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RESUMO

O desenvolvimento de filmes biodegradaveis ativos tem ganhado extrema relevancia devido ao
potencial de aplicacdo destes materiais nos setores alimenticio e também por questdes de
sustentabilidade e protecdo ambiental. O presente trabalho teve como objetivo a preparacgdo de
plasticos biodegradaveis de pectina incorporados com oOleo de copaiba para uso como
embalagem ativa. Os filmes foram preparados com diferentes concentrac6es de 6leo de copaiba
na matriz de pectina por casting continuo, uma técnica emergente de producdo de filmes
poliméricos. As nanoemulsdes foram caracterizadas quanto ao tamanho médio e distribuicdo
de particulas e potencial zeta, enquanto os filmes biopoliméricos foram avaliados por anélise
térmica (TG), espectroscopia de infravermelho por transformada de Fourier (FTIR),
microscopia eletronica de varredura (MEV), ensaios uniaxiais de tracdo, atividade
antimicrobiana e biodegradacéo. Foi observado o aumento do diametro médio das goticulas em
fungdo da concentragcdo e do tempo de armazenamento. Os resultados de potencial zeta
revelaram que as nanoemulsdes no tempo zero apresentaram-se estaveis. Apos 72 horas de
armazenamento, foi observada uma diminuicdo no potencial zeta. O estudo da morfologia
mostrou que os biopolimeros puros possuem microestrutura homogénea e compacta enquanto
os com adicdo de Oleo de copaiba tiveram um aumento na rugosidade & medida que a
concentracdo de 6leo aumentou. Os espectros na regido do infravermelho dos biopolimeros com
6leo de copaiba foram similares ao filme de pectina puro. Os resultados das caracterizacdes
mecanicas evidenciaram que a incorporacdo do 6leo de copaiba, resultou na diminuicéo
gradativa do modulo de elasticidade e resisténcia a tracdo enquanto aumentou o alongamento
na ruptura. Foi observado efeito bacteriostatico nos filmes contra Escherichia coli e
Staphylococcus aureus. Os compostos livres do 6leo de copaiba inibiram o crescimento
microbiano, diminuindo a evolugdo de CO2 no processo de biodegradacdo. Os resultados deste
trabalho evidenciaram o potencial do casting continuo para a producdo de biopolimeros de
pectina incorporados com oOleo de copaiba e, levando, portanto, ao desenvolvimento de
materiais multifuncionais ecologicamente corretos e consequentemente como uma alternativa
para embalagens ativas.

Palavras-chave: Embalagem ativa, Oleo de copaiba, Casting continuo, Nanoemuls&o,
Biodegradacao.



ABSTRACT

The development of active biodegradable films has gained extreme relevance due to the
potential of applying these materials in the food sectors and also for sustainability and
environmental protection issues. The present work had as its objective the preparation of
biodegradable pectin plastics incorporated with copaiba oil for use as active packaging. The
films were prepared with different concentrations of copaiba oil in the pectin matrix by
continuous casting, an emerging polymer film production technique. The nanoemulsions were
characterized for medium size and particle distribution and zeta potential, while the biopolymer
films were evaluated by thermal analysis (TG), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), uniaxial traction tests, antimicrobial activity and
biodegradation. The increase in mean droplet diameter as a function of concentration and
storage time was observed. The zeta potential results revealed that nanoemulsions at time zero
were stable. After 72 hours of storage, a decrease in zeta potential was observed. The study of
the morphology showed that the pure biopolymers have homogeneous and compact
microstructure whereas those with copaiba oil addition had an increase in the roughness as the
concentration of oil increased. The spectra of the biopolymers with copaiba oil were similar to
the pure pectin film. The results of the mechanical characterization evidenced that the
incorporation of the copaiba oil resulted in the gradual decrease of elastic modulus and tensile
strength, while increasing the elongation at break. A bacteriostatic effect was observed in the
films against Escherichia coli and Staphylococcus aureus. The free compounds of copaiba oil
inhibited microbial growth, decreasing the evolution of CO: in the biodegradation process. The
results of this work evidenced the potential of continuous casting for the production of pectin
biopolymers incorporated with copaiba oil and thus leading to the development of ecologically
correct multifunctional materials and consequently, as an alternative for active packaging.

Key words: Active packaging, Copaiba oil, Continuous casting, Nanoemulsion,
Biodegradation.
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1 INTRODUCAO

Polimeros biodegraddveis vém ganhando destaque devido ao potencial de aplicacéo
destes materiais nos diversos setores industriais e também por questdes de sustentabilidade e
protecdo ambiental. Apresentam grandes vantagens devido a biodegradabilidade,
biocompatibilidade e por serem obtidos a partir de fontes renovaveis como, por exemplo, 0s
polissacarideos (ARFAT et al., 2014; MULLER et al., 2011; ORTEGA-TORO et al., 2014).

As pectinas séo polissacarideos aniénicos, amorfos, atoxicos e facilmente solubilizados
em agua. A composicdo quimica das pectinas € majoritariamente definida por cadeias
helicoidais de poli[a-(1—4)-D-acido galacturdénico] ou homogalacturonana (HG) (WILLATS
et al., 2006). As maiores fontes de pectinas sdo os residuos do processamento de frutas citricas,
cana-de-agucar e maca. Segundo o novo relatério do Grupo IMARC, intitulado “Pectin Market:
Global Industry Trends, Share, Size, Growth, Opportunity and Forecast 2017- 2022”, o
mercado global de pectinas atingiu um volume de aproximadamente 103 mil toneladas em
2016. Espera-se que o mercado mundial de pectinas atinja um volume de cerca de 144 mil
toneladas até 2022 (IMARC, 2016). Além disso, as pectinas sdo conhecidas por sua excelente
capacidade filmogénica e potencial aplicacdo em embalagens bioativas (PEREZ-ESPITIA et
al., 2014).

Embalagens multifucionais compreendem um grupo emergente de sistemas de
embalagens que apresentam mais de duas fungdes além daquelas apresentadas por uma
embalagem convencional (contengdo, protecdo, conveniéncia e comunicagdo). Incluso neste
conceito, pode-se citar as embalagens ativas. As embalagens ativas tém ganhado destaque na
engenharia de alimentos por assegurar qualidade e seguranca extra aos produtos alimenticios.
Através da incorporacao de agentes ativos, tais como, substancias antioxidantes, aromatizantes,
antimicrobianas, absorvedoras de oxigénio e de etileno, e pela interacdo entre a embalagem e 0
alimento, visando retardar a taxa de deterioragdo do alimento ou estender a sua vida de
prateleira (SANTIAGO-SILVA et al., 2009).

O 6leo de copaiba é uma alternativa promissora para a confeccio de filmes ativos. E
uma 6leo-resina extraida diretamente do tronco de sua arvore e sua cor pode variar de amarelo

ouro a marrom, dependendo da espécie. A copaiba é nativa das regifes tropicais e, no Brasil, é
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facilmente encontrada nas regides Amazonica e Central (VEIGA et al., 2002). Seu 6leo possui
inimeras propriedades importantes, tais como analgésica, antiparasitaria, anti-inflamatorio,
larvicida, expectorante, atividade diurética e antibacteriana (BONAN et al., 2015; GELMINI et
al., 2013; PACHECO et al., 2006; SANTO et al., 2008; TRINDADE et al., 2013).

Os bioativos presentes em maior quantidade no éleo sdo os sesquiterpenos e diterpenos.
Por ser um produto natural torna-se atraente para utilizacdo na industria alimenticia visto que
0s consumidores procuram por alternativas mais saudaveis em substituicdo aos aditivos
sintéticos utilizados convencionalmente. Além disso, o 6leo de copaiba é aprovado pela Food
and Drug Administration (FDA) desde 1972, sendo adequado para contato com alimentos
(VEIGA et al., 2002).

Diante do exposto até aqui, o desenvolvimento de novos materiais baseados em
polimeros biodegradaveis é uma alternativa a superdependéncia da sociedade aos produtos
derivados do petréleo para a fabricacdo de embalagens. Assim sendo, este trabalho teve como
objetivo o desenvolvimento de filmes biodegradaveis de pectina incorporados com
nanoemulsdes de 6leo de copaiba visando uma futura aplicacdo na inddstria alimenticia como
embalagem ativa. Os biopolimeros foram produzidos por casting continuo, uma técnica
emergente de processamento de filmes biodegradaveis. Pretendeu-se estudar as interacfes que
ocorreram entre as particulas de nanoemulsées e a matriz de pectina e como isso influenciou

nas propriedades mecanicas, morfoldgicas e na biodegradacéo dos biopolimeros.

2 REFERENCIAL TEORICO

2.1 Panorama da producéo de plasticos

Nos ultimos anos, a preocupacdo mundial com a reducdo da quantidade de materiais
plasticos ndo biodegradaveis descartada no meio ambiente vem impulsionando o
desenvolvimento de materiais ecologicamente mais corretos (SWAIN et al., 2004). Os plasticos
convencionais, fabricados a partir de combustiveis fosseis, como o petroleo, se degradam
lentamente no meio ambiente devido a sua resisténcia contra fatores externos como oxigénio,
calor e radiacdo UV, bem como a acdo microbioldgica. Com isto, acarretam diversos problemas
ambientais, como a degradacéo visual de paisagens urbanas, poluicdo de solos, rios e oceanos
(ARVANITOYANNIS et al., 1998).
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No Brasil, devido aos desenvolvimentos industrial e populacional desordenados estes
problemas se agravaram ainda mais. Dados estatisticos mostram que sdo despejadas
aproximadamente 219 mil toneladas diarias de residuos solidos urbanos no meio ambiente, dos
quais, em média, 13,5% sdo plasticos ndo biodegradaveis (ABRELPE, 2015).

Os biopléasticos compreendem uma grande familia de materiais com diferentes
propriedades e aplicacdes. De acordo com a European Bioplastics (2016), um material plastico
é considerado um bioplastico se for bio-baseado, biodegradavel ou apresentar ambas as
propriedades. O termo "bio-baseado" significa que o material plastico ou produto é totalmente
ou parcialmente derivado da biomassa proveniente de fontes como o milho, cana-de-agtcar ou
celulose (EUROPEAN BIOPLASTICS, 2016).

Segundo dados da European Bioplastics (2016), a capacidade global de producédo de
bioplasticos em 2016 foi cerca de 4,16 milhdes de toneladas (FIGURA 1).

Figura 1 - Capacidade de producéo global de materiais bioplasticos em 2016

Capacidade de producao global de bioplasticos em 2016 (por regido)

43.4

Total:
4,16 milhdes de toneladas

Asia
@ Américado Sul '5.9

Américado Norte

\J
@ Europa 0.2

@ Australia/Oceania

Fonte: Adaptado de European Bioplastics (2016)

A medida que a demanda estd aumentando e com materiais, aplicagdes e produtos
mais sofisticados, o mercado estd crescendo cerca de 20 a 100% anualmente. Segundo
projecdes da European Bioplastics (2016), a medio prazo, a capacidade de producdo global de
bioplasticos devera crescer em 50%, passando de cerca de 4,2 milhdes de toneladas em 2016

para aproximadamente 6,1 milhdes de toneladas em 2021 (FIGURA 2).
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Figura 2 - Producdo mundial de materiais bioplasticos em 2016 e projecdo para 2021

Capacidade de producao global de Capacidade de producao global de
bioplasticos em 2016 (por regiao) hioplasticos em 2021 (por regiao)
0.2 0.2

Asia Asia
Total:~ ® Américado Sul Total: ® Américado Sul
::fu':éll:';‘: 43.4 América do Norte 116::0[::[231:55 46.9 América do Norte
i @ Europa Sl @ Europa

B ‘ @ Australia/Oceania 225 l @ Australia/Oceania

Fonte: Adaptado de European Bioplastics (2016)

Percebe-se que a participacdo da América do Norte e Europa permanecerao
praticamente estaveis, de 27,1% para 26,0% e de 23,4% para 22,5%, respectivamente. A regiao
da Asia devera aumentar de 43,4% para 46,9%. Ja a América do Sul devera sofrer uma queda
de 5,9% para 4,4% em relacdo a producdo mundial. Em outras palavras, as quotas de mercado
mundial deverdo permanecer relativamente estaveis.

As capacidades globais de producdo em 2016 e 2021 foram subdivididas por tipo de
material (FIGURA 3).
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Figura 3 - Capacidade de producdo mundial de materiais plasticos (por tipo) em 2016 e

projecdo para 2021

Capacidade de produgéo global de bioplasticos em 2016 (por tipo de material)
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Capacidade de produgao global de bioplasticos em 2021 (por tipo de material)
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Fonte: Adaptado de European Bioplastics (2016)

Os plasticos ndo biodegradaveis, como o poliuretano (PUR) e o poli(tereftalato de

etileno) (PET), sdo os principais lideres de mercado. Em 2016, o PUR constituiu cerca de 40%
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e 0 PET mais de 20% das capacidades globais de producao de bioplasticos. Para o ano de 2021,
a participacdo de PUR devera permanecer estavel e espera-se que a participacdo do PET atinja
28,2%.

Como pode ser visto na Figura 3, as capacidades de producdo de plasticos
biodegradaveis, como PLA, PHA e materiais a base de amido, também estdo crescendo de
forma constante de cerca de 0,9 milhdes de toneladas em 2016 para quase 1,3 milhdes de
toneladas em 2021. Em 2021, a producdo de PHA praticamente ira triplicar quando comparada
ao ano de 2016, devido ao aumento das capacidades na Asia e nos EUA e da implantacdo da
primeira usina de PHA na Europa.

2.2 Polimeros biodegradaveis

O crescente interesse pela utilizacdo de polimeros biodegradaveis nos mais diversos
segmentos mercadoldgicos € impulsionado pelo aumento da demanda por materiais eco-
compativeis, devido a conscientizacdo sobre os impactos ambientais, tanto no setor social
guanto no setor industrial, e a necessidade de reducdo da dependéncia de recursos fosseis
(fontes ndo renovaveis), bem como os avangos tecnoldgicos continuos e inovacdes da industria,
visando materiais com propriedades melhoradas e novas funcionalidades (PHAN et al., 2005).

Os polimeros biodegradaveis vém ganhando destaque devido ao potencial de aplicacao
destes materiais nos diversos setores industriais e também por questdes de sustentabilidade e
protecdo ambiental (ARFAT et al., 2014; ORTEGA-TORO et al., 2014).

De acordo com a American Society for Testing and Materials (ASTM) D883, polimeros
biodegradaveis sdo aqueles nos quais a degradacdo resulta primariamente da acdo de
microrganismos tais como algas, fungos e bactérias de ocorréncia natural (ASTM, 2012).

O processo total de biodegradacdo destes materiais poliméricos pode ocorrer na
presenca ou auséncia de oxigénio e resulta em produtos como a agua (H-0), didxido de carbono
(CO2) elou metano (CHa), biomassa e compostos inorganicos, constituindo uma grande
vantagem frente aos polimeros sintéticos ndo biodegradaveis (CARDOZO, 2013). Além disso,
apresentam grandes vantagens devido & biocompatibilidade e bioassimilacdo (ARFAT et al.,
2014; MULLER; LAURINDO; YAMASHITA, 2011; ORTEGA-TORO et al., 2014).

Os polimeros biodegradaveis podem ser classificados em quatro categorias (FIGURA
4). A primeira categoria é a dos agropolimeros obtidos a partir da biomassa e de fontes animais.

Como por exemplo, os polissacarideos (amido, pectina), produtos lignoceluldsicos (madeira,
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palha), proteinas animais (coladgeno, soro do leite, caseina, soro de leite) e proteinas vegetais
(soja, gluten e zeina) (AVEROUS; BOQUILLON, 2004; MENSITIERI et al., 2011).

A segunda categoria € a dos poliésteres microbianos, obtidos a partir de plantas
geneticamente modificadas ou através da fermentacdo da biomassa, como por exemplo, 0
polihidroxibutirato (PHB). A terceira categoria € a dos poliésteres, polimeros sintéticos
oriundos de mondmeros naturais dos processos biotecnologicos, como por exemplo, o
poli(acido lactico) (PLA). A quarta categoria é formada por polimeros oriundos de fontes nao
renovaveis, cujos mondmeros sao obtidos por sintese quimica a partir de recursos fosseis, como
o poli(adipato de etileno) (PEA), poliesteramida, policaprolactona (PCL) e copoliésteres
alifaticos ou aromaticos (AVEROUS; BOQUILLON, 2004; MENSITIERI et al., 2011).
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Figura 4 - Classificacdo dos polimeros biodegradaveis: (a) origem agricola, (b) origem microbiologica, (c) origem biotecnoldgica e (d)
origem petroquimica

ORIGEM AGRICOLA ORIGEM MICROLOGICA

Exemplos

BRI polihidroxialcanoatos (PHAS),

poli(hidroxibutirato) (PHB),
poli(hidroxibutirato-co-

valerato) (PHBV), xantana,
curdlana, pululuna, etc.

pectina, amido,
celulose, quitosana,
caseina, colageno,
zeina, agar, proteina .
de soja, gliten, etc.

o 7

ORIGEM BIOTECNOLOGICA

Exemplos [E——

polilactato (PLA),
poli(acido B,L-malico)
(PMLA), poli(e-
caprolactonas) (PCL),
poli(butileno succinato)
(PBS), etc.

poli (e- caprolactona) (PCL),
Poli (éster-amida) (PEA),
poli(butileno succinato co-
adipato) (PBSA),
poli(butileno adipato co-
tereftalato) (PBAT), etc.

Fonte: Do autor (2018)
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Os polimeros biodegradaveis podem ser obtidos a partir de diversas fontes renovaveis,
como os coprodutos e residuos agroindustriais. Sendo assim, tornam-se uma alternativa bem
sucedida para diversos segmentos industriais, visto que proporcionam um destino adequado ao
excedente da producdo agricola, além de agregar valor a estes subprodutos (VIEIRA, 2010).

Os polissacarideos e proteinas sdo os polimeros de fonte renovavel com maior destaque
de aplicacdo em diversos segmentos industriais. Particularmente, dentre os polissacarideos mais
utilizados na fabricacdo de materiais biodegradaveis se destacam o amido e derivados de
celulose, pectina, alginato, quitosana e algumas gomas (LAROTONDA et al., 2005; PEREZ-
GAGO; KROCHTA, 2001; THARANATHAN, 2003).

2.3 Pectina

Pectina € um termo utilizado para designar um grupo de polissacarideos encontrados na
parede celular e em regies intercelulares de plantas e frutos. S&o polissacarideos ani6nicos e
amorfos, facilmente solubilizados em &gua. A estrutura quimica da pectina é a mais complexa
dentre todos os polissacarideos conhecidos (FIGURA 5) (WILLATS; KNOX; MIKKELSEN,
2006).

Figura 5 - Esquema geral para a estrutura molecular da pectina com destaque parao poli(acido

galacturdnico), seu maior constituinte
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Esta composi¢do quimica é altamente varidvel, sendo influenciada por modifica¢des
enzimaticas decorrentes do metabolismo dos vegetais, bem como das condic¢des utilizadas para
sua extracdo (SCHOLS; VORAGEN, 2002). As maiores fontes de pectinas sdo os residuos do
processamento de frutas citricas, cana-de-agUcar e macéa. Elas sdo extraidas com solucGes acidas
diluidas, e entdo séo precipitadas e transformadas em p6 com caracteristicas uniformes (MAY,
1990).

A composicao quimica das pectinas € majoritariamente definida por cadeias helicoidais
de poli[a-(1—4)-D-acido galacturdnico] (I) ou homogalacturonana (HG). O percentual de HG
nas pectinas geralmente supera 75%. Os grupos carboxilicos ocorrem parcialmente na forma
de ésteres metilicos, definindo um grau de metoxilacdo (GM) que varia entre 5 e 95%
(SCHOLS; VORAGEN, 2002). Grupos acetil podem também ocorrer nas unidades de acido
galacturénico (WILLATS; KNOX; MIKKELSEN, 2006). A estrutura molecular das pectinas
apresenta ainda cadeias de ramnogalacturonanas (II), as quais sdo formadas por unidades de a-
(1—4)-D-4cido galacturénico alternadas por unidades de a-(1—2)-ramnose (RGI). Algumas
cadeias de RGI podem estar ligadas a segmentos de cadeias de acUcares neutros como
arabinanas, galactanas, arabinogalactanas (II1). Outros dominios na estrutura das pectinas
envolvem cadeias de HG ligadas a segmentos quimicamente complexos de acucares (1V)
envolvendo xilose, apiose, acido acérico, Dha e KDO (RGII) (SHOLS; VORAGEN, 2002;
WILLATS; KNOX; MIKKELSEN, 2006).

Segundo o novo relatério do Grupo IMARC, intitulado “Pectin Market: Global
IndustryTrends, Share, Size, Growth, Opportunity and Forecast 2017- 2022, o mercado global
de pectinas atingiu um volume de aproximadamente 103 mil toneladas em 2016, exibindo uma
taxa de crescimento anual composta (CAGR) de 6% no periodo de 2009-2016. Espera-se que
o0 mercado mundial de pectinas atinja um volume de cerca de 144 mil toneladas até 2022,
crescendo a uma CAGR de 5,7% durante 2017-2022 (IMARC, 2016). A pectina & amplamente
utilizada pela indastria de alimentos como agente espessante, gelificante e emulsificante.
Também ¢é utilizada em produtos farmacéuticos e cosméticos como um agente de encapsulacéo
(SCHILLING; LEONHARDT, 1999).

O desenvolvimento de plasticos biodegradaveis a partir da pectina é tecnologicamente

viavel na perspectiva de uso de materiais ambientalmente saudaveis. Uma alternativa
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promissora para o aperfeicoamento de suas propriedades (fisicas, quimicas e mecénicas)
consiste no desenvolvimento de bionanocompositos, 0s quais podem ser obtidos pela adi¢éo de

nanoestruturas a matriz de pectina, como as nanoemulsdes.
2.4 Embalagens multifuncionais

Embalagens multifucionais compreendem um grupo emergente de sistemas de
embalagens que apresentam mais de uma funcdo além daquelas apresentadas por uma
embalagem convencional (contencdo, protecdo, conveniéncia e comunicacgdo). Incluso neste
conceito, pode-se citar as embalagens ativas. As embalagens ativas tém ganhado destaque na
indUstria de alimentos por assegurarem qualidade e seguranca extra aos produtos alimenticios.
Atraveés da incorporacgdo de agentes ativos, tais como, substancias antioxidantes, aromatizantes,
antimicrobianas, absorvedoras de oxigénio e de etileno, e pela interacdo entre a embalagem e o
alimento, acarreta-se em uma manutencdo ou até em um aumento da qualidade do mesmo,
consequentemente, maior vida de prateleira ao produto (SANTIAGO-SILVA et al., 2009).

Além disso, através da incorporacdo de, por exemplo, minerais, vitaminas, aminoacidos
no material da embalagem, pode-se ter o enriquecimento dos alimentos através da migracéao
destas substancias. Agentes antioxidantes derivados de fontes naturais, tais como extrato de
plantas ( AKHTAR et al., 2012; ESTEVES et al., 2011; LI et al., 2014; ZENG et al., 2013),
6leos essenciais (BONILLA et al., 2012; PERDONES et al., 2014; RUIZ-NAVAJAS et al.,
2013), e outros componentes com atividade antioxidante, como a-tocoferol (BLANCO-
FERNANDEZ et al., 2013; JIMENEZ et al., 2013), 4cido ascorbico (BASTOS; ARAUJO;
LEAO, 2009; PEREZ et al., 2012; DE’NOBILI et al., 2013), 4cido citrico (ATARES; PEREZ-
MASIA; CHIRALT, 2011; ROBLES-SANCHEZ et al., 2013), tém sido estudados
individualmente ou combinados em filmes e coberturas comestiveis, para melhorar suas
propriedades bioativas.

Estudos relacionados a filmes com atividade antimicrobiana também podem ser
destacados. Por exemplo, Pintado, Ferreira e Sousa (2009) realizaram estudos com isolado
protéico de soro de leite e glicerol os quais foram combinados para formar uma matriz

carreadora de agentes antimicrobianos e produzir filmes comestiveis com atividade
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antimicrobiana contra Listeria monocytogenes estirpes. Filmes biodegradaveis preparadas com
amido de batata doce atraves da incorporacdo de sorbato de potéssio (XIAO et al., 2010) e
filmes de macd com carvacrol contra Escherichia coli O157:H7 também apresentaram-se
eficientes contra a agdo microbioldgica (DU et al., 2008).

A incorporacdo de diferentes compostos bioativos em formulac6es de alimentos, a fim
de desenvolver embalagens ativas aumentou de forma consideravel nos ultimos anos. A
aplicacdo da nanotecnologia tem ajudado a driblar os desafios e obstaculos técnicos
relacionados com a solubilidade, estabilidade e entrega dos compostos bioativos (ABBAS et
al., 2016).

2.5 Nanotecnologia e nanoemulsdes

A nanotecnologia envolve o desenvolvimento de tecnologia, controle de estruturas e
pesquisa numa faixa de tamanhos de 1 a 100 nm (ROCO; MIRKIN; HERSAM, 2011). E um
campo novo da ciéncia, com aplicagdo promissora na cadeia produtiva industrial e vem sendo
apontada como a proxima revolucdo em diversas industrias, incluindo a inddstria de alimentos
e agricultura (EZHILARASI et al., 2013). Suas aplica¢des tanto na agricultura quanto ao setor
de alimentos sdo recentes quando comparadas com a sua utilizacdo em produtos farmacos.
Movimenta um total de aproximadamente 1 bilhdo de dolares e tem projecdo de crescer mais
de 20 bilhdes de ddlares até 2021 (ROCO; MIRKIN; HERSAM, 2011).

A preservacdao dos alimentos tem sido uma preocupacdo constante da inddstria de
alimentos ao longo dos anos, a fim de evitar a contaminacdo e deterioracdo dos mesmos. Nesse
contexto, as embalagens para alimentos desempenham um papel importante para garantir a
qualidade e seguranca do produto que contem, e a demanda do consumidor por produtos
seguros, com vida de prateleira estendida, melhor relagdo custo-beneficio e conveniéncia, tais
como as embalagens ativas que podem empregar a nanotecnologia (PEREZ ESPITIA et al.,
2012; RESTUCCIA et al., 2010). A aplicagdo da nanotecnologia na industria inclui, por
exemplo, a utilizacdo de nanocapsulas, nanoparticulas lipidicas solidas (NLS), biosensores e
nanoemulsdes (ASSIS et al., 2012).
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Emulsdes séo sistemas constituidos de dois ou mais liquidos imisciveis, sendo, um deles
disperso na forma de gotas ou globulos (fase dispersa) no outro (fase continua). Devem conter
um agente ativo de superficie, como tensoativos, com duas funcdes principais: diminuir a tensao
interfacial entre as fases, de forma a facilitar a formacéo da emulsdo e estabilizar a fase dispersa
contra os mecanismos de desestabilizacdo apds sua formacdo. As emulsdes simples podem ser
de dois tipos: 6leo em agua (O/A) onde gotas de 6Oleo estdo dispersas em uma fase continua
aquosa ou o inverso, agua em oleo (A/O) onde as gotas de agua estdo dispersas numa fase
continua de 6leo (FIGURA 6) (SINGH et al., 2017).

Figura 6 - (a) Emulsdo concentrada de 6leo em agua onde as goticulas de 6leo sdo dispersas
dentro de uma fase aquosa continua e (b) emulsdo concentrada de dgua em 6leo
onde as goticulas de agua séo dispersas dentro de uma fase oleosa continua

Fonte: Adaptado de Singh et al. (2017)

As nanoemulsdes consistem em uma dispersao bastante fina, composta por uma fase de
6leo (tal como hidrocarbonetos ou triglicerideos) e uma fase aquosa (dgua ou agua combinada
a um eletrdlito ou poliol), que apresenta-se como gotas com diametro variando de 20 a 200 nm
(SIMONNET; L’ALLORET, 2004; SONNEVILLE-AUBRUN). Devido ao tamanho reduzido
das particulas ocorre a reducdo da forca gravitacional, permitindo que o0 movimento Browniano
(movimento aleatorio das particulas microscopicas imersas em um fluido) ou taxa de difusdo
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seja suficiente para superar a forca da gravidade e com isso evita a floculagdo das goticulas,
cremeacdo e a sedimentacdo durante o periodo de armazenamento (CAPEK, 2004,
FERNANDEZ et al., 2004; SHAH; BHALODIA; SHELAT, 2010; SIMONNET;
L’ALLORET, 2004; TADROS et al., 2004).

Para a formagdo das nanoemulsdes é necessario o fornecimento de energia para o
sistema devido a ndo se formarem de forma espontéanea. De acordo com a literatura elas podem
ser preparadas por métodos de baixa energia ou alta energia de emulsificacdo (SOLE et al.,
2010).

Os métodos de alta energia utilizam dispositivos mecéanicos que geraram forcas de
cisalhamento capazes de quebrar e deformar as goticulas da fase interna, formando globulos de
tamanhos reduzidos. Alguns dispositivos utilizados para a producdo de nanoemsulsdes de alta
energia sdo: microfluidizadores, homogeneizadores de alta pressao e ultrassonicadores. J& 0s
métodos que empregam baixa energia, utilizam a energia quimica armazenada nos
componentes sdo, por exemplo, a emulsificacdo espontanea e 0 método da temperatura de
inversdo de fases (FERNANDEZ et al., 2004).

As nanoemulsfes sdo aplicadas em diversos segmentos industriais, destacando-se na
area farmacéutica, cosmética, quimica e na industria alimenticia. Devido ao seu tamanho
reduzido, as nanoemulsdes, por exemplo, podem ser utilizadas para aumentar a solubilidade e
a biodisponibilidade de compostos, assim como alterar as propriedades sensoriais de alimentos
ou ainda promover a liberacdo controlada de determinados compostos, sobretudo aqueles que
tém baixa solubilidade em 4gua (SILVA; CERQUEIRA; VICENTE, 2012; KUAN et al., 2012).
Além disso, sdo utilizadas para projetar embalagens ativas e/ou inteligentes de forma a melhorar
as suas propriedades fisicas (por exemplo, regulando a permeabilidade a gases), 0 que tem
influéncia direta em parametros relacionados com a seguranca e qualidade alimentar
(CASARIEGO et al., 2009; MEDEIROS et al., 2012; KUAN et al., 2012).

Atualmente, o desenvolvimento de nanoemulsdes utilizando dleos vegetais tém sido
intensamente valorizado, devido as atividades benéficas que a complexa composicao de acidos
graxos presentes nestes 6leos podem exercer, além do seu reconhecimento como compostos
naturais e seguros, sendo uma alternativa para a producdo de alimentos livres de aditivos
sintéticos (MCCLEMENTS; RAO, 2011).
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Bovi et al. (2017) prepararam nanoemulsdes com 0leo de buriti e incorporaram em
bebidas isotbnicas como uma alternativa natural em substituicdo aos corantes artificiais.
Guerra-Rosas et al. (2017) avaliaram a atividade antimicrobiana contra Escherichia coli e
Listeria innocua de nanoemulsfes contendo Oleos de orégano, tomilho e capim-liméo,
demonstrando o potencial de aplicacdo destes 6leos. Noori et al. (2018) estudaram o efeito da
incorporacdo de 6leo de gengibre em filmes comestiveis de caseinato de sddio e demonstraram
gue as nanoemuls@es aplicadas em filés de peito de frango prolongaram a sua vida de prateleira.

Portanto, a utilizacdo de nanoemulsdes de 6leo vegetais na inddstria alimenticia tem
sido amplamente abordada e tem potencial aplicacdo em embalagens alimenticias
(MCCLEMENTS; RAO, 2011). Sendo assim, a utilizacdo do 6leo de copaiba para confec¢éao
de embalagens alimenticias torna-se uma alternativa viavel dada as suas inimeras propriedades

bioativas conhecidas.

2.6 Oleo de copaiba

As copaibeiras, Figura 7, sdo arvores do género Copaifera, da familia das Leguminosas-
Caesalpiniaceas e sdo encontradas na América Latina e Africa Ocidental. No Brasil, sdo
encontradas nas regides Centro-oeste, Amazodnica e Sudeste. As arvores apresentam
crescimento lento, com altura variando de 25 a 40 metros e didmetro entre 0,4 e 4 metros,
podendo viver até 400 anos. Dentre as 72 espécies conhecidas, 20 delas sdo encontradas no
Brasil, principalmente nos estados do Amazonas e Para, sendo mais comuns no Sul da Floresta
Tropical Amazénica. Possuem cascas muito aromaticas, folhagens densas, flores pequenas e
frutos secos. Além disso, sua madeira é de excelente qualidade, apresentando superficie lisa,
duravel, lustrosa, com alta resisténcia ao ataque de xiléfagos e baixa permeabilidade, que sdo
caracteristicas importantes para o uso na fabricacdo de pecas para a marcenaria em geral e
torneadas (VEIGA; PINTO, 2002).
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Figura 7 - Arvores de copaiba

Fonte: Veiga e Pinto (2002)

Do tronco da copaibeira é extraido uma 6leo-resina, encontrado em canais secretores ao
longo de toda a arvore. O Oleo de copaiba € um dos produtos naturais amazodnicos
comercializados mais importantes, sendo exportados para paises como Franga, Inglaterra,
Alemanha e Estados Unidos (VEIGA; PINTO, 2002).

Esta 6leo-resina apresenta uma coloracdo que varia de amarelo ouro a marrom claro,
dependendo da espécie, fatores bioldgicos (fungos e insetos) e fatores abidticos (temperatura,
disponibilidade de agua, solo e luminosidade). E composto por uma parte resinosa e n&o volatil
(diterpenos) que constituem de 55 a 60% do 0leo, utilizada como balsamo, e por uma parte
volatil, o 6leo essencial, que é composto por sesquiterpenos (oxigenados e hidrocarbonetos)
(VEIGA; PINTO, 2002).

Os principais diterpenos encontrados na parte resinosa sao: acido hardwickico, acido
copaifero, acido copalico, acido calavénico, dentre outros. O acido copalico é considerado um
marcador quimico do 6éleo de copaiba para comprovar a sua autenticidade, uma vez que foi
encontrado em todos os 6leos conhecidos analisados por cromatografia gasosa (SOARES et al.,
2003). Para os sesquiterpenos encontrados 6leo de copaiba destaca-se o p-cariofileno, com
comprovada agdo antifingica, antibacteriana e anti-inflamatdria, o B-bisaboleno que apresenta
propriedades anti-inflamatorias e analgésicas, além do a-bisabolol, a-humuleno, a-copaeno, a-
cadinol, PB-elemeno, y-cadineno, entre outros (CRAVEIRO et al., 1981; VEIGA; PINTO,
2002).

Alguns dos sesquiterpenos e diterpenos presentes no Oleo-resina de copaiba sdo

mostrados na Figura 8. De acordo com alguns autores, o 6leo é produto da desintoxicacdo do
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organismo vegetal e funciona como uma defesa da planta contra animais, fungos e bactérias

(CASCON; GILBERT, 2000).

Figura 8 - Principais sesquiterpenos e diterpenos presentes no 6leo-resina de copaiba
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Fonte: Do autor (2018)

Antigamente o Oleo era extraido através de cortes e machadadas no seu tronco,
inutilizando a arvore. Atualmente utiliza-se a técnica de extracdo direta, onde € feita uma
incisdo com trado a cerca de 1 metro de altura do tronco (FIGURA 9). Apés a finalizagdo da
coleta, o orificio é vedado com argila ou tampa vedante de plastico para impedir a infestagdo
da arvore por cupins ou fungos. Relata-se que a extracdo de 6leo chega até 50 litros anualmente.
Esta técnica € menos agressiva e nao causa o desmatamento (CASCON; GILBERT, 2000).
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Figura 9 - Representacdo do modo de extragdo direto do 6leo de copaiba

Fonte: Imaflora (2014)

As propriedades medicinais dos 6leos de copaiba eram conhecidas pelos indios desde a
época da chegada dos portugueses ao Brasil, 0s quais observaram que 0s animais se esfregavam
em troncos de copaiba para curar suas feridas (SANTOS et al., 2008). Posteriormente, os indios
latino-americanos utilizavam o 0Oleo para cicatrizar feridas de guerreiros apds suas batalhas,
curar Ulceras e para passar no coto umbilical de recém-nascidos (FRANCISCO, 2005; MACIEL
et al., 2002). Seus efeitos gastroprotetor, anti-inflamatério, antitumoral e analgésico ja foram
comprovados ( LANGSDORFII et al., 1994; MORENO-FERNANDES, 1992; PAIVA et al.,
1998).

Mendonca e Onofre (2009) avaliaram a atividade antimicrobiana do éleo de copaiba
extraido da arvore Copaifera multijuga Hayne (Leguminosae) e constataram seu potencial de
inibicdo conta trés bactérias patogénicas (Staphyloccocus aureus, Pseudomonas aeruginosa e
Escherichia coli), sendo duas gram-negativas e uma gram-positiva.

Santos (2014) estudou a incorporagdo de 6leos essenciais em filmes de quitosana para
utilizacdo como revestimento alimenticio em filés de til&pia do Nilo e observou que o uso do
6leo de copaiba melhorou e prolongou a vida de prateleira do pescado.

Morelli e colaboradores (2015) investigaram as propriedades do 6leo-resina de copaiba
extraida da C. multijuga, incorporado em filmes de poli(acido lactico) e folhas de papel com
potencial aplicacdo como embalagens ativas e observaram a inibigdo da proliferacdo da bactéria
gram-positiva Bacillus subtilis. No entanto, Pacheco et al. (2006) ndo observaram nenhuma
atividade do oOleo de copaiba de C. multijuga contra S. aureus e B. subtilis.
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Bonan et al. (2015) investigaram o efeito da incorporacdo de 6leo de copaiba em
nanofibras de poli(acido lactico)/polivinilpirrolidona e confirmaram a acdo antimicrobiana
contra Staphylococcus aureus, demonstrando o potencial de aplicacdo das nanofibras na area
biomédica.

Marangon et al. (2017) desenvolveram emuls6es de 6leo de copaiba e incorporaram em
géis de quitosana/gelatina e consideraram essa combinacdo uma estratégia promissora para
controlar o crescimento de S. aureus.

Além da obtencdo de materiais com propriedades diferenciadas e suas possiveis
aplicacdes em diversos segmentos, o grande desafio na area de biopolimeros encontra-se no
desenvolvimento de novas e mais simples técnicas de obtencdo ou processamento desses

materiais.
2.7 Técnicas de processamento de biopolimeros

O processamento de biopolimeros pode ser realizado por diversas técnicas, dentre as
mais citadas estdo as técnicas de casting e a extruséo.

O processo de extrusdo consiste, basicamente, em alimentar, de forma controlada, por
meio de um funil de alimentacédo, o material polimérico para o interior de um cilindro aquecido.
Por meio de uma ou duas roscas, 0 material sera transportado, homogeneizado e compactado
durante 0 processo. As roscas utilizadas no processo de extrusdo costumam apresentar trés
zonas distintas: a zona de alimentacdo, seguida pela zona de compresséo e por fim, a zona de
dosagem. Ao final do cilindro, o material € comprimido, sob pressao, através de uma abertura
na extremidade oposta da extrusora denominada matriz, produzindo um perfil continuo, de
secdo transversal constante e com formato equivalente ao da matriz. Posteriormente, o material
extrudado é resfriado, tornando-se um sélido (MALI; GROSSMANN; YAMASHITA, 2010).
Em geral, o processo de extrusdo envolve altas temperaturas e tempos de residéncia, que podem
causar degradacOes térmicas nas matrizes poliméricas biodegradaveis. Para contornar esta
problematica, a técnica de casting continuo pode ser uma alternativa.

A producdo de filmes pela técnica de casting classica, Figura 10, consiste em verter uma

formulagdo em placas, como as de Petri e vidro, fazendo o controle da espessura média dos
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filmes resultantes da massa de solucdo vertida na placa, o controle da espessura é feito
visualmente e, variacdes ao longo da placa geralmente sdo inevitaveis. Este processo ndo €
adequado para formar filmes com espessura superior a 30 cm, levando a dificuldades de
disseminacdo da técnica. A secagem ¢é feita em temperatura ambiente ou em estufas com
circulacdo de ar em temperaturas moderadas em torno de 35°C. Os tempos de secagem s&o
variados, dependendo da composicdo do material mas, normalmente, é necessario de 10 a 24
horas (GODBILLOT et al., 2006; MULLER; LAURINDO; YAMASHITA, 2009). Embora o
método seja extensivamente utilizado na maioria dos projetos de pesquisa, apresenta
desvantagens, como: longos tempos de secagem, formac&o de bolhas e agregados na superficie
dos filmes e a dificuldade em aumentar sua producdo para escala industrial (OTONI et al.,
2017).

Figura 10 - Representacdo esquematica da producdo de filmes pela técnica de casting

classica
~ '/.“.‘.."“.
..
Casting Evaporacao Destaque
do solvente do filme

Fonte: Do autor (2018)

A técnica de casting continuo, Figura 11, também conhecida como ‘“tape-casting”,
"spread-casting" ou "knife-coating", ja é bem difundida nas industrias de papel, ceramica, tintas
e plasticos. No processo de casting continuo, a solucgdo é colocada em um reservatério com uma
lamina niveladora, denominada "doctor-blade”, cuja altura pode ser ajustada com o auxilio de
parafusos micromeétricos, ou seja, na espessura desejada (MISTLER; TWINAME, 2000). A
solucdo é espatulada na espessura pré-determinada sobre um suporte (fita polimérica) devido
ao movimento da fita de suporte (LAROTONDA, 2007). A lamina Umida é posteriormente

seca, por circulacdo de ar, conducdo de calor e infravermelho, fazendo com que ocorra a
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evaporacdo do solvente e uma reducdo da sua espessura. As espessuras dos filmes resultantes

geralmente variam entre 20 um e 1 mm. Neste processo € possivel preparar materiais

multicamadas (TANIMOTO; HAYAKAWA; NEMOTO, 2005).

Figura 11 - Representacdo esquematica da producdo de filmes pela técnica de casting continuo
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Fonte: Do autor (2018)

O processo de casting continuo pode ser considerado um processo promissor para
producdo de filmes biodegradaveis, quando comparado ao procedimento de casting
convencional anteriormente descrito, apresentando vantagens relacionadas aos tempos de

secagem e capacidade de producéo (DU et al., 2008).

3 CONCLUSAO

O casting continuo € uma técnica emergente de processamento de polimeros e ja
demonstra grandes vantagens na producao de filmes e compdsitos poliméricos. A producdo de
plasticos biodegradaveis a partir de polissacarideos ainda necessita do estabelecimento de
técnicas de processamento escalondveis que ndo causem degradacdo dos biopolimeros e que
gerem plasticos com qualidade estética adequada para o mercado, além de que estes devem
apresentar propriedades capazes de atender diversas especificacdes de projetos. Neste caso, 0

desenvolvimento de bionanocompdsitos de pectina por casting continuo, assim como proposto
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neste projeto, se torna relevante, uma vez que a técnica alia producdo em larga escala com
plasticos de excelente qualidade, complementada pela adi¢cdo das nanoemulsdes do 6leo de
copaiba que conferiram propriedades antibacteriostatica aos biopolimeros estendendo a vida de
prateleira e inibindo/controlando a multiplicagdo de micro-organismos patogénicos e
deteriorantes nos alimentos. Além disso, a incorporacéo do 6leo na escala manométrica levou
a modificacdes significativas nas propriedades mecanicas e na biodegradacdo dos filmes de
pectina, de forma a apresentar potencial para serem aplicados na industria de alimentos, além

de contribuir diretamente para a reducdo do impacto ambiental das embalagens pléasticas.
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ABSTRACT

Biodegradable pectin plastics with copaiba oil for use as active packaging were prepared by
continuous casting. The increase in mean droplet diameter as a function of concentration and
storage time was observed. The zeta potential results revealed that nanoemulsions at time zero
were stable. After 72 hours of storage, a decrease in zeta potential was observed. Scanning
Electron Microscopy (SEM) showed that pure biopolymers have a homogeneous and compact
microstructure whereas those with copaiba oil had an increase in roughness as the oil
concentration increased. The spectra of the copaiba biopolymers were similar to the pure pectin
film. The mechanical characterization evidenced that the incorporation of copaiba oil resulted
in the gradual decrease of elastic modulus and tensile strength, while increasing elongation at
break. A bacteriostatic effect was observed in the films. The free compounds of copaiba oil

inhibited microbial growth, decreasing the evolution of CO; in the biodegradation process.

Key words: active packaging, copaiba oil, continuous casting, nanoemulsion, biodegradation.

1. Introduction

Biodegradable polymers have been gaining further awareness due to the potential use
of these materials in many different industrial areas and also because of topics regarding
sustainability and environmental protection. They have great advantages because of their
biodegradability, their bio-compatibility and the fact that they are extracted from renewable
sources, for example, polysaccharides (Arfat, Benjakul, Prodpran, Sumpavapol, & Songtipya,
2014; Maller, Renner, Mocz0, Fekete, & Pukanszky, 2014; Ortega-Toro, Jiménez, Talens, &
Chiralt, 2014).

Pectins are anionic, amorphous, atoxic polysaccharides and are easily solubilized in
water. The chemical composition of pectins is mainly defined by helicoidal chains of poli[a-
(1—4)-D-galacturonic acid] or homogalacturonan (HG) (Willats, Knox, & Mikkelsen, 2006).
The largest sources of pectins are residues from the processing of citric fruits, sugarcane and

apples. According to the newest report from the IMARC group, titled “Pectin Market: Global
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Industry Trends, Share, Size, Growth, Opportunity and Forecast 2017-2022”, the global pectin
market has reached a volume of approximately 103 thousand tons in 2016. It is predicted that
the worlds pectin market will reach a volume of around 144 thousand tons until 2022 (IMARC,
2017). Moreover, pectins are known for their excellent filmogenic capacity and potential use in
bio-active packaging (VVoragen, Coenen, Verhoef, & Schols, 2009).

Multi-functional packages are part of an emerging group of packaging systems that
present more than two functions other than those presented by conventional packaging
(containing, protection, convenience and communication). In this concept, we have the active
packaging concept. Active packaging has been gaining awareness in food engineering for
having assured extra quality and security for food products. Through the incorporation of active
agents, such as antioxidant, aromatizing, antimicrobial and oxygen and ethylene absorbing
substances and through the interaction between package and food product, with the objective
of hindering the deterioration of the product or extending its shelf life (Santiago-Silva et al.,
2009).

Copaiba oil is a promising alternative for the confection of active films. It is an oil resin
that is directly extracted from the trunk of its tree and its color may vary from a golden yellow
to brown (John, & Lloyd, 1898), depending on the species. The copaiba is native to tropical
regions, and in Brazil it is easily found in the Amazon and Central regions (Veiga & Pinto,
2002). Its oil has many important properties, such as analgesic, anti-parasitic, anti-
inflammatory, larvicidal, expectorant, diuretic activities and antibacterial properties (Bonan et
al., 2015; A. O. Dos Santos et al., 2008; Gelmini et al., 2013; Trindade, Stabeli, Pereira,
Facundo, & Silva, 2013).

The bio-active substances present in the largest quantities in the oil are sesquiterpenes
and diterpenes. Since it is a natural product, it is attractive for use in the food industry due to
consumers seeking healthier alternatives to the more conventional synthetic additives.
Moreover, copaiba oil has been approved by the Food and Drug Administration (FDA) since
1972, having been properly adequate for contact with foods (Veiga & Pinto, 2002).

In regards to what has been exposed until now, the development of new biodegradable
polymer-based materials has been used as a way of evading the overdependence on petroleum-

derived products for the manufacturing of packages. Thus, this work has the objective of



48

developing biodegradable pectin films incorporated with nanoemulsions of copaiba oil,
forseeking a future application in the food industry as an active package. The biopolymers were
produced through continuous casting, an emerging technique of biodegradable film processing.
It was intended to study the interactions which occurred between the nanoemulsion particles
and the pectin matrix and how it influenced its mechanical and morphological properties in

addition to the biodegradation of the biopolymers.

2. Materials and methods
2.1 Materials

High-methoxyl pectin (PEC), methoxylation degree (MD) of 84% and weight average
molecular weight (My) of 1.3x10° g mol* was kindly provided by CP Kelco (Limeira, SP,
Brasil). Copaiba oil (CP) was purchased from Pharmakos D’Amazonia (Manaus, Brazil).
Glycerol (>99.5 % pure) and Polyoxyethylene (20) sorbitan monooleate (Tween 80) were
purchased from Synth (Diadema, SP, Brazil). Deionized water (p> 18.2 MQ cm) was obtained

by a purification system Barnstead Nanopure Diamond ™ (Thermo Fisher Scientific Inc, USA).
2.2 Preparation of nanoemulsions

Direct oil-in-water (O/W) emulsions were prepared by adding 1, 3 and 6% (wt.) of copaiba oil
(dry pectin mass basis) and 1% (wt.) of Tween 80 to ultrapure water. Then, both oily and
aqueous phases were mixed under magnetic stirring (3400 rpm) for 1 min at room temperature
to obtain the coarse emulsion and were treated ultrasonically in water for 3 min (450 Branson

sonifier, tapped step horn 1/2" tip diameter, amplitude of 50%).
2.3 Particle size, size distribution, and short-term stability

The average particle size and size distributions of emulsion droplets were determined by
dynamic light scattering in a Zetasizer Nano Series (Malvern Instruments Inc., Worcestershire,
U.K)) 24 h and 72 h after emulsification. Ultrapure water was used as dispersant to avoid
multiple scattering effects and interdroplet interactions. The cumulant mean (z-average)

diameter and the polydispersity index (Pdl) were used to describe droplet size and size
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distribution, respectively. The analyses were performed at room temperature at 25 °C in

triplicate.
2.4 Pectin—copaiba oil biopolymers preparation

Solutions (6% wt.) of PEC was prepared by dissolving powdered pectin in ultrapure water and
the mixture was totally homogenized with the aid of a T25 Ultra-Turrax mixer (IKAWerk
GmbH & Co, Staufen, Germany) operating at 12.000 rpm for 10 minutes, until complete
solubilization. The solutions were then centrifuged (Continent R centrifuge from Hanil Science
Industrial Co., Korea) at 10.000 rpm and 25°C for 20 minutes to eliminate the air bubbles
formed during the homogenization step. The solutions were also incorporated with the
previously formed emulsions producing CP1%, CP3% and CP6%. The pectin/copaiba oil films
were obtained in a coating equipment (Mathis® KTF-S-B, Germany) by continuous casting.
Aqueous mixtures were poured in a coating device where they were spread onto a polyester
sheet conveyor using a doctor knife type B. The wet layer thickness was controlled at 1.5 mm
by setting up accurately (x 0.01 mm) the knife height above the conveyor. The wet layer was
then conveyed at rolling speed of 10 cm min across two convective air oven running at 80 °C.
The dried film was collected at the last oven outlet. PEC/CP biopolymers films having CP
loadings of 1, 3 and 6 wt.% (dry pectin mass basis) were produced. All films were conditioned
at 50 = 5% relative humidity (RH) for 72 h prior to testing.

2.5 Thermogravimetric Analyses (TG)

Film samples (5-6 mg) were accurately weighed in a platinum pan and heated from 25 to 600°C
at a rate of 10°C.min, within an atmosphere comprising synthetic air (21% O) flowing at 40
mL.min™. Sample weight was monitored by a high-precision balance within an atmosphere
comprising nitrogen flowing at 60 mL.min as function of temperature on a TA Q500 (TA
Instruments, Inc., New Castle, USA) equipment in order to obtain thermogravimetric (TG) and
derivative TG (DTG) curves.
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2.6 FT-IR Vibrational Spectroscopy

Fourier Transform Infrared Spectroscopy measurements were obtained using a FTIR model
Vertex 70 Bruker spectrophotometer (Bruker, Germany) equipped with a single reflection
diamond crystal ATR module. Spectra were recorded at a spectral range between 400 and 4000

cmt at a scan rate of 32 scans and spectral resolution of 4 cm™.
2.7 Scanning Electron Microscopy (SEM)

Morphological characterization was performed using a JSM-6510 microscope (JEOL Ltd.,
Japan) running at 1-5 kV and a working distance of between 2 and 3 mm. Cross-sectional views
of polymer samples were prepare by freeze-fracturing in a liquid nitrogen bath (-165°C for 3
minutes). All samples were coated with gold (~5 nm) in an argon atmosphere. Nanoparticle
samples were prepared by deposition of powders on conductive graphite paint (SPI Supples,

USA). All images were recorded using the secondary electron mode.
2.8 Mechanical properties

Elastic modulus (E, MPa), tensile strength (o1, MPa), and elongation at break (es, %) of the
films were determined following the ASTM D882-09 standard (ASTM, 2009). The mechanical
tests were performed on specimen strips (10 cm x 1 cm) using an EMIC DL3000 Universal
Testing Machine (EMIC Equipamentos e Sistemas de Ensaio LTDA, Brazil) equipped with a
10 kgf (98.06 N) load cell. Samples were preconditioned at 50 + 3% relative humidity for at
least 48 h prior to testing. A clamp-to-clamp distance of 100mm and cross-head speed of 10
mm min~* were used in these experiments. Film thickness was previously measured at three
random position of each specimen using a digital micrometer (Mitutoyo, Japan). Five

repetitions were performed for each film composition, and mean values were reported.
2.9 Antimicrobial properties

Stock cultures of E. coli (ATCC 11229) and S. aureus (ATCC 6538) were maintained at -80 °C
until grown in tubes with tryptic soy broth (TSB) (Acumedia Manufactures, Inc., Lansing, MI)
at 37 °C for 24 h, and then in different tubes with TSB at 37°C for 12 h. The suspensions were
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streaked on solidified tryptic soy agar (TSA) (Acumedia Manufactures, Inc.) and incubated at
37°C for 18 and 24 h. Disk inhibition tests were performed according to CLSI (2012). Colonies
isolated from the cultures were inoculated into 0,85% w/v) NaCl solutions until 0.5 McFarland
standard turbidity was matched (108 CFU mL™). The suspensions were plate with swabs onto
solidified Mueller Hinton agar (Becton, Dickinson and Co., Sparks, MD). Film disks (1 cm
diam) were exposed to UV light (110 V and 254 nm) for 2 min on each side before being placed
at the midpoint of the inoculated Petri dishes, which were incubated at 37 °C for 16-18 h. The
diameters of the inhibition zones around the films (colony-free areas) were measured to the
nearest 0.01mm with a digital caliper (Mitutoyo Corp.), and the growth below the film disks

was visually evaluated.
2.10 Biodegradation

The polymer films were subjected to respirometry testing to quantify the production of carbon
dioxide released by microbial respiration and to evaluate their biodegradation, according to the
NBR 14283 - ABNT (ABNT, 1999). Biometer flasks used as originally suggested by Bartha
and Pramer (Bartha & Pramer, 1965), each containing 50 g of soil + polymer sample (duplicate)
were incubated at 28°C + 2°C for 28 days. CO» production was measured volumetrically at
intervals of approximately 24 h. The tests of biodegradation by the respirometry are described
in Campos and co-workers (2007) paper, which gives details of the Brazilian standard (ABNT
- NBR 14283, 1999).

2.11 Statistical analyses

The data were submitted to analysis of variance (ANOVA) and the means were compared by
Tukey test at a confidence level of 95% (p <0.05). All statistical calculate were performed with
the software Origin, version 6.0 (Origin Lab, Northampton, MA, USA).

3. Results and discussion

3.1 Droplet Size, Zeta-potencial and Polydispersity Index (Pdl)
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The average diameter of the droplets, zeta potential and nanoemulsion polydispersity
index at the moment of preparation, after 24 and 72 hours are showed on table 1.

Table 1 Droplet sizes, zeta potential and polydispersity index of copaiba aqueous

nanoemulsions

Copaiba oil Droplet diameter Zeta potencial PdlI
(wt.%) (nm) (mV)
0 hours
1 41.2 +0.4° -35.0+1.62 0.30 £ 0.032
3 52.3+0.5° -32.0+0.82 0.20 + 0.012
6 68.9 +0.42 -30.0+0.12 0.20 + 0.012
24 hours
1 114.1 +1.02 -25.0+0.52 0.50 + 0.042
3 116.8 + 1.8? -21.0+0.22 0.20 +0.01°
6 135.5 + 0.4° -17.0 £ 0.42 0.20 + 0.01°
72 hours
1 120.7 £ 0.9° -17.0+0.42 0.50 £ 0.072
3 121.6 + 0.6° -16.0 £ 0.62 0.20 + 0.01°
6 1529 +1.02 -15.0+0.52 0.20 +0.01°

Averages followed by different lowercase letters in the same column differ from one another
(p<0.05), through the Tukey test.

For zero time, the nanoemulsions presented values varying between 41.2 and 68.9 nm,

while after 24 hours they varied between 114.1 and 135.5 nm. After 72 hours, the values varied

between 120.7 and 152.9 nm. A significant difference (p<0.05) in the average droplet diameter

in function of the concentration and time is perceivable, with an increase during storage time.

This increase may be related to the Ostwald ripening phenomenon, where the smaller oil

droplets diffuse through the continuous phase and deposit themselves

in larger droplets,

therefore causing an increase in their average dimensions (Kumari et al., 2018; Terjung, L6ffler,
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Gibis, Hinrichs, & Weiss, 2012). The nanoemulsion with 1wt.% of copaiba oil was the one
which presented the smallest droplet size. In all storage times, the nanoemulsions droplet sizes
were all contained in the nanometric scale.

Dias et al. (2014) prepared copaiba oil nanoemulsions through spontaneous
emulsification methods and high pressure homogenization, techniques which respectively
apply low and high energy and they obtained average diameter values for both varying between
approximately 160 to 300 nm.

This difference is related to the smaller concentrations of oil used in this study, from 1
to 6%, while Dias et al. (2014) used concentrations of 10 and 20%. The increase in oil
concentration causes an increase in dispersed phase viscosity and, consequently, reveals an
increase in flux resistance and in restricted rates of droplet breakage (Tang, Manickam, Wei,
& Nashiru, 2012).

The C-potential is an indicator that the nanoemulsion droplets possess significantly
strong repulsion forces to prevent coalescence from happening, keeping them stable and being
capable of influence from interface changes with the dispersing medium (Roland, Piel, Delattre,
& Evrard, 2003). At zero time, the nanoemulsions presented values between -30mV and -
35mV. Therefore, they demonstrate sufficient potential to create energetic barriers between the
droplets, preventing coalescence (Shanmugam & Ashokkumar, 2014). It is suggested that the
use of the Tween 80 surfactant, used to stabilize the oil droplets, had made the superficial charge
of the nanoemulsion droplet more negative, most likely due to the adsorption of OH" ions in the
oil/water interface or the atmospheric dissolved CO2 HCO3 and COs? ions (Liu, Sun, Li, Liu,
& Xu, 2006; Marinova et al., 1996). Moreover, the negative zeta potential values may be
associated to other components in the copaiba oil, such as the resinous acids that may divide
themselves in the nanoemulsion interface (Leandro et al., 2012). After 72 hours of storage, a
decrease in zeta potential may be observed, related to a larger tendency of nanoemulsion
flocculation, denoting an inadequate electrostatic repulsion on the droplets surfaces (Maruno &
da Rocha-Filho, 2010).

The nanoemulsions stability may be related to the relative magnitude of van der Waals
attractive forces and the repulsive interactions (electrostatic and steric) between the dispersed

phase droplets due to the presence of the non-ionic Tween 80 surfactant. The surfactants
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promote a reduction in interfacial oil/water tensions, hindering natural destabilization processes
which occur in the emulsions, such as Ostwald ripening and coalescence (Liu et al., 2006;
Solans, Izquierdo, Nolla, Azemar, & Garcia-Celma, 2005). Also, the nanometric size of the
droplets allows the diffusion rate or brownian motion to surpass the force of gravity, therefore
preventing the phenomena of instability (Fernandez, André, Rieger, & Kihnle, 2004).

The formulations containing 1, 3 and 6% of copaiba oil, during the observed period,
presented PDI values varying between 0.2 and 0.5, indication a unimodal behavior, with a
narrow distribution of droplet sizes in the formulations (Frozza et al., 2010). Despite the fact
that the droplet sizes grew, the PDI value remained under 0.6, indicating a homogeneity of the

droplets in the formulations (Tang et al., 2012).

3.2 Thermal properties

The thermogravimetric analysis (TGA) was made to monitor the variation between the
samples masses, in function of a temperature programming, and to evaluate the thermal stability

of the biopolymers.
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Figure 1 Thermogravimetric curves of copaiba oil and the biopolymers

Copaiba oil is a natural oil-resin composed of a solid, resinous and non-volatile fraction,
comprehending the diterpenes. This resinous and viscous fraction is diluted in another fraction,
a volatile and fluid essential oil, including sesquiterpenes such as a- humulene, o and -

selinene, B-bisabolene and B-caryophyllene (Veiga, Rosas, Carvalho, Henriques, & Pinto,
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2007). Due to the existence of different types of oil-resins, each fraction differs and,
consequently, the copaiba oil contains a varied composition.

The copaiba oils thermogram indicates that the process of thermal decomposition was
divided in three events. The first event (50-215°C) is related to the vaporization of the volatile
fraction, pertaining to the sesquiterpenes above 170°C; the second event (220-380°C) was
explained as the solid fractions boiling point, pertaining to the diterpenes above 260°C and the
third event (T>380°C) was attributed to the degradation of the reminiscent substances (Favvas,
Kouvelos, Papageorgiou, Tsanaktsidis, & Mitropoulos, 2015; Hazra, Alexander, Dollimore, &
Riga, 2004; Svetlichny et al., 2017).

In general, the DTG curve for the pure film presented three defined phases of mass loss.
The first one occurred between 50 and 150°C, corresponding to the elimination of physically
connected water and the loss of low molar mass volatile substances. The second phase occurred
between 180 and 300°C, these events may be related to the thermal degradation of the pectin,
originating from the depolymerization of the polymeric chains, the liberation of CO,, H.O and
CO and the generation of aliphatic composites. The third phase (T>400°C), related to the
combustion of carbonaceous aromatic residue (Gorrasi, Bugatti, & Vittoria, 2012). It was
observed that the thermal behavior of the biopolymers was modified after the addition of the
copaiba oil, particularly the apparition of the degradation peak around 370°C, referring to the
resinous fraction of the oil.

An important thermal parameter given by the thermogravimetry is the initial
temperature of thermal degradation (Tonset), Since it corresponds to the materials thermal
stability. For the copaiba oil, it was approximately 90°C while for all the other films it was
approximately 215°C. Therefore, the addition of copaiba oil to the concentrations of 1, 3 and
6% (%wt.) originated similar values to Tonset (p>0,05).

The results found of Tonset evidenced that the drying temperature (80°C) used during the
continuous casting process was adequate for the confection of the biopolymers, since both the
composites present in the oil and the biopolymers presented degradation temperatures over 90

and 150°C, respectively.
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The infrared spectroscopy was applied in order to detect chemical interactions between

the pectin and copaiba oil. Figure 2 shows the FT-IR spectrum.
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Figure 2 FTIR spectra collected in transmitance mode for (a) copaiba oil; (b) neat; (c) CP1%;
(d) CP3% and (e) CP6%

The pure pectin films spectrum (Fig. 2b) showed typical vibration brands of 3370 — 3350
cm related to the O-H stretching of water molecules and the pectins hydroxyl groups. The
band centered around 2937 cm™* was attributed to the elongation of C-H connections of pyranoid
ring carbons. The band at 1737 cm™ was clearly observed and is related to the C=0 stretching
vibration of the carboxylic groups and esters. The vibration bands below 1000 cm™ are of
complex nature and englobe the polysaccharides “fingerprint” region. Also, in the biopolymer
spectrum, two additional vibration bands related to the carboxylic groups in their carboxylate
form were observed: asymmetric elongation at 1633 cm™ and symmetric stretching at 1438 cm”
! The spectral region of 1200-1000 cm™ is related to the C-O and C-C vibrations of glycosidic
connections and pyranoid rings (Synytsya, Copikova, Mat&jka, & Machovi¢, 2003).

The copaiba oil infrared spectrum (Fig. 2a) presented bands which are characteristic of

its composition, with special mention of the region between 2921 cm™and 2850 cm, attributed
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to axial deformations of C-H connections in aliphatic hydrocarbonates, like the sesquiterpenes
and other organic composites found in copaiba oil (Bonan et al., 2017).

Bands in 1700 cm are attributed to carbonyl groups found in diterpenes such as copalic
acid. The bands from 1693 cm™ to 1637 cm™ refer to the axial deformation of the acid carbonyl
of carboxylic acids. Bands from 1445 cm™ to 1369 cm™ refer to the axial deformations of C-H
connections. The band in 1367cm™ referring to the CH3 connected to the acid carbonyl. And the
band in 885 cm™ is characteristic of angular olefine deformations (Fayad, Zanetti-Ramos,
Barreto, Soldi, & Minatti, 2013).

The pectin film spectrums incorporated with different concentrations of copaiba oil
presented spectrums similar to the pure pectin film. This indicates that there was no interaction
between the copaiba oil active groups and the pectin functional groups. Therefore, these
composites were free, possessing the ability to act as inhibitors of possible microorganisms
(Altiok, Altiok, & Tihminlioglu, 2010). A similar behavior was observed by Nisar et al. (2018)
when they added clove oil to the pectin matrix. They observed no structural changes in the
spectrums of the films incorporated with the oil, possibly attributing the effect to the low

concentration of existing oil.
3.4 Scanning Electron Microscopy
The transversal sections surface SEM and the biopolymers fracture in the presence and

absence of copaiba oil were analyzed with the aim of evaluating the droplets morphology and

distribution on the films matrix. Figure 3 represents the typical morphology of the pectin films.
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Figure 3 Surface micrographies and bipolymer fractures (a) and (b) Neat; (c) and (d) CP1%;

(e) and (f) CP3%; (g) and (h) CP6%

As expect, the pure pectin films surface presents a homogeneous and compact
microstructure, without great faults. However, the pectin films incorporated with copaiba oil
showed a few imperfections, such as pores and oil agglomerations. Therefore, the oil affected
the polymeric chains organization and modified the films microstructure. This effect may be
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associated to the decrease in traction resistance seen in the uniaxial traction tests. By the SEM
images of films fractures, it can be observed that the films prepared with 1% and 3% (%wt.) of
copaiba oil presented smaller micropores when compared to the ones with 6% (%wt.) of oil.
The average pore size was of approximately 2.6 um, 3.4 um and 5.2 pm for the samples CP1%,
CP3% and CP6%, respectively. An increase in roughness as the concentration of oil increased
is noticeable, indicating the migration of aggregates to the top of the film during the drying
process, leading to superficial irregularities, with the occurrence of, for example, creaming and
oil droplet flocculation, resulting in the formation of larger pores, denoting films with structures
similar to those of a sponge (Sanchez-Gonzélez, Chiralt, Gonzélez-Martinez, & Chéfer, 2011).
This effect is more pronounced in the film with 6 wt.% concentration of copaiba oil. Similar
observations were made for pectin films incorporated with the essential oil of cloves (Nisar et
al., 2018).

3.5 Mechanical properties

A study of the mechanical behavior of a material is essential to the evaluation of its
performance for a specific application. For that, it is necessary to make it undergo tests that
simulate the real conditions which it will be exposed (Grigoriadou et al., 2011). The mechanical
parameters of the biopolymers are summarized on Table 2. Figure 4 shows representative
curves of the tensile deformation of these pure biopolymers and with the addition of copaiba
oil.

It is observed that the copaiba oil incorporation caused structural changes in the
biopolymers, leading to different values of elastic modulus (E), elongation at break (eg) and

tensile strength (o) in comparison to the pure pectin biopolymer.
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Figure 4 Representative stress-strain curves of pectin biopolymers with different

concentrations of copaiba oil

Table 2 Elastic modulus (E), elongation at break (eg) and tensile strength (o) of the pectin
biopolymers and with copaiba oil in concentrations of 1, 3 and 6 wt.%.

Sample Thickness Elastic modulus Elongationat ~ Tensile strength
(mm) (MPa) break (%) (MPa)
Pectin 0.04 £ 0.017 1589 + 2012 2.1+0.9? 40.8 £6.5%
CP1% 0.05+0.017 1347 + 1352 2.3+0.5% 25.6 +5.1°
CP3% 0.06 +0.01° 1289 + 1062 2.4 +0.9? 24.0 + 6.4°
CP6% 0.06 +0.02° 853 + 159" 3.4+02° 124+4.7°

Averages followed by different lowercase letters in the same column differ from one another
(p<0.05), through the Tukey test.

Thickness values of pectin films are shown in Table 2. While the addition of 1% of
copaiba oil did not affect film thickness (p> 0.05), the films added at the concentration of 3%
and 6% were thicker (p <0.05) than those which contained only pectin. This is attributable to
the increased solid contents in copaiba-oil-containing film-forming solutions when compared

with pectin control films, leading to thicker dried films (Table 2).
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The incorporation of copaiba oil resulted in a gradual decrease of E and o7, while e
(p<0.05) grew. In this study, ot dropped from 40.8 to 12.4 MPa, the elastic modulus dropped
from 1589 to 853 MPa and the elongation increased from 2.1 to 3.4%, while the oil
concentration grew. However, there was a decline of approximately 30% and 54% in the tensile
strength and the elastic modulus, respectively. Regarding the elongation, an increment of
approximately 62% of this property may be observed. The addition of the copaiba oil at a
concentration of 6% noticeably led to significant drops in E and o7, with a simultaneous growth
of &g (p<0.05), implicating in films with low stiffness and good flexibility (Gilfillan,
Moghaddam, & Doherty, 2014). This result suggests a plastifying effect of the copaiba oil on
the pectin matrix (Zullo & lannace, 2009). According to Kokoszka, Debeaufort, Hambleton,
Lenart, & Voilley (2010), plasticizers cause a weakening of the molecular interactions between
polymeric chains causing an increase in free volume and molecular mobility, leading to a
decrease in stiffness and an improvement in the extensibility and flexibility of the films. In
literature, there are reports demonstrating that a reduction of the polysaccharide-based films
tensile strength occurs when hydrophobic composites, such as lipids are added to its matrix.
(Arrieta, Peltzer, Garrig6s, & Jiménez, 2013; Giménez, Lopez de Lacey, Pérez-Santin, Lépez-
Caballero, & Montero, 2013; Otoni et al., 2014). This effect on the reduction may be attributed
to the development of a heterogeneous filmogenic structure, presenting discontinuities in the
polymeric network, triggered by the lipids disperse phase (Perez-Gago & Krochta, 2001,
Sanchez-Gonzélez et al., 2011; Shellhammer & Krochta, 1997). These results are according to
the micrographies presented previously, in Figure 3. A similar behavior was found in literature
when the mechanical properties of polysaccharide-based films combined with oils were
analyzed (Kanmani & Rhim, 2014; Kavoosi, Derakhshan, Salehi, & Rahmati, 2018; Nur Fatin
Nazurah & Nur Hanani, 2017; Rodrigues et al., 2018).

3.6 Antimicrobial activity

The disc diffusion test was made in order to evaluate the biopolymers containing
copaiba oil antimicrobial activities against E. coli and S. aureus.
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Against S. aureus
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Against E. coli
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Figure 5 Antibacterial test done in Petri dishes with pectin/copaiba oil biopolymers

As expected, the films without the addition of copaiba oil presented no antimicrobial
effect, indicating that the pectin presents no antimicrobial properties against the tested bacteria.

In the antibacterial test, the samples containing copaiba oil presented no inhibition zone
around the discs. However, no bacterial spread to the agar in the area directly below the film
samples was noticed, for all three studied concentrations. This result indicates that, in all
likeliness, the bacterial inhibition occurred through direct contact with the surface of the
biopolymers containing copaiba oil, denoting that the oil diffusion on the film was small.

Therefore, a bacteriostatic effect was observed on the films, preventing the bacteria
growth, that is, maintaining it in the stationary growth phase (Pankey & Sabath, 2004). The use
of packaging with bacteriostatic action by the food industry is a viable strategy since they may
prolong the food shelf lives, maintaining their integrity and preventing that these bacteria put
the medium at hand at risk. Similar results were reported by Morelli et al. (2015) when they

studied films of polylactic acid and copaiba oil.
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The results regarding the E. coli and S. aureus cultures support those presented by the
FTIR, since they presented inhibition by contact, evidencing that the oils are free to act on the

microorganisms.

3.7 Biodegradation

The influence of the incorporation of copaiba oil on the biodegradation of the pectin
biopolymer was investigated. Figure 6 shows the evolution of CO; in the samples in soil.

The results obtained in the respirometric tests during the 28 observed days evidenced
that the four analyzed materials underwent aerobic biodegradation in soil, which is indicated
by the more rapid evolution of CO2 - mineralization — in the tubes in which they were contained

in relation to those that contained only the control sample (soil), which presented less evolution.
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Figure 6 Cumulative CO> production during 28 days of incubation in soil

It is noticeable that the pure biopolymer presented the largest CO2 evolution when
compared to the other samples. This is due to the presence of carbohydrates, such as glucose,
fructose and sucrose, which are more easily assimilable by microorganisms. The degradation
of pectic substances may follow two main routes: depolymerization through B-elimination
under action of pectate lyases and pectin lyases of microbiological origin or by demethylation

with the help of the pectinesterase, followed by the acid hydrolysis of the a(1—4) connections



64

by polygalacturonases (Singthong, Cui, Ningsanond, & Goff, 2004). Therefore, it is suggested
that the biodegradation process had followed these routes.

Through Figure 6, two distinct phases of the biodegradation process are observed. An
initial phase in which a sharp increase in the formation of carbon dioxide occurs and, after 20
days, it is possible to observe a phase in which the production of CO2 tends to stabilize. It is
observable that the inclusion of copaiba caused an incremental decrease in CO- evolution,
throughout the increase in its concentration, hindering the biopolymers biodegradation.

According to Pepper and his coworkers (1996), in the soil there is a predominance of
bacteria pertaining to the genera Arthrobacter, Streptomyces, Pseudomonas, Bacillus and the
fungi Penicillium, Aspergillus, Fusarium, Rhizoctonia, Alternaria and Rhizopus. In the
literature, copaiba oil demonstrated antimicrobial potential against many microorganisms,
including Pseudomonas spp (Marangon et al., 2017; Masson, Salvador, Polizello, & Frade,
2013), Aspergillus flavus (Deus, Alves, & Arruda, 2011), Bacillus subtilis (Santos et al., 2008;
Morelli et al., 2015), Fusarium spp, Penicillium spp (Santos et al., 2013), Rhizopus spp (Santos
et al., 2013). This antibacterial activity of the copaiba oil is attributed to the combination of
diterpenes and sesquiterpenes that affect the integrity of the microorganisms cell wall, causing
a decrease in cellular volume and subsequently a liberation of cytoplasmic composites (Santos
et al., 2008; Santos et al., 2013). Therefore, it is suggested that the presence of free copaiba oil
composites had caused a certain inhibition of the microbial growth, decreasing CO> evolution
in the biodegradation process. These results may be associated to those found in the

antimicrobial and FTIR tests.

4 Conclusion

Continuous casting is an emerging polymer processing technique and it already
demonstrates great advantages in film and polymeric composite production. The production of
biodegradable plastics from polysaccharides still needs the establishment of scalable processing
techniques that do not cause biopolymer degradation and generate plastics with adequate
aesthetic quality for the market. These plastics must also present properties which are capable

of meeting diverse project specifications. In this case, the development of pectin films through
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continuous casting, as proposed in this project, becomes relevant, since the technique combines
large-scale production with plastics of excellent quality, complemented with the addition of
copaiba oil nanoemulsions which give antibacteriostatic properties to the biopolymers,
extending the shelf life and inhibiting/controlling the multiplication of pathogenic and
deteriorative microorganisms in foods. Also, the incorporation of the oil in nanometric scale
lead to significant changes in the mechanical properties and biodegradation of the pectin films,
in a manner that presented a potential application in the food industry, also contributing directly

to the reduction of the environmental impact of plastic packaging.
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