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SUMMARY: These last decades, acai oil has been extensively studied for its biological properties and has gained interest from the health
industry. It has thus become necessary to develop eco-friendly extraction techniques. The main objective of this study was the use of
experimental designs for the maximization of the recovery yield of the enzymatic aqueous extraction process of agai oil from wet decocts.
A Simplex-Lattice Mixture Design was employed for the optimization of the proportion of three commercial enzymatic preparations.
Subsequently, a Central Composite Design was used to identify the optimal values for total enzymatic concentration (0.5-4.5%) and
extraction time (2-12h). The “Response Surface Methodology” (RSM) revealed that the maximum yield (60.55 + 5.98%) was obtained
using a 0.49:0.25:0.28 ternary mixture of Celluclast 1.5 L, Viscozyme L and Ultrazym AFP-L at a total enzymatic concentration of 2.85%
for 10.9 hours. This study concluded that the enzymatic aqueous extraction of acai oil is an efficient and sustainable process.

KEYWORDS: CCD response surface methodology, Euterpe oleracea; Mixture design.

RESUMEN: Optimizacion del rendimiento de la extraccion acuosa enzimdtica de aceites de acai mediante cocciones utilizando un
disefio experimental. En las Gltimas décadas, el aceite de agai ha sido ampliamente estudiado por sus propiedades bioldgicas, resultando
interesante para las industrias relacionadas con la salud. Por lo tanto, se ha vuelto necesario desarrollar técnicas de extraccion ecologicas.
El objetivo principal de este estudio es el uso de disefios experimentales para la maximizacion del rendimiento en la recuperacion del
proceso de extraccion acuosa enzimatica del aceite de agai a partir de cocciones. Se emplea un disefio de mezcla simplex-lattice para la
optimizacion de las proporciones de tres preparaciones enzimaticas comerciales. Posteriormente, se utiliza un Disefio Compuesto Central
para identificar los valores optimos de la concentracion enzimatica total (0,5-4,5%) y el tiempo de extraccion (2—12h). La “Metodo-
logia de superficie de respuesta” (RSM) sefiala que el rendimiento maximo (60,55 + 5,98%) se obtiene utilizando una mezcla ternaria
0,49:0,25:0,28 de Celluclast 1,5 L, Viscozyme L y Ultrazym AFP-L a una concentracion enzimatica total de 2,85% durante 10,9 horas.
Este estudio indica que la extraccion acuosa enzimatica del aceite de agai es un proceso eficiente y sostenible.

PALABRAS CLAVE: CCD metodologia de superficie de respuesta; Disefio de mezclas; Euterpe oleracea.
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1. INTRODUCTION

The fruit of the species Euterpe oleracea is a glo-
bous berry, averaging approximately 1 cm in diame-
ter, and 2 g in weight. The pericarp, popularly called
pulp, represents only 15% in weight of the fruit, with
a thickness of 1-2 mm. During the harvest period,
the pulp presents a high concentration of lipids (~
30-50% on dry basis, d.b.), proteins (~ 5-10%, d.b.),
and dietary fibers (~ 20-50%, d.b.) as well as a good
source of minerals, phenolic and bioactive com-
pounds (Schauss, 2010; Bichara and Rogez, 2011).
The pulp has been widely reported as presenting a
high variety of biological activities, mainly anti-in-
flammatory, antimicrobial, antiprotozoal, antioxi-
dant, antidiabetic and antilipemic (Yamaguchi et al.,
2015). More recently, several therapeutic properties
have been demonstrated, such as protection against
age-related neurodegenerative disorders, cardiovas-
cular diseases, atherosclerosis, control of carcino-
genic diseases and global protection of some organs,
such as the heart, lung, kidney, and liver (Magalhaes
et al., 2020).

The presence of the considerable amount of li-
pids in the pulp of E. oleracea fruit, hereafter called
acai oil, its chemical composition and biological
activities, seems to play an important role in facili-
tating the absorption of bioactive compounds by the
human organism (Skrovankova et al., 2015).

The chemical composition of acai oil is highly
similar to that of olive and advocado oil, with more
than 70% of unsaturated fatty acids, from which
~60-70% are monounsaturated and ~5-15% are pol-
yunsaturated fatty acids. The most abundant fatty
acids are oleic acid (~60-70%), followed by palmitic
acid (~15-25%) and linoleic acid (~10-15%) (Pache-
co-Palencia et al., 2008; Nascimento et al., 2008;
Batista et al., 2016). Furthermore, acai oil contains
interesting bioactive compounds, mainly phenolic
compounds (Pacheco-Palencia et al., 2008) and to-
copherols (Darnet et al., 2011; Lubrano et al., 1994).
During the last decade, some works have shown the
variety of biological activities and pharmacological
applications of acai oil, including antineoplasic, an-
ti-inflammatory, antilipemic, antimicrobial, antino-
ciceptive, cytotoxic, and genotoxic effects (Magal-
haes et al., 2020). Due to all these properties, acai
oil has been proven to be very interesting for food,
cosmetic and pharmaceutical industries.

Therefore, it has become necessary to devel-
op and optimize extraction techniques for agai oil.
Presently, commercial agai oil is obtained by con-
ventional extraction methods using organic solvents
or hydraulic press. Besides being economical and
efficient methods, which provide high yields, such
techniques are not healthy or environmentally safe.
Recently, some works have focused on alternative
and more sustainable extraction methods for agai
oil, such as supercritical CO, extraction (Batista et
al., 2016; Silva et al., 2019) or enzymatic aqueous
extraction (EAE) (Nascimento et al., 2008), with
the aim of obtaining not only a high yield but also a
good quality oil. The main disadvantage of the con-
ventional and supercritical CO, extraction methods
is the need to perform the extraction from a pre-pro-
cessed and dry product, mainly lyophilized aqueous
acai juice, while the EAE process could be per-
formed directly from an “in nature” and wet product
(i.e. small pieces of the surrounding pulp of the fruit
commonly known as “decocts”).

Commonly, the EAE process of oil from fruit or
seed is performed through the succession of three
steps: the incubation step (considered as the main
one during which the extraction takes place), the
solid-liquid separation step (during which the solid
residue is separated from the liquid phase) and the
liquid-liquid separation step (during which lipid
and aqueous phases are separated). During the in-
cubation step, enzymes are specifically selected for
increasing the permeability of the different struc-
tures of the vegetable cell, mainly the primary and
secondary walls, and the oleosomes, thus releasing
the oil contained inside it into the aqueous medium
(Dominguez et al., 1994; Rosenthal ef al., 1996; Ric-
ochon and Muniglia, 2010).

Considering the main composition of the cell
wall (i.e. mainly lignocellulose and pectin, and, in
minor proportions, glycoprotein and glycolipid), the
two most interesting classes of enzymes for partial-
ly, or completely breaking down the different mol-
ecules are the hydrolases (E.C. 3) and lyases (E.C.
4). In particular, enzymes from subclass E.C. 3.1.
(e.g. hemicellulase and pectinesterase) acts on ester
bonds, E.C. 3.2. (e.g. cellulase, polygalacturonase
and glucosidase) acts on glycosidic bonds, E.C. 3.4.
(peptidase-class) acts on peptide bonds, and E.C.
4.2. (e.g. pectin and pectate lyases) acts on the car-
bon-oxygen bonds (Ricochon and Muniglia, 2010).
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These different enzymes can be used simultaneously
or successively during the EAE process. Commonly,
a mixture of carbohydrases with different activities
(e.g. E.C. 3.1., 3.2. and 4.2.) are used during the in-
cubation step. The peptidases (e.g. E.C. 3.4.) can be
used in combination with carbohydrases during the
incubation step (if the objective is to simultaneously
extract oil and protein) or can be added in a second
phase, during the liquid-liquid separation step (if the
purpose is to de-emulsify the protein-lipid emulsion).

The scientific literature is replete with papers stud-
ying the effect of these classes of enzymes on oil yield
(and eventually interesting bioactive compounds) ex-
tracted by the EAE process from a variety of vegeta-
ble raw materials (Yusoff et al, 2015). However, to
our knowledge, our research group is the only one to
specifically study the EAE process for acai oil for the
optimization of its yield.

Numerous unpublished preliminary essays have
allowed us to develop a standardized and reproduc-
ible EAE process for agai oil. In particular, they indi-
cate that it is more interesting to extract the oil directly
from “in nature” wet acai decocts than from any other
kind of pre-processed and/or dry raw material derived
from acai pulp. This strategy avoids adding water dur-
ing the juice production, then removing it during dry-
ing, as well as significantly limiting the formation of
the protein-oil emulsion. Moreover, it has been shown
that is it much more efficient to use carbohydrases
separately (during the incubation step) and peptidas-
es (during the liquid-liquid separation step). Based on
this, our works focused on the maximization of the
yield of the oil extracted from agai wet decocts using
only carbohydrases during the entire EAE process.

In a previous work, Ferreira et al. (2018) stud-
ied four commercial carbohydrase enzymatic prepa-
rations (EP). They were studied individually and in
combination of two, three and four using iso-enzy-
matic proportion at an individual enzymatic concen-
tration (i.e. liquid enzymatic preparations weight:
wet substrate weight, w:w) of 1%. According to the
authors, the 1:1:1 ternary mixture of Celluclast 1.5L,
Viscozyme L and Ultrazym AFP-L (i.e. at a total en-
zymatic concentration of 3%) was identified as the
optimal one.

The literature shows that other parameters in the
EAE process may have a significant impact on the
yield of the extracted oil, such as the proportion of the
EP, the total enzymatic concentration, the extraction

time, the proportion of water in the mixture, the pH of
the medium, the temperature, or the velocity of agita-
tion, amongst others (Yusoff et al., 2015).

In this context, the main objective of our work
was the optimization of three parameters — the pro-
portion of the three carbohydrase EP, the total enzy-
matic concentration and the extraction time — using
experimental designs for the maximization of the
recovery yield of the enzymatic aqueous extraction
process of agai oil from wet decocts using exclusive-
ly carbohydrase EP.

2. MATERIALS AND METHODS

2.1. Raw material

E. oleracea fruits were collected in Abactetuba
(Para State, Brazil) in the middle of the harvest pe-
riod (GPS coordinates 1°46°42” S-48°51°07” W).
Once collected, the fruits were taken to the laboratory,
washed under tap water, and softened in water at 40
°C for 1 hour. Then, the softened fruits were pulped
by manual friction using sieves. Small pieces of the
surrounding pulp of the fruits, with an average size of
0.65 cm, commonly called “decocts”, were obtained.
Lastly, the decocts were stored at -20 °C until the EAE
experiments were performed.

2.2. Raw material characterization

The dry matter content of the decocts was deter-
mined according to the NFTA Method 2.1.4 (AOAC
Official Method 935.29 & 945.15) by drying the man-
ually-milled wet decocts in a drying and sterilizing
stove (SOLAB SL-100, Sao Paulo, Brazil) at 105 °C
for 3 hours (or until constant weight). The result was
expressed as the ratio between the mass of water and
the total mass of the wet decocts (%, w.b.).

The lipid content of the decocts was determined
according to the AOAC Official Method 945.16, by
submitting milled dry decocts to Soxhlet extraction
(SOLAB SL 145/6, Sao Paulo, Brazil) using-petro-
leum ether at 60 °C for 3 hours. The result was ex-
pressed as the ratio between the mass of lipid and the
total mass of the dry decocts (%, d.b.).

2.3. Enzymatic preparations

The three commercial EP (LNF Latino Americana,
Rio Grande do Sul, Brazil), were selected according
to the conclusions of Ferreira e al. (2018):
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a. Celluclast 1.5 L (C): mixture of three synergistic
sub-enzymes, namely exo-p-1,4-glucanase (major
component), endo-f-1,4-glucanase and -1,4-glu-
cosidase, 700 EndoGlucanase Units (EGU)/g;

b. Viscozyme L (V): multi-component carbohydrase
containing endo-1,3(4)-B-glucanase (major com-
ponent), xylanase, cellulase and hemicellulose,
100 Fungal Beta Glucanase Units (FBG)/g;

c. Ultrazym AFP-L (U): mixture of endopolygalac-
turonase (major components), endo-pectin lyase,
and cellulase, 3000 Pectinase Units (PECTU)/ml.

2.4. EAE process of acai oil

The methodology for the EAE process of acai
oil was based on and adapted from Nascimento et
al. (2008). Each essay was performed using 100 g
of thawed wet acai decocts. They were thermally
pretreated at 70 °C for 1 min using a domestic food
steamer (Walita / Philips Jamie Oliver R19132/01,
Sao Paulo, Brazil) with the aim denaturing the en-
dogenous enzymes and partially cleave the lignin.
Then, the decocts and 240 mL of distilled water at
ambient temperature (wet decocts: water = 1:2.5
(w:w)) were transferred to a 600 mL beaker sealed
with aluminum foil. The three EP were inserted se-
quentially using a micropipette in the proportion and
the total enzymatic concentration according to the
experimental designs. A set of triplicate essays was
performed without the addition of EP, considered as
the negative control.

For the incubation step, the beaker was incubated
at 50 °C under orbital agitation of 100 rpm in a shaker
(SOLAB SL-222, Sao Paulo, Brazil) during an extrac-
tion time fixed according to the experimental designs.
After the incubation, the beaker was cooled in a bath
with ice cubes until reaching ambient temperature.

For the solid-liquid separation step, the beak-
er was left for approximately 24 hours at ambient
temperature in order to obtain natural separation of
the solid cake (i.e. fibers and high density proteins),
the aqueous-proteic phase (i.e. water and low den-
sity proteins) and the lipid phase (i.e. oil droplets
dispersed on the surface, optionally in protein emul-
sion). Note that this step may also be realized using
a centrifuge lab equipment. The liquid phases (i.e.
aqueous-proteic and lipid phases) were then trans-
ferred to another smaller beaker.

For the liquid-liquid separation step, about 20
mL of n-hexane (Dindmica, Sao Paulo, Brazil) was

added onto the surface with a micropipette in order
to favor, on the one hand, the separation of the li-
pid phase from the aqueous-proteic phase, and on
the other hand, the agglomeration of all oil droplets.
This strategy was selected as a reference standard-
ized technique at laboratory scale with the aim of
focusing only on the effect of the carbohydrase EP
(i.e. avoid the use of peptidases) and to allow for the
most precise analytical quantification of the extract-
ed oil. Then, the supernatant organic-lipid phase was
separated from the aqueous-proteic phase using a
micropipette and transferred to a 100-mL previously
weighed beaker.

This beaker was incubated (at 100 °C for 15
hours) in a drying and sterilizing stove (SOLAB SL-
100, Sao Paulo, Brazil), until constant oil weight (i.e.
complete evaporation of the n-hexane), then stored
in a desiccator until reaching ambient temperature.
Eventually, the mass of the extracted oil was deter-
mined by the gravimetric method, using an Analyt-
ical balance (SHIMADZU UniBloc AUY 220, Sao
Paulo, Brazil).

The efficiency of the extraction method, i.e. the
oil recovery yield, hereafter called yield (expressed
in percentage), was calculated by the ratio between
the mass of the oil extracted from 100g of wet de-
cocts by the EAE process, and the mass of the total
lipid content in 100 g of wet decocts obtained by the
reference Soxhlet method (considered as the positive
control).

2.5. Experimental designs

The identification of the optimal values for the
parameters was made through two experimental
designs: a three-component Simplex-Lattice Mix-
ture Design for the proportion of the three EP and
a two-factor Central Composite Design for the to-
tal enzymatic concentration and the extraction time.
The ranges of values were determined according to
the literature (using scopus data base) related to the
EAE process for vegetable oils.

2.6. Three-component simplex-lattice mixture design

The effect of the proportion of the three EP on
the yield was studied using a three-component aug-
mented Simplex-Lattice Mixture Design. The total
enzymatic concentration and the extraction time
were fixed at 3% and 4 hours, respectively. Our ma-
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trix was carried out with the following 5 coded (and
uncoded) levels: 0 (0%), 0.33 (33.3%), 0.5 (50%),
6.6 (66.6%) and 1 (100%). The experimental design
presents 15 experimental points, in which 3 are sin-
gle EP essay treatments (essays 1-3), 9 are two-EP
mixture essays (i.e. mid-points, essays 4-12) and 3
are three-EP mixture essays (i.e. central point per-
formed in triplicate, essays 13-15) (see Table 1).

2.7. Two-factor central composite design

The effect of the total enzymatic concentration
and the extraction time on the yield was studied us-
ing a two-factor Central Composite Design 22 with o
= 1.41. Our matrix was carried out with the follow-
ing 5 coded levels: -1.41, -1, 0, 1, and 1.41. The to-

tal enzymatic concentrations investigated were: 0.5,
1.08, 2.5, 3.9, and 4.5% (w:w), and the extraction
times studied were: 2, 3.5, 7, 10.5 and 12 hours (see
Table 2). The central point (2.5% and 7 hours) was
performed in triplicate.

2.8. Statistical analysis

The experimental designs and statistical analysis
of the data were performed using the STATISTI-
CA software version 7.0 (Statsoft Inc., Oklahoma,
USA). The significance of the models and the co-
efficient estimates of the factors were evaluated by
Analysis of Variance (ANOVA) with a significance
level of 5% (o = 0.05). The optimization was per-
formed using the Response Surface Methodology.

TasLE 1. Three-component augmented Simplex-Lattice Mixture Design: matrix of the proportion (expressed in ratio) of the three EP
(enzymatic preparations: C = Celluclast 1.5 L, U = Ultrazym AFP and V = Viscozyme L), results of the EAE (Enzymatic Aqueous Extrac-
tion) oil recovery yield (expressed in %) and comparison with Ferreira et al. (2018).

Ratio EAE oil recovery yield (%)
Essay n° C U A% Our work Ferreira et al. (2018) *
Negative Control 0 0 0 29.51£5.92'% 34.91+11.81
1 1 0 0 42.04 41.52+4.31 "
2 0 1 0 39.14 47.71£11.72°
3 0 0 1 37.40 46.19+8.31°
0.5 0.5 0 47.08 55.02+13.73
5 0.5 0 0.5 45.64 56.20+9.81 **
6 0 0.5 0.5 28.56 46.81+6.15 ™
7 0.33 0.66 0 42.74
8 0.66 0.33 0 50.43
9 0.33 0 0.66 42.96
10 0.66 0 0.33 45.56
11 0 0.33 0.66 36.05
12 0 66.6 0.33 26.64
13 0.33 0.33 0.33 51.25
14 0.33 0.33 0.33 56.81 63.78+3.01
15 0.33 0.33 0.33 49.93

The essays were performed using a total enzymatic concentration of 3% and an extraction time of 4 hours. The experimental design pre-
sents 15 experimental points, in which 3 are single EP essay treatments (essays 1-3), 9 are two-EP mixture essays (i.e. mid points, essays
4-12) and 3 are three-EP mixture essays (i.e. central point performed in triplicate, essays 13-15).

$The results are presented as the mean value of triplicate + standard deviation.

* At a total enzymatic concentration of 1%.
**At a total enzymatic concentration of 2%.
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TaBLE 2. Two-factor Central Composite Design: matrix of the total enzymatic concentration (expressed in %) and the extraction time
(expressed in hours) and results of the EAE (Enzymatic Aqueous Extraction) oil recovery yield (expressed in %).

Total enzymatic

Extraction time EAE oil recovery yield

concentration
Essay n° (%) (hours) (%)
1 1.08 3.5 45.86
2 1.08 10.5 54.39
3 3.9 3.5 57.61
4 3.9 10.5 59.24
5 0.5 7 48.44
6 4.5 7 48.12
7 2.5 2 50.36
8 2.5 12 60.19
9 2.5 7 58.92
10 2.5 7 56.72
11 2.5 7 57.01

The essays were performed using the 0.49:0.25:0.28 ternary mixture of Celluclast 1.5 L, Viscozyme L Ultrazym AFP-L, respec-
tively. The experimental design presents 11 experimental points in which the central point (2.5% and 7 hours) was performed in

triplicate (i.e. essays 9-11).

3. RESULTS AND DISCUSSION

3.1. Raw material characterization

The decocts presented a dry matter content
ranging from 45.14 + 0.33% to 46.50 + 0.51%
w.b. This result is in agreement with those ob-
tained (but not presented) by Ferreira et al. (2018)
with an average of 50.98% w.b. at the beginning
and 45.5% w.b. at the middle of the harvest. No
other comparison was possible with the literature
because all the authors work from the pre-pro-
cessed pulp, mainly aqueous juice.

The decocts used throughout our work showed
a high variation in the total lipid content, which
ranged from 15.20 £ 0.23% to 24.30 £ 0.61% d.b.,
with an average value of 18.82 = 3.6% d.b.. This
variation in the total lipid content can be justified
by the heterogeneity of the vegetable raw mate-
rial, which may have presented variations in its
composition depending on the harvest and the ex-
traction moment itself (Bichara and Rogez, 2011).
Our results are slightly lower than those obtained
(but not presented) by Ferreira et al. (2018), with
an average of 28.33% d.b. and 22.45% d.b., at the

beginning and in the middle of the harvest, respec-
tively. These values are significantly lower than
those obtained from acai juice by Nascimento et
al. (2008) with 42.6% d.b., Batista et al. (2016)
with 45.4% d.b. and Silva et al. (2019) with 49-
57%. It is worth mentioning that there are more
fiber contents in the decocts than the juice, con-
tributing to the reduction in the total lipid content
of the decocts compared to the juice.

3.2. Negative and positive control

Considering the mathematical expression of
the yield used in our paper, the yield of the posi-
tive control (i.e. using the AOAC Official Method
945.16) was 100%, while the yield obtained ex-
perimentally of the negative control (i.e. using the
EAE process without EP, with an extraction time
of 4 hours) was 29.51 £ 5.92%. This result is sim-
ilar to the one obtained by Ferreira et al. (2018)
under the same conditions with 34.91 £ 11.81%
(see Table 1). Note that the yields of the negative
control are similar to those obtained by other au-
thors who studied the EAE process for oil from
different vegetable matrices (see Table 3).
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3.3. Three-component augmented Simplex-Lat-
tice Mixture Design

The matrix of the experimental design and the
results of the three-component augmented Sim-
plex-Lattice Mixture Design for the maximization
of the yield as a function of the proportion of the
three EP is presented in Table 1. One can easi-
ly observe a significant increase in these yields,
whatever the proportion used, compared to the
negative control.

Our experimental results can be directly com-
pared with the ones obtained by Ferreira et al.
(2018), who studied the effect of these three EP
individually and in combination using iso-enzy-
matic proportion at an individual enzymatic con-
centration of 1%, on the yield of the oil extracted
from acai wet decocts. One can observe that our
results, all obtained at an enzymatic concentration
of 3%, are slightly lower (see essays 1-3, essays
4-6 and essays 13-15, Table 1). One can observe
a variability in our results at the central point (see
essays 13-15, Table 1), with an average experi-
mental yield of 52.63 + 3.66%. Such variability
may be explained by the use of biological mate-
rials, and the independent repetition of all the es-
says. Note also that the central point provides the
maximum experimental yield.

Model fitting. The fitting of the different or-
der models (i.e. linear, quadratic or cubic) to the
experimental results of the yields showed that the
cubic was the most appropriate one. In particular,
the low global p-value (< 0.0028) indicated that
the model was significant, the high R? (> 0.90)
was satisfactory to validate the significance of the
model, the high R2adj (> 0.83) showed a good rela-
tionship between the experimental data and the fit-
ted model and the high lack-of-fit p-value (> 0.6)
indicated that the model seemed to accurately fit
the experimental data. The significant coefficients
(p-value < 0.05) of the factors of the cubic model
are those of the linear effects (p-value < 0.0001),
followed by the cubic effect (p-value = 0.0026),
and the quadratic effect between Ultrazym AFP-L
and Viscozyme L (p-value = 0.0415).

Optimal value of the proportion of the three
enzymatic preparations. The optimal value of the
proportion of the three EP for predicted maximum
yield was determined by Response Surface Meth-
odology. In particular, the contoured response sur-

face using the special cubic model clearly showed
that the highest yields were achieved with enzymat-
ic mixtures containing more than 25% of Celluclast
1.5L (see red colored region in Figure 1). Accord-
ing to the prediction profiling, the judicious propor-
tion of the three EP which maximized the yield was
45.9% of Celluclast 1.5 L, 25.3% of Viscozyme L
and 28.8% of Ultrazym AFP-L (see red vertical line
that indicated the optimal value of each EP, in Fig-
ure 2). In these conditions, the predicted maximum
yield was 54.07 £ 8.91%. Note that this value is
comparable to the maximum yield obtained experi-
mentally (see essays 13-15, Table 1).
Understanding of the enzymatic phenomena.
Our results demonstrate that Celluclast 1.5L allowed
for obtaining higher yield than using Viscozyme L or
Ultrazym AFP-L (see essays 1-3 in Table 1). This can
be explained by the fact that endo-enzymes random-
ly cleave internal bonds of the polymer chain, while
exo-enzymes act on the end of the polymer chain.
In particular, exo-glucanase (e.g. Celluclast 1.5 L) is
essential in the breakdown of crystalline cellulose,
and is considered an “input enzyme” for the releas-
ing of oil contained in the vegetable cell (Dominguez
et al. 1994). However, due to the overlapping of the

v

0.00 0.25 0.50 0.75 1.00

FiGure 1. Contoured Response Surface of the EAE (Enzymatic
Aqueous Extraction) oil recovery yield (expressed in %) as a
function of the ratio of the three EP (enzymatic preparations: C =
Celluclast 1.5 L, U = Ultrazym AFP and V = Viscozyme L) using
the cubic model for the three-component augmented Simplex-Lat-
tice Mixture Design.

The assays were performed using a total enzymatic concentration
of 3% and an extraction time of 4 hours. The experimental design
presents 15 experimental points, in which 3 are single EP essay
treatments (i.e. vertex of the triangle), 9 are two-EP mixture essays
(i.e. on the edges of the triangle) and 3 are three-EP mixture essays
(i.e. central point performed in triplicate).
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FiGURE 2. Prediction profiling (with prediction intervals) and desirability function of the EAE (Enzymatic Aqueous Extraction) oil reco-
very yield (expressed in %) as a function of the ratio of the three EP (enzymatic preparations: C = Celluclast 1.5 L, U = Ultrazym AFP and
V = Viscozyme L) using the cubic model of the three-component augmented Simplex-Lattice Mixture Design. The essays were performed

using a total enzymatic concentration of 3% and an extraction time of 4 hours.

different polymers of the vegetable cell wall, the ac-
cessibility of Celluclast 1.5 L to its specific substrate
is intrinsically low. Therefore, enzymatic mixtures
containing other class-type enzymes, in particular
endo-enzymes, are more competitive. Our results
clearly demonstrate that the enzymatic mixtures of
two EP containing Celluclast 1.5L with Viscozyme
L or Ultrazym AFP-L show yields higher than those
obtained with the use of only one EP (see essays 4-5,
7-10 in Table 1, and red color region in Figure 1).
This finding can be explained by the fact that these
two endo-enzymes easily and randomly act on dif-
ferent polysaccharides of the vegetable cell wall, and
in particular generate ends of cellulose chain for the
subsequent action of Celluclast 1.5L (Silvamany and
Jahim, 2015). On the other hand, as already pointed
out by Ferreira et al. (2018), the essays carried out
without Celluclast 1.5 L are considered non-advan-
tageous as showing yields lower than those obtained
with the use of only one EP (see essays 6, 11-12 in
Table 1, and green color region in Figure 1).
Comparison with the literature. Some papers
have already studied the effect of several EP, includ-

ing cellulase, hemicellulase and/or pectinase, indi-
vidually and in combination (using iso-enzymatic
proportion), on the yield of the oil extracted by the
EAE process from different vegetable matrices, us-
ing similar values for the enzymatic concentration
and extraction time to ours (see e.g. Abdulkarim et
al., 2006; Zhang et al., 2007; Tabtabei and Diosady,
2013; Mai et al., 2013, and Ferreira et al., 2018, Ta-
ble 3). As observed, the results obtained by these
authors are of the same order as those obtained in
our work. Most of authors pointed out that the cellu-
lase and the pectinase are among the main enzymes
which contribute to increasing the yield. Moreover,
most of the papers concluded that a synergetic action
of the different EP on the vegetable cell wall is nec-
essary to maximize the release of oil.

However, to our knowledge, the literature pre-
sents very few works related to the optimization of
enzymatic mixtures for the aqueous extraction of
oil by employing a Simplex-Lattice Mixture De-
sign. One can cite the papers of Dela Cruz et al.
(2007) and Silvamany and Jahim (2015) (see Table
3). More specifically, Dela Cruz et al. (2007) ob-
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served that ternary mixtures did not provide signifi-
cantly higher yields than binary mixtures, and con-
cluded that the maximum yield was achieved using
a 1:1 binary mixture of xylanase and cellulose (or
amylase). Silvamany and Jahim (2015) showed that
maximum experimental yield was acheived using
a 1:1:1 ternary mixture of cellulase, hemicelulase
and pectinase, an a maximum predicted yield with
ratio 0.46:0.34:0.2 (celulase : hemicelulase : pecti-
nase). Such an enzymatic proportion is very similar
to that obtained in our work.

3.4. Two-factor Central Composite Design

Table 2 shows the matrix of the experimental de-
sign and the results of the two-factor Central Com-
posite Design for the maximization of the yield
as a function of the total enzymatic concentration
and the extraction time, using the 0.49:0.25:0.28
ternary mixture of Celluclast 1.5 L, Viscozyme L
and Ultrazym AFP-L, respectively. Once more, one
can observe a variability in the results at the cen-
tral point (i.e. total enzymatic concentration: 2.5%,
extraction time: 7 hours) (see essays 9-11, Table
2), with an experimental average yield of 57.55 +
1.19%. One can observe that the results obtained
for the essays realized with a total enzymatic con-
centration of 2.5% and extraction times of 2 and 7
hours (see essays 7 and 9-11, Table 2) are coher-
ent with the one predicted by the previous model
for a total enzymatic concentration of 3% and an
extraction time of 4 hours. Note that the highest
experimental result was obtained for essay 8, with
60.19%, performed using a total enzymatic concen-
tration of 2.5% and an extraction time of 12 hours.

Model fitting. The fitting of the different order
models (i.e. including linear, quadratic or interaction
effects, and their combination) to the experimental
results of the yields showed that the simpler second
order models (i.e. that combine the linear & quadratic
effects) were the most appropriate ones. In particular,
they are characterized by the lowest global p-value
(< 0.08), the highest R? (> 0.75), the highest R2adj =
0.59), and the highest lack-of-fit p-value > 0.08. This
is considered a good result in view of the great varia-
bility in handling biological raw materials. The most
significant coefficients (p-value < 0.05) of the factor
of the second order model are those of the quadratic
effect (p-value = 0.015) of the total enzymatic concen-
tration and the linear effect (p-value = 0.019) of the

extraction time, followed by the linear effect (p-value
=(0.041) of the total enzymatic concentration.

Optimization of the total enzymatic concentra-
tion and extraction time. The optimal values for the
two factors for predicted maximum yield are identi-
fied by Response Surface Methodology. One can eas-
ily observe the quadratic effect of the total enzymatic
concentration and the linear effect of the extraction
time on the yield (see contoured response surface in
Figure 3). According to the prediction profiling, the
values for the total enzymatic concentration and the
extraction time which maximized the yield are 2.85%
and 10.9 hours, respectively (see red vertical line that
indicates optimum value for each factor, in Figure 4).
In these conditions, the predicted yield was 60.55 +
5.98%. Note that this value is similar to the maximum
yield obtained experimentally (see essay 8, Table 2).

As the optimized extraction time lies at the upper
extremity of the range of values, some more inde-
pendent essays were performed in triplicate using
extraction times of 8, 12 and 16 hours in order to sta-
tistically compare the experimental yields obtained.
The results (57.55+1.19%, 57.28 £2.77% and 56.03
+ 1.43%, respectively) were analyzed by Analysis of
Variance (ANOVA) with a significance level of 5%
(o= 0.05) and show that there is no statistical differ-
ence between the results (p-values > 0.05).

Extraction ti me (hours)
~
P

2.50

Total enzymatic concentration (3}

FiGure 3. Contoured Response Surface of the EAE (Enzymatic
Aqueous Extraction) oil recovery yield (expressed in %) as a func-
tion of the total enzymatic concentration (expressed in %) and the
extraction time (expressed in hours) using the second order model

for the two-factor Central Composite Design.
The essays were performed using the 0.49:0.25:0.28 ternary mixtu-
re of Celluclast 1.5 L, Viscozyme L Ultrazym AFP-L, respectively.
The experimental design presents 11 experimental points in which
the central point (2.5% and 7 hours) was performed in triplicate.
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FIGURE 4. Prediction profiling and desirability function of the EAE (Enzymatic Aqueous Extraction) oil recovery yield (expressed in %)
as a function of the total enzymatic concentration (expressed in %) and extraction time (expressed in hours) using the second order model
for the two-factor Central Composite Design. The essays were performed using the 0.49:0.25:0.28 ternary mixture of Celluclast 1.5 L,
Viscozyme L Ultrazym AFP-L, re

Understanding of the enzymatic phenomena.
As pointed out previously, the yield is significantly
influenced by the quadratic effect of the total enzy-
matic concentration. The yield was enhanced when
the total enzymatic concentration increased, because
the enzymatic mixture of the three EP hydrolyzed
the different polymers of the vegetable cell wall,
which enable the release of the oil. However, once
the total enzymatic concentration reached the maxi-
mum value, the yield slightly decreased with further
increase in the total enzymatic concentration. This
may be explained by possible enzyme aggregation
caused by excess enzymes, which restricted their in-
dividual flexibility and activity, by the accumulation
of intermediate products which inhibit the enzymat-
ic activity, or by the stabilization of a fat emulsion
in water by the enzymes which act as protein sur-
factants. Regarding the extraction time, the statisti-
cal treatment pointed out the significant linear effect
of the extraction time, but the prediction profiling,
the desirability function and the extra experimen-
tal essays showed that an increase in the extraction
time up to 12 hours did not provide a significantly

(o= 0.05) higher yield compared to 8 hours. Some
authors explained that a long extraction time might
contribute to the depletion of the substrates and/
or the product inhibition of enzymes (Zhang et al.,
2007; Li et al., 2011), to a partial inactivation of
the enzyme and/or to the adsorption of the oil onto
the remaining solid fraction, or to the liberation of
cellular components including phospholipids, gly-
colipids, and proteins, which form lipid—protein ag-
gregates and emulsion stabilization (Nguyen et al.,
2020), consequently reducing the yield.

Comparison with the literature. Some papers
have already used experimental designs for the
identification of the optimal values of the total
enzymatic concentration and the extraction time
(among others) for the maximization of the yield of
the oil extracted by the EAE process from different
vegetable matrices, using cellulase, hemicellulase
and/or pectinase (see Table 4).

Regarding the total enzymatic concentration, Xie
et al. (2011), Mai et al. (2013), Nguyen et al. (2020)
and Liu ef al. (2020) also observed the significant
quadratic effect of the total enzymatic concentra-
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tion on yield. Other papers (Abdulkarim et al. 2006;
Zhang et al. 2007 and Womeni et al., 2008) showed
a stabilization of the yield above a value of total en-
zymatic concentration (see Total enzymatic concen-
tration (%), Table 4).

Regarding the enzymatic time, Zhang et al.
2007, Womeni et al. 2008, Xie et al. 2011, Mai et
al. 2013 and Nguyen et al. 2020 also pointed out
the significant linear effect of the extraction time,
even if they showed that an increase in the extrac-
tion time up to the predicted optimal value did not
provide a significant higher yield. This was also
the conclusion of the papers of Abdulkarim et al.
(2006); Zhang et al. (2007) and Liu et al. (2020)
(see Extraction time (hours), Table 4).

4. CONCLUSIONS

In the present work, an efficient and sustainable
enzymatic aqueous extraction process for agai oil is
suggested. Its particularities are to perform the ex-
traction from “in nature” wet agai decocts and us-
ing exclusively carbohydrases. Three enzymatic
aqueous extraction parameters (i.e. proportion of
three commercial carbohydrase enzymatic prepara-
tions, total enzymatic concentration and extraction
time) were optimized using two successive Experi-
mental Designs coupled to Response Surface Meth-
odology. Under the optimum conditions identified
(0.49:0.25:0.28 ternary mixture of Celluclast 1.5 L,
Viscozyme L and Ultrazym AFP-L, total enzymatic
concentration: 2.85%, extraction time: 10.9 hours),
the highest oil recovery yield of 60.55 + 5.98% was
estimated. This process allows satisfactory yields
compared to conventional extraction methods, with
the advantage of being carried out under environ-
mentally-friendly conditions. Moreover, this tech-
nique is relatively accessible and easily implantable
by Amazonian communities, and could help to cre-
ate new market opportunities.
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