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RESUMO

O Oleo essencial de limdo (Citrus aurantifolia) ¢ um produto muito
utilizado pela industria de alimentos, cosméticos e farmacéutica, devido as suas
propriedades quimicas ¢ sensoriais marcantes. Depois de extraido, o oleo
essencial de limdo é muito suscetivel a degradacdes e volatilizagcdes. Com isso, é
necessario promover processos para reduzir reagdes indesejaveis. O processo de
microencapsulacdo ¢ amplamente recomendado e utilizado para se conservar
compostos bioativos por longos periodos. Sendo assim, este trabalho tem como
objetivo, estudar o processo de microencapsulacdo do dleo essencial de limao
através do processo de spray drying, utilizando diversos biopolimeros como
material de parede. No primeiro artigo foi estudada a estabilidade de emulsdes
6leo essencial de limdo, adicionadas de Goma Arabica (GA) e Isolado Proteico
de Soro de Leite. Foi proposto delincamento meramente casualizado, variando-
se a concentracao de 6leo essencial (5, 7,5 e 10%) e a composi¢do do material de
parede (GA, WPI e GA/WPI). As emulsdes foram homogeneizadas utilizando
ultrassom assistido (240W/2min). Foram avaliados pH, condutividade, potencial
zeta, tamanho de goticulas, reologia (viscosidade e tensdo de cisalhamento),
microscopia oOtica e indice de cremeacdo. Nao se observou separagdo de fases
durante as 4 primeiras horas de armazenamento. Em todos os tratamentos nao
houve variacdo significativa dos valores de pH e condutivadade. Maiores valores
de potencial zeta foram encontrados para tratamentos com WPI e maiores
concentrac¢do de 6leo devido as caracteristicas e grupos funcionais presentes no
biopolimero e¢ no 6leo essencial de limdo. Todos os tamanhos de goticulas
apresentaram valores menores que 2um. Conclui-se que as proteinas do soro de
leite apresentaram emulsdes mais estaveis, sendo este material de parede, a base
para a producdo das microparticulas de 6leo essencial de limdo. O segundo
artigo mostra o estudo das propriedades fisico-quimicas de microparticulas de
oleo essencial de limdo, utilizando-se proteinas de soro de leite concentradas
(WPC) e maltodextrinas de valores de dextrose equivalente (DE) de 5, 10 e 20.
As emulsdes foram homogeneizadas através do ultrassom assistido, com
poténcia de 240W, por 2 min. Apos homogeneizagdo, as emulsdes foram
submetidas a secagem por spray drying a 170°C, com fluxo de alimentacdo da
emulsdo de 0,7 L/h. Foram realizadas analises de reologia, microscopia ética ¢
tamanho de gotas, para as emulsdes e; composicdo majoritaria e atividade
antioxidante do 6leo cru e encapsulado, umidade, atividade de agua, teor de 6leo
superficial, teor de 6leo total, eficiéncia de encapsulagdo, retencdo de O6leo,
tamanho de particulas, microscopia eletronica de varredura e difracdo de raio-x.
Emulsdes com maltodextrinas de maiores valores de DE apresentaram menor
viscosidade. O grau de hidrolizacdo das cadeias de maltodextrina aumentaram a
umidade ¢ atividade de agua das MP. Estrutura superficial das microparticulas



ndo apresentaram rachaduras. DRX mostrou a estrutura amorfa das
microparticulas, ideal para processos de microencapsulacio. DE 20
apresentaram melhores resultados de eficiéncia e atividade antioxidante. DE de
maltodextrinas podem interferir nas propriedades fisico-quimicas de
microparticulas de o6leo essencial de limdo. Em resumo, os biopolimeros
utilizados podem ser uma alternativa para produgdo de emulsdes e
microparticulas de 6leo essencial de limao.

Palavras-chaves: Oleo essencial de limdo. Spray drying. Isolado proteico de
soro de leite. Maltodextrina. Dextrose equivalente.



ABSTRACT

Lime essential oil (Citrus aurantifolia) is a product widely used by the
food, cosmetics and pharmaceutical industry due of its remarkable chemical and
sensory properties. After extracted, the lime essential oil is very susceptible to
degradations and volatilizations. Thus, it is necessary to promote processes to
reduce undesirable reactions. The microencapsulation process is widely
recommended and used to preserve bioactive compounds for long periods. The
objective of this work is to study the microencapsulation process of lemon
essential oil through the spray drying process, using several biopolymers as a
wall material. In the first article we studied the stability of lemon essential oil
emulsions added of Arabic Gum (AG) and Whey Protein isolate (WPI). It was
proposed a purely randomized design, varying the concentration of essential oil
(5, 7,5 and 10%) and the composition of the wall material (AG, WPI and AG /
WPI). The emulsions were homogenized using assisted ultrasound (240W /
2min). PH, conductivity, zeta potential, droplet size, rheology (viscosity and
shear stress), optical microscopy and cream index were evaluated. No phase
separation was observed during the first 4 hours of storage. In all treatments
there was no significant variation of pH and conductivity values. Higher zeta
potential values were found for treatments with WPI and higher oil
concentration due to the characteristics and functional groups present in the
biopolymer and in the lime essential oil. All droplet sizes presented values lower
than 2um. It is concluded that the whey proteins had more stable emulsions, this
wall material being the basis for the production of the microparticles of lemon
essential oil. The second article shows the study of the physicochemical
properties of lemon essential oil microparticles using whey protein concentrated
(CWP) and maltodextrins of dextrose equivalent (DE) values of 5, 10 and 20.
The emulsions were homogenized by of ultrasound-assisted with power of
240W, for 2 min. After homogenization, the emulsions were spray dried at
1700C, with emulsion feed flow of 0.7 L / hr. Rheology, optical microscopy and
droplet size analyzes were performed for the emulsions; and major composition
and antioxidant activity of crude and encapsulated oil, moisture, water activity,
surface oil content, total oil content, encapsulation efficiency, oil retention,
particle size, scanning electron microscopy and x-ray diffraction. Emulsions
with maltodextrins of higher DE values presented lower viscosity. The degree of
hydrolyzation of the maltodextrin chains increased the moisture and water
activity of microparticles. Surface structure of the microparticles showed no
cracking. DRX showed the amorphous structure of the microparticles, ideal for



microencapsulation processes. DE 20 presented better results of efficiency and
antioxidant activity. DE of maltodextrins may interfere with the
physicochemical properties of microparticles of lemon essential oil. In summary,
the biopolymers used may be an alternative for the production of emulsions and
microparticles of lemon essential oil.

Keywords: lime essential oil, spray drying; whey protein isolate; maltodextrin;
dextrose equivalent.
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1 INTRODUCAO

Os produtos alimenticios sdo muito suscetiveis a degradagdes e reacdes
indesejaveis, acarretando mudangas nas suas caracteristicas quimicas, fisicas e
sensoriais. Estas degradagdes podem inviabilizar o seu comércio, perdendo valor
econdmico e tecnoldgico. Os processos de conservagdo de alimentos tentam,
através de diversas técnicas, minimizar essas perdas, disponibilizando o produto
por mais tempo. Além disso, h4 uma necessidade de mudanca no foco da
industria de alimentos: a observagdo das propriedades macroscopicas para
aquelas que surgem em escalas micro ¢ nanométricas, com o subsequente
controle das estruturas hierarquicas no alimento ¢ na sua funcionalidade.

Portanto, sdo cada vez mais imprescindiveis os estudos sobre as relagdes
entre as estruturas micro e supramoleculares, bem como da funcionalidade nos
niveis fisico, nutricional e fisiologico (FAVARO-TRINDADE; PINHO, 2008).

Oleos essenciais sdo compostos bioativos que apresentam um grande
potencial para industria de alimentos, por sua atividade antimicrobiana e
antioxidante. Suas caracteristicas sensoriais também sdo valorizadas pela
industria de bebidas, panificados e outros; sendo um grande potencial de
utilizagdo de um aditivo natural (BIZZO et al., 2009; SANTOS et al., 2011).
Devido a suscetibilidade dos oOleos essenciais a temperatura, luz, oxigénio e
umidade, faz-se necessario desenvolver mecanismo para reduzir reacdes
indesejadas como volatilizacdo, oxidagdo e interagdes com outros compostos,
prolongando sua disponibilidade ¢ tempo de vida util (BRINGAS-LANTIGUA;
VALDES; PINO, 2012).

O processo de microencapsulacdo de alimentos vem ganhando espago
nas principais pesquisas cientificas da area de alimentos, como uma técnica
promissora de conservac¢do e liberacdo controlada de compostos bioativos. A

técnica consiste no empacotamento do composto ativo em matrizes poliméricas,
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muitas delas biopolimeros, com o objetivo de proteger o material do nucleo de
condigdes estocagem ndo ideais de temperatura, umidade, oxigénio e luz. Dentre
as diversas técnicas de microencapsulag@o estudadas, a secagem por atomizagao,
mais conhecida como spray drying é uma das mais utilizadas, principalmente
pelas formagdes de microparticulas mais homogéneas e integras.

Neste contexto, objetivou-se neste trabalho, o um estudo do processo de
microencapsulacdo do dleo essencial de limao, utilizando diversos biopolimeros
como material de parede.

Esta tese estd dividida em capitulos, conforme descricdo resumida
seguinte. Na primeira parte, sera estudada a estabilidade das emulsoes utilizando
o processo de homogeneizagdo por ultrassom, variando poténcia e tempo de
homogeneizagao, concentragdo do 6leo e tipo do material de parede utilizado.

Foi avaliada a estabilidade da emulsdo durante as primeiras 4 horas,
estimando-se que este tempo era o suficiente desde a homogeneizagdo até a
secagem de toda emulsdo, garantindo que ndo houvesse nenhum processo de
desestabilizacdo da emulsdo. O melhor material de parede sera escolhido como
material de parede principal para o estudo das propriedades fisico-quimicas das
microparticulas.

Na segunda parte, serdo estudados os efeitos dos diferentes materiais de
parede nas propriedades fisico-quimicas do produto em p6. A partir do material
de parede que apresentou melhor estabilidade nas emulsdes, sera substituido por
maltodextrinas de diferentes valores de dextrose equivalente, avaliando esta

substituicdo nas propriedades fisico-quimicas das microparticulas.
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2 REFERENCIAL TEORICO

2.1 Oleos essenciais

Oleo essencial pode ser definido como uma substincia formada por
diversos compostos produzidos pelo metabolismo secundario de vegetais e de
composi¢do quimica complexa. Estes 6leos podem ser extraidos de flores,
folhas, caules, sementes, cascas e outras partes do vegetal, e apresentam
caracteristicas sensoriais marcantes. Os 6leos sdo encontrados em poucas plantas
no mundo e, devido a isso, apresentam alto valor de mercado (ASBAHANI et
al., 2015; DIMA; DIMA, 2015).

A composicdo dos Oleos essenciais se baseia principalmente em dois
grupos: os hidrocarbonetos terpénicos e os terpendides. Os hidrocarbonetos
terpénicos sdo compostos por monoterpenos (10 4atomos de carbono)
apresentando estrutura de hidrocarbonetos aciclicos e estruturas mono, bi e
triciclicas. Os terpendides sdo terpenos oxigenados tais como alcoois, aldeidos,
cetonas, fenois, éteres ¢ ésteres (ASBAHANI et al., 2015).

Os oleos essenciais apresentam diferentes propriedades biologicas como
agente antimicrobiano, antifiingicos, antiviral, anti-inflamatério, combate ao
cancer e atividade antioxidante. Estas caracteristicas podem ser exploradas,
desenvolvendo-se farmacos e alimentos (DIMA; DIMA, 2015). Diversos
trabalhos relatam as atividades antimicrobianas de diferentes oleos essenciais
(COTA-ARRIOLA et al., 2013; GIORDANI et al., 2006; SIMIC et al., 2004).

A aplicagdo dos 6leos essenciais ¢ bastante diversificada e depende da
sua origem, qualidade e modo de extracdo. Pode ser utilizado na industria de
cosméticos (perfumes, shampoo e produtos de limpeza), alimentos (produgdo de
bebidas, aromatizantes, conservantes e antimicrobianos) ou farmacéutica

(aromaterapia e produtos dermatolégicos) (PREEDY, 2016).
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2.1.1 Oleo essencial de limio

O lim&o Tahiti (Citrus Aurantifolia) é um fruto da familia Rutaceae de
origem em paises de clima tropical. Os frutos citricos conferem propriedades
antioxidantes que sio muito importantes para satde. Acidos organicos,
compostos fenolicos e agucares sdo os principais componentes de frutas citricas
(CRUZ-VALENZUELA et al., 2016). A Tabela 1 apresenta as caracteristicas

fisico-quimicas do limao.

Tabela 1 - Caracteristicas Fisico-quimicas do limdo tahiti.

Parametros Valores

pH 2,56 £0,02

Sélidos soluveis (°Brix) 8,35+ 0,35

Acidez Titulavel (g acido citrico/100ml de 9,80 + 1,70

suco)
SS/AT 0,87+0,12
Vitamina C (mg de 4cido ascorbico/100ml 56,52 +3,33
de suco)

Fenolicos totais (mg acido galico/g de 0,05 £0,0016
Capacidade Antioxidante 86,28 + 3,00

Fonte: Oliveira e Diniz (2015).

Oleo essencial de limdo ¢é amplamente utilizado pela indistria
alimenticia, farmacéutica e de cosméticos devido as suas caracteristicas
quimicas e sensoriais (RAO; MCCLEMENTS, 2012). E muito utilizado em
produtos como bebidas, panificados, doces, sobremesas e sorvete (GAMARRA
et al., 2006). O dleo essencial  de limao é uma mistura complexa de compostos

quimicos dividida em 3 classes: terpenos (75%), complexos oxigenados (12%) e
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sesquiterpenos (3%) (Figura 1). E composto por substancias como limoneno, y-
terpeno, citral, B-carofileno entre outros (Tabela 2) (CRUZ-VALENZUELA et
al., 2016).

Tabela 2 - Caracteristicas Fisico-quimicas do limdo tahiti.

Substincia Composicao (ml/kg)
a-thujene 1,143
a-pineno 0,868
Sabineno 0,282
B-Pineno 0,871
Mirceno 1,269
p-cimeno 1,566

d-limoneno 49,657

B-cariofileno 0,477

Trans-o-bergamoteno 0,795

B-bisaboleno 2,298

Fonte: (ASNAASHARI et al., 2010; CHISHOLM; WILSON; GASKEY, 2003;
GAMARRA et al., 2006).

Autores estudaram a eficiéncia do uso do 6leo de lim3o como agente
antimicrobiano (JAFARI et al., 2011) e antioxidante (LUZIA; JORGE, 2010;
MISHARINA; POLSHKOV, 2005).

2.2 Microencapsulacio

O processo de microencapsulagdo pode ser definido com e

empacotamento de uma substancia sensivel (solido, liquido ou gas) em uma
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matriz polimérica. Conceitualmente, o tamanho das particulas deve ser entre 0,1
a 10 pm. O material encapsulado pode ser definido também como nucleo,
material ativo ou fase interna; podendo ser aromas, compostos ativos, 6leos
essenciais ou microrganismos. A matriz polimérica pode ser definida como
material de parede ou agente carreador ¢ podem ser biopolimeros ou polimeros
sintéticos (VASISHT, 2014).

O principal objetivo do processo de microencapsulagdo é proteger e
retardar reacdes indesejadas no material do nucleo, pois isolam parcialmente ou
completamente o material encapsulado do meio externo (FERNANDES, 2013).
Outras razdes como reducdo da evaporagdo de compostos volateis, redugdo da
adsor¢do de agua e melhoria na manipulagdo sfo relevantes para industria
alimenticia (RAY; RAYCHAUDHURI; CHAKRABORTY, 2015; SANTANA,
2013).

Outro objetivo que vem ganhando espago nos estudos sobre a
microencapsulacdo de alimentos é o controle da liberagdo do material do nicleo
em uma matriz alimenticia. A liberagdo deste material pode promover um
diferencial tecnologico aos alimentos, principalmente por promover estabilidade,
aumento da vida util e melhoria nos atributos sensoriais (PELISSARI, 2014).
Existem diferentes técnicas com potencial de aplicagdo para microencapsulacao
de alimentos, sendo que a selecdo desta técnica ¢ dependente da aplicacdo que
sera dada a microparticula, tamanho desejado, mecanismo de liberagdo e
propriedades fisico-quimicas, tanto do material do nucleo, quanto dos materiais
de parede ou carreadores. De uma forma geral, a diferenca estd no tipo de
envolvimento do material de recheio pelo agente encapsulante (ZUANON,
2012). Estas técnicas podem ser classificadas como fisicas (spray drying, freeze
drying, spray chilling e outros), quimicas (polimerizagdo interfacial e in situ) e
fisico-quimicas (coacervagdo simples e complexa, evaporagdes de solvente e

inclusdo molecular) (SANTANA, 2013; TAVARES et al., 2014).
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Para um processo de microencapsulacdo mais efetivo, a escolha do
método de encapsulacdo depende de uma série de fatores tais como: tamanho de
particulas requerido, propriedades fisicas e quimicas do nucleo e do material de
parede, aplicacdo do produto final, mecanismos desejados de liberagdo, escala
de produgdo ¢ custo. Para aplicacdo na industria de alimentos, os materiais
incluem 4cidos, bases, Oleos, vitaminas, sais, gases, aminoacidos, oleos
essenciais, corantes, enzimas ¢ microrganismos (FAVARO-TRINDADE;
PINHO, 2008).

De forma geral, o processo de microencapsula¢do ¢ divido em etapas
como o preparo de solugdes/emulsdes e a secagem. Estas etapas serdo definidas

a seguir.

2.3 Emulsoes

Uma emulsdo pode ser definida como uma mistura de dois liquidos
imisciveis, na qual gotas de um liquido estdo distribuidas, fase dispersa, em
outro, fase continua. Emulsdes estdo presentes no cotidiano das pessoas, na
forma de cosméticos, farmacos, produtos agricolas ¢ alimentos. Alguns
exemplos de emulsdes alimenticias sdo maionese, leite, margarina, manteiga,
molho de salada, sorvete, dentre outros (ZUGE, 2012).

A propriedade fisica mais importante de emulsdes, do ponto de vista
tecnologico geral e para processos de microencapsulacdo, ¢ a sua estabilidade.
Pode-se definir estabilidade de uma emulsdo como a sua capacidade em resistir a
processos de desestabilizagdo que podem carretar na cremeacao, floculagdo ou
até mesmo a separagdo de fases (MCCLEMENTS, 2005).

A estabilidade de emulsoes ¢ facilitada por agentes emulsionantes que
atuam na solugdo, reduzindo a tensdo superficial, diminuindo a energia na

superficie entre as duas fases, permitindo a formagdo de novas superficies



22

quando energia ¢ cedida ao sistema (JUNQUEIRA, 2015).

Goma Arabica e Proteinas de Soro de Leite sdo bons emulsificantes,
sendo amplamente utilizado em estudos de emulsdes alimenticias com oOleos
essenciais e vegetais (KLEIN et al., 2010; KUHN; CUNHA, 2012; SILVA et al.,
2016; TAVARES et al., 2014).

2.3.1 Homogeneizacio por ultrassom

A formagdo de emulsdes requer a aplicagdo de energia, a fim de se
reduzir o tamanho das goticulas de 6leo, melhorando suas propriedades fisico-
quimicas. A tecnologia ultrassonica esta sendo muito utilizada para a formagao
de emulsdes finas, com tamanho de goticulas na escala nano (MCCLEMENTS,
1995).

Ultrassom ¢ definido como o som com frequéncias acima de 16 kHz. O
mecanismo de formagdo dessas emulsdes se deve a vibragdo da superficie da
emulsdo causada pela alta energia do ultrassom. A introdugdo de ondas sonoras
em uma dispersdo de agua-6leo resulta em uma sucessdo de depressoes e
compressdes mecanicas, gerando bolhas de cavitagdo, tendendo a implodir e
formar emulsdes com goticulas de tamanho reduzido. O tempo e a poténcia das
ondas do ultrassom sdo fatores que afetam o tamanho das goticulas formadas
durante o processo de homogeneizagdo (LEONG; MARTIN; ASHOKKUMAR,
2015; SILVA; ROSA; MEIRELES, 2015).
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Tamanho de Gotas

Frequéncia de Oscilagdo

Figura 1 Representagdo Tamanho de Gotas x Frequéncia de oscilagdo em processos de
homogeneizacdo ultrassonica.
Fonte: Adaptado de Leong et al. (2015).

O processo de homogeneizacdo por ultrassom apresenta varias
vantagens como eficiéncia energética, baixo custo de producdo, facilidade de
manipulagdo e controle das varidveis de processo. Também ¢ considerado um
processo ndo toxico para os alimentos e, ambientalmente seguro (SILVA;
ROSA; MEIRELES, 2015).

As propriedades fisicas de emulsdes interferem diretamente nas
propriedades de retencdo em microparticulas de o6leos essenciais ¢ vegetais.
Alguns estudos demostraram o potencial uso do ultrassom na homogeneizacdo
de emulsdes alimenticias e sua correlagdo com as propriedades fisico-quimicas
de alimentos em p6 (CONSOLI et al., 2016; FERNANDES et al., 2016; SILVA;
MEIRELES, 2015; SILVA; ZABOT; MEIRELES, 2015).

2.4 Secagem por atomizacio

A secagem por atomizacdo (spray drying) ¢ um dos processos mais

utilizados em microencapsulagdo de alimentos (Figura 2). O processo de
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secagem por atomizacdo pode ser dividido em 3 etapas: atomizagdo, secagem e
separacdo. Na etapa de atomizagao, a solugdo ou emulsdo ¢ bombeada através de
um dispositivo que ira reduzir este liquido a pequenas goticulas e ser injetada em
uma camara de secagem.

Na segunda etapa, o ar quente entra em contato com as goticulas,
estabelecendo transferéncia de calor entre a fase liquida e gasosa, ¢ na direcao
ar-produto como resultado da diferenga das temperaturas, e a transferéncia de
agua ¢ realizada em direcdo oposta produto-ar, devido a diferencga das pressoes
de vapor. A taxa de secagem diminui rapidamente tornando-se dependente da
taxa de difusdo de agua através da parede, ¢ termina teoricamente quando a
temperatura da particula atinge o valor da temperatura do ar (CARMONA,
2011).

Na terceira etapa, o pd seco ¢ submetido a separagdo através de um
ciclone acoplado apdés a camara de secagem (FILKOVA; HUANG;
MUJUMDAR, 2014).

Core material Homogeniser

00000

Heated air

- gas

Solvent

+ Mix tank
Shell material /l\
Cyclone
Powder
Drying Collector
Chamber
Collection

Vessel

Figura 2 Desenho esquematico de um spray dryer.
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O processo apresenta algumas vantagens, tais como a disponibilidade de
equipamentos, baixo custo de processo, emprego de varios materiais
encapsulantes sem necessidade de adaptagdes ao equipamento, boa retengo ¢
estabilidade do material do nucleo. Mas este processo também apresenta
algumas desvantagens, como produgdo de microparticulas nao uniformes (forma
e tamanho) e prejuizos ao material encapsulado ja que o processo ¢ realizado em
altas temperaturas (SANTANA, 2013). A desvantagem ¢ o gasto energético alto
(sendo necessario estudo da planta para aproveitamento residual).

As primeiras informagdes sobre o surgimento do processo de secagem
por informacdo datam de 1872, com o registro de patente de Samuel Percy,
sobre uma técnica de atomizagdo e desidratagdo simultanea de leite como o
objetivo de aumentar a estabilidade do produto ao armazenamento (GAONKAR
etal., 2014).

O Spray Dryer ¢ o equipamento mais utilizado em processos de
microencapsulacdo de o6leos e tem diversos exemplos de estudo na literatura
cientifica como a encapsulagdo de 6leo de alecrim (FERNANDES et al., 2014a;
FERNANDES; BORGES; BOTREL, 2013), peixe (BOTREL et al., 2014a),
semente de urucum (SILVA et al., 2016), linhaga (TONON et al., 2012) e
manjericdo (GARCIA; TONON; HUBINGER, 2012).

2.5 Agentes encapsulantes

Uma infinidade de materiais pode ser utilizada para aprisionar,
encapsular, ou revestir dleos vegetais e essenciais. Biopolimeros pode ser
definido como qualquer polimero que seja produzido por um ser vivo, ou obtido
a partir de fontes renovaveis (PAULO, 2014). Esta classe ¢ representada por
diversas matérias como polissacarideos, proteinas e lipidios (Tabela 3) (TELIS,
2012).
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O tipo e a natureza do material encapsulante podem ser considerados um
dos fatores mais importantes no processo de encapsulacdo, pois uma escolha
errada pode acarretar numa degradagdo mais rapida do material do nticleo. Esta
escolha deve levar em consideracdo uma série de fatores, como: propriedades
fisicas ¢ quimicas do nucleo ¢ do material de parede, como porosidade,
solubilidade, viscosidade, propriedades mecanicas, transi¢cdo vitrea, capacidade
de formagdo de filme, compatibilidade do nticleo com a parede, mecanismo de
controle e fatores econdmicos. O material de parede deve ser insoluvel e ndo
reativo com o micleo (BURNSIDE, 2014).

Para que um biopolimero possa ser adequado e utilizado em processos

de microencapsulagdo de oleos, é necessario que ele apresente propriedades

emulsificantes e estabilizante (TELIS, 2012).

Tabela 3 - Exemplos dos biopolimeros mais comuns utilizados em
microencapsulacdo de alimentos.
Material Exemplos
Polissacarideos Amidos e Celulose

) ) Maltodextrinas, Ciclodextrinas e Amidos
Polissacarideos modificados )
modificados

Goma Arabica, Alginato, Goma Carragena e
Gomas )
Pectina

Proteinas vegetais Soja, trigo e milho

) o Isolado e Concentrado proteico de soro de
Proteinas animais . )
leite, caseina e gelatina

Fonte: (GAONKAR et al., 2014).
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2.5.1 Goma arabica

Goma Arabica (Figura 3), também conhecida como Goma Acécia, ¢é
uma das gomas mais antigas e mais conhecidas aplicadas em processos de
alimentos. Do género Acacia, é muito encontrada em paises tropicais e
subtropicais sendo distribuidas mais em paises do continente africado
(Mauritania, Senegal e outros), india, Aribia Saudita, Paquistio, Australia e
outros (TELIS, 2012).

A goma arabica ¢ um exsudado formado por macromoléculas complexas
de carboidratos e algumas proteinas. A composi¢do quimica da goma pode
variar dependendo da variedade da planta, do clima, estagdo, idade das arvores,
precipitacdo, tempo de exsudacdo, e outros fatores. Em geral, a composicao
constitui de unidades de D-galactopiranosil ligadas entre si por ligagdes [
(1—-3). As cadeias laterais sdo compostas de duas a cinco unidades d-
galactopiranosil, conectadas a cadeia principal, ligacdes 1-6. Tanto a cadeia
principal quanto a lateral contém unidades de o-L-arabinofuranosil, o-L-
ramnopiranosil,  B-D-glucopiranosil ¢  4-O-metil-B-d-glucuronopiranosil

(WANDREY; BARTKOWIAK; HARDING, 2010).

HO OH

HO, 3~
I Y D-Galp HO v,
Hoee O 1 oonnas ’6 B o l‘. i
o) 6 c{
L-Rhap(1-4) "C 3,
Ll VI S O
y 3 1—=0 “oH
D-Glep P ~\/
povoasponee—i() "OH
D-Galp

Figura 3 Estrutura da Goma Arabica.
Fonte: (FAVARO-TRINDADE; PINHO, 2008).
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Algumas caracteristicas fisico-quimicas da goma arabica sdo: inodoro,
alta higroscopicidade, solubilidade em agua e viscosidade. A goma ardbica ¢é
considerada um bom material encapsulante, pois em concentragdes de até 30 %
em solugdes, apresenta bons valores de viscosidade, ndo causando entupimento
no bico atomizador, bem como formando goticulas de tamanhos ideais. Uma das
caracteristicas da goma arabica ¢ que ela age muito bem em sinergismo com
outros hidrocoldides (WANDREY; BARTKOWIAK; HARDING, 2010).

Em processos de microencapsulagdo de dleos, ¢ o biopolimero mais
estudado e com bons resultados de eficiéncia de encapsulacdo e retengdo de 6leo
de café verde (SILVA; VIEIRA; HUBINGER, 2014), 6leo essencial de alecrim
(FERNANDES; BORGES; BOTREL, 2013, 2014), 6leo de palma (FERREIRA
et al., 2016) e oleoresina de curcuma (CANO-HIGUITA; VELEZ; TELIS,
2015).

2.5.2 Isolado proteico de soro de leite: proteinas lacteas

O soro de leite ¢ um coproduto da industria de laticinios composto por
uma mistura de proteinas globulares, lactose, sais e gordura. O soro de leite
compreende uma série de proteinas globulares encontradas em varias
quantidades diferentes. B-lactoglobulina é a proteina mais abundante (50% de
soro de leite bovino) e refere as propriedades de géis. o-lactalbumina ¢ a
segunda proteina mais abundante no soro de leite de bovino (12%). E o unico
componente capaz de realizar ligacdo com calcio e ser transportado ao corpo
humano. As imunoglobulinas (10%) sdo conhecidas por beneficiar o aumento da
imunidade. Albumina de soro de bovino (5%) tem propriedades aglutinantes de
gordura (TELIS, 2012).

As proteinas que compdem o soro de leite apresentam grande

capacidade emulsificante e formacdo de géis, e devido a estas caracteristicas,
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vem sendo muito utilizadas pela indistria de alimentos como forma de agregar
valor ao soro de leite, antes descartado ¢ sem nenhum valor comercial. Muitos
estudos ja comprovaram a eficiéncia do uso das proteinas do soro de elite como
material de parede na microencapsulacio de oleos (QIU; ZHAO;
MCCLEMENTS, 2015; RODEA-GONZALEZ et al., 2012).

O concentrado proteico de soro de leite € obtido do soro de leite, um
subproduto da industria lactea. O soro de leite representa a por¢do aquosa obtida
no processo de producdo do queijo, ou seja, ¢ a por¢ao restante apds a retirada
da coalhada. O soro de leite bruto é composto basicamente de 94 a 95% de agua,
3,8 a2 4,2% de lactose, 0,8 a 1,0% proteinas ¢ 0,7 a 0,8% de minerais (NOELLO,
2016).

Em processos de microencapsulacao de 6leos, o isolado proteico de soro
de leite vem se destacando. Oleo de peixe (BOTREL et al., 2014b), 6leo de
linhaga (PARTANEN et al., 2008), 6leo de arroz (CHAROEN et al., 2011) e
abacate (BAE; LEE, 2008) sdo exemplos de microencapsulagdo utilizando

isolado proteico de soro de leite como material de parede.

2.5.3 Maltodextrinas

Maltodextrinas sdo amidos obtidos a partir da hidrolise parcial de amido
de milho, constituido por grupos de oligossacarideos de pelo menos trés
unidades de glicose. Podem ser obtidos através de hidrolise enzimatica e/ou
acidificacdo, com subsequente secagem para obtengdo do maltodextrina na
forma de po.

As maltodextrinas sdo amplamente utilizadas na inddstria de alimentos
como agentes carreadores e encapsulantes, principalmente pelo baixo custo.
Maltodextrinas também favorecem a reducdo da permeabilidade da parede das

microparticulas, favorecendo a retencdo de compostos bioativos (CARMONA,
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2011).

Maltodextrinas ndo apresentam boas propriedades de retencdo de
compostos volateis. Em processos de microencapsulacdo de dleos essenciais é
sempre utilizada em combinagdo com outro composto emulsificante para
melhorar a retengdo dos compostos volateis (FERNANDES et al., 2014b;
MATIOLIL;, RODRIGUEZ-AMAYA, 2002).

Dextrose Equivalente (DE) ¢ uma medida que esta relacionada ao total
de unidade de a-D-glicose ¢ ao seu grau de polimerizacdo, descrito como o
numero de unidade monométricas em uma molécula do polimero (DE =
100/DP). Amido ndo hidrolisado tem valor de DE = 0 e glicose apresenta valor
de DE = 100. Para serem chamadas de maltodextrinas, o valor de DE deve ser
menor que 20 (DA COSTA, 2013; TONON, 2009). Maltodextrinas de diferentes
DE apresentam diferentes propriedades fisico-quimicas, alterando a estabilidade
de microparticulas de alimentos pd, como observado em outros estudos de
microencapsulacdo de alimentos (ABD GHANI et al., 2017; ALVES et al,,
2014; MATSUURA et al., 2015; MULCAHY; MULVIHILL; O’MAHONY,
2016; TAKEITL; KIECKBUSCH; COLLARES-QUEIROZ, 2010)
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ABSTRACT

The objective of this study was to investigate the kinetic stability of lime
essential oil emulsion using gum arabic (GA) and whey protein isolate (WPI)
biopolymers as emulsifiers and stabilizers. Different solid compositions were
evaluated: GA, GA/WPI (1:1) and WPI, as well as oil concentration (5.0, 7.5
and 10% w/w). Emulsions were prepared using an ultrasonic homogenizer.
Viscosity, oil droplet size, zeta potential, pH and conductivity were measured to
predict the emulsion stabilityover a period of 4h (estimated time until complete
drying in microencapsulation processes). Emulsion rheological behavior and
microstructure were characterized. All emulsions were stable during the time
period analyzed and no destabilization characteristic was observed. The pH,
conductivity and viscosity showed no significant difference (p> 0.05) over the
4h period. Emulsions with WPI showed higher zeta potential values, confirming
the biopolymer electrosteric stabilization. The combination of wall materials
(GA/WPI) and the oil concentration increased the average droplet size. The
results of the apparent viscosity at shear rate of 100 s™ confirmed the emulsions

stability. These values did not change significantly considering the fresh
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emulsions and emulsions after 4 h of preparation. The emulsifying
biopolymers showed to be excellent natural stabilizers for lime essential oil

emulsions, highlighting the results using WPI.

Keywords: Emulsion kinetic stability; whey protein isolate; gum arabic; zeta

potential; emulsion conductivity.
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INTRODUCTION

Lime essential oil is widely used by the food, pharmaceutical and cosmetic
industries due to its chemical and sensory characteristics (1). It is commonly
used in products such as beverages, baked goods, sweets, desserts and ice
cream (2). Lime essential oil is a complex mixture of chemical compounds
divided into three classes: terpenes (75%), oxygenated complexes (12%) and
sesquiterpenes (3%). It is composed of substances such as limonene, y-terpene,
citral, B-caryophyllene among others (2-4). This essential oil is extremely
volatile and your encapsulation is an alternative to provide slow release of their
bioactive compounds. The process of encapsulation begins with the preparation

of stable emulsions using biopolymers and subsequent drying using spray-drier.

Emulsions can be defined as a mixture of two immiscible liquids, usually water
and oil. Several products from food, pharmaceutical, chemical and other
industries are characterized as emulsions (5). In foods, the emulsion behavior
can be defined in three parts: 1) the oil or fat within the emulsion droplet; 2) the
interfacial material between lipid and aqueous phase; and 3) the aqueous phase
itself. Food systems are extremely complex and may have different behaviors in
different situations. Different compositions of the interfacial material, for
example, may result in very different physical and chemical characteristics.
Therefore, it is necessary to understand the characteristics of each system
individually and collectively (6,7). Stable emulsions are able to resist changes in
their properties over a period of time. Physical and chemical processes can cause
an emulsion to become unstable, causing destabilization processes such as
agglomeration, creaming, coalescence, phase inversion, and others (physical
instability); or oxidation and hydrolysis (chemical instability) (7—11). However,

the basic mechanisms of emulsion stabilization are not accurately understood,
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particularly due to biopolymer structure complexity (12,13)

Biopolymers are widely used as emulsifying and stabilizing agents, for having
good gelling and emulsifying capacity (14—17). Stable emulsion production,
using biopolymers such as gum arabic (GA) and whey protein isolate (WPI), is
desirable and widely used in microencapsulation processes of food
components (18-24).GA is a mixture of anionic carbohydrates and some
proteins, while WPI is a mixture of globular proteins. GA has good emulsifying
properties due to the presence of highly branched proteins that are closely linked
to the polysaccharide structure (24-27). Globular proteins are quickly adsorbed
onto the oil droplets surface during homogenization, facilitating the formation of

small droplets (28,29).

The homogenization process is directly related to the emulsion physical
properties, and is an important step in the study of microencapsulation
processes (30). The process can be divided into two stages: the first in which the
high shear stress leads to the drop deformation, increasing the surface area; and
the second, the system stabilization by some emulsifying agent (31). In the
literature, the most commonly used processes are mechanical stirring,
ultrasonication and high pressure homogenization. Homogenization by
ultrasound has been highlighted in food emulsion research (15,32-35) and
results showed to be an efficient method for obtaining emulsions with droplet
size in micrometers or nanometers. The ultrasound homogenization mechanism
is based on cavitation, in which high intensity ultrasound waves impact the
liquid surface, forming high velocity jets and are responsible for the droplet

formation (30,36,37).

Emulsion plays an important role on efficiency and stability of the oil micro

particles produced by encapsulation processes, specially spray drying. Some of
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the main properties to be evaluated are stability, viscosity, droplet size and solid
concentration (38). Several works (39-43) on emulsions cite and study physical
and chemical parameters that predict stability. Droplet size, zeta potential,
surface tension, rheology, pH, conductivity, creaming rate and microstructure
are examples of the main parameters used. Ensuring emulsion stability is
extremely important for processes in the food and pharmaceutical industries,
such as oil microencapsulation. From emulsion homogenization to complete
drying, it is necessary that all its physical and chemical properties are
maintained, so the micro particles quality is not compromised. Many research
works on microencapsulation give special attention to the study of the emulsions
stability as an interfering in powdered products final quality (34,39-43). This
work aimed to study the different physical and chemical parameters of lime
essential oil emulsions using GA and WPI biopolymers, evaluating the effect of
lime oil concentration and wall material composition to predict the ideal
conditions for water in oil emulsion stability. All parameters were evaluated in a
4-hour interval, as this time is sufficient for emulsion use in microencapsulation
processes. The emulsions, in these cases, should remain stable between the

emulsion preparation and drying steps.

MATERIALS AND METHODS

Lime essential oil was used as dispersed phase (Ferquima, Vargem Grande
Paulista, Sdo Paulo). Gum Arabic (Alland & Robert, France) and Whey Protein
Isolate (Alibra Ingredients Ltda, Campinas, Brazil) were used as emulsifying

and stabilizing agents.
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Experimental Design

The lime essential oil emulsions were obtained using gum arabic (GA) and whey
protein isolate (WPI) and different concentrations of lime essential oil,in relation
to the total solids as shown in Table 1. This work was carried out based on a
complete factorial experimental design, where were evaluated two variable:
emulsifier and lime essential oil concentration, both in three levels (WPI,
GA/WPI and GA) and (5.0, 7.5 and 10.0 g 0il/100 g emulsion), respectively.

Solids concentration (Emulsifier + oil) was 30.0 g/100 g emulsion.

Emulsion preparation

The different formulations studied (Table 1) were added to water for 24 h to
complete biopolymer hydration and saturation. The lime essential oil was added
to the biopolymer solution and homogenization was carried out under ultrasound
(Digital Sonifier 450, Branson Ultrasonic Corporation, USA) for 2 min using
nominal power of 160 W. After homogenization, emulsions were placed in an
ice bath until they reach room temperature (The temperature after

homogenization was 46 + 0.3 °C).
pH measurement

Emulsion pH measurement was carried out in triplicate using a PHS-3E pH
meter (pHTek, Curitiba, Brazil). The equipment was calibrated with buffer
solutions and pH values were measured by inserting the electrode directly into

the sample at 25 °C (44,45).
Electrical Conductivity

The emulsion electrical conductivity measurement was determined in triplicate,
using a benchtop conductivity meter (Hanna, model HI 8731, Portugal). The

conductivity values were measured by inserting the electrode directly into the
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sample at 25 °C (46).
Zeta Potential

The surface charge density (Zeta Potential) of the biopolymers was determined
by Electrophoretic Light Scattering using ZetaSizer Nano-ZS (Malvern
Instruments Ltd.,Worcestershire, UK). The emulsions were diluted in Milli-Q
water (Millipore, Bedford, USA) to 2.0% (v/v), according to the equipment
optimal detection range. The measurements were performed in duplicate (each

measure with 10 runs or more) at 25°C (12).

Droplet size measurement

The Z-Average diameter was determined by dynamic light scattering (DLS)
technology using Zetasizer Nano ZS (Malvern Instruments, UK). The emulsions
were diluted in Milli-Q water (Millipore, Bedford, USA) to 2.0% (v/v),
according to the equipment optimal detection range. The measurements were
performed in duplicate (each measure with 5 runs or more) at 25 °C (44,47). The

polydispersity index (SPAN) was determined according to Equation (1).

_d(90) —d(10)
SPAN = G0 Eq. (2)

where d(10), d(50) and d(90) are the diameters at 10%, 50% and 90%

cumulative volume, respectively.

Analysis of rheological behavior

Emulsion rheological behavior and viscosity were evaluated using an oscillatory
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rheometer HAAKE RheoStress 6000 (Thermo Fisher Scientific) coupled to a
temperature controller HAAKE UTM Controller (Thermo Fisher Scientific).
The geometry used was plate-plate with a 34.997mm diameter and a 1mm GAP.
The emulsions were evaluated immediately after preparation and after 4 h.
Analyses were performed in triplicate at 25 °C. The rheological behavior was
analyzed by the deformation rate (0-300 s™) increase, decrease and increase.
After removal of time dependence (thixotropic), the third curve was
obtained. The third curve data were adjusted to rheological model Power Law
(Equation 3). The model adequacy was evaluated by the coefficient of
determination (R?), the residual mean square and the significance of the
parameters (p < 0.05). Apparent viscosity of emulsions was studied at shear rate
of 100 s. The parameter was evaluated at this shear rate since it is the typical
rate for food processes, such as the flow through tubes in industry and stirring

and mastication processes (7).

6 = Xy

3)

&=k

“

§ =08y +ky)"
(%)

Where, § = shear stress (Pa); = shear rate (s™); k = consistency index (Pa.s"); n =

flow behavior index.

Optical microscopy

Optical microscopy was performed to assess the emulsion destabilization



50

processes on a microstructural level. The analysis was performed after the
emulsion preparation and after 4 h of storage, in an Axio Scope Al optic
microscope, Carl Zeiss (Germany), with a video camera attached. For this, an
aliquot of emulsion was placed on the slide, covered with a cover slip and

examined with a 100x objective lens (48,49).
Creaming index

The creaming index (CI) was determined by adding 5 mL of emulsion in plastic
pots, immediately after preparation. After 4 h, the volume of the formed cream
was measured and creaming percentage determined according to the

Equation (5):

CI (%) = 100x (%) (Eq. 5)
T

Where, Hc is the cream phase (upper phase volume) and Hris the initial
emulsion height.
Statistical Analysis

All treatments were manufactured in three repetitions. Analysis of variance
(ANOVA) and rheological data adjustment to rheological models were
performed using SAS software (Statistical Analysis System), version 9.1,
licensed by the institution. Significant differences between the samples (p <

0.05) were assessed by the Scott-Knott mean comparison test.

RESULTS AND DISCUSSION
pH and electrical conductivity

The pH is a very significant parameter because a significant change in its value

may suggest chemical changes of the components present in the formulation.
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Thus, it can be inferred that the emulsions formed are stable systems and their
components did not alter significantly over the analyzed time period. The pH
and conductivity of lime essential oil emulsions are shown in Figure 1 (a) and
(b), respectively. Food emulsions generally have pH in the range of 2.5 to
7.5 (7). The variation in the oil amount did not influence the emulsion pH
values, except for emulsions in which GA and WPI were used as emulsifier,
which presented a slight increase in its value when oil concentration was
increased from 5.0 to 7.5 g 0il/100 g emulsion. The pH values showed no
significant difference (p > 0.05) after 4 h. Silva et al. (12) also found higher pH
values for emulsions in which WPI was used as an emulsion stabilizer and
emulsifying agent compared to the values of emulsions in which GA was used.
The values found by the cited author are close to those found in this present
work, around 5.0 for emulsions with GA and 6.2 for WPI emulsions, showing

that pH is not influenced by the oil but by the polysaccharides used.

Electrical conductivity analysis showed reduced values with increasing oil
concentrationin the emulsion, when GA was used as emulsifier. In the emulsions
in which GA/WPI and WPI were used, the conductivity value decreased only at
the highest oil concentration. This behavior can be explained by the poor
conductive characteristic of the oil (55,56). In addition, emulsions with lower
electrical conductivity values were those where the GA/WPI combination was
used. Higher for GA conductivity values were observed for emulsions with WPL
It can be seen that the emulsions with pure GA have higher conductivity values
compared to the other treatments. Globular proteins exhibit large structure and
higher capacity links with water molecules in its chain and free water increases
the emulsion conductivities (57). Klein et al. (58) studied the interaction
between GA and WPI and observed that the conductivity values decrease when
the two biopolymers are mixed. This observation can be explained by the

cancellation of the biopolymer charges, reducing the solution conductivity. The
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increase in viscosity of solutions can cause a reduction in conductivity. Also, the
process of cavitation and ultrasonic homogenization can cause ion aggregations,
reducing the mobile ions of these systems and consequently the electrical
conductivity (59). Conductivity values also did not present statistically
significant alterations (p > 0.05) after 4 h. Variations in conductivity values can
occur when there are creaming, sedimentation or phase inversion processes and
sensitive alterations in the molecular structure of the formulation components.
Conductivity is a parameter frequently used to determine emulsion stability

during the storage period (60).
Zeta Potentia

According to Jayme et al. (24) and Sari et al. (61), there are two types of
emulsion stabilization processes: steric stability, when the emulsifier molecule
adheres to the oil droplet surface, maintaining it stable; and electrostatic
stability, when there is repulsion among the droplets due to the high surface
charge, hindering the droplet agglomeration. Moreover, electrosteric stability
can also occur, in which both types of stabilization processes are observed. The
Zeta potential is the most commonly used parameter to determine the
electrostatic contribution to emulsion stability (5,11,12). Surface charges control
possible system droplet-droplet interactions and contribute to the emulsion

stability (62).

Table 2 presents the results of Zeta Potential for the solutions (water
+ emulsifier) and the lime essential oil emulsion at 0 and 4 h. A significant
difference in zeta potential values was observed after the homogenization
process compared with the solution values, which were reduced, except for
emulsions in which GA/WPI was used with oil concentrations of 5.0 and 7.5

g 0il/100 g emulsion. O'Brien (37) explains that the biopolymer chains may be



53

broken due to the cavitations' process. This chain breakage favors the increase in
biopolymersurface charge. The decrease in zeta potential values in the emulsions
in which GA and WPI was used can be explained by the reduction of
biopolymer charges.

Emulsions E1, E3, E5, E6 and E9, showed no significant change (p > 0.05) in
the zeta potential values after 4 h. This behavior is the opposite to what occurred
in E2, E4, E7 and E8 emulsions, which became less stable according to this
parameter. The reduction in the zeta potential value, after a certain time, is
especially common in emulsions, due to low oil polarity. Herculano et al. (63)
and Silva et al. (39) report that emulsions are considered stable when the zeta
potential values exceed +30 mV. Zeta potential values from 0 to +30 mV

promote droplet attraction, leading to less stable emulsions (39,49).

Therefore, the most electrostatically stable emulsions, according to this
parameter, are emulsions in which WPI was used as a biopolymer, since they
presented zeta potential above £30 mV and there were no statistically significant
changes after 4 h of storage. Proteins are known to be easily absorbed in the
water-oil interface, promoting greater emulsion kinetic stability, especially by
electrostatic repulsion, due to the high surface charge concentration. Protein also
hinders the water adsorption in oil due to its low wet ability and long molecular

chain (22,28,54,64).

Gum arabic has less surface charge compared to whey protein isolate.
Polysaccharides have the capacity to retain water causing system thickening, so
even with the low charge concentration of the GA emulsion, they were stable, as
confirmed by pH and conductivity data. It can be said that the gum arabic
emulsifying properties are related to a steric mechanism (7,65). In fact, the
emulsions in which WPI was used showed the highest zeta potential values after

preparation and this value remained statistically the same after 4 h.
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In emulsions with annatto oil, Silva et al. (12) observed higher Zeta Potential
values for WPI compared to samples with GA, as in this work. Xu et al. (66)
also observed zeta potential values lower than -30 mV in model WPI and
sunflower oilemulsions. In orange oil emulsions with gum arabic at different
concentrations, Mirhosseini et al. (67) observed zeta potential values varying
between -22.6 and -28.7 mV. The addition of GA reduces the charges around the
emulsion droplets, becoming less electrostatically stable than emulsions with

WPI. Sukhotu et al. (68) observed the same behavior in peanut oil emulsions.
Polidispersion index (PDI), oil droplet size and emulsions optical microscop

PDI and oil droplet size values for the emulsions are shown in Table 3. The PDI
values are related to the distribution homogeneity of oil droplet size and the
closer to zero, the more uniform is the distribution (46, 66). For all biopolymers
used, there is an increase in the PDI with the increase in the oil concentration
used. With the increase in the oil concentration, the droplets were not perfectly
mono-disperse and the PDI values or deviation from the average size increased
(Figure 2). Increased PDI values may be associated with destabilization
phenomena, such as emulsionoil droplet coalescence. However, the

phenomenon was not enough to promote creaming or phase separation.

The oil droplet size is an impact factor for predicting food emulsion stability (7).
The average droplet size (Table 3) is in the range of 0.282 to 1.306 pm for fresh
emulsions; and of 0.256 to 1.968 um for emulsions after 4 h of storage. The
biopolymer influenced significantly (p < 107'°) the average oil droplet size and
WPI emulsions showed smallest average droplet size in both time intervals (0
and 4 h). When comparing the influence of oil concentration on the average
droplet size, only the GA/WPI blend presented significant difference (p < 10%)
compared with the other biopolymers. In the study of WPI emulsions by Kim

and Morr (68) and Bae and Lee (48), they also observed an increase in the oil
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droplet size by increasing the amount of oil in the emulsions. Taneja et al. (22)
observed a reduction of average soybean oil droplet size when the WPI
concentration was increased in the emulsion. Dluzewska et al. (23) observed an
increase in droplet size with increasing oil concentration in gum arabic
emulsions. The same author also did not observe significant increase in droplet

size during storage.

When comparing the droplet size over time (0 to 4 h), we observed that there
was a significant increase (p < 0.05) in the dropletsize in the GA/WPI blend.
When studying the stability of essential oil and WPI emulsions, Dluzewska et al.
(23) found no significant increase in droplet size over time. Microscopic images
(Figure 3) show the increase in droplet size with increasing oil amount for the
GA/WPI treatment and also confirm the increase in droplet size after 4 h. There
is a tendency for the oil droplet size to increase with increased amount of oil in
the emulsions, since the amount of oil is higher for a smaller amount
of emulsifier available to bind to the oil surface (40,48,70). Garcia et al. (52)
observed a tendency of increasing average droplet size with increasing oil

concentration in emulsions of Bassil essential oil with gum arabic.

Rheology

The Power Law rheological model was that best fit to all the experimental data
due to the mean square low value (E(%) < 4.49). In addition, this model
presented significant (p < 0.05) parameters (k and n) for all treatments. This
model has been extensively used to describe emulsion rheological
behavior (12,17,65,71-73). Table 5 shows the Power Law model parameters.
Except for the E8 and E9 emulsions, all emulsions presented a flow behavior
index (n) value very close to 1, which shows a tendency of such systems toward

a Newtonian behavior, in which the relation between shear stress and shear rate
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is linear and viscosity is constant, which can be evidenced by the rheograms
shown in Figure 4. E8 and E9 emulsions have a higher oil concentration and
were produced using WPI as emulsifier (GA/WPI and WPI, respectively).
The n values found in these two cases were lower, showing that in these
emulsions the rheological behavior deviates from the Newtonian behavior and
shear-thinning behavior being more evident. This behavior is shown in Figure 4
in which there is reduction in the apparent viscosity values with increasing shear

rate.

The consistency index increased with the increasing oil concentrations within
each emulsifier, presenting the highest value in the emulsions in which GA/WPI
was used. The consistency index is a parameter that also informs about fluid
viscosity. Therefore, according to Ibanoglu (74) the consistency index increases
with the solids content and with the increase in oil concentration. The
parameters behavior remained the same after 4 h, which is the time necessary for

microencapsulation

Figure 4 shows the relationship between the apparent viscosity and shear rate. It
can be noted in the Figure 4 that, except for E8 and E9 emulsions, all emulsions
exhibit nearly constant viscosity values with the increase in shear rate that is
behavior of Newtonian fluids. In the E8 and E9 emulsions there is reduction in
apparent viscosity that is typical behavior of pseudoplastic fluids. Ibanoglu (74),
when studying the rheological behavior of emulsions with milk protein isolate
and different gum arabic concentrations, also found the pseudoplastic behavior
present in these emulsions. Moschakis et al. (51)verifies that emulsions
stabilized with low WPI concentrations, present a behavior very close to
Newtonian, while in the presence of high polysaccharide concentrations,
such as gum arabic, he found that these systems exhibit a pseudoplastic

behavior. According to the author, this tendency toward pseudoplastic behavior,
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as occurred in the E8 and E9 emulsions, is due to weak associative interactions
and suggests the formation of a weak network around the droplets. Silva et
al. (65) studied emulsions stabilized by different polysaccharides for green
coffee oil microencapsulation. The author also found that the behavior of these
systems can vary between Newtonian and pseudoplastic. Jafari et al. (17) found
that at concentrations above 4%, emulsions which had Newtonian behavior start

exhibiting a pseudoplastic behavior.

The apparent viscosity (Table 5) of the emulsions at shear rate of 100 s did not
change significantly (p < 0.05) between the fresh emulsions and emulsions after
4 h of preparation, showing kinetic stability of these systems during the studied
period. According to Silva et al. (12), rheological changes which may occur in
the emulsions after preparation period are mainly associated to destabilization
processes, since in these processes the oil is released into the continuous phase,
altering the system rheological properties. Since oils have higher viscosity than
water, the properties change. Viscosity values ranged from 0.791 to 0.7987 Pa s,

for the lowest and highest emulsifier agent concentrations, respectively.
Creaming index

Creaming can be defined as a destabilization process due to the upward
movement of the oil droplets since its density is lower than the continuous phase
(water). Generally, this process occurs due to gravitational or centrifugal forces,
which cause droplets to agglomerate, increase in size and accumulate at the top
of the system (7,50). In this study during the 4 h of storage, none of the samples
exhibited a visible process of destabilization (creaming, phase separation or
agglomeration). Even with the increase in oil concentration (Figure 5), there was
no emulsion creaming process in the 4 h interval. In the microencapsulation

process, the emulsion must remain stable throughout the process, so that there is
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no interference in the powder properties, particularly as to the encapsulation

efficiency reduction.

Moschakis et al. (51) observed that sunflower oil emulsions with GA and WPI
are stable and did not exhibit a creaming process over a week. Garcia et
al. (52) studied Bassil essential oil emulsions with GA and found no system
creaming process in 24 h. Tonon et al. (53) observed that, even at high oil
concentrations (30%), there was no oil phase separation in emulsions with
flaxseed oil. In studies with flaxseed oil emulsions with WPI, Kuhn and

Cunha (54) did not observed creaming in 9 days of storage.

In order to have emulsion stability, there can be no creaming, flocculation or
coalescence (26). The creaming index is a parameter which provides indirect
information about the emulsion droplet agglomeration, and the larger the drops,
the faster the creaming process (12,50). Thus, it can be inferred that the
emulsions of all lime oil concentrations and different biopolymers have small oil
droplets which did not undergo agglomeration, which can lead to the creaming
process, in the 4-hour period. That is, over the 4-hour period, the emulsion was

visibly stable.

CONCLUSION

In this work, the evaluation of physicochemical properties indicated that
these are related with the charges that were originated after application of
ultrasound treatment. The treatments with WPI proved to have more surface
charges than GA. These charges resulted in increases in pH values, increases in
the zeta potential values, decreases the PDI wvalues, Newtonian behavior
changes (n) and increases of the consistency index (k) values. The ultrasonic
homogenization process favors breaking of the biopolymer chain and the

increase in surface loads. These charges are concentrated around the droplets
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forming stable emulsions. The presence of oil and second biopolymer (GA)
influences the electrostatic stability and the effects on the physicochemical
parameters are mitigated, as noted. Considering the emulsion stability between
the time after preparation and feeding in the spay-dryer to produce
microcapsules, the use of biopolymers with good emulsifying capacity was
confirmed, highlighting the importance of this feature in essential oil
encapsulation. The results show that for all biopolymer formulations, no phase
separation during the first 4 hours of storage was observed. In all treatments
there was no significant change in pH and conductivity. Higher zeta potential
values were found for WPI and higher oil concentration treatments due to the
characteristics and functional groups present in the biopolymer and lime
essential oil. The viscosity values do mnot change with time,
demonstrating kinetic stability. All oil droplets were less than 2um in size. GA e
WPI showed high emulsifying and stabilizing capacity in emulsions prepared
with lime essential oil and can be used as wall material for microencapsulation
systems. The results were satisfactory for all essential oil and biopolymer
combinations, being more relevant in emulsions in which WPI was used as
biopolymer
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FIGURE CAPTIONS

Figure 1 - (a) pH and (b) Conductivity of Lime emulsions oils.

Figure 2-Size distributions of emulsions. (a) GA; (b) GA/WPI; (c¢) WPIL; (1) 0 h
and (2) after 4 h.

Figure 3 — Microscopy images of emulsions prepared with GA and different
essential oil concentration: (a) 5.0 g 0il/100 g emulsion; (b) 7.5 g 0il/100 g
emulsion; (¢) 10.0 g 0il/100 g emulsion; (1) fresh and (2) after 4 h.

Figure 4— Apparent viscosity as function of shear rate for lime essential oil with

GA (A), GA/WPI (B) e WPI (C)

Figure 5- Creaming index to lime essential oil emulsions after 4 h.
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Table 1

Table 1 - Experimental Design to lime essential oil emulsions.

75

Biopolymer (%)

P Oil content
GA WPI (%)
E1 25 0 5
E2 12.5 125 5
E3 0 25 5
E4 225 0 T
E5 11.25 1125 7.5
E6 0 225 fis
E7 20 0 10
ES8 10 10 10
E9 0 20 10




76

Table 2 - Zefa Potential by biopolymers solutions and emulsions af @ and 4 hours.

Zota Potential (mV)

Mal:‘;:ﬁaf Rl Solution (Water + 8 hours 4 hours
Wall Matarial)

E1 1942+ 06098  2013£001=2 197520294
GA E4 -1B2B+188°F  2208+012°%4 -19.9 + 0.55 =8
E7 1994 +090%%  -304403054 2011 £009<F
Ez 2374+054=A  2319+0109%  _1540:008°=%
GAWPI Es 2030+ 064%%  2043:024%4  .2030:013°A
Es 1668213335  3225+Q008%  _3516:(0520
Ei ?650+0904%  3192+01684  -2955+010%A
WEl E& 1854+ 0688  _3252+0323bA  _315220138A
E9 A7.32+12718 -3393+030%A  -33.99 2 00624

Same letter in same column {*2°**) or same line %) represent not significant
difference (p = 0.05%). Results are presenfed as the mean + standard deviation.
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Table 3 - Polidispersion Index (PDI) and droplet size by emuisions at 0 and 4 hours.

PDI Droplet size (pm)
Wall_ Samples
Material
0 hours 4 hours 0 hours 4 hours
E1 0,65 + 0,054 1,31+ 0,07°8  0.694 + 0.024>~ 0.709 + 0.029°*
GA E4 1,27 + 0,030A 1,77 + 0,108 0.812 +0.0322* 0792 + 0.022=4
E7 2,11 + 0,050A 248+ 0088 0806+0088%* 1037+0141%4
E2 1,22 + 0,050~ 1,45 £ 0,06=A 097+ 0.016>~ 1.822 +0.02768
GA/WPI E5 1,28 + 0,024 1,71 + 0,088 1.305 £ 0.075=~ 1.968 £ 0.088=8
ES 1,71 20,0444 22 + 0,009 1.306 £+ 0.017=* 1.634 +0.028<"8
E3 0,94 + 0,04=A 111+ 0,052~ 0282+0025%4 0.256+0.0144
WPI E6 1,34 + 0,0504 163+009~ 0288+ 0.007¢4  0.289 + 0.00194
E9 1,54 + 0,058 216+013%8 0294 +0002°* 0.294 £ 0.0024

Same letter jn same column (*bedef) or same line (AB) represent not significant
difference (p > 0.05%). Results are presented as the mean * standard deviation.
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Table 5

Table 5 — Apparent viscosity value at 100 57

Apparent viscosity at 10057 (Pa.s)

Wall Material Assay
Fresh emulsion 4 hours

E1 03822+ 0,01 04177+ 0.02=

GA E4 10,5347 + 0,07 05574+ 0.05°
ET 0.7688 + 0,01 0.78B7 + 0.05*

E2 0.0701 £ 0.007 " 0.,0829 £ 0,009

GAMWPI E5 018121001 0,1622 £ 0.002*
=] 06405 £ 0,04 Dz +0.08"

E3 0,0522 0,002 00573+ 0,008

WPI E& 0.0218 £+ 0.007 = 00856 £ 0,002~
E9 0,2221 £ 0.00G* 0.3437 £ 0,013

“Same lefters in the same line represent no significant difference {p =0.05)
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ABSTRACT

This study seeks to evaluate the influence of different dextrose equivalent values
on the characteristics of emulsions assisted by ultrasound and lime essential oil
microparticles. Four treatments were evaluated: whey protein concentrate
(WPC), and blends of maltodextrin with dextrose equivalents of 5 (WMS5), 10
(WM10) and 20 (WM20). The physicochemical properties of the emulsions
(viscosity and droplet size) and dry powders, by spray drying (moisture content,

water activity, particle size, surface oil, encapsulation efficiency, oil and
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limonene retention, x-ray diffraction, thermal and antioxidant activity analysis),
were studied to measure the quality of the encapsulated materials. Maltodextrins
with high DE values (10 and 20) had lower viscosities and consequently smaller
droplet and particle sizes. The treatments showed significantly different and
good retention for the majority compounds of the lime essential oil and
maintained high antioxidant activity. Maltodextrin of DE 20 presented better
significant oil retention values (77.6%) and encapsulation efficiency (83.3%). In
conclusion, the degree of maltodextrin hydrolyzation can interfere with the
physicochemical parameters of lime essential oil microparticles, observing the

best results at higher DE values.

Keywords: Dextrose equivalent; lime essential oil; ultrasound homogenization;

spray drying; whet protein isolate; maltodextrin.

1 INTRODUCTION

Lime essential oil is one of the most aromatic oils used by the food,
pharmaceutical and cosmetic industries, and is widely used in beverages, soft
drinks, bakery products, perfumes and others. Lime essential oil is a complex
mixture of chemical compounds such as limonene, y-terpinene, citral, linalool
and PB-caryophyllene, among others, which may be represented by three main
classes: terpenes, the oxygenated compounds and sesquiterpenes (Cruz-
Valenzuela et al., 2016; Gamarra et al., 2006). In addition, limonene, myrcene,
octanal, and v-terpinene, among others, contribute to the organoleptic

characteristics of the oil (Cruz-Valenzuela et al., 2016; Gamarra et al., 2006).

Microencapsulation can provide numerous benefits to the encapsulated material,

as it can protect it from oxidation, degradation and volatilization reactions
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(Carmo et al.,, 2015). Spray drying is the most popular technique for
microencapsulation of food, particularly in the ease of operation and for
allowing continuous production of dry material. The technique is described as
the atomization of an emulsion, with high solids concentration, into small
droplets in a drying chamber, being subjected to contact with air at high

temperatures (Asbahani et al., 2015; Botrel et al., 2014a).

The wall material is one of the most important parameters in the food
microencapsulation processes. Its chemical composition and structure can affect
the quality of the powdered product and criteria, such as good barrier formation,
high glass transition temperature and consequent stability during storage must be
observed and studied to produce good, low cost emulsifiers (Gharsallaoui et al.,
2007; Zuidam and Shimoni, 2010). Whey protein, a by-product of the dairy
industry, is one of the most commonly studied emulsifiers for encapsulation of
oils (Bakry et al., 2016) and essential oils. Whey protein concentrate (WPC), the
main source of globular proteins made up of B-lactoglobulin, a-lactalbumin,
immunoglobulin and albumin, is widely used as an emulsifier (Fernandes et al.,
2014; Tavares et al., 2014; Telis, 2012). Its emulsifying capacity is ideal for
microencapsulation process of oils widely used in some studies
(Takeungwongtrakul et al., 2015; Tontul and Topuz, 2014; Carneiro et al.,
2013). Carbohydrates have good ability to absorb volatiles and retain them in its
structure, and are widely used in the microencapsulation processes (Liu et al.,
2001). Maltodextrins are widely used as a secondary wall material since they
have low emulsifying capacity. These carbohydrates have characteristics such as
low cost, high solubility and high soluble solids, providing additional protection
for the encapsulated material. Moreover, maltodextrins of different dextrose
equivalents (DE) are commonly used by the wall materials because if their high
water solubility, low viscosity, low sugar content and their colorless solutions

(Akhavan Mahdavi et al., 2016). The DE of maltodextrin can be defined as the
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level of starch hydrolysis, which can interfere with the retention and protection
of microencapsulated essential oils. The DE values of maltodextrins range from

3-20 (Dziedzic and Kearsley, 1995).

As such, the objective of this study is to evaluate the effect of substitution of
WPC by maltodextrins of different DE on the physicochemical properties of
lime essential oil microparticles. We evaluated the emulsion parameters
(viscosity, droplet size and creaming index) and physicochemical characteristics
(equilibrium moisture content, water activity, particle size and morphology, the
total oil, surface oil, encapsulation efficiency, thermogravimetric analysis,

diffraction x-ray and antioxidant activity).
2 MATERIALS AND METHODS
2.1 Materials

Lime (Citrus aurantifolia) essential oil (Ferquima Ind. ¢ Com. Ltda, Vargem
Grande Paulista, Brazil) was used as the core material. The biopolymers used
with wall material were Whey protein concentrate (WPC), was donated from
Alibra (Campinas, Brazil) and Maltodextrin in different dextrose equivalent
(GLOBE® 1905, 1910 and 1920) was donated from Ingredion (Sdo Paulo,
Brazil).

2.2 Experimental Design

The experiments were conducted in a completely randomized design with three
replications, as shown in Table 1 to evaluate the effects of the four encapsulation
formulations on the characteristics of powders of lime essential oil

microencapsulated.
2.3 Preparation of emulsion

The wall materials were dissolved in distilled water and the solutions were

prepared 24 hours before being emulsified at room temperature to ensure full
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saturation of the polymer molecules. Then, lime essential oil was added to the
wall material solution and submitted homogenization (Model 450 - Branson
Ultrasonic, USA). Aliquots of 60 mL were subjected to ultrasonication (2
min/240 W) to completely emulsify the lime essential oil. The emulsion was
used as the feed liquid for the spray-drying process (Fernandes et al., 2014; Silva

and Meireles, 2015). Characterization of emulsions properties

Freshly prepared emulsions were diluted to a droplet concentration of
approximately 1:1000 with MilliQ water and placed into the measurement
chamber of a microelectrophoresis instrument (Nano ZS Zetasizer, Malvern
Instruments Ltd., Worcestershire UK). The measurements were performed at

least three replicates, at 25 °C.

Emulsion droplet size were measured by dynamic light scattering (Zetasizer
Nano ZS, Malvern Instruments, Malvern, U.K.), using 1.5 mL emulsion samples
diluted 1000x with MilliQ water to avoid multiple light scattering effects. The
particle size data are reported as Z-average mean diameter and polydispersity

index (PDI).

Rheological measurements were analysed according (Botrel et al., 2014b) using
a oscillatory rheometer HAAKE RheoStress 6000 (Thermo Fisher Scientific,
USA) coupled to a temperature controller HAAKE UTM Controller (Thermo
Fisher Scientific, USA). T The parameters of Power Law (Eq. 1) were estimated
by correlating the mathematical models to the experimental data via a quasi-
Newton nonlinear regression, with a 5% significance level. The model
considered most suitable was that with lower relative mean error (E), defined as

follows in Eq. 2.

o=Ky" Eq. 1
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Eq. 2

2.4 Spray-drying process

The emulsions were dried using a spray-dryer (model MSD 1.0; Labmaq do
Brasil, Ribeirao Preto, Brazil) with a double fluid nozzle system of diameter 3
mm in a drying chamber of di- mensions 670 x 200 mm. Feeding was performed
using a peristaltic pump with a airflow of 40 L/min and air pressure of 400 kPa.
The outlet air temperatures ranged from 90 to 97 °C, depending on the feed
concentration and inlet temperature, and the feed flow rate was maintained at
0.70 L/h. The microparticles obtained were stored under refrigeration (4 to 7 °C)
in sealed aluminum packing, protected from light penetration and gas
permeation until further analysis (da Costa et al., 2015; Fernandes et al., 2013).
All the drying were done in triplicate.

2.5 Gas Chromatography

To determine the major components of the lime essential oil in the
microparticles approximately 30 mg were mixed with 500 uL of chloroform
ultrasonic bath for 15 min. Then it was added 500 uL of water and subjected to
vortexing for 10 s and 10 min in ultrasonic bath. After centrifugation at 6500
min-1, a rate of 2 puL the organic layer was injected into the chromatograph for
analysis. The analysis was performed on a gas chromatograph HP7820A
(Agilent, USA) equipped with ionization detector flame. A HP5 column 30 m x
0.32 mm x 0.25 um (Agilent, USA) was used. The column was heated to 50-150
°C at a rate of 3 °C / min with injector (splitless) at 200 °C and detector 220 °C.

Hydrogen was used as carrier gas at a rate of 3 mL / min and injection volume
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1ul. Data were acquired by EZChrom Compact Elite software (Agilent, USA).
2.6 Moisture and Water Activity

The moisture content of the powders was determined by the AOAC method. The
powder weight loss percentage (%) after oven-drying at 105 °C until a constant
weight was obtained, and moisture content (%) was calculated. Water activity
measurements were using an Aqualab 4TE as described by the manufacturer

(Decagon Devices Inc., USA) were performed at 25 °C.
2.7 Surface Oil, Total Oil, Encapsulation Efficiency and Oil Retention

Surface oil (SO) was determined by method described by (Carneiro et al., 2013)
with some modifications. Twenty milliliters of petroleum ether (30 — 10 °C
boiling point) were added to approximately 2 grams of microparticles and
subjected to vortexing for 1 min for the extraction of non-encapsulated oil. The
mixture solution was filtered through Whatman filter paper No. 1. Three rinses
of microparticles with petroleum ether was conducted. The collected solvent was
left to evaporate at room temperature and after at 60°C until constant weight
(balance accuracy = £ 0.001 g). The surface oil was determined by mass

difference between the initial and final sample.

To determine total oil (TO) of the lime essential oil microparticles were used the
values of the amount of oil extracted from the microparticles as described

procedure of Section 2.5.

Encapsulation efficiency (EE) is defined as the ratio between the oil inside the
microparticles and total oil present in the microparticles (Tonon et al., 2012). EE

was calculated using Eq. 3:

TO — 50> Eq. 3

0, =
EE (%) = 100x ( =
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The retention oil (or entrapment efficiency) (Eq.4) was defined as the ratio
between the total mass of oil present in the microparticles and the mass of oil

added at the beginning of the process (Silva and Meireles, 2015):

Total oil (%) ) a4
q.

RO (%) =100
(%) % (Initial oil load (%)

2.8 Particle size

Particle size of lime essential oil microencapsulated were measured by dynamic
light scattering (Zetasizer Nano ZS, Malvern Instruments, Malvern, U.K.), using
1.5 grams of microparticles samples diluted 1000x with isopropanol to avoid
multiple light scattering effects. The particle size data are reported as Z-average

mean diameter and polydispersity index (PDI).

2.9 Scanning Electronic Microscopy (SEM)

The morphologies of the lime essential oil microcapsules were examined by
scanning electron microscopy (SEM). Microcapsules samples were distributed
over a pieceof double-sided carbon tape adhered to a metallic support (stub).
Then, the samples were analyzed with scanning electron microscopy JSM-6360

(JEOL; Tokyo, Japan), with an accelerating voltage of 20 kV.
2.10  X-Ray Diffration

X-ray diffraction (XRD) analysis of the microparticles and wall material was

performed on Shimadzu XRD-6000 (Shimadzu, Tokyo, Japan) using a graphite
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crystal as the monochromator with a filter radiation of Cu-Kal at 30kV and
30mA. Samples were analyzed at angles from 4° to 40° in 20 with a 0.02°
(1°/min) step.

2.11  Antioxidant activity

Antioxidant activity (AA%) was evaluated by DPPH radical (1,1-diphenyl-2-
picrylhydrazyl) according to the method described by Mensor et al. (2001) with
modifications. For extracting oil from the microparticles, 0.1 g of microcapsules
was added in 50 mL of ethanol solution (1:3 v/v). The mixture was

homogenized by an ultrasonic homogenizer (Branson, USA) in a 1min/250W.

In tubes were added 2.4 mL of absolute ethanol, 1 mL of DPPH solution (2 mg /
50 mL) and 0.1 mL of sample after extraction. For the correction of a possible
contribution of staining of the samples was carried out in parallel, consisting of a
blank test sample volume (0.1 mL) and 3.4 mL of absolute ethanol. The control
was prepared by mixing 1.0 mL of DPPH solution with 2.5 mL of absolute
ethanol. After 1-hour incubation in the dark at room temperature, the
absorbances were recorded at 517 nm. Tests were performed in triplicates and

the inhibition of free radical DPPH was calculated by Eq. 7:

Ap—Ap
AA (%) = 100 — [(100 x—)] Eq.7
Ac
Where AA is sample absorbance, AB is blank absorbance and AC is control

absorbance.
2.12  Statistical analysis

Analyses of variance were also carried out using R package software to verify
the effects of the wall materials on the characteristics of the lime essential oil
microparticles. The results of the Rheology, Gas Chromatograph and XRD were

analyzed descriptively. Differences in the mean values obtained were examined
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by Scott-Knott's test of means at a significance level of 5%.

3 RESULTS
3.1 Rheology

Rheological parameters are widely used to predict the size behavior of dry
particle in microencapsulation processes because it is related to the size of the
droplet that will be atomized and dried. Moreover, the emulsion viscosity plays
an important role in determining encapsulation efficiency and oil retention
(Bakry et al., 2016). Figure 1 presents the apparent viscosity profile in relation to
the deformation rate for lime essential oil emulsions. Higher apparent viscosity
values were found for WPC and WMS5 samples. Due to their high molecular
weight, proteins increase the viscosity of the medium (Botrel et al., 2014b). It
can be seen that the increase in the maltodextrins reduced viscosities compared
to emulsions with only WPC. Similar behavior was observed by Castro et al.
(2016) when studying maltodextrin solutions with different DE values. This
behavior is related to the size of the maltodextrin chains, since the larger the
chains are, the more the water molecules will bind to its structure, favoring a
emulsion viscosity increase. Moreover, the abundance presence of high
molecular-weight molecules tends to increase the aqueous phase resistance to
flow, leading to an increase in the apparent viscosity of the emulsion (Bakry et
al., 2016; Klongdee et al., 2012). Short chain maltodextrins interact with the oil
better, reducing the size of the drops and reducing the viscosity of the medium

(Bae and Lee, 2008; Dokic-Baucal et al., 2004).

The rheological data were adjusted by the Power Law (Table 2). The
consistency index (K) is related to emulsion viscosity values. It can be seen that
the K values were obtained for the WPC and WMS5 emulsions. The emulsion

viscosity may interfere with encapsulation efficiency because the increase in
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viscosity to an optimum value can reduce the movement of these droplets,
reducing phenomena such as flocculation and agglomeration. In contrast, an
excessive increase in viscosity, by hindering the oil retention, increases the
droplet size and exposure during drying due to the large surface area (Jafari et

al., 2008).
3.2 Droplet Size, PDI and Droplet Size Distribution

The droplet size and PDI values are shown in Table 3. The droplet size
presented significant difference (P=0.001) for the different wall materials. The
increasing maltodextrin DE promoted a reduction in the average size of lime
essential oil droplets. In many oil microencapsulation studies the average oil
droplet size in emulsions is generally over 2 um (Carneiro et al., 2013; Rodea-
Gonzalez et al., 2012; Silva et al., 2014), whereas in our study the values found
were between 0.28 — 0.31 pum. This observation can be explained by the
homogenization process used (ultrasonic), which generates much smaller
droplets when compared with that used in other studies (mechanical) (Tontul

and Topuz, 2014).

The results corroborate the apparent viscosity profile in Figure 1. This
phenomenon can be explained because at high viscosities, the ultrasonic waves
can not promote high agitation and shear stress in emulsion oils, generating
larger droplets. When studying different biopolymers as stabilizer for annatto oil
emulsions Silva et al. (2015) confirmed this hypothesis on the relationship
between viscosity and droplet size after the homogenization process. Bae and
Lee (2008) observed a size increase of avocado oil droplets from 2.27 pum to
2.29, 3.10 and 4.10 pm when using maltodextrin DE 5 in partial replacement of
the proteinaceous biopolymer. The same authors explain that the low
emulsifying capacity of maltodextrin, compared to WPI, may have resulted from

the droplet size increase. Figure 2 shows the light microscopy images and the
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lime essential oil emulsion droplet size distribution profile. Visual assessment
demonstrates larger droplet size for WPC and WMS5 treatments compared to
WM10 and WM20 treatments, corroborating the average size results and those
of the droplet size distribution. A higher viscosity of proteins (Figure 1), and
larger-chain maltodextrins of low emulsifying capacity demonstrate the
formation of larger droplets. Two peak can be seen in the particle size
distribution graph with the maltodextrin DE increase. A more heterogeneous
distribution may be associated with the emulsion viscosity, which hinders the
formation of smaller droplets, favoring the agglomeration and increase of these

droplets.
33 Gas Chromatography

In volatile compound microencapsulation processes, it is important to evaluate
the changes the core material goes through during drying, since its chemical
composition is useful for the application of these ingredients (Fernandes et al.,
2014). Figure 3 presents the concentration profile of the majority compounds
present in the pure lime essential oil and microencapsulated oil. The components
noted in higher concentrations in the pure oil were o-pinene (2.1%), B-pinene
(11.6%), myrcene (1.6%), limonene (55.3%), y-terpinene (11.8%) and other
compounds (17.4%). Gamarra et al. (2006) observed a limonene concentration

of 49.66%.

For the different wall materials used, we observed that a slight reduction of the
majority compound amounts present in the lime essential oil. Based on
limonene (the most abundant compound) we note that there was a slight
reduction in the concentration for the WPC and WMS5 treatments. This
observation can be explained by the high molecular weight proteins and low
maltodextrin DE which may hinder the maintenance physical and chemical

properties of the encapsulated oil. The surface oil content can also be an
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explanation for the reduction of some lime oil compounds, since this oil is less
protected and is susceptible to volatilization and degradation (Baranauskiené et
al., 2006).

34 Moisture and Water Activity

Moisture and water activity are important parameters for preservation of food
products because a large amount of retained water can accelerate degradation
reactions and microorganism growth. Depending on the microcapsule storage
temperature, the glass transition will occur at critical moisture content and
activity values, which is an important factor for the stability of the powder
(Escalona-Garcia et al., 2016). It is necessary that its equilibrium moisture
content is less than 5 g water/100 g of dry solid and its water activity is in the
range from 0.1 to 0.4, ensuring greater stability for dry food (Tontul and Topuz,
2014).

The results of moisture and water activity for lime essential oil microparticles
are shown in Table 2. Although the drying parameters are constant, there was a
variation of the moisture content of microparticles after drying. In this case, the
different equilibrium moisture values are related to the different types of
biopolymers used (Diaz et al., 2015). For equilibrium moisture values, the WPC
and WMS5 treatments differ significantly (p <0.01) from the WM10 and WM20
treatments. The equilibrium moisture values ranged from 3.83 to 5.35 g.100 g
water-1. Higher moisture values were observed for samples with higher
dextrose equivalent maltodextrin Fazeli et al. (2012), Goula and Adamapoulos
(2005) and Matusuura et al. (2015) observed increased relative moisture by
increasing the maltodextrin dextrose equivalent for blackberry, tomato and
coconut oil microparticle, respectively. On encapsulating jussara pulp (Euterpe
edulis Martius), (Tonon et al., 2009) also observed an increase in the equilibrium

moisture content of the microparticles with the maltodextrin DE increase. High



94

equilibrium moisture values (> 5.00 g. 100 g water-1) may cause degradation
reactions in powdered food (Masters, 1991). The moisture content observed for
WM10 and WM20 treatments may be associated with the rapid formation of the
drop around the bioactive component, preventing water diffusion during drying

(Goula and Adamopoulos, 2010).

There was a significant difference (p = 10-5) for water activity among the
different wall materials. Samples with maltodextrin (0.297, 0.267 and 0.342)
presented higher water activity values compared to samples only with WPC
(0.124). The increase in the the degree of maltodextrin hydrolysis increased the
water activity of the microparticles. These results are related to the different
biopolymers used. Carbohydrates that are more hydrolyzed have shorter chains
and become more hygroscopic, thus retaining more water on their surface. When
evaluating maltodextrins of different hydrolysis degrees in the
microencapsulation of agai, Tonon et al. (2009) obtained water activity results
for samples with DE 10 (0.229) and DE 20 (0.245), corroborating the data
observed in this present study. Carvalho et al. (2014) observed increased activity
values (0.245 to 0.314) with the DE increase (10 to 30) of maltodextrins used as

a wall material in jussara (Martius Euterpe edulis) encapsulation.
3.5 Particle Size and Distribution Profile

The size of microencapsulated oil particles is an important factor, as it is
associated with the stability and retention of the oils in the particles (Tontul and
Topuz, 2014). Table 2 shows the particle size values and the polydispersion
index for the treatments. Only the WMS5 treatment differs significantly (p =
0.02) from the other treatments, presenting the highest average particle size
(3.97 pm.) One reason for this observation may be the larger structure of the
maltodextrin DE 5 that does not allow the formation of small droplets in the

homogenization process and consequently the formation of large dry particles.
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Particle size distribution profiles shown in Figure 4 corroborate the PDI values
shown in Table 2 in which PDI values closer to zero indicate better particle size
uniformity. Choi et al. (2010) also observed a size increase of conjugated
linoleic acid microparticles encapsulated with WPC/MD compared to the use of
only WPC. Generally, the size distribution of powdered food particles is more
important than the average diameter measurement, as it may influence

processing, handling and shelf-life (Tonon et al., 2009).

The morphology of the particles is an important quality parameter in
microencapsulation processes because cracked or damaged structures can
compromise the stability of the encapsulated material (Botrel et al., 2014b). All
treatments showed microparticles with a rough surface. The addition of
maltodextrins of different DE slightly improved particle roughness and
occurrence of agglomeration. Smoother particle surfaces have been observed in
other works when using maltodextrin as wall material (Ersus and Yurdagel,
2007; Osorio et al., 2011; Silva et al., 2014). Incorporating carbohydrates as wall
materials can result in improvements in core material retention due to the
formation of a complete crust without ruptures (Simon-Brown et al., 2016). The
occurrence of roughness on the surface of the microparticles may be associated
with shrinkage of the wall material during initial stages of the drying process.
Smoother surfaces can occur when drying rates are favorable and the wall

material has viscoelastic properties (Botrel et al., 2014b), as in the case of WPC.
3.6 Surfacel oil, Total oil and Encapsulation efficiency

Figure 5 shows surface oil values (%), encapsulation efficiency (%) and oil
retained (%), for the lime essential oil microparticles. The amount of
unencapsulated oil is a crucial parameter in the microencapsulation of oils
because the exposed material is more susceptible to oxidation reactions,

reducing the product shelf life (Karaca et al., 2013). The surface oil content
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ranged between 2.15 to 3.28%, the treatments being significantly different from
each other (p =10-7). The unencapsulated oil content was influenced by the
dextrose equivalent of the maltodextrins used. We observed that the hydrolysis
increase of the maltodextrin reduced the microparticles surface oil values. Botrel
et al. (2014b), Turasan et al. (2015) and Young et al. (1993) found lower
amounts of surface oil in blends of maltodextrins and whey protein, compared to
treatments with only proteins in the microencapsulation of fish oil, rosemary

essential oil and anhydrous milk fat.

For EE values (%), there is also a significant difference (p=10-5) among the
different treatments. The increase of DE increases EE (%) and therefore
increases the RO (%) values. The increase in DE values contributed to higher
anthocyanin retention in kokum fruit (Nayak and Rastogi, 2010). The authors
explained that the increase in DE values favored the barrier formation for the
microparticles. High DE values improved protection of encapsulated materials
since the higher the amount of carbohydrate units, the lower the permeability to
oxygen (Jafari et al., 2008). Carbohydrates (mono- and disaccharides) favor
crust formation during emulsions drying, reducing oil diffusion through the wall
material layer, increasing the oil retention (R. V. D. B. Fernandes et al., 2014).
Hogan et al. (2003) observed encapsulation efficiency values above 93.8% for
fish oil microparticles encapsulated with maltodextrins with DE>14.
Coalescence of droplets during drying, formation of air vacuoles during
emulsion homogenization and biopolymer molecules structural properties are
factors associated with oil retention in the microencapsulation process (Drusch

et al., 2006; Silva and Meireles, 2015).
3.7 X-ray Diffraction

X-ray Diffraction techniques are widely utilized in bioactive compound

microencapsulation studies because it demonstrates the degree of crystallinity of
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the encapsulating material. The diffractograms for the wall materials and the
lime essential oil microparticles are shown in Figure 6. For all results there are
broadband regions at 26 = 20°, which can indicate the interaction between wall
material and lime essential oil. Broad bands are characteristic of amorphous
material structure since in this kind of structure the molecules are in a more
disordered state, increasing the x-ray diffraction band (Caparino et al., 2012).
Amorphous solids have higher solubility and hygroscopicity compared to
crystalline materials (Botrel et al., 2014b; Silva and Meireles, 2015). Matsuura
et al. (2015) observed a very similar x-ray pattern for different maltodextrins

used to microencapsulate coconut oil.

Furthermore, x-ray patterns for the microparticles are similar to the wall material
patterns. It can be concluded that drying by spray-drying did not change the
crystal structure of the materials. Amorphous biopolymer structures are more
likely to be formed in drying processes by spray-drying (Botrel et al., 2014b;
Langrish and Wang, 2009). In microencapsulation processes of food
compounds, it is desirable that the polymeric structure of the encapsulant
material has a vitreous matrix because it favors the core material retention

(Drusch et al., 2006).
3.8 Antioxidant Activity

Figure 7 shows the antioxidant activity values obtained by the DPPH method for
the lime essential oil microparticles. The addition of maltodextrin presented a
significant difference (p <4.10) for the DPPH values compared to the WPC-only
treatment. The antioxidant activity was lower (72.72%) compared to treatments
with the addition of different maltodextrins (90.65, 89.08, 94.71%). In acai
microparticles (Tonon et al., 2009) observed higher antioxidant activity values
for samples containing maltodextrin DE 10 (1165.84 TE micromol/g juice dried

matter) in comparison to tapioca starch (1010.87 pmol TE/g juice dried matter).
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Nayak e Rastogi (2010) observed an increase of antioxidant activity from 53.84
to 69.9% for dextrose equivalent values between 5 - 33. The authors explained
that the increase in DE values favored the microparticle barrier formation,
protecting the encapsulated bioactive compounds. Maltodextrins can offer good
protection for encapsulated lipophilic materials, as less permeable barriers are

related to high dextrose equivalent values (Jafari et al., 2008).
4 CONCLUSION

The emulsion physicochemical property results confirmed that maltodextrins
with higher DE values have lower viscosities and consequently smaller droplet
size. The degree of hydrolysis of the maltodextrin chains influenced particles
with higher moisture and water activity. The surfaces of the particles had
smoother surfaces for WM10 and WM20 treatments and visible fractures were
not observed, which may protect the encapsulated material further. It was found
the formation of particles with amorphous structures, typical of spray drying
processes. Treatment with maltodextrin DE 20, showed better results for
encapsulation efficiency and antioxidant activity of lime essential oil. In
conclusion, the hydrolyzation degree of maltodextrins may interfere with the
physicochemical parameters of lime essential oil microparticles; the best results

for oil retention and protection were observed at higher DE values.
ACKNOWLEDGEMENT

The authors thank FAPEMIG and CNPq for the financial support.
REFERENCES

Akhavan Mahdavi, S., Jafari, S.M., Assadpoor, E., Dehnad, D., 2016.
Microencapsulation optimization of natural anthocyanins with maltodextrin,
gum Arabic and gelatin. Int. J. Biol. Macromol. 85, 379-385.
doi:10.1016/j.ijbiomac.2016.01.011



99

Asbahani, A. El, Miladi, K., Badri, W., Sala, M., Addi, E.H.A., Casabianca, H.,
Mousadik, A. El, Hartmann, D., Jilale, A., Renaud, F.N.R., Elaissari, A., 2015.
Essential oils: From extraction to encapsulation. Int. J. Pharm. 483, 220-243.

doi:10.1016/j.ijjpharm.2014.12.069

Bae, E.K., Lee, S.J., 2008. Microencapsulation of avocado oil by spray drying
using whey protein and maltodextrin. J. Microencapsul. 25, 549-560.
doi:10.1080/02652040802075682

Bakry, A.M., Fang, Z., Ni, Y., Cheng, H., Chen, Y.Q., Liang, L., 2016. Stability
of tuna oil and tuna oil/peppermint oil blend microencapsulated using whey
protein isolate in combination with carboxymethyl cellulose or pullulan. Food

Hydrocoll. 60, 559-571. doi:10.1016/j.foodhyd.2016.04.026

Baranauskiené, R., Venskutonis, P.R., Dewettinck, K., Verhé, R., 2006.
Properties of oregano (Origanum vulgare L.), citronella (Cymbopogon nardus
G.) and marjoram (Majorana hortensis L.) flavors encapsulated into milk
protein-based matrices. Food Res. Int. 39, 413-425.
doi:10.1016/j.foodres.2005.09.005

Botrel, D.A., Borges, S.V., Fernandes, R.V. de B., Carmo, E.L. do, 2014a.
Optimization of fish oil spray drying using a protein: inulin system. Dry.

Technol. 32, 279-290. doi:10.1080/07373937.2013.823621

Botrel, D.A., de Barros Fernandes, R.V., Borges, S.V., Yoshida, M.I., 2014b.
Influence of wall matrix systems on the properties of spray-dried microparticles
containing fish oil. Food Res. Int. 62, 344-352.
doi:10.1016/j.foodres.2014.02.003

Caparino, O.A., Tang, J., Nindo, C.I., Sablani, S.S., Powers, J.R., Fellman, J.K.,
2012. Effect of drying methods on the physical properties and microstructures of
mango (Philippine “Carabao” wvar.) powder. J. Food Eng. 111, 135-148.



100

doi:10.1016/j.jfoodeng.2012.01.010

Carmo, E.L. do, Fernandes, R.V. de B., Borges, S.V., 2015. Microencapsulation
by spray drying, new biopolymers and applications in food technology. J. Chem.
Eng. Chem. 1, 30-44. doi:10.18540/2446941601022015030

Carneiro, H.C.F., Tonon, R. V., Grosso, C.R.F., Hubinger, M.D., 2013.
Encapsulation efficiency and oxidative stability of flaxseed oil
microencapsulated by spray drying using different combinations of wall

materials. J. Food Eng. 115, 443-451. doi:10.1016/j.jfoodeng.2012.03.033

Carneiro, H.C.F., Tonon, R. V, Grosso, C.R.F., Hubinger, M.D., 2013. Effect of
different combination of wall materials on the encapsulation efficiency of

flaxseed oil microencapsulated by spray drying 115, 443-451.

Carvalho, A.G.S., Silva, V.M., Hubinger, M.D., 2014. Microencapsulation by
spray drying of emulsified green coffee oil with two-layered membranes. Food
Res. Int. 61, 236-245. doi:10.1016/j.foodres.2013.08.012

Castro, N., Durrieu, V., Raynaud, C., Rouilly, A., 2016. Influence of DE-value
on the physicochemical properties of maltodextrin for melt extrusion processes.
Carbohydr. Polym. 144, 464-473. doi:10.1016/j.carbpol.2016.03.004

Choi, K., Ryu, J., Kwak, H., Ko, S., 2010. Spray-dried conjugated linoleic acid
encapsulated with Maillard reaction products of whey proteins and maltodextrin.

Food Sci. Biotechnol. 19, 957-965. doi:10.1007/s10068-010-0134-7

Cruz-Valenzuela, M.R., Tapia-Rodriguez, M.R., Vazquez-Armenta, F.J., Silva-
Espinoza, B.A., Ayala-Zavala, J.F., 2016. Lime (Citrus aurantifolia) oils, in:
Preedy, V.R. (Ed.), Essential Oils in Food Preservation, Flavor and Safety.
Elsevier Inc., London, pp. 531-538.

da Costa, JM.G., Silva, E.K., Toledo Hijo, A.A.C., Azevedo, V.M., Malta,
M.R., Ferreira Alves, J.G.L., Borges, S. V, 2015. Microencapsulation of Swiss



101

cheese bioaroma by spray-drying: Process optimization and characterization of

particles. Powder Technol. 274, 296-304. doi:10.1016/j.powtec.2015.01.037

Diaz, D.I., Beristain, C.I., Azuara, E., Luna, G., Jimenez, M., 2015. Effect of
wall material on the antioxidant activity and physicochemical properties of
Rubus fruticosus juice microcapsules. J. Microencapsul. 32, 247-254.

doi:10.3109/02652048.2015.1010458

Dokic-Baucal, L., Dokic, P., Jakovljevic, J., 2004. Influence of different
maltodextrins on properties of O/W emulsions. Food Hydrocoll. 18, 233-239.
doi:10.1016/S0268-005X(03)00068-7

Drusch, S., Serfert, Y., Van Den Heuvel, A., Schwarz, K., 2006.
Physicochemical characterization and oxidative stability of fish oil encapsulated
in an amorphous matrix containing trehalose. Food Res. Int. 39, 807-815.

doi:10.1016/j.foodres.2006.03.003

Dziedzic, S.Z., Kearsley, M.W., 1995. Handbook of starch hydrolysis products

and their derivates, First. ed. Blackie Academic & Professional, London.

Ersus, S., Yurdagel, U., 2007. Microencapsulation of anthocyanin pigments of
black carrot (Daucus carota L.) by spray drier. J. Food Eng. 80, 805-812.
doi:10.1016/j.jfoodeng.2006.07.009

Escalona-Garcia, L.A., Pedroza-Islas, R., Natividad, R., Rodriguez-Huezo,
M.E., Carrillo-Navas, H., Pérez-Alonso, C., 2016. Oxidation kinetics and
thermodynamic analysis of chia oil microencapsulated in a whey protein
concentrate-polysaccharide  matrix. J.  Food Eng. 175, 93-103.
doi:10.1016/j.jfoodeng.2015.12.009

Fazaeli, M., Emam-Djomeh, Z., Kalbasi Ashtari, A., Omid, M., 2012. Effect of
spray drying conditions and feed composition on the physical properties of black

mulberry  juice powder. Food Bioprod. Process. 90, 667-675.



102

doi:10.1016/j.fbp.2012.04.006

Fernandes, R.V. de B., Borges, S.V., Botrel, D.A., Silva, E.K., Costa, JM.G. da,
Queiroz, F., 2013. Microencapsulation of rosemary essential oil: characterization
of particles. Dry. Technol. 31, 1245-1254. doi:10.1080/07373937.2013.785432

Fernandes, R.V.B., Marques, G.R., Borges, S. V., Botrel, D.A., 2014. Effect of
solids content and oil load on the microencapsulation process of rosemary

essential oil. Ind. Crops Prod. 58, 173—181. do0i:10.1016/j.indcrop.2014.04.025

Fernandes, R.V.D.B., Borges, S.V., Botrel, D.A., 2014. Gum
arabic/starch/maltodextrin/inulin as wall materials on the microencapsulation of
rosemary essential oil. Carbohydr. Polym. 101, 524-532.
doi:10.1016/j.carbpol.2013.09.083

Gamarra, F.M.C., Sakanaka, L.S., Tambourgi, E.B., Cabral, F.A., 2006.
Influence on the quality of essential lemon (Citrus aurantifolia) oil by distillation
process. Brazilian J. Chem. Eng. 23, 147-151. doi:10.1590/S0104-
66322006000100016

Gharsallaoui, A., Roudaut, G., Chambin, O., Voilley, A., Saurel, R., 2007.
Applications of spray-drying in microencapsulation of food ingredients: An

overview. Food Res. Int. 40, 1107-1121. doi:10.1016/j.foodres.2007.07.004

Goula, A.M., Adamopoulos, K.G., 2010. A new technique for spray drying
orange juice concentrate. Innov. Food Sci. Emerg. Technol. 11, 342-351.
doi:10.1016/j.ifset.2009.12.001

Goula, A.M., Adamopoulos, K.G., 2005. Spray drying of tomato pulp in
dehumidified air: II. The effect on powder properties. J. Food Eng. 66, 35-42.
doi:10.1016/j.jfoodeng.2004.02.031

Hogan, S.A., O’Riordan, E.D., O’Sullivan, M., 2003. Microencapsulation and
oxidative stability of spray-dried fish oil emulsions. J. Microencapsul. 20, 675—



103

688. doi:10.3109/02652040309178355

Jafari, S.M., Assadpoor, E., He, Y., Bhandari, B., 2008. Encapsulation
efficiency of food flavours and oils during spray drying. Dry. Technol. 26, 816—
835. doi:10.1080/07373930802135972

Karaca, A.C., Nickerson, M., Low, N.H., 2013. Microcapsule production
employing chickpea or lentil protein isolates and maltodextrin: Physicochemical
properties and oxidative protection of encapsulated flaxseed oil. Food Chem.

139, 448-457. doi:10.1016/j.foodchem.2013.01.040

Klongdee, S., Thongngam, M., Klinkesorn, U., 2012. Rheology and
microstructure of lecithin-stabilized tuna oil emulsions containing chitosan of
varying concentration and molecular size. Food Biophys. 7, 155-162.

doi:10.1007/s11483-012-9253-4

Langrish, T.A.G., Wang, S., 2009. Crystallization rates for amorphous sucrose
and lactose powders from spray drying: A comparison. Dry. Technol. 27, 606—
614. doi:10.1080/07373930802716391

Liu, X.-D., Atarashi, T., Furuta, T., Yoshii, H., Aishima, S., Ohkawara, M.,
Linko, P., 2001. Microencapsulation of emulsified hydrophobic flavors by spray
drying. Dry. Technol. 19, 1361-1374. doi:10.1081/DRT-100105293

Masters, K., 1991. Spray Drying: an introduction to principles, operation
practice and application, Fifith. ed. Longman Scientific & Technical, London.

doi:10.1002/cite.330451311

Matsuura, T., Ogawa, A., Tomabechi, M., Matsushita, R., Gohtani, S., Neoh,
T.L., Yoshii, H., 2015. Effect of dextrose equivalent of maltodextrin on the
stability of emulsified coconut-oil in spray-dried powder. J. Food Eng. 163, 54—
59. doi:10.1016/j.jfoodeng.2015.04.018

Mensor, L.L., Menezes, F.S., Leitdo, G.G., Reis, A.S., Santos, T.C. dos, Coube,



104

C.S., Leitdo, S.G., 2001. Screening of Brazilian plant extracts for antioxidant
activity by the use of DPPH free radical method. Phyther. Res. 15, 127-130.
doi:10.1002/ptr.687

Nayak, C.A., Rastogi, N.K., 2010. Effect of seclected additives on
microencapsulation of anthocyanin by spray drying. Dry. Technol. 28, 1396—
1404. doi:10.1080/07373937.2010.482705

Osorio, C., Forero, D.P., Carriazo, J.G., 2011. Characterisation and performance
assessment of guava (Psidium guajava L.) microencapsulates obtained by spray-

drying. Food Res. Int. 44, 1174-1181. doi:10.1016/j.foodres.2010.09.007

Rodea-Gonzalez, D.A., Cruz-Olivares, J., Roman-Guerrero, A., Rodriguez-
Huezo, M.E., Vernon-Carter, E.J., Pérez-Alonso, C., 2012. Spray-dried
encapsulation of chia essential oil (Salvia hispanica L.) in whey protein
concentrate-polysaccharide  matrices. J. Food Eng. 111, 102-109.
doi:10.1016/j.jfoodeng.2012.01.020

Silva, E.K., Gomes, M.T.M.S., Hubinger, M.D., Cunha, R.L., Meireles, M.A.A.,
2015. Ultrasound-assisted formation of annatto seed oil emulsions stabilized by
biopolymers. Food Hydrocoll. 47, 1-13. doi:10.1016/j.foodhyd.2015.01.001

Silva, E.K., Meireles, M.A.A., 2015. Influence of the degree of inulin
polymerization on the ultrasound-assisted encapsulation of annatto seed oil.
Carbohydr. Polym. 133, 578-586. doi:10.1016/j.carbpol.2015.07.025

Silva, V.M., Vieira, G.S., Hubinger, M.D., 2014. Influence of different
combinations of wall materials and homogenisation pressure on the
microencapsulation of green coffee oil by spray drying. Food Res. Int. 61, 132—
143. doi:10.1016/j.foodres.2014.01.052

Simon-Brown, K., Solval, K.M., Chotiko, A., Alfaro, L., Reyes, V., Liu, C.,
Dzandu, B., Kyereh, E., Goldson Barnaby, A., Thompson, 1., Xu, Z., Sathivel,



105

S., 2016. Microencapsulation of ginger (Zingiber officinale) extract by spray
drying technology. LWT - Food Sci. Technol. 70, 119-125.
doi:10.1016/j.1wt.2016.02.030

Takeungwongtrakul, S., Benjakul, S., H-kittikun, A., 2015. Wall materials and
the presence of antioxidants influence encapsulation efficiency and oxidative
stability of micro-encapsulated shrimp oil. Eur. J. Lipid Sci. Technol. 117, 450—
459. doi:10.1002/ej1t.201400235

Tavares, G.M., Croguennec, T., Carvalho, A.F., Bouhallab, S., 2014. Milk
proteins as encapsulation devices and delivery vehicles: Applications and trends.

Trends Food Sci. Technol. 37, 5-20. doi:10.1016/j.tifs.2014.02.008

Telis, V.R.N., 2012. Biopolymer engineering in food processing, First Edit. ed.
CRC Press, Boca Raton.

Tonon, R. V., Pedro, R.B., Grosso, C.R.F., Hubinger, M.D., 2012.
Microencapsulation of flaxseed oil by spray drying: effect of oil load and type of
wall material. Dry. Technol. 30, 1491-1501.
doi:10.1080/07373937.2012.696227

Tonon, R. V, Brabet, C., Pallet, D., Brat, P., Hubinger, M.D., 2009.
Physicochemical and morphological characterisation of acai (Euterpe oleraceae
Mart.) powder produced with different carrier agents. Int. J. Food Sci. Technol.

44, 1950-1958. doi:10.1111/j.1365-2621.2009.02012.x

Tontul, 1., Topuz, A., 2014. Influence of emulsion composition and
ultrasonication time on flaxseed oil powder properties. Powder Technol. 264,

54-60. doi:10.1016/j.powtec.2014.05.002

Turasan, H., Sahin, S., Sumnu, G., 2015. Encapsulation of rosemary essential

oil. LWT - Food Sci. Technol. 64, 112-119. doi:10.1016/j.1wt.2015.05.036

Young, S.L., Sarda, X., Rosenberg, M., 1993. Microencapsulating properties of



106

whey proteins. 2. Combination of whey proteins with carbohydrates. J. Dairy
Sci. 76, 2878-2885. doi:10.3168/jds.S0022-0302(93)77626-2

Zuidam, N.J., Shimoni, E., 2010. Overview of microencapsulates for use in food
products or processes and methods to make them, in: Encapsulation
Technologies for Active Food Ingredients and Food Processing. Springer New

York, New York, NY, pp. 3-29. d0i:10.1007/978-1-4419-1008-0 2



107

FIGURE CAPTIONS
Figure 1 - Apparent viscosidade for emulsions of lime essential oil.

Figure 2 - Optical micrographs and droplet size distribution of Lime essential

oil.
Figure 3 — Chemical composition of lime essential oil crude and
microencapsulated.

Figure 4 - Particle Size distributions and MEV of Lime essential oil

microparticles

Figure 5 -Surface oil, Total oil, Encapsulation Efficiency and Retention oil of
Lime essential oil. Same letters in the same column do not differ significantly

(p> 0.05).

Figure 6 - X-ray diffraction patterns of wall materials and lime essential oil

microparticles.

Figure 7 - Antioxidant activity (%) to crude oil and microparticles of lime
essential oil. Same letters in the same column do not differ significantly (p>
0.05).
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Figure 2
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Table 1 - Composition of the wall materials for each treatment used as a feed solution for the
spray-drying process

Wall material Core material

1 . (2.100g™! of
Assay (g.100g™ of solution) solution)
WPC MDS  MDI0  Mpzo MM gssental
WPC 25 5
WM5 15 10 5
WM10 15 10 5
WM20 15 10 5
Table 2 - Rheological parameter to power law of lime essential oil emulsions.
Rheological Parameters
Assay ; E(%)
Cons:sfency Flow Behaviour
coefficient, K index. n
(mPa.sn) ’
wpC 8.07 0.92 1.26
WM5 9.38 0.9 1.16
WM10 3.84 0.94 2.24
WM20 4.26 0.94 1.95
Table 3 - Lime essential oil emulsion and particles characteristics
Moisture
A Droplet size PDI Content (g Water Particle size PDI
ssay (pm) (Droplet) water.100g Activity (pm) (Particle)
dry solid™!)

WPC 0.30+£0.01*  0.367+0.02° 3.83+£0.34> 0.124+0.02° 2.74+0.31°> 0.364 +0.05°
WM5  031+£0.02* 0.425+0.02° 3.91+0.59° 0279+0.03° 3.97+0.35" 0.239+0.01°
WM10 028+0.01° 0434+0.01° 535+0.04° 0.297+0.03> 2.67+0.09° 0.275=+0.06°

WM20 0.28+0.02° 0.288+0.02° 5314035 0342+0.05* 2.7+0.02° 0.371+0.02°

Same letters in the same column do not differ significantly (p> 0.05).
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CONCLUSAO GERAL

A avaliacdo da utilizacdo de biopolimero como estabilizante em emulsdes de
oleo essencial de limdo se mostrou vidvel, visto que se obteve emulsdes estaveis

durante as primeiras 4 horas apos o processo de homogeneizagéo.

A adicdo de maltodextrina otimizou as propriedades fisico-quimicas das
microparticulas, protegendo mais o 6leo essencial de limdo principalmente por

estes carboidratos reduzirem a permeabilidade da parede das microparticulas.

‘Portanto, a utilizagdo de biopolimeros se mostrou uma alternativa interessante
no processo de microencapsulagdo de 6leo essencial de limao, obtendo emulsdes

estaveis e microparticulas com alta eficiéncia e retengdo dos compostos volateis.



