durante o armazenamento. O uso destes compostos pode contribuir
para melhora das propriedades mecanicas, em que dependendo da matriz atuam como
plastificantes; permeabilidade ao vapor de agua, barreira a transmissao de luz UV/Vis, maior
atividade antioxidante com o aumento da concentragdo dos antioxidantes adicionados ou a
solubilidade em agua. Alem de contribuir para a atividade antioxidante, 0 uso de compostos
naturais permite o estudo e a utilizacdo como alternativa ao uso de antioxidantes sintéticos,
gue geralmente sdo utilizados pela indistria de alimentos. Carotenoides, vitaminas,
compostos fendlicos, entre outros, podem ser obtidos a partir de extratos, polpas, farinhas,
frutas, verduras, ou mesmo a utilizacdo de residuos obtidos a partir do processamento de
alimentos, que torna uma importante fonte e uso como obtencéo destes compostos. O uso de
antioxidantes naturais juntamente com o desenvolvimento de filmes biodegradaveis, surge
como alternativa ao uso de embalagens ndo biodegradaveis, com potencial aplicagdo como

embalagem de alimentos, com rapida biodegradabilidade e estabilidade dos alimentos.
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4. MATERIAIS E METODOS

Os experimentos foram realizados no Laboratério de Compostos Bioativos do Instituto
de Ciéncia e Tecnologia de Alimentos da Universidade Federal do Rio Grande do Sul. A
analise de microscopia eletrénica de varredura foi realizada no Centro de Microscopia
Eletronica e a analise térmica no Laboratorio de altas Pressdes e Materiais Avangados, ambos

localizados na Universidade Federal do Rio Grande do Sul.

4.1 Materiais

O amido de mandioca (Yoki Alimentos, Sdo Paulo, Brasil), 6leo de girassol (Cargil
Agricola AS, Brasil), tomates, cenouras e 0 solo organico para analise de degradabilidade dos
filmes (Vida Desenvolvimento Ecoldgico LTDA, Brasil) foram adquiridos no mercado local.
O glicerol foi adquirido da Sigma (Séo Paulo, Brasil). O polimero poli (e-caprolactona), PCL
(Mw = 80.000) e monoestearato de sorbitano foram obtidos a partir de Sigma (St. Louis, MO,
EUA). O triglicerideo caprico/caprilico (TCC) e polissorbato 80 foram obtidos de Delaware

(Porto Alegre, Brasil). Todos 0s outros reagentes quimicos utilizados foram de grau analitico.

4.2 Extracdo e cristalizacao do licopeno e p-caroteno

O licopeno e o B-caroteno adicionados aos filmes biodegradaveis foram extraidos a
partir de tomates e cenouras, respectivamente. Os tomates ou cenouras foram cortados (600 Q)
e 0s compostos antioxidantes naturais extraidos com acetato de etila (1000 mL). O processo
de extracdo foi realizado em duas etapas sob agitacdo mecanica (120 min), em que o extrato
obtido foi filtrado e concentrado sob pressao reduzida em um rotaevaporador (Fisatom model
801/802, Séo Paulo, SP, Brazil). Até essa etapa foi obtido o extrato com o antioxidante
natural na sua forma livre, em que para se obter os cristais para producdo de nanocapsulas o
extrato foi totalmente seco através do rotaevaporador. Apos esta etapa, em um banho de gelo
foi adicionado lentamente diclorometano (5 mL), sendo em seguida adicionado etanol 99,7%
(20 mL). O processo de cristalizagdo foi realizado sob o armazenamento a -18 °C durante 12
h. Os cristais foram filtrados, lavados com etanol 99,7 % (50 mL) e secos sob pressao
reduzida (T < 30°C). A pureza dos cristais foi avaliada por cromatografia liquida de alta
eficiéncia (HPLC) (Nunes e Mercadante, 2004).
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4.3 Obtencédo das nanocapsulas

As nanocapsulas de licopeno ou B-caroteno foram obtidas a partir da deposicédo
interfacial de polimeros pré formados de acordo com a metodologia descrita por Dos Santos
et al. (2015) e Da Silva et al. (2016), respectivamente. As nanocépsulas foram obtidas a
partir da formacdo de duas fases, a fase organica e a fase aquosa. Para formacdo da fase
organica foram utilizados PCL (200 mg), triglicéridos de acidos caprico e caprilico (300 uL),
monoestearato de sorbitano (76 mg), acetona (48 mL), etanol (6 mL), sendo submetida a
agitacdo magnética durante 30 min (40 °C). Os antioxidantes naturais foram adicionados ao
volume de acetona, em concentracdo definida para se obter 85 ug/mL. Ap6s a solubilizacdo
dos polimeros da fase organica, esta foi injetada na fase aquosa contendo polissorbato 80 (154
mg) e agua ultrapura (106 mL), sob agitacdo magnética durante 10 min. A solucdo foi
concentrada sob pressdo reduzida até o volume final de 20 mL. As nanocépsulas de licopeno
apresentaram diametro médio de 193 nm e as nanocéapsulas de B-caroteno de 286 nm, ambas

com concentracdo de 85 pug/mL (Figura 1).

Figura 1 - Nanocapsulas de licopeno (a) e nanocapsulas de p-caroteno (b).

4.4 Preparo dos filmes biodegradaveis

Os filmes biodegradaveis foram desenvolvidos de acordo com a técnica de casting,
através da gelatinizacdo do amido de mandioca em agua. As formulacdes foram definidas
através de testes preliminares até se obter filmes com caracteristicas desejadas. A solucdo
filmogénica foi preparada com 4% de amido de mandioca em agua destilada (4 g/100 g de
solucdo). A solugdo foi gelatinizada em um banho de agua a 80 °C/20 minutos, sob agitacdo
constante. Apés a gelatinizacdo do amido, o glicerol foi entfo adicionado (0,25 g g* de
amido). O licopeno e o B-caroteno na forma livre ou nanoencapsulados foram adicionados nas
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concentragOes de 2%, 5% e 8% (v/v) na solugéo filmogénica a 35 °C, respectivamente. A
solugdo filmogénica foi colocada em placas de Petri de poliestireno (0,39 g/cm?) e secou-se
em uma estufa com circulacdo forcada de ar (DeLeo B5AFD) a 35 °C durante 20 horas. Apds
a secagem, os filmes foram armazenados (48 h) em uma umidade relativa controlada de 58%
a temperatura ambiente (25 °C). Filme de amido de mandioca sem adi¢cdo do antioxidante e

filme de polietileno comercial foram utilizados como controle.
4.5 Caracterizacao dos filmes biodegradaveis
4.5.1 Espessura

A espessura foi determinada através de um micrémetro digital (modelo P40,
Digimess, Brasil) com preciséo de 0,001 mm, onde o resultado foi expresso através da média
da leitura de cinco pontos aleatérios de cada amostra.

4.5.2 Umidade e solubilidade em agua

A umidade e a solubilidade em agua dos filmes biodegradaveis foram determinadas de
acordo com o método descrito por Gontard et al. (1992), com algumas modificacdes. Para
determinacdo da umidade as amostras foram cortadas (discos de 2 cm de didmetro), pesadas e
submetidas a secagem em estufa com circulacdo e renovacao de ar (105 °C — 24h). Apds o
processo de secagem e pesagem, as amostras foram adicionadas de 30 mL de agua destilada e
submetidos a agitacdo (modelo NT145, Nova técnica, Brasil) durante 24 h a 25 °C. Ap0s esta
etapa, a agua do recipiente foi retirada e filtrada. As amostras ndo solubilizadas foram
submetidas a secagem a 105 ° C durante 24h. A quantidade de matéria ndo solubilizada foi

expressa em porcentagem de massa solubilizada em relacdo a massa inicial:
S(%) = (M) %100
0 Wi

Onde Wi é o peso seco inicial da amostra (g) e Wf é o peso seco final da amostra (g) apds ter
permanecido 24 h sob agitacdo nas capsulas com 30 mL de agua destilada.

4.5.3 Permeabilidade ao vapor de agua
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A permeabilidade ao vapor de agua dos filmes foi avaliada de acordo com método
padrdo da American Society for Testing and Materials (ASTM 96-05) e como descrito por
Pagno et al. (2015). Os filmes foram fixados em células de permeacédo de aluminio (diametro
interno: 63mm e altura: 25mm) contendo CaCl» anidro granular e o conjunto foi armazenado
em um cuba de vidro com umidade relativa de 75 % e a 25 °C, com gradiente de umidade
relativa de 0/75% através de uma solucdo saturada de NaCl (Figura 2). O ganho de peso do
conjunto de permeacdo foi avaliado apos 24 h, onde cada conjunto foi pesado em balanca
analitica (modelo AY, Shimadzu, Japdo). A permeabilidade ao vapor de agua foi obtida

através do seguinte célculo:

wXL

PVA = ————
AXtXAp

onde w é a massa (g) de agua permeada atraves do filme apds 24 h, L é a espessura do filme
(mm), A é a area de permeacdo, t € o tempo de permeacédo (h) e Ap é a diferenca de presséo
de vapor entre os dois lados do filme (Pa).

Figura 2 - Analise de permeabilidade ao vapor de agua dos filmes biodegradaveis.

4.5.4 Propriedades opticas

45.4.1 Cor

A avaliacdo da cor dos filmes foi realizada por meio de um colorimetro (modelo CR-
300, MinoltaCo. Ltd, Japdo), operando a luz do dia com D65 e através da escala de leitura
CIE L* a* b*. Sendo o parametro L* associado a luminosidade das amostras, em que varia de

0 a 100, onde valores proximos de 100 caracterizam amostras mais claras, e proximos de 0
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indicam amostras escuras. A coordenada a* esta relacionada com a dimensao vermelho-verde,
onde valores positivos indicam amostras na regido do vermelho e valores negativos indicam a
regido verde. A coordenada cromatica b* estd associada a dimensdo amarelo-azul, onde
valores positivos indicam amostras na regido do amarelo e valores negativos indicam
amostras na regido do azul. A diferenca de cor em comparacdo com o padrédo foi obtida

através do seguinte célculo:

AE = \/(L* — L)% + (a* — a})? + (b* — b)?

Onde Lo", a” e bo” representam os pardmetros de cor de um disco branco padréo (Lo" = 97,45,
a0 =0,13ebo =1,66)eL", a" eb” os parametros de cor da amostra.

4.5.4.2 Transmissao de luz e opacidade

Os filmes foram submetidos a andlise de transmissdo de luz através de um
espectrofotdbmetro (modelo UV-1800, Shimadzu, Japédo), na faixa de comprimento de onda de
200 nm a 800nm. Os filmes foram cortados em retangulos e aderidos a parede interna da
cubeta do aparelho, uma cubeta de quartzo vazia foi utilizada como referéncia (Fang et al.,
2002). A opacidade dos filmes foi determinada através da absorbancia a 600 nm e calculada

através da seguinte formula (Park e Zhao, 2004):

_ Ab5600

X

Onde T ¢ a opacidade dos filmes (A/mm), Abseoo € 0 valor da absorbanciaa 600 nme x é a

espessura dos filmes (mm).

4.5.5 Propriedades mecénicas

Os testes mecéanicos foram realizados em um texturdmetro TA-XT2 (Stable Micro
Systems, Reino Unido), de acordo com o método padrdo da American Society for Testing and

Materials (ASTM D882-2012) (Figura 3). Os filmes foram cortados em corpos de prova com
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25 mm de largura e 100 mm de comprimento e acondicionados em umidade relativa de 58 %
a temperatura de 25 °C, durante 48 horas antes dos testes. As tiras foram fixadas nas garras
com uma distancia inicial de 50 mm e com velocidade de 0,8 mm/s. Foram utilizadas dez tiras
de cada filme para a anélise de resisténcia a tracdo e percentagem de elongamento na ruptura,

sendo determinada a espessura em pontos aleatdrios de cada amostra.

Figura 3 - Andlise das propriedades mecénicas dos filmes biodegradaveis através de um
texturémetro.

4.5.6 Estabilidade térmica

A estabilidade térmica dos filmes foi avaliada através de um analisador
termogravimétrico (modelo TGA-50, Shimadzu, Japao), com taxa de aquecimento de 10
°C/min, de 25 °C até 800 °C (Figura 4). Pequenas quantidades de amostras (4-5 mg) foram
submetidas a diferentes taxas de aquecimento, em que a perda de massa (%) foi avaliada em
funcdo da temperatura.

Figura 4 - Analisador termogravimétrico.
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4.5.7 Andlise estrutural

A estrutura dos filmes foi analisada através de microscopia eletrénica de varredura
(MEV) (modelo JSM 6060, JEOL, Japdo), onde as amostras foram fixadas em uma base de
aluminio com fita adesiva de dupla face e revestida com fina camada de ouro. Todas as
amostras foram observadas a uma voltagem de 5 kV com uma ampliagéo de 500 vezes a 1000
vezes. A interacdo do antioxidante com a matriz tambem foi avaliada através de microscopia
optica (modelo DM500, Leica), em que as imagens foram obtidas atraves da camera (modelo

ICC50 HD, Leica) acoplada ao software Leica 6.1.

4.5.8 Atividade antioxidante: armazenamento de 6leo de girassol sob condicdes aceleradas de

oxidacgdo

Os filmes biodegradaveis ativos adicionados com 5% de licopeno e 5% de B-caroteno
livres ou nanoencapsulados, foram utilizados para avaliar a estabilidade do éleo de girassol
(sem adicdo de antioxidantes) durante o armazenamento sob condi¢des aceleradas de
oxidacdo, de acordo com Colin-Chéavez et al. (2013) com algumas modificacfes. Os filmes
foram cortados em retangulos (10 mm x 10 mm) e selados nas laterais (Modelo F 200 Flash,
Fastvac, Sdo Paulo, Brasil), onde foram adicionados 15 mL de dleo e entdo selados na parte
superior (Figura 5). Como controle, o 6leo de girassol também foi armazenado em filme de
amido de mandioca sem a adicao dos antioxidantes, placa aberta sem protecao, frasco fechado
e em filme comercial de polietileno de baixa densidade. As amostras foram armazenadas em
uma camara (Tecnal, TE-402, Brazil), sob a incidéncia de luz fluorescente com uma
intensidade de 900-1000 lux (Luxometer VA Instrumento, MS6610, China), a 30 °C e
umidade relativa de aproximadamente 70 %. As amostras foram coletadas apés 3, 6, 9, 12, 19
e 30 dias de armazenamento para a determinacdo do indice de perdéxidos (IUPAC, 1987),
dienos e trienos conjugados (European Regulation EC 2568/91).
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Figura 5 - Oleo de girassol armazenado sem protecdo (a), frasco fechado (b), filme de
polietileno de baixa densidade (c), filme de amido de mandioca sem adi¢do do antioxidante
(d), filme com 5% de licopeno livre (e), filme com 5% de nanocapsulas de licopeno (f), filme

com 5% de B-caroteno livre (g) e filme com 5% de nanocapsulas de B-caroteno (h).

4.5.9 Biodegradabilidade dos filmes

Os filmes foram submetidos a andlise de biodegradabilidade de acordo com a
metodologia descrita por Martucci e Ruseckaite (2009), com algumas modificactes. Os filmes
foram cortados (2 cm x 3 cm) e secos em estufa com circulacdo forcada de ar a 60 °C (Modelo
F 200 Flash, Fastvac, Sdo Paulo, Brasil) até peso constante (mo). Apds, foram acondicionados
em malhas de aluminio previamente secas e pesadas (Figura 6). O conjunto (malha de
aluminio+filme) foi colocado em uma série de caixas de plastico compartimentadas (6 cm x 6
cm x 6,5 cm), preenchidas parcialmente com solo organico natural (pH ~ 7,2), onde a
microflora presente no solo foi utilizada como o meio de degradagdo dos filmes. O conjunto
(malha de aluminio+filme) foi colocado a uma profundidade de 4 cm e coberto com o solo. A
analise foi realizada durante 15 dias, em que apés este periodo o filme foi retirado do solo,
cuidadosamente lavado com uma pisseta contendo agua para retirada de residuos do solo e
secos superficialmente com papel filtro. As amostras foram submetidas a secagem em estufa
com circulacdo forcada de ar a 60 °C até peso constante (my). A biodegradabilidade dos filmes

foi determinada a partir da perda de massa dos filmes, de acordo com o seguinte célculo:

my—m
WL(%) = (%) x100
0
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Onde mo € a massa inicial da amostra seca e m € a massa seca remanescente no tempo

Figura 6 - Filme acondicionado em malha de aluminio para ser armazenado em solo orgénico
natural.

4.5.10 Aplicacdo dos filmes biodegradaveis ativos: armazenamento de manteiga sob condicao

acelerada de oxidacéo

Os filmes biodegradaveis ativos adicionados de 5% de licopeno ou B-caroteno livres e
nanoencapsulados foram selecionados com base nas melhores caracteristicas obtidas a partir
da caracterizacdo e utilizados como embalagem ativa para alimentos com alto teor de gordura.
Os filmes foram utilizados para armazenar manteiga sem adicdo de antioxidantes sob
condicdo acelerada oxidacdo, uma vez que este produto é armazenado em embalagens
metalicas (papel+alum para manutencdo de sua qualidade e estabilidade. Os filmes foram
cortados e selados na forma de saché, conforme descrito no item 2.4.11, sendo acondicionadas
20 g de manteiga (Figura 7). As amostras foram colocadas em placas de petri e armazenadas
em uma camara (Tecnal, TE-402, Brazil), sob a incidéncia de luz fluorescente com uma
intensidade de 900-1000 lux (Luxometer VA Instrumento, MS6610, China), a 15 °C e
umidade relativa de aproximadamente 70 %. A estabilidade da manteiga foi verificada nos
tempos 0, 1, 2, 3 e 4 horas. Para determinagdo da estabilidade oxidativa a amostra foi
previamente colocada em um béquer (250 mL) e aquecida em um banho a 50°C, até completa
dissolucdo. O oOleo remanescente do aquecimento foi utilizado para se verificar a estabilidade
atraveés da determinacdo do indice de peroxidos (IUPAC, 1987), dienos e trienos conjugados
(European Regulation EC 2568/91). Como controles foram utilizados filme de amido de
mandioca sem a adi¢do dos antioxidantes naturais e um filme comercial de polietileno de

baixa densidade.
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Figura 7 - Manteiga armazenada nos filmes de polietileno de baixa densidade (a), filme de
amido mandioca sem adicdo dos antioxidantes naturais (b), filme com 5% de licopeno livre
(c), filme com 5% de nanocapsulas de licopeno (d), filme com 5% de B-caroteno livre (e) e
filme com 5% de nanocapsulas de -caroteno (f) em uma camara sob condicdo acelerada de

oxidacao.

4.5.11 Anélise estatistica

Os resultados foram submetidos a analise estatistica utilizando ANOVA e teste de
comparacdo de médias de Tukey ao nivel de 5% de significAncia, através do programa

Statistica 12.0 (Statsoft, S&o Paulo, Brasil).
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ARTIGO 1: Active biodegradable cassava starch films incorporated lycopene

nanocapsules

The article was formatted according to the Industrial Crops and Products
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bChemistry Institute, Federal University of Rio Grande do Sul, Avenue Bento Gongalves n°
9500, P. O. Box 15003, Porto Alegre, Rio Grande do Sul, 91501-970, Brazil.

Abstract

The development of biodegradable films with addition of natural antioxidants is an alternative
to the use of non-biodegradable packaging and use of synthetic antioxidants. The aim of this
study was to develop biodegradable cassava starch films with antioxidant activity by the
addition of free lycopene or lycopene nanocapsules and evaluate the effect of addition in the
physical, mechanical and barrier of properties the films. Addition of free lycopene showed
lower water vapor permeability, tensile strength and elongation of the films, however, the
addition of lycopene nanocapsules provided an increase of these parameters compared to the
control film. Addition of lycopene nanocapsules also provided greatest barrier to light
transmission UV/Vis compared to the control films, films with added free lycopene and the
commercial polyethylene film. The films incorporated lycopene nanocapsules provided
greater protection to oxidation of stored sunflower oil under accelerated oxidation conditions,
which shows potential application as packaging antioxidant to prevent oxidation of foods with
a high fat content. The biodegradable films showed good thermal stability when subjected to
different heating rates and rapid biodegradability for 15 days, which demonstrates good
characteristics and potential applications of lycopene nanocapsules for the development of

active biodegradable packaging.

Keywords: natural antioxidants; films properties; biodegradability; packaging.
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1. Introduction

The packaging has an important role in storage, transport and maintenance of quality
during shelf life of foods. The plastics are traditionally used as packaging, due to good
mechanical properties, low cost, low permeability to water vapor and high compatibility with
different foods. The increase in food demand and the use of plastic packaging obtained from
non-renewable sources, can contribute to the accumulation and often the inappropriate
disposal of these materials, which present high durability. Biodegradable films are an
alternative to replace or minimize the use of non-biodegradable packaging, due to the greater
concern with the impacts related to these materials.

Biodegradable films are thin films, obtained with new materials from renewable
sources with good ability to form films, such as chitosan (Bourtoom e Chinnan, 2008; Martins
et al., 2012; Shen e Kamdem, 2015; Hafsa et al., 2016), gelatin (Bitencourt et al., 2014;
lahnke et al., 2015; Martucci et al., 2015; Liu et al., 2017), methylcellulose (Tavera Quiroz et
al., 2013; Noronha et al., 2014; Zhang et al., 2015), sunflower protein (Salgado et al., 2010;
Valenzuela et al., 2013) and cassava starch (Reis et al., 2015).

Starch is one of the most used polymers due to the low cost, easy to obtain and good
ability to form films, which can be used without any treatment before processing or addition
of plasticizer (Bergo et al., 2008; Henrique et al., 2008). One of the sources used to obtain
biodegradable films is cassava starch, which studies have shown that biodegradable films
obtained from this polysaccharide have good homogeneity, flexibility, transparency, good
biodegradability and can serve as a substitute for conventional packaging (Parra et al., 2004;
Souza et al., 2011; Perazzo et al., 2014; Reis et al., 2015; Teodoro et al., 2015; Pagno et al.,
2016) (Parra et al., 2004; Souza et al., 2011; Perazzo et al., 2014; Reis et al., 2015; Teodoro
et al., 2015; Pagno et al., 2016).

In order to develop active biodegradable films with antioxidant activity for food
packaging, films have been developed with the addition of various bioactive natural agents, as
phenolic compounds, vitamins, carotenoids or even addition of products containing these
compounds in its composition (Lopez-Rubio e Lagaron, 2010; Siripatrawan e Harte, 2010;
Souza et al., 2011; Santana et al., 2013; Noronha et al., 2014).

The addition of natural antioxidants in free form, nanocapsules, extracts or fruit pulp,
may change the structure of the polymer matrix of the film. The addition of these compounds
may provide greater barrier to visible and UV light, lower permeability to water vapor due to

hydrophobic character of the added antioxidant, antioxidant activity with the increase in
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additive concentration, which assists in greater stability of foods with a high content of fat
(Souza et al., 2011; Martins et al., 2012; Noronha et al., 2014; Reis et al., 2015; Pagno et al.,
2016).

Among the compounds that have antioxidant activity are the carotenoids, which are
present in various foods in the form of pigments, that its antioxidant activity is related to the
presence of the set of conjugated double bonds in their structure. One of the carotenoids
which have high antioxidant activity is lycopene, with a structure composed of eleven
conjugated double bonds. In food systems, lycopene may exhibit antioxidant activity in
isolation or act in synergy with other bioactive compounds, capable of acting in the quality of
food through the stability of fatty acids and less formation of oxidation products, such as
hydroperoxides (Shi et al., 2007; Siwach et al., 2016). In vitro studies, due to its high
antioxidant activity, lycopene may contribute to the restoration of liver function, oxidation of
lipids and inflammation, or even a protective effect on prostate cancer (Hazewindus et al.,
2012; Sheriff e Devaki, 2013; Pereira Soares et al., 2014).

The use of carotenoids, such as lycopene, can be limited due to their susceptibility to
oxidation reactions and liposoluble characteristic, which restricts its use in foods with low
content of lipids. Nanoencapsulation can be used as an alternative to improve the stability of
the carotenoids, minimizing or retard their degradation during processing or storage and also
providing water solubility, which increases its use in different food matrices (Lobato et al.,
2013; Dos Santos et al., 2015; Da Silva et al., 2016). The nanoencapsulation technique can
provide controlled release during storage, which depends on the nature of the polymer, type of
core used and pH, however, it can offer a better effect controlled over time about oxidant
agents (Friedrich et al., 2015; Pinheiro et al., 2015; Campos et al., 2016; De Souza et al.,
2016).

In this context, lycopene can represent an excellent natural antioxidant compound for
addition to biodegradable films and nanoencapsulation may be a promising technique for
increasing the solubility of the carotenoid, and provides better stability compared to several
factors. As there are not work yet with added lycopene nanocapsules in biodegradable films,
the objective of this work was to develop biodegradable cassava starch films with antioxidant
activity by the addition of free lycopene or lycopene nanocapsules and evaluate the effect of
the addition of this natural antioxidant in the physical, mechanical and films barrier

properties.

2. Materials and methods
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2.1 Materials

Cassava starch (Yoki Alimentos, Sdo Paulo, Brazil) was used as basis for the
development of biodegradable films and glycerol (Merk, Btazil) was used as a plasticizer.
Tomatoes and sunflower oil (Cargill Agricola SA, Brazil) were obtained from a local market
in PortoAlegre, Brazil. To obtain the lycopene nanocapsules the polymer poly e-caprolactone
(PCL) and sorbitan monostearate were obtained from Sigma (St. Louis, MO, USA),
capric/caprylic triglycerides (CCTs) and polysorbate 80 were obtained from Delaware (Porto
Alegre, Brazil). All other chemicals and solvents were of analytic or pharmaceutical grade.

2.2 Lycopene Nanocapsules

The lycopene nanocapsules were obtained according to the technique described by
Dos Santos et al. (2015), by interfacial deposition of preformed polymers. To obtain the
organic phase were used PCL (200 mg), capric/caprylic triglyceride (300 pL), sorbitan
monostearate (76 mg), subjected to magnetic stirring at 40 °C in a mixture of acetone (40 mL)
and ethanol (6 mL). After solubilization, lycopene extract was added and the solution was
kept under magnetic stirring for 10 min (40 °C). The organic phase was injected into the
aqueous phase (106 mL) containing polysorbate 80 (154 mg), which was subjected to stirring
for 10 min. The solution was concentrated under reduced pressure to a final volume of 20 mL.
The lycopene nanocapsules have concentration of 85 png/mL, with an average diameter of 193

nm.

2.3 Film preparation

The films were developed in accordance with the casting technique by cassava starch
gelatinization. The filmogenic solution was prepared with 4 % cassava starch in distilled
water (4 g 100g7* solution). The solution of cassava starch was gelatinized at 80 °C for 20
minutes with constant stirring in a water bath and glycerol was then added at a concentration
of 0.25 g g* starch. The free lycopene and lycopene nanocapsules were at concentrations of 2
%, 5 % and 8 % (w/w) in the filmogenic solution at 35 °C, respectively. The suspension was
poured in polystyrene petri dishes (0.39 g cm?) and dried in an oven with forced air
circulation (DeLeo B5AFD) at 35 °C for 20 h. After drying, the films were stored (48 h) in a
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controlled relative humidity of 58 % and at room temperature (25 °C). Cassava starch film
(CSF) without added free lycopene or lycopene nanocapsules and commercial polyethylene

film (LDPE) were used as standard film.

2.4 Thickness and mechanical properties of the films

Thickness of the films was evaluated using a digital micrometer (Digimess, P40,
Brazil), with precision 0.001 mm and resolution 0 mm - 25 mm. Five measurements were
randomly taken at different locations for each specimen and the mean value was used.
Mechanical properties were measured according to standard method ASTM D882-12, using a
texture analyzer (Stable Micro Systems, TA.XT2i, United Kingdom) with a load cell of 5 kg.
The films were cut into strips (80 mm x 25 mm) and each one was mounted between the grips
of the equipment for testing with initial separation of 50 mm and test speed at 0.8 mm s™*. Ten
strips of each formulation were used to determine the tensile strength (TS, MPa) and

elongation at break (E, %).

2.5 Water vapor permeability (WVP)

The water vapor permeability (WVP) of the films was determined gravimetrically at
25 ° C according to the method ASTM 96-05 with some modifications (Pagno et al., 2015).
The films were fixed in aluminum permeation cell (inner diameter: 63 mm, height: 25 mm),
previously filled with anhydrous calcium chloride (0% RH) and hermetically sealed. The
system was stored in at 25 °C in a glass chamber containing saturated sodium chloride
solution to obtain a relative humidity gradient of 0 %/75 %. The weight gain of the capsules
was monitored after 24 h and water vapor permeability was calculated on the basis of

equation:

where w is the weight of water permeated through the film (g), L is the thickness of the film
(mm), A is the permeation area (m?), t is the time of permeation (h), and 4p the water vapor

pressure difference between the two sides of the film (KPa).
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2.6 Moisture and solubility in water

The moisture content and water solubility of the films were determined according to
the method described by Gontard et al. (1992), with some modifications. To determine the
moisture content of the samples were cut into discs with 2 cm diameter, weighed and
subjected to drying at 105 °C for 24h (DelLeo, TLKA48, Brazil). After drying, the samples were
weighed and immersed in 30 mL of distilled water and the whole was subjected to mechanical
stirring at 25 °C for 24 h (Nova tecnica, NT145, Brazil). After this period, the samples not
solubilized were subjected to drying at 105 °C for 24h. The water solubility of the films was
obtained from the equation:

W, —W
5(%)=< - f)x100

where Wi is the initial dry weight of the sample (g), and Wy is the final dry weight (g).

2.7 Color

Films color was evaluated using a Minolta colorimeter (model CR-300; Minolta,
Japan) according to CIELab scale, L* (luminosity), a* (red-green) and b* (yellow-blue). The
colorimeter was calibrated using the white plate as standard (Lo*97.45, ap*0.13 and bo* 1.70)

and the color difference (AE*) was determined by means of Equation:
AE* = [(L" = Lp)? + (a* — ag)® + (0" — bg)*]?
2.8 Light transmission and Opacity
UV-visible light transmission of the films, 200 nm to 800 nm, was measured with
spectrophotometer (Shimadzu, UV-1800, Japan) according to the method of Fang et al.

(2002). The opacity was measuring the film absorbance at 600nm, calculated as:

X



57

where T is the transparency, Abssoo is the value of absorbance at 600 nm and x is the film
thickness (mm) (Park et al., 2004).

2.9 Morphological properties

The film samples were fixed on aluminum stubs by a double sided conducting tape,
coated with a thin layer of gold (lahnke et al., 2015). The microstructure and morphology of
the surfaces of the films was observed on a Scanning Electron Microscope (JEOL, JSM 6060,

Japan) with an accelerating voltage of 5 kV and a magnification of 500x and 1000x.

2.10 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using Shimadzu Instrument model TGA-
50. Film samples of 4-5 mg were heated from room temperature to 800 °C, at a rate of 10

°C/min under nitrogen flow.

2.11 Oxidative stability of sunflower oil

The oxidative stability of sunflower oil was used to determine the antioxidant effect of
films added of 5 % of free lycopene and lycopene nanocapsules according to the method of
Colin-Chavez et al. (2013). The films were cut into rectangles (110 mm x 60 mm), sealed
(Fastvac, F 200 Flash, Brazil) the sides forming bags, 15 mL of sunflower oil was transferred
into the packaging and the film was sealed on top. Sunflower oil samples were packaged in
cassava starch films with 5 % lycopene extract (L5%) and cassava starch films with 5 %
lycopene nanocapsules (LN5%). As controls, sunflower oil was also packaged in cassava
starch films without antioxidant (CSF), low density polyethylene films (LDPE), closed plastic
bottles (CP) and placed in a petri dish (WA). All samples were stored in a chamber (Tecnal,
TE-402, Brazil) under the incidence of light with an intensity of 900-1000 lux (Luxometer
VA Instrument, MS6610, China), at 30 °C and relative humidity of about 70 %. The samples
were collected after 3, 6, 9, 12, 19 and 30 days storage for the determination of peroxide value
(PV) (IUPAC, 1987), conjugated dienes and trienes (European Regulation EC2568/91).

2.12 Biodegradability of the films



58

Film samples with 5 % free lycopene and lycopene nanocapsules were cut into
rectangles (2 cm x 3 cm) and dried until constant weight. The samples were placed in an
aluminum mesh (4 cm x 4 cm), added in plastic boxes (6 cm x 6 cm x 6.5 cm) and covered
with natural organic soil (4 cm from the surface). The experiment was carried out for 15 days
with relative humidity of about 40 % (Martucci e Ruseckaite, 2009). Biodegradability of the

films was determined by the following equation:

m
"] %100

m —_—
W) = |F
0

where mo is the initial mass and m the remaining dried mass at time t.
2.13 Statistical analyses

The results were evaluated by analysis of the variance (ANOVA) and Tukey test at a
significance level of 5% using the software Statistica 12.0 (Statsoft Inc., USA).

3. Results and Discussion
3.1 Thickness and Mechanical Properties
Active biodegradable cassava starch films added 2 %, 5 % and 8 % of free lycopene

(L2%, L5% and L8%) or lycopene nanocapsules (LN2%, LN5% and LN8%) are showed in
Figure 1.

Fig. 1. Biodegradable cassava starch films added lycopene extract or lycopene nanocapsules:
CSF (a), L2% (b), L5% (c), L8% (d), LN2% (e), LN5% (f) and LN8% (Q).

The thickness of the films ranged from 0.119 mm to 0.152 mm, with significant

differences (p < 0.05) between the formulations (Table 1). Increasing the concentration of
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lycopene nanocapsules led to increased thickness of the films, attributed to increased solids
content added to the polymer matrix.

Table 1. Thickness, Tensile strength (TS) and Elongation at break (E) of films added lycopene
extract and lycopene nanocapsules.

Sample Thickness (mm) TS (MPA) E (%)
LPDE 0,045 + 0,0006¢ 18.13 + 0.06° 399.92+ 0.05
CSF 0.123 + 0.0047° 3.09 +0.10° 134.59 + 2.69°
L2% 0.120 + 0.0085° 2.48 +0.11¢ 72.73+0.88"
L5% 0.121 + 0.0080° 2.43 +0.18¢ 62.60 + 0.419
L8% 0.119 + 0.0036° 2.60 % 0.02¢ 61.27 + 1.409
LN2% 0.134 + 0.0032" 2.81 +0.06° 233.13 +1.07°
LN5% 0.143 + 0.0070% 2.92 +0.07° 190.73 + 0.96°
LN8% 0.152 + 0.0060? 2.66 % 0.04¢ 166.03 + 0.93¢

Values are represented as mean * standard deviation. Different letters within the same column indicates
significant differences (p < 0.05).

LDPE: low density polyethylene films; CSF: cassava starch films; L2%: films with 2% free lycopene; L5%:
films with 5% free lycopene; L8%: films with 8% free lycopene; LN2%: films with 2% lycopene nanocapsules;

LN5%: films with 5% lycopene nanocapsules; LN8%: films with 8% lycopene nanocapsules.

A similar effect was observed by Noronha et al. (2014), where the addition of a-
tocopherol nanocapsules increased thickness of methylcellulose films, ranging between
0.03900 mm and 0.06087 mm, for the control film and film with higher concentration of
nanocapsules (70 %), respectively.

The addition of antioxidant additives in the development of biodegradable film can
modify the structure of the polymer matrix. Control film showed higher TS and E values,
when compared to films with free lycopene. Increasing the concentration of free lycopene
significantly decreases the TS and E values (p < 0.05), with 3.09£0.10 MPa and 134.59 + 2.69
% to 2.60 £ 0.02 MPa and 61.27+1.40 %, for the control films and the sample with high free
lycopene concentration (8 %), respectively.

In the development of chitosan-based films added a-tocopherol was observed a
reduction in E and TS increasing addition of the antioxidant, effect similar to that found in
this study (Martins et al., 2012). The addition of a hydrophobic compound, such as
carotenoid, in a hydrophilic matrix can modify the interaction between the chains of the

polymer matrix, which decreases the polymer-polymer interaction and promotes the formation
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of discontinuities in the structure, reducing the tensile strength and elasticity of the films
(Figure 2d) (Martins et al., 2012; Shen e Kamdem, 2015).

The films added lycopene nanocapsules showed higher E compared to control films
and films with added lycopene extract (p < 0.05). The addition of lycopene nanocapsules
increase E (%) probably due to the presence of surfactant in its composition, which can act
with glycerol as a plasticizer, decreasing the interaction between the polymer chains and
increasing the elasticity of the films. Similar behavior was observed by Noronha et al. (2014),
where the addition of nanocapsules of a-tocopherol in the development of methylcellulose
antioxidant films provided higher elongation at break with increasing concentration of
nanocapsules, with greater elasticity to the addition of 70 % (30.03 = 1.94 %).

The increased concentration of nanocapsules increase the E of the films, however, the
addition of 2 % showed a higher E when compared with addition of 5 % and 8 % (p < 0.05).
This can be explained by scanning electron microscopy, in which the addition of
nanocapsules may confer greater compatibility with the matrix as compared to the free
antioxidant (Figure 2e-f). Addition of higher concentration can decrease the miscibility of the
nanocapsules in the polymeric matrix, because they are added after the process of
gelatinization, which increase the competition for water molecules that are already bound to
the starch, consequently lower miscibility and the formation of a more porous structure with
lower elongation at break.

3.2 Water vapor permeability (WVP), Moisture Content (MC) and Water Solubility (WS).

The water vapor permeability (WVP), moisture content (MC) and water solubility of
the biodegradable films and commercial film low density polyethylene are shown in Table 2.
The film LDPE had the lowest permeability to water vapor compared to the biodegradable
film, with permeability of 0.01 + 0.00 g mm m2 h! kPal. The permeability of the
biodegradable films ranges from 0.28 + 0.02 g mm m2 h kPa to 0.55 + 0.04 g mm m? h't
kPa. Addition of 2 % and 5 % free lycopene did not affect the permeability to water vapor
compared to the control film (CSF), however, the higher concentration of antioxidant (L8%)

led to decreased when compared with film CSF and nanocapsules films (p < 0.05).
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Table 2. Water vapor permeability (WVP), Moisture content (MC) and Water solubility (WS)

of films added lycopene extract and lycopene nanocapsules.

WVP o o
Sample (g mm m?2 ht kPal) MC (%) WS (%)

LDPE 0.01+0.00¢ - -

CSF 0.36+0.05° 11.50 + 0.70%¢ 17.88+ 0.16"
L2% 0.33+0.01b¢ 12.45 + 0.16% 17.48 + 1.44%¢
L5% 0.31+0.03%¢ 10.68 + 0.09¢ 15.18 + 1.41°¢
L8% 0.28+0.02¢ 11.16 + 0.67¢ 16.57 + 0.76°
LN2% 0.57+0.022 13.03 + 0.522 22.45 + 0.90?
LN5% 0.55+0.042 13.46 + 0.24? 20.35 + 0.56%
LN8% 0.55+0.032 12.66 + 0.35% 18.16 + 0.81%°

Values are represented as mean + standard deviation. Different letters within the same column indicates
significant differences (p < 0.05).

LDPE: low density polyethylene films; CSF: cassava starch films; L2%: films with 2% free lycopene; L5%:
films with 5% free lycopene; L8%: films with 8% free lycopene; LN2%: films with 2% lycopene nanocapsules;

LN5%: films with 5% lycopene nanocapsules; LN8%: films with 8% lycopene nanocapsules.

The decrease in permeability to water vapor in films at addition 8% of free lycopene
can be related to your hydrophobic character, which reduces its interaction with the water
molecules and lead to formation of discontinuities of the matrix (Figure 2d), leading to
decrease in permeability to water vapor and elongation of the films. Shen e Kamdem (2015)
observed that the permeability to water vapor of chitosan film was affected significantly (p <
0.05) by the addition of citronella essential oil or cedarwood essential oil. The reduction in
permeability is related to the lowest interaction of hydrophobic compounds to form
hydrophilic bonds, leading to formation of discontinuities in the polymeric matrix with a
lower mass transfer rate.

The addition of green tea extract on chitosan films resulted in a decrease of the
permeability to water vapor, where the highest concentration (20 %) showed a lower
permeation rate when compared to the control film, decreased of 0.256 + 0.023 g mm m2 d*
kPa? to 0.087 + 0.012 g mm m d! kPa. The lower permeability is due to the interaction of
hydrogen from chitosan and polyphenolic compounds, which reduced the availability of
groups to form hydrogen bond with water molecules and led to obtain films with lower

affinity for water (Siripatrawan e Harte, 2010).
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The use of lycopene nanocapsules aims to assist their use in different food matrices,
promoting the solubility of hydrophobic compounds in hydrophilic matrices and increased
stability during storage (Dos Santos et al., 2015). Addition of lycopene nanocapsules led to
significant increase in the permeability of the films relative to the control film and films added
lycopene extract, however showed no difference between films with different concentrations
of nanocapsules. In study of Pagno et al. (2016) it was observed the addition of bixin
nanocapsules in cassava starch films led to increased permeability to water vapor (p <0.05), of
0.207 £ 0.014 g mm m2 d* kPa™ t0 0.273 + 0.018 g mm m d* kPa’l, for the film control and
film with addition of 10 % nanocapsules. The increased permeability is related to the presence
of cracks in the films, where the addition of 8 % and 10 % showed higher amount of surface
crack.

The increase in permeability may result from lower miscibility of the nanocapsules in
the matrix after the gelatinization process, which induces the formation of a less compact
structure, with higher thickness and the presence of pores (Figure 2), which may facilitate
mass transfer through the film.

The moisture content of the films ranged from 10.68 + 0.09 % to 13.46 + 0.24 %, in
which the films added of lycopene nanocapsules had higher moisture content when compared
to films with free lycopene and film control. Another factor that may influence the increase in
permeability is the moisture content of the films, in which the lycopene nanocapsules have a
higher affinity for water and led to obtain films with a higher moisture content, which may
result in increasing the permeability to water vapor.

The solubility of the films ranges from 15.18 + 1.41 % to 22.45 + 0.90 %, which in
addition to free lycopene showed no significant difference when compared to the film control.
The films LN2% and LN5% showed higher solubility of 22.45 £+ 0.90 % to 20.35 £ 0.56%,
respectively. However, the film with the highest concentration of lycopene nanocapsules
(LN8%) showed solubility similar to films with added lycopene extract and film control, no
significant difference between them.

Behavior similar to that observed by Pagno et al. (2016), where the addition of bixin
nanocapsules in cassava starch films led to a decrease in solubility of the films, in which the
film control showed solubility of 20.35 + 0.56 % and films added 8 % and 10 % of bixin
nanocapsules had solubility of 18.93 £ 0.71 % e 16.44 + 1.28 %, respectively. The decrease
in the solubility of the films may also be related to the presence of PCL in the nanocapsules,
since this polymer can reduce the water absorption capacity and consequently the water
solubility of the films (Ortega-Toro et al., 2015a; Ortega-Toro et al., 2015b).
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3.3 Color parameters

Addition of lycopene extract or lycopene nanocapsules led to a change in color of the
films, with decreasing L* and an increase in a* and b* according to the concentration of
added antioxidant (Table 3).

Table 3. Color of biodegradable cassava starch films containing different concentrations of

lycopene extract or lycopene nanocapsules.

Color Parameters

Sample K e b AE*
LPDE 96.77+0.152 0.01+0.009 1.52+0.01" 0.61+0.02"
CSF 96.70+0.072 0.02+0.019 2.43+0.049 1.07+0.029
L2% 96.34+0.092 0.26+0.01f 3.67+0.06f 2.2420.04f
L5% 95.62+0.29P 0.98+0.08¢ 4.60+0.02° 3.46+0.11°
L.8% 94.27+0.09° 2.28+0.119 7.51+0.15¢ 6.85+0.15¢
LN2% 92.68+0.09¢ 3.37+0.06° 16.74+0.36° 16.35+0.18¢
LN5% 90.60+0.31¢ 5.64+0.08" 28.40+2.13° 26.91+0.37°
LN8% 87.99+0.20f 10.52+0.16° 43.89+0.63? 44.47+0.64%

Values are represented as mean * standard deviation. Different letters within the same column indicates
significant differences (p < 0.05).

LDPE: low density polyethylene films; CSF: cassava starch films; L2%: films with 2% free lycopene; L5%:
films with 5% free lycopene; L8%: films with 8% free lycopene; LN2%: films with 2% lycopene nanocapsules;

LN5%: films with 5% lycopene nanocapsules; LN8%: films with 8% lycopene nanocapsules.

The films LDPE, CSF and L2% showed no significant difference between them to the
L* parameter, however, the addition of higher concentrations of extract or lycopene
nanocapsules led to a decrease in this parameter (p < 0.05), indicating that the films were
darker (Figure 1). The addition of the antioxidant led to a significant increase of the
parameters a* and b* (p < 0.05), where positive a* values indicate the red region and positive
b* values indicate the yellow region, color feature that the carotenoids are able to confer. The
films added lycopene nanocapsules showed lower L* values and higher values of a* and b* as
compared to other films (p < 0.05), change due to the orange color of the nanocapsules,
presenting the parameters L* = 54.22 + 2.33, a* = 14.16 + 0.28 e b* = 41.06 + 1.93 which is
also due to the presence of polymer composition, which confers solution turbidity (Dos
Santos et al., 2015).
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Pagno et al. (2016) observed that the addition of bixin nanocapsules in cassava starch
films led to decreased L* and increased a* and b* (p <0.05), where the addition of 10%
showed the highest parameters (L*= 93.45 =+ 0.1, a* = 0.5 £ 0.0 and b* = 25.7 £ 0.0) when
compared to the control film (L*=95.4 £ 0.1, a* = 0.1 £ 0.0 b* = 2.47 £ 0.0). Due to lower
brightness and yellow color of the nanocapsules, the films showed yellow with increase in
AE* about the film control, 1.7 + 0.0 and 4131.6 + 10.1 respectively, similar behavior to that
found in this study (Pagno et al., 2016). With increasing concentration of added antioxidant
had an increase of AE*, in which films CSF and LDPE showed lower value of this parameter.
The increase of the parameters a*, b* and AE* led to obtain more color film, in which the

film LN8% showed higher intensity color (Figure 1).

3.4 Light transmission and Opacity

The films showed different behavior when subjected to UV and visible light
transmission analysis at different wavelengths, from 200 nm to 800 nm (Table 4). The CSF
and LDPE films had lower barrier to light transmission in UV (200 nm to 400 nm) and visible
regions (500 nm to 800 nm) when compared with films added of the antioxidant.

Addition of free lycopene or nanocapsules led to a significant decrease in light
transmission through the films, in which higher concentrations showed a lower transmission
at both wavelengths. However, films added of nanocapsules had a lower light transmission
compared with the other films. The lower light transmission is due to gradual color change of
the films by addition of the carotenoid (Figure 1), which led to obtaining darker films due to

luminosity reduction (Table 3).
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Table 4. Light transmission (%) and Opacity (A.mm™) of biodegradable cassava starch films
added with different concentrations of lycopene extract (L) or lycopene nanocapsules (LN).

Light transmission (%) at different wavelengths (nm) Opacity
200 280 300 350 400 500 600 700 800 (A.mm%?)

Sample

LPDE 519 6741 7031 7436 7721 81.29 83.75 8538 86.56 0.33+0.02f
CSF 246 6538 7489 7952 8282 8494 8585 86.31 86.64 0.40+0.02°
L2% 199 5878 67.23 7315 78.19 8148 8381 84.97 8562 0.47+0.03°
L5% 1.68 54.42 61.07 69.61 76.19 79.77 8250 84.48 8526 0.56+0.03¢
L8% 0.87 46.00 5152 61.64 70.28 7553 80.07 83.13 84.09 0.59+0.01¢
LN2% 0.35 31.74 38.80 4791 5499 58.09 7234 7554 77.63 0.93+0.05°
LN5%  0.07 16.45 21.83 31.51 38.98 46.37 64.78 70.00 73.58 1.22+0.03°
LN8% 001 577 823 1458 2060 2755 51.71 59.26 64.67 1.89+0.09°

Values are represented as mean * standard deviation. Different letters within the same column indicates
significant differences (p < 0.05).

LDPE: low density polyethylene films; CSF: cassava starch films; L2%: films with 2% free lycopene; L5%:
films with 5% free lycopene; L8%: films with 8% free lycopene; LN2%: films with 2% lycopene nanocapsules;

LN5%: films with 5% lycopene nanocapsules; LN8%: films with 8% lycopene nanocapsules.

A similar result was observed in the work of Sartori and Menegalli (2016) in green
banana starch films added of solid lipidic microparticles containing ascorbic acid, since the
addition provided higher barrier to light transmission. The film without addition of additives
or film containing non-encapsulated ascorbic acid, as well as the commercial polyethylene
film showed a higher light transmission at 400 nm compared to films added of microparticles,
with transmission of 35 %, 25 % and 70 %, respectively.

The addition of a-tocopherol nanocapsules provided better barrier to light transmission
methylcellulose films, the higher concentration (70 %) had a lower light transmission of 6.77
+ 0.06 % at 500 nm and 0.73 £ 0.06 % to 210 nm, compared to the methylcellulose film
without addition of nanocapsules, of 61.70 + 2.45 % at 500 nm and 35.47 + 1.51 % at 210 nm
(Noronha et al., 2014). A similar effect found for the addition of lycopene nanocapsules,
which promoted lower light transmission at 200 nm and 500 nm.

A decrease in lightness (Table 3), a gradual increase in color (Figure 1) and the lower
light transmission of the film contributed to obtain darker films, with greater opacity (p <
0.05), that is, films with less transparency. The films LDPE and CSF showed a lower opacity
when compared to films added lycopene extract or nanocapsules, 0.40 + 0.04 A.mm™ and

0.33 +£0.02 A.mm, respectively.
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The addition of free lycopene or lycopene nanocapsules led to a gradual increase in the
opacity of films, in which the films added lycopene nanocapsules had higher opacity
compared to films with added free lycopene (p < 0.05), where the film LN8% showed higher
value (1.89 + 0.09 A.mm™). Addition of free lycopene or lycopene nanocapsules in
biodegradable films may have great importance in the use as food packaging with good
barrier to UV light and better stability to lipid oxidation induced by photo oxidation or the
antioxidant effect of the additive added (Martins et al., 2012; Noronha et al., 2014; Sartori e
Menegalli, 2016).

From the better results cassava starch films (CSF), film with 5 % free lycopene (L5%)
and film with 5 % lycopene nanocapsules (LN5%) were selected to be analyzed as to their

morphological, thermal and antioxidant properties and biodegradability

3.5 Morphological properties

The scanning electron microscopy of the surface and cross-section of the films CSF,
L5% and LN5% are shown in Figure 2.

X1.888 18um i

SKU x1i@Be 18w

Fig. 2. Scanning electron microscopy of the films: a) CSF surface; b) CSF cross-section; c)
Film L5% surface; d) Film L5% cross-section; €) Film LN5% surface; f) Film LN5% cross-
section.



67

The CSF had uniform and compact surface and cross section, which indicates good
homogeneity of the matrix and obtaining the film. Addition of lycopene, of hydrophobic
character, led to obtain films with rough surfaces and discontinuities in its structure (Figure
2d), due to the reduced interaction of the added antioxidant and the chains of the polymer
matrix. The high presence of discontinuities of the cross section justified the decrease in
elasticity of the films, where the highest concentrations showed lower value of this parameter
when compared to other films.

As previously mentioned, the addition of lycopene nanocapsules provided the addition
of a compound in a hydrophilic matrix, but higher concentrations leads obtained of films with
greater porosity and lower uniformity of the cross section, justified by lower miscibility and
higher competition for water molecules already bound to the starch during the process of
gelatinization. A similar effect was observed on addition of nanocapsules of a-tocopherol in
methylcellulose films, with decreased miscibility of nanocapsules in the matrix and to obtain
films with surface with greater porosity and less compact structure compared to the

methylcellulose film without addition of additive (Noronha et al., 2014).

3.6 Thermogravimetric analysis

The thermogravimetric analysis of the films control, film with 5 % lycopene extract

and film with 5 % lycopene nanocapsules are shown in the Figure 3.
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Fig. 3. TGA of the films control, film with 5 % lycopene extract and film with 5 % lycopene
nanocapsules.
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The TGA shows the weight loss of biodegradable films during heating. Independent
from the form of the antioxidant added, free or nanocapsules, the films showed similar
behavior when compared to the control film, with three weight loss stages, as described in the
literature. The first stage, at a temperature between 100 °C and 150 °C, corresponding to loss
of residual moisture (11 %) present in the film after the process of obtaining. The second
weight loss stage (16 % - 17 %) occurred in the temperature range between 250 °C and 350
°C, with decomposition of the starch, loss of low molecular weight fraction or water that is
bound to the polymer matrix (Pelissari et al., 2009; Shen e Kamdem, 2015). The third stage
was from 350 °C, with residual mass of approximately 6 % for film CSF and film L5% and 7
% for films LN5%. This result can be related to presence of high molecular weight polymers

present in the nanocapsules (Reis et al., 2015; Pagno et al., 2016).

3.7 Oxidative stability of sunflower oil

Oxidation is primarily responsible for the deterioration of foods rich in lipids, resulting
in changes in color, taste, aroma and consistency. The effect of biodegradable films on the
stability of sunflower oil stored under accelerated condition oxidation is shown in Figure 4.
Sunflower oil presented specific period of induction for each package indicating the protector
character according to the rate of reaction in the formation of peroxides. Biodegradable films
showed better barrier to oxidation compared to the controls used, however, the L5% and
LN5% showed lower induction period. There was an increase in PV during the 30 days of
storage, 2.22 + 0.13 mEq/kg to 274.97 + 0.45 mEqg/kg, with a significant difference between
all packaging (p < 0.05).
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Fig. 4. Peroxide value of sunflower oil stored in cassava starch film (CSF), cassava starch
film with 5 % lycopene extract (L5%) and 5 % of lycopene nanocapsules (LN5%), low

density polyethylene (LDPE), closed pot (CP) and without packaging (WP).

The oil stored in LDPE, CP and WP in the third day of storage presented PV near or
higher than determined by the Codex Alimentarius, which sets a maximum level of 10
mEq/kg for vegetable oil. As expected, sunflower oil stored in WP showed higher PV (274.97
+ 0.45 mEg/kg) compared to biodegradable films, LDPE and CP after the storage period (p <
0.05). When compared with biodegradable films, sunflower oil stored in LDPE and CP
showed higher PV of 204.83 = 0.96 mEqg/kg and 70.81 + 0.15 meqg/kg, respectively. The
cassava starch film without addition of lycopene showed higher protective effect against
oxidation compared to LDPE, with content of 22.91 + 0.09 mEq/kg at the end of storage.
Similar results were found for palm oil storage cassava starch films for 45 days or 90 days at
30 °C, showing a higher barrier to oxidation and oil stability during storage (Souza et al.,
2011; Reis et al., 2015).

During storage sunflower oil showed higher stability when stored in biodegradable
films L5% and LN5%, with PV end of 13.76 =+ 0.30 mEg/kg and 5.97 = 0.02 mEqg/kg,
respectively. However, LN5% showed higher barrier to oxidation compared to all packaging
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(p <0.5), with peroxide value inside the limit for vegetable oil (Codex Alimentarius, 1999).
This result may be associated with a lower transmission UV-VIS light and opacity of the
films (Table 4) as well as the antioxidant effect of lycopene, which has a high antioxidant
activity by its structure is composed of 12 conjugated double bonds.

The addition of antioxidants in the development of biodegradable films can contribute
to a lower transmission UV light, making the films as good barrier to oxidation induced by
UV radiation (Martins et al., 2012; Noronha et al., 2014). The addition yerba mate extract and
mango pulp in the development of cassava starch films for storage the palm oil stability, Reis
et al. (2015) observed a dependent protective effect of concentration of the additives used.
However, palm oil stored in the film added yerba mate extract only showed lower PV (10.56
mEq/kg) compared to the film with the addition of mango pulp (11.09 mEg/kg). Effects
similar to this study, in which films with added antioxidants had high barrier to oxidation
compared to other packaging.

The addition of bixin nanocapsules in cassava starch films provided greater protection
to oxidation storage sunflower oil under accelerated condition of oxidation. The oil stored in
the cassava starch film without antioxidant showed greater stability in relation to the oil stored
without any packaging or stored in a closed pot, however, the films with the addition of 2 %,
5 % and 8 % of bixin nanocapsules had PV at the end of 13 days of storage inside the limit set
by the Codex Alimentarius. Behavior similar to that found in this study, however the film with
addition of 10 % nanocapsules presented PV above the established limit, result of the
presence of cracks on the surface of the films that can assist contact with oxygen and
accelerate the oxidation process (Pagno et al., 2016).

The addition of natural antioxidants or compounds that have these substances in its
composition, can contribute to the development of biodegradable packaging with antioxidant
activity, assisting in the maintenance and quality of food with a high content of lipids during
storage, as the addition of carrot residues minimally processed in the development of gelatin
films on sunflower oil stability (lahnke et al., 2015), palm oil stability stored in cassava starch
films added of mango pulp acerola (Souza et al., 2011) and adding plant extracts cellulose
films on soybean oil stability (Phoopuritham et al., 2012).

The sunflower oil stability was also analyzed by the determination of conjugated
dienes (CD) and conjugated trienes (CT), compounds showing absorptivity at wavelengths of
232 nm and 268 nm due to formation of primer compounds and secondary oxidation,

respectively. The CD and CT index are shown in Figure 5.
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Fig. 5. Conjugated dienes (a) and conjugated trienes (b) of sunflower oil stored in cassava
starch film (CSF), cassava starch film with 5% free lycopene (L5%) and 5% of lycopene
nanocapsules (LN5%), low density polyethylene (LDPE), closed pot (CP) and without
packaging (WP).

There was an increase in CD and CT during the storage period, with significant
differences between all samples (p < 0.05). CD indices and CT showed behavior similar to
PV, where the sunflower oil stored without packaging (WP) showed the highest levels at the
end of the study, of 22.68 + 0.72 meg/kg, 12.60 + 0.42 meqg/kg and 274.97 + 0.45 meqg/kg,
respectively. The biodegradable films showed lower rates CD and CT, where CSF film
showed less formation of primary and secondary oxidation compounds when compared to
LDPE, but the film LN5% had less formation and greater oil stability.

3.8 Biodegradability of the films

The biodegradable films CSF, L5% and LN5% were submitted to biodegradability
analysis, where Fig 3 shows the biodegradability rate over 15 days. The biodegradable
analysis of the films in a composite soil seeks to play a process of degradation in natural
environments, where the soil is generally comprised of microflora consists of bacteria,
actinomycetes, fungi and protozoa which act in synergy in the biodegradability process
(Martucci e Ruseckaite, 2009).
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Fig. 6. Biodegradability of the films after 15 days.

The films showed fast biodegradability and increased biodegradation rate through
visual analysis of the films, with loss of mass between 55% and 58%, indicating a good
alternative to the use of non-biodegradable polymers and inadequate discarding of these
materials into the environment.

A similar result was observed was observed by Medina Jaramillo et al. (2016) in
cassava starch films with yerba mate extract, with rapid biodegradability of the material in 12
days, demonstrating the importance of development biodegradable packaging and substitution
packaging obtained from non-biodegradable polymers (Medina Jaramillo et al., 2016). Seligra
et al. (2016) also a rapid degradation in the first 15 days for starch films, but at the end of the
30 days study the films showed a significant degradation.

Biodegradable films obtained from starch and glycerol, which compounds exhibit
hydrophilic character, can present high loss of mass during the process of biodegradation due
to increased water absorption. The increased water absorption promotes the growth of
microorganisms naturally present in the soil, that act on the source of carbohydrate and results
in a greater and more rapid degradation of these materials (Maran et al., 2014; Seligra et al.,
2016).

4. Conclusion
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The development of biodegradable films from renewable sources, as cassava starch,
may be an alternative to non-biodegradable packaging, with high biodegradability in a short
period of time. Addition of free lycopene and lycopene nanocapsules can be a good
alternative to the development of packaging with antioxidant activity, lower light
transmittance UV-Vis, high opacity and protective oxidation of sunflower oil. Addition of
free lycopene led to a significant decrease in tensile strength and elongation of the films,
however, the addition of lycopene nanocapsules contributed to obtaining films with high
tensile strength and elongation, better solubility and potential application of this natural

antioxidant.
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Abstract

[-carotene may represent an excellent natural antioxidant and nanoscale encapsulation may
contribute to development of a new technique for addition of antioxidants in active packaging.
The objective of this work was to develop active biodegradable films with addition of free -
carotene obtained from carrots or B-carotene-loaded lipid-core nanocapsules, and to evaluate
the interaction with the polymeric matrix. The addition of free f-carotene led to a decrease in
the mechanical properties of films (tensile strength and elongation at break), as result of their
hydrophobic character and less interaction with the matrix. The addition of nanocapsules
caused the increase of color intensity of films, elongation at rupture and less light
transmission (UV/Vis), with the gradual increase according to increase in concentration.
Films added of 5 % [-carotene nanocapsules presented greater protection of sunflower oil,
with lower formation of oxidation products, when stored under accelerated of light and
temperature. The lower stability of free antioxidant led to behavior similar to control film
(CSF), with less oxidation protection. The addition of nanocapsules can provide better
interaction with the structure, since the encapsulated carotenoid exhibits solubility in aqueous
medium and present better distribution, without altering the rapid biodegradability and
thermal stability of films. The results show that encapsulated bioactive compounds can be
used as hydrophobic natural antioxidants and added in active biodegradable packages, for

maintaining food safety and extending the shelf life.
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properties.

1. Introduction

The interest for materials obtained from renewable sources for the development of
packaging has received great attention of researchers, mainly in relation to production of
edible films or coatings. Biodegradable/edible films are thin films obtained independently of
product to be packed, since the coating is applied directly to the surface of the product.

As material for the production of edible films and coatings are used various natural
polymers, such as starch (Sanchez-Ortega et al., 2016), fruit and vegetable residues (Fai et al.,
2016), starch/gelatin (Fakhouri et al., 2015), chitosan and carboxymethyl cellulose (Tesfay e
Magwaza, 2017), chitosan-cassava starch (De Aquino et al., 2015), alginate (Robles-Sanchez
et al., 2013), carrageenan (Thakur et al., 2016), isolated or the development of mixtures for
the elaboration of products with specific characteristics. The use of natural polymers assists in
the development of materials with rapid biodegradability and greater compatibility with
product, besides the possibility of its consumption together with the food, as fruits and
vegetables minimally processed (Mannozzi et al.; Fakhouri et al., 2015; Fai et al., 2016;
Khalifa et al., 2016; Guerreiro et al., 2017).

Studies have shown that the development of films or coatings can maintain quality and
increase shelf life of minimally processed carrots during storage, with color maintenance and
reduction mass loss (Fai et al., 2016); can maintain of carotenoid content (trans-a-carotene e
trans-p-carotene) during drying of pumpkin slices at 70 °C (8h - 10 h) (Lago-Vanzela et al.,
2013); inhibition browning in fresh-cut persimmon (Sanchis et al., 2016); can maintain
postharvest quality of red peppers (Poverenov et al., 2014) and increase of fresh-cut
pineapple stability (Azarakhsh et al., 2014).

Edible films and coatings besides the basic functions, and compatibility with food, can
also be carriers of active compounds, known as active films. Many natural compounds can be
used for the formulation of these films, an alternative to the use of synthetic antioxidants,
such as the addition of yerba extract (Medina Jaramillo et al., 2016) and rosemary extract in
cassava starch films (Pifieros-Hernandez et al., 2017), tocopherol (Barbosa-Pereira et al.,
2013), o -tocopherol in chitosan films (Martins et al., 2012), residue of minimally processed

carrot for packaging films (lahnke et al., 2015) and mango and acerola pulp as antioxidant
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additives in cassava starch film (Souza et al., 2011). The addition of antioxidant compounds
to edible films or coatings may provide the interaction or release of these compounds present
in the matrix of packaging to food surface (Fai et al., 2016).

Among the group of natural antioxidants, p-carotene is a carotenoid with antioxidant
capacity and vitamin A activity, showing red-orange coloration due to the presence of eleven
conjugated double bonds, and are oil-solubility. Carotenoids are found as pigments in fruits
and vegetables, one of the most well-known sources of B-carotene is carrots (Zaccari et al.,
2015; Behsnilian e Mayer-Miebach, 2017). The vitamin A activity is related the presence of
two B-ionone ring with one double bond (Ferreira e Rodriguez-Amaya, 2008). When added in
food systems, such as high-fat foods, this carotenoid can act as oxidation stability (Goulson e
Warthesen, 1999). The double conjugated bonds, makes the [B-carotene reactive, being
degrade under different conditions, such as high temperatures or exposure to light, which can
lead to loss of color or vitamin A activity (Chen e Zhong, 2015).

However, the addition of hydrophobic compounds to hydrophilic matrices may result
in a change in structure and lower affinity between the antioxidant and the polymer matrix.
One way of minimizing this problem, beyond stability and solubility of bioactive compounds
is the nanoencapsulation. The nanoencapsulation provide more stability of these pigments in
the presence of oxygen, heat and light, in general improves the stability, solubility and
bioavailability of encapsulated species and promotes its controlled release (Lobato et al.,
2013; Dos Santos et al., 2015; Da Silva et al., 2016).

The nanoencapsulation of p-carotene presents an alternative for greater use of
carotenoid, the encapsulation of this pigment using poly-e-caprolactone with oil nucleus,
presents high encapsulation efficiency, able to provide greater retention and stability when
subjected to thermal treatments or light presence (Gonzalez-Reza et al., 2015; Da Silva et al.,
2016). In this context, B-carotene may represent an excellent natural compound for addition in
biodegradable films and the nanoencapsulation may be a promising technique to increase the
solubility and stability of this carotenoid, which to date have not been evaluated for addition
in films under nanometer scale. The objective of the work was to develop biodegradable films
based on cassava starch with antioxidant activity through the addition of free B-carotene
obtained from carrots or [3-carotene-loaded lipid-core nanocapsules, and to evaluate the effect
of this natural pigment the interaction with the polymeric matrix by determining of physical,

mechanical and barrier properties of films.
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2. Materials and methods

2.1 Materials

The B-carotene was extracted from carrots, the sunflower oil without antioxidants
(Cargill Agricola SA, Brazil) was used to analyze the antioxidant activity. To obtain the -
carotene nanocapsules the capric/-caprylic triglycerides (CCT) and polysorbate 80 (Tween
80) were purchased from Delaware (Porto Alegre, Brazil) and polymer poly-e-caprolactone
(PCL) and sorbitan monostearate (Span 60) were obtained from Sigma (St. Louis, MO, USA).
For the preparation of the films were used cassava starch (Yoki Alimentos, Sdo Paulo, Brazil)
and glycerol (Merk, Brasil) was used as a plasticizer, low-density polyethylene (LDPE) films

were obtained from a local market in Porto Alegre — Brazil.

2.2 p-carotene extract

Beta carotene was obtained from carrots, through the method described by Nunes and
Mercadante (2004), with some modifications. The carrots were cut (600 g) and added with
ethyl acetate (1000 mL), subjected to two extractions under mechanical stirring for 2 h. The
extract obtained with free B-carotene was filtered and concentrated in a rotary evaporator
(Fisatom model 801/802, Sdo Paulo, SP, Brazil). To produce the nanocapsules, it was
necessary to obtain [3-carotene crystals. The extract was dried, placed in an ice bath and added
with dichloromethane (5 mL) and alcohol 99.7% (20 mL). After, the crystals were filtered,
washed with ice-cold ethanol (50 mL) and dried (T < 30 °C). The crystals were stored in a

freezer until the nanocapsules were obtained.

2.3 p-carotene Nanocapsules

The pB-carotene extracted form carrots was nanoencapsulated by technique of
interfacial deposition of preformed polymers (Da Silva et al., 2016). The polymer poly-¢-
caprolactone (200 mg), triglycerides (300 pL) and sorbitan monostearate (76 mg) and [-
carotene crystals were dissolved in acetone (40 mL) and ethanol (6 mL), under magnetic
stirring (40 min/40 °C) to form the organic phase. To form the aqueous phase ultrapure water
(106 mL) and polysorbate 80 (154 mg) were used, under magnetic stirring (25 °C). The

organic phase was injected into the aqueous phase under magnetic stirring (10 min/25 °C),
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where the resulting solution was concentrated to the final volume of 25 mL. The
concentration of beta carotene in the nanocapsules was 85 pg/mL.

2.4 Film preparation

The films were obtained by solubilizing the cassava starch (4g / 100g) in distilled
water, under mechanical agitation for 30 minutes at 80 °C, glycerol was used as plasticizer
(0.25g / g starch). After cooling the starch solution (35 °C) the nanocapsules or free [3-
carotene were added at concentrations of 2%, 5% and 8% and were identified as BCN2%,
BCN5%, and BCN8%, and BC2%, BC2% and BC8%, respectively. The film without addition
of natural antioxidant (CSF) and low density polyethylene commercial film were used as
control. The solution with addition of the free or nanoencapsulated antioxidant was placed in
polystyrene petri dishes (0.39 g/cm?), dried in a forced-air oven (35 °C/20h) (model B5AFD;
DeLeo). The films were stored in a glass vessel with controlled humidity at 58 % (25 °C) for

48h before to characterization.

2.5 Thickness and Mechanical properties

The thickness was obtained by reading at random points and the result expressed as
the average of 10 points, using a digital micrometer (Digimess, 1P40, Brazil). The mechanical
properties analyzes were performed using a texture analyzer (TA.XT2i, Stable Micro
Systems, United Kingdom), with a load cell of 5 kg, initial distance between the 50 mm claws
and a traction speed of 0.8 mm/s. The tensile strength (TS) and elongation at break (EAB)
were determined through ten strips of each film (100 mm x 25 mm), according to the
methodology described by ASTM D882-12 (ASTM, 2012).

2.6 Water vapor permeability (WVP)

WVP was determined gravimetrically at 25 °C, the films were placed in permeation
capsule (inner diameter: 63 mm, height: 25 mm) containing granular anhydrous calcium
chloride and hermetically sealed. The capsules were stored in a glass chamber with saturated
sodium chloride solution, the permeation was determined by mass gain after 24 h through a

RH gradient of 0 %/75%. The permeability to water vapor was performed according to the



83

standard method (ASTM 96, 2005) and as described by Pagno et al. (2015), calculated by the

equation:

where w is the weight of water permeated through the film (g), L is the thickness of the film
(mm), A is the permeation area (m?), t is the time of permeation (h), and 4p the water vapor
pressure difference between the two sides of the film (KPa).

2.7Moisture and solubility in water

To determine the water solubility of the films, the samples (2 cm diameter discs) were
previously oven dried (DelLeo, TLK48, Brazil) at 105 °C for 24 h. Then, the remaining
samples from the drying process were immersed in distilled water (30 mL) and shaken with
shaking (25 °C/24h) (Nova tecnica, NT145, Brazil). All samples were again subjected to
drying (105 °C/24h), where the material not solubilized was weighed for determination of dry

final weight resulting from the solubilization process (Gontard et al., 1992).

2.8 Optical properties

Color analysis was performed using the Minolta model colorimeter (CR-300; Minolta
Co., Ltd., Japan), calibrated with a white surface (Lo*: 97.45, ao*: 0.13 e bo*: 1.70). The
CIELab system was used, where a* indicates the region of red (+a*) to green
(-a*), b* indicates the region of yellow (+b*) to blue (-b*) and L* is luminosity. The color

difference in relation to the standard (AE*) was calculated with the following equation:

AE™ = [(L" = Lp)* + (a* — ap)? + (b" — by)*]*/?

The light transmission barrier of films was analyzed in spectrophotometer (model UV-
1800, Shimadzu, Japan). Films were cut into rectangles (3 cm x 1 cm) and positioned on the
inner wall of the test cell, the light transmission (%) was measured in the UV region (210 nm)
and visible (500 nm). An empty quartz test cell was used as control and the analysis was

performed in triplicate.
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2.9 Morphological properties

The morphology of the previously selected films was evaluated through a scanning
electron microscope (JEOL, JSM 6060, Japan). The samples were cut into small pieces and
fixed with double-sided tape on aluminum stubs. All samples were metallized with a thin
layer of gold, the surface and cross section were observed with an acceleration voltage of 5
kV and a magnification of 500 x and 1000 x. Morphology of films was also determined by

using an Optical Microscope (Leica, DM500), with a magnification 40x.

2.10 Thermogravimetric analysis (TGA)

The thermal stability of the selected films was analyzed using Shimadzu Instrument
(model TGA-50). Samples of approximately 5 mg were heated from 25 °C to 800 °C at 10
°C/min heating rate under a nitrogen. The stability was analyzed by weight loss versus

temperature.

2.11 Oxidative stability during storage of sunflower oil

The antioxidant effect of the films was analyzed according to Colin-Chavez et al.
(2013) with some modifications, through the determination of primary and secondary
products of the oxidation of sunflower oil without the addition of antioxidants. The selected
films (BC5% and BCN5%) were cut into rectangles and sealed on the sides, by the top of the
package were added 15 mL of sunflower oil, in which the films were sealed to form sachets
(110 mm x 60 mm). The analysis was performed under accelerated oxidation condition, by
storage the samples in a chamber under the incidence of fluorescent light (900-1000 lux)
(Luxometer VA Instrument, MS6610, China), humidity (50 % - 60 % RH) and temperature
(30 °C). The peroxide value (PV) was determined according to the IUPAC (1987) and
specific extinctions at 232 (conjugated dienes - CD) and 268 (conjugated trienes - CT) were
determined according to European Regulation EC 2568/91. The oil stored in the starch film
without antioxidant addition (CSF), low density polyethylene (LDPE), closed transparent
plastic bottle (CP) and without packaging (WP) were used as controls. The analysis was
performed on 0, 3, 6, 9, 12, 19 and 30 days

2.12 Biodegradability of the films
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Natural organic soil was used to determine the biodegradation rate of the films, placed
in plastic boxes (6 cm x 6 cm x 6.5 cm). The films were cut (2 cm x 3 cm), dried at 60 °C for
24 h (mo) in an oven (model TLK48, DelLeo, Brazil), packed in aluminum mesh pre-weighed
and placed in contact with the organic soil, 4 cm from the surface of the plastic box. The films
were removed at different times for 15 days and dried at 60 ° C for 24 h (m¢) (Martucci e
Ruseckaite, 2009). Water was added (5 mL) to maintain soil moisture (40% RH). The rate of

biodegradability of the films was determined by weight loss analysis:
WL(%) = [w] x100
my

2.13 Statistical analyses

Statistica 12.0 (StatSoft, Inc., Tulsa, USA) was used to carry out statistical analysis of
data through an analysis of variance (ANOVA) and Tukey test, using a level of 95%
confidence. All analyzes were performed in triplicate and the results expressed with the mean
* standard deviation.

3. Results and Discussion
3.1 Mechanical Properties

The thickness, tensile strength (TS) and elongation at break (EAB) of the films are
shown in Table 1. The LDPE film differed significantly (p < 0.05) when compared to the
active films (Table 1), since it presents lower thickness, an higher values for tensile strength
(TS) and elongation at break (EAB). Behavior similar to that found in the literature when
evaluated LDPE films, with values varying between 13.26 £ 1.84 MPa and 17.88 £ 1.69 MPA
and 314.68 + 78.01%, 431 + 23.20% for EAB (Azlin-Hasim, Cruz-Romero, Morris,
Cummins, & Kerry, 2015; Jokar, Abdul Rahman, Ibrahim, Abdullah, & Tan, 2012; Martinez-
Camacho et al., 2013; Sun, Lu, Qiu, & Tang, 2017).



86

Table 1. Tensile strength (TS), Elongation at break (EAB) and Thickness of films added -

carotene free or [3-carotene nanocapsules.

Sample Thickness (mm) TS (MPa) EAB (%)
LPDE 0.045 + 0.001¢ 18.42 +0.062 399.94 + 0.05°
CSF 0.123 +0.004° 3.09+0.10° 134.59 + 2,691
BC2% 0.126 + 0.009° 2.60 +0.07° 101.18 + 5.34%
BC5% 0.129 + 0.003¢ 2.66 + 0.04° 84.95 + 10.78°f
BC8% 0.127 +0.007¢ 2.53 +0.23¢ 61.80 + 8.23"
BCN2% 0.142 + 0.002° 2.74 +0.19" 237.81 + 7.49°
BCN5% 0.157 +0.0022 2.56 + 0.15° 311.82 +6.73°
BCN8% 0.156 + 0.003? 2.63 +0.18° 319.74 + 3.35°

Values are represented as mean * standard deviation. Different letters within the same column indicates
significant differences (p < 0.05).
LDPE: low density polyethylene films; CSF: cassava starch films; BC2%: films with 2% free B-carotene; BC5%:

films with 5% free B-carotene; BC8%: films with 8% free P-carotene; BCN2%: films with 2% [-carotene
nanocapsules; BCN5%: films with 5% [-carotene nanocapsules; PCN8%: films with 8% p-carotene

nanocapsules.

The thickness of the films with free B-carotene did not present significant difference
when compared to control film CSF. But, significant difference (p < 0.05) was observed with
the addition of B-carotene nanocapsules in relation to CSF, with increase the thickness of
0.142 £ 0.002 mm to 0.156 £+ 0.003 mm, for the films BCN2% and BCN8%, respectively. The
increase of thickness is related to nanocapsules concentration in the matrix, due to higher
solids concentration added. Similar effect was observed for addition of a-tocopherol
nanocapsules in methylcellulose films (Noronha et al., 2014) and bixin nanocapsules in
cassava starch films (Pagno et al., 2016), increasing the addition of nanocapsules with poly-¢-
caprolactone (PCL) led to increase thickness of active films when compared to control films.

The addition of free B-carotene decreases significant (p < 0.05) decrease in TS and
EAB (Table 1). This reduction is related to hydrophobic character of natural antioxidant, with
a reduction of approximately 54% (EAB) for BC8%. Significant difference were not observed
(p > 0.05) for TS between the films containing B-carotene nanocapsules or free -carotene,
however, significant increase (p < 0.05) of EAB was observed for films with B-carotene
nanocapsules in relation to the free antioxidant film and the CSF film. The increase of EAB of
the films may be related to the carotenoid encapsulation technique, that can provide the

solubility of hydrophobic compounds in water, thus decreasing the incompatibility of the
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polymer matrix with the added natural antioxidant free (da Silva et al., 2016; dos Santos et al.,
2015; Reis et al., 2015). Similar effect was observed by Pagno et al. (2016) and Noronha et al.
(2014) for the greater concentrations of the additives, with reduction of 84 % for TS and 82 %
for EAB with the addition of bixin nanocapsules in cassava starch films and 60 % for TS and
40 % for EAB of the methylcellulose films with a-tocopherol nanocapsules in relation to the
control films, respectively.

In developing of films with poly-e-caprolactone (PCL) and starch plasticized with
glycerol, Ortgega-Toro et al. (2015) observed decrease in TS (10.4 = 1.9 to 1.5 MPa) and
increase in EAB (28 £ 10 to 53.5 + 5 %), for the control film and film with 5 % PCL, stored
for one week, respectively, with a plasticizer effect and more flexible and stable films, same
with the obtaining of a heterogeneous structure in relation to the control film. The presence of
PCL or surfactants used in the production of the nanocapsules may have acted synergistically
with glycerol, which conferred plasticizing action, modifying the interaction between the
film-forming agents, which increased the spacing between macromolecule chains and
elongation of films. Rodriguez, Osés, Ziani, & Maté (2006)observed a synergistic effect of
addition of 5 % surfactants (Tween 20, Span 80 or soy lecithin) in the presence of glycerol
(20 %) in starch films, with TS between 2.4 + 0.3 MPa at 7.3 £ 1.6 MPa and 21.1 £ 9.5 % at
31.5 £ 5.7 % for EAB, while the film with glycerol without surfactants showed 20.3 + 4.9
MPa and 12.1 + 6.8 %, with the increase of EAB and decrease of TS.

Similar behavior was observed for the films with addition of 5 % and 8 % of free or
nanoencapsulated B-carotene for the TS and EAB, thus, the films BC5% and BCN5% were
observed by optical microscopy and scanning electron microscopy (Figure 1). The control
film (CSF) had a uniform, compact and cohesive structure, without the presence of cracks or
pores along the matrix. The decrease of mechanical properties is related to heterogeneous
structure and interruption in the continuity of the polymer matrix, result of random
distribution of hydrophobic antioxidant and lower affinity with the hydrophilic matrix (Fig. 1
d-f). Behavior similar to that observed in cassava starch films added with rosemary extract, in
which the increase of extract concentration led to the obtaining of films with cracks and lower
homogeneity. The lower interaction between the antioxidant additive and the matrix resulted

in a decrease in the mechanical properties of the films (Pifieros-Hernandez et al., 2017).
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Sku X1, 808 18mm

Fig. 1. Optical microscopy, surface scanning electron microscopy and cross section of films
((a-c) CSF; (d-f) BC5%; (g-1) BCN5%).

The addition of B-carotene nanocapsules presented homogeneous distribution in the
matrix (Fig. 1g), demonstrating greater affinity of the nanoencapsulated antioxidant with
polymer of films, when compared to the addition of the free antioxidant (Fig 1d). The BCN5%
film presented a smooth surface with the presence of pores in structure, which resulted in the
increase in water vapor permeability of films with 3-carotene nanocapsules, related to higher
affinity and interaction between the complex starch-nanocapsules-water. The micrograph of
the cross section (Fig. 1i) demonstrated presence of structure less uniform compared with
CSF film (Fig. 1c), which may be related to the lower miscibility of the nanocapsules in the
filmogenic solution after the gelatinization process of starch. Similar effect was observed in
the production of methylcellulose and cassava starch films added with «a-tocopherol
nanocapsules and bixin nanocapsules, respectively, increasing the concentration of
nanocapsules, led to obtaining films with not homogeneous and the presence of cracks, and
films with a-tocopherol nanocapsules had a structure with higher porosity due to the lower
miscibility of the nanocapsules in the polymer matrix (Noronha et al., 2014; Pagno et al.,
2016).
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3.2 Water vapor permeability (WVP), Moisture Content (MC) and Water Solubility (WS).

The WVP, MC and WS are present in Table 2. The increase in the concentration of
free B-carotene did not present significant difference as WVP when compared to the CSF
film, where the hydrophilic character did not decrease the permeability through the films, with

average of 0.37 g mm m2 h't kPa.

Table 2. Water vapor permeability (WVP), Moisture Content (MC) and Water Solubility

(WS) of films added free B-carotene or f-carotene nanocapsules.

WVP
Sample MC (% WS (%
P (g mm m?h'kPa?) *) %)
LPDE 0.01 +0.01° - -

CSF 0.36 + 0.05% 11.50 + 0.70° 17.88 + 0.16°
BC2% 0.39 + 0.02% 12.42 +0,50% 17.56 + 1.45°
BC5% 0.36 +0.03° 13.94 + 0,292 19.45 + 1.06%
BC8% 0.37 £ 0.04° 13.63 + 0.98? 17.63 £ 0.81°

BCN2% 0.45 + 0.022 12.57 + 0.45% 21.48 + 0.60?
BCN5% 0.44 + 0.052 13.74 + 0.742 18.79 + 1.75%
BCN8% 0.44 +0.03? 12.19 + 0.512 19.51 + 0,392

Values are represented as mean + standard deviation. Different letters within the same column indicates
significant differences (p < 0.05).
LDPE: low density polyethylene films; CSF: cassava starch films; BC2%: films with 2% free lycopene; BC5%:

films with 5% free B-carotene; BC8%: films with 8% free P-carotene; BCN2%: films with 2% [-carotene
nanocapsules; BCN5%: films with 5% [-carotene nanocapsules; PCN8%: films with 8% p-carotene

nanocapsules.

Films added of B-carotene nanocapsules presented higher permeability to water vapor
when compared to LDPE, CSF and free 3-carotene films (p < 0.05), not differing between the
different concentrations of nanocapsules added. This result can be related to the hydrophilic
character of nanocapsules, associated to the greater availability of hydroxyl groups for water
binding, which allied to the hydrophilicity of the polymer matrix allows greater permeability
through the films.

Another factor that suggests the increase of the permeability was the obtaining of films
with micro pores distributed throughout the surface, which can increase the WVP (Fig. 1).
Pagno et al. (2016) also observed that the increase of WVP of 32 %, besides films with higher
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concentration of nanocapsules presented greater presence of cracks and higher WVP between
all samples. Glycerol, a plasticizer with a hydrophilic characteristic as the polymer matrix,
acts between the starch chains and promotes greater mobility, as well as the greater interaction
between glycerol-starch-water and the increase of WVP (Rodriguez et al., 2006), associated to
greater affinity for the water of the nanocapsules compared to the addition of the free
antioxidant.

No significant differences were observed between the different concentrations of the
free or nanoencapsulated pigment for moisture content and solubility in water (Table 2). The
moisture and solubility of the films depends on the chemical components of their structure
and their interaction with water, may indicate the intended application (Martins et al., 2012,
Pelissari, Grossmann, Yamashita, & Pineda, 2009). In cassava starch films with addition of
bixin nanocapsules (Pagno et al., 2016), the authors obtained films with solubility ranging
from 16.44 % and 39.27 %, according to the same, the films can be indicated for application
as fresh fruit packaging. In our work the films developed have an average solubility of 19.93
%.

3.3 Optical properties of the films (Color and Light transmission)
Table 3 presents the results of color parameters of films. The values of L*, a*, b* and
AE* show that the increase in free or nanoencapsulated (-carotene concentration, were

significantly higher (p < 0.05) in relation to CSF and LDPE films.

Table 3. Color and Light transmission (%) of the biodegradable cassava starch films.

Color Parameters Light transmission (%)

Sample
L* a* b* AE* 210 nm 500 nm

LPDE 96.77 £0.152 0.01+0.10° 1.52+0.01° 0.61+0.02% 28.67+0.25* 83.75+0,81°
CSF 96.70 £ 0.07®  0.02+0.10° 2.43 +0.06 1.07 £0.02" 9.21+0.60° 82.23+0.75°
BC2%  96.62+0.12%° 0.15+0.02¢ 2.67+0.05" 1.30+0.06° 17.63+0.66° 85.88 +1.64%
BC5% 96.17 £0.33° 0.17+0.01¢ 3.07+0.03¢ 2.37+0.04 11.01+0.45° 86.32+0.572
BC8%  96.29 +0.05 0.15+0.01¢ 3.84+0.13¢ 245+0.09% 5.92+0.42¢ 86.39 +0.85%
BCN2%  94.47 +0.18% 3.47+0.08° 23.68+0.29° 22.44+0.31° 3.83+0.24° 66.96+1.11°
BCN5%  92.15+0.09° 4.46+0.16° 50.59+0.90° 49.38+0.88° 1.84+0.117 48.82+2.66°
BCN8%  91.31+0.14" 514+0.07° 67.85+1.72° 66.63+1.72° 0.28+0.019 34.84+1.45°

Values are represented as mean + standard deviation. Different letters within the same column indicates
significant differences (p < 0.05).



91

LDPE: low density polyethylene films; CSF: cassava starch films; BC2%: films with 2% free lycopene; BC5%:
films with 5% free B-carotene; PC8%: films with 8% free P-carotene; BCN2%: films with 2% p-carotene
nanocapsules; BCN5%: films with 5% [-carotene nanocapsules; PCN8%: films with 8% p-carotene
nanocapsules.

The films LDPE, CSF and the films with addition of free carotenoid presented higher
luminosity (p < 0.05) when compared to films with carotenoid nanocapsules. The decrease in
the L* parameter is associated with the increase in the parameters a*, b* and AE*, in which
the films with the addition of nanocapsules presented higher color intensity according to the

increase of the antioxidant concentration (Fig. 1).

a b ¢ d e f g

Fig. 1. Visual aspect of biodegradable films CSF (a), BC2% (b), BC5% (c), PC8% (d),
BCN2% (e), BCN5% (f), BCN8% (g).

The films with nanocapsules of B-carotene presented yellow coloration, with a gradual
increase of the intensity according to the increase of the concentration. Yellow films are
related to the color of the nanocapsules (L* = 72.16 + 0.05, a* = -5.83 £ 0.05 and b* = 44.87
+ 0.11), associated with the characteristic color that carotenoids are able to confer (Da Silva et
al., 2016).

The addition of nanocapsules provided the increase of the parameters a* and b¥*,
contributed to the significant increase of 98.39 % of AE*, ranged from 1.07 = 0.02 to 66.63 +
1.72, for the CSF and BCN8% films, respectively. Obtaining films with higher color intensity
also contributed to lower UV light transmission (210 nm) and visible (500 nm) (Table 3).
LDPE and CSF films presented higher light transmission at both wavelengths when compared
to films with -carotene nanocapsules (p < 0.05).

Pagno et al. (2016) and Noronha et al. (2014) reported that the addition of bixin
nanocapsules in cassava starch films and a-tocopherol nanocapsules in methylcellulose films
led to an increase in the yellow color intensity of films, with a significant increase of the b*
parameter. There was a significant reduction of UV/Vis light transmission, which indicates

the protective character of the films at both wavelengths and potential application as food
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packaging for the barrier to lipid oxidation induced by light. The effect similar to that found
for the addition of nanocapsules of f-carotene, which demonstrates the obtaining of active
packages with the addition of natural antioxidant and reduction of the light transmission when

compared to the films LDPE, CSF and films with addition of the free antioxidant.
3.4 Selection of biodegradable films for characterization

High concentration of free B-carotene led to a significant reduction of TS and EAB,
contrary addition of B-carotene nanocapsules that caused the increase of EAB, with more
flexible packaging. Significant differences in WVP values were not observed when free or
nanoencapsulated antioxidant were added, but with good barrier to UV/Vis light transmission.
The films BC5% and BCN5% were selected and characterized in relation to thermal stability
(TGA), application as active packaging for sunflower oil storage under accelerated oxidation

condition and biodegradability.
3.4.1 Thermogravimetric analysis (TGA)

The thermal degradation curve of films are presented in Figure 3. The addition of the
antioxidant did not change the thermal stability of films when subjected to different

temperatures, with stability up to approximately 250 °C.
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Fig. 3. Thermogravimetric analysis curves of the biodegradable cassava starch films.
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The weight loss during thermogravimetric analysis (TGA) presented three
characteristic stages, which are described in the literature for the thermal stability of starch
films with addition of glycerol as plasticizer (Pifieros-Hernandez et al., 2017; Medina
Jaramillo et al., 2016; Pagno et al., 2016). The first stage of thermal degradation occurred up
to 150 ° C, related to the loss of water or volatile compounds bound to polymer matrix, the
estimated amount of water desorbed was nearly 12 %. The second stage occurred between
150 °C and 260 °C, characterized by weight loss through the decomposition of glycerol and
beginning of partial decomposition of the starch (Pifieros-Hernandez et al., 2017; Jaramillo et
al., 2016). The third and main stage occurred between 260 °C and 350 °C, which corresponds
to the sequence of the degradation of the starch initiated in the previous stage and organic
phase desorption (65-70 %). The final residue was 6 %, 3 % and 4 % for the films CSF,
BC5% and BCN5%, respectively. With a small increase for the film with the addition the
nanoencapsulated antioxidant to the free antioxidant, which may be related to the residue of

degradation of the polymers used for carotenoid encapsulation (Pagno et al., 2016).

3.4.2 Acceleration of oxidative rancidity in sunflower oil: antioxidant effect of films

Figure 4 presents the changes in the peroxide value (PV) expressed in mEq Kg*, of
sunflower oil packaged in bags made with the films containing nanoencapsulated or free
antioxidant, control films(CSF), control without protection (WP), closed control (CP) and low
density polyethylene (LDPE). All films containing nanoencapsulated or free antioxidant and
CSF retarded the lipid oxidation of sunflower oil during the study period. The sunflower oil
used in the tests presented an initial PV of 1.92 + 0.15 mEq Kg, reached values of 188.16 +
3.56 mEq Kg™ for WP package after 30 days of storage, resulting in the higher susceptibility
and lower induction period for the formation of the oxidation products against the study

conditions.
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Fig. 4. Increased peroxide value of the sunflower oil peroxide value stored under accelerated
oxidation condition

Because of the lower stability of the free carotenoid in the starch film, was observed
on the third day the loss of color the BC5% film, that presented similar behavior to the CSF
film. This result may be related to the higher light transmission of films after the degradation
of the pigment, the carotenoids in their free form presented low stability when subjected to
light and temperature combination, which possibly had a similar effect to the CSF film.

The biodegradable films had a greater protective effect on sunflower oil when
compared to other packages. The CSF and BC5% films presented PV of 9.12 + 0.65 mEq Kg™
and 9.31 + 1.23 mEq Kg* after 30 days of storage, respectively, below that established by the
Codex Alimentarius for refined oil (10 mEq Kg?). However, the BCN5% film showed a
broader protective effect, with significant difference (p < 0.05) and PV of 6.72 + 0.52 mEq
Kg™. This greater protective effect on sunflower oil is related to the antioxidant activity and
the greater stability of the nanoencapsulated carotenoid. Another factor that may be related to
stability is the lower UV light transmission (210 nm) and visible (500 nm) (Table 3), where
BCN5% film presented lower transmission at both wavelengths in relation to CSF films and
B5%. Souza et al. (2011) observed that the starch film without antioxidant addition provided
higher stability to palm oil stored under accelerated oxidation condition after 45 days (30 °C
and 63 % RH) when compared to the LDPE film, behavior also found for the storage of
sunflower oil.

Cassava starch films with the addition of bixin nanocapsules showed higher sunflower

oil protection during storage when compared to stored oil without packaging or in closed
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transparent plastic bottle stored at 35 °C, 63 % RH and light incidence for 13 days, with PV
below 10 mEq Kg* (Pagno et al., 2016). Behavior was similar to that found in this study,
where the addition of nanoencapsulated B-carotene provided a more significant protective
effect on sunflower oil.

During the oxidation process occurs the formation of peroxides, due to the presence of
polyunsaturated fatty acids, that can be determined through PV. However, the formation and
concentration of primary oxidation products can vary with the treatment conditions, oil
composition and stability of these compounds, where their determination can assist in
monitoring the quality and subsequent formation of secondary oxidation compounds (Sadoudi
et al., 2014; Poiana, 2012; Mohdaly et al., 2011).

The formation of the primary and secondary oxidation products of sunflower oil
increased during storage, which occurs in parallel with the oxidation mechanism and the
determination of peroxide value. Another factor related to instability is the high content of
linoleic acid in sunflower oil, susceptible to oxidation reactions when subjected to different
factors such as light and temperature. The initial content of conjugated dienes and trienes for
sunflower oil was 0.31 + 0.01g/100mL and 2.06 + 0.02g/100mL, respectively, where
formation occurred as follows: WP> LDPE> CP> CSF> BC5%> BCN5% (Fig. 5). The
biodegradable films showed less formation when compared to the other packages, a behavior
similar to that observed for PV. The results showed the protective character of the
biodegradable films, especially the film PBCN5%, with protection in both wavelengths
(UV/Vis) and potential application as active packaging for foods that have a high content of

lipids in their composition.
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3.4.3 Biodegradability: indoor soil burial degradation

The films before and after 15 days of the biodegradation process is shown in Fig. 6.
The visual analysis of the films showed rapid biodegradability in the soil after 15 days when
compared to the beginning of the experiment. Significant differences were not observed in the
biodegradation of developed films, with average degradation of 60 % at the end of analysis,
showing that the addition of free or nanoencapsulated carotenoid can be used to obtain active

cassava starch packages without significantly altering the biodegradability.

CSF BC5%  PCN5%

Day 15

Fig. 6. Appearance of films at first day and after 15 das of biodegradability.

The process of biodegradation is affected by different factors, such as the nature of the
polymer, film thickness and water solubility, soil conditions (moisture, pH, microorganisms)
and temperature (Mohee et al., 2008; Torres et al., 2011; Nguyen et al., 2016; Colussi et al.,
2017). The rapid biodegradability may be related to hydrophilicity and water solubility, in
which the films presented on average 20% of solubility, which assists in a greater water
absorption and activity, microorganism growth and matrix disintegration during the process.
During the biodegradation the microorganisms present naturally in the soil degrade the
material, a associated to the breaking of the bonds present in the starch structure and glycerol
leaching, which leads to weight loss and visible changes in the matrix (Torres et al., 2011).

In films of cassava starch added of rosemary extract, Pifieros-Hernandez et al. (2017)
observed the beginning of weight loss and alteration of the matrix after 7 days and the
increase of the biodegradation after 14 days, where the films with addition of the antioxidant

presented structure better preserved in relation to the control film.
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In another study, Medina Jaramillo et al., (2016) observed that cassava starch films
with addition of yerba mate extract also showed rapid biodegradability, by changing the
structure of the films after 6 days and almost completely biodegraded after 12 days, where
addition of the antioxidant extract did not affect the biodegradation process and proves to be
an alternative to using of non-biodegradable polymers and the development of active
packaging.

4. Conclusion

[-carotene may represent an excellent natural antioxidant for the development of
biodegradable films with antioxidant activity. Nanoencapsulation showed better compatibility
with the matrix, trough the addition of the antioxidant in the nanometric scale with greater
stability and solubility in comparison to the free antioxidant. The results showed that the
oxidation rate of sunflower oil was influenced by the packaging used, where the BCN5% film
presented lower formation of oxidation products, higher UV/Vis light barrier and potential
application as active packaging for food with high content of lipids. The addition of
nanocapsules led to films with greater elongation at break, homogeneous distribution in the
polymer matrix, with rapid biodegradability and without altering the thermal stability of the
films, which may aid in the development of active packages with greater flexibility.
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Abstract

Lycopene and B-carotene are pigments with antioxidant activity related to the presence of
conjugated double bonds in their structure, in which B-carotene also has vitamin A activity.
Carotenoids may be added as color additives or natural antioxidants, however, the addition of
these compounds may alter the properties of foods. Another form for use as a natural
antioxidant may be through the development of active packaging. The objective of this work
was to evaluate the protective effect of films with free or nanoencapsulated lycopene and B-
carotene on the oxidative stability of butter during storage (15 °C). The samples were stored
under fluorescent light (900-1000 lux), and stability of butter was evaluated by determination
of peroxide index (PI), conjugated dienes and conjugated trienes. Biodegradable films have a
higher protective effect when compared to low density polyethylene film (LDPE); however,
films with the addition of 5% of lycopene or -carotene nanocapsules have a better effect. The
samples stored in the films with nanocapsules presented lower oxidation (PI) and formation of
secondary oxidation products. Biodegradable films with natural antioxidants can be an
alternative to use as packaging, which can contribute to the maintenance of quality and

stability of food during storage.

Keywords: Active packaging; carotenoids; storage; butter; oxidation.
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1. Introduction

Oxidation is one of the main problems related to the stability of high fat foods. Dairy
products such as butter, with a water-in-oil emulsion structure, have a high content of fatty
acids (saturated, monounsaturated and polyunsaturated fatty acids). The fatty acid profile may
vary according to the composition of milk, animal, and nutrition, wherein the butter generally
has palmitic acid (C16:0), myristic acid (C14:0), stearic acid (C18:0), (C18:1) and linoleic
acid (C18:2) in its composition (Mallia et al., 2008; Samet-Bali et al., 2009; Karabulut, 2010;
Senel et al., 2011). Factors such as temperature, light, and content of unsaturated fatty acids
may contribute to the instability of these foods, with a change in flavor, aroma, and texture
during the oxidation process.

During the oxidation of polyunsaturated fatty acids occurs the formation of primary
and secondary products, such as peroxides, hydrocarbons, ketones and aldehydes (Mallia et
al., 2008). For maintenance of the stability and quality of food during storage synthetic
antioxidants are generally used, such as BHA (butylated hydroxyanisole) and BHT (butylated
hydroxytoluene), which show great effect as a barrier to oxidation (Ozturk e Cakmakci, 2006;
Mohdaly et al., 2011). However, there is interest in the substitution of synthetic antioxidants
by natural antioxidants or foods without addition of these compounds, associated with their
ingestion and toxicity with some diseases (Botterweck et al., 2000; Sasaki et al., 2002;
Barlow e Schlatter, 2010; Dolatabadi e Kashanian, 2010).

Another factor that may contribute to food stability is the use of packaging that show
less contact of the product with oxygen or exposure to light. Butter is usually stored in plastic
packaging or metal packaging under refrigeration, for maintenance of the structure, less light
transmission and higher stability of polyunsaturated fatty acids to photooxidation. The
packaging used to pack and store food is mostly obtained from non-renewable sources, such
as plastic packaging derived from petroleum. However, the increase in the use of non-
biodegradable packaging and the accumulation of this material leads to increase demand for
renewable sources for the development of packaging. Biodegradable films are an alternative
to the use of non-biodegradable plastic packaging, which presents greater and faster
biodegradability when compared to these materials (Mohee et al., 2008; Medina Jaramillo et
al., 2016; Nguyen et al., 2016).

Considering the oxidation process as one of the main problems related to deterioration,
it is studied the use of natural antioxidants in the development of biodegradable films. The

addition of natural antioxidant compounds can improve the functional properties of the films
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through the development of active packaging with antioxidant activity (Martins et al., 2012;
Bonilla et al., 2013; Medina Jaramillo et al., 2016; Pifieros-Hernandez et al., 2017), with
potential use as packaging for foods with high fat content or obtaining products without
adding antioxidants. Films with antioxidant activity may provide higher stability of high fat
foods during storage, such as the stability of palm oil packed in starch films with mate herb
extract and mango pulp (Reis et al., 2015), lower oxidation of sunflower oil stored in cassava
starch starch films with bixin nanocapsules (Pagno et al., 2016), Films with a-tocopherol
nanocapsules showed higher antioxidant activity according to the increase of the additive
concentration (Noronha et al., 2014), cassava starch films with green tea extract and palm oil
in butter storage (Perazzo et al., 2014) and stability to oxidation of potato chips stored in films
of chitosan with ferulic acid (Woranuch et al., 2015).

Among the natural compounds, carotenoids are pigments that have high antioxidant
activity related to the presence of conjugated double bonds in their structure, such as f-
carotene and lycopene. f-carotene presents a structure composed of 11 conjugated double
bonds and the presence of two B-ionone rings, with antioxidant and pro-vitamin A activity, in
which lycopene is an acyclic carotenoid with no vitamin activity. In food systems, these
compounds can be added as color agents or antioxidants, with effect on the oxidation process
through the barrier to the formation of peroxides and hydroperoxides, with increased stability
during storage (Karabulut, 2010; Kaur et al., 2011; Siwach et al., 2016). These pigments can
be added in the free form in the development of biodegradable films, but an alternative for the
addition of hydrophobic compounds in hydrophilic matrices may be through the
nanoencapsulation technique. Through the nanoencapsulation, the natural compounds can
present greater solubility in water and stability to several factors (light, temperature, and
oxidation), which provides the use in different food matrices (Lobato et al., 2013; Dos Santos
et al., 2015; Da Silva et al., 2016). The addition of bixin nanocapsules in cassava starch films
and a-tocopherol nanocapsules in methylcellulose films showed a greater barrier to UV / Vis
light transmission and antioxidant activity of films (Noronha et al., 2014; Pagno et al., 2016).
Studies have shown the potential use of biodegradable packaging in the storage of high fat
foods, however, there is not much information on the storage of butter in biodegradable films
with natural antioxidants. The objective of this work was to evaluate the oxidative stability of
butter during storage in biodegradable films with the addition of free and nanoencapsulated

lycopene or -carotene.

2. Materials and methods
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2.1 Materials

Tomatoes and carrots used to extract lycopene and B-carotene, cassava starch (Yoki
Alimentos, Sdo Paulo, Brazil), butter without antioxidants and low-density polyethylene film
were obtained from a local market in Porto Alegre, Brazil. Poly e-caprolactone (PCL) and
sorbitan monostearate were purchased from Sigma (St. Louis, MO, USA). The surfactant
polysorbate 80 and triglycrtides (capric/caprylic) were purchased from Delaware (Porto

Alegre, Brazil). Glycerol (Merk, Brazil) was used as plasticizer.

2.2 Extraction of carotenoids

The natural antioxidants lycopene and B-carotene were obtained from the extraction
from tomatoes and carrots, respectively, according to the methodology described by Nunes &
Mercadante (2004), with some modifications. Carotenoids were obtained from 600 g of each
sample, using ethyl acetate as the solvent (1000 mL). Extraction was performed in two steps
under mechanical stirring, each for 120 min. After each extraction step, the extract obtained
was filtered and concentrated under reduced pressure through a rotary evaporator (Fisatom
model 801/802, S&o Paulo, SP, Brazil). Until this stage, the extract was obtained with the free
natural antioxidant, in which the crystals for the production of the nanocapsules the extract
was totally dry and submitted to the crystallization process. In an ice bath, the extract was
slowly added dichloromethane (5 mL), then 99.7% ethanol (20 mL) was added. The crystals
were obtained from storage at -18 °C for 12 h, then filtered, washed with 99.7% ethanol (50
mL) and dried under reduced pressure (T < 30 °C).

2.3 Production of nanocapsules

The nanocapsules of lycopene or p-carotene were obtained from the interfacial
deposition of preformed polymers according to the methodology described by Dos Santos et
al. (2015) and Da Silva et al. (2016), respectively, with some modifications. The
nanocapsules were obtained from the formation of two phases, the organic phase and the
aqueous phase. For formation of organic phase were used PCL (200 mg), caprylic and capric
triglycerides (300 pL), sorbitan monostearate (76 mg), acetone (48 mL) and ethanol (6 mL),

under magnetic stirring for 30 min (40 °C). Natural antioxidants were added to the acetone
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volume. After the solubilization of the polymers the organic phase, this was injected into the
aqueous phase containing polysorbate 80 (154 mg) and ultrapure water (106 mL) under
magnetic stirring for 10 min. The solution was concentrated under reduced pressure to the
final volume of 20 mL. The lycopene nanocapsules had a mean diameter of 193 nm and the -

carotene nanocapsules of 0.286 nm, both with an optimal concentration of 85 pg/mL.

2.4 Film preparation

The biodegradable films were developed according to the casting technique, by
gelatinization of the cassava starch in distilled water (4 g/100 g of solution). The solution was
gelatinized in a water bath at 80 °C for 30 minutes under constant stirring. After gelatinization
of the starch, the glycerol was then added (0.25 g / g starch). Free or nanoencapsulated
lycopene and B-carotene were added to 5% in the filmogenic solution after cooling (35 °C).
The solution was placed in polystyrene Petri dishes (0.39 g/cm?) and oven dried with forced
air circulation (DeLeo B5SAFD) at 35 °C for 20 hours. Lycopene or B-carotene were added to
5% in the solution filmogenic, free or nanoencapsulated. The films were identified as LF (5 %
free lycopene), LN (5 % lycopene nanocapsules), BCF (5 % free B-carotene) and BCN (5 % B-
carotene nanocapsules). Cassava starch film without addition of antioxidants (CSF) and a low
density polyethylene film (PF) were used as controls. The concentration of 5% of lycopene or
B-carotene, free and nanoencapsulated, was defined through a previous work, in this
concentration of carotenoids showed better results from the characterization of biodegradable
films. The films with free lycopene or nanoencapsulated presented the following parameters:
thickness of 0.121 + 0.0080 mm and 0.143 £+ 0.0070 mm, the tensile strength of 2.43 + 0.18
MPa and 2.92 + 0.07 MPa, elongation at break of 62.60 £ 0.41% and 190.73 + 0.96%,
respectively. For films with free B-carotene or nanoencapsulated, the characteristics are: 0.129
+ 0.003 mm and 0.157 £ 0.0023 mm thick, 2.66 = 0.04 MPa and 2.56 + 0.15 MPa of tensile
strength, 84.95 + 10.78% and 311.82 * 6.73%, respectively.

2.5 Oxidative stability of butter during storage

To evaluate the protective effect of the films as active packaging for foods with high
fat content was used butter without the addition of synthetic antioxidants. The films were cut
into rectangles (10 mm x 10 mm) and sealed on the sides (Fastvac, F 200 Flash, Brazil), 20 g

butter was added and sealed at the top (Figure 1). The samples were stored in a chamber
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(Tecnal, TE-402, Brazil) under fluorescent light intensity of 900-1000 lux (Luxometer VA
Instrument, MS6610, China) at 15 °C and relative humidity of approximately 60 %. The
stability of the butter was determined at 0, 1, 2, 3 and 4 hours. As control butter was stored in
the cassava starch film without the addition of natural antioxidants (CSF) and low density
polyethylene film (PF). To determine the oxidative stability, the sample was heated in a 50 °
C bath until complete dissolution and separation of the phases. The remaining heating oil was
used to determine peroxide index (Pl) (IUPAC, 1987), conjugated dienes and conjugated
trienes (European Regulation EC 2568/91).

Figure 1. Butter stored in the films of PF (a), CSF (b), LF (c), LN (d), BCF (e) and BCN (f).
2.6 Statistical analyses

The statistical analysis of the data was performed trough analysis of variance
(ANOVA) and significant differences were evaluated by the Tukey's test at a significant level
of p <0.05, using a statistical program Statistica 12.0 (StatSoft, Inc., Tulsa, USA).
3. Results and Discussion
3.1 Oxidative stability of butter during storage

Foods with a high fat content may change flavor and texture, resulting from the

oxidation of polyunsaturated fatty acids when exposed to heat treatments or presence of light.

Synthetic antioxidants are generally used for maintenance the stability of food during storage.
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However, there was an increase in the interest in the substitution of synthetic antioxidants by
natural antioxidants or the obtainment of products without the addition these compounds. To
aid the stability of food without the addition of antioxidants, natural antioxidants can be added
to the development of active packaging, which presents interaction with the product and
maintenance of quality parameters during storage. The determination of peroxide index (PI) is
used to analyze lipid stability and oxidation through the formation of primary oxidation
products (Ozkan et al., 2007). The protective effect of films on butter stability stored under
accelerated oxidation condition is shown in Figure 2. The PI presented different behavior
among the types of packages, the butter stored with PF film showed rapid formation of
oxidation products, UV/Vis light transmission and a higher final Pl content at the end of the
study, 2.04 + 0.03 mEq kg. Gongalves and Baggio (2012) evaluated the quality of butter
obtained from different locations (Brazil, France, and Argentina), and observed that the
oxidative stability (PI) varied between 0.35 + 0.24 mEq kg and 1.80 + 0.36 mEq kg™. The
high PI was found for butter stored in transparent plastic packaging, where the stability of the
product may be related to the high content of lipids (saturated, monounsaturated and
polyunsaturated fatty acids) and the packaging used. Butter is stored in metallic packaging for
a greater barrier to the transmission of UV/Vis light, in which the presence of unsaturated
fatty acids in its composition may present greater susceptibility to photooxidation when
subjected to the presence of light.
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Figure 2. Oxidative stability of butter stored in different packaging at 15 °C and light.
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The PI increased as a function of storage time for all biodegradable films. However,
LN and BCN had no detectable content in the first hour of storage. After this period there was
a gradual increase, with similar behavior between the biodegradable films. This effect may be
related to the antioxidant action of the added carotenoids and the high barrier of UV/Vis light
through the addition of nanocapsules, with a greater barrier in both wavelengths when
compared to the other packaging, from 0.51 + 0.01% (210 nm) and 46.47 + 1.75% (500 nm)
and 1.84 + 0.11% (210 nm) and 48.82 + 2.66% (500 nm) for films with lycopene or -
carotene nanoencapsulated, respectively. In the development of cassava starch films with the
addition of bixin nanocapsules, Pagno et al. (2016) observed protective effect on oxidation of
sunflower oil stored under accelerated oxidation condition, with a lower formation of primary
oxidation products for films with the addition of 2 %, 5 %, and 8 % of nanocapsules. The
protective effect of the films may be related to higher opacity as a result of increased color
intensity according to the concentration of nanocapsules added. With opacity of 38.9 + 1.1 A
mm™? at 210 nm and 18.1 + 1.2 A mm™ at 500 nm for the film with 8% of the natural
antioxidant. Siwach et al. (2016) observed that addition of lycopene extract at different
concentrations in anhydrous cow milk fat showed a protective effect on oxidation. There was
an increase of 1.9 + 0.6 mEq kg* for the sample without antioxidant addition and 1.20 + 0.9
mEq kg for the highest concentration of extract added (150 ppm). The addition of lycopene
extract also showed protective effect on the content free fatty acids and thiobarbituric acid
about to the control, which indicates that addition of natural antioxidants can aid in stability
and quality foods with high fat content during storage.

Products derived from milk, such as fat, are composed of phospholipids and
triacylglycerols, with approximately 69% of saturated fatty acids, 27% to 34% of
monounsaturated fatty acids and 2.5% to 3% of polyunsaturated fatty acids, such as linoleic
acid. The butter obtained from the milk also presents phospholipids and triacylglycerols with
the structure obtained through the water-oil emulsion, in which the phospholipids have a
lower stability about triacylglycerols, in which the presence of polyunsaturated fatty acids
increases the susceptibility to oxidation (Papadopoulou e Roussis, 2007; Soulti e Roussis,
2007).. The samples stored in the CSF and BCF presented a higher rate of formation of
primary oxidation products when compared to LF films, with Pl of 1.66 + 0.11 mEq kg™, 1.48
+0.07 mEq kg and 1.29 + 0.09 mEq kg™, respectively. This behavior may be related to the
degradation of free [3-carotene as a result of the light incidence and loss of color of the films
after the beginning of the study, in which the film with free lycopene presented slight stability

and protection of the oxidation of the butter.
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Cassava starch films added with green tea and palm oil extracts showed protective
effect on butter stability during storage without light at 30 °C. Butter stored without
packaging had higher Pl when compared to the samples stored in the film without
antioxidants and in PF, with an increase of 692.00 %, 559.21 % and 583.73 % after 45 days,
respectively. The sample stored in the film with the addition of green tea extract had Pl of
3.294 mEq kg and the film with the addition of palm oil extract of 3.980 mEq kg™, in which
the addition of green tea extract presented greater protective effect when compared to the
addition of palm oil extract. There was a decrease in the content of carotenoids, polyphenols,
and flavonoids present in the films during storage, which may be related to the interaction
between the additives and the product, reaction with the oxygen and antioxidant effect on the
oxidative stability of the butter (Perazzo et al., 2014). Behavior similar to that found in this
study, in which the increase in the peroxide index occurred in the following order
LDPE<CSF< BC5%<L5%<BCN5%<LN5%. The use of natural antioxidants in the
development of active biodegradable packaging can provide greater stability during food
storage, with the maintenance of quality and increase shelf life.

Pl analysis is used to determine the formation of primary oxidation products, however,
does not indicate the secondary products (Samet-Bali et al., 2009). The concentration of
conjugated dienes and conjugated trienes increased according to the storage. However, the
samples stored in BCN5% and LN5% showed a lower formation of secondary products of
oxidation (p < 0.05), which demonstrates the protective effect of films as active packaging
(Figure 3). This result is in agreement with PI, the films with nanocapsules showed higher
oxidation stability, barrier UV/Vis light transmission and the antioxidant effect of the

carotenoids added.
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Figura 3. Content of conjugated dienes (a) and conjugated trienes (b) during storage of butter.
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When evaluating the stability of traditional Tunisian butter obtained from cow's milk,
Samet-Bali et al. (2009) observed an increase in the peroxide content during storage at 60 °C
without light, with loss of emulsion and obtaining oil, related to storage temperature. The oil
had the lowest formation of primary oxidation products up to 14 days of storage (1.495 mEq
kg™), with a significant increase after 45 days (approximately 8 mEq kg™). Behavior similar
to that observed for determination of secondary oxidation products, with higher absorbance at
232 nm after 20 days (approximately 50) and increase from 0.05 to 0.70 at 270 nm. The main
fatty acids present in the butter were palmitic acid (32.04 = 0.12%), stearic acid (18.80 +
0.31%), myristic acid (11.38 = 0.06%) and oleic acid (21.62 = 0.41%), linoleic acid was also
found (2.41 £ 0.01%). The presence of unsaturated fatty acids is related to the stability of the
oil during storage. The peroxide index after 14 days is similar to that found for the samples
stored in the films CSF, BCF and LF (1.29 + 0.09 mEq kg™ at 1.66 + 0.11 mEq kg™) under
light (15 °C).

In the storage of butter with different concentrations of essential oil of Satureja
cilicica (0.5%, 1%, and 2%) at 4 °C and 20 °C without light, Ozkan et al. (2007) observed the
protective effect on oxidative stability according to the increase of the added natural
antioxidant. The higher antioxidant addition showed a better protective effect at both storage
temperatures, with an increase in Pl of 0.35 mEq kg to 0.50 mEq kg and 0.69 mEq kg, at
4 °C and 20 °C after 60 days, respectively. Butter stored without antioxidant presented higher
peroxide index at the end of the study, with a content of 1.00 mEq kg (4 ° C) and 1.14 mEq
kg™ (20 ° C). PI similar to that found after 2h storage for films LN (0.23 mEq kg*) and BCN
(0.65 mEq kgt), with final content of 1.12 + 0.02 mEq kg™ and 1.33 + 0.03 mEq kg after 4 h
of storage under light incidence. The high incidence of light (900-1000 lux) may be related to
the greater effect on the oxidative stability of butter when compared to the storage
temperature (15 °C). Butter are stored under refrigeration temperature for emulsion
maintenance and texture, protected in aluminum foil packaging for less exposure to light and
protection against photooxidation. Biodegradable films with the addition of natural
antioxidants may represent a good alternative for the storage of foods with a high fat content,
with antioxidant activity, a greater barrier to light transmission and protective effect on the

oxidation process.
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4. Conclusion

This study demonstrates that packaging may have an effect on the stability of food
with high content fat, such as butter. The biodegradable LN and BCN films showed the
highest protective effect when compared to PF films, with a lower formation of primary and
secondary oxidation products. The addition of natural nanoencapsulated antioxidants,
lycopene, and B-carotene, may aid in the development of active biodegradable packaging,
with potential application as packaging for foods with high-fat content, stability to added
additives and a greater barrier to transmission of UV/Vis light. More studies can be done to
evaluate the stability and quality of the butter during storage in active biodegradable

packages.
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DISCUSSAO GERAL

O uso de polimeros naturais, como o amido, para o desenvolvimento de filmes
biodegradaveis surge como alternativa para substituir ou minimizar o uso de embalagens nao
biodegradaveis, obtidas em sua maioria a partir de fontes ndo renovaveis, como o petréleo. O
crescente estudo para obtencdo e caracterizacdo de polimeros naturais permite o
desenvolvimento de filmes biodegradaveis com diferentes caracteristicas, incluindo funcdes
basicas como embalar e proteger os alimentos ou atuar como carreadores de compostos
bioativos. A adicdo de compostos bioativos, como antioxidantes naturais, auxilia na obtencéo
de embalagens ativas que apresentam interagcdo com o produto, capaz de conferir maior
protecdo e manutencdo da qualidade durante o armazenamento.

Como alternativa para producdo de filmes ativos os carotenoides podem representar
uma opcao para a adicdo de antioxidantes naturais em substituicdo ao uso de antioxidantes
sintéticos geralmente utilizados. Esses pigmentos recebem grande atencdo por apresentar alta
atividade antioxidante, relacionada a presenca de ligaces duplas conjugadas em sua estrutura.
O licopeno e o B-caroteno sdo encontrados na forma de pigmentos em diversos alimentos,
sendo que as fontes mais conhecidas e com alta concentracdo desses compostos sdo tomates e
cenouras, respectivamente. O uso dessas matérias-primas permite a facil obtencdo de
quantidades significativas, extracdo isolada e alto teor de pureza. Além do uso na forma livre,
pode-se também nanoencapsular esses pigmentos e conferir maior estabilidade, solubilidade e
aplicabilidade em diferentes matrizes, como a adi¢do em filmes para o desenvolvimento de
embalagens com atividade antioxidante. Contudo, é importante a caracterizacdo das
propriedades dos filmes, visto que a adi¢do pode levar a alteracdo da matriz polimérica com
menor ou maior interacao entres as cadeias de amido e o plastificante.

De forma geral, todos os filmes apresentaram caracteristicas especificas a partir da
adicdo de licopeno ou B-caroteno livres e nanoencapsulados, o0 amido de mandioca mostrou
ser uma boa fonte para obtencao de peliculas continuas e biodegradaveis. Os filmes com com
adicdo de 5 % de licopeno ou B-caroteno livres e nanoencapsulados foram caracterizados

guanto as propriedades mecanicas, fisica e de barreira (Tabela 2).
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Tabela 2 - Propriedades dos filmes de polietileno de baixa densidade e filmes biodegradaveis.

Propriedades dos filmes PEBD Controle L5% LN5% pBC5% BCN5%
Umidade (%) - 11,50° 10,68° 13,46% 13,94% 13,732
Solubilidade (%) - 17,88 15,18° 20,35° 19,45° 18,79"

Permeabilidade ao vapor de dgua

0,01¢ 0,36° 0,31° 0,55 0,36° 0,44°
(g mm/h m? kPa)

Espessura (mm) 0,0045¢ 0,123 0,121° 0,143* 0,129° 0,157?
Trac&o na ruptura (MPa) 18,42%  3,09° 243¢ 292¢ 2669 256
Elongacao na ruptura (%) 399,94% 134,599 62,600 190,73° 84,95° 311,82°
Diferenca de cor 0,61f 1,07 346° 26,91° 1,309 49,38
Transmissao de luz

28,67 921° 470 051" 7,63 1.84°
(210 nm)
Transmissao de luz

83,75 82,23" 79,77° 46,37 8588% 48,821
(500 nm)
Estabilidade térmica - Sim Sim Sim Sim Sim
Estrutura homogénea - Sim Nao Sim Néo Sim
Biodegradabilidade (15 dias) Né&o Sim Sim Sim Sim Sim

indice de perdxidos do 6leo de
_ ) _ 204,838 2291° 13,76° 5977 9319  6,74°
girassol apos 30 dias (MEQg/KQ)

Diferentes letras na mesma linha indicam diferenca estatisticamente  significativa
(p <0,05).

PEBD: Polietileno de baixa densidade

Controle: Filme de amido de mandioca

L5%: Filme de amido de mandioca com 5 % de licopeno livre

LN5%: Filme de amido de mandioca com 5 % de nanocépsulas de licopeno

BC5%: Filme de amido de mandioca com 5 % de B-caroteno livre

BCNS5%: Filme de amido de mandioca com 5 % de nanocapsulas de 3-caroteno

As embalagens tradicionalmente utilizadas, como o polietileno de baixa de densidade,
apresentam de modo geral melhores caracteristicas, como elevada propriedade mecanica e
baixa permeabilidade ao vapor de agua. Contudo, ndo apresentam protecdo contra a oxidacao,
caracteristica de grande importancia para garantir a qualidade e estabilidade do alimento
embalado.

A adicdo de licopeno ou [-caroteno livres levou a obtencdo de filmes com
caracteristicas semelhantes, com menor espessura, permeabilidade ao vapor de agua e
propriedades mecénicas. A diminuicdo das propriedades mecanicas esta relacionada a menor
interacdo amido-plastificante, resultado da ndo afinidade e distribuicdo aleatoria na matriz
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hidrofilica, com diminuicao deste parametro quando comparado com o filme controle e adi¢do
de nanocépsulas. Contudo, a adigdo de nanocapsulas de licopeno ou B-caroteno mostrou efeito
significativo sobre as propriedades dos filmes, com aumento da espessura, mudanca nas
propriedades mecéanicas, cor, transmissdo de luz, permeabilidade ao vapor de agua e efeito
protetor sobre a oxidagdo do Gleo de girassol. O aumento da espessura dos filmes esta
relacionado ao aumento da concentracdo de solidos adicionados a matriz, em que a presenca
dos polimeros utilizados para encapsulacdo pode contribuir para 0 aumento da espessura. A
presenca de polimeros (poli-e-caprolactona) e surfactantes presentes nas nanocapsulas podem
estar relacionados ao aumento do elongamento dos filmes, em que estes compostos podem
interagir sinergicamente com o plastificante adicionado (glicerol), o que contribuiu para maior
mobilidade da estrutura e obtencdo de filmes com melhor flexibilidade.

Por outro lado, a cor também representa um parametro importante das embalagens, em
que o0 aumento da intensidade de cor é capaz de conferir maior opacidade e menor transmissao
de luz UV/Vis, comportamento observado nos filmes com adi¢do de nanocépsulas de licopeno
ou f-caroteno. A maior barreia a transmissao de luz em ambos 0s comprimentos de onda pode
contribuir para estabilidade de alimentos com alto de teor de gordura contra a fotooxidacé&o.
Estabelecer o0 método para avaliar o efeito antioxidante dos filmes pode ser uma dificuldade
para indicar tal propriedade, sendo que medidas indiretas podem ser realizadas através da
analise de um produto embalado durante o armazenamento. O 6leo de girassol representa uma
excelente opcdo para determinacdo deste parametro, visto que este apresenta alto contetdo de
gordura poliinsaturada susceptivel a oxidacdo. Os resultados indicaram que todos os filmes
biodegradaveis apresentaram efeito protetor contra a oxidagdo, quando comparados aos
controles utilizados (6leo armazenado no filme de polietileno de baixa densidade, pote
plastico transparente fechado e placa aberta). Contudo, os filmes com adicdo de nanocépsulas
apresentaram maior efeito protetor, com menor formacéo de produtos primarios e secundarios
de oxidacéo através da acdo antioxidante e menor transmissao de luz, com indice de peroxidos
dentro do limite estabelecido para 6leos vegetais (10 mEg/Kg) (Codex Alimentarius, 1999).

Os filmes com 5% de licopeno ou [-caroteno livres apresentaram comportamento
semelhante ao filme de amido sem a adicdo dos antioxidantes quanto a permeabilidade ao
vapor de &gua, com média de 0,34 g mm/h m? kPa. Contudo, a adi¢do de nanocépsulas
conferiu maior permeabilidade, com aumento de 52 % e 22% para os filmes com
nanocapsulas de licopeno e -caroteno, respectivamente. Na analise de microscopia eletronica
de varredura foi possivel observar a presenca de poros na superficie dos filmes, o que pode

contribuir para 0 aumento da permeabilidade do vapor de agua atraves dos filmes, associada a
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caracteristica hidrofilica da matriz e a maior afinidade das nanocépsulas pela dgua. A anélise
estrutural dos filmes também permitiu observar a interacdo dos antioxidantes naturais com a
matriz. Os filmes com adicdo dos carotenoides livres (L5% e BC5%) apresentaram estrutura
menos compacta, com rachaduras e menor homogeneidade da secdo transversal, o que
contribuiu para a diminuicdo das propriedades mecanicas.

Outro fator importante e favoravel dos filmes a base de fontes renovaveis € que
apresentam boa degradabilidade, mesmo que apresentem algumas propriedades inferiores,
como as propriedades mecanicas e permeabilidade ao vapor de dgua. O grande interesse e
desenvolvimento de materiais biodegradaveis pode ser um fator decisivo para escolha ou uso
da embalagem. Assim, uma répida degradacdo como a encontrada para os filmes de amido, de
15 dias, representa um grande avango para a area tecnoldgica, com o estudo de diferentes
fontes para obtencdo de materiais biodegradaveis com menor impacto ambiental.

Licopeno ou [-caroteno livres e nanoencapsulados proporcionaram potencial
desenvolvimento de filmes biodegradaveis com adi¢do de antioxidantes naturais, 0 que torna
importante a aplicacdo como embalagem, para avaliagdo do comportamento, interacdo e
estabilidade do alimento durante o armazenamento. Para a avaliagdo do armazenamento de
alimentos utilizam-se modelos com condicOes aceleradas de degradacdo, em que a
estabilidade e qualidade de alimentos com alto teor de gordura a oxidacdo tém sido um dos
parametros mais importantes a serem avaliados. A manteiga apresentou estabilidade oxidativa
semelhante ao armazenamento do 6leo de girassol, em ambos os casos os filmes com adicédo
de nanocépsulas apresentaram maior efeito protetor a oxidacdo. Houve um aumento do indice
de perdxidos durante o armazenamento, mas por apresentar maior barreira a luz UV/Vis e
maior homogeneidade do carotenoide adicionado, os filmes com nanocépsulas apresentaram
menor oxidacdo quando comparados com os filmes de amido, filmes com adicdo dos
antioxidantes livres e filme de polietileno de baixa densidade. Com menor formagéo de
produtos primarios de oxidacdo, houve menor conteddo de produtos secundarios, em que a
taxa de oxidacdo ocorreu na seguinte ordem: PEBD>Controle>pC5%>L5%>BCN5%>LN5%.
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CONCLUSOES

A adi¢ao de licopeno e B-caroteno possibilitou o uso de antioxidantes naturais para
obtencdo de embalagens ativas, que associada a técnica de nanoencapsulamento pdde-se
conferir maior estabilidade dos compostos e intensidade cor dos filmes. O
nanoencapsulamento também proporcionou a solubilidade em &gua dos carotenoides, que
auxiliou na maior compatibilidade com a matriz polimérica.

De modo geral, a adi¢do de nanocapsulas de licopeno ou B-caroteno conferiu melhores
caracteristicas quando comparados com a adi¢do dos pigmentos na forma livre, maior barreira
a transmissdo de luz UV/Vis, aumento da intensidade de cor, estabilidade térmica e maior
flexibilidade. Todos os filmes apresentaram rapida biodegradabilidade apds 15 dias. Quanto a
capacidade antioxidante, os filmes com adicdo de nanocapsulas mostraram maior efeito
protetor sobre a estabilidade do Oleo de girassol armazenado sob condicdo oxidativa
acelerada, com menor formacdo de produtos primarios e secundarios de oxidacdo. No
armazenamento de manteiga, os filmes com nanocépsulas mostraram maior protecdo a
oxidacdo, o que demonstra potencial aplicacdo como embalagens com atividade antioxidante

para manutencdo da qualidade e estabilidade de alimentos com alto teor de gordura.
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PERSPECTIVAS

Os filmes biodegradaveis apresentaram resultados promissores para o
desenvolvimento de embalagens ativas através da adicdo de compostos antioxidantes naturais
na escala nanométrica. Contudo, novos estudos podem ser realizados para otimizar as
caracteristicas dos filmes e que possam melhorar a miscibilidade das nanocépsulas na matriz,
uma vez que a adicdo dos antioxidantes, apds o processo de gelatiniza¢do, conduziu a uma
menor miscibilidade, alteracdo da viscosidade da solucdo filmogénica e a obtencéo de filmes
com maior porosidade. Novas aplicagdes dos filmes como embalagens ativas podem ser feitas
para se verificar a interagdo ou migracdo dos carotenoides em diferentes matrizes alimentares
e para compreender a atuacdo dos filmes na manutencdo da estabilidade e qualidade de
alimentos ao longo do armazenamento, bem como a permeabilidade a gases (O2, CO2 e N). A
aplicacdo dos filmes como cobertura de alimentos pode ser uma opg¢ao para promover maior

interacdo e contato dos antioxidantes com a superficie dos alimentos.
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