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RESUMO

Os carreadores lipidicos nanoestruturados (CLN) foram desenvolvidos como um sistema
para a incorporagdo e entrega de compostos bioativos lipossoluveis, que devido a
instabilidade quimica e baixa solubilidade em &agua, apresentam baixa biodisponibilidade.
Compostos por lipidios que apresentam alto e baixo ponto de fusdo, os CLN exibem vérias
vantagens potenciais que podem ser exploradas através da escolha dos materiais utilizados
em sua composicao. O objetivo deste trabalho foi obter CLN para incorporagao de (-
caroteno a partir de matérias-primas lipidicas comumente utilizadas na industria de 6leos e
gorduras. Com este propdésito, o trabalho foi dividido em quatro etapas. A primeira etapa
consistiu na otimizagao das condi¢gées de processo da homogeneizagdo a alta presséo
(HAP) e avaliagdo do desempenho de emulsificantes sintéticos e naturais para obtencao
dos CLN. Os emulsificantes lecitina de soja modificada enzimaticamente (LS), monooleato
de sorbitana etoxilado (Tween 80) e isolado proteico do soro de leite (WPI), e a presséo de
700 bar e 2 ciclos de homogeneizacao foram definidos como componentes de formulacao
e condicdes de processo, efetivos e otimizados, para a obtencédo de CLN nas demais etapas
do trabalho. A segunda etapa esteve relacionada a obtencao, caracterizacao e estudo de
estabilidade de CLN a partir de diferentes sistemas lipidicos compostos por éleo de soja
totalmente hidrogenado (OSTH) e 6leo de girassol alto oleico (OGAQ). Sistemas lipidicos
compostos por OSTH:OGAO em diferentes proporcées foram caracterizados em
macroescala em termos de composicao, propriedades fisicas e de cristalizacao, e partir
dessa avaliacao definiu-se os sistemas 80:20, 60:40, 40:60 e 20:80 OSTH: OGAO (m/m),
para obtencao dos CLN. Dentre os sistemas lipidicos considerados, o sistema 60:40 OSTH:
OGAO (m/m) proporcionou a obtengéo de nanoparticulas estaveis e com caracteristicas de
cristalinidade adequadas para incorporagao do composto bioativo lipofilico de interesse na
etapa subsequente. A terceira etapa esteve direcionada a avaliagdo do potencial de CLN
para a incorporag¢ao de compostos bioativos lipofilicos. Nesse sentido, os CLN, obtidos com
trés distintos emulsificantes (LS, Tween 80 e WPI), foram avaliados quanto a eficiéncia de
incorporagédo e capacidade de carga dos CLN, bem como a avaliagédo da estabilidade fisica,
cristalina e polimorfica das nanoestruturas com incorporacgao de B-caroteno. Os carreadores
obtidos utilizando LS e Tween 80 apresentaram maior eficiéncia de incorporacédo de B-
caroteno, sendo assim selecionados para o estudo da digestibilidade in vitro na etapa
subsequente. Na quarta etapa, foram realizados estudos relacionados a digestibilidade
dinédmica in vitro, bioacessibilidade do composto bioativo incorporado e citotoxicidade de
CLN e dos componentes utilizados em sua composigdo. Os CLN obtidos com Tween 80
apresentaram maior estabilidade durante a passagem pelo TGl e proporcionaram maior

protecéo e entrega do composto bioativo. A viabilidade celular, encontrada apds os ensaios



de citotoxicidade indicou que ambos os CLN ndo apresentaram efeito téxico nas
concentracdes testadas (1- 25 pg.ml'). A utilizacdo de OSTH e OGAO como matrizes
lipidicas proporcionou a obtencdo de CLN com elevada estabilidade cristalina, boa
capacidade de carga e protegdo do composto bioativo incorporado, biocompativeis e com

custo viavel para aplicacdo em alimentos.

Palavras-chave: Nanoparticulas lipidicas, matrizes lipidicas, compostos bioativos,
estabilidade, biodisponibilidade.



ABSTRACT

Nanostructured lipid carriers (NLC) were developed as a system for entrapment and delivery
of liposoluble bioactive compounds, which due to their chemical instability and low water
solubility, have low bioavailability. Composed of lipids that have high and low melting points,
CLN exhibit several potential advantages that can be exploited through the choice of materials
used in their composition. Thus, the objective of this work was to obtain B-carotene loaded
NLC, through lipid matrices commonly used in the oil and fat industry. For this purpose, the
work was divided into four stages. The first step consisted of optimizing the process conditions
of high pressure homogenization (HPH) and evaluating the performance of synthetic and
natural emulsifiers to obtain NLC. Enzymatically modified soy lecithin (SL), ethoxylated
sorbitan monooleate (Tween 80) and whey protein isolate (WPI), the pressure of 700 bar and
2 homogenization cycles were defined as effective and optmized process conditions and
components for obtaining NLC in subsequent stages of the work. The second stage was
related to the obtainment, characterization, and stability study of NLC from different lipid
systems composed of fully hydrogenated soybean oil (FHSO) and high oleic sunflower oil
(HOSO). The lipid systems were characterized in macroscale in terms of composition, physical
and crystallization properties, and from this, FHSO: HOSO (w/w) 80:20, 60:40, 40:60 and 20:80
lipid systems were defined to obtain NLC. Among the lipid systems considered, the 60:40
FHSO: HOSO (w/w) system provided the obtainment of stable particles with adequate
crystallinity characteristics for entrapment of the lipophilic bioactive compound of interest. So,
in the third step, the potential of NLC for entrapment of lipophilic bioactive compounds was
evaluated. In this sense, 3-carotene loaded NLC obtained with three different emulsifiers (SL,
Tween 80 and WPI), were evaluated for the entrapment efficiency and loading capacity, as
well as the evaluation of physical stability, crystalline and polymorphic stability. NLC obtained
using SL and Tween 80, showed greater potential for of B-carotene entrapment, being thus
selected for the study of in vitro digestibility in the subsequent step. In the fourth step studies
related to behavior of NLC during in vitro dynamic digestibility, 3-carotene bioaccessibility and
cytotoxicity of NLC and the components used in its composition were carried out. The NLC
obtained with Tween 80 showed greater stability during the passage through the TGl and
provided greater protection and delivery of B-carotene. The cell viability found after cytotoxicity
assays indicated that both NLC do not present toxic effect at the tested concentrations (1- 25
pg.ml"). The use of FHSO and HOSO as lipid matrices provided the obtainment of NLC with
high crystal stability, good load capacity and protection of the incorporated bioactive

compound, which are biocompatible and presents a viable cost for application in foods.

Keywords: Lipid nanoparticles, lipid matrices, bioactive compounds, stability, bioavailability.
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1. INTRODUCAO GERAL

Apesar do conhecimento do papel critico que o0s compostos bioativos
desempenham na saude humana, a deficiéncia ou a insuficiéncia de alguns nutrientes ainda
prevalece na populagao de alguns paises, tanto em desenvolvimento, quanto desenvolvidos.
A deficiéncia de nutrientes pode ocorrer por varios fatores, incluindo baixos niveis dietéticos,
baixa biodisponibilidade ou a necessidade do consumo de maiores quantidades. Para tal, uma
série de estratégias vem sendo desenvolvidas para combater as deficiéncias de nutrientes na
dieta humana, dentre estas, a fortificagcdo de alimentos com compostos bioativos, uma vez
qgue muitos destes ndo podem ser sintetizados em niveis suficientemente elevados pelo corpo
humano (MOHAMMADI; ASSADPOUR; JAFARI, 2019; PASCOVICHE et al., 2019; TAN;
MCCLEMENTS, 2021).

O B-caroteno, principal precursor da vitamina A, é um composto vital para a saude
humana (DONHOWE; KONG, 2014; TAN; MCCLEMENTS, 2021). O consumo deste
composto bioativo em quantidades suficientes promove alguns beneficios a saude, incluindo
atividade antioxidante e prevencado de certas doencgas crbnicas, como cancer, doencas
cardiovasculares e degeneragdo macular relacionada a idade (PEZESHKI et al., 2019). No
entanto, a fortificacdo de alimentos através da incorporacdo de compostos bioativos
lipossoluveis, como o B-caroteno, € limitada devido a sua baixa solubilidade em agua e
suscetibilidade a oxidagao (REZAEI; FATHI; JAFARI, 2019).

Devido a sua alta hidrofobicidade e tendéncia para formar cristais, a
dispersibilidade e biodisponibilidade do 3-caroteno em alimentos de base aquosa € muito
baixa (PEZESHKI et al., 2019). O carreamento destes compostos em alimentos consiste entao
em um desafio quanto aos requisitos de estabilidade as condi¢goes de processamento, que
podem ser superados com abordagens nanotecnolégicas (HUANG; YU; RU, 2010). Dessa
forma, a incorporagao destes compostos em sistemas de entrega em nanoescala se mostra
promissora, a fim de melhorar a dispersibilidade em alimentos de base aquosa, protegé-los
contra as agdes de pro-oxidantes, aumentando assim a sua biodisponibilidade (REZAEI;
FATHI; JAFARI, 2019).

A biodisponibilidade de um composto bioativo, ou seja, a propor¢cdo de um
nutriente ou composto ingerido que pode ser absorvido e estar disponivel na circulagao
sistémica para utilizagdo em varias fungdes vitais (CARBONELL-CAPELLA et al., 2014) é
dependente, entre outros fatores, de varios fendmenos fisico-quimicos que ocorrem durante
sua passagem pelo trato gastrointestinal (TGI), incluindo a liberagdo do composto da matriz
alimentar, solubilizacdo dentro de micelas mistas, transformacdo em uma forma ativa,

transporte para o epitélio intestinal e captacao pelas células (MCCLEMENTS et al., 2015).
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Uma vez que a liberagao e solubilizagao de compostos bioativos lipossollveis esta
intimamente relacionada a digestao de lipidios (SALVIA-TRUJILLO et al., 2013), sistemas de
entrega em nanoescala baseados em lipidios tém atraido consideravel interesse, devido ao
seu potencial para aumentar a estabilidade e biodisponibilidade oral de compostos bioativos,
preservando suas caracteristicas nutricionais, aumentando sua dispersibilidade em agua e
protegendo o composto da degradacao quimica (KATOUZIAN et al., 2017; MCCLEMENTS;
XIAO, 2014; PINHEIRO et al., 2017; SOLEIMANIAN et al., 2018).

Dentre os sistemas de entrega em nanoescala baseados em lipidios, os
carreadores lipidicos nanoestruturados (CLN) tém se mostrado como sistemas promissores
para o carreamento e protecdo de compostos bioativos lipossollveis, como o B-caroteno,
promovendo o aumento da biodisponibilidade e da estabilidade, bem como a liberacdo
direcionada e controlada destes compostos em seus locais de agdo (ZHENG et al., 2013;
PEZESHKI et al., 2019). Matrizes lipidicas com diferentes pontos de fusdo sao utilizadas para
sua obtencao, fazendo com que a cristalizacdo ocorra de uma forma menos ordenada,
permitindo assim uma maior incorporagdo de compostos bioativos (ATTAMA; MOMOH;
BUILDERS, 2012; PINTO et al., 2014; PYO et al., 2017).

Fatores como a proporgao e a composigao da fase lipidica, o tamanho de particula
e as propriedades interfaciais tém um efeito pronunciado sobre a digestdo lipidica e a
biodisponibilidade de compostos bioativos lipofilicos (SALVIA-TRUJILLO et al., 2017b; TAN;
MCCLEMENTS, 2021). Assim, a matriz lipidica e o emulsificante utilizados para obtengéo de
CLN desempenham papéis criticos no destino biolégico do B-caroteno incorporado a estas
nanoestruturas, uma vez que afetam, dentre outros fatores, as propriedades fisico-quimicas
dos CLN obtidos, a taxa e a extensdo da digestibilidade lipidica, e consequentemente a
biodisponibilidade dos compostos (TAMJIDI et al., 2013; LIN et al., 2018).

Uma vez que a liberacao e a absorgao de compostos bioativos lipofilicos, como o
B-caroteno, podem ser concebidas de forma racional com base na compreenséao da lipélise
digestiva (WILDE; CHU, 2011; CARRIERE, 2016), a realizacdo de ensaios de digestibilidade
in vitro € uma ferramenta para determinacao da bioacessibilidade e biodisponibilidade destes
compostos, e a influéncia da composicao de CLN sobre sua estabilidade durante a passagem
pelo TGl. Estes ensaios podem ser realizados através de sistemas estaticos ou dinamicos.
Em comparacdo com os modelos estaticos, os modelos dindmicos de digestibilidade in vitro
sao considerados mais adequados para fornecer uma melhor previsdo do destino biol6gico
dos sistemas de entrega, devido a simulagdo mais eficaz dos atributos bioquimicos,
biomecéanicos e temporais que ocorrem in vivo (LIN et al., 2018).

Além disso, quando um novo composto ou ingrediente € utilizado para obtencao
de CLN, é necessario avaliar sua possivel toxicidade contra as células intestinais, pois o
intestino delgado é o 6rgao-alvo do consumo oral de CLN (JAFARI; MCCLEMENTS, 2017). A



21

linhagem celular de adenocarcinoma do célon humano - Caco-2- é utilizada para os estudos
de citotoxicidade e permeabilidade dos compostos bioativos incorporados aos
nanocarreadores, e corresponde a um dos principais modelos de absor¢ao intestinal utilizados
para o estudo das caracteristicas de transporte e permeabilidade de compostos bioativos.
Esta técnica fornece dados importantes relacionados principalmente a dose limite a ser
ingerida e a bioacessibilidade dos compostos bioativos, permitindo, dessa forma, um estudo
mais completo desde o momento da ingestdo até a absorgéo intestinal dos carreadores
lipidicos nanoestruturados com incorporacao de -caroteno. Assim sendo, o desenvolvimento
de sistemas de entrega que proporcionem a maior funcionalidade e seguranca de compostos
bioativos nutracéuticos pode criar oportunidades para aplicagcdo de tecnologias, como a
nanotecnologia, de forma mais ampla na industria de alimentos (GONCALVES et al., 2018).

1.1 Objetivos

O objetivo geral deste trabalho foi a obtencdo de carreadores lipidicos
nanoestruturados (CLN) a partir de matrizes lipidicas convencionais (éleo de girassol alto
oleico e 6leo de soja totalmente hidrogenado), através do método de homogeneizacéo a alta
pressdo (HAP), para a incorporacdo e a protecdao de [3-caroteno, visando alta estabilidade
cristalina, elevada biocompatibilidade e custo viavel. Para que este objetivo fosse alcangado,
fez-se necessario alcancar os seguintes objetivos especificos:

- Avaliar as condi¢6es gerais de processo para a obtengdo de CLN, com respeito a presséo
de homogeneizagao e numero de ciclos;

- Avaliar o efeito de emulsificantes especificos sobre as propriedades gerais dos CLN obtidos;
- Avaliar a estabilidade fisica de CLN obtidos a partir de diferentes sistemas lipidicos;

- Estabelecer o efeito particular do tamanho de cadeia dos acidos graxos e do teor de &cidos
graxos insaturados de sistemas lipidicos sobre as propriedades de morfologia, ultraestrutura,
polimorfismo, cristalinidade e estabilidade dos CLN obtidos;

- Avaliar o potencial de estruturas CLN para a incorporacao de compostos bioativos lipofilicos;
- Avaliar a digestibilidade dos nanocarreadores, a bioacessibilidade do B-caroteno incorporado
as nanoestruturas e o perfil de liberagdo de acidos graxos, através de um sistema dinamico
de digestibilidade in vitro;

- Avaliar a citotoxicidade do B-caroteno incorporado as nanoestruturas, das estruturas CLN,

bem como dos principais componentes utilizados para sua obtencéo.

1.2 Estrutura da tese

A apresentacao deste trabalho foi organizada em capitulos, conforme descrito a

seguir.
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Capitulo I: Introdugédo geral
Neste capitulo sdo apresentados a introdugdo geral, os objetivos, geral e
especificos do estudo, bem como a estrutura em que a tese esta organizada.

Capitulo Il: Revisdo bibliografica

Neste capitulo sdo abordados aspectos teéricos acerca do uso de CLN como uma
estratégia para o aumento da bioacessibilidade de B-caroteno, considerando a revisao
bibliogréafica da literatura mais recente e relevante sobre o tema deste estudo.

Os capitulos ll, 1V, V. VI e VII séo relacionados as etapas de desenvolvimento

deste estudo, apresentadas na Figura 1. A descricdo de cada etapa, bem como do capitulo
referente, esta relatada a seguir.

A Etapa | teve como objetivo estabelecer o conhecimento necessario quanto aos
parametros gerais de obtengdo de CLN, referentes a avaliacdo da efetividade de
emulsificantes (sintéticos e naturais) utilizados na industria de alimentos na otimizacao das
condicbes de processo da homogeneizacdo a alta pressdo (HAP) (pressdo de
homogeneizagdo e numero de ciclos). Para isto utilizou-se um sistema lipidico modelo
constituido por trioleina (TO) e triestearina (TS) na proporcéao 40:60 (TS: TO m/m). Os CLN
foram obtidos através da HAP a quente, com condigbes de processo definidas através de um
planejamento fatorial completo 22. Ao final desta etapa, foram selecionados os emulsificantes
lecitina de soja modificada enzimaticamente (LS), monooleato de sorbitana etoxilado (Tween
80) e isolado proteico do soro de leite (WPI), a pressdo de homogeneizagéao 700 bar e 2 ciclos
de homogeneizagcdo, como os componentes de formulagdo e as condigbes de processo
efetivas e otimizadas para a obtencdo de CLN em nanoescala. Os resultados deste estudo
compdem o Capitulo Ill: “Performance of natural and synthetic emulsifiers in the optimization
of high pressure homogenization conditions to produce nanostructured lipid carriers”.

Para a Etapa Il, preconizou-se o uso de matrizes lipidicas convencionais da
industria de alimentos, para, dessa forma, diminuir o custo de obtencao de CLN, bem como
para proporcionar novos usos para fontes lipidicas comumente utilizadas para obtencéao de
produtos alimenticios. As matrizes lipidicas selecionadas foram o 6leo de soja totalmente
hidrogenado (OSTH) e o 6leo de girassol alto oleico (OGAQ). A escolha do OSTH, como
matriz lipidica de alto ponto de fusdo ocorreu devido ao fato da alta disponibilidade desta
matéria-prima no pais, maior produtor mundial de soja, e em virtude de sua composi¢ao
majoritaria em acido estearico, acido graxo saturado que apresenta efeito aterogénico neutro

no organismo humano.
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Figura 1: Etapas de desenvolvimento do estudo. Etapa I: Desempenho de emulsificantes e otimizagao
das condigbes de processo para a obtencédo de CLN. Etapa IlI: Obteng&o de CLN utilizando OSTH e OGAO
como matrizes lipidicas. Etapa Ill: Incorporacdo de B-caroteno aos CLN. Etapa IV: Estudo da
digestibilidade in vitro e citotoxicidade de CLN.
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O OGAO foi escolhido como matriz lipidica de menor ponto de fuséo devido principalmente
ao seu alto contetdo de &cido oleico, o que Ihe confere elevada estabilidade oxidativa.

Inicialmente, foram obtidos sistemas lipidicos compostos por OSTH:OGAO (m/m)
nas proporgdes - 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80 e 10:90; e
caracterizados quanto a composicao, propriedades fisicas e de cristalizagao. A partir desta
caracterizagao, definiu-se os sistemas lipidicos 80:20, 60:40, 40:60 e 20:80 OSTH: OGAO
(m/m), para a obtengao dos CLN. Os resultados deste estudo compéem o Capitulo 1V: “Lipid
systems based on fully hydrogenated soybean oil and high oleic sunflower oil to obtain
nanostructured lipid carriers: composition, physical properties, and crystallization parameters”.

Sequencialmente, ainda na Etapa Il do projeto, os CLN foram obtidos utilizando-
se as condicoes de processo e emulsificantes definidos na Etapa | (700bar e 2 ciclos de
homogeneizacgao); e caracterizados quanto as propriedades gerais de distribuicdo de tamanho
de particula, estrutura, estabilidade fisica, comportamento térmico, cristalinidade e
polimorfismo, considerando-se os efeitos de composicéo da fase lipidica relativos ao grau de
insaturagdo dos sistemas lipidicos utilizados. Ao final desta etapa selecionou-se o sistema
lipidico 60:40 OSTH:OGAO (m/m) como matriz lipidica para obtencdo de CLN com
incorporacao de B-caroteno na Etapa lll, em virtude deste sistema proporcionar a obtencao
de particulas estaveis durante os 60 dias de armazenamento e com caracteristicas de
cristalinidade adequadas para incorporagédo do composto bioativo lipofilico de interesse. Os
resultados deste estudo compéem o Capitulo V: “High oleic sunflower oil and fully
hydrogenated soybean oil nanostructured lipid carriers: development and characterization”.

A Etapa lll esteve direcionada a avaliagcdo do potencial de CLN selecionados na
Etapa Il, quanto a incorporagcdo de compostos bioativos lipofilicos. Nesse sentido, os CLN,
obtidos com trés distintos emulsificantes (LS, Tween 80 e WPI), foram avaliados quanto a
eficiéncia de incorporagao, capacidade de carga, estabilidade fisica, cristalina e polimérfica
das nanoestruturas com incorporacao de B-caroteno. Dessa forma, os carreadores obtidos
utiizando LS e Tween 80 como emulsificantes foram selecionados para o estudo da
digestibilidade in vitro na etapa IV. Os resultados deste estudo compéem o Capitulo VI:
“Development and characterization of fully hydrogenated soybean oil and high oleic sunflower
oil B-carotene loaded nanostructured lipid carriers”.

A Etapa IV foi realizada no Laboratério de Industria e Processos (LIP) da
Universidade do Minho (UMinho) em Braga/Portugal, durante o periodo de Bolsa de Estagio
e Pesquisa no Exterior-BEPE (Processo FAPESP 2019/05176-6) sob supervisdo do Prof. Dr.
Antdnio Augusto Vicente. Nesta etapa foram realizados ensaios relacionados a digestibilidade
in vitro dindmica, bioacessibilidade do composto incorporado as estruturas, ao perfil de
liberacdo de acidos graxos e a citotoxicidade dos CLN e dos componentes utilizados em sua
composicao. Esse periodo no exterior teve a duragéo de 16 meses e possibilitou, dentre outros
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fatores, a complementaridade das etapas de projeto realizadas no Brasil, fornecendo
informagdes pertinentes relativas ao comportamento de nanoparticulas lipidicas durante a
passagem pelo TGlI, a toxicidade de nanoestruturas e, por conseguinte, a aplicagao de
nanoestruturas lipidicas em alimentos. Os resultados deste estudo compdem o Capitulo VII:
“Fully hydrogenated soybean oil and high oleic sunflower oil B-carotene loaded nanostructured
lipid carriers: citotoxicity and bioaccessibility”.

Capitulo VIII: Discusséo geral

Neste capitulo, através de uma abordagem geral considerando as distintas etapas
executadas, sao apresentadas as discussdes acerca dos principais resultados obtidos a partir
do desenvolvimento deste estudo.

Capitulo IX: Conclusées gerais
Neste capitulo sdo relatadas as principais conclusbes obtidas a partir dos
resultados e discussdes deste estudo.

Capitulo X: Sugestées para trabalhos futuros
Capitulo XI: Referéncias bibliograficas
Capitulo XII: Anexos
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2. REVISAO BIBLIOGRAFICA
2.1 Nanoparticulas e alimentos

Segundo o National Nanotechnology Initiative (NNI), a nanotecnologia pode ser
definida como: i) pesquisa e desenvolvimento tecnoldgico nos niveis atémico, molecular ou
macromolecular; ii) criacdo e utilizacdo de estruturas, dispositivos e sistemas com novas
propriedades e fungdes, devido as dimensdes reduzidas; iii) capacidade de controle e
manipulacdo em escala atomica (NNI, 2014).

De maneira geral, a nanotecnologia € considerada a aplicacao dos principios
cientificos e de engenharia para desenvolvimento e utilizacdo de materiais de dimensdes
nanométricas, envolvendo a criacdo e manipulacdo da matéria organica e inorganica em
nanoescala (NNI, 2014). Os materiais resultantes apresentam propriedades fisicas e quimicas
significativamente diferentes das propriedades dos materiais em macroescala, constituidos
pela mesma substancia (DUNCAN, 2011).

As propriedades fisico-quimicas (tais como a cor, solubilidade, viscosidade,
difusividade, a resisténcia do material e toxicidade) e biologicas das estruturas e sistemas em
nanoescala sao substancialmente diferentes do que as estruturas em macro e microescala
(NEETHIRAJAN; JAYAS, 2011). Particulas em macroescala séo mais influenciadas pela
inércia e gravidade do que por forgas interparticulares; particulas menores que 10 pum
geralmente apresentam interagdes interparticulares proporcionais a forga gravitacional; nas
particulas em escala nanométrica as forgas interparticulares sdo menores e a interagao ocorre
a nivel atbmico e molecular (LI et al., 2004). Essa interacdo individual entre atomos e
moléculas oferece novas e originais aplicacées funcionais (NEETHIRAJAN; JAYAS, 2011).

A aplicacdo da nanotecnologia em alimentos é recente em comparacdao com a
area biomédica e as industrias de tecnologia de informagao, nas quais a nanotecnologia ja é
utilizada na fabricacdo de materiais. No entanto, ja existem iniUmeras oportunidades que
podem ser exploradas, como a elaboracdo de produtos com caracteristicas funcionais e
nutracéuticas, o desenvolvimento de processos e as embalagens inteligentes (ASSIS et al.,
2012).

A nanotecnologia representa um campo cientifico e tecnoldgico multidisciplinar em
amplo desenvolvimento. A redug¢éo do tamanho de materiais em escala nanométrica modifica
as propriedades fisico-quimicas e biolégicas, resultando em novas aplicagées. O pequeno
tamanho das particulas em combinacdo com a grande area de superficie confere as
nanoparticulas caracteristicas Unicas e enorme potencial para aplicagdo na produgédo e
processamento de alimentos (CHAU; WU; YEN, 2007). No campo da ciéncia de alimentos, o
controle dos componentes em nanoescala pode levar a modificagdo de diversas

caracteristicas fundamentais, como textura e atributos sensoriais em geral, além da
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processabilidade e estabilidade durante a vida de prateleira, além do desenvolvimento de
sistemas para liberagdo de compostos bioativos (HUANG; YU; RU, 2010; MORARU et al.,
2003).

Ha muitos beneficios potenciais derivados da aplicagdo da nanotecnologia em
toda a cadeia de produgao de alimentos: desenvolvimento de equipamentos de fabricagéao de
alimentos mais leves e precisos, técnicas de processamento de alimentos mais baratas e
eficientes, sistemas de distribuicdo de nutrientes, desenvolvimento de ingredientes
alimentares e aditivos nanométricos, vida de prateleira de produtos alimenticios através do
desenvolvimento de embalagens inovadoras ativas e inteligentes, redu¢des no desperdicio
de alimentos, bem como uma melhor qualidade e uma oferta de alimentos mais segura
(HANDFORD et al., 2014).

O termo nanoalimento (nanofood) descreve alimentos que foram cultivados,
produzidos, processados ou embalados utilizando-se técnicas ou instrumentos
nanotecnolégicos, ou para os quais nanomateriais manufaturados tenham sido adicionados
(CHAU; WU; YEN, 2007; HANDFORD et al., 2014).

As estratégias de uso da nanotecnologia na industria de alimentos apresentam-se
bastante diferenciadas, uma vez que o processamento de alimentos consiste em uma
abordagem multi-tecnoldgica, envolvendo grande variedade de matérias-primas,
requerimentos de biosseguranga, além de processos tecnoldgicos bem estabelecidos. As
principais areas da produgao de alimentos que podem obter grandes beneficios pelo uso da
nanotecnologia referem-se ao desenvolvimento de novos alimentos funcionais e de novos
ingredientes. Entretanto, as questdes regulatérias, aceitagcao publica e viabilidade econémica
dos nanofoods demandam a utilizagéo preferencial de matérias-primas naturais (CERQUEIRA
etal., 2014; LIVNEY, 2015).

Sistemas de nano-entrega apresentam grandes perspectivas para a
nanotecnologia na area alimenticia, assim como nas areas farmacéutica e cosmética. Em
geral esses sistemas podem ser divididos em dois grupos: sistemas baseados em polimeros
e baseados em lipidios (SAWANT; DODIYA, 2008). A obtencao de nanoparticulas utilizando
polimeros apresenta certas limitagdes relacionadas principalmente a questdes de nao
biodegradabilidade e citotoxicidade de alguns polimeros, uso de solventes organicos e
agentes de reticulacdo em sua preparagao, baixa disponibilidade de biopolimeros e falta de
técnicas de producdo em larga escala (CHEN et al., 2010; MULLER; MADER; GOHLA, 2000;
RAWAL; PATEL, 2018; WEISS et al., 2008).

Essas limitacoes foram transpostas pelo desenvolvimento de nanoparticulas
lipidicas (NL) que comparadas as nanoparticulas poliméricas, apresentam vantagens
potenciais para o sistema de nano-entrega de compostos, tais como elevada tolerancia devido
a utilizacdo de lipidios fisiolégicos e producdo em larga escala (MULLER et al., 1996).
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Estabilidade fisica e quimica, capacidade de produgao a baixo custo, auséncia de solventes
organicos na obtencdo, possibilidade de esterilizagdo, sédo alguns dos beneficios
suplementares oferecidos pelas NL (RAWAL; PATEL, 2018). Como os lipidios fazem parte da
nutricdo humana e sao parte integrante de muitos processos fisiol6gicos e bioquimicos, os
sistemas nanoparticulados a base de lipidios sédo considerados um dos meios mais seguros,
mais biocompativeis, versateis e acessiveis para entrega de compostos (ATTAMA; MOMOH,;
BUILDERS, 2012).

Além disso, 0 mecanismo de transporte dessas nanoparticulas no TGl apresenta
diferencas. A interacao das nanoparticulas com a barreira intestinal pode indicar a aplicagao
das mesmas para o transporte de determinados compostos. Enquanto as nanoparticulas
poliméricas sdo mais eficientes no transporte e entrega de peptideos/proteinas, NL sdo mais
eficientes para carrear compostos de baixa solubilidade em meio aquoso (BELOQUI; DES
RIEUX; PREAT, 2016).

As NL tém sido reconhecidas como sistemas ideais para incorporagdo de
compostos funcionais ou bioativos, em termos de seguridade toxicoldgica, escalabilidade e
desempenho tecnolégico, justificando uma série de estudos recentes no tema (ADITYA; KO,
2015). Em comparagao aos sistemas de encapsulamento convencionais, os sistemas lipidicos
apresentam como vantagem a possibilidade de produgdo com ingredientes naturais em escala
industrial, grande diferenciacao das propriedades fisico-quimicas das NL obtidas, além da
capacidade de retencdo de compostos de solubilidade bastante variavel (YOON; PARK;
YOON, 2013).

2.2 Nanoparticulas lipidicas

O estudo das NL teve inicio na década de 90, com o desenvolvimento de
nanoparticulas lipidicas sélidas (NLS) como um sistema transportador coloidal alternativo
para a entrega controlada de compostos (MULLER et al., 1996). As NL integraram a alta
biodisponibilidade e biocompatibilidade de emulsdes, a permeabilidade da membrana de
lipossomas, diferentes modificacbes quimicas e liberagdo controlada de nanoparticulas
poliméricas; ao mesmo tempo em que minimizaram desvantagens destes sistemas de
entrega tradicional como a utilizagdo de solventes orgéanicos, baixa inclusdo de compostos e
problemas de producdo em larga escala (MEHNERT; MADER, 2012; MULLER; MADER;
GOHLA, 2000).

A primeira geragdo de NL (NLS) foi produzida somente com lipidios sélidos e
tensoativos e, € baseada no conceito da substituicdo do centro aquoso de emulsbées por
lipidios sélidos (SEVERINO; SANTANA; SOUTO, 2012). As NLS podem ser produzidas a
partir de uma Unica matriz lipidica sélida, a exemplo de triacilglicerdis (TAG) de alto ponto de
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fusdo (PF), ou mediante o uso de uma mistura de classes lipidicas (TAMJIDI et al., 2013). Em
alguns casos, as NLS produzidas a partir de matrizes lipidicas de alta pureza podem se
cristalizar de forma muito ordenada, o que permite menor espac¢o para incorporagao de
compostos, resultando em problemas de estabilidade durante a expulsdo do componente
encapsulado (YOON; PARK; YOON, 2013). O processo completo de cristalizagdo ou
recristalizagao dos lipidios reduz a solubilidade do composto incorporado na estrutura das NL,
levando em alguns casos a expulsdo desse composto, especialmente quando a concentragéo
na formulacdo € muito alta. A maioria dos compostos tem maior solubilidade em lipidios no
estado liquido do que em lipidios sélidos (MULLER; RADTKE; WISSING, 2002).

O uso de NLS como carreador lipidico apresenta algumas desvantagens como:
menor espaco livre para acomodar os compostos bioativos em sua estrutura; liberacdo das
moléculas bioativas durante o armazenamento; instabilidade fisica e quimica devido a
tendéncia de a matriz lipidica solida recristalizar durante o armazenamento; suscetibilidade a
agregacao de particulas; transicées polimérficas (PYO; MULLER; KECK, 2017).

Diversos estudos relataram que as NLS, nanoemulsdées que consistem em um
nucleo de lipidios sélidos, forneceram maior protecdo a compostos bioativos do que
nanoemulsdes obtidas apenas com lipidios liquidos (NIK; LANGMAID; WRIGHT, 2012), o que
foi atribuido a uma difusdo reduzida entre o nucleo lipidico e a fase aquosa (SALVIA-
TRUJILLO et al., 2019). No entanto, dependendo do estado cristalino da matriz lipidica
utilizada para obtencdo de NLS, podera ocorrer uma expulsdo do composto bioativo
incorporado a estrutura promovendo assim sua degradacao (WEISS et al., 2008). Matrizes
lipidicas de alto PF podem se cristalizar em uma estrutura altamente compacta, ocasionando
assim a degradagéao de carotenoides (QIAN et al., 2013).

Com o intuito de contornar possiveis limitacdes associadas as NLS, foi
desenvolvida uma segunda geracdo de NL denominada de carreadores lipidicos
nanoestruturados (CLN) (YOON; PARK; YOON, 2013). A Figura 2 apresenta os principais
componentes de formulagdo de CLN e NLS. A obtencdo de CLN é realizada utilizando-se
sistemas lipidicos soélidos, liquidos e emulsificantes. Esta segunda geracdo surgiu com o
intuito de produzir uma matriz lipidica menos estruturada em relacao a cristalinidade,capaz de
obter melhor eficiéncia de encapsulagédo e evitar a liberagdo dos compostos incorporados
durante a estocagem (SERRA et al., 2008; SOUTO; SANTANA; PINHO, 2011). As misturas
lipidicas utilizadas, no entanto, devem apresentar PF superior a temperatura corporal. Como
resultado das imperfeicdes na estrutura cristalina dos CLN, a capacidade de encapsulagcéao
das particulas pode ser aumentada, minimizando a liberagdo do composto ativo durante o
periodo de armazenamento (YOON; PARK; YOON, 2013).
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Figura 2: Principais componentes de formulagcdo de CLN e NLS. Fonte: autoral, adaptado de
Rostamabadi et al. (2019), criado com Biorender.

2.3 Carreadores Lipidicos Nanoestruturados

Os CLN consistem em uma matriz lipidica sélida desordenada, obtida através da
mistura de lipidios de maior e de menor PF, e uma fase aquosa contendo um agente
tensoativo ou uma mistura de agentes tensoativos (PARDEIKE; HOMMOSS; MULLER, 2009).
O objetivo da formulacdo de CLN é produzir particulas em que a fracao lipidica liquida seja
incorporada a uma matriz lipidica sélida, o que conduz a uma maior capacidade de carga (CC)
e entrega controlada de compostos solubilizados no 6leo e simultaneamente encapsulados
pelo lipidio sélido (VARSHOSAZ; ESKANDARI; TABAKHIAN, 2010).

Os CLN podem combinar as vantagens de diferentes sistemas de entrega coloidal
e superar algumas de suas desvantagens (baixa CC, perda de ingredientes bioativos por
expulsdo durante o armazenamento, agregagcdo de particulas e instabilidade durante o
armazenamento) (MOHAMMADI; ASSADPOUR; JAFARI, 2019). A redugédo na expulsdo de
compostos no caso de CLN € atribuida ao fato de que os lipidios puros tendem a sofrer
mudangas polimorficas e recristalizar em um estado de fusdo menos estavel e mais tarde,
para um polimorfo mais estavel (RAWAL; PATEL, 2018). Para isso a mistura lipidica utilizada
para obtencao dos CLN deve apresentar menor velocidade das transi¢cdes polimérficas, bem
como menor grau de cristalinidade, propriedades associadas a existéncia de dominios
lipidicos liquidos no centro das particulas (TAMJIDI et al., 2013).

Em geral, imperfeicGes dos cristais podem ser aumentadas pelo uso de misturas
de TAG ou acilgliceréis compostos por diferentes acidos graxos (AG), no que se refere ao
tamanho de cadeia e grau de saturagao. A incompatibilidade estrutural dos elementos lipidicos
para composigdo dos CLN pode, portanto, ser promovida pelo uso de fontes lipidicas com
caracteristicas fisico-quimicas distintas, a exemplo de TAG de alto PF e 6leos vegetais
liquidos (MULLER; RADTKE; WISSING, 2002).
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A aplicagdo de CLN em alimentos apresenta algumas vantagens como: alta
eficiéncia de incorporagado (El) por proporcionar maior espago para a acomodagdo de
compostos bioativos; alta estabilidade fisico-quimica; obtidos por método simples, de custo
viavel e com possibilidade de fabricacdo em grande escala; fornece um perfil de liberagao
controlada devido a matriz lipidica sélida; apresenta capacidade de encapsular uma ampla
gama de compostos bioativos tanto de natureza hidrofilica, quanto hidrofébica; liberacéo
prolongada de compostos bioativos; protegdo dos compostos incorporados contra as
condicdes de degradacao externa; obtidos a partir de ingredientes biodegradaveis e naturais
com baixo nivel de toxicidade, entre outras (AKHAVAN et al, 2018; MOHAMMADI;
ASSADPOUR; JAFARI, 2019).

2.4 Composicao de CLN

Os componentes essenciais para a obtencdo de CLN constam da fase lipidica,
emulsificantes e agua. Neste caso, o percentual de lipidios na formulacao pode ser superior
a 95% (m/m) e o percentual do composto bioativo incorporado, com relagdo a formulacao
total, é préximo de 5% (m/m) (PURI et al., 2009; TAMJIDI et al., 2013). A formulacao de CLN
ideal para aplicagcdo em produtos alimentares deve preconizar a selegdo adequada de lipidios
e emulsificantes aprovados como que se enquadram na categoria GRAS - Generally
Recognized as Safe, ou com status regulatério aprovado para elaboracdo de sistemas
transportadores de compostos bioativos destinados a administragdo oral ou parenteral
(MOHAMMADI; ASSADPOUR; JAFARI, 2019; SERRA et al., 2008).

O conteudo, a composicao da fase lipidica e o tipo de emulsificante utilizados para
obtencao de CLN influenciam suas propriedades fisico-quimicas, como tamanho e distribuicao
de particulas, carga superficial, estabilidade fisica, CC, El, bem como a taxa e a extensao da
digestao lipidica no TGI. A escolha racional dos materiais para a composi¢cao de CLN pode,
portanto, maximizar o potencial que estas nanoestruturas apresentam para o carreamento,
protecao, entrega e aumento da bioacessibilidade de compostos bioativos lipofilicos como o
B-caroteno (BC). A otimizacdo da combinacao entre lipidios e emulsificantes, bem como do
método utilizado para obtencao permite a obtencao de CLN com propriedades fisico-quimicas
eficientes (ASHKAR; SOSNIK; DAVIDOVICH-PINHAS, 2021).

2.4.1 Lipidios

Oleos e gorduras comestiveis sdo nutrientes essenciais da dieta humana,
apresentando papel vital mediante o fornecimento de AG essenciais e energia. Em adicao
as qualidades nutricionais, os 6éleos e gorduras provém consisténcia e caracteristicas de

fuséo especificas aos produtos que os contém, atuam como meio de transferéncia de calor
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durante o processo de fritura e como carreadores de vitaminas lipossoliveis e aroma
(YOUNG, 1985). Quimicamente 6leos e gorduras sdo substancias insolUveis em agua
(hidrofébicas), de origem animal ou vegetal, formados predominantemente por ésteres de
TAG, produtos resultantes da esterificagao entre o glicerol e AG (MORETTO; FETT, 1998).
Oleos e gorduras naturais consistem de misturas multi- componentes de TAG,e
pequenas quantidades de lipidios polares(ou minoritarios), como diacilgliceréis (DAG),
monoacilglicerdis (MAG), éacidos graxos livres (AGL), fosfolipidios, glicolipidios e esterdis.

TAG sao constituidos por trés AG combinados a trés carbonos de uma molécula
de glicerol por meio de ligacdes ésteres. Cada AG pode ocupar diferentes posicdes na
molécula (sn-1, sn-2 ou sn-3), possibilitando uma grande diversidade de combinacdes.
Entretanto, a distribuicdo dos AG nos TAG naturais ndo é randémica. O padrao taxondmico
dos 6leos e gorduras de obedece a distribuicdo 1,3-random-2-random, com os acidos
graxos saturados (AGS) localizados quase exclusivamente nas posicdes sn-1 e sn-3 e 0s
acidos graxos insaturados (AGl) preferencialmente na posicdo sn-2 dos TAG (O’'BRIEN,
2008).

Grande parte do comportamento dos lipidios depende das caracteristicas da
cadeia alquila dos AG presentes, como por exemplo a presengca de saturagdo ou
insaturagéo, configuracao cis ou trans, tamanho de cadeia e numero de carbonos par ou
impar. AGS sao menos reativos e apresentam PF superior em relacdo ao AG
correspondente de mesmo tamanho de cadeia com uma ou mais duplas ligagées. A
presenca de cadeias longas e saturadas aumenta o PF dos TAG , em razdo de sua
conformacéao linear, acarretando maior interagdo das moléculas e, consequentemente,
permitindo melhor empacotamento das cadeias de AG (SCRIMGEOUR, 2005).

A composicao triacilglicerdlica e distribuicao regioespecifica determinam as
propriedades fisicas dos éleos e gorduras, afetando a estrutura, estabilidade, sabor, aroma,
qualidade de estocagem, caracteristicas sensoriais e visuais dos alimentos, além de seu
valor nutritivo (O’'BRIEN, 2008); e originam uma notavel diversidade na estrutura polimérfica
e, consequentemente, complexos perfis de cristalizagéo (RIBEIRO et al., 2009).

As matrizes lipidicas sdo o0s principais ingredientes das NL, influenciando
diretamente na sua CC, estabilidade e liberacdo de compostos incorporados a estrutura
(KATOUZIAN et al., 2017; SHAH et al., 2015). As caracteristicas fisico-quimicas dos lipidios
utilizados para a obtencéao de sistemas de entrega a base de emulsées impactam diretamente
sua digestibilidade, e consequentemente a bioacessibilidade dos compostos bioativos
lipofilicos que sao solubilizados dentro das gotas de éleo (SALVIA-TRUJILLO et al., 2017b).

A selecao de matrizes lipidicas apropriadas para o desenvolvimento de CLN deve
considerar os seguintes aspectos: i) a solubilidade do principio encapsulado na fase lipidica,

a eficiéncia de encapsulacao e viabilidade de uso nas NL obtidas; ii) estabilidade da fase
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lipidica a processos de oxidagao quimica e enzimatica; iii) emprego de componentes lipidicos
biodegradaveis, e com perfil toxicoldgico aceitavel (KATOUZIAN et al., 2017; TAMJIDI et al.,
2013).

A porcentagem de lipidio liquido na matriz lipidica para obtencdo de CLN
influencia propriedades fisicas, como o TP, o inicio do processo de cristalizacdo e a
temperatura de fusdo, além de produzir particulas com menor cristalinidade, promovendo
maior espago para incorporagdo de compostos bioativos (ZHENG et al., 2013). As
caracteristicas dos AG que compdem as matrizes lipidicas de maior e menor PF utilizadas
para obtencdo de CLN podem promover a formagao de uma fase lipidica mais viscosa, o que
pode levar ao aumento da tenséo superficial e consequentemente a formacgéao de particulas
maiores (PINTO; DE BARROS; FONSECA, 2018). Nesse sentido, deve-se considerar e
escolha de uma proporgao racional entre os lipidios de maior e de menor PF para compor os
CLN (KATOUZIAN et al., 2017). Para obtencao de CLN, os constituintes lipidicos de alto e
baixo PF devem apresentar configuracao espacial bastante diferenciada. Isto significa que a
fase lipidica liquida ndo deve ser incorporada a fase lipidica sélida, e que os cristais nao
devem ser solubilizados pela fase liquida. Adicionalmente, uma condicdo essencial para
garantir a estabilidade dos CLN é que os constituintes lipidicos de alto e baixo PF apresentem
miscibilidade completa nas concentragdes de uso (DOKTOROVOVA et al., 2010).

Varios estudos que consideraram o desenvolvimento de CLN a partir de sistemas
lipidicos com diferentes proporgdes de fontes de maior e menor PF ja foram reportados na
literatura. How, Rasedee e Abbasalipourkabir (2013), por exemplo, caracterizaram CLN
formulados com azeite de oliva e 6leo de palma hidrogenado em diferentes proporgdes,
obtidos utilizando Tween 80 como emulsificante. Os autores relataram que as caracteristicas
fisico-quimicas dos CLN foram independentes da propor¢éo da matriz lipidica de menor PF
no sistema lipidico. Em geral o aumento na propor¢cado de azeite de oliva proporcionou o
aumento do Potencial Zeta (PZ) e na polidispersidade dos CLN, sendo que os CLN obtidos
com maior conteldo de azeite de oliva apresentaram maior TP dentre os CLN avaliados.
Oliveira et al. (2016) caracterizaram CLN com incorporacdo de BC obtidos a partir de
triestearina e 6leo de girassol alto oleico (OGAO) em diferentes proporgdes, e encontraram
que a composi¢ao lipidica ndo alterou o TP dos CLN obtidos. Os termogramas obtidos pela
andlise de calorimetria diferencial de varredura (DSC) demonstraram que o OGAO gerou um
disturbio na ordem dos cristais, uma vez que nanoparticulas com matriz lipidica menos
organizada foram produzidas. Os autores encontraram ainda que, embora a degradagao total
do BC tenha sido semelhante para todos os sistemas, a analise colorimétrica demonstrou que
a degradacao do BC encapsulado foi menor para nanoparticulas com alto teor de OGAO. Pan,
Tikekar e Nitin (2016) avaliaram CLN preparados através de sistemas lipidicos com distintas
propor¢des de trioctanoato de glicerilo (lipidio de menor PF) e eicosano (lipidio de maior PF),
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e LS de alto PF (Phospholipon® 80 H) como emulsificante. Os autores reportaram que a
porcentagem de lipidio de menor PF nao influenciou significativamente (p<0,05) o TP dos CLN
obtidos. No entanto, verificou-se um aumento na quantidade de BC carregado nos CLN
proporcional ao conteudo de lipidios de menor PF. Babazadeh, Ghanbarzadeh e Hamishehkar
(2017) realizaram a obtencao de CLN utilizando fontes lipidicas de maior (acido laurico, acido
estedrico, e manteiga de cacau) e de menor PF (glicerol, miglyol 812, 6leo de milho e oleico
acido) combinadas em diferentes proporgdes, a partir de distintos emulsificantes (Poloxamer
407, Tween 80 e Tween 20). Os autores relataram que as dimensdes e a morfologia dos CLN
obtidos foram influenciadas pela concentracdo da fase lipidica de menor PF. O aumento no
teor do lipidio de menor PF em até 30% produziu particulas esféricas com superficies lisas e
menores dimensdes. Pinto, Barros e Fonseca (2018) desenvolveram CLN a partir de éleos
vegetais (girassol, améndoa doce, coco e azeite de oliva) como matrizes lipidicas de menor
PF e acido miristico (C14:0) como matriz lipidica de maior PF, em diferentes proporcées,
utilizando quatro distintos emulsificantes (Tween 80, Span 60, Span 80 e Poloxamer 188).
Neste estudo verificou-se que embora o TP dos CLN tenha diminuido com o aumento da
porcentagem de 6leos vegetais, algumas excecdes foram observadas, indicando que além da
propor¢ao da matriz lipidica de menor PF, sua composi¢ao em AG influenciou o TP dos CLN
obtidos. Pezeshki et al. (2019) avaliaram CLN com incorporacado de BC obtidos utilizando
octanoato de octilo e Precirol como matrizes lipidica de maior e menor PF, respectivamente,
em diferentes proporgdes; e Poloxamer 407 como emulsificante em diferentes concentragoes
(1%, 2%, 3% e 4% m/v). Em todas as concentracdes de emulsificante, verificou-se que o
aumento do grau de insaturagao do sistema lipidico também foi acompanhado de aumento no
TP dos CLN obtidos. Rohmah et al. (2020) obtiveram CLN com incorporagéo de BC, utilizando
estearina e oleina de palma como matrizes lipidicas e Tween 80 como emulsificante através
da sonicagdo. O aumento da proporcao do lipidio de maior PF resultou no aumento do TP.
Yang et al. (2020) avaliaram a obtencdo de CLN com incorporacdo de BC através da
homogeneizacéao a alta pressao (HAP) utilizando monoestearato de glicerila (GMS) e TAG de
cadeia média (TCM) em diferentes propor¢cdes como matrizes lipidicas, e Tween 80 como
emulsificante. Os autores encontraram que o aumento adicional na proporgao de lipidio de
maior PF para lipidio de menor PF, ndo foi benéfico na redugdo do TP e do indice de
polidispersidade (IP) e no aumento da estabilidade do sistema. Um estudo realizado por
Queirés et al. (2021) avaliou a influéncia do grau de insaturacdo de diferentes sistemas
lipidicos compostos por gordura do leite totalmente hidrogenada, gordura do leite anidra e
OGAO sobre as caracteristicas de CLN obtidos através da HAP. Neste estudo, o isolado
proteico do soro de leite (WPI) e o Caseinato de Sédio foram utilizados como emulsificantes.
Os autores relataram que o aumento no grau de insaturacao do sistema lipidico utilizado para
obtencao de CLN promoveu o aumento significativo no TP.
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Os resultados encontrados nos diversos estudos reforcam a importancia da
escolha racional das matrizes lipidicas de maior e menor PF para compor os CLN. O
conhecimento das propriedades fisicas e de cristalizagao das matrizes lipidicas utilizadas para
obtencao dos CLN é importante para otimizar sua formacgao, estabilidade e atuacao funcional
(KHARAT; MCCLEMENTS, 2019). Dessa forma, a caracterizagdo completa da matriz lipidica
e de sistemas lipidicos formados por diferentes propor¢des destas matrizes, é essencial para
a formulagao de CLN com caracteristicas de cristalinidade adequadas para a incorporacao de
compostos bioativos. Além disso, conhecer o comportamento de matrizes lipidicas em
macroescala é primordial para o entendimento de seu comportamento em nanoescala,
permitindo assim definir as propor¢des mais adequadas de lipidios de maior e menor PF para
compor os CLN.

Os TCM e o &cido oleico sdo os componentes de baixo PF mais utilizados no
desenvolvimento de CLN (JANNIN; MUSAKHANIAN; MARCHAUD, 2008; JOSEPH; BUNJES,
2012). Os TCM sao obtidos através da modificacao (hidrolise/esterificacao) e fracionamento
de éleos naturais como 6leo de palma, por exemplo. Apresentam grau alimentar (reconhecido
como GRAS), sao digeridos mais rapidamente que TAG de cadeia longa e apresentam
elevada estabilidade oxidativa (PORTER; TREVASKIS; CHARMAN, 2007); porém
apresentam custo elevado (TAMJIDI et al., 2013). O &cido oleico - acido cis-9- octadecendico
— C18:1 (9) — é um constituinte da grande maioria dos dleos e gorduras comestiveis.
Apresenta efeito benéfico a saude bem documentado e estabelecido, e menor
susceptibilidade a oxidagdo quando comparado aos acidos linoleico e linolénico
(SCRIMGEOQOUR, 2005).

Os componentes lipidicos sélidos empregados na preparagdo de CLN constam
principalmente de TAG, AG, MAG, DAG e ceras. Os &cidos miristico, palmitico e estearico,
especialmente, sdo compativeis com a composicao lipidica dos tecidos animais, e em
consequéncia, tém sido utilizados como matriz lipidica preferencial para o preparo de NL
(ELTAYEB et al., 2013). Tanto o &cido estedrico quanto a triestearina, ou misturas lipidicas
ricas nestes componentes, representam matérias-primas de grande utilizacdo para
composicao de NL. O acido estearico, em particular, consiste em um AG enddgeno de cadeia
longa, e representa um componente importante em 6leos e gorduras naturais e modificados.
Possui ponto de fusdo de aproximadamente 70°C e é considerado neutro com respeito ao
impacto no perfil de lipoproteinas plasmaticas (ELTAYEB et al., 2013; MENSINK, 2005;
SEVERINO et al., 2011; WANG et al., 2014).
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2.4.1.1 Oleo de Girassol Alto Oleico (OGAO)

Os 6leos vegetais apresentam alto potencial como matrizes lipidicas de menor PF
para a formulagdo de CLN, possibilitando a obtengdo de nanoestruturas a partir de fontes
naturais, com menor custo e presenca de antioxidantes naturais em sua composi¢cdo. No
entanto, como muitos 6leos vegetais apresentam alto grau de insaturagao e alta viscosidade,
podem comprometer a obtengcdo dos CLN, em termos de instabilidade oxidativa,
inconvenientes relacionados ao rompimento das goticulas durante a redugéo de tamanho e
baixa El de compostos bioativos (LIU; WU, 2010; NGUYEN et al., 2012; TAMJIDI et al., 2013).
Assim sendo, a escolha do 6leo vegetal para obtencdo de CLN deve considerar suas
caracteristicas fisico-quimicas e sua resisténcia aos processos oxidativos. Outro fator muito
importante a ser considerado ao se utilizar 6leos vegetais para a obtencdao de CLN é a
avaliacao dos atributos de qualidade desta matéria-prima, uma vez que esta é dependente de
fatores edafoclimaticos no cultivo, manuseio durante o pré-processamento, refino e
armazenamento.

Oleos provenientes de fontes vegetais, como o de soja, de milho e girassol, por
exemplo, sdo grandes candidatos para uso como matriz lipidica de menor PF visando a
obtencdo de CLN para uso como aditivo alimentar (MOHAMMADI; ASSADPOUR; JAFARI,
2019). A modificagédo genética do girassol convencional para a variedade alto oleico conferiu
a este Oleo estabilidade oxidativa dez vezes superior em comparagdo aos Oleos de soja,
canola e ao préprio 6leo de girassol de composigao regular, sendo dessa forma considerado
uma matéria-prima premium para a obtengédo de CLN (GUNSTONE, 2011; O'BRIEN, 2008).

O OGAO foi desenvolvido por pesquisadores russos a partir da mutagénese
quimica e cruzamentos seletivos do girassol (Helianthus annus), visando a obtengédo de uma
variedade de semente estavel as condigdes climaticas, e, portanto, com alto teor de acido
oleico (O’BRIEN, 2008). A composigéo tipica do OGAO é representada por 3-5% de acido
palmitico, 2-6% de acido esteérico, 75 a 88% de acido oleico e menos de 1% de &cido
linolénico. Adicionalmente, a distribuicao regioespecifica do OGAO mostra-se diferenciada,
com elevada propor¢éo de acido linoleico na posigéo sn-2, propriedade que também justifica
sua caracteristica de alta estabilidade ao processo de oxidagdo (GROMPONE, 2005;
O’BRIEN, 2008). Essas caracteristicas tém direcionado o OGAQO a obtencao de produtos de
maxima seguranga toxicoldégica e biodegradabilidade; justificando seu alto potencial de
aplicacao em alimentos, cosméticos e farmacos, atribuindo seu direcionamento como fonte
lipidica liquida de alta qualidade para a obtencdo de CLN (GUNSTONE, 2011).
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2.4.1.2 Oleo de soja totalmente hidrogenado (OSTH)

TAG puros e suas misturas comerciais podem ser utilizados com sucesso na
obtencao de NL. Contudo, o uso de TAG na forma purificada mostra-se geralmente inviavel
economicamente quando se considera a escala e possibilidade de aplicacdo em sistemas
alimenticios. Uma opgao de alto potencial como matriz lipidica de alto PF para obtencao de
CLN consiste nos 6leos ou gorduras totalmente hidrogenados, também conhecidos como
hardfats (SANTOS et al., 2019). Essa abordagem de aplicagdo em NL, ainda pouco explorada,
apresenta diferenciais de produgéo, aplicagéo e estabilidade (DAN, 2016; TAMJIDI et al.,
2013).

O processo de hidrogenacao total de Oleos vegetais promove a adicao de
hidrogénio as duplas liga¢des dos AGI através de reagéo catalitica, clivando-as; promovendo
assim a conversao de AGI em AGS. Este processo, € considerado de baixo custo relativo,
representa uma alternativa de uso para as plantas industriais anteriormente utilizadas para o
processo de hidrogenagao parcial, e permite a obtencdo de bases lipidicas de alto PF,
compostas por TAG trissaturados, a partir de 6leos vegetais de uso convencional (RIBEIRO
et al.,, 2009; RIBEIRO; BASSO; KIECKBUSCH, 2013; WASSELL; YOUNG, 2007). Teores
expressivos de acido estearico nos hardfats, a exemplo do 6leo de soja totalmente
hidrogenado (OSTH), mostram-se favoraveis ao uso destes componentes em NL, devido ao
efeito aterogénico neutro associado a este AG, que nao apresenta efeito adverso sobre o risco
de doencas cardiovasculares (VALENZUELA; DELPLANQUE; TAVELLA, 2011).

Os hardfats tém sido objeto de estudos recentes voltados aos processos de
modificacao lipidica. Sua composicao em AG e em TAG representam fatores importantes na
determinagdo do efeito modulador dos processos de cristalizacdo em fases lipidicas
continuas. Hardfats especificos, provenientes de uma determinada fonte oleosa, apresentam
perfil triacilglicerdlico unico e diferenciado, embora sejam compostos, em sua totalidade, por
TAG trissaturados (RIBEIRO; BASSO; KIECKBUSCH, 2013).

O OSTH é obtido ap6s a hidrogenacao total do éleo de soja. A composigao em
AG do éleo de soja é influenciada pela genética da semente e pelas condigdes climéticas de
cultivo; apesar disso, o éleo de soja é constituido essencialmente pelo acido oleico (C18:1)
(22%), acido linoleico (C18:2) (53%) e acido linolénico (C18:3) (8%). Apds a hidrogenacao
deste éleo, o AG predominante € o acido estearico (C18:0) (87,22%), seguido pelo acido
palmitico (C16:0) (10,57%) (OLIVEIRA; RIBEIRO; KIECKBUSCH, 2015; RIBEIRO; BASSO;
KIECKBUSCH, 2013).
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2.4.2 Emulsificantes

Os emulsificantes sdao moléculas anfifilicas que consistem em uma cabeca
hidrofilica e uma cauda hidrofébica, e executam dois papéis fundamentais na formacgao de
CLN: facilitam a dispersdo do lipidio fundido em uma fase aquosa durante a etapa de
emulsificacao; e estabilizam as nanoparticulas apos a fase de resfriamento das emulsées
(RAWAL; PATEL, 2018).

A escolha dos emulsificantes e suas concentragbes especificas apresentam
grande impacto na qualidade das dispersdes de CLN, pois estes se caracterizam por uma
funcao fundamental, que consiste no controle do processo de cristalizagao da fase lipidica.
Devido as pequenas dimensdes das nanoemulsdes, o numero de moléculas lipidicas que
interagem com os diferentes grupos funcionais dos emulsificantes € grande o suficiente para
que estes tenham agdo como moduladores de cristalizagdo. Além disso, o emulsificante pode
modificar a cinética de cristalizacdo e o habito polimérfico natural das matérias-primas
lipidicas utilizadas, minimizando problemas de recristalizagdo e desestabilizagdo de CLN
durante estocagem e aplicacao (WEISS et al., 2008).

Os diferentes processos para obtencao de NL exigem misturas e concentracdes
especificas de emulsificantes, incorporados a fase lipidica ou aquosa. A concentracao 6tima
de emulsificantes na formulagdo mostra-se dependente da matriz lipidica utilizada para
composicao das nanoparticulas. A quantidade utilizada deve ser suficiente para que uma
camada protetora da fase lipidica seja formada apds a constituicio das particulas.
Consequentemente, testes preliminares considerando os materiais lipidicos utilizados na
obtencéo de NL, emulsificantes de composicao e suas concentragdes, bem como a avaliacdo
do método de producdo, sdo fundamentais para as caracteristicas de funcionalidade,
qualidade e aplicabilidade dos sistemas lipidicos nanoparticulados (HELGASON et al., 2009;
MEHNERT; MADER, 2012).

As caracteristicas estruturais (peso molecular e numero e localizagdo dos grupos
hidrofébicos e hidrofilicos) afetam fortemente a habilidade de um emulsificante reduzir a
tensdo superficial entre a fase oleosa e a fase aguosa (MCCLEMENTS; JAFARI, 2018). A
solubilidade e a dispersdao de um emulsificante influenciam diretamente seu desempenho em
emulsdes. A formagédo de emulsées normalmente requer que o emulsificante apresente boa
solubilidade em agua e se disperse facilmente na fase aquosa, ao invés da oleosa. No entanto,
no caso dos fosfolipidios a dispersao é facilitada na fase oleosa (MCCLEMENTS; JAFARI,
2018; MEYERS, 2006). O balango hidrofilico-lipofilico (BHL) é normalmente utilizado para
descrever caracteristicas de solubilidade e dispersdao de emulsificantes. Definido como a
razao entre a porcentagem em massa de grupos hidrofilicos e a porcentagem em massa de

grupos hidrofébicos presentes na molécula, o BHL de um emulsificante pode variar de 0
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(lipofilico) a 20 (hidrofilico). Emulsificantes com valores baixos (2-6) de BHL normalmente se
dispersam na fase oleosa, enquanto emulsificantes com valores superiores (BHL=8-18) se
dispersam na fase aquosa (MEYERS, 2006).

Emulsificantes sintéticos considerados em estudos diversos relacionados a
obtencéo de NL para uso em aplicagdes alimenticias incluem ésteres de poliglicerois, ésteres
de sorbitana, polissorbatos, MAG e DAG. Dentre estes, destacam-se o monooleato de
sorbitana etoxilado (Tween 80) e o monoestearato de sorbitana (Span 60), pelas
caracteristicas gerais de seguranca toxicolégica para uso em alimentos, obtencao a partir de
fontes renovaveis e alta estabilidade conferida as nanoestruturas lipidicas (ADITYA et al.,
2013; CARVALHO et al., 2013; CHOI; ADITYA; KO, 2014; DORA et al., 2012; LIU; WANG;
XIA, 2012; LOBATO et al., 2013; PATEL; SAN MARTIN-GONZALEZ, 2012; SHANGGUAN et
al., 2014).

Como o numero de emulsificantes aprovados para uso alimentar é limitado, um
dos principais desafios a serem transpostos na obtencao de CLN é o desenvolvimento das
nanoestruturas a partir de emulsificantes naturais (KATOUZIAN et al., 2017; OLIVEIRA;
FURTADO; CUNHA, 2019). Entre as principais tendéncias, destaca-se o uso de
emulsificantes extraidos de fontes vegetais, como a lecitina e os isolados proteicos, por
exemplo, e de fontes animais, como as proteinas provenientes do leite. As lecitinas sé&o
consideradas tensoativos neutros, encontrados naturalmente em fontes vegetais como a soja,
canola, e animais, como o ovo e consideradas como GRAS. Devido a sua ampla
disponibilidade, sdo considerados emulsificantes de baixo custo com potencial para uso na
obtencdo de CLN (KATOUZIAN et al., 2017; MCCLEMENTS, 2015; MOHAMMADI;
ASSADPOUR; JAFARI, 2019).

Embora a maior parte dos emulsificantes utilizados para a obtencao de CLN sejam
emulsificantes de baixo peso molecular, macromoléculas como as proteinas sao ingredientes
naturais e biocompativeis que tém sido utilizados na estabilizagdo de NL (MOHAMMADI;
ASSADPOUR; JAFARI, 2019). Proteinas do soro do leite sdo consideradas como
emulsificantes naturais devido a sua capacidade de alterar as propriedades da interface das
gotas de 6leo dispersas, aumentando sua estabilidade frente aos processos de cremeagao
(HU; MCCLEMENTS; DECKER, 2003). As proteinas do soro de leite sao muito utilizadas
como emulsificantes/estabilizantes (GUZEY; MCCLEMENTS, 2006), além de possuirem alto
valor nutricional e serem consideradas seguras (GRAS) (CHEN; REMONDETTO; SUBIRADE,
2006). O WPI é um dos ingredientes mais utilizados na industria de alimentos para a obtengao
de emulsdes 6leo em agua. O WPI é composto por duas fragdes principais, a B-lactoglobulina
e a a-lactoalbumina que juntas representam cerca de 70% das proteinas encontradas no soro
de leite (CHATTERTON et al., 2006). O isolado proteico de soja (SPI), um subproduto da

extracao do 6leo de soja, € um constituinte natural e de baixo custo em produtos comerciais
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(WANG et al., 2019). O uso do isolados proteicos como agentes emulsificantes apresenta as
seguintes vantagens: sao ingredientes funcionais e nutricionais, comercialmente e
abundantemente disponiveis; além de emulsificar, promovem a estabilizagdo estérica; nao
necessitam de modificagdo quimica para melhoria das propriedades de superficie das
particulas e sdo compativeis com a HAP (LIU; TANG, 2014).

De forma geral a efetividade de emulsificantes para obtencdo de CLN esta
relacionada a dois fatores principais: a velocidade em que o emulsificante recobre a particula
e a interacao entre a molécula emulsificante e a fase lipidica dispersa. ldealmente, o processo
de obtencdo de CLN deve proporcionar o aumento continuo do numero de gotas e o
recobrimento imediato destas gotas pelas moléculas de emulsificantes utilizadas para a
estabilizacao das particulas. Portanto, a selegcdo do emulsificante adequado para a obtencao
de CLN deve considerar dentre outros fatores as caracteristicas fisico-quimicas e estruturais,
o método utilizado para a obtencao, a compatibilidade com a fase lipidica e com o composto
bioativo a ser incorporado, bem como a estabilidade destes emulsificantes frente as condi¢des
do TGl.

2.5 Obtencao de CLN

A obtengcdo de CLN é um processo complexo que envolve o aquecimento da
matriz lipidica acima do seu PF e sua recristalizacdo através de um resfriamento rapido
(ATTAMA; MOMOH; BUILDERS, 2012; KHOSA; REDDI; SAHA, 2018). De forma geral a
sintese de CLN relaciona-se a variagées das seguintes abordagens tecnoldgicas: i) criagdo
de uma nanoemulsao 6leo-em-agua como precursora das etapas posteriores; ii) subsequente
solidificacao da fase lipidica dispersa (SHARMA et al., 2011).

As nanoemulsdes podem ser obtidas por distintos métodos. Em geral, os métodos
de obtencao de nanoemulsdes sdo classificados em metodos de alta ou de baixa energia
(ACOSTA, 2009; LEONG et al., 2009). Os métodos de alta energia utilizam dispositivos
mecanicos que geram forcas mecéanicas que rompem e homogeneizam a fase 6leo/agua
(O/A) e a imobilizam numa goticula de 6leo (LEONG et al., 2009); enquanto nos métodos de
baixa energia ocorre a formacdo espontdnea de goticulas de Oleo pelo sistema
oleo/agua/emulsificante (O/A/E), quando condigbes ambientais sao alteradas (pH, forca
ibnica, temperatura) (FREITAS; MERKLE; GANDER, 2005; YIN et al., 2009).

Em geral os métodos de alta energia apresentam facilidade de transposi¢ao de
escala, possibilitam a produgdo em larga escala e 0 uso de uma ampla variedade de 6leos e
emulsificantes para a obtencao da nanoemulsdo. Os métodos de baixa energia, apesar de
muitas vezes serem mais eficazes que os métodos de alta energia, apresentam dificuldade

de transposicao de escala, limitagdo no uso de certos éleos e emulsificantes (como proteinas
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e polissacarideos) para formagao da nanoemulséo, além de se tornar necessario o uso de
maiores quantidades de emulsificantes sintéticos, o que pode limitar seu uso em aplicagbes
alimentares. Os métodos de alta energia ja utilizados na obtengdo de NL sdo a HAP,
microfluidizagdo e ultrassonicacdo. Os métodos de baixa energia utilizados sdo a
emulsificagdo espontanea, inversdo de fases e difusdo/evaporagdo do solvente
(MCCLEMENTS; RAO, 2011). Preferencialmente a obtengéao de CLN é realizada por métodos
de alta energia devido a facilidade de transposicao de escala (OLIVEIRA et al., 2016).

2.5.1 Homogeneizag&o a alta pressao (HAP)

A HAP é o método mais utilizado para a obtencdo de particulas em escala
nanométrica na industria alimenticia (SCHUBERT; ENGEL, 2004). Duas diferentes
abordagens da HAP, denominadas homogeneizacdo a quente e homogeneizacdo a frio,
podem ser utilizadas para a producdo de NLS e CLN. Em ambos os casos, uma etapa
preparatéria envolve a incorporacdo do composto a ser encapsulado na matriz lipidica, por
dissolugao ou dispersao do mesmo na fase lipidica (MEHNERT; MADER, 2012).

O método HAP a quente é o mais utilizado para a obtencao de NL (TAMJIDI et al.,
2013). A Figura 3 apresenta o esquema de obtencao de CLN através da HAP a quente. No
processo a quente, a matriz lipidica € completamente fundida, a temperatura acima do seu
PF, o composto ativo é incorporado; em seguida esta fase € emulsionada em uma fase
aquosa, com o uso de agitacdo mecénica, obtendo-se assim uma pré-emulsdo (SOUTO;
SANTANA; PINHO, 2011). Nesta etapa devem ser obtidas particulas com dimensbes de
poucos micrémetros, pois a qualidade desta pré-emulsao esté diretamente relacionada com
a qualidade final das NL (MEHNERT; MADER, 2012). Em seguida, a pré-emulsdo é
alimentada para a valvula de entrada do HAP, a temperaturas entre 70 e 90°C; um pistao
admite a emulsé@o dentro de uma camara e em seguida, obriga a passagem desta, por uma
valvula estreita geralmente inferior a 30um (SOUTO; SANTANA; PINHO, 2011). Nessa valvula
sdo aplicadas forcas destrutivas intensas (cisalhamento, turbuléncia e cavitagdo), que
promovem o rompimento destas particulas em escala nanométrica (MCCLEMENTS; RAO,
2011), resultando em uma nanoemulsao do tipo 6leo/agua, que ao ser resfriada promovera a
cristalizagdo da matriz lipidica e assim, a obtencao das NL (JAFARI; HE; BHANDARI, 2007).

A etapa de homogeneizagao pode ser realizada em diferentes ciclos e pressoes;
em geral, de 1 a 5 ciclos, sob 500-1500 bar sao suficientes (JAFARI; HE; BHANDARI, 2007).
O tamanho das nanoparticulas obtidas usualmente diminui com o aumento da pressao, com
0 numero de passagens da emulsdo pelo HAP (numero de ciclos) e com o aumento da
temperatura. Um ciclo corresponde ao tempo necessario para a completa transferéncia de
determinado volume de amostra pelo equipamento; o numero de ciclos depende da
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formulacao e da viscosidade da emulsdo a ser bombeada (MCCLEMENTS; RAOQO, 2011). A
aplicacao de pressao de homogeneizagao excessiva, no entanto, pode promover o aumento
no TP, pois quanto maior a pressdo mais intensa a colisdo entre as particulas resultando na
aglomeragéao destas particulas, aumento no TP e menor estabilidade do sistema transportador
(CHU et al., 2007).

Figura 3: Esquema de obtengao de CLN através da HAP a quente. Fonte: autoral, criado com Biorender.

A HAP a quente apresenta muitas vantagens, como a facilidade de transposicao
de escala, a auséncia de solventes organicos e o menor tempo de producao comparado a
outros métodos de obtencdo (PARDEIKE; HOMMOSS; MULLER, 2009). O aumento da
temperatura promove a reducéo da viscosidade da fase interna e por isso resulta em menor
TP. Porém, o uso de altas temperaturas pode promover a degradagdo de compostos ativos
labéis; a reducao da capacidade emulsificante de compostos que possuam baixo ponto de
ebulicdo e com isso aumentar a instabilidade das nanoparticulas (TAMJIDI et al., 2013).
Portanto, o controle da temperatura deve ser compativel com a estabilidade do composto ativo
que esta sendo adicionado (JAFARI; HE; BHANDARI, 2007).

Nesse sentido, os CLN podem ser obtidos através da HAP a frio, que considera o
uso de temperaturas mais baixas durante o procedimento para obtengdo de NL. Neste
método, apds a incorporagdo do composto bioativo na mistura lipidica liquida, a mistura é

resfriada rapidamente, com nitrogénio liquido por exemplo. Subsequentemente, a mistura
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lipidica € moida para formar microparticulas, por um moinho de esferas por exemplo,
monitorando-se a temperatura, para que esta nao ultrapasse a temperatura de fusao do lipidio
com menor PF. As microparticulas s@o entdo dispersas em uma solugéo fria contendo o
emulsionante e homogeneizadas para obtencao dos CLN (SHAH et al., 2015; TAMJIDI et al.,
2013).

Este método promove a reducdo da degradagado térmica dos componentes
bioativos, além de maior incorporacao dos compostos e a distribuicdo homogénea deste na
estrutura. O processo de cristalizagdo é controlavel e o resfriamento rapido pode levar a
formacao da estrutura cristalina desejada (TAMJIDI et al., 2013). Porém, quando comparadas
a outros métodos como a HAP a quente, as particulas obtidas apresentam maior tamanho e
uma ampla distribuicdo deste (MEHNERT & MADER, 2012) e, portanto, ndo apresentam a
mesma funcionalidade em termos de velocidade de dissolucdo durante a mastigacéao e a
digestao (WEISS et al., 2008).

2.5.2 Microfluidizagao

O principio deste método € similar a HAP, na medida em que envolve alta pressao
para promover a passagem da emulsdo pelos canais do microfluidizador, para facilitar o
rompimento da gota. No entanto a concepcao dos canais por onde a emulséo circula é
diferente. Enquanto no HAP a emulsao circula por apenas um canal, neste método ha uma
divisdo da emulsao que flui em um canal de duas correntes, passando cada uma por um canal
fino e em seguida dirigidas para uma camara de interagdo em que forgas destrutivas séo
aplicadas para romper a gota. Assim como na técnica de HAP, o tamanho da goticula tende
a diminuir com o aumento da pressao e do numero de ciclos. No entanto, a viscosidade da
pré-emulsao deve estar em uma faixa que facilite a passagem pelo equipamento e posterior
rompimento das gotas em escala nanométrica (MCCLEMENTS; RAO, 2011).

2.5.3 Ultrassonicagéo

Homogeneizadores de ultrassom utilizam ondas ultrassénicas de alta intensidade
para criar as forgas destrutivas intensas necessarias para o rompimento das fases de 6leo e
agua em gotas muito pequenas (LEONG et al., 2009). A energia € fornecida por sondas que
contém cristais de quartzo piezoelétricos que se expandem e se contraem em resposta a uma
tensdo elétrica alternada. A ponta da sonda é colocada dentro da emulséo a ser
homogeneizada, gerando intensas vibragbes mecénicas que conduzem ao efeito de
cavitagdo, rompendo a goticula em escala nanométrica. Para que a homogeneizagao seja
eficiente é necessario garantir que a emulsao passe o tempo suficiente na regiao onde ocorre

o rompimento da gota (sonda). O tamanho da goticula diminui com o aumento da intensidade
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das ondas aplicadas, assim como com o aumento do tempo de contato da emulsao com a
sonda (MCCLEMENTS; RAO, 2011).

2.5.4 Emulsificacdo Espontanea

Neste método, uma emulsdo ou uma nanoemulsdo é formada espontaneamente
qguando dois liquidos sdo misturados. Na pratica, este método pode ser realizado de diversas
maneiras: variando-se a composigao das duas fases; alterando-se as condicdes ambientais
(por exemplo, temperatura, pH e forga i6nica); e/ou as condi¢gdes da homogeneizagao das
fases da emulsado ( por exemplo, ordem de adigdo dos componentes, velocidade de agitagao,
taxa de adigao) (MCCLEMENTS; RAO, 2011).

Uma série de mecanismos fisico-quimicos tem sido propostos para explicar a
emulsificagéo espontanea. O mecanismo que melhor elucida essa emulsificagédo € a agao do
agente emulsificante, que é parcialmente miscivel nas duas fases da emulsdo (oleosa e
aquosa). Quando essas duas fases sdo colocadas em contato, parte deste agente migra de
uma fase para a outra, promovendo um aumento da area da interface 6leo/agua, uma
turbuléncia interfacial e a formacao espontanea das gotas (MCCLEMENTS; RAO, 2011).
Portanto, o principal objetivo nesse método, é alterar as condigdes para que o emulsificante

possa promover a formacao das gotas em escala nanométrica.

2.5.5 Inversio de Fases

Esse método baseia-se na inversao de fases de uma emulsao, por exemplo, a
partir de uma emulsao O/A obter-se uma emulsao agua em 6leo (A/O) (e vice-versa), através
da modificagdo de alguma condicdo como a temperatura ou a composicdo das fases da
emulsdo (MCCLEMENTS; RAO, 2011). A mudanca na temperatura modifica propriedades
fisico-quimicas dos agentes surfactantes ndo idnicos, como a solubilidade relativa e a
geometria molecular, promovendo a inversao das fases (ANTON; BENOIT; SAULNIER,
2008). A inversao de fases pode ocorrer também pela modificagdo da composi¢do das fases
da emuls&o, como a adi¢ao de sal, por exemplo, que promove a mudanga na curva étima do
agente surfactante e assim a inversao das fases (MCCLEMENTS; RAO, 2011).

2.5.6 Difusdo, Emulsificagdo e Evaporagéo do Solvente

A fase lipidica de uma emulsao pode ser composta por lipidios de maior e menor
PF, compostos bioativos lipofilicos ou uma mistura destes. Quando a fase lipidica contém
algum material cristalino, ha dificuldade na formacao da emulsao; para facilitar a dissolucao
desses materiais lipidicos sdo utilizados solventes hidro, lipo ou anfifilicos (HORN; RIEGER,

2001). Os lipidios e compostos bioativos séo dissolvidos em um solvente organico com baixo
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PF (cloreto de metileno, por exemplo), e posteriormente sdo homogeneizados com a fase
aquosa, que contém agua e o emulsificante hidrofilico (TAMJIDI et al., 2013). Ap6s a
homogeneizagao as goticulas contém uma mistura de lipidio e solvente organico. O solvente
organico precisa ser removido para que ocorra a redugdo do tamanho da gota e obtenha-se
assim, as nanoparticulas (MCCLEMENTS; RAO, 2011).

A remocao do solvente pode ocorrer quando a solugdo é colocada em contato
com a agua, ocorrendo a difusdo deste para a fase aquosa ou pela evaporagao deste sobre
baixa pressdo. Em casos em que a difusdo ndo remova totalmente o solvente, pode-se
promover a evaporagao para remover o solvente remanescente (MCCLEMENTS; RAO,
2011). A remocao do solvente é fundamental para que se obtenha as NL nas concentracoes
desejadas, e principalmente que estas ndo contenham residuos do solvente empregado
(TAMJIDI et al., 2013).

A grande vantagem deste método € a minimizacdo da exposicao térmica da
amostra, preservando a integridade do composto bioativo (TAMJIDI et al., 2013); utilizando
solventes adequados quanto a miscibilidade em agua, PF, enquadrados na categoria GRAS
(MCCLEMENTS; RAO, 2011). Segundo Tamijidi et al. (2013), as NL obtidas apresentam TP
entre 30 e 100nm e IP estreito, dependendo da carga lipidica, do tipo de solvente e
emulsificante utilizados e de condi¢des do processo.

2.6 Propriedades fisico-quimicas de CLN

As caracteristicas das nanoparticulas (estrutura, dimenséo, composicéo, entre
outras) influenciam as suas propriedades fisico-quimicas e o seu desempenho funcional,
como por exemplo, propriedades o6ticas, reoldgicas, estabilidade, destino biolégico e taxa de
entrega (KHOSA; REDDI; SAHA, 2018; MCCLEMENTS, 2013). A caracterizagao de CLN,
no entanto, & uma tarefa bastanta desafiadora devido as suas dimensodes reduzidas e a
complexidade do sistema, formado por lipidios, emulsificantes e compostos bioativos
(MEHNERT; MADER, 2012). As principais propriedades fisico-quimicas apresentadas pelos
CLN sao o tamanho e a distribuicao de particulas, a carga superficial, a morfologia e as

propriedades estruturais, térmicas e de cristalizagao.

2.6.1 Tamanho de Particula e Indice de Polidispersidade

O TP e a distribuicado do TP, conhecida como IP sdo as caracteristicas mais
importantes para caracterizagdo das NL, pois regem a estabilidade fisica, a solubilidade e
o desempenho biolégico (ANTON; BENOIT; SAULNIER, 2008), bem como a taxa de
liberacao, a turbideze a estabilidade quimica destas (TAMJIDI et al., 2013). O TP confirma

se as dimensdes desejadas foram obtidas mediante o uso de formulacbes e processos
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especificos e principalmente, se estas dimensdes sdo mantidas durante armazenamento ou
processamento posterior. Esta propriedade pode ser correlacionada com a composigao da
matriz lipidica utilizada para obtengdo das NL; com a sua estabilidade fisico-quimica; e
permite ainda, obter informagbes complementares sobre a morfologia das NL (BUNJES,
2004).

O controle das dimensdes das NL é essencial, uma vez que este parametro
influencia suas propriedades fisico-quimicas, funcionalidade e potencial de aplicagao
(MCCLEMENTS; RAO, 2011; TAMJIDI et al., 2013). Segundo Martini e Herrera (2008), a
determinacao de alteracdes no TP durante o armazenamento das NL, é considerada como
o melhor parédmetro para estimar a estabilidade fisica destas.

Uma vez que os CLN apresentam dimensdes na faixa entre 10 e 1000nm, a
técnica mais adequada para analisar o TP é o espalhamento dinamico de luz (DLS). O
mecanismo de medida desta técnica, baseia-se na oscilacao da intensidade de luz espalhada
pelo movimento das particulas e permite além de avaliar o TP, a homogeneidade destas
através da polidispersidade (IP) (LAKSHMI; KUMAR, 2010).

Instrumentos baseados neste principio (DLS) medem as flutuacdes aleatérias na
intensidade da luz espalhada pelas particulas em suspenséo coloidal quando mudam de
posi¢ao devido ao movimento browniano. A frequéncia das flutuagdes de intensidade depende
da taxa em que as particulas mudam de posi¢ao e, portanto, seu tamanho: as particulas
menores se movem mais rapidamente do que as maiores e, portanto, apresentam flutuagdes
de intensidades mais rapidas. A amostra é analisada registrando-se as flutuagcbes de
intensidade da onda espalhada em um determinado angulo de espalhamento e, entdo, as
flutuacdées s&o convertidas em distribuicdo de TP através de um modelo matematico
(MCCLEMENTS; MCCLEMENTS, 2016).

O IP indica o quanto as NL estao polidispersas, ou seja, a sua distribuicao de
tamanho. Esse indice tem um efeito importante sobre a estabilidade fisica das NL e deve ser
0 mais baixo possivel para que a NL apresente longa estabilidade fisica. Valores de IP entre
0,1 a 0,25 mostram uma estreita distribuicdo de tamanho, indicando que as NL apresentam
TP similares; enquanto que valores de IP maiores que 0,5 indicam uma distribuicdo muito
ampla e a instabilidade do sistema, podendo ocasionar a aglomeragdo das NL (LAKSHMI;
KUMAR, 2010). Tanto o TP, quanto o IP, podem ser determinados por Espectroscopia de
Correlagdo de Fétons (PCS), através da técnica de DLS, que fornece além desses
parametros, a medida PZ (SEVERINO; SANTANA; SOUTO, 2012).

2.6.2 Potencial zeta

NL sdo sistemas heterogéneos e termodinamicamente instaveis e, portanto,



48

apresentam uma tendéncia significativa de perder a estabilidade fisica durante o
armazenamento (HUANG et al,, 2008). O PZ é uma medida da carga da superficie das
particulas, e pode ser considerado um indicativo da estabilidade fisica do sistema durante o
armazenamento, uma vez que determina sua interagdo com outras espécies carregadas em
seu ambiente como moléculas, superficies ou particulas (MCCLEMENTS, 2007;
MOHAMMADI; ASSADPOUR; JAFARI, 2019).

O PZ é definido como o parametro caracteristico para a carga das NL; é uma
medida do potencial elétrico na superficie hidrodinamica de corte em torno das particulas
coloidais (ROBLES et al., 2008). E uma medida indireta da estabilidade fisicas das NL, e
influencia a cinética de liberacao dos compostos e o destino bioldgico das NL (TAMJIDI et al.,
2013). Esta anadlise permite também a determinacao das interacées das NL com os diferentes
compostos de inclusao, principalmente durante o periodo de estocagem (BUNJES, 2004).

Os instrumentos mais utilizados para determinacdao de PZ em NL, baseiam-se na
medida da velocidade e direcdo em que as particulas se movimentam quando um campo
elétrico bem definido é aplicado (MCCLEMENTS, 2007). A amostra diluida é acondicionada
em uma célula de medicao que contém um par de eletrodos. O campo elétrico é entao
aplicado fazendo com que as particulas carregadas se movam em dire¢ao ao eletrodo com
carga oposta a uma velocidade que depende da magnitude de sua carga e da viscosidade do
liquido circundante. O instrumento calcula a mobilidade eletroforética a partir de medi¢oes da
velocidade da particula e, em seguida, através de um software, converte as informagdes
obtidas em valores de PZ. O movimento das particulas na célula de medicdo pode ser
realizado por varias técnicas, sendo a de laser light scattering a mais comum (MCCLEMENTS;
MCCLEMENTS, 2016).

No estudo de NL, a determinacao do PZ tem sido principalmente empregada para
informagodes sobre a estabilidade de formulagdes durante a estocagem ou instabilidade das
NL quando da interagdo com eletrélitos, permitindo importantes ajustes de formulacao
(BUNJES, 2004). O uso de distintos emulsificantes para estabilizacdo de CLN normalmente
resulta em PZ distintos, devido a composicao destes emulsificantes e a interacao especifica
com as fases lipidica/aquosa. Os CLN estabilizados com emulsificantes iénicos, devem
apresentar valores superiores a |30Mv| para serem considerados estaveis. No entanto,
quando se utiliza emulsificantes ndo idnicos para a estabilizagédo de CLN, os valores de PZ
sdo inferiores, uma vez que, nestes casos, a estabilidade € conferida pelo impedimento
estérico resultante da estrutura complexa destes emulsificantes (MCCLEMENTS; RAO,
2011).

2.6.3 Morfologia e Ultraestrutura

Além do tamanho, da dispersidade e da composi¢cao das particulas, a morfologia
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€ uma caracteristica importante de sistemas lipidicos nanoestruturados, visto que fornece
informagdes importantes acerca do estado fisico e de propriedades como a El de compostos
bioativos. A forma das particulas mostra-se bastante variavel e pode influenciar a CC e as
propriedades de liberacdo dos compostos bioativos incorporados aos CLN. As particulas
esféricas apresentam menor area superficial e portanto sdo estabilizadas com quantidades
menores de emulsificantes. Além disso apresentam via de difusdo mais longa e menor contato
com o0 meio aquoso, proporcionando dessa forma a liberagdo controlada e lenta dos
compostos incorporados. O formato esférico proporciona ainda, o contato minimo com o
liquido circundante, conferindo assim maior estabilidade aos compostos incorporados a
estrutura (BUNJES, 2004; SHAH et al., 2015). As NL nao esféricas apresentam grande area
especifica, vias de difusdo curtas e uma camada lipidica menos espessa (MEHNERT;
MADER, 2012).

Por apresentarem menor area especifica, as NL esféricas requerem menor
quantidade de emulsificante (BUNJES, 2004); enquanto que para a obtengéo e estabilizacao
de NL nao esféricas, sao requeridas maiores quantidades de emulsificante (TAMJIDI et al.,
2013). Entretanto, NL anisométricas podem apresentar vantagens quando os compostos de
inclusé@o incorporam-se a camada de emulsificantes (BUNJES, 2004).

A morfologia e organizacdo espacial das nanoparticulas desempenha um papel
importante na determinagéo de suas propriedades funcionais e, portanto, é fundamental o uso
de métodos adequados para determinar esses parametros (MCCLEMENTS; MCCLEMENTS,
2016). Véarios métodos de microscopia estdo disponiveis para caracterizar a morfologia ou a
organizagao das nanoparticulas, sendo as mais comuns a microscopia optica, eletrénica ou
de varredura (MURPHY; DAVIDSON, 2012).

Os métodos de microscopia apresentam vantagens e desvantagens para
aplicacdes especificas. A microscopia Optica € o método mais simples e barato, porém é
indicada apenas para fornecer informacdes sobre a localizagcdo, movimento ou agregacao de
nanoparticulas, ao invés da estrutura de nanoparticulas individuais. Devido as limitagdes
mecanicas dos componentes do microscopio e 0 movimento browniano das nanoparticulas
(MCCLEMENTS; MCCLEMENTS, 2016), a microscopia de luz 6tica ndo consegue examinar
com exatidao particulas menores que 500nm (KLANG et al., 2012). Assim, a microscopia
Optica de luz polarizada pode ser utilizada para distinguir nanoparticulas opticamente
anisotropicas de um fundo isotropico (MCCLEMENTS; MCCLEMENTS, 2016).

Para determinacao da morfologia e ultraestrutura de NL sdo necessérias técnicas
avancadas de microscopia. Assim, técnicas como microscopia eletrénica de varredura (MEV),
microscopia de transmissao eletrénica (MTE) e microscopia de forga atémica (MFA) séo
frequentemente utilizadas para fornecer informagdes com respeito ao TP, distribuicdo do
tamanho, morfologia, topografia da superficie e estrutura interna de NL(TAMJIDI et al., 2013).
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Dentre as técnicas microscopicas, a microscopia eletrénica é a mais adequada
para caracterizar a microestrutura e organizagao das nanoparticulas, devido principalmente a
sua capacidade de detectar elementos estruturais através de feixes de elétrons (resolugéao
aproximadamente 1nm), que sdo muito pequenos para serem visualizados através de ondas
de luz em microscopios 6pticos (MCCLEMENTS; MCCLEMENTS, 2016).

2.6.4 Cristalinidade e Polimorfismo

A cristalizacdo de gorduras é um parametro critico associado a estrutura e
propriedades de grande parte dos alimentos. A estabilidade de muitos produtos processados
€ consideravelmente influenciada por mudangas no estado fisico das gorduras e alteragbes
nos processos de cristalizagcdo (TORO-VAZQUEZ et al., 2005). O aspecto mais importante
das propriedades fisicas de éleos e gorduras esta relacionado as mudancgas de fase sélido-
liquido e liquido-sélido; fusao e cristalizacao, respectivamente (TAN; CHE MAN, 2002).

O processo de cristalizacao refere-se a ordenacao espontanea de um sistema
lipidico, caracterizado por restricao total ou parcial de movimento ocasionada a partir de
interagdes quimicas ou fisicas entre as moléculas triacilglicerolicas. Diferengas nas formas
cristalinas resultam de diferentes empacotamentos moleculares. Um cristal, portanto,
consiste de moléculas arranjadas em um padréo fixo conhecido como reticulado. Seu alto
grau de complexidade molecular permite que um mesmo conjunto de TAG empacote-se em
diversas estruturas diferentes e relativamente estaveis (SATO, 2001).

O processo de cristalizacdo inclui a nucleacdo e crescimento dos cristais
(BOISTELLE, 1988). Um nucleo é o menor cristal que pode existir em uma solugdo a
determinada temperatura e concentracdo e sua formagdo requer a organizagdo das
moléculas em um reticulado cristalino de tamanho critico, a partir da superacado de uma
barreira energética (LAWLER; DIMICK, 2008; METIN; HARTEL, 2005). Quandoos nucleos
formados atingem as dimensbes favoraveis, estes elementos tornam-se cristalitos
(FOUBERT; VAN DE WALLE; DEWETTINCK, 2007). O crescimento de cristais envolve a
difusdo dos TAG da solugdo através de uma camada estagnada junto a interface e a
incorporacdo dos mesmos dentro da rede cristalina (cristalitos) pré-existente. Estes
mecanismos dependem do grau de super-resfriamento, da taxa de difusdo molecular para
a superficie do cristal e do tempo necessario para as moléculas dos TAG se encaixarem na
rede cristalina em crescimento (MARANGONI, 2005).

Em gorduras, os cristais sdo sélidos com atomos arranjados em um padréo
tridimensional periédico. Uma célula é a unidade de repeticdo que compde a estrutura
integral de um determinado cristal. Uma sub-célula, por sua vez, € a menor estrutura
periédica existente na unidade real da célula, sendo definida como o modo de

empacotamento transversal das cadeias alifaticas nos TAG . As formas polimoérficas de
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uma gordura sao identificadas com base em sua estrutura de sub-célula (BOISTELLE,
1988).

Nos lipidios predominam trés tipos especificos de sub-células, referentes aos
polimorfos a, B’ e B, segundo a atual nomenclatura polimérfica. A forma a é metaestavel,
com empacotamento de cadeia hexagonal; a forma B’ possui estabilidade intermediaria e
empacotamento perpendicular ortorrémbico, enquanto a forma 8 possui maior estabilidade
e empacotamento paralelo triclinico. A temperatura de fusdo aumenta com o aumento da
estabilidade (a>p’> B), como resultado das diferencas de densidade do empacotamento
molecular (MARTINI; AWAD; MARANGONI, 2006).

TAG cristalizam-se inicialmente nas formas a e 8’, embora a forma 3 seja a mais
estavel. Este fenémeno relaciona-se ao fato de que a forma B possui maior energia livre de
ativacao para nucleacao. A transformacao polimoérfica € um processo irreversivel da forma
menos estavel para a mais estavel (transformacéo de fase monotrépica), dependendo da
temperatura e tempo envolvidos. A temperatura constante, as formas a e ° podem
transformar-se, como fungéo do tempo, na forma 8 através dos mecanismos liquido-sélido
ou solido-sélido (HIMAWAN; STAROV; STAPLEY, 2006). A velocidade de transformagéao &
menor quanto maior o grau de heterogeneidade dos TAG (SATO, 2001).

As caracteristicas polimérficas dos TAG tornam complexo o estudo das
propriedades térmicas e estruturais das gorduras. O comportamento térmico reflete,
portanto, as propriedades gerais de funcionalidade e aplicabilidade de lipidios, e mostra-se
dependente dos perfis de TAG nos 6leos e gorduras comestiveis (RIBEIRO et al., 2009).

Para uma aplicagao industrial das NL é necessario controlar o polimorfismo, pois
a estrutura polimérfica tem influéncia direta na eficiéncia de encapsulacao e na expulsao do
ativo durante o processo de estocagem (SOUTO; MEHNERT; MULLER, 2006). A
incorporagdo do composto ativo na estrutura CLN depende diretamente da velocidade de
resfriamento do lipidio e da sua composicao, pois estes fatores ditam a organizacao
tridimensional que a matriz lipidica adquire durante a solidificagdo. Quando a velocidade de
resfriamento é lenta, as cadeias hidrocarbonadas dos lipidios podem rearranjar-se numa
forma mais ordenada e estavel; ja quando a velocidade de resfriamento é elevada, a
solidificacao da matriz ocorre também rapidamente, rearranjando-se numa forma polimérfica
mais instavel (FREITAS; MULLER, 1999).

Em relagédo a composigéo lipidica, as matrizes com um contetdo elevado de DAG
(>50%) cristalizam-se na forma polimoérfica metaestavel B’ que se caracteriza por alguma
imperfeicdo na sua estrutura tridimensional (WINDBERGS; STRACHAN; KLEINEBUDDE,
2009). As matrizes lipidicas formadas por TAG esterificados com um Unico tipo de AG,
cristalizam-se, normalmente, no polimorfo mais estavel 3, que se caracteriza por um grau de
organizacao elevado (JENNING; GOHLA, 2000).
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A estabilidade termodinamica das NL e o seu grau de empacotamento lipidico
aumentam, enquanto a incorporagao do principio ativo diminui na seguinte ordem: forma
polimérfica a, forma polimérfica B’, forma polimérfica B. Em regra, as moléculas lipidicas
apresentam maior mobilidade quando se encontram em configura¢des termodinamicamente
mais instaveis, como, por exemplo, a forma polimorfica a. Por esta razéo, estas configuragcoes
apresentam um grau de empacotamento lipidico menor, sendo maior a sua capacidade para
incorporar os principios ativos (FREITAS; MULLER, 1999). Portanto, para a preparacdo de
NL com elevada CC, em particular quando se pretende incorporar ativos hidrofilicos, o lipidio
devera cristalizar, preferencialmente, em formas polimoérficas mais instaveis (BUMMER, 2004;
MULLER; KECK, 2004).

Durante a estocagem das NL, o rearranjo da rede cristalina pode ocorrer para o
estado de maior estabilidade (a—> B'>B) promovendo a instabilidade da dispersdo coloidal
(HELGASON et al., 2009). Essas alteracdes polimorficas e o comportamento de fusdo da
fase dispersa das NL governam a forma dos cristais, a morfologia das particulas, a taxa
de liberagdo dos compostos bioativos, CC e indice de cristalinidade de NL, e também indicam
a maxima temperatura na qual as NL permanecem soélidas (TAMJIDI et al., 2013).

A ocorréncia de transformacoes polimorficas € acompanhada por alteragdes na
forma das particulas, designadamente das formas esféricas (a) para as formas achatadas (f3)
(BUNJES; KOCH; WESTESEN, 2003). Além disso, segundo Tamijidi et al. (2013) como o
estado fisico do composto bioativo, nas fases aquosa e lipidica regula a sua biodisponibilidade
e a eficacia da liberagao controlada, as transigdes polimoérficas sdo geralmente associadas a
expulsdo de uma fragdo do componente incorporado.

O problema associado as modificagdes lipidicas ndo é sempre resolvido com a
manipulacao das formas a, 3 e f’. A complexidade do sistema aumenta devido as subespécies
polimorficas e as interagdes do lipidio com os agentes tensoativos. Para preparar NL com CC
elevada utilizando formas polimorficas instaveis, € necessario o desenvolvimento de
estratégias que previnam a transformagao das formas instaveis para as formas mais estaveis,
durante o armazenamento (BUNJES; UNRUH, 2007). A eficacia dos sistemas lipidicos
nanoestruturados, é, portanto, determinada pelas modificacbes da rede cristalina
caracteristica de um conjunto especifico de TAG (HELGASON et al., 2009).

O grau de cristalinidade de lipidios e as transicées polimérficas podem ser
avaliados através da difracdo de Raios-X (DRX). A DRX é uma das ferramentas mais
adequadas para medir o arranjo espacial das moléculas dentro de um material e pode,
portanto, fornecer informagdes valiosas sobre seu estado fisico (liquido, cristalino ou amorfo)
e forma polimérfica (HARTEL, 2013). As formas polimérficas exibem picos caracteristicos,
sendo que a forma a exibe um Unico pico em 4,15 A, a forma B’ é caracterizada por duas

linhas de difracdo uma em 3,8 A e outra em 4,2 A e a forma B esta relacionada a uma linha
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de intensidade relativamente alta em 4,6 A e picos de baixa intensidade em 3,6 e 3,8 A
(MARANGONI; ROUSSEAU, 2002).

2.6.5 Propriedades térmicas

A andlise de DSC é uma das ferramentas mais comumente utilizadas para
fornecer informacdes sobre o estado fisico das nanoparticulas. Baseia-se na medida das
mudancas de entalpia (calor liberado ou absorvido) quando uma amostra é submetida a uma
varredura de temperatura controlada (QIAN et al., 2012; SHUKAT; BOURGAUX; RELKIN,
2012). A andlise de DSC é util para entender o comportamento de misturas entre lipidios de
menor e maior PF, fornecendo informacgdes relevantes sobre o comportamento térmico de
sistemas lipidicos (HAN et al., 2008).

Normalmente os CLN apresentam comportamento térmico distinto das matrizes
lipidicas quando avaliadas em macroescala, portanto € importante considerar a avaliagcao das
propriedades térmicas das matrizes lipidicas utilizadas para obtencdo de CLN (MEHNERT;
MADER, 2012). A escolha do sistema lipidico para compor os CLN para incorporacdo de
compostos bioativos deve considerar o comportamento térmico dos sistemas lipidicos a
temperatura corporal (37°C).

Na caracterizagdo de CLN, o DSC fornece informages relacionadas ao estado
fisico e grau de cristalinidade, através do comportamento térmico na fusdo. Essa técnica
permite avaliar os principais parametros dos processos utilizados para a obtencdo de CLN,
uma vez que a matriz lipidica € aquecida e posteriormente resfriada para a formacao de CLN
(SOUZA et al., 2012).

Embora os instrumentos de DSC sejam capazes de medir com muita precisao os
eventos endotérmicos que ocorrem em uma matriz lipidica, ndo possibilitam informar com
precisdo a causa desses eventos térmicos. Para tal, é preciso considerar técnicas
instrumentais complementares como a DRX, que fornece informacdes precisas sobre o habito

polimérfico e a ocorréncia de transicdes polimoérficas (KHOSA; REDDI; SAHA, 2018).

2.7 Incorporacao de compostos bioativos em CLN

Os bioativos em alimentos sao divididos em compostos bioativos e células vivas
bioativas (probidticos). Os compostos bioativos lipofilicos mais importantes em alimentos e
que precisam ser carreados sao 0s carotenoides, tocoferois, fitoesterdis e vitaminas
lipossoluveis (MCCLEMENTS; LI, 2010). A adigao direta de compostos bioativos em produtos
de base aquosa e administra¢do oral é dificultada, devido a sua baixa solubilidade em agua
resultando em uma reduzida absorcdo oral e baixa biodisponibilidade nos tecidos-alvo
(MOHAMMADI; ASSADPOUR; JAFARI, 2019).
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Normalmente produtos alimenticios com quantidades consideraveis de lipidios
digestiveis sdo frequentemente utilizados para encapsular e entregar compostos bioativos
lipossollveis. Apos a digestao esses produtos formam micelas mistas que podem solubilizar
e transportar os compostos até o local de absor¢ao no corpo humano (TAN; MCCLEMENTS,
2021).

A baixa biodisponibilidade de compostos bioativos que apresentam efeito
benéfico a saude pode ser superada através da incorporacdo destes compostos em
sistemas de entrega como os CLN (KHARE; VASISHT, 2014; WEISS et al., 2009). A
utilizacdo de nanoestruturas mostra-se uma alternativa promissora e diferenciada para o
carreamento e protecao de carotenoides em sistemas alimenticios (MOZAFARI et al., 2006;
WEISS; TAKHISTOV; MCCLEMENTS, 2006). Os CLN podem ser utilizados como
carreadores deste composto lipofilico em produtos alimentares a base de agua, protegendo-
o contra a degradacéo fisica e quimica, e aumentando assim sua biodisponibilidade
(HENTSCHEL et al., 2008; LIU; WU, 2010).

Diversos estudos vém sendo direcionados ao desenvolvimento e aplicacao de
sistemas lipidicos nanoestruturados contendo carotenoides como componentes bioativos.
Hentschel et al. (2008) aplicaram CLN contendo BC em bebidas funcionais. Helgason et al.
(2009) avaliaram o impacto das propriedades dos emulsificantes sobre a estabilidade de BC
incorporado as estruturas NLS e CLN. Liu e Wu (2010) estudaram o desenvolvimento de CLN
compostas por tripalmitina e 6leo de milho, para inclusdo de luteina. Mitri et al. (2011)
obtiveram NLS e CLN para incorporagao de luteina em formulagédo contendo 9% de lipidios.
Com objetivo de preparagdo de CLN para aplicacdo em bebidas funcionais, Zhang et al.
(2013) utilizaram a gordura do leite anidra para incorporagédo de carotenoides. Hejri et al.
(2013) obtiveram CLN com incorporacao de BC a partir de acido palmitico e 6leo de milho.
Tamjidi et al. (2014) desenvolveram CLN com incorporagéo de astaxantina utilizando acido
oleico e behenato de glicerila como matrizes lipidicas. Okonogi e Riangjanapatee (2015)
utilizaram cera de laranja e 6leo do farelo de arroz para a obtencédo de CLN com incorporacao
de licopeno. Oliveira et al. (2016) avaliaram o efeito do aumento da propor¢cao de OGAO em
detrimento a triesterarina sobre a incorporagdo de BC em nanoestruturas (CLN e NLS).Pan,
Tikekar e Nitin (2016) desenvolveram CLN a partir trioctanoato de glicerila e eicosano, para
incorporacao de BC. Zardini et al. (2018) estudaram a incorporacao de licopeno em CLN
obtidos utilizando monoesterato e diestearato de glicerol e TCM como matrizes lipidicas.
Pezeshki et al. (2019) desenvolveram CLN com incorporacgao de BC, a partir de Precirol ATO5
e octanoato de octila. Rohmah et al. (2020) utilizando estearina e oleina de palma,
desenvolveram CLN para incorporagdo de BC. Yang et al. (2020) obtiveram CLN com
incorporacao de BC a partir de GMS e TCM.
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2.7.1 B-caroteno

O BC é um pigmento natural que pertence ao grupo dos carotenoides, um dos
grupos mais importante de pigmentos naturais, devido a sua ampla distribui¢éo, diversidade
estrutural e numerosas fungdes (CHE MAN; TAN, 2003). Compreendem um grupo diverso
de compostos lipofilicos que estdo presentes em presentes em plantas, microorganismos
fotossintetizantes e alguns fungos que participam dos processos de captacdo de luz
necessarios a fotossintese, conferem fotoprotecdo e possuem atividade antioxidante
(KOPEC; FAILLA, 2018).

As bandas de absorgao na regidao dos 400 a 500nm conferem aos carotenoides
sua coloragdo amarelada caracteristica (TAIZ; ZEIGER, 2017), entre o amarelo e o
vermelho. Além de ser utilizado como um corante natural pela indastria alimentar, o BC &
um substancia bioativa, pois apresenta atividade antioxidante e atividade pro-vitaminica A,
trazendo assim efeitos benéficos a saude (KAMAL-ELDIN, 2005) como diminui¢ao do risco
de doencgas cardiovasculares e prevencado de alguns tipos de cancer (CHE MAN; TAN,
2003).

Apobs a absorgéo, nas células intestinais o BC (pro-vitamina A) € convertido a
retinol (vitamina A), que é a forma biologicamente ativa (TAN; MCCLEMENTS, 2021).
Estruturalmente, o retinol é composto por um anel beta-ionona ligada a uma cadeia
isopropenoide, que também é referida como grupo retinil, enquanto o BC consiste em dois
grupos retinil conectados por meio de suas cadeias isopropendides. A estrutura do retinil
apresenta uma regido densa de elétrons que podem reduzir o estresse oxidativo, ao
reagirem com radicais livres (SAUVANT et al., 2012). Essa alta reatividade quimica, torna a
vitamina A suscetivel a degradacao oxidativa e/ou isomerizagdo quando exposta a luz, calor,
metais e oxidantes. Por esta razdo, sdo necessarias estratégias para protegé-la da
degradacido nos alimentos, durante sua producdo, armazenamento e consumo (TAN;
MCCLEMENTS, 2021).

O aproveitamento de carotenoides na integra pode ser prejudicado pela
oxidagdo que por sua vez, pode ser acelerada por fatores como luz, temperatura, pH e
presenca de formas reativas de oxigénio. Esses diferentes fatores podem causar perda de
bioatividade e qualidade (perda de cor e rancidez) em produtos alimentares fortificados com
esses compostos (DAVIDOV-PARDO; GUMUS; MCCLEMENTS, 2016). Devido a sua
capacidade antioxidante, carotenoides sdo compostos suscetiveis a oxidagdo, o que os
torna relativamente instaveis quando utilizados como aditivos em sistemas alimenticios em
resultado da susceptibilidade a luz, oxigénio e aos processos auto oxidativos. Sao
adicionalmente caracterizados por baixa solubiidade em &gua, o que afeta sua

biodisponibilidade. Consequentemente, a dispersdo de carotenoides em alimentos
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processados pode resultar em rapida degradacao. Um desafio adicional para incorporagao
de carotenoides em alimentos decorre de seu alto PF, associado a seu estado cristalino a
temperatura corporal e de estocagem (QIAN et al., 2012; RIBEIRO; AX; SCHUBERT, 2003).
Portanto estratégias inovadoras sdo necessarias para fortalecer alimentos e bebidas de
base aquosa (SAUVANT et al., 2012).

Trés etapas sdo necessarias para a absorg¢ao de carotenoides no corpo humano:
(i) a liberagdo da matriz alimentar, (i) a incorporagdo na fase lipidica (durante o
processamento de alimentos ou durante a digestéo) e (iii) a digestdo completa da fase lipidica
em que os carotenoides estao solubilizados. De forma geral, quanto mais rapida e completa
for a digestibilidade lipidica, maior sera a bioacessibilidade dos carotenoides (SALVIA-
TRUJILLO et al., 2017b). A absorcao do BC incorporado a sistemas de entrega a base de
lipidios apresenta algumas diferencas quando comparada a absorcao do BC proveniente de
fontes vegetais. Essa distincdo ocorre principalmente devido a diferencas no estado do BC
entre sistemas de entrega a base de lipidios e plantas. Geralmente, o BC na maioria das
plantas estad presente na forma de cristais dentro das células vegetais, enquanto o BC
incorporado aos sistemas de entrega a base de lipidios € solubilizado no nucleo lipofilico. A
incorporacao e solubilizagdo do BC em sistemas de entrega a base de lipidios protege o
composto da agao enziméatica e iénica, e de alteragao do pH no TGl (LIN et al., 2018).

2.8 Métodos para avaliacao da El e CC

Um sistema de entrega baseado em nanoparticulas deve apresentar uma série de
caracteristicas para ser considerado adequado para a incorporagao de compostos bioativos.
Dentre estas caracteristicas, destacam-se elevada CC e El. Definida como a capacidade que
o sistema de entrega apresenta para acomodar os compostos bioativos em sua estrutura, a
CC normalmente é calculada levando em consideracdo a quantidade de composto bioativo
incorporado em relagdo a quantidade de material lipidico utilizado (MOHAMMADI;
ASSADPOUR; JAFARI, 2019). A CC indica a capacidade que a matriz lipidica utilizada na
formulacao possui para carregar o composto ativo desejado até o sitio de adsorcao (NGUYEN
etal., 2012).

Este parametro mostra-se predominantemente influenciado pelo habito
polimérfico preferencial do sistema lipidico utilizado, pelas propriedades dos ingredientes
utilizados para a obtencdo do carreador, como natureza quimica, peso molecular e
polaridade; pelas propriedades dos compostos bioativos incorporados as estruturas como
hidrofobicidade ou hidrofilicidade, polaridade, nivel de sensibilidade ao pH, temperatura, luz
e oxigénio; pela solubilidade do composto encapsulado na matriz lipidica no estado liquido;
pelas condi¢cbes utilizadas para a obtengéao de nanoparticulas e pelas interagoes do sistema
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de entrega com o alimento em que foi adicionado (MCCLEMENTS; MCCLEMENTS, 2016;
MULLER; MADER; GOHLA, 2000; TAMJIDI et al., 2013). A CC pode variar de 0 (baixa) a
100% (alta), sendo que a obtengao de CLN com alto valor de CC apresenta vantagens em
termos de redugdo de custos e impactos em alimentos, necessitando-se assim uma
menor quantidade de NL para a entrega do composto (TAMJIDI et al., 2013).

A estabilidade quimica de compostos bioativos incorporados aos CLN é
determinada através da El durante o armazenamento (MOHAMMADI; ASSADPOUR; JAFARI,
2019). Definida como a porcentagem de ingrediente ativo adicionado a um sistema que é
realmente incorporado nas nanoparticulas transportadoras, ao invés de no fluido circundante
(MCCLEMENTS; MCCLEMENTS, 2016; SHARMA et al., 2011), a El é um dos principais
fatores para avaliar a capacidade dos sistemas de entrega para retengcdo de compostos
bioativos em sua estrutura (BABAZADEH; GHANBARZADEH; HAMISHEHKAR, 2017). A El
indica, ainda, o quanto deste composto permanece incorporado as estruturas CLN durante e
apés o armazenamento (SHARMA et al., 2011).

A EIl de CLN depende dos componentes de formulacdo e método de obtencao
utilizado. Os componentes de formulacao influenciam a solubilidade do composto na fase
lipidica, a cristalinidade das NL, a viscosidade da fase continua e assim, o coeficiente de
difusdo do composto; influenciando assim as propriedades de liberagdo do composto
(TAMJIDI et al., 2013).

A quantidade de composto ativo dentro e fora de nanoparticulas em um sistema
de entrega sé pode ser verificado apds as nanoparticulas serem separadas do ambiente
circundante. Numerosas abordagens estao disponiveis para isolar nanoparticulas da matriz
circundante, dialise, filtracdo, separacdo gravitacional, centrifugacdo, entre outras. A
concentracao do composto bioativo presente nas nanoparticulas pode ser medida utilizando
ferramentas analiticas apropriadas, como cromatografia, eletroforese ou espectroscopia
(MCCLEMENTS; MCCLEMENTS, 2016). A Tabela 1 apresenta as abordagens consideradas
em diferentes estudos que consideraram a extragdo e quantificacdo do BC e outros
carotenoides incorporados a estruturas CLN, para a determinagéo da El, da CC e em alguns
casos, da degradagéao do composto bioativo.

A maior parte dos estudos considera a extragao e quantificagédo do BC incorporado
as estruturas CLN através do uso de solventes organicos com posterior leitura da absorbancia
em espectrofotémetro, conforme verificado na Tabela 1. Alguns estudos consideram métodos
que realizam a separacao dos CLN do ambiente circundante através da filtracao ou pela agéo
de uma forga centrifuga. Alguns autores, no entanto, relataram dificuldades na separag¢ao do
BC incorporado as estruturas CLN do BC livre. Oliveira et al. (2016) por exemplo, relataram
dificuldades em separar o composto incorporado as estruturas CLN e moléculas de BC livre,

uma vez que as nanoparticulas precipitaram juntamente com os cristais de BC. Devido a isto,
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os autores consideraram a degradagao da cor das dispersdées contendo CLN, como uma
medida indireta do BC livre, considerando que as particulas carregadas com o composto nao
alteraram a cor das dispersoes.

A escolha do método adequado para a extragao e quantificagdo de carotenoides
deve considerar, portanto, o protocolo que permita a extragao mais fidedigna possivel. Nesse
sentido, a realizacdo de estudos prévios considerando metodologias distintas pode permitir a
otimizacao da separacao tanto de CLN do ambiente circundante, quanto do BC incorporado
e do BC livre na disperséo.



Tabela 1: CLN com incorporacao de carotenoides obtidos a partir de diferentes matrizes lipidicas, emulsificantes e métodos de obtencao.

59

mL) foi adicionado. Apés a separagéo de fases, a fase
de hexano contendo o BC extraido foi removida e
diluida novamente com hexano até um volume
conhecido. O contetido de BC foi determinado a partir
da absorbancia a 450 nm em espectrofotdmetro.

MII: A degradagéo do B-caroteno livre foi monitorada
por colorimetria.

separadamente as
moléculas de BC
incorporadas nos CLN
e livres no meio.

MIl: A degradagao
do BC diminuiu com

0 aumento de
OGAO.

Composto Matrizes lipidicas Emulsificantes Método de Obtencao | TP e PZ Métodos de extracao e quantificagao de BC El, cC ou Referéncia
Bioativo degradacéo do BC
BC Oleo de girassol Tween 80 HAP TP ~ 300nm A extracdo de BC foi realizada com n-hexano. Um | A degradacdo do BC | (HENTSCHEL et al.,
Monoestearato de Pz nao banho ultrassénico foi usado para acelerar a extragdo. | foi inferior em CLN | 2008)
propilenoglicol reportado A concentragao total foi medida em espectrofotdmetro | com adigao de
(PGMS) a 450 nm. tocoferol.
Luteina Precirol ATO5 Precirol e Ultrassom TP entre 139 e 250 pl da disperséo aquosa de CLN foi misturada com | El ~ 85% (LIU; WU, 2010)
Oleo de milho Myverol 234 nm 750 pyL de hexano por 30 min em um tubo de
PZ ~ -36mV microcentrifuga através de um Disruptor-Vertex.
BC Acido palmitico e Tween 20 Difusao do solvente TP entre 8 e 15 Uma certa quantidade da dispersdo contendo os CLN | A formulagao | (HEJRI et al., 2013)
6leo de milho nm foi dissolvido em acetona (1:1, v/v) e submetida a | otimizada apresentou
Pz nao leitura da absorbancia a 459 nm realizada em | baixa degradacdo de
reportado espectrofotémetro. BC (0-3%)
Astaxantina | Acido oleico e Tween 80 Emulsificagdo  por TP entre 86,8 e 0,5 mL da dispersdao contendo os CLN com | A estabilidade maxima | (TAMJIDI et al,
behenato de Lecitina fusdo e ultrassom 138,3 nm incorporacao de astaxantina foi misturadacom 1 mLde | da astaxantina | 2014)
glicerila PZ entre -21,9 e metanol em um tubo de vidro de 5 mL. Em seguida, 2 | (degradagéo préxima a
-34,6 mV mL de diclorometano foram adicionados e o tubo foi | 20% ap6s 25 dias) foi
agitado em vértex por 40 s. Ap6s 5 min de descanso, a | observada na
mistura se separou em duas fases distintas, e entdo, a | formula¢édo otimizada.
fase organica inferior colorida foi coletada por uma
pipeta, diluida com diclorometano e, em seguida, o
conteldo de astaxantina foi determinado utilizando
espectrometro a 484 nm.
Licopeno Cera de laranja e Eumulgin®SG HAP TP entre 150 e Um volume de 10 mL da dispersdo contendo os CLN | El ~ 100% (OKONOG;
6leo do farelo de 160nm foi diluida com 40 mL de 4gua bidestilada. As amostras RIANGJANAPATEE
arroz PZ ~ -74mV foram centrifugadas a 15.000 rpm por 30 min e a , 2015)
quantidade de licopeno no sobrenadante foi
determinada utilizando espectrofotometro a 475 nm.
BC Tristearina e Oleo Tween 80 Deslocamento  do TP ~500nm MI: 1mL da disperséo contendo os CLN foi misturado | Ml: Os autores nao | (OLIVEIRA et al,
de girassol alto solvente Pz nao a 4 mL de etanol absoluto (4,0 mL) e aquecida a 80 ° | foram capazes de | 2016)
oleico reportado C durante 30 min. Em seguida, 3mL de hexano (3,0 | determinar




BC Trioctanoato  de Lecitina de alto Homogeneizagao TP entre 200 e Os CLN foram passados por um filtro de fibra oca com | CC entre 30 e 70% (PAN; TIKEKAR;
glicerila e ponto de fusédo de alto cisalhamento 350 nm um tamanho de poro de 0,2 ym. A formulacdo NITIN, 2016)
eicosano (Phospholipon® e ultrassom PZ n&o reportado concentrada (200 pL) foi misturada com 1 mL de THF

80 H) e a mistura foi centrifugada a 14000 g por 10 min. O
sobrenadante (1 mL) foi colocado em uma cubeta e a
absorbancia foi medida a 450 nm em
espectrofotdmetro.
Astaxantina Precirol® ATO5 Tween 80 e Homogeneizagdo a TP entre 57 e 1mL da suspenséo contendo os CLN foi dissolvido em | El ~ 90% RODRIGUEZ-

e 6leo de girassol

Poloxamer 407

quente

60nm
PZ entre -23,7 e
-25,5mV

5 mL de uma solugéo etanol/diclorometano (60/40 v/v
%). As amostras foram centrifugadas (10.000 rpm por
5 min) e as concentragbes de astaxantina foram
determinadas em espectrofotdmetro

RUIZ et al., 2018)

Licopeno Monoesterato e Tween 80 e Homogeneizagcao TP entre 74,93 e | 0,3 ml da suspensao contendo os CLN foi misturada e | CC entre 4,54 e (ZARDINI et al.,
diestearato de Lecitina de alto cisalhamento 183,40 nm agitada com 10 ml de hexano, e entéo centrifugada por | 5,52% 2018)
glicerol e TCM e ultrassom PZ entre -5,78 e 3 min a 2000 rpm. A fase superior contendo o licopeno | El entre 64,79 e
-15,87mV livre em hexano foi separada e a quantidade do | 78,89%
composto determinada por espectrofotometria a 472
nm.
BC Oleo de milho e Tween 80 Difusdo de solvente TP entre 111 e A dispersao de CLN foi dissolvida em acetona (1:1 v/v) | Degradagéo do BC | (HEJRI et al,
acido palmitico 218nm e a absorbancia foi medida a 455 nm em | entre 2.12 e 4.51% na | 2019)
PZ nao reportado espectrofotémetro. formulagéo otimizada
BC Precirol ATO5 e Poloxamer 407 Homogeneizagao TP entre 88 e imL da formulagdo foi adicionado a 2 mL de | El 97,7% na | (PEZESHKI et al.,
octanoato de de alto cisalhamento 108nm cloroférmio e a mistura foi agitada vigorosamente por | formulagéo otimizada 2019)
octila PZ néo reportado 10 min. A absorbancia da fase organica contendo BC
foi determinada a 25 ° C a 453 nm através de
espectrofotémetro.
BC Estearina e oleina Tween 80 Sonicagdo TP: 166 nm 2 mL dos CLN contendo BC foram centrifugados a | El: 91,2% na | (ROHMAH et al.,
de palma PZ:-26,9 mV 14.5009 por 30 min a 25 C. A fase aquosa foi separada | formulagéo otimizada 2020)
da fase lipidica, e a quantidade de BC foi determinada
através um espectrofotdémetro em um comprimento de
onda de 454 nm.
BC Monoestearato de Tween 80 HAP TP entre 120 e 300 Uma mistura de 100 pL da dispersdo contendo os El: 95.64% na | (YANG et al,
glicerol (GMS) e nm CLN e 3 mL de hexano foram agitados em vértex por formulagéo otimizada 2020)
TCM Pz nao 1 min e centrifugados a 2500 x g por 2 min. A fase
reportado organica superior foi coletada, e repetiu-se a
extracéo por mais duas vezes. A fase organica foi
fitrada usando uma membrana de 0,22 pm e
submetida a analise de HPLC.
BC Acido esteérico e Fosfatidilcolina Ultrassonicagao TP entre 222,8 e Amostras de CLN foram suspensas em etanol e | CC ~ 0,23 (MARETTI et al.,
esqualeno de soja 812 nm levadas ao banho de ultra-som por 5 min, filtradas | El ~ 24% 2021)
hidrogenada PZ ~ -43mV através de membranas de celulose acetato (0,45 pm).

O contetdo de BC foi
espectrofotdbmetro a 448 nm.

determinado em

60
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2.9 Digestibilidade de nanoestruturas lipidicas

A digestdao humana é um processo complexo em que dois processos principais
ocorrem simultaneamente: transformagdes mecéanicas que reduzem o tamanho das particulas
de alimentos, e transformacdes enzimaticas em que macromoléculas sdo hidrolisadas em
constituintes menores que sao absorvidos pela corrente sanguinea (GUERRA et al., 2012). A
maior funcdo do TGI humano ¢é digerir, através de um processo de dissolugdo e
decomposigao, alimentos em formas moleculares que possam ser absorvidas, ou seja, que
sejam capazes de atravessar o epitélio intestinal (MARTINS et al., 2015).

Assim sendo, antes da liberagdo do composto bioativo, as nanoestruturas passam
por uma série de processos fisico-quimicos e fisiolégicos complexos a medida que passam
pelas diferentes regides do TGI. Dentre esses processos estdo (i) as mudangas consecutivas
no pH do meio, o que pode alterar a carga elétrica das nanoestruturas e consequentemente,
sua composicao, estrutura e interagdes; (ii) variagées no tipo e na concentragao de ions, que
podem impactar as interagbes eletrostaticas na nanoestrutura por meio de triagem
eletrostatica ou efeitos de ligacao; (iii) presenca de componentes tensoativos (fosfolipidios e
sais biliares, por exemplo), que podem levar a mudangas na composicao interfacial das
nanoestruturas; (iv) presenca de enzimas capazes de digerir os componentes da
nanoestruturas, como lipidios (lipases) e fosfolipidios (fosfolipases); (v) temperatura, que pode
causar mudancgas no estado fisico, conformacao molecular ou interagcbes de componentes
especificos, impactando a digestibilidade de nanoestruturas; (vi) perfil de fluxo/forca que, além
de misturar os diversos componentes, pode levar ao rompimento da estrutura do sistema de
entrega (PINHEIRO et al., 2017).

Em alimentos fortificados, os compostos bioativos lipossoluveis sdo normalmente
dissolvidos em uma matriz lipidica, seja incorporados em particulas (micro ou nano) ou na
forma livre; portanto o destino destes compostos no TGl esta altamente correlacionado com
o processo de digestdo lipidica (TAN; MCCLEMENTS, 2021). A compreensdo da
digestibilidade lipidica é fundamental para a determinac¢ao da biodisponibilidade de compostos
bioativos incorporados as estruturas CLN, pois normalmente, deve-se ter um conteudo lipidico
suficiente para a formacdo de micelas mistas em numero suficiente para solubilizar os
compostos. Além disso, também é importante que haja uma digestao completa dos lipidios,
caso contrario, os compostos ficarao presos na fase oleosa nao digerida, reduzindo assim a
biodisponibilidade (SALVIA-TRUJILLO et al., 2013).

O comprimento da cadeia dos AG que compdem o TAG influencia a digestibilidade
lipidica. AG de cadeia média, normalmente apresentam uma formacao de AGL mais rapida e
em quantidades superiores, do que AG de cadeia longa (SALVIA-TRUJILLO et al., 2013). Isto

pode ser atribuido ao fato de os AG de cadeia média migrarem mais facilmente/rapidamente
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para a fase aquosa, enquanto os acidos de cadeia longa tendem a se acumular na interface
6leo-agua, apresentando, dessa forma, um processo de digestibilidade mais lento (ABREU-
MARTINS et al., 2020).

A composicao da matriz lipidica utilizada influéncia também o comprimento de
cadeia e o grau de insaturagdo dos AGL e MAG produzidos durante a digestao lipidica,
afetando, assim, a taxa de digestibilidade lipidica e a capacidade de solubilizagdo das micelas
mistas formadas (TAN; MCCLEMENTS, 2021). De acordo com a sua dispersibilidade na fase
aquosa, os AGL formados durante o processo de digestdo permanecem na superficie das
goticulas de O6leo ou migram para a fase aquosa (fluidos gastrointestinais). Essa
dispersibilidade dos AGL formados influencia diretamente a digestao lipidica, uma vez que se
nao forem removidos da superficie das goticulas de 6éleo, irdo inibir o processo de
digestibilidade lipidica e consequentemente a liberagdo e solubilizagdo dos compostos
incorporados as matrizes lipidicas (LI; HU; MCCLEMENTS, 2011; TAN; MCCLEMENTS,
2021).

O estado fisico das matrizes lipidicas utilizadas para obtencao de CLN exerce forte
influéncia sobre a taxa e a extensao da digestao lipidica. Estudos realizados por Bonnaire et
al. (2008) e Nik, Langmaid e Wright (2012) relataram que a taxa e a extensédo da digestao
lipidica foram superiores em particulas liquidas do que em particulas sélidas. Os autores
apresentaram duas razdes para isto ter ocorrido. Em primeiro lugar, a matriz lipidica de menor
PF pode oferecer mais moléculas de TAG moveis e fluidas na interface, o que aumenta a
capacidade de ligacao da lipase ao seu sitio ativo. Em segundo lugar, a cristalizagéo dos TAG
na forma polimoérfica mais densa () pode ter contribuido para a menor acessibilidade da
lipase.

A digestao de lipidios envolve fendmenos coloidais e reagdes enzimaticas que
ocorrem na interface das goticulas (WILDE; CHU, 2011). De forma geral, a taxa da digestao
de lipidios é determinada pela area de superficie de lipidios expostos as enzimas digestivas,
bem pela capacidade dessas enzimas se aderirem a superficie 6leo/agua e acessar as
moléculas de TAG (FU et al., 2019).

A digestdo e a absorgao progressiva de alimentos no corpo humano ocorrem a
medida que estes se movem através da boca, estbmago, intestino delgado e colén, e sao
submetidos a uma série de processos fisicos (forgas mecanicas), quimicos (alteragdes de pH
e de composicao) e bioquimicos (atividade enzimatica) (TAN; MCCLEMENTS, 2021).

A primeira etapa da digestao acontece na cavidade oral. Embora muitos alimentos
permanecam pouco tempo (segundos a minutos), dependendo da composi¢cédo do alimento,
esta regidao do TGl pode ter forte influéncia sobre o processo digestivo subsequente (TAN;
MCCLEMENTS, 2021). As forgcas mecanicas geradas durante a mastigacdo podem ajudar a
decompor e homogeneizar alimentos liquidos, semi-liquidos e sélidos. Além disso, a secrecao
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de saliva na cavidade oral, cujos constituintes como agua, enzimas, proteinas, minerais e
mucina, podem provocar alteragdées no pH, forga ibnica, temperatura, estrutura e reologia dos
alimentos (TAN et al., 2020). Portanto, mesmo nessa fase inicial da digestdo, o tamanho inicial
e caracteristicas interfaciais de nanoestruturas podem ser alterados (MARTINS et al., 2015).

Apds serem engolidas e passarem pelo es6fago, as nanoestruturas chegam até a
camara gastrica, permanecendo por um periodo que pode variar de 30 minutos a 4horas,
dependendo de sua composigao (TAN; MCCLEMENTS, 2021). As nanoestruturas ingeridas
sdo entado misturadas com fluidos gastricos e enzimas como as lipases gastricas, que iniciam
0 processo de digestao de lipidios. As nanoestruturas sdao expostas a um meio altamente
acido (pH 1-3) e a movimentos peristalticos (KONG; SINGH, 2010). O comportamento de
sistemas de entrega a base de emulsdao, como os CLN, na cavidade gastrica, depende do
tamanho e das propriedades interfaciais das goticulas de 6leo que estes contém (TAN;
MCCLEMENTS, 2021). As condicbes gastricas, como pH, forca ibnica e enzimas digestivas,
podem promover alteracdes nas propriedades interfaciais € no tamanho das nanoestruturas
ingeridas, deixando perdem a escala nanométrica durante a passagem por esta cavidade
(MCCLEMENTS; XIAQ, 2014).

A maior parte dos sistemas de entrega a base de lipidios nédo libera o BC
incorporado as estruturas na boca e no estdmago, enquanto na digestao de vegetais este é o
primeiro passo da absorgao deste bioativo (LIN et al., 2018), visto que o processo de lipdlise,
hidrélise de lipidios, tem inicio na cavidade gastrica, onde ao redor de 10-30% de TAG séo
hidrolisados, dependendo do tamanho da goticula de lipidios. A digestdo dos lipidios no
estbmago pela lipase géstrica é realizada na superficie das goticulas de 6leo, de maneira
semelhante a lipase pancreatica (TAN; MCCLEMENTS, 2021).

Durante a digestdo no estbmago e no intestino delgado, os TAG séao
reorganizados fisicamente e processados enzimaticamente liberando um MAG e dois AGL
(CARRIERE, 2016). As lipases pancreaticas apresentam estéreo-especificidade sn-1 e sn-3,
portanto durante a lipdlise, normalmente um MAG sn-2 permanece nao digerido (ABREU-
MARTINS et al., 2020). No entanto, a lipase gastrica é sn-3 estéreo-especifica. Devido as
condi¢des extremas encontradas nesta cavidade (como pH entre 1 e 3), a digestéao lipidica na
fase géstrica pode reduzir a biodisponibilidade de compostos lipossolluveis, uma vez que 0s
libera da matriz lipidica deixando em contato com o meio (TAN; MCCLEMENTS, 2021).

O processo de esvaziamento gastrico, empurra entao o quimo através do esfincter
do piloro para o intestino delgado, local onde ocorre a maior parte da absor¢do dos compostos
bioativos (MARTINS et al., 2015). O intestino delgado é dividido em trés segmentos: um curto,
que recebe secrecdes de digestdao do pancreas e do figado- o duodeno, e dois mais longos,
0 jejuno e ileo. As principais fungdes do intestino delgado na digestdao sdo a quebra de
macromoléculas e a absorcdo de agua e nutrientes (GUERRA et al, 2012). Nesse
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compartimento, os macronutrientes que passaram de forma intacta pelo estbmago, podem
ser digeridos, promovendo a liberagdo de compostos aprisionados em suas estruturas (TAN;
MCCLEMENTS, 2021).

No duodeno as nanoestruturas sdo misturadas com sais biliares, fosfolipidios,
pancreatina, colipase e bicarbonato de sodio, e o pH da mistura se eleva a valores proximos
da neutralidade (POWELL et al., 2010). Enzimas, como a lipase pancreatica, atuam para
hidrolisar os constituintes dos alimentos, e a bile, produzida no figado, desempenha um papel
especifico na digestao de lipidios, emulsificando-os e assim, promovendo a atividade da lipase
pancreédtica (GUERRA et al., 2012). A digestao nos fluidos intestinais € misturada e empurrada
através do intestino delgado devido a forcas peristalticas geradas pelas paredes intestinais
(TAN; MCCLEMENTS, 2021).

Uma série de etapas esta envolvida na digestao de lipidios no intestino delgado.
Primeiramente, as forcas peristalticas geradas pelas paredes intestinais podem levar ao
rompimento das goticulas de 6leo, aumentando a area superficial e assim, a exposicao dos
lipidios a lipase pancreatica, promovendo a digestao lipidica (POWELL et al.,, 2010; TAN;
MCCLEMENTS, 2021). Porém em alguns casos, as condicées do intestino delgado podem
promover a coalescéncia ou floculagdo das goticulas, diminuindo assim a digestdao. Em
segundo lugar, os sais biliares presentes nos fluidos do intestino delgado, podem se adsorver
as superficies dos lipidios e deslocar substéncias tensoativas, como os emulsificantes
utilizados para estabilizar a emulsdo (TAN; MCCLEMENTS, 2021). Em terceiro, complexos
de lipase/colipase pancreatica se adsorvem as superficies das goticulas de 6leo e catalisam
a conversao de TAG em AGL e MAG (POWEL et al., 2010). Quarto, a presenga de ions e sais
biliares nos fluidos intestinais pode facilitar a digestdo lipidica, ao remover AGL
(principalmente de cadeia longa) aderidos na superficie das goticulas lipidicas. O ion Ca*?
promove a precipitacdo dos AGL, enquanto os sais biliares fazem isso solubilizando os AGL
dentro de micelas mistas. Quinto, uma pequena quantidade de célcio é crucial para otimizar
a atividade da lipase pancreatica (TAN; MCCLEMENTS, 2021).

A digestao dos lipidios no intestino delgado promove a liberagéo de produtos como
MAG e AGL, que por sua vez, juntamente com sais biliares e fosfolipidios contribuem para a
formacao de micelas mistas no intestino delgado. Os compostos bioativos, como o BC, que
estao solubilizados na fase lipidica sédo entao transferidos para as micelas mistas que os
transportam até as células epiteliais do intestino delgado (PALMERO et al., 2014; TAN;
MCCLEMENTS, 2021). A formagao de micelas mistas ocorre na mesma taxa que a digestao
lipidica (SALVIA-TRUJILLO et al., 2017a).

A nanoestrutura das micelas mistas formadas dentro dos fluidos intestinais afeta
sua capacidade de solubilizar os compostos bioativos (MCCLEMENTS; LI; XIAO, 2015). As
dimensdes dos dominios hidrofébicos dentro das micelas mistas dependem da composicao
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da matriz lipidica presente originalmente no alimento. Esses dominios devem ser grandes o
suficiente para incorporar o0 composto em seu interior, caso contrario, estes compostos nao
serao solubilizados. A natureza da matriz alimentar pode também influenciar a estrutura e o
comportamento de micelas mistas no intestino delgado, influenciando assim a
biodisponibilidade de compostos bioativos (TAN; MCCLEMENTS, 2021), conforme descrito a
seguir no item 2.9.1.

As micelas mistas carregadas de compostos bioativos passam pelo Iimen do
intestino e pela camada de muco antes de atingir as paredes das células intestinais, onde
serdo absorvidas. A camada de muco atua como uma membrana semipermedvel que regula
esse processo de transporte. A permeacdo das particulas através da camada de muco
depende do tamanho dos poros (<500nm), da hidrofobicidade e da carga superficial (TAN;
MCCLEMENTS, 2021). Depois de passar pela camada de muco, os compostos bioativos
alcancam as células do epitélio intestinal em que podem ser absorvidos através de diferentes
processos (MCCLEMENTS et al., 2015). Ap6s sua absorgcado, a maior parte das vitaminas
lipossoluveis séo incorporadas em quilomicrons com TAG e colesterol nas células epiteliais e
depois liberadas no sistema linfatico (TAN; MCCLEMENTS, 2021).

Todos os nutrientes digeridos e a dgua sdo absorvidos através das paredes
intestinais (enterocitos das vilosidades), enquanto os produtos residuais (material nao
absorvido) sao impelidos para o célon, intestino grosso (KONG; SINGH, 2010). O célon é
caracterizado como um ambiente anaerdbico que contém uma populagdo diversa de
microrganismos intestinais. As principais fungdes do célon sdo a absor¢cdo de agua e
eletrélitos, fermentacao de polissacarideos e proteinas pela microbiota colénica, reabsorgcéao
de sais biliares, formagéo, armazenamento e eliminacao de fezes (GUERRA et al., 2012).

2.9.1 Biodisponibilidade e bioacessibilidade de compostos bioativos lipofilicos

O termo bioacessibilidade pode ser descrito como a quantidade de um nutriente
entregue pela matriz alimentar e apto para ser absorvido no TGI; enquanto a
biodisponibilidade apresenta um sentido mais amplo, sendo definida como a porcédo de
nutrientes absorvida pelas células do epitélio intestinal. Os fatores que regem a
biodisponibilidade podem ser divididos em trés categorias principais: bioacessibilidade
(liberagédo e solubilizagdo), transformacao (quimica e bioquimica) e absor¢ao (transporte e
captacao) (MCCLEMENTS et al., 2015).

A natureza da matriz alimentar influencia a bioacessibilidade, a transformacao e a
absorgao dos compostos bioativos lipossoluveis por processos de modulagdo, como taxa de
esvaziamento gastrico, secre¢cées hormonais, atividades enzimaticas, remocao de produtos

da digestéao, solubilizagdo e transporte de micelas mistas e absorcao nas células epiteliais
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(GOLDING; WOOSTER, 2010). O impacto das caracteristicas da matriz lipidica na
biodisponibilidade dos compostos bioativos incorporados a estas, é dependente de fatores
como a concentracdo e a composicao da fase lipidica, a estrutura do composto bioativo e o
TP lipidica (TAN; MCCLEMENTS, 2021).

A composicao quimica da fase lipidica utilizada para incorporacdo de compostos
bioativos lipossoluveis impacta fortemente sua bioacessibilidade e consequentemente sua
biodisponibilidade. A capacidade de solubilizagdo das micelas mistas é fortemente
influenciada pela composi¢édo da matriz lipidica. Quanto maior o comprimento da cadeia e
menor grau de insaturacdo dos AG das matrizes lipidicas, maior serda a capacidade de
solubilizacdo, ou seja, as micelas mistas apresentardo dominios hidrofébicos grandes o
suficiente para incorporar compostos bioativos (TAN; MCCLEMENTS, 2021).

A concentracao da fase lipidica € um fator determinante para a biodisponibilidade
pois esta altamente relacionada a formacao das micelas mistas durante o processo digestivo.
Segundo Tan et al. (2020) se a concentracéao lipidica for muito baixa, ndo ha a formacao de
micelas mistas em quantidade suficiente para solubilizar totalmente o composto incorporado
a esta fase; porém se a concentracdo da fase lipidica for muito alta, podera ocorrer
precipitagdo do composto bioativo juntamente com os TAG que nao foram digeridos durante
a passagem pelo TGl.

O aumento de lipolise pela lipase pode gerar mais produtos de hidrélise (MAG e
AGL, por exemplo), aumentando assim a produgéo de micelas mistas e consequentemente a
solubilizagdo do BC dentro das micelas (VERRIJSSEN et al., 2015). No entanto, estudos vém
evidenciando que nao apenas o grau de lipdlise durante a digestdo aumenta a capacidade de
solubilizacdo de BC, mas também o tipo de espécie lipidica micelarizado (ABREU-MARTINS
et al.,, 2020).

O grau de saturacédo de AG pode determinar a capacidade de solubilizagcao de
compostos bioativos em micelas mistas. Estudos relataram que a liberagdo de AG
monoinsaturados de cadeia longa durante o processo de digestdo, como o acido oleico,
proporcionou maior capacidade de solubilizacdo para micelas mistas e consequentemente
maior bioacessibilidade de carotenoides, quando comparado a liberacado de AG
poliinsaturados (ABREU-MARTINS et al., 2020; VERKEMPINCK et al., 2018).

O TP seguido pela composigao da matriz lipidica, sdo os fatores que mais afetam
a bioacessibilidade de compostos incorporados aos sistemas de entrega a base de emulsdes
(ZHOU et al, 2018). O TP afeta o destino gastrointestinal dos compostos bioativos
incorporados as estruturas CLN (TAN; MCCLEMENTS, 2021) principalmente por estar
diretamente relacionado a area superficial das particulas lipidicas. Quanto menor o TP lipidica,
maior a area superficial disponivel para ligacdo da lipase. A lipase apresenta uma forma

globular de aproximadamente 5nm, sendo assim, quanto menor for o tamanho da particula
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lipidica/gota de 6leo, maior serd o espago coberto pela lipase e consequentemente maior a
taxa e a extensao da digestibilidade lipidica (conversao de TAG em AGL) (SALVIA-TRUJILLO
et al, 2017a) aumentando assim a liberagdo e solubilizagdo dos compostos bioativos
incorporados a fase lipidica, e consequentemente a bioacessibilidade (LI; MCCLEMENTS,
2010; SALVIA-TRUJILLO et al., 2017b).

Estudo realizado por Salvia-Trujillo et al. (2017a) demonstrou que a cinética de
hidrélise lipidica foi fortemente influenciada pelo tamanho da gota de 6leo presente nas
emulsdes testadas. Neste estudo a quantidade de TAG diminuiu em fungéo do tempo durante
a fase intestinal, enquanto a concentragcdo de MAG, AGL e glicerol aumentou em todas as
amostras estudadas. No entanto a formacao dos produtos de hidrélise lipidica foi diferente de
acordo com o tamanho inicial das goticulas presentes na emulsdo. Emulsées com TP inferior
(0,72um) apresentaram maior area de superficie para agao da lipase na interface 6leo-agua
levando a conversao de MAG em AGL e glicerol em maior intensidade quando comparado a
emulsdes com TP médio (1,93 um). Ainda neste estudo, foi demonstrado que a producao de
AGL no final da fase intestinal (120 min) foi 50% superior em emulsdes com TP inferior (0,72
pm) do que emulsées com TP superior (15,1 uym), correspondendo a 60 mg/mL e 30mg/mL
respectivamente.

No entanto é importante salientar, que, dificiimente o TP ao ser ingerida sera o
mesmo durante a passagem pelo TGl, devido a fenbmenos de fragmentagéao, floculacao e
coalescéncia (TAN et al., 2020). Durante a digestao lipidica, as particulas de éleo podem
flocular ou coalescer. A estabilidade das particulas durante a passagem pelo TGl depende do
tipo de emulsificante utilizado em sua obtencdao (GOLDING; WOOSTER, 2010; TAN;
MCCLEMENTS, 2021). Alguns emulsificantes produzem particulas que sao relativamente
estaveis durante a passagem pelo TGl, enquanto outros produzem particulas que floculam
e/ou coalescem em determinadas regides do TGl. Essa agregagao pode ocorrer por diversos
fatores incluindo hidrélise enzimatica, reducao da repulsao elestrostatica (PZ) ou efeitos de
deplecéo ou floculagdo (TAN; MCCLEMENTS, 2021).

O tipo de emulsificante pode também influenciar a biodisponibilidade através de
outras formas, como por exemplo afetar também a adsorgcdo da lipase na superficie da
particula. Com o auxilio de sais biliares, a lipase se adsorve a superficie desencadeando a
reacao de lipdlise. No entanto, ha alguns emulsificantes que ndo podem ser totalmente
deslocados pelos sais biliares, inibindo a adsor¢do da lipase e reduzindo assim a digestao de
lipidios (SALVIA-TRUJILLO et al, 2019). Os emulsificantes podem ainda ter agao
antioxidante, contribuindo para o aumento da biodisponibilidade através da manutengéo da
estabilidade dos compostos (TAN et al.,, 2020). Alguns emulsificantes podem inibir ou

estimular a formagéao de micelas mistas que solubilizam os compostos bioativos apds serem
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liberados da matriz lipidica, influenciando assim a biodisponibilidade destes compostos
(GASA-FALCON et al., 2017).

As caracteristicas estruturais e fisico-quimicas dos compostos bioativos também
afetam sua biodisponibilidade (TAN; MCCLEMENTS, 2021). Para compostos bioativos que
apresentam baixo grau de hidrofobicidade ou dimensdes moleculares pequenas, o impacto
do tipo da matriz lipidica utilizada em sua bioacessibilidade e biodisponibilidade é inferior
(AHMED et al., 2012). Isso ocorre devido ao fato de serem facilmente solubilizados tanto em
micelas mistas grandes quanto pequenas (TAN; MCCLEMENTS, 2021).

De forma geral, a polaridade dos compostos bioativos determina sua transferéncia
para as micelas na fase intestinal. Normalmente, carotenoides com maior hidrofobicidade,
como o BC requerem a presenca de maior quantidade de AGL do que MAG na fragao micelar
para serem transferidos. Devido a maior solubilidade em agua do glicerol presente na
estrutura de MAG, estes compostos podem apresentar BHL superior a AGL, portanto a
solubilizacdo de BC em micelas formadas por maiores quantidades de MAG ¢é ineficiente
(PALMERO et al., 2014; SALVIA-TRUJILLO et al., 2017b).

O grau de hidrofobicidade, porém, nao afeta a absorcao de compostos bioativos
nas células epiteliais, conforme demonstrado em estudo de Sy et al. (2012), demonstrando
assim que a bioacessibilidade é mais importante que a absor¢cdo para determinar a
biodisponibilidade total de compostos bioativos lipossoluveis (TAN; MCCLEMENTS, 2021).
Patel et al. (2010) demonstraram que nanoparticulas apresentaram propriedades de
mucoadesao no intestino delgado e dessa forma, proporcionaram o0 aumento na absorgao do
composto bioativo incorporado ao libera-lo por um tempo prolongado nas proximidades da

membrana celular.

2.9.2 Modelos para estudos de digestibilidade in vitro.

Estudos de digestibilidade envolvendo humanos e animais sdo os meios mais
precisos para elucidar os principais fatores que afetam a biodisponibilidade de bioativos
lipossoluveis, porém devido a fatores éticos, financeiros, de seguranca e de tempo, a
realizacdo destes estudos € limitada (TAN; MCCLEMENTS, 2021). Por esta razdo, um
namero consideravel de abordagens in vitro, que variam em sua simplicidade, custo, tempo,
reprodutibilidade e capacidade de simular de forma confiavel as condi¢des reais do TGI, vém
sendo desenvolvidas para estudar o destino gastrointestinal de nanoparticulas
(MCCLEMENTS; LI, 2010; MCCLEMENTS; MCCLEMENTS, 2016; MINEKUS et al., 2014)
devido principalmente as suas vantagens de reducdo de tempo e custo, auséncia de
restricoes éticas e melhoria da precisao de reprodutibilidade em relacdo aos modelos in vivo
(KONG; SINGH, 2010; MCCLEMENTS; LI, 2010).
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O modelo de digestibilidade in vitro mais utilizado para estudar o destino dos
alimentos no TGl humano é o método INFOGEST harmonizado, que se baseia nas condi¢oes
fisioldgicas que ocorrem no TGl durante o processo de digestao (MINEKUS et al., 2014). Este
método descreve um conjunto de parametros, incluindo as fases oral, gastrica e intestinal, que
foram padronizados e validados para que seja possivel a comparagao entre resultados obtidos
por diferentes grupos de pesquisa (LIN et al., 2018; TAN; MCCLEMENTS, 2021).

Os modelos de digestibilidade in vitro sdo divididos em estaticos e dinamicos.
Modelos de digestibilidade in vitro estatica, geralmente incluindo um estagio (intestinal), dois
estagios (gastrico e intestinal) ou trés estagios (oral, gastrico e intestinal), mimetizam as
condigoes fisiolégicas e processos bioquimicos no TGl (LIN et al., 2018). Entretanto, a maior
parte dos modelos estaticos ndao reproduz os processos fisicos que ocorrem durante o
processo de digestdo humana, como mistura, cisalhamento, esvaziamento gastrico e
peristaltismo, ou mudancas continuas no pH e taxas de secrecado, permitindo uma menor
comparacao dos resultados obtidos com estes modelos com os estudos in vivo (GUERRA et
al., 2012; LIN et al., 2018). Além disso, durante os ensaios de digestibilidade in vitro utilizando
modelos estaticos ndo ha processo de absorcéo, ou seja, os produtos de digestao formados
durante o processo nao sao removidos (WICKHAM; FAULKS; MILLS, 2009).

Os modelos dindmicos de digestibilidade in vitro tém sido desenvolvidos com o
intuito de superar as limitagées dos modelos estaticos (GUERRA et al., 2012). Na tentativa de
alcangcar uma melhor correlagdo entre os comportamentos in vivo e in vitro, esses modelos
dindmicos simulam mais efetivamente os atributos bioquimicos, biomecanicos e temporais
que ocorrem in vivo (LIN et al., 2018). Nos métodos de digestibilidade in vitro dindmicos ha
renovagao continua dos fluidos digestivos intestinais, promovendo a formagéo continua de
micelas de sais biliares, o que ndo leva a saturagdo das mesmas com os compostos bioativos
incorporados a fase lipidica em contraste com os métodos de digestibilidade estaticos, em
que as micelas saturadas nao sao substituidas (MARZE, 2017).

Em comparacao aos modelos estaticos, os modelos dindmicos de digestibilidade
in vitro sdo considerados mais adequados para fornecer uma melhor previsdo do destino
bioldgico de sistemas de entrega devido a sua maior semelhanga com as condigdes in vivo
(LIN et al., 2018). O modelo intestinal TIM-1 é um sistema dindmico multicompartimental de
digestibilidade in vitro que simula as condi¢des in vivo e eventos cinéticos que ocorrem no
estdbmago, duodeno, jejuno e ileo; fornecendo informagdes sobre o caminho percorrido por
nutrientes e compostos no TGl; liberagéo, estabilidade e disponibilidade de nutrientes para
absorcao intestinal (RIBNICKY et al., 2014).

Esse sistema é composto por quatro sucessivos compartimentos simulando o
estbmago, duodeno, jejuno e ileo. Cada compartimento € formado por duas unidades que

consistem em um reator de vidro ou acrilico com uma parede flexivel interna. A agua é
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bombeada para a area entre o reator e a parede flexivel para manter a temperatura a 37°C e
para alternar os movimentos de compressao/relaxamento, simulando assim os movimentos
peristalticos. As mudangas na pressdo da agua que originam esses movimentos sao
alcangadas por bombas rotativas, e garantem assim, a mistura do quimo. Eletrodos de pH
estdo dispostos em cada compartimento para monitoramento das alteragées que ocorrem
durante as fases da digestao. A passagem do contetdo pelo TIM-1 é regulada pela abertura
e fechamento das valvulas peristalticas que conectam cada compartimento (PINHEIRO et al.,
2013). A fase de absor¢ao € simulada através do uso de membranas de didlise que removem
a agua e pequenas moléculas (incluindo os produtos de digestdo e o composto bioativo
dissolvido). Os compartimentos do jejuno e do ileo sdo conectados a unidades de filtracao
(membranas ocas) que permitem que a bioacessibilidade seja quantificada. Fragcdées nao
bioacessiveis sao coletadas ao final do compartimento do ileo e representam o material ndo
absorvido que entrara no intestino grosso (KONG; SINGH, 2010; RIBNICKY et al., 2014).

Em ensaios de digestibilidade in vitro considerando sistemas de entrega
nanoestruturados normalmente uma amostra contendo as nanoparticulas em dispersao é
preparada e em seguida, submetida a um ou mais tratamentos para simular o TGl
(MCCLEMENTS; MCCLEMENTS, 2016). Esses meétodos normalmente envolvem a
passagem sequencial da amostra por uma série de fluidos gastrointestinais simulados
mantidos a temperatura corporal (37°C) que apresentam composicdo especifica (pH,
minerais, acidos, bases, sais biliares, enzimas etc.) sob condi¢gdes de fluxo e tempo de
incubacao que imitam as regides do TGI. Inicialmente, solugbes estoque de fluido salivar
(SSF), gastrico (SGF) e intestinal (SIF) sdo preparadas com composi¢cdes e valores de pH
especificos. Além disso, solugdes de estoque de outros constituintes principais do TGl séo
preparadas, como enzimas, sais biliares e cloreto de célcio. Essas solu¢des adicionais sao
misturadas com os fluidos simulados, para formar os fluidos finais (MCCLEMENTS;
MCCLEMENTS, 2016; MINEKUS et al., 2014).

O SSF final é uma solucao neutra, contendo constituintes que simulam a saliva
humana, como acidos, tampdes minerais, biopolimeros (mucina) e enzimas (amilase). O SGF
final € uma solugdo aquosa altamente acida (pH=3) com uma composicdo que simula
condigOes gastricas, por exemplo acidos, tampdes, sais e enzimas digestivas (proteases e
lipases). O SIF final € uma solugdo aquosa neutra (pH=7) que contém varios componentes
que simulam a composi¢do do intestino delgado, como sais biliares, fosfolipidios, bases,
tampoes, sais minerais e enzimas digestivas (MCCLEMENTS; MCCLEMENTS, 2016).

A amostra a ser testada passa entao, sequencialmente, pelas fases oral, gastrica
e intestinal (intestino delgado). Na fase oral, o SSF é adicionado a amostra sob agitacao por
aproximadamente 60 segundos e a amostra € entdo, submetida a fase gastrica. Na fase
gastrica, ha adicao do SGF. O quimo é levado para o intestino delgado. O material coletado
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apods a passagem pelo intestino delgado € denominado de digerido. O digerido pode passar
para um estagio de célon simulado, utilizado para a andlise da liberagdo e absorgdo de
compostos bioativos e/ou utilizado para estudar mudangas na estrutura e composicao de
nanoparticulas (MCCLEMENTS; MCCLEMENTS, 2016). O colén é uma das partes mais
dificeis para simulagdo em laboratério, pois normalmente requer condicdes de anaerobiose
para o cultivo de bactérias (YOO; CHEN, 2006).

Para a realizagao dos ensaios de digestibilidade in vitro sdo necessarios alguns
cuidados para obtencdo de resultados precisos. A secrecdo das enzimas e fluidos
gastrointestinais, a diluicdo da amostra durante a digestdo e o preparo das amostras
recolhidas durante o processo para posterior analise, podem influenciar os resultados obtidos
a partir dos ensaios de digestibilidade in vitro (bioacessibilidade, por exemplo) (PINHEIRO et
al., 2017).

2.10 Citotoxicidade

O conhecimento sobre a toxicidade de estruturas em macro e microescala pode
nao ser confiavel para predizer a toxicidade em nanoescala, portanto estudos adicionais para
avaliar a nanotoxicidade sao obrigatorios (MARTINS et al., 2015). A diminuicdo no TP conduz
a um aumento exponencial da area superficial, 0 que torna a superficie do nanomaterial mais
reativo com o ambiente em que ele estd circundado. O aumento da absorgdo, das
nanoparticulas, em certos tecidos pode levar a seu acumulo, 0 que pode ser pode interferir
nas fungdes bioldgicas criticas destas células (AILLON et al., 2009).

Apesar da grande quantidade de trabalhos relacionados a regulamentagéo do uso
de nanoestruturas em alimentos e aspectos relacionados a seguranga de seu consumo, ainda
nao esta totalmente esclarecido como as nanoestruturas se comportam apo6s processos de
ingestdao e digestdo e quais serdo as mudangas experimentadas apds sua absorcao
(MARTINS et al, 2015). Somente através da compreensdo do destino digestivo das
nanoestruturas/compostos bioativos é possivel melhorar seu desempenho e ter informagdes
conclusivas sobre a seguranca das nanoestruturas (PINHEIRO et al., 2017).

As nanoparticulas ao serem introduzidas em formulagdes alimenticias, apds
serem ingeridas, serdo primeiramente absorvidas no intestino, para depois serem
transportadas até o figado. Se tdxicas, podem prejudicar as células do epitélio intestinal,
causando o seu rompimento e prejudicando assim sua fungéo protetora (YU; HUANG, 2013).
A citotoxicidade de nanoparticulas é normalmente avaliada através do estudo da viabilidade
celular, que consiste em uma abordagem in vitro de cultura de células (HUR et al., 2011; LOH
etal., 2010). Modelos de culturas de células sdo amplamente utilizados para simular as células
do epitélio que revestem a superficie interna do intestino delgado, onde a absor¢cdo dos
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compostos bioativos e das nanoparticulas normalmente ocorre (MCCLEMENTS;
MCCLEMENTS, 2016).

O epitélio intestinal humano é composto por varios tipos de células: enterdcitos,
calciformes, enddcrinas, de Panet e tronco. Para o estudo de mecanismos de transporte de
nanoestruturas, dois tipos de células intestinais sdo considerados preferencialmente: os
enterdcitos e as células M, principais transportes para uma ampla gama de nanoestruturas
(HE et al., 2013). A linhagem celular de adenocarcinoma do célon humano - Caco-2, vem
sendo amplamente utilizada para estudar a absorcdo dos compostos bioativos e
nanoparticulas (REBOUL et al., 2006) pois se assemelham aos enterdcitos, que por sua vez
representam 90% das células epiteliais do intestino (ARAUJO et al., 2014).

Para este estudo, uma camada de células Caco-2 cresce diretamente em uma
placa de petri ou em uma membrana semi-permeavel colocada dentro da placa de petri. Uma
suspensao aquosa de amostra (que pode ter sido previamente exposta a condi¢des do TGl)
€ colocada sobre as células epiteliais, e a quantidade de composto absorvido ou que
atravessa as células é medida através de uma técnica analitica adequada (microscopia,
cromatografia, espectrometria, entre outros) (MCCLEMENTS; MCCLEMENTS, 2016). O MTT
€ 0 método mais utilizado para ensaios de viabilidade celular de NL. Este é um método
colorimétrico que mede a capacidade de células metabolicamente ativas reduzirem o MTT
(brometo de 3-4,5-dimetil-tiazol-2-il-2,5-difeniltetrazélio) em formazan, que modifica a cor do
meio, medido através de espectrometria (AHMAD et al., 2012; DOKTOROVOVA; SOUTO;
SILVA, 2014; HUR et al., 2011).

Em contraste com microparticulas que sao muito grandes para passar pelo epitélio
intestinal e devem assim, liberar os compostos bioativos no TGI, nanoestruturas podem ser
retiradas e atravessar a barreira intestinal (DES RIEUX et al,, 2006). A manipulagdo de
materiais em nanoescala pode levar a formacdo de novas estruturas com caracteristicas
potencialmente téxicas. Suas dimensdes reduzidas permitem que penetre com facilidade nos
tecidos biol6gicos, o que pode causar sua funcdo normal ou morte celular. Exemplos de
efeitos téxicos incluem a inflamacéao do tecido e modificacdo do equilibrio redox celular
(ARORA; RAJWADE; PAKNIKAR, 2012).

Uma das maiores preocupagdes do uso de nanoestruturas na area de alimentos
¢ a falta de conhecimento sobre como as propriedades fisico-quimicas em nanoescala podem
alterar o destino biolégico de nanoestruturas e a biodisponibilidade dos compostos bioativos
incorporados a elas. Isto pode influenciar suas propriedades toxicolégicas e causar efeitos
adversos na saude humana. Os efeitos tdxicos potenciais no TGl ou a nivel sistémico,
manutencdo de sua integridade apds a passagem pelas barreiras do TGI, ou como as
nanoestruturas sao absorvidas, distribuidas e excretadas do corpo precisam ser avaliados
(MARTINS et al., 2015).
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ABSTRACT

Lipid-based nanoparticles are one of the most promising encapsulation technologies in the
field of nanotechnology, and solid lipid nanoparticles were the first generation of such
structures. The second generation of lipid nanostructures is the nanostructured lipid carriers
(NLC), which are composed of lipid materials with different melting points (MP). High pressure
homogenization (HPH) is one of the main methods used on an industrial scale to produce NLC,
and the process conditions affect the characteristics and physical stability of the produced
NLC. The objective of this study was to optimize the HPH process conditions (number of cycles
and homogenization pressure) to produce NLC formulated with different emulsifiers. The pre-
emulsion for producing NLC was composed of an aqueous phase (90%) with a single
emulsifier (ethoxylated sorbitan monooleate (Tween 80), sorbitan monostearate (Span 60),
soy protein isolate (SPI), whey protein isolate (WPI), or enzymatically modified soy lecithin
(SL) in a 2% (w/w) proportion, and a lipid phase composed of glyceryl tristearate (TS) and
glyceryl trioleate (TO) in a 40:60 (w/w) proportion, corresponding to a model system containing
similar contents of saturated and unsaturated fatty acids. The influence of the homogenization
pressure (HP) and the number of cycles (NC) on the characteristics of the NLC was assessed
separately for each emulsifier using a full 22 factorial design. The NLC were characterized by
the particle size (PS), polydispersity index (PDI), and zeta potential (ZP) at 24 h and 15 days
after production. The results indicated that SL, Tween 80, and WPI promoted the production
of NLC in the nanometric range (PS ranging from 136.00 to 277.17 nm) that were stable (ZP
> |20 mV|) during 15 days of storage at 25 °C. Of all the process conditions, 700 bar and 2
cycles were the optimal conditions for producing NLC with the different emulsifiers used in this
study.
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3.1 Introduction

Nanotechnology has emerged as an important area of public interest worldwide,
with the potential to drastically affect the scientific community and world market (Chen et al.,
2006; Weiss et al., 2008). Nanodelivery systems present great prospects for nanotechnology
in the food industry and are one of the most promising technologies for revolutionizing
conventional food science and the food industry (He and Hwang, 2016; Sawant and Dodiya,
2008).

Nanoparticles developed from lipids have gained prominence among nanodelivery
systems, mainly for their ability to carry lipophilic bioactive compounds to the adsorption site
in the human gastrointestinal tract. As lipids are part of human nutrition and an integral part of
many physiological and biochemical processes, lipid-based nanoparticulate systems are
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considered one of the safest, most biocompatible, most versatile, and affordable means of
delivering compounds (Attama et al., 2012). In addition, they present advantages such as high
physical and chemical stability, possibility of large-scale production, and controlled delivery of
compounds (Helgason et al., 2009; Rawal and Patel, 2018).

Nanostructured lipid carriers (NLC) were developed to overcome some problems
and limitations of other lipid-based delivery systems, such as solid lipid nanoparticles (SLN),
which not only have a lower capacity for incorporating bioactives but also have high water
content (70-99%), a disadvantage that often makes this type of nanostructure unsuitable for
compound delivery and for application in some foods (Chen et al., 2020; Dumont et al., 2018).
NLC are a type of oil-in-water emulsion composed of high- and low-melting-point lipids in their
matrix, together with emulsifiers in the external phase to obtain a fine dispersion of these lipids
in an aqueous medium (Akhavan et al., 2018).

NLC can be produced through several methods; high pressure homogenization
(HPH) is the most used method for producing particles in the nanometric range in the food
industry (Katouzian et al., 2017; Schubert and Engel, 2004), mainly due to the ease of scale
transposition, absence of organic solvents, and short production time compared to other
production methods (Pardeike et al., 2009). The homogenization step can be performed with
different cycles and at different pressures, which directly affect the characteristics of the
produced NLC (Jafari et al., 2007).

The essential components for producing NLC consist of the lipid phase,
emulsifiers, and water (Tamjidi et al., 2013). Emulsifiers are amphiphilic molecules that have
hydrophobic and hydrophilic groups in their structure, and include small-molecular-size
surfactants, phospholipids (PL), proteins, and polysaccharides, among others (McClements
and Gumus, 2016). They play two fundamental roles in the formation of emulsions: firstly, they
facilitate emulsion formation, and secondly, they promote emulsion stability (Ozturk and
McClements, 2016).

Emulsifiers are essential to stabilize lipid nanoparticles (LN) dispersions and
prevent their agglomeration. The selection of the ideal emulsifier for producing LN is based on
its properties, such as charge, molecular weight, chemical structure, and hydrophilic/lipophilic
balance (HLB) (Attama et al., 2012). There are great differences in the ability of an emulsifier
to rapidly adsorb onto lipid droplets during homogenization, and therefore, in its ability to
reduce interfacial tension, resulting in the production of particles of different sizes, even using
the same process conditions (McClements and Gumus, 2016). In general, the greater the
ability of an emulsifier to reduce surface tension, the smaller the particle sizes produced by
HPH (Hakansson et al., 2013).

The emulsifiers used to produce NLC can be synthetic or natural. Synthetic
emulsifiers have been used in many studies to produce NLC, but studies using natural
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emulsifiers are gaining ground owing to the growing appeal for clean-label products. Moreover,
they can be used separately or combined (McClements and Jafari, 2018). Each emulsifier was
used separately in this study to determine the individual effect of natural (SL, WPI, and SPI)
and synthetic (Tween 80 and Span 60) emulsifiers on the production of NLC.

Sorbitan fatty acid esters correspond to a class of nonionic emulsifiers widely used
in the food industry. They are derived from a reaction between sorbitol and a variety of
commercially available fatty acids, such as lauric, palmitic, oleic, and stearic acid. The larger
the chain length of the fatty acid ester, the lower the HLB, and therefore, the more hydrophobic
the molecule. Sorbitan monostearate (Span 60) is an ester obtained by the reaction of sorbitan
with stearic acid, a non-ionic emulsifier that presents a HLB of 4.7 (Cottrell and van Peiji, 2004).

Tween 80 is a nonionic, water-soluble emulsifier derived from polyethoxylated
sorbitan and oleic acid. It is considered suitable to stabilize NLC owing to its HLB (~15)
(Mohammadi et al., 2019). Nonionic emulsifiers form a compact film around nanoparticle
surfaces and stabilize NLC formulations by creating steric hindrance (Souto et al., 2004). Such
stabilization by steric hindrance typically results in the production of particles with smaller
dimensions and that resist changes in pH and electrolyte concentration (McClements and Rao,
2011).

Lecithins are neutral surfactants that are found naturally in plant sources, such as
soy and canola, and animal sources, such as eggs, and are generally recognized as safe
(GRAS). Owing to their wide availability, they are considered low-cost emulsifiers with potential
for producing NLC (Katouzian et al., 2017; McClements, 2015; Mohammadi et al., 2019).
Standard (commercial) soy lecithin, obtained from the degumming step during oil refining, is
composed of a mixture of PL and other substances. Physical, chemical, and enzymatic
modifications are performed on standard lecithin to improve its emulsifying properties, heat
resistance, and dispersion in aqueous or oily systems. Soy lecithin (SOLEC™ AE IP) (HLB 7-
8) is an enzymatically hydrolyzed lecithin; enzymatic treatment produces lecithin with a high
lysophospholipid/PL ratio, thereby increasing its emulsifying capacity for stabilization of O/A-
type emulsified systems (Fernandes et al., 2012; Tanno, 2012). Although most emulsifiers
used for producing NLC are small molecules, macromolecules such as proteins are natural
and biocompatible ingredients that have been used in the stabilization of lipid nanoparticles
(Mohammadi et al., 2019). WPI and SPI are among such emulsifiers. WPI is one of the
ingredients most used in the food industry to obtain oil-in-water emulsions. It is composed of
two main fractions, B-lactoglobulin and a-lactaloumin, which together account for about 70%
of the protein content in whey (Chatterton et al., 2006). SPI is a byproduct of soybean oil
extraction and is a natural and low-cost constituent of commercial products (Wang et al., 2019).
SPI is composed of two main protein fractions, glycine and B-conglycinin, which in combination
account for more than 70% of the protein content in soybeans (Nik et al., 2011).
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Some challenges are to be overcome for the application of NL in food products.
Some of these are related to formulation components, since the number of emulsifiers
approved for food use is limited. Consequently, the search for new alternatives to replace
known emulsifiers is an ongoing challenge (Katouzian et al., 2017; Oliveira et al., 2019).
Therefore, the objective of this study was to optimize the HPH process conditions (number of
cycles and homogenization pressure) to produce NLC from a model emulsion, as well as to
assess the effect of different emulsifiers on the physical characteristics and stability of the
produced NLC. In particular, this study investigated distinct macromolecules with a wide range
of HLB values and emulsifying capacities for a better understanding of the performance of
these agents in HPH processes for producing NLC with regular lipid composition.

3.2 Materials and methods
3.2.1 Materials

Glyceryl tristearate (TS; technical-grade tristearin) and glyceryl trioleate (TO;
technical-grade triolein), both produced by Sigma-Aldrich (USA), were used as lipid matrices.
Whey Protein Isolate (WPI) produced by Alibra (Brazil), Soy Protein Isolate (SPI) SUPRO®
500E IP produced by Solae (Brazil), Enzymatically Hydrolyzed Soy Lecithin (SL) SOLEC™ AE
IP (HLB 7-8) produced by Solae (Brazil), Sorbitan Monostearate (Span 60) manufactured by
Sigma-Aldrich (USA), and Ethoxylated Sorbitan Monooleate (Tween 80) produced by Sigma-
Aldrich (USA) were used as emulsifying agents.

3.2.2 Methods

3.2.2.1 Characterization of raw materials

3.2.2.1.1 Fatty acid composition

Analysis of the composition of FA (FAC) was performed by gas chromatography
using the Agilent 6850 GC USA chromatograph system (Santa Clara, CA, USA) after
esterification using the Hartman and Lago (1973) method. FA methyl esters were separated
according to the AOCS Ce 1f-96 method (AOCS, 2009) using an Agilent DB-23 column (50%
cyanopropyl-methylpolysiloxane) 60 m in length, 0.25 mm inner diameter, and 0.25 pm film.
The analysis conditions were as follows: oven temperature of 110 °C for 5 min, 110-215 °C (5
°C/min), 215 °C for 24 min; detector temperature of 280 °C; injector temperature of 250 °C;
carrier gas: helium; split ratio of 1:50; injected volume of 1.0 pyL. The qualitative composition

was determined by comparing the peak retention times with those of FA standards.

3.2.2.1.2 Triacylglycerol composition
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Analysis of TAG composition was performed by gas chromatography with capillary
column (50% phenyl methylpolysiloxane) (DB-17HT Agilent, catalog no. 122-1811) 15 m in
length, 0.25 mm inner diameter, and 0.15 ym film. The analysis conditions were as follows:
split ratio of 1:100; column temperature of 250 °C, programed to 350 °C at a rate of 5°C/min;
carrier gas: helium, flow rate of 1.0 mL/min; injector temperature of 360 °C; detector
temperature 375 °C; injected volume of 1.0 pL; and sample concentration of 100 mg/5 mL of
tetrahydrofuran. The identification of TAG groups was performed by comparing retention times
with those of TAG standards, according to the method reported by Antoniosi Filho et al. (1995).

3.2.2.1.3 Solid fat content (SFC)

SFC was determined by pulsed low-resolution nuclear magnetic resonance
spectroscopy (NMR) Bruker pc120 Minispec (Silberstreifen, Rheinstetten, Germany), using
high precision dry baths with temperature controlled (0—70°C) by the Peltier Tcon 2000 system
(Duratech, Garden Grove, USA), according to the direct AOCS Cd 16b- 93 method. Samples
were analyzed in series, with tempering of unstabilized fats (AOCS, 2009). MP were calculated
using equations for the straight lines of the solid profiles obtained by NMR that corresponded
to the temperature at which the lipid systems had a SFC of 4% (Ribeiro et al., 2009).

3.2.2.2 Production of NLC

The pre-emulsion for producing NLC was formulated according to conditions
established and consolidated in the scientific literature (Helgason et al., 2009; Qian et al., 2013;
Severino et al., 2012; Yang et al., 2014). For SPI and WPI, 2% aqueous solutions were
prepared by dissolving the protein isolates in distilled water and were kept under magnetic
stirring for 1 h at room temperature (approximately 25 °C). Sodium azide (0.02%) was added
as an antimicrobial agent. The solutions were stored overnight under refrigeration (5-7 °C) for
complete protein hydration.

The aqueous dispersion of NLC was prepared with 10% (w/w) of the total lipid
phase, composed of TS and TO (40:60 TS:TO w/w). The aqueous phase comprised 2% (w/w)
of emulsifier in distilled water, in accordance with the protocols of Helgason et al. (2009), Qian
et al. (2013), and Yang et al. (2014). The lipid phase was heated to 85 °C. The aqueous
solution containing the emulsifier was heated to the temperature of the lipid phase. To prepare
the pre-emulsion, the melted lipid phase was added to the aqueous phase at 85 °C under
continuous agitation using a model T18 ultra-turrax agitator (IKA, Germany) for 3 min at 10,000
rpm (Severino et al., 2012; Yang et al., 2014). Aqueous NLC dispersions were produced using
the hot HPH technique in a high pressure homogenizer (Buffalo series, Homolab 2.20, FBF
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Italia) according to the experimental design presented in section 2.2.2 (Rodrigues and lemma,
2014; Severino et al., 2012).

The nanoemulsions formed were cooled at 5 °C for 24 h to recrystallize the lipid
phase and obtain the NLC dispersions, which were subsequently stored at 25 °C for analysis
(Kumbhar and Pokharkar, 2013; Qian et al., 2013; Yang et al., 2014). The analytical
determinations were performed 48 h after producing the lipid nanostructures and after 15 days
of storage at 25 °C (Das et al., 2020; Kumbhar and Pokharkar, 2013; Nik et al., 2012).

3.2.2.3 Experimental design and statistical analysis

The effects of the homogenization pressure (HP) and number of cycles (NC) on
the characteristics of the NLC were assessed using a full 22 factorial design (Rodrigues and
lemma, 2014; Severino et al., 2012). Table 1 presents the full 22 factorial design along with the
respective levels for the investigated variables. HP and NC were considered the independent
variables of the experimental design, whereas the particle size (PS), polydispersity index (Pl),
and zeta potential (PZ) were the dependent variables. Individualized designs were prepared
for the 40:60 TS:TO (w/w) lipid system, each containing one of the emulsifiers used in the
study, with a total of 5 different designs with 7 experimental points each (Kumbhar and
Pokharkar, 2013; Qian et al., 2013; Yang et al., 2014). The data were analyzed using Protimiza
Experimental Design software. Polynomial equations were generated to establish the
relationship between the independent variables (HP and NC) and the dependent or response
variables (PS, PDI, and ZP). The proposed model was analyzed for each variable effect and
for the interactions between them.

Table 1: 22 factorial design, providing the lower (=1), upper (+1) and (0) central point level values
for each variable independent.

Coded levels Real levels
Variables HP (bar) NC HP (bar) NC
1 3 3 500 i
2 +1 1 900 1
3 1 1 500 3
4 +1 +1 900 3
5 0 0 700 2
6 0 0 700 2
7 0 0 700 2

HP: homogenization pressure; NC: number of cycles.
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3.2.2.4 Characterization and stability study of NLC

The characterization and stability study of NLC were carried out by determining the
PS, PDI, and ZP (Das et al., 2020; Severino et al., 2012). The analyses were performed in
triplicate at room temperature (25 °C), 24 h and 15 days after producing the NLC.

3.2.2.4.1 Particle Size and Polydispersity Index

PS and PDI were determined using a Mastersizer 2000 laser diffractometer
(Malvern Instruments). NLC aliquots were added to the equipment reading unit and filled with
distilled water at 25 °C under agitation (1750 rpm) until a 2% obscuration rate was obtained.
The analyses were performed in triplicate at room temperature (Averina et al., 2011). The
mean PS values of the NLC were expressed in terms of the mean surface diameter (D32)
obtained using equation 1, and the PDI was determined by calculating the Span (Equation 2).

znidsi

D32 —Z e (Equation 1)
nids

Span= 9s-dio  (Equation 2)
dso

where njis the number of particles with diameter di; and d10, d50, and d90 represent 10%,
50%, and 90% of the cumulative volume of the droplets, respectively.

3.2.2.4.2 Zeta potential

ZP was determined using a Zetasizer Nano-ZS (Malvern Instruments, Malvern,
UK), and the samples were diluted (1:100) in distilled water for further analytical determination
(Averina et al., 2011). The analyses were performed in triplicate at room temperature.

3.3 Results
3.3.1 Characterization of raw materials

Table 2 shows the fatty acid composition (FAC) of TS, TO, and the 40:60 TS:TO
(w/w) lipid system. TS was mostly composed of saturated fatty acids (SFA), corresponding to
99.71% of the fatty acids found in this raw material. Approximately 64% of its composition
corresponds to stearic acid (C18:0), followed by palmitic acid (28.71%). This high SFA content

explains the high MP of this raw material and its solid state at room temperature.
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Table 2. Fatty acid composition (%) of TS, TO and lipid system TS:TO (w/w) 40:60.

Fatty acid (%) TS 40:60 TO

C10:0 Capric acid 0.08 0.10 0.12
C12:0 Lauric acid 0.09 0.14 0.18
C14:0 Myristic acid 3.51 3.43 3.37
C15:0 Pentadecanoic acid 0.52 0.38 0.29
C16:0 Palmitic acid 28.71 13.97 414
C16:1 Palmitoleic acid 0 2.75 4.59
C17:0 Margaric acid 1.88 0.93 0.3

C17:1 8-heptadecanoic acid 0 0.69 1.15
C18:0 Stearic acid 64.15 26.75 1.81

C18:1t Elaidic 0 6.44 10.74
C18:1 Oleic acid 0.14 38.88 64.71
C18:2t Linoleic trans acid 0 0.63 1.05
C18:2 Linoleic acid 0.14 4.05 6.66
C18:3 Linolenic acid 0 0.19 0.31

C20:0 Arachidic acid 0.77 0.43 0.21

C20:1 Eicosenoic acid 0 0.22 0.36
SSEA 99.71 46.17 10.42
ZUFA 0.28 53.85 89.57

TO: triolein; TS: tristearin; SFA= total amount of saturated fatty acids; ZAGl= total amount of

unsaturated fatty acids.

TO showed a high concentration of unsaturated fatty acids (UFA) (approximately

90%); oleic acid (C18:1) was the most abundant fatty acid, representing approximately 65%
of the FAC of this raw material. The 40:60 TS:TO (w/w) lipid system had a balanced
composition of SFA and UFA, justifying its use as a model system in this study, since this ratio

between SFA and UFA is quite representative of the composition of NLC structures, given the

balance of solid and liquid lipid fractions, as well as the MP characteristic of lipid matrices for

this purpose.

Table 3 shows the TAG composition of TS, TO, and the 40:60 TS:TO (w/w) lipid

system. There were 6 species of TAG with 46 to 56 carbon atoms in TS, and those with 52

carbon atoms were the most abundant (40.5%), with PSS species being predominant. TS was
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composed of approximately 99.55% tri-saturated TAG (SSS). TO contained 15 species of TAG

with 48 to 54 carbon atoms; OOO species, a TAG formed by the esterification of glycerol with

3 oleic fatty acids, were predominant. Tri-unsaturated TAG (UUU) were found in greater

proportion in this raw material, followed by di-unsaturated groups (SUU), corresponding to

64.67% and 32.56% of the groups, respectively.

Table 3. Triacylglycerol composition (%) of TS, TO and lipid system TS:TO (w/w) 40:60.

Group TAG (%) TS 40:60 TO
C46 MPP 3.60 1.44 0
MPO 0 0.70 1.16
C48 MPoO 0 0.91 1.51
MPS 13.28 5.31 0
C50 PPS 27.70 11.08 0
PPO 0 0.97 1.61
MOO 0 7.92 13.20
MOL 0 3.97 6.61
PSS 40.50 16.20 0
C52 POO 0 5.79 9.65
PoOO 0 9.58 15.96
PoOL 0 2.63 4.38
SSS 14.47 5.79 0
SO0 0 0.95 1.59
C54 000 0 22.27 37.12
OOL 0 4.33 7.21
C56 SSA 0.45 0.18 0
2 S3 - 99.55 39.82 0
2 S;U - 0.45 1.84 2.77
2 SU: - 0 19.54 32.56
zU; - 0 38.80 64.67

TO: triolein; TS: tristearin; P: Palmitic acid; M: Myristic acid; O: Oleic acid; S: Stearic acid; L: Linoleic
acid; Ln: Linolenic acid; Po: Palmitoleic acid; A: Arachidonic acid; Ss: trisaturated; S2U:

monounsaturated; SU2: diunsaturated; Us: triunsaturated.

The 40:60 TS:TO (w/w) lipid system showed a wide range of triacylglycerol species
with 46 to 56 carbon atoms, representing a balance between SSS (39.82%) and UUU (38.80%)



96

TAG, and a significant SUU content (19.54%). The most abundant TAG in this mixture were
000 (22.27%), followed by PSS (16.20%). Since tri-unsaturated TAG have a MP between 54
and 65 °C and tri-unsaturated TAG have a MP between -14 and 5.6 °C (O’Brien, 2008), it can
be inferred that the considered lipid mixture has adequate melting characteristics for producing
NLC.

Figure 1 shows the solid fat contents of TS, TO, and the 40:60 TS:TO (w/w) lipid
system, for a wide temperature range, until complete melting. There was a directly proportional
relationship between the percentage of saturated fatty acids in the mixture and the solid fat
content, which can be explained by the physical and chemical characteristics of these fatty
acids. From this result, it was possible to calculate the MP of lipid materials, considering the
temperature of the 4% solids content in the obtained solids curve as a reference value (Ribeiro
et al., 2009). TS had the highest MP (60 °C) among all the samples, followed by the 40:60
TS:TO (w/w) lipid system (55 °C). Conversely, TO, owing to its FAC, had a MP below 10 °C
(data not shown). These observations confirmed the potential of this lipid system to produce
NLC, since it had a MP higher than body temperature (37 °C).
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Figure 1. Solid fat content (SFC) (%) as a function of temperature of TS, TO and lipid system
TS:TO (w/w) 40:60.

3.3.2 Characterization and stability study of NLC

The experimental conditions for producing NLC using HPH were assessed using
a full 22 factorial design to analyze the factors that affect the characteristics of nanocarriers,
such as PS, PDI, and ZP. For this purpose, it was decided to prepare a design for each
emulsifier used in this study and assess its influence on the characteristics of the produced
NLC.
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For some NLC, the independent variables considered in this study did not show
significant effects. Hence, it was not possible to obtain statistical models, and consequently,
prepare response surfaces and contour curves. Therefore, Tables 4 to 8 show the effects of
HP and NC on the PS, PDI, and ZP of NLC produced with SL, Span 60, SPI, Tween 80, and
WPI as emulsifiers, respectively.

The effects of the independent variables on the PS, PDI, and ZP of NLC produced
with SL are shown in Figures 2, 3, and 4. The linear model for each of the dependent variables
is described below:

PS = 157,90 - 15,67wp - 20,25nc
PDI =1,62-0,17wp - 0,44nc
ZP =-48,70 + 1,68np + 4,26 nc + 1,36 Hp. NC
where HP corresponds to the homogenization pressure and NC to the number of cycles.
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Figure 2. Contour plots and response surface charts of experimental design of NLC obtained with
enzymatically modified soy lecithin. a) particle size; b) polydispersity index; c) zeta potential.
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The linear models show that the dependent variables considered in the factorial

design were affected by both independent variables (NC and HP) when SL was used to

produce NLC. The results, presented in Table 4, indicate that the use of SL resulted in the

production of NLC in the nanometric range with PS below 208 nm, PDI below 2.30, and ZP

above |47 mV| during 15 days of storage.

Table 4: Influence of pressure and number of homogenization cycles on the obtainment of NLC using

enzymatically modified soy lecithin as emulsifier.
HP (bar) NC PS24h PS15days PDI24h PDI15days ZP24h ZP 15 days
500 1 208.17+2.40 202.50+3.27 2.12+0.04 2.30+0.06 -53.87+1.59 -60.43+0.38
500 3 153.83+0.75 157.33+0.82 1.21+0.00 1.3710.01 -48.07+1.36 -52.97+1.10
700 2 148.00+0.60 139.67+0.50 1.19+0.05 1.57%0.18 -47.90+0.68 -53.32+1.77
700 2 149.00£0.20 137.33+0.60 1.17+0.01 1.58+0.33 -47.80+0.56 -52.78+1.32
700 2 147.00£0.56 138.00+0.33 1.18+0.02 1.55+0.30 -48.10+0.07 -53.56+1.20
900 1 163.00+0.63 161.83+0.98 1.63+0.01 1.91+0.08 -53.23+0.40 -54.13+1.46
900 3 136.33+2.66 188.00+4.36 1.03+0.03 1.07%0.08 -52.00+1.15 -51.50+0.46

HP: homogenization pressure; NC: number of cycles; PS: Particle size; PDI: Polydispersity index; ZP: Zeta
potential. Average of three replicates + Standard Deviation.

For NLC produced with Span 60, only the independent variable, NC, influenced

PS, whereas none of the independent variables considered in this study influenced the PDI

and ZP. The linear model for the dependent variable, PS, is described below:

TP =208,88 - 18,71nc

where NC is the number of cycles.
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Table 5: Influence of pressure and number of homogenization cycles on the obtainment of NLC using
Span 60 as emulsifier.

HP(bar) NC PS24h PS15days PDI24h PDI 15 ZP24h ZP 15 days
500 1 247.67+6.28 277.17+17.3 10.04+1.21 ?g.‘;SQiO.SS -44.20+1.04 -41.97+0.85
500 3 193.33+9.87 236.83+14.8 8.42+5.28 51.48+23.1 -34.10+1.05 -42.63+0.55
700 2 195.00+9.02 195.33+8.38 3.57+6.53 4.38+1.55 -41.23+0.84 -34.87+0.26
700 2 203.33+7.01 251.00+6.12 12.83+9.04 30.36+7.05 -40.57+1.03 -38.77+0.24
700 2 213.67+5.61 215.27+5.08 16.18+£3.82 16.19+12.1 -39.27+0.52 -38.80+0.64
900 1 215.33+3.44 215.83+19.2 14.84+4.21 11.17+7.86 -39.43+1.36 -39.17+0.60
900 3 194.83+5.04 231.67+5.01 14.84+1.69 25.2849.43 -39.67+1.96 -35.53+1.00

HP: homogenization pressure; NC: number of cycles; PS: Particle size; PDI: Polydispersity index; ZP: Zeta
potential. Average of three replicates + Standard Deviation.

None of the independent variables considered in this study had a significant effect
on the dependent variables (PS, PDI, and ZP) of NLC produced with SPI as an emulsifier. The
use of SPI as an emulsifier promoted the production of NLC in the nanometric range, as shown
in Table 6, but it was not possible to characterize the NLC dispersion after 15 days of storage,
since the dispersion solidified, impairing sample dilution.

Table 6: Influence of pressure and number of homogenization cycles on the obtainment of NLC using soy
protein isolate (SPI) as emulsifier.

HP (bar) NC PS 24 h PS15days PDI24h PDI 15 ZP24h ZP 15 days
500 1 197.17+2.40 - 2.08+0.04 - - -55.20+1.59 -
500 3 158.17+0.75 - 1.25+0.00 - -55.93+1.36 -
700 2 160.33+0.60 - 1.40+0.05 - -52.43+0.68 -
700 2 156.01+0.06 - 1.33+0.04 - -55.23+0.40 -
700 2 158.00+0.33 - 1.34+0.00 - -54.70+0.40 -
900 1 172.00+2.66 - 2.16+0.01 - -56.30+0.40 -
900 3 147.83+0.63 - 1.20+0.03 - -52.00+1.15 -

HP: homogenization pressure; NC: number of cycles; PS: Particle size; PDI: Polydispersity index; ZP: Zeta
potential. Average of three replicates + Standard Deviation.

For NLC produced with Tween 80, only the independent variable, NC, had a

significant effect on the dependent variables, PS and PDI. ZP was not significantly affected by
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any of the variables considered in this study. The linear model for each of the dependent
variables is described below:

PS = 145,86 - 9,50nc

PDI = 1,36 - 0,48nc
where NC is the number of cycles. As indicated in Table 7, the NLC produced with Tween 80
had a PS below 168 nm, PDI below 2.01, and ZP above |20 mV/|.

Table 7: Influence of pressure and number of homogenization cycles on the obtainment of NLC using
Tween 80 as emulsifier.

HP (bar) NC PS24h PS15days PDI24h PDI 15 ZP24h ZP 15 days
500 1 156.00+0.00 166.33+0.58 2.01+0.00 ??;sio.m -26.8710.38 -24.37+0.06
500 3 138.00+0.00 157.00+£0.00 1.04+0.00 1.04+0.00 -23.80+0.75 -22.63+0.21
700 2 149.00+0.11  157.00+£0.38 1.24+0.12 1.20+0.08  -24.9+0.38  -22.57+0.40
700 2 142.00+£0.01 151.00+0.12 1.45+0.04 1.1320.05 -24.2+1.53 -23.67+0.24
700 2 144.00+0.61 161.00+0.08 1.13+0.08 1.03+0.01 -25.13+£0.57 -22.47+0.64
900 1 156.00+0.00 168.00+0.00 2.01+0.00 1.86+0.01 -27.37£0.65 -24.43+0.65
900 3 136.00+£0.00 160.33+0.58 1.05+0.00 1.01+0.00 -27.63+0.15 -23.47+0.45

HP: homogenization pressure; NC: number of cycles; PS: Particle size; PDI: Polydispersity index; ZP: Zeta
potential. Average of three replicates + Standard Deviation.

The effects of the independent variables on the ZP of NLC produced with WPI are
shown in Figure 5. The linear model for each of the dependent variables, PS and ZP, is
described below:

PS =222,48 - 43,17wp
ZP =- 33,01 -4,63up + 5,60 nc - 5,09 1p. nC
where HP corresponds to the homogenization pressure and NC to the number of cycles.
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Figure 3. Contour plots and response surface charts of experimental design of NLC obtained with WPI.
a) zeta potential.

The linear models show that only HP affected the PS of NLC produced with this
emulsifier, whereas ZP was affected by both HP and NC. Table 8 shows the results obtained
for each of the dependent variables (PS, PDI, and ZP) considered in this study. The NLC
produced with WPI showed a PS below 274 nm, PI below 3.8, and ZP above |32 mV/|.

Table 8: Influence of pressure and number of homogenization cycles on the obtainment of NLC using
whey protein isolate (WPI) as emulsifier.

HP (bar) NC PS24h PS15days PDI24h PDI15days ZP24h ZP 15 days
500 1 274,00+4,05 203,33+1,03 3,57+0,03 2,60%0,03 -37,4340,40 -37,70+0,60
500 3 259,50+2,88 240,67+1,47 3,81+0,03 3,37%0,16 -35,504+0,69 -36,33+0,59
700 2 219,00+2,04 267,17+2,07 3,89+1,02 3,80+0,71 -38,1+0,28  -32,9+0,29

700 2 264,33+0,51 207,00+3,15 2,94+0,04 3,30+0,05 -33,77+0,03 -36,87+0,46
700 2 180,67+1,61 191,27+1,08 2,91+0,82 2,89+0,10 -37,20+£0,50 -34,67+0,64
900 1 201,00+2,10 195,17+1,57 3,77%0,05 3,15+0,29 -38,13#0,35 -36,80+0,36
900 3 159,83+0,75 177,00+0,89 3,060,083 3,27+0,02 -38,90+0,44 -35,77+0,76

HP: homogenization pressure; NC: number of cycles; PS: Particle size; PDI: Polydispersity index; ZP: Zeta
potential. Average of three replicates + Standard Deviation.

3.4. Discussion

The characteristics of nanoparticles (structure, size, composition, and charge)

influence their physicochemical properties and functional performance, including optical

properties, rheological properties, stability, biological fate, and delivery rate of bioactive
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compounds (McClements, 2013). These physicochemical and stability-related characteristics
depend on the composition of LN formulations (Shah et al., 2015).

Considered as derivatives of oil-in-water emulsions, in which liquid lipids of the oil
droplets are replaced by lipids existing in solid form at body temperature, NLC can be stabilized
using different emulsifiers (Rawal and Patel, 2018). Emulsifiers are amphiphilic molecules that
have a lipophilic (nonpolar) and a hydrophilic (polar) fraction that form the typical head and tail
of these molecules, respectively (Shah et al., 2015). The relative proportions of the hydrophilic
and lipophilic fractions of an emulsifier are reflected in its HLB value (Attama et al., 2012).

In general, the efficacy of emulsifiers for producing NLC is related to two main
factors: the speed at which the emulsifier covers the particle and the interaction between the
emulsifier molecule and the dispersed lipid phase. HPH was the process used in this study to
produce NLC; it generally promotes a rapid adsorption of emulsifiers after the disruption of oil
droplets (Jafari et al., 2008). However, the emulsifier adsorption rate should be higher than the
particle fragmentation rate for complete coating of all the produced particles (Lee et al., 2013).
Therefore, the process should ideally provide a continuous increase in the number of droplets,
which should then be rapidly coated by the emulsifiers used for particle stabilization.

As structural characteristics (molecular weight and number and location of
hydrophobic and hydrophilic groups) strongly affect the ability of an emulsifier to reduce the
surface tension between lipid and aqueous phases (McClements and Jafari, 2018), the
performance of five different emulsifiers (natural and synthetic) with different HLB values were
assessed in this study for optimizing the HPH conditions to produce NLC. Hot HPH is the most
used method to produce NLC and it can be performed with different HP and NC (Ganesan and
Narayanasamy, 2017). The process conditions of HPH (HP and NC) corresponded to the
independent variables of the full 22 factorial design used for such optimization in this study.
The NLC were characterized 24 h and 15 days after storage, with regard to PS and its
distribution and the electric charge of the surface of the particles (ZP), which corresponded to
the dependent variables of the design. Five factorial designs were prepared, one for each
emulsifier considered in the study (SL, Span 60, SPI, Tween 80, and WPI), to determine the
individual effect of the emulsifiers on the characteristics of the NLC.

As described in section 3.3.2, the independent variables (PH and NC) considered
in this study did not have a significant effect on the dependent variables (PS, PDI, and ZP) for
some NLC, as indicated by a very low standard error, thereby preventing the preparation of
contour curves and response surfaces. Nevertheless, the main results of this study, as well as
the effect of independent variables on the efficiency of emulsifiers used for NLC stabilization,
are discussed below.

The use of SL as an emulsifier promoted the production of stable NLC (ZP >| 20

mV| ) in the nanometric range (PS < 200 nm) and with a narrow PS distribution, expressed as
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PDI. In the case of this emulsifier, the independent variables considered in this study had a
significant effect on the dependent variables, and it was therefore possible to obtain linear
models, contour curves, and a response surface. The efficacy of SL for producing NLC can be
explained by the similarity of the chemical structure of this emulsifier with that of the lipid phase,
and its intermediate molecular weight in relation to the other emulsifiers used, which resulted
in an effective interaction with the lipid components and an effective coating rate of the
produced particles. The response surface shows that the optimal conditions were at levels +1
for HP (900 bar) and +1 for NC (3 cycles) for the dependent variables, PS and PDI, whereas
they were at levels -1 for HP (500 bar) and -1 for NC (1 cycle) for the dependent variable, ZP.

As for Span 60, only the independent variable, NC, affected the dependent
variable, PS, which was confirmed by the linear model obtained after ANOVA, indicating that
a greater number of cycles is required for complete coating of the particles, owing to the high
hydrophilicity of this emulsifier. Therefore, it was not possible to obtain contour curves or
response surfaces. However, as shown in Table 5, the use of this emulsifier resulted in the
production of NLC in the nanometric range, but these NLC were unstable, as confirmed by the
increase in PS after 15 days of storage and the PDI of these nanostructures, which indicates
a very heterogeneous PS distribution. Span 60 is obtained by the esterification of sorbitan with
stearic acid, an 18-carbon saturated fatty acid. The increase in PS can be mainly attributed to
differences between the chemical structure of this emulsifier and its compatibility and
conformational arrangement and those of the lipid matrices used to produce NLC in this study
(Saberi et al., 2011). Sorbitol, in addition to conferring greater hydrophilicity onto the molecule,
is responsible for the dissimilarity between the structure of the emulsifier and that of the lipid
phase of the NLC, thereby contributing to the instability of the produced nanostructures.

The use of SPI as an emulsifier supported the production of NLC in the nanometric
range, as shown in Table 6, but physically unstable, as confirmed by the destabilization of the
dispersion of the NLC after 15 days of storage, preventing the analytical determinations at this
time point. As itis a protein, SPI can destabilize close to its isoelectric point, which considerably
reduces its water solubility and emulsifying capacity (Xiang et al., 2015). Some of the
characteristics of this emulsifier, such as its high molecular weight, weak electrostatic
repulsions, and low water solubility, reduce its movement and the adsorption rate of SPI
molecules to the oil-water interface, thereby decreasing its emulsifying capacity and the
stability of the NLC dispersion (McClements and Jafari, 2018; Nishinari et al., 2014).

Compared with other proteins, SPI has a relatively low emulsifying capacity. This
can be explained by the commercial production process of this emulsifier that involves alkaline
extraction, acid precipitation, and spray-drying. The extraction and drying process leads to
protein denaturation, causing commercially available SPI to be mostly present in a denatured
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and/or aggregated form, which considerably reduces its emulsifying properties (Chen et al.,
2011; Tang and Li, 2013).

Among all the emulsifiers used in this study, Tween 80 produced the smallest NLC,
as shown in Table 7. When producing NLC by HPH, the greater the ability of an emulsifier to
reduce surface tension, the smaller the particles (Hakansson et al., 2013). Therefore,
compared to those of the other emulsifiers, the smaller PS of NLC produced with Tween 80 is
related to the differential capacity of this emulsifier to adsorb rapidly at the interface, thereby
reducing the tension between the aqueous and lipid phases. Only NC had a significant effect
on PS and PDI, according to the linear model obtained after ANOVA. None of the considered
independent variables had a significant effect on the dependent variable, ZP. In general,
particles with high ZP values (in modulus) repel each other, thereby preventing agglomeration
and ensuring particle stability. The use of Tween 80 resulted in the lowest ZP values after 15
days of storage (ZP > |22 mV|). NLC stabilized with ionic emulsifiers should present values
above |30 mV| to be considered stable. However, the ZP values are lower when using nonionic
emulsifiers instead of ionic emulsifiers. For NLC formulations produced with nonionic
emulsifiers, such as Tween 80, stability is provided by the steric hindrance resulting from the
complex structure of these emulsifiers (McClements and Rao, 2011). The other emulsifiers
considered in this study presented ZP above |30 mV|.

The use of different emulsifiers in this study resulted in different ZP values probably
due to their composition and the specific interaction with the lipid/aqueous phases. Protein-
stabilized NLC had a negative charge, possibly because the isoelectric point of these proteins
is below pH 7.0 (around 5). The negative charge of SL stabilized NLC was probably caused
by the presence of anionic PL. In the case of Span 60, although it is a nonionic emulsifier, the
presence of negative charges may have been due to anionic impurities present in the emulsifier
or oil, or due to the adsorption of OH- from water onto the surface of the droplets (Mun et al.,
2007). Pinto et al. (2018) found that NLC produced with emulsifiers with low HLB values
showed higher ZP values when compared with those produced with emulsifiers with higher
HLB values, such as Tween 80.

When using WPI as an emulsifier to produce NLC, only the independent variable,
HP, significantly affected the PS of the NLC, whereas PDI was not significantly affected by any
of the independent variables considered in this study. ZP, on the other hand, was significantly
affected by the independent variables, and it was hence possible to obtain linear models,
contour curves, and a response surface. The response surface shows that the optimal
conditions were found at all levels with respect to HP and at level -1 for NC (1 cycle), indicating
that NC exerted greater influence on the dependent variable, ZP.

The homogenization step can be carried out with different cycles and pressures.
In general, 1 to 5 cycles under 500-1500 bar are sufficient (Jafari et al., 2007). PS generally



105

decreases with an increase in pressure and the number of passages of the emulsion through
HPH (NC) (McClements and Rao, 2011).

At the end point, this study showed that the independent variables considered in
the factorial design affected the production of NLC in different ways: HP was responsible for
disrupting the oil droplets present in the pre-emulsion, and NC, for the formation of new
interfaces and the coating of the formed droplets. In general, the linear models obtained after
ANOVA indicate that the PS values of NLC produced with nonionic emulsifiers, namely, Tween
80 and Span 60, were affected only by the NC of the HPH, suggesting that higher NC supports
greater particle coating by these emulsifiers, thereby promoting a reduction in PS and PDI.

In the case of proteins, owing to the physical instability of the NLC dispersion
stabilized with SPI, it was impossible to determine how each variable (HP and NC) affected
the production of nanostructures. The PS of NLC produced with WPI were affected only by the
applied HP, indicating that emulsifiers with higher molecular weight and size require higher
pressures to reduce surface tension, and thus, to produce smaller NLC. The linear models
obtained for this emulsifier also indicate that the ZP of the NLC was affected by both variables
(HP and NC). However, as mentioned above, the optimal conditions for HP were found at all
levels considered in the experimental design. In the case of NC, as ZP indicates the stability
of the system during storage (Mohammadi et al., 2019), the stabilization of NLC using
emulsifiers of higher molecular weight and size, such as WPI, responded positively to a higher
NC. This indicates that, owing to the structural and molecular characteristics of WPI, the
increase in NC caused greater coating of the droplets formed by this emulsifier, thus conferring
greater stability onto the NLC.

The use of SL for NLC stabilization resulted in linear models indicating that the
dependent variables (PS, PDI, and ZP) were affected by all the independent variables (HP and
NC) considered in this study. Commercial lecithins are mainly composed of PL and TAG
(Fernandes et al., 2012). The chemical structures of PL and TAG are similar. TAG are formed
by the esterification of three FA molecules with a glycerol molecule, whereas esterification of
two FA molecules and a phosphate group with glycerol results in SL. The SL in this study
mostly comprised lysophospholipids, obtained by enzymatic hydrolysis of conventional soy
lecithin using phospholipases (As or A2). In this case, the structure of PL changes, and the
glycerol molecule is esterified to only one FA and one phosphate group, corresponding to
lysophospholipids. This structural modification increases the polarity of the molecule, thereby
increasing the emulsifying capacity of lysophospholipids when compared to conventional PL.
For NLC produced with SL, the independent variables considered in this study (HP and NC)
had a significant effect on the dependent variables (PS, PDI, and ZP), which can be mainly
attributed to the structural and chemical similarity of this emulsifier with the lipid phase and its
intermediate molecular weight in relation to the other emulsifiers. Although the linear models
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obtained for the dependent variables provided the levels for the optimal conditions, the results
were satisfactory at all levels, mainly due to the effective interaction with the lipid components
and the good particle coating rate presented by this emulsifier.

Factorial design is a powerful tool for optimizing process conditions, and the
strategy should reflect the number of factors (variables) to be studied and the initial knowledge
of the process, always considering the interplay between common sense and statistical
analysis (Rodrigues and lemma, 2014). HPH was the process used in this study to produce
NLC, in which very intense forces are applied to promote the disruption of particles in the
nanometric range, typically causing a very high wear on the high pressure homogenizers.
Therefore, the mildest possible process conditions should be used to prevent wear of the
equipment parts, thereby increasing their durability. The process conditions considered in this
study (HP and NC) significantly affected some of the dependent variables, thereby indicating
the optimal conditions for each variable and emulsifier through response surfaces and contour
curves. The efficacy of the emulsifiers used in this study was affected according to their
physicochemical and structural characteristics. The production of NLC using Span 60 and SPI
was not feasible, mainly owing to the structural characteristics of these emulsifiers, which were
incompatible with the speed required for particle coating and the interaction between the
emulsifier molecule and the dispersed lipid phase. The other emulsifiers (Tween 80, SL, and
WPI) were effective for producing NLC. Although the optimal process conditions have been
indicated for each variable and emulsifier, considering a standard lipid system, represented in
this study by a model system with equivalent amounts of saturated and unsaturated fatty acids,
the central point conditions (HP = 700 bar and NC = 2) are recommended to produce NLC, as
they are satisfactory and represent, in practice, intermediate process conditions in terms of
preventing equipment wear.

The results of this study demonstrate the importance of preparing experimental
designs for optimizing the process conditions to produce NLC. Although many studies have
been carried out to produce carriers, and their results suggest optimal HP and NC, preliminary
studies considering the raw materials and equipment to be used should be carried out for each
case. A rational selection of suitable raw materials and process conditions can enhance the

physicochemical characteristics of the produced NLC.

3.5 Conclusions

In this study, the optimal experimental conditions for producing NLC were
determined through a factorial design, considering the HPH process variables that influence
the characteristics of the produced particles. Five different factorial designs were prepared,
one for each analyzed emulsifier, considering HP and NC as independent variables, and PS,
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PDI, and ZP as dependent variables. Although the independent variables considered in this
study did not have a significant effect on the dependent variables for some emulsifiers, the
factorial design allowed the determination of the optimal process conditions and the most
suitable emulsifiers to produce stable NLC.

With regard to the effectiveness of the emulsifiers used, it was concluded that
technologically obtaining NLC using Span 60 and SPI as emulsifiers was not feasible under
the evaluated process conditions. On the other hand, the emulsifiers, Tween 80, LS, and WPI,
enabled the production of NLC in the nanometric range, with adequate PDI and high physical
stability (ZP) during 15 days of storage, thus demonstrating that the application of the HPH
method was satisfactory for obtaining NLC.

The linear models obtained for the dependent variables indicated the levels for the
optimal conditions; all the levels were satisfactory to produce NLC with the effective
emulsifiers. Therefore, the central point conditions (NC of 2 cycles and HP of 700 bar) were
satisfactory to produce NLC with adequate PS, obviating the need to validate the experiment.
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ABSTRACT

The choice of lipid matrix for nanostructured lipid carriers (NLC) is essential because structural
characteristics, physical and chemical properties, and retention and release of compounds
incorporated into the structure are directly influenced. Resistance to chemical degradation, a
melting point above body temperature, biodegradability, and generally regarded as safe status
are some of the prerequisites for a lipid matrix to ensure that the formulation of NLC are
biocompatible, stable, and highly efficient in the incorporation and delivery of bioactive
compounds. Thus, the objective of the present study was to evaluate the composition and
physical and crystallization properties of lipid systems composed of fully hydrogenated
soybean oil (FHSO) and high oleic sunflower oil (HOSO). The lipid systems were composed
of FHSO:HOSO (w/w) at the following ratios: 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70,
20:80, and 10:90. They were characterized by their composition in fatty acids and
triacylglycerol (TAG), thermal behavior during melting and crystallization, solid fat content
(SFC), microscopical features, and polymorphism. Elevated HOSO in lipid systems promoted
an increase in unsaturated fatty acids (UFA) and di- and tri-unsaturated TAG, as well as a
reduction in SFC at tested temperatures (10—-60 °C). In addition, variations in thermal behavior
occurred due to increased HOSO levels, which allowed for establishing lipid systems with
suitable thermal behavior to obtain NLC owing to less-ordered crystalline structures
(amorphous, low crystallinity). With the exception of the lipid system with 10:90 FHSO:HOSO
(w/w), all systems exhibited polymorphic stabilization in the most stable form (3 form) after 60
days. Moreover, increasing HOSO in lipid systems led to a reduction in crystalized areas, which
indicated that the crystalline structure was modified by the presence of the raw material.
Findings of the present study demonstrated that the raw materials are compatible for the
formulation of NLC.

Keywords: lipid matrices, fatty acid composition, triacylglycerol, crystallization, thermal
resistance

4.1 Introduction

Increasing public awareness regarding the relationship between food and disease
prevention has led to a growing interest in the production of foods that incorporate nutraceutical
and functional compounds. However, the addition of these compounds to foods is infrequent
due to their typically low solubility in water or oil and chemical instability, and consequently the
low bioavailability of most of these compounds. In this context, lipid nanoparticles (LN)

represent an alternative to overcome such limitations (Tamijidi et al., 2013).
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Nanostructured lipid carriers (NLC) are second generation LN (Mohammadi et al.,
2019; Yoon et al., 2013) and have been widely used to carry fat-soluble bioactive “cargo”
compounds to sites of absorption in the gastrointestinal tract (GIT). These nanostructures have
been recognized as ideal systems for loading functional or bioactive compounds that are
toxicologically safe, technologically scalable, and show high performance, and have been the
focus of a series of recent studies on the topic (Aditya & Ko, 2015).

Lipid matrices are the main ingredients of LN because they exert a direct influence
on the load-carrying capacity and stability, and on the release of compounds incorporated into
their structure (Katouzian et al., 2017; Shah et al., 2015). Physical and chemical properties of
lipids used to obtain delivery systems based on emulsions directly impact their digestibility and,
consequently, the bioavailability of lipophilic bioactive compounds solubilized within oil droplets
(Salvia-Truijillo et al., 2017).

NLC are obtained by combining lipid matrices of high and low melting point (MP),
whose structural incompatibility results in the formation of structures with characteristics that
are imperfect for crystallization (Yoon et al., 2013). The incorporation of a lipid matrix with lower
MP (liquid matrix) into a solid matrix results in the formation of a less-ordered crystalline
structure and, therefore, expulsion of the compound during storage, and undesired changes
to particle morphology, aggregation, and gelification are avoided (Gongalves et al., 2018).

Major lipid components used to obtain NLC are synthetic materials, usually
expensive, and whose chemical composition varies according to the manufacturer; these small
differences in the content of acylglycerols can create difficulties in terms of standardization of
the formulation and characterization of LN (Jannin et al., 2008; Mehnert & Mader, 2012; Tamjidi
et al., 2013).

The combination of characteristics of triacylglycerol (TAG) present in common lipid
sources such as oils and fats of vegetable origin is very promising for the development of
nanostructured lipid systems with specific release properties. Different mixtures of natural
fats represent biocompatible sources for this purpose, exhibiting crystallographic
characteristics that are adequate for the formulation of NLC (Cerqueira et al., 2014; Livney,
2015; Serra et al., 2008).

High MP lipids that can be used to obtain NLC include TAG, fatty acids (FA),
waxes, fully hydrogenated vegetable oils, or an amalgamation of these raw materials. NLC
have been investigated in several studies involving beeswax (Mojahedian et al., 2013;
Soleimanian et al., 2019; Tan et al., 2010), propolis wax (Soleimanian et al., 2019), and fully
hydrogenated vegetable oils (Kharat & McClements, 2019; Santos et al., 2019; Zheng et al.,
2013).

Edible vegetable oils may be used as lipid matrices with lower MP for the
production of NLC. The incorporation of these natural oils changes the crystallinity of the lipid
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matrix and, in general, improves solubilization of encapsulated components. These raw
materials are environmentally adequate, inexpensive, and commercially available on large
scales. NLC production from soybean, corn, and sunflower oils have been reported and have
a great potential for the application of NLC in foods (Liu & Wu, 2010; Nguyen et al., 2012).

The requirements for an ideal lipid matrix of high and low MP to generate NLC
include solubility of the bioactive compound in the matrix, different FA and TAG compositions,
stability against degradation (oxidation, lipolysis), biodegradability, and biocompatibility
(Tamijidi et al., 2013). Moreover, proportions between lipid matrices with high and low MP used
to obtain NLC should be assessed because the mixture formed by these lipid matrices should
be homogeneous and solid at body temperature (Miller et al., 2000).

The production of NLC from vegetable raw materials that are widely available in
the oil and fat industry has great potential, especially when incorporation of these
nanostructures in foods is aimed for. Vegetables derived lipid raw materials allow for the
synthesis of NLC at lower cost, provided that they are widely available regionally, and are
healthier and more biocompatible; furthermore their chemical composition and physical
properties of selected lipid matrices is considered. In this sense, fully hydrogenated soybean
oil (FHSO) and high oleic sunflower oil (HOSO) have great potential for use as lipid matrices
of high and low MP, respectively, in the production of NLC.

FHSO is obtained through the full hydrogenation of soybean oil, a process that
consists of the catalytic addition of hydrogen to double-bonds of unsaturated fatty acids (UFA),
thus promoting the conversion of UFA into saturated fatty acids (SFA) (Ribeiro et al., 2009,
2013).. This lipid matrix is a natural and low-cost source of stearic acid, a FA known for its
neutral atherogenic effect and for not posing a risk for the development of heart diseases
compared to other FA (Hunter et al., 2010).

HOSO is obtained from the genetic modification of conventional sunflowers and is
considered a premium lipid raw material in terms of resistance to oxidation because of its
significant oleic acid content, a monounsaturated FA (MUFA) that is less susceptible to
oxidative processes than polyunsaturated FA (PUFA) due to its single double-bond in the
carbon chain (Cardenia et al., 2011; Gunstone, 2011). Therefore, HOSO has a high potential
for use as a lipid matrix with low MP in lipid systems in order to obtain NLC.

Properties of nanomaterials differ from those of conventional materials due to their
greater surface area and varied physical forces that act on these particles (Siegrist et al.,
2008). Knowledge of the physical and crystallization characteristics of the lipid matrices used
to obtain NLC is important to optimize their formation, stability, and functionality (Kharat &
McClements, 2019). Complete characterization of the lipid matrix and of lipid systems formed
with varying ratios of these matrices is essential for the formulation of NLC with adequate
crystallinity suitable for the incorporation of bioactive compounds. Therefore, the objective of
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the present study was to determine the composition and physical and crystallization properties
of lipid systems composed of FHSO and HOSO at different ratios to obtain NLC.

4.2 Materials and Methods
4.2.1 Materials

HOSO and FHSO were supplied by Cargill Foods (Campinas, Sao Paulo, Brazil).

4.2.2 Methods

4.2.2.1 Preparation of lipid systems

Lipid systems were prepared from mixtures of FHSO and HOSO in the following
ratios of FHSO:HOSO (w/w)—90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, and
10:90. For this purpose, a simple mixture of the lipid matrices (FHSO and HOSO) was made
and subsequently heated (85 °C) and completed melted and homogenized with a magnetic
stirrer at 300 rpm for 30 min.

4.2.2.2  Fatty acid composition (FAC)

Analysis of the composition of FA (FAC) was performed by gas chromatography
using the Agilent 6850 GC USA chromatograph system (Santa Clara, CA, USA) after
esterification using the Hartman and Lago (1973) method. FA methyl esters were separated
according to the AOCS Ce 1f-96 method (AOCS, 2009) using an Agilent DB-23 column (50%
cyanopropyl-methylpolysiloxane) 60 m in length, 0.25 mm inner diameter, and 0.25 pum film.
The analysis conditions were as follows: oven temperature of 110 °C for 5 min, 110-215 °C (5
°C/min), 215 °C for 24 min; detector temperature of 280 °C; injector temperature of 250 °C;
carrier gas: helium; split ratio of 1:50; injected volume of 1.0 pL. The qualitative composition

was determined by comparing the peak retention times with those of FA standards.

4.2.2.3 TAG composition

Analysis of TAG composition was performed by gas chromatography with capillary
column (50% phenyl methylpolysiloxane) (DB-17HT Agilent, catalog no. 122-1811) 15 m in
length, 0.25 mm inner diameter, and 0.15 pym film. The analysis conditions were as follows:
split ratio of 1:100; column temperature of 250 °C, programed to 350 °C at a rate of 5°C/min;
carrier gas: helium, flow rate of 1.0 mL/min; injector temperature of 360 °C; detector
temperature 375 °C; injected volume of 1.0 uL; and sample concentration of 100 mg/5 mL of
tetrahydrofuran. The identification of TAG groups was performed by comparing retention times

with those of TAG standards, according to the method reported by Antoniosi Filho et al. (1995).
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4.2.2.4 Solid fat content (SFC)

SFC was determined by pulsed low-resolution nuclear magnetic resonance
spectroscopy (NMR) Bruker pc120 Minispec (Silberstreifen, Rheinstetten, Germany), using
high precision dry baths with temperature controlled (0-70°C) by the Peltier Tcon 2000 system
(Duratech, Garden Grove, USA), according to the direct AOCS Cd 16b- 93 method. Samples
were analyzed in series, with tempering of unstabilized fats (AOCS, 2009). SFC data were
used to obtain a diagram of compatibility and MP of the lipid systems by correlations between
FHSO and HOSO content and the SFC at 10, 20, 25, 30, 35, 40, 45, 50, 55, and 60 °C. MP
were calculated using equations for the straight lines of the solid profiles obtained by NMR that
corresponded to the temperature at which the lipid systems had a SFC of 4% (Karabulut et al.,
2004).

4.2.2.5 Thermal behavior

Thermal behavior of samples during the melting and crystallization processes was
evaluated using a TA Q2000 differential scanning calorimeter (DSC) coupled to a RCS90
refrigerated cooling system (TA Instruments, Waters LLC, New Castle, USA), according to the
AOCS Cj 1-94 method. Samples were melted (85 °C/30 min) and stored in airtight aluminum
capsules. The analysis conditions were as follows: weight of samples: ~ 10 mg; crystallization
curves: 80 °C for 10 min, 80 °C to 40 °C (10 °C/ min), 40 °C for 30 min. Melting events were
evaluated between 25 °C and 100 °C, at a rate of 10 °C/min (Wang et al., 2014). The following
parameters were used to assess results: onset temperature, peak temperature, offset
temperature, and enthalpy of melting and crystallization events.

4.22.6  Polymorphic forms

Polymorphic forms of lipid systems were determined by X-ray diffraction, according
to the AOCS Cj 2-95 method (AOCS, 2009). Samples were stabilized by two methods, where
they were melted and stored in metal plates. However, in the first method (MI) samples were
stabilized and maintained at 25 °C during the entire analysis, whereas the second method (Mll)
involved using a protocol usually applied for recrystallization of NLC, in which samples are
stabilized at 5 °C for 24 h and subsequently stored at 25 °C throughout the analysis period.
Analysis was performed using a Philips PW 1710 diffractometer (PANalytical, Alimelo, The
Netherlands) using Bragg-Bretano geometry (8: 26) with Cu-Ka radiation (A = 1.54056 A,
tension of 40 KV, and current of 30 mA). The measurements were obtained with 0.02 degrees
step-sizes in 26 over an acquisition time of 2 s, with scans of 5° to 40° (26 range). Identification
of polymorphic forms was performed using short spacing intervals (distance between the acyl
groups parallel to the TAG), which are characteristic of lipid crystals. Evaluation of polymorphic
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forms was performed at 48 h and thereafter at 7, 15, 30, and 60 days after preparation of the
lipid systems.

4.2.2.7  Microstructure

Determination of the microstructure (morphology and crystallinity) of the lipid
systems was evaluated by polarized light microscopy at 25 °C using a BX 50 microscope
(Olympus, San Jose, USA) coupled to a digital video camera (Media Cybernetics, Bethesda,
USA). For this analysis, samples were also conditioned using two methods, where they were
melted in an oven at 90 °C and the glass microscope slide and cover slips were pre-warmed
at 90 °C for 15 min. Approximately 10 uL of samples was transferred using a capillary tube to
the pre-warmed glass slide and subsequently covered with a cover slip. Then, samples were
stabilized using distinct protocols. In Ml they were stabilized and kept at 25 °C, whereas in Ml|
they were stabilized at 5 °C for 24 h and subsequently kept at 25° C during the analysis period,
according to the method of recrystallization commonly used for NLC. Three fields of view were
imaged for each sample and only one was selected to be presented herein as being
representative of each lipid system. Images were analyzed with Image-Pro Plus software,
v.7.01 (Media Cybernetic, Bethesda, USA) using polarized light at 20 x magnification. The
analysis were performed at 48 h and then at 7, 15, 30, and 60 days after preparation of the
lipid systems.

4.3 Results and Discussion
4.3.1 Fatty acid composition (FAC)

The chemical composition of the lipid phase used to obtain NLC with incorporated
bioactive compounds has a strong effect both on characteristics of the NLC and on the
bioaccessibility of the bioactive compound incorporated into the structure. Characteristics of
FA for NLC that comprised of lipid matrices with high and low MP promoted the formation of a
more viscous lipid phase, which could lead to increased surface tension and, consequently, to
the formation of larger particles (Pinto et al., 2018). Moreover, the composition of the lipid
matrix affected the chain length and the degree of unsaturation of free fatty acids and
monoacylglycerols produced during the digestion of lipids, thereby influencing the rate of lipid
digestibility and the solubilization capacity of formed mixed micelles (Tan & McClements,
2021).

Table 1 shows the FAC of lipid systems composed of FHSO:HOSO (w/w) at distinct
ratios. The FA predominantly found in HOSO were the UFA oleic acid (C18:1 = 78.51%) and
linoleic acid (C18:2 = 12.49%), which accounted for approximately 91% of FA detected in this
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lipid source. Oleic acid, a FA with only one cis unsaturation in its carbon chain, confers high
oxidative stability to HOSO, which renders this raw material a low-MP lipid matrix ideal for the
production of NLC for incorporation of bioactive compounds that are normally susceptible to
oxidation. The SFA palmitic acid (C16:0 = 4.02%) and stearic acid (C18:0 = 2.69%) were also
detected, albeit in lower proportions.

The process of full hydrogenation of vegetable oils promoted the full saturation of
UFA present in the initial raw material (Ribeiro et al., 2013), as was observed in the FAC of the
HOSO where SFA predominated. The FA that predominated in the FHSO were stearic acid
(C18:0 = 87.31%) and palmitic acid (C16:0 =10.70%), accounting for 98% of the FA that
comprise this lipid matrix. Stearic acid has a neutral effect on the body compared to cholesterol
and, as a result, does not increase the risk of developing cardiovascular diseases (Sanders &
Berry, 2005). The FAC in FHSO indicates that this lipid matrix has great potential for use as a
high-MP lipid matrix for the production of NLC because its high content in SFA means that it is
solid at room temperature.

Vegetable oils have great potential as lipid matrices with low MP for the production
of NLC as they allow the formation of nanostructures from natural sources that are less
expensive and that often have natural antioxidants in their composition. However, the choice
of a raw material with lower MP is important because many vegetable oils exhibit a high degree
of unsaturation and high viscosity, which may compromise the formation of NLC in terms of
oxidative instability, problems related to droplets rupture during size reduction, and low
efficiency of incorporation of bioactive compounds (Tamjidi et al., 2013). Furthermore, the
solubilization capacity of the mixed micelles is strongly influenced by the composition of the
lipid matrix—the greater the chain length and the lower the degree of unsaturation of the FA in
lipid matrices, the greater the solubilization capacity, i.e., mixed micelles exhibit hydrophobic
domains sufficiently large enough to incorporate bioactive compounds (Tan & McClements,
2021).

Several authors have reported that the release of long-chain MUFA, such as oleic
acid, during digestion provides a greater solubilization capacity of mixed micelles and,
consequently, greater bioaccessibility of carotenoids compared to those in the release of PUFA
(Abreu-Martins et al., 2020; Verkempinck et al., 2018). As shown in Figure 1, the addition of
HOSO to the lipid systems allowed obtaining systems with low SFA content and, consequently,
with increased MUFA content, proportional to the amount of this raw material added to the lipid
system.
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Table 1. Fatty acid composition (%) of FHSO:HOSO (w/w) lipid systems.
FHSO:HOSO (w/w)

Fatty acid (%) 100:0 90:10 80:20 70:30 60:40 50:50 40:60 30:70 20:80 10:90 0:100
C14:0 Myristic acid 0.10  0.10 0.09 0.09 0.08 0.08 0.07 0.07  0.06 0.06 0.05
C15:0 Pentadecanoic acid  0.05  0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.08 0.03 0.03
C16:0 Palmitic acid 10.70 10.08 9.37 870 8.03 736  6.69 6.02 5.35 4.69 4.02
C16:1 Palmitoleic acid - 0.01 0.02 0.03 0.04 0.06 0.07 0.08 0.09 0.10 0.11
C17:0 Margaric acid 0.19  0.18 0.17 0.15 0.14 0.13 0.12 0.10 0.09 0.08 0.06
C17:1 8-heptadecanoic acid - 0.01 0.01 0.02  0.02 0.03 0.03 0.04 0.04 0.05 0.05
C18:0 Stearic acid 87.31 7885 7038 6192 5346 4500 36.54 28.08 19.62 11.15 2.69
C18:1 Oleic acid 0.12 7.96 15.80 23.64 3148 39.32 47.16 55.00 6284 70.68 78.51
C18:2t Linoleic trans acid - 0.01 0.02 0.02 0.03 0.04 0.05 0.06 0.06 0.07 0.08
C18:2 Linoleic acid 0.05 1.29 2.52 3.76  4.99 6.23 746 870 9.93 11.17  12.40
C18:3 Linolenic acid - 0.02 0.04 0.06 0.07 0.09 0.11 0.13 0.15 0.17 0.18
C20:0 Arachidic acid 0.74  0.70 0.65 0.61 0.56 052 047 0.43 0.38 0.34 0.29
C20:1 Eicosenoic acid - 0.03 0.06 0.09 0.12 0.15 0.17 0.20 0.23 0.26 0.29
C22:0 Behenic acid 0583 057 0.61 064 0.68 0.72 0.75 0.79 0.83 0.86 0.90

C24:0 Lignoceric acid 0.20 0.22 0.23 0.24 0.25 0.26 0.28 0.29 0.30 0.31 0.32
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The FAC of this raw material (Table 1 and Figure 1) confirmed its potential as a
lipid matrix for NLC with lower MP, mainly due to the high oleic acid (C18:1 = 78.51%) content
which allowed for the following: a less viscous lipid phase and NLC of lower size; greater
solubilization and protection of bioactive compounds merged into the structure because this
FA exhibited high oxidative stability and increased bioaccessibility of the compound due to the
greater solubilization capacity of mixed micelles. However, further characterization is

necessary to identify optimal lipid systems for the formation of NLC, as discussed below.
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Figure 1. Saturated (SFA), monounsaturated (MUFA), and polyunsaturated fatty acids (PUFA)
of the FHSO:HOSO (w/w) lipid systems.

4.3.2 Triacylglycerol (TAG) composition

The TAG content in FHSO, HOSO, and in respective lipid systems formed using
mixtures of these raw materials (FHSO:HOSO w/w) is presented in Table 2. Eleven species of
TAG with 50 to 58 carbon atoms in HOSO were identified, those majorly with 54 carbon
(approximately 79%). Because TAG are formed by the esterification of a glycerol molecule
with three FA, triolein (OOQ) accounted for approximately 50.67% of the TAG in HOSO, mainly
because of the high oleic acid content found in this lipid matrix. Other TAG were detected in
significant amounts, such as OLO (20.09%), POO (10.24%), and OLL (6.16%).
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Because of the homogeneity of the FAC in HOSO, only three TAG that were tri-
saturated were identified. As shown in Table 2, the TAG in HOSO were PSP, PSS, and SSS,
and the latter accounted for 62.66% of all TAG content in this lipid matrix. Increasing the
proportion of HOSO in the lipid system resulted in elevated levels of tri-unsaturated TAG and
resulted in a reduction in the concentration of tri-saturated TAG (Table 2). Nevertheless, the
TAG composition in all lipid systems consisted predominantly of species with 54 carbons,
formed by FA of 18 carbons, corresponding to the FA found in greater proportion in both lipid
matrices (oleic and stearic acids).



Table 2: Triacylglycerol composition (%) of FHSO:HOSO (w/w) lipid systems.

123

FHSO:HOSO (w/w)

Group TAG 100:0 90:10 80:20 70:30 60:40 50:50 40:60 30:70 20:80 10:90 0:100

C50 POP - 004 009 013 018 022 026 031 035 040 044
PSP  3.62 326 290 254 217 1.81 145 109 072 036 -

C52 POO - 1.02 205 3.07 409 512 614 717 819 9.21 10.24
POL - 020 040 060 080 100 120 140 160 1.80 2.00
PLL - 015 030 045 061 076 0.91 1.06 1.21 1.36 1.51
POS - 004 009 013 017 021 026 030 034 039 043
PSS 33.71 30.34 2697 2360 20.23 16.86 13.48 10.11 6.74 337 -

C54 000 - 5.07 10.13 15.20 20.27 25.34 30.40 3547 4054 45.60 50.67
OoLo - 201 402 6.03 804 10.04 1205 14.06 16.07 18.08 20.09
OLL - 062 123 185 246 3.08 369 431 492 554 6.16
SO0 - 021 041 062 083 103 124 145 165 186 2.07
SSS 62.66 56.40 50.13 43.87 3760 31.33 25.07 18.80 1253 6.27 -

C56 OOA - 038 077 115 154 192 230 269 3.07 345 3.84

C58 OOBe - 025 051 076 102 127 153 178 2.04 229 255

S3 100.00 90.00 80.00 70.00 60.00 50.00 40.00 30.00 20.00 10.00 -

S:U - 029 059 088 117 147 176 206 235 264 294

SU - 201 403 6.04 806 10.07 1209 1410 16.11 18.13 20.14

Us - 7.69 1538 23.07 30.77 38.46 46.15 53.84 61.53 69.22 76.92

P: Palmitic acid; O:
S2U: monounsaturated; SU2: diunsaturated; Us: triunsaturated; -: not detectable.

Oleic acid; S: Stearic acid; L: Linoleic acid; Be: Behenic acid; A: Arachidic acid; Ss: trisaturated;
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4.3.3 Solid fat content (SFC)

Crystalline lattice growth begins when TAG molecules in the sample reorganize
and crystallize from melted lipids as “primary crystals”. Once primary crystals are formed, they
aggregate via the transference of mass and heat to form polycrystals and crystal aggregates
at the microstructural scale, which continues until a three-dimensional lattice is created
(Acevedo & Marangoni, 2010). The structural arrangement of TAG as crystals is commonly
measured by X-ray diffraction, whereas crystal aggregates and the crystalline lattice are
analyzed by NMR.

NMR is based on the measurement of the response of a sample to pulses of high
frequency magnetic radiation. After a pulse is applied, the hydrogen nuclei present in the
sample shift to an excited state and return to the ground state after some time, known as the
decay rate. The latter depends on the physical state of the sample: the signal in solids decays
much faster than that in liquids. Therefore, the SFC of lipid systems may be determined by the
rate of decay of the NMR signal (McClements & McClements, 2016).

SFC values should be considered when lipid systems are applied to foods because
they are directly related to the general behavior of lipid matrices when subjected to different
temperatures. Values of SFC obtained at temperatures > 40 °C provide information regarding
fat melting profiles; at temperatures < 25 °C they characterized hardness; temperatures
between 20 °C and 25 °C they indicate thermal resistance to ambient temperature; and 37 °C
they relate to the behavior of a specific lipid matrix at body temperature (O’Brien, 2008).

Because lipid matrices used to obtain LN should have a MP above body
temperature (37 °C) and exhibit high thermal resistance (to avoid mobility of bioactive
compounds incorporated into the nanostructure and to allow the technological application of
such nanostructures in foods subjected to thermal treatments) (Salminen et al., 2014), we
assessed the SFC of lipid systems with different FHSO:HOSO (w/w) ratios and at different
temperatures. Figure 2 and Table 3 demonstrate SFC obtained for different lipid systems
composed of FHSO:HOSO (w/w).

FHSO induces the formation of the initial crystals because of its chemical
composition. Therefore, in this study, a reduction in FHSO content in lipid systems was
accompanied by a proportional reduction in SFC because of the diminished levels of TAG with
high MP (tri-saturated TAG) and an increase in di- and tri-unsaturated TAG from HOSO, which
have lower MP. Moreover, the reduction in SFC with increasing temperature was less marked
in lipid systems whose content in HOSO was higher, which might be explained by the increase
in TAG concentrations with low MP in the system. The greatest reduction in SFC in lipid
systems was observed between 60 °C and 65 °C (Table 3) and was associated with the
temperature range within which most TAG in FHSO melt. Lipid systems in this study had an
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SFC > 10% at 20 °C and therefore, are classified as being resistant to oil exudation (Grimaldi
et al., 2000).
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Figure 2: Solid fat content (SFC) (%) as a function of temperature of FHSO:HOSO (w/w) lipid
systems.

The MP of lipid systems used to obtain NLC are extremely important because NLC
need to remain stable during their passage through the GIT, whereas their melting temperature
must be adequate for the TAG that compose the particle to be available to attach to the lipase
so that digestion occurs and the compound incorporated in the structure is released. Similarly
to SFC, MP of the FHSO:HOSO (w/w) lipid systems was lessen (data not shown) with an
increased HOSO in the system. Because the MP of a lipid raw material is mainly affected by
its chemical composition, the increase in HOSO in lipid systems promoted the inclusion of tri-
unsaturated TAG that have lower MP; as a result, MP in lipid systems was reduced.
Considering that the MP corresponded to the temperature at which the content in solids was
4% (Karabulut et al., 2004), analyzed lipid systems had MP between 49.1 °C and 69.5 °C (data

not shown).



Table 3. Solid fat content (SFC) (%) as a function of temperature of FHSO:HOSO (w/w) lipid systems

FHSO:HOSO 10°C 20°C 25°C 30°C 35°C 40°C 45°C 50°C 55°C 60°C 65°C 70°C
100.00 98.87+0.0242  98.67+0.014%  98.50+0.01A°  98.33 +0.02Ab«d  98.19+0.01 98.02+0.02Ad 97.4+0.02R¢ 96.89+0.02A1 94.85+0.04%9  84.89+0.27A"  52.62+0.2A 0.18+0.19ABi
Abcd

90.10 90.34+0.05 90.7410.05 Ba 90.3+0.06 B° 89.77+0.04 Be 88.88+0.075¢ 87.7610.038¢ 86.1410.128"  83.83+0.0659 79.7+0.08B"  67.26+0.185  33.86+0.16%  0.19+0.19ABk
Bb

80.20 82.25+0.03 81.220.02 0 80.15+0.04 ¢ 78.79+0.06 ¢ 77.0910.06%¢ 75.2+0.06 ¢f 72.65+0.05%9  69.31+0.02¢" 64+0.13 ¢ 49.85+0.316  20.79+0.31°¢  0.32+.16A
Ca

70.30 73.64+0.12 71.52+0.09 P° 69.83+0.06 P 67.92+0.09 P 65.51+0.06 Pe 63.22+0.05 59.93+0.14 55.81+0.08°"  49.93+0.12P" 35.7610.050 11.5x0.15Pk  0.09+0.12ABi
Da Dg

60.40 64.32+0.18 61.550.23 E° 59.52+0.07E¢  57.28+0.07 &4 54.64+0.07 Ee 51.7910.07 & 48.14+0.19 44.03+0.09E" 37.55+0.18 5  24.82+0.478  3.81+0.158<  0.08+0.02 ABi
Ea Eg

50.50 55.09+1.15 51.93+1.19F  49.69+1.23 47.35+1.39 Fed 44.50+1.32Fde  41.41+1.37Fe 37.87+1.36F  33.80+1.45F9 27.93+1.12 16.61£1.27F  0.53+0.34F 0+0.0 A
Fa Fbc Fh

40.60 44.73+0.49 41.43+0.356 38.71+0.63%  36.81+0.43 Cd 33.89+0.43%  31.31+0.39 ¢f 27.850.41 24.3410.04 G" 19.05+0.18G¢  9.4+0.29¢ 0.14+0.19F  0+0.07«
Ga Gg

30.70 34.16x0.12 31.0+0.09 Hb 29.12+0.06 " 26.91+0.17¢ 24.35+0.04 " 21.85+0.05 Hf 19.33+0.04 16.31+0.17 00 12.19+0.30"  4.50+0.23 M 0.18+0.13F<  0+0.0A«
Ha Hg

20.80 23.39+1.00'2  20.99+067 19.3840.62'c  17.52+0.54 ¢ 15.64+0.36 ' 13.7610.21 11.911£0.27'9  9.39+0.28 " 6.36x0.35" 0.84+0.24 1 0£0.0F 0+0.0A

10.90 11.99+0.09 10.55+0.18 0 8.98+1.22% 7.99+0.78 Jd 7.38+0.24 Joe 6.30£0.11 Jef 5.21+0.24 3.84+0.16 Y9 1.74£0.097"  0.34+0.24 Y 0£0.0Fi 0+0.0A

Ja

*Average of three replicates + Standard Deviation. #* Different capital letters indicate significant difference (p< 0.05) related to the evaluation of SFC between the lipid systems at
the same temperature. @* Different lower-case letters indicate significant difference (p< 0.05) related to the evaluation of the FSC of the same lipid system at the different
temperatures.



Because lipid phases of high (solid) and low (liquid) MP considered for the
formation of NLC must exhibit good miscibility and compatibility (Mdller et al., 2002), we
evaluated the compatibility of lipid systems composed of FHSO:HOSO (w/w) using
compatibility diagrams. The results of a compatibility study involving the components of lipid
systems where the SFC at different temperatures was plotted against the percentage of HOSO
in the systems are shown in Figure 3.
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Figure 3: Compatibility diagram of FHSO:HOSO lipid systems (w/w).

Incompatible lipid systems are characterized by discontinuities in the lines of solids
in compatibility diagrams (Timms, 1984). In this sense, the linear evolution of SFC according
to composition (% of HOSO in the lipid system), presented in Figure 3, is an indicator of a
complete compatibility between components through dilution effects in all FHSO:HOSO (w/w)
lipid systems (Timms, 1984).

The profile of solids is a tool that helps guiding the use or replacement of fats in
specific formulations because it provides indications about the general behavior of a lipid
source. Data regarding the profile of solids, compatibility diagrams, and melting points allow
for selection of the optimal lipid system for obtaining an NLC that meets the application
requirements (incorporation of bioactive compounds, crystallization seeding, varying degrees
of crystallinity, and thermal resistance). In lipid-based semi-solid formulations such as NLC,
bioactive compounds are solubilized in the lipid phase at lower MP, which increases the load-
carrying capacity of the particle, whereas the lipid phase at higher MP provides protection
during the passage of the structure through the GIT. The combination of lipid components of
high and low MP provides protection and promotes the micellization of compounds after
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digestion (Ashkar et al., 2021). Therefore, NLC for the incorporation of bioactive compounds
is aimed for, considering the crystallinity of the lipid system as a whole is necessary because
this parameter is directly related to the structural stability of the particle during its passage
through the GIT. In this sense, the results obtained for lipid system 10:90 indicated that this
FHSO:HOSO (w/w) ratio was not adequate for the formation of a NCL because it could
compromise the function of the structure in specific applications.

4.3.4 Thermal behavior

DSC is a sensitive technique that aids in the understanding of structural properties
of a sample by measuring the loss or gain of heat, i.e., absorption or emission of thermal
energy during melting or crystallization, respectively, that result from physical or chemical
changes within a sample under controlled temperatures (Khosa et al., 2018). DSC analysis is
useful to elucidate the behavior of mixtures of lipids with lower and higher MP and provides
relevant information concerning the thermal behavior of lipid systems (Han et al., 2008).

Table 4 highlights parameters of thermal behavior during crystallization of different
lipid systems (FHSO:HOSO w/w). The parameters considered for discussion of thermal
behavior during crystallization were as follows: onset temperature of crystallization (Tco),
which is the temperature at the beginning of the liquid-solid transition; offset temperature of
crystallization (Toff ¢) denoting the temperature at the end of the thermal effects of
crystallization; maximum temperature of the crystallization peak (Tcp), which indicates the
point at which the maximum thermal effect occurred; and crystallization enthalpy (AHc), which
reflects the energy required for change of phase to occur (Ribeiro et al., 2009).

The crystallization curves in Figure 4 show that FHSO and the lipid system 90:10
exhibited only one crystallization peak as a result of the homogeneity of TAG present in this
lipid system, which was predominantly of high MP, and composed of long-chain FA, as
described in 4.3.2. There was also only one crystallization peak in HOSO, the lipid source of
lower MP, in this case due to the predominance of TAG with low MP (tri-unsaturated).

The remaining lipid systems exhibited two crystallization events—the first and
second corresponded to the crystallization of the high MP TAG (trisaturated) and medium and
low MP TAG, respectively. Moreover, the increase in the content of tri-unsaturated TAG from
HOSO in the lipid systems led to a reduction in the energy required for crystallization (AHc),
which indicated the formation of less-compact crystalline networks desired for obtaining NLC
that are intended for bioactive compound incorporation. The incorporation of a lipid phase of
lower MP leads to the formation of less-ordered amorphous crystalline structures, which results
in a higher bioactive compound load-carrying capacity, reduced expulsion of the bioactive
compound incorporated in the structure during storage and, consequently, decreased
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tendency for undesirable changes involving the morphology of the particles, as well as greater

colloidal stability (Gongalves et al., 2018; Mohammadi et al., 2019).

The initial temperature of crystallization is a very important parameter in the

evaluation of lipid systems used to obtain NLC with incorporated bioactive compounds. A high

initial temperature of crystallization indicates faster recrystallization, higher crystallinity, and

greater thermal resistance of the lipid system, which affects the capacity for incorporation and

retention of bioactive compounds. Because Tco is the temperature at which tri-saturated TAG

begin to crystalize, Tco values increased in proportion to the increased HOSO content of the

lipid system.

Table 4. Thermal parameters of crystallization behavior of FHSO:HOSO (w/w) lipid systems.

Tco Tept Tcp2 AHc 1 AHc 2 Toff ¢

FHSO:HOSO (°C) (J/g) (°C)

100:0 50.42+0.34  47.67+0.08 - 111.80£0.12 - 41.17%0.50
90:10 48.58+0.06  45.52+0.57 - 90.75+2.17 - 35.03+1.66
80:20 47.51+0.10 44.65+0.16 -44.87+0.14 73.59+1.88 1.17+0.32 -50.81+0.56
70:30 46.39+0.06  43.87+0.36 -42.64+0.19 67.25+1.54 3.13#0.19  -50.22+0.58
60:40 45.38+0.08  43.821+0.15 -41.42+0.26 69.20+2.74 6.67+0.99 -51.34+1.31
50:50 43.65+0.25 42.34x0.40 -38.63+1.56 39.56+1.81 6.35x0.82 -47.67%1.70
40:60 41.21+0.13  40.1520.15 -36.35+0.28 46.72+2.60 17.33£0.68 -46.54+0.48
30:70 39.57+0.78  38.43+0.27 -29.20+0.98 30.11+2.77 23.28+2.16 -40.20%1.67
20:80 35.85+0.35 35.52+0.39 -36.43+5.28 28.31+6.03 29.22+2.16 -48.78+5.82
10:90 31.20+0.22  30.53+0.21 -41.07+0.18 12.78+1.42 31.40+0.75 -53.26+0.48
0:100 -43.28+0.03  -46.94+0.03 - 31.63+0.81 - -55.17+0.69

Tco: crystallization onset temperature; Tep: crystallization peak temperature; Toff c¢: crystallization offset
temperature; AHc: crystallization enthalpy. Average of three replicates + Standard Deviation
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Figure 4. Crystallization behavior obtained from differential scanning calorimetry (DSC) of lipid
systems composed by fully hydrogenated soybean oil (FHSO) and high oleic sunflower oil (HOSO).

The parameters that affected the thermal behavior of the melting process in the
different systems lipids (FHSO:HOSO w/w) are shown in Table 5. The following parameters
were considered for the discussion of the thermal behavior during melting: melting onset
temperature (Tmo), which is the temperature at the beginning of the solid-liquid transition; final
temperature of melting (Toff m), which is at the end of the thermal effect of melting; maximum
temperature of the melting peak (Tmp), which indicates the point at which the maximum
thermal effect occurred; and melting enthalpy (AHm), which reflects the energy required for the
change of phase to occur.

As in the analysis of the thermal behavior during crystallization, FHSO, the lipid
system 90:10 and HOSO exhibited only one melting event, which once again stipulated that
TAG that composed it had similar thermal behaviors, reflected as a single melting peak. The
increase in HOSO in the lipid systems led to the occurrence of a second melting peak,
promoted the displacement of the initial and final peak temperatures, and a reduction in the
energy required for the melting process, as shown in Table 5 and Figure 5. Changes involving
these parameters may be explained by the TAG composition of this lipid matrix, which consists
of TAG with a lower MP than that of the TAG present in FHSO.

Lipid nanoparticles are derivations of oil-water emulsions where liquid lipids of oil
droplets are replaced by lipids that remain in solid form at body temperature (Rawal & Patel,
2018). Stability of the solid state at body temperature (37 °C) is therefore a requirement for

selecting lipid systems for the formation of NLC with incorporated bioactive compounds,
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because stability implies that the maintenance of structural integrity of particles during their
passage through the GIT. This characteristic ensures that bioactive compounds incorporated
into the structure are only released once in the intestine, which is the best site for its efficient
absorption; hence, the compound is bioaccessible and can be used in vital biological functions
(Ashkar et al., 2021).

Table 5. Thermal parameters of melting behavior of FHSO:HOSO (w/w) lipid systems.

Tmo Tmp1 Tmp2 AHm 1 AHm 2 Toff m
FHSO:HOSO
(°C) (J/g) (°C)

100:0 49.87+0.14 - 64.36+0.03 - 88.76+0.44  69.20+0.05
90:10 49.89+0.24 - 62.6310.31 - 72.54+1.28 68.42+0.21
80:20 -13.5310.49 -6.43#0.14 67.91+0.08 5.2940.82 88.91+2.78 71.69+0.40
70:30 -13.1610.44 -6.0710.27 67.21+0.17 7.38£0.82 77.98+1.91 71.15+0.61
60:40 -13.0120.05 -5.7940.19 66.20+0.03 11.32+1.91 58.84+2.86 68.75+0.46
50:50 -12.20+0.26 -4.86+0.07 64.38+0.06 7.12+1.46 28.69+2.31 67.92+0.33
40:60 -12.27+0.65 -4.48+0.22 63.48+1.28 15.69+2.42 33.66+3.33 66.89+1.18
30:70 -12.38+0.64 -4.2210.63 62.64+1.42 20.44+2.36 21.16x0.82 65.02+1.18
20:80 -12.26+1.53 -3.46+2.37 60.89+0.08 27.19+4.54 12.21+0.94 63.06+0.09
10:90 -13.3810.10 -4.78+0.14 57.76+0.10 36.88+1.78 4.79+0.69  57.76+0.10
0:100 -13.45+0.17 -4.6110.04 - 41.3441.76 - -1.10£0.18

Tmo: melting onset temperature; Tmp: melting peak temperature; Toff m: melting offset temperature; AHm:
melting enthalpy. Average of three replicates + Standard Deviation.

Table 5 shows one melting event above 37 °C for all lipid systems analyzed in this
study, which indicates thermal resistance at body temperature. However, Toff m needs to be
considered in the production of NLC because it must be high enough to allow for stability of
the particle structure during its passage through the GIT, but should also allow the particle to
be digested by lipases during the digestion process. Like Tco, Toff m elevated proportionally
to the content of FHSO in the lipid system as a result of increased trisaturated TAG levels in
this lipid matrix.
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Figure 5. Melting behavior obtained from differential scanning calorimetry (DSC) of lipid systems
composed by fully hydrogenated soybean oil (FHSO) and high oleic sunflower oil (HOSO).

The melting temperature observed by DSC was lower than the MP determined by
SFC analysis using NMR, as described in section 4.3.3. In the determination of SFC by NMR,
sample stabilization was performed to obtain a more stable polymorph. Thus, the MP obtained
using this technique was determined when the sample exhibited high crystalline order and, in
the case of NLC production, which indicated the temperature at which the particle SFC would
be < 4% if they were stabilized in the polymorphic B form. Thermal behavior analysis by DSC
did not take into account pre-treatment of samples and, therefore, the observed phenomenon
encompassed the melting of different polymorphs. In this case, crystalline order was poorer
but corresponded to the sample’s polymorphic form, thereby resulting in a melting range lower
than the MP detected by NMR.

Overall, rising HOSO in the lipid systems led to a modification of the thermal
behavior of the fully saturated lipid base (FHSO), which allowed obtaining lipid systems with
adequate behavior for the formation of NLC and incorporation of bioactive compounds. Lipid
systems whose melting processes occurred at high temperatures could be used to produce
NLC that will be submitted to thermal treatments, including pasteurization and sterilization.



133

4.3.6 Polymorphic form

The pattern of lipid crystallization is directly related to the phenomenon of
polymorphism (behavior of the crystal). Crystallization of TAG results in the structural
arrangement of these molecules when stacked in three polymorphic forms, including
hexagonal (a), orthorhombic (B’), and triclinic (B) forms, which can be determined by X-ray
diffraction, one of the most powerful tools to determine the spatial arrangement of molecules
in a substance that provides valuable information concerning its physical state (liquid or
crystalline) and polymorphic form (Hartel, 2013).

The polymorphic forms a, §’, and (3, in increasing order of stability and well-defined
regarding their specific interplanar distances, or short spacing intervals —4.15 A (), 4.2 A and
3.8 A (B’), and 4.6 A (B)— were determined by wide-angle X-ray diffraction. Short spacing
intervals, peak intensity, and polymorphic forms are described in Table 6 for lipid systems
stabilized by MI (crystallization and storage at 25 °C) and in Table 7 for lipid systems stabilized
by MII (crystallization at 5°C/24 h followed by storage at 25 °C).

The results presented in Tables 6 and 7 show that stabilization using the method
with a protocol commonly used for the recrystallization of NLC (MIl) led to the formation of
more stable polymorphs earlier than stabilization using Ml in the majority of the lipid systems
analyzed in this study. Crystal growth involves the diffusion of TAG into solution through a
stagnated layer adjacent to the interface and their incorporation in the pre-existing crystalline
network (crystallites). These mechanisms depend on the degree of supercooling, rate of
diffusion of molecules to the surface of the crystal, and time required for the TAG molecules to
be embedded in the growing crystalline lattice (Marangoni, 2005).

The synthesis of NLC is usually associated with variations of the following
technological approaches: i) creation of an oil-in-water nanoemulsion as a precursor to
subsequent steps; ii) subsequent solidification of the dispersed lipid phase (Sharma et al.,
2011). The results obtained with M| revealed the importance of using lower temperatures for
solidification of the dispersed lipid phase to obtain NLC. The earlier stabilization obtained with
MII might be attributed to the lower temperature at which the sample was stored immediately
after the melting process, which favored a more ordered association between TAG in the lipid
systems.

However, regardless of the method used to stabilize samples, with the exception
of the lipid system with a FHSO:HOSO (w/w) ratio of 10:90 and which exhibited the
polymorphic forms p’+ B after 60 days, most lipid systems became stabilized in the polymorphic
B form at the end of this period. This result might be explained by the similarity between FA
chains that were predominant in the lipid matrices. HOSO was mostly composed of oleic acid
(C18:1), whereas stearic acid predominated in FHSO (C18:0), with both FA having 18 carbon
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atoms and therefore, high chemical homogeneity. Homogeneous TAG, i.e., TAG formed by
FA with the same chain length, stacked easily and crystallized in the most stable polymorphic
B form (Acevedo & Marangoni, 2010; Ribeiro et al., 2013).

Stabilization in polymorphic form 3 at the end of the 60-day period was therefore
an indication that addition of nanoparticles obtained from these lipid systems to foods would
occur in the most stable configuration, thus avoiding problems associated with subsequent
polymorphic transitions. It should be emphasized that, although the macroscale results
indicated the potential of using these lipid systems as the lipid phase of NLC, determining the
polymorphic form of the nanoparticles obtained from these systems is crucial, because
polymorphic transitions can be accelerated at the nanoscale.

Table 6: Polymorphic forms, short spacings and peak intensities of the diffractograms obtained for
FHSO:HOSO lipid systems (w/w) stabilized through Method I.

Short spacings (nm)

Timeof — ,¢ 4.1 4.2 3.8 3.6 Polymorphic

Lipid system storage form

48 h 46 (vs) 4.1(s) 42(s) 39(vs) 3.7(w) a+p+PB

7 days 4.6 (s) 41(vs) 43(vs) 38(s) 36(m a+p+p
10:90 15 days 46(w) 41(m) 42(m) 38(w) 36(W a+p+B

30 days 46(w) 41(m) 42(m) 38(w) 36(vw) a+p +B

60 days 4.6 (w) 4.2 (w) 3.8(w) 3.6(vw) B +B

48 h 4.6 (vs) 38(m) 37(m) B

7 days 4.6 (vs) - - 39(m) 38.7(m) B
20:80 15 days 4.6 (m) - - 38(w) 36w B

30 days 4.6 (w) - - 38(w) 3.7w) B

60 days 46(m) - - 3.8(w) 37w B

48 h 4.6 (vs) (s) 38(s) 36w P +B

7 days 46 (vs) - 4.3 (s) 38(m) 3.7(m) B +B
30:70 15 days 46 (vs) - - 38(m) 3.7(m) B

30 days 4.6 (m) - - 38(m) 3.7w) B

60 days 46 (W) - - 39w) 37w B

48 h 46(s) - 42(s) 3.8(m) 37(w) P +PB

7 days 4.6 (vs) s 39(s) 37(m) B +PB
40:60 15 days 46 (vs) - - 38(s) 37(s) B

30 days 4.6 (m) - - 39(w) 3.7w) B

60 days 4.6 (w) 39(w) 3.7w) B
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48 h 4.6 (s) - 43(m) 39(m) 3.7(m) B+

7 days 4.6 (vs) 4.3 (s) 38(s) 37(m) B +B
50:50 15 days 4.6 (vs) - 4.3 (s) 38(s) 3.7(m) B +PB

30 days 4.6 (m) 39(w) 3.7(m) B

60 days 4.6 (w) 39(w) 3.7w) B

48 h 46 (vs) - 42(m) 39(s) 37(s) PB+B

7 days 4.6 (vs) - 4.2 (s) 39(s) 36(s) P +B
60:40 15 days 4.6 (vs) - 4.2 (s) 39(s) B87(s) B +B

30 days 4.6 (s) - - 39(m) 3.7(m) B

60 days 46(m) - - 39(w) 37w B

48 h 4.6 (vs) - 42(m) 3.8(vs) 3.7(s) P +PB

7 days 4.6 (s) - 42(m) 3.8(s) 37(s) PB+B
70:30 15 days 4.6 (vs) - 4.2 (s) 38(s) 37(s) P +P

30 days 4.6 (m) 3.8(m) 3.7(m) B

60 days 4.6 (m) 3.8(m) 3.7(m) B

48 h 4.6 (s) - 42(vs) 38(s) 3.7(m) B +B

7 days 4.6 (vs) - 4.3 (s) 3.8(vs) 3.7(s) P +B
80:20 15 days 4.6 (m) 43(vs) 38(s) 3.7(m) B +B

30 days 46 (m) - - 3.8(m) 3.7(m) B

60 days 4.6 (m) 3.8(m) 3.7(m) B

48 h 4.6 (m) 42(vs) 38(s) - B +B

7 days 46 (vs) - 4.2 (s) 39(vs) 3.7(s) B +B
90:10 15 days 46 (vs) - 4.2(s) 39(vs) 3.7(s) B +B

30 days 4.6 (w) - 4.2 (w) 38(w) 3.7(w) B +B

60 days 46(m) - - 39(m) 3.7(m) B

Intensities: v. very; w. weak; m. medium; s. strong.

Table 7: Polymorphic forms, short spacings and peak intensities of the diffractograms obtained for
FHSO:HOSO lipid systems (w/w) stabilized through Method II.

Short spacings (nm)

Timeof 4 g 4.1 42 3.8 3.6 Polymorphic
Lipid system  Storage form
48h 46 () 41(m) 44(s) 39() 36w oa+P+p
7 days 4.5 () 1(w) 43(m) 3.9(m) 3.6(w) a+p +p
10:90 15days 4.5 (w) . 43(m) 3.9(m) 3.6(vw) B +p
30days 4.5 (w) 43(m) 3.9(m) 3.6(vw) B +p
60days 4.5 (w) 43 (w) 3.9(w) 36w B +p
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48 h 4.6 (m) 43(m) 38(m) 3.7(w) B +B

7 days 4.7 (s) 43(w) 39(s) 3.7(m) B +B
90:10 15 days 4.6 (s) 42(vw) 38(s) 3.7(m) P +B

30 days 4.6 (m) - 3.8(w) 37w B

60 days 4.6 (m) - 39(w) 3.7 (w) B

Intensities: v. very; w. weak; m. medium; s. strong.

4.3.7 Microstructure

The structure of the crystalline lattice formed by the TAG that compose the lipid
systems can be assessed by polarized light microscopy, which detects the presence and
location of crystalline or liquid regions in a sample and allows microstructure evaluation in
terms of dimensions, morphology, and density of the TAG crystals (Li et al., 2012; McClements
& McClements, 2016). In the present study we assessed the microstructure of lipid systems
composed of FHSO:HOSO (w/w) stabilized by two different methods. In the first method (Ml),
as recommended by the AOCS (2009), the samples were directly stabilized at 25 °C. In Mll,
lipid systems were stabilized according to a protocol commonly used to recrystallize NLC.

Table 8 presents quantitative parameters of the lipid systems visualized at 25 °C,
corresponding to the mean diameter of the crystals and the percentage of crystalized area.
Figure 6 presents the crystalline lattice of the lipid systems formed by FHSO and HOSO after
stabilization by both methods (Ml and Mll). Images were acquired at 25 °C. Figure 6 illustrates
the visualization of crystals with nuclei and elongated ramifications that are characteristic of
TAG that initially crystallized as spherulite-type crystals and grow radially from the central
nuclei as a result of aggregation of the crystalline lamellae (Marangoni & Rousseau, 2002).

Figure 6 and Table 8 show that lipid systems with a higher proportion of HOSO
had a lower percentage of crystallized area (in white in the images) due to the presence of tri-
unsaturated TAG and liquid oil. In addition, crystals were sparsely distributed along the formed
network. Increasing the proportion of HOSO in the lipid systems also resulted in reduced mean
diameter of crystals (Table 8). Thus, the addition of HOSO led to modification to the crystalline
lattice structure and promoted a reduction in the crystallinity of the FHSO:HOSO (w/w) lipid
systems. Crystallization of tri-unsaturated TAG from HOSO created greater spacing between
formed crystals and reduced the crystallinity of lipid systems.

As mentioned previously, the formation of NLC is a complex process that involves
heating the lipid matrix above its MP and its recrystallization by supercooling (Attama et al.,
2012). The method used to stabilize lipid systems influenced the formation of the crystalline
lattice. With the exception of the lipid systems FHSO:HOSO (w/w) at ratios of 90:10 and 30:70,

the percentage of crystallized area was lower and the mean diameter of the crystals was



138

greater in MIl than in MI. The results obtained herein emphasized the importance of
recrystallization of the lipid phase used to obtain NLC at low temperatures after rupture of the
particles at the nanometric scale.

10:90 MI 48 h 10:90 Ml 48 h ) . 20:80 MIl 48 h

30:70 M1 48 _ : ___40:60 MII 48 h

50:50 M1 48 h

70:30 Ml 48 h 70:30 MII 48 h

80:20 M1 48 h ) ___80:20 MIl 48 h

90:10 M1 48 h i 90:10 Ml 48 h

Figue 6: Polarized light microscopy images of crystals at 20x magnification obtained for FHSO:HOSO
(w/w) lipid systems at 25°C after stabilization by MI and MIl methods. MI: protocol recommended by
AQOCS; MII: protocol normally used for NLC recrystallization.
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Table 8: Mean crystal diameters (Dmean) and percentage of crystalized area of FHSO:HOSO
(w/w) lipid systems stabilized by two methods (M1 and MII).

FSHO:HOSO Stabilization Dmean Crystallized
(w/w) method (um) Area (%)
M 60.84 41.86
90:10 Ml 67.37 57.21
Mi 55.78 53.21
80:20 MIl 59.73 40.75
Mi 43.44 4254
70:30 MIl 43.01 33.16
Mi 40.47 36.77
60:40 Ml 43.11 37.98
M 38.98 39.04
50:50 Ml 40.04 29.47
Mi 34.99 26.82
40:60 Ml 36.12 6.13
Mi 57.99 15.75
Sl Ml 21.20 16.09
Mi 5372 11.08
20:30 Ml 07.22 8.03
Mi 1452 7.3
10:90 Ml 17.41 5.58

MI: protocol recommended by AOCS; MII: protocol normally used for NLC recrystallization

The FAC obtained for the lipid systems demonstrated that FHSO and HOSO had
great potential for the development of NLC. FHSO had a significant content of stearic acid, a
FA that contributes to the protection and delivery of bioactive compounds incorporated into the
structure as a result of its higher MP, in addition to allowing the formation of biocompatible
NLC. HOSO had a significant content in terms of oleic acid, which allowed obtaining NLC with
adequate physical and chemical properties for the incorporation of bioactive compounds, as
well as the possibility of solubilization, protection, and delivery of these compounds to
absorption sites in the human GIT.

Similarly to the analysis of SFC, the MP of the lipid systems FHSO:HOSO was
diminished with increasing percentage of HOSO in the system. In general, increased HOSO
abundance in the lipid systems modified the thermal behavior of the fully saturated lipid base
(FHSO), thereby decreasing Toc and Toff m as a result of elevated tri-unsaturated TAG in the
system. Because melting temperature increases with increased polymorphic stability due to
differences in molecular stacking density, lipid systems with more unstable polymorphic forms

had a lower melting temperature. All lipid systems examined in the present study exhibited at
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least one melting event at or above 37 °C, which indicated thermal resistance at body
temperature.

Both the method and the time of stabilization influenced polymorphic forms
detected in the lipid systems by X-ray diffraction. The method with a protocol commonly used
for recrystallization of the dispersed lipid phase of the NLC (MIl) resulted in stabilization in the
most stable polymorphic form (B form) earlier than the method suggested in the official
protocols (MI). However, after 60 days of storage systems exhibited polymorphic stabilization
in the B form, with the exception of the lipid system FHSO:HOSO (w/w) at a ratio of 10:90.

Increasing HOSO levels in lipid systems modified their thermal properties,
crystallinity, and TAG and FA composition of the fully saturated lipid base (FHSO), which
yielded lipid systems with adequate behavior for the production of NLC, with the exception of
the lipid system FHSO:HOSO (w/w) at a ratio of 10:90. However, the selection of an adequate
ratio between the lower and upper MP lipid raw material to compose the lipid systems for NLC
should be considered with respect to nanostructures.

The results derived in this study allow defining specific purposes if lipid systems
according to their physical and chemical properties and crystallization characteristics to obtain
NLC. Thus, the lipid systems FHSO:HOSO (w/w) at ratios of 90:10, 80:20, and 70:30 exhibited
high crystallinity; lipid systems at ratios of 60:40, 50:50, and 40:60 had medium crystallinity;
and the systems at ratios of 30:70 and 20:80 exhibited low crystallinity. The crystallization
characteristics of the lipid system FHSO:HOSO (w/w) at a 10:90 ratio were not suitable for the
formation of NLC.

4.4 Conclusions

The mixture of different TAG present in lipid matrices used to compose the lipid
systems led to differences in their melting and crystallization characteristics. HOSO contributed
to reduce the crystallinity of the lipid system, which is in accordance with the use of this type
of nanostructure to carry lipophilic bioactive compounds. Lipid matrices commonly used in the
food industry and derived from vegetable sources produced on large scales to be used to
obtain LN are an alternative in terms of economic viability and availability because the lipid
materials commonly used for this purpose are expensive purified materials (e.g., tristearin and
triolein). Findings of the lipid system characterization demonstrated that with the exception of
the lipid system FHSO:HOSO at a ratio of 10:90 (w/w), systems were adequate for the
formulation of NLC in terms of chemical composition, crystallinity, and overall physical

properties.
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ABSTRACT

Nanotechnology has proven to be an important focus of public attention worldwide due to its
wide range of applications and the superior functionality of nanoscale delivery systems. Lipid-
based nanoparticles are among the most promising encapsulation technologies in the field of
nanotechnology. As one of the main trends in the development of these structures, the use of
edible and/or commercially available oils and fats in the food industry stands out, replacing
synthetic lipid matrices, which are not as viable for food applications in terms of cost,
availability, or regulatory aspects. The objective of this work was to obtain and characterize
nanostructured lipid carriers (NLC) using fully hydrogenated soybean oil (FHSO) and high oleic
sunflower oil (HOSO) as lipid matrices. NLC were formulated from different lipid systems,
80:20, 60:40, 40:60, and 20:80 FHSO:HOSO (w/w), using soy lecithin (SL), Tween 80, or whey
protein isolate as an emulsifier. In general, the increase in the unsaturation degree of the
FHSO:HOSO lipid system resulted in larger NLC when obtained with Tween 80 or SL, greater
physical instability, and lower peak temperature and melting enthalpy, although for the 20:80
system, it was not possible to observe melting peaks by differential scanning calorimetry. The
increase in the unsaturation degree, however, did not change the polymorphic shape of NLC,
which stabilized in the § form 48 h after their obtainment. Among the considered lipid systems,
80:20, 60:40, and 40:60 FHSO:HOSO (w/w) systems form stable particles, with crystallinity
properties suitable for food incorporation.

Keywords: lipid nanoparticles, emulsifiers, physical stability, crystallization, degree of

unsaturation

5.1 Introduction

Research advances in nanotechnology have shown that nanoscale delivery
systems exhibit superior functionality in relation to conventional microencapsulation systems,
justifying the great interest in nanocarriers (Chen et al., 2006; Weiss et al., 2008).
Investigations related to nanoparticle development in the agricultural and food industries are
still scarce compared with those in the biomedical and pharmaceutical fields (Barroso et al.,
2021). However, nanotechnology has become one of the most promising technologies to
revolutionize conventional food science and food industry (He & Hwang, 2016).

In the food field, nanoparticles can be obtained using polymers or lipids. Lipid
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nanoparticles (LN) are considered complex extended release systems, with spherical shapes
and sizes on the nanometer scale (between 50 and 1000 nm), although quite variable
according to the materials and methods of obtainment (Villafuerte et al., 2008). Compared with
biopolymer-based nanocarriers, they present low toxicity because they are obtained through
biocompatible ingredients, high bioavailability because they are entirely formed of
physiological lipids, and greater efficiency in bioactive compound incorporation (Rostamabadi
et al., 2019; Villafuerte et al., 2008). However, nanostructures for food applications must be
entirely produced with ingredients considered to be food grade and through processing
operations that have already been approved (McClements, 2012). For this reason, there is a
growing demand for natural ingredients to obtain nanostructures with suitable properties to be
incorporated into food (Pinheiro et al., 2017).

Nanostructured lipid carriers (NLC) are composed of a mixture of high and low
melting point (MP) lipids (oils) dispersed in an aqueous medium and stabilized by a drop of
emulsifier (Niculae et al., 2014; Puri et al., 2009). Typically, solid lipids are mixed with liquid
lipids in ratios of 70:30 up to 99.9:0.1, while the emulsifier content varies between 1.5% to 5%
(v/v) (Pardeike et al., 2009). The choice of the lipid matrix is a fundamental element to obtaining
NL, as bioactive ingredients are incorporated into this matrix. Some factors should be
considered regarding the lipids used in NLC structure formulation: good solubility of lipophilic
ingredients within the lipid matrix; high stability against decomposition factors such as
oxidation; biodegradability and safety; and an adequate ratio between solid and liquid lipids in
the matrix (Katouzian et al., 2017).

The type and concentration of solid and liquid lipids and the type of emulsifier used
to obtain NLC are among the factors that most affect their physicochemical properties (Badea
et al., 2015; How et al., 2013). The characteristics of nanoparticles (structure, dimension, and
composition, among others) in turn influence their physicochemical properties and functional
performance, such as optical and rheological properties, stability, biological fate, and delivery
rate (McClements, 2013). Thus, the particle size (PS) and distribution, like its charge, are
strongly influenced by the composition of the lipid matrix and the emulsifier used to obtain NLC
(Pinto et al., 2018).

The lipid components used to obtain NLC can comprise a great diversity of
molecules (Kamboj et al., 2010). To obtain NLC, the use of low-cost ingredients, such as
components naturally found in foods that can be used for “clean” (green) formulation in the
food industry, is recommended (Katouzian et al., 2017). Fatty acids (FA) extracted from natural
edible oils and fats (for example, palmitic, oleic, and stearic oils) are Generally Recognized as
Safe (GRAS) and approved food additives with great potential for this purpose (Babazadeh et
al., 2017).
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Fully hydrogenated vegetable oils (hardfats) have been used as a high MP lipid
matrix to obtain NLC (Santos et al., 2019). The total hydrogenation process of vegetable oils
promotes the addition of hydrogen to the double bonds of unsaturated fatty acids (UFA)
through a catalytic reaction, cleaving them and thus promoting their conversion into saturated
fatty acids (SFA). This process, considered of relatively low cost, represents an alternative for
industrial plants previously used for the partial hydrogenation process and allows the
obtainment of lipid bases with a MP, composed of tri-saturated triacylglycerols (TAG), from
conventional vegetable oils (Ribeiro et al., 2009, 2013; Wassell & Young, 2007).

Fully hydrogenated soybean oil (FHSO) contains significant levels of stearic acid,
normally higher than 85%, which highlights the use of this component, due to its neutral
atherogenic effect, to obtain NLC. Indeed, FHSO does not present adverse effects on the risk
of cardiovascular disease (Hunter et al., 2010; Valenzuela et al., 2011).

Oils from vegetable sources, such as soybean, corn, and sunflower, are great
candidates for use as a lipid matrix with a lower MP to obtain NLC to be employed as food
additives (Mohammadi et al., 2019). The limitation to using edible vegetable oils for NLC
production is associated with the low oxidative stability presented by these raw materials (Liu
& Wu, 2010; Nguyen et al., 2012). Low oxidation resistance can affect the oxidative stability of
bioactive compounds incorporated into NLC during food processing and storage, as well as
during its passage through the gastrointestinal tract (Tan & McClements, 2021). Therefore,
raw materials resistant to chemical degradation should be selected (Tamijidi et al., 2013).

High oleic sunflower oil (HOSO) is considered a premium lipid raw material in terms
of oxidation resistance. The genetic modification of sunflower to a high oleic variety promotes
an increase in its oxidative stability, as it significantly raises the content of oleic acid, a
monounsaturated FA (MUFA) that, compared with a polyunsaturated FA, is less susceptible
to oxidative processes since it presents only one double bond in the carbon chain (Cardenia
et al., 2011; Gunstone, 2011). This raw material has high potential to be used as a low MP
lipid matrix to obtain NLC with incorporated bioactive compounds, since it is commercially
available at a feasible cost, GRAS, and, as mentioned above, resistant to oxidative processes.

As HOSO and FHSO are composed of several FA with different MP, we
hypothesize that they are excellent candidates for obtaining stable NLC. We chose FHSO for
this study, seeking a lipid fraction in NLC that is solid when stored at room temperature, with a
high MP lipid base and a high content of stearic acid (Hunter et al., 2010).

The percentage of liquid lipid in the lipid matrix can influence the physical
properties of NLC, such as PS and melting temperature, and the beginning of the crystallization
process, as well as produce particles with lower crystallinity, which promotes greater space for
the incorporation of bioactive compounds (Zheng et al., 2013). Since bioactive compounds
have greater solubility in liquid lipids than in solid lipids (Helgason et al., 2009; Tamijidi et al.,
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2013), knowing the physicochemical and stability properties of NLC obtained with lipid systems
of different solid/liquid ratios is essential when aiming to incorporate bioactive compounds in
these nanostructures. Thus, the objective of this work was to obtain and characterize NLC
obtained from lipid systems composed of different FHSO:HOSO (w/w) ratios. NLC were
characterized by the general properties of PS distribution, structure, thermal behavior,
crystallinity, and polymorphism, with consideration of the effects of lipid phase composition
relative to the degree of unsaturation of the lipid systems used.

5.2 Materials and Methods

5.2.1 Materials

The lipid materials used to produce NLC were HOSO (C18:1 = 78.51 %, C18:2 =
12.40 %, and C16:0 = 4.02 %) and FHSO (C18:0 = 87.31 % and C16:0 = 10.70 %), both
supplied by Cargill Foods (Brazil). The emulsifying agents were whey protein isolate (WPI)
produced by Alibra (Brazil), the enzymatically hydrolysed soybean lecithin (SL) SOLEC™ AE
IP produced by Solae (Brazil), and the ethoxylated sorbitan monooleate (Tween 80) produced
by Sigma-Aldrich (USA).

5.2.2 Methods

5.2.2.1 NLC obtainment

NLC were obtained from a pre-emulsion composed of an aqueous phase (88%), a
lipid phase (10%), and an emulsifier (2%). Table 1 shows the FHSO:HOSO (w/w) lipid and
emulsifier systems used to obtain NLC. The lipid phase was composed of different lipid
systems using FHSO and HOSO in proportions of 80:20; 60:40; 40:60, and 20:80 (w/w). SL,
Tween 80, or WPI was used to obtain NLC. In the case of WPI, a 2% aqueous solution was
previously prepared to complete protein hydration. WPI was dissolved in distilled water and
kept under magnetic stirring for 1 h at approximately 25°C. After obtaining the formulations,
sodium azide (0.02%) was added as an antimicrobial agent, and the solution was stored
overnight under refrigeration (5-7°C) (Queiros et al., 2021).

For the preparation of the pre-emulsion, the lipid phase was heated to 85°C and
added slowly to the aqueous phase, which was previously heated to 85°C. The mixtures were
then stirred at 10,000 rpm/3 min in an Ultra turrax model T18 (IKA, Germany) stirrer to form
the pre-emulsion. The pre-emulsion was subjected to heat and high pressure using a two-
stage homogenizer Homolab 2.20 (Buffalo series, FBF ltaly). The process conditions used to

obtain NLC were 700 bar and two homogenization cycles (Lidtke et al., 2017), with the
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pressure applied by the second stage valve corresponding to 10% of the total pressure applied,

i.e. approximately 70 bar. The obtained nano-emulsions were cooled at 5°C for 24 h to

recrystallize the lipid phase and obtain the dispersion containing NLC and subsequently stored

in a biological oxygen demand-type incubator at 25°C for 60 days (Kumbhar & Pokharkar,

2013; Qian et al., 2013; Yang et al., 2014).

Table 1: Emulsifiers, and total amount of saturated (SFA) and unsaturated fatty acids (UFA)
presented in lipid systems used to obtain NLC.

> FA (%)
NLC  Emulsifier FHSO:HOSO SFA (%) UFA (%) SFA/UFA ratio
(w/w)
Lso:o SL 80:20 81.54 18.46 4.42
Leo:ao SL 60:40 63.25 36.76 1.72
Lieo SL 40:60 44.95 55.05 0.82
L2o:so SL 20:80 26.66 73.34 0.36
Tso20 Tween 80 80:20 81.54 18.46 4.42
Teo:a0 Tween 80 60:40 63.25 36.76 1.72
Taoeo Tween 80 40:60 44.95 55.05 0.82
Ta0:80 Tween 80 20:80 26.66 73.34 0.36
Wso0 WPI 80:20 81.54 18.46 4.42
Wso:40 WPI 60:40 63.25 36.76 1.72
Waioso WPI 40:60 44.95 55.05 0.82
Wao:s0 WPI 20:80 26.66 73.34 0.36

NLC: nanostructured lipid carries; SL: enzymatic modified soybean lecithin; WPI: whey protein isolate;
FHSO: fully hydrogenated soybean oil; HOSO: high oleic sunflower oil; FA: fatty acids; SFA: saturated

fatty acids; UFA: saturated fatty acids.

5.2.2.2 NLC characterization

5.2.2.2.1 Particle size and polydispersity index

PS and polydispersity index (PDI) were determined by a laser diffractometer using

Mastersizer 2000 equipment (Malvern Instruments, Malvern, UK). NLC aliquots were added to

the equipment reading unit filled with distilled water at 25°C and stirred at 1750 rpm until a 2%

obscuration rate was obtained (Averina et al., 2011). The analyses were carried out in triplicate

at 25° C. Results referring to the mean size of NLC were expressed as mean surface diameter

(Ds2), as calculated using Equation 1, while the PDI was obtained by calculating the span using

Equation 2.
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> nid?;

D32 — (Equation 1)
> nid?;

Span  Yeo-dio (Equation 2)
dso

where n; is the number of particles with diameter di and d10, d50, and d90 represent 10%,
50%, and 90% of the cumulative droplet volume, respectively.

5.2.2.2.3 Zeta potential

The zeta potential (ZP) was determined using the Zetasizer Nano-ZS (Malvern
Instruments, Malvern, UK), and the samples were diluted (1:100) in distilled water for further
analytical determination (Averina et al., 2011). The analyses were carried out in triplicate at

room temperature.

5.2.2.2.4 Physical stability

The physical stability of the dispersions containing NLC was determined by the
light backscattering technique using Turbiscan® Lab equipment (Formulaction, I'Union,
France). After the dispersions were obtained, they were immediately added to cylindrical tubes
with a flat bottom where they were stored at 25°C. The operating principle of the equipment is
based on the incidence of a light ray with a fixed wavelength (880 nm) on the cylindrical tube
containing the sample. The tube is scanned vertically every 40 pm, with the height H =0 mm
associated with the bottom of the measuring cell. The light beam can then be transmitted or
backscattered depending on the interaction of light with the medium. The equipment quantifies
how much of a light beam incident on a sample is deflected by the dispersed particles (Buron
et al., 2004). The physical stability of the dispersions was analyzed using light backscatter
profiles (ABS) obtained through scans conducted at different periods of analysis (48 h and 7,
15, 30, and 60 days after the obtainment of NLC).

5.2.2.5 Solid fat content

The solid fat content (SFC) was determined by pulsed low-resolution nuclear
magnetic resonance spectroscopy (NMR) Bruker pc120 Minispec (Silberstreifen, Rheinstetten,
Germany), using high precision dry baths with temperature controlled (0—70°C) by the Peltier
Tcon 2000 system (Duratech, Garden Grove, USA). The analysis was carried out using AOCS
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Cd 16b-93 direct method, involving reading of samples in series (AOCS, 2009). The samples
were transferred to NMR tubes and kept in an isothermal condition at 25°C (Nik et al., 2012).

5.2.2.2.6 Polymorphism

The polymorphic form of NLC was determined by X-ray diffraction according to the
AOCS Cj 2-95 method (AOCS, 2009). Analyses were performed at 25°C in a Philips PW 1710
diffractometer (PANalytical, Aimelo, Holanda) using Bragg-Bretano geometry (6:28) with Cu-
Ka radiation (A= 1.54056 A; voltage, 40 KV; current, 30 mA). The measurements were
obtained with 0.02° steps from 5° to 40° 26 and acquisition time of 2 s. The polymorphic form
was identified from interplanar distances of the crystals (Schenk & Peschar, 2004).

5.2.2.2.7 Thermal melting behavior

The thermal behaviour during the melting of B-carotene-loaded NLC was assessed
in a TA Q2000 differential scanning calorimeter (DSC) coupled to a RCS90 Refrigerated
Cooling System (TA Instruments, Waters LLC, New Castle). Universal V4.7A (TA Instruments,
Waters LLC, New Castle) was used for data processing. The analysis conditions were as
follows: sample mass: ~ 10 mg; maintenance of isothermal condition: 25 °C for 10 min; melting

events assessed between 25 and 100 °C at a rate of 10 °C/min (Wang et al., 2014).

5.2.2.2.8 Microstructure

The morphological and structural characteristics of NLC were evaluated by
microscopy under polarized light at 25°C using an Olympus BX 50 polarized light microscope
(San Jose, USA) coupled to a digital video camera (Media Cybernetics, Bethesda, USA) and
by scanning electron microscopy (only for NLC obtained using Tween 80 as emulsifier) using
a TM 3000 high vacuum scanning electron microscope (SEM; Hitachi, Japan) with a Swift
ED3000 energy dispersive system with x-ray detection (Hitachi).

5.2.2.2.8 Statistical analysis

All analytical determinations were performed in triplicate. The results obtained
were evaluated by analysis of variance (ANOVA) and Tukey'’s test for comparison of the means
at a significance level of 5% using STATISTICA 7.0 software (StatSoft Inc, Tulsa, OK, USA).
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5.2 Results and Discussion

NLC are carrier systems that can combine the advantages of different colloidal
compound release systems and avoid some of their disadvantages (Mohammadi et al., 2019),
such as low bioactive loading, low encapsulation efficiency, and system instability (Katouzian
et al., 2017). They present great potential for industrial production (Rostamabadi et al., 2019)
since the use of nanostructures proves to be a promising and differentiated alternative for the
transport and protection of bioactive compounds in food systems (Mozafari et al., 2006; Weiss
et al., 2006).

The efficiency of NLC as a compound delivery system is directly related to their
physicochemical characteristics and properties, which in turn are linked to a series of factors,
such as the type of lipid matrix and emulsifier used in their production. A study carried out by
Pinto et al. (2018) showed that the PS, PI, and ZP of NLC are significantly influenced by the
composition of the lipid matrix and the type of emulsifier used to obtain these structures. In this
study we evaluated the physical and crystallization properties of NLC obtained from different
FHSO:HOSO (w/w) lipid systems to verify the influence of the unsaturation degree present in
the lipid systems, the interaction between the lipid phases with the highest and lowest MP, and
the influence of emulsifiers on the characteristics of the obtained NLC.

5.3.1 Particle Size and Polydispersity Index

Table 2 shows the PS, expressed as the mean diameter (Ds2) of NLC, obtained
with different emulsifiers. The results demonstrate that the emulsifiers SL, WPI, and Tween 80
provided the obtainment of NLC on a nanometric scale for all lipid systems. However,
significant differences were observed among the emulsifiers and lipid systems used, as
described below.

The NLC obtained with SL showed a significant increase (p < 0.05) in PS as the
unsaturation degree of the lipid system increased. The higher the SFA content, the greater the
proportion of stearic acid in the lipid phase that forms the carrier. Stearic acid has a linear
chain, which facilitates the packaging and, consequently, the ordering of TAG in the crystal.
The SL used in this study is mainly formed of lysophospholipids, a class of phospholipids in
which the glycerol molecule is esterified with an FA and a phosphate group. Due to the
structural and chemical similarity of this emulsifier to TAG, which are composed of a glycerol
molecule esterified to three FA, TAG/emulsifier association is easier. Thus, due to the ease of
both TAG/TAG and TAG/emulsifier association, there was a decrease in the dimensions of
NLC with an increase in the SFA content in the lipid system, with the smallest dimensions
observed for the NLC obtained with the 80:20 FHSO:HOSO (PS < 226.33 nm) lipid system. In
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general, less organized and less compact crystal structures tend to occupy more space,
resulting in larger nanoparticles (O’Brien, 2008; Ribeiro et al., 2013), which may explain the

increase in the system’s unsaturation results in larger NLC. The PS of the NLC obtained with

this emulsifier were below 260 nm during the 60 days of storage.

Table 2: Particle size (PS) of nanostructured lipid carriers (NLC) evaluated after 48 h, 7 days, 15 days, 30

days, and 60 days of storage.

NLC 48 h 7 days 15 days 30 days 60 days

Leo2o 216674153  226.33+4.73°  203.00+1.73°  199.33:2.89"  202.0045.29"

Looao  20533:0.89"  231.00:0.00  208.00+6.24"  248.33+8.02"  241.6745.51°
Laso 233004173  248.33:2.08"  244.33:3.06  227.00+2.00  216.0045.20"

Laoso  o556742.08  251.67+2.08°  250.67+2.89°  251.00+1.73"  249.0042.65

Teozo 16067058  169.33:0.58"  170.00+1.00  169.6743.21  174.001.00°

Teodo  184.00+1.73"  195.00¢1.00°  194.67+0.58  202.33+4.04"  197.00+1.00
Tawso  203.0042.00"  222.33+2.31°  219.67+4.04°  220.67+2.31°  216.67+2.52"

T 21633+1.15°  211.33+252" 207.33+351°  207.33+1.15°  206.67+2.31"

Weooo  320.3310.58%C  320.33+1530  320.67+1.530  321.0042.000  319.00+3.61%

Weoao  260.67+2.08%4  257.33+153%  257.33+0.58%  260.67+0.58%A  256.33+4.04%

Wioso  276.67+3.06%8  278.00+1.73%  277.33+153B  277.00+1.73®  274.33+2.31%

Waoso  287.6742.52%8  28267+0.58:C  283.00+1.73¢C  285.00+1.73C  284.67+1 53

NLC L: nanostructured lipid carries obtained with enzymatic modified soybean lecithin as emulsifier; NLC T:
nanostructured lipid carries obtained with Tween 80 as emulsifier; NLC W: nanostructured lipid carries obtained
with whey protein isolate as emulsifier. Average of three replicates + Standard Deviation. 9 Different lower-case
letters indicate significant difference (p< 0.05) related to the evaluation of each parameter (PS, PDI and ZP) in
comparison to the time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) for the same NLC.
AD Different capital letters indicate significant difference (p< 0.05) related to the evaluation of the same parameter
(PS, PDI or ZP) at the same time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) between
the NLC obtained with the same emulsifier.

Similar behaviors have been observed in studies that evaluated NLC obtained with

different proportions of lipids with higher and lower MP. Babazadeh et al. (2017) obtained NLC
using lipid sources of higher (lauric acid, stearic acid, and cocoa butter) and lower MP (glycerol,
Miglyol 812, corn oil, and oleic acid) combined in different proportions and using different
emulsifiers (Poloxamer 407, Tween 80, and Tween 20). The authors reported that, when the
emulsifier concentration was 2%, the same concentration used in our study, PS significantly
increased with an increase in the unsaturation of the lipid system. Pezeshki et al. (2019)

evaluated NLC with B-carotene incorporation obtained using octyl octanoate and Precirol as
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lipid matrices with higher and lower MP, respectively, in different proportions and Poloxamer
407 as the emulsifier at different concentrations (1%, 2%, 3%, or 4% w/v). At all emulsifier
concentrations, the increase in unsaturation in the lipid system was found to be accompanied
by an increase in the PS of the NLC obtained. A study carried out by Queirds et al. (2021)
evaluated the influence of the degree of unsaturation of different lipid systems composed of
fully hydrogenated milk fat, anhydrous milk fat, and HOSO on the characteristics of NLC
obtained through polyaromatic hydrocarbons. In this study, WPl and sodium caseinate were
used as emulsifiers. The authors reported that an increase in the unsaturation degree of the
lipid system used to obtain NLC promoted a significant increase in PS, which agrees with the
NLC results obtained with SL in our study.

NLC formation is similar to emulsions formation. Emulsifying agents are
amphiphilic molecules that consist of a hydrophilic head and a hydrophobic tail. They perform
two primary functions in NLC formation: facilitation of the dispersion of the molten lipid in an
aqueous phase during the emulsification step and stabilization of the nanoparticles after the
emulsion cooling phase (Rawal & Patel, 2018). In general, the greater the ability of an
emulsifier to reduce surface tension, the smaller the PS obtained (Hakansson et al., 2013).
Therefore, in this study, the use of Tween 80 promoted the obtainment of NLC with smaller
dimensions (PS 160.07-223.00 nm) during the 60 days of storage. Tween 80, a nonionic
emulsifier soluble in water, is derived from polyethoxylated sorbitan and oleic acid
(Mohammadi et al., 2019) and, due to its structural characteristics and low molecular weight,
quickly adsorbs at the oil-water interface, promoting the formation of NLC with smaller
dimensions (Lee et al., 2013). In the case of Tween 80, in a manner similar to that used with
SL, an increase in PS was verified to be accompanied by an increase in the unsaturation
degree of the lipid system, but only up to a ratio of 40:60 FHSO:HOSO, with the smallest
dimensions observed for the NLC Tego:20, Obtained via the lipid system with a higher proportion
of SFA (81.54%) because of the ease of associating TAG/TAG and TAG/emulsifier. However,
it was found that NLC Tzo:0, Obtained with the lipid system with the highest degree of
unsaturation (73.34%), was smaller than NLC Ta4o:0. In this case, as Tween 80 has a MUFA in
its structure, the high content of oleic acid present in the 20:80 FHSO:HOSO lipid system may
have promoted a greater interaction of this emulsifier with the lipid phase, thus obtaining
smaller particles (Pinto et al., 2018).

Compared with that of the other emulsifiers considered in this study, the use of
WPI resulted in the obtainment of NLC with higher PS (256.33 to 360.67 nm) without significant
changes (p < 0.05) during the 60 days of storage. There are large differences in the ability of
different emulsifiers to adsorb rapidly onto lipid droplets during homogenization and therefore
in their ability to reduce interfacial tension, resulting in different sized particles even under the
same process conditions (McClements & Gumus, 2016). Some biopolymer-based emulsifiers
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are not as efficient as emulsifiers with smaller molecular sizes, resulting in the obtainment of
larger particles during homogenization (Chang et al., 2015). WPI has a globular and
heterogeneous structure, which hinders its incorporation into the lipid phase due to the more
ordered packaging of the TAG that compose the particle. This leaves less room to
accommodate the emulsifying molecule, thus explaining the larger dimensions observed for
lipid systems with higher percentages of FHSO. Furthermore, due to its high molecular weight,
WPI diffuses more slowly towards the interface, thus resulting in larger particles, as verified in
this study. In the case of this emulsifier, it was not possible to establish a linear relationship
between the increase/decrease in the unsaturation degree of the lipid system with the
decrease/increase in PS. NLC Weo.40 had the smallest dimensions, which were less than 260
nm during the 60 days of storage.

In general, studies that consider obtaining NLC from different systems, as our study
did, present divergent results. For example, How et al. (2013) characterized NLC formulated
with olive oil and hydrogenated palm oil in different proportions, obtained using Tween 80 as
an emulsifier added in different ratios. The authors reported that the physicochemical
characteristics of NLC seemed to exhibit a pattern independent of the proportion of the lipid
matrix with the lowest MP in the lipid system. However, the NLC obtained with higher olive oil
content had larger PS among the NLC evaluated. Oliveira et al. (2016) characterized NLC
incorporated with B-carotene, obtained from tristearin and HOSO in different proportions, and
found that the lipid composition did not change the PS. In a study conducted by Pan et al.
(2016), there was no influence by the increase in unsaturation degree of the lipid system on
the PS of the obtained NLC. In that study, the authors evaluated NLC prepared using lipid
systems with different proportions of glyceryl trioctanoate (a lipid with a lower MP) and
eicosanoid (a lipid with a higher MP) and SL with a high MP (Phospholipon® 80 H) as an
emulsifier. The authors reported that the percentage of lipid with the lowest MP did not
significantly influence the PS of the obtained NLC (p < 0.05). Pinto et al. (2018) developed
NLC from vegetable oils (sunflower, sweet almond, coconut, and olive oils) as lipid matrices
with lower MP and myristic acid (C14:0) as a lipid matrix with a higher MP in different
proportions using four different emulsifiers (Tween 80, Span 60, Span 80, and Poloxamer 188).
In that study, although the PS of NLC generally decreased with the increase in the percentage
of vegetable oils, some exceptions were observed, indicating that, in addition to the proportion
of the lipid matrix with a lower MP, the FA composition influences PS. The characteristics of
FA form the lipid matrices with the highest and lowest MP used to obtain NLC and can promote
the formation of a more viscous lipid phase, which leads to an increase in surface tension and,
consequently, the formation of larger particles.

In general, the lipid systems that provided the smallest dimensions for the NLC
obtained with SL and Tween 80 were those with the highest degree of saturation, Lgo:20 (PS <
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226 nm) and Teo20 (PS < 174 nm), respectively, while these same systems produced NLC with
larger dimensions when WPI (Wso:20) was used as the emulsifier (PS > 319 nm). The results
found in this study demonstrate the importance of individually evaluating each emulsifier, since
the influence of the degree of saturation/unsaturation of the lipid system on the dimensions of
the obtained NLC varied according to the emulsifier used in their production.

Table 3: Polidispersity index (PDI) of nanostructured lipid carriers (NLC) evaluated after 48 h, 7 days,
15 days, 30 days, and 60 days of storage.

NLC 48 h 7 days 15 days 30 days 60 days

Lao. aA aA bB bAB bB
80:20 1.77+0.01 1.82+0.01 1.99+0.03 2.04+0.02 2.0210.09
Leo. aA aBC abB bB bC
60:40 1.77+0.03 1.90+0.04 2.02+0.05 2.29+0.23 2.2910.05
Lao. aA bC abA abA bAB
40:60 1.76+0.02 1.9120.01 1.81+0.06 1.85+0.02 1.89+0.06

Log. aA bAB bA bA abA
20:80 1.77+0.01 1.84+0.01 1.84+0.04 1.84+0.01 1.83+0.03

Tso- bC aC aC aD aC

80:20 2.5610.04 2.44+0.01 2.38+0.05 2.41+0.06 2.3610.02

Teo- bB aB aB aC aB
60:40 2.31+0.06 2.06+0.03 2.05+0.12 2.05+0.03 1.93+0.06

T 0. aA bA bA bB abB
40:60 1.81+0.03 1.94+0.05 1.94+0.03 1.92+0.04 1.84+0.04

T20:80 aA ah aA aA ahA
1.80+0.01 1.83+0.07 1.75+0.07 1.72+0.05 1.72+0.03
Waozo  1.8120.002C 1.80+0.012¢ 1.80+0.012¢ 1.80+0.02:¢ 1.8140.02:C

Weoao  1.63%0.0228 1.65+0.0248 1.65+0.0028 1.63+0.0348 1.64+0.0348
Wigso  1.6620.0238 1.65+0.0248 1.65+0.0148 1.66+0.0140 1.6740.02%0
Waogo  1.58+0.022A 1.57+0.002A 1.57+0.002A 1.5520.022A 1.5620.012A

NLC L: nanostructured lipid carries obtained with enzymatic modified soybean lecithin as emulsifier; NLC T:
nanostructured lipid carries obtained with Tween 80 as emulsifier; NLC W: nanostructured lipid carries obtained
with whey protein isolate as emulsifier. Average of three replicates + Standard Deviation. 9 Different lower-case
letters indicate significant difference (p< 0.05) related to the evaluation of each parameter (PS, PDI and ZP) in
comparison to the time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) for the same NLC.
AD Different capital letters indicate significant difference (p< 0.05) related to the evaluation of the same parameter
(PS, PDI or ZP) at the same time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) between
the NLC obtained with the same emulsifier.

The PDl is an indicator of the stability of the system (McClements, 2015), where a
lower index indicates greater stability. In this study, the Span value, shown in Table 3, was
considered an indicator of the PDI. All NLC obtained presented PDI less than 2.5, indicating
homogeneous particles and narrow PS distribution of the system (Schaffazick et al., 2003).

Among the emulsifiers used in the study, WPI facilitated the obtainment of NLC
with lower PDI (1.56—1.81) and better stability during 60 days of storage (p < 0.05). When SL
was used to obtain NLC, it was not possible to verify a linear relationship between the

increase/decrease in the unsaturation degree of the lipid system with the decrease/increase in
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PDI. In the case of Tween 80, there was a decrease in the PDI with an increase in the UFA
content in the system. This can be explained by the structural characteristics of Tween, which
has a lipophilic tail composed of a MUFA (C17:1). The increased unsaturation of the lipid
system allows for greater accommodation of the emulsifier within the NLC structure, resulting

in more homogeneous particles.

5.3.2 Zeta Potential

Large ZP values, whether positive or negative, contribute to the stability of a
suspension and minimize aggregation due to electrostatic repulsion between particles,
especially those with pronounced ZP (Pinto et al., 2014). Regardless of the lipid system and
emulsifiers used, all NLC presented ZP > |20 mV| (Table 4), indicating physical stability over
the 60 days of evaluation.

The electrical characteristics of nanoparticles depend on the type, concentration,
and location of any ionized groups on their surfaces as well as on the ionic composition and
physical properties of the surrounding liquid (McClements & McClements, 2016). Differences
were observed between NLC obtained with different emulsifiers and are related to the
composition and structure of these emulsifiers. The lowest magnitude ZP values were found
for NLC stabilized with Tween 80 (Table 4). Tween 80 is a water-soluble, nonionic emulsifier
that stabilizes NLC dispersions through steric hindrance (Tamijidi et al., 2013). Even though
particles stabilized by nonionic emulsifiers are not expected to be electrically charged, many
studies have demonstrated that emulsion-based delivery systems stabilized by Tween 80 are
negatively charged. This can be attributed to the presence of anionic impurities and other minor
lipids in the oil (as free FA) or in the emulsifier (as free oleic acid). In addition, the adsorption
of hydroxyl ions (OH-) from the aqueous phase can also impart a negative charge to the oil-
water interface (McClements, 2015).

Previous studies have reported similar ZP values for NLC obtained with Tween 80
from different lipid matrices. Han et al. (2008) reported ZP values close to —20 mV when NLC
were obtained from monostearin and Miglyol® 812; Pinto et al. (2018) found values between
-23.0 and -32.0 mV in NLC obtained from sunflower, sweet almond, coconut, or olive oils and
higher MP lipids rich in lauric (C12:0), myristic (C14:0), palmitic (C16:0), or stearic acid (C18:0);
Salvia-Truijillo et al. (2019) reported ZP values between —25 and —28 mV for nano-lipids (NL)
formulated with corn oil or olive oil; Santos et al. (2019) found ZP values between -22.27 and
-29.70 mV in their characterization of NLC incorporated with phytosterols, obtained using
HOSO and fully hydrogenated crambe and canola oils; and Tetyczka et al. (2019) reported ZP
values close to =30 mV in their evaluation of NLC obtained using palmitic and oleic acids as
lipid matrices.
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Table 4: Zeta potential (ZP) of nanostructured lipid carriers (NLC) evaluated after 48 h, 7 days, 15 days,
30 days, and 60 days of storage.

NLC 48 h 7 days 15 days 30 days 60 days
A bB Bb Bcd Bd
Leo2o  g537+41.62"  -60.23+533°  -52.93+3.32 ©  -48.83+0.67 .  -41.20+1.23
Leo:ao  .6573:0.81" 59574172  -51.07+1.57°  -45.03+1.77°  -40.13+0.47
Laoso  6500+1.14"  -60.20:010  -53.1040.62°°  -4577+0.25 °  -42.53+112 "
L2oso  _go3:2.18"  -69.37+1.00°  -64.004020  -57.83+0.59°  -49.60+0.98
T . Aa Aab abB bC abC
8020 _p500+1.82 -22.20+0.69 -24.3340.15 -21.70£0.50 -22.50+1.78
T60'40 Ac Ac bA bA aA
: -25.5040.87 -23.67+0.81 -28.33+0.12 -29.43+1.06 -32.2040.92
T40'60 Ab Ac cB bB aB
: -25.57+0.32 -23.20+0.66 -24.23+0.06 -26.23+0.65 -29.1740.15
Too. Ab Ac bB aA aA
2080 .26.1040.92 21274179 -24.3740.65 -30.20+2.35 -32.37+0.68
Weomo  -62.1742.125A  165.43+1.129A  -63.80+1.359%  -62.07+1.06%A  -61.63+3.65%
Weoao  -63.67+1.80°%  -65.07+0.49%A  -64.43+0.929A  -66.03+1.13%A  -66.10+1.20%*
Wieo  -64.67+1.10%  -57.87+11.958 -63.67+2.268%  -67.03+1.729A  -64.20+1.50%
Waoso  -63.532.729A  -63.43+1.83%A  -64.93+0.17%A  -68.00+6.70°A  -61.53+0.50%A

NLC L: nanostructured lipid carries obtained with enzymatic modified soybean lecithin as emulsifier; NLC T:
nanostructured lipid carries obtained with Tween 80 as emulsifier; NLC W: nanostructured lipid carries obtained
with whey protein isolate as emulsifier. Average of three replicates + Standard Deviation. 29 Different lower-
case letters indicate significant difference (p< 0.05) related to the evaluation of each parameter (PS, PDI and
ZP) in comparison to the time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) for the same
NLC. AP Different capital letters indicate significant difference (p< 0.05) related to the evaluation of the same
parameter (PS, PDI or ZP) at the same time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing)
between the NLC obtained with the same emulsifier.

The highest magnitude ZP values were observed for NLC obtained with SL or WPI
(Table 4). The nature of the emulsifying molecules surrounding the lipid droplets strongly
influences the surface charge density, which in turn is dependent on the pH of the medium
(McClements & Gumus, 2016). The negative charge observed for NLC stabilized with SL can
be attributed to the presence of anionic phospholipids (Mun et al., 2007) and a pH close to
neutral. In the case of SL, the magnitude of the ZP values observed for the NLC showed a
significant reduction during the stabilization period; however, at the end of 60 days, all NLC
obtained with SL presented ZP > |[-40 mV/|. Similar values were reported by Heo et al. (2016),
who evaluated nano-emulsions obtained from conjugated linolenic acid (in the form of free FA
and TAG) 69.9% and 8.4%
phosphatidylethanolamine) as an emulsifier. The authors also found ZP values greater than

using SL (composed of phosphatidylcholine

|-40 mV]| for all obtained nano-emulsions.
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Among the emulsifiers considered, WPI facilitated the obtainment of NLC with
higher magnitude ZP values (greater than |-60 mV|) regardless of the lipid system used as the
lipid phase. Most emulsifiers used to obtain NLC are emulsifiers with smaller molecular size;
however, macromolecules such as proteins are natural and biocompatible ingredients that
have been used in the stabilization of LN (Mohammadi et al., 2019). Proteins have an
amphiphilic region in their structure, which explains their potential as an emulsifier. When
present at the lipid interface, proteins tend to organize themselves to expose their charged
fractions to the outside of the particle, while their hydrophobic fractions interact with the lipid
phase (Oliveira et al., 2018).

Similar results were reported by Lee et al. (2011), who evaluated the
physicochemical properties of nano-emulsions stabilized with WPI and obtained using corn oil
as a lipid matrix. The authors found ZP values of approximately -62 mV for nano-emulsions
evaluated at pH 7.0. Yi et al. (2014) reported lower magnitude ZP values than those found in
this study when they evaluated solid LN with incorporation of B-carotene prepared with WPl in
different proportions (0.10-1.50% w/w). The authors found ZP values close to -30 mV with an
emulsifier concentration of 1%, which may explain this difference, as the concentration of
emulsifier we used in this study was 2%.

5.3.3 Physical stability

LN are heterogeneous and thermodynamically unstable systems and, therefore,
have a significant tendency to lose physical stability during storage (Huang et al., 2008). ZP is
a measure of particle surface load and can be considered an indicator of system stability during
storage, since it determines the interaction of nanoparticles with other charged species, such
as molecules, surfaces, or particles, in their environment (McClements, 2007; Mohammadi et
al., 2019). However, as the NLC were kept in dispersions in our study, we chose to further
evaluate the physical stability of the dispersions using the light backscattering technique.

The stability of the dispersions containing NLC was evaluated using Turbiscan®
Lab equipment. This equipment can detect destabilization phenomena with a high degree of
sensitivity, especially in cases of opaque systems (Araujo et al., 2011). Compared with other
optical analytical methods, such as microscopy, PS, and ZP, the analysis of physical stability
by Turbiscan has the advantage of being a non-destructive method that does not require
sample dilution. In addition, it provides information on the type of destabilization process,
discriminating between particle migration (creaming or sedimentation), which is normally
reversible with agitation, and PS variation (flocculation or coalescence) (Buron et al., 2004).

The evaluation of the physical stability of the dispersions was conducted for a
period of 60 days, as described in section 5.2.2.4. The curves obtained were superimposed
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on an illustrative graph of the ABS, obtained through scans carried out 48 h and 7, 15, 30, and
60 days after NLC obtainment, and are shown in Figures 1, 2, and 3. In these graphs, the first
reading of the dispersions (48 h) was recorded as time 00d:00h:00m (baseline) and is
represented in the graph in royal blue, and the last reading at 60 days is represented in red.
The ordinate axis corresponds to the percentage of backscattered light, while the abscissa
axis represents the height of the cylindrical tube in which the samples were conditioned, where
a height of 0 corresponds to the bottom of the tube. Through these graphs, it is possible to

verify the instability or stability of the dispersions.
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Figure 1: ABS variations of dispersions containing NLC obtained with enzymatic modified soybean
lecithin. a) NLC obtained from the 80:20 (FHSO:HOSO w/w) lipid system; b) NLC obtained from
the 60:40 (FHSO:HOSO w/w) lipid system; c) NLC obtained from the 40:60 (FHSO:HOSO w/w)
lipid system; d) NLC obtained from the 20:80 (FHSO:HOSO w/w) lipid system.

The occurrence of destabilization and phase separation modifies the interaction
mode of the light beam with the medium, causing an increase or decrease in ABS due to the
variation and differences in PS and particle migration. In fact, for particles smaller than the
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wavelength of incident light, an increase in PS leads to a decrease in the ABS. If ABS show a
variation lower than or equal to +10%, the samples are considered physically stable, while
variations greater than +10% indicate an unstable dispersion (Celia et al., 2009).
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Figure 2: ABS variations of dispersions containing NLC obtained with Tween 80. a) NLC obtained
from the 80:20 (FHSO:HOSO w/w) lipid system; b) NLC obtained from the 60:40 (FHSO:HOSO w/w)
lipid system; c) NLC obtained from the 40:60 (FHSO:HOSO w/w) lipid system; d) NLC obtained from
the 20:80 (FHSO:HOSO w/w) lipid system.

The graphs of ABS indicate the destabilization observed in the samples. The
positive ABS variation at the bottom of the tube and negative ABS variation at the top (height
= 40 mm) relative to the baseline are indicative of sample sedimentation; ABS variation in the
middle of the tube (height = 20 mm) indicates the occurrence of flocculation or coalescence.
ABS variations that are negative at the bottom of the tube and positive at the top relative to the
baseline are indicative of sample creaming (Mengual et al., 1999).

In this study, obtaining NLC from different lipid systems was found to result in
dispersions containing NLC with different ABS. The greater the unsaturation degree of the lipid
system, the greater the physical instability verified for NLC, which was associated with changes
in ABS at the end of the storage period. The lipid system that produced more stable dispersions
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during the 60 days of storage was the 80:20 FHSO:HOSO (w/w) system. When NLC was
obtained with Tween 80, the variation in ABS was lower than 5% (Fig. 2), and with SL, the
variation in ABS was lower than £10% (Fig. 1) during the 60 days of storage. In the case of
WP, the NLC presented variations in ABS greater than £10% (Fig. 3) at 60 days of storage.
The greater stability can be explained by the higher content of stearic acid present in this
system, which, due to its linear chain, makes intramolecular packaging easier and thus
promotes the obtainment of more stable particles. However, the increase in the degree of
unsaturation in the lipid system represents an increase in the content of oleic acid, the
unsaturation of which hinders the intramolecular association and therefore reduces the stability
of NLC in dispersion. Similar to our study, Queirés et al. (2021) reported that nanoparticulate
systems containing lipid matrices with higher contents of UFA produce NLC with a greater
mean diameter and, consequently, lower physical stability during storage.
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Figure 3: ABS variations of dispersions containing NLC obtained with WPI. a) NLC obtained from the
80:20 (FHSO:HOSO w/w) lipid system; b) NLC obtained from the 60:40 (FHSO:HOSO w/w) lipid system;
¢) NLC obtained from the 40:60 (FHSO:HOSO w/w) lipid system; d) NLC obtained from the 20:80
(FHSO:HOSO w/w) lipid system.
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If we consider 10% as indicative of the stability of the system (Celia et al., 2009),
we find that, in this study, except for NLC Wso.20 (W1), all NLC presented characteristic graphs
of the creaming phenomenon, corresponding to a negative ABS variation at the bottom of the
tube and positive ABS variation at the top. Up to 30 days, NLC Wso20 (W1) presented the
characteristic graph of the creaming phenomenon; however, after 60 days of storage, there
was a variation in positive ABS up to approximately 2.5 mm in height, with subsequent variation
in negative ABS still in the lower part of the tube, followed by positive variation at the top.
Variation in positive ABS at the bottom of the tube may be indicative of sample sedimentation.
As mentioned above, creaming is a phenomenon associated with particle migration, while
sedimentation is associated with PS variation (Buron et al., 2004). However, the Turbiscan
results must be supported by dynamic light scattering analysis, which assesses the
characteristics of NLC as particles. Therefore, it was possible to verify that the observed
sedimentation cannot be attributed to PS variation, since NLC Wao.20 maintained its dimensions
during storage (Table 2).

The results obtained in this study also demonstrate that different emulsifiers result
in different ABS variations for the same lipid system, indicating that the emulsifiers used to
obtain NLC directly affect its physical stability in dispersions. In general, for NLC obtained with
Tween 80 and WPI, ABS presents a variation greater than £10% at 30 days of storage for the
lipid system 60:40 FHSO:HOSO (w/w), at 15 days of storage for the lipid system 40:60
FHSO:HOSO (w/w), and at 7 days of storage for the lipid system 20:80 FHSO:HOSO (w/w).
In the case of NLC obtained with SL, a variation in ABS greater than +10% was observed for
the lipid system 60:40 FHSO:HOSO (w/w) at 15 days of storage, while variation in ABS was
observed at 7 days of storage for the other lipid systems.

Therefore, among the emulsifiers considered in this study, Tween 80 facilitated the
obtainment of more stable systems during the 60-day storage period. As verified in section
5.3.1, the NLC obtained using Tween 80 had smaller dimensions compared with those of the
NLC obtained with SL or WPI. The greater physical stability in dispersion observed for NLC
obtained with Tween 80 can then be attributed to the smaller PS observed, since larger
particles usually show greater destabilization. Thus, in addition to the effectiveness of this
emulsifier in obtaining smaller NLC, the structural characteristics and the low molecular weight
of Tween 80 were responsible for the greater physical stability of NLC in dispersion, observed
through ABS variation graphs.

5.3.4 Solid fat content

NMR is based on measurements of a sample’s responses to high-frequency

magnetic radiation pulses. After applying the pulse, the hydrogen nuclei present in the sample
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move to an excited state, returning to their ground state after a certain time, known as the
decay rate. The decay rate depends on the physical state of the sample: the signal for solids
decays much faster than that for liquids. Thus, the SFC of NLC can be determined by
measuring the decay rate of the NMR signal (McClements & McClements, 2016).

Table 5 shows the SFC, at 25°C, of NLC obtained from different FHSO:HOSO
(w/w) lipid systems. The NLC obtained with 80:20 FHSO:HOSO (w/w) showed the highest SFC
during the 60 days of storage, mainly due to the high content of SFA present in this system. A
reduction in SFC was observed with an increase in the unsaturation degree of the lipid system,
as the NLC obtained with the lipid system 20:80 FHSO:HOSO (w/w) showed the lowest values
during the entire storage period. The lower SFC presented by these NLC is explained by the
liquid oil content in the system at 25°C, which is in line with the thermal behavior that will be
discussed in section 5.3.6, by which these samples did not show melting peaks.

Table 5: Solid fat content (%) at 25°C of NLC evaluated after 48 h, 7 days, 15 days, 30 days, and
60 days of storage.

NLC 48 h 7 days 15 days 30 days 60 days
Lso:2o  82.00£0.102A  91.90+0.37°4  90.40+0.33°A  90.70+0.32°A  87.30+0.172A
Leo:so  62.70+0.0928  63.70+0.25%°C  68.90+0.29°A  70.10+0.15P8C  69.00+0.2908
L40:60 44.40+0.1328 46.30+0.453A 47.60+0.182A 45.40+0.152A 43.70+0.032A
L2o:so  31.90£0.4524  25.90+0.33%A  24.90+0.282*  26.00+0.092°B  19.80+0.36°8
Tso0:20 71.60+0.1528 72.70+0.252°C  71.00+0.4028 74.30+0.07%8 72.40+0.49208
Teo0:40 68.80+0.0824 76.80+0.15b4 70.90+0.162°A  76.50+0.45°A8  74,70+0.3220A
Taoeo  46.30+0.0428  51.00+0.10°A  49.20+0.322A  48.90+0.172°A  44.10+0.20PA
To0:s0  26.80+0.08%A  28.00+0.372A  30.80+0.142A  33.10+0.182A  31.50+0.323A
Wso20 83.30£0.0924  82.90+0.1738  83.80+0.172A  78.80+0.4428  80.80+0.39%2A
Weo:a0  71.50+0.272A  73.10+0.2928C  70.20+0.222A  69.50+0.192C  68.70+0.192A
Wiggo 52.20+0.122A  52.60+0.242A  51.20+0.072A  49.40+0.032A  48.50+0.272*
Wao.go  31.10£0.232A 31.20+0.112A 29.70+0.292A 29.10+0.142AB  28.2040.03baA

NLC L: nanostructured lipid carries obtained with enzymatic modified soybean lecithin as emulsifier;
NLC T: nanostructured lipid carries obtained with Tween 80 as emulsifier; NLC W: nanostructured lipid
carries obtained with whey protein isolate as emulsifier. Average of three replicates + Standard
Deviation. 29 Different lower-case letters indicate significant difference (p< 0.05) related to the evaluation
of each parameter (PS, PDI and ZP) in comparison to the time of storage of NLC (48 h, 7, 15, 30, 45,
and 60 days after processing) for the same NLC. AP Different capital letters indicate significant difference
(p< 0.05) related to the evaluation of the same parameter (PS, PDI or ZP) at the same time of storage
of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) between the NLC obtained with the same
emulsifier.
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The results obtained also indicate that the emulsifiers considered in this study
facilitated the obtainment of NLC with different SFC according to each lipid system. For
example, for the 80:20 FHSO:HOSO (w/w) system, the use of Tween 80 produced NLC (Tgo:20)
with lower SFC, presenting values lower than the SFA ratio present in this system. For the
60:40 FHSO:HOSO (w/w) system, superior and similar SFC (p < 0.05) were found for NLC
obtained using Tween 80 (Te0:40) and WPI (Weo:40), respectively, as well as for the 20:80
FHSO:HOSO (w/w) system in which NLC were T2p80 and Waog0. In the case of the 40:60
FHSO:HOSO (w/w) lipid system, the highest SFC values were observed for NLC obtained with
WPI (W40:60).

The SFC observed for NLC obtained with WPI did not show significant changes
during the storage period (p < 0.05), indicating that this NLC maintained its crystallinity. The
storage time also did not promote significant changes at the end of 60 days for NLC obtained
with Tween 80. Although some changes were observed in some NLC during this period, all
NLC had similar SFC at 48 h after 60 days of storage. For NLC obtained with SL, NLC Lso:20
and L2080 maintained their crystallinity during the 60 days, although other NLC (Lso:40 and L2o:s0)
showed significant changes (p < 0.05) during the storage period.

SFC is directly related to the formation of crystals, the presence of crystalline
agglomerates, and, consequently, the crystal lattice, indicating the degree of crystallinity
presented by NLC. SFC values found in this study were mostly higher than the values found
when we evaluated the SFC of the lipid systems on a macroscale (LUdtke, et al., 2021). Hence,
an increase in SFC can be attributed to both scale reduction and the addition of emulsifiers
during the obtainment of NLC. Although the emulsifiers considered in this study did not
influence the polymorphic habit of NLC, as discussed in section 5.3.5, the different SFC
observed for NLC indicate that these emulsifiers participated in the formation of the crystal
lattice.

5.3.5 Polymorphism

Since the incorporation efficiency and loading capacity of NL are strongly
influenced by the crystalline characteristics of lipid matrices, it is essential to study the
crystallinity of NL obtained from lipid matrices or unconventional techniques in order to assess
the potential of these structures to incorporate bioactive compounds (Shah et al., 2015).

The lipid crystallization pattern is highly related to polymorphism (crystal behavior),
which in turn is influenced by internal factors, such as molecular configuration and impurities,
and some external factors, including temperature, pressure, and cooling rate. Polymorphism
increases surface and hydrophobic interactions and, subsequently, increases colloidal
instabilities (Mohammadi et al., 2019).
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Short spacings, peak intensity, and identification of polymorphic forms found for
NLC obtained from different lipid systems are described in Tables 6, 7, and 8. All NLC obtained
in this study presented a polymorphic 8 form from 48 h of stabilization, which is characterized
by short spacings at 4.6, 3.8, and 3.7 A regardless of the lipid system or the type of emulsifier
used. This can be attributed to the great homogeneity in the composition of FA and TAG of the
FHSO and HOSO used to obtain NLC. HOSO mainly contains oleic acid (C18:1), and FHSO
mainly contains stearic acid (C18:0), both FA with 18 carbon atoms. Homogeneous TAG,
which are formed by FA of the same chain size, have their packaging facilitated, thus showing
a tendency to crystallize in the more stable $ polymorphic form (Acevedo & Marangoni, 2010;
Ribeiro et al., 2013). Similar results were reported by Queirés et al. (2021), who evaluated the
polymorphic habit of NLC obtained using fully hydrogenated milk fat, anhydrous milk fat, and
HOSO in different proportions. The authors found that the NLC obtained with HOSO in the
composition presented short spacings characteristic of the  polymorphic form.

Stabilization in the B polymorphic form is desirable, as the polymorphic alteration
results in morphological modifications of the particles and, thus, expulsion of the bioactive
compound incorporated into the structure. Additionally, it appears that none of the emulsifiers
considered in this study interfered with the polymorphic form of the obtained NLC. Furthermore,
the evaluation over 60 days showed that there was no fusion or recrystallization of NLC to less
stable polymorphic forms, which is very positive when considering the application of these
nanostructures in foods. This result can be associated with the maintenance of SFC values
throughout the storage period, as discussed previously in section 5.3.4.

Additionally, we verified in this study that the scale reduction from macro to nano
had an impact on the crystalline habit and speed of polymorphic transitions. Except for the
60:40 lipid system, which showed stabilization in the B form at 48 h, the lipid systems
considered showed polymorphic stabilization in the  form only after 15 days when evaluated
on a macroscale in a previous study (Lldtke, et al., 2021). However, the NLC obtained in this
study showed stabilization in the B polymorphic form at 48 h regardless of the lipid system.
This was probably because, in smaller dimensions, the van der Waals forces between the TAG
molecules are stronger, resulting in more compact crystal structures, whereas at the

macroscale, the TAG have more space to organize, thus forming less compact structures.



Table 6: Polymorphic forms, short spacings and peak intensities of the diffractograms obtained for NLC produced with SL as emulsifier.

Short spacings (nm)

NLC Time of storage .
4.6 41 4.2 3.8 3.6 Polymorphic form
48h 4.6 (vs) - - 38(m) 3.6 (m) B
7 days 4.6 (vs) - - 3.8 (m) 3.7 (m) B
50,20 15 days 4.6 (vs) - - 3.8 (m) 3.7 (m) B
30 days 4.6 (vs) - - 3.8 (m) 3.6 (m) B
60 days 4.6 (vs) - - 3.8 (m) 3.6 (m) B
48 h 4.6 (s) - - 3.8 (m) 3.6 (m) B
7 days 4.6 (vs) - - 3.8 (m) 3.6 (m) B
50,40 15 days 4.6 (vs) - - 3.8 (m) 3.6 (m) B
30 days 4.6 (vs) - - 3.8 (m) 3.6 (m) B
60 days 4.6 (M) - - 3.8 (w) 3.7 (W) B
48 h 4.6 (vs) - - 3.8 (m) 3.6 (m) B
7 days 4.6 (s) - - 3.8 (m) 3.6 (w) B
1050 15 days 4.6 (s) - - 3.8 (m) 3.6 (w) B
30 days 4.6 (vs) - - 3.8 (m) 3.6 (w) B
60 days 4.6 (m) - - 3.8 (w) 3.6 (w) B
48 h 4.6 (m) - - 3.8 (m) i B
7 days 4.6 (m) - - 3.8 (m) 3.6 (s) B
20580 15 days 4.6 (m) - - 3.8 (m) 3.6 (w) B
30 days 4.6 (m) - - 3.8 (w) 3.6 (m) B
60 days 4.6 (m) - - 3.8 (m) 3.6 (m) B

Intensities: v. very; w. weak; m. medium; s. strong.



Table 7: Polymorphic forms, short spacings and peak intensities of the diffractograms obtained for NLC produced with Tween 80 as

emulsifier.
Short spacing (nm)
NLC Time of storage 0.46 0.38 0.36 Polymorphic form

48h 46(s) 38w)  3.7(m) B

7 days 4.6 (s) 3.9 (w) 3.6 (m) B

Tso.20 15 days 4.6 (s) 3.8 (m) 3.7 (m) B
30 days 4.6 (s) 3.8 (m) 3.6 (M) B

60 days 4.6 (s) 3.8 (w) 3.6 () B

48 h 4.6 (vs) 3.9 (m) 3.6 (m) B

7 days 4.6 (vs) 3.9 (m) 3.6 (m) B

50,40 15 days 4.6 (vs) 3.8 (m) 3.6 (M) B
30 days 4.6 (vs) 3.8 (m) 3.6 (m) B

60 days 4.6 (s) 3.9 (w) 3.6 () B

48 h 4.6 (s) 3.9 (w) 3.7 (W) B

7 days 4.6 (vs) 3.9 (m) 3.7 (w) B

4060 15 days 4.6 (s) 3.9 (w) 3.7 (w) B
30 days 4.6 (s) 3.8 (m) 3.7 (w) B

60 days 4.6 (m) 3.9 (w) 3.7 (w) B

48 h 4.6 (s) 3.9 (m) 3.7 (W) B

7 days 4.6 (vs) 3.9 (m) 3.7 (w) B

2050 15 days 4.6 (s) 3.9 (m) 3.7 (w) B
30 days 4.6 (s) 3.9 (w) 3.6 (w) B

60 days 4.6 (m) 3.8 (w) 3.6 (w) B

Intensities: v. very; w. weak; m. medium; s. strong.
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Table 8: Polymorphic forms, short spacings and peak intensities of the diffractograms obtained for NLC produced with WPI as emulsifier.

Short spacing (nm)

NLC Time of storage

0.46 0.41 0.42 0.38 0.36 Polymorphic form

48h 4.6 (vs) - - 39(m) 3.6 (m) B

7 days 4.6 (vs) - - 3.9 (m) 3.6 (s) B

Woso.20 15 days 4.6 (vs) - - 3.8 (s) 3.6 (s) B

30 days 4.6 (s) - - 3.8 (m) 3.7 (m) B

60 days 4.6 (M) - - 3.9 (vs) 3.7 (vs) B

48 h 4.6 (vs) - - 3.8 (s) 3.6 (s) B

7 days 4.6 (vs) - - 3.8 (s) 3.6 (s) B

s040 15 days 4.6 (vs) - - 3.8 (s) 3.6 (m) B

30 days 4.6 (vs) - - 3.8 (s) 3.6 (s) B

60 days 4.6 (m) - - 3.8 (vs) 3.6 (s) B

48 h 4.6 (vs) - - 3.9 (s) 3.6 (m) B

7 days 4.6 (vs) - - 3.8 (s) 3.6 (m) B

4060 15 days 4.6 (s) - - 3.8 (m) 3.6 (M) B

30 days 4.6 (vs) - - 3.8 (w) 3.6 (w) B

60 days 4.6 (s) - - 3.9 (m) 3.7 (m) B

48 h 4.6 (vs) - - 3.9 (s) 3.6 (m) B

7 days 4.6 (vs) - - 3.8 (m) 3.6 (M) B

2080 15 days 4.6 (s) - - 3.8 (m) 3.6 (M) B

30 days 4.6 (s) - - 3.9 (m) 3.7 (m) B

60 days 4.6 (vs) - - 3.8 (m) 3.7 (m) B

Intensities: v. very; w. weak; m. medium; s. strong.
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5.3.6 Thermal melting behavior

Differential scanning calorimetry (DSC) is commonly used to investigate the
thermal properties of nanostructured lipid systems (Qian et al., 2012). Characterization by DSC
improves understanding of the thermal behavior of lipid systems composed of high and low
MP lipid matrices used to obtain NLC, providing information related to polymorphic transitions
(Khosa et al., 2018). DSC is an important tool that can indicate whether the interaction of high
and low MP lipid matrices is compatible with the obtainment of NLC with thermal properties
suitable for the incorporation of bioactive compounds.

To this end, we evaluated the thermal behavior of NLC obtained from different
FHSO:HOSO (w/w) lipid systems and SL, Tween 80, or WPI as the emulsifier. The parameters
used to discuss the thermal melting behavior for the NLC obtained from SL, Tween 80, or WPI
are found in Tables 9, 10, and 11, respectively, and correspond to the melting onset
temperature (Tmo), which refers to the beginning of the solid—liquid transition; melting offset
temperature (Toff m), which corresponds to the temperature at which the thermal melting effect
was completed; melting peak temperature (Tmp), which indicates the point at which the
maximum thermal effect occurred; and, melting enthalpy (AHm), which reflects the energy
required for the phase change to occur.

The NLC obtained with the 20:80 FHSO:HOSO (w/w) lipid system did not present
endothermic events under the conditions evaluated, indicating that this system did not shows
crystallinity and, therefore, was not suitable for obtaining NLC. The melting curves of the NLC
obtained for the other lipid systems showed a single endothermic event at around 60°C, which
corresponded to the melting of the solid lipid matrix of the nanoparticles (FHSO). Because of
the presence of TAG with a lower MP, the Ti, and enthalpy—AH decreased with an increase in
the degree of unsaturation of the lipid systems used to obtain NLC.

The Tmo observed for NLC obtained from the 80:20 FHSO:HOSO (w/w) lipid
system was found in the range of 57.19°C to 63.13°C; from the 60:40 FHSO:HOSO (w/w) lipid
system, 56.93°C to 63.10°C; and from the 40:60 FHSO:HOSO (w/w) lipid system, 54.18°C to
62.16°C. The Toff m observed for the NLC obtained from the 80:20 FHSO:HOSO (w/w) lipid
system was found in the range of 67.58°C to 75.04°C; from the 60:40 FHSO:HOSO (w/w) lipid
system, 66.96°C to 71.87°C; and from the 40:60 FHSO:HOSO (w/w) lipid system, 65.59°C to
68.55°C.

The Tmp observed for NLC obtained from the 80:20 FHSO:HOSO (w/w) lipid
system was found in the range of 65.53°C to 67.15°C; from the 60:40 FHSO:HOSO (w/w) lipid
system, 65.17°C to 66,90°C; and from the 40:60 FHSO:HOSO (w/w) lipid system, 62.54°C to
64.25°C, indicating the possibility of applying these structures in foods submitted to thermal
processing.



Table 9: Thermal melting parameters of NLC produced with SL as emulsifier.

NLC Time of storage Tmo (°C) Tmp (°C) Toff m (°C) AH (J/g)
s 48 h 62.10+0.91 66.34+0.29 69.36+1.00 3.39+0.70
. 48 h 61.26+0.46 65.17£0.10 68.98+1.35 0.69+0.20
e 48 h 59.10+0.93 63.65£0.72 68.03+1.9 0.43+0.23
80.20 7 days 61.59+0.3 65.89+0.82 68.6620.25 2.82+1.33
o 7 days 61.52+0.46 65.21£0.10 66.96+1.35 0.36:0.20
- 7 days 60.49+0.45 63.12+0.42 65.64+0.2 0.1320.02
8020 15 days 61.59+0.3 65.94+0.82 68.76+0.15 2.78+1.02
o 15 days 61.50+0.42 65.18+0.50 66.96+1.35 0.48+0.2
e 15 days 60.39+0.52 63.02+0.42 65.68+0.28 0.1440.02
8020 30 days 60.362.5 66.44+0.22 69.2610.44 2.700.15
. 30 days 61.33+0.42 65.19+0.32 67.98+0.15 0.52+0.06
e 30 days 59.98+0.46 63.06+0.50 66.49+0.86 0.2240.07
8020 60 days 61.78+1.14 66.37+0.36 68.670.76 2.66+1.05
. 60 days 61.400.35 65.17£0.25 68.2040.22 0.5620.04

60 days 60.17+0.43 63.006047  65.95+0.55 0.1740.01

40.60

Tmo: melting onset temperature; Tmp: melting peak temperature; Toff m: melting offset temperature;

AH: melting enthalpy. Average of three replicates + Standard Deviation.
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The addition of other components, such as emulsifiers or bioactive compounds, to

the lipid or aqueous phase of NLC can promote changes in the thermal behavior of the particles

obtained (Bunjes & Unruh, 2007). In this sense, differences in thermal parameters were not
observed in NLC obtained from the same FHSO:HOSO (w/w) lipid system but different

emulsifiers, demonstrating that the emulsifiers considered in this study did not interfere with

the thermal parameters of lipid systems at the nanoscale. These results indicate that the

thermal behavior in the fusion of the NLC obtained in this study was governed by the lipid
matrices used in their production. NLC obtained from the 80:20, 60:40, and 40:60
FHSO:HOSO (w/w) lipid systems remained in a semi-solid state at body temperature (37°C),
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which is an indispensable attribute when stable NLC are intended for food application and

especially when bioactive compounds are incorporated.

Table 10: Thermal melting parameters of NLC produced with Tween 80 as emulsifier.

NLC Time of storage Tmo (°C) Tmp (°C) Toff m (°C) AH (J/g)
o 48 h 63.13+0.46 66.6620.04 70564120  0.98+0.06
. 48 h 61.02+0.75 65.34+0.15  69.19+0.62  0.89:0.03
e 48 h 59.65+0.39 63.132022 68558225  0.42+0.22
80.20 7 days 62.92+0.43 66.52+0.13  68.36+0.29  0.65+0.15
. 7 days 61.61£0.23 65.48:0.05  67.13:012  0.4620.02
e 7 days 59.77+0.05 62924030  66.07:0.6  0.210.04
8020 15 days 62.23+0.92 66.01£012  67.58+1.51 0.82+0.18
o 15 days 62.53+1.28 66.9020.06  71.87+1.05 0.570.0.27
e 15 days 62.16+0.57 63.84+024  66.46:049  0.04+0.03
8020 30 days 61.14+01.67 66.14+093  68.84+05  0.87+1.06
o 30 days 62.77+1.44 66.0820.19  71.68+6.65 0.43+33.99
e 30 days 61.94+1.00 64.06+412  66.49+3.87 0.18+0.74
8020 60 days 62.25+2.54 6553:0.91  75.04+6.20  0.73+4.03
. 60 days 63.10+1.71 66.024172  69.97+3.65 0.31+10.66

60 days 58.21+1.46 62744528  67.82+583  0.126.55

40.60

Tmo: melting onset temperature; Tmp: melting peak temperature; Toff m: melting offset temperature; AH:
melting enthalpy. Average of three replicates + Standard Deviation.

When we evaluated the 80:20, 60:40, and 40:60 FHSO:HOSO (w/w) lipid systems
on a macroscale, we observed different thermal behavior from that observed for the NLC

obtained from them (LUdtke, et al., 2021). In this study, all lipid systems on a macroscale

showed two fusion events, one corresponding to the temperature of trisaturated TAG from
FHSO and another from tri-unsaturated TAG from HOSO, while NLC showed only one
endothermic event. In this case, the thermal behavior in the fusion of NLC was dictated by the
lipid matrix with the highest MP used to obtain the NLC (FHSO). The macro-to-nano scale

reduction did not change the general thermal behavior parameters of the lipid phase (Tom,
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Tmp and Toff m). However, the melting profiles were sensitive to the mass concentration of

lipids in the dispersion, which resulted in proportionally reduced values of AH.

Table 11: Thermal melting parameters of NLC produced with WPI as emulsifier.

NLC Time of storage Tmo (°C) Tmp (°C) Toff m(°C) AH (J/g)
8020 48h 63.03+0.16 67.15:0.23 70.92+1.47  0.96+0.3
o 48 h 61.90+0.46 65.3740.10  68.34+1.35  0.44%0.2
. 48 h 59.62+0.15 63.1120.14  65.86+0.68  0.23+0.03
o 7 days 60.88+3.01 66.9620.05 72.18+4.94  1.62+1.47
o 7 days 61.99+0.14 65.7820.11 68.8640.39  0.66£0.07
s 7 days 60.19+0.49 6353028 66.680.59  0.25£0.09
8020 15 days 60.81+2.84 66.98:04 71514457  1.45+1.15
o 15 days 59.98+0.19 65524022 69.3840.25  0.83+0.06
s 15 days 60.710.34 63.4620.38  66.04+0.43  0.16+0.00
8020 30 days 61.26+1.99 67.01£025 7092433  1.29+0.87
o 30 days 60.81+0.42 65.84+0.32 69.2640.15  0.76£0.06
e 30 days 61.35+0.94 64.25+1.01 66.68+0.89  0.21+0.08
8020 60 days 57.19+0.19 66.5040.81 69.3141.05  6.47+0.33
o 60 days 56.93+0.35 65204025 68534022  5.48+0.04

60 days 54.18+2.65 6254417  6559+1.9  3.88+2.34

40.60

Tmo: melting onset temperature; Tmp: melting peak temperature; Toff m: melting offset temperature;
AH: melting enthalpy. Average of three replicates + Standard Deviation.

Although DSC instruments are able to measure the endothermic events that occur
in a lipid matrix very accurately, they are not able to report the cause of these thermal events.
For the latter purpose, it is necessary to consider complementary instrumental techniques such
as x-ray diffraction, which provides accurate information about polymorphic habit and
polymorphic transitions (Khosa et al., 2018). As explained in section 5.3.5, all NLC obtained in
this study presented polymorphic stabilization in the 3 form from 48 h, indicating that, compared
with lipid systems on the macroscale, TAG organized themselves into a more compact crystal
structure (Ludtke, et al., 2021). This more compact crystal structure observed in NLC requires
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greater energy to promote the solid-liquid phase transition, thus conferring a greater thermal
resistance to nanocarriers. As observed for the polymorphism (section 5.3.5), the thermal
behavior of NLC remained constant during the 60 days of storage.

5.3.7 Microstructure

In addition to PS, dispersity, and composition, the microstructure is an important
feature of nanostructured lipid systems, as it provides important information about the physical
state and properties such as incorporation efficiency of bioactive compounds (Shah et al.,
2015). Several microscopy techniques can be used to provide information on the physical state
of the NL. Optical polarized light microscopy (PLM) can be used to determine the presence
and location of crystalline or liquid regions in a sample (Li et al., 2012). In this study, the
morphology of NLC was evaluated using PLM (Figure 4) and scanning electron microscopy
(SEM; Figure 5).

The images acquired by PLM were of the dispersion containing NLC. In the PLM
evaluation of the microstructure of NLC, it is not possible to highlight morphology patterns,
since this technique does not have adequate resolution. In practice, it is difficult to obtain
reliable measurements below 1000 nm due to the mechanical limitations of the microscope
components and the Brownian motion of nanoparticles (McClements & McClements, 2016).
NLC Lgg.40

NLC Lsu:zu ) NLC L40:50

NLC L .5

a)

NLC Tgo:2 _NLC T, NLC T,o.60 NLC T20:80
b) Baw

NLC Waq.2 NLC Wep.49 NLC W,4.60 NLC Waq.g0
c)

Figure 4: Polarized light microscopy images at 40x magnification obtained of NLC dispersions at 25°C. a)
NLC obtained with SL as emulsifier; b) NLC obtained with Tween 80 as emulsifier; ¢) NLC obtained with
WPI as emulsifier.
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Figure 5: Scanning eletron microscopy images of NLC obtained with Tween 80 as emulsifier. a)
NLC obtained with the 80:20 FHSO:HOSO lipid system at 2500x magnification; b) NLC obtained
with the 60:40 FHSO:HOSO lipid system at 5000x magpnification; ¢) NLC obtained with the 40:60
FHSO:HOSO lipid system at 5000x magnification; d) NLC obtained with the 20:80 FHSO:HOSO
lipid system at 2500 and 5000x magnification.

Among microscopic techniques, electron microscopy is the most suitable for
characterizing the microstructure and organization of nanopatrticles, mainly due to its ability to
detect through electron beams (approximately 1 nm resolution) structural elements that are
too small to be visualized with light waves in optical microscopes (McClements & McClements,
2016). To this end, we evaluated the microstructure of NLC using SEM. The images obtained
corresponded to the particles as structural elements, since the preparation of the samples for

visualization involved prior drying, under ambient conditions, of the dispersions containing NLC
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conditioned on the carbon strip. With this technique, however, it was only possible to obtain
images of NLC formulated with Tween 80 as the emulsifier.

As shown in Figure 5, the NLC obtained with Tween 80, regardless of the lipid
system, generally presented a spherical shape. The shape of the particle can influence the
carrying capacity and release properties of bioactive compounds incorporated into NLC.
Spherical particles have a smaller surface area and are therefore stabilized with smaller
amounts of emulsifiers. Furthermore, they are characterized by a longer diffusion pathway,
thus providing a controlled and slow release of incorporated compounds. The spherical shape
also provides minimal contact with the surrounding liquid, conferring a greater stability to the
compounds incorporated into the structure (Shah et al., 2015). Thus, we found that the use of
Tween 80 provided NLC with an adequate format for the protection and incorporation of
bioactive compounds.

It was not possible to identify through SEM any NLC obtained using SL or WPI as
the emulsifier. For this type of lipid nanosystem, structural characterization can be adequately
performed by transmission electron microscopy (TEM) techniques, which allow for the
evaluation of the integrity and morphology of the nanoparticles.

The results obtained in this study demonstrate that the emulsifiers used to obtain
NLC had greater influence on the physicochemical characteristics of the nanocarriers than on
the thermal and crystallization properties. We verified that thermal behavior, polymorphism,
and SFC were governed by the composition of the lipid systems. Evaluation of these
parameters showed that the 20:80 FHSO:HOSO (w/w) lipid system could compromise both
the structure and stability of the incorporated compounds. However, other lipid systems
produced NLC with adequate physical characteristics and crystal stability, since thermal
properties, SFC, and crystallization features were maintained during the 60 days of storage.
Neither the polymorphic transitions nor the thermal properties were influenced by the
evaluation time, mainly because the raw materials with high and low MP used to obtain NLC
form very compatible systems, which can be considered robust crystallization systems.

The scale reduction from macro to nano promoted significant changes in thermal
properties, degree of crystallinity, and polymorphic habit of the lipid matrices used in this study.
NLC showed higher thermal resistance, higher SFC, and polymorphic stabilization in the
form in the last 48 h, indicating the absence of the late polymorphic transitions that occurred
in the macroscale lipid systems (LUdtke et al., 2021). These results suggest that, although the
macroscale characterization provides important information about the behavior of lipid
systems, it is always important to characterize them at the nanoscale in terms of thermal and
crystallization properties.

At the end of this study, it was found that the 80:20, 60:40, and 40:60 FHSO:HOSO
(w/w) lipid systems had adequate crystallinity properties for the development of NLC. However,
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it is necessary to consider that the incorporation of a lipid phase with a lower MP in lipid
systems used to obtain NLC provides greater space for the accommodation of bioactive
compounds, thus resulting in a greater carrying capacity (Mohammadi et al., 2019). Therefore,
we recommend that, when aiming to incorporate bioactive compounds in NLC, the choice
should be lipid systems with an intermediate ratio between the lipid matrices of higher and
lower MP, such as the 60:40 or 40:60 FHSO:HOSO (w/w) lipid systems. However, it is
important to point out that, prior to the incorporation of these compounds, more studies are
needed to verify the compatibility of the bioactive target with the lipid system and emulsifier.

5.3 Conclusion

The unsaturation degree of lipid systems composed of FHSO:HOSO (w/w) do not
affect parameters such as zeta potential or polydispersity index when obtained from the same
emulsifier. However, differences are observed when nanostructured lipid carriers are obtained
using different emulsifiers, indicating that the type of emulsifier used has a direct influence on
the zeta potential and polydispersity index of these nanostructures. Despite these differences,
the nanostructured lipid carriers have homogeneous particles, narrow PS distribution of the
system, and absolute zeta potential values greater than -20 mV, indicating good physical
stability over 60 days.

The data obtained in this study confirm our initial hypothesis that lipid phase
modulation affects thermal properties, SFC, and crystallization properties of NLC. When
Tween 80 or soy lecithin are used as the emulsifier, the increase in the unsaturation degree of
the system favors the obtainment of NLC with larger dimensions, greater physical instability,
and lower peak temperature and melting enthalpy. The increase in the unsaturation degree,
however, does not change the polymorphic form of the NLC obtained.

Among the lipid systems considered, the 80:20, 60:40, and 40:60 FHSO:HOSO
(w/w) systems produce stable particles with adequate crystallinity characteristics to obtain
NLC.
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ABSTRACT

Nanostructured lipid carriers (NLC) have shown great potential as a delivery system for
lipophilic bioactive compounds as they provide protection, high water dispersibility, chemical
stability, and oral bioavailability. The less compact crystal structure created by high- and low-
melting-point lipids has more space for the entrapment of bioactive compounds, such as £3-
carotene, the carotenoid with the highest provitamin A activity. The objective of this study was
to produce and characterise 3-carotene-loaded NLC. The study assessed the physical and
crystallization properties, entrapment efficiency (EE), and loading capacity (LC) of NLC
produced with fully hydrogenated soybean oil and high oleic sunflower oil as high- and low-
melting-point lipid matrices, respectively, and soy lecithin, Tween 80, and whey protein isolate
(WPI) as emulsifiers. WPI promoted the production of NLC with larger particle size, lower
physical stability, and lower |IE and LC, compared with other emulsifiers. The melting range of
the resulting NLC was within a suitable range for incorporation in foods, with a peak melting
temperature above body temperature.

Keywords: lipid nanoparticles, emulsifiers, physical stability, entrapment efficiency,
polymorphic habit, bioactive compounds

6.1 Introduction

The growing incidence of diet-related diseases, such as obesity, cardiovascular
diseases, hypertension, and cancer, has necessitated the continuous development of products
with health-promoting effects, especially by using bioactive compounds (Livney, 2015).
However, the application of bioactive compounds in food products is often limited by chemical
instability and high hydrophobicity presented by these compounds (Pezeshki et al., 2019).

In recent decades, interest in the development of delivery systems has been
considerably growing with the increasing awareness of the health benefits of consuming
bioactive compounds. These delivery systems improve the uniform distribution of bioactive
compounds in food matrices, protect their bioactivity during processing and storage, and

increase their bioavailability in the body (McClements et al., 2007).
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The need for food-grade nanotechnology systems that can encapsulate, protect,
and release bioactive compounds has attracted the great interest of researchers and industries
(Santos et al., 2018; Silva et al., 2012). The use of nanotechnology approaches has shown
great potential for improving the delivery of bioactive compounds in functional foods to produce
healthier products, resulting in increased solubility, bioavailability, and stability, and protection
of the bioactive compound during processing, storage, and distribution (Chen et al., 2006).

Carotenoids are among the bioactive compounds used to produce functional
foods; they are natural antioxidants associated with a decreased risk of developing
degenerative diseases, such as cancer, cardiovascular diseases, age-related macular
degeneration, and cataracts. In addition to their antioxidant capacity, some carotenoids, such
as B-carotene, are precursors of other essential molecules, such as vitamin A (Grune et al.,
2010).

The different types of carotenoids found in photosynthetic organisms consist of
linear molecules with multiple conjugated double bonds (Taiz et al.,, 2017). This structure
confers both antioxidant and provitamin functions to carotenoids but poses challenges to the
incorporation of these compounds into foods. The use of B-carotene is limited by its highly
hydrophobic nature, and thus, it is not easily incorporated into water-based foods, has low
bioavailability in crystalline form and high reactivity, and is unstable upon exposure to heat,
light, and oxygen (Brito-Oliveira et al., 2017).

Lipid-based delivery systems are considered suitable for the loading and protection
of carotenoids (Katouzian et al., 2017). This is because the compounds remain isolated from
the external aqueous phase as they are solubilised in oil droplets, thereby resulting in
increased water dispersibility, chemical stability, and oral bioavailability (Park et al., 2018).
Nanostructured lipid carriers (NLC) can be used as carriers of this lipophilic compound in
water-based food products, protecting it from physical and chemical degradation, and thereby
increasing its bioavailability (Hentschel et al., 2008; Liu & Wu, 2010).

NLC were developed to overcome the disadvantages and problems associated
with solid lipid nanoparticles (SLN), such as low entrapment efficiency (EE) due to the highly
crystalline structure that often leads to expulsion of the compound during storage (Assadpour
& Jafari, 2019). The hydrophobic core of the particles within NLC consists of a crystallised lipid
phase with a partially disorganised structure, which inhibits morphological changes and
expulsion of the bioactive compound (Kharat & McClements, 2019). The most relevant factors
that should be considered in the formulation of NLC for the loading of bioactive compounds
are the use of ingredients generally recognised as safe that are compatible with food matrices,
can protect the incorporated bioactive compound, have a high loading capacity (LC), and
support a controlled and targeted delivery of the compounds for improved bioavailability (Jafari
et al., 2017; McClements & Li, 2010; Mohammadi et al., 2019).
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The conventional method for producing NLC involves the mixing of lipid molecules
that are highly different spatially, that is, mixing solid lipids with liquid lipids (oils). The matrix
of the lipid particles has a lower melting point compared with the solid lipids used to produce
NLC, but it has a higher melting point compared with the body temperature (Attama et al.,
2012). The selection of appropriate lipidic raw materials is crucial for the formulation of NLC
and for the chemical stability of bioactive compounds incorporated into the structures (Tamijidi
et al.,, 2013). Lipid sources presenting large amounts of unsaturated fatty acids (FA) are
susceptible to auto-oxidation when dispersed in nanoemulsions due to the increased surface
area provided by the reduction in particle size (PS) (Yi et al., 2015). Therefore, the selection
of the lipid matrix for NLC is also crucial for increased bioavailability of carotenoids. This auto-
oxidation can lead to the degradation of the lipophilic bioactive component incorporated into
these lipid matrices (Liu et al., 2016). Therefore, the selection of oxidation-resistant lipid
sources is important.

Because delivery systems need to be industrially viable for incorporation into
foods, the used ingredients should meet the regulatory requirements, have verified beneficial
effects and properties, be feasible for production on an industrial scale, and sufficiently cost-
effective for the respective market segment (Pyo et al., 2017). The use of conventional
vegetable oils is a promising alternative to produce NLC as they are commercially available,
present a viable cost, and are approved for use in food (Pezeshki et al., 2019).

High oleic sunflower oil (HOSO) is a promising material for the production of NLC
into which bioactive compounds can be incorporated, mainly due to the higher oxidative
stability of this lipid matrix when compared with other vegetable oils rich in polyunsaturated FA
(Oliveira et al., 2016). In addition to its high oxidative stability, HOSO has neutral taste and
aroma, and therefore, it has been used to produce products with maximum toxicological safety
and biodegradability (Gunstone, 2011). HOSO is a lipid source of high quality and low melting
point for NLC production (Cerqueira et al., 2014; Tamjidi et al., 2013). A study by Zhou et al.
(2018) has demonstrated that vegetable oils rich in C16 and C18 FA are good lipid sources for
carrying lipophilic compounds, such as B-carotene. In addition, a study by Oliveira et al. (2016)
demonstrated that the presence of HOSO in NLC provided a less organised crystal structure
that improved entrapment and protected against the degradation of 3-carotene, thereby further
supporting the growing interest in this raw material.

Fully hydrogenated vegetable oils are a low-cost option with high potential as raw
materials of high melting point for NLC production (Santos et al., 2019). Obtained after the
process of total hydrogenation of soybean oil, fully hydrogenated soybean oil (FHSO) has
significant levels of stearic acid (> 87 %) (Oliveira et al., 2015; Ribeiro et al., 2013), thereby
favouring the use of these components in lipid nanoparticles (LN) for the neutral atherogenic
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effect and the reduced risk of cardiovascular disease associated with this FA (Valenzuela et
al., 2011).

Therefore, the objective of this study was to produce and characterize 3-carotene
loaded NLC using FHSO as a high melting point lipid matrix and HOSO as a low melting point
lipid matrix, to determine the potential of low-cost, highly available, and food-grade lipid raw
materials in the production of NLC.

6.2 Materials and Methods

6.2.1 Materials

The lipid materials used to produce NLC were HOSO (C18:1 = 78.51 %, C18:2 =
12.40 %, and C16:0 = 4.02 %) and FHSO (C18:0 = 87.31 % and C16:0 = 10.70 %), both
supplied by Cargill Foods (Brazil). The emulsifying agents were whey protein isolate (WPI)
produced by Alibra (Brazil), the enzymatically hydrolysed soybean lecithin (SL) SOLEC™ AE
IP produced by Solae (Brazil), and the ethoxylated sorbitan monooleate (Tween 80) produced
by Sigma-Aldrich (USA).

6.2.2 Methods

6221 Production of NLC

Table 1 presents the FHSO:HOSO (w/w) lipid systems and emulsifiers used in the
formulation of NLC. NLC were produced from a pre-emulsion composed of aqueous phase (88
%), lipid phase (10 %), and emulsifier (2 %). The lipid phase was composed of 60:40
FHSO:HOSO (w/w) lipid system. SL, Tween 80, and WPI were used separately to produce
NLC loaded with B-carotene. An aqueous solution of WPI (2 %) was previously prepared for
complete hydration of proteins. WPI was dissolved in distilled water and kept under magnetic
stirring for 1 h at room temperature (approximately 25 °C). Sodium azide (0.02 %) was then
added as an antimicrobial agent and the solution was stored overnight under refrigeration (5—
7 °C) (Queir6s et al., 2021). The lipid phase was heated to 85 °C, and B-carotene (5 mg/g of
lipid phase) was added after complete melting of the solid lipid matrix (FHSO). The mixture
was then homogenised under magnetic stirring with heating until the complete solubilisation of
the bioactive compound. The B-carotene solubilised in the melted lipid phase was added to
the aqueous phase at 85 °C with continuous stirring (10,000 rpm for 3 min) in a model T18
Ultra Turrax shaker (IKA, Germany) to form the pre-emulsion. The pre-emulsion was then
subjected to high pressure hot homogenisation using a two-stage Homolab 2.20 homogeniser
(Buffalo series, FBF Italy). The process conditions used to produce the NLC were 700 bar and
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two homogenisation cycles (LUdtke et al., 2017), with the pressure applied by the second-
stage valve corresponding to 10 % of the total applied pressure, that is, approximately 70 bar.
The nanoemulsions were then refrigerated at 5 °C for 24 h to recrystallise the lipid phase to
obtain the dispersion containing the NLC, which was subsequently stored in a BOD incubator
at 25 °C for 60 days (Kumbhar & Pokharkar, 2013; Qian et al., 2013; Yang et al., 2014).

Table 1: Composition of B-carotene loaded NLC.

NLC Emulsifier FHSO: HOSO B-carotene (%) Ultrapure water (%)
Lg SL 60:40 0.05 90
Tg Tween 80 60:40 0.05 90
Wge WPI 60:40 0.05 90

NLC: nanostructured lipid carries; SL: enzymatic modified soybean lecithin; WPI: whey protein isolate;
FHSO: fully hydrogenated soybean oil; HOSO: high oleic sunflower oil.

6222 Characterization of NLC

6.2.2.2.1 Particle size and Polydispersity index

PS and the polydispersity index (PDI) were determined by photon correlation
spectroscopy (PCS) using the dynamic light scattering (DLS) technique with a Mastersizer
2000 Laser Diffractometer (Malvern Instruments, Malvern, UK). The NLC were added to the
equipment reading unit, filled with distilled water at 25 °C, and kept under constant stirring at
1750 rpm. The considered obscuration index was 2 %. The analyses were performed in
triplicate at room temperature (25 °C) (Averina et al., 2011). The mean PS of the NLC were
expressed as a function of the mean surface diameter (Ds2) obtained with Equation 1 and the
PDI was determined by calculating the Span (Equation 2).

Ds2- 2 nid® (Equation 1)
znidzi

Span= 9e-dio (Equation 2)
dso

where njis the number of particles with diameter di; and d10, d50, and d90 represent 10%,

50%, and 90% of the cumulative volume of the droplets, respectively.
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6.2.2.2.2 Zeta potential

The zeta potential (ZP) was determined by PCS using the DLS technique with a
Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). For measuring the ZP, the samples
were diluted (1:100) in ultrapure water and the conductivity (50 uS/cm) was adjusted with a
solution of potassium chloride (0.1 % w/v). The ZP was determined using the electrophoretic
mobility with the Helmholtz-Smoluchowski equation (Das et al., 2020; Severino et al., 2012).
The analyses were performed in triplicate at room temperature.

6.2.2.2.2 Physical stability

The physical stability of the dispersions containing NLC was determined using the
backscattering technique with a Turbiscan® Lab (Formulation, I'Union, France). After
producing NLC, the dispersions were added to flat-bottomed cylindrical tubes and then stored
at 25 °C. The stability was analysed using scattering profiles (ABS) with scans at 880 nm in
length at different heights (mm), with the height, H = 0 mm, referring to the bottom of the
measuring cell. The scanning was performed on the days of the analyses (after 48 h, and 7,
15, 30, and 60 days).

6.2.2.2.4 Solid fat content

The solid fat content (SFC) was determined by pulsed low-resolution nuclear
magnetic resonance spectroscopy (NMR) Bruker pc120 Minispec (Silberstreifen, Rheinstetten,
Germany), using high precision dry baths with temperature controlled (0-70°C) by the Peltier
Tcon 2000 system (Duratech, Garden Grove, USA). The analysis was carried out using AOCS
Cd 16b-93 direct method, involving reading of samples in series (AOCS, 2009).

6.2.2.2.5 Thermal behavior during melting

The thermal behavior during the melting of 3-carotene-loaded NLC was assessed
in a TA Q2000 differential scanning calorimeter (DSC) coupled to a RCS90 Refrigerated
Cooling System (TA Instruments, Waters LLC, New Castle). Universal V4.7A (TA Instruments,
Waters LLC, New Castle) was used for data processing. The analysis conditions were as
follows: sample mass: ~ 10 mg; maintenance of isothermal condition: 25 °C for 10 min; melting
events assessed between 25 and 100 °C at a rate of 10 °C/min (Wang et al., 2014). The
following parameters were used to assess the results: melting onset temperature (Tmo),
melting offset temperature (Toff m), melting peak temperature (Tmp), and melting enthalpy
(AHmM) (Campos, 2005).
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6.2.2.2.6 Polymorphism

The polymorphic form of the NLC was determined by X-ray diffraction according to
the AOCS Cj 2-95 method (AOCS, 2009). The analyses were performed at 25 °C in a Philips
PW 1710 diffractometer (PANalytical, Aimelo, Netherlands) using the Bragg-Brentan geometry
(6: 26) with Cu-Ka radiation (A=1.54056 A, voltage of 40 KV, and current of 30 mA). The
measurements were obtained with 0.02° steps in 26 and an acquisition time of 2 s, with scans
from 5 to 40° (20 scale). The polymorphic form was identified based on the interplanar

distances of the crystals (Schenk & Peschar, 2004).

6.2.2.2.7 Entrapment efficiency and loading capacity

The extraction and quantification of B-carotene incorporated into NLC were
performed using two methods for comparative purposes. The first method was based on
Oliveira et al. (2016) and involved a liquid-liquid extraction of the B-carotene incorporated into
NLC. For this, 1 mL of aqueous dispersion containing the NLC was transferred to a glass tube
protected from light, and 4 mL of ethanol were added, and the mixture was stirred in a vortex.
The tubes were placed in a heating block and incubated at 80 °C for 30 min to promote the
destabilisation of the particles. Next, 3 mL of hexane was added, and the tubes were vortexed
and centrifuged for 5 min at 3,000 rpm for phase separation. The upper hexane phase was
transferred to a volumetric flask and diluted with hexane to a known volume to ensure that the
absorbance was within the reading range (200-800 nm). The absorbance was then read at
450 nm in a model SP-2000UV UV/VIS spectrophotometer (TECNAL, Brazil).

The second method involved direct quantification by separating the NLC from the
aqueous dispersion through ultracentrifugation. The aqueous dispersion containing the NLC
was placed in tubes and centrifuged at 20,000 rpm for 15 min in a high-speed refrigerated
Avanti J-26 XPI centrifuge (Beckman Coulter), followed by drying in a Tecnal vacuum oven
(Model TE-395) at 40 °C overnight. The methodology was based on that of Babazadeh et al.
(2017) and Li et al. (2016), with modifications. The process was performed 48 h after producing
NLC, with subsequent storage of the ultracentrifuged material at 25 °C. The ultracentrifuged
material was weighed (known mass) in a volumetric flask, diluted in a known volume of hexane
for subsequent reading of the absorbance at 450 nm in a model SP-2000UV UV/VIS
spectrophotometer (TECNAL, Brazil).

For both methods, the EE of 3-carotene in the NLC structures and the LC of the
NLC were calculated according to equations 3 and 4, respectively (Nguyen et al., 2012).
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EE Incorporated Mic (Equation 3)
Total Mic

LG (%)= Incorporated Mic (Equation 4)
Total Mip

Where: LC = loading capacity, in %; EE = entrapment efficiency, in %; Total Mic = total mass
of lipophilic component added to the lipid phase of the NLC; Incorporated Mic = total mass of
lipophilic component incorporated into the NLC; Total Mip = total mass of lipid phase used for
preparing the NLC.

6.2.2.3  Statistical analysis

All analytical determinations were performed in triplicate. The results were
assessed with analysis of variance (ANOVA) and Tukey's test was used for comparing means
at a level of significance of 5 % using STATISTICA 7.0 (StatSoft Inc, Tulsa, OK, USA).

6.3 Results

6.3.1 Particle size, polydispersity index and zeta potential

Table 2 shows the PS, PDI and ZP of NLC produced with different emulsifiers.
Tween 80 promoted the production of NLC with a lower PS (< 201.33 nm) during the 60 days
of storage. In contrast, NLC produced with WPI (Wg) had a PS > 340 nm, but without a
significant increase (p < 0.05) during the considered period. NLC produced with SL (Lg) showed
an intermediate PS (PS < 266.67nm) during the storage period. There was a significant
increase (p < 0.05) in PS from 48 h to 7 days of storage for the NLC produced with Tween 80
(Tg NLC), but this nanostructure had a PS close to 200 nm at the end of the storage period. As
for Lg NLC, there was also a significant increase (p < 0.05) in the PS from 48 h to 7 days of
storage, followed by a reduction (p < 0.05) at 15 and 30 days, an increase (p < 0.05) at 45
days, and a reduction (p < 0.05) at 60 days, with a PS close to 210 nm at the end of the storage
period.

The PDI was expressed in terms of the Span value (Table 2). Of the emulsifiers
analysed in this study, WPI produced NLC with the lowest PDI, differing statistically from those
of the other emulsifiers used in this study. Tg NLC showed the highest PDI, compared with the
other carriers at 48 h, but there was a significant reduction (p < 0.05) in this parameter at the

end of the storage period. Lg NLC showed intermediate PDI during the storage period, but
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there was a significant increase in this parameter at the end of the storage period when this
carrier presented a PDI value statistically similar (p <0.05) to that of Tg NLC.

Table 2: Particle size (PS), polydispersity index (PDI) and zeta potential (ZP) of the B-carotene
loaded nanostructured lipid carriers (NLC) evaluated after 48 h, 7 days, 15 days, 30 days, 45
days, and 60 days of production.

NLC/time PS (nm) PDI ZP (mV)
48 h

Ls 238.33+1.53" 1.96£0.03" 58.83+1 14"
T 176.00+1.00%4 2.6240.02° 24.17+0.49"
We 347.6743.51% 1.58+0.01%A -61.27+0.65/
7 days

Ls 0266.67+3.06 2.29+0.02" -55.17+0.80"
Te 194.67+4.93% 2.310.02" 24.37+1.89"
We 351.00+1.73% 1.5620.01% -60.43+3.40"2
15 days

Le 237.33+2.89" 2.26+0.03 -55.37+0.38"
T 201.00+3.00" 2.2740.03°" -26.53+1.06
We 343.33+0.58C 1.50+0.00% -57.33+1 69"
30 days

Le 218.33+4.73 2.25+0.02 -56.80+1.31"
T 195.67+1.53% 2.1540.02" -26.7020.95"
We 346.33+4.51C2 1.55+0.08% 62,1741 29%
45 days

Ls 232.00%7.00 2.1640.08 56.47+0.74" "
T 199.67+4.16%° 2.210.06 -28.73+0.91
We 344.33+4.93 1.53+0.08% -57.53+1.17%
60 days

Ls 208.67+2.52" 2.25+0.05 -51.30+2.82"
T 201.33+1.53% 2 94+0 01" -27.10£0.44°%
We 347.67+3.060 1.4740.02" -57.1021.31%

*Average of three replicates + Standard Deviation. 2 Different lower-case letters indicate significant
difference (p< 0.05) related to the evaluation of each parameter (PS, PDI and ZP) in comparison to the
time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) for the same NLC. A
Different capital letters indicate significant difference (p< 0.05) related to the evaluation of the same
parameter (PS, PDI or ZP) at the same time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after
processing) between the NLC.
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This study found that all NLC had a ZP > -20 mV, and the use of different
emulsifiers produced particles with different charges (Table 2). Of the emulsifiers used in the
study, the use of WPI led to the production of NLC with the highest ZP values in the considered
period (ZP > -57 mV), and these values were maintained (p < 0.05) during the 60 days.
Although there was a significant reduction (p < 0.05) in the ZP of NLC produced with SL at the
end of the storage period, this NLC showed intermediate values compared with other carriers,
corresponding to ZP > -51 mV during the that period. The NLC produced using Tween 80 had
the lowest ZP values (p < 0.05) among the NLC assessed in this study, but these values were
> -24 mV during the considered period and showed no significant changes (p < 0.05) at the
end of the 60 days.

6.3.2 Physical stability

The physical stability of the dispersion containing NLC was assessed during a
period of 60 days, as described in item 6.2.2.2, using a Turbiscan® Lab. The operating
principle of this equipment is based on the incidence of a light with a fixed wavelength (880
nm) on the cylindrical tube containing the sample. This was followed by vertical scanning every
40 um, upwards and downwards, from the bottom to the top of the cylindrical tube, with the
height H = 0 mm referring to the bottom of the measuring cell. The light beam can then be
transmitted or backscattered, depending on the interaction of the light with the medium. The
equipment quantifies the extent to which that light beam is deflected by the dispersed patrticles
(Buron et al., 2004). The scans were performed at 48 h and at 7, 15, 30, 45, and 60 days after
producing the NLC and the curves were superimposed on a graph illustrating the light
backscattering profiles (ABS) to analyse the variations in ABS in predetermined periods for the
same sample. The first reading of dispersions containing NLC (48 h) was carried out at time
00 d:00 h:00 m (baseline), represented in the graph by the royal blue colour, and the last
reading at 60 days, represented by the red colour. The vertical axis corresponds to the
percentage of backscattered light, while the horizontal axis represents the height of the
cylindrical tube in which the samples were stored, with the height of 0 mm corresponding to
the bottom of the tube.

The graphs corresponding to ABS variations of dispersions containing Lg NLC, Tg
NLC, and Wg NLC are shown in Figure 1. These graphs show the instability or stability of
dispersions containing NLC based on the scanning profiles obtained in the indicated periods.
The occurrence of destabilisation and phase separation phenomena changes the interaction
of the light beam with the medium, causing increase or decrease in ABS due to variations and
differences in PS and particle migration. Compared with the baseline, positive ABS variations

at the bottom of the tube (H = 0 mm) and negative at the top (H = 40 mm) indicate sample
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sedimentation, while ABS variations in the middle of the tube (H = 20 mm) indicate flocculation
or coalescence phenomena. Negative ABS variations at the bottom of the tube (H = 0 mm)
and positive at the top (H = 40 mm), compared with the baseline, indicate creaming of the
sample (Mengual et al., 1999).

This study found that NLC produced with different emulsifiers resulted in
dispersions containing NLC with different ABS profiles over the storage period. For NLC
dispersions to be considered physically stable, their ABS profiles should present a variation <
t 10 % (Celia et al., 2009). Of all the emulsifiers, the NLC produced with Tween 80 showed
ABS variations of <1+ 10 % at the end of 60 days. The NLC produced with SL showed variations
>+ 10 % after 15 days and those produced with WP| showed the same variation after 7 days
of storage.
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Figure 1: ABS variations of dispersions containing B-carotene loaded NLC. a) NLC Lg; obtained using
enzymatically modified soy lecithin as emulsifier; b) NLC Tg, obtained using Tween 80 as emulsifier; c)
NLC Ws, obtained using WPI as emulsifier.
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6.3.3 Solid Fat Content

SFC values of the different 3-carotene-loaded NLC samples are shown in Figure
2. At 25 °C, the SFC of NLC produced with different emulsifiers was generally > 65 % during
the storage period. However, the SFC values varied with the different emulsifiers. The highest
SFC was observed for Tg (> 85 %) during the storage period, which did not decrease
significantly (p < 0.05) during the 60 days. The NLC produced with WPI showed SFC value
similar to that of Tg NLC at 48 h, but there was a gradual and significant reduction (p < 0.05),
which was 15 % lower at the end of 60 days, compared with the 48 h time-point. The SFC of
the Lg NLC was significantly (p < 0.05) lower than those of all other NLC, approximately ranging
from 65 to 75 %. The SFC of Wg NLC showed a gradual and significant reduction over the
storage period.

100
9 =T Paon L ah it aA
80 aB
70 - = bC |
60
50
40

Solid Fat Content (%)

30
20
10

O “4gnh 7days  15days = 30days  45days  60days

oLg 75.8 73.5 72.7 71.9 70.6 65.9
B8 88.9 87.4 88.7 87.3 86 85.1
owg 87.2 82.2 79.5 78.4 75.4 72.7

Figure 2: Solid fat content (%) at 25°C of 3-carotene loaded NLC. Errors bars represent the
standard deviation of n= 3 replicates. A€ Different capital letters indicate significant difference
between NLC at the same time of storage (p< 0.05). & Different lower-case letters indicate
significant difference in comparison to the time of storage of NLC (p< 0.05) for the same NLC.

6.3.4 Thermal behavior during melting

Table 3 presents the parameters related to the thermal behavior of B-carotene-
loaded NLC during melting, namely melting onset temperature (Tmo), melting peak
temperature (Tmp), melting offset temperature (Toff m), and melting enthalpy (AH).



Table 3. Thermal parameters of melting behavior of 3-carotene loaded NLC.

NLC Time of storage Tmo (°C) Tmp(°C) Toff m (°C) AH (J/g)
48 h 56.61+1.12 63.30+1.57 67.56+1.24  7.14+1.29

7 days 56.98+2.53 63.20+1.34 67.63x1.36  7.30+1.20

Le 15 days 57.12+0.89 63.30+0.96 67.37£2.02 6.88+0.75
30 days 57.28+1.56 63.48+1.22 68.34+1.63  7.3241.15

45 days 57.38+1.45 63.46+1.78 69.12+1.38  7.58+1.35

60 days 56.89+1.89 63.62+1.90 69.23+1.14  7.55+1.12

48 h 56.80+1.75 63.32+0.78 67.20+0.85 6.79+0.45

7 days 57.27+1.25 63.28%0.77 68.42+1.81  7.59+0.78

Te 15 days 57.10+0.88 62.16+0.74 67.66+0.72  5.79+0.85
30 days 57.52+0.79 63.64+1.62 69.20+1.15  6.96+0.45

45 days 56.80+0.75 63.45+1.25 68.44+0.75  9.38%0.75

60 days 57.92+1.32 64.29+1.42 68.98+0.98  9.44+0.95

48 h 60.53+1.20 64.01£2.02 67.60+1.02  6.64+1.45

7 days 57.04+1.35 63.66+1.52 67.68+0.85  7.58+1.60

We 15 days 56.94+1.32 63.59+1.64 67.32+1.28  7.52+1.15
30 days 56.69+1.10 63.70+0.65 68.18+2.05  7.99+0.98

45 days 56.30+0.98 63.76+1.40 68.13+1.32  8.52+1.25

60 days 56.87+1.25 64.06+1.75 68.65+1.65 8.20+1.28
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Tmo: melting onset temperature; Tmp: melting peak temperature; Toff m: melting offset
temperature; AH: melting enthalpy. Average of three replicates + Standard Deviation

All NLC samples analysed in this study had only one melting peak. The Tmo of Lg NLC,
Tg NLC, and Wg NLC was within the range of 56.61-57.38 °C, 56.80-57.92 °C, and 56.30—
60.53 °C, respectively. The Toff m for this same NLC sequence was within the range of
67.56-69.23 °C, 67.20-69.20 °C, and 67.32-68.65 °C, respectively. Moreover, the Tmp of
this NLC sequence were in the range of 63.20-63.62 °C, 62.16—64.29 °C, and 63.59-64.06

°C, respectively.

6.3.5 Polymorphism

Table 4 shows the short spacings, peak intensities, and polymorphic forms of 3-
carotene-loaded NLC samples (Lg, Tg, and Wp). The polymorphic forms exhibited characteristic
peaks. The a form showed a single peak at 4.15 A, while the B' form was characterised by two

short spacings (3.8 A and 4.2 A) and the B form by a relatively high intensity interplanar
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distance at 4.6 A and low intensity short spacings at 3.6 and 3.8 A (Marangoni & Rousseau,
2002). The use of different emulsifiers to produce NLC did not affect the polymorphic habit of
the obtained particles. The Lg, Tg, and Wg NLC showed the same proportion of B' and 8
polymorphic forms, which are characterised by short spacings at 4.6, 3.8, and 3.7 A (polymorph
B) and 4.2 and 3.8 A (polymorph B'). This study also found that the polymorphic forms observed
from 48 h (B’ and B) were maintained during the storage period, indicating that no NLC
presented late polymorphic transitions.



Table 4: Polymorphic forms, short spacings and peak intensities of the diffractograms obtained for B-carotene loaded NLC during 60 days of storage.

Short spacings (nm)
Time of storage

NLC
4.6 4.1 4.2 3.8 3.6 Polymorphic form

48 h 4.7 (vs) - 4.2 (m) 3.8 (m) 3.6 (w) B'+PB

7 days 4.7 (s) - 4.2 (s) 3.8 (m) 3.6 (w) B'+PB

Lg 15 days 4.7 (vs) - 4.2 (vs) 3.8 (m) 3.6 (m) B'+PB
30 days 4.7 (vs) 4.2 (m) 3.9 (m) 3.6 (m) B'+PB

45 days 4.6 (m) - 4.2 (m) 3.8 (m) 3.6 (m) B'+PB

60 days 4.7 (vs) - 4.2 (m) 3.9 (m) 3.6 (m) B'+PB

48 h 4.7 (s) 4.2 (s) 3.8 (m) 3.6 (m) B'+PB

7 days 4.7 (s) 4.2 (s) 3.8 (m) 3.6 (w) B'+PB

Te 15 days 4.6 (vs) - 4.2 (s) 3.9 (m) 3.7 (m) B'+PB
30 days 4.7 (vs) - 4.2 (m) 3.9 (s) 3.6 (M) B'+PB

45 days 4.6 (m) - 4.2 (m) 3.8 (s) 3.7 (m) B'+PB

60 days 4.7 (vs) - 4.2 (m) 3.9 (m) 3.7 (m) B'+PB

48 h 4.6 (w) - 4.2 (w) 3.8 (vw) 3.6 (w) B'+PB

7 days 4.6 (s) - 4.2 (s) 3.8 (m) 3.6 (m) B'+PB

We 15 days 4.7 (s) 4.2 (m) 3.8 (m) 3.7 (m) B'+PB
30 days 4.6(s) - 4.2 (m) 3.8 (m) 3.6 (m) B'+PB

45 days 4.6 (m) 4.2 (vw) 3.8 (s) 3.7 (w) B'+PB

60 days 4.7 (s) - 4.2 (m) 3.9 (m) 3.7 (m) B'+PB

Intensities: v. very; w. weak; m. medium; s. strong.
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6.3.6 Entrapment efficiency and loading capacity of B-carotene

Table 5 presents the LC and EE of B-carotene for all NLC determined by liquid-
liquid extraction (Method 1). For this extraction method, the NLC produced with SL as
emulsifier showed higher values for both parameters, compared with NLC produced using
Tween 80 and WPI. The LC of the NLC ranged from 0.03 to 0.50 % and the EE from 6.09 to
100.25 % during the 60 days of storage. Table 5 also shows that the LC and EE of NLC
separated by ultracentrifugation (Method 2) ranged from 1.77 to 5.23 % and from 35.32 to
104.53 %, respectively. For this extraction method, the NLC produced with Tween 80 as
emulsifier showed higher values for both parameters. Moreover, these parameters decreased
during the storage period for all the NLC samples, which can be attributed to the degradation
of the lipophilic component incorporated into the structure.



Table 5: Entrapment efficiency (EE) and loading capacity (LC) of the B-carotene loaded
nanostructured lipid carriers (NLC) considering the extraction through two distinct methods (Ml

and MI).
NLC/time  EE (%) LC (%) EE (%) LC (%)
48 h Mi Mil
L aA aA aA aA
B 14.28+2.82 0.07+0.01 91.26+2.14 4.62+0.11
T Aa aAB aA aA
B 12.30+2.19 0.0620.01 104.53+2.48 5.23+0.34
W;g 5.86+1.7238 0.03+0.0128  68.75+0.55%  3.44+0.68%B
7 days MI Ml
L aA aA aA aA
B 30.44+2.74 0.15%0.01 98.01+1.31 4.87+0.07
TB aB aB aA aA
24.10+3.24 0.12+0.02 93.884+6.13 4.69+0.71
W;s 6.68+0.513C 0.03+0.00°¢  92.33+3.26°*  4.62+0.16°2
15 days Mi Mil
L aA aA bA bA
B 28.3514.95 0.14£0.02 76.5413.63 3.83+0.18
aB aB aB aB
T 16.49+1.41 0.08%0.01 86.81+0.99 4.34+0.05
W;g 6.54+1.013¢ 0.03+0.013¢  81.85+4.32b¢AB  4,09+0.223°AB
30 days Mi Mil
L bA bA cA cA
B 100.25+4.58 0.50£0.02 56.23+2.93 2.8910.75
T bB bB bA bA
B 56.57+2.88 0.28+0.10 61.15+1.57 3.06+0.08
W; 8.21+0.642C 0.04+0.00%¢  69.43+2.36%®  3.47+0.122B
45 days Mi Mil
L aA aA dA dA
B 22.99+4.32 0.11+0.02 49.23+3.36 2.45+0.17
T aB aB bcA bA
B 14.08%3.02 0.07x0.02 53.48+6.09 2.67+0.30
W; 5.76+0.90%¢ 0.03+0.00%¢  49.5046.7129A  2.47+0.55¢A
60 days Mi Mil
|_‘3 AaA aA eA eA
23.27+6.93 0.12+0.09 38.65+0.78 1.95+0.04
TB aA aA cA cA
11.51+1.49 0.0620.01 38.82+0.32 1.94+0.16
W; 6.09+0.743A 0.03+0.00*  35.32+0.46% 1.77+0.029A

MI: liquid-liquid extraction of B-carotene incorporated into NLC; MIl: separation of NLC from aqueous
dispersion by ultracentrifugation. Average of three replicates + Standard Deviation. #¢ Different lower-
case letters indicate significant difference (p< 0.05) related to the evaluation of each parameter (IE and
LC) in comparison to the time of storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) for
the same NLC and the same extraction method. A€ Different capital letters indicate significant
difference (p< 0.05) related to the evaluation of the same parameter (EE or LC) at the same time of
storage of NLC (48 h, 7, 15, 30, 45, and 60 days after processing) between the NLC.
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6.4 Discussion

The composition, structure, and surface properties of lipid nanoparticles have a
major impact on the functional performance of foods and beverages, as well as on their
biological potential after ingestion. The surface of nanoparticles typically consists of a mixture
of molecules and ions with different structures, orientations, properties, and interaction
(McClements, 2013). The most important parameters for characterising lipid nanoparticles are
the PS and size distribution, ZP, polymorphism, degree of crystallinity, LC, and IE of the
bioactive compound (Ghasemiyeh & Mohammadi-Samani, 2018).

Among other factors, the PS is strongly affected by the production method. The
high-pressure homogenisation (HPH) method is the most used method for NLC production,
and PS is influenced by several factors, including the type of lipid matrix and the complete
miscibility between them, the solubility of bioactive compounds in the lipid phase, and the type
of emulsifier (Tamijidi et al., 2013). This study assessed the influence of three different
emulsifiers (SL, Tween 80, and WPI) in the production of B-carotene-loaded NLC.

Due to the nature of the emulsion in NLC, the emulsifier should rapidly adsorb to
the droplet surface to reduce interfacial tension, consequently reducing particle aggregation
and destabilisation. Furthermore, the rapid adsorption of the emulsifier to the oil/water interface
reduces the undesirable crystalline forms of nanoparticles (Mohammadi et al., 2019). In this
study, NLC was produced by the HPH method, a process known to induce a rapid adsorption
of emulsifiers after the disruption of oil droplets (Jafari et al., 2008). In this case, the emulsifier
adsorption rate should be higher than the particle fragmentation rate to achieve full coating of
all particles (Lee et al., 2013).

In this study, the use of different emulsifiers resulted in the production of NLC with
varied dimensions (Table 2). This variation in PS can be largely attributed to the molecular and
structural characteristics of each emulsifier and their interaction with the lipid phase and the
bioactive compound incorporated into it. Emulsifiers with small molecular size, such as Tween
80, are more effective for producing smaller particles because they can quickly adsorb to the
droplet surfaces during homogenisation, rapidly lower surface tension, and completely coat
the particles, thereby preventing coalescence (Donsi et al., 2012; Lee et al., 2013). This
explains that the smallest dimensions in this study were observed for Tg NLC (Table 2).
Moreover, emulsifiers based on biopolymers, such as WPI, have a larger molecular size, and,
therefore, adsorb to droplet surfaces slowly, and hence, they are less efficient in producing
particles with small dimensions during homogenisation (Chang et al., 2015; Charoen et al.,
2011). In addition, the beneficial properties of emulsifiers with larger molecular size, such as
proteins, can change during the production of NLC, such as during hot HPH (Katouzian et al.,
2017). Of the analysed emulsifiers, the SL produced NLC with intermediate dimensions, with
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PS < 266.67 nm during the 60 days of storage (Table 2). These results can be mainly attributed
to the similarity of the chemical structure of this emulsifier to that of the lipid phase and its
intermediate molecular weight, which caused an effective interaction with the lipid components
and sufficient particle coating rate during HPH.

The entrapment of B-carotene into NLC structures promoted a significant increase
in PS for Lg and Wg NLC, while Tg NLC had similar dimensions to those of the nanostructure
containing no bioactive compound (LUdtke et al., 2021a). Although PS increased in Lg NLC,
the PS values during the period considered in this study ranged from 208.67 to 266.67 nm
(Table 2). In the case of Wg NLC, the entrapment of B-carotene into the structure promoted an
increase of approximately 90 nm in PS, with unloaded NLC presenting a PS of approximately
260 nm in our earlier study (Ludtke et al., 2021a) and of approximately 350 nm in the present
study (Table 2). The increase in PS with the entrapment of 3-carotene into the structure may
have occurred due to an increase in interfacial tension and viscosity of the dispersed lipid
phase with the solubilisation of the bioactive compound, which impaired size reduction during
homogenisation (Tamijidi et al., 2014).

Similar results have been reported by studies that assessed the effect of
incorporating carotenoids into NLC structures on PS. Tamijidi et al. (2014) characterised NLC
with and without incorporating astaxanthin and found that the entrapment of the bioactive
compound increased the PS of NLC, compared with that of empty NLC. Okonogi &
Riangjanapatee (2015) performed the physicochemical characterization of NLC produced by
HPH with different amounts of lycopene (5, 25, or 50 mg), Eumulgin SG (1 %), orange wax,
and rice bran oil. The entrapment of the bioactive compound into the NLC structure promoted
a small increase in PS, and this was proportional to the amount of lycopene incorporated into
NLC. Zardini et al. (2018) characterised lycopene-loaded NLC, which was produced with a
combination of high-shear and ultrasonic homogenisation methods, using MCT, glyceryl
monostearate, and distearate as lipid matrices, and Tween 80 and SL together as emulsifiers.
The authors found that the PS of lycopene loaded NLC was significantly higher than that of
unloaded NLC.

The PDI is a direct measure of PS distribution, and it allows the determination of
the degree of homogeneity of the assessed particles. Low PDI values indicate the production
of homogeneous and poorly polydispersed NLC, while higher values suggest the heterogeneity
of the particles. Particles with low PDI values are stable during storage (Lakshmi & Kumar,
2010). WPI, one of the emulsifiers analysed in this study, resulted in the production of NLC
with the lowest PDI values, which differed statistically (p < 0.05) from the other emulsifiers
used in this study (Table 2). Despite this difference between NLC produced with different
emulsifiers, all NLC had a PDI < 2.5, indicating homogeneous particles and a narrow PS
distribution of the system (Schaffazick et al., 2003).
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ZP is directly related to particle aggregation or repulsion, and hence, it measures
the particle surface charge and indicates the stability of the system during storage
(Mohammadi et al., 2019). It reflects the repulsion force between charged particles; a minimum
ZP of | 30 mV| is normally required to achieve good stability for an electrostatically stabilised
nanosuspension. However, a ZP of |20 mV| is sufficient to achieve the stability of
nanosuspensions with a combination of electrostatic and steric forces as coating the particles
with a hydrophilic emulsifier can further improve the stability of NLC by hydration in the surface
layer (Tamijidi et al., 2014).

The use of different emulsifiers produced particles with different charges (p < 0.05)
(Table 2). These charges are determined by the composition and structural conformation of
the molecules of the emulsifier. The charges of nanoparticles can be attributed to the presence
of ionised constituents on their surfaces, such as ionic emulsifiers, proteins, and phospholipids
(McClements, 2007). In the case of Lg NLC, the presence of charges is mainly due to the
presence of SL, an amphoteric lipophilic emulsifier of high molecular weight and negative
charge at neutral pH conditions (Soleimanian et al., 2019). In the case of Tween 80, the
negative ZP can be attributed to the hydroxyl groups present in the structure of the emulsifier
(Tamijidi et al., 2013). Unlike polysorbates, proteins are charged molecules, and hence, they
tend to organise by exposing their charged fractions to the outside when at the lipid interface,
while their hydrophobic fractions interact with the lipid phase (Oliveira et al., 2016). In general,
all the emulsifiers analysed in this study produced NLC with ZP > |20mV| (Table 2), which
indicated adequate physical stability during the 60 days of storage due to electrostatic
repulsion between particles, thus minimising any possible aggregation.

Lipid nanoparticles are thermodynamically unstable and heterogeneous systems,
which usually tend to lose physical stability during storage (Huang et al., 2008). The NLC in
this study remained suspended in dispersions; hence, the physical stability of the dispersions
was also monitored because changes in the structural characteristics of the particles can
change the physical stability of the entire system. Therefore, the stability of the dispersions
containing the NLC was assessed using the light backscattering technique with a Turbiscan®
Lab. This equipment can predict stability and monitor the destabilisation of dispersions,
discriminating between particle migration (creaming or sedimentation), which is normally
reversible with agitation, and PS variations (flocculation or coalescence) (Buron et al., 2004).

The ABS profiles, indicating destabilisation for dispersions with B-carotene, are
shown in Figure 1. If 10 % is considered as an indication of the stability of the system (Celia et
al., 2009), all dispersions containing NLC had creaming properties, corresponding to negative
ABS variations at the bottom of the tube and positive variations at the top (Buron et al., 2004).
However, the type of emulsifier used for stabilising NLC with B-carotene affected the physical
stability of these nanostructures in dispersion. Of the emulsifiers analysed in this study, Tween
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80 provided the most stable NLC dispersions during the 60 days of storage, with ABS
variations of less than + 10 % at the end of this period. The other emulsifiers used in this study
provided less stable NLC dispersions. In general, NLC produced with SL and WPI showed
ABS variations greater than + 10 % after 15 days and after 7 days of storage, respectively,
which indicated a more drastic destabilisation.

However, the physical stability results obtained with Turbiscan should be further
supported with DLS analysis to assess the characteristics of NLC as particles. The different
physical instability of NLC can be explained by their different structural characteristics. As
earlier discussed, Wg NLC had the highest PS. Because smaller particles move faster due to
Brownian motion leading to dispersion stability against gravity (Fathi et al., 2013), an increase
in PS elevates the degree of turbidity of the system (Katouzian et al., 2017), and hence, the
larger dimensions of this carrier can be associated with the ABS variations of the
corresponding dispersion. In this case, the greater stability observed for Tg NLC, compared
with that of Lg and Wg NLC, can be attributed to the smaller dimensions of the nanostructure
during the 60 days of storage. Therefore, these results reinforce the effectiveness of Tween
80 to produce NLC on a smaller scale and with greater physical stability when contained in
dispersions.

Although the ABS variations are indicative of creaming, normally associated with
the movement of particles, and therefore, reversible with mechanical agitation (Buron et al.,
2004), it is important to consider the destabilisation of the dispersions containing NLC as this
can lead to degradation of the bioactive compound incorporated into NLC. In this regard, the
destabilisation process performed during the storage period should be carefully selected and
the most appropriate type of packaging (in dispersions, lyophilised) should be adopted.

SFC is directly related to the lipid crystallization process, and therefore, it is an
indication of the degree of crystallinity of NLC. This study found that both scale reduction and
the entrapment of bioactive compound did not decrease the crystallinity of the system. This is
not consistent with the results of a previous study where the entrapment of 3-carotene into the
structure increased the crystallinity of the system as shown by the SFC (Figure 2), which was
significantly higher compared with that of NLC produced without the compound (Ludtke et al.,
2021a). The 60:40 FHSO:HOSO (w/w) lipid system used to produce NLC contained 63.25 %
of unsaturated FA. Figure 2 shows that the SFC values of all NLC samples was > 65 %, with
significant differences (p < 0.05) between SFC at 25 °C for the NLC produced with different
emulsifiers. Of the emulsifiers analysed in this study, Tween 80 provided the highest SFC
values at 25 °C, which were > 85 %. The reduction in SFC (p < 0.05) for the Lg and Wg NLC
was accompanied by a reduction in physical stability as determined by Turbiscan over the
storage period.
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Depending on its phospholipid composition, SL can act as a promoter or inhibitor
of the fat crystallization process (Miskandar et al., 2006). Lecithins are surfactants obtained by
extracting and purifying phospholipids from naturally occurring products, such as soy, canola,
and eggs. The commercial soy lecithin is usually composed of a mixture of phospholipids and
other substances, such as triacylglycerols (McClements, 2015). However, the SL used in this
study was obtained by the hydroxylation of commercial lecithin through an enzymatic treatment
that hydrolyses one of the glycerol-bound FA, thereby converting phosphatidylcholine (PC)
into lysophosphatidylcholine (LPC) (Fernandes et al., 2012). Lecithins with nonpolar tail groups
or lecithins with high concentrations of PC are usually more active in the nucleation of fat
crystals. Conversely, lecithins mostly composed of polar tail groups, such as LPC, are poorly
active in the nucleation and growth of crystals (Miskandar et al., 2006). Therefore, the lower
SFC of Lg NLC can be explained by the anti-crystallising effect of SL, thereby yielding a lower
number of crystals, and, consequently, reducing the crystallinity of the system.

The different polymorphic forms of NLC obtained with and without B-carotene
(Ludtke et al., 2021a) indicated that the entrapment of the bioactive compound interfered with
the lipid crystallization process, explaining the higher SFC values of Lg, Tg, and Wg NLC. The
high SFC of NLC with B-carotene can also be attributed to the crystallinity of this bioactive
compound. The higher degree of crystallinity of Tg NLC (SFC > 85 %) did not lead to a lower
LC and EE (Table 5), compared with those of other emulsifiers; hence, the high value can be
attributed to the entrapment and maintenance of the bioactive compound in the structure.

As NLC must maintain their solid state during storage and under gastrointestinal
tract (GIT) conditions (Mohammadi et al., 2019), it is crucial to assess their thermal behavior.
Differential scanning calorimetry (DSC) is one of the most used analytical tools for providing
information about the physical state of nanoparticles. The assessment is based on the
measurement of enthalpy changes (heat released or absorbed) when a sample is subjected
to a controlled temperature program (Qian et al., 2012; Shukat et al., 2012).

The DSC thermograms are widely used to assess the interaction between lipids
and compounds incorporated into LN. The thermal behavior during melting and crystallization,
melting and crystallization temperatures, enthalpy, and polymorphic transitions can be
characterised through these graphs. The results obtained in this study demonstrated that the
thermal behavior of NLC during melting was governed by the lipid matrix used to produce NLC
that had the highest melting point. The thermal behavior of the carriers indicated the complete
entrapment and solubilisation of 3-carotene in the lipid matrices as there was only one melting
peak. The melting curves of the NLC showed a single endothermic event around 60 °C, with
the temperature corresponding to the melting of FHSO. There were no significant differences
in the melting ranges of NLC produced with different emulsifiers, thereby indicating that the
emulsifiers used in this study did not interfere in the thermal behavior of the carriers. The initial
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melting temperature, the final melting temperature, and the peak maximum temperature of all
NLC were in the range of 56.30-60.53 °C, 67.23—69.23°C, and 62.16—64.19 °C, respectively
(Table 3).

The delivery of bioactive compounds in the GIT is a major challenge, mainly due
to the unique physicochemical properties and physiological barriers, such as metabolism and
gastrointestinal instability. Of all the GIT segments, the small intestine is the most efficient for
the absorption of compounds, and this is mainly due to the presence of microvilli, which
increases the surface area. Therefore, the release of the compound in the intestine is a
prerequisite for its absorption (Ashkar et al., 2021). Therefore, an ideal nanostructured system
for delivery should maintain its integrity up to the adsorption site, thereby allowing the
compound to fulfil its biochemical and physiological function in the human body. The DSC
confirmed that all carriers developed in this study (Lg, Tg and Wg NLC) remained solid at body
temperature (37 °C), thus indicating that these NLC maintain their structural integrity during
transit through the GIT and further reinforcing the potential of these nanostructures to increase
the bioaccessibility of lipophilic bioactive compounds.

The thermal behavior of Lg, Tg and Wg NLC was different from that of the 60:40
HOSO : FHSO (w/w) lipid system when assessed on a macroscale (Ludtke et al., 2021b). The
60:40 HOSO:FHSO (w/w) lipid system showed two melting events, corresponding to the
melting temperature of the trisaturated triacylglycerols (TAG) of FHSO and the triunsaturated
TAG of HOSO (Ludtke et al., 2021b). Conversely, the NLC analysed in this study showed only
one endothermic event, as earlier described. However, although the macro-to-nano scale
reduction did not change the overall thermal behavior parameters of the lipid phase on a
macroscale (Tmo, Toff m, and Tmp), the melting profiles were sensitive to the lipid mass
concentration in the dispersion, which resulted in proportionally reduced enthalpy (AH) values.

In general, the entrapment of B-carotene into the NLC structure did not affect the
initial, final, and peak maximum temperatures as determined by DSC (Lidtke et al., 2021a).
However, there was an increase in the energy required for melting (AH J/g) in NLC with 8-
carotene, which can be attributed to the intrinsic crystallinity of this compound.

The degree of crystallinity of lipids and the polymorphic transitions of NLC are very
important characteristics that directly affect the entrapment and release of bioactive
compounds. Both characteristics are strongly dependent on the lipids used to produce the NLC
(Mohammadi et al.,, 2019). The polymorphism is directly related to the crystallization
temperature, which in turn depends on the composition of the nanosystem, the amount of
bioactive compound that was incorporated, and the interactions among the ingredients of the
LN (Rawal & Patel, 2018).

The lipid matrices used to produce the NLC in this study were FHSO and HOSO,
which tend to stabilise crystals in the 8 polymorphic form for the strong homogeneity in FA and
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triacylglycerols of the lipid raw materials. In addition to lipid materials, this study used
emulsifiers and the bioactive compound, B-carotene, to produce NLC. The crystallization
process refers to the spontaneous ordering of a lipid system, characterised by total or partial
restriction of movement caused by chemical or physical interactions between triacylglycerol
molecules. Different crystal structures result from different molecular packings. A crystal
consists of molecules arranged in a fixed pattern known as a lattice (Sato, 2001). When
molecules other than TAG are added to the lipid system, the arrangement of the molecules
can change, which occur due to differences between the structural and chemical
characteristics of these molecules and those of TAG. Table 4 shows that all NLC produced in
this study had the B and B’ polymorphic forms during the storage period. There were no
differences between the polymorphic properties of NLC produced with different emulsifiers (SL,
Tween 80, and WPI); hence, it was expected that the polymorphic characteristics of the
different NLC samples would be similar.

However, the change in the polymorphic form of the particle can be attributed to
the entrapment of B-carotene into the structure, as there was stabilisation in the B form from
48 h after production in NLC containing no p-carotene (Lidtke et al., 2021a). Therefore, the
change in the polymorphic form of the NLC caused by the entrapment of 3-carotene can be
explained by the structural dissimilarity of this bioactive compound with the other materials
used in the production of the nanostructures. 3-carotene was solubilised in the lipid phase of
the NLC, which may have promoted an association with the TAG, as well as with the
emulsifiers, thereby modifying the arrangement and recrystallization of the TAG during cooling.

In general, the different emulsifiers used in this study did not affect thermal
resistance, nor the polymorphic property of the NLC, as there were no significant differences
between the Lg, Tg, and W NLC. The polymorphic property of the NLC in this study was
different from that shown by the lipid system used to produce NLC when assessed on a
macroscale (Ludtke et al., 2021b). On a macroscale, the 60:40 FHSO:HOSO (w/w) lipid system
had the B+ B polymorphic forms up to 15 days of storage, and there was a polymorphic
transition to the more stable form after that period, thereby showing stabilisation in the 3
polymorphic form (Ludtke et al., 2021b). As earlier discussed, all NLC in this study showed
stabilisation in the '+ 3 polymorphic forms during the 60 days of stabilisation. In this case, the
stabilisation time had no effect on polymorphism, indicating that the NLC did not show late
polymorphic transition, which is desirable for the entrapment of bioactive compounds. This is
because polymorphic changes can be followed by changes in particle shape, consequently
leading to the expulsion of the compound incorporated into the structure.

A delivery system based on nanoparticles should present several characteristics
to be considered suitable for the entrapment of bioactive compounds, and high LC and IE are
among those characteristics. LC is defined as the capacity of the delivery system to
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accommodate bioactive compounds into its structure, and it is typically calculated considering
the amount of entrapped bioactive compound in relation to the amount of lipid material
(Mohammadi et al., 2019). This parameter can range from 0 (low) to 100 % (high) depending
on the nature of the active ingredient and carrier nanopatrticles, as well as the conditions used
to obtain the nanoparticles (McClements & McClements, 2016).

The chemical stability of bioactive compounds entrapped into NLC is assessed by
determining the EE during storage (Mohammadi et al., 2019). EE is defined as the percentage
of active ingredient that is effectively entrapped into carrier nanoparticles rather than the
surrounding fluid (McClements & McClements, 2016), and it is one of the key factors to assess
the ability of delivery systems to retain bioactive compounds in their structure (Babazadeh et
al., 2017).

The amount of active compound inside and outside nanoparticles in a delivery
system can only be determined after isolating nanoparticles from the surrounding environment.
There are several approaches to isolate nanoparticles from the surrounding matrix, such as
dialysis, filtration, gravitational separation, and centrifugation. The concentration of the
bioactive compound in nanoparticles can be measured using appropriate analytical tools, such
as chromatography, electrophoresis, and spectroscopy (McClements & McClements, 2016).

This study assessed two distinct methods for isolating the bioactive compound.
The first method consisted of a methodology described by Oliveira et al. (2016), which is based
on the liquid-liquid extraction of B-carotene incorporated into NLC. Oliveira et al. (2016)
reported difficulties in determining free B-carotene from NLC into which -carotene has been
incorporated because the nanoparticles precipitated together with the free form of the bioactive
compound. This study had similar challenges when using this method for the separation of the
bioactive compound incorporated into the structure, resulting in very low values of LC and EE,
as shown in Table 5. Moreover, the quantification of 3-carotene was low as early as from 48 h
after production, which indicates that the values were probably low due to separation problems
and not due to degradation of the compound.

The second method was based on the direct quantification of the incorporated [3-
carotene through the separation of the NLC from the aqueous dispersion by ultracentrifugation.
This approach involves the use of a centrifugal force that is used to accelerate the movement
of particles, precipitating and separating them from the aqueous fraction (McClements &
McClements, 2016). It was possible to quantify the 3-carotene in the ultracentrifuged fraction
using this method, which was considered in this study as the loaded NLC.

A crucial factor to assess the suitability of a lipid carrier for a given compound is
the LC of the nanocarrier. Factors that affect this LC include the solubility of the compound in
the melted lipid and the degree of crystallinity of this lipid (Maiti et al., 2016). Considering the
values obtained in this study after separating the NLC from the aqueous dispersion by
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ultracentrifugation (Method Il), Tween 80 produced NLC with the highest LC and EE values
during the 60 days of storage, followed by the NLC produced with SL and WPI, as shown in
Table 5. Moreover, there was degradation of the lipophilic component incorporated into the
NLC during the storage period, corresponding to a significant reduction (p < 0.05) in LC and
EE, which should be considered for the use of these nanostructures in food.

The LC and EE values obtained after quantification with Method Il are in line with
the results already reported in the literature, which explored the extraction and quantification
of B-carotene using different methods. Pan et al. (2016) analysed the EE of NLC with B-
carotene prepared by mixing different proportions of low- and high-melting-point lipids (10 :
90, 30 : 70, 50 : 50, and 70 : 30 of liquid : solid). The authors found that the amount of loaded
B-carotene increased as the liquid lipid content increased, and the EE reached values close to
100 % in NLC with higher liquid-lipid content. Zardini et al. (2018) studied the EE and LC of
NLC with lycopene, a carotenoid naturally found in plant sources. The authors reported that
the EE of lycopene ranged from 64.79 to 78.89 %, whereas the LC ranged from 4.54 to 5.52
%. Pezeshki et al. (2019) developed NLC with B-carotene with different proportions of solid
and liquid lipid matrices (2 : 1,4 : 1, and 10 : 1 of solid lipid : liquid lipid) and emulsifier (1 %, 2
%, 3 %, and 4 %). The EE of B-carotene in the optimised NLC formulation with a concentration
of 2 % emulsifier was approximately 97 %. Rohmah et al. (2020) assessed the EE of B-
carotene in NLC by separating the NLC from the dispersion through ultracentrifugation. The
optimised NLC formulation was obtained using stearin and palm olein as lipid matrices and
Tween 80 as emulsifier, with an EE of approximately 91.2 %.

In this study, the LC and EE values of the same NLC sample varied according to
the method used for B-carotene extraction. The values obtained after extraction using Method
| indicated that this method was not suitable for separating B-carotene incorporated in NLC
from free B-carotene. The LC and EE values for Lg, Tg and Wg NLC using this method were
very low and varied during the storage period, indicating that this method did not reflect the
changes in the dispersions and NLC that occurred over time. The LC and EE values found
with Method Il showed that the separation of NLC from dispersions by ultracentrifugation was
more appropriate in this study for isolating B-carotene incorporated into NLC from free (-
carotene. Therefore, this method reflected the characteristics observed for NLC more
accurately through the analytical determinations previously mentioned. The LC and EE values
were not only higher than the values obtained with Method | but there was a significant and
expected decrease in these parameters over the storage time, which was related to the
degradation of 3-carotene incorporated into NLC. Therefore, based on the results of this study,
separating NLC from dispersions by ultracentrifugation is an appropriate method for the

extraction and quantification of B-carotene incorporated into NLC.
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6.4 Conclusion

The melting range of the NLC produced with different proportions of FHSO and
HOSO is in the appropriate range for incorporation into foods, with a peak maximum
temperature above body temperature and no significant differences for the different emulsifiers
used in this study (SL, Tween 80, and WPI). There were also no differences among the
polymorphic properties of NLC produced with the different emulsifiers. However, the
entrapment of B-carotene influenced the polymorphic property of NLC, as the lipid components
used to produce the NLC preferentially stabilised in the 3 form, while the NLC produced in this
study stabilised in the 8 and ' forms.

Although the use of different emulsifiers produced particles with different charges,
all NLC showed a ZP > |20 mV/|. Regarding PS, of all the emulsifiers used in this study, WPI
produced the B-carotene-loaded NLC with the largest dimension. This emulsifier also produced
NLC with lower physical stability, as determined by Turbiscan and lower EE and LC of the
lipophilic bioactive compound. Moreover, the use of Tween 80 and SL produced NLC with
lower PS, lower polydispersity, and higher EE and LC values. According to Turbiscan, the
physical stability of NLC produced with Tween 80 was considerably higher than the stability of
NLC produced with the other emulsifiers used in this study.

As for the two methods analysed in this study for extraction and quantification of
B-carotene incorporated into NLC, separating the NLC from the aqueous phase by
ultracentrifugation was more effective. However, the development of new methodologies for
an adequate separation of NLC has become increasingly necessary.

This study showed, above all, the potential of NLC produced with lipid matrices,
widely available in the oil and fat industry, for the loading of lipophilic bioactive compounds. In
this regard, FHSO and HOSO proved to be suitable as high-and low- melting-point lipid
matrices, respectively, for the development of lipid nanoparticles loaded with B-carotene.
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ABSTRACT

Nanotechnology offers great potential to significantly improve the solubility and bioavailability
of many functional ingredients. The aim of this study was to evaluate fully hydrogenated
soybean oil (FHSO) and high oleic sunflower oil (HOSO) B-carotene-loaded nanostructured
lipid carriers (NLC) behavior during dynamic in vitro digestion, -carotene bioaccessibility and
potential cytotoxicity. The p-carotene loaded NLC were produced by high pressure
homogenization (HPH) using two emulsifiers: enzymatically modified soy lecithin (NLC Lg) or
Tween 80 (NLC Tg). The NLC Tg showed higher stability during the passage through the
gastrointestinal tract (GIT) and provided higher 3-carotene protection and delivery. The use of
FHSO and HOSO as lipid matrix allowed to obtain a non-toxic and biocompatible NLC able to
incorporate and protect B-carotene, with a feasible cost for application in foods.

Keywords: lipid nanoparticles; in vitro digestion; dynamic in vitro gastrointestinal system
(DIVGIS); bioaccessibility; cell viability

7.1 Introduction

In recent years, significant efforts have been made on the development of new
functional foods mainly due to the health benefits associated with their consumption (Fathi et
al., 2013; Salvia-Trujillo et al., 2019; Zardini et al., 2018). In this regard, the incorporation of
carotenoids as bioactive components into functional foods has been raising a great interest in
food industry (Pezeshki et al., 2019; Salvia-Trujillo et al., 2013a; Zardini et al., 2018).

Carotenoids are a family of fat soluble pigments synthetized by plants,
photosynthetic microorganisms, and some fungi, that have biological and chemical properties
(Kopec & Failla, 2018; Namitha & Negi, 2010; Santos et al., 2018). Generally, carotenoids can
be classified into two categories based on their functional group: xantophylls (which contain
oxygen as functional group, like zeaxanthin and lutein) and carotenes (which are
hydrocarbons, like B-carotene and lycopene) (Khalid et al., 2019).

Among carotenoids, B-carotene is considered the most nutritionally active

(Hentschel et al., 2008), presenting a high provitamin A activity (Yuan et al., 2008). Additionally,
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B-carotene possesses antioxidant activity which can block free radical-mediated reactions and
reduce the risks of many disorders such as cancer and cardiovascular diseases (Rehman et
al.,, 2020; Yuan et al.,, 2008). The same properties that make B-carotene present health
beneficial functions, also create challenges in preventing their degradation once incorporated
in food products (Boon et al., 2010). The use of carotenoids can be impaired by their oxidation,
which can be accelerated by factors such as light, temperature, pH and presence of reactive
oxygen forms (Davidov-Pardo et al., 2016; Yuan et al., 2008). Additionally, B-carotene presents
low solubility in water (due to its hydrophobic character), high melting point and low
bioavailability in crystalline form (Boon et al., 2010; Gutiérrez et al., 2013; Ribeiro & Cruz,
2005).

Usually, high B-carotene bioavailability requires high bioaccessibility which is
greatly impacted by food matrix (van Loo-Bouwman et al., 2014). When a bioactive compound
is orally consumed, it passes through various barriers, such as stomach and small intestine
degradation conditions, until they are absorbed into the bloodstream (Jafari et al., 2017).
Bioaccessibility describes the amount of the compound that is actually protected against these
barriers, released from the food matrix and incorporated into mixed micelles for absorption in
the GIT. Bioavailability describes the portion of the compound actually absorbed by the
intestinal cell epithelium during the release of the food matrix in the GIT (Jafari et al., 2017;
Kopec & Failla, 2018; McClements et al., 2015).

The entrapment of B-carotene in a lipid phase before digestion can considerably
increase the compound's bioaccessibility as it facilitates the carotenoids’ transfer to the
micellar phase during digestion (Salvia-Trujillo et al., 2017). The oil phase can solubilize solid
lipophilic bioactive compounds (crystalline form), increasing the molecular dispersion in the
system. Lipids can also act as a barrier to the degradation of these compounds during their
passage through the GIT, since most of the compounds that promote degradation are soluble
in water (Zou et al., 2016). In addition, the presence of exogenous lipids in the small intestine
stimulates the secretion of bile salts and lipases, which promote lipolysis. Lipolysis products,
such as free fatty acids (FFA), can facilitate the formation of mixed micelles that increase
nutrient bioaccessibility (Fu et al., 2019; Porter et al., 2007).

One mean of controlling the oral bioaccessibility of lipophilic bioactive ingredients,
such as B-carotene, is to incorporate them in emulsion-based delivery systems (Das et al.,
2020; McClements & Li, 2010). Due to the high instability of carotenoids, several strategies
have been adopted to increase the stability and consequently, the bioaccessibility of these
compounds. Nanostructured delivered systems could be an alternative to incorporate
carotenoids, decreasing the degradation of these compounds (Boon et al., 2010). Lipid-based
systems, such as nanoemulsions (NE) and lipid nanocarriers, can be used as an approach to
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encapsulate B-carotene, improving their stability and bioaccessibility (Gomes et al., 2019;
Salvia-Truijillo et al., 2017).

NLC composed by a binary mixture of a solid lipid and a spatially distinct liquid
lipid, are created with a controlled nanostructure of lipids which do not form a perfect crystal
(Shah et al., 2015). In this type of nanocarrier, the bioactive compounds are dissolved in the
lipid phase with the lowest melting point, and combined are incorporated into the less
organized structures of the lipid matrix with the highest melting point (solid) (Tamijidi et al.,
2013). The oil incorporation in the solid matrix leads to the formation of an amorphous
nanostructure with many imperfections in its matrix, which allows a greater space for bioactive
compounds’ incorporation (Fang et al., 2012; Pinto et al., 2014).

An efficacious application of nanocarriers depends on the choice of appropriate
materials in terms of physiochemical properties for carotenoids’ protection and targeted
delivery (Rehman et al., 2020). Since the selection of the lipid matrix and the type of emulsifier
have been shown to affect lipid nanoparticles (LN) susceptibility to lipolysis (Hur et al., 2009;
Zhang et al., 2015), the choice of these materials is fundamental to obtain a NLC suitable for
bioactive compounds delivery.

The type of lipid matrix used to obtain LN directly influences the bioavailability of
the lipid-soluble bioactive compounds incorporated into the NLC structures (Tan &
McClements, 2021). The lipid matrix influences the solubilization capacity of mixed micelles,
usually long-chain fatty acids increase the size of the mixed micelles formed, thus being able
to better accommodate the carotenoid molecules inside (Salvia-Trujillo et al., 2013a). The
composition of the lipid matrix can also affect the oxidative stability of chemically labile
bioactive compounds during food processing and storage, as well as during their passage
through the GIT. Thus, the bioavailability of bioactive compounds can be significantly reduced
if chemical transformations occur during these processes (Tan & McClements, 2021). Pure
triacylglycerols (TAG) and their commercial blends can be successfully used to obtain NLC.
However, the use of TAG in purified form is generally economically unfeasible when
considering the scale and possible application in food. In this sense, the lipid matrices available
in the oil and fat industry have high potential to be used to produce NLC. High oleic oils, as the
HOSO, have demonstrably higher values of oxidative stability when compared to oils with high
content of polyunsaturated fatty acids (O’Brien, 2009; Oliveira et al., 2016). So, the use of this
lipid matrix to obtain NLC, can avoid chemical transformations, allowing higher protection and
delivery of the B-carotene in GIT. Fully hydrogenated vegetable oils, like FHSO, can be used
as a high melting point lipid matrix to obtain NLC, mainly due to the expressive levels of stearic
acid (C18:0) which have a neutral atherogenic effect, with no adverse effect on the risk of
cardiovascular diseases (Valenzuela et al., 2011).
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It is well-known that the interfacial properties also influence the gastrointestinal fate
of lipid particles: they influence the size of the particles obtained (surface area) and their
aggregation status in the GIT; the adsorption of bile salts and lipases on their surface; the
removal of products of lipid digestion, and mixed micelles formation and their properties (Singh
et al., 2009). NLC can be stabilized by different types of emulsifiers, which can affect the
properties of the LN obtained, as well as their behavior during digestion (Park et al., 2018).
Therefore, the choice of the emulsifier is crucial, since it can directly affect the solubilization,
diffusion, dissociation rate and thermodynamic activity of the bioactive compound incorporated
into the structure (How et al., 2013).

At the nanoscale, the biological fate of delivery systems and bioactive compounds
incorporated can be modified, influencing their absorption, distribution, metabolism, excretion
and thus, their potential toxicity (McClements, 2013). Understanding the biological fate of
nanostructures after passing through the GIT is necessary to predict and increase their
functionality, the bioavailability of the bioactive compound and to assess its potential toxicity
(Pinheiro et al., 2017).

Since the digestibility of NLC may affect the release of the bioactive compound
encapsulated (Yang et al., 2017), the aim of this work was to evaluate the in vitro digestibility
of B-carotene-loaded NLC (composed of HOSO and FHSO as a lipid matrix) using a dynamic
gastrointestinal model. Also, the cytotoxicity of the developed nanostructures was assessed.
The HPH process conditions, the emulsifiers and solid/liquid lipid ratio used to obtain and
select the NLC for the study of in vitro digestibility were based on previous data (i.e., stability,
physicochemical characterization, encapsulation efficiency and crystallization properties)
obtained by our research group.

7.2 Materials and Methods

7.2.1 Materials

HOSO and FHSO were supplied by Cargill Foods (Brazil). B-Carotene (purity: 95
%) and Ethoxylated sorbitan monooleate (Tween 80) were purchased from Sigma-Aldrich
(USA), and enzymatically modified soy lecithin (SL) SOLECTM AE IP was supplied by Solae
(Brazil). Pepsin from porcine gastric mucosa, lipase and pancreatin (8 x USP) from porcine
pancreas, bile extract porcine and other reagents of analytical grade were purchased from
Sigma-Aldrich (St. Louis, USA). Caco-2 cell line (ATCC), obtained from human colon
carcinoma, was kindly provided by the Department of Biology, University of Minho (Braga,
Portugal). Dulbecco’s modified Eagle’s medium (DMEM), non-essential amino acids (NEAA)
and phosphate-buffered saline (PBS) were obtained from Lonza (Basel, Switzerland).
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Penicillin/streptomycin, trypsin-EDTA, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and dimethyl sulfoxide (DMSQO) were purchased from Sigma-Aldrich (St. Louis,
MO, USA); fetal bovine serum (FBS) was obtained from Merck (Darmstadt, Germany).

7.2.2 NLC production

The pre-emulsion was composed by FHSO and HOSO (60/40, w/w); aqueous
phase (88 %) (ultrapure water) and emulsifier (2 %) (Tween 80 or SL). B-carotene (0.5 %) was
mixed in the lipid melted phase and heated at 85 °C. On other hand, emulsifier and water were
mixed together and then heated at 85 °C. Afterward, the oil phase and aqueous phase were
mixed and homogenized at 10,000 rpm for 3 min by a high-speed Ultra-turrax homogenizer
(T18, IKA Werke, Germany). Subsequently, the pre-emulsion passed through a high pressure
homogenizer (NanoDeBee, Bee International, Massachusetts, USA) at 20,000 psi and 20
cycles of homogenization. The NE was cooled at 5 °C for 24 h and stored at 25 °C in covered
glasses.

For the bioaccessibility tests, a control emulsion was prepared using the same
composition of NLC, but not submitted to HPH. The phases were heated at 85 °C, mixed with
high-speed Ultra-turrax homogenizer (T18, IKA Werke, Germany) at 5,000 rpm/5 min and
immediately submitted to in vitro digestibility test.

7.2.3 In vitro digestion

The digestion process was based on the protocol proposed by Pinheiro et al.
(2016) with some modifications based on the work of Mulet-Cabero et al. (2020). A dynamic in
vitro gastrointestinal system (DIVGIS) was used in the digestion experiments (Fernandes et
al., 2021). The DIVGIS consists of four compartments - stomach, duodenum, jejunum and
ileum - that simulate the main conditions that occur during digestion in the human GIT. Each
compartment is composed by two connected acrylic reactors with a flexible wall (stomacher
bags) and connected by siliconetubes. The simulation of peristaltic movements was carried out
by the alternate compression and relaxation of the flexible walls, through the passage of water
(37 °C) in each reactor. Gastric and intestinal secretions were freshly prepared and secreted
continuously inside the reactors by syringe pumps at pre-set flow rates. The jejunum and ileum
compartments were connected to hollow fibers (Repligen Minikros ®, S02-S05U-05-P, Breda,
The Netherlands) to simulate the absorption that occurs in the small intestine. These fibers
divided the fluids into different fractions: jejunum filtrate, ileum filtrate and non-ileum filtrate
(Pinheiro et al., 2017).

A volume of 100 mL of each sample (NLC Lg, NLC Tg, and a control sample obtained

as described in 2.2) was used as the initialsample. The oral phase was carried out in a static
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digestion bath at 37 °C, by the addition of the simulated salivary fluid (SSF) (KCl 15.1 mM, KH2PO.
3.7 mM, NaHCO;3 13.6 mM, MgClx(H20)s 0.15 mM, (NH4)2COs 0.06 mM, CaClx(H20). 1.5 mM) and
agitation at 120 rpm for 2 min. After the oral phase, the sample was introduced into the system
through the gastric compartment, and the simulated gastric fluid (SGF) (KCI 6.9 mM, KHPO4 0.9
mM, NaHCOs 25 mM, NaCl 47.2 mM, MgClz(Hz0)s 0.12 mM, (NH4)2CO3 0.5 mM, CaClz(Hz0)2 0.15 mM)
and pepsin (3940 U.mL™) and lipase (65 U.mL™) solution were continuously secreted at the flow rate
0.4 mL min™'. A constant volume was transferred to the duodenum compartment and then the
simulated intestinal fluid (SIF) (KCl 6.8 mM, KH.PO, 0.8 mM, NaHCO; 85 mM, NaCl 38.4 mM,
MgClx(H20)s 0.33 mM, CaClx(H20). 0.6 mM), bile salts and pancreatin solution were continuously
secreted at the flow rate 0.8 mL min™'. At a predefined time, a constant volume of chyme was
transferred to the subsequent compartment. The digestion experiments lasted approximately
4 h. During in vitro digestion, samples were collected directly from the lumen of the different
compartments, from the jejunal and ileal filtrates and from the ileal delivery in order to
determine the changes in the NLC structure during the digestion and the bioaccessibility of -
carotene entrapped in NLC.

Samples collected from the jejunum and ileum filtrates were used to determine
particle size (PS), polydispersity index (PDI) and C-potential (ZP). These samples were also
used to determine B-carotene bioaccessibility, and in this case, the samples were stored in
falcon tubes wrapped in aluminum foil and subsequently frozen, remaining until the moment of
analysis. The measurements of PS, PDI and ZP of samples collected after the oral phase,
stomach, and duodenum in the time of 'z digestion, and of the filtered jejunum, ileum and
unfiltered samples (collected at the end of digestion) were conducted immediately after the end
of the in vitro digestibility test. We collect the sample in the time of 2 digestion for comparison
purposes, as the dynamic nature of Gl system fluids are always in and out. The simulation of
digestions was done at least in triplicate.

7.2.4 Particle size, polydispersity index and {-potential

PS, PDI, and ZP of the NLC were measured at different stages of digestion by
dynamic light scattering (DLS) (Zetasizer Nano ZS, Malverninstruments, Worcestershire, UK).
All samples were diluted at 1:100 with a buffer solution of the same pH of the samples.

7.2.5 B-Carotene bioaccessibility

B-carotene bioaccessibility at different stages of digestion was determined by liquid-
liquid extraction and spectrophotometric analysis, based on the methodology described by
Berni et al. (2020) with some modifications. Aliquots (5 mL) of each sample (i.e., jejunum and
ileum filtrate) were vortexed with 10 mL of acetone with BHT (0.01 %) for 30 s; after 10 mL of
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hexane were added and vortexed for 10 s. Distilled water was added until the final volume of
45 mL and then the solution was centrifuged (Allegra 64R, Beckman Coulter Inc., USA) at
10,000 rpm at 4 °C for 5 min. Upper phase containing B-carotene was collected and dried with
Nz flow, resuspended in hexane and analyzed by UV-VIS spectrophotometer (V-560, Jasco,
USA) at 450 nm (absorbance peak). The concentration of 3-carotene was determined from a
previously prepared calibration curve of absorbance versus B-carotene concentration in
hexane. The B-carotene bioaccessibility was calculated based on the following equation:

ug B — carotene filtrates X 100

- t bi ibility (%) =
B — carotene bioaccessibility (%) ug B — carotene of initial sample

where B-carotene filtrates is the total 3-carotene in the jejunum and ileal filtrates (considering
the total volume of sample collected in each filtrate).

7.2.6 Free fatty acids release

The amount of FFA released from the lipid digestion of NLC was determined by a
pH-stat automatic method (Titrando 902, Metrohm, Switzerland). This method was also used
to monitor the pH that was maintained at 7.0 via the titration of 0.05 N NaOH solution. The
volume of NaOH added to the NLC was recorded, which was used to calculate the
concentration of FFA released from the lipid phase during lipolysis.

NLC Tg, NLC Lg and a control sample were firstly submitted to oral and stomach
phase in the DIVGIS. After 1 h 45 min of stomach phase, 20 mL of each sample was collected
and placed into a glass reactor connected with a water bath at 37 °C. Intestinal fluids and bile
were added to the sample under stirring and then the pH was adjusted to 7.0 using NaOH or
HCI solutions. Pancreatin was added and the titration started.

Blanks experiments (without pancreatin) were performed to determine the volume
of NaOH required to achieve the pH 7.0. The quantity of FFA released was calculated based
on the following equation (Pinsirodom & Parkin, 2001):

FFA (umol fatty acids/ mL of sample)

_ (Volume NaOH for sample — Volume NaOH for blank) x C x 1000
- Volume sample

where C is the molar concentration of the NaOH titrant used (0.05 M).

7.2.7 Cytotoxicity assay

For the cellular viability assay, free p-carotene, B-carotene loaded NLC obtained
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with Tween 80 and SL, and NLC obtained with Tween 80 and SL without B-carotene (free -
carotene NLC) samples were diluted to the following B-carotene concentrations: 1, 2.5, 5, 15
and 25 ug.mL'. The components used to produce NLC (i.e., HOSO, Tween 80 and SL
emulsifiers) were also tested. FHSO was not tested due to its high melting point, which makes
it difficult to dilute to perform the assay. B-carotene stock solution was preparedin pure ethanol
(99.9 %), Tween 80 and SL stock solutions were prepared in ultrapure water. MTT assay was
conducted according to Gongalves et al. (2021a) with some modifications. Briefly, Caco-2 cells
were cultured at 2 x 10° cells/well (in a 96-well microplate) in DMEM supplemented with 10 %
(v/v) FBS, 1 % (v/v) NEAA, and 1 % (v/v) Penicillin/streptomycin. Cell culture was grown in a
humidified 5 % CO: incubator at 37 °C during 48 h. After incubation, the cell culture medium
was replaced by 200 uL of fresh culture medium containing tested samples. At least three
replicates of each sample were analyzed. After 24 h of incubation, the samples were removed,
and 100 pL of MTT solution (0.5 mg/mL in PBS) was added to the wells and incubated at 37
°C for 3 h. Then, formazan crystals generated were solubilized with 200 uL DMSO, followed
by gentle stirring for 30 min on an orbital shake. Cell viability was assessed at 570 nm
(reference wavelength set at 630 nm) and the results were expressed as cell viability (%)
relative to the control (i.e., untreated cells in DMEM medium).

7.2.8 Statistical analysis

All experiments were carried out at least in triplicate. Experimental data were
analyzed for significant differences using ANOVA. Means were compared using Tukey test by
0.05 % of significance using the OriginPro2018® Statistic Software (Origin Lab Corporation,
Northampton, USA).

7.3 Results and discussion

7.3.1 Behavior of NLC under digestion

One of the most important applications of nanoparticles in food is as oral delivery
systems for bioactive nutraceutical compounds. For this application, it is important to
understand the behavior of nanoparticles as they pass through the human GIT (McClements,
2013). Since lipid digestion is highly correlated to the bioavailability of lipophilic bioactive
compounds, the understanding of the digestibility process is essential. In vitro models are
currently used as the main tool to understand the behavior of LN under GIT conditions,
minimizing the negative implications associated with in vivo studies (ethical, economic,
technical restrictions, among others) (Pinheiro et al., 2017). In vitro digestibility models can be
divided into static or dynamic. Compared to static models, dynamic in vitro digestibility models

are considered more suitable to provide a better prediction of the biological fate of delivery
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systems due to a more effective simulation of the biochemical, biomechanical, and temporal
in vivo attributes (Lin et al., 2018).

In this study, in vitro dynamic digestibility tests were performed with 3-carotene
loaded NLC obtained with different emulsifiers, to evaluate the behavior of these
nanostructures during the passage through the GIT, as well as the 3-carotene bioaccessibility.
Two types of NLC were considered in this study: NLC Lg, obtained with SL, and NLC Tg,
obtained with Tween 80.

7.3.2 Particle size, polydispersity index and C-potential

Several studies have shown that the LN properties’ assessment, such as PS,
surface ZP and LN response when subjected to different environmental conditions (pH, ionic
strength, enzymatic activity) is necessary to control the release and absorption of compounds
incorporated within these structures (Hou et al., 2014; Zhang et al., 2015). Thus, the evaluation
of the PS, PDI and ZP of NLC subjected to an in vitro dynamic digestion was performed,
considering the different digestion stages: initial sample (i.e., NLC before digestion), oral
phase, gastric phase (time of %2 digestion), duodenum (time of V2 digestion), jejunum filtrate,
ileum filtrate and final filtrate (unfiltered).

PS is one of the crucial factors to determine digestibility and bioaccessibility of
lipophilic bioactive compounds incorporated in lipid structures (Hou et al., 2014; Salvia-Trujillo
et al., 2013a), as it significantly influences lipid digestion kinetics, the subsequent mixed
micelles formation and carotenoids entrapment into the micelles (Salvia-Truijillo et al., 2017).
However, it is important to point out that it is unlikely that the PS will remain the same during
the passage through the GIT, due to fragmentation, flocculation, and coalescence phenomena
(Tan & McClements, 2021). Thus, this characteristic may increase, decrease, or remain stable
under gastrointestinal conditions, depending on the initial PS and interfacial composition (Favé
et al., 2004). Therefore, it is very important to understand how PS change during the GIT (Tan
& McClements, 2021).

It is well-known that lipid particles coated with emulsifiers unstable in an acidic
environment undergo strong aggregation and creaming in the stomach, often resulting in faster
gastric emptying. On the other hand, particles coated with acid-stable emulsifiers tend to
remain as individual particles during passage through the stomach (Tan & McClements, 2021;
Wang et al., 2019). The nanostructures considered in this study showed different behavior
during the passage through the GIT. The NLC Tg remained stable during the passage through
the gastric compartment as can be seen in Figure 1, showing a PS similar to one observed in
the oral phase, which indicates the absence of particle aggregation. Tween 80 is a non-ionic
emulsifier that forms a compressed film around particle surfaces, stabilizing NLC formulations
by creating steric (Souto et al., 2004). The NLC Tg stability under gastric conditions can be
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explained by the steric repulsion presented by non-ionic emulsifiers, like Tween 80, in acidic
medium (Golding & Wooster, 2010).

The results found in this study agree with previous studies, which reported that the
size of particles coated by certain types of non-ionic emulsifiers, such as Tween 80, was not
significantly altered under gastric conditions (Mun et al., 2007; Park et al., 2018; Salvia-Truijillo
et al., 2013a; van Aken et al., 2011). Verkempinck et al. (2018) claimed that Tween 80 is not
sensitive to pH changes in the gastric phase (pH 1 to 3), thus providing higher stability to
emulsified delivery systems when compared to other emulsifiers. A study carried out by Salvia-
Trujillo et al. (2017), reported that the use of Tween 80 as an emulsifier provided emulsions’
stability under in vitro acidic conditions, even though these emulsions had different PS (15.1;
1.93 and 0.72 um) before in vitro digestion, thus indicating that this emulsifier provides stability
to particles with different dimensions.
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Figure 1: Particle size of of B-carotene loaded NLC collected at different stages of in vitro digestion.
Errors bars represent the standard deviation of n= 3 replicates. APDifferent capital letters indicate
significant difference between simulated gastrointestinal phases (p< 0.05) for the same NLC. 2 Different
lower-case letters indicate significant difference between NLC in the same gastrointestinal phase (p<
0.05).

Regarding NLC Lg, their PS significantly increased (p<0.05) after being submitted
to gastric conditions (Figure 1). This nanocarrier was produced using an enzymatically
hydrolyzed lecithin, obtained by the hydroxylation of commercial SL. Several studies have
shown that emulsified systems stabilized with SL have less stability under GIT conditions (Park
et al., 2018; Verrijssen et al., 2015). A drastic droplets’ destabilization under in vitro gastric
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conditions has been previously reported in emulsions stabilized with phospholipids (Verrijssen
et al., 2015) whereas in emulsions stabilized with non-ionic emulsifiers, the PS remained stable
during the gastric phase (Salvia-Trujillo et al., 2013b, 2017). Similar results were reported by
Park et al. (2018). These authors carried out an in vitro digestibility study using NE stabilized
with different emulsifiers namely natural SL and Tween 20 (similar to those used in our study).
The authors found that NE stabilized with Tween 20 was the only one stable (aggregation was
not observed) in the gastric phase, indicating that the NE stabilized with SL were more apt to
coalesce when subjected to gastric conditions. Therefore, the size increase observed in the
present study during the passage through the GIT can be attributed to aggregation,
coalescence, or flocculation due to the action of digestive enzymes and changes in pH and
ionic strength (Pinheiro et al., 2013).

The measurement of the PS in the small intestine is important to determine the
bioavailability of the bioactive compounds incorporated into the lipid phase (Tan et al., 2020).
In this study, a significant increase in PS of NLC Lg from the gastric phase to the duodenum
was observed (Figure 1), while NLC Tg maintained their PS in the duodenum and jejunum,
showing an increase in PS only after passing through the ileum (the final small intestine
compartment).

Most of the lipid digestion takes place in small intestine through the action of
pancreatic lipase, which binds to the oil/water interface. In general, the size of the oil droplets
together with the composition of the interfacial layer are fundamental for the activity of
pancreatic lipase (McClements et al., 2009). The increase in NLC Tg PS can be attributed to
reduced physical stability of these particles in the end of small intestine, which could be related
to several physicochemical mechanisms that happened when the sample was exposed to
small intestinal conditions. NLC Tg entered the duodenal compartment presenting a relatively
high surface area for pancreatic lipase adsorption to particles surface. Thus, some molecules
of the nonionic emulsifier (Tween 80) that originally covered the particle may have been
displaced by lipase or other superficially active substances present in the intestinal
environment from SIF (e.g., bile salts, phospholipids). The adsorption of these substances may
have promoted a change in NLC composition, structure, and surface properties, reducing the
physical stability of these particles and thus, allowing the digestion of lipids present in the NLC
structure. Additionally, the digestion of TAG present in the NLC structure by lipase promotes
the formation of FFA and monoacylglycerols (MAG), thus changing the structure's internal
composition and surface properties, since FFA and MAG are also surface-active species (Qian
et al., 2012). This result agrees to a study carried out by Abreu-Martins et al. (2020), who
reported an increase in PS of solid LN and liquid LN at the end of the small intestine. Similar
results were also obtained by Qian et al. (2012) that found a large increase in PS of NE
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stabilized by a non-anionic emulsifier (Tween 20) after incubation in simulated small intestine
fluids.

PDI is a parameter that indicates the size distribution and homogeneity of the
analyzed particles. Homogeneous and dispersed particles indicate a PDI value in the range
between 0.1 and 0.25; values higher than 0.5 represent high PDI and wide particle distribution
(Lakshmi & Kumar, 2010). The PDI values found after the different digestion stages are shown
in Figure 2. In general, it can be inferred that the PDI values confirmed NLC Lg destabilization
in the gastric phase, because PDI values were higher than 0.9. This value is indicative of a
very heterogeneous distribution, and it agrees with the PS found for this nanocarrier. On the
other hand, the NLC Tg presented PDI values inferior than 0.5 in the oral and gastric phases
and in the duodenal compartment, confirming the stability of the particles with Tween 80.
Samples collected from the jejunum and ileum filtrate presented PDI values higher than 0.6
probably due to the presence of mixed micelles resulting from the lipid digestion process, which
made the PS distribution heterogeneous.
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Figure 2: Polydispersity index of samples of B-carotene loaded NLC collected at different stages of
in vitro digestion. Errors bars represent the standard deviation of n= 3 replicates. APDifferent capital
letters indicate significant difference between simulated gastrointestinal phases (p< 0.05) for the
same NLC. a® Different lower-case letters indicate significant difference between NLC in the same
gastrointestinal phase (p< 0.05).

The ZP is a very important characteristic since the electrical charge is responsible
for the electrostatic interactions and subsequent stability of the emulsion-based system. In

addition, electrical charge can also affect droplet/particle interactions within the intestinal
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lumen and emulsion digestibility (Singh et al., 2009). This parameter provides relevant
information about the electrical charge (mV) of the lipid particle surface depending on the
species adsorbed at the oil-water interface (Salvia-Trujillo et al., 2017).

In this study, NLC presented differences in ZP values during the passage through
the GIT as can be seen in Figure 3, probably due to the initial charge of these nanostructures.
Park et al. (2018) reported that the electrical charge (ZP) and stability to aggregation of lipid
droplets from NE submitted to in vitro digestibility tests changed according to the type of

emulsifier used for NLC stabilization.
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The NLC Tgwas produced using Tween 80, an emulsifier that, due to its non-ionic
nature, stabilizes NLC formulations by creating steric hindrance resulting from the complex
structure of this emulsifier (McClements & Rao, 2011; Souto et al., 2004). Thus, the particles
stabilized with this emulsifier normally show neutral ZP values (McClements & Rao, 2011).
This could explain the initial ZP value found in this study for NLC Tg, which was approximately
-14 mV.

During the passage through the GIT, NLC Tg showed changes in the ZP value.
Although not statistically significant, there was an increase (in modulus) in ZP value of NLC Tg
after 2 h of passage through the gastric cavity, in contrast to some studies that reported a
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decrease in the electrical charge of the particles when subjected to gastric conditions (Abreu-
Martins et al., 2020). This increase was even more pronounced and, in this case significant,
after 2 h of passage through the duodenum. Singh et al. (2009) reported that the negative
charge of emulsified systems after the intestinal phase can be attributed to the presence of
anionic FFA and other products of lipid digestion from lipolysis or complex colloidal structures
formed from bile salts and phospholipids. Not only does the concentration of lipid species
released at the end of the intestinal phase determine the electrical charge of emulsified
systems subjected to digestion, but also the chain size of the FFA released in the process.
Salvia-Truijillo et al. (2013a) reported that the negative charge of digested samples decreased
with increasing chain length of released FFA.

Regarding NLC Lg, the ZP value remained stable and above -30 mV in the oral and
gastric phases, and in the duodenal compartment, as shown in Figure 3. The ZP values of
samples collected at the end of the intestinal phase (jejunum and ileum filtrates) showed a
significant (p<0.05) reduction to values close to -20 mV. The results found for this NLC agree
with the study carried out by Salvia-Truijillo et al. (2017) who reported a significant decrease in
ZP value of carotenoid-enriched oil-in-water emulsions after the intestinal phase, thus
suggesting a relationship between the electrical charge characteristics during in vitro
digestibility and the degree of lipolysis.

7.3.2 Bioaccessibility

The most important factors that should be considered when designing a delivery
system for application in food are the bioaccessibility and bioavailability of bioactive
compounds (Jafari et al., 2017). The low bioavailability of bioactive compounds that have
beneficial health effects can be overcome by incorporating these compounds into delivery
systems such as NLC (Khare & Vasisht, 2014; Weiss et al., 2009), which can promote the
entrapment and delivery of lipophilic bioactive compounds in their absorption sites in the GIT.

The type of emulsifier can affect the rate and extent of lipid digestion (Park et al.,
2018); thus, the bioaccessibility of p-carotene incorporated into NLC obtained with SL and
Tween 80 was evaluated to assess the effect of these emulsifiers in the -carotene delivery
for intestinal absorption. We also intended to verify if the lipid matrices considered in this study
were able to promote the protection and delivery of bioactive compound in the GIT, since
studies on the B-carotene bioaccessibility incorporated in NLC obtained using FHSO and/or
HOSO were not reported to date.

The B-carotene bioaccessibility percentages in the jejunum and ileum were
calculated in relation to the initial amount present in NLC Lg and Tg, and in the control sample.
As some studies on B-carotene bioaccessibility use foods rich in carotenoids as a control, a
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food that present the same materials and proportions as the NLC (but without undergoing the
HPH process) has been chosen as the control sample. The bioaccessibility of B-carotene
incorporated into NLC Lg and NLC Tg, and in the control sample is shown in Figure 4.

The total B-carotene bioaccessibility values found were 0.5 %, 0.23 % and 2.27 %
for the control sample, NLC Lgand NLC Tg, respectively. In order to explain the low B-carotene
bioaccessibility values obtained in this study, a combination of different hypothesis was
proposed. Carotenoids bioavailability in foods is typically very low, mainly due to low chemical
stability of these compounds, which partially elucidates the values found in the in vitro dynamic
digestibility experiments carried out in the present study. Significant B-carotene loss has
probably occurred as a result of its degradation (e.g., oxidation, isomerization) during the
passage through the GIT due to enzymatic action, pH, oxygen, presence of pro-oxidants and
photodegradation. Additionally, some intrinsic characteristics of the in vitro dynamic Gl system
used in this work promoted the adsorption of carotenoids in the plastic bags (used inside the
reactors to allow the peristaltic movements), and in the hollow fiber membranes (used to
simulate the intestinal absorption) (Berni et al., 2020). Therefore, even though this dynamic in
vitro digestibility model allows a better simulation of the conditions found in the human GIT, we
verified that it is not possible to state that the B-carotene bioaccessibility values found in this
study will reflect the in vivo values, mainly due to B-carotene losses that occurred during the
passage through the dynamic system.
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Figure 4: Bioaccessibility of B-carotene loaded NLC collected at different stages of in vitro digestion.
Errors bars represent the standard deviation of n= 3 replicates. 2¢Different letters indicate significant
differences between the samples (p< 0.05).

Most of the studies carried out to assess B-carotene bioaccessibility used static in

vitro digestibility systems. As in vitro static digestion models do not consider physical
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processes that take place during the digestion, such as mixing, shear, changes in conditions
over time or peristalsis (Lin et al., 2018) and normally, the particles remain in the same vessel
throughout all the stages of digestion, the compounds’ losses are not significant. Therefore,
the B-carotene bioaccessibility found in studies that used static systems to evaluate the
digestion behavior of lipid nanostructures usually obtain much higher than the values found in
this study. For example, Salvia-Trujillo et al. (2013a) investigated the bioaccessibility of 8-
carotene incorporated in emulsions with different drop sizes (ranging from 0.2 to 23 um) using
a static digestibility system. The B-carotene bioaccessibility was around 59 % for the small size
emulsion and 34 % for the large size emulsion. Han et al. (2019) studied the effect of the carrier
oil, medium chain triglycerides (MCT) and long chain triglycerides (LCT), in the B-carotene
bioaccessibility of emulsion-based delivery systems, using a static digestibility system. The -
carotene bioaccessibility found was 23.1 % and 65.5 % for the MCT and LCT emulsions,
respectively. In another study, Yi et al. (2015) evaluated the bioaccessibility of B-carotene
incorporated in NE (produced with different vegetable oils), using a two-stage in vitro digestion
method. The authors found a B-carotene bioaccessibility close to 70 % in some NE delivery
systems, positively correlated to the length of carrier oil. Abreu-Martins et al. (2020) studied
the bioaccessibility of B-carotene incorporated in solid LN and liquid LN obtained from different
lipid matrices (i.e., medium chain TAG, hydrogenated palm oil, glyceryl stearate) through a
static digestibility method. The authors found that B-carotene bioaccessibility values ranged
between 22.6 and 28.1%.

The differences in the bioaccessibility of 3-carotene loaded NLC found using static
and dynamic in vitro digestion systems was studied by Gomes et al. (2017). These authors
prepared NLC with cupuacu butter and a mixture of two emulsifiers (Span 60 and Cremophor
RH40). The B-carotene bioaccessibility in the static system was 92 % while in the dynamic
system (B-carotene bioaccessibility was nearly 20 %. These differences were attributed mainly
to the more realistic digestion conditions simulated by the dynamic in vitro system and to [3-
carotene losses (11.8 %) along the process. The authors concluded that the dynamic system
appeared to be more reliable to determine the bioaccessibility of bioactive compounds
incorporated in the lipid nanoparticles. In another study, Gomes et al. (2019) evaluated the
bioaccessibility of B-carotene loaded in NLC, produced with murumuru butter and a mixture of
two non-ionic surfactants (Span 60 and Cremophor RH40) using a dynamic gastrointestinal
system similar to the one used in our study. 3-carotene bioaccessibility found in the dynamic
system was about 42 %. -carotene losses have also been reported in a study carried out by
Berni et al. (2020) that used a similar dynamic gastrointestinal system equipment to assess
the bioaccessibility of pitanga and buriti carotenoids (B-carotene and lycopene) loaded
microemulsions. The B-carotene bioaccessibility values were approximately 2 % and 2.5 % for
pitanga and buriti carotenoids loaded microemulsions, respectively. The authors attributed the
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low B-carotene bioaccessibility values found to the carotenoid low stability and losses inside
the dynamic gastrointestinal system.

One of the great advantages of nanoscale lipid-based delivery systems is the
possibility of maintaining its large surface area until reaching the small intestine, thus promoting
an increase in lipolysis rate. The smaller the lipid particle size, the greater the surface area
available for lipase binding. Lipase has a globular shape of approximately 5 nm, so the smaller
the size of the lipid particle/oil droplet, the greater the space covered by the lipase and,
consequently, the greater the rate and extent of lipid digestibility (TAG conversion to FFA and
MAG) (Salvia-Trujillo et al., 2017). The increase in lipolysis can generate more hydrolysis
products (e.g., MAG and FFA), thereby, increasing mixed micelles production and the release
and solubilization of bioactive compounds incorporated into the lipid phase; thus, making it
more bioaccessible (Li & McClements, 2010; Salvia-Trujillo et al., 2017; Verrijssen et al., 2015).
In our study, despite B-carotene losses observed throughout digestion, it was possible to verify
B-carotene bioaccessibility differences between NLC Lgand NLC Tg. NLC Lg instability under
gastric conditions was reflected in a lower bioaccessibility of -carotene incorporated into these
structures when compared to NLC Tg. As reported previously, the use of SL to stabilized NLC
resulted in a drastic droplets destabilization under in vitro gastric conditions, promoting the PS
increase from 176.2 (oral phase) to 1,181.17 nm (gastric phase). The PS, followed by the
composition of the lipid matrix, are the factors that most affect the bioaccessibility of
compounds incorporated into emulsion-based delivery systems (Zhou et al., 2018). This is
mainly related to the surface area of lipid particles. In general, emulsifiers that lead to
coalescence or flocculation of particles in the small intestine decrease the bioaccessibility of
bioactive compounds incorporated into the particles (Tan et al., 2020).

Also, B-carotene bioaccessibility found for the NLC Lg was lower (p<0.05)
compared to the value found for the control sample. As the use of Tween 80 has been shown
to provide greater stability for the particles, the control sample was prepared using the same
materials and the same proportions used to obtain the NLC Tg but without the HPH step.
Through these results it was possible to verify that the use of SL to stabilize NLC did not
promote the increase of the B-carotene bioaccessibility.

Moreover, the use of Tween 80 to stabilize NLC proved to be effective in increasing
B-carotene bioaccessibility comparing to NLC Lg and to control sample, due the stability
showed by these nanostructures under gastric conditions. Thus, NLC Tg surface area was
maintained until reaching the small intestine, allowing larger area for lipase binding and
consequently, increasing the release of 3-carotene entrapped in the structure. A study carried
out by Wang et al. (2012) demonstrated that the lower the PS, higher the inclusion efficiency
of B-carotene in micelles. This fact reinforces our study results where NLC stabilized with
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Tween 80 (NLC Tg) had a significantly higher bioaccessible fraction than NLC stabilized with
SL (NLC Lg).

This study also demonstrated that the lipid matrices chosen to produce the NLC
allowed to obtain NLC able to increase B-carotene bioaccessibility. FHSO, is obtained from
the fully hydrogenation process of soybean oil. Fully hydrogenation was an alternative process
found to be used for industrial plants previously used for the partial hydrogenation process,
due to the need to adapt to zero trans fat legislation. Thus, from a widely available and
inexpensive lipid matrix such as soybean olil, it is possible to obtain a lipid matrix with a high
melting point composed of trisaturated TAG (stearic acid in this case) in a proportion similar to
synthetic materials (Ribeiro et al., 2009, 2013; Wassell & Young, 2007). The genetic
modification of conventional sunflower for the high oleic variety, through chemical mutagenesis
and selective crossings, gave to HOSO ten times greater oxidative stability compared to
soybean, canola and even sunflower oil of regular composition. So, this lipid matrix can be
considered a premium raw material to obtain NLC at a much lower cost than oleic acid in its
purified form (Gunstone, 2011; O’Brien, 2009). Thus, the results obtained in this study confirm
that it is possible to increase B-carotene bioaccessibility using low cost lipid matrices available
in the oil industry to obtain NLC, considering all the aspects discussed above.

7.3.3 Free fatty acids release

The pH-Stat method is an analytical tool with growing applications in the
pharmaceutical and food fields for the characterization of lipid digestion under simulated small
intestine conditions (Li & McClements, 2010). It is based on the amount of FFA released during
the lipolysis process, by the addition of lipase at values close to neutrality (Li et al., 2011).
During lipid digestion process, lipase acts by cleaving TAG ester bonds leading to the formation
of two FFA and one MAG per TAG molecule. The formation of FFA in this process leads to a
pH reduction of the medium. The pH drop is detected through electrodes that remain in contact
with the sample throughout the analysis time. Upon detecting the drop, the equipment
automatically adds NaOH so that the pH remains at predefined values. The volume of NaOH
added to the samples is used to calculate the FFA generated by lipolysis.

In this study, the concentration of FFA released during the lipolysis process of NLC
obtained with different emulsifiers was evaluated. Lipolysis assays were also performed on
NLC without addition of pancreatic lipase, to demonstrate that the observed lipolysis occurred
due to the action of the enzyme and not to particles autolysis (Jannin et al., 2015).

The lipolysis reaction occurred immediately after the onset of the intestinal phase
(Figure 5). Up to 10 min of reaction, there was an exponential increase in FFA release. After
this point, a stationary phase was reached, with a residual increase in FFA until the end of the
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intestinal phase, which is in accordance with a study carried out by Abreu-Martins et al. (2020).
The results obtained in our study suggest that the emulsifier molecules that originally covered
the surface of the particle were rapidly displaced by bile salts and phospholipids present in the
SIF, allowing the binding of lipase to lipid droplets’ surface and consequently, FFA release
(Qian et al., 2012).

The FFA concentration resulting from lipolysis is shown in the Figure 5. Results
showed that Tween 80 used as an emulsifier to obtain NLC resulted in higher FFA release
during the lipolysis process when compared to the use of SL. This high FFA production may
be associated to the higher NLC Tg stability obtained with this emulsifier under gastric
conditions. This is demonstrated through the PS value obtained after NLC passage through
the GIT, which results in a higher surface area for of lipase and bile salts action (Pinheiro et
al., 2013). Regarding NLC Lg, as previously discussed, there was a destabilization during
gastric phase, leading to a significant increase in PS, which led to a reduction in the surface
area for lipase binding and consequently, for lipolysis.
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Figure 5: Free fatty acid release from 3-carotene loaded NLC during in vitro digestion.

Similar behavior was observed in studies performed to evaluate the effect of
different emulsifiers on the lipolysis rate of emulsion-based delivery systems. For example,
Mun et al. (2007) investigated the influence of interfacial composition of corn oil-in-water
emulsions coated by different emulsifiers (sodium caseinate, WPI, lecithin and Tween 20) on
their in vitro digestion behavior. The authors found that the lipid droplets resistance to lipid
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digestion decreased in the following order: non-ionic surfactant (Tween 20) > phospholipids
(lecithin) > protein (caseinate or WPI). Pinheiro et al. (2013) studied the lipid digestion of
curcumin-loaded NE prepared using corn oil and three different emulsifiers: Tween 20 (non-
ionic), Sodium Dodecyl Sulphate (SDS, anionic) and DodecyITrimethylAmmonium Bromide
(DTAB, cationic) through a pH-stat automatic titration unit. The Tween 20-stablized emulsion
presented the highest total FFA produced, mainly due to the reduced emulsion droplet size
throughout the simulated digestion. Park et al. (2018) evaluated the effect of emulsifiers,
Tween 20 and soy lecithin, used to coat emulsions droplets containing B-carotene, on lipid
digestion. Soy lecithin-stabilized emulsions showed the lowest rate and extent of lipid digestion
compared to Tween 20-stabilized emulsions, which is in accordance to our work results. The
authors attributed these results to the low emulsifying capacity presented by soy lecithin,
showing coalescence of droplets after exposure to the gastric phase.

In general, the higher the FFA concentration released during lipid digestion, the
higher the concentration of lipid species in the micellar fraction and, subsequently, the
carotenoids micellarization capacity and bioaccessibility are higher (Salvia-Truijillo et al., 2017).
However, the type of lipid species formed during digestion has also a strong influence on the
solubilization capacity of mixed micelles and, consequently, on bioactive compound
bioaccessibility. The presence of long-chain monounsaturated fatty acids, such as oleic acid,
and long-chain monoacylglycerols in the micellar fraction, contribute to the increased (-
carotene bioaccessibility (Abreu-Martins et al., 2020).

The results obtained in our study reinforce that the lipid digestion degree can be
affected by the emulsifier used to stabilize NLC and highlight the direct relationship between
bioaccessibility and the amount of FFA released during digestion. The NLC Tg, stabilized by a
non-ionic emulsifier (Tween 80), presented the highest FFA release value during simulated
lipolysis comparing to NLC Lg, which allowed a higher 3-carotene delivery and superior amount
of lipid products in mixed micelles. Thus, B-carotene bioaccessibility observed for NLC Tg was
also higher than the one observed for the NLC Lg, due to a higher bioactive compound
solubilization capacity (Lin et al., 2018; Wang et al., 2012), as discussed above.

7.3.4 Cytotoxicity

The reduced dimensions of the nanostructures provide a very large surface area,
which can lead to some undesirable results after ingestion. Possible nanostructure-cell
interactions can induce cytotoxicity and other consequences for the GIT (Martins et al., 2015).
Typically, absorption occurs in epithelial cells of the inner walls of the small intestine and can
be simulated using cell culture models (McClements & McClements, 2016). Thus, the
knowledge related to toxicity and absorption of bioactive compounds and nanoparticles is

important to establish delivery system effectiveness and safety (Mohammadi et al., 2019). The
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NLC evaluated in this study were developed with the aim to be incorporated into foods, to
produce effective functional foods through increased protection and delivery of bioactive
compounds. Cellular viability studies are important to stablish the limiting amount of
nanoparticles added to foods (Yu & Huang, 2013). So, we considered the digestive tract,
especially the small intestine as the exposure route to NLC and B-carotene absorption. Caco-
2 cell line was chosen in our study because it is a widely used line to study the cytotoxicity and
absorption of bioactive compounds and nanoparticles (Jafari & McClements, 2017; Reboul et
al., 2006).

The materials used to obtain NLC - free p-carotene, HOSO, Tween 80 and SL
emulsifiers — were also tested to verify their possible individual cytotoxicity. FHSO was not
tested due to its high melting point, which makes it difficult to dilute to perform the assay. It
was observed that free B-carotene did not has a negative effect on cell viability (which was
close to 100 %) at the concentrations tested (Figure 6a). Similar results were obtained by Yi
et al. (2014), who demonstrated that B-carotene in its pure form at 0.1 % did not show
cytotoxicity against Caco-2 cells. Han et al. (2019) also reported that pure B-carotene at
concentration range of 0.1 - 0.005 ug.ml"' was not cytotoxic to Caco-2 cells. Also, the results
showed that all materials used to produce NLC did not have a cytotoxic effect at the highest
B-carotene concentration tested (25 ug/mL) (Figure 6b and 6c).

To investigate the effect of incorporating the bioactive compound into the NLC
structure, we also evaluated the cytotoxicity of NLC obtained with Tween 80 and SL without -
carotene. Both free B-carotene NLC presented no cytotoxic effects at all the concentrations
tested (Figure 6d and 6e), suggesting that these nanostructures did not show significant
cytotoxicity to cells, even at the highest concentration tested (25 ug/mL). The interfacial NLC
properties have an influence on their interactions with living cells and tissues. Thus, the
emulsifier type used to stabilize NLC, its amount and interaction with the lipid core will have an
effect on NLC performance in cells (Doktorovova et al., 2014). For example, Gomes et al.
(2019) evaluated Caco-2 cells viability when in contact with B-carotene loaded NLC (produced
using murumuru butter and a mixture of Span 60 and Cremophor RH40). The results indicated
that NLC were toxic to the cells, probably due to the type of emulsifier used and to the
extremely reduced particle size (ca. 35 nm). So, the authors concluded that a mixture of non-
ionic surfactants and NLC with reduced average size can lead to a high level of cytotoxicity. In
this sense, we verified that the emulsifiers used in this study to obtain NLC, SL and Tween 80,
allowed the production of biocompatible and non-toxic particles. However, the entrapment of
B-carotene in the NLC decreased cell viability for both NLC (Figure 6d and 6e). Regarding NLC
Tg, a significant (p<0.05%) reduction in cell viability was observed with increasing of B-carotene
concentration when compared to control, reaching values close to 86 % in higher concentration
sample tested (25 pug/mL). A significant (p<0.05%) reduction of cell viability was also observed
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in the dilution of 25 ug/mL for NLC Lg, reaching values similar to those observed for NLC T at
the same dilution (ca. 86 %). The effect of increased cytotoxicity in B-carotene loaded NLC can
be explained by the better solubilization of the bioactive compound within the NLC structure
being thus, available in higher concentration in the system (Doktorovova et al., 2014). Most
authors who performed cell viability assays in LN consider that values above 70 % indicate
that the particles do not present toxicity, and that the material can be considered safe
(Doktorovova et al., 2014). In this context, although a reduction in cell viability (ca. 86 %) for
B-carotene loaded NLC was observed, the values found indicate that these nanostructures are
non-toxic and biocompatible. Also, Gongalves et al. (2021b) found that different lipid-based
nanostructures (NLC obtained with beewax as a solid lipid and MCT as a liquid lipid, lecithin
and Tween 80 as emulsifiers) presented no cytotoxic effect at the highest concentration tested
(40 pg/mL of curcumin).

The results obtained demonstrated that the lipid materials and emulsifiers tested
in this study allow obtaining non-toxic, safe, and biocompatible NLC at the concentrations
tested (1 - 25 pg/mL of B-carotene). However, the cell viability values obtained must be
considered for the application of NLC in foods, and concentrations of $-carotene that allow a
cell viability closer to 100 % must be chosen. Moreover, only by understanding the digestive
fate of nanostructures/bioactive compounds is it possible to improve their performance and
have conclusive information about the safety of nanostructures (Pinheiro et al., 2017).
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Figure 6: In vitro cell viability results for a) free B-carotene, b) high oleic sunflower oil (HOSO), c)
emulsifiers (SL and Tween 80), d) NLC Tgand empty NLC T, and e) NLC Lgand empty NLC L measured
by MTT assay. Errors bars represent the standard deviation (n= 3 replicates). A-B Different capital letters
indicate significant differences between different samples tested at the same concentration (p< 0.05). &
b Different lower-case letters indicate significant differences between concentrations for the same
sample (p< 0.05). *Asterisks indicate significant difference relative to the control group (p< 0.05).

7.4 Conclusions

The studies related to the in vitro digestibility and cytotoxicity of NLC provided
relevant information about the behavior of these nanostructures in GIT, as well as their safety
and biocompatibility. Presented results showed that the lipid digestion degree can be affected
by the emulsifier used to stabilize NLC, since emulsifier directly influenced the stability of the
particles under digestion. It was possible to verify that NLC obtained using Tween 80 (NLC Tjp)
as emulsifier showed better physical stability during the passage through an in vitro dynamic
gastrointestinal system, compared to the other samples. Although the B-carotene losses in the
dynamic gastrointestinal system were significantly high, the bioaccessible fraction found for
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NLC Tg was relatively higher than the other samples tested, which is in line with the superior
release of FFA observed for NLC Tg during the lipolysis process.

Both NLC developed and all the materials used for their production showed cell
viabilities above 85 % at 25 pg/mL; thus, indicating the absence of cytotoxicity and the
biocompatibility of the LN obtained.

The results obtained in this study are important for designing effective lipid-based
nanodelivery systems, using conventional lipids derived from oil industry. In this context, the
lipid materials considered, FHSO and HOSO, have great potential for obtaining non-toxic,
biocompatible, and safe NLC, capable of promoting increased bioaccessibility of bioactive
compounds, such as 3-carotene.
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8. DISCUSSAO GERAL

O desenvolvimento das pesquisas em nanotecnologia demonstra que sistemas
de liberacdo em nanoescala exibem funcionalidade superior quando comparados aos
sistemas convencionais de encapsulacao, justificando o grande interesse por nano-sistemas
carreadores, que se caracterizam pela alta estabilidade cinética e termodinamica. Neste
contexto, nanoparticulas desenvolvidas a base de lipidios estdo entre as tecnologias de
incorporacdo e entrega de compostos bioativos mais promissoras no campo da
nanotecnologia. O grande potencial de aplicacao de sistemas lipidicos em nanoescala, a
exemplo dos carreadores lipidicos nanoestruturados (CLN), encontra-se bem estabelecido
na industria farmacéutica, e consiste em um foco atual das pesquisas no campo da ciéncia
de alimentos. Como uma das principais tendéncias no desenvolvimento destas estruturas,
destaca-se o uso de 6leos e gorduras comestiveis e/ou comercialmente disponiveis no
ambito da industria de alimentos, em substituicdo as matrizes lipidicas sintéticas, que se
mostram pouco viaveis para aplicagées alimenticias, em termos de custo e de aspectos
regulatorios.

Em virtude da importancia da abordagem nanotecnolégica associada a area
de Oleos e gorduras, no que se refere a aplicagdo de materiais lipidicos diversos e ao
conhecimento de suas propriedades de cristalizagédo, este trabalho teve como objetivo a
obtencao de CLN com incorporagao de 3-caroteno utilizando matérias-primas convencionais
na industria de alimentos. A escolha dos materias lipidicos utilizados neste estudo (OSTH e
OGAO) foi realizada com base nas seguintes premissas: emprego de fracdes lipidicas
biocompativeis, representadas por gorduras naturais ou resultantes de processos usuais de
modificacao lipidica; e utilizacdo de sistemas lipidicos com caracteristicas de composicao
quimica e propriedades de cristalizacdo adequadas ao desenvolvimento de nanoestruturas.
Para atender os objetivos propostos, o projeto foi dividido em quatro etapas que,
sequencialmente, trouxeram informacoes pertinentes acerca da obtencao de nanoparticulas
lipidicas.

A mudanca de escala altera as propriedades dos materiais lipidicos utilizados
para a obtencédo de CLN, em consequéncia do aumento da area superficial e da mudanca
nas forgas fisicas que atuam sobre essas particulas (SIEGRIST et al., 2008). Assim sendo,
o conhecimento das propriedades fisicas e de cristalizacao das matrizes lipidicas utilizadas
para obtencdo dos CLN é importante para otimizar sua formacéo, estabilidade e atuagéo
funcional (KHARAT; MCCLEMENTS, 2019). Nesse sentido, avaliamos a composicao, as
propriedades fisicas e de cristalizacado de sistemas lipidicos compostos por OSTH e OGAO,
com o intuito de obter CLN com caracteristicas de cristalinidade adequadas para a
incorporagao de compostos bioativos.
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Os sistemas lipidicos foram compostos por OSTH:OGAQO (m/m) nas propor¢des
90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80 e 10:90 e caracterizados quanto a
composigcao quimica, cristalinidade e propriedades fisicas gerais para a obtencdo de
nanoparticulas lipidicas. Consideramos, para a avaliagdo microscopica e do hébito
polimérfico, a estabilizagdo das amostras através de dois métodos: o primeiro (MI)
correspondendo ao método recomendado pela metodologia oficial (AOCS, 2009), e o
segundo (MIl) ao protocolo usualmente empregado para recristalizagdo da fase lipidica
dispersa de CLN.

Uma vez que a composicao quimica da fase lipidica utilizada em sua obtencao
impacta fortemente tanto as caracteristicas dos CLN, como a bioacessibilidade do composto
bioativo incorporado a estrutura, verificamos que a composicdo em acidos graxos dos
sistemas lipidicos expressou o potencial do OSTH e OGAOQ para o desenvolvimento de CLN.
O OSTH apresentou contetdo expressivo de acido estearico, AG que além de possibilitar a
obtencdo de CLN biocompativeis, devido a seu maior ponto de fusdao contribui para a
protecéo e entrega do composto bioativo incorporado a estrutura. O OGAQO apresentou
conteudo expressivo de acido oleico, o que representa, além da possibilidade de obtencao
de CLN com propriedades fisico-quimicas adequadas para a incorporagao de compostos
bioativos, a possibilidade de solubilizagdo, protegéo e entrega dos compostos no local de
absor¢ao no TGl humano.

De forma geral o aumento de OGAO nos sistemas lipidicos OSTH:0GAO
modificou as propriedades térmicas, a cristalinidade e composicdo em TAG e AG da base
lipidica totalmente saturada (OSTH). O aumento na proporcdo de OGAO nos sistemas
lipidicos OSTH:OGAO promoveu a redugdo no conteudo de gordura sélida e no ponto de
fuséo, a diminuicdo da temperatura inicial de cristalizagéao e da temperatura final de fuséo, a
reducdo do percentual de area cristalizada e do didametro médio dos cristais, devido ao
incremento de TAG triinsaturados provenientes dessa fonte lipidica.

Tanto o habito polimérfico, avaliado por difragcdo de Raios-X, quanto a formacao
da rede cristalina, avaliada por microscopia de luz polarizada, foram influenciados pelo
método de estabilizacdo. Nesse sentido, quando avaliados através do método que considera
o protocolo usualmente empregado para recristalizagao da fase lipidica dispersa dos CLN
(MIl), os sistemas lipidicos OSTH:OGAO apresentaram estabilizacdo na forma polimérfica
mais estavel () precocemente ao método sugerido nos protocolos oficiais (MI). Para a maior
parte dos sistemas lipidicos o percentual de area cristalizada foi inferior e o didmetro médio
dos cristais foi superior para o MIl quando comparado ao MI, reforcando a importancia da
recristalizacéo da fase lipidica utilizada para obtencao de CLN a baixas temperaturas, apés o

rompimento das particulas em escala nanométrica.
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Todos os sistemas lipidicos OSTH:OGAO (m/m) avaliados apresentaram
compatibilidade total e ao menos um evento de fusdo préximo ou acima de 37°C, indicando
resisténcia térmica a temperatura corporal. Através dos resultados obtidos com a
caracterizacdo dos sistemas lipidicos pode-se direciona-los de acordo com as suas
propriedades fisico-quimicas e de cristalizacdo para a obtencdo de CLN com finalidades
especificas. Assim sendo, os sistemas lipidicos OSTH:OGAO (m/m) 90:10, 80:20 e 70:30
representam sistemas com elevada cristalinidade; os sistemas lipidicos 60:40, 50:50 e 40:60
apresentam cristalinidade intermediaria; enquanto os sistemas 30:70 e 20:80 representam
sistemas lipidicos de baixa cristalinidade. O sistema lipidico 10:90 OSTH:OGAO (m/m) nao
apresentou propriedades fisicas e de cristalizacdo adequadas para obtencao de CLN.

A reducdo de escala de macro para nano teve inicio na Etapa |, que
correspondeu a uma abordagem exploratéria inicial da avaliacao de emulsificantes, com
diferentes caracteristicas funcionais e estruturais, e das condicbes de processo de
homogeneizacao a alta pressao para obtencdo de CLN. Para isto, realizou-se a obtencao
de CLN a partir de triestearina (TS) e trioleina (TO), matrizes lipidicas purificadas e
amplamente empregadas na producao de nanoparticulas pela industria farmacéutica, porém
de elevado custo. A escolha dessas matrizes lipidicas correspondeu a um sistema lipidico
modelo, composto por materiais cuja eficiencia para a obtencao de nanoparticulas estaveis
foi amplamente comprovada e estudada nos ultimos anos. O sistema lipidico utilizado para
composicao de CLN, correspondeu a propor¢cdo TS:TO (m/m) de 40:60, representativa da
composi¢ao equivalente entre &cidos graxos saturados e insaturados.

Ha alguns desafios a serem transpostos para a aplicagdo de CLN em produtos
alimenticios, dentre eles a selecdo do emulsificante adequado para a obtengdo das
particulas, uma vez que o numero de emulsificantes aprovados para uso alimentar é
limitado. Baseado nesta premissa, consideramos a investigacdo da efetividade de cinco
emulsificantes com caracteristicas quimicas e estruturais distintas, com ampla faixa de
valores de balanco hidrofilico lipofilico (BHL) e capacidade emulsificante, visando o maior
entendimento sobre o desempenho dos emulsificantes em processos de HAP na obtencéo
de CLN de composigéao lipidica regular. Dessa forma, avaliamos o efeito de emulsificantes
naturais (Lecitina de soja modificada enzimaticamente, isolado proteico do soro de leite e
de soja) e sintéticos (Tween 80 e Span 60) na obtencdo de CLN através da HAP.

As condi¢des de processo da HAP foram definidas através de um planejamento
fatorial completo 22 com trés repeticoes no ponto central, que considerou pressdes de
homogeneizagao (PH) variando de 700 a 900 bar, e o numero de 1 a 3 ciclos (NC), como
variaveis independentes. Considerando as configuragdes mais tipicas dos equipamentos
HAP, optamos por este planejamento devido principalmente a sensibilidade das condi¢des de
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processo consideradas como variaveis independentes, que poderiam representar condi¢cdes
dificeis de serem executadas na pratica caso optassemos por outro planejamento.

As condigbes operacionais otimizadas para obtengao dos CLN foram definidas a
partir da avaliagcao da distribuicdo de tamanho de particulas das amostras de NL, avaliadas a
24hs e 15 dias ap6s a obtengao, considerando-se o Tamanho de Particula (TP), indice de
Polidispersidade (IP) e o Potencial Zeta (PZ) como as variaveis dependentes do planejamento
experimental. Cinco planejamentos fatoriais foram realizados, um para cada emulsificante,
com o intuito de avaliar individualmente o efeito de cada emulsificante sobre as caracteristicas
dos CLN. Neste estudo, as condicbes de processo PH e NC afetaram significativamente
algumas das variaveis dependentes consideradas, indicando assim, através das superficies
de resposta, curvas de contorno e modelos lineares, as condi¢coes 6timas para cada variavel
e cada emulsificante especifico. A efetividade dos emulsificantes considerados neste estudo
foi afetada de acordo com suas caracteristicas fisico-quimicas e estruturais.

Verificamos que as variaveis independentes consideradas no planejamento
fatorial afetaram a obtencdo de CLN de distintos modos: a PH foi responsavel pelo
rompimento das goticulas de éleo, e o NC pela formagéo de novas interfaces e o recobrimento
das goticulas formadas. De forma geral, os modelos lineares obtidos apdés a ANOVA indicaram
que as dimensodes dos CLN obtidos utilizando emulsificantes ndo-iénicos, Tween 80 e Span
60, foram afetadas apenas pelo NC aplicados durante a HAP, o que sugere que o maior NC
proporciona o maior recobrimento das particulas por estes emulsificantes, promovendo assim,
a reducdo do TP e IP. O uso de LS para a estabilizagdo de CLN resultou na obtengao de
modelos lineares que indicam que as variaveis dependentes (TP, IP e PZ) foram afetadas por
todas as variaveis independentes (PH e NC). A efetividade da LS para a obtengdo de CLN
pode ser explicada pela similaridade da estrutura quimica deste emulsificante com a fase
lipidica e seu peso molecular intermediario dentre os emulsificantes considerados, resultando
em efetiva interacdo com os componentes lipidicos e efetiva taxa de recobrimento das
particulas obtidas. No caso de proteinas, devido a instabilidade fisica apresentada pela
dispersao contendo os CLN estabilizados com SPI, foi impossivel inferir como cada variavel
(PH e NC) afetou a obtencao de nanoestruturas com este emulsificante. Ja as dimensdes dos
CLN obtidos com WPI foram afetadas apenas pela PH aplicada, indicando que para
emulsificantes que apresentam maior peso e tamanho molecular, foi necessério a aplicagéo
de maior pressdo para a reducdo da tensdo superficial e, assim, a obtencdo de CLN de
menores dimensoes.

Observamos, dessa forma, que a obtencao tecnoldgica de CLN utilizando Span
60 e SPI foi inviabilizada, principalmente por caracteristicas estruturais destes emulsificantes,
incompativeis com a velocidade necessaria para recobrimento da particula e a interagao entre

a molécula emulsificante e a fase lipidica dispersa. Os demais emulsificantes (Tween 80, LS
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e WPI) foram considerados efetivos para a obtengdo de CLN. Embora as condi¢des de
processo Otimas tenham sido indicadas para cada variavel e para cada emulsificante
especifico, partindo de um sistema lipidico padréo, neste estudo representado por um sistema
modelo contendo teores equivalentes de &cidos graxos saturados e insaturados,
recomendamos as condi¢gdes do ponto central (PH=700bar e NC=2) para a obtengéo de CLN,
por serem satisfatérias e por representarem, na pratica, condi¢goes de processo intermediarias
em termos da prevengao do desgaste do homogeneizador a alta pressao.

Considerando os resultados obtidos a partir da caracterizacdo dos sistemas
lipidicos OSTH:OGAO (m/m), selecionou-se os sistemas 80:20, 60:40, 40:60 e 20:80 como
representativos das faixas de cristalinidade (baixa, intermediaria e alta) para compor os CLN
na Etapa Il, a fim de verificar a influéncia da composicao lipidica sob as propriedades fisicas
e de cristalizacdo destas nanoestruturas. LS, Tween 80 e WPl foram utilizados
individualmente como emulsificantes, resultando na obtengédo de 12 nanoestruturas distintas.
As condicbes de processo empregadas foram a pressdo de 700bar e 2 ciclos de
homogeneizagdo, conforme definido na Etapa |. Os CLN foram avaliados segundo os
parametros: TP, IP e PZ; Comportamento térmico na fusédo; Contetudo de gordura sélida;
Polimorfismo; Morfologia e Estabilidade fisica via Turbiscan ap6s 48hs, 7, 15, 30, e 60 dias
de estabilizagédo a 25°C.

Os resultados obtidos neste estudo demonstraram que os emulsificantes
considerados para a obtengdo de CLN (LS, Tween 80 e WPI) influenciaram mais as
caracteristicas fisico-quimicas dos nanocarreadores do que as propriedades térmicas e de
cristalizagdo. Todos os emulsificantes considerados proporcionaram a obten¢do de CLN em
escala nanométrica para todos os sistemas lipidicos. No entanto, as caracteristicas estruturais
destes emulsificantes e a interagdo com a fase lipidica, resultaram na obtengcdo de CLN com
caracteristicas distintas de acordo com o grau de saturagao/insaturagao do sistema lipidico.
Devido a facilidade de associacao tanto TAG/TAG, quanto TAG/emulsificante verificou-se a
diminuicdo nas dimensdes dos CLN obtidos com LS com o aumento do teor de AGS no
sistema lipidico, sendo que, para este emulsificante, as menores dimensbées foram
observadas para os CLN obtidos com o sistema lipidico 80:20 (OSTH:OGAQO) (TP<226,33
nm).

De maneira geral, quanto maior a habilidade de um emulsificante em reduzir a
tensao superficial, menores serdo os tamanhos das particulas obtidas (HAKANSSON et al.,
2013). Assim sendo, nesta etapa, o uso de Tween 80 promoveu a obtengdo de CLN com
menores dimensdes (TP 160,07- 223,00nm) durante os 60 dias de armazenamento. Devido
as suas caracteristicas estruturais e seu baixo peso molecular, este emulsificante se adsorve
rapidamente a interface éleo/agua, promovendo a obtencdo de CLN com menores dimensdes
(LEE et al., 2013). No caso deste emulsificante, verificou-se 0 aumento no TP com aumento
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do grau de insaturacdo do sistema lipidico, porém, apenas até a proporcao 40:60
(OSTH:OGAO m/m). Os CLN obtidos a partir do sistema lipidico com maior grau de
insaturacao (20:80 OSTH:OGAO m/m) apresentaram dimensodes inferiores ao CLN obtido
com o sistema lipidico 40:60 OSTH:OGAO (m/m), indicando que devido ao fato do Tween 80
apresentar em sua estrutura um acido graxo monoinsaturado, ocorreu uma maior interagao
entre o emulsificante e o alto teor de acido oleico presente no sistema lipidico 20:80
(OSTH:OGAO) promovendo, assim, a obtencdo de particulas com menores dimensdes
(PINTO; DE BARROS; FONSECA, 2018).

No caso do WPI, ndo foi possivel estabelecer uma relagdo linear entre o
aumento/diminuicdo do grau de insaturacao do sistema lipidico com a redugdao/aumento do
TP. As menores dimensdes foram encontradas para o CLN W60:40, sendo inferiores a 260
nm durante os 60 dias de armazenamento. O uso deste emulsificante resultou na obtencao
de CLN com maiores dimensdes (256,33 a 360,67nm) durante os 60 dias de armazenamento,
devido principalmente a sua estrutura globular e heterogénea, o que promove a difusao de
forma mais lenta para a interface, resultando assim, na obtencao de particulas com maiores
dimensdes.

O grau de insaturagéo do sistema lipidico ndo afetou parametros como PZ e IP
quando obtidos a partir do mesmo emulsificante; entretanto diferencas foram observadas
quando os CLN foram obtidos a partir de emulsificantes distintos, indicando que o tipo de
emulsificante utilizado para obteng@o de CLN tem influéncia direta sobre o PZ e o IP destas
nanoestruturas. Em relagdo ao IP, os CLN obtidos utilizando WPl como emulsificante
apresentaram menores valores de IP (1,56-1,81). Porém os demais CLN (obtidos com LS e
Tween 80) apresentaram valores de IP inferiores a 2,5 indicando particulas homogéneas e
com distribuicdo granulométrica estreita do sistema (SCHAFFAZICK et al., 2003).

Todos os CLN apresentaram |PZ| > 20 mV, indicando boa estabilidade fisica ao
longo dos 60 dias, devido a repulsao eletrostatica entre as particulas, minimizando possivel
tendéncia ao fendbmeno de agregacao. Uma das maneiras de confirmar a estabilidade fisica é
pela andlise de Turbidimetria através do Turbiscan. A determinacao da estabilidade fisica via
Turbiscan demonstrou que quanto maior o grau de insaturag@o do sistema lipidico, maior a
instabilidade fisica verificada para os CLN, associada a alteragées no retroespalhamento da
luz durante o periodo de armazenamento. Esta avaliagéo representou fator determinante para
escolha do sistema lipidico a ser utilizado para incorporagao de 3-caroteno.

Verificamos que o comportamento térmico, o polimorfismo e o SFC foram
governados pela composigao dos sistemas lipidicos. Diferengas no grau de instauragao do
sistema lipidico promoveram a obtencao de CLN com diferentes comportamentos térmicos,
sendo que, quanto maior o grau do insaturagdo do sistema lipidico, menor temperatura de

pico e entalpia de fusao foram observadas. Nao foi possivel verificar pico de fusdo para todos
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0s CLN obtidos com o sistema lipidico 20:80 OSTH:OGAO (m/m), indicando que a utilizagao
desse sistema para a obtengdo de CLN com incorporacao de compostos bioativos poderia
comprometer tanto a estrutura, quanto a estabilidade dos compostos incorporados. As curvas
de fusdo dos CLN obtidos para os demais sistemas lipidicos mostraram um Unico evento
endotérmico por volta de 60 °C, temperatura correspondente a fusdo da matriz lipidica solida
nas nanoparticulas (OSTH). A faixa de fusdo observada para os CLN encontrou-se entre
62,54 e 67,15°C, indicando a resisténcia dessas nanoestruturas a temperatura corporal (37°C)
e a possibilidade de aplicacao dessas estruturas em alimentos submetidos a processamentos
térmicos.

Observou-se a redugao no conteudo de gordura sélida (SFC) com o aumento do
grau de insaturacao do sistema lipidico, sendo que os CLN obtidos com o sistema lipidico
20:80 OSTH:OGAO (m/m) apresentaram os menores valores durante todo o periodo de
armazenamento. O aumento no grau de insaturacdo, entretanto, ndo alterou a forma
polimérfica dos CLN obtidos. Todos os CLN apresentaram estabilizagdo na forma 8 desde as
48 hs apds a obtencao, devido principalmente a grande homogeneidade da composicao em
acidos graxos e triacilglicer6is do OSTH e OGAQO, matérias-primas lipidicas que apresentam
a tendéncia a estabilizacao dos cristais na forma polimérfica B.

A reducao de escala de macro para nano promoveu alteragées significativas nas
propriedades térmicas, no grau de cristalinidade e no habito polimérfico das matrizes lipidicas
utilizadas neste estudo. Os CLN apresentaram maior SFC e estabilizagao polimérfica na forma
mais estavel (B) desde as 48hs, indicando auséncia de transigbes polimérficas tardias que
ocorreram nos sistemas lipidicos em macroescala, conforme discutido anteriormente. Estes
resultados sugerem que, embora a caracterizagdo em macroescala fornega importantes
informagdes acerca do comportamento de sistemas lipidicos, é substancial caracteriza-los em
nanoescala em termos de propriedades térmicas e de cristalizagao.

Dentre os sistemas lipidicos considerados, os sistemas 80:20, 60:40 e 40:60
OSTH:OGAO (m/m) proporcionaram a obtengéo de particulas estaveis e com caracteristicas
de cristalinidade adequadas para obtencao de CLN, uma vez que as propriedades térmicas,
o SFC e as propriedades de cristalizacdo foram mantidas durante os 60 dias de
armazenamento. Tanto as transi¢cdes polimérficas, quanto as propriedades térmicas nao
foram influenciadas pelo tempo de avaliagdo, devido principalmente ao fato das matérias
primas de alto e baixo ponto de fusdo utilizadas para a obtencao de CLN formarem sistemas
muito compativeis, que podem ser considerados sistemas robustos de cristalizacao.

A incorporacdo de uma fase lipidica de menor ponto de fusdo em sistemas
lipidicos para obtencao de CLN proporciona maior espago para acomodacao de compostos
bioativos, resultando assim em uma maior capacidade de carga (MOHAMMADI;
ASSADPOUR; JAFARI, 2019). Assim sendo, embora os demais sistemas lipidicos tenham
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sido eficazes na obtencao de CLN, verificamos que o sistema lipidico 60:40 OSTH:OGAO
(m/m) proporcionou a obtencdo de CLN estaveis fisicamente (|PZ| > 20 mV), com tamanho de
particula em escala nanométrica (TP<260,67 nm), com boa estabilidade fisica via Turbiscan,
temperatura de fusao (entre 56,93 e 63,00°C) adequada para aplicagcdo em alimentos, sendo,
portanto, selecionado como matriz lipidica para obtengdo de CLN com incorporagéo de [3-
caroteno.

A Etapa lll teve como intuito avaliar o potencial das estruturas CLN para a
incorporagdo de compostos bioativos lipossoluveis. Nesse sentido, foram obtidos CLN com
incorporagao de -caroteno, utilizando trés distintos emulsificantes: LS (CLN Lg), Tween 80
(CLN Tg) e WPI (CLN Wp) para estabilizagdo. A escolha pelo 3-caroteno ocorreu em virtude
de este ser um composto modelo para a avaliacdo de nanoestruturas como sistemas de
entrega e liberagao controlada em alimentos. Os CLN foram avaliados quanto a eficiéncia de
incorporacdo e capacidade de carga do composto bioativo, bem como a avaliacdo da
estabilidade cristalina e polimoérfica das nanoestruturas com incorporagdao de B-caroteno,
conforme a etapa anterior (ll). Devido a instabilidade quimica apresentada pelo B-caroteno,
nesta etapa a avaliacao destes parametros ocorreu em um intervalo menor, incluindo, neste
caso, a avaliagcao apds 45 dias de obtengao.

A incorporacdo do [-caroteno as estruturas CLN promoveu o aumento
signitificativo do TP observado para os CLN Lg e Wg, enquanto o CLN Tg manteve dimensodes
similares a nanoestrutura sem incorporacdo do composto bioativo, obtidos na Etapa II.
Embora tenha se observado um aumento no TP para o CLN Lg, o TP observado durante o
periodo considerado neste estudo esteve na faixa de 208,67-266,67nm. No caso do CLN W,
a incorporagéao do 3-caroteno a estrutura promoveu um aumento de aproximadamente 90 nm
no TP, que apresentaram dimensdes superiores a 340nm. Em contrapartida, quando obtidos
com as mesmas condigbes, porém sem incorporagao do bioativo na etapa anterior, os CLN
apresentaram TP de aproximadamente 260nm durante os 60 dias de armazenamento. Esse
aumento no TP com a incorporagédo do [-caroteno a estrutura pode ter ocorrido devido ao
aumento da tensao interfacial e da viscosidade da fase lipidica dispersa com a solubilizacao
do bioativo, dificultando a reducao de tamanho durante a homogeneizacao (TAMJIDI et al.,
2014).

Embora o uso de distintos emulsificantes tenha resultado na obtengdo de
particulas com cargas distintas, devido a composigao e conformagao estrutural das moléculas
emulsificantes, todos os CLN obtidos apresentaram PZ superiores a [20mV|. O tipo de
emulsificante utilizado para estabilizagado de CLN com incorporagao de (-caroteno afetou a
estabilidade fisica destas nanoestruturas em dispersdo. A diferenca na instabilidade fisica
observada através dos perfis de retroespalhamento para os CLN pode ser explicada pelas

diferentes caracteristicas estruturais apresentadas entre eles. Dentre os emulsificantes
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considerados neste estudo, o uso de Tween 80 proporcionou a obtencdo de dispersdes de
CLN mais estdveis durante os 60 dias de armazenamento. Os demais emulsificantes
considerados neste estudo proporcionaram a obtengdo de dispersdes de CLN menos
estaveis, sendo que o uso de WPI para estabilizagao resultou na desestabilizacdo precoce
guando comparado aos demais CLN.

Tanto a reducdo de escala, quanto a incorporagdo do composto bioativo, nao
representaram a diminui¢cdo da cristalinidade do sistema, de forma contraria a incorporacao
do B-caroteno a estrutura, resultou em aumento na cristalinidade do sistema, que foi
significativamente superior em comparacao aos CLN obtidos sem incorporagéao do composto.
Dentre os emulsificantes considerados neste estudo, o Tween 80 proporcionou a obtencéo de
CLN com maiores valores de SFC a 25°C, sendo superiores a 85%. A reducdo no SFC
observada para os CLN Lg e Wp foi acompanhada da reducédo da estabilidade fisica via
turbiscan com o passar do periodo de armazenamento.

Os diferentes emulsificantes considerados nesta etapa nao afetaram a resisténcia
térmica, tampouco o habito polimérfico dos CLN obtidos, uma vez que nao foram observadas
diferencas significativas entre os CLN Lg, Tge Wg. O comportamento térmico observado para
os carreadores indicou a incorporacao e solubilizagdo completa do p-caroteno nas matrizes
lipidicas que o compdem, uma vez que apenas um pico de fuséo foi observado. As curvas de
fusdo dos CLN obtidos apresentaram um uUnico evento endotérmico por volta de 60 °C,
temperatura correspondente a fusdo do OSTH, indicando que o comportamento térmico na
fuséo foi governado pela matriz lipidica de maior ponto de fuséo utilizada para obtencéo das
nanoestruturas. De forma geral a incorporagédo de (-caroteno a estrutura CLN nao afetou a
temperatura inicial, final e de pico da fusédo avaliados por DSC, quando comparados aos CLN
sem incorporacdo do bioativo. No entanto, verificou-se um aumento na energia necessaria
para a fusao (AH J/g) nos CLN com incorporagao de 3-caroteno, o que pode estar relacionado
a cristalinidade intrinseca deste composto.

A incorporagéo B-caroteno a estrutura promoveu, ainda, a alteracdo no habito
polimérfico dos CLN que se estabilizaram nas formas polimorficas B e ', enquanto as
estruturas sem incorporagéo de (-caroteno se estabilizam na forma 8 desde as 48hs apés a
obtengao. Durante o processo de obtengao, o B-caroteno foi solubilizado na fase lipidica dos
CLN, o que pode ter promovido uma associagcao com os TAG, e ainda com os emulsificantes
utilizados para a obtencao das particulas, modificando, portanto, a forma em que os TAG se
arranjaram e recristalizaram durante o resfriamento. O tempo de estabilizagdo nao teve efeito
sobre o polimorfismo, indicando que os CLN nao apresentaram transi¢éo polimérfica tardia, o
que é desejavel do ponto de vista de incorporacdo de compostos bioativos, pois neste caso,
alteracdes polimérficas poderiam vir acompanhadas de alteragées no formato da particula e,

consequentemente, resultar na expulsdo do composto incorporado a estrutura.
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Nesta etapa, avaliamos a separagdo dos CLN da dispersdo através de dois
métodos. No primeiro método, consideramos uma metodologia baseada em Oliveira et al.
(2016), que consistiu na extragao liquido-liquido do B-caroteno incorporado aos CLN. Ja no
segundo método consideramos a quantificagéo direta do B-caroteno incorporado através da
separacao dos CLN da dispersédo aquosa por ultracentrifugagéo. Os valores encontrados para
a capacidade de carga (CC) e para a eficiéncia de incorporagao (El) para o mesmo CLN foram
muito distintos, e variaram conforme o método utilizado para extragdo do f-caroteno. Os
valores encontrados ap6s a extracao pelo Método | indicam que este método nao se mostrou
adequado para a separacgao do -caroteno incorporado nos CLN do -caroteno livre. Através
deste método, a CC e El encontrada para os CLN Lg, Tg e Wg apresentou valores muito baixos
que variaram durante o periodo de armazenamento, indicando que este método nao refletiu
as mudancas das dispersdes e dos CLN que ocorreram com o tempo. Ja os valores de CC e
El encontrados através do Método I, demonstraram que, neste estudo, a separacédo dos CLN
das dispersdes por ultracentrifugacdo mostrou-se mais adequada para o isolamento do -
caroteno incorporado nos CLN do B-caroteno livre. Por meio dos valores obtidos apés a
separacao dos CLN da dispersao aquosa pelo Método I, verificou-se que o uso de Tween 80
proporcionou a obten¢ado de CLN com valores superiores de CC e El de B-caroteno durante
os 60 dias de armazenamento.

Apesar de todo seu potencial como sistemas de entrega de compostos bioativos,
nanoestruturas para aplicacées em alimentos estdo associadas a algumas preocupacoes
sobre a possivel toxicidade. Somente através da compreensao do destino digestivo das
nanoestruturas/compostos bioativos é possivel melhorar seu desempenho e ter informagdes
conclusivas sobre a seguranga das nanoestruturas (PINHEIRO et al., 2017). Uma vez que a
digestao lipidica esté altamente correlacionada a biodisponibilidade de compostos bioativos
lipossoluveis, pois os compostos precisam ser liberados da matriz lipidica e incorporados em
micelas mistas formadas pelos produtos da digestao lipidica (TAN; MCCLEMENTS, 2021), a
compreensdao do processo de digestibilidade é fundamental para a determinagdo da
bioacessibilidade destes compostos. Dessa forma, selecionou-se, em razdo do conjunto de
resultados obtidos na Etapa Ill, os CLN com incorporagao de 3-caroteno obtidos com LS (CLN
Lg) e Tween 80 (CLN Tpg) para o estudo da digestibilidade in vitro e citotoxicidade.

Para os experimentos de digestibilidade in vitro foi utilizado um modelo dinamico,
cuja montagem experimental € baseada no sistema TIM-1 (TNO intestinal model) e encontra-
se no LIP, Centro de Engenharia Bioldgica/UMinho. Durante os ensaios, amostras foram
coletadas e avaliadas quanto ao TP, IP e PZ com o intuito de avaliar o comportamento das
nanoestruturas durante a passagem pelo TGI. Ao final do ensaio, amostras foram coletadas
dos filtrados do jejuno e do ileo para determinagdo da bioacessibilidade do B-caroteno

incorporado as estruturas CLN.
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Uma das grandes vantagens dos CLN é o seu tamanho reduzido, o que reflete em
uma area superficial maior para a agdo das enzimas durante o processo digestivo. No entanto,
para que essa vantagem potencial seja explorada, € preciso garantir que a particula chegue
ao intestino delgado com dimensdes nanométricas, para assim facilitar a adsorgao da lipase
pancreatica. As nanoestruturas consideradas neste estudo apresentaram comportamentos
distintos durante a passagem pelo TGl. Os CLN Tg permaneceram estaveis durante a
passagem pelo compartimento gastrico em contraste aos CLN Lg que apresentaram
desestabilizagdo sob condicées gastricas, resultando em um aumento drastico no TP e IP
dessas estruturas ap6s a passagem pelo compartimento do estémago. A desestabilizacao
encontrada para o CLN Lg refletiu em menor liberacao de acidos graxos e, consequentemente,
em menor bioacessibilidade do B-caroteno incorporado a estrutura, conforme descrito a
seqguir.

Perdas significativas de [3-caroteno ocorrem em consequéncia da degradacao do
composto (oxidagao, isomerizacao, por exemplo) durante a passagem pelo TGl devido a acéao
enzimatica, pH, oxigénio e presenca de pré-oxidantes e pela fotodegradacao. Aliado a isto,
caracteristicas do sistema de digestibilidade in vitro utilizado nos ensaios, promoveram a
adsorgao de carotenoides nos sacos stomacher, entre as pegas de acrilico dos reatores e nas
membranas de fibra 6tica, acentuando ainda mais estas perdas (BERNI et al., 2020). A perda
quantitativa média de B-caroteno no sistema encontrada neste estudo (superior a 62%)
evidencia a necessidade de avaliagdes complementares relacionadas aos materiais utilizados
para compor o sistema de digestibilidade in vitro, focados principalmente na redugédo de
adsor¢éao do composto.

Embora as perdas quantitativas de [p-caroteno no sistema tenham sido
significativamente elevadas, foi possivel verificar diferengas entre as amostras consideradas.
A fracao bioacessivel encontrada para o CLN Tg foi relativamente superior as demais
amostras testadas nesse estudo, o0 que pode ser explicada pela maior estabilidade frente as
condicdes do TGI conferida pelo Tween 80 aos CLN. A utilizacdo de Tween 80 como
emulsificante resultou ainda em maior liberacdo de acidos graxos durante o processo de
lipdlise quando comparado ao uso de LS. Essa maior producao também pode estar associada
a maior estabilidade das nanoestruturas, que permaneceram com TP em nanoescala apos a
passagem pelo compartimento géastrico, resultando assim, em uma maior area superficial
disponivel para a¢do da lipase.

Realizou-se ainda um estudo exploratério e inicial sobre a possivel citotoxicidade
das nanoestruturas e dos componentes utilizados para sua obtengdo, com o intuito de
determinar a quantidade limite a ser adicionada em sistemas alimenticios sem que haja danos
celulares. Para tal, foram realizados ensaios de citotoxicidade considerando os materiais
utilizados para a obtencédo dos CLN (com excecdo do OSTH), as estruturas CLN vazias, o
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composto bioativo em sua forma livre e as estruturas CLN com incorporagao do composto. O
estudo foi realizado através da linhagem celular de adenocarcinoma do célon humano - Caco-
2 que fornece dados importantes relacionados principalmente a dose limite a ser ingerida, e
corresponde a um dos principais modelos de absorgéo intestinal utilizados para o estudo das
caracteristicas de transporte e permeabilidade de compostos bioativos. Dessa forma, a
determinagéo da viabilidade celular permitiu o estudo mais completo desde 0 momento da
ingestao até a absorgao intestinal dos CLN com incorporagéo de 3-caroteno.

Mesmo quando testadas na diluicdo mais concentrada, as amostras consideradas
neste estudo apresentaram viabilidade celular superior a 85%, indicando que tanto o material
utilizado para obtencéao, quanto os CLN obtidos sdo atéxicos e biocompativeis. Assim sendo,
deve-se considerar a concentracao (ug de B-caroteno/ml) mais préxima a 100% de
nanoparticulas para a aplicagdo em alimentos sem que haja danos celulares. Cabe ressaltar
que o material que estara em contato com as células ndo serdo as particulas e, sim, as
estruturas formadas a partir da digestdo destas. Dessa forma, a ingestdo deste tipo de
nanoestrutura formada por estes materiais sera provavelmente menos acentuada.

Esse estudo teve o intuito de realizar uma abordagem exploratéria que englobasse
desde as caracteristicas moleculares das matrizes lipidicas até a absorcdo das
nanoestruturas e dos compostos bioativos incorporados a estas no TGl humano. Em virtude
do conjunto de dados obtidos e compilados, foi possivel verificar o potencial de OSTH e
OGAO, para a obtencdo de CLN com incorporacao de compostos bioativos. Isso representa,
na pratica, novas possibilidades de aplicagbes para matérias-primas disponiveis
comercialmente e ja utilizadas pela industria de 6leos e gorduras, bem como a redugao no
custo de obtencao de nanoestruturas lipidicas, que normalmente sao obtidas com materiais
lipidicos purificados. O uso de matrizes lipidicas disponiveis na industria de 6leos e gorduras
representa a reducao do custo de obtengdo em aproximadamente 95%, tendo em conta os
valores praticados no Brasil. Assim sendo, o OSTH e OGAO, apresentam elevado potencial
como fontes lipidicas de acidos graxos de alto e baixo ponto de fusdo, respectivamente,
proporcionando a obtencéo de CLN com caracteristicas de fusao adequada para incorporacao
de compostos bioativos em alimentos, como o 3-caroteno avaliado neste estudo. A redugéo
de escala modificou o comportamento das matrizes lipidicas consideradas neste estudo,
ampliando, assim, a possibilidade de uso destas matérias-primas na industria de alimentos.

Uma das maiores preocupacdes do uso de nanoestruturas na area de alimentos
¢ a falta de conhecimento sobre como as propriedades fisico-quimicas em nanoescala podem
alterar o destino biolégico de nanoestruturas e a biodisponibilidade dos compostos bioativos
incorporados a elas. Dessa forma, os ensaios de digestibilidade in vitro dindmica e
citotoxicidade de CLN com incorporagao de B-caroteno trouxeram informacgdes relevantes
relacionadas a aplicagdo de nanoestruturas lipidicas em alimentos, indicando que tanto as
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matérias-primas, quanto os CLN desenvolvidos, foram consideradas atoxicas e
biocompativeis. Assim, verificamos através deste estudo a possibilidade de modular a
formulacao das fragoes lipidicas utilizadas para obtencdo de CLN, para uma digestibilidade
lipidica direcionada para alcancar a bioacessibilidade ideal de compostos bioativos lipofilicos.
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CAPITULO IX

CONCLUSAO GERAL
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9. CONCLUSAO GERAL

Os resultados obtidos demonstraram que as matérias-primas lipidicas propostas
neste estudo, possibilitaram a obtencdo de CLN em escala nanométrica e com elevada

estabilidade fisico-quimica, para incorporagédo de compostos bioativos como o B-caroteno.

A técnica de homogeneizagao a alta pressao proporcionou a obtencao de CLN
estaveis e em nanoescala, sendo que as condicbes do ponto central do planejamento
experimental (pressdo de 700 bar e 2 ciclos de homogeneizagao) foram consideradas como
ideais para obtengao de CLN estaveis.

As propriedades fisico-quimicas dos CLN obtidos nas diferentes etapas do estudo
foram influenciadas pela composicdo da fase lipidica (proporcdo OSTH:OGAO) e pelo
emulsificante utilizado para este fim. De forma geral, a medida que a proporcao de acidos
graxos saturados no sistema lipidico diminuiu, as particulas apresentaram maior tamanho,
maior instabilidade fisica e menor temperatura de pico e entalpia de fusdo. O aumento no grau
de insaturacao, entretanto, nao alterou a forma polimérfica dos CLN obtidos.

No que se refere a efetividade dos emulsificantes verificou-se que, dentre os
emulsificantes considerados neste estudo, o monooleato de sorbitana etoxilado, Tween 80,
proporcionou a obtencdo de CLN estaveis, com menores tamanhos de particula, maior
capacidade de incorporacao do B-caroteno e maior estabilidade frente as condigdes gastricas.
A adicao dos emulsificantes ndo promoveu alteragcao na forma polimoérfica dos CLN obtidos.

Os CLN obtidos, com e sem incorporacao de B-caroteno, apresentaram elevada
estabilidade cristalina, resisténcia a temperatura corporal e faixa de fusdo adequada para

incorporacao em alimentos.

Através dos ensaios de digestibilidade in vitro dindmica, foi possivel verificar
que os CLN obtidos utilizando Tween 80 como emulsificante apresentaram maior estabilidade
fisica durante a passagem pelo TGl. Embora as perdas quantitativas de 3-caroteno no sistema
tenham sido significativamente elevadas, a fragdo bioacessivel encontrada para essa
nanoestrutura lipidica (CLN Tp) foi relativamente superior as demais amostras testadas, o que
esta de acordo com a maior liberacao de acidos graxos durante o processo de lipdlise.

A realizagdo de estudos relacionados a digestibilidade in vitro dindmica e
citotoxicidade de CLN forneceram informagdes pertinentes relativas a aplicagcdo de
nanoestruturas lipidicas em alimentos. Nesse sentido, constatou-se que o éleo de soja
totalmente hidrogenado e o éleo de girassol alto oleico sdo consideradas matérias-primas
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aptas para a obtengao de nanoparticulas lipidicas seguras, com perfil toxicolégico aceitavel e
biocompativeis.
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CAPITULO X

SUGESTOES PARA TRABALHOS FUTUROS
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10. SUGESTOES PARA TRABALHOS FUTUROS

- Incorporagdo dos CLN produzidos em sistemas alimenticios e avaliagdo em termos de
estabilidade do B-caroteno, digestibilidade in vitro;

- Determinar a bioacessibilidade do B-caroteno a partir de ensaios de digestibilidade utilizados
modelos estaticos;

- Incorporagao de outros compostos bioativos lipossollveis as nanoestruturas desenvolvidas

neste estudo;

- Verificar a influéncia do ponto de fusdo de CLN com sob a bioacessibilidade do composto
bioativo;

- Estudo da linhagem das células Caco-2 integradas com amostras recolhidas apos os ensaios
de digestibilidade in vitro, com o intuito de avaliar a citotoxicidade dos efluxos da digestédo e
verificar o efeito das mudancas causadas pela passagem no TGl sobre a absorcao de
compostos bioativos;

- Estudo da citotoxicidade in vivo com intuito de correlacionar com os dados obtidos apds os

ensaios in vitro;

- Estudo da composicao em acidos graxos liberados ap6s os ensaios de digestibilidade, tanto
nos efluxos recolhidos, quanto no método de titulacdo automatica, a fim de verificar qual acido

graxo é liberado preferencialmente de acordo com as matérias primas;

- Realizar estudos contemplando diferentes concentragbes de 6leos vegetais para compor a
fase lipidica e assim verificar a influéncia do conteudo lipidico (%) na bioacessibilidade de
compostos bioativos.

- Estudo amplo com fontes lipidicas com composicdo em acidos graxos o mais variada
possivel, a fim de verificar o comportamento e a influéncia da composicao da matriz lipidica

no processo digestivo.

- Estudo da estabilidade de CLN durante e ap6s o processamento de alimentos, como

pasteurizagao, esterilizagao, desidratagao, tratamentos térmicos.

- Estudo da estabilidade de CLN submetidos a condi¢cdes extremas de pH, forca ibnica,

temperatura e umidade.
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MEMORIA DO PERIODO DE DOUTORADO

A doutoranda Fernanda Luisa Lidtke ingressou no programa de pds-graduacao
em Tecnologia de Alimentos do Departamento de Tecnologia de Alimentos/FEA/Unicamp em
fevereiro de 2016. Durante o periodo de doutorado foram obtidos 33 créditos nas disciplinas
que seguem: TP240-Tecnologia de Café e Cacau, TP242-Lipides em Alimentos e
Implicagbes Nutricionais, TP188-Topicos Especiais sobre Lipidios, TP199-Seminarios,
TP357-Microencapsulacao Aplicada a Alimentos e Nutrientes, TP121-Tépicos em
Engenharia de Alimentos, AP200-Técnicas de Comunicacbes nas Apresentagcdes em
Publico, TP256—Analise Instrumental Aplicada a Lipidios, TP333—Planejamento Experimental
e Otimizacao de Processos.

Além das disciplinas cursadas, a doutoranda atuou no Programa de Estagio
Docente (PED) com atividades de apoio parcial junto a docéncia da disciplina TA221—
Caracteristica e Pré—Processamento de Graos por dois periodos, durante dois periodos
(como voluntaria no periodo de marco a julho de 2017 e como bolsista no periodo de margo
a julho de 2018), agregando mais 4 créditos.

A doutoranda usufruiu por 29 meses (marco de 2016 a julho de 2018) de auxilio
financeiro da Capes. Tendo aprovada a bolsa de Doutorado Regular junto a FAPESP
(Processo 2018/03172-0), passou a usufruir do auxilio no més de agosto de 2018 que se
estendeu até fevereiro de 2021. Além do auxilio de Doutorado Regular, a doutoranda usufruiu
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ainda do Workshop técnicas instrumentais avancadas na avaliagdo da cristalizacao de éleos
e gorduras: teoria e pratica, organizado pelo Laboratério de éleos e gorduras/FEA/Unicamp.
Em 2017 participou do Workshop de Azeite de Oliva, organizado pelo Laboratorio de 6leos e
gorduras/FEA/Unicamp e do congresso internacional 17th AOCS Latin American Congress
and Exhibition on Fats, Oils and Lipids, realizado em Cancun, México. No mesmo ano,
participou da equipe organizadora do 12¢ Simpdsio Latino Americano de Ciéncia de Alimentos,
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and FATS for the future: the next decade", evento organizado pelo Laboratério de 6leos e
gorduras/FEA/Unicamp. Ainda no mesmo ano participou do Il Workshop: Bioproducts and
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Gordura e Proteina, realizado no DEB/UMinho/Portugal; e do congresso internacional “17th
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experimental que sera submetido ao periodico Food Research International e 1 artigo
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em anais de eventos (17th AOCS Latin American Congress and Exhibition on Fats, Oils and
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12. ANEXOS

Figura 4: Sistema gastrointestinal dinamico (DIVGIS) utilizado para os ensaios de
digestibilidade in vitro.



Figura 5: Amostras recolhidas em diferentes fases dos ensaios de digestibilidade in vitro
dindmica dos carreadores lipidicos nanoestruturados com incorporagdo de B-caroteno obtidos
com lecitina de soja (CLN Lg). a) CLN; b) fase oral; c) compartimento gastrico; d) compartimento
do duodeno; e) filtrado do jejuno; f) filtrado do ileo e g) filtrado final.

Figura 6: Amostras recolhidas em diferentes fases dos ensaios de digestibilidade in vitro dindmica
dos carreadores lipidicos nanoestruturados com incorporagéo de -caroteno obtidos com Tween
80 (CLN Tg). a) CLN; b) fase oral; c) compartimento gastrico; d) compartimento do duodeno; e)
filtrado do jejuno; f) filtrado do ileo e g) filtrado final.
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Braga, 30 de novembro de 2020.
Parecer do Supervisor

No ambito da bolsa de estdgio e pesquisa no exterior - BEPE (Processo FAPESP
2019/05176-6) a aluna Fernanda Luisa Ludtke, realizou parte de sua investigacdo de doutoramento
no Laboratério de Industria e Processos (LIP) do Centro de Engenharia Biolégica(CEB) da
Universidade do Minho (UMinho), no periodo de 01 de julho de 2019 a 31 de outubro de 2020, sob
minha orientacdo. Durante este periodo, a aluna desenvolveu atividades previstas em seu plano de
trabalho intitulado “Avaliagao da digestibilidade in vitro de carreadores lipidicos nanoestruturados
com incorporagdo de B-caroteno” utilizando o modelo in vitro dindmico instalado em nosso
laborat6rio, cuja montagem experimental € baseada no sistema TIM-1 (TNO intestinal model).

Devido a avaria do homogeneizador a alta pressao, equipamento utilizado para obtengéo
das nanoestruturas, o cronograma previsto para o projeto teve seu inicio postergado. Além disso,
devido as consequencias da pandemia do Covid-19 decretada pela OMS, o acesso ao laboratério
ocorreu de forma restrita e controlada, respeitando as normativas da universidade. Apesar destes
contratempos, os objetivos principais propostos no projeto foram cumpridos, como o estudo da
digestibilidade in vitro dos nanocarreadores, a determinagdo da bioacessibilidade do B-caroteno
incorporado as nanoestruturas, o perfil de liberagdo de acidos graxos e o estudo da citotoxicidade.
Porém, algumas atividades previstas, como o estudo da permeabilidade, o acompanhamento de
alteracoes estruturais durante a digestibilidade através de abordagens microscépicas e a realizagao
de ensaios de citotoxicidade em amostras recolhidas apos os ensaios de digestibilidade in vitro,
tiveram sua execugao inviabilizada.

Os resultados obtidos a partir do desenvolvimento deste projeto sdo promissores e trazem
informagdes relevantes acerca do impacto do uso de distintos emulsificantes na digestibilidade de
nanoparticulas, da bioacessibilidade de compostos bioativos, do perfil de liberacao de acidos graxos
de nanoparticulas obtidas utilizando matérias-primas lipidicas convencionais e da citotoxicidade de
nanoestruturas e componentes utilizados em sua obtencédo. Neste sentido, também foi possivel
verificar alguns ajustes a serem executados no sistema digestivo in vitro, isto é, determinar e ajustar
metodologias para extracao e quantificacdo de p-caroteno e o perfil de liberagdo de acidos graxos
partindo de um processo de digestibilidade in vitro dindmica. A obtengdo destes dados e os
resultados alcangados implicara na publicacdo de um artigo cientifico em revista internacional.

A bolseira evidenciou inimeras qualidades pessoais e profissionais, das quais se destaca a
sua perseveranga, espirito critico, iniciativa e boa capacidade de trabalho, que permitiram
desempenhar com sucesso este projeto, apesar de todas as contrariedades.

Pelo acima referido, o parecer € de total satisfacdo pelo trabalho desenvolvido pela
doutoranda Fernanda Luisa Ludtke.

Prof. Dr. Anténio Augusto Martins de Oliveira Soares Vicente
Supervisor




