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RESUMO GERAL

BASTOS, Livia Pinto Heckert. Encapsulacdo do 6leo essencial de pimenta preta
(Piper nigrum L.) por coacervacdo complexa, utilizando proteinas e alginato de
sodio como materiais de parede. 2019.p. Tese (Doutorado em Ciéncia e Tecnologia de
Alimentos). Instituto de Tecnologia, Universidade Federal Rural do Rio de Janeiro,
Seropédica, RJ. 20109.

O oleo essencial (OE) de pimenta preta (Piper nigrum L.) é rico em compostos ativos
como os terpenos, sendo sua aplicagdo como aditivo alimentar alvo de pesquisas,
devido as suas atividades antimicrobianas e antioxidantes. Os terpenos, entretanto, séo
volateis e quando expostos a certas condi¢des (oxigénio, altas temperaturas, luz, baixos
pHs, fluidos gastrointestinais) podem ter o seu potencial bioldgico reduzido e, nesse
sentido, a microencapsulacdo é uma alternativa na protecdo dos OE e seus componentes.
Dentre os métodos de microencapsulacdo, a coacervacdo complexa apresenta vantagens
como baixa concentracdo de materiais de parede, elevada eficiéncia de encapsulacéo, e
uma variedade de biopolimeros que podem ser utilizados como materiais de parede. O
objetivo deste trabalho foi caracterizar e avaliar a estabilidade do OE de pimenta preta
(Piper nigrum L.) e de suas capsulas formadas por diferentes biopolimeros pela técnica
de coacervacdo complexa.Os biopolimeros e agentes reticulantes utilizados foram
eficazes na protecdo do OE apresentando elevada eficiéncia de encapsulacéo,
preservando 0s principais terpenos no OE encapsulado. Adicionalmente, as capsulas
fabricadas com lactoferrina/alginato de sodio e B-lactoglobulina/alginato de sodio
preservaram 0 OE quando expostos a condicdo oral e gastrica simuladas in vitro. Nas
capsulas produzidas pelo sistema B-lactoglobulina/alginato de sédio foi avaliada a
liberagdo do 6leo essencial em diferentes matrizes alimenticias simuladas, em matrizes
alimenticias aquosas, ocorreu baixa liberacdo do OE, e sua liberacdo foi por difusdo
Fickian de acordo com modelo Rigger-Peppas. Os resultados obtidos sugerem que 0s
materiais de parede utilizados foram eficientes e podem ser utilizados para encapsular

novos ingredientes ativos.

Palavras-chave: biopolimeros, proteinas do soro do leite, interagcdo eletrostética,

terpenos, eficiéncia de encapsulacdo, estabilidade térmica.
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ABSTRACT

BASTOS, Livia Pinto Heckert. Encapsulation of the black pepper (Piper nigrum L.)
essential oil by complex coacervation using proteins and sodium alginate as wall
materials. 2019. p. Thesis (PhD in Food Science and Technology). Technology
Institute. Federal Rural University of Rio de Janeiro, Seropédica, RJ. 2019.

The black pepper (Piper nigrum L.) essential oil (EO) is a rich source of biologically
active compounds (e.g.terpenes) and your applicability as a food additive has been the
subject of several studies due to the antimicrobial and antioxidant activity of these
compounds. Terpenes, however, are volatile and when exposed to certain conditions
(high temperatures, light, low pH and gastrointestinal fluids) can reduce their biological
potential and, in this sense, microencapsulation is an alternative way to the conserve
EOs properties and their components. Among the microencapsulation methods, the
complex coacervation method has advantages such as low concentrations of the wall
materials, high encapsulation efficiency, and a variety of biopolymers that can be
applied as wall materials. The aim of the present study was to characterize and evaluate
the stability of black pepper EO encapsulated by complex coacervation using different
biopolymers wall materials. The biopolymers and cross-linking agents used were
effective in the protection of the EO, presented high encapsulation efficiency and
preserved their main terpenes. Capsules formed by lactoferrin/sodium alginate and f-
lactoglobulin/sodium alginate preserved the EO when exposed to simulated oral and
gastric conditions in vitro. In simulated aqueous foods, the EO release was lower from
B-lactoglobulin/sodium alginate microcapsules, and the EO release was by Fickian
diffusion according to the Rigger-Peppas model. The obtained results suggest that the
wall materials used were efficient and could be applied to encapsulate new active

ingredients.

Keywords: biopolymers, whey proteins, electrostatic interaction, terpenes,

encapsulation efficiency, thermal stability.
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INTRODUCAO GERAL

O oleo essencial de pimenta preta (Piper nigrum L.) destaca-se por possuir
propriedades antimicrobianas e antioxidantes, devido as seus terpenos, no entanto tais
beneficios podem ser reduzidos quando este € exposto ao oxigénio, altas temperaturas,
baixo pH, e fluidos gastrointestinais. A microencapsulacdo torna-se uma alternativa
viavel para protecdo dos componentes presentes no 6leo essencial. Dentre as técnicas de
microencapsulacdo, a coacervacdo complexa apresenta diversas vantagens como: alta
eficiéncia de encapsulacéo, baixa concentracdo de materiais de parede, integridade do
material de parede, variedade de biopolimeros que podem ser utilizados como materiais
de parede, entre outras. Os biopolimeros como proteinas e polissacarideos sdao 0s mais
utilizados como materiais de parede na microencapsulacdo por coacervacdo complexa,
estes sdo naturais e apresentam propriedades funcionais. Na técnica de coacervacdo
complexa podem ser utilizados agentes reticulantes com a finalidade de enrijecer a
camada das microcapsulas. No presente estudo o cloreto de calcio e a transglutaminase
foram selecionados por serem de origem natural e ndo toxicos a saude. Como ja
mencionado, o 6leo essencial de pimenta preta é importante devido a presenca de seus
componentes (terpenos), no entanto, ha escassez de estudos que utilizaram a técnica de
coacervacdao complexa para encapsula-lo e obter melhor aproveitamento da sua
composicao e funcionalidade.

Sendo assim, nesta tese de doutorado foi estudado o encapsulamento do 6leo
essencial de pimenta preta (Pipper nigrum L.) por coacervacdo complexa, utilizando
diferentes sistemas contendo biopolimeros (gelatina, lactoferina ou B-lactoglobulina-
alginato de sodio) como materiais de parede. Os capitulos que compdem o presente
trabalho sdo artigos publicados, submetidos e a serem submetidos a publicacdo em
revistas cientificas. Os assuntos abordados em cada capitulo s&o resumidos a seguir:

Capitulo | foi realizado uma breve revisao de literatura na qual foram abordados
0s seguintes tdpicos: microencapsulacao, técnicas de microencapsulacdo, coacervagdo
complexa, agentes reticulantes, materiais de parede, 6leos essenciais, estabilidade dos
oOleos essenciais microencapsulados apds simulagédo gastrointestinal, estudo da liberagéo
dos Oleos essenciais em diferentes matrizes alimenticias simuladas, e pimenta preta
(Pipper nigrum L).

Capitulo Il foi determinada a massa molar do alginato de sodio pelo método

viscosimétrico e estudado o processo de formacgdo dos complexos coacervados entre a
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lactoferrina e o alginato de sodio em fungdo da razdo dos biopolimeros, do pH e da
concentracdo de NaCl. Para isso, foram realizadas as andlises de turbidimetria e de
potencial-C. Parametros termodindmicos foram obtidos pela analise de calorimetria de
titulacdo isotérmica (ITC). Para caracterizar o complexo coacervado foram realizadas
analises de espectroscopia de infravermelho por transformada de Fourier (FT-IR),
calorimetria de varredura diferencial (DSC) e microscopia eletronica de varredura
(MEV).

Capitulo 1ll o oOleo essencial de pimenta preta (Pipper nigrum L.) foi
encapsulado utilizando a lactoferrina e o alginato de sdédio como materiais de parede,
suas capsulas foram caracterizadas pelas analises de EE, FT-IR, microscopia Gtica,
MEV e a composicdo do 6leo essencial encapsulado foi realizada por CG e RMN. A
estabilidade das cépsulas de Oleo essencial de pimenta preta durante simulacdo
gastrointestinal in vitro também foram avaliadas.

Capitulo IV foram identificados os principais componentes do 6leo essencial de
pimenta preta (Pipper nigrum L.) por cromatografia gasosa (CG) e ressonancia
magnética nuclear (RMN). Foi determinada a massa molar da gelatina pelo método
viscosimétrico, e estudado o processo de formagdo dos complexos coacervados entre a
gelatina e o alginato de sddio em funcdo da razdo dos biopolimeros e do pH. Para isso,
foram feitas analises de turbidimetria e de potencial-£. Em seguida, o 6leo essencial de
pimenta preta foi encapsulado e suas céapsulas foram caracterizadas utilizando as
andlises de eficiéncia de encapsulacdo (EE), FT-IR e a composicdo do 6leo essencial
encapsulado foi realizada por CG.

Capitulo V foi realizada a caracterizacdo da B-lactoglobulina (B-LG) nativa e
apos tratamento térmico, onde se obteve sua nanoparticula (B-LG,), foram obtidos os
tamanhos de particula das proteinas. Foi estudado o processo de formacgdo dos
complexos interpoliméricos entre a B-LG e 0 alginato de s6dio em funcdo da razéo dos
biopolimeros, do pH e do tratamento térmico da proteina. Para isso foram realizadas as
analises de potencial- e ITC. As capsulas foram caracterizadas pelas analises de FT-IR
e DSC.

Capitulo VI o d4leo essencial de pimenta preta (Pipper nigrum L.) foi
encapsulado utilizando a B-LG e o alginato de sodio como materiais de parede, as
capsulas foram caracterizadas pelas analises de EE, FT-IR, tamanho de particula,

microscopia Otica e MEV. A estabilidade do éleo essencial de pimenta preta durante a



simulacdo gastrointestinal in vitro e sua liberacdo em diferentes matrizes alimenticias

simuladas foram avaliadas.



OBJETIVO GERAL

Caracterizar e avaliar a estabilidade do 6leo essencial de pimenta preta (Piper nigrum
L.) e de suas capsulas formadas por biopolimeros pela técnica de coacervacao

complexa.

OBJETIVOS ESPECIFICOS

Determinar a influéncia do pH, razdo dos biopolimeros e concentracdo de NaCl na
formagdo do complexo coacervado obtido a partir de lactoferrina e alginato de sodio, e

caracterizar o complexo quanto as suas propriedades térmicas, quimicas e morfoldgicas.

Encapsular o 6leo essencial de pimenta preta (Piper nigrum L.) por coacervagdo
complexa utilizando a lactoferrina e o alginato de s6dio como materiais de parede,
caracterizar a eficiéncia de encapsulacdo, estrutura quimica, composicdo e estabilidade

das capsulas durante simulacgdo gastrointestinal humana in vitro.

Analisar a composi¢do quimica do 6leo essencial de pimenta preta (Piper nigrum L.),
determinar a influéncia do pH e da razdo dos biopolimeros na formacéo do complexo
coacervado obtido a partir da gelatina e do alginato de sddio, e encapsular o 6leo

essencial de pimenta preta.

Estudar a influéncia do tratamento térmico da B-lactoglobulina, o pH e a razdo dos
biopolimeros na formacdo do complexo interpolimérico entre B-lactoglobulina e
alginato de sodio.

Encapsular o 6leo essencial de pimenta preta (Piper nigrum L.) por coacervagdo
complexa utilizando a B-lactoglobulina e o alginato de s6dio como materiais de parede,
caracterizar a eficiéncia de encapsulacdo, estrutura quimica, morfolégica e a
estabilidade das microcapsulas durante a simulacdo gastrintestinal humana in vitro e em

matrizes alimentares simuladas.
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1. Microencapsulagio

A microencapsulacdo é definida como processo no qual um ingrediente ativo
(encapsulado) € rodeado por um revestimento (material de parede), formando
microcapsulas e protegendo o encapsulado contra condi¢cdes ambientais adversas
(GAONKAR et al., 2014; GANJE et al., 2016; MACHADO et al., 2016).

Os principais objetivos da microencapsulacdo sdo: obter melhor aproveitamento
da substancia encapsulada, reduzir sua interagdo com fatores ambientais, prevenir
perdas sensoriais e nutricionais, mascarar substancias com sabores indesejaveis,
prolongar o prazo de validade da substancia encapsulada, incorpora-los em um produto
novo ou existente e proteger a substancia encapsulada de fluidos gastrintestinais
(ALVIM et al., 2016; GANJE et al., 2016; MACHADO et al., 2016).

As cépsulas podem ser classificadas em dois grupos. As que sdo definidas como
sistema do tipo reservatorio e classificadas como ‘microcapsulas verdadeiras’. Elas sdo
caracterizadas por seu nucleo ser nitidamente concentrado na regido central, circundado
por um filme definido e continuo do material de parede. E aquelas onde o nucleo é
uniformemente disperso em uma matriz, classificadas como sistema matricial, resulta
nas camadas microsferas (KING, 1995; RE, 1998).

O que difere as microcapsulas das microesferas, € que nas microesferas, uma
pequena fragdo do material “encapsulado” permanece exposta na superficie, o que ¢
evitado pela “verdadeira” encapsulacdo. No entanto, o termo ‘encapsula¢cdo’ tem sido
usado em seu sentido amplo, englobando tanto a formacao de microcapsulas quanto de
microesferas (DEPYPERE et al., 2003). As microcapsulas podem ter ainda mais de um
nacleo ou varias paredes para um mesmo nlcleo (CONSTANT; STRINGHETA, 2002).
A Figura 1 ilustra os principais modelos de microcapsulas.
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(A): matriz (microsfera) — produzido por atomizacdo; (B): microcapsula simples; (C):

Figura 1. Modelos de microcapsulas

microcapsula simples e irregular; (D): microcapsula de duas paredes; (E): microcapsula com
varios nucleos e; (F): agrupamento de microcapsulas (ARSHADY, 1993; GIBBS, 1999).

1.1  Técnicas de microencapsulacéo

As técnicas de microencapsulacdo dividem-se em trés grupos: fisicos, quimicos e
fisico-quimicos.

Sd0 métodos fisicos: spray drying (SARKAR et al., 2010; DE BARROS
FERNANDES et al., 2014; BALASUBRAMANI et al., 2015), spray chilling
(PELISSARI et al., 2016; ORIANI et al., 2016), spray cooling (RIBEIRO et al., 2012;
ALVIM et al., 2013), extrusio (DOLCA et al., 2015; RUTTARATTANAMONGKOL
et al.,, 2015), co-cristalizacdo e liofilizagio (TURASAN et al., 2015; JAFARI et
al.,2016).

Métodos quimicos: coacervacdo simples (CHITPRASERT et al., 2014,
SUTAPHANIT et al., 2014) e complexa (OZYILDZ et al 2012; PENG et al., 2014;
SANTOS et al., 2014), envolvimento por lipossomas e separacdo em fase organica
(ZHAO et al., 2015).

Métodos fisico-quimicos: emulsificacdo (DIMA et al.,2014; MAJEED et al.,
2016), inclusdo molecular e polimerizacdo interfacial (MUNIN et al., 2011; JOYE;
McCLEMENTS, 2014).

A escolha do método depende da aplicacédo, do tipo de material, do mecanismo
de liberacdo desejado, do tamanho da particula (micro ou nano), das propriedades



fisicas e quimicas do nucleo e da parede, da escala de producéo e do custo (MUNIN,
2011; ALVIM et al., 2016; MACHADO, 2016).

Dentre as técnicas de microencapsulacdo, a coacervacdo complexa destaca-se
por apresentar vantagens como: baixa concentracdo de materiais de parede (GIRARD et
al. 2017; LEMOS et al., 2017; RUTZ et al. 2017), elevada eficiéncia de encapsulagéo (=
90%) (DA SILVA et al., 2015), integridade do material de parede, variedade de
biopolimeros que podem ser utilizados como materiais de parede, condi¢des brandas de
temperatura no processamento, uma boa liberagdo controlada dos ingredientes ativos e

protecao a ingredientes funcionais (sensiveis a altas temperaturas) (RUTZ et al., 2017).

1.1.1 Coacervagao

A coacervacdo € definida como uma separacdo de um sistema coloidal em duas
fases liquidas (IUPAC, 1997). A coacervacdo pode ser simples ou complexa,
dependendo do ndmero de polimeros envolvidos. A coacervacdo complexa ocorre
principalmente através de interacbes eletrostaticas entre duas ou mais solucbes
poliméricas de cargas opostas, resultando em duas fases liquidas: uma pobre em
polimeros e a outra rica em polimeros (coacervado), que é utilizado para revestir uma
variedade de ingredientes ativos. Os coacervados possuem propriedades funcionais
melhoradas em comparacdo com os polimeros individuais (SCHMITT;TURGEON,
2011; ZHANG et al., 2012).

A coacervagdo complexa consiste na interacao eletrostatica entre dois polimeros,
normalmente uma proteina e um polissacarideo (NESTERENKO et al., 2014). Nesse
caso sao formados quando uma proteina a um pH abaixo do seu ponto isoelétrico (carga
positiva) é misturado com um polissacarideo anidnico (ALVIM et al., 2010; DA SILVA
et al., 2015). Tal processo pode ser afetado por varios fatores como: a natureza, peso e
densidade das cargas dos polimeros, temperatura, pH e forca idnica
(SCHMITT;TURGEON, 2011; SOUZA et al., 2013).

O processo de microencapsulagdo por coacervacdo complexa consiste em trés
etapas basicas: emulsificacdo, coacervacao e reticulacdo (ZHANG et al., 2012). Na
Figura 2 observa-se a representacdo esquematica dessas etapas durante a encapsulagdo

de um oleo por coacervagdo complexa.



S am\
O'.
0‘0”7

(iv) (iii)
Figura 2: Representacdo esquematica das etapas de encapsula¢do de um 6leo por coacervagéo

complexa, (i) emulsificacdo Oleo/dgua contendo polissacarideo e proteina, (ii) inicio da
coacervagdo apos ajuste do pH da solucdo abaixo do ponto isoelétrico da proteina, (iii)
formagdo de parede devido & deposicdo da fase rica em polimero em torno do goticulas
hidrofdbicas, (iv) endurecimento da parede das capsulas através da adicdo de agentes
reticulantes.

Fonte: Adaptado de BAKRY et al., 2016.

Na primeira etapa o Oleo é emulsificado em uma solucdo contendo dois
polimeros (normalmente uma proteina e um polissacarideo), ainda em um pH acima do
ponto isoelétrico da proteina. Na segunda etapa ocorre o inicio da coacervagdo como
resultado da atracdo eletrostatica entre os polimeros com cargas opostas causada pelo
abaixamento do pH da solucdo abaixo do ponto isoelétrico da proteina. Na terceira
etapa, ocorre a formacgdo da parede devido a deposicdo da fase rica em polimero em
torno das goticulas hidrofobicas. Na Gltima etapa, ocorre o endurecimento da parede das
microcapsulas devido a adicdo de agentes de reticulacdo (PIACENTINI et al., 2013;
BAKRY et al., 2016).

As  microcapsulas  formadas através da  coacervacdo  complexa
possuem baixa resisténcia mecénica devido a natureza ibnica da interacdo entre as
camadas poliméricas, sendo necessario adicionar um agente reticulante para enrijecer as
paredes das microcapsulas e fornecer estabilidade as suas estruturas (ALVIM et al.,
2010; ZHANG et al., 2011).



A reticulacdo é geralmente realizada pela adicdo de agentes quimicos como
glutaraldeido ou formaldeido que reagem com os grupos amino livres de proteinas,
criando ligacdes covalentes (GIRARDI et al., 2017; RAKSA et al., 2017). Estes agentes
sdo toxicos a saude e devem ser evitados em alimentos. Agentes reticulantes naturais
como o cloreto de céalcio e a transglutaminase vem sendo utilizados na
microencapsulacdo de ingredientes ativos pela técnica de coacervagdo complexa
(MANAF et al., 2018).

1.1.1.1 Cloreto de Calcio

O cloreto de célcio (CaCl,) € um sal solivel em &agua, ndo toxico bastante
utilizado como agente reticulante em complexos contendo alginato de sédio (SOARES
etal., 2019; SHEN et al., 2016; WANG et al., 2016). Os ions de Ca** em solugdo podem
se reticular com a composicéo do alginato de sodio formando uma rede tridimensional,
modificando sua estrutura linear e permitindo, dessa forma, que mais ions de célcio se
liguem a essas cadeias. Dessa forma, produzindo estruturas complexas denominadas de
“egg box" (BAGHERI et al., 2014; LEONG et al., 2016).

(@) (b)

Figura 3:(a) Estrutura da reticulacdo do cloreto de célcio no alginato de sédio, (b) modelo do
“egg box” representado por progdes de zig-zag e estrutura polimérica do alginato de sddio
representada por partes lineares.

Fonte: Adaptado de JUAREZ et al., 2014.
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1.1.1.2 Transglutaminase

A transglutaminase é uma enzima natural, solivel em &gua que confere
modificacdo as proteinas em termos de solubilidade, espuma e emulsificacdo que afeta
as propriedades funcionais dos alimentos (HUANG et al., 2014; GROSSMANN et al.,
2017). Essa enzima € capaz de promover a reticulacdo entre proteinas pela catalise de
reacOes de acil-transferéncia entre grupos carboxiamidicos e residuos de glutamina da
cadeia polipeptidica com aminas primarias, incluindo os grupos -amino de residuos de
lisina, resultando na formacdo de liga¢des e-(y-glutamil) lisina intra e intermoleculares
(MOTOKI; SEGURO, 1998). Diversos estudos utilizaram a trasnglutaminase como
reticulante em microcapsulas produzidas por coacervacdo complexa (XIAO et al., 2014;
LV etal., 2014; YUAN et al., 2017; ROJAS-MORENO et al., 2018).

1.2 Materiais de Parede

O material de parede das microcapsulas tem como objetivo proteger substancia do
nacleo contra os fatores extrinsecos (oxigénio, luz, umidade, calor, interacbes com
outros compostos), e reduzir as perdas dos ingredientes ativos, melhorando assim a sua
estabilidade, condices de manipulacdo e aceitabilidade em geral. Diversos
biopolimeros podem ser utilizados como materiais de parede para encapsular
ingredientes ativos (TIMILSENA et al., 2017), na Tabela 1, s&o apresentados 0s
principais biopolimeros que podem ser utilizados como materiais de parede na

microencapsulacao por coacervacao complexa.
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Tabela 1: Biopolimeros utilizados como materiais de parede na microencapsulacéo por

coacervagdo complexa.

Polissacarideos Polissacarideos Polissacarideos Proteinas Proteinas Polimeros

(Nao Modificados) (Modificados) (Gomas) (vegetal) (animal)
) ) Derivado de
Celulose Xantana Soja Gelatina
Sacarose celulose
Amido Ciclodextrina Pectina Trigo Caseina Quitosana
] Octenilsuccinato Milho )
Xarope de glicose ] Carragenana . Caseinato PEG***
de amido (zeina)
Aréabica _ WPI* PV A****
Maltodextrina Dextrina Alginato . WPC**  pYp*****

*WPI: isolado protéico do soro do leite, **WPC: isolado concentrado do soro do leite,
***PEG:polietileno glicol, ****PVA: acetato de polivinilo, *****PV/P: polivinilpirrolidona.
Fonte: Adaptado de GAONKAR et al., 2014.

Dentre os biopolimeros utilizados como materiais de parede, destacam-se as
proteinas: gelatina por ser natural ndo toxica e solivel em agua (WANG et al., 2016),
derivadas do soro do leite (lactoferrina ¢ B-lactoglobulina), devido as suas propriedades
funcionais (GARCIA-MONTOYA et al., 2012; PEREZ et al., 2014). E o alginato de
sodio, um polissacarideo aniénico, biodegradavel, biocompativel, bioativo, e de baixo
valor econdmico (PHILLIPS, 2009).

1.2.1 Gelatina

A gelatina é um material protéico derivado da degradagdo hidrolitica (por
tratamento acido ou alcalino) do colageno, o principal componente de proteina do tecido
conjuntivo fibroso (PICOUT; MURPHY, 2005; PHILIPS, 2009). A conversdo de
colageno em gelatina é essencial na transformacédo que ocorre na fabricacdo da gelatina.
A complexidade da estrutura do coladgeno e a variedade de tratamentos quimicos e
enzimaticos que podem ser aplicados na fabricacdo da gelatina explicam a existéncia de
uma grande variedade de tipos de gelatina. A principal diferenca entre as formas de
gelatina é a massa molar. Para a forma alfa, a massa molar varia de 80 a 125 kDa, e para
a forma beta, de 160 a 250 kDa. A forma gama apresenta massa molar de 240 a 375 kDa
(POPPE, 1997).
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A gelatina comercial pode ser definida como uma proteina animal pura,
composta de 85% a 90 % de proteina, e o restante de umidade e cinza (POPPE, 1997).
De acordo com o pré-tratamento, a gelatina pode ser dividida em gelatina do tipo A e
gelatina do tipo B. A gelatina tipo A é obtida pelo tratamento &cido e apresenta ponto
isoelétrico de 7.0 a 9.4. A gelatina tipo B recebe tratamento neutro e ponto isoelétrico de
4.5 a 5.3 (POPPE, 1997; PHILIPS, 2009). Diversos estudos utilizaram a gelatina tipo B
como material de parede para encapsular ingredientes ativos pela técnica de
coacervacdo complexa (RAKSA et al, 2017; DE MATOS et al, 2018;
DUHORANIMANA et al., 2018; SHADEL et al., 2018; DE SOUZA et al., 2018). O
presente estudo utilizou a gelatina tipo B na formacéo do complexo gelatina/alginato de
sodio e na encapsulagdo do 6leo essencial de pimenta preta.

1.2.2 Lactoferrina

A lactoferrina é comumente utilizada como emulsificante, faz parte das proteinas
presentes no soro do leite. Pertence a familia das transferrinas, juntamente com a
transferrina  sérica, ovotransferrina e melanotransferrina, sendo responsaveis
principalmente pelo transporte de ferro. E produzida pelas células epiteliais da mucosa
da glandula mamaria de muitas espécies, como humanos, bovinos, caprinos, eqiinos e
roedores. Também pode ser encontrada em diversos fluidos, como: lagrima, saliva,
brénquicos, nasais, gastrointestinais e urina. Possui alta afinidade ao ferro, sendo a
Unica proteina capaz de reter esse metal sobre diferentes valores de pH, possuindo alta
resisténcia a protedlise (GARCIA-MONTOYA et al., 2012).

E constituida por uma cadeia unica de polipeptidio, dobrado em dois I6bulos
globulares simétricos (I6bulos N e C) ligados por uma determinada regido, cada I6bulo
é capaz de se unir a um atomo de Fe*? ou Fe*3, mas também pode se ligar ao Cu*?, Zn*?
e Mn*? (RODRIGUEZ-FRANCO et al., 2005). Possui peso molecular de 80 kDa, ponto
isoelétrico proximo a 8.0 e sua maior concentracdo esta presente no colostro,
principalmente da espécie humana (SERRANO, 2007).
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1.2.3 p-lactoglobulina

A B-lactoglobulina € uma pequena proteina globular constituinte do soro do
leite, apresenta ponto isoelétrico de = 5.1 (VERHEUL et al., 1999; PEREZ et al., 2014;
SHAFAEI et al., 2017). Estudos utilizaram a [-lactoglobulina na formacdo de
complexos com polissacarideos (HOSSEINI et al., 2013; QOMARUDIN et al., 2015;
HADIAN et al., 2016; STENDER et al., 2018) e como material de parede para
encapsular ingrediente ativo pela técnica de coacervacdo complexa (LIANG et al.,
2016). O aquecimento de proteinas globulares nativas acima de suas temperaturas de
desnaturacdo térmica faz com que elas se desdobrem e formem agregados através da
formacdo de ligacGes hidrofobicas e/ou dissulfeto. Este processo pode ser controlado
para produzir nanoparticulas ou microparticulas (JONES et al., 2011; PEREZ et al.,
2015; KOUTINA et al., 2017; SHAFAEI et al., 2017).

1.2.4 Alginato de sodio

E um polissacarideo natural, inodoro e ndo toxico, pode ser extraido das algas
marinhas marrons (Phaeophyceae) e de certas espécies de bactérias (DRAGET et al,
2005). Possui cadeias lineares sollveis em meio aquoso e é constituido por varias
unidades de sais de acido PB-D-manurdénico (M) e a-L-gulurénico (G) unidas por
ligacOes glicosidicas conforme observado na Figura 4 (a) (PHILLIPS et al., 2009).

Estas unidades sdo isOmeros conformacionais, uma vez que possuem a mesma
férmula molecular e se diferem apenas no arranjo espacial dos &tomos. Em sua estrutura
quimica, como mostra a Figura 4 (b), regides de blocos MM e GG (homopolimeros) séo
intercaladas por regides MG (heteropolimero) (RASTOGI et al., 2007; PHILLIPS et al.,
2009).
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Figura 4 (a) e (b): Apresenta as caracteristicas estruturais do alginato de sddio.

Fonte: (a) adaptado de MOFIDI; MOGHADAM; SARBOLOUKI (2000);
(b) adaptado de PHILLIPS; WILLIAMS (2009).

1.3 Oleos essenciais (OES)

Os OEs sdo compostos aromaticos volateis presentes em diversos 6rgaos das
plantas (raizes, caules, folhas, flores e frutos), podem ser extraidos por destilacdo
(hidrodestilacdo ou destilacdo por arraste com vapor d’agua), compressdo de vegetais ou
com utilizagdo de solventes (EL ASBAHANI et al., 2015). A diversidade e
complexidade dos OEs agregam valor ao produto, sendo esse aplicado em diversas
areas: salde (devido ao seu potencial terapéutico) (JEENA et al., 2014), perfumaria,
cosmética e alimenticia (como aditivo flavorizante, antimicrobiano e antioxidante)
(SOLORZANO-SANTOS; MIRANDA-NOVALES, 2012). Os principais componentes
dos OEs sdo 0s terpenos, estes sdo responsaveis por suas propriedades antimicrobianas e
antioxidantes. Quando expostos a determinadas condi¢gdes como: oxigénio, luz, altas
temperaturas, baixo pH e fluidos gastrointestinais, ocorre a degradacdo e reducdo das
propriedades funcionais dos OEs. A microencapsulacdo pode prevenir a exposi¢do dos
oOleos essenciais e reduzir suas perdas funcionais caracteristicas (BAKKALI et al., 2008;
DIMA et al., 2016). Conforme observado na Tabela 2, diversos estudos encapsularam
os OEs utilizando diferentes biopolimeros como materiais de parede pela técnica de

coacervagao complexa.
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Tabela 2: Oleos essenciais microencapsulados pela técnica de coacervagio complexa utilizando diferentes biopolimeros

Materiais de
Oleo Essencial Parede pH EE (%) Referéncias
Mustarda (Sinapis alba) GE/GA 4.0 NI PENG et al., 2014
Gengibre (Zingiber officinale) GE/NaAlg 4.0 =~ 66.0 WANG et al., 2016
Combava (Kaffir Lime) GE/GA 4.0 NI RAKSA et al., 2017
Lippia turbinata GE/GA 4.0 99.8 GIRARDI et al., 2017
Boldo do Chile (Peumus boldus) GE/GA 4.0 NI GIRARDI et al., 2018
Citronela (Cymbopogon) GE/GA 4.5 94 MANAF et al., 2018
Citronela (Cymbopogon) GE/NaAlg 4.5 73.7 DE MATOS et al., 2018
Shiitake (Lentinula edodes) GE/CMC 4.0 85.75 YUAN et al., 2018
Laranja (Citrus aurantium) WPl e CMC 3.7 73 ROJAS-MORENO et al., 2018

GE: gelatina; GA: goma arabica; NaAlg: alginato de sddio; WPI: proteina do soro do leite isalada; CMC: carboximetilcelulose;

NI: ndo informado.



1.3.1 Estabilidade dos 6leos essenciais microencapsulados apo6s simulacéo
gastrointestinal

No sistema gastrointestinal humano, os processos quimicos digestivos sdo
catalisados por enzimas digestivas que sdo secretadas no estdbmago, degradando assim
os alimentos a uma escala molecular (ABRAHASSON et al., 2005). Tais fluidos e
enzimas reduzem o potencial biologico dos 6leos essenciais, sendo a microencapsulagédo
uma alternativa. Estudos demonstraram que as cépsulas de OEs produzidas foram
eficazes na sua protecéo apds simulagdo gastrointestinal in vitro (WANG et al., 2016b;
VOLIC et al., 2018).

Wang et al.(2016b) produziram céapsulas de dleo essencial de gengibre (Zingiber
officinale), utilizando gelatina e alginato de sédio como materiais de parede e cloreto de
calcio como agente reticulante. Segundo os autores, a liberacdo do dleo essencial de
gengibre, dependeu do pH e das solucBes gastrica e intestinal simuladas. Durante a
simulacdo gastrica, a liberacdo do Oleo essencial de gengibre foi menor do que na
simulacdo intestinal, os biopolimeros utilizados foram eficazes na protecdo do 6leo
essencial durante a passagem gastrica. O mesmo foi observado por Vélic et al. (2018), o
estudo encapsulou o 6leo essencial de tomilho (Thymus vulgaris), utilizando proteina de
soja e alginato como materiais de parede pelas técnicas de coacervacdo complexa

seguida por extruséo.

1.3.2 Estudo da libera¢do dos OEs em diferentes matrizes alimenticias
simuladas

Devido as suas propriedades antioxidantes e antimicrobianas, os OEs podem ser
adicionados como aditivos naturais em produtos alimenticios (BAKKALI et al., 2008),
sendo assim, o estudo da liberagdo dos OEs encapsulados quando expostos a diferentes
matrizes alimenticias é importante para sua adequada aplica¢do.O estudo realizado por
REZAEINIA et al.(2019) avaliou a liberacdo do dleo de menta (Mentha longifolia L.)
em nanocapsulas produzidas por spray drying. Goma de Balangu (Lallemantia
royleana) e alcool ponivinilico foram utilizados para encapsular o 6leo essencial de

menta. A liberacdo do 6leo essencial de menta ocorreu de forma crescente nos seguintes
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modelos alimenticios: acido acético (3%), etanol (50%), etanol (10%) ou agua. Os
resultados obtidos pelo estudo demonstraram que ocorreu menor liberagdo do Gleo
essencial em modelos alimenticios acidos, onde as nanocapsulas foram mais resistentes

a condicao exposta.

1.4  Pimenta preta (Piper nigrum L.)

A pimenta preta (Piper nigrum L.) é uma das especiarias mais populares em
paises orientais (principalmente no sudeste da Asia). Pertence a familia da Piperacea e é
utilizada como agente aromatizante nos alimentos, sua caracteristica aromatica é devido
aos oleos volateis presentes em suas células (CHANDRAN et al., 2017; ORCHARD et
al., 2017). Os principais terpenos presentes no OE de pimenta preta sdo: p-cariofileno,
limoneno, sabineno, a-pinene, B-pineno e sabineno (GARCIA-DIEZ et al., 2017;
CHANDRAN et al., 2017; ORCHARD et al., 2017). Tais compostos presentes em seu
6leo, vem sendo associados a diversos beneficios a salide (ZARAI et al., 2013). A
atividade antimicrobiana e antioxidante do OE de pimenta foram reportadas na literatura
por varios autores (AHMAD et al., 2010; KARSHA; LAKSHMI., 2010; BAGHERI et
al.,2014; KAPOOR et al., 2014; REHMAN et al., 2015). Porém na literatura sdo
escassos estudos que microencapsularam o 6leo essencial de pimenta preta (Piper

nigrum L.) por coacervacdo complexa.
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Abstract

The aim of this study was to evaluate the influence of some parameters (pH, NaCl, and
ratio of biopolymers) on the formation of the complex coacervates of lactoferrin and
sodium alginate. Different ratios of lactoferrin:sodium alginate were tested (1:1, 1:2,
1:4,1:8, 2:1, 4:1, and 8:1) at pH levels ranging from 2.0 to 7.0 with different
concentrations of NaCl (0, 50, 100, 150, and 200mM). Sodium alginate has a molecular
weight of 138 kDa+ 0.07. The ratio of 8:1 (lactoferrin: sodium alginate) at a pH of 4.0
with a low salt concentration was the optimal condition for the formation of the
complex.The thermodynamic parameters demonstrated that the interaction between
lactoferrin and sodium alginate was exothermic and spontaneous with a favorable
enthalpic and unfavorable entropic contribution during the interaction.The chemical,
thermal and morphological characteristics of the biopolymers and the complex
coacervates demonstrated their nature and changes due to electrostatic interactions. The
formation of complex coacervates between lactoferrrin and sodium alginate can serve as
an alternative to the incorporation of lipophilic functional ingredients sensitive to high

temperatures in various food systems.

Keywords: Electrostatic interaction, Whey protein, Biopolymers, Thermodynamic

parameters, Enthalpy
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1. Introduction

Proteins and polysaccharides are present in many food systems and both
contribute to the structure, texture, and stability of food. The properties of proteins and
polysaccharides are enhanced when the formation of complex coacervates occurs.These
coacervates can be used as biomaterials in microencapsulation systems [1].

The interaction between polysaccharides and proteins in an aqueous dispersion
is often accompanied by phase separation.These can occur through two distinct paths:
(i) segregation (thermodynamic incompatibility) and (ii) association (complex
coacervation).Complex coacervation occurs through electrostatic interaction between
oppositely charged biopolymers [2]. Several parameters have been shown to influence
electrostatic interactions between polysaccharides and proteins: pH, temperature,
biopolymer ratio and concentration, charge density, and salt concentration [3-6].

The formation of complex coacervates between proteins and polysaccharides
typically occurs between the isoelectric point (pl) of the protein and the pKa of the
reactive groups of the polysaccharides.The following sequential processes are involved
in the formation of the complexes: (1) the primary soluble formation of complex
coacervates (pHc); (2) a sharp increase in turbidity (pHy1); (3) the maximum point
(PHmax), Which is reached when electrical equivalence occurs between the biopolymers;
and (4) the point when the insoluble complexes begin to dissociate due to protonation of
the anionic groups (pHy2). Such processes having been demonstrated by several studies
reported in the literature [6,7].

Due to their functional and nutritional properties, whey proteins are used in
combination with polysaccharides to form complex coacervates such as: protein
isolate[8], bovine serum albumin[7], B-lactoglubulin[9,10], a-lactoglubulin[11], and
lactoferrin[3,4,5,12].

Lactoferrin (Lf) has a molecular weight of 80 kDa, approximately 700 amino
acid residues and an isoelectric point (pl) near 8.0. It consists of a single chain of
polypeptides folded into two symmetric globular lobes (lobes N and C) connected by a
given region. Each lobe is able to bind to an Fe* or Fe*® atom, but it can also bind to
Cu*?, Zn*?, and Mn*?[13].

Sodium alginate (NaAlg) is a natural, anionic, odorless, and non-toxic
polysaccharide that can be extracted from brown marine algae (Phaeophyceae) and
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certain species of bacteria. It has linear chains that are soluble in aqueous media and
consists of several units of the salts of f-D-mannuronic acid (M) and a-L-guluronic acid
(G) linked by glycosidic bonds. These units are conformational isomers since they have
the same molecular formula and differ only in the spatial arrangement of their atoms. In
the chemical structure, regions of MM and GG blocks (homopolymers) are intercalated
by MG (heteropolymer)[14].

The present study aimed to determine the influence of pH, biopolymer ratio, and
NaCl concentration on the formation of the complex coacervates obtained from Lf and
NaAlg.The complexes of Lf/NaAlg, Lf and NaAlg were further characterized by their

thermal, chemical, and morphological properties.

2. Materials and Methods

2.1 Materials

Sodium alginate was purchased from the company Sigma-Aldrich® (St. Louis—
USA); dehydrated lactoferrin (Bioferrin®2000) was acquired from the company Glanbia
Nutritionals (Fitchburg, USA); sodium chloride p.a. (99%) was obtained from the
company Cinética® (Parana-BR); citric acid monohydrate and tribasic sodium citrate
were obtained from VETEC®Ltda (Rio de Janeiro, Brazil); and the water used was

ultrapure with a conductivity of 0.05 uS/cm (Master System P&D, Gehaka, Brazil).

2.2  Determination of the molecular weight of NaAlg

The molecular weight of NaAlg was determined by the viscosimetric method
adapted from Pamies[15]. The dynamic viscosity was calculated using the data obtained
from Cannon-Fenske capillary viscometers (Schott-Gerate, Germany). The capillaries
were immersed in a thermostatic bath (Schott-Gerate, CT-52, Germany) to control the
temperature, which was maintained at approximately 25+ 0.05°C. The NaAlg solution
was prepared with 0.1M NaCl with the following concentrations: 0.1, 0.2, 0.3, 0.4, 0.5,
0.6 and 0.75%][15]. The solution and solvent densities were measured in a densimeter
(Anton Paar, DMA 4500M, Austria) with an autoinjector (Anton Paar, Xsample 452,

Austria). Sample readings were performed in triplicate. The intrinsic viscosity ([n]) was
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estimated by extrapolation of Martin curves to concentration of "zero"[16] using the

following equations:

In(ng,/c) = Inlnl + K[nlc @)

Nop =" @

Where[5] is the intrinsic viscosity (cm®/g), nsp 1S the specific viscosity, c
is the concentration of NaAlg (g/mL), # is the viscosity of the solution of NaAlg
(g/cm.s), 5o is the viscosity of the solvent (g/cm-s), and K is Martin's constant. The

molecular weight was determined by the following viscosimetric equation[17,18]:
[n] = K- M® (3)

where [n] is the intrinsic viscosity (cm®g), M is the molecular weight, and K and a are
the constants that depend on the polymer, solvent, and temperature. The constants

a=0.92 and K=7.3 x 10°® dm®/g were used, as reported by Pamies[15].

2.3  Formation of the Lf/NaAlg complex
2.3.1 Preparation of the solutions of Lf and NaAlg

The polysaccharide and protein were weighed in an analytical balance
(Shimadzu, AY220, Philippines) for the preparation of a solution containing a fixed
concentration of 0.1% (w/w). The NaAlg was homogenized for 24h using a magnetic
stirrer (NT101, Novatecnica, Brazil), and the Lf was homogenized for 30 minutes, as
performed by Guldo[4]. Ratios of 1:1, 1:2, 1:4: 1:8, 2:1, 4:1, and 8:1 (protein:
polysaccharide) were tested. After determining the best ratio, different NaCl
concentrations (0, 50, 100, 150, and 200mM) were tested and evaluated.

2.3.2 Turbidimetric measurements

The pH-dependent turbidity was measured at a wavelength of 600 nm using a
spectrophotometer (Biomate 3S, Thermo Fisher Scientific, USA) calibrated with
ultrapure water to 100% transmittance (%T).Turbidity was defined as 100-%T. With the

aid of a magnetic stirrer (NT101, Novatecnica, Brazil) and pHmeter (Tecnopon,

32



mPA210, Brazil), the pH values of the solutions were adjusted with 0.5M HCI. The pH
was adjusted from 7.0 to 2.0 by 0.5-unit increments with a confidence interval of £0.1
unit. Different concentrations of NaCl were added to the ratio of 8:1 (Lf:NaAlg).
Measurements of complexes and solutions with biopolymer isolates were performed
three times. Sample readings were performed in triplicate at 25°C, as adapted from
Souza [6].

2.3.3 (-Potential

A Zetasizer Nano ZS90 (Malvern Instruments, UK) was used to determine the
zeta ()-potential. Lf and NaAlg stock solutions, and the mentioned ratios of complexes
were diluted to 0.1% w/w and transferred to an MPT-2 autotitrator (Malvern
Instruments, UK). Different concentrations of NaCl were added to the ratio of 8:1 (Lf:
NaAlg). The pH was titrated using 0.5M NaOH, 0.25M HCI, and 0.025M HCI
solutions. The pH was adjusted from 7.0 to 2.0 by 0.5-unit increments with a confidence
interval of £0.1 unit. {-potentials were calculated using the Smoluchowski mathematical
model. Each experiment was performed three times, and sample readings were made in

triplicate at 25°C, as adapted from Souza [6].

2.3.4 Isothermal titration calorimetry (ITC)

Toperform a thermodynamic analysis by isothermal titration calorimetry (ITC),
Nano-ITC equipment (TAlnstruments, New Castle, USA) was used. The titration
solutions (Lf) at 0.15mM and 0.0015mM NaAlg were prepared in a 10 mM citrate
buffer (pH 4.0). A pH level of 4.0 was chosen as the best condition after evaluating the
results obtained in the zeta and turbidity analyses. Additionally, as described in previous
literature [3, 5, 13], the complex formation pH should be higher than the pKa of the
alginate to avoid aggregate formation.

After dissolution of the biopolymers, the solutions were dialyzed using 3.5 kDa
membranes (Sigma—Aldrich, Midi 3500, USA) to equilibrate ionic strength and pH (4.0
+ 0.05). The solutions were filtered (0.45 um) and degassed under vacuum using a
degassing station (TA Instruments, New Castle, USA). The control was prepared by
titration of lactoferrin in the buffer that was in the sample cell, and the reference cell

was filled with ultrapure water. In total, 250 uL of the titration solution (Lf) was titrated

33



in the sample cell containing the NaAlg solution at 310 rpm, an injection interval of 300
seconds and an injection volume of 10 puL. The dilution energy was subtracted from the
raw data, and the thermodynamic parameters were obtained through the program
TANanoAnalyze®. The results were expressed at the significance level of 0.1.

The final concentration of Lf was measured by a spectrophotometer (Biochrom,
LIBRA S12, England) at a wavelength of 280 nm and a coefficient of 92.35 M™*.cm™,
which was obtained from the calibration curve of the protein at concentrations of 0.010
to 0.002mM. This method was adapted from Hosseini [19].

2.4 Characterization of the complex coacervate formed by Lf-NaAlg

2.4.1 Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were obtained from the Lf and NaAlg samples at the ratio of 8:1
(Lf:NaAlg) and a pH of 4.0. The samples were frozen in an ultra-freezer (Terroni,
COLD120, Brazil) at -40°C for approximately 24 h. Soon after, they were placed in a
benchtop freeze dryer (Terroni, Enterprise |, Brazil) for drying and stored in a
desiccator with silica gel until use.The analyses were performed with an FT-IR
spectrometer (Bruker, Ver-tex 70, Germany) using KBr (potassium bromide) pellets and
read in the range of 4000-400 cm ™.

2.4.2 Differential Scanning Calorimetry (DSC)

The moisture of the samples was determined in a gravimetric isotherm analyzer
Q5000SA (TAlInstruments, USA) under a controlled relative humidity of 0% at a
temperature of 60°C until the mass change was less than 0.001%. N, was used for
purging at a flow rate of 200 mL/min. A differential scanning calorimetry (DSC)
analysis was performed using a differential scanning calorimeter Q200 (TA
Instruments, USA). An indium (In) standard was used to calibrate the energy and
temperature of the equipment, and nitrogen was used as the drag gas. The lyophilized
samples (~5 mg) in which the moisture content was determined were weighed in
hermetic aluminum crucibles with the aid of a precision scale (Mettler Toledo, Mx5,
USA). Samples were analyzed over a temperature range of 20 to 200°C at the rate of
5°C/ min, and an empty, sealed crucible was used as a reference [20].The determination
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of the transition temperature at the maximum peak and the enthalpy variation were
analyzed by the Universal V4.5A®software (TA Instruments, USA).

2.4.3 Scanning electron microscopy (SEM)

Micrographs of the Lf (1500x), NaAlg (50x) and freeze-dried (Terroni,
Enterprise I, Brazil) complex of Lf/NaAlg at a ratio of 8:1 and pH of 4.0 (1500x) were
obtained with a scanning electron microscope TM3000 (Hitachi, Tokyo, Japan) using a
tungsten filament that was operated in secondary electron mode with an acceleration
voltage of 15 kV.

3. Results and discussion
3.1 Intrinsic viscosity and molecular weight of NaAlg

In the present study, NaAlg presented [7]= 0,3911 cm®/g and 138 kDa + 0.07
molecular weight. This molecular weight value is similar to those reported in the
literature [15, 21] when the molecular weight of sodium alginate was determined using
the viscosimetric method. Additionally, the studies carried out by Pamies [15] and
Dévila [21] obtained molecular weight values of NaAlg of 143 and 99.9 kDa,
respectively.

NaAlg can vary its molecular weight from 100 to 270 kDa depending on its
origin and extraction [22]. In this sense, alginate characterization is necessary to
determine the exact molecular weight that should be inserted in ITC equipment to

determine the interactions between Lf and NaAlg.

3.2 Effect of the pH and ratio on the formation of the Lf/NaAlg complex

Fig. 1 shows the effect of the pH and ratio on the formation of the Lf/NaAlg
complex. The variation of the zeta potential as a function of the pH of the biopolymers,
both individually and in the respective ratios (1:1, 1:2, 1:4, 1:8, 2:1, 4:1, and 8:1) of
Lf/NaAlg, is presented in Fig. 1(A). Lf showed a positive charge through out the studied
pH range, and NaAlg presented a negative charge. According to the literature, the pl of
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Lf is near pH 8.0, and the pKa of NaAlg is in the range of pH 3.4 - 3.7[3,5,13].Thus, the
ideal pH for the formation of the Lf/NaAlg complex is in the range of pH 3.7 to 8.0.

For the ratios of 1:1, 1:2, 1:4, 1:8, and 2:1 Lf/NaAlg, the zeta potential was
negative over the pH range studied. This can be explained due to the stoichiometric
balance of the charges, the electric charge density present in Lf was not sufficient to
balance the charge of theLf/NaAlg complexes[23]. As opposed to this situation, for the
4:1 ratio (Fig. 1A), the zeta potential was positive up to pH 3.0, and at this point, charge
balance was achieved, allowing for a better interaction for complex formation.

The 8:1 ratio of Lf:NaAlg showed a positive zeta potential until the pH was
close to 4.0, and above that pH, the zeta potential remained negative (Fig. 1A). Such
behavior can be attributed to the protonation of the carboxylic groups when pH<pKa of
sodium alginate for all the ratios[3,5]. Electrostatic interaction occurs between the NHs"
positive cells present on the surface of the protein and the —COO" negatively charged on
sodium alginate. The greatest electrostatic interaction occurred near pH 4.0 where the
charge approached neutrality, which represents a balance between the biopolymer
charges. Similar results were obtained by Peinado[3] and Wang [12]. Peinado [3]
observed that Lf/NaAlg samples exhibited extensive sedimentation at pH 2.0 and 3.0
(can be attributed to the protonation of the carboxylic groups), and the best pH was 4.0.
According to Wang [12], the best pH was 4.5, at which the yield (w/w) and turbidity
values increased significantly (91%) (p< 0.05) at the Lf:NaAlg ratio of 8:1.

Fig. 1 (B) shows the variation of turbidity as a function of pH for the individual
biopolymers and the Lf/NaAlg complex. As observed in Fig. 1 (B), the turbidity of the
individual biopolymers remained constant over the studied pH range with a slight
increase in the turbidity of Lf at pH 2.5.The ratios of 1:2, 1:4, and 1:8 showed higher
turbidity at pH 2.0, while the ratios of 1:1, 2:1, and 4:1 showed higher turbidity at pH
2.5, decreasing as the pH was increased. By reducing the pH substantially below the
pKa of the anionic polysaccharide, a loss of its charge and, consequently, a reduction in
the electrostatic attraction of the complex coacervates occurs. The turbidity observed at
pH<pKa can be attributed to the protonation of the carboxylic groups (—CO2
——CO,H") and possible aggregation of these groups [3,5].This was observed by
Peinado [3]. According to the author, at low pH values, extensive aggregation was
observed in some of the samples (NaAlg), as indicated by the formation of white
sediment at the bottom of the tubes. In the present study, the ideal ratio for formation of

the Lf/NaAlg complexes was 8:1, which presented a higher turbidity at pH 4.0, pH>pKa
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of the alginate and below the pl of Lf. Moreover, at pH 4.0, the ratio of 8:1 presented a
charge near neutral (-8 mVx 0.173), representing a balance between the charges of the
biopolymers. The same was observed by Wang [12].The better ratio of Lf/ NaAlg was
8:1 but the ideal pH was 4.5. The difference can be explained because the type of Lf
was different and the author heated the protein.

In the zeta potential measurements, the highest coefficient of variation (CV)
obtained in triplicate was 4.55% for the ratio of 8:1.Under this condition, the pH and
ratio showing the best balance of charges were evaluated. When evaluating the turbidity
of the ratios as a function of pH, it was possible to observe a higher CV (3.44%) in the
triplicate measurements of the 1:2 ratio. When evaluating the 8:1 ratio as a function of
salt, the highest CV was 1.6% in the triplicate measurements of the 150mM NaCl
concentration.CV is a statistical measure of the dispersion of data points in a data series
around the average, indicating variability. It is used when one wants to determine if
observations vary from the average. According to the literature [24], when the CV is
less than or equal to 10%, the data dispersion is low, and the accuracy of the values is
optimal. Thus, the results obtained in the zeta potential and turbidity measurements are
considered reliable and accurate because they are below 10%.

The critical pH transition points (pHy1, PHmax, and pHyz) for the 8:1 ratio of
Lf/NaAlg can be observed in Fig. 1(C).The pH. was not clearly determined from the
turbidity measurements. Before pHy;, the turbidity remained constant. Such behavior
may be due to protonation of the alginate because pH<pKa, which reduces the covalent
attractions between the biopolymers[25].

The first point observed was pHy: (2.5 to 3.7). This point indicates a higher
interaction between the biopolymers due to the formation of insoluble complexes.
However, the pH is below the pKa of alginate, which may indicate possible aggregation
of the carboxylic groups [3,5]. The pHnax Was between pH 4.0 to 4.5. In this range, the
formation of the complexes occurred due to the higher positive charge density of Lf
because it was at a pH below its pl. Alginate had the highest negative charge density
because it was at a pH>pKa, resulting in an electrostatic attraction between the
biopolymers. In the present study, the optimum pH for complex formation was pH 4.0,
this pH is most commonly encountered in food products. The Lf/NaAlg complex thus
presenting its potential to be used as a wall material in the incorporation of functional

ingredients in various food systems|[5].
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A similar result was obtained by Peinado [3], according to the author, the ideal
pH for the formation of the Lf/NaAlg complex was pH 4.0. The same pH (4.0) was used
by Gulédo [4] to form a complex between Lf and gum arabic. In the present study, the
last critical point observed (Fig. 1C) was pHgy (pH5.9), in which the dissociation of the

complex occurred due to electrostatic repulsion, which was also observed by Peinado

[3].

3.3  Effect of NaCl concentration on the formation of the coacervate complex of
Lf/NaAlg

Fig. 2 presents the effect of different NaCl concentrations as a function of the
turbidity on the 8:1 ratio of the Lf/NaAlg complex in the pH range from 2.0 to 7.0. As
observed in Fig. 2, the ratio with 50mM NaCl was the one with the highest turbidity
over the studied pH range. The addition of the salt (all concentrations) favored the
formation of the Lf/NaAlg complex.

However, the increased turbidity at all salt concentrations can be attributed to the
aggregation of alginate carboxyl groups. Monovalent or multivalent ions, such as
sodium or calcium, bind to the groups loaded in the biopolymer chain by altering the
general charge characteristics and promoting the protonation of these groups[26].Thus,
a possible disadvantage in the formation of the Lf/NaAlg complex can be attributed to
the interaction of salt ions with groups of opposite charge in the protein. These form a
double layer of ionic groups, which decreases the electrostatic interaction between
protein molecules. This causes more solvation of proteins and, thus, increases the
solubility of the protein [6, 27]. This may be because the behavior resulting from the
increase in the saline concentration is related to the internal characteristics of the
proteins (amino acid composition, isoelectric point, hydrophobicity, molecular weight,
and charge density). At high salt concentrations, most water molecules are strongly
bound to salt ions, and the reorganization of water molecules around proteins occurs.
This could result in a stronger protein-protein interaction (mainly through surface
hydrophobic interactions) than protein-water interaction [27]. Dubin [28], Wang [29]
and Seyrek[30] observed that salt reduces the attractive force interaction between
oppositely charged protein-polyelectrolytes by reducing complex coacervation.The
same was observed by other authors when studying the effect of salt on oppositely

charged biopolymers[3,4,31]. Peinado[3] observed that up to 100mM of NaCl presented
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an increase in the turbidity of the Lf/NaAlg complex, and when the salt concentration
further increased, the turbidity decreased. According to the author, intermediate salt
levels promoted flocculation of particles, and higher salt levels promoted the separation
of these particles. Guldo[4] observed that the concentrations of 300 and 500mM
contributed to the reduction of the formation of the Lf/gum arabic complex. The same
was observed by Bengoechea [31] when studying the formation of the Lf/pectin
complex.

According to the results presented in the present study, the LF/NaAlg complex
can be used to incorporate functional ingredients in to food matrices with low salt
concentration. Higher salt concentrations weakened the attraction between the protein

and the polysaccharide molecules due to the characteristics of the biopolymers.
3.4 Isothermal Titration Calorimetry

The thermograms of the heat flux over time (obtained from the titration of Lf in
NaAlg at 25°C and pH 4.0) are shown in Fig. 3(A). According to the figure, the titration
profile was exothermic for all injections. The binding isotherm of the Lf/NaAlg
complex, shown in Fig. 3 (B), was characterized by one stage. Several studies have
reported the same behavior when studying the interaction between proteins and
polysaccharides, such as p-lactoglobulin/carrageenan [19], PB-lactoglobulin/Persian
gum[10], ovalbumin/chitosan[32], and soy protein/gum arabic [33].

The ITC data were better adjusted using an independent model supplied by the
TA NanoAnalyze®software.The thermodynamic parameters used included the reaction
stoichiometry (N), binding constant (K), enthalpy (AH), change of entropy (TAS), and
Gibbs free energy change (AG), which can be calculated from the equation AG=AH —
TAS, where T is the temperature in Kelvin (298.15). In the present study, the following
parameters were obtained: K(M™)=0.24x10" + 1.574 x 10’, N=6.89 + 0.1975, AH
(kcal/mol)=-15.96 + 0.8996, TAS (kcal/mol)=- 7.25, and AG (kcal/mol)=-8.70.

In regards to the binding stoichiometry, that is, the number of Lf molecules that
interacted with NaAlg, the value of N= 7 indicates that 7 Lf molecules interacted with 1
molecule of NaAlg.

The binding constant was on the order of 10'M™

, indicating a strong binding
affinity between Lf and NaAlg[34].The AG value was negative, indicating the

spontaneous nature of the interaction between Lf and NaAlg. According to the
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literature, enthalpy (AH) is related to the energy involved in molecular interactions and
reflects the contribution of hydrogen bonds, electrostatic interactions and van der
Waals, while the change in entropy (TAS) reflects a change in the order of the system
and is related to hydrophobic interactions[35,36]. The AH and TAS values were
negative, indicating that the complexation process between the protein and NaAlg is
favorable enthalpically and unfavorable entropically.

The enthalpic contribution is regulated by the mixing ratio and the nature and
density of the charges of the biopolymers. The unfavorable entropic effects resulted
mainly from the loss of conformational independence by the biopolymer after
complexation [1]. Similar behavior was described in the literature when studying the
thermodynamic parameters of B-lactoglobulin-gum acacia[9], ovalbumin-chitosan[31]
B-lactoglobulin-k-carrageenan[19],  B-lactoglobulin-Persian  gum[10], ovalbumin-

carboxymethylcellulose[37], and egg white proteins-carrageenan [38].

3.5  Chemical and morphological characterization of the Lf/NaAlg complex

Fig. 4 shows the infrared (FT-IR) spectroscopy results of NaAlg, Lf and the
complex of Lf /NaAlg (8:1) at pH 4.0.The selected wavelength region (4000 to 400 cm”
1 includes the amide bands of the protein: group | (1625-1750 cm™), group 1l (1475-
1575 cm™), and group 111 (1225 - 1425 cm™). The amide band I refers to the stretching
of the C=0, the amide band Il corresponds to the stretching of the N-H, and the amide
band I11 is attributed to the stretching of the C-N and N-H groups [39]. In Lf, the amide
bands I, Il and Il were observed at 1632, 1521, and 1393cm-1, respectively (Fig.4).
Similar values were demonstrated by Bokkhim[5].

The free amino acid O-H groups [40] can be identified between the bands 3300
and 3170 cm™. In Lf, the O-H group of the free amino acid can be identified by the
3278 band [39].

For NaAlg, the first band is at 1591cm™, representing the presence of CO,” in the
carboxylic acid salts (RCOO) in the range of 1650-1550cm™[40]. Band 2, at 1404cm™,
refers to the C-O bond of the acid group (RCOOH) in the range of 1440-1395cm™[41].
Band 3 (1024 cm™) is attributed to the vibrational stretch of the C-O and C-C of the
pyranose ring[5].
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The 8:1 ratio of Lf/NaAlg is similar to the spectra of the two biopolymers
individually, with bands at 3278, 1521, and 1393 cm™ for Lf that were observed in the
complex. The 3278 cm™ band represents the O-H group of the free amino acids. The
1521 cm™ band corresponds to the stretching of the N-H groups. The region represented
by amide Il (1393 cm™) for Lf is attributed to the stretching of the C-N and N-H
groups, which was also observed in the complex.

The region represented by the amide | observed in Lf was observed in the
complex with a displacement of 1cm™ in the region of 1631 cm™. Such displacement
indicates that the negative groups of NaAlg were associated with the positive groups of
Lf, as observed by Devi [42]. Nevertheless, for the 8:1 ratio of Lf/NaAlg, the 1024 cm?
band may indicate the formation of an electrostatic interaction between the carboxylic
groups (-COO) of NaAlg and the amine groups(-NHs") of Lf [6].

For a better understanding of the internal structure of the complex coacervate,
SEM images of the individual biopolymers and the Lf/NaAlg complex were taken in
order to examine the new structures that were formed (Fig. 5).The NaAlg presented
blocks in different sizes that had irregular shapes and surfaces (Fig. 5A), which was also
observed by Borba [43]. Lf presented a globular and irregular shape (Fig. 5B), as
reported by Wang [12].The complexes of Lf/NaAlg (8:1) at pH 4.0 can be observed in
Fig. 5C. The formation of a three-dimensional network during complexation is noted,

and the sample had a heterogeneous structure [44].

3.6  Differential scanning calorimetry

Fig. 6 shows the isolated thermograms of NaAlg, Lf, and the Lf/NaAlg complex
(8:1, pH 4.0). The main endothermic events corresponding to Lf denaturation, the
interactions of the Lf /NaAlg complex (8: 1) and the Tg value were observed at different
temperatures.

The denaturation temperature of isolated Lf was 53°C. The Tg of NaAlg is
120.27°C, [45]. The Lf/NaAlg complex (8:1) degraded at 116.67°C, indicating that the
degradation temperature of the complex was between the denaturation temperature of Lf
and the Tg of NaAlg. The same was observed by Duhoranimama [46] when evaluating
the thermal characteristics of gelatin (G), carboxymethyl cellulose (CMC) and G-CMC
complex coacervates. The denaturation temperature of the isolated gelatin was
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104.21°C, CMC presented a melting temperature of 167.17°C and the G-CMC complex
coacervates degraded at 118.26°C.

The enthalpy of denaturation (AHg) indicates the amount of energy needed to
denature structures native to biopolymers[47]. The AHq4 of Lf, and the complex of
Lf/NaAlg were 1.487 J/g, 129.5 J/g, respectively.The results indicated that the
degradation of Lf in complex coacervates requires a higher thermal energy compared to
isolated Lf. The high AHq4 value of the Lf/NaAlg complex (129.5 J/g) indicates that it
can be used as a thermally resistant wall material, and it is possible to use it to
microencapsulate components sensitive to high temperatures.

These results are in agreement with the findings of Duhoranimama [46], who
reported that enthalpy values of G-CMC complex coacervates (236.033 J/g) were higher
than the corresponding values of pure G (4.524 J/g).The same was observed by
Bokkhim [5] and Timilsena [47]. Bokkhim [5] determined that native Lf presented a
better thermal stability in the Lf/NaAlg complex, which was different from the other Lf
types studied by the author. Timilsena [47] reported that enthalpy values of chia seed
protein isolate (CPI) and chia seed gum complex coacervates were higher than the

corresponding values of pure CPI.

4. Conclusion

In this study, NaAlg had a low molecular weight and its interaction with Lf in
the formation of soluble or insoluble complexes was a function of pH. The best ratio
and pH for complex formation were 8:1 Lf/NaAlg and 4.0, respectively. A low salt
concentration favored electrostatic interaction; however, higher concentrations
weakened the attraction between the protein and the polysaccharide molecules due to
the characteristics of Lf and NaAlg.The ITC data indicated a strong binding affinity
between Lf and NaAlg with a favorable enthalpic and unfavorable entropic contribution
during their interaction.The chemical and morphological characteristics of the complex
coacervates showed changes produced by the electrostatic interaction between
lactoferrin and sodium alginate.The Lf/NaAlg complex presented a higher thermal
resistance, thus presenting its potential to be used as a wall material in the incorporation

of functional ingredients sensitive to high temperatures in various food systems.
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Figure Captions

Fig. 1: (A) C potential of the isolated biopolymers (Lf and NaAlg) and the Lf/NaAlg
complex at different ratios. (B) Turbidity (cm™) as a function of pH in the system
containing Lf/NaAlg complexes with different ratios. (C) pHg1, pHmax and pHy, of the
Lf/NaAlg complex at a ratio of 8:1.

Fig. 2: Turbidity (cm™) as a function of pH in the system containing complex Lf/NaAlg

ratio r=8:1 at different concentrations of NaCl.

Fig. 3: (A) Heat flow thermogram (pcal/s) as a function of time (s), obtained during the
titration of 0.15mM Lf in 0.0015mM NaAlg in a 10mM citrate buffer (pH 4.0) at 25°C.
(B) Graphical representation of the integral of the area under each peak (kcal/mol) as a
function of the molar ratio (ry,) of Lf/NaAlg, (p<0.1).

Fig. 4: FT-IR spectra of NaAlg, Lf and the Lf/NaAlg complex at a ratio of 8:1 at pH
4.0.

Fig. 5: SEM of the (A) NaAlg, (B) Lf, and (C) complex of Lf/NaAlg at a ratio of 8:1 at
pH 4.0.

Fig. 6: (A) Thermogram generated by DSC analysis of Lf, NaAlg and samples from the

Lf/NaAlg complex at a ratio of 8:1 at pH 4.0. (B) Thermogram generated by DSC

analysis of Lf.
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Fig.6.
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CAPITULO III
ENCAPSULATION OF THE BLACK PEPPER (PIPER NIGRUM L.)
ESSENTIAL OIL BY LACTOFERRIN-SODIUM ALGINATE COMPLEX
COACERVATES: STRUCTURAL CHARACTERIZATION AND SIMULATED
GASTROINTESTINAL CONDITIONS

Submitted to Food chemistry.

53



Abstract

The black pepper essential oil (EO) was encapsulated by complex coacervation with
lactoferrin and sodium alginate using transglutaminase as a cross-linking. Encapsulation
efficiency varied from 31.66 to 84.48 %. Chemical and morphological characteristics
showed that EO was encapsulated in a lactoferrin/sodium alginate shell. The chemical
composition of the EO unencapsulated and encapsulated was identified by gas
chromatography (GC) and nuclear magnetic resonance (NMR). GC and NMR analysis
indicated good core protection with the materials used. The stability of the black pepper
EO capsules under in vitro digestion was evaluated. Capsules demonstrated the low
release of the EO during gastric digestion and higher release in intestinal digestion. The
biopolymers used as wall materials shown to protect black pepper essential oil
effectively. The capsules developed in this study can be used to transport active
ingredients because they are resistant to the human oral and gastric conditions tested in

vitro.

Keywords: Terpenes, whey protein, polysaccharides, encapsulation efficiency, nuclear

magnetic resonance.
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1. Introduction

Black pepper (Piper nigrum L.) is a plant of Piperaceae family, is used as a
spice.The essential oil (EO) of Piper nigrum presented antioxidant and antimicrobial
activity (Ravindran & Kallupurackal, 2004; Saha et al., 2013). Essential oils (EOs) are
aromatic and volatile oily liquids obtained from plants and are rich sources of
biologically active compounds such terpenoids and phenolic acids (Oussalah, Caillet,
Saucier, & Lacroix, 2006). Certain conditions (oxygen, light, high temperatures, low pH
and gastrointestinal fluids) contribute to the degradation and decrease of their biological
potential of the EOs. Encapsulation can prevent exposure of EOs and their degradation
(Bakkali et al., 2008; Dima et al., 2016).

Microencapsulation creates a physical barrier between the core and wall
materials protecting sensitive ingredients from the external environment. Among the
techniques of microencapsulation, complex coacervation has been used to encapsulate
EOs (Koupantsis et al., 2016; Ghasemi et al., 2017; Rojas-Moreno et al., 2018; Girardi
et al., 2017). The main advantages of complex coacervation over other
microencapsulation methods include generally high encapsulation efficiency and the
possibility of controlled release application (Kravolec et al., 2012). The complex
coacervation process principally consists of three basic steps: emulsification,
coacervation, and shell formation and/or hardening (Zhang et al., 2012). Coacervation is
the separation of a colloidal system into two liquid phases (International Union of
Pureand Applied Chemistry-lUPAC, 1997). The complex coacervation consists of the
electrostatic interaction between two polymers with opposite charges, usually a protein
and polysaccharide (Nesterenko et al., 2014).

Due to their functional and nutritional properties, whey proteins are used in
combination with polysaccharides to encapsulated EOs and yours compounds by
complex coacervation: whey protein isolate (WPI)/carboxymethylcellulose (CMC)
(Koupantsis et al., 2014; Koupantsis et al., 2016), WPI/pectin (Ghasemi et al., 2017),
WPI/ Sodium alginate (Rojas-Moreno et al., 2018). In this study, lactoferrin (Lf) and
sodium alginate (NaAlg) were used as wall materials. Lf is an iron-binding protein
which is commercially extracted and manufactured from bovine milk, presented
isoelectric point (pl) near to 8.0 and has 80kDa (Tomita et al., 2009; Bengoechea, Jones,
et al., 2011). NaAlg is natural, biocompatible, biodegradable anionic polysaccharide

extracted from brown seaweed (Phaeophyceae), or certain species. The structure

55



consists of linear chains (1—4 linked blocks of poly f-D-mannuronic acid (M), a-D-
guluronic acid (G) and mixed MG blocks (Pamies, Rodriguez-Schmidt, Ldpez-
Martinez, & Garcia-de la Torre, 2010; Lemos, Marfil & Nicoletti, 2017).

Studies showed that formation of complex coacervates between Lf and NaAlg
can serve as an alternative to the incorporation of active ingredients (Bokking et al.,
2015; Wang et al., 2017; Bastos, De Carvalho & Garcia-Rojas, 2018).Wang et al., 2017
demonstrated the Lf/NaAlg complex protect the degradation of the Lf alone when
compared both in gastrointestinal delivery. The Lf/NaAlg complex presented good
stability in simulated oral and gastric conditions. In the human gastrointestinal tract,
foods are digested by a combination of physical and chemical processes. Chemical
digestive processes are catalyzed by digestive enzymes that are secreted in the stomach,
thereby degrading the foods to a molecular scale (Abrahamsson et al., 2005; Schwizer,
Steingoetter, & Fox, 2006). Studies have been investigating the digestion of EOs
microcapsules (Li et al., 2018; Voli¢ et al., 2018).

Specific compounds are used as cross-linking agent in order to obtain more
resistant structures for the capsules produced by complex coacervation (Peng et al.,
2014). Transglutaminase (TG), is a naturally enzyme, catalyzes the formation of
isopeptide bonds between the €- amino group of polypeptide-bound lysines and the vy-
carboxamide group of polypeptide-bound glutamines (Motoki & Seguro, 1998). It is
used as cross-linking agent for fabricated EOs microcapsules by complex coacervation
(Xiao et al., 2014; Lv et al., 2014; Rojas-Moreno et al., 2018).

The objective of this study was encapsulate the black pepper EO by complex
coacervation using Lf and NaAlg as wall materials, to characterize the encapsulation
efficiency, chemical structure, composition and stability of the capsules under human

gastrointestinal simulation in vitro.

2. Materials and Methods
2.1. Materials

Sodium alginate, calcium chloride, a-amylase (A0521), porcine pepsin (P6887),
pancreatin from porcine pancreas (P7545), porcine bile extract (B3883) was purchased
from the company Sigma-Aldrich® (St. Louis, USA), dehydrated lactoferrin (Bioferrin®
2000) was acquired from the company Glanbia Nutricionals (Fitchburg, USA),

Transglutaminase was acquired from the Ajinomoto (S&o Paulo, Brazil). Black pepper
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essential oil was obtained from Ferquima (S&o Paulo, Brazil). The reagents used were of
grade P.A.The water used was ultrapure with a conductivity of 0.05 uS/cm (Master
System P&D, Gehaka, Brazil).

2.2. Methods
2.2.1. Chemical composition of black pepper EO

2.2.1.1.Gas Chromatography (GC)

Analyses of volatile oils were carried out on a gas chromatograph coupled with a
mass spectrometer-MS (QP2010, Plus-Shimadzu, Japan) with a Factor Four-VF-5ms
capillary column (Varian) (30 m x 0.25 mm, 0.25 um film thickness). The injection
volume of the sample was 1 uL (split 1:30) and the injector, GC-MS interface and ion
source temperatures were maintained at 220, 310, and 250°C, respectively, with an
ionization energy of 70eV. The oven temperature was programmed as follows: 60°C at
2 min, 60 to 260°C at 3°C min™, 260 to 290 °C at 10°C min™, and 290°C at 5°C min™,
The identified of the EO compounds were by visual comparison of their spectra in the
literature (Adams, 2007) and by the spectra provided by the device database (NIST21
and NIST107). A standard solution of n-alkanes (Cs-Cy) was injected under the same
chromatographic conditions as the sample to obtain the retention indices (IK value).

A gas chromatograph (5890-series Il, Hewlett Packard, USA) coupled with a
flame ionization detector (CG-FID) and equipped with a Factor Four-VF-5ms capillary
column (Varian) (30 mx 0.25 mm, 0.25 pum film thickness) was used for the
quantification of EOs. The injector and detector temperatures were maintained at 220
and 250°C, respectively. For each sample, 1puL was injected in split mode (1:30). The
carrier gas was helium at a flow rate of 1 mL.min™(12 psi). The oven ramp temperature
was programmed as follows: 60°C for 2 min, increased to 260°C at 3°C min™, and 260
to 290°C at 10°C min™. The relative percentage of the oil constituents was expressed as

a percentage by area normalization.
2.2.1.2. Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded using a spectrometer (Advance I11, Bruker, USA)

operated at 500MHz.The sample was measured in CDCl3; (TMS was used as internal
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reference) at 298.15K, adapted from Vicente et al., (2015). The spectra were processed

using the MestReNova software 9.0 (Mestrelab research).

2.2.2. Preparation of the black pepper EO capsules

The production of the capsules was performed as described a previous study by
Bastos, De Carvalho & Garcia-Rojas, 2018. The biopolymers were weighed in an
analytical balance (B-TEC-210, Tecnal, Brazil) for the preparation of a solution
containing a fixed concentration of 0.1% (w/w). The NaAlg was homogenized for 24h
and the Lf was homogenized for 30 minutes using a magnetic stirrer (NT101,
Novatecnica, Brazil). In previous study (Bastos, De Carvalho & Garcia-Rojas, 2018),
was obtained the ratio of 8:1(Lf/NaAlg) at a pH 4.0 were the ideal conditions for the
formation of the Lf/NaAlg complex and which was used to prepare the microcapsules.

The Lf/NaAlg microcapsules were tested using a solution with total
concentration of 0.36, 0.72 and 1.4% (w/w) and different core/wall concentrations were
tested (1:1, 1:2 and 2:1). Black pepper EO added with Lf solution and was emulsified
with ultra-turrax (T25D, IKA, Germany) at the stirring rate of 10.000 rpm for 3 min (Lv
et al, 2014). The NaAlg was added, the mixture was homogenized (NT101,
Novatecnica, Brazil) and acidification at pH 4.0 with acetic acid (20%, v/v). The
temperature of the suspension of the microcapsule will be reduced to 5 °C in an ice-
water bath for 60 minutes (Peng et al., 2014). Transglutaminase solution (0.25% w/w) is
added under magnetic stirred at 400 rpm for 3 hours at 25 °C to induce cross-linking
(Lv et al., 2014). The microcapsules were kept at 10°C for 48 hours and then the
supernatant was removed. Finally, the microcapsules were frozen in liquid nitrogen and

freeze-dried (Enterprise I, Terroni, Brazil) for 24 hours.

2.3.Characterization of the microcapsules

2.3.1. Determination of standard curve and encapsulation efficiency

The black pepper EO was dissolved and diluted with hexane (80%) and ethanol
(20%) solution, and then formulated into 0.0 to 1.2 mg/mL standards solutions. The
absorption with solutions standard were measured using a spectrophotometer (Biomate
3S, Thermo Fisher Scientific, USA) at 288 nm. A mixture of ethanol and hexane

solution was used as a blank.The linear regression of absorption on concentration was
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made and the regression equation was constructed. In addition, the standard curve was
drawn and its equation is y = 0.300x, R*=0.986.

Ten milligrams of black pepper EO microcapsules powder was weighed (B-
TEC-210, Tecnal, Brazil) and 10 mL of the solvent was added (Hexane and Ethanol).
The sample was put in 20°C water bath (2510, Soni-tech, Brazil) for 10 min by
ultrasonic (80 W), after the sample was incubated in the shaker (TE-424,Tecnal, Brazil)
for 2 hours at 25°C.The sample was homogenized on a Vortex (AP 56, Phoenix, Brazil)
and centrifuged (Digicen 21 R, OrtoAlresa, Spain) at 8000 rpm for 15 min, adapted
from Li et al. (2018). The supernatant phase was collected, to enable measurement
(Biomate 3S, Thermo Fisher Scientific, USA) of its absorption as well as calculating its
content. The microcapsule EE is the significant indicator to appraise the quality of the
prepared microcapsule products. The oil mass was measured, and theoretical oil value
(OT%) was given by equation (1) and the loaded oil content (OC%) was given by
equation (2).

OT((y)_Wloil 100 (1)
)= wre ¥
WFoil )
0, =
0C(%) = =, ——x100

Where WIloil is the initial mass of oil added in the system, Wic is the initial mass of the
capsule and WFoil is the oil content after encapsulation and WFc final capsule mass
after freeze-dried. The EE is the percentage of loaded oil content divided by the

percentage of theoretical oil (Timilsena et al., 2016), given by equation (3).

% (3)
EE(%) = %xlﬂo
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2.3.2. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the dried samples (Lf, NaAlg, EO and the capsule) were
obtained. The analyses were performed with an FT-IR spectrometer (Ver-tex 70,

Bruker, Germany) read in the range of 4000-400 cm ™.

2.3.3. Chemical composition of the black pepper EO after encapsulation

The EO extraction was performed as described in section 2.3.1. The supernatant

phase was removed and analyzed by GC and NMR as described in section 2.2.1.

2.3.4. Morphology
2.3.4.1.0Optical microscopy
An aliquot of the sample were placed between the lamina and cover-slip and
taken to the optical microscope (K220, Kasvi, Brazil) coupled to an Moticam camera

(5MP, Kasvi, Brazil) that was viewed at 100x magnification with immersion oil.

2.3.4.2. Scanning Electron Microscopy (SEM)

Micrograph of the black pepper capsule after freeze-dried (1000x) (Enterprise I,
Terroni, Brazil) was obtained with a scanning electron microscope TM3000 (Hitachi,
Japan) equipped with a tungsten filament and operated in secondary electron mode at an

acceleration voltage of 15 Kv.

2.4. In vitro digestion
In vitro digestion was simulated in three stages: oral, gastric and intestinal

(Minekus et al., 2014 and Timilsena et al., 2017). Simulated oral, gastric and intestinal
digestions were prepared according to Minekus et al., 2014.
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2.4.1. Simulated oral digestion

Briefly, 0.33g of the microcapsule lyophilized was weighed in an analytical
balance (B-TEC-210, Tecnal, Brazil), and then mixed with 0.7mL pre-warmed of
simulated salivary fluid (SSF) containing 0.1mL salivary a-amylase (75 U/mL in final
oral solution), the mixture was added followed by 5uL of 0.3 M CaCl, and 195uL of
water. The pH of the mixture was adjusted to 7.0 with pHmeter (mPA210, Tecnopon,
Brazil) and stirred at 95 rpm for 2 minutes at 37°C using the shaking (TE-424, Tecnal,
Brazil).

2.4.2. Simulated gastric digestion

After mouth digestion, 1.5mL pre-warmed of simulated gastric fluid (SGF) was
added to the oral digested mixture with 0.32 mL of the pepsin (2.000U/mL in final
gastric solution), the mixture was added followed by 1uLof 0.3 M CaCl, 40uL of 1M
HCI and 139uL of water. The pH of the mixture was adjusted to 3.0 with pHmeter
(mPA210, Tecnopon, Brazil) and stirred at 95 rpm for 2 h at 37°C using the shaking
(TE-424, Tecnal, Brazil).

2.4.3. Simulated intestinal digestion

After the completion of gastric digestion, 2.2mL pre-warmed of simulated
intestinal fluid (SIF) was added into the mixture with 1mL of the pancreatin (100U/mL
in final intestinal volume) and 0.5mL of the bile extract solution (1L0mM). The mixture
was added followed by 8uLof 0.3 M CaCl,, 30uL of 1M NaOH and 262uL of water.
The pH of the mixture was adjusted to 7.0 with pHmeter (mPA210, Tecnopon, Brazil)
and stirred at 95 rpm for 2 h at 37°C using the shaking (TE-424, Tecnal, Brazil).
Aliquots (120uL) of gastric and intestinal juice were taken at 0, 15, 30, 60 and 120
minutes. After withdrawal of each aliquot, 120 uL of gastric or intestinal juice was
added to continue the digestion process. The quantity of EO released was calculated

from the absorbance according to section (2.3.1).
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2.5. Statistical analysis

All experimental measurements were conducted in triplicate, and the data are
expressed as the mean + standard deviation. The statistical analyses were performed
using Origin® Pro 9.0. The Kolmogorov-Smirnov normality test was performed for the
populations. After confirming normality for all populations, one-way variance
(ANOVA) was performed to determine the existence of significant difference between
populations. Significant differences at a level of significance a = 0.05 were identified by

Tukey’s test.

3. Results and Discussion
3.1.Composition of black pepper EO

3.1.1. GC analysis

The black pepper EO compounds were identified by GC-FID and GC-MS
analysis, and are given in Table 1. The black pepper EO contains a complex mixture
consisting mainly of monoterpenes and sesquiterpenes. The predominant component
was f-caryophyllene (28%), followed by limonene (15%), sabinene (11.4%), B-pinene
(11%), a-pinene (10.5%), 3-carene (6%), a-copaene (3.6%), elemene (2%), mircene
(1.6%), a-caryophyllene (1%). The other terpenes identified had a percentage below
1%: a-thujene (0.93%), p-cymene (0.47%), 2-carene (0.4%), linalool (0.3%), 4-
terpineol (0.28%).

Several studies presented the B-caryophylleneas a major component in black
pepper EO, but in different concentrations: 57.6% (Garcia-Diez et al., 2016), 15.03%
(Chandran et al., 2017) and 28% (Orchard et al., 2017).The variation of the chemical
composition of the terpenes in the black pepper EO can be attributed to the origin,
climate, type of culture and type of extraction of the identified samples (Garcia-Diez et
al., 2016).

3.1.2. NMR

The main five terpenes identified by CG were confirmed by *H and **C NMR, as

observed in Table 2. Some signals of the major compounds of black pepper EO were
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identified mostly due to the presence of the sp® protons at 8 4.51 — 5.41 ppm and the
correlations at 'Jy.c with respective sp? carbons at 5c 101 — 125. The presence of several
methyl group signals was also very informative to assign some major compounds,
mostly due to their long-range correlation signals (**Ju-c).

The main components identified in black pepper EO are known and its NMR
data were compared to the literature data. The sabinene was detected especially by the
signal at 6y 0.67and 6¢ 16.0 ppm of the methylene carbon of the cyclopropyl ring (CH-
6) (Guerrini et al., 2006). Some characteristic signals of methyl groups were also
detected and compared to the literature data, for instance, the methyl groups at 640.86
(a-pinene), 0.91, 0.97 (sabinene),0.96 and 0.98 (B-caryophyllene) ppm (Guerrini et al.,
2006). Limonene was detected, especially due the presence of some characteristic
carbon sp? signals at 8¢ 133.7 (C-1), 120.6 (CH-2), 150.2 (C-8) and 108.4 (CH,-10)
ppm and its respective proton signals at 6y 5.40 (brs, CH-2) and 4.70 (brs, CH-10)
ppm. Also p-pinene was detected due the presence of sp® carbons signals at 5:152.3 (C-
2), 105.9 (CH2-10) ppm and the methyl groups at d¢c 26.1 (CH3-8) and 21.8 (CH3-9)
ppm (Skakovskii et al., 2006).

It was possible to detect the presence of the quaternary sp? carbons at 8¢ 133.7 —
154.7 ppm and methyl groups at 5c16.3 — 30.1 ppm, which had its positions assigned by
HMBC experiment and comparison with the literature data (Guerrini et al., 2006).
Limonene, sabinene, B-pinene and a-pinene has the same molar weight that can be
justified because they are isomers, these were differentiated by their fragments (Table2).

The same terpenes were identified by NMR in others EOs. B-caryophyllene,
was identified in Rosmarinus officinalis (Da Silva Bomfim et al., 2015), Syzigum
aromaticum (Owen et al., 2017) and Myrtus communis (Bouzabata et al., 2015) EOs. B-
pinene and limonene was identified in Ocoteabofo Kunth (Guerrini et al., 2006),
Rosmarinus officinalis (Da Silva Bomfim et al., 2015) and Myrtus communis
(Bouzabata et al., 2015) EOs. a-pinene and B-pinene in Rosmarinus officinalis (Da Silva
Bomfim et al., 2015) EO. Sabinene was identified in Ocoteabofo Kunth (Guerrini et al.,
2006).
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3.2.Characterization of the microcapsules

In Table 3 was showed the composition of the formulations and the EE of the
capsules produced by complex coacervation.The theoretical oil value, oil content and
EE (equation 3) of microcapsules prepared with different samples were presented
(Table 3). The theoretical oil values was that 33.33, 50 and 66.66%. Loaded oil content
varied from 13.44 (S6) to 31.86% (S7). EE varied from 31.66 (S8) to 84.48 (S9). The
core material was black pepper EO and wall material weight was the biopolymers and

cross-linking agent.

3.2.1. Encapsulation Efficiency (EE)

The samples S3 and S9 presented higher EE (81.33 + 2.76 and 84.48 * 2.0,
respectively) and did not present significant differences (p< 0.05) of EE. The samples
had different percentages of biopolymers, core material and wall material weight. The
samples were formulated with different EO and biopolymers concentrations (Table 3).
Core material of the S9 was four times high than S3, 0.36g and 0.09g, respectively. The
similarity in the composition of the samples was the EO concentrations were lower than
that of biopolymers and the same core/wall ratio was using (1:2). The high EE using
core/wall ratio of 1:2 was observed by Rojas-Moreno et al. (2018) when encapsulated
orange EO with WPI and different polysaccharides was wall materials. In present study,
the samples S3 and S9 presented concentrations of biopolymers sufficient to cover a
greater amount of core, ensuring that the active material is trapped inside the capsule
(Da Cruz et al., 2019).

The sample S6 was prepared using 1:2 core/wall ratio, but differed significant of
EE from the others (S3 and S9) with the same core/wall ratio. S6 presented lower EE
(41.88 £ 3.36), and used intermediary concentrations of biopolymers (%), core
concentration and wall material weight when compared to S3 and S9, this contributed to
the S6 had significant differences of EE.

The samples S1, S2 and S5 were prepared with different conditions (percentages
and concentrations of biopolymers, EO concentrations and core/wall ratio), as presented
in Table 3. S2 and S5 were formulated using core/ wall ratio of 1:1, and S1 using 2:1.

Samples S1 and S2 were formulated with 0.36% of the biopolymers concentrations, and
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S5 with 0.72%. The core material concentration between S1 and S5 has similar, and the
wall weight material between S1 and S2 was the same. The different conditions to
formulated theses samples not contributed to exert a significant difference in the EE.
S1, S2 and S5 presented lower EE, this fact may have occurred due to that an
insufficient amount of wall materials was available to cover the entire core, resulting in
a high free core concentration, high amount of core that was not encapsulated and hence
was lost during the encapsulation process (Timilsena et al., 2016; Wang et al., 2016; Da
Cruz et al., 2019).

The samples S4 and S8 did not present significant differences (p< 0.05) of EE.
The samples using the same core concentration (0.72 g), but differs the wall material
weight, the percentage of the biopolymers and core/wall ratio. These core concentration
using not exert a significant difference in the EE in different core/wall ratio tested (2:1
and 1:1).

The sample S7 was prepared with 2:1 core/wall ratio, with higher concentration
of core material (1.44 g) and total of the materials (2.16 g). S7 was different from the
other samples with the same core/wall ratio (S1 and S4), the EE of the S7 (54.84 + 3.7)
was higher than S1 (36.61 = 0.7) and S4 (33.12 £ 2.75). Twice the concentration of the
core material did not exert a significant difference in the EE of the samples (S1 and S4),
but by increasing the concentration of the core material four times, the percentage of EE
was high (S7). The opposite was observed by Wang et al. (2016), the study observed
that higher concentration of ginger EO (core material), reduced the EE of the capsules

using the 2:1 core/wall ratio with gelatin and sodium alginate as wall materials.
3.2.2. Chemical characterization of the black pepper EO microcapsule

FT-IR spectra of the biopolymers, black pepper EO and microcapsule (S9) at pH
4.0 were demonstrated in Figure 1. Samples of the biopolymers were presented in
previous study (Bastos et al., 2018). The selected wavelength region (4000 to 400 cm™)
includes the amide bands of the protein: group 1 (1625-1750 cm™), group 11 (1475-1575
cm™), and group 11 (1225 - 1425 cm™).The free amino acid O-H groups can be
identified between the bands 3300 and 3170cm™. The amide group | refers to the
stretching of the C=0, the amide group Il corresponds to the stretching of the N-H, and
the amide group 111 is attributed to the stretching of the C-N and N-H groups (Barth et
al., 2007). In Lf, the amide groups I, 1l and Il were observed at 1632, 1521, and
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1393cm™, respectively. The amide groups of the Lf were demonstrated by Martins et
al., 2016 and Yan et al., 2017. The O-H group of the free amino acid can be identified
by the 3278 band, the same was observed by Martins et al. (2016).

For NaAlg, the first band is at 1591cm™, representing the presence of CO, in the
carboxylic acid salts (RCOO-) in the range of 1650-1550cm™ (Abreu et al., 2008). Band
2, at 1404cm’™, refers to the C-O bond of the acid group (RCOOH) in the range of 1440-
1395cm™*(Abreu et al., 2008). Band 3 (1024 cm™) is attributed tothe vibrational stretch
of the C-O and C-C of the pyranose ring (Bokkhim et al., 2015). The characteristic
bands of the NaAlg were observed by Abreu et al. (2008), Bokkhim et al. (2015) and
Zhang et al. (2019).

Spectrum peak of black pepper EO shows CH stretching vibration at 2922 cm™
(Raksa et al., 2017), vibration of the aliphatic C-H in CH, at 2868 (Alizadeh-Sani et al.,
2018), C=C stretching at 1643 cm™(Alizadeh-Sani et al., 2018), C-OH absorption
bending vibration at 1446 cm™ and CH; bending at 1381 cm™(Voli¢ et al., 2018;
Alizadeh-Sani et al., 2018). The peak 886 cm® assigned to the bending vibrations (out of
the plane) in =CH, (Voli¢ et al., 2018), the peak at 786 cm™ is assigned to benzene rings
=CH vibration absorption (Raksa et al., 2017).

In black pepper EO microcapsule, it shows amide bands 111 at 1393 cm™ and O-
H group of the free amino acid can be identified by the 3278 band characteristics of the
Lf. The peak 1024 cm™ is attributed to the vibration stretch of the C-O and C-C of the
pyranose ring presented on NaAlg. The band 1643 refers to C=C stretching present in
black pepper EO.The results show that the black pepper EO is successfully encapsulated
in the Lf/NaAlg shell.

3.2.3. Composition of the black pepper EO after encapsulation

Black pepper EO after encapsulation was identified by GC-FID, GC-MS and
NRM analysis.

3.2.3.1.GC

In Table 1 was showed the components of the black pepper EO after

encapsulation analyzed by GC. The p-caryophyllene was at 27.3% after the
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encapsulation, at low levels (2.5%) compared to the relative content in the original
(28%) EO.Therefore, the high percentage of this terpene was preserved (97.5%) after
encapsulation.

The other terpenes in the original EO were identified after encapsulation at the
following percentages: limonene (13.14%), sabinene (10.29%), B-pinene (8.77%), and
a-pinene (8.53%). The other compounds were presentat low concentrations. The minor
compounds present in the original EO were not identified after microencapsulation
(linalool and 4-terpineol).

There was a decrease in all terpenes percentages after encapsulation, perhaps
because these components are volatile and sensitive to adverse factors (oxygen, light
and low pH), which may have contributed to its reduction during the fabrication of the
microcapsules (Jun-Xia, Hai-Yan & Jian, 2011; Dima et al., 2016). The same was
observed in other studies of encapsulated EOs (Jun-Xia, Hai-Yan & Jian, 2011, Peng et
al., 2014; Lv et al., 2014).

The results obtained in the present study showed that encapsulated Black pepper
EO has great retention capacity. The main terpenes identified in the EO were preserved
above 87% of their original content (unencapsulated EO).The great retention of EOs has
been reported in other studies: sweet orange (Jun-Xia, Hai-Yan & Jian, 2011), mustard
(Peng et al., 2014), and jasmine (Lv et al., 2014). Jun-Xia et al. (2011) identified D-
limonene was major compound in the sweet orange EO after microencapsulation by
complex coacervation using soybean protein isolate/gum arabic. The same method was
used for encapsulated mustard (Sinapis alba) EO (Peng et al., 2014), for which the
authors confirmed the presence of allyl isothiocyanate in EO after microencapsulation.
Linalool was identified in jasmine EO after microencapsulation by complex

coacervation with gelatin/gum arabic (Lv et al., 2014).
3.2.3.2. 1HNMR

The black pepper EO was extracted from the microcapsule (S9) according to
section (2.3.1) and also submitted to *H NMR analysis to check the preservation the
terpenes. Stacked ‘HNMR spectrum of black pepper EO unencapsulated (1) and
encapsulated (2) can be observed in Figure 2. Some high intensity signals of solvents
used in the extraction (ethanol and hexane) were observed, after its removal it was

possible to observe the signals of the compounds belonging to the extracted EO,
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specially the protons of the sp? carbons (84 4.5 — 5.5 ppm). The shielded protons at oy
0.5 — 2.5 ppm presented a slight change in absorption that can be justified due the

presence of the solvents used in the extraction of the EO.

3.2.4. Morphology

The morphology of the black pepper EO capsule (S9) using Lf/NaAlg as wall
material and transglutaminase as cross-linking agent can be observed in the Figure 3.
The optical image show the microscopic structure of black pepper EO capsules formed
with the ratio 1:2 oil/polymers showing a spherical and intact shape (Figure 3A).The
same was demonstrated by Lv et al. (2012) and Matos et al. (2018). Lv et al. (2012)
obtained spherical particles containing jasmine EO using gelatin/CMC as encapsulants.
Matos et al. (2018) observed these when encapsulated citronella EO using gelatin and
sodium alginate as wall materials.

The SEM images of the Lf, NaAlg and the complex Lf/NaAlg was demonstrated
in previous study by Bastos et al. (2018). SEM was used to observe the morphology of
the dried black pepper EO capsule (Figure 3B).The three-dimensional network was
observed, maintaining a structure similar to the complex coacervates formed prior to
encapsulation (Bastos et al. 2018). The sample showed the sponge-like structure,
particularly of the capsule. Black pepper EO single droplets or small aggregates were
observed (droplets are indicated by the red arrows). The similar structure was observed
by Koupantsis et al. (2016) when encapsulated B-pinene in WPI/CMC complex

coacervates.

3.3. In vitro digestion

The extent of oil release from the black pepper EO capsule (S9) at different time
intervals in gastric and intestinal environments is shown in Figure 4. The sample was
submitted in oral condition simulated for 2 minutes. The hypothesis were, the slight
release can be occurred because at pH 7.0 (oral digestion) the complex was insoluble
due to electrostatic repulsion (initially in pH 5.9) demonstrated in previous study
(Bastos, De Carvalho & Garcia-Rojas, 2018). The a-amylase presented in oral

conditions hydrolyzes amylase and amylopectin molecules in starch foods (Sarkar et al.,
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2009), but the biopolymers used in present study don’t have this composition and the a-
amylase not contributed for the release in oral digestion.

During exposure to gastric conditions (2 hours), the initial EO loads released
about 24.30%. The capsule protect the release of the initial EO load during gastric
conditions, the release remained almost constant. Protein digestion is initiated in the
stomach by pepsin (Tomé & Debabbi, 1998), but the capsule was not totally ruptured
and 75.7% the EO was preserved. This can be explained because the NaAlg protect the
disintegrated of the Lf in Lf/NaAlg complex coacervates. This is observed by Wang et
al. (2017) when study the protect effect of the NaAlg in Lf on the complex Lf/NaAlg.
Alginates have previously been shown to inhibit pepsin activity in vitro (Sunderland et
al., 2000; Strugala et al., 2005; Chater et al., 2015). Sunderland et al. (2000) showed
alginates could inhibit pepsin activity by 52% in vitro. Strugala et al. (2005) showed
significant correlations between alginate structure and levels of inhibition, with high
frequency of mannuronic acid residues alginates tending to inhibit better than those high
in guluronic acid residues. However the mechanism of pepsin inhibition is poorly
understood.

In pH 3.0 (gastric conditions), electrostatic interaction between Lf and NaAlg is
favorable and the capsules was stronger. However this pH is below the pKa of the
NaAlg and is possible aggregation of the carboxylic groups (Bastos et al., 2018).

The release of the EO at intestinal stage was found to be faster compared to that
gastric stage. In 2 hours of intestinal digestion the release EO was increased in function
of the time (47.7-84.87%). Occurred the rupture the capsule and only 15.13% of the EO
was preserved. The same was observed by Wang et al. (2017). The protein continually
digestion occurred in intestinal digestion by pancreatic and intestinal proteases such as
trypsin, chymotrypsin, and membrane peptidases (Tomé & Debabbi, 1998). In this case
the NaAlg not protect the Lf in Lf/NaAlg complex coacervates because they cannot
survive from trypsin attack (Chater et al., 2015) and the capsule was reputed. The
catalytic mechanisms of pepsin and trypsin are distinct, it is therefore possible that
alginate is able to interact with and disrupt the catalytic mechanism of pepsin, but not of
trypsin. Pepsins are aspartate proteases, and broad specificity end peptidases with a
preference for cleavage between hydrophobic amino acids (Powers, Harley, & Myers,
1977). Trypsin on the other hand is a serine protease. Serine proteases are usually end

peptidases and preferentially cleave within the poplypeptide chain, preferentially
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cleaving on the carboxyl side of lysine and arginine (Hedstrom, 2002; Chater et al.,
2015).

It is perhaps due to neutral pH (7.0) of intestine, the protective coatings are
destroyed and thus the capsule was degraded that resulted in the sustained release of EO
from capsules in stimulated intestinal fluids.The results of this study showed that Lf and
NaAlg effectively prevent the release of EO in oral and gastric conditions which
minimizing the chemical degradation of EO in gut environment. Our results are in
accordance with those obtained for others EOs (Li et al., 2018; Vdlic et al., 2018).

4. Conclusion

Black pepper EO capsules produced by complex coacervation using Lf and
NaAlg as wall materials, and transglutaminase as cross-linking agent have a good
encapsulation efficiency. The encapsulated black pepper EO was confirmed by the
chemical and morphological characteristics. The presence of the terpenes in the
encapsulated black pepper EO indicated good core protection with the biopolymers
used.The black pepper EO capsule demonstrated resistance under oral and gastric
conditions and release in the intestine contributing to your absorption. The Lf and
NaAlg showed potential used as wall materials in encapsulated black pepper EO by
complex coacervation.
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Figure Caption

Fig. 1: FT-IR spectra of NaAlg, Lf, black pepper EO and black pepper EO capsule
(Lf/NaAlg ratio r=8:1) at pH 4.0.

Fig. 2: '"H NMR spectrum of the black pepper (BP) EO unencapsulated (1) and
encapsulated (2) (500 MHz, CDCl,)

Fig. 3: (A) Optical microscopy image at 100x of black pepper EO capsules at ratio 1:2
(core/ wall material), and (B) SEM of the black pepper EO capsule.

Fig. 4: Release of the black pepper EO from the capsule during in-vitro digestion.
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Table 1. Chemical composition of the original black pepper EO and content in capsule by GC.?KI= Kovats indices to n-alkanes (Cg—Cy) on an HP- 5MS

column, °Kl=identification based on comparison of retention index with those of published data (Adams, 2007), °RT= Retention time, ‘Relative

contentobtained by GC-FID.

I:Q-I-C Relat|ve content in Relative content EO in

“omponent ke (min) original EO°(%)  microcapsule® (96)
B-caryophyllene (1) 1429 1419 26.046 28 27.3
Limonene (2) 1033 1029 9.400 15 13.140
Sabinene (3) 975 975 7.434 11.4 10.29
B-pinene (4) 982 979 7.546 11 9.77
a-pinene (5) 934 939 6.196 10.5 9.53
3-carene (8) 1012 1011 8.672 6 3.7
a- copaene (14) 1379 1376 24.061 3.6 2.56
Elemene (13) 1336 1338 22.428 2 1.36
Mircene (7) 989 990 7.961 1.6 1.07
a-cariophylene (15) 1457 1454 27.235 1 0.73
a-thujene (6) 924 930 5.967 0.93 0.59
p-cymene (9) 1027 1024 9.168 0.47 0.33
2-carene (10) 1086 1002 11.652 0.4 0.3
Linalool (11) 1101 1096 12.152 0.3 -
4-terpineol (12) 1117 1177 15.421 0.28 -

79



Table. 2.°C and *H NMR data of identified major compounds in the black pepper EO (8¢ and 8y in ppm).

o
limonene (2)

sabinene (3)

3 f-pinene (4) a-pinene (5)
[~eariophyllene (1)
C d¢ 84 (J in Hz) S¢ Sn dc 84 (J in Hz) Sc Su(J in Hz) Sc Sn
1 53.5 1.68(m) 133.7 - 37.6 - 152.3 - 116.0  5.18(brs)
2 120.6  5.40(brs) 51.8 2.45(t, 5.3) 1445
3 40.0
4 135.5 41.1 154.5 -
5 124.3 5.30(dd, 5, 10.5) 40.7
6 30.6 2.10(m) 16.0 0.64(d, 5.5) 37,6
7 34.8 1.98 (m), 2.20(m) 4.61(brs)
23.5 1.65(brs) 1015 4.79(6r9)
8 157.4 150.2 32.6 1.52 (m) 26.1 1.23 (s) 26.4 1.26 (s)
9 485 20.8 1.72(s) 19.7 0.88(d, 7) 21.8 0.71 (s) 20.8 0.83(s)
10 403 164m). 1M 1584 a70(brs) 198 0.95(d, 7) 105,9 i‘%i(brs)’ 23.0 1.65(s)
.61(brs)
11 33.9
12 22.6 0.97(s)
13 30.1 0.99(s)
14 16.3 1.60(s)
15 111.6 4.81(brs), 4.93(brs)
m/z 204 136 136 136 136
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Table 3. Composition of the formulations and encapsulation efficiency of the microcapsules produced by complex coacervation.

Wall Material Weight (g)

Samples Maftécl)rir; NaAl core/wall Transglutaminase Loaded (())il Theoretigal EE (%)
(¢)) Lf (g) © g Total (g) (wiw) solution () content(%b) oil value (%)
S1 0.36 0.16 0.02 0.54 2:1 10 23.82+15 66.66 36.61+ 0.7
S2 0.18 0.16 0.02 0.36 11 10 17.83+0.6 50 35.65% + 1.36
S3 0.09 0.16 0.02 0.27 1:2 10 27.38 £ 0.63 33.33 81.33°+2.76
S4 0.72 0.32 0.04 1.08 2:1 10 25.37+2.0 66.66 33.12°+2.75
S5 0.36 0.32 0.04 0.72 11 10 20.09+1.10 50 37.89% +1.97
S6 0.18 0.32 0.04 0.54 1:2 10 13.44+0.8 33.33 41.88°+ 3.36
S7 1.44 0.64 0.08 2.16 2:1 10 31.86 + 2.64 66.66 54.84° + 3.7
S8 0.72 0.64 0.08 144 1:1 10 153+0.7 50 31.66" + 0.56
S9 0.36 0.64 0.08 1.08 1:2 10 27.86 + 0.27 33.33 84.48°+ 2.0

The analyses were perfomed in three replicates. The same letters in the same column do not differ significantly by the Tukey test with a probability of 5%
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CAPITULO IV
ENCAPSULATION OF BLACK PEPPER (PIPER NIGRUM L.) ESSENTIAL
OIL WITH GELATIN AND SODIUM ALGINATE BY COMPLEX
COACERVATION

Submitted to Food Hydrocolloids.
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Abstract

Black pepper essential oil (EO) was analyzed by gas chromatography (GC) and nuclear
magnetic resonance (NMR). The main component was B-caryophyllene (28%). The
molecular weights of the biopolymers were determined. Sodium alginate and gelatin
had molecular weights of 138 kDa and 249 kDa, respectively. The effect of ratio and pH
on complex formation was evaluated. The ratio of 6:1 (gelatin/sodium alginate) at pH
4.0 were the ideal conditions. The EO was encapsulated in a complex coacervate with
gelatin and sodium alginate using calcium chloride as a cross-linking agent. The
encapsulation efficiency varied from 49.13 to 82.36%, and the chemical composition of
the encapsulated EO was identified by GC. GC analysis indicated good core protection
with the materials used. The chemical characteristics showed that the EO was
encapsulated in a gelatin/sodium alginate shell. These biopolymers can serve as a

potential vehicle for black pepper EO.

Keywords: chemical composition, molecular weights, electrostatic interaction,

encapsulation efficiency, biopolymers.
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1. Introduction

Essential oils (EOs) are natural aromatic volatile liquids extracted from different
parts of plants, such as flowers, buds, seeds, leaves, stems and bark. The composition
and physicochemical properties of EOs are greatly influenced by the species, part of
plant, geographic origin, time of harvest, stage of development, age of plants and
extraction method (Bakkali et al., 2008; Dima et al., 2016). EOs are composed of the
following classes of compounds: tertiary terpene alcohols and related esters, aliphatic
terpene ethers, aliphatic and aromatic terpene hydrocarbons (Bakkali et al., 2008). The
identification of the compounds can be achieved by gas chromatography (GC) and
nuclear magnetic resonance (NMR) (Guerrini et al., 2006). Previous studies revealed
that, of these classes, a series of compounds have antioxidant and antibacterial activity.
For this reason, EOs are an alternative to chemical preservatives and, therefore, are used
in preparing safe foods with a positive impact on consumers health (Dima et al., 2016).

Black pepper (Piper nigrum L) is a plant of the Piperaceae family, largely used
as a flavoring agent in foods (Chandran et al., 2017). The black pepper EO is sensitive
to oxygen, light and high temperature. These factors contribute to the degradation of the
EOs and, subsequently, to the decrease in their biological potential. Therefore,
encapsulation is required in order to prevent this occurrence (Dima et al., 2016).

Microencapsulation is a process that retains a bioactive material (solid, liquid or
gas) inside another (wall material) to protect the bioactive material against adverse
environmental conditions, thereby increasing the shelf life and promoting the controlled
release of the active compound in the microcapsule. As one of the microencapsulation
technologies used in the foods industry, the complex coacervation process has been
used for encapsulating reactive, sensitive, or volatile additives or nutrients (Schimitt &
Turgeon, 2011). The complex coacervation process principally consists of three basic
steps: emulsification, coacervation, and shell formation and/or hardening (Zhang et al.,
2012).

Coacervation is the separation of a colloidal system into two liquid phases
(International Union of Pure and Applied Chemistry-lUPAC, 1997). Complex
coacervation is based on the associative interaction between oppositely charged
polymers, usually a protein and a polysaccharide (Schimitt & Turgeon, 2011). Many
wall materials using proteins and polysaccharides are reported in the literature: whey

protein  isolate/sodium  alginate  (Rojas-Moreno et al., 2018), gelatin/
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carboxymethylcellulose (Yuan et al., 2018), gelatin/ arabic gum (Lv et al., 2014; Girardi
et al., 2017; Raksa et al., 2017), and gelatin/sodium alginate (Wang et al., 2016; De
Matos, Scopel & Dettmer, 2018). In this study, the biopolymers used as wall materials
were gelatin (GE) and sodium alginate (NaAlg).

Gelatin (GE) is a natural nontoxic water-soluble protein derived from collagen.
The polypeptide structure of the GE molecule facilitates its interactions with other
oppositely charged ingredients, which makes it an important wall material used for
microcapsules production by complex coacervation (Wang et al., 2016). Sodium
alginate (NaAlg) is an anionic linear polysaccharide containing 1,4-linked D-
mannuronic acid and L-guluronic acid residues, and is obtained from brown seaweed.
NaAlg is a natural, biocompatible, biodegradable, and hydrophilic polymer, which has
been used in microparticulate formulations (Dima et al., 2016).

Microcapsules obtained by complex coacervation are fragile under certain
conditions. For this reason, specific compounds are used for cross-linking in order to
obtain more resistant structures. An alginate matrix can be prepared through physical
and/or chemical cross-linking of the polymer chains. The ionic cross-linking generates a
three-dimensional network mainly by interaction of the carbonyl groups of guluronate
moieties with multivalent cations, giving rise to the well-known “egg-box”
conformation. The Ca®" ion is the most used, perhaps because of the adequate network
of the Ca-alginate gel and the acceptability of calcium by human organism (Phillips,
2009; Bagheri et al., 2014). Studies have shown that calcium chloride was efficient as a
cross-linking agent (Wang et al., 2016; Li et al., 2018).

Several studies in the literature describe the potential use of the complex
coacervation process in the encapsulation of EOs (Lv et al., 2014; Wang et al., 2016;
Girardi et al., 2017; Raksa et al., 2017; De Matos, Scopel & Dettmer, 2018; Rojas-
Moreno et al., 2018; Yuan et al., 2018). Thus, the present study aimed to analyze the
compositions of black pepper EO, and to determine the influence of pH and biopolymer
ratios on the formation of the complex coacervate obtained from GE and NaAlg, for use

in the encapsulation of black pepper EO.
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2. Materials and Methods

2.1. Materials

Gelatin, sodium alginate, calcium chloride and Tween 20 were obtained from
Sigma-Aldrich (St. Louis, USA). Black pepper EO was obtained from Ferquima (S&o
Paulo, Brazil) with the following characteristics: transparent/straw yellow, free of
impurities, density (20°C) of 0.870 — 0.900 g.cm™, and refraction index (20°C) of 1.480
— 1.500. Utrapure water with a conductivity of 0.05 uS/cm was used (Master System
P&D, Gehaka, Brazil).

2.2 Methods

2.2.1 Chemical composition of black pepper (Piper nigrum L.) EO
2.2.1.1 GC analysis

Analyses of volatile oils were carried out on a gas chromatography coupled
with a mass spectrometer (QP2010, Plus-Shimadzu, Japan) with a Factor Four-VF-5ms
capillary column (Varian) (30 m x 0.25 mm, 0.25 pum film thickness). The injection
volume of the sample was 1 pl (split 1:30) and the injector, gas chromatography
coupled with a mass spectrometer (GC-MS) interface and ion source temperatures were
maintained at 220, 310, and 250°C, respectively, with an ionization energy of 70eV.
The oven temperature was programmed as follows: 60°C at 2 min, 60 to 260°C at 3°C
min™, 260 to 290 °C at 10°C min™, and 290°C at 5°C min™.The EO constituents were
identified by visual comparison of their spectra in the literature (Adams, 2007) and by
the spectra provided by the device database (NIST21 and NIST107). A standard
solution of n-alkanes (Cg-Cy0) was injected under the same chromatographic conditions
as the sample to obtain the retention indices (IK value).

A gas chromatograph (5890-series Il, Hewlett Packard, USA) coupled with a
flame ionization detector (CG-FID) and equipped with a Factor Four-VF-5ms capillary
column (Varian) (30 mx 0.25 mm, 0.25 pm film thickness) was used for the
quantification of EO. The injector and detector temperatures were maintained at 220
and 250°C, respectively. The amount of the injection of the samples was 1uL in split

mode (1:30). The carrier gas was helium at a flow rate of 1 mL.min" (12 psi). The oven
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ramp temperature was programmed as follows: 60 °C for 2 min, increased to 260°C at
3°C min™, and 260 to 290°C at 10°C min™. The relative percentage of the oil

constituents was expressed as a percentage by area normalization.

2.2.1.2 NMR analysis

The NMR spectra were recorded on a spectrometer (Advance 11, Bruker, USA)
operating at 500.13MHz.The sample was measured in CDCIl3; (TMS was used as internal
reference) at 298.15K, adapted from Vicente et al. (2015). The spectra were processed
using the BrukerTopSpin 3.5 software. The spectra were processed using the

MestreNova® Software 9.0 (Mestrelab research).

2.2.2 Determination of the molecular weights of the biopolymers

The molecular weights of the biopolymers were determined by the viscosimetric
method, adapted from Pamies et al. (2010) and Masueli (2014). The dynamic viscosity
was calculated from the data obtained using Cannon-Fenske viscosimetric capillaries,
(Schott-Gerate, Germany). The capillaries were immersed in a thermostatic bath (CT-
52, Schott-Gerate, Germany) to control the temperature, which was maintained at
approximately 25°C+ 0.05. The biopolymers solutions were prepared with 0.1 M NacCl,
and the NaAlg content was determined as in a previous study (Bastos, De Carvalho &
Garcia-Rojas, 2018) with the concentrations 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.75%
(Pamies et al., 2010) and GE concentrations ranging from 0.1-1.0 % with a variation of
0.1% (Masueli, 2014). The solutions and solvent densities were measured in a
densimeter (DMA 4500M, Anton Paar, Austria) with an autoinjector (Xsample 452,
Anton Paar, Austria). The intrinsic viscosity ([n]) was estimated by extrapolation of

Martin curves to concentration "zero" (Guo et al., 2017), using the following equations:

In (1,,/<) = Inln] + K[le ®
Nep =" @
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where[] is the intrinsic viscosity (cm®/g), nsp 1S the specific viscosity, c¢ is the
concentration of the biopolymers (g/mL), # is the viscosity of the solution of the
biopolymers (g/cm.s), no is the viscosity of the solvent (g/cm.s), and K is Martin's
constant.

The molecular weights were determined by the following viscosimetric equation
(Mark, 1938; Houwink, 1940):

[l =K - M* (3)

where [77] is the intrinsic viscosity (cm®/g), M is the molecular weight, and K and a are
constants that depend on the polymer, the solvent, and the temperature. The NaAlg
constants a=0.92 and K=7.3 x 10°cm®/g were used as reported by Pamies et al. (2010),
and the GE constants a=0.62 and K= 2.9 x 10™ cm®/g were used as reported by Masueli
(2014).

2.2.3 Formation of the complex GE/NaAlg

2.2.3.1 Preparations of the solutions of GE and NaAlg

The biopolymers were weighted on an analytical balance (B-TEC-210, Tecnal,
Brazil) for preparation of solutions containing a fixed concentration of 0.1% w/w. The
biopolymers were dissolved in ultrapure water using a magnetic stirrer (NT101,
Novatecnica, Brazil). NaAlg was homogenized for 24 hours, and GE was homogenized
for 15 minutes at 50°C (Girardi et al., 2017).The ratios of 1:1, 1:2, 1:4, 1:6, 2:1, 4:1, and

6:1 (protein/polysaccharide) were tested.

2.2.3.2 Effect of protein ratio on the formation of the GE/NaAlg complex

To determine the ideal ratio at which protein and polysaccharide form a complex
coacervation, GE and NaAlg were mixed at different ratios (w/w). After mixing the
biopolymers solutions at varying ratios, the pH of the mixture was adjusted to 4.0 using
NaOH and HCI solutions, with a pHmeter (mPA210, Tecnopon, Brazil). Individual
biopolymers and the ratios were measurements by turbidity and C-potential. Turbidity

was measured at a wavelength of 600nm on a spectrophotometer (Biomate 3S, Thermo
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Fisher Scientific, USA) calibrated with ultrapure water to 100% transmittance
(%T).Turbidity was defined as 100-%T. A Zetasizer Nano ZS90 (Malvern Instruments,
UK) was used to determine C-potential, with a confidence interval of £0.1 unit. Each
experiment was performed three times. Samples readings were performed in triplicate at
25°C.The ratio of GE/NaAlg (w/w) where the maximum interaction between GE and
NaAlg occurred was selected to study the effect of pH on the formation of the
GE/NaAlg complex, adapted from Diarrassouba et al. (2015).

2.2.3.3 Effect of pH on the formation of the GE/NaAlg complex

The pH of the mixture at the selected ratio was varied from 7.0 to 2.0, turbidity
and C-potential. In Zetasizer Nano ZS90 (Malvern Instruments, UK), the GE/NaAlg
mixture was transferred to an MPT-2 autotitrator (Malvern Instruments, UK). The pH
was titrated using 0.5M NaOH, 0.25M HCI, and 0.025M HCI solutions. The pH was
varied by 0.5 unit increments with a confidence interval of 0.1 unit, adapted from
Diarrassouba et al. (2015).

2.2.4 Preparation of microcapsules

The GE/NaAlg microcapsules were tested using a solution with a total
concentration of 0.7, 1.4 or 2.1% (w/w) and biopolymer mixing ratio of 6:1. Different
core/wall ratios were tested (0.3:1, 0.6:1 and 1.2:1). Black pepper EO was initially
mixed with 40% (w/w) of Tween 20, and then added to the GE and NaAlg solutions.
Subsequently, the whole solution was emulsified using a Ultra-Turrax (T25D, IKA,
Germany) at the stirring rate of 10.000 rpm for 3 min, adapted from Lv et al. (2014).The
mixture was homogenized (NT101, Novatecnica, Brazil) for 30 minutes at 25°C, then,
25mL of a calcium chloride solution (30mg.mL™) (Bagheri et al., 2014) was added and
dissolved with magnetic stirring (NT101, Novatecnica, Brazil). Acetic acid (20%, v/v)
was used for acidification at pH 4.0. The microcapsules were stored at 10°C for 48
hours, and then the supernatant was removed. Finally, the microcapsules were frozen at

-80°C using dry ice and freeze-dried (Enterprise I, Terroni, Brazil) for 24 hours.
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2.2.5 Characterization of the microcapsules
2.2.5.1 . Loaded oil content and Encapsulation Efficiency (EE)

According to Karaca, Nickerson & Low (2013), approximately 300 mg of
microcapsules were weighted in a Falcon tube (15 mL) to which 5 mL of isopropanol, 2
mL of ultrapure water, and 2 mL of hexane were added. The components were
homogenized on a Vortex (AP 56, Phoenix, Brazil) and centrifuged (Digicen 21R,
OrtoAlresa, Spain) at 8.000rpm for 15 minutes. Then, the supernatant phase was
removed, washed twice with hexane, and placed in a petri dish for drying and the
evaporation of hexane.The mass was measured gravimetrically, the theoretical oil value
(OT%) was given by equation (4) and the loaded oil content (OC%) was given by
equation (5).

loil 4
0T (%) = WIcL x100 “)
WFoil (%)

0CCh) = ke

whereWloil is the initial mass of oil added to the system, WIc is the initial mass of the
capsule, WFoil is the oil content after encapsulation and WFc is the final capsule mass
after freeze-dried used in this analysis.The encapsulation efficiency (EE) is the
percentage of loaded oil content divided by the percentage of theoretical oil (Timilsena

et al., 2016), given by equation (6).

0C(%)x100
EE(%) = % (6)

2.2.5.2 Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the dried samples (GE, NaAlg, black pepper EO and the
capsule) were obtained. The analyses were performed with an FT-IR spectrometer (Ver-

tex 70, Bruker, Germany) read in the range of 4000-400 cm™".
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2.2.5.3 Chemical composition of the black pepper EO microencapsulated

In the sample with a higher EE (S3), oil extraction was performed as described
in section 2.2.5.1. The supernatant phase was removed and analyzed by GC, under the

same conditions as before (section 2.2.1.1).

2.2.6 Statistical analysis

All experimental measurements were conducted in triplicate, and the data are
expressed as the mean +* standard deviation. The statistical analyses were performed
using Origin® Pro 9.0.The Kolmogorov-Smirnov normality test was performed for the
populations. After confirming normality for all populations, one-way variance
(ANOVA) was performed to determine the existence of significant difference between
populations. Significant differences at a level of significance a = 0.05 were identified by

Tukey’s test.

3. Results and Discussion
3.1. Composition of black pepper EO
3.1.1 GC analysis

Compounds were identified by GC-FID and GC-MS analyses of black pepper
EO and are given in Table 1. The GC-MS chromatograph can be observed in Figure S1.
In total, fifteen components were identified, representing 92% of the total components
of the black pepper EO.The EO is a complex mixture consisting mainly of
monoterpenes and sesquiterpenes. The predominant component was p-caryophyllene
(28%), followed by limonene (15%), sabinene (11.4%), B-pinene (11%), a-pinene
(10.5%), 3-carene (6%), a-copaene (3.6%), elemene (2%), mircene (1.6%), a-
cariophylene (1%). The others terpenes identified had a percentage below 1%: a-thujene
(0.93%), p-cymene (0.47%), 2-carene (0.4%), linalool (0.3%), 4-terpineol (0.28%).

Previous studies reported a similar qualitative chemical composition for black
pepper EO, although in different quantities (Garcia-Diez et al., 2016; Chandran et al.,
2017, Orchard et al.,, 2017). The studies identified p-caryophyllene as a major
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component of black pepper EO, but at different concentrations: 57.6% (Garcia-Diez et
al., 2016), 15.03% (Chandran et al., 2017) and 28% (Orchard et al., 2017).The variation
in the chemical composition of the terpenes in the black pepper EO can be attributed to
the origin, climate, type of culture and type of extraction of the identified samples
(Garcia-Diez et al., 2016).

3.1.2 NMR analysis

The main five terpenes identified by CG were confirmed by *H and **C NMR, as
shown in Table 2 and Figure S2. Some signals of the major compounds of black pepper
EO were identified mostly due to the presence of the sp? protons at 8 4.51 — 5.41 ppm
and the correlations at Jy.c with respective sp® carbons at 8¢ 101 — 125, in the HMQC
spectrum. The presence of several methyl group signals was also very informative for
assigning some major compounds, mostly due to their long-range correlation signals
(*33,1.c) observed in the HMBC spectrum.

The main components identified in black pepper EO are known and its NMR
data were compared to the literature data. For instance, the monoterpene sabinene was
detected especially by the signal at 6y 0.67and d¢ 16.0 ppm of the methylene carbon of
the cyclopropyl ring (CH,-6)(Guerriniet al., 2006). Some characteristic signals of the
methyl groups were also detected and compared to the literature data, for instance, the
methyl groups at oy 0.86 (a-pinene), 0.91, 0.97 (sabinene), 0.96 and 0.98 (B-
caryophyllene) ppm (Guerrini et al., 2006). Limonene was detected, especially due the
presence of some characteristic carbon sp® signals at 8¢ 133.7 (C-1), 120.6 (CH-2),
150.2 (C-8) and 108.4 (CH,-10) ppm and its respective proton signals at oy 5.40 (brs,
CH-2) and 4.70 (brs, CH,-10) ppm. Additionally, B-pinene was detected due the
presence of sp? carbons signals at 8:152.3 (C-2), 105.9 (CH»-10) ppm and the methyl
groups at dc 26.1 (CH3-8) and 21.8 (CH3-9) ppm (Skakovskii et al., 2006). In the
DEPTQ spectrum (Figure S2) was possible to detect the presence of the quaternary sp?
carbons at 6c 133.7 — 154.7 ppm and methyl groups at 6¢16.3 — 30.1 ppm, which had its
positions assigned by HMBC experiment and comparison with the literature data
(Guerrini et al., 2006) (All 1D and 2D NMR assignments are shown in the

Supplementary Material). Limonene, sabinene, B-pinene and a-pinene have the same
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molar weight that can be justified because they are isomers, these were differentiated by
their fragments (Table 2).

The same terpenes were identified by NMR in others EOs: B-caryophyllene,
was identified in Rosmarinus officinalis (Da Silva Bomfim et al., 2015), Syzigum
aromaticum (Owen et al., 2017) and Myrtus communis (Bouzabata et al., 2015). B-
pinene and limonene were identified in Ocoteabofo Kunth (Guerrini et al., 2006),
Rosmarinus officinalis (Da Silva Bomfim et al., 2015) and Myrtus communis
(Bouzabata et al., 2015) EOs. Finally, a-pinene and B-pinene were found in Rosmarinus
officinalis (Da Silva Bomfim et al., 2015) EO. Sabinene was identified in Ocoteabofo
Kunth (Guerrini et al., 2006).

3.2 Intrinsic viscosity and molecular weights of the biopolymers

The molecular weight of NaAlg was determined in a previous study (Bastos, De
Carvalho & Garcia-Rojas, 2018), with an [7]= 0.3911 cm®*g and 138 kDa + 0.07
molecular weight. This molecular weight value is similar to those reported in the
literature (Pamies et al., 2010) when the molecular weight of NaAlg was determined
using the viscosimetric method. NaAlg can vary its molecular weight from 100 to 270
kDa depending on its origin and extraction (Phillips, 2009).

In the present study, GE had an [r]= 0.006439 cm®/g and 249 kDa + 1.5 of
molecular weight. The GE molecules are subdivided into several molecular weight
ranges corresponding to the most commonly occurring sizes. The more commonly
found ranges correspond to ‘4 chains’ of molecular weight 230- 340 kDa (Phillips,
2009).

3.3 . Effect of the ratio on the formation of the GE/NaAlg complex

The formation of complex coacervates between proteins and polysaccharides
typically occurs between the isoelectric point (pl) of the protein and the pKa of the
reactive groups of the polysaccharides. GE has a pl= 5.0 and the pKa of NaAlg is in the
range of pH 3.4 - 3.7 (Bokkhim et al., 2015).Thus, the ideal pH for the formation of the
GE/NaAlg complex is in the range of pH 3.7 t0 5.0.
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The ratio of polysaccharide to protein in the mixture influences their charge
balance and consequently, their complex coacervation behavior (Bokkhim et al., 2015).
Figure 1 shows the effect of the ratio on the formation of the GE/NaAlg complex
coacervate. Figure 1 (A) shows the turbidity variation at 600nm as a function of the GE/
NaAlg ratios (1:1, 1:2, 1:4, 1:6, 2:1, 4:1, 6:1) and of the biopolymers individually at pH
4.0.

The turbidity of the individual biopolymers was very low, for GE (0.7 £ 0.49)
and NaAlg (3.0 £ 0.71). In the ratios 1:1 and 1:6 the turbidity was similar, 9.7 £ 0.41
and 9.4 £ 0.71, respectively. The increase in the concentration of NaAlg presented a
slight increase in turbidity in the ratios 1:2 and 1:4, with a turbidity of 5.4 + 0.6 and 6.13
+ 0.9, respectively.

The increase in the concentration of GE doubled the turbidity in the ratios of 2: 1
and 4:1, with a turbidity of 4.16 £0.35 and 8.3+ 0.63, respectively.The 6:1 (GE/NaAlg)
ratio had a higher turbidity (63+ 0.84). As the ratio of protein increased, a large number
of positively charged GE in molecules were available to neutralize the negative NaAlg
an carboxylic groups (—COy), which gradually increased the interaction strength
between the protein and polymer. A similar behavior was described by Souza et al.
(2018) in  ovalbumin/carrageenan  coacervates. For the ratio 10:1
(ovalbumin/carrageenan) the maximum turbidity was obtained, suggesting that this
process occurred due to the increased interaction strength.

The variation in the zeta potential as a function of the ratio (GE/ NaAlg) and of
the biopolymers individually at pH 4.0 is presented in Figure 1 (B). The GE had an
electric charge of 15.50 £ 0.45 and the NaAlg near- 44.6 + 0.43. At the ratios of 1:2 to
1:6, as the NaAlg concentration increased the zeta potential of the ratios became more
negative, suggesting that more of the polysaccharide was incorporated into the colloidal
particles that formed. All the ratios showed a negative charge at pH 4.0, this result can
be explained due to the stoichiometric balance of the charges, where the electric charge
density present in GE was not sufficient to balance the charge of the GE/NaAlg
complexes (Schimitt & Turgeon, 2011; Bastos, De Carvalho & Garcia-Rojas, 2018).

The ¢-potentials of the mixtures changed from negative to positive as the
concentrations of GE increased. At low GE/NaAlg ratio, the negatively charged NaAlg
dominated the value of the {-potential. Correspondingly, the mixture carried positive
charge when GE was in excess. The same was observed by Yuan et al. (2017) in soy

protein/chitosan complex. At the ratio 6:1 (GE/NaAlg), the charge approached
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neutrality and higher turbidity, indicating that there was a better balance between the
charges of the biopolymers.

3.4 . Effect of pH on the formation of the GE/NaAlg complex

The effect of pH on the formation of the GE/NaAlg complex coacervate shown
in Figure 2. The GE/NaAlg ratio of 6:1 was selected to evaluate the effect of pH (2.0-
7.0) on the formation of the complex coacervate, as measured by turbidity at 600 nm
(Figure 2A).The complex presented higher turbidity (65.2 + 0.24) at pH 4.0. At this pH,
the biopolymers had opposite charges, where GE was positive and NaAlg was negative
(Figure 2B). At pH values 5.0, 6.0 and 7.0, turbidity was 2.43+ 0.23, 1.9 £0.52 and
1.23+ 0.21, respectively. At these pH values, the protein presented a negative charge
after its pl, both biopolymers were negative charged and for this reason, complex
formation did not occur (low turbidity). At pH values 2.0 and 3.0 the turbidity was
16.16 = 0.64 and 21.26 * 0.25, respectively. The pH values below the pKa of NaAlg
(3.4-3.7) should be avoided by reducing the pH substantially below the pKa of the
anionic polysaccharide, a loss of its charge and, consequently, a reduction in the
electrostatic attraction of the complex coacervates occurs. The turbidity observed at
pH<pKa can be attributed to the protonation of the carboxylic groups (—CO2
——CO,H") and possible aggregation of these groups (Bokkhim et al., 2015).

The ideal pH for the GE/NaAlg complex in the ratio of 6:1 was determined by
performing zeta potential measurements at each pH value (Figure 2B). At pH 2.0 and
3.0 the complex carries a net positive charge of 1.8 £ 0.51 and 7.2 £ 0.86 mV,
respectively. At pH 4.0, 5.0, 6.0 and 7.0, the complexes were negatively charged, with
the zeta potential values being -7.24 + 0.36, -38.5 £ 0.81, -48.5 £ 0.89 mV, respectively.
At pH values 2.0 and 3.0, pH values below the pKa of NaAlg and should be avoided
(Bokkhin et al., 2015). The greatest electrostatic interaction occurred near pH 4.0 where
the charge approached neutrality, which represents a balance between the biopolymer
charges. Similarly, Wang et al. (2016), observed that the ideal pH for formation of the
complex between GE/NaAlg was 3.5, but this pH is below the NaAlg pKa and should
be avoided. According to the Wang et al. (2016), a better ratio for the formation of the
complex was 6:1 (GE/NaAlg), as observed by the present study.
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3.5 . Formation and characterization of microcapsules

In Table 3 shows the composition of the formulations and the EE of the
microcapsules produced by complex coacervation.The theoretical oil value, oil content
and EE (equation 6) of microcapsules prepared with different samples is presented
(Table 3). The theoretical oil values were 20, 30 and 40 %. The loaded oil content
varied from 9.83 (S6) to 25.52% (S4). EE varied from 49.13 (S6) to 82.36% (S3). The
core material was black pepper EO and the wall material weight was the biopolymers

and the emulsifier.

3.5.1 Encapsulation Efficiency (EE)

The samples S2, S3, S5, S8 and S9 had higher EE values and did not present
significant differences (p< 0.05) in EE. The samples had different percentages of
biopolymers, core material and wall material weight. These samples had core/wall ratios
of 0.3:1 (S3, S9) and 0.6:1 (S2, S5 and S8). The similarity in the composition of the
samples was that the EO concentrations were lower than that of biopolymers. The
concentrations of biopolymers were sufficient to cover a greater amount of core, which
is extremely important to ensure that the active material is trapped within the capsule
and does not lose functionality (Da Cruz et al., 2019).

S3, S6 and S9 were prepared at a ratio of 0.3:1, but S6 differed from the others
(S9 and S6) and presented lower efficiency (49.13 + 3.41). S6 used intermediary
concentrations of biopolymers (%), wall material weight and EO concentration
compared to S3 and S9, contributing to the significant differences in EE for S6.

The samples S1, S6 and S7 were prepared with different conditions (percentages
and concentrations of biopolymers, EO concentrations and core/wall ratios), as
presented in Table 3. S1 and S7 were prepared with core/ wall ratio of 1.2:1 and S6 with
a ratio of 0.3:1, however, these conditions did not exert a significant difference in the
efficiency of the samples. S1, S6 and S7 had lower EEs, perhaps because an insufficient
amount of wall materials was available to cover the entire core, resulting in a high free
core concentration, and a high amount of core that was not encapsulated and, hence was
lost during the encapsulation process (Timilsena et al., 2016; Wang et al., 2016; Da
Cruz et al., 2019).
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S2, S4, S5 and S7 did not present significant differences in EE, when S2 and S5
had a core/wall ratio of 0.6:1, S4 and S7 had a core/wall ratio of 1.2:1. In the samples
with a core / wall ratio of 0.6:1 (S2 and S5), the EO concentrations were lower than that
of biopolymers, in samples with core/wall ratios of 1.2:1 (S4 and S7) the EO
concentrations were higher than that of biopolymers. The similarity in the composition
of the samples was that the EO concentrations were lower than the biopolymers
concentrations.

There were no significant differences in the EE between samples using a core/
wall ratio of 1.2:1 (S1, S4 and S7). The samples had different percentages for
biopolymers, S1 (0.7%), S4 (1.4%), S7 (2.1%).The similarity in the composition of the
samples was the EO concentrations were higher than that of biopolymers. The samples
(S1, S4 and S7) with core/ wall ratios of (1.2:1) had lower EEs, which did not favored
the EO imprisoned inside the capsule and can be explained because there was core
material (EO) in excess, as observed by Wang et al. (2016). Wang et al. (2016)
observed higher EE at the core/wall ratio of 1:1 for ginger (Zingiber officinale) EO
microcapsules prepared using GE/NaAlg to form a complex coacervate. According to
the authors, the core/wall ratio of 2:1 had a lower EE, perhaps due to the presence of
excess ginger EO, which could be observed from scanning electron microscopy.

Although the samples (S2, S3, S5, S8, and S9) did not present significant
differences in EE, sample S3 was selected for the next characterization of the
microcapsule because it had a ratio of 0.3: 1 with the low amount of EO. Timilsena et
al. (2016) demonstrated that the lowest amount of core relative to the wall material was
efficient to entrap chia seed oil in CPI-CSG complex coacervates. However, when the
core content was increased in proportion (core/wall material), a small amount of the oil
(core) was unencapsulated, and as the core amount was increased, the unencapsulated

oil (core) was deposited on the surface of the microcapsules.

352 .FT-IR

Figure 3 shows the infrared (FT-IR) spectroscopy of NaAlg, GE, black pepper
EO and the microcapsule (S3) at pH 4.0.The selected wavelength region (4000 to 400
cm™) includes the amides bands of the protein: group | (1625-1750 cm™), group I
(1475-1575 cm™), group 11l (1225 - 1425 cm™). Amide band | corresponds to the
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stretching of the C=0, amide band Il corresponds to the stretching of the N-H, amide
band Il is attributed to the stretching of the C-N and N-H groups. In the Gelatin, the
amide bands I, 11 and 111 were observed at 1697, 1536, and 1337cm™, respectively
(Figure 3).The free amino acid O-H groups (Wang et al., 2016) can be identified
between the bands 3300 and 3170 cm™. In the GE, the O-H group of the free amino acid
can be identified by the 3260 band.

The bands of NaAlg were determined in a previous study (Bastos, De Carvalho
& Garcia-Rojas, 2018), the first band is at 1591cm™, representing the CO, present in
the carboxylic acid salts (RCOO) in the range of 1650-1550 cm™. Band 2, presents at
1404 cm™, refers to the C-O bond of the acid group (RCOOH) in the range of 1440-
1395 cm™. Band 3 (1024 cm™) is attributed to the vibration stretch of the C-O and C-C
of the pyranose ring (Bokkhim et al., 2015).

The spectrum peak of black pepper EO shows CH stretching vibration at 2922
cm’, vibration of the aliphatic C-H in CH, at 2868,C=C stretching at 1643 cm™, C-OH
absorption bending vibration at 1446 cm™and CHs bending at 1381 cm™. The peak 886
cm* assigned to the bending vibrations (out of the plane) in =CHj (Li et al., 2018), the
peak at 786 cm™ is assigned to benzene rings =CH vibration absorption (Raksa et al.,
2017).

The spectrum of microcapsules containing black pepper EO is presented in
Figure 3, it shows amide bands Il of the GE at 1536 cm™ and it shows C-OH absorption
bending vibration at 1446 cm™ the peak 886 cm™ correspond to bending vibrations in
=CH, in black pepper EO. The peak 1024 cm™ is attributed to the vibration stretch of the
C-0 and C-C of the pyranose ringin NaAlg. The results show that the black pepper EO
is successfully encapsulated in the GE/NaAlg shell.

3.5.3. Composition of the EO after microencapsulation

Black pepper EO after microencapsulation was identified by GC-FID and GC-
MS analysis and is shown in Table 1. The B-caryophyllene was at 22.9% after the
encapsulation, at low levels (18.3%) compared to the relative content in the original
(28%) EO.Therefore, the high percentage of this terpene was preserved (81.7%) after

encapsulation.
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The others terpenes in the original EO were identified after microencapsulation,
and at the following percentages: limonene (12.10%), sabinene (9.13%), B-pinene
(8.73%), a-pinene (8.15%). The other compounds were present atlow concentrations.
The minor compounds present in the original EO were not identified after
microencapsulation (2-carene, linalool and 4-terpineol).

There was a decrease in all terpenes percentages after microencapsulation, this
can be explained because these components are volatile and sensitive to the adverse
factors (oxygen, light and low pH), which may have contributed to its reduction during
the fabrication of the microcapsules (Jun-Xia, Hai-Yan & Jian, 2011; Dima et al.,
2016). The same was observed in others studies of encapsulated EOs (Jun-Xia, Hai-Yan
& Jian, 2011, Peng et al., 2014; Lv et al., 2014).

The results obtained in the present study showed that encapsulated black pepper
EO has great retention capacity. The main terpenes identified in the EO were preserved,
with 80% of their original content (unencapsulated EO).The great retention of EOs has
been reported in others studies: sweet orange (Jun-Xia, Hai-Yan & Jian, 2011), mustard
(Peng et al., 2014), jasmine (Lv et al., 2014). Jun-Xia et al., 2011, identified the major
compound D-limonene in the sweet orange EO after microencapsulation by complex
coacervation with soybean protein isolate/gum arabic. The same method was used for
encapsulated mustard (Sinapis alba) EO (Peng et al., 2014), for which the authors
confirmed the presence of allyl isothiocyanate in EO after microencapsulation. Linalool
was identified in jasmine EO after microencapsulation by complex coacervation with
gelatin/gum arabic (Lv et al., 2014).

4.  Conclusion

In this study, black pepper EO compounds were identified by GC and NMR. GE
had a molecular weight characteristic of ‘6 chains’, and NaAlg had a low molecular
weight. The optimal ratio and pH for complex formation were 6:1 GE/NaAlg and 4.0,
respectively and the interaction between the biopolymers was confirmed via FT-IR.
Black pepper EO microcapsules produced by complex coacervation using GE and
NaAlg as wall materials have a good encapsulation efficiency. The presence of terpenes
in the encapsulated black pepper EO identified by GC indicated good core protection
with the materials used. Therefore, GE and NaAlg have been shown to have potential

for use as a wall material in the microencapsulation process of black pepper EO via the
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complex coacervation technique and can be used to encapsulate others bioactive
ingredients.
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Figure Caption

Fig.1: Effect of the ratio on the formation of the GE/NaAlg complex. Figure 1 (A)
shows the turbidity variation of the biopolymers individually and as a function of the
GE/NaAlg ratios at 600 nm. Figure 1 (B) shows the zeta potential variation of the
biopolymers individually and as a function of the GE/NaAlg ratios, both at pH 4.0. Data

represent the mean + one standard deviation (n = 3).

Fig.2: Effect of the pH on the formation of the GE/ NaAlg complex. Figure 2 (A) shows
the turbidity at 600 nm. Figure 2 (B) shows the zeta potential. The GE/NaAlg
concentration ratio was 6:1 and the pH values were 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0. Data

represent the mean + one standard deviation (n = 3).

Fig.3: FT-IR spectra of NaAlg, GE, EO and microcapsule (S3) (GE/NaAlg ratio r= 6:1)
at pH 4.0.
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Table 1.Chemical composition of the original black pepper EO and content in microcapsule by GC.?KI= Kovats indices to n-alkanes (Cg—Czo) on

an HP- 5MS column, "KI=identification based on comparison of retention index with those of published data (Adams, 2007), “RT= Retention

time, “Relative contentobtained by GC-FID.

RT® Relative content in

Component KL KP i) original EOPO6)  raierocaoatlet (o)
B-caryophyllene (1) 1429 1419 26.046 28 22.9
Limonene (2) 1033 1029 9.400 15 12.10
Sabinene (3) 975 975 7.434 114 9.13
B-pinene (4) 982 979 7.546 11 8.73
a-pinene (5) 934 939 6.196 10.5 8.15
3-carene (8) 1012 1011 8.672 6 0.81
a- copaene (14) 1379 1376 24.061 3.6 1.83
Elemene (13) 1336 1338 22.428 2 0.18
Mircene (7) 989 990 7.961 1.6 0.98
a-cariophylene (15) 1457 1454 27.235 1 0.62
a-thujene (6) 924 930 5.967 0.93 0.34
p-cymene (9) 1027 1024 9.168 0.47 0.15
2-carene (10) 1086 1002 11.652 0.4 -
Linalool (11) 1101 1096 12.152 0.3 -
4-terpineol (12) 1117 1177 15.421 0.28 -
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Table. 2. *C and 'H NMR data of identified major compounds in the black pepper EO (8¢ and &y in ppm).

mn
limonene (2)

sabinene (3)

i3 p-pinene (4) a-pinene (5)
[reariophyllene (1)
C dc dn (J in Hz) dc dn dc dn (J in Hz) dc du(J in Hz) dc dn
1 53.5 1.68(m) 133.7 - 37.6 - 152.3 - 116.0 5.18(br s)
2 1206  5.40(brs) 51.8 2.45(t, 5.3) 1445
3 40.0
4 135.5 41.1 154.5 -
5 124.3 5.30 (dd, 5, 10.5) 40.7
6 30.6 2.10(m) 16.0 0.64(d, 5.5) 37,6
7 34.8 1.98 (m), 2.20(m) 4.61(brs)
23.5 1.65(brs) 1015 4.79(brs)
8 157.4 150.2 32.6 1.52 (m) 26.1 1.23 () 26.4 1.26 ()
9 485 20.8 1.72(s) 19.7 0.88(d, 7) 21.8 0.71 (5) 20.8 0.83(s)
10 403 164m). 1M 1584 a70(brs) 198 0.95(d, 7) 105,9 i‘%i(brs)’ 23.0 1.65(s)
.61(brs)
11 33.9
12 22.6 0.97(s)
13 30.1 0.99(s)
14 16.3 1.60(s)
15 111.6 4.81(brs), 4.93(brs)
m/z 204 136 136 136 136
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Table 3. Composition of the formulations and encapsulation efficiency of the microcapsules produced by complex coacervation.

Core

Wall Material Weight (g)

core/wall ratio

CaC|2

Loaded oil

Theoretical

Samples Material (9) GE (g) | NaAlg (g) | Emulsifiers| Total (g) (wiw) solution(g)  content(%0) oil value (%0) EE (%0)
s1 0.42 0.3 0.05 0.28 1.05 1.2:1 10 21.55 +1.28 40 52.26% + 6.68
S2 0.21 0.3 0.05 0.14 0.7 0.6:1 10 20.95 + 0.46 30 70.39% + 9,57
S3 0.105 0.3 0.05 0.07 0.525 0.3:1 10 16.18 +0.7 20 82.36° + 3.52
s4 0.84 0.6 0.1 0.56 2.1 1211 10 2552+ 1.6 40 63.70™ + 2.90
S5 0.42 0.6 0.1 0.28 14 0.6:1 10 21.43 +1.36 30 69,51 + 4.56
S6 0.21 0.6 0.1 0.14 1.05 0.3:1 10 9.83 +0.68 20 49,139+ 3.41
S7 1.26 0.9 0.15 0.84 3.15 1.2:1 10 24.42 +1.67 40 61.03° + 5,50
S8 0.63 0.9 0.15 0.42 2.1 0.6:1 10 24.88 +0.57 30 82.20° +1.91
s9 0.315 0.9 0.15 0.21 1.575 0.3:1 10 16.34 + 1.09 20 81.10° + 8.19

The analyses were performed in three replicates. The same letters in the same column do not differ significantly by the Tukey test with a probability of 5%.
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CAPITULO V
INFLUENCE OF THE HEAT TREATMENT OF B-LACTOGLOBULIN ON
THE FORMATION OF INTERPOLYMERIC COMPLEXES WITH SODIUM
ALGINATE
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Abstract
The aim of this study was to evaluate the influence of some parameters (pH,

ratio of biopolymers and protein thermal treatment) on the formation of the
interpolymeric complexes between p-Lactoglobulin (B-LG) and sodium alginate
(NaAlg). B-LG nanoparticle (B-LGy,) around 6.5nm was obtained by thermal treatment.
The C-potentials showed that the ideal pHs to -LG/NaAlg and B-LGn/NaAlg were 4.5
and 4.0, respectively. Isothermal titration calorimetry further confirmed that per
molecule of NaAlg were saturated 131.1 with molecules of B-LG and for 555.1
molecules of B-LG,. The thermodynamic parameters demonstrated that the interactions
between B-LG and NaAlg were spontaneous with favorable enthalpic and entropic
contributions during the interaction.The chemical characteristics of the interpolymeric
complexes indicated that occurs electrostatic interaction and the hydrophobic groups
were exposed after thermal treatment of the B-LG, The formation of the interpolymeric
complexes between B-LG and NaAlg can serve as an alternative to the incorporation of

active ingredients in food systems.

Keywords: nanoparticle, electrostatic interaction, thermodynamic parameters, thermal

characteristic, FT-IR.
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1. Introduction

Complexes formed between proteins and polysaccharides are of continuing
interest due to its great flexibility in the engineering of mechanical and structural
properties of foods (Dickinson et al., 2008). The functional properties of the complexes
are potentially better than those proteins and polysaccharides alone (Schmitt &
Turgeon, 2011; Zeeb et al., 2018). Protein/polysaccharide coacervation commonly
results from electrostatic interactions between oppositely charged biopolymers. The
electrical charge on protein molecules changes from positive to negative when the pH is
altered from below to above their isoelectric point (pl). An anionic polysaccharide has a
full negative charge at pH well above the pKa value of its side groups (typically
carboxyl or sulfate groups) but progressively loses its charge as the pH is decreased.

This interaction can be affected by several parameters (pH, ionic strength,
temperature, biopolymer ratio and concentration, charge density, and molecular weight)
(Jones et al., 2009; Schmitt & Turgeon, 2011; Protte et al., 2016). Hydrophobic,
hydrogen-bonding and steric interactions may also occur (De Kruif et al., 2001). The
thermodynamic parameters of complex formation between proteins and polysaccharides
may be studied; where the enthalpy (AH) is associated with the energy involved in
molecular interactions and reflects the contribution of hydrogen bonds, electrostatic and
van der Walls interactions. The entropy (TAS) reflects a change in the order of the
system and is related to hydrophobic interactions (Pires et al., 2009; Bou-Abdallah et
al., 2012).

The study of the complexes is important because they can be used as
microencapsulation systems of biomaterials (Dickinson et al., 2008). Therefore, B-
LG/NaAlg complex formation has been used as a model system to study the formation
of complexes between oppositely charged biopolymers (Hosseini et al., 2013;
Qomarudin et al., 2015; Stender et al., 2018).

B-LG is the major constituent of whey protein, it is a small globular protein with
a well-known structure. It has an isoelectric point of = 5.1, a molecular weight of 18
kDa and a thermal denaturation temperature of = 70°C at neutral pH (Hoffman et al.,
1997; Verheul et al., 1999). At ambient temperature, native 3-LG molecules can exist in
various quaternary structures (monomers, dimmers, and octamers) depending on
solution pH and ionic composition. When B-LG is heated any oligomers tend to

dissociate into monomers (Galani & Apenten, 2000; Perez et al., 2014). This is followed
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by a partial loss in the secondary structure above 70°C, which exposes the hydrophobic
core and internal cysteine residues normally buried in the globular protein interior. The
thermal treatment can be controlled to produce biopolymer nanoparticles with well-
defined characteristics (Galani & Apenten, 2000; Perez et al., 2014). Nanoparticles refer
to functional materials at a length scale of less than 100 nm (Diarrassouba et al., 2017),
the particle size of the protein aggregates depends on the heating rate, heating duration,
and protein concentration (Bromley et al., 2006; Mehalebi et al., 2008; Jones et al.,
2010). Biopolymer nanoparticles and microparticles have useful applications in the food
and pharmaceutical industries, as encapsulating agents, delivery systems, texture
modifiers (Jones et al., 2011). Studies have shown that $-LG, can be formed by thermal
treatment (Jones et al., 2010; Perez et al., 2015; Guo et al., 2017).

NaAlg is an anionic biopolymer containing 1,4-linked B-mannuronic and a-
guluronic acid residues. It is one of the most biopolymeric matrices used in delivery
systems because of its biodegradability, biocompatibility, structural simplicity (Alipour,
Montaseri, & Tafaghodi, 2010; Chan et al., 2011).

The objective of this work was to study the influence of protein thermal
treatment, pH and biopolymer ratio on the formation of the interpolymeric complexes
from B-LG and NaAlg.

2. Material and Methods

2.1.Materials

Sodium alginate and pB-lactoglobulin were obtained from Sigma-Aldrich (St.
Louis, USA). Citric acid monohydrate and tribasic sodium citrate were obtained from
VETEC® Ltda (Rio de Janeiro, Brazil).The water used was ultrapure with a
conductivity of 0.05 uS/cm (Master System P&D, Gehaka, Brazil).

2.2.Methods
2.2.1.Preparation of the solutions of B-LG and NaAlg

The biopolymers were weighed in an analytical balance (Shimadzu, AY220,
Philippines) for the preparation of a solution containing a fixed concentration of 0.1%
(w/w). The biopolymers were homogenized on magnetic stirrer (NT101, Novatecnica,
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Brazil), B-LG was homogenized for 30 minutes at 25°C and the B-LG, was prepared
according to Jones et a. (2010), the protein was homogenized for 15 minutes at 85°C,

and the NaAlg was homogenized for 24h.

2.2.2. Determination of the molecular weight of the NaAlg

The NaAlg molecular weight was determined in a previous study (Bastos, De
Carvalho & Garcia-Rojas, 2018) using a viscosimetric method. The dynamic viscosity
was calculated through the data obtained using Cannon-Fenske viscosimetric
capillaries, (Schott-Gerate, Germany). The capillaries were immersed in a thermostatic
bath (Schott-Gerate, CT-52, Germany) to control the temperature, maintained around
25°C+ 0.05. The polymer solution was prepared with 0.1M NaCl, with the
concentrations 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.75% (Pamies et al., 2010). The solutions
and solvent densities were measured in the densimeter (Anton Paar, DMA 4500M,
Austria) with an autoinjector (Anton Paar, Xsample 452, Austria). The NaAlg constants
a=0.92 and K=7.3 x 10°cm®g were used as reported by Pamies et al. (2010) and
(Bastos, De Carvalho & Garcia-Rojas, 2018).

2.2.3. Particle size analysis of native B-LG and B-LG,

The hydrodynamic diameter (d.nm) of the B-LG solutions at 0.1% (w/w) was
determined by the Dynamic Light Scattering (DLS) technique using a Zetasizer
(Malvern Instruments, Nano-ZS, UK) equipped with an He—Ne laser. The measured

was performed at 25°C.

2.2.4.Formation of the B-LG/NaAlg complexes

2.2.4.1. (-Potential

The C-potentials of the biopolymers were determined using a Zetasizer Nano
ZS90 (Malvern Instruments, UK). The stock solutions were transferred to an MPT-2
autotitrator (Malvern Instruments, UK).The pH was titrated using 0.5M NaOH, 0.25M
HCI, and 0.025M HCI solutions. Each experiment was performed three times, and

samples readings were made in triplicate at 25°C, as adapted from Bastos et al. (2018).
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The strength of the electrostatic interaction (SEI) between oppositely charged
polyelectrolytes can be estimated according to Yuan et al. (2017), given by equation (1):

SEI (mV?) =|ZP4| x |ZP,| (1)

where ZP; and ZP, are the measured {-potential of both proteins at each pHs.

2.2.4.2. 1sothermal titration calorimetry (ITC)

Toperform a thermodynamic analysis by Nano-ITC equipment (TA Instruments,
USA) was used. The solutions were prepared in a 10mM citrate buffer in pHs 4.0 (B-
LGy) and 4.5 (B-LG) both at 25°C.The pHs were chosen according to SEI (Topic
2.2.4.1).The control was prepared by titration of B-LG in the buffer that was in the
sample cell, and the reference cell was filled with ultrapure water. The B-LG solutions
were prepared at 0.25mM and NaAlg solutions at 9.37 x 10°mM (pH 4.0) and 3.75 x
10*mM (pH 4.5). After dissolution of the biopolymers, the solutions were dialyzed
using 3.5kDa membranes (Sigma-Aldrich, Midi 3500, USA) to equilibrate ionic
strength and pHs (4.0 or 4.5 £ 0.05). The solutions were filtered (0.45 pm) and degassed
under vacuum using a degassing station (TA Instruments, USA). In total, 250 uL of the
titration solution (B-LG) was titrated in the sample cell containing the NaAlg solution at
310 rpm, an injection interval of 300 seconds and an injection volume of 10 uL. The
dilution energy was subtracted from the raw data, and the thermodynamic parameters
were obtained through the program TA Nano Analyze®. The results were expressed at

the significance level of 0.1.

2.2.5. Characterization of the B-LG/NaAlg complexes

The samples were frozen in an ultra-freezer (Terroni, COLD120, Brazil) at -
40°C for approximately 24 h. Soon after, they were placed in a bench top freeze dryer
(Terroni, Enterprise 1, Brazil) for drying and stored in a desiccator with silica gel until
use.

2.2.5.1. Fourier transform infrared spectroscopy (FT-IR)
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FT-IR spectra were obtained from the B-LG, NaAlg and the -LG/NaAlg and -
LGn/NaAlg complexes. The analyses were performed with an FT-IR spectrometer
(Bruker, Ver-tex 70, Germany) and read in the range of 4000-400 cm .

2.2.5.2. Differential Scanning Calorimetry (DSC)

Analysis was performed using a differential scanning calorimeter Q200 (TA
Instruments, USA). An indium (In) standard was used to calibrate the energy and
temperature of the equipment, and nitrogen was used as the drag gas. The lyophilized
samples (~2 mg) in which the moisture content was determined were weighed in
hermetic aluminum crucibles with the aid of a precision scale (Mettler Toledo, Mx5,
USA). Samples were analyzed over a temperature range of 25 to 300°C at the rate of
5°C/ min, and an empty, sealed crucible was usedas a reference (Bastos et al.,
2018).The determination of the transition temperature at the maximum peak and the
enthalpy variation were analyzed by the Universal VV4.5A®software (TA Instruments,
USA).

3. Results and discussion
3.1. Molecular weight of NaAlg

In a previous study (Bastos, De Carvalho & Garcia-Rojas, 2018), the NaAlg
presented 138 kDa + 0.07 of the molecular weight. This result was in agreement with
the literature. Pamies et al. (2010) and Davila et al. (2017), obtained molecular weight
values of NaAlg of 143 and 99.9 kDa, respectively.The molecular weight of the NaAlg
can vary from 100 to 270 kDa (Launey et al., 1985), and depending on its origin and
extraction (Phillips, 2009).

3.2. Characterization of native B-LG and B-LG,

3.2.1. Particle size

The particle size distributions of p-LG solutions were monitored by DLS.The
intensity profiles as a function of the size (d.nm) for solutions of B-LG (0.1%, w/w) at
pHs 4.5 (B-LG) and 4.0 (B-LG,) was showed in Figure 1. The B-LG and B-LG,
presented 430nm and 6.5nm, respectively. After heated the B-LG, the protein aggregates
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in the range of nanoparticles with sizes < 100nm at pH 4.0.The polydispersity indices
(PdI) of the B-LG and B-LG,were 0.27 and 0.24, respectively.

Ko & Sundaram Gunasekaran, (2006) produced B-LG, of 59 nm by thermal
treatment (60°C/30min). The study observed that small hydrophobic interactions of B-
LG suppressed the aggregation of the molecules and then resulted in small particles.
The B-LG, presented stable in acidic and neutral environments. Jones et al. (2010)
formulated induced the protein aggregates for the B-LG (0.5%w/w) by heat treatment
(85°C/15min) in pH 5.8.The study demonstrated that native B-LG presented 400nm and
after heated was 177nm. The B-LG after heated presented Pdl was 0.15. The B-LG
produced in present study using 0.1% (w/w) and pH 4.5, this can be contributed for the
difference on the Pdl when compared with Jones et al. (2010). In present study the B-LG
and B-LG, showed 0.1 <Pdl values < 0.4, suggesting moderate polydispersity
(Bhattacharjee, 2016).The Pdl of the -LG was decreased after thermal treatment when
the pH was adjusted the 4.5 for 4.0. According to Spoton et al. (2017), the
polydispersity decreased with heating time over the whole pH studied.

According to C-potential analysis the pl for the B-LG and B-LG, were 6.2 and
5.3, respectively. The behavior of the heat denatured protein can be explained according
to the pH of the solution and the pl of the protein, the pH<pl can favor protein
denaturation. When the pH of the protein solution was close to their pl occurs relatively
weak electrostatic repulsion between the protein molecules and was formed particulate
aggregates with dimensions in the 0.1 to 10 um range. In pH values far from its pl
occurs relatively strong electrostatic repulsion between the protein molecules and was
formed filamentous aggregates tend to have widthsless than 50 nm (Aymardet al., 1999;
Gosalet al., 2004; Santipanichwong et al., 2008). Aggregation of native B-LG is
completely reversed when the pH is increased or decreased away from pl. The rate of
aggregation is maximum at about pH 4.6 (Majhiet al., 2006) and is negligibly slow for
pH 5.5 and higher even at 50 °C (Mehalebi et al., 2008).

3.3. Complex between B-LG and NaAlg
3.3.1. Optimal pH for B-LG/NaAlg complexes

The strength of the electrostatic interaction (SEI) between oppositely charged
biopolymers can be estimated by calculating the absolute value of the product of the

measured C-potential of both polymers at each pHs (Espinosa-Andrews et al., 2013;
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Yuan et al., 2017). Figure 2 showed the C-potential and SEI the biopolymers as function
of pH. As shown in C-potential-pH curves, B-LG and NaAlg carried opposite charges
within all tested pHs, indicating that the interpolymeric complexes can be formed
between the biopolymers.

In Figure 2A can be observed the {-potential and SEI of the B-LG —NaAlg and
Figure 2B, the C-potential and SEI of the B-LG, -NaAlg was showed. In both, the
NaAlg carried more negative charge and the -LG presented a slight loss of the positive
charge when the pH was increased. The B-LG/NaAlg complex can be occurs between
pKa (3.4-3.7) of the NaAlg and plI of the B-LG (6.2) (Figure 2A) and B-LGp/NaAlg
complex between pKa (3.4-3.7) of the NaAlg and pl of the B-LG,, (5.3) (Figure 2B). The
pH<pKa should be avoid due to the protonation of the carboxylic groups (-CO, —-
CO,H") and possible aggregation of these groups (Bokkhim et al., 2015).

The SEI data showed that probability of -LG/NaAlg interaction was maximum
at pH around 4.5 and minimum at pH around 6.0 (Figure 2A) and with B-LG, was
maximum at pH around 4.0 and minimum at pH around 5.0 (Figure 2B). Based this
finding, the pHs of 4.5 (B-LG) and 4.0 (B-LG,) was optimized to study the binding
between B-LG and NaAlg. Similar pHs was ideal for formation of the whey proteins
(WPI) with polysaccharides: B-LG/pectin (Xu et al., 2015), B-LG/persian gum (Hadian
et al., 2016), B-LG/gum arabic and carboxymethyl cellulose (CMC) (Hosseini et al.,
2016) lactoferrin/NaAlg (Bastos et al., 2018), WPI/quince seed mucilage (Ghadermazi
etal., 2019).

3.3.2. Isothermal Titration Calorimetry (ITC)

The thermograms of the heat flux over time (obtained from the titration of B-LG
in NaAlg in pH 4.5 and B-LG, in NaAlg in pH 4.0, both at 25°C) are shown in Figure 3.
According to the Figure, the titration profile was exothermic for all injections.
Exothermicity is mainly related to the non specific electrostatic neutralization of the
opposite charges carried by the two biopolymers demonstrating the enthalpic
contribution ofcomplex coacervation (Girard et al., 2003; Schmitt et al., 2005),while its
regular decrease is attributed to a reduction in free protein molecules remaining in the

reaction chamber after successive injections resulted in a reduction in the released
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energy. Hosseini et al. (2013) and Hadian et al. (2016) reported exothermic sequence for
B-LG interaction with k-carrageenan and Persian gum respectively.

The binding isotherms of the B-LG/NaAlg complex, was characterized by one
stage. Several studies have reported the same behavior when studying the interaction
between proteins and polysaccharides, such as B-LG/Carrageenan (Hosseini et al.,
2013), B-LG/Persian gum (Hadian et al., 2016), Lactoferrin/NaAlg (Bastos et al., 2018),
Lisozyme/Carrageenan and Ovoalbumin/Carrageenan (Souza et al., 2018).

The “one binding site” model (assuming the existence of one independent
binding site for each protein molecule) was used to fit binding isotherms, when study
the B-LG and B-LG, on the formation of the interpolymeric complexes between NaAlg.

The thermodynamic parameters used included the reaction stoichiometry (N),
binding constant (K), enthalpy (AH), change for entropy (TAS), and Gibbs free energy
change (AG), which can be calculated from the equation AG=AH-TAS, where T is the
temperature in Kelvin (298.15). The parameters obtained in present study, can be
observed in Table 1. The binding stoichiometry (N) with B-LG, was calculated to be
131.1, suggesting that NaAlg became saturated with 131.1 molecules of B-LG bound
per molecule of NaAlg. This ratio was equivalent to a -LG/NaAlg ratio of 17 (w/w), as
calculated using 18.000g/mol for a B-LG and 138.000g/mol for NaAlg (Wolf, 1970).

The binding stoichiometry (N) with B-LG,, was calculated to be 555.1,
suggesting that NaAlg became saturated with 555.1 molecules of B-LG, bound per
molecule of NaAlg. The B-LG,/NaAlg ratio of 72(w/w), as calculated using the same
molecular weights for the B-LG and NaAlg. The binding constant was on the order of
10’M™ indicating a strong binding affinity between B-LG and NaAlg.

The AG value was negative for the B-LG and B-LG, on the formation of the
interpolymeric complexes between NaAlg, indicating the spontaneous nature of the
interaction between B-LG and NaAlg. The AH were negative and TAS values were
positive, indicating that the complexation process between the biopolymers is favorable
enthalpically and favorable entropically. In B-LG,, the TAS was higher than unheated
protein, this can be explained because the after heated the hydrophobic groups was
exposed indicating increased for the entropy change (Pires et al., 2009; Bou-Abdallah et
al., 2012).

The electrostatic interaction is predominant, but others interactions related to
hydrophobic interactions occurred.Similar result was described by (Yuan et al., 2017)

when study thermodynamic parameters of soy protein and chitosan.
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3.4.Chemical and thermal characterization of the -LG/NaAlg complexes

The samples were prepared using the pHs obtained by SEI and the ratios
obtained by ITC (topic 3.3.2). The B-LG/NaAlg complex was formulated using the ratio
17:1 (B-LG/NaAlg) at pH 4.5 and the B-LG,/NaAlg complex using the ratio 72:1 (B-
LG, /NaAlg) at pH 4.0.

34.1. FT-IR

The FT-IR spectra of NaAlg, B-LG, B-LG/NaAlg (pH 4.5) and B-LG,/NaAlg
(4.0) complexes are shows in Figure 4. The spectrum of the NaAlg was demonstrated in
a previous study by Bastos et al, (2018). The band 1591cm™ representing the CO,
present in carboxylic acids salts, the band 1404cm™ refers to the C-O bond of the acid
group, the band at 1024cm™ is attributed to the vibration stretch of the C-O and C-C of
the pyranose ring (Booking et al., 2015).

The free amino acid O-H groups can be identified between the band 3300 and
3170cm™ (Barth et al., 2002). In the B-LG this group can be identified by the 3270cm™.
The band 1634cm™ correspond to amide 1 (1625-1750cm™), and refers to the stretching
of the C=0 (Huang et al., 2006). The band 1528cm™ refers to amide 11 (1475-1575cm™)
and was related to the secondary structure of the protein, indicating a predominantly, -
sheet structure (Dong et al., 1996; Xu et al., 2019). The bands 1239 and 1395cm™ refers
to amide 111 (1225-1425cm™), and is attributed to the stretching of the C-N and N-H
groups (Huang et al., 2006).

The spectrum of the B-LG/NaAlg complexes is a result of the contribution of
both biopolymers with the bands 3270, 1634, 1528, 1395, 1239 and 1024cm™. These
indicated was occurs electrostatic interaction between the carboxylic groups (-COO) of
the NaAlg and the amine groups (-NHsz") of B-LG (Bokkhing et al., 2015). In B-
LG,/NaAlg, the bands at 1634 and 1528cm™ were stretched out when compared with
the B-LG/NaAlg (Figure 4). These bands corresponding to stretching of the C=0
(hydrophobic group) and B-sheet structure, respectively. The PB-sheet formation in
protein increases due to an increase in hydrogen bonding (Krimm & Bandekar 1986).
The stretched out can be occurs due to the expose the hydrophobic groups after thermal
treatment (Bhattacharjee et al., 2005; Ko & Sundaram Gunasekaran, 2006).
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Studies demonstrated the formation of complex coacervation between WPI and
polysaccharides using the FT-IR analysis: WPIl/tamarind seed mucilage (Gonzélez-
Martinezet al., 2017) WPI/pectin (Raei et al.,2018), lactoferrin/NaAlg (Bokkhing et al.,
2015; Bastos et al., 2018).

3.4.2. DSC

The thermograms of the NaAlg, B-LG and B-LG/NaAlg complex (pH 4.5) were
observed in Figure 5. In Figure 5A the main endothermic events corresponding to glass
transition (Tg) of the NaAlg and the interactions of the B-LG/NaAlg complex and
exothermic event in NaAlg at different temperatures. In Figure 5B the endothermic
event corresponding to the B-LG denaturation.

In NaAlg was an endothermic peak at 119.8°C (Figure 5 A), similar to that found
by Flynn et al. (2012) and Soares et al. (2019). Flynn et al. (2012) observed an
endothermic peak at 119 °C and Soares et al. (2019) at 120.27 °C, which was suggested
to correspond to the glass transition (Tg). The exothermic peak in NaAlg was observed
at 241.5°C (Figure 5A), the same was found to El-Houssiny et al. (2016). EI-Houssiny
et al. (2016) showed an exothermic peak at 240.99°C, wich refers to the decomposition
of the biopolymer. This decomposition can be resulted from the degradation of polymer
due to dehydration and depolymerization reactions most probably to the partial
decarboxilation of the protonated carboxylic groups and oxidation reactions of the
polymer (El-Houssiny et al., 2016).

The denaturation temperature of f-LG was observed at 70°C (Figure 5 B), which
is in agreement with Jones et al. (2010). Jones et al., 2010 found the temperature
denaturation of B-LG at 78.3 °C.The B-LG/NaAlg complex was degraded at 106°C
(Figure 5A), indicating that the degradation temperature of the complex was between
the denaturation temperature of the B-LG and the Tg of the NaAlg. The higher
temperature than those found for the native B-LG demonstrating an increasing thermal
stability of the protein in B-LG/NaAlg complex. These can be attributed due to
interactions such as hydrogen bonds, steric and electrostatic and water-biopolymer
interactions (Joye, Davidov-Pardo, & McClements, 2015). The NaAlg improved the
stability of the WPI by affecting in the conformation of the complex coacervates, which

agrees with reports by Gonzalez-Martinez et al. (2017) and Bastos et al. (2018).
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Gonzélez-Martinez et al., (2017), demonstrated that degradation temperature of
the complexes WPI/ tamarind seed mucilage (94.95°C) and WPI/ gum arabic (98.2°C)
occurs in higher temperatures than native WPI (92.95°C). In a previous study (Bastos et
al., 2018), the lactoferrin denaturation was at 53°C, the Tg of the NaAlg was at
120.27°C and the degradation temperature of the lactoferrin/NaAlg complex at
116.67°C.

The enthalpy of denaturation (AHg) indicates the amount of energy needed to
denature the biopolymers (Timilsena et al., 2016). The AHq4 of the B-LG and the -
LG/NaAlg complex were 83.57J/g and 199.6 J/g, respectively. These results indicated
that degradation of B-LG in complex coacervate requires a higher thermal energy
compared to isolated B-LG (Timilsena et al., 2016). The AHq value of the B-LG/NaAlg
complex indicates that it can be used as a thermally resistant wall material, and can be
use to encapsulated compounds sensitive to high temperatures. The same was observed
by Jones et al. (2010) and Bastos et al. (2018).

Jones et al. (2010) showed the AHq4 of the B-LG and the B-LG/carrageen complex
were 104.67J/g and 142.35J/g, respectively at pH 4.75. Bastos et al. (2018) showed that
AHy of the lactoferrin and lactoferrin/NaAlg complex were 1.487J/g and 129.5J/g,
respectively at pH 4.0.

4. Conclusion

In this study, the B-LG/NaAlg and B-LGn/NaAlg complexes interpolymeric were
formed at the pHs 4.5 and 4.0, respectively. The ITC data indicated a strong binding
affinity between B-LG and NaAlg with a favorable enthalpic and entropic contribution
during their interaction. The predominance was the electrostatic interactions and the -
LG, presented higher hydrophobic interactions. The chemical characteristics of the
complex coacervates showed changes produced by the electrostatic interaction between
B-LG and NaAlg. The B-LG/NaAlg complex presented a higher thermal resistance, thus
presenting its potential to be used as a wall material in the incorporation of functional

ingredients sensitive to high temperatures in various food systems.
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Figure Caption

Fig.1: Particle size of the B-LG and B-LG, (0.1% w/w) in fixed pHs 4.5 and 4.0,

respectively.

Fig. 2: C-Potential and SEI of the B-LG, NaAlg and their B-LG/NaAlg complexes.

Fig. 3: (A) Heat flow thermogram (pcal/s) as a function of time (s), obtained during the
titration of 0.25mM B-LG in9.37 x 10° mM (pH 4.5) at 25°C and graphical
representation of the integral of the area under each peak (kcal/mol) as a function of the
molar ratio (rm) of B-LG/NaAlg, (p<0.1).(B) Heat flow thermogram (ucal/s) as a
function of time (s), obtained during the titration of 0.25mM B-LG, in 3.75 x 10* mM
(pH 4.0) and graphical representation of the integral of the area under each peak
(kcal/mol) as a function of the molar ratio (rm) of B-LG,/NaAlg, (p<0.1).

Fig. 4: FT-IR spectra of NaAlg, B-LG, B-LG/NaAlg (pH 4.5) and B-LGp/NaAlg (pH
4.0).

Fig 5: (A) Thermogram generated by DSC analysis of B-LG, NaAlg and p-LG/NaAlg
complex at pH 4.5. (B) Thermogram generated by DSC analysis of B-LG.
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Tabela 1.Thermodynamic parameters of B-LG/NaAlg complex at pH (4.5) and f-
LG /NaAlg complex at pH (4.0), both in 10 mM citrate buffer were determined with the

TA NanoAnalyze® software.
B-LG /NaAlg complexes
Thermodynamic Parameters B-LG B-LG,
K (M 8.188x 10"+ 2.26x10"  2.092x 10"+ 2.26 x10’

N (mol pr/mol ps) 131.1+2.32 555.1+14

AH (kcal/mol) -4.38 +0.134 -3.67 +0.74

TAS (kcal/mol) 3.92 5.43

AG (kcal/mol) -8.3 -9.11
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CAPITULO VI
MICROENCAPSULATION OF BLACK PEPPER (PIPER NIGRUM L.)
ESSENTIAL OIL WITH B-LACTOGLOBULIN AND SODIUM ALGINATE BY
COMPLEX COACERVATION: SIMULATED GASTROINTESTINAL
CONDITIONS AND MODELING THE KINETICS OF RELEASE
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Abstract

The black pepper essential oil (EO) was encapsulated by complex coacervation with f3-
Lactoglobulin (B-LG) and sodium alginate (NaAlg) using transglutaminase as a cross-
linking. Encapsulation efficiency varied from 20.18 to 85.01%. Chemical and
morphological characteristics showed that EO was encapsulated in a B-LG/NaAlg shell.
The particle size demonstrated that the capsules produced were in scale micro. The
study of the EO release in foods stimulants showed that capsule lost lower release in
water, and the Rigger-Peppas model indicated that Fickian diffusion mechanism
occurred. In in vitro digestion simulate, the capsules demonstrated the low release of the
EO during gastric digestion and higher release in intestinal digestion.The EO after
digestion presented higher stability (84.8% +0.07), and (31.16% * 0.3) of the
bioaccessibility. The results obtained in the present study demonstrated that
biopolymers used as wall materials shown to protect black pepper EO effectively, and
the capsules can be used to transport active ingredients because they are resistant to the

human oral and gastric conditions tested in vitro.

Keywords: Encapsulation efficiency, Fickian diffusion, simulated digestion, SEM,

bioaccessibility.
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1. Introduction

Black pepper (Piper nigrum L.) is a plant of Piperaceae family, is famous as the
spices pungent quality and is used as flavouring agent in foods (Ahmad et al., 2012;
Saha et al., 2013).The essential oil (EO) of Piper nigrum L. has antioxidant and
antimicrobial activity (Ahmad et al., 2012; Chandran et al., 2017). EOs is aromatic
volatile oily liquids obtained from plants and is rich sources of biologically active
compounds such as terpenes (Bakkali et al., 2008; Dima et al., 2016). EOs are an
alternative to natural preservatives in foods, but their biological potential was decrease
with environments conditions (oxygen, light, high temperatures, low pH and
gastrointestinal fluids). Encapsulation can prevent exposure of EOs and their
degradation (Bakkali et al., 2008; Dima et al., 2016).

The microencapsulation is a process which retains an active ingredient inside
another (wall material) and creates a physical barrier between the core and wall
materials protecting sensitive ingredients from the external environments (Gaonkar et
al., 2014). Several studies used complex coacervation for encapsulation EOs (Wang et
al., 2016; Girardi et al., 2017; Raksa et al., 2017; De Matos, Scopel &Dettmer, 2018;
Rojas-Moreno et al.,, 2018; Yuan et al.,2018).The complex coacervation process
principally consists of three basic steps: emulsification, coacervation, and shell
formation and/or hardening (Zhang et al., 2012). The coacervation consist in the
electrostatic interaction between two polymers with opposite charges, usually a protein
and polysaccharide (Schimitt & Turgeon, 2011; Nesterenko et al., 2014). Many wall
material combinations of the protein and polysaccharide are used for encapsulated EOs
by complex coacervation: whey protein isolate (WPI)/carboxymethylcellulose (CMC)
(Koupantsis et al., 2014; Koupantsis et al., 2016), WPI/pectin (Ghasemi et al., 2017),
WPI/ Sodium alginate (Rojas-Moreno et al., 2018).

B-Lactoglobulin (B-LG), which represents about 60% of the proteins in bovine
whey, it’s a globular protein with a molecular weight of 18 kDa, and isoelectric point of
=~ 5.1 (Jones et al., 2010; Nicolai et al., 2011). This protein presented high stability at
acidic pH andits resistance towards peptic digestion, theuse of B-LG to formulate a
microcapsule wall for encapsulating oral delivery and controlled release active
ingredients (Gunasekaran et al. 2007; Bhattacharjee et al., 2014).

Sodium alginate (NaAlg) is a biodegradable hydrophilic polymer, water soluble
salt of alginic acid, a certainly happening non-toxic polysaccharide found in all types of
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brown algae. It contains two uronic acids, 1-4 connected 3-D-mannuronic acid and a-L-
guluronic and consists of homopolymeric blocks M-M or G-G (El-Houssiny et al.,
2016). Alginates demonstrated resistance under oral and gastric simulated conditions,
they showed to inhibit pepsin activity in vitro (Strugala et al., 2005; Chater et al., 2015).

Cross-linkg agents were used to obtain more resistant structures for the
microcapsules produced by complex coacervation (Peng et al., 2014).Transglutaminase
(TG), is a naturally enzyme, used as cross-linking agent for fabricated EOs
microcapsules by complex coacervation (Xiao et al., 2014; Lv et al., 2014; Rojas-
Moreno et al., 2018).

The active compounds microcapsules can be added in to food as natural additive
to included biological properties (Bakkali et al., 2008). The study of the active
ingredients is important for evaluating the industrial application of the encapsulated
product. Studies available the encapsulated oils release in different simulated food
matrices (Bustos et al., 2015; Atay et al., 2017; Cortés-Camargo et al., 2018; Rezaeinia
et al., 2019). In gastrointestinal digestion, the foods are degrading to a molecular scale
by the digestive enzymes (Abrahamsson et al., 2005). Studies have been investigating
the digestion simulated in vitro of the EOs stability microcapsules (Li et al., 2018; Voli¢
etal., 2018).

The objective of this study was encapsulate the black pepper EO by complex
coacervation using B-LG and NaAlg as wall materials, to characterize the encapsulation
efficiency, chemical and morphology structure, stability of the capsules under human
gastrointestinal simulation and kinetics of release in food models.

2. Material and Methods
2.1 Materials

Sodium alginate, B-lactoglobulin, a-amylase (A3403), porcine pepsin (P6887),
pancreatin from porcine pancreas (P7545), porcine bile extract (B3883) was purchased
from the company Sigma-Aldrich® (St. Louis, USA), Transglutaminase was acquired
from the Ajinomoto (Sao Paulo, Brazil). Black pepper essential oil was obtained from
Ferguima (S&o Paulo, Brazil). The reagents used were of grade P.A. and obtained from
the Synth (S&o Paulo, Brazil) and Proquimios (Rio de Janeiro, Brazil).The water used

was ultrapure with a conductivity of 0.05 uS/cm (Master System P&D, Gehaka, Brazil).
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2.2 Methods
2.2.1. Preparation of the black pepper EO microcapsules

The biopolymers were weighed in an analytical balance (B-TEC-210, Tecnal,
Brazil) for the preparation of a solution containing a fixed concentration of 0.1% (w/w).
The NaAlg was homogenized for 24h and the B-LG was homogenized for 30 minutes at
25°C using a magnetic stirrer (NT101, Novatecnica, Brazil).The microcapsules were
prepared using the ratio 17:1 (B-LG/NaAlg) at pH 4.5, as previously defined. The -
LG/NaAlg microcapsules were tested using a solution with total concentration of 0.45,
0.9 and 1.8% (w/w) and different core/wall concentrations (1:1, 1:2 and 2:1). Black
pepper EO added with B-LG solution and was emulsified with ultra-turrax (T25D, IKA,
Germany) at the stirring rate of 10.000 rpm for 3 min (Lv et al., 2014). The NaAlg was
added, the mixture was homogenized (NT101, Novatecnica, Brazil) and acidification at
pH 4.5 with acetic acid (20%, v/v). The temperature of the suspension of the
microcapsule will be reduced to 5 °C in an ice-water bath for 60 minutes (Peng et al.,
2014). Transglutaminase solution (0.25% wi/w) is added under magnetic stirred at 400
rpm for 3 hours at 25 °C to induce cross-linking (Lv et al., 2014). The microcapsules
were kept at 10°C for 48 hours and then the supernatant was removed. Finally, the
microcapsules were frozen in liquid nitrogen and freeze-dried (Enterprise I, Terroni,
Brazil) for 24 hours.

2.2.1 Characterization of the black pepper EO microcapsules

2.2.1.1. Determination of standard curve and encapsulation efficiency (EE)

The black pepper EO was dissolved and diluted with hexane (80%) and ethanol
(20%) solution, and then formulated into 0.0 to 1.2 mg/mL standards solutions. The
absorption with solutions standard were measured using a spectrophotometer (Biomate
3S, Thermo Fisher Scientific, USA) at 288 nm. A mixture of ethanol and hexane
solution was used as a blank.The linear regression of absorption on concentration was
made and the regression equation was constructed. In addition, the standard curve was
drawn and its equation is y = 0.300x, R?=0.986.

Ten milligrams of black pepper EO microcapsules powder was weighed (B-
TEC-210, Tecnal, Brazil) and 10 mL of the solvent was added (Hexane and Ethanol).
The sample was put in 20°C water bath (2510, Soni-tech, Brazil) for 10 min by
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ultrasonic (80 W), after the sample was incubated in the shaker (TE-424, Tecnal, Brazil)
for 2 hours at 25°C.The sample was homogenized on a Vortex (AP 56, Phoenix, Brazil)
and centrifuged (Digicen 21 R, OrtoAlresa, Spain) at 8000 rpm for 15 min, adapted
from Li et al. (2018). The supernatant phase was collected, to enable measurement
(Biomate 3S, Thermo Fisher Scientific, USA) of its absorption as well as calculating its
content. The microcapsule EE is the significant indicator to appraise the quality of the
prepared microcapsule products. The oil mass was measured, and theoretical oil value
(OT%) was given by equation (1) and the loaded oil content (OC%) was given by
equation (2).

S wioil 1)

)= wre ¥

0C(%) = WFoil 100 (2)
)= Wre ¥

where WiIoil is the initial mass of oil added in the system, WIc is the initial mass of the
capsule and WFoil is the oil content after encapsulation and WFc final capsule mass
after freeze-dried. The EE is the percentage of loaded oil content divided by the
percentage of theoretical oil (Timilsena et al., 2016), given by equation (3).

0C (%)

EE(%) = oT(%)

x100 @3)

2.2.1.2. Fourier transform infrared spectroscopy (FT-IR)
The FT-IR spectra of the dried samples (B-LG, NaAlg, EO and the

microcapsule) were obtained. The analyses were performed with an FT-IR spectrometer
(Ver-tex 70, Bruker, Germany) read in the range of 4000-400 cm *.
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2.2.1.3. Particle size

The hydrodynamic diameter (d.nm) of the biopolymers and the black pepper EO
microcapsule were determined at fixed pH by the Dynamic Light Scattering (DLS)
technique using a Zetasizer (Malvern Instruments, Nano-ZS, UK) equipped with an He—
Ne laser.

2.2.1.4. Release kinetics of the black pepper EO in food stimulants

Kinetic release was performed according to Atay et al. (2017) and Rezaeinia et
al. (2019), 17mg of the samples were weight in an analytical balance (B-TEC-210,
Tecnal, Brazil) and added to 10mL for the foods solutions stimulants. Aliquots of the
120uL was collected and were analyzed by spectrophotometer (Biomate 3S, Thermo
Fisher Scientific, USA) at 288 nm.To explain the black pepper (piper nigrum L.) EO
release profile, the release kinetics in food models were fitted to Higuchi, First-Order,
Zero-Order, and Rigger-Peppas empirical models (Dash et al., 2010; Rezaeinia et al.,
2019). The release kinetics of the EO were simulated in aqueous (distilled water), acidic
(3% acetic acid), alcoholic or alkali (10% ethanol) and oily (50% ethanol) food models

according to the EU Commission regulation 10/2011 EU (10/2011/EC).

2.2.1.5. Optical microscopy

An aliquot of the microcapsule (sample-S4) was placed between the lamina and
cover-slip and taken to the optical microscope (K220, Kasvi, Brazil) coupled to an
Moticam camera (5MP, Kasvi, Brazil) that was viewed at 100x magnification with

immersion oil.
2.2.1.6. Scanning Electron Microscopy (SEM)
Micrograph of the black pepper microcapsule dried and after oral, gastric and
intestinal simulated were obtained (500x) with a scanning electron microscope TM3000

(Hitachi, Japan) equipped with a tungsten filament and operated in secondary electron

mode at an acceleration voltage of 15 Kv.
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2.2.2 Invitro digestion

In vitro digestion was simulated in three stages: oral, gastric and intestinal
(Minekus et al., 2014 and Timilsena et al., 2017). Simulated oral, gastric and intestinal

digestions were prepared according to Minekus et al., 2014.

2.2.1.7. Simulated oral digestion

Briefly, 0.33g of the microcapsule lyophilized was weighed in an analytical
balance (B-TEC-210,Tecnal, Brazil), and then mixed with 0.7mL pre-warmed of
simulated salivary fluid (SSF) containing 0.1mL salivary a-amylase (75 U/mL in final
oral solution), the mixture was added followed by 5uL of 0.3 M CaCl, and 195uL of
water. The pH of the mixture was adjusted to 7.0 with pHmeter (mPA210, Tecnopon,
Brazil) and stirred at 95 rpm for 2 minutes at 37°C using the shaking (TE-424, Tecnal,
Brazil).

2.2.1.8. Simulated gastric digestion

After mouth digestion, 1.5mL pre-warmed of simulated gastric fluid (SGF) was
added to the oral digested mixture with 0.32 mL of the pepsin (2.000U/mL in final
gastric solution), the mixture was added followed by 1uL of 0.3 M CaCl,, 40uL of 1M
HCI and 139uL of water. The pH of the mixture was adjusted to 3.0 with pHmeter
(mPA210, Tecnopon, Brazil) and stirred at 95 rpm for 2 h at 37°C using the shaking
(TE-424, Tecnal, Brazil).

2.2.1.9. Simulated intestinal digestion

After the completion of gastric digestion, 2.2mL pre-warmed of simulated
intestinal fluid (SIF) was added into the mixture with 1mL of the pancreatin (100U/mL
in final intestinal volume) and 0.5mL of the bile extract solution (1L0mM). The mixture
was added followed by 8uL of 0.3 M CaCl, 30pL of 1M NaOH and 262pL of water.
The pH of the mixture was adjusted to 7.0 with pHmeter (mPA210, Techopon, Brazil)
and stirred at 95 rpm for 2 h at 37°C using the shaking (TE-424, Tecnal, Brazil).
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Aliquots (120uL) of gastric and intestinal juice were taken at 0, 15, 30, 60 and 120
minutes. After withdrawal of each aliquot, 120 pL of gastric or intestinal juice was
added to continue the digestion process. The quantity of EO released was calculated

from the absorbance according to section (2.2.2.1).

2.2.3  Stability and bioaccessibility of the black pepper EO

The stability and bioaccessibility of EO after digestion were measured according
to a method described previously (Zhang et al., 2016). The stability (S*) of EO was
defined as the fraction that remained in a non-transformed state in the small intestine

after in vitro digestion model, given by equation (4).

§ = “2ER_ 100 @

Initial

where Cpigesta and Ciniiar are the black pepper EO concentrations in the total digesta
collected after the small intestine phase and in the initial samples, respectively. The
bioaccessiblility (B*) of the black pepper EO, was defined as the fraction that was
released from the food matrix and solubilized in the mixed micelle phase after digestion,

given by equation (5).

B x= CMicelle

== x100 (5)
Digesta

where Cuicele 1S the black pepper EO concentration in the micelle fraction.The effective
bioaccessiblility (EB), which depends on the values of S*and B*, given by equation (6).

Crrs
EB = B#X S % = Micelle

x100 (6)

Initial
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2.2.4 Statistical analysis

All experimental measurements were conducted in triplicate, and the data are
expressed as the mean + standard deviation. The statistical analyses were performed
using Origin® Pro 9.0. The Kolmogorov-Smirnov normality test was performed for the
populations. After confirming normality for all populations, one-way variance
(ANOVA) was performed to determine the existence of significant difference between
populations. Significant differences at a level of significance a = 0.05 were identified by

Tukey’s test.

3. Results and Discussion
3.2.Characterization of the microcapsules

3.2.1. Encapsulation Efficiency (EE)

In Table 1 was showed the composition of the formulations and the EE of the
microcapsules produced by complex coacervation.The theoretical oil value, oil content
and EE (equation 3) of microcapsules prepared with different samples were presented.
The theoretical oil values was that 33.33, 50 and 66.66%. Loaded oil content varied
from 6.72 (S3) to 56.6 (S4). EE varied from 20.18 (S3) to 85.01 (S4). The core material
was black pepper EO and wall material weight was the biopolymers and
transglutaminase using as cross-linking agent.

As shown in Table 1, the samples S4 and S7 presented a high (EE %) with no
significant difference (p < 0.05) between them, with EE 85.01+ 0.26 and 83.1 + 0.49,
respectively. These samples presented were formulated with 2:1 (core/wall ratio), the
sample S1 was prepared in the same condition but differed significant of EE (28.62 +
1.9) from the others (S4 and S7) with the same core/wall ratio. This can be explained
because the S1 was formulated with the less biopolymers and EO concentration than S4
and S7. The biopolymers percentage between S4 (0.9) and S7 (1.8) not contributed to
cause significant difference in EE the samples, but the lower percentage of the
biopolymers in S1 (0.45) can be contributed. The hypothesis that in S1 was insufficient
amount of wall materials available to cover the entire core, resulting in a high free core
concentration, high amount of core that was not encapsulated and hence was lost during

the encapsulation process. Regarding samples S4 and S7, they showed high EE, which
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can be explained by the higher concentrations of wall material. Thus, these
concentrations were sufficient to cover a greater amount of EO and maintained these
imprisoned inside the capsule and does not lose functionality. The same results were
observed by Wang et al. (2016) and Da cruz et al.(2019).

Wang et al. (2016), observed that higher concentration of ginger EO (core
material), reduced the EE of the capsules using the 2:1 core/wall ratio with gelatin and
sodium alginate as wall materials. Da Cruz et al. (2019) encapsulated acid ascorbic
using gelatin and gum arabic by complex coacervation, the study observed that samples
with wall:core ratios of 1:05 and 1:0.75 with 2.5g (w/w) of wall concentration, the
increase in core percentage led to a lower encapsulation efficiency.

The samples S3, S6 and S9 were formulated using 1:2 (core/wall ratio) but they
presented significant difference in EE. The EE were 20.18 £ 0.18 (S3), 24.4 + 1.21 (S6)
and 40.42 + 1.2 (S9). The higher EE in S9 compared with the others samples can be
attributed to the higher concentration of the biopolymers (1.8%) and the core. The
sample S8 and S9 not presented significant difference in EE, and S8 was 41.91+ 2.17 in
this value.The samples with 1.8% of biopolymers concentrations were the best results in
EE compared with the others samples. The S3 using the lower core was study, these can
be influenced for the lower EE.

The samples S2 and S5, don’t presented significant difference in EE (p < 0.05)
between them, the EE were 22.85 + 0.8 and 21.21 + 1.02, respectively. These samples
were formulated using 1:1 (core/wall ratio) and presented lower EE when compared
with the S8 using the same ratio. S8 presented higher EE in comparison with the others
samples and was formulated with higher biopolymers concentrations and core, these

influenced in the difference between the EE.

3.2.2. Chemical characteristics

In Figure 1, shows the FT-IR spectra of the NaAlg, B-LG, black pepper EO and
the microcapsule (S4) at pH 4.5.The spectrum of the NaAlg was demonstrated in a
previous study by Bastos et al, (2018). The band 1591cm™ representing the CO", present
in carboxylic acids salts (RCOOQ"), the band 1404cm™ was attributed to the C-O bond of
the acid group (RCOOH), the band at 1024cm™ is attributed to the vibration stretch of
the C-O and C-C of the pyranose ring (Booking et al., 2015).
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In B-LG spectrum was identified the free amino acid O-H groups in bands
3270cm™ (Wang et al.,2016), these group can be represented between the bands 3300
and 3170cm™ (Barth et al., 2002).The band 1634cm™ correspond to amide | (1625-
1750cm™), and refers to the stretching of the C=0O (Chanphai et al., 2017). The band
1528cm’™ refers to amide 11 (1475-1575cm™) and was related to the secondary structure
of the protein, indicating a predominantly, -sheet structure (Dong et al., 1996; Xu et
al., 2019). The bands 1239 and 1395cm™ refers to amide 111 (1225-1425cm™), and is
attributed to the stretching of the C-N and N-H groups (Huang et al., 2006).

In the spectrum of the black pepper EO the band 2922cm™ was attributed to CH
stretching vibration (Raksa et al., 2017), the band 2868cm™ refers to vibration of the
aliphatic C-H in CH, (Alizadeh-Sani et al., 2018), the band 1643cm™ was attributed to
C=C stretching (Alizadeh-Sani et al., 2018), the band 1446cm™ correspond to C-OH
absorption bending vibration (Voli¢ et al., 2018), the band 1381cm™ to CH; bending
(Alizadeh-Sani et al., 2018), the band 886 cm™ refers to assigned to the bending
vibrations in =CH, (Li et al., 2018) and the band 786cm™ was attributed to assigned to
benzene rings =CH vibration absorption (Raksa et al., 2017).

The black pepper EO microcapsule is a result of the contribution of both
biopolymers and the EO. The bands 3270, 1634 and 1528cm™ were bands characteristic
to the B-LG, the bands 1404 and 1024 cm™ were bands presented in NaAlg, and the
bands 2868 and 886cm™ were bands identified in black pepper EO.

3.2.3. Particle size

The particle size distributions of B-LG, NaAlg solutions (0.1% wi/w), and the
black pepper EO microcapsule (ME) were monitored by DLS.The intensity profiles as a
function of the size (d.nm) for solutions at pHs 4.5 were demonstrated in Figure 2.The
B-LG, NaAlg and black pepper EO microcapsule (ME) presented 430, 1.718 and
4.800nm, respectively.The capsule produced was in scale micro, when particles of size
ranging from 1 to 1000pum (1 x 10° nm) (Ye et al., 2018). Others studies was prepared
EOs microcapsules by complex coacervation (Peng et al., 2014; Rojas-Moreno et al.,
2018). Peng et al. (2014) formulated Mustard (Sinapis alba) EO microcapsule using
gelatin and gum arabic as wall material, and genipin as cross-linkg agent, with 10pum.
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Rojas-Moreno et al (2018) produced orange EO microcapsule using WPI and different
polysaccharides and cross-linkg agents, with the range of the 10-20um.

3.2.4. Release of the EO in foods stimulants

Figure 3 showed the release profile of the black pepper microcapsules (sample
S4, because it exhibited the best EE) at different foods stimulants. This Figure the
results show the lower release of the EO was obtained in water, acid acetic (3%),
ethanol (10%) and ethanol (50%) foods stimulants, respectively. In all the foods
stimulants the EO release increased until a certain point in which it reduced and
remained constant. The microcapsules that remained in contact with water showed the
higher EO release (24.75%) at 12 minutes, when observed the sample in contact with
acid acetic (3%), the higher EO release was 36.98% at 18 minutes, and with ethanol
(10%) the EO release was higher (41.96 %) at 18 minutes and for ethanol (50%) the
higher EO release (45.28%) at 12 minutes.

The study of the release profile of an active ingredient is important to understand
its behavior and the mechanism by which release occurs. Tests carried out under
specific conditions can provide useful information, especially regarding the food
matrices this active material can be incorporated (Da cruz et al., 2019). The results of
the present study demonstrated that black pepper EO microcapsules were better
preserved in aqueous and acidic foods.

To determine the mechanism of release of black pepper EO from B-LG/NaAlg
microcapsule, the release profile within various food model systems was fitted with
different kinetic equations. Higuchi, First-Order, Zero-Order, and Rigger-Peppas
models were used to evaluate the release behavior of the EO. The constants and the
coefficient of determination (R®) of each model are shown in Table 2. Concerning the
R? values, the Rigger-Peppas was appropriate model for explaining the release kinetics
of the EO with an R? over 0.99.

In Peppas model, the values of n indicate the following release mechanisms: for
n < 0.43, the dominant release mechanism is the Fickian diffusion (case I transport);
0.43 <n < 0.85 indicates the diffusion and the swelling release mechanism (non Fickian
or anomalous transport) and n> 0.85 corresponds to zero order release kinetics (case 1l

transport) (Ritger; Peppas 1987; Maderuelo et al., 2011; Dima et al., 2016). In the
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present study for all foods stimulants the n< 0.43,this is within what is expected for the
controlled release from spherical particles (Ritger; Peppas 1987) that follow
predominantly a Fickian diffusion mechanism (Dima et al., 2016). Diffusion is the
dominant flavor release mechanism from the capsule, a diffusion-controlled release
process caused by the poor swelling degree and by the presence of oil drops at the
surface or in the exterior layer of microcapsules (Dima et al., 2016). In diffusion the
active ingredient diffuses through the particle matrix and into the surrounding medium.
The particle matrix may remain intact throughout this process or its properties may
change (erosion, fragmentation, or dissolution). The release rate of an active ingredient
from the particles depends on its relative solubility in the particle matrix and
surrounding liquid and on its diffusion coefficient through the matrix (McClements et
al., 2015). Bustos et al. (2015) and Rezaeinia et al. (2019) observed Fickian diffusion
mechanism using Peppas models in lemongrass oil and Mentha longifolia L. EO
capsules when studies then in foods stimulants.

3.3.Gastrointestinal in vitro simulated

The extent of oil release from the black pepper EO capsule (S4) at different time
intervals in gastric and intestinal environments is shown in Figure 4.The sample was
submitted in oral condition simulated for 2 minutes. The hypothesis was, the slight
release can be occurred because at pH 7.0 (oral digestion). In this pH the charges of the
biopolymers were negative and don’t formed complex coacervation, the electrostatic
interaction was repulsive and the microcapsule was fragile (Jones et al., 2010; Nicolai et
al., 2011; Bastos et al., 2018).

During exposure to gastric conditions (2 hours), the initial black pepper EO
loads released about 28.7%, but the higher release of the EO (32.7%) occurs at 15
minutes. After this time the EO release was reducing at 120 minutes. The capsule
protects the release of the initial EO load during gastric conditions, and 67.3% of the
EO was preserved. Protein digestion is initiated in the stomach by pepsin (Tomé &
Debabbi, 1998), but in the microcapsule was not totally ruptured. This can be explained
because the B-LG was resistance to peptic digestion (Bhattacharjee et al., 2014), and the
NaAlg protect the disintegrated of the B-LG in B-LG/NaAlg complex microcapsule.
Alginates have previously been shown to inhibit pepsin activity in vitro (Sunderland et
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al., 2000; Strugala et al., 2005; Chater et al., 2015). Sunderland et al. (2000) showed
alginates could inhibit pepsin activity by 52% in vitro. Strugala et al. (2005) showed
significant correlations between alginate structure and levels of inhibition, with high
frequency of mannuronic acid residues alginates tending to inhibit better than those high
in guluronic acid residues. However the mechanism of pepsin inhibition is poorly
understood. Wang et al. (2017) observed the protect effect of the NaAlg in Lf on the
Lf/NaAlg complex. In pH 3.0 (gastric conditions), electrostatic interaction between -
LG and NaAlg is favorable because in this pH the biopolymers charge were oppositely.
However this pH is below the pKa of the NaAlg and is possible aggregation of the
carboxylic groups (Bokking et al., 2015).

The release of the EO at intestinal stage was found to be faster compared to that
gastric stage. In 2 hours of intestinal digestion the release EO was increased in function
of the time, the initial black pepper EO loads released about 86% and the higher release
occurs at approximately 150 minutes (90.5%). In this stage occurred the rupture the
capsule and only 9.5% of the EO was preserved. In this case the NaAlg not protect the
B-LG in B-LG/NaAlg complex microcapsule because this polysaccharide cannot survive
from trypsin attack (Chater et al., 2015). The catalytic mechanisms of pepsin and
trypsin are distinct, it is therefore possible that alginate is able to interact with and
disrupt the catalytic mechanism of pepsin, but not of trypsin (Powers, Harley, & Myers,
1977). Pepsins are preference for cleavage of the hydrophobic amino acids (Powers,
Harley, & Myers, 1977), and trypsin preferentially cleaves within the poplypeptide
chain, and cleaving on the carboxyl side of lysine and arginine (Hedstrom,2002; Chater
et al., 2015). Due to neutral pH (7.0) of intestine, the protective coatings are destroyed
and the capsule was degraded that resulted in the sustained release of EO from capsules
in stimulated intestinal fluids.The results of this study showed that B-LG and NaAlg
effectively prevent the release of EO in oral and gastric conditions which minimizing
the chemical degradation of EO in gut environment.These results are in agreement with
the others studies with EOs microcapsules (Li et al., 2018; Vdlic et al., 2018).
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3.4.Stability and bioaccessibility of the black pepper EO

The results obtained for stability (S*), bioaccessibility (B*) and effective
bioaccessiblility (EB) of the EO after digestion were 84.8% =0.07, 31.16% =+ 0.3,
26.42% = 0.26, respectively.

The EO presented higher stability after digestion, and the in Vvitro
bioaccessibility was appreciably higher (31.16%). The bioaccessibility of active
ingredients are caused by both environmental conditions (pH, heat, light, oxygen) and
physiological conditions in the gastrointestinal tract (pH, enzymes, intestinal mucus
barrier). Therefore, delivery systems are needed for protecting these compounds to
safely reach the small intestine where they are mostly absorbed (Bao et al., 2019).The
similar result was observed by Yao et al. (2017) when study the curcumin-loaded zein
nanoparticles, the in vitro bioaccessibility of curcumin was 22.4%. llyasoglu et al.
(2014) found 36.25% of the bioaccessibility for the fish oil with docosahexaenoic
(DHA) acid capsules produced by complex coacervation. The lower bioaccessibility
was observed by Da Silva Stefani et al. (2018) when found 12.80 % for the linseed oil
capsules. Both studies observed the capsules after in vitro digestion.

Recent study carried out Papillo et al. (2019), demonstrated that the
curcuminoids encapsulated with cellulose derivates and vegetable oil and provided in a
carbohydrate-based food (i.e. bread), 6% and 9% of the bioaccessibility, respectively,
compared to the non-encapsulated ones (1.3%). Other study, astaxanthin-containing
lipid extract from shrimp waste was encapsulated by spray drying, the maltodextrin and
gum arabic, separately or mixed, were employed as encapsulating matrices. The capsule
formulated using gum arabic demonstrated higher bioaccessibility (=50%) (Montero et
al., 2016).

3.5.Morphology

The wet microcapsule as seen by optical microscopy (Figure 5), a spherical and
intact shape can be observed. The same result was showed to Manaf et al. (2018) and
Yuan et al. (2018) when encapsulated EOs by complex coacervation. Manaf et al.
(2018) formulated the citronella EO using gelatin and gum arabic as wall material and
Yuan et al. (2018) produced shiitake (Lentinula edodes) EO using gelatin and CMC as

wall materials.
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The dried microcapsules before and after oral, gastric and intestinal phases were
seen by SEM (Figure 6). In microcapsule before gastrointestinal simulated, the three-
dimensional network and sponge-like structure was observed (Figure 6A), this are
particularly of the capsule and the freeze dried process. The same was observed by
Rojas-Moreno et al. (2018) when demonstrated orange EO microcapsules using WPI
and NaAlg as wall materials. After oral the structure of the microcapsule (Figure 6B)
was affected but this not disintegrated, probably because the short exposure to oral
enzyme. After gastric digestion, low difference was observed; the structure maintained
intact confirming the lower release con concentration off the EO in this stage (Figure
6C). The higher structure modification was observed in microcapsule after intestinal
digestion, the enzymatic and shear force erode the shell matrix and disintegrated some
particles and release the encapsulated EO (Figure 6D).Timilsena et al. (2017), observed
that opposite, in the chia seed oil microcapsule prepared with chia protein isolate and
chia seed gum as wall materials. The study observed that microcapsules were
disintegrated during gastric digestion. The microcapsules produced by Timilsena et al.
(2017) can be used for transport active ingredients were absorption in stomach and the
microcapsules produced for the present study were preserved during this stage and was
release in higher concentrations in intestinal digestion, suggesting that can be delivery

lipophilic actives to absorption in the intestine.

4. Conclusion

Black pepper EO microcapsules produced by complex coacervation using B-LG
and NaAlg as wall materials, and transglutaminase as cross-linking agent have a good
encapsulation efficiency. The EO capsule obtained was in scale micro. The
encapsulated black pepper EO was confirmed by the chemical and morphological
characteristics.The EO release in foods stimulants was lower in aqueous stimulant, and
the Rigger-Peppas model demonstrated that Fickian diffusion mechanism was
occurs.The black pepper EO capsule demonstrated resistance under oral and gastric
conditions and release in the intestine contributing to your absorption.The EO after
digestion presented higher stability, and acceptable bioaccessibility. The B-LG and

NaAlg showed potential used as wall materials in encapsulated black pepper EO by
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complex coacervation, and can be used to transport active ingredients because they are
resistant to the human oral and gastric in vitro simulate.
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Figure Caption

Fig.1: FT-IR spectra of NaAlg, B-LG, black pepper EO and black pepper microcapsule
(pH 4.5).

Fig. 2: Particle size of the B-LG, NaAlg and black pepper microcapsule (ME) at pH 4.5.

Fig. 3: The cumulative release profile of the black pepper EO in different food stimulants.

Fig. 4: Release of the black pepper EO from the capsule during in vitro digestion.

Fig .5: Optical microscopy image at 100 x of black pepper EO microcapsules.

Fig. 6: (A)SEM of the black pepper EO microcapsule, (B) after oral digestion, (C) after

gastric digestion, (D) after intestinal digestion. All the micrographs were obtained at
500x.
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Table 1. Composition of the formulations and EE of the microcapsules produced by complex coacervation.

Wall Material Weight (g)

Samples Mageilir; NaAl core/wall TransgIL_Jtaminase Loaded (())il Theoretigal EE (%)
(9) B-LG (g) - g Total (g) (wiw) solution () content(%b) oil value (%)
S1 0.18 0.085 0.005 0.26 2:1 10 19.08 +1.29 66.66 28.62°+ 1.9
S2 0.09 0.085 0.005 0.18 11 10 11.41+04 50 22.85% +0.8
S3 0.045 0.085 0.005 0.135 1:2 10 6.72+0.6 33.33 20.18°+0.18
S4 0.36 0.17 0.01 0.54 2:1 10 56.6 £0.17 66.66 85.01°+ 0.26
S5 0.18 0.17 0.01 0.36 11 10 10.6 £0.51 50 21.21% +1.02
S6 0.09 0.17 0.01 0.27 1:2 10 81+04 33.33 244°+1.21
S7 0.72 0.34 0.02 1.08 2:1 10 55.38 + 0.33 66.66 83.1°+0.49
S8 0.36 0.34 0.02 0.72 11 10 20.95 + 1.58 50 41.91°+2.17
S9 0.18 0.34 0.02 0.54 1:2 10 13.47+0.4 33.33 40.42°+1.2

The analyses were perfomed in three replicates. The same letters in the same column do not differ significantly by the Tukey test with a probability of 5%
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Table 2: Kinetics constant of the black pepper EO release profile in different food simulants.

Higuchi First order Zero order Rigger-Peppas
Food Model K R K R K R K R n
Water 10.7  0.998 0.05 0.998 5.19 0.998 22 0.999 0.01
Acid acetic3% 1 0.72 0.09 0.85 1 0.76 32.34 0.999 0.015
Ethanol 10% 1 0.78 0.11 0.996 1 0.63 36.84  0.998 0.02
Ethanol 50% 1 0.64 0.12 0.81 1 0.55 4249  0.999  0.005
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CONCLUSAO GERAL

Diante do trabalho realizado foi possivel determinar a massa molar do alginato
de sodio pelo método viscosimétrico, sendo este de baixa massa molar. Foi formado
complexo coacervado entre a lactoferrina (Lf) e o alginato de sédio (NaAlg) e as
melhores condic¢des para sua formacdo foram o pH 4.0 e a razéo de 8:1 (Lf/NaAlg) em
baixa concentracgdo salina. Os parametros termodinanimcos indicaram forte afinidade de
ligacdo entre esses biopolimeros com favoravel contribuicdo entalpia e desfavoravel
contribuicdo entrdpica durante a interacdo entre eles. As caracteristicas quimicas e
morfolégicas observadas no complexo coacervado Lf/NaAlg indicaram mudangas
decorrentes da interacdo eletrostatica entre esses biopolimeros e o complexo Lf/NaAlg
apresentou elevada resisténcia térmica.

Apds formacao e caracterizacdo do complexo Lf/NaAlg, foi possivel encapsular
0 Oleo essencial de pimenta preta (Piper nigrum L.) utilizando a Lf e 0 NaAlg como
materiais de parede e a transglutaminase como agente reticulante. Os terpenos presentes
no 6leo essencial de pimenta preta foram identificados pelas técnicas de cromatografia
gasosa (CG) e resonancia magnética nuclear (RMN), sendo o B-cariofileno o principal
terpeno (28%). As capsulas produzidas apresentaram elevada eficiéncia de encapsulagdo
e 0s principais terpenos foram preservados apds encapsulacdo (97.5%), sendo estes
identificados pelas técnicas de CG e RMN. As caracteristicas quimicas e morfologicas
indicaram a formacdo das capsulas de 6leo essencial de pimenta preta. Apos simulacdo
da digestdo in vitro, as capsulas apresentaram resiténcia oral e gastrica (24.3%) e maior
liberacdo do dleo essencial durante a simulacédo intestinal (52%).

Assim como realizado anteriormente com NaAlg, foi possivel determinar a
massa molar da gelatina (GE) pelo método viscosimétrico, a proteina apresentou
caracteristicas proprias correspondentes as suas cadeias ‘6. O complexo GE/NaAlg foi
formado, sendo as melhores condicGes para sua formacdo o pH 4.0 e a razéo de 6:1
(GE/NaAlg). As caracteristicas quimicas do complexo GE/NaAlg indicaram que
ocorreram mudancas decorrentes da interacdo eletrostatica entre esses biopolimeros. Em
seguida o Oleo essencial de pimenta preta foi encapsulado utilizando a GE e o NaAlg
como materiais de parede e o cloreto de calcio como agente de reticulagdo. As capsulas
apresentaram elevada eficiéncia de encapsulacdo e os principais terpenos presentes no
oleo essencial de pimenta preta foram preservados apds encapsulacdo (81.7%), sendo

estes identificados pela técnica de CG.
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ApoGs tratamento térmico da proteina B-lactoglobulina (B-LG), foi possivel
reduzir seu tamanho de particula para uma escala nano (B-LGy). Foi possivel formar
complexos interpoliméricos entre a B-LG nativa e apds tratamento térmico (B—LGp) e 0
NaAlg, os melhores pHs para formagdo dos complexos interpoliméricos entre -
LG/NaAlg e B—LG/NaAlg foram pHs 4.5 e 4.0, respectivamente. As raz0es ideais para
formag¢dao dos complexos interpoliméricos foram: 17:1 (B-LG/NaAlg) e 72:1 (B—
LGn/NaAlg). Os parametros termodinamicos indicaram forte afinidade entre a B-LG e
NaAlg com a proteina nativa e ap0s tratamento térmico. Em ambos foi observada
contribui¢do entalpica e entropica, ao avaliar a interagao entre p—LG, e NaAlg houve
maior contribui¢do entropica, devido a exposigdo dos grupos hidrofobicos B-LG apos
tratamento térmico. As caracteristicas quimicas demostraram mudancas decorrentes das
interacdes eletrostaticas entre os complexos interpoliméricos e devido a exposicdo dos
grupos hidrofobicos no complexo interpolimérico B-LG,/NaAlg. O complexo
interpolimérico B-LG/NaAlg apresentou elevada resisténcia térmica.

Apos formagdo ¢ caracterizagdo do complexo [B-LG/NaAlg, foi possivel
encapsular o 6leo essencial de pimenta preta (Piper nigrum L.) utilizando a B-LG e 0
NaAlg como materiais de parede e a transglutaminase como agente reticulante. As
capsulas foram produzidas em escala micro e apresentaram elevada eficiéncia de
encapsulacdo. As caracteristicas quimicas e morfoldgicas indicaram que ocorreu a
formacdo da microcapsula. Apds realizar simulacdo das microcapsulas em diferentes
matrizes alimentares, foi possivel observar que a liberacdo do dleo essencial de pimenta
preta foi menor em matrizes alimentares aquosas. A liberacdo do 6leo essencial de
pimenta preta ocorreu por difusdo Fickian de acordo com modelo de Rigger-Peppas em
todas as matrizes alimenticias simuladas. Ap6s simulacdo da digestdo in vitro das
microcapsulas, foi observada que esta apresentou resisténcia oral e gastrica (28.7%) e
que a maior parte do dleo essencial foi liberado durante simulagdo intestinal (90.5%).
Apos simulagdo da digestdo o 6leo essencial apresentou elevada estabilidade e aceitavel
bioacessibilidade.

Em conclusdo, foram formados complexos coacervados entre as proteinas
estudadas e o alginato de sodio. O complexo Lf/NaAlg e o complexo interpolimeérico f3-
LG/NaAlg apresentaram elevada resisténcia térmica. Os biopolimeros e agentes
reticulantes utilizados foram eficazes na protecdo do oOleo essencial de pimenta preta
apresentando capsulas com alta eficiéncia de encapsulagdo (>80%) e preservando 0s

principais terpenos em sua composicao. As capsulas produzidas utilizando a Lf e NaAlg
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como mateirias de parede protegeram melhor os terpenos quando comparado as
capsulas produzidas utilizando a GE e 0 NaAlg. As microcapsulas formadas com f-
LG/NaAlg foram as que apresentaram maior eficiéncia de encapsulacdo (85.01%). As
capsulas produzidas por Lf/NaAlg e B-LG/NaAlg apresentaram resisténcia durante
simulacéo oral e gastrica.

Por fim, as cépsulas produzidas apresentaram-se potencialmente Gteis para o
transporte de ingredientes ativos, como o 6leo essencial de pimenta preta (Piper nigrun
L.). Futuros estudos sobre a aplicacdo do 6leo essencial de pimenta preta encapsulado
em produtos alimenticios podem ser avaliados, assim como sua atividade

antimicrobiana e antioxidante ap6s encapsulagéo.
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Abundance

ANEXO A:

Al: Chromatogram of volatile compounds from black pepper EO identified by GC-MS. Peak numbers correspond to that in Table 1
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ANEXO B:

B1: *H NMR spectrum of Black pepper EO at 500.13MHz.Peak numbers correspond to that in Table 2.
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ANEXQOS C:

C1: NMR data of Limonene (CDCl3, 500MHz)

C HMQC HMBC
- dc On #3nc
1 133,7 -

2 120,6 5,43 (sl)

3 * *

4 41,1 *

5 * *

6 30,6 2,12 (m)

7 23,5 1,64 (sl)

8 150,2 -

9 108,4 4,69 (sl)

10 20,8 1,71 (s) 8,94
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C2: NMR data of Sabinene (CDCl3;, 500MHz)

C HMQC HMBC
- dc on >Inc
1 37,6 -

5 * *

3 * *

4 154,5 -

5 48,5 2,30 (m)*

6 16,0 0,63 (d, 5,5)

7 101,5 4,60 (sl), 4,78 (sl) 4
1’ 32,6 1,48

2 19,7 0,86 (d, 7) 1
3 19,8 0,92 (d, 7) 1

*jt was not possible to determine; ! determined by two-dimensional experiments
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C3: NMR data of B-cariophylene (CDCl;, 500MHz)

C HMQC HMBC
- Sc S “3Jhc
1 53,5 1,71 (m)

5 * *

3 40,0 *

4 1355 -

5 124,3 5,29 (dd, 5 e 10,5 Hz)

5 * *

7 348 2,02 (m), 2,24 (m)

8 154,7 -

9 48,5 *

10 40,3 1,67 (m), 1,97 (m)

11 33,9 -

12 22,6 0,96 (s) 1,10, 11

13 30,1 0,98 (s) 1,10, 11

14 16,3 1,59 (5) 3,4,5

15 111,6 4,80 (sl), 4,92 (sl) 7,8,9
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C4: NMR data of a-pinene (CDCl3, 500MHz)

C HMBC
- d¢ OH e
1 116,0 5,20 (sl)

2 144,5 -

3

4

5 41,1

6

7

8

9

10 235 1,68 (s) 2
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C5: NMR data of B-pinene (CDCl3, 500MHz)

3 2
8
&
5 9
C HMQC HMBC
- dc OH 23 Juc
1 152,3 -
2 51,8 2,48 (t, 5,3 Hz)
3
4
5 40,4 1,66 (m)
6
7
8
9
10 105,9 4,57 (sl), 4,63 (sl) 2
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