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Abstract

Agai is the popular name of Euterpe oleracea Mart. The fruit is original from
the amazon rain forest, and the industry interest on it is focused on its pulp. This pulp
obtained from acai is commercialized as freeze-pulp, pure or mixed with other fruit
extracts. However, during the pulp processing, a large amount of by-products is
generated, including seeds, slurry (skins and fibers retained during the filtration), and on
many occasions even the pulp which is susceptible to many different diseases (such as
Chagas).

The pulp has been applied as treatment and prevention of some diseases,
including dementia, Alzheimer, Parkinson, atherosclerosis, obesity, and, gastritis because
acai extract contains antioxidant and anti-inflammatory agents. The benefits of E.
Oleracea extract are associated with the presence of polyphenols, secondary metabolites
of plants, especially related to flavonoids (a class of polyphenols), which include volutein,
luteolin, apigenin, and orientin, present in the extract.

In this thesis, the application of acai processing non-edible byproducts in
cosmetic products is studied, valorizing in this way the byproduct generated in the
industrial production of edible pulp of acai. The raw material was obtained from Obidos-
PA-Brazil. The seeds were milled and dried, and, the pulp was lyophilized. In order to
achieve this objective, a complete characterization of the residual material was necessary.
In chapter 1, the composition of all fraction of agai by-products (pulp, seeds, and slurry)
is studied. The content of lipids, extractives, sugars, ashes, fixed minerals, fibbers,
proteins, and, the phytochemical composition is determined; the same methodology was
applied for each fraction. The amount of extractive was determined by extraction with
soxhlet apparatus. The results showed that extractives represent a total of 68.1% on pulp,
17.5% on seeds, and 4.9% on the slurry fraction. The pulp is the fraction that contains the
highest proportion of extractives, with an oil content of 43.1%, in which 23.6% are
aqueous extractives, 3.4% are ethanol extractives, and the remaining compounds are
hexane extractives. The pulp-oil contained important fatty acids such as oleic acid

(58.5%), linoleic acid (22.3%), palmitic acid (11.4%) and stearic acid (4.1%). In the
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aqueous extract, the seeds have shown 13.1% of extractives on dry mass, and, slurry
3.4%.

A short study about the intensification extraction is provided in chapter 2.
Procedures such as microwave technology were chosen, as intensification technique,
achieving higher extraction temperature in few seconds, reducing the extraction time,
improving the quality of extracts, and avoiding the unwanted degradation of the product
of interest. Macerations is applied as an extraction technique, and microwave has been
studied as an intensification technique. Applying MAE (300W, 30seconds) as a pre-
treatment of slurry material promoted an increase of TPC values, from 269 mgGAE/L to
735 mgGAE/L, after 30 minutes of extraction. Extraction of seeds was not affected by
MAE (300W, 30seconds) pre-treatment. Nevertheless, seeds show higher potential as
polyphenols source than slurry, in terms of TPC values (29057 mg GAE/L in the case of
seeds compared to 735 mgGAE/L in the slurry, at the same extraction conditions).

Formulation procedures were selected by their ability to preserve extracts for
future applications. Two different processes were studied: impregnation in aerogels and
encapsulation in polymers by supercritical antisolvent process. Both formulation
procedures adopted produce low amounts of residus, low toxicity or harmful residues in
the final material, and are compatible with such sensitive natural products as the active
compounds obtained in the extracts. At Chapter 3, Silica aerogel, obtained by sol-gel
process and dried by supercritical technology, was used to perform the studied by direct
and indirectly impregnation. From each of the three fractions of by-product, pulp, seeds,
and slurry two different extracts were obtained: an oil fraction obtained by Soxhlet
extraction, and a polyphenolic-rich extract obtained by Pressurized Microwave-Assisted
Extraction. Results showed an impregnation yield of 58.6% when the pulp oil was
impregnated in silica aerogel, and it was air-dried (surface area of 0.77 m?/g), while the
impregnation yield decreased to 15.3%, with supercritical drying method (surface area of
823 m?/g). These results indicated a loss of oil by extraction during the supercritical
drying. With pulp extract, the best result was obtained using indirect wet impregnation
and supercritical drying, with a yield of 16.4% of impregnation. The material resulted is
proposed as a pilling agent for cosmetics applications.

Another type of formulation is proposed in chapter 4, in which the phenolic
extract obtained from pulp and seeds were co-precipitated by supercritical antisolvent
(SAS) process with PVP and Pluronic F 127. The extractives were obtained by PMAE

using Ethanol/water (50%) acidified as a solvent; microwave works at constant potency
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of 300W until achieve 1.5bar of pressure. The best results were observed when ethanol
was applied as a solvent and PVP as polymer. Different ratios of seeds-extract and PVP
were processed, obtaining good results with proportions of 2:1, 1:1, and 1:2. Pulp extract
and PVP were successfully processed on ratios of 2:1, and 1:1. The morphology was
studied by Scanning Electron Microscope (SEM) images. It was observed that the SAS
process promoted the particle seeds-extract micronization. The solvation ratio changed
the final particle size. The best relation between mass/solvent found was 2.5g/L, at this
solvation ratio it was possible to obtain a co-precipitated material, better-distributed, less
exposed areas, and small particle size. The FTIR analysis of both formulated materials

showed, in both cases, characteristic peaks of the source material and extract.
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Euterpe Oleracea Mart.

“Many years ago, the chief of an indigenous tribe which was in difficulty during the
worst food scarcity in the region, fed by the fearing of tribe death, saw himself obligated
to give the hardest order ever 'the sacrifice of all children in the tribe', including his
own grandson, son of laca. laca could not understand the decision took by her father,
crying day by day. It a night, laga listened to her son crying and followed the sound.
The sound came from a palm tree inside the forest. laca recognized her son's face on
the tree’s trunk. She spent the night there, and in the morning, she was found dead
hugging the palm. laga was still smiling, and her open eyes gazed at those e-purple and
small fruits at the top of the palm. The chief could not hold his pain when he gave the
order to tribe take and crush those fruits, destroying them. What a surprise when the
request was completed, and they observed that it was possible to produce a mass to feed
the tribe and amend its hunger. The fruit became the primary food source for that tribe.
The chief, in honor of his daughter, inverted her name, calling the fruit as Agai”.

(The Legend of Acai - Brazilian Popular Folklore)
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1. Introduction

Euterpe Oleracea mart. (E. Oleracea) is a black-purple berry popularly known
as acai. The name came from the Portuguese adaptation of the Tupian word yasai which
can be translated as fruit that cries. The fruit grows in the E. Oleracea Palm typically
found in Amazon Rainforest. The fruit is mainly used to obtain the pulp, consumed as a
typical dish in the northern region of Brazil. The fruit is famous because it presents a
high content of bioactive compounds (such as important fatty acids, polyphenols,
anthocyanin, flavonoids, tannins, among others) which the frequent consume promotes
uncountable health benefits.

Agali is rarely consumed as fresh fruit, requiring an industrial process where the
pulp is extracted, filtrated and frozen before its commercialization. In the process to
obtain the pulp, around 16% of the whole fruit, generates a large amount of residue

which is composed of seeds, fibers, and skin, implying a huge environmental problem.
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1.1 E. Oleracea overview

Among the years, the extract of E. Oleracea has been studied with a different
focus based on its properties. The main extracts features considered came from the
bioactive molecules present on it, more specifically the polyphenols. These substances
are secondary metabolites of plants and responsible for its protection against infections
caused by pathogens and abiotic stress produced by environmental temperature-
changes, luminosity-level, and UV-light exposition. There are also some polyphenols
which are responsible for the plant pigmentation, being responsible for attracting
pollinizers and seeds-dispersal agents.

The E. Oleracea extract is rich in polyphenols, the specific composition changes
depend on the planting-area, water and nutrients availability, harvests period, among
many other factors. Many studies support that acai extract acts as antioxidant and anti-
inflammatory agents, influencing in other process and presenting many different
functions, such as anti-arthritic, antimalarial, analgesic, mitochondrial calcium
homeostasis modulator, dysfunctional-autophagy on brain cells, neuroprotector, anti-
gastrointestinal-inflammation, and oxidative stress [1-10].

In this way, acgai extract has been proposed and studied as treatment and
prevention for many different diseases such as dementia, Alzheimer, Parkinson,
atherosclerosis, obesity, gastritis, peptic ulcer [1,2,11-14]. The benefits of E. Oleracea
extract are frequently associated with flavonoids (a type of polyphenols) such as
volutein, luteolin, apigenin, and orientin, present in the extract and also studied

individually [11,15-23].

1.2 Extraction Methods

An intensification extraction process is proposed using microwave energy to
improve the release of organic material from innate cells (sewage sludge, microalgae,
and bagasse), thus obtaining improved kinetical method after a short pretreatment step
up to the boiling temperature, following the standard procedure. In industrial processes,
the natural matrices that are linked to the substance of interest may have an intracellular
location. To facilitate the accessibility of the product in question, the innate cells have to
be damaged in a pre-treatment step. This primary stage of the processes is often
recognized as the limiting step of kinetic rate, leading to a slow process. Longer running

time gives traditional methods low recovery efficiency and high operating costs.
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The extraction by microwave radiation can improve the rupture of the cellular
wall of materials of high humidity. This is due to the rapid heating and evaporation of
intracellular water and the pressure gradient that leads to the damage of the cell wall.
Although the use of microwave technology in analytical processes can lead to faster and
more economical procedures, the electric energy applied to transfer microwave to the
sample can increase the costs of operation when considering an industrial-scale
application. For this reason, microwave pretreatment, in which microwaves are only
applied during a short time before applying a conventional extraction, may be an
alternative to this drawback. [24].

This additional step would not replace the existing process but may modify the
cell structure to facilitate the traditional method in continuation, thereby enhancing the
conventional kinetics of the process. Moreover, decrease the time required to extract
bioactive substances helps to improve the extraction of interest compounds avoiding the

degradation promoted by exposition to mild or high temperatures [25].

1.3 Formulation in Aerogels system

The incorporation of active substances into a matrix by impregnation has been
applied to protect and preserve valuable compounds of free radicals, oxygen or UV, and
for controlled drug release or improvement of bioavailability [26]. Aerogels are
presented as a suitable material to protect the compound, due to its large specific surface
area and open porosity, which improves the impregnation of active compounds and
therefore allows a high load of them [27]. Aerogels are obtained from wet-gels (alcohol
or hydro-gels) by sol-gel procedure method, using an appropriate drying technology it is
possible to dry the wet-gels avoiding the phenomenon of pore collapse and keeping the
porous texture of the wet material intact. The supercritical CO2-drying technique is a
suitable method for drying the gels, once it is able to solubilize the solvent into the gel
keeping the gel-structure and avoiding excessive solvent-residue. Moreover, the process
is convenient for natural products because it is not necessary to apply excessive heat,
which could promote degradation, being possible to work at 40°C [28].

The resulting aerogel materials may also meet the performance criteria for other
emerging markets, such as the cosmetic, food, and biotechnology industry [29-31].
Among all aerogels, silica ones have become quite popular because they have a wide
variety of useful properties, such as high porosity (around 98%), high specific surface

area (1200m?/g), low thermal conductivity, among others [26]. Also, SiO2 aerogels have

15



some physical and ecological advantages such as non-toxic, non-flammable, and easy to
remove, being competitive and compared to other materials on the market [32]. More
recently, the use of silica aerogels has been focused on the pharmaceutical field, as a
support material in the formulation and rapid release of pharmaceutical compounds and

the field of biomedicine [26,33,34].

1.4 Formulation by SAS technique

The encapsulation of active compounds is a way to protect them against early
degradation, increasing the solubility of poorly water-soluble substances, and facilitate
its application to industrial production. One method for bioactive protection is to insert
it into a polymeric matrix, creating a polymeric membrane around the particle to isolate
the core from the external environment [35]. Supercritical Anti-Solvent (SAS)
encapsulation is a very versatile process for the processing of various natural and
pharmaceutical compounds, with reasonable control of particle properties, and without
degradation or contamination of the final product [27,36]. For the SAS process, the
particle for encapsulation and the encapsulating agent are solubilized in an organic
solvent, in which they have soluble-affinity. Then, the solution is pumped into a
precipitator pressurized and containing CO2 under supercritical condition. The prepared
solution and CO2 gas are inserted into the precipitator at the same time, generating a
spray effect. At this moment, the solvent in the solution is solubilized by supercritical
COz2, and the precipitation of the particle occurs (previously in the solution) [37].
Besides, as already indicated, it is possible to work with moderate temperatures, lower
than 50 °C, offering better conditions to work with sensible substances as natural

products [27].
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Objectives

This thesis aimed to study the valorization of the non-edible products of Euterpe
Oleracea Mart produced as by-products of the industrial processing of this fruit. Hence,

this study consisted of the following specific objectives:

D To characterize the residues of E. Oleracea, obtained from industry (pulp —
not able to consume —, seeds, and slurry) as biomass and potential
phytochemical source, determining the content of lipid, extractives
(according their total polyphenol, anthocyanin, flavonoid and tannins
content, and, antioxidant activity by ORAC wvalue), structural sugar
composition (cellulose, hemicellulose and lignin), ashes, fixed mineral,
protein, and the phytochemical composition of each residual fraction
applying the same methodology.

(I)  To study the extraction of bioactive compounds by traditional Soxhlet
method and maceration. Also, to study the extraction intensification process
by applying microwave energy and microwave energy combined with
pressurization. To evaluate the benefits of treatment in extraction kinetics as
well as differences in terms of extraction yield, total polyphenols content
(TPC), total anthocyanin contents (TAC), and antioxidant activity by oxygen
radical absorbance capacity (ORAC).

(ITI) ~ To formulate the material obtained from the extraction of each fraction of the
E. Oleracea by-product (skin, seed, and pulp) facilitating their applications
to the formulation of secondary products such as creams and dyes.
Moreover, the formulation aimed to protect the active ingredients from
involuntary degradation, which would reduce the antioxidant activity of the
extract. Specifically, to evaluate two methods:

» The impregnation of extracts in silica aerogels by a direct and indirect
method, and applying supercritical CO2-drying technology in the
production of aerogels.

» The encapsulation of seeds and pulp extract in a polymeric matrix by

Supercritical anti-solvent (SAS) process.
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Objectives

The objectives of this thesis are developed in 4 chapters, which are presented as

follows:

+« Chapter 1 presents the characterization of Euterpe Oleracea Mart. (Agai)
pulp and its by-products fractions, determining the extractives (according
to their Total polyphenol, anthocyanin, flavonoid and tannins content,
and, Antioxidant activity by ORAC value), and structural sugar
composition.

+ Chapter 2 presents the extraction of polyphenols from Euterpe Oleracea
Mart. (acai) non-edible products, using as studding material seeds, slurry,
and pulp by maceration process, applying MAE and PMAE as
intensification pre-treatment extraction to assess the effects on material
and its application in the valorization E. Oleracea by-products.

s Chapter 3 presents the formulation of extracts obtained by its

impregnation in Silica-Aerogel.

X/
X4

% Chapter 4 presents the formulation of extracts obtained for its protection,
using Supercritical antisolvent method to promote the coprecipitation of

extracts and polymer.
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Chapter 1

Characterization of Euterpe Oleracea Mart. (Acai) Pulp
and its Residual Fractions: Extractives and Structural

Sugar Composition



Chapter 1




Chapter 1

Abstract

Acai (Euterpe Oleracea Mart.) is a black-purple berry typically found in Amazon
Rainforest. E. Oleracea product is a natural phytochemical source, which shows a high
content of polyphenols and flavonoids. It also presents remarkable properties as
antioxidant and natural dye. This study presents a characterization of all residual
fractions of Euterpe Oleracea mart. (acai) and assesses its potential as biomass and
phytochemicals source, determining the content of lipids, extractives, sugars, ashes,
fixed minerals, fibbers, proteins, and, the phytochemical composition of each residual
fraction by the same methodology. The oil content represents 43.1% of the dry pulp
weight, in which important fatty acids such as oleic acid (58.5%), linoleic acid (22.3%),
palmitic acid (11.4%) and stearic acid (4.1%) were identified. The pulp and seeds
showed potential as antioxidant agent with ORAC (oxygen radical absorbance
capacity) values of 89760 and 65263 pumol TE/100gDM. Cellulose (18%), hemicellulose
(20%) and lignin (36%) are the main components of the slurry fraction (fibres and skin
from pulp filtration), 18%, 20%, and, 36%, respectively, whereas, in seeds, the main

component found was hemicellulose (up to 48%).

Keywords. Euterpe Oleracea Mart.; agai by-products; agai seeds; acai-Oil.
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Chapter 1

1. Introduction

Acai is a black-purple berry obtained from Euterpe Oleracea Palm plant,
wieldy found in northern South America. The palm was first described by Karl
Friedrich Philipp von Martius, in the second volume of Historia Naturalis Palmarum
(1824). Its name comes from the Brazilian Portuguese, in an adaptation of the Tupian
word yasa'l — fruit that cries [1]. In according to Cronquist order (1981), E. Oleracea is
classified as Magnoliophyta (Class: Liliopsida; Subclass: Arecidae; Order: Arecales;
Family: Arecaceae; Subfamily: Arecoidae - Euterpe Oleracea Mart.). E. Oleracea Palm
grows better in waterlogged or humid areas. Approximately six trunks compose this
tree, which can be as high as 20 meters. In E. Oleracea palm, berries grow in bunches
and show a spherical and small shape, and fruits and seeds do not have a big difference
in terms of size (around 1.2 and 1.5 cm of diameter). The fruit can be divided between
skin, pulp and seed; Inside, the seed is composed of fibers and an internal content [2].

Acai (E. Oleracea Mart.) is mainly used to produce Acai pulp, typically
consumed in the north of Brazil, and now also known due to its properties as an
antioxidant and its high bioactive content. Just in Para (Brazilian state) 180 thousand
tons of acai pulp is consumed per year [3]. During the season, a processing company
produces a large amount of residue per day because just a small part of the fruit is
eatable, around 5-15%, depending on the origin and maturity of the fruit. Seeds
represent around 83% of total fruit [4].

During the pulping process, the pulp is separated from seeds (first fraction of
residue), in a second step pulp is clarified by a filter where slurry (second fraction of
waste) is removed, and finally, the pulp is measured to certify its safety for
consumption. When a pulp batch is considered inappropriate for consumption, the batch
is destined to residue in its totality (third fraction of waste). All residual fractions can be

observed in Figure 1.

@4

(a) (b) (c) (d)

Figure 1 — (a) E. Oleracea (Acai) in nature; (b) dry-pulp; (c) dry-slurry; and, (d) seed.

28



Chapter 1

The composition of acai is variable and it can change depending on
environmental conditions such as the amount of rain, harvest period, soil pH and
composition, or genetic variation, among others. Seeds are composed by cellulose and
hemicellulose (63-81%), proteins (5-6%), lipids (2-3%), and, minerals (2-6%) [5].
Polyphenols in the plant mainly comprise protocatechuic acid, different dimers of
procyanidin, and epicatechin [6]. Lipids present in the plant include fatty acids,
phospholipids, sterols, sphingolipids, terpenes, and others [7].

In E. Oleracea fruit, oily content is an important fraction of the material,
representing around 45% of dry mass material [8]. On fruit, fatty acids can appear free
as monomers or linked as triglycerides, and they are composed by different unsaturated
fatty acids, mainly oleic (60%), palmitic (20-22%), linoleic (12%), palmitoleic (2-6%),
and stearic acid (2%) [9] [5] [10]. The structure of the main fatty acids present in E.
Oleracea extract are represented in Figure 2. The main interest of oil composition rests
on the presence of long-chain, unsaturation such as omega-9 in oleic acids, and essential
fatty acids such as stearic acid. Moreover, the oil has antioxidant potential provided by
some oil-soluble polyphenols. The main therapeutic property of this oil is the

antidiarrheal effect [11].

0 o)

/\/\/\/\/\/\)J\OH =

OH

Pamitic

Oleic

Palmitoleic Z OH
| (0]
/\/\/\/\/\/\/\/\i
OH Linoleic
Estearic

Figure 2 — Structure of fatty acid in E. Oleracea mart. oil.

The most interesting compounds are identified in the pulp fraction. According
to literature, in the pulp of Euterpe Oleracea mart. berry some crucial compounds are
present, such as anthocyanins (Cyanidin, Pelargonin), flavonoids (homo-orientin,

orientin, catechin epicatechin, p-cumaric), proanthocyanidins, and some other
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interesting products (quercetin, vanillic, ferulic, and gallic acid) [12] [13]. According to
Food Technology Institute of Sdo Paulo (ITAL/SP), 100g of fresh fruit has 336 mg of
anthocyanins.

These compounds, present in the natural pulp, are expected in different
concentration in acai slurry. Moreover, each fraction has a separate oil content that can
cause impedance during the hydrolysis if it is not removed previously. All studies about
the characterization of Acai berry are based on pulp or seeds content, and for this
reason, it is necessary to perform a specific and detailed characterization of its by-
products.

Therefore, the objective of this work is to characterize E. Oleracea residues
from industry (pulp — not suitable for human consumption —, seeds, and slurry) as
biomass and potential phytochemical source, determining the content of lipid,
extractives (according their Total polyphenol, anthocyanin, flavonoid and tannins
content, and, Antioxidant activity by ORAC value), sugar, ashes, fixed mineral, fibers,
protein, and the phytochemical composition of each residual fraction by the same

methodology.

2. Material and methods
2.1 Sample

The raw material was obtained from Obidos-PA-Brazil, consisting of seeds,
slurry (fibers and skins retained by the filter), and pulp (not suitable for human
consumption). Sample preparation was specific for each fraction of residue: first
fraction (seeds) had an average diameter size of 1.2 cm, and it was milled to a size
smaller than 5 mm, employing a Retsch SM100 knife-mill, and then dried in an oven at
45°C during 48 h. Second and third fractions (slurry and Pulp, respectively) froze at -
80°C and then lyophilized (Telstar LyoQuest) during 72h.

2.2 Characterization as biomass

2.2.1 Residual humidity
The samples present a residual humidity, determined by drying the sample at
45 °C during 24 hours. This process is also essential as pre-treatment for Soxhlet

extraction. Final humidity is given in percentage.
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2.2.2 Determination of extractives

The extracts were obtained using a Soxhlet apparatus and a sequence of
solvents (hexane, water, and ethanol) to extract each fraction.

Per separately, 4 g of each residual fraction was placed in an extraction thimble
and placed at a Soxhlet apparatus, wherein 100 mL of hexane was applied as solvent to
remove the oil content in each fraction. The material stayed in reflux for 6 hours and
temperature was regulated in order to have four cycles per hour. At the end of oil
extraction, the filled thimble was placed in an oven at 45°C until it achieved constant
mass. After extraction, hexane was evaporated in Rotavapor equipment and the oil
extracted was solubilized in acetone for better manipulation. When the oil extraction
was finalized, the thimble was placed in an oven at 45°C until it was completely dry.
The extractives recovered were stored for characterization analysis (section 2.3.1).

Once the thimble achieved a constant mass, the mass was recorded, and the
thimble containing sample-matrix was placed again in a Soxhlet apparatus to determine
water extractive compounds, using 100 mL of ultrapure water. The material stayed in
reflux for 12 hours or until the condensed water was colorless. The temperature was
regulated in order to have four cycles per hour. After this, the filled thimble was placed
in an oven at 45°C until it achieved constant mass. The procedure was repeated with
ethanol as solvent. Both extracts were dried using a rotavapor, but in this case, the
extract was not solubilized in acetone at the end of the process. The amount of water
extractive and ethanol extractive compounds were also determined by the mass lost and
confirmed by the dry mass after treatment with rotavapor. For polyphenol
characterization (Section 2.3.2), the procedure was repeated, avoiding rotavapor-step,

and extractives recovered were stored for analysis.

2.2.3 Structural carbohydrates and lignin

Carbohydrates are an essential part of the biomass. They can be part of the
structure where they are bound linked, or they can be non-structural. To characterize
carbohydrates, a resistant tube was used where 300 mg of sample (after the extraction of
extractives described in the previous section) were added together with 3 mL of sulfuric
acid (72% v/v), and incubated for 60 minutes at 30 °C, under stirring. After incubation
time, samples were diluted with 84 mL of pure water. Tubes were transferred into an

autoclave at 121°C for one hour.
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Finally, content inside tubes was filtered with a vacuum pump in a cellulosic
filter. The solids retained on the filter was washed with hot deionized water and then
dried at 105°C, for at least one hour, until constant weigh. After recording the dry mass,
samples were transferred to a muffle furnace at 575°C for at least 6 hours and until
constant mass to determine the percentage of insoluble acid ash.

The liquid in the filtration was recovered for complementary analysis, to
determine the contents of soluble lignin and structural carbohydrates. Acid soluble
lignin (ASL) was measured by UV-visible spectrophotometer at 240 nm. Samples were
diluted in order to have spectra-absorbance in the range of 100-800. To determine
structural carbohydrates, 20 mL of liquid was treated by calcium carbonate until
neutralization at pH 5-6 and using of 0.2 pm nylon filter to prepare the sample to HPLC
analysis. This method was applied in accordance to ‘Laboratory Analytical Procedure

(LAP) NREL/TP-510-42618’ [14].

2.2.4 Protein content

Protein content was indirectly measured by Total Kjeldahl Nitrogen (TKN)
method. This method requires digestion of sample in sulfuric acid at 370°C during 4
hours, adding copper sulfate as a catalyst. After digestion, DHNa was added and then
samples were steam distilled in a solution of boric acid and a violet color marker. Violet
color becomes green during the distillation, and the intensity of the green color is
proportional to nitrogen content. Finally, the TKN number is given by the amount of
ammonia in the receiving solution. To calculate the percentage of protein is necessary to
correct the NKT number with a stander nitrogen factor (6.25), as described in standard

laboratory Analytical procedure (LAP) NREL/TP-510-42625 [15].

2.2.5 Total Ash Content

Ash content is the amount of inorganic material in biomass. It can be divided
into two types: structural and extractable. Total ash content measures the amount of
inorganic content in biomass. It was determined according to Laboratory Analytical
procedure (LAP) NREL/TP-510-42622 [16]: 2 g of original samples (per separated) was
dried in an oven at 105°C eliminating the volatile content until constant weight.
Afterward, they were calcined in a muffle furnace at 575°C for at least 1 hour, until
constant mass (Determined when the loss-mass is smaller or equals 0.1 mg). The same

procedure was used to determine the structural ash, but in this case, using the solid
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residue of acid hydrolysis (see structural carbohydrates and lignin method). Extractable

ash is calculated by the difference between structural ash and total ash.

2.3 Analytical procedure of extractives

2.3.1 Characterization of oil extract

Determination of the composition of oil obtained by Soxhlet extraction was
carried out by the procedure of Fernandez-Moya et al., 2000 [17], and quantified
according to Carelli and Cert, 1993 [18]. Analyses were carried out in the Seville Oil
Institute (Spain). Gas Chromatography (Agilent-7890) was employed to quantify and
determine the amount of the main triglycerides in the extract. CG used a capillary
column Quadrex Aluminium-Clad 400-65HT (30 m x 0.25 mm x 0.10 pm), injector at
370°C (split of injection at 1:80), and oven at 335°C, and detector (FID) at 370°C. The
first step of the sample preparation was the evaporation of the solvent, and then the
sample was diluted in heptane with 10% (w/w) of Triheptadecanoin (17:0-17:0-17:0) as

the internal standard.

2.3.2 Characterization of extractives in water and ethanol

The extractives obtained by Soxhlet extraction using water and ethanol as
solvents were characterized in terms of total polyphenols content (TPC), total
anthocyanins contents (TAC), total flavonoids content (TFC), total tannins content
(TTC) and antioxidant activity by oxygen radical absorbance capacity (ORAC). HPLC

was used to determine the extract composition.

For TPC analysis a capped test tube was used, adding 40uL of the extract, 3
mL of ultrapure water and 200 pL of folin-ciocalteau reagent. It is also necessary to
prepare a control sample using 40uL of extraction solvent, 3 mL of ultrapure water and
200 pL of folin-ciocalteau reagent. Tubes were closed and homogenized at 40°C for 5
minutes. After this period 600uL of Na2CO3 (20% v/v) solution was added, tubes were
vigorously stirred, and kept in hot-water-bath at 40°C for 30 minutes. At the end, the
samples were analyzed by spectrophotometer (A= 765 nm). The TPC concentration is

given in Gallic acid equivalent per 100 g of dry material. [19]
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The TAC analyses were performed with the aid of a spectrophotometer.
Samples were diluted (1:4) in a potassium hydroxide buffer (0.025M KCI) at pH 1.0
and buffered with acetate trihydrate buffer (CH3CO2Na.3H.O 0.4 M) at pH 4.5.
Samples were diluted in both buffers solution, at pH 1.0 and pH 4.5, and each dilution
was measured at 520 nm and 700 nm. The concentration of anthocyanins in each sample

is given in g of cyanidin equivalent per 100 g of dry material. [20]

To determine TFC 25uL of the sample, 125uL of deionized water, and 7.5 pL
NaNO2 5% (v/v) were mixed in a tube. The mixture was incubated at room temperature
for 6 minutes. After incubation time 15 pL of AICI3-:6H20 (10% v/v) and 100 pL. NaOH
were added to each tube. Each sample was analyzed in a spectrophotometer at 510nm.

[21]

Total Tannins Content (TTC) were determined, mixing 2 mL of sample in 1
mL of pure water and 6 mL of chloridric acid (12 N). The procedure was carried out in
duplicate for each sample, the first tube is placed at hot-water-bath (90°C) for 30
minutes, and the second tube is saved at room temperature for the same period of time.

After incubation time samples are analyzed in a spectrophotometer at 550 nm. [22]

For ORAC assays, in a plate suitable for use in the fluorimeter (12x8 wells)
150 pL of Fluorescein Sodium salt solution (100 nM), previously prepared in phosphate
buffer (pH 7,4)- was added in each used well, and, per triplicate, 25 pL of blank,
Trolox® (6-Hydroxy-2,5,7,8,tetra-methylchroman-2-carboxylic acid) standard, or
Sample, in their designated wells. Trolox® standards were previously prepared in
Phosphate Buffer (PBS) pH 7,4, at different concentrations (13uM, 25 uM, 50 uM, 100
uM, and, 200 uM). Once completed, the plate was placed inside the fluorimeter to
incubate at 37°C for 30 minutes. After the incubation time 25ul of 2,2-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) (240mM in PBS) was added in each
used well. The values, obtained in this experiment, are summarized over time and given
as micromole of Trolox® equivalents (TE) per 100gram of dry material (umol TE /
100g of dry material (DM)). [23] [24]

2.3.3 Sample morphology
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Sample morphology was observed by SEM analysis FLEX SEM 1000 Hitachi,
before and after Soxhlet extraction. For this dry sample was placed in support for SEM
and covered by gold layer.

3. Results and Discussion
3.1 Biomass characterization
Characterization of E. Oleracea residue from industry is reported on a base of

dry mass material. All results are compiled in table 1.

Table 1- Characterization values (% of dry mass)

Humidity Extractives Structural Carbohydrate Protein Ash

Fraction Oil Aqueous | Ethanolic | Cellulose | Hemicellulose Lignin
Dry-Pulp 1,8 43,1£0,05 | 23,6£5,65 | 1,4£0,40 | 5,940,15 4,3+0,03 92+1,54 | 7,6+034 | 1,03
Seed 8,5 3,5+0,08 | 13,1+4,03 | 0,9+0,63 | 8,5+0,10 48,1+0,45 16,4+1,70 | 9,3£1,52 | 0,96
Slurry 8,2 1,2+0,21 3,4+0,03 | 0,3£0,22 | 18,6+0,16 20,7+0,27 36,2+1,00 | 5,8+0,88 | 0,67

Extractives represent a total of 68.1%, 17.5%, and 4.9% on pulp, seed, and
slurry, respectively. The pulp is the most abundant fraction in terms of extractives, with
an oil content of 43.1%, in which 23.6% are aqueous extractives, 3.4% are ethanol
extractives, and the remaining compounds are hexane extractives. Extracts composition
will be detailed in the extracts characterization section. The oil extract is not very
representative in seeds and slurry fractions, constituting 3.5% and 1.2%, respectively.
However, it has to be removed in order to avoid any interference because it was
observed that oil disturbed the pulp hydrolysis process.

The seeds are a good source of extractives, and the aqueous extract obtained
also showed excellent characteristics as a source of antioxidant compounds (see section
3.2.2). Lignocellulosic analysis demonstrated that the acai seeds are rich in
hemicelluloses, which represents around 48% of the total mass.

The slurry is the poorest fraction in terms of extractives amount. This was
expected because slurry is constituted by all the not wanted fragments (such as fibers),
resulting from filtering. In the industry, when this fraction is recovered, it has a purple

color, given by anthocyanins present on pulp, but it is degraded among time, finally
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shown up a brown tone. In a lignocellulosic analysis, the slurry has shown an 18.6% of
cellulose, 20.7 % of Hemicellulose, and a high amount of lignin of 36.2%.

Seeds and slurry can be proposed as a lignocellulosic biomass feedstock. On
industry, cellulose has utility on glucose and ethanol production, and hemicellulose has
been applied as an additive in film and barrier coating [25][26]. The key for a successful
application of these fractions rests in a correct fractionation and purification method,
such as the method proposed by Cantero et al., 2015 [27]. Lignin is a complex structure;
its application on industry depends on its fractionation into smaller units, such as
cellulose, hemicellulose, and bound phenols [28].

The protein contents, determined by TKN Method, were 9.3%, 7.6%, and,
5.8%, for seeds, pulp, and slurry, respectively. These amounts of protein can be
considered low, making acai residue unsuitable as animal-feed. As a reference, pet-food
protein value is around 18-36%. The seeds have been tried as an additive, however, the
high content of tannins gives it an astringent flavor, and it can interfere in acceptance of
it by animals [29]. Ash does not represent a significant percentage in matrix

composition in all residual fractions.

3.2 Extracts characterization

3.2.10il

Agai pulp-oil is composed by long-chain triglycerides, and the main
components are Palmitodiolein (16:0-18:1-18:1) (26.97%) and Triolein (18:1-18:1-
18:1) (17.18%), as described in Table 2 where the triglycerides profile present in pulp
oil are summarized based on total oil fraction. The oil is composed basically of Oleic
(18:1) (58.5%), Linoleic (18:2) (22.3%), Palmitic (16:0) (11.4%), Stearic (18:0) (4.1%),
and Palmitoleic (16:1) acids (3.7%).

The oil obtained from agai can be considered a product of interest for
nutraceutical applications because of its high concentration of Oleic acids (omega-9),
the presence of essential fatty acids such as Linoleic acid that are not naturally produced
by human metabolism, and the strong presence of other unsaturated-chain acids. These
types of unsaturated fatty acids are beneficial to human health because they help to

prevent diseases such as diabetes, and high blood pressure by reducing triglyceride
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levels and blood cholesterol (LDL). The ratio between unsaturated and saturated fatty
acids can be used as a quality parameter. In this case, the pulp oil has a rate of 2.3.

Acai oil characteristics are comparable to olive oil in terms of fatty acids
proportion presented in Alimentarius codex of 2003 (Oleic 58.5-83.2%, Linoleic 2.8-
21.1%, and Palmitic 7.8-18.8%). It was also observed that in both oils Triolein (OOO)
and Palmitodiolein (POO) are the main triacylglycerols in the oil composition. The
proportion of POO was quite higher in agai oil than in olive oil (12-20%), and OOO
content is much higher in olive oil (40-59%) [30].

Based on these results, Acai oil can be proposed as an omega source for
industry depending on the lipolysis process. Bioprocess has been successfully applied to
this goal by the enzymatic lipase of triacylglycerol, where it was possible to release

Oleic and Linoleic fatty acids [31].

Table 2: Triglycerides on Acai pulp oil extract.

Pulp Oil

Triglyceride Average (%) sd
POO 26,97 0,2
000 17,18 0,36
POL+PoOL 12,57 0,14
POP 11,76 0,16
PLP+PPoO 6,68 0,28
OOL 5,63 0,14
SOL 3,9 0,12
PLS 3,48 0,37
PLL 3,14 0,16
SO0 2,26 0,14
PLPo+PoPoO 1,37 0,12
POS 1,73 0,03
OLL 1,63 0,42
SLL 1,19 0,03
SLS 0,26 0,05
SOS 0,25 0,03

P: palmtic, 16:0; Po: palmitoleic, 16:1; S: estearic, 18:0; O: oleic, 18:1; L: linoleic, 18:2.

3.2.2 Aqueous and ethanolic extracts

The aqueous extract obtained from Soxhlet is composed of sugars, nitrogen
compounds, minerals, among other water-soluble compounds such as anthocyanin and
some polyphenols. In the aqueous extract, the pulp has shown 23.1% of extractives on

dry mass, seeds 13.1%, and, slurry 3.4%. Ethanolic extractives were not present in
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significant amounts, which may be due to the previous extraction. Both extracts,
ethanolic and aqueous, were analyzed according to their anthocyanin (TAC),
polyphenol (TPC), flavonoid (TFC) and tannins (TTC) total content. Extracts were also
classified according to their antioxidant activity by oxygen radical antioxidant capacity
(ORAC).

The ORAC for water-soluble antioxidant compounds found for the pulp and
slurry were 89760 and 7870 pmol TE/100gpwm, respectively. The ORAC values found
are close to those provided by the ORAC Database of U.S. Department of Agriculture
for pulp and skin: 99700 umol TE/100gpm. It is necessary to sum these ORAC-values
obtained in the hydrophilic phase for slurry and pulp fractions for a better comparison,
97630 umol TE/100gpm. This antioxidant capacity in water-soluble phase is similar to
that observed in the same portion of Sage spices (98714 umol TE/100gpm), thirty times
bigger than Goji Berry (3170 umol TE/1100gbm), and sixty times than red grape (1640
umol TE/100gpm). Seeds extracts had 65263 umol TE/100gpm of antioxidant activity
similar to the pulp antioxidant capacity [32].

Ethanolic and oil antioxidant content values together should be equivalent to
ORAC of for fat-soluble antioxidant compounds (pulp: 1158 pmol TE/100gpwm; slurry:
467 pumol TE/100gpm; Seeds: 6310 umol TE/100gpm), but these phases suffered
different treatments and thermal-treatments that can disturb final data. Acai pulp and
seeds have shown a higher amount of aqueous soluble polyphenols, 2.86 and 1.77 GA
eq/100gpm, respectively, than ethanol-soluble polyphenols, 0.33 and 0.28 GA
€q/100gpm, respectively. On the other hand, a similar amount of polyphenols content
has been found in both phases of slurry fraction, 0.16 GA eq/100gpm in water, and 0.10
GA eq/100gpwm in ethanol extract.

There is a similar concentration of water-soluble material in pulp (0.253
g/100gpm) and seed (0.242 g/100gpm) fractions, as well are observed for ethanolic
extract 0.104g/100gpm on pulp and 0.116 g/100gpm on seeds. On slurry fractions, the
value in the ethanolic extract (0.090g/100gpm) was slightly higher than in the aqueous
extract (0.082g/100gpm), which is probably associated with the pre-treatment applied in
the industry.

Tannins are a significant fraction of seeds polyphenols, also responsible for the
astringent flavor of seeds. They are present in aqueous extract, 32.94 g/100g, and, in the
ethanolic extract, 13.37 g/100g. On pulp, tannins are concentrated in the water phase

(73.40g/100gpm) and almost not present on ethanolic extract (3.41 g/100gpm). The
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presence of tannins in the slurry is scarce both in the aqueous phase (2.61g/100gpm) and
in the ethanolic phase (5.82g/100gpm). All these compounds contribute to the
antioxidant capacity of the extract.

Anthocyanin was identified in pulp fraction at a concentration of
293.29mg/100g dry material, which is close to the value found by laderoza (1992) 336
mg/100gpm, and, Schauss (2006) 319.19 mg/100gpm of dry material [33][34]. The
presence of anthocyanin was not observed on the slurry fraction, as expected as this
compound can be easily degraded resulting from a poor storage condition on industry
and transportation.

Although ethanolic extracts have been not considered representative as a
percentage on the dry material, polyphenols, flavonoids, and tannins were identified on

them. As expected, anthocyanin just was detected on the aqueous extract.

3.3 Morphology

The process to obtain the pulp in the industry consists of mixing the material
with hot water under constant stirring proportioned by the continuous rotation of shaft-
mixer. Hot water is necessary to avoid microbial growth in the product. In general, the
pulping process is similar to a maceration process, and as a result the slurry matrix
becomes more ‘damaged’. It explains why original slurry and slurry after Soxhlet
extraction do not show a significant difference as observed by microscopy pictures
(table 3).

On the other hand, seeds are removed by a secondary stream at the beginning
of the pulping process. As a result, the extractives content in this fraction of residue is
better preserved. Seeds size also has an essential role in the conservation of seed's
extractives. However, as particle size influences the content of extract, and in order to
facilitate extraction by Soxhlet, particle size was reduced mechanically by milling.
Through the SEM image (table 3) it is possible to observe the side-cut of seed and its
structures, but after Soxhlet extraction, this structure disappears. In addition, fibers are
responsible for protecting the internal content of seeds during the germination, so most
fibers are in the seed fraction, but the movement of pulping shafts break same of them
that are posteriorly removed from the pulp by filtering. Therefore, it is possible to find

fibers in both fractions.
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Table 3- SEM Characterization of Slurry and Seed

Material: __ Original . ] After extraction

Mild Seed

Slurry

Fiber

4. Conclusion

The primary by-products of the industrial processing of acai fruit have been
characterized. In terms of extractive compounds, the pulp fraction showed high
potential as oil source, with contents up to 43% on dry mass. On pulp oil, fatty acids
were present such as oleic acid (58.5%), linoleic acid (22.3%), palmitic acid (11.4%),
and stearic acid (4.1%). Pulp and seeds presented considerable values of water-soluble
extractives, 23%, and 13%, respectively. Moreover, these extracts exhibited substantial

amounts of total polyphenols and flavonoids with a high quantity of ORAC activity.
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Although the slurry presented lower values of total extractives, polyphenols, and
flavonoids in comparison to the other fractions, the water-soluble slurry extract
presented antioxidant activity. Values were lower than expected, and it was attributed to
the previous process applied in the industry.

Cellulose, hemicellulose, and lignin are the main components of the slurry
fraction, with contents of 18%, 20%, and, 36%, respectively. On seeds, the main
component found was hemicellulose, containing up to 48%.

This residual fraction could be proposed as a feedstock of these components on
lignocellulosic biorefinery by hydrolysis of oligomers in small sugar-fractions which
can be later applied in the obtention of fuels, chemicals, polymers, and other types

material [35]. Further studies in this area are necessary.
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Abstract

Acai (Euterpe Oleracea Mart.) is a black-purple berry, typically found in Amazon
Rainforest. E. Oleracea product is a natural phytochemical source, which shows a high
content of polyphenols and flavonoids. It also presents remarkable properties as an
antioxidant. This work studied the extraction of bioactive compounds from the main
residues produced by the food industry during the processing of Acai: pulp, slurry, and
seeds of E. Oleracea fruit. Maceration, Microwave Assisted Extraction (MAE) and
pressurized MAE (PMAE) were applied as extraction technique and as pre-treatment for
extraction, respectively. Ethanol, water and ethanol/water (1:1) were used as solvents for
the extraction, determining the efficiency and selectivity of the extraction for each solvent
at temperatures of 60°C and 80°C. Extracts were characterized in terms of extraction
yield, total polyphenols content (TPC), total Anthocyanins contents (TAC), and
antioxidant activity by oxygen radical absorbance capacity (ORAC). For both fractions
of residue, the highest TPC values were found using ethanol/water (1:1) as the solvent
and performing extraction at 60°C. Applying MAE (300W, 30seconds) as a pre-treatment
of slurry material promoted an increase of TPC values, from 269 mgGAE/L to 735
mgGAE/L, after 30 minutes of extraction. Extraction of seeds was not affected by MAE
(300W, 30seconds) pre-treatment. Nevertheless, seeds show higher potential as
polyphenols source than slurry, in terms of TPC values (29057 mg GAE/L in the case of
seeds compared to 735 mgGAE/L in slurry, at the same extraction conditions). In
contrast, slurry shows potential as anthocyanin (Peoniding and Cyanidin) source,

compounds that are not present in seeds extract.

Keywords. Euterpe Oleracea Mart.; agai by-products; agai seeds; acai-Oil.
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1. Introduction

Acai ( yasa'l — fruit that cries- Brazilian Portugues conformity[1]) is a black-
purple berry obtained from Euterpe Oleracea mart. palm, typically found in Amazon
Rainforest. The fruit has a massive acceptance among the Brazilian population, and each
time it becomes better known due to its properties as an antioxidant. The product
consumption forecast for 2020 is 6x10° tons in the local market (the northeast region of
Brazil), 2 x10° tons in the Brazilian national market, and 2.5 x10* tons in the outside
world. It implies in the generation of a vast quantity of waste, composed of seeds and
slurry-filtrate. Moreover, when the batch of pulp is considered inappropriate for
consumption, it is destined to residue in its totality. All fractions of waste can be observed
in Figure 1. In this way, it is necessary to promote the use of the residue in the industry,
especially in the chemical sector, reducing the environmental impact through fostering
the valorization of acai by-products. Nowadays, the acai seed is used in the manufacture
of handicrafts; however, it can be used as an alternative source for phytochemicals
(especially tannins and flavonoids) acquisition, using an adequate extraction method. The
pulp, not able to consume, has potential as a source of high-value active-substances, such
as anthocyanins (cyanidin 3-glucoside; 2, pelargonidin 3-glucoside) [2][3], flavonoids

(orientin, homoorientin, vitexin, luteolin, velutin) [4][5], proanthocyanidins, among

others [6].
o

. (I1-b)

1y

Figure 1 — () E. Oleracea (Acai) in nature; (I1)Pulp in nature, (11-a) Dry-pulp, and (11-b)Dry

Slurry; (111) Seeds and (111-a) mild-seeds.
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Polyphenols are secondary metabolites of plants with remarkable properties like
antioxidant activities, and an important class of phytochemical substance. Tannins,
flavonoids, and, anthocyanins are subgroups in the polyphenols classification, and their
importance rests on their unique properties such as antioxidant, anti-inflammatory, and
antimicrobial functions, among others [7], being useful substances to apply in

pharmaceutical, cosmetic, and food products.

The maceration process is a traditional methodology to extract fitochemichals
from natural materials. The technique is wieldy used in wine production. The raw material
for extraction is soaking in water and/or organic solvent. The process usually takes place
at room temperature and requires many hours to be concluded. Depending on the raw
material, sometimes it is necessary to increase the temperature of the process to achieve
a better extraction yield.

Microwave-Assisted Extraction (MAE) and pressurized MAE (PMAE) are
methodologies which are able to be used as pre-treatment in the maceration process,
working into reducing the time to achieve the maximum extraction yield because of the
microwave energy acts into the slow diffusion steps of extraction [8]. The microwave
provides energy that heats the intracellular water, increasing the pressure inside of the
vegetal-cell, which promotes the cell-wall rupture. Finally, the internal-cell content is
released, resulting in a drastic acceleration of the diffusion step. Evidence of these
advantages have been observed in the treatment of by-products of wine: skin and seeds
of grapes; by MAE the time needed to extract the maximum amount of polyphenols
decreased to only 3 minutes, against 60 min without MAE [9]. The increased temperature
provided by microwave energy change the dielectric constant, and it also helps to reduce
the time for extraction [10], contributing to reduce the degradation of the compounds

during the extraction.

In this way, this paper aims to perform the extraction of the different by-products
obtained during the agai processing, which can be classified into three fractions: seeds,
slurry, and pulp. To carry out this study, maceration process has been selected as the
extraction method, and MAE and PMAE were selected as intensification pre-treatment
extraction to discourse about their effects on the material and their application to

valorizing E. Oleracea by-products.
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2. Material and methods

2.1 Sample preparation

The sample preparation is specific for each waste fraction. The sample was
collected and processed in Obidos-Para-Brazil. After the following sample-preparation,

all waste fractions were storage at -80°C.

2.1.1 Seeds
The seeds are ground by the use of a knife-mill (Retsch SM100). The final
material has Smm average granular-size. Finally, the content is dried at 45°C for 48h in

an oven.

2.1.2 Pulp and slurry
The pulp and the slurry were frozen and then lyophilized (Telstar LyoQuest) for
72hours.

2.2 Extraction

2.2.1 Maceration

The maceration process started when the raw material is placed in the glass-
extractor, mixed and homogenized with the solvent. Temperature and stirring are kept
constant. Pure ethanol, pure water, and ethanol/water (1:1), acidified at pH 3.0, were used

as solvents. The temperature was kept at 40°C and 60°C.

2.2.2 Microwave-assisted Extraction (MAE)

Before the extraction the raw material and solvent were placed in an open flask
and homogenized under constant and moderate stirring for 2 min. The flask is then
introduced into the pre-heated microwave (CEM) where the pre-treatment takes place.
The CEM was set to a constant power (300W) and regular time (30 seconds) while the
temperature was varied till ebullition. After pre-treatment the sample was suddenly

cooled introducing the flask into a cold bath.

2.2.3 Pressurized Microwave-assisted Extraction (PMAE)

50



Chapter 2

The PMAE process is similar to MAE procedure, with the difference in the flask-
type utilized, as in the PMAE the flask is closed and has the pressure controller. Again,
the CEM was set to constant power (300W) and regular time (30 seconds), varying the
temperature till ebullition and sample was suddenly cooled introducing the flask into a

cold bath.

2.3 Quantification and identification analysis

2.3.1 Total polyphenols content (TPC)

In a tube, 40uL of the extract, 3mL of ultrapure water and 200uL of folin-
ciocalteau reagent were added. Blank control is required, and it was prepared using 40uL.
of extraction solvent, 3mL of ultrapure water and 200uL of folin-ciocalteau reagent.
Tubes were closed, homogenized and thermo-stabilized at 40°C for 5 minutes. Then,
600uL of Na2CO3 (20% v/v) solution was added, tubes were vigorously stirred, and
incubated in hot-water-bath at 40°C for 30 minutes. Finally, samples were analyzed by
spectrophotometry (A= 765 nm). The TPC concentration is given in Gallic acid equivalent
per 100 g of dry material [11,12].

2.3.2 Total Anthocyanin contents (TAC)

Samples were diluted (1:4) in a potassium hydroxide buffer (0.025M KCl) at pH
1.0 and in acetate trihydrate buffer (CH3CO2Na.3H20 0.4 M) at pH 4.5. Both dilutions
were measured in a spectrophotometer at 520 nm and 700 nm wavelength. The
concentration of anthocyanin, in each sample, is given in in cyanidin equivalent per 100
g of dry material [12,13].

2.3.3 Oxygen radical absorbance capacity (ORAC)

In a plate designed for fluorimetry (12x8 wells) 150 pL of Fluorescein Sodium
salt solution (100 nM, previously prepared in phosphate buffer (pH 7,4)(PBS)) was added
in each used well, and, per triplicate, 25 puL of blank, Trolox® (6-Hydroxy-2,5,7,8,tetra-
methylchroman-2-carboxylic acid) standard, or Sample, were added in their designated
wells. Trolox® standards were previously prepared in PBS, at different concentration
(13uM, 25 uM, 50 uM, 100 puM, and, 200 uM). Once completed, the plate was placed
inside a fluorimeter to incubate at 37°C for 30 minutes. After the incubation time, 25uL
of 2,2-azobis(2-methylpropionamidine) dihydrochloride (AAPH) (240mM in PBS) was

added in each used well. The values, obtained in this experiment, are summarized over
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time, sand is given as micromol of Trolox® equivalents (TE) per 100g of dry material

(umol TE/g of dry material [12,14,15].

2.3.4 Experimental design

The experimental design was divided into two main parts. In the first
experimental design, the set goal was to determine the best conditions to extract
polyphenols from slurry and seeds by conventional maceration to maximize the amount
of Total Polyphenol Content (TPC) in extracted material. Studding by this way, the
interaction between solvent (percentage of ethanol), temperature (40°C, and 60°C), and
time of extraction (0 — 360 minutes). Once achieved this goal, the second experimental
design created starts from the best conditions found to extraction by maceration to looking
for the optimal condition, aiming to increase the TPC value of extracts now considering

the application of pre-treatment MAE and PMAE as intensification process.

3. Results and Discussions

Figure 2 shows the results of the water extraction experiments, with and without
microwaves. Two temperatures have been studied, 40°C and 60°C. Yields of around
0.12% and 0,06% are observed, with extraction times of 5 minutes, it is seen that the yield
increased when the microwave is used, and it increased even more when high temperature
is applies. However, the extraction yield was not high concerning the other solvents tried,
due to the presence of oil in the sample, which create an impedance to extraction, anyway
slurry (composed by skins and fibbers from the filtrate step) is not a fraction rich in
extractives. Water is not a suitable solvent for acai slurry extraction: this residue has an
oil content which hampers the penetration of solvent in the matrix. The time to achieve
the maximum extraction yield (MEY') was reduced by MAE application. Temperature is
a relevant parameter to be studied in extraction condition even for no pre-treatments
maceration process when it is increased in 20°C the time to achieve MEY decrease in 30

minutes. It was expected a higher amount of total polyphenols in the slurry.
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Figure 2- extraction curve of the slurry fraction with and without microwave

pre-treatment, at 40° and 60°C, using water as the solvent.

The use of a non-specific solvent, as ethanol/water, shows more efficiency when
compared with Soxhlet global extractive amount, 4.428%. Ethanol/water at 60°C was the
best extraction condition for slurry matrix, 0.614% against 4.428% from Soxhlet

characterization. The maximal yield extract was achieved using MAE as pre-treatment.
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Figure 3- extraction curve of the slurry fraction with and without microwave

pre-treatment, at 40° and 60°C, using Ethanol (50%) as solvent.

Pure ethanol has potential as selective extraction solvent, 0.107(%) against
0.188(%) found for Soxhlet ethanol extractive; It is not possible to identify the best

condition for extraction using ethanol, because was not possible to observe a patron.
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Figure 4- extraction curve of the slurry fraction with and without microwave

pre-treatment, at 40° and 60°C, using Ethanol as solvent.

ORAC measures the antioxidant capacity of extracts. Temperature plays an
essential role during the extraction process, and it can act in the amount of phytochemicals
and its early degradation. Microwave helps the extraction process promoting a fast
increase of temperature; Matrix has a short time exposition of this excessive temperature,
which decreases the degradation. The extract obtained using ethanol/water has better
potential as antioxidant because of low solvent selectivity. Results show that maceration
temperature is also important to achieve an excellent antioxidant extract. Microwave has
a positive effect when ethanol (50%) was applied and to pure ethanol, however this
behavior was not observed to extraction performed using pure water as solvent, that could

be attributed to the oil content present in the material.
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4. Conclusions

Temperature is an essential parameter in extraction using Agai (E. Oleracea)
slurry as matrix; Oil content could be an impediment when water was used as solvent;
Ethanol can be used as a selective solvent dispiet of its low ORAC value; Microwave can
increment the temperature in a short period of time avoiding early degradation.

Ethanol/water is the best solvent for extraction using Agai (E. Oleracea) slurry
matrix. Pure ethanol and pure water were also tested as solvents, but results showed that
water is not a suitable option because any residual oil content can hamper the penetration
of water into the matrix. However, it was possible to identify the improvement caused by
MAE pre-treatment in slurry and seeds. In the case that MAE was applied, the time to
achieve the maximum extraction yield (MEY) was reduced to 10 min instead of 30min,
which is the minimum in any conventional treatment. Pure ethanol has potential as
selective extraction solvent, 0.107(%) against 0.188(%) found for traditional Soxhlet
extraction for the slurry fraction. Anyway, a non-specific solvent, as ethanol/water, shows
more efficiency, especially when the objective is to enhace the anthocyanin content.
Ethanol/water at 60°C was the best extraction condition for the slurry matrix, with a yield
of 0.614(%) (MAE) against 4.428 (%) (Soxhlet characterization). In this case, the
maximal yield extract was achieved using MAE as pre-treatment. Experiments also show
that temperature is a relevant parameter for the extraction condition, as when it is
increased by 20°C the time required to achieve the MEY decrease by 30 minutes. Results
do not show any substantial difference between maceration extraction and macerations
assisted by MAE. However, the sample treated with PMAE yielded better results
attributed to the associated fast increase in temperature. Ethanol/water at 60°C was also
the best extraction condition for pulp matrix, and the maximal yield extract was achieved
using PMAE as pre-treatment.

The compounds present in the natural pulp, are expected in different
concentration in acai slurry. Moreover, each fraction has an oil content that can promote
some impedance during the extraction of phenolic compounds if it is not previously
removed. These oils also have a commercial interest, especially the oil obtained from the
pulp, because of its high content of unsaturated fatty acids and essential oil. The main
property of this oil is the antidiarrheal effects [16]. However, all studies about the
characterization of Acai berry are based on pulp or seeds content, the reason for which it

is necessary to perform a specific detailed characterization of its by-products.

55



Chapter 2

References

[1]

[10]

[11]

[12]

acai in  Diciondrio infopédia ~da  Lingua  Portuguesa, (2018).
https://www.infopedia.pt/dicionarios/lingua-portuguesa/agai (accessed July 9,
2018).

D. Del Pozo-Insfran, C.H. Brenes, S.T. Talcott, Phytochemical Composition and
Pigment Stability of Acai (Euterpe oleracea Mart.), J. Agric. Food Chem. 52
(2004) 1539-1545.

A.G. Schauss, X. Wu, R.L. Prior, B. Ou, D. Patel, D. Huang, J.P. Kababick,
Phytochemical and nutrient composition of the freeze-dried amazonian palm berry,
Euterpe oleraceae Mart. (Acai), J. Agric. Food Chem. 54 (2006) 8598—-8603.

J. Kang, Z. Li, T. Wu, G.S. Jensen, A.G. Schauss, X. Wu, Anti-oxidant capacities
of flavonoid compounds isolated from acai pulp (Euterpe oleracea Mart.), Food
Chem. 122 (2010) 610-617.

J. Kang, C. Xie, Z. Li, S. Nagarajan, A.G. Schauss, T. Wu, X. Wu, Flavonoids
from acai (Euterpe oleracea Mart.) pulp and their antioxidant and anti-
inflammatory activities, Food Chem. 128 (2011) 152—157.

L.A. Pacheco, Chemical characterization, bioactive properties, and pigment
stability of polyphenolics in acai (Euterpe Oleracea Mart.), 2009.
http://hdl.handle.net/1969.1/ETD-TAMU-2009-05-400.

0. V. Zillich, U. Schweiggert-Weisz, P. Eisner, M. Kerscher, Polyphenols as active
ingredients for cosmetic products, 2015.

J. V. Garcia-Perez, M.A. Garcia-Alvarado, J.A. Carcel, A. Mulet, Extraction
kinetics modeling of antioxidants from grape stalk (Vitis vinifera var. Bobal):
Influence of drying conditions, J. Food Eng. 101 (2010) 49-58.

A. Alvarez, Development of a microwave pretreatment for the extraction of active
compounds from natural byproducts, Thesis, University of valladolid, 2018.

K. Sélyom, S. Kraus, R.B. Mato, V. Gaukel, H.P. Schuchmann, M.J. Cocero,
Dielectric properties of grape marc: Effect of temperature, moisture content and
sample preparation method, J. Food Eng. 119 (2013) 33-39.

V.L. Singleton, R. Orthofer, R.M. Lamuela-Ravento6s, Analysis of total phenols
and other oxidation substrates and antioxidants by means of folin-ciocalteu
reagent, Methods Enzymol. 299 (1999) 152-178.

R.T. Buratto, E.G. Hoyos, M.J. Cocero, A. Martin, Impregnation of agai residue

56



Chapter 2

extracts in silica-aerogel, J. Supercrit. Fluids. 146 (2019) 120-127.

[13] AOAC Official Method, Total Monomeric Anthocyanin Pigment Content of Fruit
Juices, Beverages, Natural Colorants, and Wines, in: AOAC Int. 37.1.68, 2005.

[14] B. Ou, M. Hampsch-Woodill, R.L. Prior, Development and validation of an
improved oxygen radical absorbance capacity assay using fluorescein as the
fluorescent probe, J. Agric. Food Chem. 49 (2001) 4619-4626.

[15] F. Ganske, B.M.G. Labtech, ORAC Assay on the FLUOstar OPTIMA to
Determine Antioxidant Capacity, (2006).

[16] M.J. Plotkin, M.J. Balick, Medicinal uses of South American palms, J.
Ethnopharmacol. 10 (1984) 157-179.

57






Chapter 3

Formulation by Impregnation of Euterpe Oleracea

Mart. (Acai) Residue Extracts in Silica-Aerogel



Chapter 3




Chapter 3

Abstract

Acai (Euterpe Oleracea Mart.) is a berry found in Amazon Rainforest, with a high
content of polyphenols and flavonoids. This work studied the formulation of bioactive
compounds extracted from E. Oleracea fruit, by impregnation in silica-aerogel. Three
fruit fractions were studied: pulp, seeds and slurry, and two extracts were obtained
from each fraction: an oil fraction obtained by Soxhlet extraction, and a polyphenolic-
rich extract obtained by Pressurized Microwave-Assisted Extraction. With pulp oil,
impregnation yields of 58.6% were obtained by air drying, with a surface area of 0.77
m2/g, while with supercritical drying method, the impregnation yield decreased to
15.3%, with a surface area of 823 m2/g. This indicates a loss of oil by extraction during
drying. With pulp extract, the best result was obtained using indirect wet impregnation
and supercritical drying, with 16.4% of impregnation. By release assay, contents of
2.276 mg/g(aerogel) of polyphenols and 0.197 mg/g(aerogel) of anthocyanins were
identified.

Key-words. Euterpe Oleracea Mart.; Silica Aerogel; supercritical CO:2 dryer;

microwave extraction; formulation of natural product.
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1. Introduction

Acai is a black-purple berry obtained from Euterpe Oleracea mart. palm,
typically found in Amazon Rainforest and actively present in the diet of Brazilians,
especially in north and northeast regions. The name comes from the Tupian word yasa'l
— fruit that cries — in a Brazilian Portuguese adaptation [1]. The interest in E. Oleracea
fruit is related to its high content of anthocyanins, polyphenols, fatty acids, and other
bioactive compounds. Polyphenols and anthocyanins are secondary metabolites of
plants with remarkable properties as an antioxidant and/or natural dye activities. Some
of these properties are their antioxidant, anti-inflammatory, and antimicrobial functions
[2].

The fruit provides health benefits, but it also causes environmental problems
[3]. The acai pulp consumption just in Pard, a Brazilian state, produces around 180
thousand ton of litter daily [4]. During the pulping process, the pulp is separated from
seeds (first fraction of residue), in a second step pulp is clarified by a filter where a
slurry is produced (second fraction of waste), and finally, it is characterized to certify
that it is safe for consumption. When a pulp batch is considered inappropriate for
consumption, it is destined to residue in its totality (third fraction of residue).

According to literature, in the pulp of Euterpe Oleracea mart. berry some
important compounds are present, such as anthocyanins (cyanidin 3-glucoside; 2,
pelargonidin 3-glucoside) [5,6], flavonoids (orientin, homoorientin, vitexin, luteolin,
chrysoeriol, quercetin, dihydrokaempferol, isovitexin, velutin, catechin, epicatechin, p-
cumarico) [7,8], proanthocyanidins, and some other interesting products (vanillic,
ferulic, and gallic acid) [9]. These compounds, present in the natural pulp, are expected
in different concentration in agai slurry. In the seed proanthocyanidins were basically
the only polyphenol compounds identified, which have a high activity as anti-oxidants
[10]. Moreover, each fraction has an oil content that can promote some impedance
during the extraction of phenolic compounds if it is not previously removed. These oils
also have a commercial interest because of their high content of unsaturated fatty acids
(oleic acid (60%), palmitic acid (22%), linoleic acid (12%), palmitoleic acid (6%)) and
essential oil [11-13]. The oil also presents some phenol acids, such as vanillin acid, in
the highest proportion. The main property of this pulp oil is the anti-inflammatory [11]
and antidiarrheal effects [14]. However, polyphenols and anthocyanins are susceptible

to early degradation under environmental condition [15—17]. An alternative to protect
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these compounds is to recover it in a porous matrix. The impregnation of bioactive
substance into a porous matrix has been applied to protect and preserve it from oxygen
free radical, UV-light exposition, and, on purpose to perform drugs controlled release
or/and the improvement of its bioavailability [18].

On this purpose, acrogels have been shown as an appropriate matrix to protect
and release bioactive compounds [19-22]. The impregnation of active compounds is
easily achieved because of the open porosity of aerogels and their large specific surface
area, that allows getting a high load content during the impregnation of those substances
[23-25]. Aerogels are obtained from wet-gels dried through a controlled drying process.
Supercritical drying is a useful process for drying aerogels and avoiding the change of
its porosity structure caused by the collapse of pores that can be caused by ambient
drying. Moreover, silica aerogels are very versatile and have been studied and applied in
many different fields such as aeronautics, biomedicine, construction, agriculture, among
many others [26-30]. The effort on the studies of silica aerogel became from the interest
on its intrinsic properties such as low thermic conductivity, high specific surface area,
non-toxic and non-flammable character, and the facility on removing it from a medium
[31].

In cosmetic industry, silica microspheres, that are a similar material to silica
aerogels, have been applied as a versatile ingredient due to its capacity to acts as anti-
abrasive agent, anti-caking agent, opacifying agent, or free-flowing, gelling and
thickening agent [32-34]. Because of these properties, silica contributes to the
homogenous distribution of pigments in color cosmetics, even preventing the
agglomeration of ingredients in the formulation, and inciting the proper placement and
the long-lasting effect. Silica has been applied in many types of products, especially on
skincare, oral care, hair care, and dyes, make-up (powder, lipstick, lip gloss, among
many others) and in antiperspirants [35-40]. Moreover, it is frequently used as an
absorbent agent due to its ability to absorb sweat, fats, and oil [36].

In addition, silica is used in the food industry as a food additive to increase the
volume of a product without affecting its nutritional composition and as an antifoaming
agent [34,41], and in the pharmaceutical industry as drug delivery system and carrier
[24,42].

Considering these precedents, silica aerogels can be a promising material for
application in cosmetic and food applications as substitutes of silica microspheres, with

enhanced properties of surface area and capacity to incorporate and protect an adsorbed
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bioactive material. Therefore, the goal of this work is to study the use of aerogel as a
carrier for bioactive extracts obtained from E. Oleracea (acai) residue. The
impregnation yield and the release of the impregnated compounds have been studied.
Wet-impregnation method (directly and indirectly) was applied to introduce the
bioactive compounds on the silica aerogel pores. Supercritical CO2 drying was chosen
as a drying method to keep-hold the mesoporous structure present on the wet-gel [18].
Conventional Soxhlet was chosen as a conventional technique for oil extraction.
Pressurized Microwave-Assisted Extraction (PMAE) was applied as intensification pre-

treatment on the polyphenol extraction.

2. Material and Methods

2.1. Preparation of aerogel monoliths

Silica gels were prepared using tetramethyl orthosilicate (TMOS) as the
precursor. TMOS and methanol were mixed in a safe recipient where ammonium
hydroxide-water was added droplet by droplet. Then, 1 mL of solution was transferred
to cylindrical molds and covered with a film for the proper gelification. The process of
gelification is fast, and in a few minutes, alcohol-gels are ready to start the ageing
process, for which they are kept submerged into the solvent during 7 days in order to
strengthen its structure, washing them with new solvent every 24 hours in order to
remove any trace of unreacted water. (molar ratio: 1 TMOS : 3 MeOH : 4 H20 : 5x10-3
NH40H) [43].

2.2. Acai residue extract

2.2.1. Preparation of matrix for extraction

Matrix preparation is specific for each fraction of residue: the first fraction
(seeds) has an average diameter size of 1.2 cm, and it had to be milled to a size of Smm
(knife-mill Retsch SM100) and then dried in an oven during 48 h at 45°C. The second
and third fractions (slurry and pulp, respectively) were frozen at -80°C and then

lyophilized (Telstar LyoQuest) during 72 h.

2.2.2. Oil extraction
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A known mass of each fraction was placed in an extraction thimble and placed
at a Soxhlet apparatus, wherein hexane was applied as solvent to remove the oil content
in each fraction, for 8 h, with 5 cycles of Soxhlet reflux per hour. After extraction,
hexane was evaporated under vacuum. The initial and final mass of the sample are

measured in order to determine the percentage of oil content in each fraction.

2.2.3. Polyphenol extraction

Maceration and Pressurized Microwave-Assisted Extraction (PMAE) were
applied as extraction technique and as pre-treatment for extraction, respectively.
Ethanol/Water (1:1) was used as solvent for the extraction, and citric acid as pH
regulator. Extracts were characterized in terms of extraction yield, total polyphenols
content (TPC), total Anthocyanins contents (TAC), and antioxidant activity by oxygen
radical absorbance capacity (ORAC). HPLC was used to determine the extract
composition. Hydro-ethanol extracts were purified using Dioxan HB20 activated by

methanol (1% HCI). Hexane extracts were purified using a vacuum drier.

2.3. Wet impregnation

2.3.1. Indirect wet impregnation

In the indirect wet impregnation method, after the ageing process, alcohol-gels
were transferred to different recipients containing the impregnation solutions of each
extract fraction, keeping them there for 72 hours, during which the solution was
replaced every 24h. Moreover, ethanol and methanol were tested as an impregnation
solvent, and oil extract from the pulp by hexane was compared with an oil sample

extracted from the pulp by supercritical carbon dioxide.

2.3.2. Direct wet impregnation
In this method, the extract obtained was added directly during sol-gel

preparation, adding it to the solvent employed during the process.

2.4. CO2 supercritical drying
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The drying process was described in detail by SING et al. and RIGBY et al.
[45, 46]. Briefly, the drying process took place in a closed circuit, including a buffer of
COz2, the chamber where monoliths were charged and a pump for CO: recycling.
Initially, the chamber is isolated from the rest of the system and then charged with pure
solvent, keeping monoliths submerged in the solvent to avoid damages in their
structure. In a second step, the buffer (0.5L) is loaded with COz, that is compressed at
120 bar and heated at 42°C (density 695.24Kg/m3). When these conditions are
achieved, the chamber is opened, and CO:z starts to flow through the system thanks to a
pump. Supercritical CO2 recycling is maintained during 1h, thus reaching saturation of
CO:2 by the solvent. Then, the chamber is again isolated, CO2 from the buffer is released
in order to introduce fresh CO2 into the system. Operating in this way, 3 cycles were
performed in order to obtain completely dried silica aerogels. With this procedure, as
the impregnated compound is not soluble in COz, at the same time that silica is dried,
the impregnated compounds precipitate in the pores of the aerogel by an antisolvent

process [44].

2.5. Aerogels characterization

2.5.1. Physicochemical Analysis

Aerogels were subjected to milling and degassing at vacuum. The specific
surface area and average pore diameter were then determined by adsorption of N> at -
196°C, and calculated by BET (Brunauer, Emmett, Teller) method. Average pore
volume was characterized by desorption curve of N2 (BJH method). Chemical bond-
structures were analyzed by FTIR (Bruker Platino-ATR). Thermo-stability and

impregnation yield was determined by Thermogravimetric (TGA) analysis.

2.5.2. Analytic active substances

The total content of polyphenols in the impregnation solutions was quantified
in order to obtain the amount of free active substances. It was characterized in terms of
total polyphenols content (TPC) and total Anthocyanins contents (TAC). HPLC was

used to determine the extract composition.

2.5.2.1. Total polyphenols content (TPC)
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For TPC analysis a capped test tube was used, in which 40 pL of the extract, 3
mL of ultrapure water and 200 pL of folin-ciocalteau reagent were added. It was also
necessary to prepare a control sample using 40 pL of extraction solvent, 3 mL of
ultrapure water and 200 pL of folin-ciocalteau reagent. Tubes were closed and
homogenized at 40°C for 5 minutes. After this period, 600 pL of Na2CO3 (20% v/v)
solution was added, tubes were vigorously stirred, and kept in hot-water-bath at 40°C
for 30 minutes. Finally, samples were analyzed by spectrophotometry (A= 765nm). The

TPC concentration is given in Gallic acid equivalent per 100 g of dry material.

2.5.2.2. Total Anthocyanins contents (TAC)

The TAC analyses were performed with the aid of a spectrophotometer.
Samples were diluted (1:4) in a potassium hydroxide buffer (0.025M KCI) at pH 1.0
and buffered with acetate trihydrate buffer (CH3CO2Na.3H20 0.4M) at pH 4.5.
Samples were diluted in both buffers solution, at pH 1.0 and 4.5, and each solution was
measured at 520 nm and 700 nm. The concentration of anthocyanins in each sample is

given in g of cyanidin equivalent per 100 g of dry material.

2.6. Release

The impregnated aerogels were subjected to a release test in order to quantify
the amount of impregnated polyphenols. In addition, the anthocyanins were quantified
in the case of the aerogels impregnated with the extract of the pulp. The release test
consisted of subjecting a known mass of impregnated aerogel to the microwave-assisted
extraction process at 1.5 bar using a known volume of solvent (Ethanol / Water 50% v /
v acidified, pH = 3), for 20 seconds. Subsequently, the calculation of the total
polyphenol content (TPC) expressed in mg GAe/gaerogel and total anthocyanins in mg
AC/gaerogel Was performed, using the Folin-Ciocalteu method (section 2.5.2.1) and the

pH-differential method (section 2.5.2.2), respectively.
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3. Results and Discussion

3.1. Aerogels

According to [UPAC distribution, the adsorption-desorption N2 curve of the
blank material (plotted on the Figure 1) corresponds to a hysteresis type IV [45] and
isotherm HI, typically found for materials with very narrow pores, open or closed
cylinders, and uniform size and distribution. The pure silica aerogel is a mesoporous
material according to its pores size distribution. Moreover, this distribution is
homogenous, presenting an average value of 11 nm. The supplied pore data refers to the
adsorption isotherm to avoid the pore-blocking effect that occurred during the N2
desorption due to the capillary condensation that blocks the pores and interferes with the

correct determination of the texture parameters [46].
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Figure 1 - Isothermal of pure silica and pore volume distribution

However, the type of impregnation (direct or indirect) and the drying method
can interfere in the structure, as well as in its specific surface area, average pore volume,

and, average pore diameter, as discussed in the following sections.

3.2. Wet impregnation: preliminary assay

Initially, wet impregnation was performed by indirect impregnation process
and with low content of oil obtained from the three different residual fractions, in order
to determine which solvent was the best for impregnation: methanol or ethanol. Table 1

shows a small decrease of specific surface area after impregnation of the aerogels,
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taking pure silica as a reference, which might indicate that oil content has filled some
pores. Also, taking this value as an evaluation parameter, it is possible to conclude that
ethanol works better as solvent for impregnation than methanol. Probably, this is related
to the low solubility of this oil in methanol. By visual inspection of the aerogels, it was

not observed any substantial change in color or opacity.

Table 1 — Textural properties of aerogels.

. Specific Surface Average pore Average pore

Extract Fraction Solvent area (m2/g) volume (cm3/g)  diameter (nm)
Blank - - 910 3.0 11.0
Oil Pulp Methanol 817 2.7 10.9
Oil Slurry Ethanol 835 2.8 11.2
Oil Seed Ethanol 859 2.9 11.0

The oils obtained from slurry and from seed were impregnated following the
best result obtained from pulp-oil. As it can be seen in Table 1, pore volume showed a
lower reduction when it was impregnated with these oils than when it was impregnated
with pulp oil, suggesting a lower impregnation yield, which may be related to

differences in the composition of the three oil fractions.

The impregnated oil percentage in each fraction of residue was determined by
Soxhlet extraction, using the initial and final mass employed in the Soxhlet process to
calculate it. Results show that aerogels impregnated with seeds oil have 7.5+0.1%, with

slurry oil have 6.8+0.9% and with dry-pulp have 42.0+1.8% of oil content.

3.2. Wet impregnation:

The type of impregnation (direct or indirect) and the drying method can
interfere in the structure, as well as in its specific surface area, average pore volume,

and, average pore diameter. These data were recovered and summarized in Table 2.
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Table 2 — Textural properties of aerogels impregnated by extracts obtained from the

different fractions of Acai residue.

. Impregnation D Specific Surface Average pore Average pore
Extract Fraction I[))rogcess Prozss parea (m2/g) Volumeg(crI:lB/ 2) diametir ?nm)
Blank - SC 910 3.04 11.0
Blank - Air
Oil Pulp Direct SC 892 2.98 13.4
Oil Pulp Indirect SC 848 2.89 10.9
Oil Pulp Indirect SC 823 2.78 11.0
Oil Seed Indirect SC 847 2.54 12.4
Polyphenolic Pulp Direct SC - - -
Polyphenolic Pulp Direct Air 595 0.04 0.3
Polyphenolic Pulp Indirect SC 856 1.80 9.1
Polyphenolic Pulp Indirect air 830 0.26 3.6
Polyphenolic Pulp Indirect SC 873 1.60 8.2
Polyphenolic Seed Indirect SC 739 243 10.0

Direct= wet impregnation by Direct method; Indirect = wet impregnation by Indirect
method.

3.2.1. Wet impregnation: oil extract

The first fact to point out is the differences in the size of monoliths dried by air
and by supercritical carbon dioxide. Monoliths formed were split into two groups to
evaluate the effects of drying method under aerogel structure and its loaded compounds.
Air drying induced pore collapsing, and as a result, monoliths are much smaller than
molds (Figure 2(A-II)). In an oppositive way, monoliths dried by supercritical kept the
shape and size of the pattern (Figure 2(A-I)).

The visual analysis is the first parameter to determine how successful the
impregnation was. Taking the color intensity as a parameter is possible to determine
that indirect impregnation (Figure 2(C-I & C-II)) worked better than direct
impregnation (Figure 2(B-1 & B-II)).

In addition, the pore diameter of those gels obtained from SC CO: drying
(Table 2) and direct impregnation method (13.4 nm) are bigger than that of gels
impregnated with the indirect method (10.9 nm). This is because the direct addition of
extract in aerogels increased the gelification time interfering in the pore formation.
Moreover, it was observed that using this method, the monoliths slowly expelled the oil,
previously added, during the maturation processes.

Related to the efficiency of the drying process, a significant difference was
observed on the color intensity between those samples obtained from SC CO2 drying

(Figure 2(B-1 & C-I)) and by natural air drying (Figure 2(B-II & C-II)). A possible
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reason for this fact is the partial extraction of oil by SC CO», a disadvantage of SC CO2

drying process that is further discussed in section 3.4.
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Figure 2 — Dry monoliths of silica gel impregnated with oil extract from pulp: (A)
blank, (B) direct process, and, (C) indirect process; dried by (I) supercritical CO2, and
(1) air.

3.2.2. Wet impregnation: polyphenolic extract

Anthocyanins present in the pulp polyphenolic extract are responsible for the
purple color observed in the monoliths impregnated with this extract. Thus, the color
can also work as a parameter to infer if the impregnation happened or not. In this way, it
is possible to see in Figure 3B the difference produced by indirect impregnation, taking
as comparative Figure 3A, a blank. Results presented in Table 2 also show the
difference on their pore size, the difference between pores size and pore volume on
blank material, 11.0 nm, and 3.1cm?/g, and on impregnated silica aerogel, 9.1 nm and
1.8 cm®/g. These results indicate that the polyphenols are occupying these pores or
bigger pores were occupied first (low impedance on this occupation).

The color was more intense on those gels obtained from direct impregnation
(Figure 3(C-II)). On this specific case, the strongest color is related to the impossibility
of aging process deriving from the direct impregnation did not allow the monoliths
gelification, even after several hours. Reason for this is that this batch was just air-dried
and the maturation period did not occur. As results, this batch changed its type of
porosity, as indicated by results in Table 2, becoming a microporous material with a
pore size of 0.3nm, and volume of a pore of 0.04cm3/g. The shape obtained is also

unusual, due to the air-drying happening inside the mold, and thus, the contraction of
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monoliths resulting from pore collapsing happened only in the horizontal direction. The

gelification problem is also related to the change of reagents ratio.

(A-D) (c-n

:
‘- . H

Figure 3 — Dry monoliths of silica gel impregnated by extract from pulp by
ethanol/water: (A) blank, (B) direct process, and, (C) indirect process; dried by (I)
supercritical COz2, and (II) air.

<c'

It is also possible to highlight the structural modification promoted by the
impregnation and the dry process on the silica aerogel as mesoporous material (Figure
4). The shape of N2 adsorption isotherms is affected by the size and geometry of porous
material. In this way, it is possible to classify the material according to its isotherm. The
impregnated material, obtained by SC CO:z drying shows the same type of isotherm that
was observed in pure silica, H1. However, its curve is more pronounced, denoting a

smaller pores size. This result is related to pores occupation by polyphenols.
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Figure 4 - Isothermal and pore volume distribution of silica aerogel impregnated with
polyphenolic pulp dried by (I) supercritical COz, and (II) air.
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3.3. Thermo-stability of materials

The thermostability of pure silica aerogel (support material) and the
impregnated material can be analyzed by the temperature of onset in the
thermogravimetric analysis. The polyphenolic extracts of seed and slurry can be
considered stable until 140°C and 170 °C, respectively. Pulp extract has no thermo-
stability observed. This is because cyanidin, the main anthocyanin present in Acai
extract, has been reported as thermostable only below 30°C [17]. The pulp oil shows
thermostability until 315°C that may be caused by the extraction process, as when the
oil is recovered by vacuum evaporation it loses its volatile fraction. The same result was
observed with the oil obtained from the other fractions. The fixed oil mass is
represented by 42% in dry mass of pulp fraction, 3.5% of seed fraction, and 1.2% of the
slurry fraction.

The silica support is thermostable until 380°C, and it is basically inert until this
temperature. There is a significant mass loss at 560°C, around 10%, and a subsequent
loss at 760°C with a small mass loss of 4%. Thus, the total loss of mass is 14%.

In addition, the phenolic extract from the pulp had improved thermostability
when it was impregnated in the support, achieving a maximum thermostability of 270°C
when indirect impregnation method was applied. A similar improvement was observed
when seed polyphenolic extract was impregnated at the same condition, 275°C. In
opposition, under the same conditions, the thermo-stability of oil extract impregnated

decreased to 235°C.

3.4. Impregnation yield and release assay

3.4.1. Oil Extract

Total mass impregnated can be given by the difference between the residual
mass in an impregnated sample and the remaining mass in the blank. Following this, the

total impregnated mass is given in percentage in Table 3.
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Table 3 —Impregnation yield and total polyphenol content released.

Extract Impregnation Dry Wt% POK{’;;:EOIS
impregnated method process (Mg GAC/Zurogel)
Aeroge.
Pulp Oil* Direct SC 9.1 0.229
Air 13.5
Pulp Oil** Indirect SC 12.9 0.120
Air 37.5
Pulp Oil*** indirect SC 15.3 0.317
Air 58.6 0.191

*3.79/L,**7.0 g/L,***700g/L
(GAe = Gallic Acid equivalent)

According to the results in table 3, direct impregnation, which caused a slow
gelification, led to a smaller impregnation yield than indirect impregnation. During the
release assay, those aerogels impregnated by direct method had a low release
concentration of polyphenols even having the highest concentration of oil-impregnated.
This result is attributed to a low gelification of monoliths. Another fact that also
contributed here was that during the maturation step oil was slowly expelled out of the
pores.

With the indirect impregnation method, an increase in the oil concentration
during the impregnation produced a higher impregnated yield. This is related to the high
capacity of silica to absorb oil. In addition, samples dried by air and by supercritical
fluids show a high difference in impregnation yield. This may be caused by the type of
deposition of oil extract inside the pores. The polyphenols in the oil extract have
hydroxyl groups which can perform bonds with the Si-O structure of the aerogel, while
fatty acids are usually linked in a triglycerides groups, which are unable to achieve a
similarly strong bond with the aerogel matrix. Despite the loss produced by the drying
process, removing part of content impregnated, the release assay has shown that the
amount of polyphenols released was proportional to the initial concentration and it was
not affected by the SC drying.

According to TGA analysis, the maximum yield of impregnation, 58.6%, was
attained when indirect impregnation and air drying were applied. In the same batch,
those monoliths dried by SC drying had a yield of impregnation around 15%. On the
other hand, the air-drying method affects the porous structure, resulting in the pores
collapsing.

The loss of SC-COz soluble compounds on impregnated yield depends on the

amount of SC-CO: used in the drying process; however, decreasing this amount can
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affect the dry efficiency and promotes residual alcohol in the aerogel. The ratio was

kept constant at 0.0347 Kg CO2/g of dry aerogel per cycle.

3.4.2. Polyphenol extract

According to TGA data presented in Table 4, the maximum impregnation yield
was 16.4% attained with indirect impregnation and SC drying method. Increasing the
concentration of the initial solution did not affect the impregnation yield but decreased
the impediment of bioactive substances in occupying the pores resulting in a color
change, as observed in Figure 5. Moreover, the release assay can confirm it by the
increase of polyphenols and anthocyanins released. The released data are related to the
amount absorbed. The higher concentration of loading solution leads to higher loadings.
This may be due to a higher amount of solute inside the pores rather than increased
adsorption.

Monoliths obtained with direct impregnation could not gelify properly and then
were dried just by air and with no maturation time. This process changes the structure of
the material, converting it in a microporous material. The impregnation yield was not
affected by this event, but it did affect the capacity of aerogels to release the
impregnated content.

The impregnation of mesoporous silica aerogel allowed to increase the
thermostability of extract from 30°C to 270°C, with the indirect method. A similar
thermostability was observed with both drying processes. Though it was observed, in
the same batch, a slight tendency of higher values in those samples produced by
supercritical fluid drying, with a variation of £10°C in onset temperature. However, the
impregnation method was significant. Those samples produced with the direct method
present substantially smaller thermostability than those impregnated with indirect
method: 270°C and 195°C, respectively. This is related to water present in the sol-gel
process. In this process, a hydro-gel is first produced, and during the maturation time,
water —OH groups are replaced by the alcohol —OH groups, becoming alcohol-gel.
Herein these samples, directly impregnated, had not gelified properly, making
impossible the maturation step and the proper formation of an alcohol-gel. This may

interfere with the linking between Si-O and polyphenol, reducing the thermo-stability.
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Table 4 — Impregnation yield of polyphenolic extract and total polyphenol and
anthocyanin content released.

. Initial concentration Released concentration
Impregnation Dry Wt . .
method process % Polyphenols  Anthocyanins Polyphenols Anthocyanins
(mg GAe/L) (mg AC/L) (mg GAe/gacrogel) (mg AC/ Zaerogel)
direct Air 11.0 - 0.708 0.034
Indirect SC 16.4 527.4 24.3 1.391 0.042
Indirect SC 16.4 1547.8 72.1 2.276 0.197

SC= Supercritical; GAe = Gallic Acid equivalent; AC=Anthocyanin Content

i (]

Figure 5 — Dry monoliths of silica gel impregnated by extract from the pulp by
ethanol/water: (I) Low concentration, and (II) high concentration.

3.5. FTIR Analysis

In the analysis of pure extract, it is observed a large band between 3200-3400
cm™! related to stretching of —OH polymeric chains. At 1650 cm™ there is a peak
associated with C=C from the aromatic chain. Morecover, there was observed a weak
signal at 1440cm’!, attributed to the deformation of C-H, and at the range of 1000-1100
cm’!, corresponding to C-O stretching bond from phenol [47,48]. These bands are
characteristic of polyphenols from the extract. In addition, some authors had related
them with anthocyanins [49,50]. Moreover, two more weak peaks were observed: a
stretching vibration related to the linear C-H2 at 2896 cm™ and at 2976 cm™.

Pure Silica Aerogel (Figure 6- III) has a weak band at 3500-3400 cm!, that is
related to stretching of —OH that can be related to residual water or alcohol. In the low
part of spectra, it is possible to observe some peaks at 1084 cm™, 812 cm’!, and 458 cm™
! related to Si-O-Si stretching, bending, and vibration, respectively [51]. Finally, at 971
cm’!, there is a stretching band vibration of Si-O in terminal groups [52].

All those peaks present in the FTIR of pure extract were identified in the
impregnated material in different intensity, excluding those under 1300 cm™, covered

by silica signal. This is another evidence of the impregnation happen and of the

successful incorporation of the compounds present in the extract into the aerogel pores.
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Figure 6 — FTIR spectra of (I) pulp extract, (I) silica acrogel impregnated by pulp
extract, and (III) pure silica aerogel.

In the FTIR spectra of oil extract (Figure 7-1V), it is observed a small peak
between 3200-3400 cm™! related to stretching of ~OH groups present in polyphenols. Its
intensity is smaller than was observed for polyphenolic extract because it is not the
main component in oil. On graphic 6-II, it overlaps with a peak near to 3470 cm!
produced by an excess of water in this sample, consequence of the drying method
employed.

Moreover, it was possible to observe in the extract a peak nearly to 3000 cm’!
related to alkene groups stretching vibration (C=C-H) attributed to unsaturated fatty
acids. In this same area, there is a strong peak at 2935 cm-1 related to —CH vibration in
alkanes. At 1750 cm™ there is an intense peak related to the carbonyl starching of
phenolic acids. At 1448 cm, there is a peak related to starching of -CH=CH- present in
aromatic chain. At 1162 cm™ a peak related to C-O vibration and at 728 cm-1 a peak
attributed to C-H deformation, both pertaining to carboxylic acid [53]. All these peaks
confirm the presence of saturated and unsaturated fatty acids. Also, it can be highlighted
the presence of phenolic acid such as vanillic acid [54]. In addition, there is no
difference between IR spectra resulting from pulp oil and seed oil analysis, and they
present the same main composition.

The peak attributed to stretching of C=0, present in phenolic acids, is present
in both impregnated material (Figure 7(I1& III)), pointing out that the impregnation
happened. In the spectra of the air-drying sample (Figure 7-II), it can be seen that fatty
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acids were also successfully impregnated in the silica pores (peak at 1750 cm™). In
another hand, peaks related to fatty acids, such as 3000 cm-1 (C=0), 2935 cm™! (O-H),
1448 cm’! (-CH=CH), and, 1370 cm™' (C-H), are not present in the impregnated material
after sc-drying; confirming the loss of the fatty acids during the SC-drying. In Figure 7

silica bands hide the signal related to phenolic acids lower than 1300 cm.
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Figure 7 - FTIR spectra of (I) pure silica aerogel, (II) silica aerogel impregnated by Pulp
Oil, dried by air, (III) silica aerogel impregnated by Pulp Oil, dried by SC and (IV) pulp
oil extract.

3.6. Seed extracts indirectly impregnated

Seed oil and polyphenolic extract were impregnated following the best
impregnation methods observed for pulp extracts.

Seed phenolic extract also presents a color caused by tannins, which gave a
light pink tone to aerogels impregnated. As in previous experiments, the color can be
pointed as indicative of successful impregnation. The maximal yield was achieved by
indirect impregnation method and SC-drying, 29.3 wt%, applying a solution of 825.2
mg GAe/L. In the release assay, 5.639 mg GAe/g aerogel were released.

Oil extracted from seed has a low content of phenolic compounds responsible
for the pigmentation of extracts. For this reason, impregnated gels do not show an
intense color. The maximum yield obtained was 29.3 wt% by the indirect method, while

by SC-drying, the yield was 6 wt%.
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Functional groups observed in seed extracts are equivalent to those found in
pulp extracts, producing similar FTIR spectra. Both seed extracts were successfully
impregnated in gels, as expected from the results of pulp impregnation. Seed oil was

removed during the SC-drying process.

4. Conclusions

In this work, the impregnation of extracts obtained from the residue of Agai (E.
Oleracea Mart.) has been investigated using different extract fractions. The study was
performed employing oil obtained by hexane solvent extraction and polyphenolic
extract obtained by PMAE and purified. Direct and indirect wet impregnation methods
were tested. Each batch was divided into two parts to study the influence of the drying
process (supercritical drying and air-drying) under monoliths structure and its loaded

material.

Supercritical drying was successfully applied for the impregnation of
polyphenolic extract maintaining the pore size of the aerogels, and eliminating residual
solvent. When air drying was applied, the mesoporous structure of the aerogels was lost,
obtaining a microporous material. However, the supercritical drying process promoted
the loss of loaded oil content because of the high CO: solubility of some compounds of

oil content such as fatty acids, although polyphenols present in the oil were not lost.

TGA analysis was used to evaluate the impregnation yield (wt%). For oil
extract, the maximum wt% was 58.6% when indirect impregnation and air drying were
applied, and it decreased to 15% using SC drying, which indicates the extraction of
components during SC drying. The maximum impregnation yield for polyphenolic
extract was achieved with indirect impregnation and SC drying method, reaching a
value of 16.4%. Increasing the concentration of extract did not produce a higher
impregnation yield. Although the total impregnation yield was not affected by
increasing the concentration of oil during the impregnation, the total phenolic content
(TPC) and total anthocyanins content (TAC) analysis demonstrated higher

concentrations of these compounds when the oil concentration was increased, thus
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indicating a selective impregnation of these active compounds that also results in a more

intense purple color of impregnated aerogels.

The release assay results corroborate that the best method of impregnation is
the indirect because a high amount of active substance was impregnated using this
method even though part of the oil loaded was loss during drying. For polyphenolic
extract, to increase the concentration of extract indicate a lower impediment of the
polyphenols and anthocyanins in occupying the pores. These results also confirm the

low affinity of polyphenols for CO2-SC

From the FTIR analyses, it is observed that the active substances from the
extracts were impregnated inside the aerogels. Furthermore, it can be deduced that the
water contained in the alcohol-gels is not effectively removed by the wet-direct

impregnation method.
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Abstract

Acai (Euterpe Oleracea Mart.) is a black-purple berry, typically found in Amazon
Rainforest. E. Oleracea product is a natural phytochemical source, which shows a high
content of polyphenols and flavonoids. It also presents remarkable properties as an
antioxidant, anti-inflammatory, antimicrobial, and natural dye; its application is broad-
based in pharmaceutical, cosmetic, and alimentary products. For these applications, it
is necessary to develop a formulation that protects these active compounds from
degradation and enhances its bioavailability. For this reason, in this work, the
precipitation and encapsulation of Acai extract with biopolymers by Supercritical Anti
Solvent process is investigated. The influence of the key operating parameters
(temperature and concentration) on the precipitation yield and product characteristics
(encapsulation efficiency, particle size, and crystalline structure) is researched. The
raw material was obtained from Obidos-PA-Brazil; The seeds were milled and dried,
and, the pulp was lyophilized. The extractives were obtained by PMAE using
Ethanol/water (50%) acidified as a solvent; microwave works at constant potency of
300watts until dietary 1.5bar of pressure. The extracts were characterized in terms of
total polyphenols content (TPC), and antioxidant activity by oxygen radical absorbance
capacity (ORAC). The SAS process was carried out by semi-continuous batch process at
constant temperature (40°C) and pressure (100 bar). The study of particle morphology
was carried by SEM analysis TGA and FTIR. The SAS process has promoted the
particle extract micronization. SEM images allow observing the particle morphology
modification that happened in encapsulation process in comparison to original extract
and original PVP row material. Pluronic F-127 did not show appropriate properties as

incipient for seeds extract because the experiments resulted in a plasticized-material.

Keywords: Supercritical CO2 formulation of natural product, Antioxidant,

Microencapsulation, Supercritical Anti Solvent (SAS).
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1. Introduction

Acai (Euterpe Oleracea Mart.) is a black-purple berry typically found in
Amazon Rainforest. The fruit and seeds have remarkable properties as an antioxidant
due to its high content of polyphenols, flavonoids, and, anthocyanin. Products such as
flavonoids and anthocyanin are studied because of their pharmacological and natural
dye potential. The seeds are the main by-product obtained during the industrial
processes to extract the fruit pulp, sometimes, the pulp is considered inappropriate for
the human consumption, in this case, the pulp became part of the industrial residue.

The benefits provided by polyphenols, flavonoids, and, anthocyanin convert
this class of compounds in an interesting study area; these studies usually focus on the
relation of antioxidant effect and its bioavailability [1]. As occurs with many other
natural compounds, the application of these biochemical may be limited by their low
solubility in aqueous systems. Encapsulating the antioxidant extract in a polymeric
matrix for its protection is an excellent method to protect it for an earlier degradation, as
well to improve its solubility and, as a consequence, its bio-disponibility [2].

The SAS (Supercritical Anti Solvent) encapsulation is a very versatile process
for processing various natural and pharmaceutical compounds, with reasonable control
of particle properties, and without product degradation or contamination [3]. In this
process, the particle is solubilized in an organic solvent by which it has an affinity.
Then, with the aid of a pump, this solution is introduced into a precipitator containing
high-pressure COz. By introducing the solution into the precipitator as a spray, the
dissolving droplets mix with CO2, which acts as an anti-solvent, as it decreases the
solubility of the solute relative to the solvent. In this way, the precipitation of the
compound occurs due to the high supersaturation achieved [4]. Compared to
precipitation techniques using liquid antisolvents, the SAS technique has the advantage
that, due to the favorable properties in the supercritical medium, very high and
homogeneous supersaturation can be achieved very quickly, which favors control over
fluid properties. In addition, as already indicated, moderate temperatures below 80°C
can be worked on, so the process becomes more suitable for working with sensitive
substances such as products of natural origin [3].

The precipitation and encapsulation technical study apply to sensitive
compounds. Thus, in previous encapsulation study, it has been shown that a viable

encapsulation option is by combining two spray drying encapsulated surfactants
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(polyvinylpyrrolidone and Pluronic® F127) [5]. The main advantage of this proposal is
to work at low pressure, 6 bar. On the other hand, it works with much higher
temperatures, reaching 125°C, which can cause the breakdown of the molecule.
Encapsulation by vacuum drying has also been described [6]. One of the main
advantages of this technique is using water as a solvent, but from the other side particles
obtained were less spherical as drying process requires high temperature which may
also result in degradation of the product of interest, despite working at lower
temperature compared to the spray drying process. Concerning encapsulation material,
there are several options described in the literature where several authors propose use of
different cyclodextrins. It is also known that this class of complex tends to form a
cyclodextrin inclusion complex [7], which provides specific improvements in water
solubility and antioxidant activity [8,9]. The encapsulation of antioxidants in a mixture
of Eudragit® E and polyvinyl alcohol [10] was also described, and solid solutions were
formed between the antioxidant under study and these polymers, supported by bonds of
hydrogen; thus obtaining an amorphous structure of the material, which is favorable for
the improvement of bioavailability. It has also been described the production of lipid

particles charged with antioxidant compounds by an emulsion freezing process [11].

In this way, the present study wants to increase its water solubility of the
antioxidants obtained from acai by-product and reduce their early degradation,
promoting in this way the pulp and seeds extracts valorization. Supercritical Anti
Solvent (SAS) was applied as a formulation process, helping the co-precipitation of agai

pulp and acai seeds extracts with pluronic F-127 and PVP.

2. Material and methods

2.1 Extract preparation

Before performing the extraction process, it is necessary to prepare each
matrix, which requires a different preparation protocol. The seeds were milled and
dried, and, the pulp was lyophilized, and oil content is removed [12]. The raw material

was obtained from Obidos-PA-Brazil.
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Maceration and Pressurized Microwave-Assisted Extraction (PMAE) were
applied as extraction technique and as pre-treatment for extraction, respectively.
Ethanol/Water (1:1) was used as a solvent for the extraction, and citric acid as pH

regulator.

2.2 Organic solution preparation

The process begins with the preparation of the solution to be encapsulated,
which was tested with different proportions between Pluronic F127 Sigma Aldrich and
extract, and, PVP (Sigma Aldrich average mol wt 10000) and extract as well as pure
extract. The effect of the concentration on the formation of the particles was also

studied.

2.3 SAS Preparation

The assembly SAS plant is an important step. The reactor consists of a metallic
jacketed cylinder that is continuously heated by the refluxing water of the thermostatic
bath at 40 °C. It has two flanges, the upper one with three main holes through which the
barometer and the safety valve are connected, in the second one, the entrance of the CO2
and the solution, and in the third one, the flow, temperature, and pressure meters. In the
flow flange, the outlet of CO2 and solvent is placed. The general scheme of the plant
can be observed in Figure 1. In the CO2 line, after the opening valve, CO2 is liquefied
and pump by the piston pump with the flow rate 2kg/h. Before the chamber CO2 is
again heated to 40C and introduced into the precipitator while measuring temperature
and flow. The second inlet line drives the solution for encapsulation, from the baker to
the precipitator, helped by a pump model chromatography (model 305 Gilson) and the
flow is controlled at 2 mL/min. In the precipitator, the inlet-lines have a concentric
entrance, which produces a spray effect when the solution and CO2 go inside
simultaneously. This leads to the solubilisation of the solvent and the precipitation of
particles from solution onto the filter placed at the bottom of the recipient. The process
is carried out by semi-continuous batch, constant temperature (40°C), and pressure (100
bar). A rupture disc set at 210 bars, an outlet GO-type valve and a flask that separates
the CO2 from the residual solvent are placed at the exit of the precipitator [13].
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Solution

-
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Figure 1- Complete SAS flow diagram

2.4 Analytical procedure of obtained material

2.4.1 Total polyphenol content (TPC)

For TPC analysis a capped test tube was used, adding 40uLL of the extract, 3
mL of ultrapure water and 200 pL of ciocalteau reagent. It is also necessary to prepare a
control sample using 40uL of extraction solvent, 3 mL of ultrapure water and 200 pL of
folin-ciocalteau reagent. Tubes were closed and homogenized at 40°C for 5 minutes.
After this period 600uL of Na2CO3 (20% v/v) solution was added, tubes were
vigorously stirred, and kept in hot-water-bath at 40°C for 30 minutes. Finally, the
samples were analyzed by spectrophotometer (A= 765 nm). The TPC concentration is

given in Gallic acid equivalent per 100 g of dry material. [14]

2.4.2 Total anthocyanin content (TAC)

The TAC analyses were performed with the aid of a spectrophotometer.
Samples were diluted (1:4) in a potassium hydroxide buffer (0.025M KCl) at pH 1.0
and buffered with acetate trihydrate buffer (CH3CO:Na.3H.0 0.4 M) at pH 4.5.
Samples were diluted in both buffers solution, at pH 1.0 and pH 4.5, and each dilution
was measured at 520 nm and 700 nm. The concentration of anthocyanins in each sample

is given in g of cyanidin equivalent per 100 g of dry material. [15]

2.4.3 Antioxidant activity by oxygen radical absorbance capacity (ORAC)
For ORAC assays, in a plate suitable for use in the fluorimeter (12x8 wells)

150 pL of Fluorescein Sodium salt solution (100 nM), previously prepared in phosphate
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buffer (pH 7,4) was added in each used well, and, per triplicate, 25 pL of blank,
Trolox® (6-Hydroxy-2,5,7,8,tetra-methylchroman-2-carboxylic acid) standard, or
Sample, in their designated wells. Trolox® standards were previously prepared in PBS,
at different concentrations (13uM, 25 uM, 50 uM, 100 puM, and, 200 pM). Once
completed, the plate was placed inside the fluorimeter to incubate at 37°C for 30
minutes. After the incubation time, 25ul. of 2,2-azobis(2-methylpropionamidine)
dihydrochloride (AAPH) (240mM in PBS) was added in each used well. The values,
obtained in this experiment, are summarized over time and given as micromol of
Trolox® equivalents (TE) per 100g of dry material (umol TE / g of dry material) [16]
[17].

2.4.4 Sample morphology
The study of particle morphology was carried by Scanning Electron
Microscopy (SEM analysis FLEX SEM 1000 Hitachi), and FTIR Bruker ALPHA FT-

IR spectrometer with a single sampling module of platinum ATR diffraction.

2.4.5 Content analysis

The purpose of this analysis is to know if the encapsulation occurred in the
expected proportion. For this, a sample of pure extract was diluted in ethanol (99.5%
purity) to concentration of 10ppm and analysed by UV spectroscopy
(spectrophotometer-UV-2550 Shimadzu), at wavelength of 275nm, as this value was
maximum absorbance obtained by a previous spectrum scan of the sample. This was
considered as a 100% extract standard. Then, solutions of the encapsulated samples
were prepared using the same concentration and analysed. The results are presented in

percentage.

3. Results and Discussions

The best results were observed when ethanol was applied as solvent and PVP
as a carrier. The assays performed using acetone as solvent produced a sample with a
plasticized aspect; in addition, it was observed precipitation in the initial solution. It was
also determined that applied moderate heating (30°C) helped in the homogenization of

encapsulation solution. Different ratios of seeds-extract and PVP were processed,
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starting at the proportion of 2:1, 1:1, 1:2, till a maximum of 1:4; all materials
encapsulated had powder aspect, however in the ratio of 1:4 the resulting material was
irregular and palettized. Those proportion of seeds-extract/PVP above the rate of 1:4
resulted in plasticized material. Pulp extract and PVP were successfully processed on
ratios of 2:1, and 1:1. The attempt to increase the proportion of PVP to 1:2, produced a

resulting material plasticized. Pluronic F127 was not compatible with any extract.

3.1 Content analysis

Content analysis reveals that the material obtained from the processing of
seeds-extracts had the expected total polyphenol content (TPC) corresponding to the
encapsulated ratio; however, those materials wherein pulp-extract was applied did not
present significant phenolic content besides the presence of typical color produced by
anthocyanin presence. Table 1. presents the obtained results of the total phenolic content
(expressed in gallic acid equivalent) in the precipitates. The original extract was
processed with no polymer addition and taken as a reference to compare particle ratio
formation. The original extract processed by SAS was enriched in the polyphenol
content compared to the original sample that was no processed by SAS, due to the
selectivity of CO2. During the precipitation, not all of the initial content was
precipitated, as there were still remaining components in the extract that showed affinity
to CO2 (such as residual oil). However, CO2 has low affinity to polyphenols that are
precipitated. So the final material is particles enriched in polyphenols with respect to the
initial material. It is possible to observe that performing the same ratio (1:1) the
intermediate proportion (mass/solvent) could encapsulate and preserve better the
extract. The same tendency was observed in other ratios (2:1) and (1:2). However, the
particles formed using Pluronic F127 as carrier, were plasticized, the product was able
to protect the extract which has presented good values of TPC. In addition, the single
processed material was twice higher compared to starting material.

Similar to that observed with the agai seeds extract, the pulp product also
presented better results when intermediate proportions (mass / solvent) were applied.
Although it was not possible to recover or perform the relevant probes at the single
processed pulp extract, it was possible to compare the results with the original pulp and

to observe that the processed material has lower amount of TPC than expected. Tests
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were also performed to evaluate the total content of total anthocyanins by differential
buffer pH in spectrophotometry, none of the tested materials showed detectable
anthocyanin content although all have light-pink coloration, typically induced by the

presence of this substance.

Table 1 - total polyphenol content (TPC) at SAS processed material.

Extract . mass/solvent mg GAE/
(Material) Polymer Solvent Ratio (/L) I%a rticle &

Seeds

(unprocessed) i i i 261
Seeds - Ethanol - 3.33 500
Seeds PVP Ethanol 1;1 5.00 78
Seeds PVP Ethanol I;1 3.33 211
Seeds PVP Ethanol 1;1 2.50 80
Seeds Pluronic Acetone 1;1 3.33 132
Seeds PVP Ethanol 2;1 5.00 142
Seeds PVP Ethanol 2;1 3.33 187
Seeds PVP Ethanol 1;2 5.00 54
Seeds PVP Ethanol 1;2 3.33 72
Pul

(unprocé)ssed) i i i 108
Pulp - Ethanol - - -
Pulp PVP Ethanol 2;1 3.33 7
Pulp PVP Ethanol 1;1 5.00 27
Pulp PVP Ethanol 1;1 3.33 31
Pulp PVP Ethanol 151 2.50 35

3.2 Morphological study

The morphology study was provided by Scanning electron microscope (SEM)
images. The SAS process has promoted the particle seed-extract micronization. SEM
images were used to analyse the differences in the morphology of the particles obtained
from the single-processed seed-extract with respect to the original material. Moreover,
when PVP was applied as carrier in the encapsulation process the micronization was
more evident, it was possible to produce even smaller particles (Table 2). Pluronic F-
127 did not show good properties as a carrier for seed-extract, the experimental results

in a plasticized-material.
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Table 2- comparative of SEM images of encapsulated material, PVP, seed-extract, and,

seed-extracts SAS processed.

Original
PVP

Original
Seeds
Extract

OkV X1 B0k SE 30.0um

Seeds
Extract SAS
Processed

o g
10.0pm

Seeds
Extract in
PVP (1:1)

# - 4 o G W
EMC 1010k X10.0k SE _ 5.00pm

As observed from TPC analysis, the solvolvent to solute ratiois an important
cariable, because an increa in the mass/solvent ratio produces an increase in the

difficulty to produce the co-precipitation. The particles presented in Figure 2 have good
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co-precipitation properties, and well-covered areas. These particles were also the ones

with the highest TPC value.

FMC 10.0kV.X10.0k SE

Figure 2 — Seed-extract co-precipitated with PVP at (1:1) ratio, 3.33g/L.

However, the excessive minimization of the mass/solvent ratio caused the
pump to malfunction, causing blockages, which impair the constant flow pumping of

suspended material. The result of the malformed content is observed in figure 3.

P A o "y
Q0K KE: o0 CUT T SO oim' FMC 0.0kt 50k

Figure 3 — Seed-extract co-precipitated with PVP at (1:1) ratio, 5 g /L.
The best concentration found was 2.5g/L, at this solvation ratio was possible to

obtain a co-precipitated material, better-distributed, less exposed areas, and small

particle size. The solvation ratio changed the final particle size.
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FMC 10:0kV X10.0k SE

Figure 4 — Seed-extract co-precipitated with PVP at (1:1) ratio, 2.5 g /L.

When pulp-extract was single processed, without polymer, no particles were
obtained, it was attributed to a strong micronization, where the particle could not be
retained by the filter (0,45 um). SEM images (Figure 5) obtained through analysis of the
product allowed to observe small fragments of extract inserted in the polymer. It is
difficult to tell whether the material in question is within the polymer mass or if the
same pattern was observed as for micronization and loss of material. Acai pulp is a very
oil material; 43 % of its dry-weight is oil content. The pulp was treated to remove the
oil before the extraction, but maybe there is a remained content which induced such

difference between both extracts.

FMC 10.0kV X1.50k SE

Figure 5 - Pulp-extracted and PVP processed at (1:1) ratio, (a) 5.0g/L, and (b)3.3g/L.
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3.3 Thermostability

The thermostability study was made by the thermogravimetric analysis (TGA).
The probe measured the loss of mass in percentage through the temperature increment.
The first thermo-decay, called onset-temperature (T onset), can be taken as a
comparative measurement to talk about thermostability. In this way, to increase the T
onset is a relevant advantage of the formulation process. Seed-extract single processed
(Figure 6), with no carrier addition, showed a very small loss in T onset concerning the
original seed extract, the difference observed was around 2 °C, the process achieves to
increase the extract water-solubility. In the ratio of 1:1, the TGA obtained was similar to
pure PVP, presenting a small variation in T onset. The material thermostability
increased when more polymer was added to the process, as the T onset was higher the
following gap formed between baseline and tangent was less evident, being almost

imperceptible for the ratio of (1: 2).

a Ratio °C
80 Seeds-extract 160
_ Seeds-extract (SAS) 158

= PVP 176
5 2:1) 178
" (1:1) 180
(1:2) 190
(1:4) 186

o 100 200 300 400 500 600 700 £00
PVP ——Seed extract ——Seed extract SAS ——Seed extract:PVP (1:1)

Seed extract:PVP (2:1) Seed extract:PVP (1:2) —Seed extract:PVP (1:4)

Figure 6- Thermogravimetritric (TG) curve obtained for seed-extract co-

precipitated indifferent proportions with PVP.

The Derivative Thermogravimetry (DTGQG) is the first derivative curve obtained

from TGA analysis and simulation of Differential Scan Calorimetry (DSC). This
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analytical technique makes possible to observe the precise inflection point of the TG
curve, marking the point of mass changes due to vaporization or degradation. The
results provided in Figure 7 showed the existence of a first peak relative to the loss of
humidity, followed by two degradation peaks. It is possible to see all peaks plotted in
figure 7 are simple and narrow denoting that each loss process happened in a unique
step. In addition, second peaks are displaced among them denoting the soft variation in

the thermostability of obtained material previously commented.

PVF Seed extract —Seed extract SAS Seed extract:PVP (1:1)

tPVP (2:1) —Seed extract:PVP (1:2 = Seed extract:PVP (1:4)

Figure 7 — Derivative Thermogravimetry (DTG) curve of co-precipitated seed-extract
and PVP material.
Meanwhile, Pulp-extract had shown a different behavior when it was processed
by the SAS technique. The materials obtained did not present modification on TGA or

peaks displacement in DTG denoting the encapsulation was not performed successfully.

34 FTIR

The FTIR analysis of the formulated material can be compared to the source
material. In both cases, the formulated material showed characteristic peaks of the

source material led-extract Figure 8, and pulp-extract Figure 9.
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Absorbance

Absorbance

Encapsulated (1:1)

4000 3500 3000 2500 2000 1500 1000 500
Seeds Extract

4000 3500 3000 2500 2000 1500 1000
4000 3500 3000 2500 2000 : 1500 1000

Wavenumber {(cm™)

Figure 8 — FTIR of PVP, original seedes-extract, and encapsulated material:
characteristic peaks of (I)seeds-extract and (I[)PVP.

Encapsulated (2:1) M

4000 3500 3000 2500 2000 1500 1000 500
Pulp Extract M

4000 3500 3000 2500 2000 1500 1000 500

4000 3500 3000 500 2000 1500 1000 500

\-\-’a\-'emunber (cm)

Figure 9 — FTIR of PVP, original pulp-extract, and encapsulated material: characteristic

peaks of (I)pulp-extract and (II)PVP.

4. Conclusion

This work studied the encapsulation of active extract obtained by pressure-

assisted microwave extraction using as a source of extract the seeds and pulp (not

suitable for consumption) of the fruit known as Acgai (Euterpe Oleracea mart). The

encapsulations were tested with different polymers (PVP and Pluronic F127) and

solvents (ethanol and acetone). Tests were also performed with variations of the

extract/polymer and solid/liquid ratio present in the starting solution. The best results

were obtained when ethanol was applied as the solvent and PVP as the encapsulating

polymer.
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Among the proven extracts, the best results were presented for the material
extracted from the acai seeds. The experiments in which the extract obtained from the
seeds and PVP were carried out yielded viable results for the proportions (1: 1), (2: 1),
and (1: 2). No complete coating was achieved in any of the experiments carried out in
the SAS study. When the extract to PVP ratio was increased to (1: 4), the resulting
material showed particle plasticization.

The pulp extract was processed by SAS with PVP in different proportions, the
resulting materials showed no significant differences between each other by mean of TG
analysis. Although the precipitated content has shown the typical coloration conferred
by the presence of anthocyanins, and the FTIR analysis indicated the presence of both
substances (extract and PVP) on it, the materials obtained did not have a substantial
total polyphenols content. In addition to the characteristic color, the FTIR analysis
showed co-precipitation of the material. It was not possible to carry out a study to
analyze the pulp extract processed without polymer addition, once the material could
not be recovered after SAS processing.

The importance of the solid to liquid ratio on the particle formation was
demonstrated within the study of seeds extract co-precipitation. This parameter not only

affects the distribution of the co-precipitate but also implies the particle size.
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Final Conclusions

This research is a contribution to reduce the excessive amount of waste generated
by the acai berry industry, promoting an effort for the valorization of the different
byproducts generated by this industry (seeds, slurry and non-edible pulp), studying its
viability as biomass and phytochemicals sources as well as its application in secondary
formulations, such as cosmetics. This research complements previously available
research, which only considered the characterization of the fresh fruit and not of the
byproducts generated during the industrial processing.

At “The final conclusions’ chapter aims to present an overview of the objectives
defined in this project, as well as to discuss the most important points achieved in each
chapter previously presented, concluding the discussion with the subsequent works that

will allow a deeper knowledge of the questions presented throughout this thesis.

The residues of E. Oleracea, obtained from industry (pulp — not suitable for
human consumption —, seeds, and slurry), were characterized as biomass and potential
phytochemical source in Chapter 1. The determination of the content of lipid, extractives,
structural sugars, ashes, protein, and the phytochemical composition of each residual
fraction was carried out applying the same methodology. The highest oil content was
found at pulp fraction, with contents up to 43% on dry mass; the other fractions had a
much lower oil content: seeds 3.5%, and slurry 1.2%. In the pulp oil a significant content
of important fatty acids, such as oleic acid (58.5%), linoleic acid (22.3%), palmitic acid
(11.4%), and stearic acid (4.1%) was identified. Pulp and seeds presented considerable
values of water-soluble extractives, 23%, and 13%, respectively; while slurry just 3.4%.
All fractions showed good antioxidant capacity: seeds 65263 pumol TE/100gpm, pulp
89760 umol TE/100gpm, and slurry 7870 umol TE/100gpm. Cellulose, hemicellulose, and
lignin are the main components of the slurry fraction, with contents of 18%, 20%, and,
36%, respectively. On seeds, the main component found was hemicellulose, containing
up to 48%. As future work, it should be necessary to perform a deep study of using the
slurry and seeds by-products as a biomass source.

In Chapter 2, a comparative study of extraction techniques was carried out using
maceration as traditional extraction method, and microwave energy and microwave
energy combined with pressurization as intensification technique. The study showed that

temperature and removing the oil content before the extraction process were the most
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important paramenters in the extraction. As future work, it is proposed to perform a new
study to evaluated other intensification technique, such as tip-ultrasound.

Once the extract were obtained, the protection of active ingredients from
involuntary degradation, which would reduce the antioxidant activity of the extract, was
analyzed. The formulation was successfully studied in chapter 3 and 4. At Chapter 3, the
impregnation of extracts in silica aerogels by a direct and indirect method was evaluated.
Supercritical CO2-drying technology was applied as drying technique, and sol-gel
process was used in the production of aerogels. The results showed for oil extract a
maximum wt% of 58.6% when indirect impregnation and air drying were applied, and it
decreased to 15% using SC drying, which indicates the extraction of components during
SC drying. The maximum impregnation yield for polyphenolic extract was achieved with
indirect impregnation and SC drying method, reaching a value of 16.4%. Increasing the
concentration of extract did not produce a higher impregnation yield.

At Chapter 4, the encapsulation of seeds and pulp extract in a polymeric matrix
by Supercritical anti-solvent (SAS) process has been studied, and PVP was successfully
applied as carrier agent in the co-precipitation. The experiments in which the extract
obtained using the seeds as source and PVP as carrier material yielded viable results for
the proportions (1:1), (2:1), and (1:2). It was also proved to perform the processing of the
pulp extract with PVP in different proportions. The pulp extract was processed by SAS
with PVP in different proportions, the resulting materials showed no significant
differences between each other by mean of TG analysis. During the study of seed extract
formulation, it was determined the importance of the solid/liquid ratio on particle
formation. This parameter not only affects the distribution of the co-precipitate but also
implies the particle size. As future work, the efficiency of the formulated materials should
be studied in an independent application, focusing on its antioxidants release, absorbance
capacity and specific analysis, such as degradation tests, cell culture tests for their
cosmetic application. Important future work is the study of efficiency of formulated
material in secondary application, its behavior of antioxidant release and absorbance
capacity, and other important tests such as release tests, degradation tests, and cell culture

tests for cosmetic application.
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1.Introduction

Agai es el nombre popular de Euterpe oleracea Mart. La fruta es originaria de
la selva amazonica, y el interés de la industria se centra en su pulpa. Esta pulpa obtenida
de acai se comercializa como pulpa congelada, pura o mezclada con otros extractos de
frutas. El agai rara vez se consume como fruta fresca, lo que requiere un proceso industrial
donde la pulpa se extrae, se filtra y se congela antes de su comercializacion. La pulpa es
alrededor del 16% de la fruta entera, por lo que su procesado genera una gran cantidad de
residuos que se compone de semillas, fibras y piel, lo que implica un gran problema
ambiental. La pulpa muchas veces se convierte en parte del residuo pues es susceptible a
muchas enfermedades, tales como la enfermedad de chagas. La pulpa se ha utilizado
como tratamiento y prevenciéon de algunas enfermedades, como la demencia, el
Alzheimer, el Parkinson, la aterosclerosis, la obesidad y la gastritis, porque el extracto de
acai contiene agentes antioxidantes y antiinflamatorios. Los beneficios del extracto de E.
Oleracea estan asociados con la presencia de polifenoles, metabolitos secundarios de las
plantas, especialmente relacionados con los flavonoides (un tipo de polifenoles), que

incluyen voluteina, luteolina, apigenina y orientina, presentes en el extracto.

v /s
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Mater@ prima

‘ Separacién de la pulpa ‘

[ 1
‘ Producto ‘ ‘ Residuo ‘

T

Producto principal Torta-del-filtrado Semilla

.

Producto Secundario

Figura 1 — Esquema de la industria procesadora de Agai
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2.0bjetivo
Esta tesis tiene por objetivo estudiar la valorizacion de los productos no
comestibles de Euterpe Oleracea Mart producidos como subproductos del procesamiento

industrial de esta fruta. Este estudio se concret6 en los siguientes objetivos especificos:

(I) Caracterizar los subproductos obtenidos en el procesado de E. Oleracea,
(pulpa - no util para el consumo, semillas y torta-del-filtrado) como biomasa y fuente de
gran potencial de fitoquimicos. Se determinard el contenido de lipidos, extractivos
(polifenoles, antocianinas totales, contenido de flavonoides y taninos, y su actividad
antioxidante mediante su valor ORAC), composicion de la biomasa lignocelulosica
(celulosa, hemicelulosa y lignina), cenizas, minerales fijos, proteinas y la composicion
fitoquimica de cada fraccion residual aplicando la misma metodologia.

(IT) Estudiar la extraccién de compuestos bioactivos por el método tradicional
Soxhlet y la maceracion. Ademas, se estudiara la intensificacion del proceso aplicando
calentamiento por microondas, y calentamiento por microondas combinado con
presurizacion. Evaluar los beneficios del tratamiento en la cinética de extraccion, asi
como las diferencias en términos de rendimiento de extraccion, contenido total de
polifenoles (TPC), contenido total de antocianinas (TAC) y actividad antioxidante
mediante la capacidad de absorcion de radicales de oxigeno (ORAC).

(ITT) Formular el material obtenido en la extraccion de cada fraccion del
subproducto de E. Oleracea (torta-del-filtrado, semilla y pulpa) para su aplicacion en
productos como cremas y colorantes alimentarios naturales. Ademas, la formulacion tenia
como objetivo proteger los ingredientes activos de la degradacion, lo que reduciria la
actividad antioxidante del extracto. Especificamente se evaluaran dos tecnologias:

» La impregnacion de extractos en aerogeles de silice por un método
directo e indirecto, y aplicando tecnologia de secado de CO2 supercritico
en la produccion de aerogeles.

» La encapsulacion del extracto de semilla y de pulpa en una matriz
polimérica mediante un proceso de precipitacion con un fluido

supercritico como antidisolvente (SAS).
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Los objetivos de esta tesis se desarrollan en 4 capitulos, que se presentan a

continuacion:

% El Capitulo 1 presenta la caracterizacion de Euterpe Oleracea

Mart. Pulpa (Acai) y sus subproductos, determinando los extractos

(segun su contenido total de polifenoles, antocianinas, flavonoides y

taninos, y actividad antioxidante mediante el valor del ORAC), y su

contenido de celulosa, hemicelulosa y lignina.

s El Capitulo 2 presenta la extraccion de polifenoles de los

subproductos no comestibles de Euterpe Oleracea Mart. (agai) como son

las semillas, torta del filtrado, y la pulpa no apta al consumo, mediante

un proceso de maceracion, aplicando MAE y PMAE para intensificar el

proceso de extraccion, y mejorar la valorizacion de los subproductos del

procesado de E. Oleracea.

% El Capitulo 3 presenta la formulacion de extractos obtenidos

mediante su impregnacion en aerogeles de silice.

% El Capitulo 4 presenta la formulacion de los extractos obtenidos en
un polimero, utilizando dioxido de carbono en condiciones supercriticas

como antidisolvente.

3. Resultados y discusion
3.1 Captulo 1 - Caracterizacion de Euterpe Oleracea Mart. (Acai) Pulpay sus fracciones

residuales: extractos y composicion celulosa, hemicelulosa y lignina.
3.1.1 Caracterizacion de biomasa
La caracterizacion del residuo de E. Oleracea industrial se presenta en la tabla 1, en base

de masa seca.

Tabla 1- Valores de caracterizacion (% de masa seca)

Humedad Extractivos Carbohidratos estructurales Proteinas | Cenizas
Fracion Aceite Fase Fase; Cellulosa | Hemicellulosa Lignina
acuosa etanolica.
Pulpa seca 1,8 43,1+0,05 | 23,6+5,65 | 1,4+0,40 | 5,9+0,15 4,3+0,03 9,2+1,54 | 7,6 £0,34 1,03
Semillas 8,5 3,5+0,08 | 13,1+4,03 | 0,9+0,63 | 8,5+0,10 48,1+0,45 16,4+1,70 | 9,3+1,52 0,96
Tﬁﬁi‘;fiﬁl' 8,2 124021 | 340,03 | 030,22 | 18,60,16 | 20,7+0,27 | 36,2+1,00 | 580,88 | 0,67
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Los extractos representan un total de 68.1%, 17.5% y 4.9% en la pulpa, las
semillas y la torta-del-filtrado, respectivamente. La pulpa es la fracciéon més abundante
en extractivos, con un contenido de aceite del 43,1%, en el que el 23,6% son extractos
acuosos, el 3,4% son extractos en etanol y los compuestos restantes son extractos de
hexano. El extracto de aceite no es muy representativo en las fracciones semillas y torta-
del-filtrado, constituyendo 3.5% y 1.2%, respectivamente. Sin embargo, debe eliminarse
para evitar cualquier interferencia porque se observé que el aceite perturba el proceso de
hidrolisis de la pulpa. Las semillas son una buena fuente de extractos, y el extracto acuoso
obtenido también mostré excelentes caracteristicas como fuente de compuestos
antioxidantes. La torta-del-filtrado es la fraccion mas pobre en términos de cantidad de
extractivos. Esto se esperaba porque la torta-del-filtrado estd constituida por todos los
fragmentos no deseados (como las fibras), que resultan del filtrado. En la industria,
cuando se recupera esta fraccion, tiene un color purpura, dado por las antocianinas
presentes en la pulpa, pero se degrada con el tiempo, finalmente aparece un tono marron.
El analisis de composicion demostro que las semillas de acai son ricas en hemicelulosas,
que representa alrededor del 48% de 1a masa total. La torta-del-filtrado presentd un 18,6%

de celulosa, un 20,7% de hemicelulosa y una gran cantidad de lignina del 36,2%.

3.1.2 Aceite

El aceite de pulpa de Agai esta compuesto por triglicéridos de cadena larga, los
componentes principales son palmitodioleina (16:0-18:1-18:1) (26.97%) y trioleina
(18:1-18:1-18:1) (17,18%), como se presenta en la Tabla 2, donde el perfil de triglicéridos
presente en el aceite de la pulpa se presenta en base a la fraccion de aceite total. El aceite
estd compuesto basicamente de oleico (18:1) (58.5%), linoleico (18:2) (22.3%), palmitico
(16:0) (11.4%), estearico (18:0) (4.1%), y acidos palmitoleico (16:1) (3,7%). El aceite
obtenido de acai puede considerarse un producto de interés para aplicaciones
nutracéuticas debido a su alta concentracion de 4cidos oleicos (omega-9), la presencia de
acidos grasos esenciales como el acido linoleico que no son producidos naturalmente por
el metabolismo humano, y la fuerte presencia de otros 4cidos de cadena insaturada. Estos
tipos de acidos grasos insaturados son beneficiosos para la salud humana porque ayudan
a prevenir enfermedades como la diabetes y la presion arterial alta al reducir los niveles

de triglicéridos y de colesterol en la sangre (LDL). La relacion entre acidos grasos
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insaturados y saturados se puede utilizar como parametro de calidad. En este caso, el
aceite de pulpa tiene una tasa de 2/3.

Tabla 2 - Triglyceridos en el aceite de la pulpa de acai.

Aceite de la Polpa
Triglycerido  promedio (%)  sd

POO 26,97 0,2
000 17,18 0,36
POL+PoOL 12,57 0,14
POP 11,76 0,16
PLP+PPoO 6,68 0,28
OOL 5,63 0,14
EOL 3,9 0,12
PLE 3,48 0,37
PLL 3,14 0,16
EOO 2,26 0,14
PLPo+PoPoO 1,37 0,12
POE 1,73 0,03
OLL 1,63 0,42
ELL 1,19 0,03
ELE 0,26 0,05
EOE 0,25 0,03

P: palmitico, 16:0; Po: palmitoleico, 16:1; E: estearico, 18:0; O: oleico, 18:1; L: linoleico, 18 :2.

3.1.3 Extractos acuosos y etanolicos

El extracto acuoso obtenido por Soxhlet estd compuesto de azucares,
compuestos de nitrogeno, minerales, entre otros compuestos solubles en agua como las
antocianinas y algunos polifenoles. En el extracto acuoso, la pulpa tiene un 23.1% de
extractos en masa seca, las semillas 13.1% y la torta-del-filtrado 3.4%. Los extractos
etanolicos no estuvieron presentes en cantidades significativas, lo que puede deberse a la
extraccion previa. Ambos extractos, etandlicos y acuosos, se analizaron de acuerdo con
su contenido total de antocianinas (TAC), polifenoles (TPC), flavonoides (TFC) y taninos
(TTC). Los extractos también se clasificaron segiin su actividad antioxidante segun la
capacidad antioxidante de los radicales de oxigeno (ORAC). El ORAC para los
compuestos antioxidantes solubles en agua encontrados para la pulpa y la torta-del-
filtrado fueron 89760 y 7870 umol TE/100gDM, respectivamente. Los valores de ORAC
encontrados son similares a los proporcionados por la base de datos ORAC del ‘U.S.
Department of Agriculture’. Para pulpa y piel: 99700 pumol TE/100gDM. Es necesario
sumar estos valores de ORAC obtenidos en la fase hidrofilica para fracciones de pulpa y
pulpa para una mejor comparacion, 97630 umol TE/100gDM. Esta capacidad
antioxidante en la fase soluble en agua es similar a la observada en la misma porcion de
especias de salvia (98714 pumol TE/100gDM), treinta veces mayor que la baya de Goji
(3170 pmol TE/1100gDM) y sesenta veces mayor que la uva roja (1640 pmol TE /
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100gDM). Los extractos de semillas tenian 65263 pmol TE / 100 gDM de actividad
antioxidante similar a la capacidad antioxidante de la pulpa [1]. Las antocianinas se
identificaron en la fraccion de pulpa para una concentracion de 293,29 mg / 100 g de
material seco, que es proximo al valor encontrado por Iaderoza (1992) 336 mg/ 100 gDM
y Schauss (2006) 319,19 mg / 100 g de DM de material seco [2][3]. No se observo la
presencia de antocianinas en la fraccion de la torta-del-filtrado, como se esperaba, ya que
este compuesto puede degradarse facilmente como resultado de unas malas condiciones

de almacenamiento en la industria y durante el transporte.

3.2 Capitulo 2 - Extraccion de polifenoles de Euterpe Oleracea Mart. (agai) Residuos

La extraccion con agua (con y sin microondas) del residuo de la torta-del-
filtrado, se ha estudiado a dos temperaturas, 40 °y 60 ° C. Se obtienen rendimientos de
entre 0,12% y entre 0,06%, con tiempos de extraccion de 5 minutos. El rendimiento
aument6 al aumentar la temperatura y con el empleo de calentamiento por microondas.
Sin embargo, el rendimiento de extraccion no fue alto con respecto a los otros disolventes
utilizados, se debe a la presencia de aceite en la muestra, que crea una limitacion para que
penetre el agua en la matriz, de todos modos, la torta-del-filtrado (compuesta por pieles
y fibras del paso de filtrado) no es una fraccion rica en extractivos. El agua no es un
solvente adecuado para la extraccion de la pasta de acgai debido a su elevado contenido en
aceite. El tiempo para lograr el maximo rendimiento de extraccion (MEY) se redujo
mediante la aplicacion de MAE (extraccion asistida por microondas). La temperatura es
un parametro importante en la extraccion, incluso para el proceso de maceracion sin
pretratamiento cuando se incrementa la temperatura en 20°C el tiempo para lograr el MEY
se reduce en 30 minutos. Se esperaba una mayor cantidad de polifenoles totales en la
Torta-del-filtrado. El etanol /agua a 60°C dio los mejores resultados para la extraccion de
torta-del-filtrado, 0.614 (%) contra 4.428 (%) del extracto del Soxhlet. El maximo
rendimiento se logré usando MAE como pretratamiento. El etanol puro tiene potencial
como solvente de extraccion selectiva, 0.107 (%) contra 0.188 (%) encontrado para el
extracto de Soxhlet mediante etanol. No es posible identificar la mejor condicion para la
extraccion con etanol, porque no fue posible observar una tendencia. La temperatura
juega un papel esencial durante el proceso de extraccion, e influye en la cantidad de

fitoquimicos obtenidos y en su degradacion. Las microondas ayudan al proceso de
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extraccion promoviendo un rapido aumento de temperatura; La torta-del-filtrado tiene
una exposicion breve a la elevada temperatura, lo que disminuye la degradacion. El
extracto obtenido usando etanol/agua tiene un mejor potencial como antioxidante debido
a la baja selectividad de solvente. Los resultados muestran que la temperatura de
maceracion también es importante para lograr un extracto con mejor poder antioxidante.
El microondas tiene un efecto positivo cuando se aplicod etanol (50%) y al etanol puro,
sin embargo, este comportamiento no se observo en la extraccion realizada con agua pura

como solvente, debido al contenido de aceite presente en el material.
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Figura 2 - Actividad antioxidante (ORAC) del contenido del extracto

3.3 Capitulo 3 - Formulacién por impregnacion de Euterpe Oleracea Mart. (Acai)

Extractos de residuos en silice-aerogel

3.3.1 Caracterizacion de los aerogeles.

El aerogel de silice puro es un material mesoporoso segin su distribucion de
tamafio de poros. La curva de adsorcion-desorcion del N2 corresponde a una histéresis
tipo IV e isoterma Hi, que se encuentra tipicamente para materiales con poros muy
estrechos, cilindros abiertos o cerrados, y tamaio y distribucion uniformes.. Ademas, esta
distribucion es homogénea, presentando un valor promedio de 11 nm. Los datos de poros
suministrados se refieren a la isoterma de adsorcion para evitar el efecto de bloqueo de
poros que ocurrié durante la desorcion de N2 debido a la condensacion capilar que
bloquea los poros e interfiere con la correcta determinacion de los pardmetros de textura.

Sin embargo, el tipo de impregnacion (directa o indirecta) y el método de secado pueden
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interferir en la estructura, asi como en su area de superficie especifica, volumen de poro

promedio y didmetro de poro promedio, como se discute en las siguientes secciones.

3.3.2 Impregnacion himeda:
El tipo de impregnacion (directa o indirecta) y el método de secado pueden
interferir en la estructura, asi como en su superficie especifica, volumen de poro y

diametro de poro promedio. Estos datos se presentan en la Tabla 3.

Tabla 3 - Propiedades de los aerogeles impregnados con los extractos obtenidos de las

diferentes fracciones de los subproductos del procesado del Acai.

. Impregnation Dry Specific Average pore Average pore
Extract Fraction Surface area volume .
process Process (m2/g) (cm3/g) diameter (nm)
Blanco - SC 910 3.04 11.0
Blanco - Air
Aceite Polpa Directo SC 892 2.98 13.4
Aceite Polpa Indirecto SC 848 2.89 10.9
Aceite Polpa Indirecto SC 823 2.78 11.0
Aceite Semilla Indirecto SC 847 2.54 12.4
Polyphenolico Polpa Directo SC - - -
Polifendlico  PolpaPolpa Directo Air 595 0.04 0.3
Polifendlico Polpa Indirecto SC 856 1.80 9.1
Polifenolico Polpa Indirecto air 830 0.26 3.6
Polifenolico Polpa Indirecto SC 873 1.60 8.2
Polifendlico Semilla Indirecto SC 739 2.43 10.0

Directo = impregnacién himeda por método directo; Indirecta = impregnacion humeda
por método indirecto.

3.3.2.1 Impregnacién hiimeda:

Los monolitos formados se dividieron en dos grupos para evaluar los efectos del
método de secado sobre la estructura del aerogel y los compuestos adsorbidos. El secado
al aire ha provocado el colapso de los poros y, como resultado, los monolitos son mucho
mas pequenios que los moldes (Fig. 3 (A-II). En cambio, los monolitos secados con CO2
supercritico mantuvieron la forma y el tamafio del patron (Fig. 3 (Al)). El primer
pardmetro para determinar como se ha producido la impregnacion es el andlisis visual.
Tomando la intensidad del color como pardmetro es posible determinar que la
impregnacion indirecta (Fig. 3 (C-I y C-1I)) funcioné mejor que la impregnacion directa
(Fig. 2 (B-I y B-II). Ademas, el diametro de poro de los geles obtenidos del secado SC
COz (tabla 3) e impregnacion directa (13.4 nm) son mayores que los geles impregnados
con el método indirecto (10.9 nm). Esto se debe a que la adicion directa de extracto en

aerogeles aument6 el tiempo de gelificacion que interviene en la formacion de poros.
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Ademas, se observé que, usando este método, los monolitos liberaron lentamente el aceite
impregnado, durante los procesos de maduracion. En relacion con la eficiencia del
proceso de secado, se observo una diferencia significativa en la intensidad del color entre
las muestras obtenidas del secado SC COz2 (Fig. 3 (BI & CI)) y el secado al aire natural
(Fig. 3 (B-II & C-II)). Una posible razon para este hecho es la extraccion parcial del aceite

por SC COa, siendo un inconveniente del proceso de secado SC CO:a.
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Figura 3 - Monolitos de gel de silice impregnado con extracto de aceite de pulpa: (A)
blanco, (B) proceso directo, y (C) proceso indirecto; secado por (I) CO2 supercritico y
(IT) aire.

3.3.2.2. Impregnacioén humeda: extracto polifendlico

Las antocianinas presentes en el extracto polifendlico de la pulpa son
responsables del color purpura observado en los monolitos impregnados con este extracto.
Por lo tanto, el color también puede funcionar como un pardmetro para inferir si la
impregnacion ocurrié o no. De esta manera, es posible ver en la Fig. 3B la diferencia
producida por la impregnacién indirecta, tomando como comparacion la Fig. 3A, y un
blanco. Los resultados presentados en la Tabla 2 también muestran la diferencia en el
tamafio de los poros, la diferencia entre el tamafio de los poros y el volumen de poros en
el material en blanco, 11.0 nm, y 3.1cm3/ g, y en el aerogel de silice impregnado, 9.1 nm
y 1.8 ecm3 / g. Estos resultados indican que los polifenoles estan ocupando los poros mas
grandes, debido a un menor limitacioén en su acceso. El color fue mas intenso en aquellos
geles impregnados por impregnacion directa (Fig. 4 (C-II)). En este caso especifico, el
color mas fuerte estd relacionado con la imposibilidad de realizar el proceso de
envejecimiento una vez que de la impregnacion directa que no permiti6 la gelificacion de
los monolitos, incluso después de varias horas. La razén esta en que este lote simplemente

se seco al aire y no se produjo el periodo de maduracion. Como resultado, este lote cambio
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su tipo de porosidad, como lo indican los resultados en la Tabla 3, convirtiéndose en un
material microporoso con un tamafio de poro de 0.3 nm y un volumen de poro de 0.04
cm3 / g. La forma obtenida también es inusual, debido al secado al aire que ocurre dentro
del molde, y por lo tanto, la contraccién de los monolitos resultantes del colapso de los

poros ocurrid solo en la direccion horizontal.
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Fig. 4 - Monolitos secos de gel de silice impregnado por extracto de la pulpa por
etanol/agua: (A) blanco, (B) proceso directo y (C) proceso indirecto; secado por (I) CO2
supercritico y (II) aire.

-

También es posible resaltar la modificacion estructural producida por la
impregnacion y el proceso de secado del aerogel de silice. (Fig. 5). La forma de las
isotermas de adsorcion de N2 se ve afectada por el tamafio y la geometria del material
poroso. De esta manera, es posible clasificar el material de acuerdo con su isoterma. El
material impregnado, obtenido mediante secado SC COz, muestra el mismo tipo de
isoterma que se observo en silice pura, Hi. Sin embargo, su curva es mas pronunciada,
denotando un tamafio de poros mas pequefio. Este resultado esta relacionado con la

ocupacion de poros por los polifenoles.
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Fig. 5 - Distribucion isotérmica y de volumen de poro del acrogel de silice impregnado
con pulpa polifenolica secada con (I) CO:2 supercritico y (II) aire.
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3.3.3 Extracto de aceite

La masa total impregnada se puede calcular como la diferencia entre la masa
residual en una muestra impregnada y la masa restante en el blanco. Los resultados se
presentan en la Tabla 4.

Tabla 4 - Rendimiento de impregnacion y contenido total de polifenoles liberados.

Extracto Metodo de Wit%  Plifenoles liberado
. . - Secado
impregnado impregnacion (mg GAe/acrogel)
Aceite d: la Directo e 91 0.229
pulpa
Aire 13.5
Aceitedela 1 oot SC 12.9 0.120
pulpa
Aire 37.5
Aceitede la o pirocio sC 15.3 0.317
pulpa ***
Aire 58.6 0.191

*3.79/L,**7.0 g/L,***700g/L
(GAe = equivalente de acido galico)

Seglin los resultados de la tabla 3, la impregnacion directa, que causé una
gelificacion lenta, condujo a un rendimiento de impregnacion menor que la impregnacion
indirecta. Durante el ensayo de liberacion, los aerogeles impregnados por el método
directo liberaban una baja concentracion de polifenoles, incluso cuando la concentracion
de aceite impregnado era mas alta. Este resultado se atribuye a una baja gelificacion de
monolitos. Otro hecho que también contribuy6é aqui fue que, durante el paso de
maduracion, el aceite fue liberado lentamente de los poros. Con el método de
impregnacion indirecta, un aumento de la concentraciéon de aceite durante la
impregnacion produjo un rendimiento en la impregnacion mas alto. Esto esté relacionado
con la alta capacidad de silice para absorber el aceite. Ademas, las muestras secadas por
aire y por fluidos supercriticos muestran una gran diferencia en el rendimiento de
impregnacion. Esto puede ser debido al tipo de deposicion de extracto de aceite dentro de
los poros. Los polifenoles en el extracto de aceite tienen grupos hidroxilo que pueden
realizar enlaces con la estructura de Si-O del aerogel, mientras que los aceites estan unidos
en grupos triglicéridos, que no pueden lograr un enlace similarmente con la matriz de
aerogel. A pesar de la pérdida producida por el proceso de secado, al eliminar parte del
contenido impregnado, el ensayo de liberacion ha demostrado que la cantidad de
polifenoles liberados fue proporcional a la concentracion inicial y no se vio afectada por

el secado SC. Segun el anélisis de TGA, el rendimiento méximo de impregnacion, 58,6%,
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se alcanz6 cuando se aplicaron la impregnacion indirecta y el secado al aire. En el mismo
lote, los monolitos secados por secado SC tuvieron un rendimiento de impregnacion de
alrededor del 15%. Por otro lado, el método de secado al aire afecta la estructura porosa,
lo que provoca el colapso de los poros. La pérdida de compuestos solubles de SC-CO2 en
el rendimiento impregnado depende de la cantidad de SC-COz utilizada en el proceso de
secado; sin embargo, disminuir esta cantidad puede afectar la eficacia del secado y que
quede alcohol residual en el aerogel. La relacion se mantuvo constante a 0,0347 kg de

CO2/g de aerogel seco por ciclo.

3.3.4 Extracto de polifenoles

De acuerdo con los datos de TGA presentados en la Tabla 5, el rendimiento
méaximo de impregnacion fue de 16.4% alcanzado con el método de impregnacion
indirecta y secado SC. El aumento de la concentracion de la solucion inicial no afecto el
rendimiento de impregnacion, pero disminuy6 las limitaciones de las sustancias
bioactivas para ocupar los poros, lo que resultd en un cambio de color, como se observa
en la Fig. 6. Ademas, el ensayo de liberacion puede confirmarlo mediante el aumento de
polifenoles. y antocianinas liberadas. Los datos publicados estan relacionados con la
cantidad absorbida. La mayor concentracion en la disolucion produce mayores cargas.
Esto puede deberse a una mayor cantidad de soluto dentro de los poros en lugar de una
mayor adsorcion. Los monolitos obtenidos con impregnacion directa no pudieron
gelificarse adecuadamente y se secaron solo con aire y sin tiempo de maduracion. Este
proceso cambia la estructura del material, convirtiéndolo en un material microporoso. El
rendimiento de impregnacion no se vio afectado por este evento, pero si afecto la
capacidad de los aerogeles para liberar el contenido impregnado. La impregnacion del
aerogel de silice mesoporoso permitiéo aumentar la termoestabilidad del extracto de 30°C
a 270°C, con el método indirecto. Se observd una termoestabilidad similar con ambos
procesos de secado. Aunque se observo, que en un mismo lote, una ligera tendencia a
valores mas altos en aquellas muestras producidas por secado con fluido supercritico, con
una variacion de +£10°C en la temperatura de inicio. Sin embargo, el método de
impregnacion fue significativo, las muestras producidas con método directo presentan
una termoestabilidad sustancialmente menor que las impregnadas con método indirecto:
270°Cy 195°C, respectivamente. Esto esta relacionado con el agua presente en el proceso
sol-gel. En este proceso, primero se produce un hidrogel, y durante el tiempo de

maduracion, los grupos agua-OH son reemplazados por los grupos alcohol-OH,
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convirtiéndose en alcohol-gel. Aqui, estas muestras, directamente impregnadas, no se
habian gelificado adecuadamente, haciendo imposible el paso de maduracion y la
formacion adecuada de un gel de alcohol. Esto puede afectar a la union entre Si-O y

polifenol, reduciendo la termoestabilidad.

Tabla 5 - Rendimiento de impregnacion de extracto polifendlico y contenido total de
polifenoles y antocianinas liberados.

concentracion inicial concentracion de liberacion
metodo de secado W% . .
impregnacién % Polyfenoles ~ Antocyaninas Polyfenoles Antocyaninas
(mg GAe/L) (mg AC/L) (mg GAe/gaeroger) (mg AC/ Gacroger)
directo Aire 110 - - 0.708 0.034
Indirecto SC 16.4 527.4 24.3 1.391 0.042
Indirecto SC 16.4 1547.8 72.1 2.276 0.197

SC = supercritico; GAe = equivalente de acido galico; AC = contenido de antocianina

i (]

Fig. 6 —~Monolitos secos de gel de silice impregnado por extracto de pulpa por etanol /
agua: (I) Baja concentracion y (II) alta concentracion.

3.4 Capitulo 4 - Coprecipitacion de los extractos de pulpa y semilla de Acai mediante
tecnologia Supercritica Antidisolvente.

Se han realizado ensayos de precipitacion en diferentes proporciones, solventes
y encapsulantes. Los mejores resultados se observaron cuando se utilizd etanol como
disolvente y PVP como agente encapsulante. Los ensayos realizados con acetona como
disolvente produjeron una muestra con un aspecto plastificado; ademas, se observo
precipitacion en la solucion inicial. También se determiné que el calentamiento moderado
aplicado (30°C) ayud6 en la homogeneizacion de la solucion de encapsulacion. Se
procesaron diferentes proporciones de extracto de semillas y PVP, comenzando en la
proporcionde 2: 1, 1: 1, 1: 2, hasta un méximo de 1: 4; Todos los materiales encapsulados
tenian aspecto de polvo, sin embargo, en la proporcion de 1: 4, el material resultante era
irregular y peletizado. Esa proporcion de extracto de semillas/PVP por encima de la tasa

de 1: 4, resultd en material plastificado. El extracto de pulpa y PVP se procesaron con
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éxito en proporciones de 2: 1 y 1: 1. El intento de aumentar la proporciéon de PVP a 1: 2,

produjo un material plastificado. El Pluronic F127 no fue compatible con ningtin extracto.

3.4.1 Andlisis quimico del producto.

El analisis del producto revela que el material obtenido de la formulacion de los
extractos de semillas presento el contenido total de polifenoles que se corresponde con el
contenido esperado seglin la concentracion de extracto y encapsulante en la solucion
inicial. Sin embargo, aquellos materiales en los que se aplicé extracto de pulpa no
presentaron contenido fendlico significativo ademas de la presencia del color tipico
producido por la presencia de antocianinas.

La Tabla 6 presenta el contenido fendlico total (en equivalente de 4cido galico)
en el producto obtenido. El extracto puro procesado individualmente se toma como
referencia para comparar la formacion de particulas. El extracto Unico procesado por SAS
se enriquecid segun la muestra original, estd relacionado con la selectividad de COz,
durante la precipitacion no se precipita todo el contenido inicial, hay componentes en el
extracto que mostraron afinidad por el CO2 (como el aceite residual) Sin embargo, los
polifenoles en general serdn muy pobres en CO2 y todos precipitaran. Por lo tanto, el
material final son particulas enriquecidas en polifenoles con respecto al material inicial.
Es posible observar que al realizar particulas en la misma proporcion (1: 1), la proporcion
intermedia (masa/solvente) podria encapsular y preservar mejor el extracto. La misma
tendencia se observd en otras proporciones (2:1) y (1:2). Sin embargo, las particulas
formadas, usando Pluronic F127 como vehiculo, se plastificaron, el producto pudo
proteger el extracto que ha presentado buenos valores de TPC. Ademads, el material
procesado individual present6 valores de polifenoles totales dos veces mas alto que el
material de partida.

Resultados similares a los obtenidos con el extracto de semillas de acai, se
obtuvieron el extracto de pulpa, también presenté mejores resultados cuando se aplicaron
proporciones intermedias (masa / solvente). Aunque no fue posible recuperar el extracto
procesado sin la adiccion de polimero y por conseguinte realizar los analisis pertinentes
del extracto de la pulpa procesado, fue posible comparar los resultados con la pulpa
original y observar que el material procesado tiene una cantidad menor de TPC de lo
esperado. También se realizaron pruebas para evaluar el contenido total de antocianinas

totales por espectrofotometria. Ninguno de los materiales probados mostr6é contenido de
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antocianina detectable, aunque todos tienen una coloracion rosa clara, tipicamente

producida por la presencia de esta sustancia.

Tabla 6 - Contenido total de polifenoles (TPC) en material procesado SAS.

Extracto . . masa/solvente mg GAE/
(fuente) Polimero Solvente Ratio (/L) pi rticulag
semilla

(no - - - - 261
procesada)
semilla - Etanol - 3.33 500
semilla PVP Etanol 1;1 5.00 78
semilla PVP Etanol 1;1 3.33 211
semilla PVP Etanol 1;1 2.50 80
semilla  Pluronic Acetona 1;1 3.33 132
semilla PVP Etanol 2;1 5.00 142
semilla PVP Etanol 2:1 3.33 187
semilla PVP Etanol 1:2 5.00 54
semilla PVP Etanol 1;2 3.33 72
Pulpa (no i i i i 108
procesada)
Pulpa - Etanol - -
Pulpa PVP Etanol 2;1 3.33 7
Pulpa PVP Etanol ;1 5.00 27
Pulpa PVP Etanol I;1 3.33 31
Pulpa PVP Etanol 151 2.50 35

3.4.2 Estudio morfolédgico

El estudio de la morfologia fue proporcionado por imagenes de microscopio
electronico de barrido (SEM). El proceso SAS ha permitido la formacion de
macroparticulas conteniendo el extracto de semillas. Las imdgenes SEM permiten
observar las diferencias en la morfologia de las particulas con extracto de semillas y con
al polimero original. Ademas, cuando se aplic6 PVP como polimero en el proceso de
encapsulacion, fue posible producir particulas ain mas pequefias (Tabla 7). El Pluronic
F-127 no mostré6 buenas propiedades como agente encapsulaste, los resultados

experimentales muestras que se obtiene un material plastificado.

Tabla 7- comparativa de imagenes SEM del PVP, del extracto de semillas y

extractos de semillas encapsulado mediante el proceso SAS.
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Original PVP

Extracto  Original

de Semillas
Extracto de
Semillas SAS
(Procesado)
Extracto de

Semillas en PVP
(1:1)

¥ L EMC 100KV X10.0k SE _ 5.00)m

Como se observd para el andlisis de TPC, la relacion de solvatacion es

importante porque al aumentar la relacion masa / disolvente aumenta la dificultad en la
coprecipitacion. La particulas de la Figura 7 presentan una buena coprecipitacion, con

areas bien cubiertas; también es el producto en el que el valor de TPC fue mayor.
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FMC 10.0kV.X10,0k SE

Figura 7 - Semillas-extracto coprecipitado con PVP a una relacion (1:1), 3,33 g/L.

Sin embargo, la minimizacion excesiva de la relacion masa / solvente causo un
mal funcionamiento de la bomba, causando bloqueos, lo que impide el bombeo de flujo

constante de la Torta-del-filtrado. El resultado se observa en la figura 8.

i
£40.0um  FMC 10.0kY3

Figura 8 —Extracto de semillas coprecipitado con PVP a una relacion (1: 1), 5 g/ L.

La mejor concentracion encontrada fue 2.5 g/L, a esta relacion de solvatacion
fue posible obtener un material coprecipitado, areas mejor distribuidas, menos expuestas
y un tamafio de particula pequefio. La relacion de solvatacion cambid el tamafio de

particula final.
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EMC 10:0kV X10.0k SE PR gl

Figura 9 —Extracto de semillas coprecipitado con PVP a una relacion (1: 1),2.5 g/ L.

Cuando el extracto de pulpa se proces6 individualmente, sin polimero, no se
obtuvieron particulas, se atribuy6 a una fuerte micronizacioén, donde la particula no pudo
ser retenida por el filtro (0,45 um). Las imagenes SEM (Figura 10) obtenidas a través del
analisis del producto permitieron observar pequefios fragmentos de extracto insertados en
el polimero. Es dificil saber si el material en cuestion estd dentro de la masa del polimero
0 si se observo el mismo patron que para la micronizacion y la pérdida de material. La
pulpa de agai es un material muy oleoso; El 43% de su peso seco es contenido de aceite.
se tratd para eliminar el aceite en la pulpa antes de la extraccion, pero tal vez haya un
contenido restante que indujo tal diferencia entre ambos extractos (El de la semilla y el

de la pulpa).

FMC 10.0kV X1.50k SE

Figura 10 - Extraido de pulpa y PVP procesado a una relacion (1:1): (a) 5.0g/L, y (b)
3.3/L.
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4. Conclusiones

Esta investigacion es una contribucion para reducir la cantidad excesiva de
residuos generados por la industria de acai, promoviendo un esfuerzo para la valorizacion
de los diferentes subproductos generados por esta industria (semillas, torta-del-filtrado y
pulpa no comestible). Se aporta su caracterizacion para poner de manifiesto su uso como
biomasa lignocelulosica y fuente fitoquimicas. Se han desarrollado productos mediante
formulacion de los compuestos activos para su aplicacion en formulaciones para usos
cosméticos. Esta investigacion aporta contribuciones relevantes sobre los estudios
previos, que solo consideraba la caracterizacion de la fruta fresca y no de los subproductos
generados durante el procesamiento industrial. En este capitulo de conclusiones se
pretende presentar una vision general de los objetivos definidos en este proyecto, asi
como discutir los puntos mas importantes alcanzados en cada capitulo presentado
anteriormente, concluyendo la discusion con los trabajos posteriores que permitiran un

conocimiento mas profundo de las cuestiones que han quedado abiertas en este estudio.

Los residuos de E. Oleracea, obtenidos de la industria (pulpa, no apta para el
consumo humano, semillas y lodos), se caracterizaron como biomasa y fuente de
compuestos fitoquimicos. En el capitulo 1 se presenta la determinacion del contenido de
lipidos, extractos, y hemicelulosas, celulosa y lignina. La composicion en los principales
compuestos fitoquimicos de cada fraccion, el contenido en proteinas y cenizas. El mayor
contenido de aceite se encontr6 en la fraccion de pulpa, con contenidos de hasta 43% en
masa seca; las otras fracciones tenian un contenido de aceite mucho mas bajo: semillas
3.5% y torta-del-filtradotorta-del-filtrado 1.2%. En el aceite de pulpa se identifico una
fuerte presencia de acidos grasos importantes como el 4cido oleico (58.5%), acido
linoleico (22.3%), 4cido palmitico (11.4%) y acido esteédrico (4.1%). La pulpa y las
semillas presentaron valores considerables de extractos solubles en agua, 23% y 13%,
respectivamente; mientras que la torta-del-filtrado solo 3.4%. Todas las fracciones
mostraron una buena capacidad antioxidante: semillas 65263 pumol TE / 100gDM, pulpa
89760 pmol TE / 100gDM y Torta-del-filtrado 7870 pmol TE / 100gDM. La celulosa, la
hemicelulosa y la lignina son los componentes principales de la fraccion de Torta-del-
filtrado, con contenidos del 18%, 20% y 36%, respectivamente. En las semillas, el
componente principal encontrado fue la hemicelulosa, que contiene hasta un 48%. Como
trabajo futuro se propone estudiar las aplicaciones de la Torta-del-filtrado y las semillas

como fuente de biomasa. En el Capitulo 2, se realizé un estudio comparativo de las

131



Resumen

técnicas de extraccion utilizando la maceracion como método de extraccion tradicional,
y el calentamiento por microondas y microondas combinado con presion como tecnologia
de intensificacion del proceso de extraccion convencional. El estudio mostréo que la
temperatura era el parametro mas importante para la extraccidn, y que era necesario
extraer el aceite antes de la extraccion de compuestos bioactivos ya que limitaba el acceso
del disolvente a los extractivos. Como trabajo de futuro, se propone realizar el estudio
utilizando otras tecnologias de intensificacion como los ultrasonidos. También se
recomienda poner a punto etapas de postratamiento para purificar los extractos.

Una vez obtenido el extracto, se estudié la formulacién de los extractos para
evitar su oxidacion y desarrollar productos finales. La formulacion se estudio con éxito
en los capitulos 3 y 4. En el capitulo 3, se evalu6 la impregnacion de extractos en
aerogeles de silice por un método directo e otro indirecto. La tecnologia de secado con
COz supercritico se aplicd como técnica para obtener productos solidos y el proceso sol-
gel se uso en la produccion de aerogeles. Los resultados mostraron que, para el extracto
de aceite, el porcentaje maximo obtenido fue del 58.6% cuando se aplicaron la
impregnacion indirecta y el secado al aire, y este porcentaje disminuy¢ al 15% usando se
utiliza secado por CO2SC, debido a la extraccion de los componentes del aceite durante
el secado con CO2SC. El rendimiento maximo de impregnacion para el extracto
polifendlico se logré con la impregnacion indirecta y el método de secado mediante
CO:2SC, alcanzando un valor de 16.4%. El aumento de la concentracion de extracto no
produjo un mayor rendimiento de impregnacion.

En el Capitulo 4, se ha estudiado la encapsulacion de los extractos de semillas y
de pulpa en una matriz polimérica mediante un proceso que utiliza CO2SC como
antidisolvente (SAS), y el PVP se utiliz6 con éxito como agente encapsulante. Los
experimentos en los que se empled el extracto de las semillas como soluto y PVP como
agente encapsulante, permitieron obtener resultados viables para las proporciones (1: 1),
(2: 1) y (1: 2). Se consiguid la coprecitacion, pero no se logro el recubrimiento de
completo de los extractos. También se demostrd la viabilidad de realiza el procesamiento
del extracto de pulpa con PVP en diferentes proporciones. Durante el estudio de la
formulacion del extracto de semilla, se determind la importancia de la relacion solido /
liquido en la formacion de particulas. Este parametro no solo afecta la distribucion del
coprecipitado, sino que también implica el tamafio de particula. El trabajo de futuro se
recomienda el estudio de la eficacia de la encapsulacion en el desarrollo de productos con

base en los extractos obtenidos. Realizando estudios para su aplicacion en el desarrollo
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de productos finales como la liberacion de antioxidantes, pruebas de degradacion con el

tiempo y pruebas de cultivo celular para sus aplicaciones en productos cosméticos.
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