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A B S T R A C T

The aim of this work was to produce an extract rich in different bioactive compounds from Arbutus unedo L. fruits
to enhance its possible valorization and commercialization. The conditions of the main variables of maceration,
microwave, and ultrasound assisted extractions (MA, MAE and UAE, respectively) were optimized and compared
in terms of its composition (based on the total material extracted, total content in carbohydrates, phenolic and
flavonoid compounds) and its preservative potential (based on the response of four in vitro antioxidant assays).
The key variables of each extraction technique (time, temperature or power and hydroalcoholic mixture) were
evaluated by specific experimental designs using response surface methodology. Mathematical models were
developed and numerical optimal values for each extraction technique and response were achieved. Regarding
the extraction of target compositional compounds, MAE was the most efficient, closely followed by MA. In terms
of its preservative potential, MAE was the most suitable solution, but MA gave similar results at lower tem-
peratures (~90 °C). Globally, MA and MAE were the best options conducting to optimal solutions using reduced
amounts of ethanol. UAE required higher ethanol contents (~60%). The results showed alternatives to obtain
extracts of A. unedo fruits, supporting their potential to be exploited at industrial level.

1. Introduction

The strawberry tree (Arbutus unedo L.) is a plant native of the
Mediterranean, producing berries with a high nutritional value due to
its rich content in sugars (Ayaz, Kucukislamoglu, & Reunanen, 2000;
Barros, Carvalho, Morais, & Ferreira, 2010; Miguel, Faleiro, Guerreiro,
& Antunes, 2014; Özcan & Hacıseferoğulları, 2007; Pinela, Barros,
Carvalho, & Ferreira, 2012). In addition, the fruit's composition in-
cludes other bioactive components such as phenolic compounds, vita-
mins and carotenoids that have been related with their strong pre-
servative properties (Albuquerque et al., 2016; Barros et al., 2010;
Fattore et al., 2016; Guimarães et al., 2014; Montesano, Cossignani,
D'Arco, Simonetti, & Damiani, 2006). In this context, the incorporation
of this non-industrialized fruit in commercial products would allow the

replacement of synthetic additives such as preservatives, enhancing the
nutritional value of the product while providing a sweet perception.

Natural preservatives can be obtained from floral parts of plants,
fruit juices and mushrooms due to their high content in bio-molecules
with strong antioxidant potential (Carocho, Barreiro, Morales, &
Ferreira, 2014; Carocho & Ferreira, 2013; Naziri, Nenadis,
Mantzouridou, & Tsimidou, 2014). The use of natural preservatives,
instead of artificial ones, is perceived by consumers as a beneficial step
towards a healthier food-lifestyle. As so, in the last decade, the nu-
traceutical market has increased the demand for the production and
incorporation of natural preservatives in a wide range of products
trying to satisfy these requirements (Ahmad, Ashraf, Ahmad, Ansari, &
Siddiquee, 2011; García-Moreno et al., 2014). However, as any change,
this “healthy revolution” in the type of additives applied in of the food
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market is suffering a delay, partly due to the adaptation needed in the
industrial sector. One of the relevant problems is the multifaceted
processes needed to obtain bioactive compounds for the formulation of
more natural additives (Bursać Kovačević et al., 2018). The production
of these additives includes labor-intensive steps such as the matrix se-
lection and separation, and industrial processes such as drying, ex-
traction, separation and purification. Although all of them are known to
contribute to the functional quality, the extraction process has been
pointed out as the core step in the production process of natural ad-
ditives (Belwal, Bhatt, Rawal, & Pande, 2017; Montesano et al., 2008;
Naviglio, Montesano, & Gallo, 2015; Zhu et al., 2016).

The current goal is to design extraction processes that combine
reasonable energy requirements with short times and reduced use of
solvents (particularly organic solvents), maintaining the extraction ef-
ficiency of conventional solid-liquid extractions such as the Soxhlet
system and the simplicity of the maceration extraction (ME)
(Meullemiestre, Petitcolas, Maache-Rezzoug, Chemat, & Rezzoug, 2016;
Pinela et al., 2016; Wang & Weller, 2006). Thus, non-conventional
extraction techniques as microwave-assisted extraction (MAE) (Belwal
et al., 2017; Périno, Pierson, Ruiz, Cravotto, & Chemat, 2016; Simić
et al., 2016) and ultrasound-assisted extraction (UAE) (Heleno et al.,
2016; Meullemiestre et al., 2016; Tomšik et al., 2016) are being applied
to obtain valuable nutritional and bioactive compounds from natural
matrices. Academic and industrial sectors are joining efforts to report
and compare the advantages and disadvantages of using these ap-
proaches, namely the impact on target matrices. In comparison with
other techniques, MAE causes acceleration of the extraction process and
reduction of solvent consumption, improving matrix deconstruction,
thus promoting the release of larger amounts of compounds (Baiano,
Luisa, Carmela, Contò, & Del Nobile, 2014; Choi et al., 2011). UAE is
one of the preferable alternative methods due to the cavitation effect
caused that allows to reduce the solvent needed increasing the release
of the desired compounds with low energy requirements
(Meullemiestre et al., 2016; Zhu et al., 2016).

However, as recurrently reported (Galanakis, 2012; Tomšik et al.,
2016), these alternative techniques accelerate the degradation rate of
nutritional and bioactive compounds, which are affected by the in-
trinsic variables of each system. Thus, in MAE and ME systems the re-
levant variables are time (t), temperature (T) and the ethanol content in
the hydroalcoholic mixture (S), whereas in UAE the T remains constant,
being the key variables to consider t, ultrasound power (P) and S. The
patterns and interactions of these variables are crucial for the success of
the extraction process of nutritional or bioactive compounds
(Albuquerque et al., 2016; Heleno et al., 2016; Pinela et al., 2016;
Tomšik et al., 2016), but its analytical solution is complex and requires
intensive laboratory efforts with a high number of experimental com-
binations of the involved variables. These problems can be minimized
by using response surface methodology (RSM), a statistical tool used to
predict the optimum experimental conditions that maximize or mini-
mize, individually or simultaneously, one or various independent
variables (Bezerra et al., 2008; Ferreira et al., 2007; Wong et al., 2015).

Thereafter, the goal of this work was to optimize the conditions of
ME, MAE and UAE techniques by applying a RSM design with the ob-
jective to produce an extract from A. unedo fruits rich in useful bio-
compounds in terms of its compositional and potential preservative
features. The following characterizations were used to support the re-
sponse criteria of the combinatory variable's conditions generated by
the RSM design for each technique: (1) In terms of its composition, the
extraction yield of the material produced, total sugars, phenolic and
flavonoid contents; (2) In terms of its preservative potential, the activity
determined through the concentration-time response according to four
methods; two single electron transfer (SET) assays (the ABTS and DPPH
in vitro assays, which are able to measure the global scavenging capa-
city of non-natural radicals), and two hydrogen atom transfer (HAT)
assays (the β-carotene and crocin bleaching methods that use natural
reaction radical species appropriate for the evaluation of antioxidant

properties of lipophilic and hydrophilic components, respectively).
From the performed analyses several outcomes were defined: 1) to

link each of the used extraction techniques to the individual conditions
providing the highest ability to extract the target compounds or to
maximize the preservative potential, as defined in the used response
criteria; 2) to determine the optimal global extraction conditions among
the used techniques (ME, MAE and UAE) having in view the production
of a A. unedo fruits extract with maximized properties in terms of
composition and preservative potential; 3) to propose diverse combi-
nations of extraction conditions and techniques in order to maximize
the response criteria in individually or relative terms assembled as a
function of a desired purpose; and 4) to link the most promising max-
imization criteria (global, individual or relative) to obtain an anti-
oxidant extract from A. unedo fruits for its incorporation in food-related
products.

2. Materials and methods

2.1. Source material

The fruits of A. unedo L. (strawberry tree) from Ericaceae were
gathered in the Natural Park of Montesinho territory, in Trás-os-
Montes, North-eastern Portugal. The botanical identification was con-
firmed by Dr. Ana Maria Carvalho (School of Agriculture, Polytechnic
Institute of Bragança, Trás-os-Montes, Portugal) according with a pre-
vious report of the authors (Guimarães et al., 2013). The fruits were
lyophilized (FreeZone 4.5, Labconco, Kansas City, MO, USA) and stored
in a deep-freezer at −20 °C for subsequent analyses.

2.2. Standards and reagents

Water was treated in a Milli-Q water purification system (TGI Pure
Water Systems, Greenville, SC, USA). All the chemicals and solvents
were of analytical grade and purchased from common suppliers.

2.3. Extraction techniques

2.3.1. Maceration extraction (ME)
The lyophilized powdered fruit samples (1 g) were placed in a

beaker with 20mL of the required solvent and placed in a thermostatic
water bath, at the defined temperature, under continuous electro-
magnetic stirring during the required extraction time. The variables and
ranges tested were: time (t or X1, 20 to 150min), temperature (T or X2,
20 to 90 °C) and ethanol content (S or X3, 0 to 100%).

2.3.2. Microwave-assisted extraction (MAE)
MAE process was performed using a Biotage Initiator Microwave

(Biotage® Initiator+, Uppsala, Sweden) using closed vessels. The lyo-
philized powdered samples (1 g) were extracted with 20mL of solvent.
In microwave systems, the pressure and T are correlated and the ap-
plied power is linked to the needed t to reach the selected T or pressure.
In consequence, T was selected as the main variable and the microwave
power was set to 400W. Under the selected conditions, the needed t to
reach the selected T was always< 20 s, thus guarantying a fast heating
process (this time can be neglected face to the studied extraction time
range). Therefore, the final variables and ranges tested were: t (X1, 1.6
to 45 min), T (X2, 50 to 145 °C) and S (X3, 0 to 100 %).

2.3.3. Ultrasound-assisted extraction (UAE)
The UAE was carried out in an ultrasonic device (QSonica sonica-

tors, model CL-334, Newtown, CT, USA). The lyophilized powdered
samples (2.5 g) were extracted with 50mL at different times (t or X1, 5
to 55min), power ranges (P or X2, 100 to 400W) and ethanol content (S
or X3, 0 to 100 %), while temperature was monitored in order to be
below 30–35 °C.
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2.4. Extract isolation and purification

The collected extracts were filtered (Whatman paper filter n° 4) and
then dried at 40 °C in a rotary evaporator Büchi R-210 (Flawil,
Switzerland). For purification, a C18 SepPak® Vac 3 cc cartridge
(Phenomenex) was used. After being activated with ethanol followed by
water; sugars and more polar substances were removed by passing the
column with 10–20mL of water. Then the purified extract was further
eluted with 10–15mL of ethanol. The purified extract was dried at 40 °C
to remove the ethanol and re-dissolved at known concentration.

2.5. Evaluation of compositional parts of the extracted material

- Residue material extracted (R) per gram of fruit (mg R/g F dw), was
determined following the procedure reported by Mortensen et al.
(1989). Briefly, the water content of the sample was evaporated at
80 °C followed by a heating process at 104 °C until a constant weight
was reached.

- Total carbohydrate content (TS) was determined by the phenol-
sulphuric acid method using glucose as standard (Dubois, Gilles,
Hamilton, Rebers, & Smith, 1956; Strickland & Parsons, 1968) and
expressed in mg per g of R (mg/g R).

- Total phenolic content (TPC) was determined by the Folin-Ciocalteu
method with some modifications (Pereira, Barros, Carvalho, &
Ferreira, 2011) using gallic acid as standard and expressed as mg of
gallic acid equivalents (GAE) per g of R (mg GAE/g R).

- Total flavonoid content (TFC) was determined by a colorimetric
method as described by the authors (Barros et al., 2010) using ca-
techin as a standard, and expressed as mg of catechin equivalents
(CE) per g of R (mg CE/g R).

2.6. Determination of the individual time-dose antioxidant capacity for SET
and HAT assays

SET (DPPH and ABTS) and HAT (β-Carotene and Crocin) assays are
rapid methods in which the indicator and radical species of the reaction
can be adjusted to extend or shorten the time of the reaction. These
assays are measured at a fixed time to evaluate the color change of the
reaction. The initially chosen fixed points have a relevant impact on the
obtained final results (Huang, Ou, Prior, & Ronald, 2005; Prieto,
Vázquez, & Murado, 2014). Therefore, in SET and HAT assays, to avoid
generating inconsistent responses, an intermediate approach for quan-
tification of the antioxidant responses was used (Prieto et al., 2014b;
Arts, 2004). The non-linear kinetic reactions were summarized by a
standardized format in area units and the dose-response results of this
area units were analyzed by a mathematical model. Other methodolo-
gical procedures of those methods were kept as described in literature.
Stock solutions, experimental procedure and quantification of the re-
sults are briefly described in the subsequent sections.

2.6.1. Stock solutions and conditions of HAT antioxidant-based assays
Stock solutions were prepared and kept in a translucent tube at 4 °C

in darkness. The solvents and other chemicals used for the preparation
of both reagents were of analytical grade. The absorbance of both stock
radical solutions was measured daily. If any loss of the free radical
activity was noticed, the fresh solution was prepared (Ozgen, Reese,
Tulio, Scheerens, & Miller, 2006). Conditions of the reactions and stock
solutions are described next:

2.6.1.1. β-Carotene bleaching inhibition method. β-Carotene bleaching
inhibition method (βCM) (Marco, 1968; Prieto, Murado, Rodríguez-
Amado, & Vázquez, 2012): 2 mg of β-carotene (βC, 1 μM in the final
reaction), 0.25mL of linoleic acid and 2 g of Tween-40 were dissolved
in 20mL of chloroform, vigorously mixed, followed by chloroform
evaporation (45 °C/~15min). To the resulting oily residue 300mL of
buffered Mili-Q water (100mM Briton, pH=6.5) at 45 °C were added.

The absorbance at 470 nm of the prepared reagent was ~1.40.

2.6.1.2. Crocin method. Crocin method (CM) (Bors, Michel, & Saran,
1984; Prieto, Vázquez, & Murado, 2015): 4 mg of crocin (Cr, 100 μM in
the final reaction) and 75mg of AAPH (7.68mM in the final reaction)
were dissolved in 30mL of a 100mM Briton buffer, pH=5.5, in Mili-Q
water. The absorbance at 450 nm of the prepared reagent was ~1.40 at
40 °C.

2.6.2. Stock solutions and conditions of SET antioxidant-based assays
2.6.2.1. DPPH radical scavenging activity. The DPPH%+ radical
scavenging activity (DPPH): This method was assessed as described
previously (Jiménez-Escrig, Jiménez-Jiménez, Sánchez-Moreno, &
Saura-Calixto, 2000; Prieto, Curran, Gowen, & Vázquez, 2015;
Sharma & Bhat, 2009). Briefly, 1,1-diphenyl-2-picrylhydrazyl (DPPH)
stock solution was prepared in methanol (0.50 g/L). For testing the
potential of antioxidants, the stock solution was diluted 10-fold to
provide an absorbance of ~1.2 units at 515 nm at 30 °C.

2.6.2.2. ABTS radical scavenging activity. The ABTS%+ radical
scavenging activity (ABTS): This method was assessed as described
previously (Obón, Castellar, Cascales, & Fernández-López, 2005; Prieto,
Curran, et al., 2015; Re et al., 1999). Briefly, the stock solution was
prepared in distilled water by mixing 4mM (21.95mg/10mL) of ABTS
(2,2′ – azinobis-(3-ethyl-benzothiazoline- 6-sulphonic acid)) with
1.5 mM of potassium persulfate (K2S2O8, 4.03mg/10mL). In order to
convert ABTS completely into its radical cation (ABTS%+), the reaction
mixture was left in the dark at room temperature for 12–16 h, before
use. To test the potential of antioxidants, the stock solution was diluted
22-fold with phosphate buffered saline (5mM, pH 7.4) to provide an
absorbance of ~1.2 units at 414 nm at 30 °C.

2.6.3. Experimental procedure
The procedure was performed by adding 50 μL of the sample and

250 μL of the reagent into the wells (350 μL) of a microplate reader of
96 units (Thermo Scientific Nunc 96-Well Polypropylene MicroWell
Plate with flat bottom). The reduction of ABTS%+ and DPPH%+ (re-
spectively, 15 nM and 30 nM in the final solution) and bleaching of βC
and Cr compounds (respectively, 1 μM and 100 μM in the final solution)
were followed by monitoring the decrease of absorbance along the re-
action. The microplate reader (Multiskan Spectrum Microplate
Photometers from Thermo Fisher Scientific) was programmed to read
the absorbance, at the respective wavelengths, every minute during a
period of 300min under stirring at 660 cycles/min (1mm amplitude).
The extracts were analyzed kinetically for eight different concentrations
obtained by serial dilution (1/1, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64 and
the control) with distilled water.

2.6.4. Normalization of the time-dose response effects
The area under the curve (AUC) (Eq. (1)), computed by a numerical

integration method such as the trapezoidal rule, proved to be a highly
robust criterion, able to summarize in a single value the global feature
of the kinetic profile.

∑= + +
=

= −

AUC R t R t R tΔ
2

Δ Δ
2i

i n

i i
n n1 1

2

1

(1)

where i is the number of data measured over time t, Ri are the responses
along an arbitrary time series, and Δt is the interval between mea-
surements.

Once the AUC dose-response is obtained for all the compounds and
methods, the results need to be normalized. However, HAT and SET
assays requires different normalizations as described below:

- For HAT based assays, the AUC are normalized against the AUC
obtained with the control, leading to the formulation of the relative
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area units or protected substrate (P) as defined by other authors
(Dávalos, Gómez-Cordovés, & Bartolomé, 2004; Huang, Ou,
Hampsch-Woodill, Flanagan, & Prior, 2002; Naguib, 2000) for an-
tioxidant responses. The normalized equation for HAT assays can be
presented as follows:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

P t D S
AUC AUC

AUC
( , ) t

C
t
D

t
C0

(2)

where AUCC and AUCA are the area units corresponding to the kinetic
profiles found in the absence (control, C) and presence of an antioxidant
concentration A, respectively, and S0 is the initial substrate in the re-
action (for the CM 100 μM of Cr and for the βCM is 1 μM of βC). Thus,
the P value increases with the concentration and the antioxidant power
of the compound.

- For SET based assays the AUC provides directly the depletion of
DPPH%+ and ABTS%+ radicals. Therefore, the best normalization
approach would be to rearrange the response as a function of the
reduced radical molecules, as follows:
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C

•
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•

(3)

in which R•+ is the bleached radical response measured as a function of
time (t) and dose of an antioxidant (A). R0

•+ is the initial concentration
of the radical form of the compound (for the DPPH the substrate is
equivalent to 15 nM of DPPH%+ and for the ABTS is 30 nM of ABTS%+).
A and C are the AUC of kinetic curves for each dose of the antioxidant
(A) and the control (C), respectively. Thus, the R•+ value increases with
the concentration and the antioxidant power of the compound.

2.6.5. Quantification time-dose response effects
Once the time effect is summarized in terms of area units, for both

reactions, the variation of P and R•+ as function of the concentration of
the mixture of antioxidants extracted, the Weibull (W) cumulative
distribution function (Weibull & Sweden, 1951) was used for assessing
the dose-response effects. Thus, the response effect of increasing con-
centrations of an A can be described in general terms as follows:

= ⎧
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where K is the averaged maximum protected substrate, asymptotic
value of the response, the parameter Vm corresponds to the average
number of protected molecules (Cr and βC) or reduced radical mole-
cules (DPPH%+ and ABTS%+) per weight of R obtained (μM/mg R for
CM and βCM, nM/μg R for DPPH and ABTS), and a is a shape parameter
related to the slope of potential profiles (a < 1), first order kinetic
(a=1) and a variety of sigmoidal profiles (a > 1).

In addition, the typical value used to evaluate the antioxidant re-
sponses, the concentration needed to reach 50% of the maximum pro-
tective effect (the so called IC50), was determined (for comparative
purposes with other studies) according to Eq. (4) as follows:

= = − −IC Ka
V

W t A K A ICln 2
2

; therefore ( , ) {1 exp[ ln 2( / ) ]}
m

a
50 50 (5)

2.6.6. Evaluated commercial food antioxidants
The antioxidant activity of the extracts was compared to that of

different commercial antioxidants, which are listed below:

(a) Butyl-hydroxyanisole (BHA, E320): a synthetic antioxidant mainly
used as preservative in lipophilic and hydrophilic media.

(b) Butyl-hydroxytoluene (BHT, E321): a synthetic lipophilic anti-
oxidant used as food additive.

(c) Propyl 3,4,5-trihydroxybenzoate (PG, E310): an antioxidant com-
monly added to lipophilic foods to prevent oxidation.

(d) (2R)-2,5,7,8-tetramethyl-2-[(4R,8R)-(4,8,12-trimethyltridecyl)]-6-
chromanol (TOC, E306): a lipophilic compound useful for its anti-
oxidant properties.

(e) 6-Ethoxy-2,2,4-trimethyl−1.2-dihydroquinoline (ETX, E324): a
synthetic lipophilic preservative commonly used in animal feeds.

(f) Tert-Butylhydroquinone (TBHQ, E319): a synthetic and highly ef-
fective antioxidant for foods.

(g) 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (TRO): a
water-soluble antioxidant compound used in biological or bio-
chemical applications for oxidation inhibition purposes.

2.7. Response surface methodology

2.7.1. Experimental design
From a combination of single variable preliminary experiments,

previous extractions performed in our laboratory and bibliographic
survey, the relevant variables and the appropriate tested ranges for
each of the studied extraction techniques were selected and tested. The
study of the impact of all independent variables was carried out using
one-factor-at-a-time, to pick the most significant ones, and to determine
their initial range. Through the analysis of the experimental results
(data not shown), X1 (time in min), X2 (temperature in °C or power in
W) and X3 (ethanol content in %) were chosen as relevant variables for
the RSM design. A detailed description of the selected ranges for the
variables chosen in each technique is described in Table A1
(Supplemental material section). The solid/solvent ratio was kept
constant (30 g/L) in all techniques. Therefore, the combined effect of
three variables on the maximization process of the responses (compo-
sition and antioxidant power) was studied using a circumscribed central
composite design (CCCD). The obtained responses within the use of 20
independent combinations of which six were replicas at central point of
the experiment and five levels for each factor were necessary. The
mathematical expressions used to calculate the design distribution,
code and decode the tested variables can be found in detail in the
Supplemental section.

2.7.2. Mathematical modelling
The model for the analysis of the produced responses follows this

second-order polynomial equation:

∑ ∑ ∑ ∑= + + +
= =

>

−

= =

Y b b X b X X b X
i

n

i i
i
j i

n

j

n

ij i j
i

n

ii i0
1 1

1

2 1

2

(6)

where Y is the dependent variable (response variable) to be modelled,
Xi and Xj define the independent variables, b0 is the constant coefficient,
bi is the coefficient of linear effect, bij is the coefficient of interaction
effect, bii the coefficients of quadratic effect and n is the number of
variables. The experimental responses for the RSM in the ME, UAE and
MAE were: 1) the composition of the R extracted per fruit dry weight
(mg R/g F dw), TS (mg/g R), TPC (mg/g R) and TFC (mg/g R); and the
parametric responses of the time-dose dependent parameter of Vm of the
antioxidant methods of ABTS (nM ABTS%+/μg R), DPPH (nM DPPH
%+/μg R), CM (μM Cr/mg R) and βCM (μM βC/mg R).

Although the statistical consistent model parameters obtained are
empirical and cannot be associated with a mechanistic meaning, they
are useful to predict the results of untested operation conditions (Pinela
et al., 2016). The sign of the effect marks the response performance. In
this way, when a factor has a positive effect, the response is higher at
the high level and when a factor has a negative effect, the response is
lower at the high level. The higher the absolute value of a coefficient,
the more important the weight of the corresponding variable (Heleno
et al., 2016).

2.7.3. Procedure to optimize the variables to a maximum response
For optimization of purposes, a maximization process of the
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different criteria responses analyzed by RSM model was performed,
using a simple method tool to solve non-linear problems (Heleno et al.,
2016; Pinela et al., 2016). Limitations were made to the variable coded
values to avoid unnatural conditions (i.e., times lower than 0).

2.8. Numerical methods, statistical analysis and graphical illustrations

The fitting procedures of the equations to the experimental re-
sponses data (R, TS, TPC and TFC) and parametric values (parameter of
Vm of ABTS, DPPH, CM and βCM antioxidant methods) were performed
on a Microsoft Excel spreadsheet. Coefficients estimation and statistical
calculations according to the proposed equations were carried out in
three phases:

1) The estimation of coefficients was obtained by minimization of the
sum of quadratic differences between the observed and model-pre-
dicted values, using the nonlinear least-squares (quasi-Newton)
method provided by the macro Solver in Microsoft Excel (Torrado
et al., 2013).

2) The significance of the coefficients was determined by the para-
metric confidence intervals calculated using the ‘SolverAid’ model
simplified by dropping terms, which were not statistically sig-
nificant (p-value > .05) (Prieto, Curran, et al., 2015).

3) The uniformity of the model was checked by applying the following
statistical assessment criteria: a) The R2 and R2

adj were interpreted as
the proportion of variability of the dependent variable explained by
the model; b) Bias and accuracy factors of all equations were cal-
culated to evaluate the quality of the fitting to the experimental
data, such as the mean squared error (MSE), the root mean square
error (RMSE) and the mean absolute percentage error (MAPE); and
c) The Durbin-Watson coefficient (DW) was used to check if the
residuals of the model were not autocorrelated.

3. Results and discussion

3.1. Mathematical models derived from the RSM for a CCCD with three
variables and statistical assessment of the parametric values obtained and
the fitting results produced

The experimental results obtained for the RSM design are shown in
Table 1, using the responses defined for the composition analysis (R, TS,
TPC and TFC) and the Vm parametric value for the antioxidant potential
of the extracts as assessed by several evaluation methods (ABTS, DPPH,
CM and βCM) for each extraction technique tested (ME, MAE and UAE).
By fitting the second-order polynomial model of Eq. (6) to the obtained
responses, and using nonlinear least-squares estimations, the para-
metric values, the parametric confidence interval, and the basic fitting
statistics were obtained and presented in Table 2. The resulting models
for each assessed extraction techniques are the following:

For the ME system:

= + + − − − − +

−

Y t T S t T S tT

tS

603.5 10.0 21.4 11.8 12.1 4.7 6.2 5.3

7.0
R
ME 2 2 2

(7)

= − − − − + +Y t S t T tT tS653.5 14.3 7.1 4.6 ² 28.5 ² 10.0 14.2TS
ME (8)

= − − − − +Y t S t S TS46.4 6.3 15.7 17.2 3.3 ² 23.0 ²16.5TPC
ME (9)

= + + − + − −Y t T S T S TS29.6 1.8 14.3 2.7 4.4 ² 5.5 ² 6.5TFC
ME (10)

= − + − + + + +

− −

Y t T S t T S tT

tS TS

1.9 0.08 0.03 0.3 0.6 ² 0.26 ² 0.22 ² 0.02

0.02 0.3
ABTS
ME

(11)

= + + + − −Y t T S S TS0.7 0.02 0.04 0.03 0.06 ² 0.05DPPH
ME (12)

= + + − − + − −

−

Y t T S t T S tS

TS

76.2 2.8 29.6 7.8 1.8 ² 8.9 ² 7.5 ² 2.8

10.9
CM
ME

(13)

= − − − − − + −

+ − +

Y t T S t T S T

S tS TS

57.8 3.3 2.6 4.7 2.6 ² 1.2 ² 3.4 ² 1.2 ²

3.4 ² 1.2 2.7

βCM
ME

(14)

For the MAE system:

= + − + − − +Y t S T S tS TS593.5 23.3 26.5 7.8 2 21.1 2 10.3 48.8R
MAE

(15)

= − + − − − +

+ −

Y t T S t T S

tS TS

632.3 28.9 17.4 50.9 12.5 2 17.5 2 60.2 2

37.5 44.6
TS
MAE

(16)

= − + + + + − −Y T S t T S tS TS21.5 12.2 25.0 9.0 2 2.3 2 32.0 17.7 2.7TPC
MAE

(17)

= + − − − − + −

+

Y T T t T S tT

TS

30.0 4.4 2.6 4.7S 2.6 2 1, 2 2 3.4 2 1.3

2.7
TFC
MAE

(18)

= − + + − + −Y t T S S tS TS1.9 0.08 0.17 0.23 0.2 2 0.14 0.19ABTS
MAE (19)

= − + − − − −

− + −

Y t T S t T S

tT tS TS

0.5 0.05 0.02 0.06 0.02 2 0.02 2 0.05 2

0.07 0.08 0.05
DPPH
MAE

(20)

= − + − − − − +

−

Y t T S t S tT tS

TS

95.6 5.0 19.0 20.4 5.7 ² 20.2 ² 2.3 13.3

6.7
CM
MAE

(21)

= + − + + + − −

+

Y t T t T S tT tS

TS

33.6 2.3 10.8 8.0 2 2.6 2 12.2 2 15.5 5.5

4.1

βCM
MAE

(22)

For the UAE system:

= + + − − + +

−

Y t P S S tP tS

PS

633.1 10.4 27.3 37.5 36.3 2 9.33 21.7

17.8
R
UAE

(23)

= + − − − − + +Y t P S t tP tS PS623.4 9.5 2.7 4.2 1.1 2 3.5 7.00 18.3TS
UAE

(24)

= − − + + − −

+

Y t P S t S tP tS

tP

17.9 9.24 5.2 28.7 2.8 218.6 2 3.8 5.3

1.6
TPC
U EA

(25)

= − − − + − −Y t P S tP tS PS30.2 6.1 2 6.9 2 8.1 2 3.2 0.7 1.2TFC
UAE (26)

= − − + − + −Y t P S S tS PS1.9 0.03 0.05 0.12 0.28 2 0.06 0.04ABTS
UAE (27)

= − + − − − +

+ +

Y P S t P S tP

tS PS

0.6 0.02 0.02 0.05 2 0.05 2 0.10 2 0.02

0.05 0.02
DPPH
UAE

(28)

= − − − − = −

−

Y P t P S tP tS

PS

81.9 4.4 12.9 2 15.4 2 11.9 2 13.7 10.5

7.6
CM
UAE

(29)

= − − + + + +Y t P S t S PS49.7 15.9 5.6 39.2 5.3 2 11.7 2 4.9βCM
UAE

(30)

Those coefficients, which showed effects at coefficient interval va-
lues (α=0.05) higher than the parameter value, were consider as non-
significant (ns) and were not used for the model development. Eqs. (7)
to (30) translate the response patterns for the composition and anti-
oxidant capacity response criteria for the ME, MAE and UAE evaluated
methods.

For all the studied techniques, and for each response criteria, the
linear (except for TFC obtained by UAE), quadratic and interactive ef-
fects were found essential. The parameter values related with the in-
teractive effects of the obtained responses justify the need of the RSM to
optimize the extraction responses. If one-variable-at-the-time analysis
was performed the strong interactive effects displayed among the
variables would make impossible to detect an optimal condition.

In terms of statistical analysis of the resultant fitting of the models to
the responses, the lack-off-fit test used to assess the competence of the
models showed that the significant parameters (Table 2) were highly
consistent and if any were suppressed the reached solution would not
be statistically consistent. This was also verified by the achieved high
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R2 values (~0.9 in almost all responses), which indicate the percentage
of variability explained by the model (Table 2). The residuals dis-
tribution was always randomly dispersed around zero without auto-
correlations. Additionally, the agreement between the experimental
and predicted values implies an acceptable explanation of the obtained
results by the used independent variables. Therefore, the proposed Eqs.
(7) to (30) are completely functional and adequate to be used for pre-
diction and process optimization.

3.2. Predicted patterns of the response criteria assessed

The profile patterns derived from the parametric values predicted
by the second order polynomial described by Eq. (6) (Table 2) can be
outlined by graphical representation. Figs. 1 and 2 displays a 3D gra-
phical illustration for the compositional response analysis (R, TS, TPC
and TFC), whereas Fig. 3 shows the results of the preservative potential
(ABTS, DPPH, CM and βCM).

3.2.1. Compositional response analysis
Fig. 1 shows the predicted surfaces for the results of the R produced

(mg R/g) by the combination of the three involved variables (t, T or P
and S) in each technique assessed (ME, MAE and UAE). Fig. 1 is divided
in three columns one for each technique, and each column is divided
into two sections (A and B). Section A shows the 3D surface plots for the
three possible variable combinations produced. The binary action be-
tween variables is presented when the excluded variable is positioned at
the center of the experimental domain (see Table A1, Supplementary
material). Section B illustrates the capability to predict the obtained
results and the residual distribution as a function of each one of the
considered variables. The results presented in Fig. 1 reveals that ME and
UAE techniques, in almost all combinations, provided optimal condi-
tions in which the response is maximized.

Fig. 2 shows the summary of the optimized isolines projections for
the combination of the three main variables involved in ME, MAE and
UAE of the three compositional responses of TS, TPC and TFC (mg/g R).
Each of the contour graphs represents the projection in XY plane of the
predicted theoretical 3D responses. In addition, Fig. A1 shows the 3D
representation of the isolines projection presented in Fig. 2 as it was
performed for the R response in Fig. 1.

In general terms, from Figs. 1, 2 and A1 the following conclusions
can be drawn:

- In ME, the variables t and T have a positive effect on the extraction
yield of R, and the variable S has a negative effect. For TS, it is noted
that the variables t and S have a negative effect and the variation T
has a linear non-significant effect. For TPC, all variables have a
negative effect, such phenomena may be related with the degrada-
tion of the phenolic compounds as the temperature increase, as well
as with prolonged extraction times (Liyana-Pathirana & Shahidi,
2005; Thoo, Ho, Liang, Ho, & Tan, 2010). For TFC it is noted that the
extraction is benefited with t and T.

- Using MAE technique, the variable t has a positive effect and S a
negative effect and the variation of T did not produce an individual
significant effect.

- For UAE, most of the responses give optimum values close to the
center of the experimental design. Some studies focusing on the
extraction of phenolic compounds, such as flavonoids and anti-
oxidants from vegetal origin, have demonstrated the achievement of
good efficiencies when using UAE (Ghasemzadeh, Jaafar, Karimi, &
Rahmat, 2014; Meullemiestre et al., 2016; Zhu et al., 2017).

3.2.2. Preservative potential analysis
The preservative effects can be evaluated using a large variety of

assays, each one based on a specific mechanism of action, including
HAT, SET, reducing power, and metal chelation, among others (Márcio
Carocho & Ferreira, 2013; Shahidi & Zhong, 2015). For this reason, it isTa

bl
e
1
(c
on

tin
ue
d)

V
ar
ia
bl
e
co

de
d
va

lu
es

Ex
pe

ri
m
en

ta
l
re
sp
on

se
s

M
ic
ro
w
av

e
as
si
st
ed

ex
tr
ac
ti
on

U
lt
ra
so
un

d
as
si
st
ed

ex
tr
ac
ti
on

A
nt
io
xi
da

nt
an

al
ys
is

C
om

po
si
ti
on

al
an

al
ys
is

A
nt
io
xi
da

nt
an

al
ys
is

A
BT

S
D
PP

H
C
M

βC
M

R
TS

TP
C

TF
C

A
BT

S
D
PP

H
C
M

βC
M

nM
/μ

g
R

nM
/μ

g
R

μM
/m

g
R

μM
/m

g
R

m
g
R
/g

F
m
g/

g
R

m
g/

g
R

m
g/

g
R

nM
/μ

g
R

nM
/μ

g
R

μM
/m

g
R

μM
/m

g
R

0
0

1.
68

0.
90

0.
33

12
.8

61
.7

43
8.
1

61
7.
3

13
7.
6

8.
0

1.
17

0.
33

55
.4

15
8.
9

0
0

0
1.
74

0.
52

98
.4

31
.2

62
7.
8

62
7.
3

17
.7

25
.8

1.
85

0.
55

75
.1

48
.7

0
0

0
1.
91

0.
53

95
.8

37
.0

64
0.
4

62
5.
7

17
.8

32
.6

1.
86

0.
59

85
.6

54
.1

0
0

0
2.
01

0.
55

90
.3

36
.1

62
2.
8

62
1.
7

16
.2

28
.5

1.
85

0.
61

75
.7

49
.0

0
0

0
1.
95

0.
57

95
.0

36
.4

63
0.
4

62
0.
6

16
.4

31
.4

1.
82

0.
57

86
.9

47
.3

0
0

0
1.
98

0.
58

97
.3

29
.1

62
2.
8

62
1.
7

16
.6

31
.0

1.
87

0.
61

81
.9

50
.4

0
0

0
1.
88

0.
54

90
.6

33
.3

63
0.
4

62
0.
6

16
.2

32
.1

1.
83

0.
59

86
.9

47
.9

B.R. Albuquerque et al. Food Research International 109 (2018) 455–471

461



Ta
bl
e
2

Pa
ra
m
et
ri
c
re
su
lt
s
an

d
st
at
is
ti
ca
li
nf
or
m
at
io
n
of

th
e
se
co

nd
-o
rd
er

po
ly
no

m
ia
le

qu
at
io
n
of

Eq
.(
6)

fo
r
th
e
M
E,

U
A
E
an

d
M
A
E
ex
tr
ac
ti
ng

te
ch

ni
qu

es
as
se
ss
ed

an
d
in

te
rm

s
of

th
e
ex
tr
ac
ti
on

be
ha

vi
or

al
lr
es
po

ns
es

as
se
ss
ed

ac
co

rd
in
g
to

th
e
C
C
C
D
w
it
h
5
ra
ng

e
le
ve

ls
(T
ab

le
A
1)
.T

he
pa

ra
m
et
ri
c
su
bs
cr
ip
t1

,2
an

d
3
st
an

ds
fo
r
th
e
va

ri
ab

le
s
in
vo

lv
ed

t(
X
1)
,T

or
P
(X

2
)
an

d
S
(X

3
),
re
sp
ec
ti
ve

ly
.A

na
ly
si
s
of

si
gn

ifi
ca
nc

e
of

th
e
pa

ra
m
et
er
s
(α

=
0.
05

)
ar
e
pr
es
en

te
d
in

co
de

d
va

lu
es
.A

dd
it
io
na

lly
,t
he

st
at
is
ti
ca
l
in
fo
rm

at
io
n
of

th
e
fi
tt
in
g
pr
oc

ed
ur
e
to

th
e
m
od

el
is

pr
es
en

te
d.

C
ri
te
ri
a

Fi
tt
in
g
co

effi
ci
en

ts
ob

ta
in
ed

af
te
r
ap

pl
yi
ng

th
e
se
co

nd
-o
rd
er

po
ly
no

m
ia
l
m
od

el

In
te
rc
ep

t
Li
ne

ar
eff

ec
t

Q
ua

dr
at
ic

eff
ec
t

b 0
b 1

b 2
b 3

b 1
1

b 2
2

b 3
3

M
ac
er
at
io
n

ex
tr
ac
-

ti
on

(M
E)

R
60

3.
5

±
4.
9

9.
98

±
3.
2

21
.4
1

±
3.
2

−
11

.8
±

3.
2

−
12

.1
±

3.
14

−
4.
68

±
3.
14

−
6.
16

±
3.
14

TS
65

3.
5

±
6.
0

−
14

.3
±

4.
0

ns
−
7.
09

±
4.
0

−
4.
64

±
3.
98

−
28

.5
±

3.
88

ns
TP

C
46

.4
±

3.
2

−
6.
26

±
2.
5

−
15

.7
±

2.
5

−
17

.2
±

2.
5

−
3.
28

±
2.
43

ns
23

.0
4

±
2.
43

TF
C

29
.6

±
1.
7

1.
82

±
1.
1

14
.3
4

±
1.
1

−
2.
70

±
1.
1

ns
4.
45

±
1.
10

−
5.
48

±
1.
10

A
BT

S
1.
9

±
0.
1

−
0.
08

±
0.
01

0.
03

±
0.
01

−
0.
30

±
0.
1

0.
60

±
0.
05

0.
26

±
0.
05

0.
22

±
0.
05

D
PP

H
0.
7

±
0.
01

0.
02

±
0.
01

0.
04

±
0.
01

0.
03

±
0.
01

ns
ns

−
0.
06

±
0.
01

C
M

76
.2

±
2.
8

2.
84

±
1.
8

29
.7
6

±
1.
8

−
7.
81

±
1.
8

−
1.
85

±
1.
78

8.
94

±
1.
78

−
7.
67

±
1.
78

βC
M

57
.8

±
1.
3

−
3.
33

±
0.
9

−
2.
59

±
0.
9

−
4.
74

±
0.
9

−
2.
60

±
0.
84

−
1.
23

±
0.
84

3.
41

±
0.
84

M
ic
ro
w
av

e
as
si
st
ed

ex
tr
ac
-

ti
on

(M
A
E)

R
59

3.
5

±
5.
6

23
.2
8

±
4.
4

ns
−
26

.5
±

4.
4

ns
7.
79

±
4.
28

−
21

.1
±

4.
28

TS
63

2.
3

±
11

.5
−
29

.8
±

7.
6

17
.3
5

±
7.
6

−
50

.9
±

7.
6

−
12

.5
±

7.
43

−
17

.5
±

7.
43

60
.1
7

±
7.
43

TP
C

21
.5

±
3.
0

ns
−
12

.1
±

2.
0

24
.9
9

±
2.
0

9.
01

±
1.
94

2.
27

±
1.
94

31
.9
7

±
1.
94

TF
C

30
.0

±
2.
5

−
4.
45

±
1.
7

7.
54

±
1.
7

−
8.
34

±
1.
7

−
2.
05

±
1.
63

ns
−
6.
65

±
1.
63

A
BT

S
1.
9

±
0.
1

−
0.
08

±
0.
01

0.
17

±
0.
01

−
0.
23

±
0.
01

ns
ns

−
0.
20

±
0.
03

D
PP

H
0.
5

±
0.
1

−
0.
05

±
0.
01

0.
02

±
0.
01

−
0.
06

±
0.
01

−
0.
02

±
0.
01

−
0.
02

±
0.
01

−
0.
05

±
0.
01

C
M

95
.6

±
3.
7

−
5.
02

±
2.
9

18
.9
7

±
2.
9

−
20

.4
±

2.
9

−
5.
67

±
2.
78

ns
−
20

.2
±

2.
78

βC
M

33
.6

±
1.
9

2.
29

±
1.
3

−
10

.8
±

1.
3

ns
8.
04

±
1.
25

2.
61

±
1.
22

12
.1
7

±
1.
22

U
lt
ra
so
un

d
as
si
st
ed

ex
tr
ac
-

ti
on

(U
A
E)

R
63

3.
1

±
5.
0

10
.3
5

±
4.
7

27
.3
1

±
4.
7

−
37

.5
±

4.
7

ns
ns

−
36

.3
±

4.
56

TS
62

3.
4

±
0.
8

9.
52

±
0.
7

−
2.
67

±
0.
7

−
4.
24

±
0.
7

−
1.
07

±
0.
70

ns
ns

TP
C

17
.9

±
3.
4

−
9.
24

±
2.
7

−
5.
23

±
2.
7

28
.6
6

±
2.
7

2.
81

±
2.
61

ns
18

.5
7

±
2.
61

TF
C

30
.2

±
0.
8

ns
ns

ns
−
6.
10

±
0.
54

−
6.
86

±
0.
54

−
8.
07

±
0.
54

A
BT

S
1.
9

±
0.
1

0.
03

±
0.
01

−
0.
05

±
0.
01

0.
12

±
0.
01

ns
ns

−
0.
28

±
0.
03

D
PP

H
0.
6

±
0.
1

ns
0.
02

±
0.
01

0.
02

±
0.
01

−
0.
05

±
0.
01

−
0.
05

±
0.
01

−
0.
10

±
0.
01

C
M

81
.9

±
3.
0

ns
−
4.
36

±
2.
0

ns
−
12

.9
±

1.
94

−
15

.4
±

1.
94

−
11

.9
±

1.
94

βC
M

49
.7

±
2.
2

−
15

.9
±

1.
7

−
5.
67

±
1.
7

39
.2
5

±
1.
7

5.
34

±
1.
66

ns
11

.7
5

±
1.
66

C
ri
te
ri
a

Fi
tt
in
g
co

effi
ci
en

ts
ob

ta
in
ed

af
te
r
ap

pl
yi
ng

th
e
se
co

nd
-o
rd
er

po
ly
no

m
ia
l
m
od

el
St
at
is
ti
ca
l
in
fo
rm

at
io
n
of

th
e
fi
tt
in
g
an

al
ys
is

In
te
ra
ct
iv
e
eff

ec
t

O
bs

R
²

R
²
ad

j
M
SE

R
M
SE

M
A
PE

D
W

b 1
2

b 1
3

b 2
3

M
ac
er
at
io
n

ex
tr
ac
-

ti
on

(M
E)

R
5.
33

±
4.
22

ns
−
7.
00

±
4.
22

60
0.
88

3
0.
86

2
87

3.
6

29
.5
6

1.
2

1.
9

TS
9.
94

±
3.
88

14
.2
2

±
3.
88

ns
60

0.
87

1
0.
84

8
12

51
35

.3
7

1.
5

2.
4

TP
C

ns
ns

16
.4
8

±
3.
28

60
0.
94

4
0.
93

3
11

50
33

.9
1

12
.2

2.
4

TF
C

ns
ns

−
6.
50

±
1.
10

60
0.
95

0
0.
94

1
26

0.
4

16
.1
4

12
.4

2.
6

A
BT

S
0.
02

±
0.
01

−
0.
02

±
0.
00

−
0.
33

±
0.
01

60
0.
80

9
0.
77

5
0.
64

6
0.
80

4
10

.2
1.
6

D
PP

H
ns

ns
−
0.
05

±
0.
01

60
0.
95

0
0.
94

1
0.
00

7
0.
08

6
2.
6

2.
7

C
M

ns
−

2.
83

±
2.
38

−
10

.9
±

2.
38

60
0.
96

8
0.
96

2
10

14
31

.8
5

6.
4

2.
6

βC
M

ns
−

1.
16

±
1.
13

2.
66

±
1.
13

60
0.
87

8
0.
85

7
63

.8
5

7.
99

0
3.
7

2.
8

M
ic
ro
w
av

e
as
si
st
ed

ex
tr
ac
-

ti
on

(M
A
E)

R
ns

−
10

.3
±

5.
77

48
.7
7

±
5.
77

60
0.
93

3
0.
92

1
28

94
.2

53
.8
0

1.
7

1.
6

TS
ns

37
.4
5

±
9.
97

−
44

.6
±

9.
97

60
0.
93

5
0.
92

4
91

77
95

.8
0

2.
7

1.
6

TP
C

ns
−

17
.7

±
2.
60

−
2.
73

±
2.
60

60
0.
97

7
0.
97

3
17

45
41

.7
8

12
.4

1.
9

TF
C

−
5.
52

±
1.
63

6.
04

±
2.
18

−
3.
19

±
2.
18

60
0.
88

3
0.
86

3
24

4.
0

15
.6
2

40
.0

2.
1

A
BT

S
ns

0.
14

±
0.
04

−
0.
19

±
0.
04

60
0.
90

6
0.
89

0
0.
16

0
0.
39

9
5.
3

1.
6

D
PP

H
−

0.
07

±
0.
01

0.
08

±
0.
01

−
0.
05

±
0.
01

60
0.
93

1
0.
91

8
0.
01

6
0.
12

6
5.
0

1.
7

C
M

−
2.
30

±
2.
18

13
.2
7

±
3.
75

−
6.
66

±
3.
75

60
0.
93

8
0.
92

7
13

02
36

.0
9

15
.1

2.
3

βC
M

−
15

.5
±

1.
22

−
5.
49

±
1.
64

4.
09

±
1.
64

60
0.
96

2
0.
95

6
42

5.
25

20
.6
22

6.
1

1.
3

R
9.
33

±
6.
18

21
.6
6

±
6.
18

−
17

.8
±

6.
18

60
0.
94

0
0.
93

0
36

62
.4

60
.5
2

2.
0

0.
8

(c
on

tin
ue
d
on

ne
xt

pa
ge
)

B.R. Albuquerque et al. Food Research International 109 (2018) 455–471

462



important to understand the mechanisms behind the selected assays for
a suitable evaluation of the antioxidant potential. ABTS and DPPH are
two of the most common SET based assays. Additionally, CM and βCM
are two HAT based assays, appropriate for the antioxidant discrimina-
tion between hydrophilic (H) and lipophilic (L) matrices, respectively,
which can provide useful information in the study of complex natural
extracts containing components with variable degrees of polarity
(Prieto, Murado, Vázquez, & Curran, 2013; Prieto & Vázquez, 2014).

Table A2 (Supplementary material) and Table A3 (Supplementary
material) show the non-linear parametric analysis after the time-dose
response analysis. Table A2 shows the parametric values obtained for
CM and βCM antioxidant assays, whereas Table A3 presents the values
obtained for ABTS and DPPH antioxidant assays. These parameters
were obtained after assessing the time-dose response of each produced
extract at the conditions planned in the CCCD (Table A1). The anti-
oxidant responses were characterized by the parameter Vm that de-
scribes a singular feature of the response and presented in Table 1. For
more information regarding the complexity of the antioxidant evalua-
tion, specific data can be found elsewhere (Prieto et al., 2013; Prieto,
Curran, et al., 2015). The parameter Vm shows the average specific
weight of extracted material R needed to protect Cr or βC substrate in
HAT based assays (μM of the protected substrate of Cr or βC/g R) or to
capture the radicals produced in SET based assays (nM of DPPH%+ or
ABTS%+ radicals/g R). The value provides a solution with a maximal
predictability, where high Vm values signify the most powerful anti-
oxidant. There are a diverse number of compounds that would present a
high specific protection, but only few would show enough amount to
display activity. Therefore, the highest values should be found when a
peak in the extraction of one or various antioxidant compounds, with a
high specific protection, is produced. In conclusion, a robust system of
responses in the RSM experimental design is required to evaluate rig-
orously the extraction effectiveness of the preservative molecules.

Fig. 3 shows joint 3D analysis in terms of the antioxidant capacity
response for the performed optimization process. Fig. 3 is divided in
four sections, one for each assay tested (ABTS, DPPH, CM and βCM),
being each section divided in three parts, one for each of the evaluated
techniques (ME, UAE and MAE). Finally, every part contains three
figures showing the responses to the three main variables involved (t, T
or P and S). Each of the net surfaces represents the theoretical three-
dimensional response surface predicted by the second order polynomial
model defined in Eq. (6). Key aspects of the responses obtained are
discussed next:

- For ME, low values of S generated the highest yields for or all the
studied responses, except for DPPH analysis, in which the best re-
sponses are obtained with contents between 10 and 40%.

- For MAE, the low t values give rise to higher efficiency results,
comparatively with the other two studied techniques. Such result
may be related to the peculiarities of this extraction methodology,
since the heat and mass gradient transport phenomenon occurs si-
multaneously. Moreover, another phenomenon called superheating
may also occur leading to these higher values. The superheating is
responsible for causing a strong absorption of energy by the water
molecules present in the matrix, which causes an increase in the
temperature inside the cells and, consequently, to an easier rupture,
facilitating the extraction of compounds.

- For UAE, most of the optimum responses obtained are close to the
center of the experimental design. Such observation can be ex-
plained by the OH+ species produced during the cavitation process,
and due to the presence of the ethanol that inhibits the formation of
the radicals, thus preserving compounds integrity and its bioactivity
(Soria & Villamiel, 2010).

Regarding the comparison between the two HAT based assays, the
responses obtained for CM and βCM antioxidant assays provided ad-
ditional information considering H and L components, which haveTa
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Fig. 1. Part A: Shows the joint graphical 3D analysis in terms of the extraction residue behavior for the (mg R/g F dw) responses for the optimization of the three main
variables involved (X1, X2 and X3) in the ME, UAE and MAE. Each of the net surfaces represents the theoretical three-dimensional response surface predicted with the
second order polynomial of Eq. (6). The binary actions between variables are presented when the excluded variable is positioned at the center of the experimental
domain (Table A1, Supplementary material). The statistical design and results are described in Table 1. Estimated parametric values are shown in Table 2. Part B: To
illustrate the goodness of fit, two basic graphical statistic criteria are used. The first one, the ability to simulate the changes of the response between the predicted and
observed data; and the second one, the residual distribution as a function of each of the variables. Additionally, for both parts (A and B), note all the differences in the
axes scales.
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Fig. 2. Shows the optimized isolines projections for the combination of the three main variables involved (X1, X2 and X3) in the ME, MAE and UAE of the three
compositional responses of TS, TPC and TFC (mg/g R) to describe visually the tendencies of each response and guide the selection of the most favorable conditions,
considering simultaneously all responses. Each of the contour graphs represents the projection in XY plane of the theoretical three-dimensional response surface
predicted with the second order polynomial of Eq. (6). The binary actions between variables are presented when the excluded variable is positioned at the individual
center of the experimental domain (Table A1). The statistical design and results are described in Table 1. Estimated parametric values are shown in Table 2.

Fig. 3. Shows the joint 3D analysis in terms of the of the extraction behaviour of compounds with antioxidant capacity. The figure is divided in four sections, one for
each assay tested (ABTS, DPPH, CM and βCM). Each antioxidant assay section is divided in three parts, one for each of the techniques evaluated (ME, UAE and MAE).
Finally, each technic part contains three figures in terms of the extraction behavior of the three main variables involved (t, T or P and S). The responses were
evaluated through the time-dose dependent response summarized in the parameter Vm: ABTS (nM ABTS%+/μg CA), DPPH (nM DPPH%+/μg CA), CM (μM Cr/μg CA)
and βCM (μM βC/μg CA). Each of the net surfaces was predicted with the second order polynomial of Eq. (6). The binary actions between variables are presented
when the excluded variable is positioned at the centre of the experimental domain (Table A1, Supplementary material). The statistical design and results in Table 1.
Estimated parametric values are shown in Table 2.
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variable degrees of polarity. In Fig. 3 it can be seen how the patterns of
the surface responses generated, behave in opposite direction as a
function of the S variable. When using hydroethanol mixtures as the
solvent, the extracted antioxidant compounds are favored by the po-
larity of the solvent used. In consequence, it is reasonable that anti-
oxidant compounds soluble in water (H, such as glutathione and phe-
nolic compounds) or in lipids (L, such as α-tocopherol and ubiquinol)
are extracted as a function of the S variable. Thus, the polarity of the
extracts is related with the polarity of the used solvent mixtures. This
fact is in accordance with the data reported previously (Prieto et al.,
2013; Zhang & Omaye, 2001), in which antioxidants with a clear H and
L character can cause the opposite effect when applied in a reverse
environment (i.e. ascorbic acid can initiate lipid oxidation in conjunc-
tion with metal cations).

3.3. Numerical optimal conditions that maximize the response criteria
assessed individually, relatively and globally

By performing a simplex procedure (considering restrictions to the
experimental ranges) the desired target objectives are predicted, as well
as the response values produced. The optimized variable conditions that
lead to maximized response values are presented in Table 3. The table is
organized in three parts: (A) the optimal individual conditions that
maximize each response criteria for each used technique; (B) the re-
lative optimal conditions that maximize the values for the composition
(R, TS, TPC and TFC) and the antioxidant activity (ABTS, DPPH, CM
and βCM) for each used technique; and (C) the optimal global condi-
tions that maximize the response criteria values for each technique.

For the ideal individual response presented in part A of Table 3 the
following general optimal solutions were found:

- For R response, the best solution is provided by MAE
(18.4 ± 0.9min, 50.1 ± 6.4 °C and 0.0 ± 1.2% of S producing
806.3 ± 105.5 mg R/g F dw), closely followed by UAE. ME give
rise to the lowest extraction yields.

- For TS, the ME showed the best solution (20.0 ± 3.2min,
48.9 ± 5.8 °C and 0.0 ± 0.9% of S producing 719.0 ± 61.1mg
TS/g R). UAE and MAE showed slightly lower values.

- For TPC, the MAE resulted in the higher contents (41.6 ± 6.8min,
20.0 ± 0.4 °C and 0.0 ± 0.2% of S producing 215.3 ± 17.1mg
GAE/g R), comparatively with the results provided at the optimal
conditions for ME and UAE.

- For TFC, the MAE showed the best solution (1.6 ± 0.1 min,
120.0 ± 10.9 °C and 0.0 ± 1.0% S producing
81.23 ± 6.34mg CE/g R), closely followed ME. UAE resulted in the
lowest contents.

- For ABTS, the ME conducted to the optimal solution
(120.0 ± 1.6min, 90.0 ± 2.9 °C and 0.0 ± 2.4% S obtaining
6.37 ± 0.80 nM ABTS%+/μg R). UAE and MAE give rise to much
lower values than those produced by ME.

- For DPPH, the MAE was the optimal solution (1.6 ± 0.2 min,
120.0 ± 7.9 °C and 0.0 ± 6.0% S obtaining 1.10 ± 0.097 nM
DPPH%+/μg R). UAE and ME conducted to much lower values.

- For CM, the ME corresponds to the best solution (120.0 ± 7.5min,
90.0 ± 0.6 °C and 0.0 ± 3.8% of S obtaining 181.3 ± 13.0 μM
Cr/mg R), closely followed by MAE. UAE gives rise to the lowest
scavenging rate for the AAPH radical for the protection of the Cr
substrate.

- For CM, the UAE resulted in the best results (5.0 ± 0.7 min,
400.0 ± 30.6W and 100.0 ± 10.9% of S obtaining
193.48 ± 5.22 μM βC/mg R), closely followed by MAE. ME pro-
duced extracts with the lowest scavenging rate for the lipophilic
radicals (derived by oxidation change reaction of linoleic acid) for
the protection of the βC substrate.

For the relative conditions that optimize the values for the compo-
sitional and antioxidant content presented in part B of Table 3 the re-
sults showed the following general outcomes:

- For the compositional content, the best extraction system was ME at
67.5 ± 2.1min, 90.0 ± 13.3 °C and 0.0 ± 1.3% of S producing
646.9 ± 124.3mg R/g F dw, 586.4 ± 8.7mg/g R of TS,
69.22 ± 1.62mg GAE/g R and 73.61 ± 0.69mg CE/g R in terms
of the response criteria of R, TS, TPC and TFC, respectively. The
relative results provided by UAE were closely related to those pro-
duced by ME. Although MAE showed high individual response va-
lues, when conditions were optimized in relative terms to all other
compositional responses, the results showed much lower values than
those achieved with the other techniques.

- For the antioxidant capability, the extraction system conducting to
the best results was MAE at 1.6 ± 0.3min, 120.0 ± 20.9 °C and
0.0 ± 3.4% of S obtaining rates activities of 3.08 ± 0.06 nM ABTS
%+/μg R, 1.102 ± 0.016 nM DPPH%+/μg R, 160.1 ± 10.3 μM Cr/
mg R and 92.92 ± 16.80 μM βC/mg R in terms of the response
criteria to ABTS, DPPH, CM and βCM, respectively. The relative
results provided by ME were comparable to those produced by MAE.
UAE showed much lower rate values than those displayed by the
other extraction techniques.

Finally, part C of Table 3 shows the optimized variable conditions
producing a global maximum value for all response criteria, for both
compositional and antioxidant potential analysis. Shorter times were
found with MAE technique considering compositional requirements and
antioxidant compounds; whereas for UAE and ME longer extraction
times were needed. In conclusion, MAE was the most efficient extrac-
tion procedure followed by ME and UAE. For antioxidant capacity, the
ME method generated the best responses with ABTS and CM assays,
whereas for DPPH and βCM assays MAE was the best technique. In
general, ME (120.0 ± 16.5 min, 90.0 ± 10.5 °C and 0.0 ± 3.8% of S)
produced slightly better results than MAE (1.6 ± 0.1min,
120.0 ± 2,7 °C and 0.0 ± 0.5% of S) and those techniques showed
better results than those obtained with UAE (27.3 ± 2.6,
P=235.8 ± 36.8W and 60.8 ± 0.1% of S). Under these global con-
ditions, the ME system resulted in compositional parameters of
646.1 ± 91.6 mg R/g of F dw, 535.3 ± 37.7 mg TS/g R,
48.90 ± 4.0mg GAE/g R and 76.82 ± 4.1mg CE/g R and for the
antioxidant potential of 6.38 ± 0.82 nM ABTS%+/μg R,
0.658 ± 0.004 nM DPPH%+/μg R, 181.5 ± 3.7 μM Cr/mg R and
50.37 ± 3.55 μM βC/mg R.

Fig. 4 shows the individual responses for each criterion as a function
of all the assessed variables, with the variation of the three studied
variables (t, T or P, S) for each extraction method. The dots presented
alongside each line highlight the location of the optimum value
(Table 3 part C). The lines and dots are generated by the theoretical
second order polynomial models of Eq. (6) using the parametric values
are show in Table 2. The binary actions between variables are presented
when the excluded variable is positioned at the individual optimum of
the experimental domain (Table A1).

3.4. Comparative performance of the antioxidant extract from A. unedo
fruits with commercial food antioxidants

Commercial antioxidants, such as BHA and BHT, are very often used
as additives for preventing and reducing oxidative changes in food.
Several authors have pointed out the potential risk associated with the
use of synthetic antioxidants (Hocman, 1988; Ito, Hirose, Fukushima, &
Tsuda, 1986; Moch, 1986). However, due to the limitation on the use of
synthetic antioxidants and enhanced public awareness of health issues,
there is an increasing need to develop and use health-promoting natural
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Table 3
Variable conditions in natural values that lead to optimal response values for RSM using of the extracting techniques (ME, UAE and MAE) for all response values.

Criteria Optimal variable conditions Optimum response

X1: t (min) X2: T (°C) or P(W) X3: S (%)

A) Individual optimal variable conditions
Maceration extraction (ME) Compositional analysis R 93.2 ± 16.2 90.0 ± 3.1 0.0 ± 1.3 655.9 ± 7.2 mg R/g F dw

TS 20.0 ± 3.2 48.9 ± 5.8 0.0 ± 0.9 719.0 ± 61.1 mg/g R
TPC 41.6 ± 6.8 20.1 ± 0.4 0.0 ± 0.2 215.3 ± 17.6 mg/g R
TFC 120.0 ± 21.1 90.0 ± 15.1 13.0 ± 0.5 77.80 ± 15.16 mg/g R

Antioxidant analysis ABTS 120.0 ± 1.6 90.0 ± 2.9 0.0 ± 2.4 6.37 ± 0.80 nM ABTS%+/μg R
DPPH 120.0 ± 21.5 90.0 ± 3.7 40.2 ± 1.0 0.767 ± 0.112 nM DPPH%+/μg R
CM 120.0 ± 7.5 90.0 ± 0.6 0.0 ± 3.8 181.3 ± 13.0 μM Cr/mg R
βCM 60.6 ± 10.0 37.0 ± 4.7 0.0 ± 0.2 80.73 ± 1.00 μM βC/mg R

Microwave assisted extraction (MAE) Compositional analysis R 18.4 ± 0.9 50.1 ± 6.4 0.0 ± 1.2 806.3 ± 105.5 mg R/g F dw
TS 1.6 ± 0.0 120.0 ± 11.5 0.0 ± 2.2 713.9 ± 21.1 mg/g R
TPC 18.4 ± 2.6 50.1 ± 3.2 0.0 ± 2.3 164.5 ± 0.3 mg/g R
TFC 1.6 ± 0.1 120.0 ± 10.9 0.0 ± 1.0 81.23 ± 6.34 mg/g R

Antioxidant analysis ABTS 1.6 ± 0.2 120.0 ± 8.0 0.0 ± 1.4 3.08 ± 0.22 nM ABTS%+/μg R
DPPH 1.6 ± 0.2 120.0 ± 7.9 0.0 ± 6.0 1.101 ± 0.097 nM DPPH%+/μg R
CM 1.6 ± 0.0 120.0 ± 5.7 10.3 ± 3.1 162.4 ± 25.0 μM Cr/mg R
βCM 18.4 ± 0.4 50.1 ± 7.3 0.0 ± 1.5 191.10 ± 35.28 μM βC/mg R

Ultrasound assisted extraction (UAE) Compositional analysis R 55.0 ± 8.5 400.0 ± 26.9 37.8 ± 17.8 728.9 ± 128.6 mg R/g F dw
TS 43.7 ± 4.3 100.0 ± 19.0 0.0 ± 2.1 674.9 ± 119.3 mg/g R
TPC 5.0 ± 0.9 400.0 ± 33.5 100.0 ± 11.5 163.1 ± 15.9 mg/g R
TFC 30.0 ± 3.7 250.0 ± 2.3 50.0 ± 4.7 30.22 ± 5.00 mg/g R

Antioxidant analysis ABTS 55.0 ± 9.9 100.0 ± 1.3 65.6 ± 0.6 2.11 ± 0.16 nM ABTS%+/μg R
DPPH 31.8 ± 2.3 271.3 ± 14.6 54.2 ± 2.2 0.590 ± 0.034 nM DPPH%+/μg R
CM 26.5 ± 0.5 223.8 ± 0.4 55.9 ± 5.7 82.6 ± 1.3 μM Cr/mg R
βCM 5.0 ± 0.7 400.0 ± 30.6 100.0 ± 10.9 193.48 ± 5.22 μM βC/mg R

B) Relative global optimal variable conditions
Maceration extraction (ME) Compositional analysis R 67.5 ± 2.1 90.0 ± 13.3 0.0 ± 1.3 646.9 ± 124.3 mg R/g F dw

TS 586.4 ± 8.7 mg/g R
TPC 69.22 ± 1.62 mg/g R
TFC 73.61 ± 0.69 mg/g R

Antioxidant analysis ABTS 120.0 ± 13.7 90.0 ± 10.5 0.0 ± 3.8 6.38 ± 0.54 nM ABTS%+/μg R
DPPH 0.658 ± 0.025 nM DPPH%+/μg R
CM 181.5 ± 25.6 μM Cr/mg R
βCM 50.37 ± 5.18 μM βC/mg R

Microwave assisted extraction (MAE) Compositional analysis R 1.6 ± 0.2 120.0 ± 18.6 0.0 ± 0.2 394.2 ± 36.0 mg R/g F dw
TS 714.7 ± 129.8 mg/g R
TPC 38.78 ± 3.52 mg/g R
TFC 81.30 ± 12.86 mg/g R

Antioxidant analysis ABTS 1.6 ± 0.3 120.0 ± 20.9 0.0 ± 3.4 3.08 ± 0.06 nM ABTS%+/μg R
DPPH 1.102 ± 0.016 nM DPPH%+/μg R
CM 160.1 ± 10.3 μM Cr/mg R
βCM 92.92 ± 16.80 μM βC/mg R

Ultrasound assisted extraction (UAE) Compositional analysis R 28.6 ± 2.1 246.7 ± 37.2 58.8 ± 11.1 616.4 ± 12.3 mg R/g F dw
TS 620.9 ± 64.2 mg/g R
TPC 29.30 ± 4.20 mg/g R
TFC 29.49 ± 0.72 mg/g R

Antioxidant analysis ABTS 25.7 ± 4.7 224.5 ± 27.3 61.9 ± 9.5 1.90 ± 0.21 nM ABTS%+/μg R
DPPH 0.558 ± 0.048 nM DPPH%+/μg R
CM 82.1 ± 3.3 μM Cr/mg R
βCM 73.15 ± 3.22 μM βC/mg R

C) Global optimal variable conditions
Maceration extraction (ME) Compositional analysis R 120.0 ± 16.5 90.0 ± 15.0 0.0 ± 2.4 646.1 ± 91.6 mg R/g F dw

TS 535.3 ± 37.7 mg/g R
TPC 48.90 ± 4.01 mg/g R
TFC 76.82 ± 4.13 mg/g R

Antioxidant analysis ABTS 6.38 ± 0.82 nM ABTS%+/μg R
DPPH 0.658 ± 0.004 nM DPPH%+/μg R
CM 181.5 ± 3.7 μM Cr/mg R
βCM 50.37 ± 3.55 μM βC/mg R

Microwave assisted extraction (MAE) Compositional analysis R 1.6 ± 0.1 120.0 ± 2.7 0.0 ± 0.5 394.2 ± 36.5 mg R/g F dw
TS 714.7 ± 55.3 mg/g R
TPC 38.78 ± 4.41 mg/g R
TFC 81.30 ± 11.38 mg/g R

Antioxidant analysis ABTS 3.08 ± 0.50 nM ABTS%+/μg R
DPPH 1.102 ± 0.058 nM DPPH%+/μg R
CM 160.1 ± 19.9 μM Cr/mg R
βCM 92.92 ± 13.92 μM βC/mg R

(continued on next page)
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antioxidant ingredients in foods (Carocho, Morales, & Ferreira, 2015).
In this context, different antioxidant compounds derived from natural
sources have been used as food additives to prevent oxidative dete-
rioration processes (Marcio Carocho et al., 2014). In this study, the
antioxidant activity of the produced extracts was compared with the
activity of some commercial antioxidants (CA) commonly used in the
food industry. Table 4 shows the estimated numerical values of the
parameters (K, Vm and a) of Eq. (4), after fitting the concentration-re-
sponse values obtained for ABTS, DPPH, βCM and CM antioxidant as-
says of the selected CA. The equivalence is computed in terms of the
numerical time-dose dependent parameter Vm and displayed in times
less effective that the optimal values of the extract samples regarding
the commercial antioxidant.

The antioxidant capacity of A. unedo fruits extract was lower than
the one of the chosen commercial food antioxidants. However, the

developed ingredient presented a potential to be used in the fortifica-
tion and functionalization of food products. Despite presenting a lower
antioxidant activity, in comparison with the evaluated commercial
antioxidants, it is important to note that these fruit extracts are com-
posed of different biomolecules while the commercial antioxidants are
isolated pure compounds.

4. Conclusions

The obtainment of an extract rich in different bio-compounds from
A. unedo using three methodologies (ME, MAE and UAE techniques)
was optimized by RSM considering the significant variables for each
process (t, T or P and S). The response criteria used were based in terms
of the composition (extraction yield of R and the content in TS, TPC and
TFC) and in terms of its preservative potential (antioxidant methods of

Table 3 (continued)

Criteria Optimal variable conditions Optimum response

X1: t (min) X2: T (°C) or P(W) X3: S (%)

Ultrasound assisted extraction (UAE) Compositional analysis R 27.3 ± 2.6 235.8 ± 36.8 60.8 ± 0.1 608.4 ± 101.1 mg R/g F dw
TS 619.0 ± 10.8 mg/g R
TPC 33.48 ± 2.59 mg/g R
TFC 29.00 ± 5.65 mg/g R

Antioxidant analysis ABTS 1.90 ± 0.30 nM ABTS%+/μg R
DPPH 0.570 ± 0.050 nM DPPH%+/μg R
CM 81.8 ± 0.3 μM Cr/mg R
βCM 68.95 ± 6.14 μM βC/mg R

Fig. 4. Final summary of the effects of all variables assessed for ME, UAE and MAE systems. Part A: Shows the individual 2D responses of all studied responses as a
function of all the variables assessed. The variables in each of the 2D graphs were positioned at the individual optimal values of the others (Table 3). The dots (⨀)
presented alongside each line highlight the location of the optimum value. Lines and dots are generated by the theoretical second order polynomial models of Eq. (6)
using the estimated parametric values are shown in Table 2.
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ABTS, DPPH, CM and βCM). For composition, although slight differ-
ences among the techniques were found, ME proved to be the best
technique, followed by UAE and MAE. For the preservative potential,
the extracts obtained by ME method resulted more efficient for the
ABTS and CM assays and the ones obtained by MAE showed better
results with DPPH and βCM.

Although the conventional method of ME was found to be a more
efficient solution followed by UAE and MAE, the presented results offer
alternatives to meet different process and requirements for target ob-
jectives, resulting in flexible solutions for industrial purposes. Based on
these optimized processing parameters it will be possible to produce
food ingredients with different properties according to the intended
purpose (with high level of nutrients, increased antioxidant properties,
or both). Additionally, the equivalent potential capacity of the A. unedo
fruit extracts corresponding to the optimal response using ME, MAE and
UAE techniques were compared with some commercial antioxidants.
Thus, the antioxidant potential of the optimized solutions for the ex-
traction of A. unedo fruit was completely understood for its possible
industrial application. The equivalences would provide relevant in-
formation on the appropriate concentrations of natural products able to
replace commercial antioxidants.
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