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RESUMO

O murici (Byrsonima crassifolia) é um fruto que possui um grande potencial terapéutico
devido & presenca de luteina, um carotenoide valorizado no mercado de suplementagdo
alimentar voltados para a saude ocular. Devido a sua pericibilidade, tornou-se necessaria a
aplicacdo de processos industriais que possibilitem o aumento da vida-de-prateleira, a
diversificacdo do uso e consumo, a agregacao de valor e a ampliacdo de mercado do murici,
com o uso de tecnologias limpas associado ao incentivo a bioeconomia. Desse modo, 0
trabalho entitulado “Aplicagdo da tecnologia supercritica no desenvolvimento de suplemento
alimentar a base de extrato de murici (Byrsonima crassifolia)” foi desenvolvido com a
finalidade de estudar e aplicar os extratos do murici, extraidos e nanoencapsulados via
extracdo com CO; supercritico, em suplemento alimentar. Para isto, o primeiro passo foi
desenvolver um estudo sobre a obtencdo dos extratos da polpa de murici pela tecnologia
supercritica. Foram determinadas as melhores condicdes de extracdo supercritica da polpa de
murici, com CO2 e CO.+etanol, através das variacGes de pressdo (15 a 49 MPa), temperatura
(323,15 a 343,15 K), densidade (654 a 946 kg/m®), vazdo de CO; (8.85x10° a 1.33x10°*
kg/s) e tempo dindmico de extracdo (3600 a 10800 s), onde foram obtidas as isotermas de
rendimento global, os compostos bioativos presentes nos extratos e nos leitos de extracao, tais
como: luteina, acidos graxos, triglicerideos, compostos fenolicos e flavonoides. Também foi
avaliada a qualidade funcional, a capacidade/atividade antioxidante e os efeitos citotoxico e
citoprotetor. O estudo da extragdo supercritica, possibilitou a obtencdo de éleos ndo-toxicos
com elevado teor de luteina, constituidos de triglicerideos de cadeia longa ricos em acidos
graxos insaturados como os Omega 3 e 9, e com atividades antioxidante,
antihipercolesterolemica, antiaterosclerogénica, antitrombogénica e citoprotetora, onde a
melhor condigéo de extrago foi obtida a 343,15 K/ 49 MPa/ 900 kg/m?. Também possibilitou
a obtencdo de extratos etanolicos ndo-toxicos a partir da polpa desengordurada, um
subproduto nas industrias alimenticias, contendo luteina, compostos fendlicos, flavondides e
atividade antioxidante, onde a melhor condicéo de extracdo foi obtida a 343,15 K/ 22 MPa/
775 kg/m3. Devido ao efeito citoprotetor, 0 6leo de murici foi utilizado para a producéo de
particulas por meio do processo de extracdo de emulsées por fluido supercritico (SFEE), onde
foi possivel produzir nanoparticulas de 6leo de murici com boa concentracdo/retencdo de
luteina, tamanho reduzido de particulas e com alta estabilidade, onde a melhor formulacéo das
emulsdes de partida foi obtida com o espessante goma xantana, com o emulsificante csgel e
em uma concentracdo de 6 mg/mL de 6leo de murici, e a melhor condi¢do do processo SFEE
foi a de 8 MPa, 313,15 K, periodo estatico de 3600 s e periodo dindmico de 18000 s. A partir
disso, foi possivel obter emulsées SFEE em pé do dleo de murici por liofilizagdo e por spray
drying com umidades, atividades de &gua, tamanhos de particula, estabilidades e teores de
luteina adequados para serem utilizados em suplementos alimentares carregados em capsulas
vegetais. As capsulas vegetais carregadas com as emulsdes SFEE em pé do dleo de murici (B.
crassifolia) por liofilizacdo e por spray drying apresentaram-se dentro dos padrdes de
carregamento para comercializacdo, onde, foi possivel obter suplementos alimentares de 6leo
de murici, ricos em luteina. Portanto, a presente tese evidenciou que é possivel utilizar a
tecnologia supercritica na cadeia produtiva de suplementos alimentares a base de murici, para
facilitar o acesso e a estabilidade dos compostos aos quais sdo atribuidos os potenciais
terapéuticos do murici. Este trabalho verticalizou a importancia de pesquisas sobre o efeito
funcional do murici e sobre o uso da tecnologia supercritica, 0 que contribuiu para o
desenvolvimento da bieconomia da regido e de novos produtos pela ciéncia, tecnologia e
engenharia de alimentos, com um grande retorno a sociedade.

Palavras-chave: Murici, Luteina, Compostos bioativos, Extracdo supercritica, Extracdo de
emulsdes por fluido supercritico, Suplemento alimentar.



ABSTRACT

Murici (Byrsonima crassifolia) is a fruit that has great therapeutic potential due to the
presence of lutein, a carotenoid valued in the food supplementation market focused on eye
health. Due to its riskiness, it became necessary to apply industrial processes that enable the
increase of shelf life, the diversification of use and consumption, the addition of value and the
expansion of the murici market, with the use of clean technologies associated with the
incentive to the bioeconomy. Thus, the work entitled "Application of supercritical technology
in the development of a food supplement based on murici extract (Byrsonima crassifolia)"
was developed with the purpose of studying and applying murici extracts, extracted and
nanoencapsulated via extraction with supercritical CO», in food supplement. For this, the first
step was to develop a study on obtaining extracts of murici pulp by supercritical technology.
The best conditions for supercritical extraction of murici pulp were determined, with CO2 and
COq+ethanol, through variations in pressure (15 to 49 MPa), temperature (323.15 to 343.15
K), density (654 to 946 kg/m®), CO, flow (8.85x107° to 1.33x10™* kg / s) and dynamic
extraction time (3600 to 10800 s), where the global yield isotherms, the bioactive compounds
present in the extracts were obtained and in the extraction beds, such as: lutein, fatty acids,
triglycerides, phenolic compounds and flavonoids. Functional quality, antioxidant
capacity/activity, and cytotoxic and cytoprotective effects were also evaluated. The study of
supercritical extraction made it possible to obtain non-toxic oils with a high content of lutein,
consisting of long chain triglycerides rich in unsaturated fatty acids such as omega 3 and 9,
and with antioxidant, antihypercholesterolemic, anti-atherosclerogenic, anti-thrombogenic and
cytoprotective activities, where the best extraction condition was obtained at 343.15 K/ 49
MPa/ 900 kg/m?. It also made it possible to obtain non-toxic ethanol extracts from defatted
pulp, a by-product in the food industry, containing lutein, phenolic compounds, flavonoids
and antioxidant activity, where the best extraction condition was obtained at 343.15 K/ 22
MPa/ 775 kg/m3. Due to the cytoprotective effect, murici oil was used for the production of
particles through the process of supercritical fluid of emulsions extraction (SFEE), where it
was possible to produce murici oil nanoparticles with good concentration/retention of lutein,
reduced size of particles and with high stability, where the best formulation of the starting
emulsions was obtained with the thickener xanthan gum, with the emulsifier csgel and in a
concentration of 6 mg / mL of murici oil, and the best condition of the SFEE process was the
8 MPa, 313.15 K, static period of 3600 s and dynamic period of 18000 s. From this, it was
possible to obtain powdered SFEE emulsions of murici oil by lyophilization and spray drying
with humidity, water activities, particle sizes, stability and lutein levels suitable for use in
food supplements loaded in vegetable capsules. Vegetable capsules loaded with powdered
SFEE emulsions of murici oil by lyophilization and spray drying were within the loading
standards for commercialization, where it was possible to obtain dietary supplements of
murici oil, rich in lutein. Therefore, the present thesis showed that it is possible to use
supercritical technology in the murici-based food supplements production chain, to facilitate
the access and stability of the compounds to which the murici's therapeutic potentials are
attributed. This work verticalized the importance of research on the functional effect of murici
and on the use of supercritical technology, which contributed to the development of the
region’'s bieconomics and new products by science, technology and food engineering, with a
great return to society.

Keywords: Murici, Lutein, Bioactive compounds, Supercritical extraction, Supercritical fluid
extraction of emulsions, Dietary supplement.
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1. TEXTO INTEGRADOR

O murici (Byrsonima crassifolia) € um fruto que possui um grande potencial
terapéutico devido a presenca de luteina, um carotenoide que possui bastante valor agregado
no mercado de suplementacdo alimentar voltados para a saude ocular, visto que a ingestéo
continuada de luteina possibilita a regeneracao da retina dos olhos, minimizando os efeitos
de degeneracdo macular adquirida com a idade.

Apesar deste grande potencial nutraceutico, a polpa dos frutos é normalmente
consumida e comercializada para o preparo de produtos culinarios como sorvetes, sucos e
cremes. Além disso, possui elevada pericibilidade devido a rancificagcdo ocasionada pela
oxidacdo da gordura contida no fruto. Portanto, tornou-se necessaria a aplicacao de processos
industriais que possibilitem o aumento da vida-de-prateleira, a diversificacdo do uso e
consumo, a agregacéo de valor e a ampliagédo de mercado do murici.

Em paralelo, o apelo mundial pelo uso de tecnologias limpas associado ao incentivo
a bioeconomia, que é um modelo de producdo industrial baseado no uso sustentavel de
recursos bioldgicos, trouxe um novo cenario a ser explorado pela ciéncia, tecnologia e
engenharia de alimentos, principalmente na regido Amazonica. Desse modo, a tese de
doutorado entitulada “Aplicacdo da tecnologia supercritica no desenvolvimento de
suplemento alimentar a base de extrato de murici (Byrsonima crassifolia)” foi desenvolvida
com a finalidade de estudar e aplicar os extratos do murici, extraidos e nanoencapsulados via
extracdo com CO; supercritico, em suplemento alimentar.

Este estudo foi desenvolvido e dividido em cinco capitulos. O Capitulo | retrata uma
revisdo de literatura na forma de um capitulo de livro publicado sobre a “Aplicacdo da
tecnologia supercritica na producdo de suplemento alimentar a base de extratos vegetais”.
Esta revisdo aborda todos os principais pontos contidos na tese como: o panorama mundial
do mercado de suplementos alimentares; a importancia do uso de extratos vegetais em
suplementos; os compostos bioativos normalmente utilizados em suplementos alimentares
com enfase nos compostos que foram quantificados como carotenoides, compostos fendlicos
e acidos graxos; as tecnicas de extracdo com enfase na extracdo supercritica para a obtencéo
de extratos vegetais; e 0 uso da nanotecnologia no encapsulamento de compostos bioativos
com enfase no processo de Extragdo de Emulsdes por Fluido Supercritico (SFEE).



Os proximos capitulos sdo referentes a parte experimental da tese, onde primeiro
passo foi desenvolver um estudo sobre a obtencdo dos extratos da polpa de murici pela
tecnologia supercritica. Devido a necessidade de serem determinadas as melhores condigdes
de processo e os teores de compostos bioativos dos extratos de murici e dos leitos de extracao,
foi desenvolvido o Capitulo II, que retrata um artigo publicado sobre a “Determinacéo de
parametros de processo e propriedades bioativas dos extratos da polpa de murici (Byrsonima
crassifolia) obtidos por extracao supercritica”. Neste estudo foram determinadas as melhores
condicBes de extracdo supercritica da polpa de murici, com CO e COz+etanol, através das
variacOes de pressdo, temperatura, densidade, vazdo de COz e tempo dinamico de extragéo,
onde foram determinadas as isotermas de rendimento global, os compostos bioativos
presentes nos extratos e nos leitos de extracao, tais como: luteina, acidos graxos e compostos
fendlicos; e tambem foi avaliada a qualidade funcional e capacidade antioxidante.

Uma das respostas do estudo anterior foi a obtencdo da melhor temperatura de
extracao, onde tornou-se necessario a aplicacédo de outras pressdes e densidades de processo,
a fim de analisar os teores de compostos bioativos dos extratos. Além disso, devido a
pretensdo de aplicar estes extratos em um produto para ingestdo humana, foi de fundamental
importancia realizar o estudo da toxicidade e do efeito protetor dos extratos em modelos
celulares. Devido a isto, foi desenvolvido o Capitulo Ill, que retrata um artigo publicado
sobre os “Compostos bioativos e avaliacdo dos efeitos antioxidante, citotdxico e citoprotetor
de extratos de polpa de murici (Byrsonima crassifolia) obtidos por extracdo supercritica em
celulas HepG2 tratadas com H.0.”. Neste trabalho, baseado no primeiro artigo, foram
obtidas as isotermas de rendimento global na temperatura de 343.15 K, variando a presséo e
densidade, utizando CO2 e COa+etanol apenas no periodo estatico de extragdo. Foram
obtidos os teores de luteina, compostos fendlicos, flavonoides, atividade/capacidade
antioxidante e os perfis de &cidos graxos e triglicerideos, além do potencial funcional.
Também foram avaliados os efeitos citotoxico e citoprotetor em modelos celulares para
determinar a seguridade alimentar dos extratos.

Portanto, a partir dos artigos anteriores, foi possivel obter a melhor condicdo de
extracdo supercritica do 6leo e do extrato etandlico de murici, onde para a continuidade da
pesquisa foi escolhido o 6leo de murici pelo seu efeito citoprotetor. Apesar do 6leo ser rico

em compostos bioativos, muitas reagcdes de degradacdo podem ocorrer no armazenamento



como a rancificacdo da gordura e a reducdo de carotenoides. Portanto tornou-se necessario
aplicar métodos de encapsulamento, onde optou-se por produzir particulas através do método
de extracdo de emulsdes por fluido supercritico (SFEE). Com base nisso, foi desenvolvido o
Capitulo 1V, que retrata um artigo submetido sobre a “Producéo de particulas de 6leo de
murici (Byrsonima crassifolia) por SFEE: Estudo da formulacéo, estabilidade, tamanho de
particula e concentracao de luteina”. Neste estudo foram avaliados os efeitos da formulacédo
utilizando diferentes emulsificantes, espessantes e concentracdes de Oleo sobre a
estabilidade, tamanhos, polidispersividade e potencial zeta das particulas. A emulsdo mais
estavel foi submetida ao processo SFEE, onde foram avaliados os efeitos dos periodos
estaticos e dinamicos de extracdo sobre o contetdo/retencdo de luteina, tamanho,
polidispersidade e potencial zeta das particulas do éleo de murici.

A partir disso, foi possivel obter o 6leo de murici encapsulado por emulsificacao,
onde para possibilitar o carregamento em capsulas duras vegetais, foi necessario aplicar
métodos de desidratacdo a fim de obter particulas em pé do éleo de murici. Portanto, foi
desenvolvido o Capitulo V, que retrata uma patente submetida sobre a “Producdo de
particulas secas e de suplemento alimentar a base de 6leo de murici”. Neste pedido de patente,
foi utilizada a emulsdo do 6leo de murici obtida na melhor condi¢cdo SFEE, relatada do
terceiro artigo, que foi desidratada por liofilizacdo e por spray drying para a obtencdo de
particulas secas do 6leo de murici. Estas particulas foram analisadas quanto ao teor de luteina,
umidade, atividade de agua, tamanho de particula, polipersividade e potencial zeta, onde
foram posteriormente carregadas em cépsulas duras vegetais para a producdo de um
suplemento alimentar a base de 6leo de murici, e foram analisados o peso médio, desvio
padrdo relativo, variacdo do conteldo tedrico e tempo de desintegracéo.

Desse modo, a proposta da tese foi concluida e esta apresentada com mais detalhes

nos capitulos a seguir.
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1. Introduction

The bad habits of today’s society have caused people not to eat properly. In addition,
interest in physical activities and in a healthier lifestyle has increased. Due to these con-
sumers’ needs, the dietary supplements market has expanded, and a growing number of
new dietary supplement products containing natural plant compounds have been pro-
duced [1, 2].

Dietary supplement is a product for oral ingestion, presented in pharmaceutical forms,
and intended to supplement the diet of healthy individuals with nutrients, bioactive sub-
stances, enzymes, or probiotics, alone or in combination. These include bioactive sub-
stances, which are defined as any chemical found naturally in foods, which is not classified
as a nutrient, and may confer health benefits [3].

One of the main sources of bioactive substances is plant extracts. Such compounds are
known for their various therapeutic properties, widely addressed in numerous works.
Due to the therapeutic potential of plants, many studies have been conducted to identify,
extract, and purify bioactive substances, such as carotenoids, fatty acids, and phenolic
compounds [4—7].

A very important aspect in obtaining plant extracts concerns the extraction method
employed. Among these, conventional extraction techniques have been widely
explored, with soxhlet being one of the most used ones. However, despite the advan-
tages, these techniques use large amounts of toxic solvents, which leave residual amounts
in the extracts, even after evaporation, and are not environmentally safe [8].

Green Sustainable Process for Chemical and Environmental Engineering and Science © 2021 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-821885-3.00006-2 All rights reserved.
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On the other hand, over the last few years, global interest in the use of clean tech-
nologies for development of edible products and pharmaceuticals has been observed.
Therefore, the use of supercritical technology emerges as a potential alternative when
it comes to obtaining 100% pure, solvent-free, and environmentally “green” plant
extracts [9, 10].

Despite obtaining 100% pure plant extracts, its application considers characteristics
such as solubility and stability. For this reason, the use of nanotechnology has emerged
to revolutionize the entire industrial system, including processing, storage, and develop-
ment of materials and products [11].

Nanotechnology has mainly been used for encapsulation of bioactive compounds that
exhibit unstable behavior, either by degradation or bioavailability. Various nanoencap-
sulation methods have been studied, especially those related to innovative supercritical
fluid techniques. Among these methods, supercritical fluid extraction of emulsions
(SFEE) has been used to obtain nanoparticles through supercritical CO, nanoemulsions.
This technique makes it possible to obtain solvent-free nanoencapsulated extracts in
nanoemulsion form. Thus, this procedure represents a promising technique for encap-
sulating bioactive compounds [12].

Therefore, it is extremely important to study and apply the supercritical technology in
the dietary supplements production chain to obtain 100% natural quality products
obtained by environmentally safe technologies.

2. Dietary supplement

Dietary supplement can be defined as any ingestible product added to the diet for health
benefits, including plant-based products (herbal or botanical extracts), minerals, and vita-
mins. These definitions vary from country to country, since the definition of dietary sup-
plements adopted in the United States includes the use of metabolites. In short, they are
products intended to supplement the diet only by oral administration, whether in tablets,
capsules, powders, or liquids |2, 13, 14].

Often, dietary supplements are called nutraceuticals; however, it is important to note
that every nutraceutical is a dietary supplement, but the opposite is not necessarily true.
The difference between these products is that dietary supplements may or may not be of
food origin, while nutraceuticals are derived solely from food. In addition, nutraceuticals
have remarkable health claims, while dietary supplements are not allowed to have such
claims on their labels [2, 13, 15].

Dietary supplement intake has been growing worldwide, mainly due to people’s life-
style. Increasing life expectancy and concerns for a healthier life conflict with the busy
lifestyle of the population, which often makes it difficult to eat properly and do exercises.
This daily routine has also increased the incidence of degenerative diseases associated with
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these bad habits. Thus, dietary supplements have become objects of study and consump-
tion [16, 17].

According to the Council for Responsible Nutrition [1], the innovation of supplement
manufacturing industries stimulates the growing consumption of these products, which are
becoming increasingly popular. The success of dietary supplement industries in providing
safe and high-quality products reflects current results of consumption worldwide.

Opver the past two decades, the supplement market has grown substantially. In fact, it
has more than doubled its value since 1999, from US$ 49.1 billion to US$ 127.8 billion in
2017. And itis expected to continue to increase in value to over US$ 150 billion by 2020,
which means it will have tripled in only 20years. During this period, its global annual
growth was consistently in the range of 5%—7%, highlighting the robustness of the
sector [18].

Research indicates that supplement consumption reaches 50% in the United States,
40%—60% in Asian countries, and 30% in Europe and Latin America. In Brazil, about 75%
of people complement their diet. The most prominent supplements are vitamins (48%),
minerals (22%), plant extracts (19%), fatty acids (17%), proteins (16%), amino acids (14%),
and oils, such as safflower, garlic, etc. (12%) [19, 20].

Dietary supplements can be related to three types of commercial appeal: health, con-
tent, and structure/function claims. Health claim is based on the prevention of possible
pathologies. Content claim is based on the high concentration of ingredients or nutrients,
and the structure/function claim is based on the possible physiological eftects on the
body. However, such products are not allowed to have label claims intended to diagnose,
treat, cure, or prevent any disease [21].

The quality and effectiveness of dietary supplements, especially based on plant
extracts, can be attributed to several factors such as plant type and dosage [22—24], extrac-
tion methods [25-28], encapsulation methods applied to increase stability [29-31], and
pharmaceutical form of the final product [27, 32-34].

3. Plant extracts

Plant extracts have been widely studied and applied in various food and pharmaceutical
products. This is due to their compositions being rich in bioactive compounds [21, 35,
36]. The presence of bioactive compounds, associated with therapeutic and nontoxic
effects, provides supporting evidence for the application of such extracts to prevent
and/or delay the onset of various diseases, as well as to be used in the development of
safe dietary supplements [37-39].

Importantly, the relationship between the concentration of bioactive compounds and
their therapeutic activity is not yet established. However, epidemiological studies have
shown that continued ingestion of these compounds is associated with disease prevention
[40-44].
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3.1 Bioactive compounds used in dietary supplements

By definition, bioactive compounds are essential and nonessential compounds that occur
in nature, are part of the food chain, and can improve human health [45]. Among these
compounds, carotenoids, phenolic compounds, and polyunsaturated fatty acids have
been the object of many scientific studies, aiming at their application in the development
of dietary supplements [28, 39, 46].

3.1.1 Carotenoids

Carotenoids are pigments that vary from yellow to red, usually of lipophilic nature,
whose main source are vegetables. These compounds are divided into two major classes,
according to the structural differences of their hydrocarbons: carotenes (carbon and
hydrogen) and xanthophylls (carbon, hydrogen, and oxygenated functional group) |5,
47, 48].

Xanthophylls are synthesized from carotenes through hydroxylation and epoxidation
reactions. Pf-carotene and lycopene are examples of carotenes, while lutein and zeaxan-
thin are xanthophylls. There are over 600 types of carotenoids, many of which are pre-
cursors of vitamin A, including B-carotene. In the body, most of these compounds are
found in tissues and plasma, and others are found in the retina (zeaxanthin and lutein)
[49-51].

In the global market, there are many carotenoid supplements. The most marketed
supplements are based on lutein, zeaxanthin, astaxanthin, lycopene, p-carotene, and can-
thaxanthin. The global dietary supplement market for these carotenoids is expected to
reach US$ 1.74 billion by 2025 [52].

These compounds are used for their numerous beneficial health effects. Carotenoids
have antioxidant activity against free radicals (ROS and RINS) present in cells and tissues,
and some of them present provitamin A activity [53—57]. In addition, carotenoids are
recognized as health-promoting compounds, presenting positive responses on the
strengthening of the immune system, protection against cancer, reduction of risk of car-
diovascular diseases such as arteriosclerosis, and others [47, 48, 51, 58, 59].

Regarding lutein, it is related to the prevention of age-related macular degeneration
(AMD) and cataract. This is because lutein structurally forms the macula lutea of the eye.
Its molecular structure can be described as a long carbon chain (40 carbon atoms) and
numerous double pairs alternated with attached methyl groups on the sides. Due to
the characteristics of the molecular structure of lutein, this compound has hydrophobicity
and is susceptible to oxidation in the presence of light and heat [51, 60, 61], and therefore
it has been applied in an encapsulated form for use in dietary supplements [62—64].

Studies have shown that acute or chronic lutein supplementation presented no tox-
icity, and no mutagenic or teratogenic effects [65-67|. Therefore, based on scientific
data, chronic lutein supplementation at the recommended dose of 10mg/day is safe
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and nontoxic. Thus, continued intake of lutein, either fresh or supplemented, may be
encouraged, especially for the elderly and for individuals at high risk of difterent clinical
conditions [68-70].

3.1.2 Phenolic compounds

Phenolic compounds are secondary metabolites of plants, which are essential for their
growth and reproduction, as they are formed under stressful conditions, such as infec-
tions, injuries, UV radiation, among others [71]. These compounds are a very diverse
group, which are defined as aromatic ring-bearing substances, with one or more hydroxyl
substituents, including their functional groups. Due to the diversity of their structures,
phenolic compounds have a multifunctional character, being the object of studies in
many research areas, such as food and pharmaceuticals [72, 73].

There are over 8000 identified phenolic compounds, which are divided into groups
depending on their chemical structure. According to their carbon chain, the compounds
can be simple phenols, phenolic acids, flavonoids, lignans, biflavonoids, hydrolyzable and
condensed tannins, stilbenes, and lignans [74].

These compounds present various biological activities, which favor their contribution
to the beneficial eftects of diets rich in fruits and vegetables. They have antioxidant, anti-
bacterial, antiviral, antiinflammatory, cardioprotective, anticarcinogenic, and chemopre-
ventive activities. Anticarcinogenic and chemopreventive properties of phenolic
compounds have been related to the inhibition of colon, esophageal, lung, liver, breast,
and skin cancers |7, 75-81].

Among the phenolic compounds of interest to the pharmaceutical and food indus-
tries, flavonoids are very important for use in dietary supplements, due to their effects
on the gastrointestinal tract such as: protection of the intestinal epithelium, pharmaco-
logical insults, and food toxins; modulation of the activity of enzymes involved in the
absorption of lipids and carbohydrates; intestinal hormone secretion; immune system;
and modulation of microbiota composition and function; and also present potential
anticolorectal cancer activity [82].

The use of flavonoids in dietary supplements is usually inserted along with herbal
extracts. The market has been growing, with an estimated value of US$ 1.06 billion
by 2025. In general, consumption of flavonoids in dietary supplements is stimulated
by possible effects such as: calorie and weight reduction, antioxidant and anticancer
potential, prevention/treatment of diabetes and cardiovascular diseases [83, 84].

Flavonoids are low molecular weight compounds that are found in the form of gly-
cosides and aglycones [85]. Belonging to this class of compounds, quercetin is increas-
ingly being used in functional beverages, such as energy and nutraceutical drinks, due
to its benefits including energy increase, antioxidant, antiinflammatory, and antidiabetic
properties. [82, 86—88].
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In vivo studies found different dosages of quercetin for a positive antidiabetic effect:
50-80mg/kg [89], 100mg/kg [90], and 25, 50, and 75mg/kg [91]. Therefore, these
works demonstrate quercetin supplementation may be an important new strategy for
the treatment/prevention of diabetic encephalopathy, diabetic nephropathy, and other
diabetic complications [88].

3.1.3 Fatty acids

Vegetable fat is in the form of triglycerides, formed by a glycerol molecule, esterified to
three fatty acids, called saturated, unsaturated (mono or poly), and trans. This classifi-
cation of fatty acids is based on four aspects: number of double bonds, carbon chain
length, double bond configuration, and fatty acid position in the glycerol
molecule [92].

Polyunsaturated fatty acids are identified by the letter ® (omega). The main fatty acids
belonging to the ® group, also called essentials, are ®-3 (omega-3) and ®-6 (omega-6).
Omega 3 occurs when the first double bond is located on carbon 3, counting from the
methyl radical (CH3); and omega 6 occurs when the double bond is located on the sixth
carbon of the chain, counting from the same radical [93, 94].

After ingestion, enzymatic synthesis occurs, resulting in other fatty acids. The main
ones in the omega-3 family are alpha-linolenic (C18: 3), eicosapentaenoic-EPA (C20: 5),
and docasahexaenoic-DHA (C22: 6) acids; and the most important in the omega-6 family
are linoleic (C18: 2) and arachidonic (C20: 4) acids [95].

Plenty of scientific publications have confirmed the health benefits of omega-3 and
omega-6. Studies have shown that their intake is related to lower prevalence of obesity
[96], metabolic syndrome [97], type 2 diabetes [98], and cardiovascular events [99]. These
fatty acids also present antiinflammatory [100], and anticancer (breast, prostate, and
colon) activities [101—-103], contributing to reduction of depression [104], and Alzhei-
mer’s disease [105].

In supplements, fatty acids are marketed in the form of natural triglycerides, free fatty
acids, ethyl esters, re-esterified triglycerides, and phospholipids [46, 106]. The consump-
tion of fatty acids in the form of supplements aims to increase the plasma levels of eico-
sapentaenoic and docosahexaenoic acids [106, 107].

The fatty acid supplement market is expected to grow by 12.20% by 2021. Commer-
cially, omega-3 is present in a variety of dietary supplement formulations, including ani-
mal and vegetable oils. They are usually composed of docosahexaenoic (DHA),
eicosapentaenoic (EPA), alpha linoleic (ALA), linoleic (LA), and arachidonic (AA) acids,
with dosages of about 1000mg of oil containing 180 mg EPA and 120mg DHA,
approximately [108].

Therefore, due to the many benefits of fatty acid intake, it can be stated that their
supplementation is recommended.
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4. Techniques for extraction of bioactive compounds from plants

Due to the therapeutic properties of some vegetables, much work has been done to
identify, extract, and purify their bioactive substances [109, 110]. A very important aspect
in obtaining plant extracts concerns the extraction method employed, which can be
conventional or unconventional.

Conventional techniques consist of liquid-liquid and liquid-solid extractions and
solid phase microextractions [111]. The conventional methods most used are: infusion,
decoction, maceration, percolation, and hot extraction [112]. Among these methods,
Soxhlet stands out, as it is one of the most used in scientific approaches for comparison
with unconventional extractions [8, 113, 114].

Soxhlet is a solid-liquid extraction of continuous-discrete percolation which has
shown, for over a century, several advantages, such as ease of mass transfer of analytes
to the solvent, as the sample is repeatedly put in contact with new portions of pure sol-
vent, which is evaporated, condensed, and recirculated. This process often causes analyte
depletion. Moreover, it is a very simple method that requires little training and enables
high extraction yield [115, 116].

Despite these advantages, the use of toxic solventsleaves residues in the extracts, thus alter-
ing their purity and limiting their application in food and pharmaceutical products. In addi-
tion, there is currently a call for environmental preservation, in which these types of solvent
are not considered clean. For this reason, many works have approached the use of clean tech-
nologies through unconventional extraction methods to obtain plant extracts [117].

The cleanest unconventional extraction methods most currently addressed in scien-
tific articles are: supercritical fluid, pressurized liquid, ultrasound-assisted [118],
microwave-assisted, membrane-based solvent [119], high hydrostatic pressure [120],
pulsed electric field assisted [121], subcritical water [122], negative pressure cavitation
[123], and enzymatic extractions [124].

Among these techniques, supercritical fluid extraction has been recognized as prom-
ising because it provides high selectivity and purity, shorter extraction times compared to
other extraction methods, and does not use toxic organic solvents [9, 125, 126].

4.1 Supercritical fluid extraction

Supercritical extraction is a sustainable green technology that has presented a wide range
of applications, some already implemented at the industrial level and others still emerging
[127-129]. Supercritical fluid techniques are considered clean, primarily because of the
use of generally recognized as safe (GRAS) solvents. In addition, many supercritical fluid
extraction equipments present solvent recirculation, making it reusable and reducing
environmental impacts [130].

According to Brunner [131], in the supercritical extraction process, the equilibrium
between liquid and gas phases is established, causing them to have identical properties
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such as density, viscosity, refractive index, thermal conductivity, and others. This equi-
librium point is found above the critical point and is characterized by presenting, instead
of two phases (liquid and gaseous), a single phase (supercritical). Thus, by definition,
supercritical fluid is any substance that is under conditions of pressure and temperature
above the critical point.

Supercritical fluids have some properties that make them particularly attractive. They
are highly compressible and have high solubility and selectivity, which are modified with
density. This is due to their physical properties as they present an arrangement between
liquid and gas properties, which enables increased mass transfer and shorter extraction
times [132, 133].

The most used supercritical fluid is carbon dioxide (CO,), as it is nonflammable, non-
toxic, inert, nonpolluting, and selective, as well as has low cost and is easy to recover. [9].
Besides, CO, is also widely used due to its moderate critical properties
(temperature =31.1°C; pressure =73 bar), thus avoiding the degradation of volatile,
thermolabile, and oxidizable substances [134—136]. A noteworthy fact is that CO, is gen-
erated as a byproduct of the production of ammonia, ethanol, hydrogen, and natural
gases, and the application of CO, is a way to reduce its emission into the atmosphere,
thus helping to solve environmental problems [137]. Thus, the advantage of CO, in
supercritical extraction fits into green industrial production processes, especially in food
and pharmaceutical industries.

According to Brunner [131], supercritical extraction takes place after confinement of’
the plant matrix and supercritical fluid under certain conditions of pressure and
temperature. It is first necessary to assemble the fixed bed according to the porosity
and density of the plant solid matrix. Then, the process goes through a static extraction
period and a dynamic extraction period. During the static extraction period, the super-
critical fluid is injected into the extractor and flows through the solid matrix in a closed
system. Then, the membranes of the plant matrix break down, causing mass transport of
compounds toward the surface. The dynamic extraction period occurs in an open system
and the fluid drags the extract into a container at room temperature. The separation of the
extract from the solvent occurs through precipitation caused by system depressurization,
which leads to fluid solvating power to reduce, causing separation of the extract and
release of the gas.

Because supercritical extraction is based on fluid solvation properties, it becomes
strongly influenced by intrinsic and extrinsic process characteristics such as temperature,
pressure, extraction time, solvent type, solvent flow rate, sample size, and cosolvent
use [138].

Temperature and pressure are important factors that affect the final extract compo-
sition and vyield, as well as the solubility of each component in the supercritical fluid
[139, 140]. Generally, at constant pressure, increasing temperature increases solubility
and diffusivity, and reduces fluid viscosity and surface tension of the solute, allowing
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the supercritical fluid to move freely through small pores and structures, and inducing the
transport phenomena in the process. Under isothermal conditions, the increase in pres-
sure increases the density and, consequently, the solvating power [126].

According to the results obtained by Pires et al. [4], extraction times reduce with
increasing solvent flow rates. In addition, the use of supercritical CO, made it possible
to obtain extracts with lipophilic or nonpolar bioactive compounds, such as carotenoids
and fatty acids. Since the use of cosolvents modifies fluid solubility, with the use of CO,
(90%) and ethanol (10%) as cosolvents, it was possible to obtain extracts of hydrophilic or
polar compounds, such as phenolic compounds.

Regarding sample size, according to Brunner [131], the solid matrix must be com-
posed of particles small enough to increase the contact area with the fluid, thus facilitating
the mass transfer of the particles center toward the surface, but not so small as to cause
leaks and clogging in the process line.

Importantly, the application of extracts with active ingredients considers characteris-
tics such as solubility and stability. After extraction, bioactive compounds are more vul-
nerable to degradation. For this reason, the use of nanotechnology emerges to
revolutionize the entire food and pharmaceutical systems, including production, proces-
sing, storage, and development of materials and products [11].

5. Nanotechnology

Nanotechnology is one of the leading emerging technologies that support sustainable
competitiveness in various industrial sectors. In the agro-industrial area, nanotechnology
is applied to increase agricultural productivity and economic growth of industries, aiming
at improving the nutritional value and quality of products [141, 142].

By definition, nanotechnology is any natural, incidental, or manufactured material
that contains particles in an unbound/aggregate/agglomerate state, in which 50% or
more of the particles present one or more nanoscale dimensions [143]. The nanoparticle
diameters range from 1 to 100 nm. However, for use in biomedical areas, these diameters
can be in the range from 1 to 1000 nm [144].

The range of possible fields of application is wide and includes food, medical, cos-
metics, biotechnology, and energy production industries. In the food industry, nanotech-
nology is used to extend shelf life, customize flavors, and promote health and well-being
[145-147].

The development of new dietary supplements is one of the main areas of food and
pharmaceutical industries that have been constantly under innovation by the develop-
ment of nanotechnology [148]. Among the many benefits of applying nanotechnology,
controlled drug delivery system can be highlighted, which allows bioactive compounds
to be delivered to their specific action sites in the body [149, 150].
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This occurs because the properties of nanomaterials are very different from those of
conventional materials, as they have high surface to volume ratio, altering or improving
properties such as tensile strength, reactivity, electrical characteristics, and others [151]. In
addition, they enable greater absorption, ability to create porous structures, greater sol-
ubility, and better controlled release of bioactive compounds into the body [142, 152].

Thus, nanotechnology offers many opportunities for industrial applications and can
be applied in food/pharmaceutical products, nutritional supplements, and food packag-
ing [147, 153].

5.1 Nanoencapsulation

The ingestion of bioactive compounds from plants is a mechanism that makes it possible
to improve the therapeutic properties of plants, with minimization of possible side effects.
However, such compounds can undergo enzymatic, thermal degradation, oxidation due
to exposure to light, heat, pH, moisture, and oxygen [150]. Therefore, it is necessary to
use techniques to protect sensitive bioactive molecules, in which nanoencapsulation
emerges as one of the most widely used branches of nanotechnology to increase bioavail-
ability, solubility, and stability of bioactive compounds. In addition, this technique
provides products with high load capacity, controlled sustained release, ease of handling,
oxidation protection, and volatile ingredient retention [11, 154, 155].

Generally, the various bioactive encapsulation techniques are developed in three
steps: (1) entrapment of the material to be encapsulated; (2) maintenance of trapped
material; (3) entry of unwanted materials prevention. In summary, the function of incor-
porating active ingredients into nanoparticles is to protect the compound that may be
exhibiting unstable behavior in the presence of other food components [152, 156].

Several works in the scientific literature address various types of particles obtained by
different nanoencapsulation techniques: nanostructures, such as nanospheres (NSs),
nanocapsules (NCs), solid lipid nanoparticles (SLNs), cyclodextrins (CDs), liposomes
(LSs), and micelles (MCs) [157]. These nanoparticles have been obtained by numerous
techniques such as self-assembly, high-pressure homogenization, nanoemulsification,
nanocomplexity, nanoprecipitation, coacervation, lipid nanoencapsulation, supercritical
fluids, etc. [158—161].

Among these, the techniques for obtaining nanoparticles by supercritical CO, are
being increasingly exploited due to the increasing interest in clean technologies and
the inherent characteristics of the supercritical process, such as rapid mass transfer, non-
toxicity, low processing temperature, and production of uniform and small particles with
controllable morphology [162].

5.1.1 Techniques of nanoencapsulation using supercritical CO,
Various techniques for obtaining nanoparticles have used supercritical CO, (SC-CO5,).
According to Temelli [163], they can be classified according to the CO, role in the
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process, as follows: SC-CO; as solvent; SC-CO, as cosolvent; SC-CO, as antisolvent;
and SC-CO, as solute.

In processes in which SC-CO, is used as a solvent, the solutes contained in the plant
matrix are solubilized in the SC-CO,, and then they are separated by precipitation after
leaving the system by depressurization [9].

The use of SC-CO, as a cosolvent means that it is not used as the main solvent but as
an assistant to facilitate the solute solubilization [164].

In techniques that use SC-CO, as an antisolvent, solute is extracted with an organic
solvent, in which SC-CO; solubilizes the organic solvent, thus forming an expanded lig-
uid (SC-CO,+organic solvent). The formation of this expanded liquid makes the
organic solvent immiscible in the solute, and SC-CO, drags the solvent out of the system
and solute is precipitated [165]. The main processes that use SC-CO, as an antisolvent
are: ASES (aerosol solvent extraction system), and SFEE.

In processes that use SC-COj; as a solute, SC-CO solubilization occurs in a liquid
solution (usually lipids), which is subsequently depressurized. This results in a significant
reduction in melting point, viscosity, and interfacial tension of the solution (SC-CO, +
lipids), which facilitates its pulverization [166].

The methods that use SC-CO, for the formation of nanoparticles can also be classified
according to the techniques of SC-CQO, assisted drying, which can be: CO, for drying,
CO, for atomization, use of gas-expanded liquids, and aerogels. Among the processes
most addressed in the technical-scientific literature, the CPF (concentrated powder form)
stands out over the processes for SC-CO, for drying.

Importantly, among all these techniques, SEEE has been the subject of many studies
involving plant bioactive compounds for the formation of nanoparticles [12, 167, 168].

Supercritical fluid extraction of emulsions

SFEE consists of producing nanoparticles through nanoemulsions. By definition, nanoe-
mulsions are heterogeneous arrangements in which one liquid (the inner phase) is dis-
solved into another (the outer phase), producing uniformly small sized nanoparticles
(100-1000nm) [169—-171].

Nanoparticles can be named nanocapsules or nanospheres. Nanocapsules are systems
in which the active principle is confined in the particle nucleus, surrounded by a poly-
meric membrane, while in nanospheres, the active principle is on the polymeric surface.
Both are encapsulated nanoparticles [172, 173].

Nanoemulsions are usually transparent, in which turbidity is influenced by particle
size. These systems have particular characteristics, such as low viscosity, high kinetic sta-
bility, and large surface area, which make nanoemulsions attractive for food, cosmetic,
and drug applications [174, 175]. However, their physicochemical properties are influ-
enced by the qualitative and quantitative composition of bioactives, and by the prepara-
tion conditions. Studies aiming at system stability and bioavailability are necessary [176].
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In formulations of emulsions applied in SFEE, a biopolymer, an organic solvent, an
emulsifier, water, and the bioactive compound are used [177]. The use of emulsifiers in
SFEE is of fundamental importance due to the thermodynamic instability of nanoemul-
sions [149, 178]. Importantly, despite being thermodynamically unstable, some studies
describe that nanoemulsions may reduce toxicity, increase therapeutic activity and bio-
availability, and, in some cases, allow controlled or targeted release of incorporated
bioactives [179].

The SFEE technique involves five steps: (1) Preparation of the starting emulsion; (2)
Addition of the starting emulsion to the reactor (closed system); (3) Addition of CO, and
adjustment of temperature and pressure; (4) Outlet valve opening and flow adjustment
(open system); (5) Slow system depressurization and recovery of the nanoemulsions (sus-
pension of nanoparticles in water) [180].

In preparation of the starting emulsion (usually oil in water), the organic phase
(organic solvent, emulsifier, and bioactive compound) is dissolved in the aqueous phase
(water and biopolymer) by stirring and with/without the use of ultrasound. [12, 167].
This emulsion is added to the reactor, the valves are closed, and CO, is added. The system
is subjected to a certain temperature and pressure according to the conditions of thermo-
dynamic equilibrium between SC-CQO, and the organic solvent used. After stabilization,
the system is opened, and the flow of CO, + organic solvent is adjusted. After the end of
the process, the system is cooled and depressurized, and solvent-free nanoemulsion is
recovered [181].

SFEE applications in the food sector have focused on production of nanoparticles
with bioactive compounds, such as natural carotenoids, including astaxanthin [182],
lutein [144], B-carotene, and lycopene [183], as well as vitamins such as vitamin E [12].

Nanoemulsions can be used in liquid, solid, or powder forms. The use of encapsulated
dry extracts for dietary supplement application has been the subject of several studies |38,
39, 184]. For this, it is necessary to use dehydration techniques after emulsification, such
as lyophilization or spray-drying, which are widely used to obtain powder
nanoemulsions [185].

Among the advantages of this technology, the versatility stands out because encapsu-
lating hydrophilic and lipophilic compounds is possible [186, 187]. In addition, SFEE is
able to eliminate organic solvents due to the high solubility of organic molecules in super-
critical fluid, rapid mass transfer, and moderate temperature and pressure [136, 188].
Therefore, this method represents a promising technique for encapsulating bioactive
compounds for use in dietary supplements.

6. Conclusion

The use of supercritical technology for obtaining and encapsulating plant extracts dem-
onstrates the concern with the environment, and with the quality of bioactives obtained,
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increasing their applicability and the sustainability of food and pharmaceutical

industries.
The study and application of supercritical CO; in the dietary supplements production

chain reveals a new proposal that highlights the importance of using supercritical tech-

nology in the development of a high-quality product, which presents the stability that

bioactive compounds, which are attributed to the therapeutic potentials of plant extracts,

need. This verticalizes and contributes to the development of new food and pharmaceu-

tical products, with a great return to society.
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ABSTRACT

The obtaining of muruci extracts (Byrsonima crassifolia) was performed by CO,-SFE and CO, + EtOH-SFE, which
were conducted at 323.15 K-343.15K, and at 15 MPa to 49 MPa. The increase of 50% in the solvent flow rates,
and the reduction of 33% in the dynamic period increased the yields. For the CO,-SFE, the highest values of
global yield (9.12%), lutein (207.18 ug/g), and antioxidants (33.91 pmol TE/g) were obtained at 333.15 K. In the
CO,, +EtOH-SFE of the defatted freeze dried murici pulp, the highest values of lutein (209.73 ug/g), phenolics
(43.69 mg GAE/g), and antioxidants (138.85 umol TE/g) were obtained at 940 kg/m>, with a strong positive
phenolics/antioxidants correlation. The functional quality suggests hypercholesterolemic, antiatherosclerosis
and antithrombogenic effects.
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Nomenclature

Pa Apparent density

pCO, Supercritical CO, density

pCO,+EtOH Density of supercritical CO5+ ethanol
pSolvent Solvent density

Pe True density

e Bed porosity

A Extraction with supercritical CO2 at tiand Qco2;
Al Atherogenicity index

B Extraction with supercritical CO2 at t,and Qco2,
CO, Carbon dioxide

CO,-SFE Supercritical fluid extraction with CO,
CO2+ EtOH-SFE Supercritical fluid extraction with CO, + ethanol

dop Average particle diameter

d.b. Dry basis

DFDMP  defatted freeze dried murici pulp
EtOH Ethanol

FDMP Freeze dried murici pulp

HI Hypocholesterolemic index
mco2 CO,, mass

MUFA  Monounsaturated fatty acids
ORAC  Oxygen radical absorbance capacity
PUFA Polyunsaturated fatty acids

Qco, Supercritical CO, mass flow

SFA Saturated fatty acids

TI Thrombogenicity index

UFA Unsaturated fatty acids

1. Introduction

The murici (Byrsonima crassifolia) is a fruit that grows on a small
tree native to tropical America and widespread throughout the Amazon
region. The fruit is a drupe of 1 cm-2 cm, whose pulp is consumed in
the form of nectars, candies, and ice creams due to its exotic flavor and
odor [1,2]. The genus is known to present a pulp rich in carotenoids,
phenolic compounds, and unsaturated fatty acids, thus constituting a
source of antioxidants [3-6]. These components are generally attrib-
uted to beneficial health effects, which justify the use of murici in the
treatment and/or prevention of diseases [7].

Lutein, the main carotenoid present in murici [5], is associated with
a decreased risk of developing macular degeneration, as it is among the
carotenoids commonly found in the retina, which is located in the back
of the eye [8]. Quercetin, the major phenolic compound found in murici
[9], may be attributed to the hypoglycemic and antiglycation effects of
the fruit [10], since this compound was effective in diabetes mellitus
treatment [11]. The presence of unsaturated fatty acids suggests that
murici has therapeutic effects in the treatment and/or prevention of
cardiovascular diseases such as atherosclerosis, thrombosis, and hy-
percholesterolemia, since this link was observed for other foods
[12-14].

Several extraction techniques have been used to increase the con-
tent and bioavailability of bioactive compounds extracted from fruits
[15-17]. Among these methods, the extraction with supercritical fluids
stands out, especially with carbon dioxide (CO.) [18,19]. This tech-
nology has been applied commercially in nutraceutical and pharma-
ceutical products for the extraction of free fatty acids and other
bioactive compounds [20].

Extraction with supercritical CO, provides higher selectivity, purity,
and yields, as well as lower extraction times. This is possible when
process parameters are optimized, such as bed characteristics and
process variables such as pressure, temperature, flow, among others
[21,22]. However, extraction with supercritical CO, has limited ability
to solubilize polar compounds, when it is necessary to use cosolvents,
such as ethanol, to increase the solvation power on substances of high
polarity during extraction [23].

Thus, the main objectives of this work were to study the extracting
process of murici pulp (B. crassifolia) with supercritical CO,, followed
by re-extraction with CO,+ethanol to determine its best operating
condition through the global yield isotherms, which includes tem-
perature, pressure, and solvent flow; to obtain the bioactive compounds
present in the murici pulp, such as: lutein, fatty acids, and phenolic
compounds; and also to evaluate the functional quality and antioxidant
capacity of extracts.
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2. Materials and methods
2.1. Raw materials

The frozen murici pulp was obtained in the municipality of Terra
Alta (Par4, Brasil) (01° 02’ 25. 9” S and 47° 54’ 12. 3” W). 30 kg of pulp
were transported in a thermally insulated vessel and stored under
freezing (255.15K = 1K) until processing. The solvents used were CO,
(99.9% purity, White Martins, Brazil) and EtOH (99.9% purity, PA,
Merck, Brazil).

2.2. Freeze drying of murici pulp

The murici pulp was added in stainless steel trays, being frozen
again. The sample was lyophilized in a semi-industrial lyophilizer
(model LJI 015, JJ Cientifica, Sao Carlos, Brazil). The process was
carried out at 233.15K for two days. After lyophilization, approxi-
mately 2kg of freeze dried muruci pulp (FDMP) was obtained. It pre-
sented (5.46 = 0.30) g/100 g of moisture, (2.02 + 0.02) g/100 g of
ashes, (0.55 * 0.02) g/100 g of proteins, (10.02 *+ 0.15) g/100 g of
lipids, and (21.60 * 0.59) g/100 g of sugars. Such parameters were
determined according to AOAC [24]. FDMP was vacuum packed and
stored at 273.15K.

2.3. Supercritical extractions: CO»-SFE and CO,+ EtOH-SFE

2.3.1. Operating conditions

The supercritical extractions were carried out at the Laboratory of
Supercritical Extraction (LABEX/UFPA/Brazil) in a SPE-ED SFE unit
(model 7071, Applied Separations, USA), coupled to a CO, cylinder, a
compressor (model CSA 78, Schulz S/A, Brazil), a recirculator (model
F08400796, Polyscience, USA) and a CO, flowmeter (model M 5SLPM,
Alicat Scientific, USA). In the first stage, the extractions of the FDMP
with 100% of supercritical CO, (CO»-SFE) were carried out in order to
obtain the most apolar extracts, and the defatted freeze dried murici
pulp (DFDMP). In the second step, the DFDMP were extracted with 90%
of supercritical CO, and 10% of ethanol (CO,+ EtOH-SFE) to obtain the
most polar extracts. The extraction cell used had internal diameter of
0.032 m and height of 0.126 m, constituting a total internal volume of
9.96 x 10~ °m>. The operating conditions for both processes were:
temperatures of 323.15K and 333.15K and pressures in the range of
15 MPa to 42 MPa. The densities were calculated using the Aspen Hysys
software (Aspen One 8.6), which applies the Peng-Robinson [25] cubic
equation of state with zero binary interaction parameters. The oper-
ating conditions of CO,-SFE and CO, + EtOH-SFE are shown in Table 1.

The extracts global yields were calculated from the mathematical
ratio between the masses of extract and the FDMP or DFDMP (w/w). To
obtain the masses of the polar extracts, the residual ethanol was eva-
porated under vacuum at 313.15K in CentriVap centrifuge (model

30



F.C.S. Pires et al.

Table 1
Operating conditions of CO,-SFE and CO,+EtOH-SFE of murici pulp (B. cras-
sifolia).

Assay  Temperature (K) Pressure pCO, (kg/ pCO,+EtOH (kg/
(MPa) m?)? m®)°
1 323.15 15 654 801
2 323.15 22 791 863
3 323.15 35 918 936
4 333.15 19 671 797
5 333.15 27 797 865
6 333.15 42 924 946

? pCO4: CO, density; pCO,+EtOH: CO,+EtOH density.

78100, Labconco, USA) and the masses were weighed. The determi-
nations were performed in duplicate and the results were expressed as
% by mass (d.b.).

2.3.2. Characterization of beds before and after extractions

For the FDMP and DFDMP, the average particle diameter (dg,), the
true (p,) and apparent densities (p,), and the porosities (¢) of the ex-
traction beds were determined. The DFDMP used was that which pre-
sented the highest yield in CO,-SFE. Firstly, the samples were sieved
with the aid of a vibrating shaker (Granutest) composed of 7 Tyler
screens (WS Tyler, USA) from 8 to 42 mesh, for 900 s, at full speed. The
dq, was calculated according to ASAE method S319.4 [26], and the
results were expressed as mm. The p, of the particles were determined
using automatic helium gas pycnometer (model Ultrapyc 1200e,
Quantachrome, USA). For the beds preparation, 0.020 kg of FDMP and
0.015kg of DFDMP were used, which formed beds with diameter/
height ratios of 0.44 and 0.58, respectively. The p, were determined
from the mass/volume ratio of the sample (w/v) in the extraction cell,
both expressed as kg/m>. The ¢ were determined by the relationship
between p, and p,. The determinations were performed in triplicate.

2.3.3. Evaluation of the solvent flow rates over the dynamic period of CO2-
SFE

The supercritical extraction process was performed in two stages: a
static period (closed system) and a dynamic period (open system). In
order to reduce the dynamic period, the bed-related parameters (¢, bed
height/diameter ratio, feed mass, dgp, p,, and p,), and process-related
parameters (pressure of 49 MPa, temperature of 343.15 K, CO, density
0f 929.50 kg/m?, static period of 1 800 s, and CO, mass of 0.96 kg) were
kept constant. The procedure was performed in two steps: A and B. In A,
the dynamic period was of 10 800s (t;) and the CO, flow was
8.85 x 10™° kg/s (Qco21). In B, the dynamic period was 7 200 s (t;) and
the CO,, flow (Qco2,) was calculated through the mathematical Eq. (1),
where mcop2; = mcp2,. In both steps, the extracts were collected and
weighed every 3 600 s to obtain the cumulative masses of extraction.
From this study, all the extracts were obtained under the extraction
conditions that obtained the highest cumulative yield and the shortest
extraction time. The experiments were performed in duplicate.

mco,,
b

Qco,, =

@

2.4. Lutein content

The lutein contents were determined for the FDMP, DFDMP, and for
the extracts obtained by CO,-SFE and CO, + EtOH-SFE, according to the
methodology proposed by Rodriguez-Amaya and Kimura [27]. Acetone
was used as the extraction solvent. 50% of ethyl ether and 50% of
petroleum ether (v/v) were used in the partitioning. Quantifications
were performed in ethanol using a spectrophotometer (model Evolution
60, Thermo Scientific, USA). The total lutein contents were calculated
through absorbance measurements performed at 445 nm, and with the
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absorption coefficient of lutein in ethanol equal to 2550. Quantifica-
tions were performed in triplicate and the results were expressed as g/
g by mass (d.b.).

2.5. Phenolic compounds

For the quantification of the phenolic compounds of the FDMP,
DFDMP and CO, + EtOH-SFE extracts, the Folin-Ciocalteu method was
used [28,29]. In the extraction, the samples were homogenized for
120s on a vortex mixer with an acidified ethanol solution (70%
ethanol/29.5% water /0.5% acetic acid) at a concentration of 110 kg/
m? (w/v). Then, the samples were centrifuged at 277.15 K per 1 200 s in
a centrifuge (Model CT15RE, Hitachi, Japan). The supernatants were
diluted in water until a concentration of 0.05 m3/m?® (v/v) and then
homogenized. For the reaction, 5.00 x 10~7m® of diluted sample,
1.25 x 10°® m® of 7.5% sodium carbonate and 2.50 x 107 m® of Folin-
Ciocalteu in a concentration of 1.00 X 10®> mol/m® were added to the
cuvettes, and subsequently homogenized. For the blank, water was used
instead of the sample. The reaction was performed for 1 800s in the
absence of light. Quantification was performed on a UV-VIS spectro-
photometer (Evolution Model 60, Thermo Scientific, USA), at 750 nm.
The standard curve used was constructed using gallic acid at eight
concentration points (1, 5, 10, 20, 40, 60, 80, 100 kg/m3), according to
the equation of a line y = 0.1109 x + 0.0087, where y is the absor-
bance and x is the concentration (see the Supplementary material S1).
The determination was performed in triplicate and the results were
expressed as mg GAE/g by mass (d.b.).

2.6. Fatty acids and functional quality

The fatty acid profiles of the CO,-SFE extracts were determined on
gas chromatograph (model GC-2010, Shimadzu, Japan) equipped with
a flame ionization detector, and a capillary column TG-WAX MS A
(30m3.20 x 10~ *m2.50 x 10~ 7 m). Conversions to fatty acid methyl
esters were performed according to the Ce 2-66 AOCS method [30]. The
operating conditions were: helium as carrier gas, flow rate of
8.33 x 10 " m3/s, FID detector at 523.15K, injector (proportion
1:100), injection volume of 1.00 X 10~ °m?®. The programmed tem-
perature of the column was 323.15K for 300s, with a subsequent in-
crease until 523.15 K. The individual fatty acids peaks were identified
by comparing their retention times with those of known mixtures of
fatty acid standards (Nu-Check- Prep, USA), under the same operating
conditions. The retention time and area of each peak were calculated
using the software CG Software Solution. The determinations were
performed in triplicate and the results were expressed as % by mass
(d.b.). The atherogenicity (AI), thrombogenicity (IT) and hypocholes-
terolemia (HI) indexes were calculated from the fatty acid composition
to obtain the functional profile of the extracts obtained by CO,-SFE
[31,32].

2.7. Oxygen radical absorbance capacity (ORAC) assay

The ORAC of the FDMP, DFDMP, and the extracts obtained by CO,-
SFE and CO, + EtOH-SFE were determined on a microplate fluorimeter,
monitoring the effect of the sample on fluorescence decomposition,
resulting from the oxidation induced by the peroxyl radical (ROO*) of
fluorescein, according to Lai et al. [33] (see the Supplementary material
S2). The extraction of the antioxidants was adapted to solubilize the
antioxidants of all the samples, using acetone as the extracting solvent.
The analysis was performed in triplicate. The results were expressed as
umol TE/g (d.b.).

2.8. Statistical analysis

The means and standard deviations were calculated for all results.
Correlation analyses were performed using linear regression and
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Pearson correlation coefficient (r), with p < 0.05. The softwares Excel
2000 SR-1 (Microsoft, Troy, USA) and Statistica Kernel Release 7.1
(StartSoft Inc., Tulsa, USA) were used to perform the analyses.

3. Results and discussion
3.1. Characterization of extraction beds

The d,;, values were 3.80 X 10"* m = 0.01 m for the FDMP and
3.00 X 10"*m = 0.01 m for the DFDMP. The low d,, values obtained
provided good accessibility to the solute, due to the increase in mass
transfer area at the surface of the particles. These results were within
the range obtained for natural products, which are from 2.50 x 10 m
to 1.80 x 10 m [23]. The p, of the FDMP and DFDMP beds were
1290 kg/m® + 0.01 kg/m® and 1300 kg/m® + 0.01 kg/m>, respectively,
whereas the p, of the FDMP and DFDMP were 350.00 kg/m® + 0.01 kg/
m? and 284.80kg/m> * 0.01 kg/m?, respectively. It can be observed
that the values of p, did not present great variations among themselves,
being evidenced a greater difference in the values of p,. This difference
influenced the ¢ of the extraction beds: the & of the FDMP
(0.73 £ 0.01) was lower than that of the DFDMP (0.78 = 0.01).

The lutein contents, phenolic compounds, and ORAC results of the
FDMP and DFDMP are shown in Table 2. The lutein content of the
FDMP was 56.42 ug/g (d.b.) = 0.21 pug/g (d.b.). This value was higher
than that found by Mariutti et al. [5], which was 20.89 ug/g (d.b.) =
1.23 ug/g (d.b.). In DFDMP, the highest lutein content (41.92ug/g
d.b. £ 0.04pg/g d.b.) was obtained at 333.15K/19MPa and the
lowest lutein content (22.91 ug/g d.b. + 0.10 ug/g d.b.) was obtained
at 323.15 K/22 MPa. This may have been due to the increased exposure
of the compounds under these conditions. The increase in pressure
decreased the lutein content, except for the condition of 323.15K/
35 MPa, possibly due to the increased density of the solvent. It can be
observed that the lutein contents of the DFDMP were smaller than those
obtained for the FDMP. This occurred due to the extraction of part of
these compounds in the 1 st extraction step. Although carotenoids are
predominantly apolar compounds, xanthophylls, such as lutein, have
medium polarity and may be present in free form or bound to fatty acid
esters, thus modifying their solubility [34].

The value of phenolic compounds of the FDMP was 154.34 mg GAE/
g (d.b.) = 0.02 mg GAE/g (d.b.). This result was higher than that found
by Souza et al. [35] (48.55mg GAE/g d.b. = 9.07 mg GAE/g d.b.).
This value for the DFDMP ranged from 130.18 mg GAE/g (d.b.) +
0.14 mg GAE/g (d.b.) to 189.75mg GAE/g (d.b.) + 0.13mg GAE/g
(d.b.), e.g., the lowest content in the most extreme condition (333.15 K/
42 MPa) and the highest content in the mildest condition (323.15K/
15 MPa). These values demonstrate that these compounds are practi-
cally not present in the extracts obtained by CO,-SFE due to the polarity
of the supercritical CO,, which solubilized and extracted the fatty acid/
lipid fraction from the matrix and other apolar bioactive compounds
[36,23,37,38]. A similar behavior was observed by Batista et al. [19]
for the defatted freeze dried acai pulp obtained by CO,-SFE. This fa-
cilitated the subsequent extraction of phenolic compounds from the
DFDMP.

The ORAC of the FDMP was 6.62 umol TE/g (d.b.) + 0.36 umol TE/
g (d.b.). This value was higher than that found by Mariutti et al. [9]
(6.60 x 10~ % umol TE/g d.b. + 0.04 pmol TE/g d.b.). After the CO,-
SFE, the ORAC of the DFDMP were reduced, with the highest value
(2.41 ymol TE/g d.b. = 0.10 umol TE/g d.b.) obtained at 323.15K/
15MPa and the lowest value (1.97 umol TE/g d.b. *+ 0.04 pmol TE/g
d.b.) obtained at 333.15 K/27 MPa. It can be observed that the increase
in temperature decreased the ORAC, possibly due to the thermal de-
gradation of the antioxidant compounds. The variation between the
ORAC values of the FDMP and of the DFDMP occurred due to the ex-
traction of some antioxidant compounds in the first step, such as car-
otenoids, fatty acids, esters, etc. These results demonstrate that the
DFDMPs obtained after CO,-SFE can be applied to obtain extracts rich
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in bioactive antioxidant compounds and free of toxic residues.

3.2. Evaluation of solvent flow rates over the dynamic extraction period

The Qco2, calculated for t, 7 200s was 1.33 x 10~ * kg/s. In
Fig. 1, the cumulative yields of A and B are presented. It can be seen
that the yields increased with increasing time for both extractions. The
yield of A (9.57% d.b. = 0.36% d.b.) was lower than that of B (10.01%
d.b. = 0.39% d.b.). This occurred due to the increase in the superficial
velocity of the solvent over the particles, which consequently increased
the convective and diffusive rate of extraction. Therefore, for a 33%
lower dynamic period and a CO, flow rate 50% higher than that used in
A, it was possible to obtain a higher yield of the murici (B. crassifolia)
pulp extract. In the work performed by Shan et al. [39], it was also
observed that the increase in the CO, flow rate increased the rate of
extraction of bitter melon pulp (Momordica charantia L.) by supercritical
extraction. Although the flow calculation was done for 7 200s, the

Table 2

Lutein content, phenolics compounds, and ORAC of the freeze dried murici
pulp, defatted freeze dried murici pulp, and of the different extracts of the
murici pulp (B. crassifolia) obtained by supercritical extraction.

Samples Lutein content Phenolic ORAC* (umol
(ug/g d.b.)* compounds (mg TE/g d.b.)*
GAE/g d.b.)*
FDMP* 56.42 £ 0.21 154.34 = 0.02 6.62 = 0.36
323.15K/15MPa
1st step
CO,-SFE extract 83.36 + 0.68 - 29.36 = 1.10
2nd step
DFDMP" 27.75 * 0.02 189.75 + 0.13 241 = 0.10
CO, + EtOH-SFE 144.21 + 0.29 22,50 = 0.11 66.20 = 0.81
extract
323.15K/22 MPa
1 st step
CO,-SFE extract 146.07 = 0.83 - 32.30 = 1.15
2nd step
DFDMP 2291 * 0.10 142.31 = 0.25 2.30 = 0.14
CO,+EtOH-SFE 143.21 + 0.30 31.33 £ 0.17 59.85 + 1.29
extract
323.15K/35 MPa
1 st step
CO,-SFE extract 112.18 + 0.68 - 30.55 = 0.69
2nd step
DFDMP 30.02 = 0.10 161.52 + 0.25 2.37 = 0.12
CO,+ EtOH-SFE 209.73 = 0.69 34.08 £ 0.06 69.53 = 0.68
extract
333.15K/19 MPa
1 st step
CO,-SFE extract 22,65 = 0.11 - 32.81 = 0.42
2nd step
DFDMP 41.92 + 0.04 147.36 + 0.14 2.03 = 0.10
CO,+ EtOH-SFE 180.75 + 0.15 25.27 + 0.06 87.47 £ 2.62
extract
333.15K/27 MPa
1 st step
CO,-SFE extract 173.40 = 0.85 - 33.91 * 0.63
2nd step
DFDMP 34.88 + 0.07 146.32 + 0.19 1.97 = 0.04
CO, + EtOH-SFE 79.04 = 0.38 33.40 = 0.15 84.84 = 0.81
extract
333.15K/42 MPa
1 st step
CO,-SFE extract 207.18 *+ 0.18 - 30.96 * 0.47
2nd step
DFDMP 29.87 + 0.06 130.18 + 0.14 2.07 * 0.09
CO, + EtOH-SFE 172.59 + 0.70 43.69 * 0.33 138.85 + 3.03

extract

The results were obtained on mass basis.
2 FDMP = freeze dried murici pulp.
> DFDMP = defatted freeze dried murici pulp.
¢ ORAC = oxygen radical absorbance capacity.
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Fig. 1. Cumulative yields for different solvent flow rates and dynamic periods
of supercritical CO, extraction of the murici pulp (B. crassifolia). Steps: A («=dp==
) and B (=—F=).

other extractions (CO»-SFE and CO, + EtOH-SFE) were performed using
the dynamic period of 3 600s, since at this time it was possible to
obtain experimentally about 98.76% of the total mass extract, in ad-
dition to using a mass of CO, (mCO, = 0.474kg) 50.41% lower than
that used in the process for 7 200 s. Thus, the reduction of the dynamic
period starting from the increase of the solvent flow rate provided the
improvement of the process performance, as it allowed to obtain a
larger amount of extract per fraction of time, and a lower exposure of
the thermosensitive bioactive compounds, which minimized their de-
gradation and increased their stability [40].

3.3. Global yield isotherms

In Fig. 2a and b, the global yield obtained in CO,-SFE (1 st step) and
in CO, + EtOH-SFE (2nd step) are presented. In CO,-SFE, it is observed
that the highest global yield (9.12% d.b. = 0.08% d.b.) was obtained
in the condition of 333.15K/27 MPa, and the lowest global yield
(5.97% d.b. = 0.04% d.b.) was obtained at 323.15K/15 MPa. These
resuls were also achieved by Cunha et al. [18] for bacaba-de-leque pulp
extract (Oenocarpus distichus Mart.) obtained by CO,-SFE. For both
isotherms obtained by CO,-SFE, increases in temperature and pressure
raised the global yield until a pressure of 27 MPa, where the solvent
density prevailed over the solubilization of the solutes. After this point,
an inflection point occurred in the isotherms, where the vapor pressure
of the solute prevailed over the global yield. This behavior was also
observed by Espinosa-Pardo et al. [41] for the peach palm pulp extract
(Bactris gasipaes) obtained by CO,-SFE. In CO,+ EtOH-SFE, the highest
global yield (8.81% d.b. = 0.12% d.b.) was obtained at 323.15K/
15MPa and the lowest global yield (3.70% d.b. = 0.40% d.b.) was
obtained at 333.15 K/42 MPa. The isotherms obtained by CO,+ EtOH-
SFE presented an inverse behavior in relation to the isotherms obtained
by CO,-SFE, where the highest global yield were obtained by reducing
temperature and pressure. This behavior demonstrates that
CO,+EtOH-SFE solubilized the remaining compounds that had not
been extracted by CO,-SFE. It can be seen that both supercritical ex-
tractions had higher global yield at densities of approximately 800 kg/
m? (Fig. 2b). This suggests that the murici pulp compounds are more
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soluble in the supercritical fluids under these conditions, which con-
firmed the selectivity of the different solvents used in supercritical
conditions.

3.4. Characterization of the extracts

The lutein contents, phenolic compounds, and ORAC of the extracts
obtained by CO,-SFE (1st step) and CO,+EtOH-SFE (2nd step) are
presented in Table 2. The highest lutein content of the extracts obtained
by CO,-SFE (207.08ug/g d.b. = 0.18ug/g d.b.) was reached at
333.15K/42MPa and the lowest one (22.65ug/g d.b. + 0.11 ug/g
d.b.) was obtained at 333.15K/19 MPa. It can be observed that the
temperature had no definite effect on the response. However, the in-
creased pressure increased the lutein content of the extracts, due to the
increased density of CO,. The highest lutein content of the extracts
obtained by CO,+ EtOH-SFE (209.73 ug/g d.b. = 0.69 ug/g d.b.) was
achieved at 323.15 K/35 MPa and the lowest lutein content (79.04 ug/g
d.b. £ 0.38pug/g d.b.) was obtained at 333.15 K/27 MPa. In general, it
can be observed that the extracts collected by CO,+EtOH-SFE pre-
sented high lutein content levels, except when the densities of the
CO, + EtOH mixture were approximately 860 kg/m®. This demonstrates
that, in this condition, the solute/solvent interactions are weaker and
less solubilization of lutein occurs. From this point, lutein contents on
the 2nd step increase with the reduction in temperature, along with the
increase in pressure and density of the CO,+ EtOH mixture. This was
possibly due to the decrease in thermal degradation and the increase in
the solvating power of lutein, with the co-solvent addition. When
comparing the two extraction steps, the highest lutein content were
obtained with the use of the co-solvent. This behavior was also ob-
served by Cobb et al. [42], while optimizing the supercritical fluid
extraction of lutein from corn gluten meal. Therefore, the use of ethanol
in supercritical extraction is ideal for extraction of lutein because of its
GRAS (generally recognized as safe) status, and because it is used in low
concentrations in relation to conventional ethanol extractions that use
large amounts of solvent [43]. In addition, obtaining lutein as an ex-
tract increases its bioavailability [44], mainly because it is associated
with the presence of other lipids [45]. From these results, it can be
inferred that both extracts of murici pulp (B. crassifolia) obtained by
supercritical extraction are great sources of lutein.

The highest phenolic compounds of the extracts obtained by
CO, +EtOH-SFE (43.69mg GAE/g d.b. = 0.33mg GAE/g d.b.) was
reached at 333.15K/42 MPa and the lowest (22.50 mg GAE/g d.b. =
0.11 mg GAE/g d.b.) was reached at 323.15K/15 MPa. The phenolic
compounds increased with the use of higher temperature and pressure,
with consequent increase in the density of the CO, + EtOH mixture. The
same behavior was observed by Shan et al. [39]. The phenolic com-
pounds values show that the CO,+ EtOH-SFE of the DFDMP was ef-
fective in obtaining extracts with phenolic compounds, since the extract
had total phenolic equal to 28.31%, with the use of 90% less alcohol
than what is generally used in conventional extractions. In addition, the
phenolic compounds of the murici pulp may be associated with the
hypoglycemic activity of the fruit [10], since several studies have
suggested that ingestion of these compounds reduce glycemic levels in
the body [11,46].

Fig. 2. Global yield isotherms of the extracts of

murici pulp (B. crassifolia) obtained by CO,-SFE
at 323.15K (—8—), and at 333.15K (—fll—);
and by CO,+EtOH-SFE at 323.15K (—&—),
and at 333.15K (=—4#=—). The standard devia-
tions for all results were < 0.4%.
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The highest ORAC value of the extracts obtained by CO,-SFE
(33.91umol TE/g d.b. = 0.63umol TE/g d.b.) was reached at
333.15K/27 MPa, whereas the lowest value (29.36 umol TE/g
d.b. = 1.10 umol TE/g d.b.) was obtained at 323.15K/15 MPa. It can
be observed that the ORAC increased with increasing temperature.
After the CO,+EtOH-SFE of the DFDMP, there was a substantial in-
crease in the antioxidant capacity of the extracts. Sato et al. [47] also
observed the increase in the antioxidant capacity with the use of
ethanol as co-solvent in the extraction of strawberry pulp. The highest
ORAC value of CO,+ EtOH-SFE (138.85umol TE/g d.b. + 3.03 umol
TE/g d.b.) was obtained at 333.15 K/42 MPa, whereas the lowest value
(59.85umol TE/g d.b. = 1.29umol TE/g d.b.) was obtained at
323.15K/22 MPa. It was possible to observe that the ORAC increased
with increasing temperature, pressure and density of the solvent. It is
important to emphasize that the ORAC method is considered to be one
of the best models of antioxidant reactions in food and in vivo, when
lipid oxidation radicals and reactive oxygen species (ROS) are present
[48]. Therefore, according to the ORAC values, the extracts of murici
pulp obtained by CO,-SFE and by CO,+ EtOH-SFE can be considered
good sources of antioxidant compounds, since they present, respec-
tively, about 5.12 and 20.97 times more antioxidant capacity than the
FDMP.

The total fatty acids of the extracts of murici pulp (B. crassifolia)
obtained by CO,-SFE are presented in Table 3. The mass-based contents
of the different fatty acids identified ranged from 0.10% to
40.04% = 1.8% (Table 3), and there were no large variations in the
different extraction conditions. A similar behavior was observed by
Barrales et al. [49] for the extraction of passion fruit pulp and seed
(Passiflora edulis sp.) obtained in different conditions. In general, oleic
acid was the major compound, followed by palmitic and linoleic acids.
These results are similar to those obtained by Santos et al. [12]. The
high content of palmitic acid is due to the chemical bond between this
fatty acid and lutein in natural products [50]. These extracts are rich in
unsaturated fatty acids (63%), with mean values of 41% MUFA and
22% PUFA. In the nutritional evaluation, the low AI (0.57) and TI (1.09)
mean values and the high HI mean values (1.82) demonstrated the
functional potential of the murici extract obtained by CO,-SFE [51-53],
being similar to the behavior observed by Pinto et al. [13] for bacaba
(Oenocarpus bacaba) extract obtained by CO,-SFE. The functional
character is due to the fact that AI, TI and HI allow the quantification of
the fat capacity to cause atherosclerosis, thrombosis and cholesterol
production, respectively, being useful for the diagnosis and monitoring
of lipid-lowering treatment, and the alteration of these values may be
associated with cardiac, cerebrovascular, and peripheral-vascular pro-
blems [54]. From these results, it can be inferred that the murici fatty
acid composition is responsible for its antihyperlipidemic effect, ver-
ified in the in vivo study performed by Perez-Gutierrez et al. [10].

3.5. Linear correlations

Correlations were tested to evaluate the linear statistical influence
of all variables on responses and responses among themselves in all
trials (n = 6/p < 0.05). The Pearson coefficients (r) between the
parameters presented large amplitudes, which ranged from —0.97 to
0.95 (Table 4). The positive r values indicated that there was a directly
proportional linear relationship between the variables, whereas the
negative values showed the inverse relationship. For values close to
zero, it is possible to conclude that there were no linear relationships
among variables, whereas for extreme values (—1 or +1), there were
strong relationships [55]. For the CO,-SFE extracts, all the strong cor-
relations were positive; the temperature had moderate effect on the
ORAC, whereas the pressure and density presented effect on global
yield and lutein content. This pattern was also observed by Hsu et al.
[56], who correlated the lutein extraction in daylily flowers by CO--
SFE. Regarding the responses, the best correlations were observed for
Global yield x Lutein content and Global yield x ORAC. This indicates
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that it was possible to obtain a larger mass of extract and bioactive
compounds in conditions of higher temperature, pressure and density,
which was caused by the increase in the solubility of the supercritical
CO».

For the DFDMP, the temperature correlations on all responses, while
the pressure and density had only negative effect on phenolic com-
pounds. The negative values of all phenolic compounds correlations
suggest that they are sensitive to extreme process conditions, and are
inversely proportional to the increase in the parameters. Between the
responses, it can be observed that there was a negative correlation for
Lutein content X ORAC and a positive one for Phenolic compounds X
ORAC. For the CO,+EtOH-SFE extracts, only the pressure and the
density showed a positive correlation on Global yield and ORAC, and
negative on lutein content; for phenolic compounds, no strongly linear
effects were observed. Correlations between Phenolic compounds X
Global yield (negative) and Phenolic compounds X ORAC (positive)
were observed among the responses. The negative correlation between
phenolic compounds x global yield was also observed by Reis et al.
[57] for tamarind seed extracts (Tamarindus indica) obtained by
CO,+EtOH-SFE. This correlation indicates that the extract with the
highest mass does not present the highest contents of bioactive com-
pounds, which confirms the selectivity of the supercritical CO,+ EtOH
under the different extraction conditions. The positive linear correla-
tions between phenolic compounds X ORAC was also observed by
Vigan6 et al. [58] for the passion bagasse extract obtained by sequential
high pressure extractions, using ethanol as cossolvent. This correlation
suggests that the phenolic compounds in the DFDMP and in the
CO, +EtOH-SFE extracts are the main responsible for the antioxidant
activity in the samples.

4. Conclusion

In the supercritical extraction of murici pulp (B. crassifolia), it was
possible to reduce the dynamic extraction period from 7 200s to 3
600s, for in this period a yield of 98.76% was reached, based on

Table 3
Total fatty acids and functional quality of the extracts of murici pulp (B. cras-
sifolia) obtained by CO,-SFE.

Fatty 323.15K/ 323.15K/ 323.15K/ 333.15K/ 333.15K/ 333.15K/
acids 15MPa 22 MPa 35MPa 19 MPa 27 MPa 42 MPa
(%

d.b.)

Cl4:0 0.48 0.51 0.51 0.53 0.52 0.52
Cl6:0 33.04 34.30 34.36 33.69 34.33 34.37
Clé:1  1.47 1.41 1.40 1.52 1.41 1.41
C180 1.31 1.64 1.65 1.36 1.65 1.66
C18:1 40.04 39.08 39.08 39.01 38.98 39.03
C18:2 2248 21.70 21.61 22.66 21.67 21.56
C18:3 0.71 0.72 0.72 0.74 0.74 0.74
C20:0 0.18 0.35 0.36 0.21 0.36 0.36
C22:0 0.12 0.20 0.21 0.11 0.23 0.24
C24:.0 0.17 0.10 0.11 0.17 0.11 0.12
SFA 35.30 37.10 37.20 36.07 37.20 37.27
UFA 64.70 62.91 62.81 63.93 62.80 62.74
MUFA 41.51 40.49 40.48 40.53 40.39 40.44
PUFA 23.19 22.42 22.33 23.40 22.41 22.30
Al 0.54 0.58 0.58 0.56 0.58 0.58
TI 1.02 1.09 1.10 1.05 1.10 1.10
HI 1.93 1.81 1.80 1.87 1.80 1.80

The results were obtained by mass basis; C14:0 (myristic acid); C16:0 (palmitic
acid); C16:1 (palmitoleic acid); C18:0 (stearic acid); C18:1 (oleic acid); C18:2
(linoleic acid); C18:3 (linolenic acid); C20:0 (arachidic acid); C22:0 (behenic
acid); C24:0 (lignoceric acid); SFA (saturated fatty acids); UFA (unsaturated
fatty acids); MUFA (monounsaturated fatty acids); PUFA (polyunsaturated fatty
acids); Al (atherogenicity index); TI (thrombogenicity index); HI (hypocholes-
terolemic index). The standard deviations for all fatty acids were lower than
1.8%.
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Table 4
Pearson correlation coefficients (r) between the variables (n = 6) of the supercritical extraction of the murici pulp (B. crassifolia).
Temperature Pressure pSolvent® Global Yield Lutein content Phenolic compounds ORAC”
CO,-SFE extract Global yield 0.24 0.75 0.84 1.00
Lutein content 0.17 0.69 0.72 0.70 1.00
Phenolic compounds - - - - - -
ORAC 0.60 —0.05 —0.05 0.48 0.10 - 1.00
DFDMP Global yield - - - -
Lutein content 0.73 -0.10 —0.30 - 1.00
Phenolic compounds —-0.62 —0.58 -0.53 - -0.15 1.00
ORAC -0.97 —-0.24 —0.06 - —0.68 0.70 1.00
CO, +EtOH-SFE extract Global yield 0.24 0.75 0.84 1.00
Lutein content —-0.28 -0.80 -0.83 0.03 1.00
Phenolic compounds —-0.26 0.30 0.30 -0.86 0.09 1.00
ORAC 0.35 0.95 0.91 -0.37 0.11 0.72 1.00

@ pSolvent = solvent density.
> ORAC = oxygen radical absorbance capacity.

increases in solvent flow rates, with consequent reducing in the CO,
mass used in the process.

The highest values of global yield isotherms were obtained at
333.15K/27 MPa and 323.15K/15 MPa, for CO,-SFE and CO,+ EtOH-
SFE, respectively. The highest lutein content was obtained at 333.15 K/
19 MPa for CO,-SFE, whereas for CO,+ EtOH-SFE, it was obtained at
323.15K/35 MPa. The maximum phenolic compounds of CO,+ EtOH-
SFE extracts was obtained at 333.15 K/42 MPa. The highest ORAC were
obtained at 333.15K; for CO,-SFE extracts was at 27 MPa, and for
CO, + EtOH-SFE extracts was at 42 MPa.

The extracts of murici pulp (B. crassifolia) obtained by CO,-SFE
presented high levels of lutein, unsaturated fatty acids and high anti-
oxidant capacity. Their low AI and TI, and high HI values suggest that
the extract may have an effect on the treatment and/or prevention of
hypercholesterolemia, atherosclerosis, and thrombogenesis.

Obtaining extracts of the murici pulp (B. crassifolia) by CO, + EtOH-
SFE from the DFDMP was efficient, since the extracts proved to be with
lutein, phenolic compounds and presented high antioxidant capacity.
This procedure also allowed a better use of the matrix, reduced the
waste of organic material in the environment and added value to an
extraction by-product.

Therefore, both extracts of the murici pulp (B. crassifolia) obtained
by supercritical extraction can be used due to their functional proper-
ties associated to the content of bioactive compounds and antioxidants,
besides being good alternatives to the use of extracts obtained with
toxic solvents.
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Abstract: The use of clean technologies in the development of bioactive plant extracts has been en-
couraged, but it is necessary to verify the cytotoxicity and cytoprotection for food and pharmaceutical
applications. Therefore, the objective of this work was to obtain the experimental data of the super-
critical sequential extraction of murici pulp, to determine the main bioactive compounds obtained
and to evaluate the possible cytotoxicity and cytoprotection of the extracts in models of HepG2
cells treated with HyO,. The murici pulp was subjected to sequential extraction with supercritical
CO, and COy+ethanol, at 343.15 K, and 22, 32, and 49 MPa. Higher extraction yields were obtained
at 49 MPa. The oil presented lutein (224.77 ug/g), oleic, palmitic, and linoleic, as the main fatty
acids, and POLi (17.63%), POO (15.84%), PPO (13.63%), and LiOO (10.26%), as the main triglycerides.
The ethanolic extract presented lutein (242.16 pg/g), phenolic compounds (20.63 mg GAE/g), and
flavonoids (0.65 mg QE/g). The ethanolic extract showed greater antioxidant activity (122.61 and
17.14 umol TE/g) than oil (43.48 and 6.04 umol TE/g). Both extracts did not show cytotoxicity and
only murici oil showed a cytoprotective effect. Despite this, the results qualify both extracts for
food/pharmaceutical applications.

Keywords: supercritical CO,; supercritical CO,+ethanol; global yield; lutein; phenolic compounds;
flavonoids; fatty acids; triglycerides; ORAC; DPPH
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1. Introduction

Murici (Byrsonima crassifolia) originates from Central and South Americas, where a
tropical and temperate climate prevails. The fruit has been used for production of pulps,
ice creams, etc. [1]. It has also been used in folk medicine, since the pre-Hispanic era, due
to its therapeutic effects attributed to its bioactive compounds, such as antihyperglycemic,
antihyperlipidemic, and antioxidant activities [2,3].

About these compounds contained in murici pulp, some studies have evaluated their
phytochemical profile. In the carotenoid class, Rodrigues et al. [4] identified as major
carotenoids (all-E)-lutein, (all-E)-zeaxanthin, and (all-E)-lutein-3-O-myristate coeluted with
(all-E)-pB-carotene, where the free and esterified lutein corresponded to 48% total carotenoid
content. In the study by Irias-Mata et al. [5], the main carotenoids were (all-E)-lutein,
(all-E)-zeaxanthin, and (all-E)--carotene, where (all-E)-lutein contributed 80-89% of total
carotenoids. In the study carried out by Mariutti et al. [6], the majorities were (all-E)-lutein
and (all-E)-zeaxanthin, where lutein represented about 67.39% of total carotenoids.

Another class that stands out is the phenolic compounds, where in the study devel-
oped by Gordon et al. [7] quercetin hexoside, quercetin and tetragalloylquinic acid were
identified as the main carotenoids in murici pulp. In the work of Mariutti et al. [3], the
major phenolic compounds were quercetin, gallic acid, quercetin hexoside, and quercetin
pentoside, where quercetin represented about 66% of total phenolic compounds. Among
the unsaturated fatty acids present in murici oil, the main compounds identified were oleic,
linoleic, and linolenic acids, which make up about 64% of the lipid profile [8].

Due to the presence of several bioactive compounds in plants, its use has been increas-
ingly explored due to the numerous benefits of its use on human health. One of the ways to
verticalize the consumption of plant products is extract manufacturing. Some studies have
addressed the obtaining of murici pulp extracts obtained by different extraction techniques
and solvents such as exhaustive maceration with acetone [6], agitation and sonication
on ultrasound with a methanol/ethyl acetate/petroleum ether extraction solution (1:1:1,
v/v/v) [5], consecutive centrifugation with methanol extraction solution at 50% (v/v),
acetone extraction solution at 70% (v/v), and water [9], agitation, and centrifugation with
methanol/water extracting solution (8:2, v/v) [3], among others.

It is important to note that in recent years, there has been a growth in global interest
in the use of clean technologies for the development of food and pharmaceutical products.
Therefore, the use of supercritical technology appears as a potential alternative to obtain
100% pure plant extracts, free of solvents, and environmentally “green” [10-12], where in
the scientific literature can be found two works that addressed the extraction of murici pulp
by extraction The work developed by Santos et al. [8] addressed the quality parameters and
thermogravimetric and oxidative profile of murici oil (Byrsonima crassifolia L.) obtained by
supercritical CO,, and the work developed by Pires et al. [13] addresses the determination
of process parameters and bioactive properties of the murici pulp (Byrsonima crassifolia)
extracts obtained by supercritical extraction, the latter being the scientific basis of the
present study.

Many studies have approached the use of supercritical CO; to obtain nonpolar plant
extracts. Among the main compounds present in such extracts, unsaturated fatty acids
and carotenoids stand out due to their beneficial health effects [14-17]. In addition, other
studies have addressed their applications due to the characteristics of their medium and
long-chain triglycerides [18-21]. Thus, it is important to know the type of triglyceride
present in the extracts, since the prediction through the composition of fatty acids have
showed a triglyceride profile quite similar to that obtained experimentally [22].

Although extraction with supercritical CO; is used on large scale, some studies have
found that the residual extraction bed concentrates polar bioactive compounds, which
allows defatted pulps to be better utilized in the industry, and minimizes the waste of
high-value industrial residues in the environment [23-25]. For polarity modification, it
is necessary to use a co-solvent, such as ethanol, because of its GRAS status, generally
recognized as safe for use in food and pharmaceutical products, in small quantities [26].
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Due to the potential application of plant extracts in the food and pharmaceutical area,
several studies have been developed with the objective of verifying the possible cytotoxicity
and cytoprotection of these extracts in cell models, where the human hepatoma cell line
(HepG2) has been widely applied [27-30]. This strain has been used for demonstrating to
be more sensitive to cytotoxic compounds compared to other cell lines (HeLa, ECC-1 and
CHO-K1). In addition, HepG2 cells exhibit genotypic and phenotypic characteristics of
normal liver cells, allowing for a wide variety of liver-specific metabolic responses, thus
increasing the likelihood of predicting human susceptibility to the biological effects of plant
extracts [30-33].

Therefore, the objective of this work was to obtain the experimental data of the super-
critical sequential extraction of murici pulp, to determine the main bioactive compounds
obtained and to evaluate the possible cytotoxicity and cytoprotection of the extracts in
models of HepG2 cells treated with H,O».

2. Materials and Methods
2.1. Raw Materials and Sample Preparation

Murici pulp was obtained in Terra Alta town (Pard, Brazil) (01°02'25.9” Sand 47°54'12.3"” W)
(Accession Number: 199530/ Barcode: IAN199530/ Sisgen: A3DB8EB). Approximately
30 kg of pulp were lyophilized in a semi-industrial lyophilizer (model LJI 015, JJ Cientifica,
Sao Carlos, Brazil), at 233.15 K, for two days. The freeze-dried pulp obtained presented
5.46 £+ 0.30 g/100 g of moisture, 2.02 £ 0.02 g/100 g of ashes, 0.55 £ 0.02 g/100 g of pro-
teins, 10.02 & 0.15 g/100 g of lipids, 21.60 & 0.59 g/100 g of sugars, 56.42 & 0.21 pg/g (d.b.)
of lutein, 15.43 £ 0.02 mg GAE/g (d.b.) of phenolic compounds, and 6.62 &+ 0.36 umol TE/g
(d.b.) of antioxidant capacity (ORAC) [13]. The freeze-dried pulp was vacuum-packed,
protected from light, and stored under freezing until extraction (253.15 K £ 1 K).

2.2. Sequential Supercritical Extractions: CO,—SFE (Extraction with Supercritical CO;) and
CO,+EtOH-SFE (Extraction with Supercritical CO; and Ethanol)

The sequential supercritical extractions were performed in the Extraction Laboratory
(LABEX/UFPA /Brazil) in a SPE-ED SFE unit (model 7071, Applied Separations, Allentown,
PA, USA), coupled to a CO; cylinder, a compressor (model CSA 78, Schulz S/ A, Joinville,
Brazil), a recirculator (model F08400796, Polyscience, Niles, IL, USA), and a CO, flowmeter
(model M 55LPM, Alicat Scientific, New York, USA). Based on the results of the evaluation
of the solvent flow rates over the dynamic period of CO,-SFE in the supercritical extraction
of murici pulp, published in an article by our research group [13], the global yield isotherms
of the present work were obtained in 343.15 K, under CO, densities of approximately 700,
800, and 900 kg/ m?3, and CO,+Ethanol densities of approximately 775, 858, and 944 kg/ mS.
For the calculation of these densities at this temperature, pressures of 22, 32, and 49 MPa
were considered, using the Aspen Hysys software (Aspen One 8.6), which applies the cubic
state equation of Peng-Robinson [34] with binary interaction parameters zero.

The beds were formed by 0.02 kg of sample, corresponding to a bed height of 0.078 m,
with porosity of 0.7. The supercritical extraction process was performed in a static period
(closed system) of 1800 s, and a dynamic period (open system) of 3600 s, at a flow rate
of 1.33 x 10~* kg/s. In the first stage, the extractions of the freeze-dried pulp with super-
critical CO, (CO,-SFE) were carried out in order to obtain the most apolar extracts (Oils),
and the defatted freeze dried murici pulp. In the second step, the defatted pulps were
extracted with supercritical CO, and ethanol (CO,+EtOH-SFE) (90:10, v/v) to obtain the
most polar extracts (Ethanolic extracts). The co-solvent feeding was carried out only in
the static period. The operating conditions of CO,-SFE and CO,+EtOH-SFE are shown in
Table 1. After these procedures, the global yields were calculated on a dry basis (d.b.), from
the mathematical ratio between the extract mass and the dry sample mass (freeze dried
pulp or defatted pulps). For ethanolic extracts, the residual solvents were evaporated in a
CentriVap centrifuge (model 78100, Labconco, Kansas, EUA), under vacuum, at 313.15 K.
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The determinations were performed in triplicate and the results were expressed in in

percentage on dry basis (% d.b.).

Table 1. Operating conditions of CO,-SFE and CO,+EtOH-SFE of murici pulp (B. crassifolia) and characterization of the
different defatted pulps and extracts.

Lutein

Phenolic

Flavonoids

Samples P(rﬁ;g)r € ‘:ls(g;;\?;t Content Compounds Content (pmol(?FIEIZng b)* (um0121;1/’g1-1 d.b.)*
(ug/g d.b.) * (mg GAE/gd.b.) * (mgQE/gd.b.)* e o
. 22 695 62.38 & 0.67 € n.d. nd. 3444 +021° 6.01 4+ 0312
(CO?{ZFE) 32 804 196.18 £ 0.90 n.d. nd. 43.48 +0.882 6.04 +0.192
49 900 224.77 + 0.67 2 n.d. nd. 32.83 +£0.27°¢ 6.01 +£0.192
22 695 30.31 & 0.06 2 24,58 + 0.86 7 043 +0.01° 1.90 = 0.06 2 24740102
D;fﬁggd ) 804 21.93 +0.10°¢ 19.67 £ 0.27° 052 +0.012 145 +0.03°¢ 169 +£0.15°
49 900 2258 +0.10° 12.02 £ 0.42°¢ 0.34+0.01° 1.58 +0.04° 1.37 +0.13°¢
Ethanolic 22 775 24216 4+ 0.552 6.73 +0.15¢ 0.65 4 0.07 2 100.88 + 1.41° 12.87 £0.38°¢
(cg:;gH- 32 858  163.76 4 094" 7.93 4+ 027° 0.59 +0.02° 117.45 £ 2.40° 1501 +£0.19°
SFE) 49 944 88.46 + 0.58 ¢ 20.63 +0.762 0.64 +0.012 122,61 +3.79 2 17.14 + 0452

* Different letters in the same column, per sample, showed a difference in significance level of 5% (p < 0.05); ORAC: oxygen radical ab-
sorbance capacity; DPPH: Antioxidant Activity; CO, —SFE: extraction with supercritical CO,; CO,+EtOH-SFE: extraction with supercritical
CO, and ethanol; n.d: not detected; LOD of lutein = 6.17 x 10~* kg/ m3; LOD of phenolic compounds = 1.22 x 104 kg/ m>; LOD of
flavonoids = 1.28 x 10~* kg/m3; LOD of ORAC =5.92 x 10~* mol/m3; LOD of DPPH = 6.46 x 10~ mol/m?.

2.3. Characterization of the Defatted Pulps and Extracts
2.3.1. Lutein Content

The lutein levels of the defatted pulps, oils and ethanolic extracts were determined
according to Rodriguez-Amaya and Kimura method [35]. Acetone P.A. was used in the
extraction, while a mixture of 50% ethyl ether and 50% petroleum ether (v/v) was used
in the partition. The readings were made in a spectrophotometer (model IL-592, Kasuaki,
Araucaria, Brazil), at 445 nm. Further, the lutein absorption coefficient in ethanol (2550)
was used. The analyses were performed in triplicate and the results were expressed in
microgram of lutein per gram of sample on a dry basis (ug/g d.b.).

2.3.2. Phenolic Compounds

The phenolic compounds content of the defatted pulps and ethanolic extracts was
determined by Folin-Ciocalteu method [36,37]. About 1.00 x 10~* kg of sample was
subjected to extraction (1:19) with 1.90 x 10~® m? of an acidified ethanolic solution (70%
ethanol, 29.5% distilled water and 0.5% acetic acid) (111/v). For the reactions, 1.00 x 10~8 m?
of the extracted samples were diluted 1.59 x 10~ m3 of distilled water (1:159) (v/v). The
reactions were performed using 5.00 x 107 m3 of diluted sample, 1.25 x 107> m3 of
sodium carbonate solution at 7.5% and 2.50 x 10~7 m3 of Folin at 1 N (v/v/v). The
readings were performed in a spectrophotometer (model IL—592, Kasuaki, Araucaria,
Brazil), at 750 nm. The standard curve of gallic acid was made starting from a 0.50 kg/m?
(m/v) stock solution, where five concentration points were used (0.9 to 8.3 mg/L), according
to the equation of a straight line y = 0.0994x + 0.0108, where y is the absorbance and x is
the concentration (See Appendix A). The determinations were performed in triplicate and
the results were expressed in milligram of gallic acid equivalent per gram of sample on a
dry basis (mg GAE/g d.b.).

2.3.3. Flavonoid Content

The determination of total flavonoid content of the defatted pulps and ethanolic
extracts was performed by the spectrophotometric method [38,39]. About 1.00 x 10~* kg
of sample was subjected to extraction (1:19) with 1.90 x 107% m3 of an acidified ethanolic
solution (70% ethanol, 29.5% distilled water and 0.5% acetic acid) (m/v). For the reactions,
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3.00 x 10~7 m3 of the extracted samples were diluted 2.70 x 10~¢ m? of distilled water
(1:9) (v/v). The reactions were performed using 1.00 x 107® m3 of diluted sample and
1.00 x 10~° m?3 of aluminum chloride ethanolic solution at 2% (v/v). The readings were
made in a spectrophotometer (model IL-592, Kasuaki, Araucaria, Brazil), at 430 nm. The
standard quercetin curve was made from a 0.10 kg/ m3 (m/v) ethanolic stock solution,
where nine concentration points were used (0.2 to 13 mg/L), according to the equation of
a straight line y = 0.0715x + 0.0689, where y is the absorbance and x is the concentration
(See Appendix B). The determinations were performed in triplicate and the results were
expressed in milligram of quercetin equivalent per gram of sample on a dry basis (mg

QE/g db.).

2.3.4. Fatty Acids and Functional Potential

The fatty acid profile of the oils was determined by Gas Chromatography (model
GC-2010, Shimadzu, Tokyo, Japan). The methylation was carried out according to the
method Ce-2-66 of AOCS [40]. About 2.00 x 10~° kg of murici oil was saponified with
4.00 x 10~7 m3 of methanolic sodium hydroxide solution at 0.5 N, which was subjected to
a heating block at 373.15 K for 300 s. The mixture was cooled and esterified with addition
of 4.00 x 10~7 m3 of boron trifluoride methanolic solution at 14%, being submitted again
to heating at 373.15 K for 300 s. Then, the mixture was cooled and 8.50 x 106 m3 of
saturated sodium chloride solution and 1.00 x 10~¢ m3 of n-heptane UV-HPLC 99% were
added. The mixture was stirred and left to rest until complete phase separation, where
the supernatant was analyzed. The operating conditions were: helium as carrier gas,
with 8.33 x 10~7 m3/s flow rate, FID detector at 523.15 K, injector with 1:100 split ratio,
and injection volume of 1.00 x 10~ m3. The column programmed temperature (TG-
WAX MS A/30m x 320 x 107*m x 2.50 x 10~7 m) was 323.15 K during 300 s, with a
subsequent increase to 523.15 K. Fatty acids individual peaks were identified by comparing
their retention times with known fatty acid patterns (Nu-Check-Prep, Inc., Elysian, MN,
USA), under the same operating conditions. The retention times and each peak area
were calculated using GC Software Solution. The determinations were done in triplicate
and the results were expressed in percentage on dry basis (% d.b.). Functional potential
was evaluated by atherogenicity (Al), thrombogenicity (TI), and hypocholesterolemic (HI)
indexes, calculated from the polyunsaturated/saturated ratio of fatty acids [41,42].

2.3.5. Probable Triglyceride Compositions

By definition, triglycerides are made up of one molecule of glycerol and three molecules
of fatty acids. In the process of determining the composition of fatty acids, the oil is trans-
esterified and the triglyceride molecules are broken down allowing the release of fatty
acids [43]. Thus, the possible composition of triglycerides can be predicted from the ex-
perimental composition of fatty acids using knowledge about combinatorial analysis. The
triglyceride composition of murici oil was predicted based on the statistical technique of
distribution of random variables (random theory 1,2,3) proposed by Norris and Mattil [44],
which applies the knowledge of combinatorial analysis associated with an algorithm, which
uses the concept of simple binomial tree. In other words, theory 1, 2, and 3 assumes that
each fatty acid can be randomly distributed in any of the three positions of the glycerol
molecule, without distinguishing the isomers and without mischaracterizing the concept
of the triglyceride molecule. According to this theory, it is considered that from an amount
of X of fatty acids, it is possible to obtain an amount of X3 of triglycerides that will be
formed. After obtaining the result of the possible combinations, each group was classi-
fied according to the theory of casual distribution through the carbon equivalent number
(EC), calculated by the relationship between the carbon number (N°c) and the number
of double bonds (N°db), disregarding the groups that presented concentration below 1%
(EC = N°c — 2.N°db). The Visual Basic for Applications in Excel (VBA) spreadsheet used
in the calculations was developed by the Laboratory of Separation Processes and Applied
Thermodynamics (TERM@/UFPA).
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2.3.6. Oxygen Radical Absorbance Capacity (ORAC)

The antioxidant capacities of the defatted pulps, oils, and ethanolic extracts were
determined by ORAC method, according to Lai et al. [45]. For the extraction, about
2.00 x 1074 kg of sample was homogenized in 1.80 x 107% m3 of acetone P.A. (1:9) (m/v).
For each sample, three dilutions were made in phosphate buffer solution pH 7.4, 800, 1200,
and 1600x for oils, 60, 120, and 240X for defatted pulps and 1000, 2000, and 3000x for
ethanolic extracts. About 2.50 x 1078 m? of each dilution was added in 96-well microplates.
The standard Trolox curve was made from a 0.10 mol/m?3 (mol/v) stock solution, where
five concentrations points were used (0 to 8 pmol TE/L), according to the equation of
a straight line y = 2.5162x + 1.0071, where y is the absorbance and x is the concentra-
tion (see Appendix C). A fluorescence solution in phosphate buffer solution pH 7.4 at
1.04 x 1078 kg/m? (m/v) was used. The readings were performed on a Fluorescence Mi-
croplate Reader (model FLx800, BioTek, Winooski, VT, USA), monitoring the effect of the
samples on the fluorescence decomposition, resulting from the oxidations induced by the
peroxyl radical (ROO¥*), produced through the thermal decomposition (310.15 K) of the
AAPH solution (2.2’-Azobis (2-amidinopropane) dihydrochloride) in phosphate buffer
solution pH 7.4 at 41.40 kg/m? (m/v), in the presence of oxygen. The analysis was done in
triplicate. The results were expressed in micromol of Trolox equivalent per gram of sample
on a dry basis (umol TE/g d.b.).

2.3.7. Antioxidant Activity (DPPH)

The defatted pulps, oils, and ethanolic extracts were subjected to the determination of
antioxidant activity by DPPH (2,2-diphenyl-1-picryl-hydrazyl-hidrate) spectrophotometric
method, according to Brand-Williams et al. [46], with modifications. Acetone P.A. was
used as extractive solvent, where about 2.00 x 10~* kg of sample was homogenized in
1.80 x 107 m3 of acetone P.A. (1:9) (m/v). The procedure was carried out on a spectropho-
tometer (model IL-592, Kasuaki, Araucaria, Brazil), at 517 nm, with readings monitored
every 300 s until the reaction reached a plateau in 1800 s. The standard Trolox curve was
performed starting from a 5 mol/ m?> (mol/v) stock solution, where six concentrations
were used (0 to 800 uM), according to the equation of a straight line y = 0.0006x + 0.0033,
where y is the absorbance and x is the concentration (See Appendix D). The reactions
were performed using 5.00 x 1078 m? of sample and 1.95 x 10~® m3 of DPPH solution at
0.06 mol/m?3 (mol/v) (v/v). The DPPH remaining at the end of the reaction was determined
and quantified, using the standard Trolox curve. The antioxidant activity of the DPPH
method was expressed in micromol of Trolox equivalent per gram of sample on a dry basis
(umol TE/g d.b.).

2.4. Cell Culture

HepG2 cells (liver hepatocellular carcinoma) were cultured for the cytotoxicity and
cytoprotection assays of the extracts. The HepG2 cell lines were stored under cryogenics
in liquid nitrogen, added with fetal bovine serum and DMSO. The cells were thawed,
centrifuged, and the supernatant was discarded (fetal bovine serum+DMSQO). Then, the
HepG2 cells were added with DMEM medium and fetal bovine serum, transferred to T75
flasks and incubated at 310.15 K and 5% CO,, under saturated humidity. The HepG2 cells
contained in T75 flasks were washed twice with Hanks’ balanced salt solution to remove
possible cellular metabolites. Then, the cells were added with trypsin and incubated for
300 s at 310.15 K and 5% CO,, under saturated humidity, to remove the cells adhered to the
walls of the flask. DMEM was added to resolubilize the cells. For counting, 5.00 x 10~8 m?
of trypan blue and 5.00 x 10~% m? of cells in DMEM in eppendorf were added, homog-
enized and placed on a microscope slide. Cell counting was performed with the aid of
an Inverted Microscope (Axiovert 200, Zeiss, Jena, Germany) and a manual cell counter
(GT-08HM, Global Trade, Jaboticabal, Brazil).
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2.5. In Vitro Evaluation of Cytotoxicity and Cytoprotection

The oil and ethanolic extract that had the highest levels lutein content were subjected
to cytotoxicity and cytoprotection assay with HepG2 cells. The samples were solubilized
in ethanol to a concentration of 8 kg/m? (m/v). For cytotoxicity tests, the samples were
solubilized in DMEM medium at five concentration points (0.20, 0.10, 0.05, 0.025, and
0.01 kg/m?3) (m/v). For cytoprotection assays, the samples were solubilized in DMEM
medium at a concentration of 0.05 kg/m3 and 1.00 x 10~8 m3 of hydrogen peroxide was
added (v/v). The exposure was performed in 96-well microplates, where 1.00 x 10~7 m3 of
HepG2 cells solubilized in DMEM medium (13:87) (v/v) were added, which was equivalent
to a concentration of 6.70 x 10° CFU/well. The microplates were incubated at 310.15 K
and 5% CO, under saturated humidity for 24 h. Then, 1.00 x 10~7 m? of each sample
concentration was added to the plates. The incubation times were 24 and 48 h for cyto-
toxicity tests and 24, 48 and 72 h for cytoprotection tests. For the colorimetric reaction,
the MTT Assay Kit was used, using the Mosman protocol [47], where 1.00 X 10~7 m?> of
the MTT solution were added to the wells and the microplates were incubated for 3 h at
310.15 K and 5% CO;, under saturated moisture in the absence of light. The MTT solution
was removed and 1.00 x 1077 m> of DMSO was added, incubating the plates again for 1 h,
under the same conditions. After the reaction, the microplates were read in an Absorbance
Microplate Reader (EIx800, BioTek, Winooski, USA) at 570 nm, in duplicate. Cytotoxicity
and cytoprotection were determined by the average percentage of cell survival in relation
to the unexposed control.

2.6. Statistical Analysis

The means and standard deviations were calculated for all analyses. The results of
the physical-chemical analyses were submitted to Tukey test, at a significance level of 5%
(p < 0.05). The results of the cytotoxicity and cytoprotection tests were normalized and
subjected to the ANOVA test and Tukey test, at a significance level of 5% (p < 0.05). Excel
2000 SR-1 (Microsoft, Troy, NY, USA), Statistica Kernel Release 7.1 (StartSoft Inc., Tulsa, OK,
USA) and Bioestat (version 5.3) programs were used as tools.

3. Results and Discussion
3.1. Global Yield Isotherms

Global yield isotherms of extracts of B. crassifolia pulp obtained by CO,-SFE and
CO,+EtOH-SFE at 343.15 K can be seen in Figure 1. The global yields of CO,-SFE ranged
from 8.38% d.b. & 0.13% d.b. (22 MPa-695 kg/m?) to 9.83% d.b. & 0.36% d.b. (49 MPa-
900 kg/m?). It can be seen that the increase in pressure and solvent density also increased
the extraction yields. According to Silva et al. [48], pressure variations in isothermal condi-
tions define the performance of an SFE system, since this parameter has a great influence
on fluid hydrodynamics, solubility, and mass transfer. In the study by Pires et al. [13],
for 323.15 K and 333.15 K isotherms of CO;-SFE of murici pulp, such behavior was also
observed. When comparing the influence of temperature on this response obtained in both
studies, it can be observed that global yields also increased with increasing temperature.
This can be attributed to the increase in the solvation power of the solvents in the most
drastic extraction conditions, which allowed a greater solubilization of the murici pulp
compounds [49]. This behavior has also been observed by other authors [22].

Global yields of CO,+EtOH-SFE ranged from 5.47% d.b. £ 0.40% d.b. (22 MPa-
775 kg/m?3) t0 9.77% d.b. + 0.10% d.b. (49 MPa-944 kg/m?). It was possible to observe
that the increase in pressure and density also increased the extraction yields. An inverse
behavior was observed for 323.15 and 333.15 K isotherms, using the co-solvent in the
dynamic period of CO,+EtOH-SFE of murici pulp [13]. This demonstrates that the use of
co-solvent only in the static extraction period, at higher temperatures, made it possible
to obtain an extract with high yield. This is due to the longer contact time between the
solvent mixture and the solutes, which caused an increase in the solubilization of these
compounds, with a consequent increase in these yields. Thus, it can be said that applying
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ethanol as a co-solvent (10% v/v), in the static period, increases the solubilization of polar
bioactive compounds.
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Figure 1. Global yield isotherms of murici pulp extracts (B. crassifolia) obtained by CO,-SFE
(:‘) (A) and CO,+EtOH-SFE (—') (B), at 343.15 K (Standard deviations < 0.4%).

3.2. Lutein Content

Lutein content of the defatted pulps, oils, and ethanolic extracts of B. crassifolia pulp
can be seen in Table 1. Lutein contents of oils ranged from 62.38 ug/g d.b. & 0.67 ug/g
d.b. (22 MPa-695 kg/m?) to 224.77 ug/g d.b. & 0.67 ug/g d.b. (49 MPa-900 kg/m?). These
values were higher than those obtained for the murici pulp extract obtained by maceration

with acetone (43.90 ug/g) [4]. The increase in pressure increased the lutein levels in the oils.

This behavior was also observed by Yen et al. [50], for lutein extraction with supercritical
CO;. The high content of lutein in oils was mainly due to lutein being linked to fatty
acids present in the plant matrices [51]. Thus, the nonpolar extract which presented the
highest global yield consequently had the highest lutein content. The lutein composition
of defatted pulps ranged from 21.93 pg/g d.b & 0.10 pug/g d.b. (32 MPa-804 kg/m?) to
30.31 ug/g d.b. & 0.06 pg/g d.b. (22 MPa-695 kg/m?). Pressure did not present a defined
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behavior for these results; however, the fact that the higher content of lutein in the defatted
matrix was obtained in the condition of lower content in the oils is justified, since the
residual lutein remained in the ethanolic extracts ranged from 88.46 ug/g d.b. = 0.58 ug/g
d.b. (49 MPa-944 kg/m?) to 242.16 ug/g d.b. & 0.55 ug/g d.b. (22 MPa-775 kg/m?). These
results were superior to that found for the aqueous extract of murici pulp (23.39 ug/g) [52].
In this case, the increase in pressure reduced the levels of lutein, presenting an opposite
behavior to that of CO,-SFE. This shows that lutein was not obtained in CO,-SFE, but
in CO,+EtOH-SEFE. It was also possible to observe that the use of ethanol as a co-solvent
enabled a good recovery of the remaining lutein in defatted pulp. This behavior was also
evidenced by Cobb et al. [53]. Although carotenoids are mostly nonpolar compounds,
lutein has an intermediate polarity [26]. This explains the presence of this compound in
similar amounts in both extracts. When comparing the levels of lutein in the o0il and ethanol
extract of murici pulp obtained at 343.15 K in the present study with those found in the
study by Pires et al. [13] obtained at 323.15 and 333.15 K, it is possible to observe that the
increase in the process temperature increased the lutein levels in supercritical extractions
with CO, and with COj+ethanol. This may have occurred due to the increase in the
solute vapor pressure, which increased the diffusion rate and promoted an increase in the
transfer rate of mass of lutein contained in the plant matrix for supercritical solvents [49].
This demonstrates that better recovery of lutein from murici pulp occurs in supercritical
extraction at 343.15 K.

3.3. Phenolic Compounds

The contents of phenolic compounds in the defatted pulps and ethanolic extracts of
B. crassifolia pulp can be seen in Table 1. For the recovery of phenolic compounds, it is
important to emphasize that a pretreatment with supercritical CO; is necessary to obtain
an extraction bed more concentrated in polar bioactive compounds [54]. This explains the
fact that phenolic compounds from murici oils were not detected, containing results below
the detection limit of the analysis (LOD = 1.22 x 10~* kg/m?), which indicates that these
compounds were concentrated in defatted beds. This behavior is quite consistent, since
phenolic compounds are polar substances and supercritical CO; is a nonpolar solvent [55].
Therefore, defatted beds were used to extract these compounds. The levels of phenolic
compounds in the defatted pulps were in the range of 12.02 mg GAE/g d.b. + 0.42 mg
GAE/g d.b. (49 MPa-900 kg/m?3) and 24.58 mg GAE/g d.b. + 0.86 mg GAE/g d.b.
(22 MPa-695 kg/m?). The increase in pressure decreased the levels of phenolic compounds
in defatted pulps. This behavior was also observed by Batista et al. [23] for defatted agai
pulp (Euterpe oleracea), obtained under the same extraction conditions as the present study.
This was possibly due to the fact that the increased pressure facilitated the enzymatic
oxidation of defatted pulps [56]. The levels of phenolic compounds in ethanolic extracts
ranged from 6.73 mg GAE/g d.b. & 0.15 mg GAE/g d.b. (22 MPa-775 kg/m3) to 20.63 mg
GAE/g d.b. + 0.76 mg GAE/g d.b. (49 MPa-944 kg/m?). These values were higher than
those found for the murici pulp extract obtained with an extracting solution of methanol,
ethanol, distilled water, and hydrochloric acid (69:20:10:1, v/v/v/v) (0.80 mg GAE/g) [57].
The increase in pressure also increased the levels of phenolic compounds in ethanolic
extracts. Some studies have also reported this behavior [58,59]. This may have occurred
because the increased pressure promoted the rupture of plant tissues, cell walls, and
organelles, improving the mass transfer of the solvent to the sample, and of compounds to
the solvent [60,61].

3.4. Flavonoid Content

Flavonoid contents in the defatted pulps and ethanolic extracts of B. crassifolia pulp
are shown in Table 1. The flavonoid contents of murici oils were not detected, being
below the detection limit of the analysis (LOD = 1.28 x 10~* kg/m?®). This behavior was
similar to that obtained for the content of phenolic compounds, since flavonoids are one
of the classes belonging to the group of polyphenols [62]. Flavonoid levels in defatted
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pulps ranged from 0.34 mg QE/g d.b. 4 0.01 mg QE/g d.b. (49 MPa-900 kg/m?) to
0.52 mg QE/g d.b. + 0.01 mg QE/g d.b. (32 MPa-804 kg/m?). The flavonoid content did
not show a defined linear behavior with increasing pressure. This behavior demonstrates
that the selectivity of these compounds is not defined mainly by pressure, but by the
vapor pressure of solutes. The levels of flavonoids in ethanolic extracts were in the range
of 0.59 mg QE/g d.b. + 0.02 mg QE/g d.b. (22 MPa-775 kg/m?) to 0.65 mg QE/g
d.b. £0.07 mgQE/gd.b. (32 MPa-858 kg/ m3) ; however, there was no significant difference
between these values. These results were higher than that found for the methanolic extract
of murici pulp (0.2 mg QE/g) [63]. Although there was no difference between the results,
it was possible to observe that the levels of recovery/concentration of flavonoids in the
extracts were different, being 1.45, 1.01, and 1.85 times for pressures of 22, 32, and 49 MPa,
respectively. It can be seen that up to 32 MPa, the increase in pressure reduced the recovery
of flavonoid content. This may have been due to repulsive solute-solvent interactions. This
behavior was also observed by Chauhan et al. [64] for the extraction of flavonoids from
black grape juice (Vitis vinifera), at high pressures. However, ethanolic extract obtained at
49 MPa was the one that showed the best recovery/concentration of these compounds in
comparison to the other extraction conditions, since its flavonoid content almost doubled
(0.64 mg QE/g d.b.) in relation to the defatted pulps content used in the CO,+EtOH-SFE,
in this same condition (0.34 mg QE/g d.b.). This was possibly due to the increase in density
of the solvent mixture that allowed a greater transfer of these compounds to the extract.
Therefore, it can be said that 49 MPa pressure facilitated the extraction of flavonoids of
murici pulp.

3.5. Fatty Acids and Functional Quality

The fatty acid profile of oils of B. crassifolia pulp is shown in Figure 2 and Table 2.
In all pressures evaluated, it was possible to observe that there was no significant dif-
ference among the fatty acid profiles, with the majority being oleic acid, followed by
palmitic and linoleic acids. This behavior and fatty acid profile were also obtained for
the extraction of murici pulp conducted at temperatures from 323.15 K to 333.15 K, and
pressures from 15 MPa to 42 MPa [13]. This allows us to affirm that temperature and
pressure did not influence the composition of fatty acids present in the oils of murici pulp.
In addition, the fatty acid profiles of the oils presented about 63% of unsaturated fatty
acids (UFA), being predominantly monounsaturated with about 40% (MUFA). This was
confirmed by the results obtained from the saturated fatty acids/unsaturated fatty acids
(SFA /UFA) relation, which was 0.60. However, the fatty acid profile of murici pulp oil
obtained with chloroform-methanol 2:1 (v/v) was slightly different from that observed,
with palmitic, oleic, and linoleic acid as major factors [65]. These results indicate that
the use of conventional extractions makes it possible to obtain murici pulp oils that are
richer in saturated fatty acids, which reduces their functional potential. It can be observed
that the atherogenicity index (AI) and thrombogenicity index (TI) were relatively low,
whereas the hypocholesterolemic index (HI) was high. This demonstrates that the extracts
have functional potential since the values of these indices indicate anti-atherosclerogenic,
antithrombogenic, and antihypercholesterolemic effects [11,14]. These same functional
potentials were observed in uxi oil [66] and bacaba oil [14] obtained by supercritical extrac-
tion. Therefore, this confirms that in any reported supercritical extraction condition, it is
possible to obtain a relatively stable nonpolar extract of murici pulp with antithrombogenic,
antihypercholesterolemic, and anti-atherosclerogenic activities, properties, constituting a
product with functional quality.
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Figure 2. Total ion chromatogram of oils of murici pulp extracts (B. crassifolia) obtained by CO,-SFE,
at 343.15 K and 22 MPa (A), 32 MPa (B), and 49 MPa (C), with the peak numbers corresponding to

the compounds identification cited in Table 2.
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Table 2. Total fatty acids and functional potential of the oils of murici pulp (B. crassifolia) obtained by
CO,-SFE at 343.15 K.

Relative Area (% d.b.) *

Peak Number . 22 MPa- 32 MPa- 49 MPa-
Fatty Acids 695 kg/m? 804 kg/m® 900 kg/m®
1 C14:0 0512 0.512 0522
2 C16:0 34182 34382 34394
3 C16:1 1432 139 1392
4 C18:0 1574 1.662 1672
5 C18:1 39.212 39.042 39.04
6 C18:2 21.782 21.582 21.532
7 C18:3 0722 0.722 0.742
8 C20:0 0302 0.36 @ 0372
9 C22:0 0.182 0.232 0.242
10 C24:0 0112 0.122 0.132
- SFA 36.85 2 37.264 37.324
. UFA 63.142 62.73 2 62.70 @
- MUFA 40.642 40.43 40432
- PUFA 22502 22302 22274
- S/U 0.58 2 0.59 @ 0.60
- Al 0572 0.58 2 0.58 2
- IT 1.09a 1104 1102
- HH 1.822 1.802 1.802

* The results were obtained by mass basis; C14:0 (myristic acid); C16:0 (palmitic acid); C16:1 (palmitoleic
acid); C18:0 (stearic acid); C18:1 (oleic acid); C18:2 (linoleic acid); C18:3 (linolenic acid); C20:0 (arachidic acid);
C22:0 (behenic acid); C24:0 (lignoceric acid); SFA (saturated fatty acids); UFA (unsaturated fatty acids); MUFA
(monounsaturated fatty acids); PUFA (polyunsaturated fatty acids); Al (atherogenicity index); TI (thrombogenicity
index); HI (hypocholesterolemic index). The standard deviations for all fatty acids were lower than 1.8%. Different
letters in the same line showed a difference in significance level of 5% (p < 0.05).

3.6. Probable Triglyceride Composition

The composition of triglycerides of oils of B. crassifolia pulp is shown in Table 3. For
the prediction of this composition, palmitic, oleic, linoleic, palmitoleic, and stearic acids
were used, since they represented about 99% of the total fatty acid composition of oils
of B. crassifolia pulp. From these acids, it was possible to obtain 89% of the triglyceride
composition present in oils. It can be seen that for all extraction conditions, the major
triglycerides were POLi (palmitic, oleic, and linoleic), POO (palmitic, oleic, and oleic),
PPO (palmitic, palmitic, and oleic), and LiOO (linoleic, oleic, and oleic), constituting 58%
of the triglyceride profile. These results are in accordance with the fatty acid profiles
obtained in the present study, since the major triglycerides obtained were formed by
palmitic, oleic, and linoleic acids. The use of triglyceride profile prediction has also
been reported by other authors and the compositions obtained are quite similar to those
obtained experimentally [22,66,67]. All triglycerides identified can be classified as long-
chain triglycerides (LCT), since they have more than 36 carbon atoms. It is important
to highlight that LCT have been used in several applications, such as in short and long-
term treatments with ketogenic diet on cortical spreading depression [68], to increase
bioavailability and reduce hepatic metabolism of neurotropic agents [69], to reduce the
release of inflammatory mediators from the gastrointestinal tract, and exert a protective
effect on the inflammatory response of liver during sepsis [18]. Therefore, the knowledge
of the triglyceride composition in the extracts is of great importance for its use in food and
pharmaceutical industries.
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Table 3. Prediction of triglyceride composition of the oils of murici pulp (B. crassifolia) obtained by
CO,-SFE at 343.15 K.

Fragao Molar (% d.b.)
. . MM
Triglycerides XY * (g/mol) 22 MPa- 32 MPa- 49 MPa-
695 kg/m3 804 kg/m3 900 kg/m3
PPP 48:0 806 3.63 4.05 4.07
000 54:3 884 6.45 5.98 5.99
LiLiLi 54:6 878 1.14 1.02 1.01
PPO 50:1 832 13.18 13.83 13.88
POO 52:2 858 15.97 15.76 15.79
LiPP 50:2 830 7.40 7.68 7.68
PLiLi 52:4 854 5.03 4.86 4.83
LiOO 54:4 882 10.87 9.97 9.93
OLiLi 54:5 880 6.10 5.54 5.49
POLi 52:3 856 17.93 17.50 17.46
OPaP 50:2 830 1.17 1.14 1.13
PSO 52:1 860 1.05 1.32 1.33

* X = Number of carbons; Y = Number of double bonds; MM = molar mass; P (palmitic acid); O (oleic acid); Li
(linoleic acid); Pa (palmitoleic acid); S (stearic acid).

3.7. Oxygen Radical Absorbance Capacity (ORAC)

ORAC:s of the defatted pulps, oils and ethanolic extracts of B. crassifolia pulp are
shown in Table 1. ORAC values of oils ranged from 32.83 umol TE/g d.b. £ 0.27 umol
TE/g d.b. (49 MPa-900 kg/m3) to 43.48 umol TE/g d.b. + 0.88 umol TE/g d.b. (32 MPa-
804 kg/m?). It can be observed that the increase in pressure also increased the antioxidant
capacity up to 32 MPa, reducing it again at 49 MPa. This behavior was also observed for
oils of murici pulp obtained under the same CO, densities, but different conditions of
temperature and pressure [13]. This allows us to say that the bioactive compounds that
confer the antioxidant capacity to these extracts are more soluble at 800 kg/m?, which
confirms the selectivity of supercritical CO,. The ORAC results of defatted pulps ranged
from 1.45 pymol TE/g d.b. & 0.03 pmol TE/g d.b. (32 MPa-804 kg/m3) to 1.90 umol TE/g
d.b. £ 0.06 pumol TE/g d.b. (22 MPa-695 kg/m?). The condition of highest ORAC of CO,-
SFE extracts, consequently, was the one with the lowest ORAC of the defatted pulps, since
more compounds were removed from the extraction bed. The ORAC results of ethanolic
extracts ranged from 100.88 umol TE/g d.b. &= 1.41 pmol TE/g d.b. (22 MPa-775 kg/ m?) to
122.61 umol TE/g d.b. + 3.79 umol TE/g d.b. (49 MPa-944 kg/m?). These results were
superior to that found for the murici pulp extract obtained with methanol/water solution
(80:20, v/v) (26.50 pmol TE/g d.b.) [63]. It was possible to observe that the increase in
pressure and, consequently, in the mixture density, also increased the antioxidant capacity
of extracts. It can also be noted that the antioxidant capacities of the extracts obtained with
ethanol as co-solvent were much higher than those that used only CO,. This behavior was
also observed by Serra et al. [54] when using ethanol as co-solvent (proportion 90:10, v/v).
This occurred due to the change in polarity of the solvent, which allowed the extraction of
polar bioactive substances, such as phenolic compounds and flavonoids.

3.8. Antioxidant Capacity (DPPH)

The results of DPPH of the defatted pulps, oils and ethanolic extracts of B. cras-
sifolia pulp can be seen in Table 1. DPPH values of oils ranged from 6.01 pmol TE/g
d.b. +0.31 umol TE/g d.b. (22 MPa-695 kg/m3 and 49 MPa-994 kg/m3) to 6.04 umol
TE/g d.b. & 0.19 umol TE/g d.b. (32 MPa-804 kg/ m3), but there was no significant differ-
ence between them, suggesting that the pressure did not influence the antioxidant activity
of nonpolar extracts. The values of DPPH of the defatted pulps ranged from 1.37 umol
TE/g d.b. £0.13 umol TE/g d.b. (49 MPa-900 kg/m3) to 2.47 ymol TE/g d.b. £ 0.10 pmol
TE/g d.b. (22 MPa-695 kg/m?). It can be seen that the increase in pressure decreased the
antioxidant activity of the defatted pulps. DPPH values of ethanolic extracts ranged from
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12.87 umol TE/g d.b. + 0.38 umol TE/g d.b. (22 MPa-775 kg/m?) to 17.14 umol TE/g
d.b. £ 0.45 umol TE/g d.b. (49 MPa-994 kg/m?). These results were superior to those
found for the hydrophilic extracts of murici pulp obtained with acetone /water /acetic acid
(70:29:5:0.5, v/v/v) (3.73 umol TE/g) [70]. Then, it was observed, one more time, that the
increase in pressure also increased the antioxidant capacity of these extracts. This was
similar to the behavior observed for ORAC. It is important to note that the methods used
to determine the antioxidant action of murici extracts, in the present study, were obtained
by different techniques and, therefore, cannot be compared with each other [71]. However,
both presented satisfactory values, which allows us to say that the extracts are good sources
of antioxidant compounds.

3.9. In Vitro Evaluation of Cytotoxicity and Cytoprotection

The oil and ethanolic extract of the B. crassifolia pulp used in the cytotoxicity and
cytoprotection tests were obtained at 49 MPa-900 kg/m? and 22 MPa-775 kg/m?, respec-
tively. The percentages of cytotoxicity and cytoprotection are shown in Figure 3. It can be
observed in the cytotoxicity tests of the oil that the levels survival rates ranged from 91.72%
to 103.32% (£8.95%) in 24 h, and 101.08% to 113.57% (£8.26%) in 48 h. For the ethanolic
extract, the ranges from 97.66% to 120.68% (£20.47%) were obtained in 24 h, and 94.27%
to 111.60% (£10.79%) in 48 h. For both samples, it was observed that regardless of the
concentration and incubation time, no significant differences were observed in the levels of
cell viability in relation to the negative controls and ethanol, which demonstrates that no
extract showed cytotoxicity in the concentration conditions addressed.

Murici oil cytoprotection assays showed survival values in the 90.34% to 112.81%
(£9.60%) range in 24 h, 95.29% to 109.77% (£6.28%) in 48 h, and 95.21% to 106.18%
(£4.73%) in 72 h. Significant differences were observed only at 72 h in relation to the levels
of survival between the oil and the H,O, control, where the survival levels of cells exposed
with murici oil increased 19.60% in relation to the H,O, control. This allows us to say
that the oil presented a cytoprotective effect in 72 h of incubation, where the increased
exposure time stimulated proliferation and inhibited cell apoptosis, being effective in
neutralizing the oxidative stress induced by H,O, in HepG2 cells. The cytoprotection
result of murici oil suggests that compounds such as unsaturated fatty acids, present in the
oil, were responsible for increasing the cytoprotection time under the studied conditions.
According to Bak, Jun and Jeong [27], non-polar bioactive compounds have stood out for
biological roles due to their greater bioavailability compared to polar bioactive compounds.
This may have occurred due to the induction of significant changes in the composition
of cellular fatty acids, with an increase in the levels of essential fatty acids, indicating a
process of absorption of these important bioactive components [72]. The cytoprotection
tests of the ethanolic extract showed survival values in the ranges of 96.30% to 103.44%
(£3.12%) in 24 h, 79.74% to 85.25% (£2.45%) in 48 h and 85.79% to 97.21% (£5.08%) in 72 h.
It was observed that regardless of the concentration and the incubation time, no significant
differences were observed in the levels of cell viability in relation to the controls, which
demonstrates that the ethanolic extract did not present cytoprotection using the sample
concentration of 0.05 kg/ m? and the H,O, concentration of 1.00 x 1078 m3. These results
indicate that, although the ethanolic extract has shown higher ORAC and DPPH results,
attributed to the phenolic compounds, flavonoids and lutein, the sample concentration
and the hydrogen peroxide concentration used was not sufficient to cause a significant
increase in the levels of survival. An opposite behavior was reported by Barbosa et al. [28]
when using the same concentrations of HyO, and sample to evaluate the cytoprotective
effect of aqueous extracts of Pleurotus ostreatus in HepG2 cells, where significant differences
in survival levels were found. Therefore, it is suggested that future work be carried out
exploring the gradients of sample concentration and hydrogen peroxide to adapt the
cellular model of oxidative stress to ethanol extracts of murici. Therefore, the non-toxic
effects of both extracts and the cytoprotective effect of the oil suggest that both the oil and
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the ethanolic extract of the B. crassifolia pulp can be used for the development of food,

cosmetic and pharmaceutical products.
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Figure 3. Cytotoxicity data of oil (A) and ethanolic extract (B) of murici pulp (B. crassifolia) obtained by CO,-SFE and
CO,+EtOH-SFE, together with cytoprotection data using 0.05 kg/ m? of samples in HepG2 cells treated with Hy,O, (C).
* Different letters for the same incubation time showed a difference in significance level of 5% (p < 0.05) (ANOVA; Tukey test
for multiple comparisons); C1: concentration 0.20 kg/m3; C2: concentration 0.10 kg/m3; C3: concentration 0.05 kg/m?;
C4: concentration 0.025 kg/ m3; C5: concentration 0.01 kg/ m3; CN: negative control; CE: ethanol control; 10 HyO;:

peroxide control.
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4. Conclusions

Oils showed good levels of lutein, antioxidant capacity, and unsaturated fatty acids.

It was observed that the fatty acid compositions did not vary with the operating
conditions of extraction. Therefore, in any condition of supercritical extraction reported, it
was possible to obtain relatively stable oils of murici with antithrombogenic, antihyper-
cholesterolemic, and anti-atherosclerogenic activities, constituting a product with func-
tional quality.

The fatty acid profile allowed the prediction of triglyceride composition and demon-
strated that oils are constituted of long-chain triglycerides, which can guide possible
applications in food and pharmaceuticals sectors.

The use of co-solvent only in the static period made it possible to obtain polar extracts
containing lutein, phenolic compounds, flavonoids, and antioxidant activity.

Obtaining the sequential extraction of murici pulp (B. crassifolia) by supercritical extrac-
tion at 343.15 K enabled the valuation and better use of the plant matrix for the production
of high added-value extracts, with different compositions, and wide industrial applications.

Both extracts did not show cytotoxicity and only murici oil showed a cytoprotective
effect in 72 h of exposure, where the increased exposure time stimulated proliferation and
inhibited cell apoptosis, being effective in neutralizing the oxidative stress induced by
H,0, in HepG2 cells.

The results of this study showed remarkable nutritional /nutraceutical value of murici
pulp extracts (B. crassifolia), and qualify it as a potential resource for use as food and in the
development of dietary supplements.
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Appendix A

Table A1. Calibration curve for phenolic compounds.

Gallic Acid Concentration (mg/L) Absorbance *
White 0.094
0.9 0.093
1.8 0.188
25 0.262
6.3 0.647
8.3 0.828

* Absorbance = mean absorbance — white absorbance.
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Figure A1. Calibration curve for phenolic compounds.
Appendix B

Table A2. Calibration curve for flavonoids content.

Quercetin Concentration (mg/L) Absorbance *
White 0.087
0.2 0.098
0.5 0.233
24 0.400
45 0.537
6.5 0.669
8.3 0.803
10.0 0.896
11.5 0.973
13.0 0.087

* Absorbance = mean absorbance — white absorbance.
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Figure A2. Calibration curve for flavonoids content.
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Appendix C

Table A3. Calibration curve for ORAC.

Trolox Concentration (umol TE/L) NET AUC *

0.921
0.631
0 0.204
0.253
1.400

3.774
3.939
3.470
3.456

6.449
6.407
5.987
5.963
6.388
5.611

11.491
11.145
11.440
11.291

20.761
19.823
21.661
20.461

*NET AUC = AUC (Antioxidant) — AUC (blank); AUC = Area under the fluorescence decay curve.
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Figure A3. Calibration curve for ORAC.
Appendix D

Table A4. Calibration curve for antioxidant activity (DPPH).

Trolox Concentration (umol/L) Absorbance *
20.00 0.460
12.50 0.296
6.25 0.151
2.50 0.056
0.63 0.021
0 0.000

* Absorbance = mean absorbance — white absorbance.
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Figure A4. Calibration curve for antioxidant activity (DPPH).
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Abstract

The murici oil particles were obtained by Supercritical fluid extraction of emulsions at 313.15
K and 8 MPa, where the effects of different emulsifiers (csgel, stargel, tween 20 and tween
80), thickening agents (purity gum 1773 and xanthan gum), oil concentrations (6, 9 and 12
mg/mL.), static periods (0, 1800 and 3600 s) and dynamic periods (3600, 10800 and 18000 s)
on lutein content/retention, particle size and emulsion stability (creaming index-Cl,
polydispersity-Pdi and Zeta potential-ZP). More stable emulsions (CI1=0/Pdi=0.68/ZP=-
49.77 mV) and smaller (726.10 nm) were obtained using an oil concentration of 6 mg/mL,
csgel and xanthan gum. The increase in the static and dynamic periods increased the lutein
content/retention (214.71 pg/g/96.53%) and the stability (ZP=-51.73 mV) and decreased the
particle size (364.03 nm). The images showed non-aggregated spheres and capsules, proving
the encapsulation. Therefore, it was possible to produce murici oil nanoemulsions with good

concentration/retention of lutein and high stability.

Keywords: Murici oil, lutein, emulsion, supercritical, encapsulation, nanoparticles.
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1 Introduction

Murici (Byrsonima crassifolia) is a native fruit of South America that produces oil
with antioxidant, antihyperlidemic, antithrombogenic and anti-atherogenic properties [1,2].
Murici pulp oil is yellow in color and has lutein as the major carotenoid [3], which is a
compound widely associated with the treatment and prevention of age-related macular
degenerative diseases, since this carotenoid is part of the retina of the eyes [4]. Studies
suggest that the continuous ingestion of lutein regenerates the macula of the eyes, where
currently on the market it is possible to find several dietary supplements based on this
compound [5,6].

Due to the worldwide appeal for the use of clean technologies in the pharmaceutical
and food industries, as well as the search for products of natural origin in order to minimize
possible side effects, the implementation of supercritical technology in the product
production chain has revolutionized this scenario [7]. Many studies have been carried out on
the extraction of vegetable oils with therapeutic potential [8-10], as well as on the production
of particles using supercritical CO» [11-13].

The use of supercritical CO- in the extraction of vegetable oils rich in bioactive
compounds is widely used due to its several benefits as a moderate critical point, which
allows the use of moderate temperatures, non-toxicity, where it is separated from the
oil/extract as soon as it reaches ambient temperature and pressure conditions, and
environmental safety, since it is not flammable and does not pollute the ozone layer [14,15].

The production of particles using supercritical CO, has been the subject of several
studies, such as the techniques RESS (rapid expansion of supercritical solutions) [16], SAS

(supercritical anti-solvent) [11] e SEDS (solution enhanced dispersion of solids) [17],
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although SFEE (supercritical fluid extraction of emulsions) has been largely addressed in
recent studies involving the production of particles from oil-in-water (O/W) emulsions
[12,18,19].

SFEE represents an innovative and versatile method, which combines conventional
emulsion preparation processes with supercritical antisolvent process (SAS) for the
production of particles [20]. Among the conventional emulsion preparation techniques, the
ultrasound technique has been widely used due to this process allowing the obtaining of
particles at the nano and micrometric scale [19,21,22]. At SFEE, the organic solvent added
to the emulsions is removed by supercritical CO», which acts as an anti-solvent, and a
suspension of oil particles in water with a characteristic size and morphology is obtained,
where particle agglomeration is avoided due to the use of emulsifier [12,20].

Therefore, the objective of this work was to produce particles of murici oil through
the SFEE process and to evaluate the effects of the formulation of starting emulsions using
different emulsifiers, thickening agents and oil concentrations, in addition to evaluate the
effects of using different static and dynamic periods of SFEE on stability, lutein content,

lutein retention, particle size, polydispersity (Pdi) and Zeta potential (ZP) of emulsions.

2 Materials and Methods
2.1 Materials

The lyophilized murici pulp (01° 02" 25. 9" S and 47° 54' 12. 3" W) (Accession
number: 199530/ Barcode: IAN199530/ Sisgen: A3DB8EB) was used as raw material for
obtaining the oil. Carbon dioxide (CO2) with 99.9 % purity (White Martins, Campinas,

Brazil) was used. In emulsions, the nonionic emulsifiers used were those derived from glycol
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and glycerol esters: Csgel (INS 1520/471/475/470) (DuPorto, Recife, Brazil) and Stargel
(INS 471/475/470) (Kerry, Trés Coracdes, Brazil); and Polysorbates: Tween 20 (INS 432)
(Dynamics, Indaiatuba, Brazil) and Tween 80 (INS 433) (Neon, Suzano, Brazil). The natural
thickeners used were hydrophilic colloids: Purity gum 1773 (Ingredion, Mogi Guagu, Brazil)
and Xanthan gum (INS 415) (Cargill, Sdo Paulo, Brazil). Acetone was used as an organic
solvent for emulsions (Vetec, Rio de Janeiro, Brazil). Deuterium oxide (D20) with 99 %

purity (Sigma-Aldrich, Sdo Paulo, Brazil) was used in the determination of residual solvent.

2.2 Supercritical CO; extraction of murici ol

The supercritical extraction of murici oil was carried out in a SPE-ED SFE unit
(model 7071, Applied Separations, USA). The equipment went into operation with the aid of
a CO- cylinder, a compressor (model CSA 78, Schulz S/A, Brazil), a recirculator (model
F08400796, Polyscience, USA) and a CO> flowmeter (model M 5SLPM, Alicat Scientific,
USA). The extraction cell used had internal diameter of 0.032 m and height of 0.126 m,
constituting a total internal volume of 9.96 x 10> m3. The operating conditions were:
temperature of 343.15 K, pressure of 49 MPa, and density of 900 kg/m?, according to Pires

et al. [23].

2.3 Preparation of the starting emulsions

The starting emulsions were prepared based on the literature studies [19,24,25]. All
formulations were prepared with water, murici oil, emulsifier, acetone and thickening agents.
The percentages of emulsifier (1 %), water (84 %), thickening agent (0.25 %) and acetone

(14.75 %) were fixed. Twenty-four formulations were made with different emulsifiers (tween
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20, tween 80, stargel and csgel), thickening agents (purity gum and xanthan gum) and oil
concentrations (6, 9 and 12 mg/mL). The formulations of the starting emulsions are shown
in Table 1. Firstly, the aqueous phase was prepared, where the gums were solubilized in water
and left to stand for 43200 s. The oily phase was prepared by homogenizing the oil, acetone
and emulsifier, which were subjected to an ultrasound bath (P=340 W/ F=50/60 Hz) for 600
s. The oil phase was dripped, under constant agitation, on the aqueous phase. The mixture

was homogenized for 180 s and submitted to an ultrasound bath for 360 s.

2.4 SFEE process

For SFEE, the starting emulsion formulation that showed the greatest stability and
the smallest particle diameter was used. SFEE was performed in a bubble column
configuration using a reaction unit containing stainless steel autoclave (model 2777 1000,
Top Industrie, France) with an internal volume of 9.50 x 10 m*. The equipment scheme is
presented in the study by Bezerra et al. [26]. The output of this system was modified by
coupling a micrometric valve (V4) (model 30VRMMA4812, Autoclave Engineers, USA), a
liquid acetone collection bottle and a flow meter (model SLA5861, Brooks Instrument's,
France), as shown in Fig. 1. Approximately 3.00 x 10° m? of the starting emulsions were
added to the autoclave, occupying 0.048 m of the internal height. The V1 valve was opened
and supercritical CO> (Sc) was added to the autoclave. Then, valve V2 was opened and the
flow of 8.33 x 10" m®/s was controlled by the micrometric valve V4. The CO; dragged the
acetone out of the system, where after depressurization, the liquid acetone was recovered in
a collecting flask and the gaseous CO2 went to the flow meter. After the time of operation,

the V1 valve was closed, the autoclave was slowly depressurized, the V3 valve was opened

67



and the murici oil nanoemulsion was recovered. The temperature and pressure used were
313.15 K and 8.00 MPa, respectively, since they are the most moderate phase equilibrium
conditions of the COz+acetone binary system [27]. The SFEE process was performed using
a static period and a dynamic period, as shown in Table 1. The use of a static period was
proposed in this work in order to achieve the thermodynamic balance between the emulsion
and COg, increasing the contact time between the mixture to solubilize acetone in
supercritical CO2. The dynamic periods used were based on the works of literature

[25,28,29]. All determinations were made in triplicate.

2.5 Characterization of the emulsions
2.5.1 Determination of phase behavior

The determination of the phase behavior of the initial emulsions involved the visual
inspection of the samples. About 3.00 x 10° m? of the emulsions were added to glass tubes
and were properly sealed to prevent evaporation of the acetone. The tubes were stored, in the
absence of light, at room temperature for 24 hours. The formulations were classified
according to aspect (liquid, semi-liquid or gelled), turbidity (opaque, translucent or
transparent) and stability (phase separation, creaming or stable). All determinations were

made in triplicate.

2.5.2 Stability assessment
For stability assessment, the starting emulsions were added to sealed glass tubes and
protected from light. The stability determination was carried out in 3 consecutive steps: 1)

Cl Tromm: after 24 hours stored at room temperature (298.15 K); 2) Cl Tcooling: after 24 hours
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stored under refrigeration (278.15 K); and 3) CI Post-centr.: after centrifugation (523.60 rad.
s1/1800 s/ 298.15 K) (model 5804 R, Eppendorf AG, Germany). The volumes of the aqueous
phase were measured in all conditions. The emulsion stability was evaluated by calculating
the creaming index [30], defined by the ratio between the height of the aqueous phase and
the initial height. The creaming index was determined in triplicate and the results were

expressed in %.

2.5.3 Lutein content

The lutein contents were determined for SFEE emulsions, according to the
methodology proposed by Rodriguez-Amaya & Kimura [31]. The extraction solvent used
was acetone. The partition was performed with ethyl ether and petroleum ether. The reading
extract was reconstituted in ethanol. The readings were performed on a spectrophotometer
(model UV-M90, Bel Engineering, Italy). The total lutein contents were calculated through
absorbance measurements carried out at 445 nm, and with the absorption coefficient of lutein

in ethanol (2550). Quantifications were performed in triplicate and the results expressed in

Ho/g.

2.5.4 Retention percentage of lutein

The percentage of lutein retention was determined for SFEE emulsions by the ratio
between the concentration of lutein in the suspension (Section 2.5.3) and the theoretical
concentration of lutein in the suspension, assuming that at SFEE there was a 5 % loss of
lutein during the process [21]. The determinations were made in triplicate and the results

were expressed in %.
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2.5.5 Particle size, Polydispersity and Zeta potential

The average particle sizes, Pdi and the ZP of starting emulsions and SFEE emulsions
were measured by photon correlation spectroscopy using a Zetasizer Nano Series (Malvern
Instrument, Royston, United Kingdom). A dilution of the samples with Milli-q water (2:100)
was necessary to achieve the appropriate optical density. All measurements were made at

298 K. The measurements were made in triplicate and the results were expressed in nm.

2.5.6 Residual solvent of SFEE emulsions

The SFEE emulsions used to determine the residual levels of solvent (acetone) were
those obtained in the static periods of 0, 1800 and 3600 s, and in the dynamic period of 18000
s (assays 3, 6 and 9). Residual levels of acetone in SFEE emulsions were determined by NMR
spectrometry (model Ascend NMR Magnets TM 400 MHz, Bruker, Germany), coupled with
Avance |11 HD console (400 MHz for 1H). The high-field 1H nuclear magnetic resonance
(NMR) spectra were generated, read and analyzed using the TopSpin 3.6.3 software. (© 2021
Bruker, Germany). The samples were solubilized in deuterium oxide (D2O). The high-field
1H nuclear magnetic resonance (NMR) spectra were generated, read and analyzed using the
TopSpin 3.6.3 software. (©2021 Bruker, Germany). The areas of the spectra were
standardized in the ranges of 0.50 to 7.00 ppm and the percentages of acetone were
determined using their chemical displacement (6=2.05). The percentages of acetone were
converted into mass, according to the amount initially added to the emulsions. The results

were expressed as a percentage (%) and ppm (part per million).
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2.5.7 Optical microscopy
SFEE emulsions were analyzed using an optical microscope (model B102, Bel
Enginnering, Italy), with a 100x magnifying glass. Aliquots of the suspensions were placed

on glass slides and covered with coverslips, operating under oil immersion.

2.6 Statistical analysis

The means and standard deviations were calculated for all analyses. The results of the
analyses were submitted to Tukey test, at a significance level of 5 % (p<0.05). Excel 2000
SR-1 (Microsoft, Troy, USA), Statistica Kernel Release 7.1 (StartSoft Inc., Tulsa, USA) and

TopSpin 3.6.3. (©2021 Bruker, Germany) programs were used as tools.

3 Results and Discussion
3.1 Selection of the starting emulsions
3.1.1 Determination of phase behavior and stability assessment of the starting emulsions
The phase behavior and stability of starting emulsions containing murici oil (B.
crassifolia) are shown in Table 1. In emulsions with purity gum 1773 (1-12), all those
prepared with tween 20 (1-3) and tween 80 (4-6) were liquid, translucent and presented phase
separation (CI between 1.88 % to 3.65 %). The phase separation observed occurred due to
the coalescence caused by the melting of dispersed particles, forming a totally separate layer
of oil on the surface of the suspensions [32,33]. The emulsions prepared with stargel (7-9)
and csgel (10-12) were semi-liquid, opaque and presented creaming (Cl between 2.19 % to
3.62 %). The presence of creaming in the emulsions occurred due to the movement of

dispersed particles to the surface of the suspension, however, without melting [34]. The
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translucent and opaque turbidity of the 1773 purity gum emulsions were characteristic of the
emulsifiers used. Such turbidity characteristics indicated that emulsions with tween 20 and
tween 80 had smaller particle sizes than those obtained with stargel and csgel, since
translucent emulsions are generally characterized by having smaller particle sizes [35,36]. In
addition, oil concentrations and types of emulsifier did not influence the stability of starting
emulsions containing purity gum 1773 (CI>0). This allows us to say that the use of purity
gum 1773 as a thickening agent was not suitable for the formulation of emulsions based on
murici oil.

All formulations containing xanthan gum (13-24) presented a gelled aspect, which is
characteristic of the gum. The formulations with tween 20 (13-15) were translucent and those
with tween 80 (16-18) were opaque, however both showed creaming (CI Troom between 0.34
% and 1.41 %). All emulsions formed with stargel (19-21) and csgel (22-24) were opaque
and stable (CI Trom=0) after 24 hours at rest in ambient conditions. However, after 24 hours
of refrigeration, csgel formulations containing 9 mg/mL (23) and 12 mg/mL of murici oil
(24) showed creaming (Cl Tcooling Of 3.76 % and 3.16 %, respectively). This demonstrates
that csgel emulsions were influenced by the increase in oil concentration. Therefore, all
stargel formulations (19-21) and the 6 mg/mL csgel formulation (22) were subjected to
centrifugation, where after centrifugation they also did not show creaming (Cl Post-centr.=0).
This allows us to say that xanthan gum provided an increase in the stability of the emulsions,
and that the type of emulsifier and the oil concentration had an influence on the stability of
the emulsions, where both the stargel and csgel proved to be suitable for use as emulsifiers

for murici oil emulsion formulations. A similar behavior was also observed in the study by
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Prieto & Calvo [25], when comparing the use of glycerol and xanthan gum as thickening

agents in the SFEE process with fish oil.

3.1.2 Particle size, Polydispersity and Zeta potential of the starting emulsions

The particle data were obtained only for the starting emulsions that did not show
phase separation and creaming after the third stage of the stability assessment (CI Post-
centr.=0). Thus, the analyzed emulsions were those prepared with xanthan gum and with
stargel (19-21) and csgel (22). The particle sizes, Pdi and ZP of murici oil (B. crassifolia)
starting emulsions are shown in Table 1. It was possible to observe that the particle sizes
varied from 726.01 nm (csgel-6 mg/mL of oil) at 1202.30 nm (stargel-12 mg/mL oil). The
high particle sizes can be attributed to the use of xanthan gum, since the increase in viscosity
increases the particle diameters [37]. For formulations with stargel, it was demonstrated that
the increase in oil concentration increased the diameter of the particles. This behavior was
also observed by Reis et al. [19]. This possibly occurred due to the flocculation, characterized
by the union of dispersed particles, generated by the reduction of the emulsifier/oil ratio
[38,39]. The Pdi’s ranged from 0.68 (csgel-6 mg/mL of oil) to 0.92 (stargel-9 mg/mL of oil),
which indicates that the starting emulsions had heterogeneous drop sizes [40]. Despite the
polydispersity of the particles, the results of ZP indicate that all formulations were stable,
since they presented high values (in modulus) (-43.37 to -54.90 mV), which indicates that
the particles tend to repel and reduce the possibility of phase separation [41,42].

Therefore, according to the results of phase behavior, stability, particle size, Pdi and
ZP, the starting emulsion selected for the SFEE process was formulation 22, containing

xanthan gum, csgel and a concentration oil of 6 mg/mL.
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3.3 SFEE process
3.3.1 Lutein content and percentage of retention of SFEE emulsions

The lutein contents and retention percentages in the SFEE emulsions of murici oil (B.
crassifolia) are shown in Table 2. The highest level of lutein (214.71 pg/g) was obtained with
a static period of 3600 s and a dynamic period of 18000 s. It was possible to observe that in
all conditions the levels of lutein decreased with the use of a static period of 1800 s, but
showed an increase when a static period of 3600 s was used. This reduction may have
occurred due to turbulence observed in the SFEE when 1800 s static period was used, which
may have caused oil losses during the process caused by the release of the oil to the agqueous
phase and its subsequent dissolution in supercritical CO2 [22]. Such loss may also have
occurred due to the coextraction of murici oil together with acetone, since both are miscible
in supercritical CO». The levels of lutein increased with the increase of the dynamic period.
This suggests that the concentration of lutein occurred with the periodic removal of acetone
from the emulsions. These results are in accordance with the retention values, since the
murici oil SFEE emulsions exhibited high percentages of lutein retention (96.53 %). This
result was superior to those obtained by Trucillo et al. [43] when applying the Supercritical
assisted Liposome formation process (SuperLip) in the encapsulation of olive pomace extract
(58 %), by Santos et al. [16] when using Rapid Expansion of Supercritical Solution (RESS)
in the encapsulation of anthocyanin extract from jabuticaba skins (79.78 %), and by Tirado
et al. [44] when using SFEE in Astaxanthin encapsulation in ethyl cellulose carriers (84 %).
This demonstrates that under conditions of greater static and dynamic period, it was possible

to obtain emulsions with a lutein content similar to that added in the formulation (224.46
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ug/g). It is important to point out that until the brief moment, there are no studies in the
literature that evaluate the influence of the static period in the SFEE in the configuration of

the bubble column type. Therefore, it is extremely important to collect this information.

3.3.2 Particle size, Polydispersity and Zeta potential of SFEE emulsions

The particle sizes, Pdi and ZP of the SFEE emulsions of murici oil (B. crassifolia)
are shown in Table 2. It was observed that the particle sizes varied from 364.03 nm (static
period=3600 s/ dynamic period=18000 s) at 656.07 nm (static period=3600 s/ dynamic
period=3600 s). These values were higher than those found in other studies that addressed
the use of SFEE. However, it is important to note that most studies use different equipment,
where the particle size characteristics are influenced. This was confirmed in the study by
Prieto et al. [29], on the performance comparison of different supercritical fluid extraction
equipments for the production of vitamin E in polycaprolactone by SFEE, where it was
possible to observe that the equipment similar to that used in the present work (bubble
column) presented larger particle diameters compared to the emulsions obtained with other
equipment (bubble column with a gas redistributor, spray column and packed column). It can
be considered that oil-in-water (O/W) nanoemulsions were formed, since they had sizes
between 100 nm and 1000 nm [33]. In general, particle sizes decreased after SFEE, with a
reduction range of approximately 9.65 % to 48.87 %. This behavior was also observed by
Mendonca et al. [18] when using the SFEE process. Such reduction is generally attributed to
the particle narrowing effect, caused by the removal of the solvent from the emulsion droplets
[45]. 1t was possible to observe that the increase in the static period reduced the particle sizes

when 1800 s was used and increased when 3600 s were used, except in test 9. The increase

13

75



in the dynamic period also reduced the particle sizes in all SFEE conditions. The reduction
in the size of the droplets is usually associated with a decrease in the concentration of acetone
in the suspensions with an increase in the dynamic periods of extraction. However, the
reduction observed in the 1800 s static period was possibly due to the reduction in acetone
caused by the turbulence observed in this condition, which caused the CO> flow to increase
in certain extraction periods, intensifying the mass transfer inside the vessel high pressure
[46]. The Pdi ranged from 0.48 (static period=3600 s/ dynamic period=18000 s) to 0.79
(static period=3600 s/ dynamic period=10800 s), showing similar to the values of the starting
emulsion. Pdi within this range of values were also obtained from SFEE to nanoencapsulate
vitamin E in polycaprolactone (0.54) [28]. The ZP values ranged from -35.37 mV (static
period=0 s/ dynamic period=3600 s) to -51.73 mV (static period=3600 s/ dynamic
period=3600 s). These results demonstrate that the emulsions remained stable after SFEE,
since high values of ZP (positive or negative) indicate that the emulsions are electrically
stabilized [47]. This suggests that the Pdi values did not interfere with the stability of the
emulsions. Therefore, these data prove that it was possible to obtain stable SFEE
nanoemulsions from murici oil. In addition, the negative signs of the ZP suggest that
nanocapsules were formed from murici oils covered by xanthan gum, since the xanthan gum

molecules have a negative charge [48].

3.3.3 Residual solvent of SFEE emulsions
The High-field 1H nuclear magnetic resonance (NMR) spectra of SFEE emulsions of
murici oil (B. crassifolia) of assays 3, 6 and 9 are shown in Fig. 2. The percentages of acetone

in the SFEE emulsions were 2.14 %, 1.79 % and 1.61 %, which corresponded to the
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concentrations of 17009 ppm, 14185 ppm and 12795 ppm for tests 3, 6 and 9, respectively.
Acetone reduction rates ranged from 85.48 % to 89.08 %. Although acetone is a Class 3
solvent, considered less toxic and less risky to human health, the results were above the
established concentration limit (5000 ppm) [49]. This may have occurred due to the increase
in the viscosity of the aqueous phase, by the addition of xanthan gum, which decreased the
rate of extraction of acetone [25]. This behavior was also observed by Aguiar et al. [21] in
the encapsulation of pepper oleoresin by SFEE. Therefore, for the application of these
nanoemulsions in the formulation of pharmaceutical or food products, an exhaustive washing
of the particles must be carried out with subsequent drying of them, in order to remove the
amount of residual solvent. It was possible to observe that the acetone content decreased with
the increase of the static extraction time. This was possibly due to the increased solvation
power of acetone with supercritical CO», caused by the longer contact time between the

solvent and the anti-solvent.

3.3.4 Optical microscopy of SFEE emulsions

The images obtained by optical microscopy of the SFEE emulsions of murici oil (B.
crassifolia) are shown in Fig. 3. All formulations presented spherical and non-aggregated
particles. The SFEE emulsions showed different spacing and particle size behaviors, where
the droplets of emulsions of smaller particle size (6 and 9) showed to be closer to each other,
while the others of larger size were more distant. This behavior was possibly due to the
greater evaporation of acetone in these conditions, which caused the concentration of droplets
in the aqueous phase [24]. It was also possible to observe the presence of capsules in some

images, where the core containing oil appears clearly concentrated in the central region of
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the particles, being surrounded by a thin layer of the encapsulating agent, proving the
occurrence of encapsulation, a phenomenon also suggested by the signs of ZP. The same was
observed by Cruz et al. [50] when using SFEE in the encapsulation of yacon (Smallanthus
sonchifolius) leaf extract. The size variability explains the Pdi values, however, despite being
close, no instability phenomenon was observed as flocculation and coalescence, which

explains the high values of ZP.

4 Conclusions

The stability and particle diameters were influenced by the concentrations of murici
oil, types of emulsifier and thickening agent in the initial formulations, where the best starting
emulsion was obtained with csgel, xanthan gum and 6 mg/mL murici oil. In general, the
increases in the static and dynamic periods of SFEE increased the levels of lutein, the
retention of lutein and the stability of the emulsions, and decreased the diameters of particles.
The increase in the static period was also responsible for the reduction of the residual solvent
concentration, however, the dynamic period was not enough to reduce the application levels.
Thus, it is necessary to improve the internal mass transfer, where future tests are suggested
under constant agitation in equipment with this type of configuration. The images of the
nanoemulsions showed small spherical and non-aggregated particles with different spacing
and particle size behaviors, where it was possible to observe the presence of capsules, proving
the occurrence of encapsulation. Therefore, it was possible to produce murici oil particles
with good concentration/retention of lutein and high stability, using supercritical CO; in all

stages of obtaining nanoemulsions (SFE and SFEE). This confirms that supercritical
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technology can be used in the production chain of several natural products applied in the food

and pharmaceutical industries.
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Table 1. Formulations, phase behavior, creaming index, particle size, Pdi and Zeta potential of starting emulsions containing murici oil

(B. crassifolia).

Cl
Cl Cl Particle
Aqueous Post- ZP
Formulation Oily phase  Aspect Turbidity Stability Troom  Teooling size Pdi
phase centr. (mV)
%) (%)” (nm)
(%)
Qil
Purity gum (6 mg/mL)
Phase
1 1773 + acetone Liquid Translucent 2.20 - - - - -
separation
+ water + Tween
20
Qil
Purity gum (9 mg/mL)
Phase
2 1773 + acetone Liquid Translucent 2.50 - - - - -
separation
+ water + Tween
20
Purity gum Oil Phase
3 Liquid Translucent 1.88 - - - - -
1773 (12 mg/mL) separation
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+ water + acetone
+ Tween
20
Qil
Purity gum (6 mg/mL)
Phase
1773 + acetone Liquid Translucent 2.80
separation
+ water + Tween
80
Qil
Purity gum (9 mg/mL)
Phase
1773 + acetone Liquid Translucent 2.77
separation
+ water + Tween
80
Qil
Purity gum (12 mg/mL)
Phase
1773 + acetone Liquid Translucent 3.65
separation
+ water + Tween
80
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Oil

Purity gum
(6 mg/mL) Semi-
7 1773 Opaque Creaming 2.19
+ acetone liquid
+ water
+ Stargel
Qil
Purity gum
(9 mg/mL) Semi-
8 1773 Opaque Creaming 3.62
+ acetone liquid
+ water
+ Stargel
Qil
Purity gum
(12 mg/mL)  Semi-
9 1773 Opaque Creaming 3.14
+ acetone liquid
+ water
+ Stargel
Qil
Purity gum
(6 mg/mL) Semi-
10 1773 Opaque Creaming 2.73
+ acetone liquid
+ water
+ Csgel
Purity gum Oil
Semi-
11 1773 (9 mg/mL) Opaque Creaming 3.14
liquid
+ water + acetone
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+ Csgel

Oil
Purity gum
(12 mg/mL)  Semi-
12 1773 Opaque Creaming 2.83
+ acetone liquid
+ water
+ Csgel
Qil
Xanthan
(6 mg/mL)
13 gum Gelled Translucent Creaming 1.11
+ acetone
+ water
+ Tween 20
Qil
Xanthan
(9 mg/mL)
14 gum Gelled Translucent Creaming 0.34
+ acetone
+ water
+ Tween 20
Qil
Xanthan
(12 mg/mL)
15 gum Gelled Translucent Creaming 0.49
+ acetone
+ water
+ Tween 20
Xanthan Qil
16 Gelled Opaque Creaming 141
gum (6 mg/mL)
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+ water + acetone
+ Tween 80
Qil
Xanthan
(9 mg/mL)
17 gum Gelled Opaque Creaming 1.12 - - - - -
+ acetone
+ water
+ Tween 80
Qil
Xanthan
(12 mg/mL)
18 gum Gelled Opaque Creaming 0.47 - - - - -
+ acetone
+ water
+ Tween 80
Qil
Xanthan
(6 mg/mL) 107400+ 084+ -5490+
19 gum Gelled Opaque Stable 0.00 0.00 0.00
+ acetone 31.11¢8 0.112 0.142
+ water
+ Stargel
Qil
Xanthan
(9 mg/mL) 1084.00+ 092+ -47.80
20 gum Gelled Opaque Stable 0.00 0.00 0.00
+ acetone 83.32° 0.072 0.99°
+ water
+ Stargel
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Oil

Xanthan
(12 mg/mL) 1203.30+ 081+ -4337%
21 gum Gelled Opaque Stable 0.00 0.00 0.00
+ acetone 93.982 0.072 2.20°¢
+ water
+ Stargel
Oil
Xanthan
(6 mg/mL) 726.10 + 068+ -49.77
22 gum Gelled Opaque Stable 0.00 0.00 0.00
+ acetone 34.19° 0.052 1.16°
+ water
+ Csgel
Oil
Xanthan
(9 mg/mL)
23 gum Gelled Opaque Stable 0.00 3.76 - - - -
+ acetone
+ water
+ Csgel
Oil
Xanthan
(12 mg/mL)
24 gum Gelled Opaque Stable 0.00 3.16 - - - -
+ acetone
+ water
+ Csgel

* Different letters in the same column showed a difference in significance level of 5% (p<0.05). CI Trom: Creaming index obtained after
24 hours of rest at room temperature; Cl Tcooling: Creaming index obtained after 24 hours of rest under refrigeration; Cl Post-centr.:

creaming index obtained after centrifugation.
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Table 2. Conditions of static period and dynamic period of SFEE of murici oil (B. crassifolia) and characterization of emulsions.

Static period Dynamic period Lutein content Retention of lutein Particle size ZP
Assay Pdi
(s) ©) (1g9/g) (%) (nm) (mV)
1 0 3 600 131.15+0.54" 58.96 +0.24 " 614.53 +40.27%® 0.66+0.06% -35.37 £0.25?
2 0 10 800 137.49 £0.58F 61.81+0.26° 525.63+27.95 0.65+0.11% -49.00 £ 0.26 ce
3 0 18 000 14527 £0.87¢ 65.31+£0.39°¢ 494.03+20.15¢ 0.48+0.07° -40.07+1.82%
4 1800 3 600 101.56 +0.63' 4566 +0.28'1 496.47 £28.16°¢ 0.53+0.06% -44.53 +1.14 b
5 1800 10 800 132.96 £ 0.489 59.77£0.22°9 47850 £23.08¢ 0.71+0.20%® -45.87 +2.80 bee
6 1800 18 000 159.94 +£0.74 ¢ 71.90+0.33°¢ 382.30 £30.47¢ 0.64+0.08% -50.87 +0.55¢%
7 3 600 3 600 154.99 +0.49 ¢ 69.68 £ 0.22 ¢ 656.07 £23.44% 0.62+0.07%* -51.73+1.76°
8 3600 10 800 188.39 £ 0.67 © 84.69+0.30° 642.10 £19.23% 0.79+0.17% -46.63 +2.12 ¢
9 3600 18 000 21471 £0.34¢ 96.53+0.15¢ 364.03+54.59¢ 0.58+0.01% -43.50+5.12 %

* Different letters in the same column showed a difference in significance level of 5 % (p<0.05).
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Fig. 1. Schematic representation of SFEE of murici oil (B. crassifolia). V1-V3: Flow control

valves, V4: Micrometric flow control valve.
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Fig 2. High-field 1H nuclear magnetic resonance (NMR) spectra of SFEE emulsions
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Fig 3. Optical microscopy of the SFEE emulsions of murici oil (B. crassifolia).

* The numbers shown in the images correspond to the assays listed in table 2.
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RESUMO

PRODUCAO DE PARTICULAS SECAS E DE SUPLEMENTO ALIMENTAR A
BASE DE OLEO DE MURICI

O ¢6leo de murici apresenta como carotenoide majoritario a luteina, que € um composto
bastante comercializado na forma de suplementos alimentares, com apelo sobre a
prevencdo de doencas oculares. Para garantir a estabilidade da luteina, foi necessario
realizar o encapsulamento do 6leo, na forma de emulsdo, seguido da secagem para
garantir a protecdo do dleo as condi¢des de armazenamento do produto e aumentar a vida
atil. Os pos obtidos por liofilizagdo e spray drying apresentaram caracteristicas desejaveis
para a aplicacdo do Oleo encapsulado em suplementos alimentares obtidos pelo
carregamento destes pds em capsulas vegetais. Diante disto, a presente invencao refere-
se ao processo de producdo de particulas secas e de suplemento alimentar a base de 6leo
de murici, onde os produtos apresentam-se ricos em luteina, sendo promissores ao uso na

complementacao da alimenta¢do humana.
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DESENHOS

Emulsdo encapsulada do 6leo de murici Oleo de murici encapsulado em po Suplemento alimentar de
(SFEE) (Liofilizagao e Spray drying) 6leo de murici
(Carregamento de capsulas)

__» Oleo de murici

- Material de parede  p— g.ﬁ*‘;};c*‘;*(_}‘ & —
,,» Emulsificante e ****f:}% v
—— Agua :
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TITULO

[001] Producdo de particulas secas e de suplemento alimentar a base de éleo de murici.

CAMPO DE UTILIZACAO

[002] O aumento da consciéncia dos consumidores que almejam melhoras na qualidade
de vida e optam por habitos mais saudaveis fez com que houvessem mudancas de
perspectiva no desenvolvimento de novos produtos na industria alimenticia e
farmacéutica.

[003] H& uma tendéncia mundial que aponta para a necessidade de que os alimentos ndo
sejam mais somente vistos como uma fonte sensorial, mas também como fonte de bem-
estar e de saude para os individuos. Esta mudanca de perspectiva tem exigido mudancas
de paradigma no desenvolvimento de novos produtos, onde aumentou-se o interesse no
encapsulamento de compostos bioativos de fontes naturais para o desenvolvimento de
suplementos alimentares, visto que ingestdo continuada de compostos bioativos vegetais
esta associada a prevencao/tratamento de doencas.

[004] Tendo em vista este panorama, os métodos de encapsulamento de compostos
bioativos vegetais que utilizam a tecnologia supercritica, como a extragcdo de emulsdes
por fluido supercritico (SFEE), tém se destacado devido ao apelo ambiental global pelo
uso de tecnologias limpas, associado as restricdes de aplicacao de produtos obtidos com
solventes toxicos nas industrias alimenticias e farmacéuticas.

[005] As emulsdes encapsuladas por SFEE apresentam os compostos bioativos protegidos
aos fatores de armazenamento como temperatura, umidade, e luz, o que permite que nao
ocorra a degradacao destes compostos até a ingestdo. Entretanto, para a aplicacdo dessas
emulsBes em suplementos alimentares, se faz necessario o emprego de técnicas de
desidratacdo, como a liofilizagéo e o spray drying, que sdo processos que possibilitam a
obtencdo de pds encapsulados com caracteristicas desejaveis de uso.

[006] Nas ultimas duas décadas, o mercado de suplementos cresceu substancialmente,
tendo destaque os produtos que sdo constituidos por 0leos e por luteina, composto este
associado ao tratamento e prevencéo de doengas oculares. Tendo em vista isto, se torna
de extrema importancia a aplicacdo do 6leo de murici na producdo de suplemento

alimentar, visto que ele é rico em luteina.
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ESTADO DA TECNICA

[007] Murici é uma fruta que produz 6leo com propriedades antioxidantes, anti-
hiperlidémicas, antitrombogénicas e anti-aterogénicas, rico em luteina (Pires et al., 2019;
Rezende & Fraga, 2003), que € um composto amplamente associado ao tratamento e
prevencdo de doencas maculares degenerativas relacionadas ao envelhecimento
(Nwachukwu, Udenigwe, & Aluko, 2016).

[008] O processo de extracao de emulsdes por fluido supercritico (SFEE) representa um
método de encapsulamento que combina processos convencionais de preparacdo de
emulsdo com processo antissolvente supercritico para a producdo de particulas
(US6998051, 2006).

[009] As técnicas de desidratacdo como a liofilizagéo e spray drying permitem a expansao
do uso de materiais encapsulados em suplementos alimentares na forma de capsulas. A
liofilizacdo é um processo de desidratacdo realizado em baixas temperaturas, que remove
a agua através da sublimacdo. Ja a secagem por spray dryer € uma técnica que utiliza
elevadas temperaturas associadas ao uso de uma alimentacao realizada por asperséo, onde
0 ar seco em contracorrente remove rapidamente a agua das particulas, sem o
aquecimento demasiado dos pos (Santo et al. 2013).

[010] As cépsulas sdo formas farmacéuticas solidas nas quais as substancias ativas (pos),
adicionadas ou ndo de adjuvantes, encontram-se contidas em um invélucro mais ou
menos flexivel (Loyd; Popovich; Ansel, 2013). Em céapsulas rigidas, os involucros
apresentam duas partes desmontaveis, o corpo e a tampa. Na manipulacéo, as duas partes
sdo separadas, onde o corpo é preenchido com o po e, entdo, a tampa € recolocada
(Thompson; Davidow, 2013). Estes produtos oferecem uma forma de dosagem
individualizada e representam uma forma farmacéutica empregada para a administracao
oral de compostos com elevada poténcia biologica (Thompson; Davidow, 2013).

[011] O processo de carregamento de capsulas rigidas envolve as seguintes etapas:
pesagem dos componentes da formulacdo, moagem ou tamisacdo dos pds (opcional),
mistura dos pos, enchimento das capsulas, fechamento e selagem das capsulas, limpeza e
polimento externo, acondicionamento e rotulagem (Ferreira, 2011). Todas essas etapas
de processamento séo influenciadas pelas caracteristicas de cada componente adicionado
na formulagdo. O ideal é que os pds presentes na formulacdo apresentem propriedades
semelhantes. As principais caracteristicas dos componentes que determinam a qualidade

das capsulas sdo: tamanho e forma, densidade, umidade, entre outros (Le Hir, 1997).
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INVENCAO

[012] A presente invencdo refere-se a producdo de particulas secas e de suplemento
alimentar a base de 6leo de murici. A producdo de particulas secas a base do 6leo de
murici proporciona a obtencdo de p6s encapsulados, ou seja, permite a protecdo dos
compostos bioativos do 6leo, em especial da luteina. Além disso, permite a aplicacéo do
uso do dleo de murici no carregamento de capsulas duras para a producdo de suplemento
alimentar a base de 6leo de murici rico em luteina. A comercializacdo das particulas secas
a base do 6leo na forma de suplementos possibilita o controle da dosagem adequada para
0s consumidores e torna o produto mais atrativo e competitivo no mercado de

suplementacao.

DESCRICAO DETALHADA DA INVENCAO

[013] As emulsbes foram preparadas com 6leo de murici, emulsificante csgel, &gua, goma
xantana e acetona. Primeiramente foi preparada a fase aquosa, onde a goma xantana foi
solubilizada em &gua. A fase oleosa foi preparada homogeneizando o 6leo, a acetona e o
emulsificante. A fase oleosa foi gotejada na fase aquosa, onde a mistura foi
homogeneizada e submetida a banho de ultrassom por 360 s.

[014] Na SFEE foi realizada em uma unidade de reacéo supercritica (modelo 2777 1000,
Top Industrie, Franca), utilizando o CO; supercritico como antissolvente. As emulsdes
foram adicionadas na autoclave. O processo foi realizado nas faixas de pressao de 80-110
bar, temperaturas de 40-60 °C, vazdes de saida de 0,5-2,0 NL/min, periodos estaticos de
0-1 hora e periodos dindmicos de 5-10 horas.

[015] A emulséo SFEE foi seca por liofilizag&o e por spray drying.

[016] Para a liofilizagdo, a emulsdo SFEE foi adicionada em bandejas de a¢o inoxidavel
e foi congelada (-15 °C). A amostra foi liofilizada em liofilizador de bancada (modelo
L101, Liobras, Sao Carlos, Brasil) a -48 °C durante 2 dias.

[017] Para a secagem em spray dryer, foi utilizado um mini secador de spray (modelo B-
290, BUCHI Labortechnik AG, Flawil, Suica). Na secagem da emulsdo SFEE, foram
utilizadas temperaturas de entrada na faixa de 170-220 °C, alimentacdes de 30-50 % e
pressdes de 0,04-0,06 bar. A emulsdo em po foi coletada em um recipiente na base do
ciclone.

[018] O carregamento das capsulas foi realizado com as emulsdes secas (liofilizadas e

spray dryer). Foram utilizados c&psulas vegetais. As capsulas vegetais foram carregadas
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com as emulsBes secas utilizando encapsuladora semi-automatica (modelo 120 cap.,

Mawin, Santo André, Brasil).
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REIVINDICACOES

Producdo de particulas secas e de suplemento alimentar a base de 6leo de murici,
caracterizado por reivindicar as emulsdes preparadas com Oleo de murici,
emulsificante csgel, agua, goma xantana e acetona.

Producdo de particulas secas e de suplemento alimentar a base de 6leo de murici,
caracterizado por reivindicar o processo de extracdo de emulsdes por fluido
supercritico (SFEE) nas pressdes de 80-110 bar, temperaturas de 40-60 °C, vazdes
de saida de 0,5-2,0 NL/min, periodos estaticos de 0-1 hora e periodos dinamico
de 5-10 horas.

Producdo de particulas secas e de suplemento alimentar & base de 6leo de murici,
caracterizado por reivindicar a emulsdo por fluido supercritico (SFEE) seca por
liofilizagdo na T= -48 °C durante 2 dias.

Producdo de particulas secas e de suplemento alimentar a base de 6leo de murici,
caracterizado por reivindicar a emulsdo por fluido supercritico (SFEE) seca por
spray drying, com temperaturas de entrada na faixa de 170-220 °C, alimentacoes
de 30-50 % e pressdes de 0,04-0,06 bar.

Producéo de particulas secas e de suplemento alimentar a base de 6leo de murici,
caracterizado por reivindicar o carregamento das capsulas com as emulsdes
secas (liofilizadas e spray dryer).

Producéo de particulas secas e de suplemento alimentar a base de 6leo de murici,
caracterizado por reivindicar o uso de capsulas vegetais para produzir o
suplemento a base de 6leo de murici.

Producdo de particulas secas e de suplemento alimentar & base de 6leo de murici,
caracterizado por reivindicar as capsulas vegetais serem carregadas com as
emulsdes secas utilizando encapsuladora semi-automatica (modelo 120 cép.,

Mawin, Santo André, Brasil).
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MATERIAL SUPLEMENTAR

1 MATERIAIS E METODOS
1.1 EXTRACAO DE EMULSOES POR FLUIDO SUPERCRITICO (SFEE)

As emulsdes foram preparadas com 6leo de murici (6mg/mL), emulsificante csgel (1
%), agua (84 %), goma xantana (0,25 %) e acetona (14,75 %). Primeiramente foi preparada
a fase aquosa, onde a goma xantana foi solubilizada em &gua e deixada em repouso por 43200
s para garantir sua completa saturacdo. A fase oleosa foi preparada homogeneizando o 6leo,
a acetona e o emulsificante, os quais foram submetidos a um banho de ultrassom (Poténcia
= 340 W/ Frequéncia = 50/60 Hz) por 600 s para garantir a homogeneidade completa. Para a
formacéo da emulséo, a fase aquosa foi agitada com o auxilio de um agitador magnético a
313,15 K por 300 s. Em seguida, a fase oleosa foi gotejada, sob agitacdo constante, na fase
aguosa. A mistura foi homogeneizada por 180 s e submetida a banho de ultrassom por 360 s.
Na SFEE foi realizada em uma unidade de reacdo contendo autoclave de aco inoxidavel
(modelo 2777 1000, Top Industrie, Franga) com um volume interno de 9,50 x 10° m® (@
0,128 x 0,152 m), colar de aquecimento (modelo 2777 1021, Top Industrie, Franga), agitador
magnético (modelo 616 0100, Top Industrie, Franca), termopar (modelo TKA 15 x 20 HMP,
Erciat, Franca), cabeca de seguranca (modelo 728 0350, Top Industrie, Franca), disco de
ruptura (modelo 728 0400, Sitec, Suica), transdutor de pressao (modelo PA-23SY, Keller,
Suica), painel de controle (modelo TS1070, Monitouch Technoshot, Holanda), bomba de
liquido, compressor de ar (modelo CSA, Schulz S/A, Brasil), valvula micrométrica (modelo
30VRMMA4812, Autoclave Engineers, EUA), medidor de fluxo (modelo SLA5861, Brooks
Instrument's, Franga) e um cilindro e recirculador de CO2 (modelo FO8400796, Polyscience,
EUA). As emulsBes foram adicionadas na autoclave, que foi fechada com o auxilio de um
torquimetro. O processo foi realizado na pressao de 80 bar, temperatura de 40 °C, vazdo de

saida de 0,5 NL/min, periodo estatico de 1 hora e periodo dinamico de 5 horas.

1.2 SECAGEM DAS EMULSOES SFEE
1.2.1 Liofilizagdo
A emulsdo SFEE fora adicionada em bandejas de aco inoxidavel e foi congelada (-15

°C). A amostra foi liofilizada em liofilizador de bancada (modelo L101, Liobras, S&o Carlos,
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Brasil) a -48 °C durante 2 dias. A emulsdo em po foi coletada posteriormente moida em
moinho (modelo All, lka, Campinas, Brasil) e foi armazenada em frascos de vidro

hermético, sob protecdo de luz, sob congelamento (-10 °C).

1.2.2 Spray Drying

Um mini secador de spray (modelo B-290, BUCHI Labortechnik AG, Flawil, Suica)
equipado com um painel de controle, elemento de aquecimento elétrico, bomba peristaltica,
dois bicos de fluido, camara de secagem e ciclone feito de classe transparente espessa foi
usado na secagem da emulsdo SFEE. Para o processo de secagem, o ar ambiente foi aquecido
com um elemento de aquecimento elétrico e soprado em fluxo paralelo ao liquido atomizado
dentro da cAmara de secagem a 35 m*/h. A cdmara de secagem foi alimentada por uma bomba
peristaltica de dois bicos (diametro interno do bocal de alimentacdo de 0,7 mm) acionada por
ar comprimido (8 bar) e controlada por um medidor de vazao. Na secagem da emulsédo SFEE
foi utilizado temperatura de entrada de 170 °C, temperatura de saida de 92 °C, alimentacédo
de 30 % e pressdo de 0,04 bar. A emulséo em p6 foi coletada em um recipiente na base do
ciclone, colocada em frascos de vidro hermético, sob protecdo de luz, e armazenada sob
congelamento (-10 °C).

1.3 CARACTERIZACAO DAS EMULSOES SECAS
1.3.1 Umidade

Os teores de umidade foram obtidos de acordo com AOAC (2006), em estufa de
circulacéo de ar a 105 °C. As determinacdes foram feitas em triplicata e os resultados foram

expressos em %.

1.3.2 Atividade de agua
A atividade de agua (aw) foi determinada a 25 °C em um medidor de atividade de 4gua
(modelo Aqualab 3TE, Decagon Devices Inc., EUA). A determinacao foi realizada em

triplicata.
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1.3.3 Tamanho Médio, Polidispersividade e Potencial Zeta

Os tamanhos medios de particula, indices de polidispersidade (Pdi) e os potenciais
Zeta (ZP) das emulsdes SFEE secas foram medidos por espectroscopia de correlacdo de
fétons usando um Zetasizer Nano Series (Malvern Instrument, Royston, Reino Unido). As
emulsBes obtidas por liofilizagdo e por spray drying foram reconstituidas em &gua a 0,2
mg/mL. Uma diluicdo das amostras com agua foi necessaria para atingir a densidade dptica
apropriada (1:99). Todas as medicdes foram feitas a 298 K. As medigdes foram feitas em

triplicata e os resultados foram expressos em nm.

1.3.4 Teores de Luteina

Os teores de luteina foram determinados de acordo com a metodologia proposta por
Rodriguez-Amaya & Kimura (2004). Na extracdo foi utilizada a acetona. Na parti¢cdo foramm
utilizados o éter etilico e o éter de petréleo. Para as leituras, o extrato foi reconstituido em
etanol. As leituras foram realizadas em espectrofotdometro (modelo UV-M90, Bel
Engineering, Italy). Os teores de luteina total foram calculados a partir das absorvancias
obtidas a 445 nm e com o coeficiente de absortividade da luteina em etanol (2550). As
quantificacbes foram realizadas em triplicate e os resultados foram expressos em pg/g.

1.4 CARREGAMENTO DAS CAPSULAS

O carregamento das capsulas foi realizado com as emulsdes secas (liofilizadas e spray
dryer) sem o0 uso de materiais de enchimento. Foram utilizados capsulas vegetais de HPMC
(Hypromellose-Hydroxypropyl Methylcellulose) n° 0 (500 mg). As capsulas vegetais HPMC
foram carregadas com as emulsdes secas utilizando encapsuladora semi-automatica (modelo
120 cép., Mawin, Santo André, Brasil). As capsulas carregadas foram colocadas em frascos
de vidro herméticos, sob protecéo de luz, e armazenadas sob congelamento (-10 °C).

1.5 CARACTERIZACAO DAS CAPSULAS CARREGADAS
1.5.1 Peso médio das capsulas manipuladas (Pmsdio)

Foi calculado pela média aritmética do peso das céapsulas manipuladas
(FARMACOPEIA BRASILEIRA, 2012).
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1.5.2 Desvio padrao relativo (DPR)
O DPR foi calculado pela equacdo 1 e sera expresso em % (FARMACOPEIA
BRASILEIRA, 2012).

DPR (%) = (Desvio padréo do Pmedio/ Pmedio) x 100 Q

1.5.3 Variacédo do conteudo tedrico (%)

Para determinar a variacdo do contetdo teérico nas capsulas, foi necessério
determinar o peso médio das capsulas vazias e 0 peso tedrico das capsulas. O peso médio das
capsulas vazias foi obtido pesando-se, individualmente, 20 capsulas vazias e calculando-se a
média aritmética. O peso tedrico das capsulas foi obtido com a soma de peso médio das
capsulas vazias e 0s pesos tedricos das substancias adjuvantes e farmacos que compdem a
formula. A variagdo tedrica de conteudo das cépsulas foi estimada determinando a
Quantidade tedrica minima de p6 (Qteor.min.) € @ Quantidade tedrica maxima de p6 (Qtwor.méx.),
de acordo com os extremos de pesos obtidos na pesagem das capsulas (equacdes 2 e 3)
(FARMACOPEIA BRASILEIRA, 2012).

Qteor.ml’n. = (Pcépsula mais leve/ Pteérico) x 100 (2)

Qteor.méx. = (Pcépsula mais pesada/ Pteérico) x 100 (3)

1.5.4 Tempo de desintegracéo

Sete capsulas foram colocadas em um tubo agitador com agua durante 900 s. Em
seguida, o material foi passado em uma peneira de 10 mesh. A céapsula foi considerada
totalmente desintegrada quando nenhum material ficou retido na peneira (PUJARA;
PARMAR, 2013).

1.6 ANALISE ESTATISTICA

As médias e desvios-padrdo foram calculados para todas as analises. Os resultados
das analises foram submetidos ao teste de Tukey, ao nivel de significancia de 5 % (p<0,05).
O programas Excel 2000 SR-1 (Microsoft, Troy, EUA) e Statistica Kernel Release 7.1
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(StartSoft Inc., Tulsa, EUA) foram usados como ferramentas.

2 RESULTADOS E DISCUSSAO
2.1 UMIDADE E Aw

Os teores de umidade e de Aw das emulsdes SFEE em p6 do éleo de murici (B.
crassifolia) obtidas por liofilizacdo e por spray drying estdo apresentadas na Tabela 1. Os
resultados de umidade foram de 1,78 e 2,02 %, enquanto que os valores de Aw foram de 0,21
e 0,37 para as emulsdes obtidas por spray drying e por liofilizagdo, respectivamente, onde
somente a Aw apresentou diferenca significativa (p > 0,05 %). Estes valores demonstram que
os teores foram relativamente baixos, onde segundo a legislacdo vigente, os alimentos
comercializados sob forma seca, como em muitos dos suplementos alimentares
(comprimidos, capsulas de gel duro e p6s), o teor de umidade dos ingredientes deve estar no
nivel mais baixo possivel, consistente com o processo de fabricacdo do produto (ANVISA,
2018a). Desse modo, foi possivel observar que os resultados estdo de acordo com seus
processos de fabricacdo, visto que os valores de umidade e de Aw foram similares aos
resultados observados por outros estudos sobre a obtencdo de emulsdes em p6 por liofilizacao
e por spray drying (FERNANDES; BORGES; BOTREL, 2013; REATEGUI et al., 2017;
SANTANA et al., 2014). Além disso, foi observado que faixa de Aw obtida nos pds pode ser
considerada segura em relacdo ao crescimento microbiano, visto que fungos se desenvolvem
a partir de Aw de 0,6, bactérias a partir de 0,7 e toxinas sdo produzidas a partir de 0,8
(BARBOSA-CANOVAS et al., 2003; LABUZA et al., 1972). Portanto, ambas emulsdes
secas mostram-se dentro dos padrdes de processamento e estabilidade no que diz respeito a

estes resultados.

2.2 TAMANHO MEDIO, POLIDISPERSIVIDADE E POTENCIAL ZETA

Os resultados de diametro médio, polidispersividade e potencial Zeta das emulsdes
SFEE em pé do 6leo de murici (B. crassifolia) obtidas por liofilizacdo e por spray drying
estdo apresentados na Tabela 1. Os resultados de tamanho de particula foram de 656,90 e
707,20 nm, os valores de Pdi foram de 0,70 e 0,50, e os valores de ZP foram de -34,30 e
33,53 para as emulsdes obtidas por spray drying e por liofilizacéo, respectivamente, onde

somente a ZP ndo apresentou diferenga significativa (p > 0,05 %). Os valores de tamanhos
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de particula foram bastante inferiores aos obtidos por Reategui et al. (2018) ao estudar a
producéo de particulas de oleorresina de copaiba (Copaifera officinalis) por SFEE, onde as
emulsGes em po6 obtidas por liofilizacdo apresentaram tamanhos de 238,72 a 277,75 um,
enquanto que as obtidas por spray drying foram na faixa de 10,52 a 14,68 um, embora os
tamanhos as emulstes SFEE antes das secagens tenham sido bastante inferiores (261,7 nm)
aos obtidos no presente estudo (364,03 nm). Isto demonstra que as condi¢bes de secagem
ndo alteraram de forma dréstrica a estabilidade das emulsGes, onde tal estabilidade tambem
pode ser observada pelos valores de ZP, visto que foram elevados (distantes de zero). Os
valores de Pdi foram elevados possivelmente devido ao comportamento bimodal das
emulsdes, visto que apresentaram duas populagdes de particulas, uma em aproximadamente
450 nm (87.3 %) e outra em 72 nm (12.7 %) (GONZALEZ-SAUCEDO et al., 2019; LI; LU,
2016). Foi possivel observar que as particulas obtidas por liofilizagdo apresentaram menor
tamanho médio de particula e maiores Pdi e ZP em comparagéo as obtidas por spray drying.
Embora tenha ocorrido tal diferenca, ambas emulsdes secas apresentaram tamanhos na faixa
nanomeétrica e foram consideradas estaveis, 0 que demonstrou adequacdo para serem
utilizadas em suplementos alimentares, visto que particulas reduzidas possuem mecanismos
de liberacdo controlada de compostos bioativos, onde tal mecanismo de liberacdo é ativado
pelo intumescimento do polimero, onde as cadeias poliméricas sdo quebradas pela clivagem
de suas ligacGes intermoleculares, de modo que durante essa degradacgédo ocorre a liberagédo
do agente ativo (MCCLEMENTS, 2014; SALVIA-TRUJILLO; MCCLEMENTS, 2016).

Tabela 1. Umidade, atividade de 4gua, tamanhos médios, polidispersividade, potencial Zeta
e teor de luteina das emulsées SFEE em po6 do 6leo de murici (B. crassifolia) obtidas por

liofilizagdo e por spray drying.

Determinacao Emulséo liofilizada Emulsao spray dryer
Umidade (%0) 2,02+0,64% 1,78 £0,06 2
Aw 0,37+£0,022 0,21+ 0,04 °
Tamanho médio (nm) 656,90 + 10,48 © 707,20+1,102
Pdi 0,70+£0,04% 0,50 + 0,09 °
ZP (mV) 3430+£1,30° 3353+042°
Luteina (ng/g) 10599,15 + 0,72 ° 11993,65 + 0,81 2
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2.2 TEORES DE LUTEINA

Os resultados dos teores de luteina das emulsdes SFEE em p6 do 6leo de murici (B.
crassifolia) obtidas por liofilizagdo e por spray drying estdo apresentados na Tabela 1. Os
resultados de luteina foram de 10599,15 pg/g (10.60 mg/g) para a emulséo obtida por
liofilizagdo e 11993,65 pg/g (11.99 mg/g) para a obtida por spray drying. Foi possivel
observar que ocorreu a perda de luteina em ambos 0s processos, onde na liofilizacdo houve
perda de 14 % e no spray drying de 32 %. De acordo com o mercado de suplementos a base
de luteina, estes valores sdo satisfatérios, visto que produtos comerciais sdo encontrados no
mercado em concentra¢fes a partir de 10 mg/g, onde € possivel obter tal concentragdo
carregando estes pds em capsulas vegetais de n° 0 (500 mg) com ingestdo diaria de 2 capsulas
ou em capsulas vegetais de n° 00 (1000 mg) com ingestdo diaria de 1 capsula. Embora o
mercado estabeleca limites de concentragdo, segundo a legislagdo vigente, os suplementos
de luteina s&o classificados como produtos sem limites de concentragdo devido a auséncia de
valores de IDR (Ingestdo Diaria Recomendada). Entretanto, a proposta inicial de limite
méaximo é de 20 mg para adultos, onde o produto deve apresentar a seguinte adverténcia:
“Este produto ndo deve ser consumido por gestantes, lactantes e criangas” (ANVISA, 2017).
A justificativa para ndo ser consumido por estes grupos populacionais se deve a auséncia de
informacdes sobre a seguranca de uso da luteina em suplementos alimentares para obter um
nivel seguro de consumo por criangas, gravidas e lactantes. Assim, a autorizacdo de uso de
luteina em suplementos alimentares indicados para esses grupos populacionais necessita de
comprovacao de seguranca e eficacia (ANVISA, 2018b). Portanto, ambos os pds mostram-
se adequados para serem utilizados em suplementos alimentares de murici, ricos em luteina,
voltados aos consumidores adultos que desejam prevenir ou tratar o envelhecimento da retina

dos olhos e melhorar a salde ocular.

2.3 PESO MEDIO DAS CAPSULAS MANIPULADAS (Pwebio)

Os Pwmedio das capsulas carregadas com as emulsées SFEE em pé do 6leo de murici
(B. crassifolia) obtidas por liofilizacdo e por spray drying estdo apresentados na Tabela 1. Os
resultados foram de 480,13 + 7,21 mg para as capsulas carregadas com o p6 obtido por
liofilizacdo e de 492,05 + 11,14 mg para as capsulas carregadas com o pé obtido por spray

drying. Os limites de variacdo de ambas capsulas estdo dentro do tolerados pela legislacao,
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que determina que 0 Pmedio deve ser de + 7,5 % para capsulas com peso de 300 mg ou mais
(FARMACOPEIA BRASILEIRA, 2012).

Tabela 2. Peso médio, desvio padrdo relativo, quantidade tedrica minima e quantidade
tedrica maxima das capsulas vegetais carregadas com as emulsées SFEE em p6 do 6leo de

murici (B. crassifolia) obtidas por liofilizacdo e por spray drying.

o Cépsulas Cépsulas
Determinagao o ] )
(Po liofilizacéo) (Po spray drying)

Peso médio das capsulas (mg) 480,13 +7,21°2 492,05+11,14°
Desvio Padrao relativo (%) 1,50 2,26
Quantidade teérica minima (%) 97,25 94,49
Quantidade tedrica maxima (%o) 103,28 102,39
Tempo de desintegracéo (min) 10+0,10° 12+0.16°2

2.4 DESVIO PADRAO RELATIVO (DPR)

Os DPR das capsulas carregadas com as emulsdes SFEE em p6 do 6leo de murici (B.
crassifolia) obtidas por liofilizagdo e por spray drying foram de 1,50 % e 2,26 %,
respectivamente, como mostrado na Tabela 2. Estes valores estéo dentro do limite de variagéo
tolerado para 0 DPR que é de 4 % (FARMACOPEIA BRASILEIRA, 2012).

2.5 VARIACAO DO CONTEUDO TEORICO (%)

As variagGes dos conteudos tedricos, representadas pelas quantidades tedricas
minima e maxima, das capsulas carregadas com as emulsdes SFEE em pé do éleo de murici
(B. crassifolia) obtidas por liofilizagédo e por spray drying estdo apresentadas na Tabela 2. As
capsulas carregadas com o pd obtido por liofilizacdo apresentaram quantidades tedricas
minima e méaxima de 97,25 % e 103,28 %, respectivamente. J& as capsulas carregadas com o
po obtido por spray drying apresentaram quantidades tedricas minima e maxima de 94,49 %
e 102,39 %, respectivamente. Apesar de distintos, tais percetuais se encontram dentro do
intervalo estipulado pela farmacopéia brasileira, que varia de 90 a 110 % (FARMACOPEIA
BRASILEIRA, 2012).
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2.6 TEMPO DE DESINTEGRACAO

Os tempos de desintegracédo das capsulas carregadas com as emulsdes SFEE em po
do 6leo de murici (B. crassifolia) obtidas por liofilizacdo e por spray drying estdo
apresentadas na Tabela 2. Os resultados foram de 10 minutos para as capsulas carregadas
com o po6 obtido por liofilizagdo e de 12 minutos para as capsulas carregadas com o pé obtido
por spray drying. Estes resultados foram considerados adequados, visto que o limite maximo
é de 45 minutos (ANVISA, 2010).

3. CONCLUSAO

Foi possivel obter emulsdes SFEE em p6 do 6leo de murici (B. crassifolia) por
liofilizacdo e por spray drying com umidades, atividades de agua, tamanhos de particula,
estabilidades e teores de luteina adequados para serem utilizados em suplementos alimentares
carregados em capsulas vegetais. As capsulas vegetais carregadas com as emulsdes SFEE
em pé do 6leo de murici (B. crassifolia) por liofilizacdo e por spray drying apresentaram-se
dentro dos padrdes de carregamento para comercializacdo. Portanto, foi possivel obter

suplementos alimentares de 6leo de murici, ricos em luteina.
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CONCLUSAO GERAL

De acordo com o que foi apresentado no Capitulo I, o uso de tecnologia supercritica
na cadeia produtiva de suplementos alimentares demonstra a preocupa¢cdo com 0 meio
ambiente e com a qualidade dos bioativos obtidos, aumentando assim sua aplicabilidade e a
sustentabilidade das industrias alimenticia e farmacéutica.

O estudo da extracdo supercritica da polpa de murici (B. crassifolia), apresentado nos
Capitulos 11 e 111, possibilitou a obtencdo de dleos ndao-téxicos com elevado teor de luteina,
constituidos de triglicerideos de cadeia longa ricos em acidos graxos insaturados como 0s
O0mega 3 e 9, e com atividades antioxidante, antihipercolesterolemica, antiaterosclerogénica,
antitrombogénica e citoprotetora, onde a melhor condi¢édo de extracédo foi obtida a 343,15 K/
49 MPa/ 900 kg/m®. Também possibilitou a obtencdo de extratos etandlicos ndo-toxicos a
partir da polpa desengordurada, um subproduto nas industrias alimenticias, contendo luteina,
compostos fendlicos, flavondides e atividade antioxidante, onde a melhor condigdo de
extracdo foi obtida a 343,15 K/ 22 MPa/ 775 kg/m®. Estes resultados mostraram o notavel
valor nutricional/nutracéutico dos extratos da polpa de murici, o que os qualificou como
seguro para o desenvolvimento de produtos alimenticios e farmacéuticos, incluindo
suplementos alimentares a base de luteina.

Devido ao efeito citoprotetor, o 6leo de murici foi utilizado para a producdo de
particulas por meio do processo SFEE, como apresentado no Capitulo 1V, onde foi possivel
produzir nanoparticulas de 6leo de murici com boa concentracdo/retencdo de luteina,
tamanho reduzido de particulas e com alta estabilidade, onde a melhor formulacdo das
emulsdes de partida foi obtida com o espessante goma xantana, com o emulsificante csgel e
em uma concentracdo de 6 mg/mL de 6leo de murici, e a melhor condicao do processo SFEE
foi a de 8 MPa, 313,15 K, periodo estatico de 3600 s e periodo dindamico de 18000 s. Portanto,
0 uso do CO> supercritico em todas as etapas de obtencdo das nanoemulsdes (SFE e SFEE)
do 6leo de murici demonstrou que a tecnologia supercritica pode ser utilizada na cadeia
produtiva de diversos produtos naturais aplicados nas indudstrias alimenticia e farmacéutica.

Foi possivel obter emulsdes SFEE em po6 do 6leo de murici por liofilizacdo e por
spray drying, como apresentado no Capitulo V, com umidades, atividades de agua, tamanhos
de particula, estabilidades e teores de luteina adequados para serem utilizados em

suplementos alimentares carregados em capsulas vegetais. As capsulas vegetais carregadas
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com as emulsdes SFEE em p6 do 6leo de murici (B. crassifolia) por liofilizacao e por spray
drying apresentaram-se dentro dos padrfes de carregamento para comercializagdo. Portanto,
foi possivel obter suplementos alimentares de 6leo de murici, ricos em luteina.

Portanto, a presente tese evidenciou que é possivel utilizar a tecnologia supercritica
na cadeia produtiva de suplementos alimentares a base de murici, para facilitar o acesso e a
estabilidade dos compostos aos quais sdo atribuidos os potenciais terapéuticos do murici.
Este trabalho verticalizou a importancia de pesquisas sobre o efeito funcional do murici e
sobre o0 uso da tecnologia supercritica, o que contribuiu para o desenvolvimento da
bieconomia da regido e de novos produtos pela ciéncia, tecnologia e engenharia de alimentos,

com um grande retorno a sociedade.

119



