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RESUMO

A bixina ¢ o principal pigmento presente nas sementes de urucum, ¢ formada de 25
carbonos (9 duplas ligagdes), absorve luz na regido do UV-visivel, apresenta capacidade de
desativagdo de oxigénio singlete e espécies reativas de oxigénio. Entretanto, apresenta
baixa solubilidade em &4gua, e assim como outros carotenoides, a bixina ¢ instavel na
presenca de oxigénio singlete e altas temperaturas. De modo a aumentar a estabilidade e
solubilidade de alguns compostos, sdo empregadas técnicas, tais como o encapsulamento,
que consiste no recobrimento do composto por um agente encapsulante, produzindo
particulas. A maioria dos estudos de encapsulamento de carotenoides se dedica a producao
de microparticulas e nanoparticulas de B-caroteno e at¢ o momento nenhum estudo se
dedicou a producdo de nanocapsulas de bixina. As nanocapsulas (BIX-LNC) foram
produzidas pela técnica de deposi¢ao interfacial do polimero poly-e-caprolactone (PCL). A
formulacao de nanocéapsulas foi caracterizadas em termos dos pardmetros de diametro
médio, potencial zeta, concentracdo de bixina, eficiéncia de encapsulamento, viscosidade,
pH e cor. Foi avaliada a estabilidade das nanocépsulas durante armazenamento em
temperatura ambiente e durante experimentos de fotossensitizagdo a 5, 15 e 25 °C,
utilizando rosa de bengala como sensitizador em condigdes de saturacdo com ar e
nitrogénio (N,) durante 300 minutos, além de avaliacdo durante aquecimento a 65, 80 e 95
°C na auséncia de luz durante 120 minutos. Ambos os experimentos de sensitizacao e
aquecimento foram realizados em sistema-modelo de Etanol:agua (2:8). O tamanho das
BIX-LNC estava distribuido em um perfil monomodal, com didmetro médio (z-average) de
199 + 1,8 nm, indice de polidispersdo de 0,12 + 0,01, didmetro (D43) de 195 + 26 nm ¢
span de 1,4 + 0,1. As BIX-LNC foram obtidas com aproximadamente 100 % de eficiéncia
de encapsulamento e teor de 16.92 = 0.16 pg/ ml. A suspensdo BIX-LNC foi classificada
como um fluido newtoniano, com viscosidade de 11,4 = 0,24 mPas e apresentou pH de 5,89
+ 0,70 e potencial zeta de -14,45 + 0,92 mV. Durante o armazenamento, as BIX-LNC
foram consideradas estaveis por nao apresentarem alteragdes significativas no diametro
médio e no potencial zeta (p< 0,05). Apos 119 dias de armazenamento, o teor residual de
bixina foi de 45,7 £ 1,1% em relagdo ao inicial. A degradacdo bixina livre e nas BIX-LNC
obedeceu durante a fotossensitizagdo e aquecimento a uma cinética de degradacdo de
primeira ordem com um coeficiente médio de correlacio R? acima de 0,99. Durante a
fotossensitizagdo, a bixina livre apresentou energia de ativacao de 7,09 e 8,96 kcal/mol nas
condi¢des de saturacdo com ar e Ny, respectivamente, e a bixina encapsulada (BIX-LNC)
apresentou energia de ativagdo de 11,48 e 16,31 kcal/mol nas condi¢des de saturagdo com
ar ¢ N», respectivamente. Nos experimentos de aquecimento, a bixina livre e encapsulada
(BIX-LNC) apresentaram energia de ativagdo de 15,06 e 23,81 kcal/mol, respectivamente.
O encapsulamento demonstrou ser uma técnica adequada para aumentar a solubilidade
aparente da bixina em meios aquosos, comprovado pela eficiéncia de encapsulamento.
Além disso, os resultados dos experimentos demonstraram que o encapsulamento
promoveu o aumento da estabilidade da bixina durante fotossensitizacdo e aquecimento em
sistema modelo de etanol:agua (2:8).

Palavras-chave: nanocapsulas, estabilidade, sensitizador, aquecimento.



ABSTRACT

Bixin is the main pigment found in annatto seeds, is formed by 25 carbons (with 9
conjugated double bonds), absorbs light in the UV-visible range and deactivates singlet
oxygen and reactive oxygen species. Although, bixin is poor-water soluble and like other
carotenoids, is unstable in the presence of singlet oxygen and high temperatures. To
provide stability, bioavailability and solubility, are applied some strategies, such as the
encapsulation technique, which consists of coating a compound with an encapsulating agent
to produce particles. Most studies of encapsulated carotenoids concerned the production of
microparticles and nanoparticles of B-carotene, although, up to now, no studies have been
published concerning the production of bixin nanocapsules and evaluation of their stability.
In the present work, the bixin nanocapsules (BIX-LNC) were produced by the technique of
interfacial deposition of the preformed polymer poly-e-caprolactone (PCL). The BIX-LNC
formulation was characterized for the parameters of mean diameter, zeta potential, bixin
concentration, encapsulation efficiency, viscosity, pH and color. The stability of the BIX-
LNC was evaluate during 119 days of storage at 25 = 1 ° C and during photosensitization at
5, 15 and 25 °C using rose bengal as the sensitizer in air- and N, saturated conditions
during 300 minutes, and during heating at 65, 80 ¢ 95 °C in the absence of light during 120
minutes. Both experiments were carried out using a model system of ethanol:water (2:8).
The nanocapsules obtained in this study were distributed in a monomodal profile with a
mean diameter (z-average) of 199 + 1.8 nm, a polydispersity index of 0.12 + 0.01, a
volume-weighted mean diameter (D43) of 195 £ 27 nm and span value of 1.4 + 0.1. The
BIX-LNC were obtained with an encapsulation efficiency approximately of 100 % and
concentration of 16.92 ug bixin/ mL. The BIX-LNC suspension was classified as a
Newtonian fluid with viscosity of 11.4 mPas + 0.24, a pH of 5.89 + 0.70 and a zeta
potential of -14.45 + 0.92 mV. No significant changes (p <0.05) were observed in the mean
diameter and zeta potential during 119 days and in the end of the storage. In the end of the
storage, 45.7 + 1.1% of the initial bixin content was found. The bixin loss in the BIX-LNC
during photosensitization and heating followed a first-order kinetic decay with an average
coefficient correlation R? greater than 0.99. During photosensitization the free bixin loss
had an activation energy of 7.09 and 8.96kca/mol in air and Nj-saturated conditions,
respectively, and the encapsulated bixin (BIX-LNC) had an activation energy of 15.06 and
23.81 kcal/mol, respectively in the same conditions. Encapsulation showed to be a suitable
technique to increase the apparent solubility of bixin in a aqueous media. Moreover, the
experiments showed that encapsulation increased the stability of bixin in an aqueous
medium during photosensitization and heating.

Keywords: nanocapsules, stability, sensitizer, heating.



1. INTRODUCAO

De acordo com a ANVISA (resolugdo CNNPA n° 44 de 1977), corante é a
substdncia ou a mistura de substincias que possuem a propriedade de conferir ou
intensificar a coloragdo de alimento (e bebida). Os corantes podem ser divididos em
corantes naturais, corantes sintéticos, corantes inorganicos e caramelos.

Os corantes, independente da origem natural ou sintética, sdo utilizados com
diversas finalidades, tais como dar cor, intensificar ou recuperar a cor de um alimento que
descoloriu parcialmente ou completamente durante o processamento (DIAS et al., 2011).

As principais diferengas entre corantes naturais e sintéticos sdo estabilidade e custo,
sendo os corantes sintéticos geralmente mais estaveis e de menor custo (PINTEA, 2008).
Entretanto, varios estudos toxicoldgicos apontam estes como possiveis causadores de danos
a saude, principalmente em exposi¢ao prolongada (DIAS et al., 2011).

Os corantes naturais apresentam vantagem de serem renovaveis € por seu consumo
relacionar-se a promog¢ao de uma vida saudavel. Assim como outros pigmentos naturais, 0s
carotenoides sdo conhecidos pela sua atividade antioxidante e por desempenharem varias
funcdes, atuando como protetores celulares, reduzindo os riscos de doencgas
cardiovasculares e prevenindo o surgimento de diversos tipos de cancer (STRINGHETA;
VOLP; OLIVEIRA, 2010).

A bixina ¢ o principal pigmento das sementes de urucum e corresponde a 80% dos
carotenoides presentes (LOTSCHERT; BEESE, 1994). A extragdo da bixina pode ser feita
de diversas formas e cada uma delas origina um extrato com aplicacdes diferentes
(PRESTON; RICKARD, 1980). A bixina apresenta capacidade seqliestrar radicais livres e

de desativagdo de oxigénio singlete e estd presente no corante de urucum, um dos corantes
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naturais mais aplicados em produtos alimenticios, tais como queijos, snacks, manteigas,
sorvetes, massas, etc, (DIAS et al., 2011; RIOS; MERCADANTE; BORSARELLI, 2007).
Apesar disso, a bixina, assim como varios outros compostos antioxidantes, apresenta baixa
estabilidade na presenga de luz, oxigénio e alta temperatura (MONTENEGRO et al., 2004),

Para evitar a perda de compostos bioativos em formulagdes, sdo usadas técnicas que
aumentam a estabilidade. Dentre elas cita-se o nanoencapsulamento: uma aplicacdo da
nanotecnologia na area de alimentos e farmacéutica. Tal técnica consiste basicamente em
revestir o composto com uma matriz polimérica. Varios estudos mostram o aumento da
estabilidade de carotenoides nanoencapsulados (TAN; NAKAJIMA, 2005; YUAN et al.,
2008; RIBEIRO et al., 2008; LOPEZ-RUBIO; LAGARON, 2011).

Barbosa, Borsarelli; Mercadante (2005) produziram microcapsulas de bixina e
verificaram menor taxa de degradagdo para bixina encapsulada comparada a bixina livre. A
degradacdo de bixina nas microcépsulas foi atribuida a eficiéncia de encapsulamento, visto
que baixa eficiéncia de encapsulamento indica maior propor¢cdo de bixina livre ou
desprotegida.

Os principais produtos de degradacio formados durante o aquecimento de cis-bixina
em etanol foram di-cis-bixina, frans-bixina e 4,8-dimetil-tetradecahexaene-dioico. Neste
estudo, também foi verificada a formacdo outros compostos de degradagdo (tolueno e
xileno). Entretanto, esses compostos somente foram verificados quando a bixina foi
aquecida em 6leo vegetal a 75 e 140 °C durante 2 horas.

Os dados encontrados na literatura mostram que embora ocorra degradagdo do
carotendide, o encapsulamento ¢ eficaz para diminuir a velocidade de degradagdo durante o
armazenamento. Durante 12 semanas a 4 °C, o teor residual de B-caroteno em

nanodispersoes variou de 25,2 a 56 % em relacdo ao teor inicial (TAN; NAKAJIMA,
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2005). Yuan et al. (2008) avaliaram a estabilidade de p-caroteno nanoemulsdes e
descobriram que apds 4 semanas de armazenamento ( 4 ¢ 25 °© C), a concentracdo de f-
caroteno residual variou de 75 a 86%. Yin et al. (2009) estudaram os efeitos de
emulsificantes na estabilidade do B-caroteno em nanodispersdes e constataram que apos 8
semanas a 4 ° C, o teor residual de B-caroteno variou de 45,6 a 63,3%.

Qian et al. (2012) verificaram que a adi¢do de antioxidantes (EDTA, éacido
ascorbico, vitamina E e coenzima Q10) promoveu a diminuicdo da velocidade de
degradagdo de B-caroteno em nanoemulsdes durante armazenamento a 50 © C. Os autores
verificaram também que a adigdo dos antioxidantes ndo influenciou o tamanho das
particulas.

Nanoparticulas poliméricas sdo sistemas de transporte que apresentam diametros
inferiores a 1 pm. Dependendo da composi¢do, as nanoparticulas podem ser chamadas de
nanocapsulas ou nanoesferas. A presenca de 6leo nas nanocapsulas conduz a uma estrutura
vesicular, enquanto a sua auséncia em nanoesferas proporcionar uma organiza¢ao matricial
das cadeias poliméricas. As nanocapsulas podem ser preparadas utilizando polimeros pré-
formados por deposicao interfacial do polimero (contendo o 6leo) (GUTERRES; ALVES;

POHLMANN, 2007).



1.2 OBJETIVO GERAL

Desenvolver nanocapsulas de nucleo lipidico contendo bixina e avaliar sua
estabilidade durante o armazenamento em temperatura ambiente, durante fotossensitizacao
(sensitizador rosa de bengala, oxigénio singlete) e durante aquecimento em sistema-modelo

de etanol:agua (2:8).

1.2.1 Objetivos especificos

e Desenvolver nanocdpsulas de bixina pela técnica de deposicdo interfacial de
polimero pré-formado utilizando Poli-e-caprolactona (PCL);

e Caracterizar as suspensdes de nanocapsulas de bixina através da determinagdo da
eficiéncia de encapsulamento, pH, viscosidade, analise colorimétrica, diametro
médio de particula, indice de polidispersao e potencial zeta;

e Avaliar a estabilidade das nanocépsulas pela determinag¢do do diametro médio, pH,
concentra¢do de bixina durante armazenamento em temperatura ambiente;

e Avaliar a estabilidade da bixina livre e encapsulada em sistema-modelo de etanol:
agua (2:8) durante fotossensitizacdo do sensitizador rosa de bengala e de oxigénio
singlete;

e Avaliar a estabilidade de bixina livre e encapsulada em sistema-modelo de etanol:
agua (2:8) durante aquecimento;

e Determinar as constantes cinéticas e energia de ativagdo no processo de degradacao

de bixina durante fotossensitizagdo e aquecimento.
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2. REVISAO

2.1 CORANTES NATURAIS

A cor de um alimento pode ser considerada um dos atributos de qualidade mais
importantes. Isto se deve a habilidade que o ser humano tem em perceber e a necessidade
de avaliar essa caracteristica no momento da escolha do produto. Kildegaard et al. (2011),
por exemplo, verificaram que a cor de iogurtes e sucos tem influéncia sobre a escolha de
consumidores infantis.

Segundo Mortensen (2006), as primeiras impressdes acerca de um alimento sdo
feitas a partir da avaliagdo de sua cor. Baseado nisso, um julgamento prévio ¢ realizado
considerando se o alimento ¢ seguro e, inclusive, se o sabor esperado sera agradavel ou nao.
Isto ocorre, pois, segundo Schwartz, Von Elbe e Giusti (2010), cores especificas de frutos
estdo associadas ao grau de maturacdo, tais como no caso de uma magd, onde a cor
vermelha intensa relaciona-se a um fruto maduro de sabor mais adocicado e textura
crocante.

A cor ¢ uma consequéncia direta da composi¢do em corantes de sua matriz e pode
estar relacionada a concentracdo de compostos antioxidantes de alguns frutos e vegetais
(ARTE’S; MINGUEZ; HORNERO, 2000; MELENDEZ et al., 2011), além disso, pode
influenciar a percep¢do de outros atributos sensoriais (FRANCIS, 1995; ZAMPINI et al.,
2008; SHANKAR; LEVITAN; SPENCE, 2010; WEI et al., 2011).

Os corantes alimenticios sdo aditivos aplicados com o objetivo de intensificar,
compensar perda ou dar cor ao produto, mantendo um visual agradavel e atrativo,
semelhante ao produto natural (DIAS et al., 2011). Os corantes podem ser divididos em

corantes naturais, sintéticos, inorganicos e caramelos.



Embora existam véarios estudos demonstrando os efeitos que os corantes sintéticos
tém sobre a satde humana (ANTUNES; ARAUJO, 2000; MCCANN et al., 2007), sendo o
publico infantil o mais afetado (POLONIO; PERES, 2009), estes ainda sdo muito utilizados
em formula¢des alimenticias. Isto se deve principalmente ao baixo custo e a alta
estabilidade (PINTEA, 2008).

A utilizacdo de corantes naturais ao longo dos anos tem sido uma tendéncia apesar
da grande comercializa¢do de corantes sintéticos. As industrias de alimentos tém usado os
corantes naturais visto que seu uso esta associado a um aspecto mais saudavel conferido aos
produtos. Além disso, alguns corantes naturais apresentam indicagdo de efeitos benéficos a
satide em virtude de suas propriedades de protecdo de componentes celulares contra danos
oxidativos, redugao do risco de doencas cardiovasculares ¢ cancer (STRINGHETA; VOLP;
OLIVEIRA, 2010).

Os corantes naturais sdo vastamente distribuidos na natureza, presentes tanto em
organismos procaridticos como cianobactérias, assim como em organismos dos reinos
fungi, animal e vegetal (MORTENSEN, 2006). Os corantes naturais podem ser obtidos de
varias fontes e podem ser divididos em poucas classes, sendo os trés principais grupos: os
tetrapirrois, os tetraterpendides e os flavondides. O membro mais importante dos
tetrapirrois ¢ a clorofila, encontrada em todas as plantas aéreas. Os carotenoides sdo
tetraterpendides encontrados na natureza de forma tdo ampla quanto a clorofila. As
antocianinas constituem o grupo dos flavonodides e conferem a alguns vegetais coloragdes

variando do azul ao vermelho (ABEROUMAND, 2011).



2.2 CAROTENOIDES

2.2.1 Caracteristicas gerais

Os carotenoides constituem o maior grupo de pigmentos naturais distribuidos na
natureza, sao lipossoluveis, responsaveis pelas cores vermelha, laranja e amarela de alguns
frutos, verduras, legumes, flores, passaros, insetos, crusticeos e peixes (MfNGUEZ-
MOSQUERA; HORNERO-MENDEZ; PEREZ-GALVEZ, 2008).

Embora presentes em alguns animais, os carotenoides ndo podem ser sintetizados
pelos mesmos. A presenca nestes ¢ devido a alimentagdo (MORTENSEN, 2006). Nos
vegetais, os carotenoides estdo localizados nos plastideos das células de plantas superiores
e nas folhas fotossintéticas sdo encontrados nos cloroplastos. Nas flores, frutos e folhas
senescentes sdo encontrados nos cromoplastos. Mais de 40 tipos de carotenoides foram
exclusivamente encontrados em flores e mais de 70 tipos em frutos (DELGADO-
VARGAS; PAREDES-LOPEZ, 2003). A Tabela 1 apresenta a concentragio de

carotenoides em frutas, verduras e legumes.
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Tabela 1: Composicao de carotenoides e equivalentes de atividade de vitamina A em frutas,
legumes e verduras.

Carotenoide (ng/g)

Fonte . b . J . F RAE
Acerola (Malpighia glabra) 1,1 12 1,1 - 1,3 0,6 109
Pitanga (Eugenia uniflora) - 14(E) 7,6(E) 34(E) 3,1(E) 3,9(E) 43
Abobora (Curcubita moschata) 47(E) 235(E) - - 8,5(E) 0,6(Z) 2165
Tomate (Lycopersicon esculentum) - 3,2(E) - 35E) LLOE) - 27
Alface (Lactuca sativa) - 22 - - 14 15 184
Espinafre (Tetragonia expansa) - 29(E) - - 45E) 32(E) 242
Cenoura (Daucus carota) 22 34 - - - - 375

Adaptado de: RODRIGUEZ-AMAYA; KIMURA; AMAYA-FARFAN, 2008.

a-Caroteno (a); PB-Caroteno (b); PB-Criptoxantina (c); Licopeno (d); Luteina (e);
Violaxantina (f); RAE= Equivalentes de Atividade de Retinol (12 pg de B-caroteno ou 24
pg de outras pro-vitaminas); E = trans; Z= cis.

2.2.2 Estrutura

A estrutura basica dos carotenoides ¢ de tetraterpenodide formado de oito unidades
de isopreno, cuja ordem isoprenoide ¢ invertida no centro da molécula. Estas unidades sao
ligadas de forma cabeca-cauda, exceto no centro, onde a ligagdo cauda-cauda inverte a
ordem (Figura 1). Isso produz a forma base da estrutura de 40 carbonos, do qual as outras

moléculas sdo derivadas (OTLES; CAGINDI, 2008).

Figura 1: Estrutura bésica dos carotenoides. Adaptado de: OTLES; CAGINDI, 2008.

Isopreno
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Licopeno
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Os carotenoides sdo divididos em dois grupos principais: os carotenos, os quais sao
estritamente hidrocarbonetos (Figura 2- a e b) e as xantofilas, as quais possuem oxigénio
em sua molécula (Figura 2- c e d) (COULTATE, 2002).

A estrutura basica dos carotenoides pode ser modificada através de reacdes de
ciclizagdo, hidrogenacdo, desidrogenacdo, introducdo de grupos contendo oxigénio,
rearranjos, encurtamento de cadeias ou combinagdes dessas modifica¢des, resultando numa
imensa variedade de estruturas. Mais de 650 diferentes carotenoides naturais ja foram
isolados e caracterizados (YAHIA; ORNELAS-PAZ, 2010), e estima-se que a produgdo
anual de carotenoides seja em torno de 10° toneladas (MINGUEZ-MOSQUERA;

HORNERO-MENDEZ; PEREZ-GALVEZ, 2008).

Figura 2: Exemplos de estruturas carotenos e xantofilas. Fonte: RODRIGUEZ-AMAYA;
KIMURA; AMAYA-FARFAN, 2008; CANENE-ADAMS; ERDMAN JR., 2009.

-Caroteno
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2.2.3 Funcoes dos carotenoides

2.2.3.1 Atividade pré-vitamina A

Nos seres humanos, uma das principais fungdes que os carotenoides desempenham
¢ de serem convertidos em vitamina A, como no caso do PB-caroteno, a-caroteno e -
criptoxantina (DEMING et al., 2002). A exigéncia minima para um carotenoide possuir
atividade pré-vitaminica A ¢ ter um anel-f3 ndo substituido, com uma cadeia poliénica de 11
carbonos. Basicamente, a estrutura da vitamina A (retinol) é a metade da molécula do B-
caroteno, com uma molécula de 4agua adicionada no final da cadeia poliénica.
Consequentemente, o -caroteno ¢ o carotenoide de maior poténcia pro-vitaminica A e ao
qual se atribui 100% de atividade. Por sua vez, o a-caroteno e a B-criptoxantina tem cerca
de 50% da atividade do p-caroteno (RODRIGUEZ-AMAYA; KIMURA; AMAYA-

FARFAN, 2008-a).

2.2.3.2 Atividade antioxidante

Viérios estudos tém sido realizados com objetivo de determinar ndo somente o teor
de carotendides presentes nos alimentos (ZEB; MEHMOOD, 2004; RODRIGUEZ-
AMAYA; KIMURA; AMAYA-FARFAN, 2008-a), mas também avaliar suas atividades
antioxidantes in vitro (LI et al., 2011; WATANABE; MUSUMI; AYUGASE, 2011) ¢
efeitos in vivo. Mayne et al. (1994), por exemplo, verificaram que o consumo de folhosos
crus de cor verde e amarelada proporcionou maior redugdo no risco de cancer de pulmao de

mulheres ndo-fumantes.
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Osganian et al. (2003), apos avalia¢do da dieta, historico médico e estilo de vida de
mais de 70.000 pessoas do sexo feminino constataram que o consumo de alimentos ricos
em carotenoides estava associado a reducdo do risco de doenga coronariana. O B-caroteno
foi o principal carotenoide presente nos alimentos consumidos pelos participantes do
estudo. O mecanismo de agdo antioxidante dos carotenoides frente a radicais livres se da
pela transferéncia do elétron desemparelhado para o carotenoide. Existem pelo menos 4

tipos de reagdo de transferéncia (Equagdes 1, 2, 3 e 4) (EDGE; TRUSCOTT, 2010).

R*+ CAR — R+ CAR*" Eq. 1
R*+ CAR — R'+ CAR" Eq.2
R*+ CAR — RH®+ CAR(-H)* Eq. 3
R*+ CAR — (RH-CAR)* Eq. 4

Onde:

R°®: Radical livre;

R"eR": Formas catidnica e anidnica do radical;

CAR: Carotenoide;

CAR*"e CAR®": Formas catibnica e anibnica de carotenoides;
CAR(-H)*: Radical formado pela transferéncia de H ao R®;

(RH-CAR)®: Radical aduto.

Os carotenoides tém capacidade de estabilizar moléculas eletronicamente excitadas,
tais como oxigénio singlete e sensitizadores. A estabilizacdo pode ocorrer de duas

maneiras: quimica e fisicamente. Na estabilizacdo quimica, ha a unido entre o carotenoide e
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a molécula excitada. Na estabiliza¢do fisica, a molécula excitada transfere sua energia para
o carotenoide, tornando-se em seguida com menor energia. Em seguida, o carotenoide
libera energia em forma de calor para o ambiente, retorna ao seu estado fundamental e pode
realizar novos ciclos de estabilizagdo. Entretanto, pode ocorrer a degradacdo o carotendide,
impedindo a realiza¢do de novos ciclos de estabilizagdo (YAHIA; ORNELAS-PAZ, 2010).

O oxigénio ¢ triplete quando seus dois elétrons do orbital antiligante 2p tém a
mesma dire¢do de spin. Quando tém dire¢des opostas, o oxigénio ¢ chamado de singlete .
Uma vez que os elétrons do oxigénio singlete ajustam-se a direcdo de spin do elétron na
ligagdo dupla, podem reagir com acidos graxos insaturados, formando hidroperdxidos com
uma velocidade 1500 vezes maior que o oxigénio triplete (MCCLEMENTS; DECKER,
2010).

Uma das formas de geracdo de oxigénio singlete ('0,) inicia com a recep¢do de
energia na forma de fétons por um sensitizador (S), se tornando mais excitado no estado
triplete (°S"). Varias moléculas encontradas nos alimentos podem atuar como sentizadores
(clorofilas, rib oflavinas, porfirinas). O sensitizador no seu estado excitado ¢sH pode
transferir energia para uma molécula de oxigénio triplete (*0,), originando o oxigénio
singlete ('O5). O carotenoide (CAR) pode atuar de duas maneiras, para evitar as reagdes
posteriores provocadas pela presenga de oxigénio singlete. A primeira delas ¢ estabilizando
o sensitizador no seu estado triplete, recebendo energia e se tornando mais excitado. A
segunda ¢ estabilizando o oxigénio singlete (MONTENEGRO et al., 2004).

Estudos em sistema-modelo tém sido muito utilizados para demonstrar a capacidade
de desativagdo de oxigénio singlete que os carotenoides tém. Dentre outras caracteristicas,
sabe-se que ha uma tendéncia a maior capacidade de desativagdo pelos carotendides com

maior nimero de duplas ligacdes conjugasa (Tabela 2) (EDGE; TRUSCOTT, 2010).
15



Tabela 2: Constantes de reacdo de desativacdo (kq) de oxigénio singlete de alguns
carotenoides em sistema-modelo utilizando benzeno.

Carotenoide Duplas ligagdes conjugadas Kq (x1 0’ M's™
Dodecano-p-caroteno 19 23,0
Decapreno-fB-caroteno 15 20,0
Tetradehidrolicopeno 15 10,7
Rodoxantina 12(+2,C=0) 12,0
Astaxantina 12(+2,C=0) 14,0
Cantaxantina 12(+2,C=0) 12,0
Licopeno 11 17,0
all-trans- -caroteno 11 13,0
15-cis-p-caroteno 11 11,0
9-cis-p-caroteno 11 11,0
Zeaxantina 11 12,0
a-caroteno 10 12,0
[-apo-8'-carotenal 10 5,27
Luteina 10 6,64

Adaptado de: EDGE; TRUSCOTT, 2010.

2.2.3.3 Estabilidade dos carotenoides

Os carotenoides sdo susceptiveis a degradacao em alta temperatura e na presenga de
agentes oxidantes. No caso do B-caroteno, a utilizagao de altas temperaturas no tratamento
térmico de alimentos pode induzir a isomerizagdo cis-trans. Para diminui¢do da
isomerizagdo excessiva, ¢ preciso minimizar o tratamento térmico, quando possivel. Em
certas condi¢des, além da diminuicdo do teor de carotenoides por isomerizagdo pode
ocorrer perda por degradagdo térmica (DAMODARAN; PARKIN; FENNEMA, 2010).

Os alimentos sdao matrizes complexas que podem conter componentes que
interferem na elucidacdo das rea¢des envolvidas com a degracdo de carotenoides. Para
evitar a interferéncia destes compostos, que podem ser, por exemplo, oxidantes ou

antioxidantes, sdo realizados estudos de estabilidade de carotenoides em sistemas modelo.
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Aman, Schieber e Carle (2005) verificaram que o teor residual de B-caroteno e
luteina em folhas de espinafre foram de 84,7% e 83,8%, respectivamente apds 60 minutos
de aquecimento em tolueno a 98 °C. A conversdo espontanea de carotenoides na forma all-
trans- submetidos a tratamentos em temperatura ambiente pode ser considerada um
processo lento. A taxa de conversdo depende das condigdes ambientais, tais como tipo de
solvente e estrutura do carotenoide. Por exemplo, solu¢des de f-caroteno em uma mistura
de tetrahidrofurano (THF), metanol e acetonitrila contendo 95% de all-trans e 5% de acido
9-cis- apresentou no final de 24 horas a 25 °C 90% de all-trans-f-caroteno e 9% de 9-cis-.
Ao mudar o sistema modelo para cloroférmio, o teor de 9-cis aumentou para 13,6 %
(PESEK, WARTHESEN; TAOUKIS, 1990).

Henry, Catignani e Schwartz (1998) estudaram a estabilidade térmica e oxidativa de
all-trans-p-caroteno, 9-cis-p-caroteno, licopeno e luteina em sistema modelo de 6leo de
cartamos. Os autores verificaram que os carotenoides estudados apresentaram degradagado
seguindo a uma cinética de primeira ordem quando aquecidos a 75 °C, 85 °C e 95 °C. Os
valores das constantes de velocidade reacdo (k) para licopeno foram cerca de duas vezes
maiores que os dos outros carotenoides. O valor de energia de ativagdo para licopeno foi
menor que para os outros carotenoides, indicando maior susceptibilidade a degradacao.

Scotter, Castle e Appleton (2001) avaliaram a estabilidade de bixina em sistema
modelo de metanol, etanol e n-propanol nas temperaturas de 65 °C, 78 °C e 97 °C por até
24 horas. Durante aquecimento a 78 °C foi verificada a produ¢do de di-cis-bixina, trans-
bixina e o composto de degradacdo C17 (monometil éster do acido 4, 8, dimetil
tetradecahexaenedioico) com constantes de velocidade de reacdo (k) de 3,5x10™ s, 1.2x10"
7 1,3x10° s, respectivamente. O isdomero di-cis-bixina foi produzido rapidamente, com

tempo de meia vida de 30 minutos.
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Rios, Mercadante e Borsarelli (2005) estudaram a cinética de degradacdo de bixina
juntamente com os produtos formados em sistema modelo de agua:etanol (8:2) em
temperaturas de 70 °C a 125 °C. Em todas as condi¢des a perda de bixina seguiu uma
cinética de primeira ordem. Os autores verificaram que o isdmero all-frans-bixina foi
produzido somente a 125 °C. Montenegro et al. (2004), também verificaram que o isOmero
all-trans-bixina é o principal produto formado durante a degrada¢do de cis-bixina em
sistema modelo de fotossentizacdo em acetonitrila:metanol (1:1) a 5, 15 ¢ 20 °C em

condi¢cdes de saturacdo de nitrogénio (99,9%) e ar.

2.3 URUCUM

2.3.1 Generalidades

O urucuzeiro ou urucueiro (Bixa orellana L.) € um arbusto originario da América
Tropical que pode alcancar até 5 m de altura, possui folhas glabras de 8 a 11 cm de
comprimento, suas flores sdo levemente rosadas e estdo dispostas em paniculas terminais
viscosas. Os frutos, os quais se encontram em cachos com até 17 unidades, sdo do tipo
capsula deiscentes, ovoides com dois ou trés carpelos, cobertos por espinhos maleaveis,
geralmente de cor avermelhada, podendo ser esverdeados ou pardos (LORENZI; MATOS,
2002). Cada fruto possui de 20 a 50 sementes cobertas por uma resina de cor avermelhada
(LOTSCHERT; BEESE, 1994).

O urucuzeiro ¢ cultivado em vérias regides do Brasil como planta ornamental e para
obtencdo de suas sementes, de onde se extrai corante que ¢ usado em diversos produtos e
também no tingimento da pele de algumas tribos indigenas amazdnicas durante rituais

religiosos e para repelir insetos (LORENZI, 2002).
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Do urucuzeiro, o que mais se comercializa sdo as sementes. A maior produgdo de
sementes se da na América Latina, na Africa e Asia. A América Latina contribui com cerca
de 60% da producdo, a Africa contribui com 27% e a Asia com 12% (GIULIANO;
ROSATI; BRAMLEY, 2003).

O Brasil produziu em 2008, 12.472 toneladas de sementes de urucum (IBGE, 2009).
Da producdo brasileira, cerca de 60% ¢ destinada a fabricacdo do colorifico ou colorau
(produto elaborado pela mistura do pigmento com farinha de milho ou mandioca) que, nas
regides Norte e Nordeste tém consumo anual em torno de 500 g per capta. Do restante da
producdo, 25% das sementes sdo exportadas in natura principalmente para os Estados
Unidos, Inglaterra, Franca e Japdo; os 15% restantes sdo utilizados na fabricacdo de
corantes (CARVALHO, 1999).

A utilizagdo das sementes de urucum como matéria-prima na fabricacdo de corantes
se da pela extra¢do dos pigmentos presentes na parte externa da semente (camada resinosa).
Estes pigmentos representam de 1,5 a 4% do peso total da semente (MERCADANTE,
2008) e, a partir dos quais sdo obtidos os extratos com coloragdes que variam do amarelo
ao vermelho.

Existem diferentes métodos de extracdo do corante de urucum ¢ cada um define o
tipo de extrato a ser obtido (Tabela 3) (PRESTON; RICKARD, 1980; JECFA, 2006). Na
extragdo com Oleo sob aquecimento, por exemplo, hd a predominancia de trans-bixina,
embora, também ocorra a presenca de cis-bixina, o que indica isomerizacdo devido a
temperatura. No método de suspensdo em o6leo, que ¢ realizada em baixa temperatura, ha a
auséncia de cis-bixina. Na extra¢do com 4alcalis, hd a predominancia de sais de norbixina,
entretanto, devido ao tratamento térmico, a norbixina pode estar em ambas as configuragdes

cis- e trans-.
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Tabela 3: Métodos de extracdo de corantes de urucum.

Tipo de Extrato Descri¢ao

Extra¢ao com 6leo Imersao das sementes em 6leo comestivel a 70 °C sob agitagdo para

remocao do pericarpo. Em seguida, a fragdo liquida ¢ filtrada;

Suspensao em o6leo Mistura de particulas do pericarpo com 6leo comestivel; Extracao
com solvente seguida de lavagem com hexano; Extracdo com

mono- e digliceridios, acidos graxos ou propilenoglicol.

Extracdo com dlcali O pericarpo ¢ extraido na presenca de alcali sob agitagdo e
aquecimento; A partir da extracdo com solvente, seguida de

hidrélise com alcali;

Adaptado de: PRESTON; RICKARD, 1980.

Os corantes a base de urucum apresentam grande vantagem por terem baixo custo

comparando-se a outros corantes naturais, além disso, conferem caracteristicas sensoriais

agradaveis, sendo por isso, utilizados em varios de produtos (Tabela 4) (CARDARELLI;

BENASSI; MERCADANTE, 2008).

Tabela 4: Limites de utiliza¢do de urucum, extrato de bixina ou norbixina estabelecidos.

Produto

Miéximo (g/ 100 g ou g/ 100 mL)

Biscoitos, bolos, mistura para preparos de bolos, tortas,
doces, sobremesas de gelatina;

Carnes e produtos carneos, conservas carneas, produtos
frescais embutidos, secos, curados;

Licores, aperitivos, aguardente composta;

Bebidas ndo alcodlicas a base de soja, bebidas nado
alcoolicas gaseificadas, gelados comestiveis;

Creme vegetal e margarinas, mostarda, molhos
desidratados, maionese;

Sopas e caldos concentrados, sopas e caldos
desidratados, preparagdes culindrias industriais;

Balas e caramelos, pastilhas, confeitos, balas de goma e
balas de gelatinas, goma de mascar e chicle, torrone;
Sementes oleaginosas e nozes processadas, com
cobertura ou néo;

Queijos, iogurtes, néctares de frutas, sucos de frutas,
cereja em calda, sangria, proteina texturizada de soja,
revestimento de embutidos, vinhos licorosos e
compostos.

0,001
0,002

0,003
0,005

0,01
0,015
0,02
0,03

q.s.p

Fonte: BRASIL (2012).

g.s.p.: Quantidade suficiente para obter o efeito desejado.
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Embora os corantes a base de urucum sejam bastante consumidos, por estarem
presentes em varios produtos, as pesquisas do JECFA (2006) concluiram que, respeitando-
se os niveis de aceitdveis de ingestdo, o consumo nao traz riscos a saude. Foi estabelecida
para bixina a ingestdo diaria aceitavel (IDA) de 0- 12 mg/ kg de peso corpdreo baseando-se
em um nivel de efeito ndo observavel de (NOAEL) de 1,311 mg/ kg de peso corpdreo/ dia.
Para a norbixina ¢ estabelecida uma IDA de 0,6 mg/ kg de peso corporeo, baseando-se em

um NOAEL de 69 mg/ kg de peso corpéreo/ dia.

2.3.2 Bixina

Embora o mecanismo de sintese da bixina ainda ndo seja completamente elucidado,
tem-se sugerido que sua formagdo seja a partir do licopeno, pois, existe grande semelhanca
estrutural com a molécula de crocetina (principal pigmento do acafrdo) e pelos tracos de
apocarotenoides presentes na camada resinosa da semente de urucum. O mecanismo
proposto apara a sintese de bixina se inicia com a clivagem oxidativa do licopeno, seguida
pela acdo das enzimas aldeido oxidase e metiltransferase (Figura 3) (BOUVIER; DOGBO;

CAMARA, 2003).
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Figura 3: Sintese de bixina. Fonte: BOUVIER; DOGBO; CAMARA, 2003.

Licopeno

Bixina aldeido
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trans- Norbixina
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A bixina (6-metil hidrogénio 9’-cis-6,6’-diapocaroteno-6,6’-dioato) (Figura 4) ¢ o

principal pigmento da semente de urucum, correspondendo a cerca de 80% dos

carotenoides encontrados, possui uma estrutura peculiar contendo 25 atomos de carbono, 9

duplas liga¢des conjugadas e dois acidos carboxilicos, no qual um ¢ um éster metilico

(MERCADANTE; STECK; PFANDER, 1997).

Figura 4: Estrutura da cis-bixina. Fonte: JECFA, 2006.
COOCH;

A
COOH
X XXX

A estrutura dos carotenoides ¢ responsavel pelas suas caracteristicas em comum.

Dentre elas, pode-se citar a baixa solubilidade em meio aquoso (devido a longa cadeia

poliénica) (MINGUEZ-MOSQUERA; HORNERO-MENDEZ; PEREZ-GALVEZ, 2008).



As duplas ligacdes conjugadas da estrutura dos carotenoides sdo também
responsaveis pela absor¢do da luz no visivel. Isto ¢ base para varios métodos de
identificacdo e quantificagdo espectrofotométrica. A bixina, por exemplo, apresenta
espectro de absor¢cdo maxima nos comprimentos de onda 432, 456 ¢ 490 nm em éter de

petréleo e 433, 470 e 502 nm em cloroférmio (RODRIGUEZ-AMAYA, 2001).

2.3.2.1 Atividade antioxidante e desativacao de oxigénio singlete

A bixina, assim como a maioria dos carotenoides, ¢ um desativador de oxigénio
singlete, pois o nivel de energia da bixina em no estado triplete (18 kcal/mol) ¢ menor que o
nivel de energia do oxigénio singlete (22,5 kcal/mol) (RIOS; MERCADANTE;
BORSARELLI, 2007), o que possibilita a transferéncia de energia do oxigénio para o
carotenoide.

A oxidagdo de alimentos por oxigénio singlete ¢ bastante significante, visto que a
velocidade da reacdo ¢ maior do que a reacdo de oxidagdo por oxigénio triplete e,
independente da temperatura, a velocidade de reagcdo pode aumentar rapidamente. Existem
varias formas de se produzir oxigénio singlete nos alimentos: quimicamente,
enzimaticamente e fotoquimicamente (MIN; BOFF, 2002).

A acdo antioxidante da bixina se deve ao sistema de duplas ligacdes conjugadas,
que atua como excelente receptor de radicais livres (DIAS et al, 2011). A acdo
antioxidante e de desativacdo de oxigénio singlete tém importancia para a satide humana
por contribuir para a protecao de células (DI MASCIO; MURPHY; SIES, 1991).

A cisplatina ¢ um agente citostatico utilizado em tratamentos de tumores, mas seu

uso esta associado a efeitos colaterais, tais como nefrotoxicidade (ATESSAHIN, 2005).
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Silva, Antunes e Bianchi (2001), em um estudo para avaliar a modulagdo de espécies
reactivas de oxigénio (ROS), produzidos pela interagdo cisplatina/DNA verificaram que a
administragdo prévia de bixina em ratos Wistar reduziu em 33% as metafases anormais das
células da medula dssea, reduziu a peroxidagao lipidica nos rins, inibiu a redu¢@o dos niveis
de glutationa renal causados pela administracdo de cisplatina. Além disso, Rios, Antunes e
Bianchi (2009), verificaram que a bixina foi responsavel pela inibicdo de 82% de O*; e
42% das espécies H,O, e HO® geradas na interagdo de cisplatina com o DNA.

Chisté et al. (2011), estudando a capacidade de desativagdo de extratos de sementes
de urucum contra as espécies reactivas de oxigénio (ROS) e das espécies reativas de
nitrogénio in vitro verificaram que extratos de bixina produzidos com diferentes tipos de
solventes (4gua, etanol, acetato de etila, 4gua: etanol, etanol: acetato de etila) com
concentragdo variando de 15,06 a 311,35 mg/g, apresentaram excelente capacidade de

desativagdo das espécies reativas H,O,, HOCI, 102, "NO e ONOO'.

2.3.2.2 Estabilidade de bixina em alta temperatura, na presenca de oxigénio e luz

Segundo Montenegro et al. (2004), o sistema de ligacdes duplas conjugadas
presentes na estrutura da bixina ¢ responsavel ndo somente pela cor e agdo antioxidante,
mas também pela instabilidade da molécula em condigdes de processamento e
armazenamento, quando submetida a altas temperaturas, presenca de luz e oxigénio.

Preston e Rickard (1980) estudaram os diferentes tipos de produtos de degradacio
formados em diferentes tipos processos comumente utilizados na produgdo de corante a
base de urucum (Tabela 5). Estes autores citaram que na extragdo com 06leo (realizada a 130

°C) ocorre maior producdo de trans-bixina (trans-BIX).
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Tabela 5: Principais produtos presentes nos extratos de bixina e norbixina produzidos em
diferentes condigoes.

M¢étodos de extragdo Produtos

Extragdo com 6leo C17, cis-BIX, trans-BIX

Suspensdo em 6leo cis-BIX, trans-BIX

Extracdo com solvente cis-BIX, trans-BIX

Extra¢do com alcali cis-NOR, trans-NOR (sais de Na ou K)

Extra¢do com solvente ¢ hidrolise com alcali cis-NOR, trans-NOR (sais de Na ou K)

Adaptado de: PRESTON; RICKARD (1980).
C17: Acido 4,8-dimetiltetradecahexaenedidico (SCOTTER, 1995).
BIX: Bixina; NOR: Norbixina.

Nos métodos de extracdo de suspensdo em 6leo e com solventes, ndo ha a presenca
de outros compostos de degradagdo, pois ndo sdo utilizadas altas temperaturas durante o
processo. Nas extracdes com alcali e solvente/alcali, as formas cis e trans de norbixina sdo
as principais encontradas pois, de acordo com os autores, a temperatura de processo
normalmente nao excede 70 °C.

A norbixina (9-cis-6,6’-diapocaroteno-6,6’-dioato) ¢ um apocarotenoide encontrado
em pequena quantidade nas sementes de urucum que pode ser produzida através da
saponificagdo da bixina, sendo os alcalis a base de sddio e potadssio os principais utilizados
durante a saponificagdo (SILVA, NACHTIGALL, STRINGHETA, 2009).

De modo a facilitar o entendimento dos fatores que contribuem para a formagao dos
compostos de degradagdo, varias pesquisas se dedicam ao uso de sistemas modelo. Scotter,
Castle e Appleton (2001) estudando a cinética de degradacdo térmica de cis-bixina em
sistema-modelo de metanol, etanol e propanol em ebulicdo a 64,6 °C, 78,3 °C e 97,2 °C
encontraram valores de constante de velocidade de reacdo (k) de 0,68x10°, 1,08x10™ e
2,08x107 s™!, respectivamente. Além disso, verificaram que em todos os experimentos, o
decréscimo no teor de cis-bixina obedece a uma cinética de primeira ordem com energia de

ativacdo de 8,53 kcal/mol. Durante o aquecimento em etanol, os principais produtos de
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degradacdo formados foram  di-cis-bixina, trans-bixina ¢ acido  4,8-
dimetiltetradecahexaenedidico (C17). No mesmo estudo, os autores também verificaram a
formacao de tolueno e do composto aromatico xileno a partir de alguns isdmeros de bixina
aquecidos em Oleo vegetal a 75 e 140 °C por 2 horas.

Rios, Mercadante e Borsarelli (2005) estudando a cinética de degradacdo de bixina
durante aquecimento em sistema modelo de etanol:agua (2:8) a 70, 77, 84, 98, and 125 °C,
verificaram a formagdo de 6 diferentes compostos de degradacdo. Os valores de k&
encontrados foram de 1,67x107, 2,33x107 ¢ 2,5x10™ s™' nas temperaturas de 70 °C, 98 °C e
125 °C, respectivamente. Estes autores relataram também que o isomero all-trans-bixina foi
detectado apenas a 125 °C, com a energia de ativacdo de formacao de 24,4 kcal/ mol.

Montenegro et al. (2004), avaliando a sensitiza¢do de bixina em sistema-modelo
(acetonitrila: metanol), verificaram que all-frans-bixina ¢ o principal isdémero formado,
independente da presenca de oxigénio, além de serem produzidos mais outros trés isdmeros
de bixina em quantidade bem menor. Foram determinados valores de constantes de
velocidade para bixina livre (76 uM) de 2,3x10,3,00x10* € 3,7x10™* s nas temperaturas
de 5 °C, 15 °C e 20 °C, respectivamente, utilizando rosa de bengala como sensitizador
numa concentracdo de 10 pM. Neste mesmo estudo foi possivel verificar que ndo houve
formag¢ao dos compostos caracteristicos de degradacao térmica.

Gloria, Vale e Bobbio (1995) em um estudo para avaliar o efeito da atividade de
agua na estabilidade de bixina em sistema modelo de celulose microcristalina armazenada a
21£1 °C( na presenga/auséncia de luz ou ar), verificaram que a diminui¢do do teor de
bixina obedeceu a uma cinética de degradag¢do de 1° ordem. A degradacdo da bixina foi

principalmente causada pela presenga de oxigénio. Estes autores citaram que o aumento da
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atividade de agua teve um efeito protetor sobre a bixina. Neste estudo ndo foram
determinadas as constantes de velocidade e a energia de ativacao.

Balaswamy et al. (2006), estudando a estabilidade da bixina em trés diferentes
condi¢des (na auséncia de luz em temperatura refrigeracdo de 5 a 8°C, auséncia de luz
(30«2 °C), na presenca de luz (3042 °C) durante 360 dias, verificaram que a bixina é mais
estavel quando estd na oleoresina do que sob a forma de p6d (apds extracdo). Isto foi
atribuido a uma porcdo de resina que se liga a bixina e a protege da degradacdo por
exposicdo ao ar e a luz. Os valores de constantes de velocidade de reagdo (k) para bixina
nas condicdes de auséncia de luz em temperatura de refrigeragdo (5 a 8°C), auséncia de luz
(30 £ 2 °C), na presenca de luz (30+2 °C) para oleoresina foram de 1,70x107, 9,39x10” ¢
1,68)(10'8 s' e na forma de p6 foram de 4,41x10'8, 1,57);10'7 e 2,03)&10'7 s'l,

respectivamente.

2.4 ENCAPSULAMENTO

O encapsulamento pode ser definido como um processo destinado a reter uma
substancia (composto bioativo) dentro de uma estrutura, normalmente chamada de
membrana, revestimento, capsula, fase externa, matriz, etc (NEDOVIC et al., 2011). Os
dois principais objetivos do encapsulamento de compostos bioativos sdo: promover a
estabilidade na presenca de oxigénio, luz e umidade. O segundo ¢ aumentar a
biodisponibilidade desses compostos em um processo de liberagdo controlada (FANG;
BANDHARI, 2010), tal como no aumento da biodisponibilidade oral de curcumina

presente em nanoparticulas, sendo cerca de 9 vezes maior (SHAIKH et al., 2009).
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Muitos micronutrientes ndo podem ser adicionados diretamente a produtos
alimenticios, em funcdo da solubilidade em agua ou da baixa estabilidade em relagdo a
degradacio quimica ou fisica (SAGALOWICZ; LESER, 2010). E grande a variedade de
compostos que podem ser encapsulados, podendo ser citados lipidios, vitaminas, peptideos,
acidos graxos, antioxidantes, minerais e células vivas (probidticos) (NEDOVIC et al.,
2011).

Embora a maioria dos antioxidantes destinados a proteger o corpo humano do
estresse oxidativo sejam eficientes in vitro, quando aplicados in vivo, mesmo em
concentragdes consideradas altas apresentam diferentes resultados, sendo atribuido a baixa
biodisponibilidade que estes e outros compostos bioativos possuem (MOZAFARI et al.,
2006).

Algumas particulas produzidas pelo processo de encapsulamento tém a capacidade
de atuar em locais especificos, tais como orgios-alvo (QIU; BAE, 2006). Em outras
situacdes, o encapsulamento pode ser usado para mascarar o sabor desagradavel de
adstringéncia que certos polifendis proporcionam durante a mastigagdo (NEDOVIC et al.,
2011).

Os processos de encapsulamento se baseiam na formagao de goticulas dispersas em
fase liquida, gasosa ou em pd, sendo o recobrimento dessas goticulas feito pelo agente
encapsulante através de diferentes processos fisico-quimicos. No interior das goticulas esta
presente o composto bioativo (ZUIDAM; SHIMONI, 2010). Existem varias técnicas de

encapsulamento, como mostra a Tabela 6.
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Tabela 6: Técnicas de encapsulamento.

Técnica Etapas Tamanho (um)
Spray-drying 1) Dispersdo ou dissolu¢do do composto em meio
aquoso contendo o encapsulante; 2) Atomizagao; 3) 10-400
Desidratagao.

Leito fluidizado 1) Fluidizagdo do composto; 2) Aspersao do
encapsulante; 3) Desidratacdo ou resfriamento.

Emulsificagdo 1) Dissolugdo do composto e do emulsificante em
meio aquoso ou Oleo; 2) Mistura do 6leo e fase 0,2- 5000
aquosa sob agitacao.

Emulsdes com 1) Preparacdo de emulsdo 6leo em &agua, sendo o

multicamadas composto dissolvido no o6leo e o emulsificante
i6nico dissolvido em 4gua; 2) Mistura com solucao
contendo polieletrélito de carga oposta; 3) Remocao
do excesso de polieletrdlitos; 4) Repeticdo das
etapas 2 e 3.

Producao de 1) Dispersdo de moléculas lipidicas em agua, sendo

lipossomas o composto presente ou no 6leo ou na agua; 2)
Redugao do tamanho por aplicacdo de cisalhamento
ou extrusao; 3) Remocao do composto (opcional).

5- 5000

0,2- 5000

10- 1000

Liofilizagdo/ ou 1) Dissolugdo ou dispersao do composto do
secagem a encapsulante em 4gua; 2) Congelamento; 3) 20- 5000
vacuo Secagem a vacuo; 4) Moagem.

Adaptado de: ZUIDAM; SHIMONI, 2010.

A técnica de spray-drying ¢ uma das mais antigas e mais usadas no encapsulamento.
E considerada uma operagdo continua, flexivel e econdmica. As particulas produzidas
podem apresentar didmetro menor que 40 pm. Na técnica de utilizagdo de leito fluidizado ¢
aplicada uma cobertura sobre as particulas na forma de p6 em um sistema continuo ou em
batelada. As particulas ficam suspensas por uma corrente de ar e aspergidas juntas do
material encapsulante. O material encapsulante pode ser uma solugdo aquosa de celulose ou
derivados de carboidratos, proteinas e gomas (NEDOVIC et al., 2011).

Na técnica de emulsificacdo, podem ser feitas duas combinagdes de emulsdes:
emulsdo do tipo agua/dleo ou 6leo/agua e emulsdes duplas, do tipo dgua/ 6leo/agua. Uma

emulsdo do tipo 6leo em agua (O/A) pode ser concentrada por diferentes métodos de
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secagem, tais como spray-drying ou liofilizagdo, produzindo um pd. Essas emulsdes
desidratadas podem ser incorporadas em formulagdes alimenticias (NEDOVIC et al.,
2011), além disso, ¢ uma técnica usada para encapsular moléculas lipofilicas e podem
produzir particulas com didmetro médio de 100 nm a 10 pm. Entretanto, nessa técnica as
particulas sdo mais susceptiveis a instabilidade fisica, polimorfismo (SAGALOWICZ;
LESER, 2010).

A liofilizagdo ou secagem a vacuo, sdo métodos comuns de secagem, mas a
secagem a vacuo ¢ mais rapida e mais economica, pelo fato de operar em temperatura
acima do ponto de congelamento do solvente. A maior desvantagem da liofilizagdo estd no
alto consumo de energia e elevado tempo de processo, além disso, durante a liofilizagdo,
uma rede porosa ¢ formada, o que dificulta o controle da liberagdo do composto bioativo,
principalmente quando se deseja liberacao prolongada (NEDOVIC et al., 2011).

Os lipossomas sdo produzidos normalmente com didmetro médio entre 20 nm e 100
um, podendo ser encapsulados tanto moléculas lipofilicas quanto hidrofilicas com controle
de liberagdo. Por outro lado, apresenta custo elevado de producdo e pode apresentar baixa
eficiéncia de encapsulamento (SAGALOWICZ; LESER, 2010).

O método de emulsdo-difusdo, desenvolvido para encapsular compostos consiste na
formagao de emulsdo do tipo 6leo em 4gua entre um solvente parcialmente miscivel em
agua contendo o composto com um solvente que contém o agente estabilizante. A adigdo de
agua a essa emulsdo promove a difusdo do solvente para a fase externa, com subseqiiente
agregacao gerando as nanoparticulas (QUINTANAR-GUERRERO et al., 1998).

Os emulsificantes desempenham um importante papel na formagdo de
nanoemulsdes em sistemas aquosos, pois diminuem a tensdo superficial entre as fases

aquosa e apolar, diminuindo a quantidade de energia necesséria para romper as interagdes
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entre as goticulas levando a produ¢do de particulas cada vez menores. Além disso, formam
uma camada protetora em volta da fase dispersa (MCCLEMENTS, 1999).

Nanoparticulas poliméricas sdo sistemas de transporte que apresentam didmetros
inferiores a 1 pm. Dependendo da composi¢do, as nanoparticulas podem ser chamadas de
nanocapsulas ou nanoesferas. A presenca de 6leo nas nanocapsulas conduz a uma estrutura
vesicular, enquanto a sua auséncia em nanoesferas proporcionar uma organiza¢ao matricial
das cadeias poliméricas. As nanocapsulas podem ser preparadas utilizando polimeros pré-
formados por deposicao interfacial do polimero (contendo o 6leo). A técnica de deposicao
de polimero pré-formado ¢ considerada um método reprodutivel com a vantagem de se
formarem espontaneamente nanocapsulas de forma simples, eficiente e com alta capacidade
de encapsulamento de farmaco (GUTERRES; ALVES; POHLMANN, 2007).

Fessi et al. (1989) descrevem um método de producdo de nanocapsulas,
denominado método de deposicdo de polimero pré-formado. No seu trabalho, Fessi et al.,
produziram nanocépsulas contendo o antinflamatdrio indometacina utilizando PLA (poli
acido D,L latico) como polimero. Conforme ¢ citado em seu trabalho, o método de
producgdo consistiu basicamente em dissolver o polimero em uma mistura de fosfolipidios
em solvente orgadnico (acetona). A fase organica foi entdo dispensada na fase aquosa
contendo o surfactante Poloxamer (Pluronic® F-68) ¢ esta mistura foi mantida sob agitagao.
Imediatamente apos injetar a fase organica na fase aquosa houve formagao de nanocéapsulas
e a solugdo se tornou com uma aparéncia leitosa. A acetona foi removida sob pressio

reduzida e a solu¢do foi concentrada.
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2.4.1 Encapsulamento de carotenoides

A nanotecnologia ¢ considerada um campo dindmico, multidisciplinar em natureza,
que emprega conhecimento das 4reas da Fisica, Quimica, Biologia, Ciéncia de Materiais e
Engenharia. Nos ultimos dez anos, foi observado um aumento significativo na aplicagdo de
nanotecnologias nos campos da oOtica, eletronica, farmacéutica, alimentos, agricultura, etc.
Nas ciéncias farmacéuticas, a producao de sistemas de transporte de compostos ¢ de grande
interesse, visto que este tem um impacto positivo no tratamento de varias doengas, tais
como cancer, doencas metabdlicas e infecciosas, inflamacdes e doencas auto-imunes
(CARVALHEIRO, 2010).

Na area de alimentos, a identificacdo bacteriana e monitoramento do controle de
qualidade usando biosensores, sistemas de embalagens ativas (“smartpackaging”);
nanotubos de carbono (aumento da resisténcia) sdo exemplos da aplicagdo de
nanotecnologia (SEKHON, 2010). O nanoencapsulamento ¢ definido como uma tecnologia
desenvolvida para envolver substancias gerando particulas com dimensdes nanométricas
pelo uso de técnicas, tais como nanoemulsificagdo, nanocompositos € nanoestruturagao,
aumentando a estabilidade e promovendo a funcionalidade, que inclui liberagdao controlada
do composto bioativo (vitaminas, antioxidantes, proteinas, lipideos e carboidratos)
(QUINTANILLA-CARVAIJAL et al., 2010).

O encapsulamento de compostos bioativos para a formacgao de nanoestruturas ¢ um
exemplo emergente da aplicagdo da nanotecnologia na industria de alimentos (SEKHON,
2010). Varios pesquisadores avaliaram a estabilidade de carotenoides encapsulados. Tan e
Nakajima (2005) estudaram a estabilidade de nanodispersdes aquosas de B-caroteno pelo

método emulsificagdo-evaporacao, utilizando hexano como fase organica e Tween 20 como
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emulsificante. As nanodispersdes apresentaram didmetro de 40 a 260 nm e foi verificado
que apo6s 12 semanas de armazenamento 4 °C, o teor de B-caroteno era de 25 a 56% da
quantidade inicial. Para aumentar a estabilidade das nanoparticulas, os autores sugeriram a
utilizacdo de outro emulsificante poderia ser capaz de estabilizar quimicamente o [-
caroteno.

Yuan et al. (2008) ao caracterizarem nanoemulsdes do tipo 6leo em agua (O/W),
variando-se a concentragdo, o tipo de emulsificante, temperatura, pressdo de
homogeneizagdo e numeros de ciclos de homogeneizacdo produziram nanoemulsdes
didmetros de 40 a 400 nm estaveis apds 4 semanas de armazenamento a 4 e 25 °C.
Entretanto, os autores verificaram perda do carotendide, tendo como teor final variando de
75 a 86 % em relacdo a quantidade inicial.

Ribeiro et al. (2008) produziram nanoparticulas de B-caroteno utilizando como
polimeros, PLA (Poli 4cido D,L-latico) e PLGA (Poli acido D,L- co-glicdlico), gelatina e
Tween 20. As nanoparticulas elaboradas com gelatina e Tween 20 apresentaram didmetro
médio de 74 e 77 nm, e estabilidade de pelo menos 5 meses armazenadas a 4 °C. Os autores
atribuiram o tamanho das nanoparticulas a alta difusdo da acetona em agua.

Parize et al. (2008) produziram microcdpsulas de bixina pela técnica de spray-
drying utilizando quitosana como encapsulante e contendo diferentes formulagdes de acido
acético, acido latico e acido citrico, verificaram que o microencapsulamento aumentou a
estabilidade térmica da bixina. Barbosa; Borsarelli; Mercadante (2005) produziram
microcapsulas de bixina pelo método de spray-drying utilizando goma arabica e
maltodextrina como agentes encapsulantes e verificaram que a formulagdo elaborada com

goma arabica apresentou maior eficiéncia de encapsulamento e que a adi¢ao de 0,2 % de
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Tween 80 tornou as microcapsulas elaboradas com maltodextrina mais estaveis na presenga
de luz, provavelmente pela alta turbidez e baixa solubilidade das microcépsulas em agua.
Em todos os estudos de encapsulamento descritos anteriormente, foi verificado
aumento da estabilidade do carotenoide. Os estudos de encapsulamento de bixina se
dedicaram basicamente a producdo de microcapsulas pela técnica de spray-drying, ndo

havendo estudos da producgdo de nanoparticulas ou nanocépsulas de bixina.
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ABSTRACT

The aim of this work was to produce bixin nanocapsules by the interfacial deposition of
preformed poly-e-caprolactone (PCL). PCL (250 mg), capric/caprylic triglyceride (400 uL),
sorbitan monostearate (95 mg) and bixin were dissolved in a mixture of acetone (60 mL)
and ethanol (7.5 mL) under stirring (40 °C). This organic solution was added to the aqueous
solution (130 mL) containing Tween 80 (195 mg). The nanocapsules size distributions in
the formulations (bixin concentration varying from 11 to 100 pg/ mL) were evaluated
periodically during 3 weeks of storage at ambient temperature. The optimal formulation
(bixin concentration of 16.92 + 0.16 ng/ mL) was characterized (particle size distribution,
zeta potential, bixin content and encapsulation efficiency) and showed a volume-weighted
mean diameter (D4 3) of 195 + 27 nm, around 100 % of encapsulation efficiency and were
considered physically stable during 119 days of storage at ambient temperature.

Keywords: carotenoid; bioactive compounds; lipid-core nanocapsules; bixin.

“Corresponding author. Tel.: +55 51 33089787; Fax: +55 51 33087048, E-mail:
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1. Introduction

Annatto is a natural colorant mostly used in food products, such as cheese, ice
cream, butter and meats, because of its low cost and high-quality sensorial characteristics
(Cardarelli, Benassi & Mercadante, 2008). The primary coloring component found in
annatto seeds is bixin, a carotenoid formed by 9 conjugated double bonds and 2 carboxylic
groups (Figure 1) (Mercadante, Steck & Pfander, 1997). The structure of bixin is
responsible not only for its light absorption and antioxidant activity but also for its low

solubility in water, which impairs its use in low-fat foods (Rodriguez-Amaya, 2001).

Figure 1: Structure of cis-bixin (methyl hydrogen 9'-cis-6,6'-diapocarotene-6,6'-dioate).

Like other carotenoids, bixin is an efficient quencher of singlet oxygen, a scavenger
of reactive species of oxygen and nitrogen (Rios, Mercadante & Borsarelli, 2007; Rios,
Antunes & Bianchi, 2009; Chisté ef al., 2011) and appears to be important to the health
(Kovary et a., 2001; Junior ef al., 2005).

Bixin is considered to be unstable in the presence of oxygen, heat and light,
although, Balaswamy et al. (2006) verified that bixin is protected by oleoresin naturally
found in annatto seeds. Other studies have found that the complexation and encapsulation

techniques protect bixin from damage caused by light, air, ozone, oxygen and high
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temperatures (Barbosa, Borsarelli & Mercadante, 2005; Lyng, Passos & Fontana, 2005;
Marcolino et al., 2011).

Encapsulation is a process of revesting compound inside of a structure, producing
particles with diameters from nanometers to millimeters. Nanoencapsulation involves the
formation of particulate dispersions with a size range from 10 to 1000 nanometers
(Mohanraj & Chen, 2006; Tan & Nakajima, 2005; Ribeiro et al., 2008; Yuan et al., 2008).
This process generally improves chemical stability and bioavailability in a controlled
release process (Shaikh et al., 2009; Zuidam & Shimoni, 2010; Paese et al., 2009),

Several compounds have been encapsulated for different purposes (Shaikh et al.,
2009; Fang & Bandhari, 2010; Byun ef al., 2011). Specifically with respect to group of the
carotenoids, most research has been dedicated primarily to the study of [B-carotene
nanodispersions/nanoemulsions (Tan & Nakajima, 2005; Yuan et al., 2008; Ribeiro et al.,
2008; Zambrano-Zaragoza et al., 2011). However, until now, no studies have been
published about the production of bixin nanocapsules and the evaluation of their stability.

Based on the indications that bixin may be important to human health and because
of its prevalence in the food industries as a colorant and antioxidant, there are reasons to
study nanoencapsulation as a technique suitable for increasing its solubility in aqueous
media. Therefore, the aim of this work was to prepare, to characterize and to evaluate the

stability of bixin-loaded lipid-core nanocapsules.

39



2. Materials and Methods

2.1. Materials

The polymer PCL (Poly-e-caprolactone) (Mw = 80,000 g/mol) and Span 60
(sorbitan monostearate) were obtained from Sigma (St. Louis, Missouri, USA).
Capric/caprylic triglycerides (CCT) and polysorbate 80 were purchased from Delaware
(Porto Alegre, Brazil). Annatto seeds were obtained from a local market in Porto Alegre,

Brazil. All other chemicals and solvents were of analytical or pharmaceutical grade.

2.2. Preparation of the standard of bixin

The standard of bixin was prepared in triplicate, according to Rios and Mercadante
(2004). This method consisted in the production of a standard of bixin extracted from the
annatto seeds. The annatto seeds (300 g) were washed twice with hexane. The seeds were
separated by tamisation and the solvent discarded. Then, the seeds were washed twice with
methanol. The seeds were separated again by tamisation and the solvent discarded. Finally,
the bixin in the seeds was extracted twice with ethyl acetate. Each wash or extraction was
carried out under magnetic stirring during 15 minutes using 600 mL of solvent. The extract
was filtered and concentrated under reduced pressure in a rotary evaporator (Fisatom,
model 801/802, Sao Paulo, SP, Brazil). After concentration, the recipient containing the
extract was placed in a cold bath and was added slowly to this extract the dichloromethane
(5 mL). After the addition of the dichloromethane, was added slowly the ethanol (99.7 %)

(20 mL). This solution was kept at -18 °C during 12 hours for crystallization. The crystals
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formed in the bottom of the recipient were filtered, washed during filtration with 50 mL of
ethanol (99.7 %) and dried under reduced pressure (T <30 °C).

The standard of bixin was evaluated by high performance liquid chromatography
(HPLC) and was found a purity of 98.7 = 0.20 % (Figure 2). Rios & Mercadante (2004),
Rios, Antunes & Bianchi (2009) and Barbosa, Borsarelli & Mercadante (2005), produced
bixin standards with 98%, 96% and 94% of purity, respectively. The authors did not report
the numbe of washes used to produce the standards. The type of solvent and the
characteristics of extraction, such as crystallization and temperature, influence the purity of

the bixin standard.

Signal at 470 nm (mAU)

0 5 10 15 20 25 30
Retention time (minutes)
Figure 2: Chromatogram of bixin standard obtained by HPLC. Chromatographic conditions
see the text.

The bixin standard was produced with an yield of 0.86 + 0.03 % as a result of the
washings that were made to increase the purity. Using ethanol:water (93:7) as extractor
solution, Kovary et al. (2001) obtained 1-2 % of yield; however, these authors did not

report the purity of bixin produced.
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2.3. Development of the bixin-loaded lipid core nanocapsules

The bixin-loaded lipid core nanocapsules (BIX-LNC) were prepared by the
technique of interfacial deposition of preformed polymer, according to Venturini et al
(2011). The polymer (PCL) (250 mg), the triglycerides (CCT) (400 pL) and the sorbitan
monostearate (SM) (95 mg) were dissolved in a mixture of acetone (60 mL) and ethanol
(7.5 mL) under magnetic stirring at 40 °C. After the solubilization of PCL, CCT and SM in
the solvents, the bixin was added and remained under magnetic stirring for 10 minutes (40
°C). This organic phase was added to the aqueous phase (130 mL) containing polysorbate
80 (195 mg) and remained under stirring for 10 minutes. The dispersion was concentrated

under reduced pressure until it reached a final volume of 25 mL.

In preliminary tests, the bixin concentrations tested were 100, 58, 37, 16 and 11 pg/
mL. The bixin nanocapsules formulations were stored in ambient temperature (25 £ 1 °C)
in amber glasses and the parameter of size distribution was evaluated periodically during

three weeks.

Based in the results of the preliminary experiment of nanocapsules stability, the
formulation chosen for further experiments (optimal formulation) was prepared in triplicate
and characterized in terms of the parameters of viscosity, bixin content, encapsulation
efficiency, pH, diameter and zeta-potential and colorimetric analyses. Moreover, the
stability of the optimal formulation was studied during storage at ambient temperature. The
parameters of pH (BIX-LNC formulation), diameter (BIX-LNC) and the bixin
concentration in the formulation were evaluated weekly for 9 weeks; after this period, the

evaluation was performed every two weeks until 119 days.
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2.4. Determination of mean diameter and zeta potential

Initially, the analyses of diameter measurement were carried out by laser diffraction
(LD) (Mastersizer 2000®, Malvern Instruments, UK), using water as dispersant. The data
were analyzed by Mastersizer 2000 5.54 software. The span values were determined by the
software and are calculated dividing the difference between Dy ; and Dy g by Dys.

Subsequently, the particle diameter (z-average) and zeta potential of suspensions
were measured at 25 °C by Dynamic Laser Scattering (DLS) and electrophoretic mobility,
respectively (Zetasizer® nano-ZS ZEN mod. 3600, Nanoseries, Malvern, UK). The samples
were diluted (approximately 200 times) with a pre-filtered (0.45 pm) 10 mM NaCl aqueous
solution or with MilliQ®™ water for zeta potential and z-average determination, respectively.
The data analysis was performed by Dispersion Technology Software (version 4.0, 2002,
Malvern Instruments Itd). The use of DLS and LD was applied as a good means to evaluate
changes during storage, since Zetasizer nano ZS® and Mastersizer 2000” determine particle

sizes ranging from 0.003 to 10 pm and 0.02 to 2000 pum, respectively.

2.5. High performance liquid chromatography (HPLC)

The analyses were carried out using an HPLC system (Agilent series 1100, Santa
Clara, CA, USA) that was equipped with an online degasser, a quaternary pump, an
automatic injector and that was coupled to a C18 Spherisorb ODS-2 column (150 x 4.6 mm
1.d.; 3 pm particle size), adjusted at 25 °C. Data acquisition and processing were performed
using the CHEMSTATION® software. Bixin was eluted isocratically at a flow rate of 1

mL/ min using acetonitrile/ 2% (v/v) acetic acid/ dichloromethane (63:35:2 v/v) as the
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mobile phase. The chromatograms were processed at the maximum absorption of bixin
(470 nm).

All the solvents used in the HPLC separation were of chromatographic grade and
previously filtered through the Millipore vacuum filtration system using a 0.22 pm
membrane for organic solvents (Millipore, Barueri, Sdo Paulo, Brazil).

For the quantification of bixin, a standard curve with a determination coefficient
(R?) greater than 0.99 was used. This standard curve was obtained plotting the peak areas
(from the HPLC) of five different concentrations of bixin solutions (from 1.37 to 80.16 pg/
mL) quantified previously by spectrophotometer (UV-Visible Agilent 8453, Santa Clara,
CA, USA) at 470 nm with an absorptivity coefficient of 2,826 in chloroform. The limits of
detection (LOD) and quantification (LOQ) were 0.231 pg/ mL and 0.235 pg/ mL,
respectively, and were determined according to Long & Winefordner (1983).

Before the injections at the chromatograph, the bixin standard was diluted in
acetonitrile and the injections were made in duplicate and all samples were previously
filtered (0.45 pm, Millex with modified PTFE membrane for aqueous and organic solvents,

Millipore, Barueri, Sdo Paulo, Brazil).

2.6. Determination of the bixin content and encapsulation efficiency

The total content of bixin was determined through the extraction of bixin from the
BIX-LNC formulation. This method consisted in the extraction from an aliquot of 250 pL.
of formulation with acetonitrile (4.75 mL). This extract was sonicated in ultrasound (30
minutes) and centrifuged (15 min at 2,820xg). The supernatant was injected in the

chromatograph. The bixin content in the aqueous phase of the BIX-LNC formulation was
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determined through the injection in the chromatograph of the filtrate. The filtrate was
obtained after the ultrafiltration/centrifugation of an aliquot of BIX-LNC formulation (400
uL) using a Ultrafree-MC® (10,000 MW, Millipore, Bedford, USA) in a centrifuge (15
minutes at 1,690xg). The encapsulation efficiency was determined, according to Venturini
et al (2011), dividing the difference between total concentration of bixin and the
concentration of bixin in the BIX-LNC aqueous phase by the total concentration, multiplied

by 100.

2.7. Viscosity

The viscosity of the BIX-LNC formulation was measured immediately after
preparation using a Brookfield rotational viscometer (model DV-II+Pro, spindle LV2,
Brookfield Engineering, USA) at 25 °C. The Data were analyzed using the Brookfield

Rheocalc 32 software.

2.8. pH

The pH of the formulation was measured at 25 °C using a potentiometer DM-22

(Digimed, Sao Paulo, Brazil).

2.9. Colorimetric analysis

The samples of the BIX-LNC formulation (10 mL) and a free bixin solution (10

mL) were analysed using a portable colorimeter (Konica Minolta model CR 400,
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Singapore). The free bixin was solubilizated in ethanol:water (2:8) due to the low
solubility of bixin in pure water. Both samples were prepared in triplicate in the same bixin
concentration (16.92 nug/ mL).

The colorimetric parameters were obtained according to the Comission
Internationale de 1'Eclairage (CIELAB system) and were L* (lightness), and the color
coordinates a* (red-green component) and b* (yellow-blue component) using the illuminant
D¢s and angle of viewing of 0°. The parameters Chroma (C=[a”‘2 + b*z]o.s) and Hue
(h=arctan b*/a*) was determined for both free and encapsulated bixin. Moreover, the
colour difference AE* (AE*= [AL** + Aa** + Ab**]*") was determined comparing the BIX-

LNC formulation with the free bixin solution.

2.10. Statistical analysis

The results were evaluated by one-way analysis of variance (ANOVA) and mean

values were analyzed by Tukey’s test using STATISTICA® 8.0 software.

3. Results and discussion

3.1 Development of the bixin-loaded lipid core nanocapsules

The standard formulation of nanocapsules applied in this study was chosen because
is biocompatible and was used in various applications in drug delivery (Paese et al, 2009;
Jager et al, 2009; Pohlmann et al, 2012). These nanocapsules have been optimized by
Venturini et al (2011) in a study to formulate aqueous suspensions exclusively composed

by lipid-core nanocapsules.
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Preliminary tests were conducted to produce suspensions composed only by bixin
nanocapsules with diameter smaller than 1 pm distributed in a monomodal profile. The
formulations were analyzed by laser diffraction for 3 weeks. In this study, 5 formulations
were produced that were called 1, 2, 3, 4 and 5, containing bixin concentrations of 100, 58,
37,16 and 11 pg/ mL, respectively.

Immediately after the preparation, formulation 1 showed bixin crystals in
suspension. The crystallization process is induced by high-purity, although, in this work,
the crystals formed in the formulation 1 resulted from the high concentration of the
standard of bixin used. Formulation 2 showed bimodal distribution with particles in
nanometric but also in micrometric sizes. Differently, formulation 3 presented good results
of particle size with a monomodal distribution profile, mean diameter (D43) of 151 nm,
span of 1.284 and 90% of nanocapsules had a mean diameter (Dgy) less than 115 nm.
However, after 5 days of storage, this formulation showed an unstable behavior, visualized
by the bimodal distribution profile with particles in nanometric and micrometric sizes
(larger than 1pum).

Immediately after been produced and during 3 weeks of storage, both formulations
4 and 5 presented a monomodal distribution (determined by volume and number of
particles) with a mean diameter less than 1 um (Figure 3). The volume-weighted mean
diameters (D43) found for formulations 4 and 5 were 208 and 163 nm with span values of
1.397 and 1.271, respectively.

The span value is related to the particles distribution and low span values indicate
narrow size distribution. The particle size distribution of formulation 5 may be considered
more homogeneous due to the smaller span values compared to the span values determined

in the formulation 4. The mean diameters of the formulations 4 and 5 evaluated by number
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of particles (D43) were 208 and 163 nm with span values of 1.397 and 1.271, respectively.
Similarly, Venturini ef al. (2011) produced optimized formulations of indomethacin ethyl
ester-loaded lipid-core nanocapsules with mean diameter (z-average) ranging from 169 to

238 nm, with span values from 1.28 to 1.75
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Figure 3: Size distribution of the BIX-LNC formulations 4 by volume (a) and number (c),
and BIX-LNC formulation 5 by volume (b) and number (d) with their respective
accumulated distribution, analyzed by laser diffraction, respectively.
The results of the cumulative distribution show that 90 % of nanocapsules presented

in formulations 4 and 5 have a (Dgy) less than 126 and 127 nm (Figure 3 ¢ and d),

respectively. After 3 weeks of storage, no changes were observed in the mean diameter of
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nanocapsules in formulations 4 and 5, and both were considered stable. However,
formulation 4 was chosen for further experiments because of the higher concentration of
bixin found, besides satisfactory characteristics of size and distribution.

The results of our preliminary tests show that there is a limit of bixin solubilization
in the nanocapsules. The concentration of bixin in the nanocapsules affected the physical
characteristics of the nanocapsules, such as diameter, particle-size distribution and stability.
The evaluation of particle size distribution by particle volume allowed us to verify the
presence of particles with diameters greater than 1 um. This verification difficult when the
analyse is carried out in terms of the number of particles, since these particles (diameter> 1

um) were present in small amounts.

3.2 Characterization and stability evaluation of the BIX-LNC

Based on the results discussed above, were prepared three batches of BIX-LNC.
The objective of producing capsules exclusively with nanometric dimensions was achieved,
since the analyses of LD showed a narrowed monomodal distribution of BIX-LNC with a
mean diameter (D4 3) of 195 + 27 nm, a surface-weighted mean diameter (D3 ;) of 138 + 13
nm, and span values of 1.4 + 0.1 (Figure 4- a). In addition, 90 % of the nanocapsules

presented diameters (Dg ) that were less than 124.0 = 5.0 nm.
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Figure 4. Mean diameter of BIX-LNC evaluated by laser diffraction (a) and dynamic light
scattering (b) during 119 days of storage and and their respective size distribution at the
intervals at 0 (O), 28 (0), 63 (A), 91 (V) and 119 days (@) of storage (b and d). Standard

deviation is represented by bars.

Tan & Nakajima (2005) produced [-carotene nanodispersions by solvent
displacement method using Tween 20 as emulsifier, with mean diameters (D4 3) varying
from 60 to 135 nm and with span values varying from 0.4 to 0.7. Ribeiro et al. (2008) used
food grade materials, gelatin and Tween 20 to produce polymeric nanodispersions of [3-
carotene with a mean diameter (D3 ) ranging from 74 to 77 nm.

The analyses of DLS also showed that BIX-LNC presented a monomodal
distribution with a z-average of 190.2 + 8.7 nm and a polydispersity index of 0.098 £ 0.03
(Figure 4- b). Paese et al. (2009) produced benzophenone-3-loaded lipid-core nanocapsules
with z-average of 247 + 4 nm and a polydispersity index lower than 0.2. Yuan et al. (2008),
applied the technique of high pressure homogenization and studied the influence of
emulsifier type and concentration, homogenization pressure, temperature and number of
cycles, produced B-carotene nanoemulsions with diameters ranging from 132 to 184 nm

(determined by DLS).
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The formulation of BIX-LNC stayed stable during the storage, since no significant
changes (p<0.05) were verified in the mean diameter of nanocapsules evaluated by LD and
DLS during the 119 days of storage and the distributions of particle size also remained
constant, with no significant changes (p< 0.05), at 0, 28, 63, 91 and 119 days (Figure 4: a
and b). The steric effect provided by the surfactant polysorbate 80 is the responsible for the
stability of this type of nanocapsules formulation (Jager et al., 2009; Venturini ef al., 2009).

Yuan et al. (2008) studying the effects of production parameters, developed [-
carotene nanoemulsions with z-average ranging from 132 to 184 nm that were stable for
four weeks in amber bottle flushed with nitrogen and stored at 4 and 25 °C. Tan &
Nakajima (2005) verified that f-carotene nanodispersions prepared only with Tween 20 as
the emulsifier remained stable after 12 weeks at 4 °C in amber bottles. Ribeiro et al. (2008)
reported that the B-carotene nanoparticles prepared with polymers poly-D,L lactic acid and
poly-D,L-lactic-co-glycolic acid were stable over 20 weeks of storage at 4 °C in the dark.

The BIX-LNC presented mean zeta potentials of -14.45 + 0.92 mV immediately
after preparation and decreased to -25.85 + 6.58 mV after 119 days of storage. Yin ef al.
(2009), while studying the effects of sodium caseinate, Tween 20, decaglycerol
monolaurate, and sucrose fatty acid ester using solvent displacement technique produced -
carotene nanodispersions with zeta potentials of -32.8, -8.2, -17.6 and -30.9 mV by using
sodium caseinate, Tween 20, decoglycerol monolaurate and sucrose fatty acid ester,
respectively. In addition, benzophenone-3 nanocapsules prepared with PCL and Tween 80
showed zeta potentials of -9.5 + 1.0 mV (Paese et al., 2009). The concentration of PCL
influence the zeta potential (Zambrano-Zaragoza et al., 2011) since the negative zeta
potential is a consequence of the negative charge density of the carboxylate groups in the

PCL backbone (Paese et al., 2009).
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The BIX-LNC suspension was prepared in triplicate with a mean bixin
concentration of 16.92 + 0.16 pg/ mL (Figure 5). Venturini et al. (2011) produced lipid-
core nanocapsules with higher concentration of indomethacin ethyl ester (1 mg/ mL) using
the same formulation components, which indicated the influence of the encapsulate
structure on the amount incorporated into the formulation. However, the concentration of
bixin is not considered low because food dyes are normally used at low concentrations.

The quantity of a compound that can be incorporated into nanoencapsulated systems
is influenced by the type of formulation and technique used (Yuan et al., 2008; Ribeiro et
al., 2008; Tan & Nakajima, 2005). In the aqueous phase of the BIX-LNC formulation
(triplicate), the bixin concentration was below the limit of detection of 0.231 pug/ mL (None
bixin peak was found). The mean total concentration of bixin in the formulations was of
16.92 + 0.16 pg/ mL. The determination of encapsulation efficiency could be made in this
way: [(16.92-0.00) / 16.92] x 100. Thus, the value of encapsulation efficiency is around
100% or greater than 98.63 % if the limit of detection is subtracted from the total
concentration of bixin. The high encapsulation efficiency in dicates that all the bixin in the
suspension was present in the nanocapsule structure (inner part and wall).

This high encapsulation efficiency occurred probably due to the nanocapsule core
which contain triglycerides (CCT) that facilitates solubilization of bixin. Moreover, the
encapsulation efficiency results show that the technique used in the present work is
effective to improve the bixin apparent solubility in aqueous media. Microencapsulation of
bixin in different food polymers achieved a maximum efficiency of 86.4 % (Barbosa,
Borsarelli & Mercadante, 2005).

The reduction of bixin content during the first days of storage most likely occurred

because of the formation of free radicals in the oil (Capric/caprylic triglyceride) during the
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solubilization step of bixin in the organic phase (40 °C). From the 7™ to the 28" days of
storage in ambient temperature, no significant change in the bixin content was verified (p<

0.05) (Figure 5).
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Figure 5: Variation of bixin content in BIX-LNC during 119 days of storage.

After 119 days of storage, 45.7 + 1.1 % of bixin was still found. The data found in
the literature show that encapsulation is more effective to inhibit the degradation of
carotenoids during storage, although, decrease in carotenoid content has also been verified
by other authors. During 12 weeks at 4 °C, the residual content of B-carotene in
nanodispersions varied from 25.2 to 56 % (Tan & Nakajima, 2005). Yuan et al. (2008)
evaluated the stability of B-carotene nanoemulsions and found that after 4 weeks of storage
at 4 and 25 °C, the residual B-carotene concentration ranged from 75 to 86 %. Yin et al.
(2009) studied the effects of emulsifiers on the stability of B-carotene nanodispersions and
found that after 8 weeks at 4 °C, the content of B-carotene fell to values varying from 45.6

to 63.3 %.
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Tan & Nakajima (2005) reported that probably the formation of free radicals during
the high-pressure homogenization process and the large surface contributed for -carotene
loss in nanodispersions. Yuan et al. (2008) reported that the degradation during storage
represents a problem for the use of high-pressure homogenization in commercial products.

Another alternative to decrease the bixin degradation rate in lipid-core nanocapsules
during storage might be to encapsulate it in the same manner as Ribeiro et al. (2008), where
the addition of a-tocopherol prevented B-carotene loss in nanodispersions; the authors
reported that the B-carotene content remained stable for at least 5 months at 4 °C. Qian et
al. (2012) verified that the water-soluble antioxidants EDTA and ascorbic acid and the oil-
soluble vitamin E acetate, coenzyme Q10, decreased the degradation rate under accelerated
storage conditions (50 °C) when added to P-carotene nanoemulsions. In addition, these
authors also reported that the addition of water- and oil-soluble antioxidants did not have an
influence on the particle size.

The viscosity of a nanocapsules suspension is important because rheological
properties affect all stages of manufacture such as mixing, pumping, filling and are
valuable tools in quality control. The behaviour of the BIX-LNC suspension is typical for a
Newtonian fluid, since the increase of the shear stress was proportional to the increase of
the shear rate (Figure 6: a). The BIX-LNC suspension showed a viscosity of 11.4 + 0.24
mPa.s and a mean initial pH of 5.89 + 0.70 (Figure 6: b). Paese et al. (2009), with the
objective of improving the in vitro effectiveness of benzophenone-3, produced formulations
with pH values of 6.56 & 0.09 and Pohlmann et al. (2002) in a study to apply the technique

of spray-drying in indomethacin-loaded nanocapsules obtained pH values of 4.2 + 0.1.
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Figure 6: Viscosity analysis of BIX-LNC (a) and pH variation of BX-LNC during 119 days
of storage (b). Standard deviation is represented by bars.

During the first 63 days of storage, no significant change was observed in pH values
(p<0,05); later, on the 119" day, the pH decreased to 4.48 + 0.32. One way to minimize the
changes in pH is to use a buffering agent in the aqueous phase. Indomethacin-loaded
nanocapsules also showed decreased pH values during storage (3 months) that varied from
42 + 0.1 to 3.4 £ 0.0 and 3.2 £ 0.0 at room temperature and at 50 °C, respectively
(Pohlmann et al., 2002). The pH decreased probably due to the partial hydrolysis of PCL
which occurs naturaly during storage releasing free hydroxycaproic acid (Calvo, Vila-Jato
& Alonso, 2000). Besides, the hydrolysis of triglycerides (CCT) might release fre fatty
acids, which decrease the pH.

Immediately after production, the BIX-LNC suspension presented a yellowish color
(similar to milk) and the colorimeteric parameters were: L*= 73.67 + 0.34, a*= 6.01 £ 0.24,
b*=48.60 + 0.95, Chroma: 48.97 + 0.95 and Hue: 1.45 + 0.003. A solution containing free
bixin in ethanol:water (2:8) prepared with the same concentration of the BIX-LNC
suspension (16.9 pg/ mL) showed parameters of L*= 42.10 + 0.35, a*= 13.54 + 0.98, b*=

25.50 + 2.2, Chroma: 28.87 + 2.42 and Hue: 1.08 + 0.01 . Comparing the results of the
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BIX-LNC suspension with free bixin solution was verified that encapsulation provided an
increase in the luminosity and in the yellow color. At same time, occurred a decrease in the
red color. Visually, there was a change afforded by encapsulation. The free bixin solution
had a translucent appearance and the BIX-LNC formulation had a yellowish white color. It
represents a disvantage for the use of bixin as colorant.Taking all these considerations into
account, encapsulation promoted the solubility of bixin in an aqueous medium through
production of lipid-core nanocapsules with suitable physicochemical characteristics of

particle size, polydispersity index, zeta potential, viscosity and pH.

4. Conclusions

Bixin is an antioxidant and the predominant pigment in fat-soluble preparations that
are used to colorize butter, cheese, bakery products, oils, ice creams, sausages, cereals and
extruded products. The technique of interfacial deposition of preformed polymer allowed
the production of BIX-LNC with high encapsulation efficiency (100%), satisfactory
diameter (D43) of 195.0 = 26.9 nm and monomodal distribution. No significant changes (p<
0.05) were observed in particle diameter during 119 days of storage when evaluated for
both LD and DLS. The solubilization of bixin in aqueous media increases the possibility of
using bixin in low-fat foods and in other studies evaluating its effects in vivo, which would

expand the field of industrial application.
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ABSTRACT

The aim of this study was to evaluate the stability of bixin-loaded lipid-core nanocapsules
(BIX-LNC) prepared by the technique of interfacial deposition of preformed polymer. The
stability was evaluated during photosensitization at 5, 15 and 25 °C (in air- and Nj-
saturated conditions) using rose bengal as sensitizer and during heating at 65, 80 and 95 °C
in model system of ethanol:water (2:8). The BIX-LNC were produced with a particle-size
distribution in a monomodal profile with a mean diameter (D43) of 195.0 + 26.9 nm.
During photosensitization (air saturated), the free and encapsulated bixin (BIX-LNC)
showed activation energy of 7.09 and 11.48 kcal/mol, respectively; and during the heating,
free and encapsulated bixin (BIX-LNC) showed an activation energy of 15.06 and 23.81
kcal/mol, respectively. The activation energies found in this study suggest that
encapsulation increased the stability of bixin in both experiments of photosenstitization and
heating in model system of ethanol:water (2:8).

Keywords: singlet oxygen, kinetics, antioxidant
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1. Introduction

The major colorant of annatto seeds is bixin (methyl hydrogen 9'-cis-6, 6'-
diapocarotene-6, 6'-dioate), a carotenoid containing 9 conjugated carbon double bonds and
2 carboxylic groups (Mercadante, Steck & Pfander, 1997). Bixin is an efficient quencher
of singlet oxygen, since the bixin triplet state energy level (18 kcal/ mol) is less than the
energy level of singlet oxygen (22.5 kcal / mol). This energy difference enables the energy
transfer from the singlete oxygen to the bixin (Rios, Mercadante & Borsarelli, 2007).

Bixin is a scavenger of reactive species of oxygen and nitrogen that has been shown
to have beneficial health effects (Chisté et al., 2011; Kovary et al., 2001; Junior et al.,
2005). The antioxidant capacity of bixin is due to its conjugated double bonds, which are
excellent receptors of free radicals (Dias et al., 2011).

The oxidation of some food components caused by singlet oxygen is significant,
because their reaction rate is greater than the oxidation reaction of triplet oxygen,
independent of temperature. The oxygen in its singlete-state is more electrophilic than
triplet state oxygen, reacting 1500 times faster with moieties of high electron-density, such
as C=C bonds. Singlet oxygen can react with each final carbon double bond, yielding the
trans-isomer (Damodaran, Parkin & Fennema, 1996).

One of the mechanism responsible for the existence of singlet oxygen in foods is the
chemical reaction that occurs in the presence of sensitizers, light and triplet oxygen. Many
types of sensitizers are commonly found in foods, such as chlorophyll, pheophytins,
porphyrins, riboflavin, myoglobin, and some synthetic colorants. These compounds absorb
energy from light and transfer it to triplet oxygen to form singlet oxygen. A carotenoid may

act in two ways to prevent subsequent reactions of the singlet oxygen: the first is stabilizing
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the sensitizer in its excited state and the second is stabilizing the singlet oxygen formed
(Min & Boft, 2002).

However, the structure of bixin is responsible not only for its light absorption and
antioxidant activities but also for its low solubility in water, which impairs its use in low-fat
foods (Rodriguez-Amaya, 2001). Encapsulation is the process of entrapping one compound
inside of a structure with diameters ranging from nanometers to millimeters.
Nanoencapsulation involves the formation of particulate dispersions or solid particles with
a size range of 10 to 1000 nanometers. This technique is used to increase the solubility and
stability of bioactive compounds and provide their controlled release (Mohanraj & Chen,
2006; Tan & Nakajima, 2005; Ribeiro et al., 2008).

The stability of free bixin was evaluated in model systems of photosensitization and
heating (Montenegro et al., 2004; Rios, Mercadante & Borsarelli, 2005; Scotter, Appleton
& Castle, 2001) and the stability of encapsulated bixin (microcapsules) was evaluated in
aqueous model system in the presence of light (Barbosa, Borsarelli & Mercadante, 2005).
However, the stability of bixin nanocapsules has not been evaluated in model systems.
Therefore, the aim of this study was to evaluate the stability of bixin-loaded lipid-core

nanocapsules during photosensitization in model system of ethanol:water (2:8) solution.

2. Materials and Methods

2.1 Materials

The polymer PCL (Poly-e-caprolactone) (Mw = 80,000 g/mol) and Span 60
(sorbitan monostearate) and rose Bengal sodium salt (90%) were obtained from Sigma (St.

Louis, Missouri, USA). Capric/caprylic triglycerides and polysorbate 80 were purchased
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from Delaware (Porto Alegre, Brazil). The annatto seeds were obtained from the local
market in Porto Alegre, Brazil. All other chemicals and solvents were of analytical or

pharmaceutical grade.

2.2. Preparation of the standard of bixin

The standard of bixin was prepared in triplicate, according to Rios and Mercadante
(2004). Annatto seeds (300 g) were washed twice with hexane. The seeds were separated
by tamisation and the solvent discarded. Then, the seeds were washed twice with methanol.
The seeds were separated again by tamisation and the solvent discarded. Finally, the bixin
in the seeds was extracted twice with ethyl acetate. Each wash or extraction was carried out
under magnetic stirring during 15 minutes using 600 mL of solvent. The extract was
filtered and concentrated under reduced pressure in a rotary evaporator (Fisatom, model
801/802, Sao Paulo, SP, Brazil). After concentration, the recipient containing the extract
was placed in a cold bath and to the extract was added slowly the dichloromethane (5 mL).
After the dichloromethane, was added slowly the ethanol (99.7 %) (20 mL). This solution
was kept at -18 °C during 12 hours for crystallization. The crystals formed in the bottom of
the recipient were filtered, washed during filtration with 50 mL of ethanol (99.7 %) and
dried under reduced pressure (T <30 °C).

The standard of bixin was evaluated by high performance liquid chromatography
(HPLC) and was found a purity of 98.7 + 0.20 %. Other authors found similar results of
purity ranging from 94 to 98% (Rios & Mercadante, 2004; Rios, Antunes & Bianchi, 2009;
Barbosa, Borsarelli & Mercadante, 2005). The type of solvent and the characteristics of

extraction, such as crystallization and temperature, influence the final content of bixin. The
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bixin standard was produced with an yield of 0.86 + 0.03 % as a result of the washings that

were made to increase the purity.

2.3 Preparation of the bixin nanocapsules

The bixin-loaded lipid-core nanocapsules (BIX-LNC) were prepared using the
technique of interfacial deposition of a preformed polymer according to Venturini et al.
(2011). The polymer (PCL) (250 mg), the oil (CCT) (400 pL), sorbitan monostearate (SM)
(95 mg) and bixin were dissolved in a mixture of acetone (60 mL) and ethanol (7.5 mL) by
stirring at 40 °C. This organic phase was dispensed slowly into an aqueous phase (130 mL)
containing polysorbate 80 (195 mg) and stirred for 10 minutes. The formulation was
concentrated to a final volume of 25 mL under reduced pressure at 40 °C. The formulation

was prepared in triplicate.

2.4 Characterization of the bixin nanocapsules

Each formulation of the triplicate was characterized immediately after been
prepared in the terms of the parameters of mean diameter, size distribution, zeta potential,
total content of bixin and encapsulation efficiency, zeta potential, viscosity and pH of the
BIX-LNC formulations.

The mean diameter was measured by laser diffraction (LD) at Mastersizer 2000
(Malvern Instruments Ltd., Worcestershire, United Kingdom) to ensure that all of the
particles were of nanometric size. The data were analyzed with Mastersizer 2000 5.54

software (Malvern Instruments Ltd., Worcestershire, United Kingdom). The particle size
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and distribution of the nanoparticles present in the formulation (100 pL) were evaluated
using water as dispersant (refractive index: 1.330). The span values were determined by
dividing the differences between Dy ; and Dy 9 by Dy s.

The zeta potential and mean diameter (z-average) of the nanocapsules suspension
were measured at 25 °C by electrophoretic mobility and Dynamic Laser Scattering (DLS),
respectively, using Zetasizer” nano-ZS ZEN mod. 3,600 (Malvern Instruments Ltd.,
Worcestershire, United Kingdom). The samples were diluted (200 times) with pre-filtered
(0.45 um) 10 mM NaCl aqueous solution and MilliQ® water for the determination of the
zeta potential and z-average determination, respectively. The data analysis was performed
using Dispersion Technology Software (version 4.0, 2002, Malvern Instruments Ltd.,
Worcestershire, United Kingdom).

The viscosity of the nanocapsules suspension was measured at 25 °C in triplicate by
a rotational viscometer (model DV-II+Pro, spindle LV2, Brookfield Engineering INC.,
Middleboro, Massachussets, USA) and the data were analyzed by the Brookfield Rheocalc
32 software. The pH of the nanocapsules suspension was measured at 25 °C using a
potentiometer DM-22 (Digimed, Sao Paulo, Brazil). The bixin content was determined by
HPLC. The encapsulation efficiency was calculated, according to Venturini ef al. (2011),
by dividing the difference between the total concentration of bixin and the concentration of

bixin in the aqueous phase by the total concentration, multiplied by 100.

2.5 Photosensitization and heating of the bixin nanocapsules in model system

A solution of BIX-LNC in ethanol:water (2:8) was prepared with a final bixin

concentration of 8 uM (3.156 pg/ mL). The BIX-LNC solution in ethano:water is around 5
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times more diluted than the BIX-LNC formulation. In the photosensitization experiments,
the sensitizer rose bengal was added (10 pM) to the nanocapsule solution prepared
previously. An aliquot of 10 mL of this solution containing BIX-LNC and the sensitizer
was illuminated with a 150 W filament lamp coupled to an orange acrylic cutoff filter
(36,000 lux) to exclusively excite the sensitizer at wavelengths above 520 nm (maximum
absorbance). This experiment was performed at 5 °C, 15 °C and 25 °C in two different
conditions. The first was carried out injectingr N, (99.99% purity) to the potosensitization
cell (excluding the oxygen) and the second was carried out injecting air in the
photosensitization cell.

The filtered light excited only rose bengal and singlet oxygen was formed by the
energy transfer from this sensitizer to triplet oxygen (atmospheric oxygen). Montenegro et
al. (2004) verified the formation of singlet oxygen by phosphorescence (1270 nm) in a
similar photosensitization experiment of bixin in a model system of acetonitrile:methanol
(1:1). Foote, Chang and Denny (1970), demonstrated that no reaction occurred in the
absence of the sensitizer (methylene blue) even in the presence of O,. Montenegro et al.
(2004) observed that the consumption of bixin in photosensitization only occurs in the
presence of light because no changes in the bixin concentration occurred in the dark even in
the presence of oxygen.

The BIX-LNC were diluted in an ethanol:water (2:8) solution to allow the
comparison with free bixin, which is insoluble in water. In an air-saturated condition
(presence of atmospheric oxygen), the sensitizer rose bengal and singlet oxygen both
participated in the degradation of bixin, whereas in the N, saturated system (absence of

oxygen), only the sensitizer acted in the degradation of bixin.
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For the heating experiments, 2 mL of the BIX-LNC solution was heated in glass test
tubes with screw caps (20 mm of diameter and wall thickness of 1 mm) in a heating bath at
65 °C, 80 °C and 95 °C in the absence of light. Free bixin (non-encapsulated) in
ethanol:water (2:8) solution (8§ uM= 3.156 8 ng/ mL) was evaluated under the same

conditions of photosensitization and heating. The bixin content was quantified by HPLC.

2.7 High performance liquid chromatography (HPLC) analysis

Quantative analyses were performed using an HPLC system (Agilent series 1100,
Santa Clara, CA, USA), equipped with an online degasser, a quaternary pump, an automatic
injector and coupled to a C18 Spherisorb ODS-2 column (150 x 4.6 mm i.d.; 3 um-particle
size) adjusted at 25°C. Data acquisition and processing were performed using
Chemstation® software. Bixin was eluted isocratically at a flow rate of 1 mL/ min using
acetonitrile/ 2% v/v acetic acid/ dichloromethane (65:35:2 v/v) as the mobile phase. The
chromatograms were obtained at the maximal absorption of bixin (470 nm).

All of the solvents used for HPLC analysis were chromatographic grade and were
pre-filtered using a Millipore vacuum filtration system using a membrane for organic
solvents (0.22 pum-pore diameter, Millipore, Barueri, SP, Brazil). The samples were
injected in duplicate. The bixin standards were firstly diluted in acetonitrile. The BIX-LNC
(250 pL) were extracted with acetonitrile (4.75 mL), homogenized by ultrasonication (30
minutes) and centrifuged (15 min at 2,820 x G). The content of bixin present in the
suspension aqueous phase was determined after ultrafiltration-centrifugation (15 minutes at

1,690xG) and the supernatant directly injected at HPLC without dilution. Before being for
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chromatography, all of the samples were filtered through a polyethylene membrane (0.45
um-pore size, Millipore Corp., Billerica, Massachussets, USA).

The bixin concentration were determined from a bixin standard curve that was
prepared by plotting the peak areas obtained by HPLC of 5 different concentrations of bixin
solutions that ranged from 1.37 to 80.16 pg/ mL (quantified previously with a UV-Visible
Agilent 8453 spectrophotometer at 470 nm using the absorptivity coefficient of 2826 in
chloroform). Free bixin exhibited a linear coefficient (R?) greater than 0.99. The limit of
detection (LOD) and limit of quantification (LOQ) were determined according to Long &
Winefordner (1983) and were 0.231 pg/mL and 0.235 pg/ mL, respectively.

The bixin content was evaluated periodically by HPLC during the
photosensitization experiments in the periods 0, 15, 30, 45, 60, 90, 120, 180, 240 and 300
minutes; and during the heating experiments in the periods 0, 15, 30, 45, 60, 90, 120, 180,
240 and 300 minutes. The bixin content data were used to determinate the kinetics of rate

constants and energy of activation parameters by the Origin Pro 8.0 software.

3. Results and Discussions

3.1 Characterization of the bixin nanocapsules

The materials used to prepare the BIX-LNC formulation are biocompatible,
biodegradable. Moreover, this formulation (except bixin) was used in several
pharmaceutical studies of drug delivery (Paese et al., 2009; Jéager et al., 2009; Pohlmann et
al., 2012) and optimized by Venturini et al. (2011) in a study to formulate exclusively
lipid-core nanocapsules. The BIX-LNC formulation used in this work presented a

monomodal particle-size distribution with a mean diameter (D43) of 195.0 + 26.9 nm, a
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span value of 1.4 + 0.1, a mean diameter (z-average) of 190.2 + 8.7, a polydispersity index
of 0.098 + 0.03, a zeta potential of -14.45 + 0.92 mV, a bixin concentration of 16.23 pg/
mL, an encapsulation efficiency of approximately 100 %, a viscosity of 11.4 + 0.24 mPa.s

and a pH of 5.89 + 0.70.

3.2 Photosensitization of BIX-LNC in the model system

In a preliminary experiment, the mean diameter (z-average) of the BIX-LNC in

ethanol:water (2:8) at 25 °C were periodically measured throughout 5 hours (Figure 1- a) to

evaluate the physical stability of the BIX-LNC in the ethanolic solution.
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Figure 1: Diameters (a) and polydispersity index (b) of BIX-LNC in a model system of
ethanol: water (2:8) throughout 300 minutes at 25 °C.

Immediately after preparation, the BIX-LNC exhibited a mean z-average of 199.9 +
1.8 nm and a polydispersity index of 0.12 + 0.01 (Figure 1- b), with a monomodal particle
size distribution. No significant changes (p<0.05) were verified in the nanocapsules mean

diameter (z-average) and polydispersity index values of the nanocapsules were observed
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during 300 minutes. These results suggested that the BIX-LNC would be physically stable
in the ethanol:water (2:8) solution during photosensitization in contact with ethanol.

In all of the tested conditions (presence of oxygen and different temperatures), bixin
degradation followed a first-order kinetics with a mean coefficient of correlation R* above
0.99. The loss of bixin occurred more rapidly in air-saturated solutions than in N,-saturated
solutions, for both free bixin and BIX-LNC (Figure 2). This loss occurred due to the

formation of singlet oxygen.
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Figure 2: Bixin concentration during photosensitization of free bixin (a) or BIX-LNC (b) in
a N,- saturated solution, and free bixin (c¢) or BIX-LNC (d) in an air-saturated solution at
5°C (O), 15°C (0) and 25°C (A).
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The nanocapsule structure did not impair the capacity of bixin to stabilize the
sensitizer and singlet oxygen. The degradation rate of encapsulated bixin was lower than
that of free bixin in the presence of the sensitizer (Figure 2- b) and in the presence of the
sensitizer plus singlet oxygen (Figure 2- d).

Montenegro et al. (2004) observed that the degradation of bixin was accompanied
by an increase in the levels of all-trans-bixin, which is considered to be the main product
formed during bixin photosensitization in acetonitrile:methanol (1:1). These authors also
observed that the rate constant for the formation of this isomer was similar to the rate
constant for the loss of bixin.

In the present work, the rate constants (k) for bixin loss during photosensitization in
ethanol:water (2:8) was higher for free bixin than for bixin in the BIX-LNC in both air-

saturated and N;-saturated solutions in the same temperatures (Table 1).

Table 1: Calculated rate constants (k) and activation energy (Ea) for the photosensitized
isomerization of bixin in an ethanol: water (2:8) solution as either free bixin or in BIX-
LNC.

Rate constant k (s™)

Sample Atmosphere 55C 15°C 75°C Ea (Kcal/mol)

Free bixin  Air-saturated 8.52x10°  1.33x10™  2.02x10™ 7.09
N,-Saturated  4.88x10°  8.78x10°  1.45x10™ 8.96

BIX-LNC Air-saturated  2.71x10°  5.86x10°  1.09x10™ 11.48
N,-Saturated  1.11x10°  2.81x10°  8.04x107 16.31

Montenegro et al. (2004) observed rate constants (k) for free bixin (76 uM) of
2.3x10™, 3.00x10™ and 3.7x10* s during photosensitization in the model system of
methanol:acetonitrile (1:1) at 5 °C, 15 °C and 20 °C, respectively, using rose bengal (10
uM) as the sensitizer. The highest rate constant (4.2 x 10™ s™) was obtained for bixin (8

uM) at 20 °C in the air-saturated condition. The discrepancy between the k values obtained
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for bixin at the same concentration (8 uM= 3.156 8 pg/ mL) in the study of Montenegro et
al (2004) with the present study may be explained by the use of different concentrations of
organic solvents.

The activation energies for the BIX-LNC in air- and N,- saturated solutions were
1.62- and 1.82-fold greater than those of the free bixin bixin under the same conditions. The
activation energy values for bixin loss in the present investigation revealed that under all of
the conditions, the BIX-LNC exhibited a higher activation energy than did the free bixin,
indicating that encapsulation increases bixin stability during photosensitization in model

systema of ethanol:water (2:8) performed in the present study.

3.3 Heating of BIX-LNC in the model system

A preliminary experiment of heating free bixin and BIX-LNC at 40 °C for 120
minutes in the dark was conducted. The bixin concentration did not significantly change
during the experiment. Based on these results, both free bixin and BIX-LNC were exposed
to the higher temperatures of 65 °C, 80 °C and 95 °C for 120 minutes (in the dark). The
heated samples were immediately cooled in an ice bath to decrease the degradation rate.
The kinetics of degradation was evaluated by the quantification of bixin concentration by
HPLC.

The bixin content was evaluated periodically (0, 1, 5, 10, 15, 20, 30, 45, 60, 90, 100
and 120 minutes) by HPLC during the the heating experiments and was used to calculate
the kinetics parameters. At all of the temperatures, the degradation of free bixin and bixin
in the BIX-LNC followed the same order kinetics (first-order) with a correlation coefficient

R’ greater than 0.99 (Figure 3). Barbosa, Borsarelli & Mercadante (2005) observed two
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sequential first-orders decays of bixin that had been encapsulated by spray-drying with

different amounts of gum arabic and maltodextrin in an aqueous medium under

illumination.
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Figure 3: Residual contents of bixin during heating of free bixin (a) or BIX-LNC (b) during
heating at 65 °C (O), 80 °C (0) or 95 °C (2).

Rios, Mercadante & Borsarelli (2005) observed that the bixin decay curves did not
fit the first-order rate law (exponential fitting), although good fitting was obtained using a
biexponential model. These authors studied the kinetics of degradation of cis-bixin in a
model system of ethanol:water (2:8) during heating at 70, 77, 84, 98, and 125 °C in the
dark.

Scotter, Castle & Appleton, (2001) studied the thermal degradation kinetics of cis-
bixin in model systems of methanol, ethanol and propanol heated to their respective boiling
points of 64.6 °C, 78.3 °C and 97.2 °C with k values of 0.68x10”, 1.08x10™ and 2.08x10™
s, respectively. Moreover, it was observed that the decrease in the cis-bixin followed firs-
order kinetics and had activation energy of 8.53 kcal/ mol. The main degradation products
formed during heating in ethanol were di-cis-bixin, trans-bixin and 4,8-dimethyl-

tetradecahexaene-dioic acid. The authors also verified in this study the formation of toluene
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and xylene in vegetable oil heated at 75 and 140 °C during 2 hours. In the present work,
during heating, the loss of the free bixin occurred more rapidly than did that of the bixin in

the BIX-LNC, as demonstrated by the higher values of rate constants (k) (Table 2).

Table 2: Calculated rate constants (k) and activation energy (Ea) for bixin loss during
heating in an ethanol: water (2:8) solution of free bixin or BIX-LNC.

Rate constant k (s™)

Sampl Ea (kcal/mol
ample 65°C 80°C 95°C a (keal/mol)
Free bixin 1.16x10™* 2.85x107 7.25x107* 15.06
BIX-LNC 1.94x107 7.86x107 3.51x10™ 23.81

Rios, Mercadante & Borsarelli (2005) studied the bixin kinetics degradation during
heating in model system of ethanol:water (2:8) at 70, 77, 84, 98 and 125 °C and found the
formation of at least 6 compounds, immediately formed at 98 °C. The k values found were
1.67x10., 2.33x10° ¢ 2.5x10* s at 70, 98 and 125 °C, respectively. The authors reported
that among the degradation compounds, all-frans-bixin was formed only at 125 °C and had
showed activation energy of 24.4 kcal/ mol.

Barbosa, Borsarelli & Mercadante (2005) attributed the lower degradation rate of
microencapsulated bixin compared to free bixin to the location of the bixin molecules in the
structures. The instability of bixin in two of the microcapsule formulations was related to
their low encapsulation efficiencies. In the present study, all the bixin appeared to be
located inside and bound to the walls of nanocapsule structures because to the maximal
encapsulation efficiency had been achieved (100 = 0.0%). The authors also reported that
that the encapsulated bixin was approximately 10 times more stable in the presence of light

than was free bixin.
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Other studies have reported that B-carotene is stabilized by encapsulation. Tan &
Nakajima (2005) demonstrated that B-carotene remained stable for 3 months at 4°C (in the
absence of light) in a nanodispersion produced with Tween 20 as the emulsifier. Ribeiro et
al. (2008) reported that the B-carotene nanoparticles produced with poly-D,L lactic acid and
poly-D,L-lactic-co-glycolic acid were stable for 5 months of storage at 4 °C. The authors
added o-tocopherol to the formulation in order to decrease the degradation rate of f-
carotene in nanodispersions. Qian et al. (2012) studied the effects of the type of antioxidant
(ascorbic acid, vitamin E acetate, coenzyme Q10 and EDTA) and the type of emulsifier (B-
lactoglobulin and Tween 20) to inhibit carotenoid degradation in nanoemulsions.

The addition of Antioxidant could be an alternative to decreased degradation of
bixin. However, in all conditions tested in the present study, encapsulation proved to be a
technique to increase the stability of bixin in the model system of ethanol:water (2:8)
during photosensitization and during heating. The results obtained in this study extend the

knowledge about the stabilization promoted by encapsulation.

4. Conclusions

The bixin in the BIX-LNC exhibited its characteristic ability to stabilize the
sensitizer and singlet oxygen. In the photosensitization experiments, nanoencapsulation was
observed to increase the stability of bixin in the presence of a sensitizer and singlet oxygen
and during heating in model system of ethanol: water (2:8). These results demonstrated that
the nanocapsule structure, in addition to increasing the apparent solubility of bixin in water,
did not impair the antioxidant activity and protected bixin from the action of singlet

oxygen, the sensitizer and high temperature.
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CAPITULO 3: DISCUSSAO GERAL
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A bixina é o principal pigmento presente nas sementes de urucum. Estas sdo as
principais matérias-primas na produgdo do corante de urucum, um dos principais corantes
naturais utilizados em alimentos. A bixina apresenta caracteristicas de hidrofobicidade que
impede sua solubilizacdo em meio aquoso e por conseqiiéncia, em produtos com baixo teor
lipidico. Além disso, varios estudos demonstram a instabilidade da bixina na presenca de
fatores, tais como oxigénio, sensitizadores e alta temperatura.

Uma das técnicas que poderia aumentar tanto a solubilidade da bixina quanto sua
estabilidade ¢ o encapsulamento. A maioria dos estudos de encapsulamento enfocam a
producdo de nanoemulsdes, nanoparticulas ou nanodispersdes de B-caroteno. Na literatura
consultada existem somente dois trabalhos se dedicaram a producdo de bixina encapsulada.
Entretanto, em ambos os trabalhos foi realizada a produ¢@o de microcapsulas de bixina pelo
método de spray-drying.

Com base no exposto acima, o primeiro artigo intitulado “Characterization and
stability evaluation of bixin-loaded lipid-core nanocapsules” teve como objetivos principais
preparar, caracterizar e avaliar a estabilidade de nanocépsulas de bixina durante 119 dias de
armazenamento em temperatura ambiente. O segundo artigo intitulado “Stability evaluation
of bixin-loaded lipid-core nanocapsules in model systems of photosensitization and
heating” teve como principal objetivo avaliar a estabilidade de nanocépsulas de bixina em
sistemas modelo de fotossensitizacdo e aquecimento utilizando solucdo de etanol: dgua
(2:8).

As nanocépsulas de nucleo lipidico contendo bixina (BIX-LNC) foram produzidas
pela técnica de deposicdo interfacial de polimero pré-formado utilizando PCL como

polimero. A formulagdo obtida com essa técnica ¢ biocompativel, ja foi otimizada para
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producdo exclusiva de nanocépsulas e ja foi estudada por varios autores. Além disso, o
nucleo lipidico das nanocéapsulas facilita a solubilizag¢do da bixina.

No desenvolvimento das nanocépsulas de bixina, foram avaliadas 5 formulagdes de
contendo diferentes concentragcdes do carotenoide. Os resultados demonstraram que a
concentragdo de bixina influencia a estabilidade fisico-quimica das nanocéapsulas. Das 5
concentragdes testadas, os melhores resultados foram obtidos utilizando concentracdo de
bixina de 16 pg/mL onde foram produzidas nanocépsulas com didmetro médio (D43) de
208 nm com span de 1,4, distribuidas em um perfil monomodal.

A partir dos resultados preliminares, foram preparados trés lotes de BIX-LNC com
concentragdo inicial de bixina de 16.92 pg/mL contendo nanocapsulas distribuidas em um
perfil monomodal, com didmetro (D43) de 195,0 + 26,9 nm, diametro médio superficial
(D3,2) de 138,3 = 13,1 nm, span de 1,4 £+ 0,1, indice de polidispersdo de 0,098 + 0,03
(<0,2), potencial zeta de -14,45 + 0,92 mV, eficiéncia de encapsulamento de 100%,
viscosidade de 11,4 + 0,24 mPa s e pH médio de 5,89 + 0,70.

Apods 119 dias de armazenamento em temperatura ambiente, ndo foi verificada
variagdo significativa (p<0.05) no didmetro médio das nanocapsulas avaliadas pelas
técnicas de difracdo de laser e espalhamento dindmico da luz e nos valores de potencial zeta
durante o periodo de armazenamento de 119 dias. Ao final do periodo de armazenamento
das nanocapsulas, o teor residual de bixina foi de 45,7 + 1,1 %. Variagdes significativas nos
valores de pH (p<0.05) s6 ocorreram apos 63 dias de armazenamento, alcangando pH final
de 4,48 +0,32.

Encapsulamento promoveu a solubilidade da bixina em meio aquoso através da

producdo de nanocépsulas com caracteristicas fisico-quimicas apropriadas de tamanho de
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particula, indice de polidispersidade, potencial zeta, viscosidade e pH semelhantes aos
resultados encontrados por outros autores.

Para o experimento de fotossensitizagdo e aquecimento em sistema modelo (Artigo
2), as nanocapsulas de bixina foram produzidas com tamanhos distribuidos em um perfil
monomodal, com didmetro (Ds3) de 195,0 £ 26,9 nm. Um experimento preliminar a
fotossensitizagdo foi realizado medindo periodicamente o diametro (z-diametro) das
nanocapsulas durante 5 horas em etanol:agua (2:8) a 25 °C. Nao foi verificada variacdo
significativa (p<0,05) no didmetro médio das nanocépsulas. Tal fato assegurou que a
estrutura das nanocapsulas ¢ fisicamente resistente a solugao etanolica.

Os parametros cinéticos durante a fotossensitizacdo foram determinados pela
quantifica¢do do teor de bixina presente nas solu¢des de bixina nos sistemas modelo a 5, 15
e 25 °C. Em todas as condigdes testadas (presenca de oxigénio e diferentes temperaturas), a
degradagdo de bixina seguiu uma cinética de degradagdo de primeira ordem com um
coeficiente médio de correlagio R* acima de 0,99. A perda de bixina foi mais rapida em
solugdes saturadas de ar do que em solugdes saturadas de N, devido a formagdo de
oxigenio singlete.

A estrutura das nanocéapsulas ndo impediu que a bixina estabilizasse o sensitizador
rosa de bengala e o oxigénio singlete. Os valores da constante cinética k foram maiores para
bixina livre do que para bixina encapsulada em todas as condi¢des. Do mesmo modo, os
valores de energia de ativacdo em todas as condigdes demonstraram que o
nanoencapsulamento aumentou a estabilidade da bixina. A energia de ativagcdo das
nanocapsulas de bixina na presenga de oxigénio singlete foi 1,62 maior que a energia de

ativacdo de bixina livre nas mesmas condigdes.
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Durante os experimentos de aquecimento foi verificado que tanto a bixina livre
quanto a encapsulada ndo apresentaram varia¢do no teor ao serem submetidas a 40 °C
durante 120 minutos. Em todas as temperaturas testadas (65, 80 e 95 °C), a bixina
apresentou cinética de degradagdo de primeira ordem com coeficiente de correlagdo R
maior que 0,99. Os valores das constantes de velocidade (k) para a bixina livre variaram de
1,16x10* a 7,25x10™* s com energia de ativacdo de 15,06 kcal/mol e os valores de & de
bixina encapsulada variaram de 1,94x107 a 3,51)(10'4 s'l, com energia de ativagdo de 23,81
kcal/mol.

Os resultados obtidos demonstraram que a técnica de nanoencapsulamento
empregada proporciona tanto o aumento da solubilidade de bixina em meio aquoso quanto
sua estabilidade na presenca de oxigénio singlete, sensitizador e alta temperatura. Estudos
futuros poderiam ser realizados para diminuir a degradagdo da bixina durante o
armazenamento e estudar os efeitos bioquimicos das nanocapsulas comparado a bixina livre

a0 serem administradas in vivo.
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