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Abstract: Research interest regarding maqui (Aristotelia chilensis) has increased over the last years
due to its potential health benefits as one of the most antioxidant-rich berries. Ultrasound-assisted
extraction (UAE) is an advanced green, fast, and ecological extraction technique for the production of
high quality extracts from natural products, so it has been proposed in this work as an ideal alternative
extraction technique for obtaining extracts of high bioactivity from maqui berries. In order to
determine the optimal conditions, the extraction variables (percentage of methanol, pH, temperature,
ratio “sample mass/volume of solvent”, amplitude, and cycle) were analyzed by a Box-Behnken
design, in conjunction with the response surface method. The statistical analysis revealed that the
temperature and the percentage of methanol were the most influential variables on the extraction
of the total phenolic compounds and total anthocyanins, respectively. The optimal extraction time
was determined at 15 min for total phenolic compounds, while it was only 5 min for anthocyanins.
The developed methods showed a high precision level with a coefficient of variation of less than
5%. Finally, the new methods were successfully applied to several real samples. Subsequently, the
results were compared to those that were obtained in previous experiments by means of microwave
assisted extraction (MAE). Similar extraction yields were obtained for phenolic compounds under
optimized conditions. However, UAE proved to be slightly more efficient than MAE in the extraction
of anthocyanins.

Keywords: anthocyanins; Aristotelia chilensis (Mol.) Stuntz; maqui berry; food analysis; phenolic
compounds; superfruit; ultrasound assisted extraction

1. Introduction

In recent years, there has been growing attention for the consumption of food rich in bioactive
compounds that are associated to an improvement of health. Small berries, amongst other types of
food, represent a diverse group that includes a number of rather small size, perishable, red, blue, and
purple fruits, which are highly valued for their intense colour, delicate texture, and unique flavour [1].
Nowadays, there has been a considerable interest in finding natural antioxidants from plant materials
to replace the synthetic ones. Berries are a rich source of bioactive compounds, which contribute to
their antioxidant activity and different biological functions, so they can prevent diseases and health
disorders [2]. Therefore, the interest on them and their analysis has grown enormously. Maqui
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(Aristotelia chilensis (Mol.) Stuntz), which is a shrub with reddish stems and evergreen leaves, is native
to South America, and it grows in dense thickets forming wild populations, called “macales”. It is a
dioic berry from the Elaeocarpaceae family and it can grow up to 3–5 m tall. Between December and
January, it produces small edible berries of a purple/black colour [3,4].

These berries are extremely rich in phenolic compounds and mainly anthocyanins, which are
antioxidant substances that can remove free radicals and by its oxidation inhibit chain reactions.
These compounds give maqui berries their intense blackish colour making into one of the berries
with the most intense antioxidant properties known so far [5,6]. Special attention has recently been
paid to these biological compounds, not only for their use as natural colorants, but also for their
use in food and pharmaceutical industries for their disease preventive properties [7,8], as well as a
food supplement or functional food product [9,10]. Its consumption can protect you against some
chronic diseases, such as cardiovascular disorders, since, thanks to their antioxidants content, can
prevent cholesterol from oxidizing in blood. They can also contribute to obesity control by accelerating
metabolism and fat burning. Anti-inflammatory, anticarcinogenic, and antidiabetic properties, as well
as antibacterial activity have been confirmed among others [11,12].

The phenolic compounds in maqui can be divided into three groups: phenolic acids (gallic acid,
hexahydroxydiphenic acid, granatin B, punicacortin C, etc.), flavonols (myricetin, quercetin,
kaempferol, and its derivatives), and eight anthocyanins (delphinidin 3-O-sambubioside-5-O-glucoside,
delphinidin 3,5-O-diglucoside, cyanidin 3-O-sambubioside-5-O-glucoside, cyanidin 3,5-O-diglucoside,
delphinidin 3-O-sambubioside, delphinidin 3-O-glucoside, cyanidin 3-O-glucoside, and cyanidin
3-O-sambubioside) [9,13]. This extraordinary content in bioactive compounds has been granted its
recognition as a “superfruit” [14].

However, despite the fact that maqui’s antioxidant capacity is much higher than that of other
fruits, large scale plantations are yet to be found, since it is mainly consumed worldwide as an extract
or supplement instead of as fresh fruit.

Moreover, maqui berries have only started to be commercialized and they are understudied to
date, so hardly any extraction or analysis techniques have been specifically developed in the literature
for this fruit. Due to the different characteristics of this fruit as compared to other similar berries,
not only in the matrix, but also in the anthocyanins and phenolic compounds, the development,
and optimization of extraction techniques specifically for maqui are required. In addition, due to its
high cost, the use of other cheaper berries to replace maqui seems to be a serious problem for the
food industry, developing adequate techniques that allow for us to control its quality and detecting
possible food fraud is essential [15,16]. Due to their advantages when compared to conventional
methods, more environmentally friendly, faster, cheaper, and more energy efficient methods, such
as microwave-assisted extraction, ultrasonic-assisted extraction, supercritical fluid extraction, or
pressurized liquid extraction, have been used to obtain extracts from plant materials [17,18].

In fact, ultrasound assisted extraction (UAE) has been used for the extraction of compounds of
interest, since it is simple, rapid, low cost, and energy efficient [19]. Ultrasounds are very high frequency
pressure waves, which are transmitted by materials, causing their contraction and subsequent
expansion, and consequently the transmission of energy through those materials. The ultrasound
signals generate physical and chemical changes in the medium, as they generate bubbles that
subsequently collapse due to cavitation. This cavitation breaks the plant matrix cell walls and it
favours the penetration of the solvent and the release of the analytes [20,21]. The solid and liquid
particles vibrate and then accelerate, because of the ultrasonic action and, as a result, the solute
rapidly passes from the solid phase to the solvent [22]. One of the main advantages of this method
is its efficiency, since it can obtain greater extraction yields with a lower solvent consumption and
in a shorter time that any other extraction technique [23]. This is a widely used technique that has
been recently applied to the extraction of compounds of interest from other similar matrices, such as
grapes [24], mulberries [25], or blueberries [26].
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Several variables can affect efficiency levels of ultrasonic extraction, such as cycle, amplitude,
temperature, or type and volume of solvent as well as its pH. In relation to the solvent, aqueous
alcohol mixtures are the most commonly used solvents for the extraction of bioactive components from
berries [27]. Temperature and pH can cause the degradation of these compounds, so they are to be kept
under control [28,29]. Regarding the cycle, the amplitude or power may favour the destruction of the
cell walls and improve the mass transfer during the extraction process [30]. Therefore, a study that is
based on a Box-Behnken design was carried out to determine the optimal conditions for the extraction
method and to evaluate the importance of each factor and the relationships between them [31,32].
The results were treated with a response surface method; a technique that generates a mathematical
model where the response of the system can be observed in terms of the factors that are involved and
the interactions between them [23,33].

The aim of this work is to develop, based on the comparison of multiple extraction variables,
a green and efficient method to extract compounds of biological interest from maqui berries.
The medicinal uses of this berry that are attributed by the plant’s secondary metabolites, the unique
resources for pharmaceuticals, food additives, and fine chemicals, as well as the high commercial value
and demand make the development of simple extraction techniques from this fruit of great interest for
the food industry. Moreover, a comparison between UAE and microwave assisted extraction (MAE)
performance was also carried out to determine the impact of cavitation in UAE and microwaves in
closed systems in MAE.

2. Materials and Methods

2.1. Sample Preparation

Lyophilized maqui from organic farming that was purchased from SuperAlimentos, Mundo
Arcoíris, (Besalú, Girona, Spain) was the biological material used for the experiments. The samples
were in powder form to increase their contact surface with the solvent and improve the yields. Once the
extraction methods had been optimized, several currently commercialized samples in different formats,
including capsules, pills, and lyophilized matrix, which contained maqui, were also tested to verify
the suitability of the method. Both, the experimental maqui sample and the commercial samples were
stored at −20 ◦C prior to their analysis.

2.2. Chemicals and Reagents

The solvents that were used for the extractions were mixtures of methanol and water.
The methanol employed (Fischer Scientific, Loughborough, UK) was HPLC grade. A Milli-Q water
purification system from Millipore supplied ultra-pure water (Bedford, MA, USA). To adjust the
pH, solutions of hydrochloric acid, and sodium hydroxide (Panreac Química S.A.U., Castellar del
Vallés, Barcelona, Spain), grade “for analysis” were used. For the chromatographic separations of
the anthocyanins, methanol, milli-Q water, and formic acid (Scharlau S.L., Sentmenat, Barcelona,
Spain), HPLC grade, were used, and for its quantification, cyanidin chloride was used (Sigma-Aldrich
Chemical Co., St Louis, MO, USA) as a standard pattern. For the quantification of the total phenolic
compounds, distilled water, Folin-Ciocalteau reagent (Merck KGaA, EMD Millipore Corporation,
Darmstadt, Germany), anhydrous sodium carbonate (Panreac Química S.A.U., Castellar del Vallés,
Barcelona, Spain), and gallic acid as a standard (Sigma-Aldrich Chemical Co., St Louis, MO, USA)
were used.

2.3. Ultrasound-Assisted Extraction Procedure

The extraction was performed by ultrasonic irradiation while using a Probe UP 200 S
(Ultraschallprozessor Dr. Hielscher, Gmbh, Berlin, Germany), which allows for the control and
modification of the cycle and the amplitude. This system was coupled with a thermostatic bath
(FRIGITERM-10, Selecta, Barcelona, Spain) under controlled temperature. The variables that were
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to be studied in the different experiments were: percentage of methanol (25-50-75%), pH (2-4.5-7),
temperature (10-40-70 ◦C), sample mass/solvent volume (ratio) (10-15-20 mL), cycle (0.2-0.45-0.7 s),
and amplitude (30-50-70%).

Approximately, 0.5 grams of lyophilized sample was weighed in a 50 mL “Falcon” and
the appropriate type and volume of solvent was added, depending on the experimental design.
The “Falcon” was placed inside a double-walled vessel to control the extraction temperature.
The extraction was carried out under controlled UAE conditions for 10 min. After the extraction, the
extract was centrifuged twice for 5 min at 11,544× g. The supernatant was transferred in both cases to
a 25 mL volumetric flask and then made up to the mark with the same solvent. Finally, the extracts
were stored in a freezer at −20 ◦C prior to their analysis.

2.4. Identification of Anthocyanins

First, the anthocyanins in the extract were filtered through a 0.22-µm syringe filter
(Nylon Syringe Filter, FILTER-LAB, Barcelona, Spain) and they were then identified by
means of ultra-high-performance liquid chromatography equipment (UHPLC) coupled to a
quadrupole-time-of-flight mass spectrometer (QToF-MS) (Xevo G2 QToF, Waters Corp., Milford, MA,
USA). The separation was carried out using a C-18 analytical column (Acquity UHPLC BEH C18,
Waters Corporation, Milford, MA, USA) of 100 mm × 2.1 mm and 1.7 µm particle size, working
in reverse phase. The flow rate was 0.4 mL/min. The mobile phase was a binary solvent system
consisting on Milli-Q water that was acidified with 2% formic acid as phase A and pure methanol as
phase B, both filtered and degassed, and using the following gradient: 0 min, 15% B; 3.30 min, 20% B;
3.86 min, 30% B; 5.05 min, 40% B; 5.35 min, 55% B; 5.64 min, 60% B; 5.94 min, 95% B; 7.50 min, 95% B.
For the determination of the analytes, an electrospray source operating in the positive ionization mode
was used under the following conditions: desolvation gas flow = 700 L/h, desolvation temperature
= 500 ◦C, cone gas flow = 10 L h−1, source temperature = 150 ◦C, capillary voltage = 700 V, cone
voltage = 30 V, and collision energy = 20 eV. Full-scan mode was used (m/z = 100–1200). Under
the above conditions, eight anthocyanins were identified in the maqui samples (compound, m/z):
delphinidin 3-O-sambubioside-5-O-glucoside, 759; delphinidin 3,5-O-diglucoside, 627; cyanidin
3-O-sambubioside-5-O-glucoside, 743; cyanidin 3,5-O-diglucoside, 611; delphinidin 3-O-sambubioside,
597; delphinidin 3-O-glucoside, 465; cyanidin 3-O-glucoside, 449; and, cyanidin 3-O-sambubioside, 581.

2.5. Detection of Anthocyanins

Once the anthocyanins were identified in the maqui samples, their separation and quantification
was carried out by a liquid chromatography equipment Elite LaChrom Ultra System (VWR Hitachi,
Tokyo, Japan), which was composed by an L-2200 U autosampler, an L-2300 column oven set at 50 ◦C,
two L-2160 U pumps, and a UV-Vis L-2420 U detector set at 520 nm, which is the maximum absorption
of anthocyanins. The UHPLC chromatogram and the information about each peak assignment are
shown in Figure S1 and Table S1, respectively.

As aforementioned, the extracts that were obtained were first filtered through a 0.22 µm syringe
filter (Nylon Syringe Filter, FILTER-LAB, Barcelona, Spain). A C-18 column (Phenomenex Kinetex,
CoreShell Technology, Torrance, CA, USA) of 100 × 2.1 mm and particle size of 2.6 µm was used,
working in reverse phase. The injection volume was 15 µL. For its separation, Milli-Q water acidified
at 5% with formic acid (solvent A) and pure methanol (solvent B) were used, both being filtered
through a 0.22 µm filter and degassed by ultrasonic bath (Elma S300 Elmasonic, Singen, Germany).
The gradient used was as follows: 0.0 min, 2% B; 2.0 min, 2% B; 3.5 min, 15% B; 5.5 min, 25% B;
6.5 min, 40% B; 7.0 min 100% B; 9.3 min, 100% B; 10.0 min, 2% B; 12.0 min, 2% B, and a flow of
0.7 mL/min. For its quantification, a calibration curve was generated, using cyanidin chloride as
the reference standard between 0.05 and 30 mg L−1. The regression equation (y = 252,638.09x −
28,465.10) and the correlation coefficient (0.9998), as well as the detection and quantification limits
(LOD = 0.179 mg L−1 and LOQ = 0.597 mg L−1, respectively), were calculated. Finally, assuming that
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the different anthocyanins have similar absorbance, the anthocyanins that were present in maqui were
quantified from the calibration curve of cyanidin chloride, based on the structural similarities and
taking their corresponding molecular weights into account. A calibration curve was generated for each
anthocyanin present in the maqui berry, which allows for the quantification of each of them [34–36].
The results were expressed as a sum of individual anthocyanins as milligrams of cyanidin chloride
equivalents per gram of dry fruit.

2.6. Total Phenolic Content (TPC)

The total phenolic content in maqui was expressed as mg of gallic acid equivalents per gram
of fresh fruit, according to the modified Folin-Ciocalteau (FC) spectrophotometric method [37–40].
For this, a UV-Vis Helios Gamma (γ) Unicam (Thermo Fisher Scientific, Waltham, MA, USA)
spectrophotometer was used. Prior to their analysis, the extracts were filtered through a 0.45 µm
syringe filter (Nylon Syringe Filter, FILTER-LAB, Barcelona, Spain). Subsequently, 0.25 mL of extract,
12.5 mL of water, 1.25 mL of Folin-Ciocalteau reagent, and 5 mL of 20% anhydrous sodium carbonate
solution were added to a 25 mL volumetric flask and the solution was made up to the mark with water.
A blue colour complex was formed as the result of the reduction of the phenolic compounds that were
present in the extract, and after 30 min, its absorbance was determined at 765 nm. The total phenolic
content was calculated by means of a calibration curve under the same conditions, using standards
of gallic acid of known concentration between 100 and 2000 mg L−1 and measuring their absorbance
values. The regression equation (y = 0.0010x + 0.0065) and the correlation coefficient (R2 = 0.9998) were
obtained. The results were expressed as mg of gallic acid equivalent per gram of dry fruit.

2.7. Response Surface Regression Analysis

A three-level, six factors Box-Behnken design (BBD), in conjunction with the surface response
method, was employed to determine the optimum UAE conditions for the extractions of both types
of compounds and their interactions. BBD is a spherical design structure that prevents carrying out
the experiments under extreme conditions [41]. BBD ensures the maximum possible amount of data
on the system’s response, while a lower number of experiments and smaller amounts of reagent are
required [42]. The extraction variables were the percentage of methanol, pH, temperature, solvent
volume: sample mass (ratio), cycle, and amplitude, which were coded at three different levels: −1
(low), 0 (medium), and +1 (high). Therefore, the design indicates the execution of 54 experiments,
which were randomly carried out to avoid any preconceptions. The experimental data from the
two responses—total anthocyanins and total phenolic compounds—were fitted into a second-order
polynomial model, as in the following equation [43]:

y = β0 +
k

∑
i=1

βi·xi + βii·x2
i + ∑

i

k

∑
i=1

βij·xixj + r (1)

where, y represents the aforementioned responses; β0 is the constant coefficient; βi, βii, and βij are the
regression coefficients of linear, quadratic, and interactive terms respectively; xi represent each factor;
and, r is the residual value.

2.8. Statistical Analysis

The results were analyzed by means of the statistical program Design Expert software
(Trial Version, Stat-Ease Inc., Minneapolis, MN, USA). An Analysis of Variance (ANOVA) was
performed to evaluate the quality of the model fitted to the experimental response, the regression
terms, and to determine any statistically significant differences (p < 0.05). A response surface method
was employed to determine the optimum extraction conditions and the most influential parameters.
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3. Results and Discussion

3.1. Fitting the Model of the Extraction Process

For the three-level Box-Behnken design that was employed to determine the optimal UAE
conditions, six independent variables: percentage of methanol (25-50-75%), temperature (10-40-70 ◦C),
amplitude (30-50-70%), cycle (0.2-0.45-0.7 s), pH (2-4.5-7), and solvent volume:sample mass ratio
(10:0.5-15:0.5-20:0.5 mL:g) and two responses: total anthocyanins and total phenolic compounds, were
optimized. The decoded values of the independent variables and the responses that were obtained in
the multivariate study from each experiment are shown in Table 1.

Table 1. Box-Behnken design matrix including both decoded variables and responses.

Run
Factors Responses

Solvent
X1

Temp.*
X2

Amplitude
X3

Cycle X4 pH X5 Ratio X6
Total Anthocyanins

(mg g−1)
Total Phenolic

Compounds (mg g−1)

1 50 40 30 0.45 2 10 34.21 37.10
2 50 40 70 0.45 2 10 34.48 38.49
3 50 40 30 0.45 7 10 31.29 44.45
4 50 40 70 0.45 7 10 31.00 47.68
5 50 40 30 0.45 2 20 38.17 50.36
6 50 40 70 0.45 2 20 40.00 55.15
7 50 40 30 0.45 7 20 33.19 48.39
8 50 40 70 0.45 7 20 31.88 51.44
9 50 10 50 0.2 2 15 29.96 38.07
10 50 70 50 0.2 2 15 36.47 60.46
11 50 10 50 0.7 2 15 33.86 35.18
12 50 70 50 0.7 2 15 38.77 71.07
13 50 10 50 0.2 7 15 30.73 38.89
14 50 70 50 0.2 7 15 35.54 46.32
15 50 10 50 0.7 7 15 31.35 41.21
16 50 70 50 0.7 7 15 31.12 44.11
17 25 40 30 0.2 4.5 15 21.11 39.51
18 75 40 30 0.2 4.5 15 31.95 37.39
19 25 40 70 0.2 4.5 15 21.20 40.57
20 75 40 70 0.2 4.5 15 31.22 38.26
21 25 40 30 0.7 4.5 15 21.20 41.96
22 75 40 30 0.7 4.5 15 33.66 46.65
23 25 40 70 0.7 4.5 15 25.17 45.97
24 75 40 70 0.7 4.5 15 35.10 39.14
25 50 10 30 0.45 4.5 10 30.53 47.25
26 50 70 30 0.45 4.5 10 34.19 37.92
27 50 10 70 0.45 4.5 10 26.92 46.70
28 50 70 70 0.45 4.5 10 32.26 45.80
29 50 10 30 0.45 4.5 20 31.11 36.72
30 50 70 30 0.45 4.5 20 36.91 42.25
31 50 10 70 0.45 4.5 20 27.17 41.08
32 50 70 70 0.45 4.5 20 37.19 41.07
33 25 10 50 0.45 2 15 21.56 35.93
34 75 10 50 0.45 2 15 35.88 44.42
35 25 70 50 0.45 2 15 28.78 51.74
36 75 70 50 0.45 2 15 36.10 56.54
37 25 10 50 0.45 7 15 21.79 35.11
38 75 10 50 0.45 7 15 35.34 37.37
39 25 70 50 0.45 7 15 24.80 47.58
40 75 70 50 0.45 7 15 33.68 46.77
41 25 40 50 0.2 4.5 10 20.26 37.54
42 75 40 50 0.2 4.5 10 31.89 39.78
43 25 40 50 0.7 4.5 10 19.91 38.76
44 75 40 50 0.7 4.5 10 32.76 48.22
45 25 40 50 0.2 4.5 20 20.08 37.56
46 75 40 50 0.2 4.5 20 34.21 39.58
47 25 40 50 0.7 4.5 20 23.60 43.52
48 75 40 50 0.7 4.5 20 34.09 47.47
49 50 40 50 0.45 4.5 15 33.66 43.97
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Table 1. Cont.

Run
Factors Responses

Solvent
X1

Temp.*
X2

Amplitude
X3

Cycle X4 pH X5 Ratio X6
Total Anthocyanins

(mg g−1)
Total Phenolic

Compounds (mg g−1)

50 50 40 50 0.45 4.5 15 31.30 46.44
51 50 40 50 0.45 4.5 15 34.37 44.78
52 50 40 50 0.45 4.5 15 33.64 45.63
53 50 40 50 0.45 4.5 15 29.16 44.08
54 50 40 50 0.45 4.5 15 31.90 46.76

* Temp.: Temperature; X1: Percentage of methanol; X2: Temperature; X3: Amplitude; X4: Cycle; X5: pH; X6: ratio
“Sample mass/volume of solvent”.

Analysis of variance (ANOVA) validates the suitability of the model. This allows for evaluating
the effect of the variables to identify the possible interactions between them and to assess the statistical
significance of the model, whose results can be seen in Table 2. This analysis also provides information
on the mathematical model that is generated from the experimental data. Once the 54 experiments
were carried out, the coefficients for the full second-order polynomial equation for both types of
compounds were established to predict the responses. In this way, two suitable mathematical models
were obtained to describe the response values of the anthocyanins (YTA) and phenolic compounds
(YTP), as a function of the independent variables.

YTA (mg g−1 ) = 32.34 + 5.68X1 + 2.07X2 − 0.16X3 + 0.66X4 − 1.52X5 + 1.16X6 − 4.35X1
2 −

1.46X1 × 2 − 0.42X1 × 3 − 0.06X1 × 4 + 0.10X1 × 5 + 0.02X1 × 6 − 0.24X2
2 + 0.74X2 × 3 − 0.83X2 × 4 −

0.81X2 × 5 + 0.85X2 × 6 + 0.21X3
2 + 0.76X3 × 4 − 0.46X3 × 5 + 0.15X3 × 6 − 0.62X4

2 − 1.25X4 × 5 +
0.36X4 × 6 + 2.00X5

2 − 0.84X5 × 6 − 0.27X6
2

(2)

YTP (mg g−1 ) = 45.28 + 1.08X1 + 4.74X2 + 0.89X3 + 2.05X4 − 1.88X5 + 1.04X6 − 2.76X1
2 −

0.84X1 × 2 − 1.46X1 × 3 + 0.71X1 × 4 − 1.48X1 × 5 − 0.72X1 × 6 − 1.18X2
2 + 0.36X2 × 3 + 1.12X2 × 4 −

3.37X2 × 5 + 1.97X2 × 6 − 1.05X3
2 − 0.68X3 × 4 + 0.01X3 × 5 − 0.06X3 × 6 − 0.28X4

2 − 0.95X4 × 5 +
0.52X4 × 6 + 3.01X5

2 − 2.78X5 × 6 − 0.69X6
2

(3)

Table 2. Analysis of variance (ANOVA) of the quadratic model adjusted to the extraction yield. (A)
Total anthocyanins; and, (B) Total phenolic compounds.

(A)

Source Degrees of
Freedom

Sum of
Squares

Mean
Square F-Value P-Value Coefficient

Model 27 1429.49 52.94 18.40 0.0000
Intercept 1 32.34

X1 1 775.46 775.46 269.44 0.0000 5.68
X2 1 102.53 102.53 35.62 0.0000 2.07
X3 1 0.6324 0.6324 0.2197 0.6431 −0.1623
X4 1 10.63 10.63 3.69 0.0657 0.6654
X5 1 55.61 55.61 19.32 0.0002 −1.52
X6 1 32.51 32.51 11.29 0.0024 1.16

X1 × 2 1 17.06 17.06 5.93 0.0221 −1.46
X1 × 3 1 1.40 1.40 0.4851 0.4923 −0.4178
X1 × 4 1 0.0503 0.0503 0.0175 0.8958 −0.0561
X1 × 5 1 0.0783 0.0783 0.0272 0.8703 0.0989
X1 × 6 1 0.0027 0.0027 0.0009 0.9759 0.0183
X2 × 3 1 4.34 4.34 1.51 0.2304 0.7366
X2 × 4 1 5.52 5.52 1.92 0.1780 −0.8304
X2 × 5 1 10.44 10.44 3.63 0.0680 −0.8077
X2 × 6 1 5.80 5.80 2.02 0.1676 0.8515
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Table 2. Cont.

(A)

Source Degrees of
Freedom

Sum of
Squares

Mean
Square F-Value P-Value Coefficient

X3 × 4 1 4.58 4.58 1.59 0.2181 0.7570
X3 × 5 1 1.71 1.71 0.5942 0.4477 −0.4624
X3 × 6 1 0.3622 0.3622 0.1259 0.7256 0.1505
X4 × 5 1 12.55 12.55 4.36 0.0467 −1.25
X4 × 6 1 1.03 1.03 0.3591 0.5542 0.3594
X5 × 6 1 5.60 5.60 1.95 0.1749 −0.8366
X1

2 1 194.81 194.81 67.69 0.0000 −4.35
X2

2 1 0.6133 0.6133 0.2131 0.6482 −0.2442
X3

2 1 0.4469 0.4469 0.1553 0.6968 0.2084
X4

2 1 3.92 3.92 1.36 0.2539 −0.6172
X5

2 1 41.13 41.13 14.29 0.0008 2.00
X6

2 1 0.7366 0.7366 0.2559 0.6172 −0.2676
Residual 26 74.83 2.88

Lack of fit 21 55.92 2.66 0.7042 0.7421
Pure error 5 18.91 3.78

Total 53 1504.32

(B)

Source Degrees of
Freedom

Sum of
Squares

Mean
Square F−Value P−Value Coefficient

Model 27 1417.49 52.50 1.41 0.1926
Intercept 1 45.28

X1 1 27.83 27.83 0.7467 0.3954 1.08
X2 1 538.78 538.78 14.46 0.0008 4.74
X3 1 19.06 19.06 0.5114 0.4809 0.8911
X4 1 101.19 101.19 2.72 0.1114 2.05
X5 1 85.09 85.09 2.28 0.1428 −1.88
X6 1 25.79 25.79 0.6920 0.4131 1.04

X1 × 2 1 5.72 5.72 0.1535 0.6984 −0.8455
X1 × 3 1 17.15 17.15 0.4604 0.5035 −1.46
X1 × 4 1 8.19 8.19 0.2199 0.6431 0.7156
X1 × 5 1 17.47 17.47 0.4689 0.4995 −1.48
X1 × 6 1 4.11 4.11 0.1103 0.7425 −0.7168
X2 × 3 1 1.04 1.04 0.0278 0.8688 0.3600
X2 × 4 1 10.06 10.06 0.2699 0.6078 1.12
X2 × 5 1 182.28 182.28 4.89 0.0360 −3.38
X2 × 6 1 31.00 31.00 0.8318 0.3701 1.97
X3 × 4 1 3.69 3.69 0.0990 0.7555 −0.6791
X3 × 5 1 0.0017 0.0017 0.0000 0.9947 0.0145
X3 × 6 1 0.0520 0.0520 0.0014 0.9705 −0.0570
X4 × 5 1 7.23 7.23 0.1940 0.6632 −0.9506
X4 × 6 1 2.21 2.21 0.0592 0.8096 0.5252
X5 × 6 1 61.66 61.66 1.65 0.2097 −2.78
X1

2 1 78.29 78.29 2.10 0.1592 −2.76
X2

2 1 14.43 14.43 0.3873 0.5391 −1.18
X3

2 1 11.50 11.50 0.3086 0.5833 −1.06
X4

2 1 0.8004 0.8004 0.0215 0.8846 −0.2790
X5

2 1 98.81 98.81 2.65 0.1155 3.10
X6

2 1 4.86 4.86 0.1305 0.7208 −0.6876
Residual 26 968.87 37.26

Lack of fit 21 961.79 45.80 32.34 0.0006
Pure error 5 7.08 1.42

Total 53 2386.36



Agronomy 2019, 9, 148 9 of 17

As far as the total anthocyanins are concerned, the factors that had a significant linear influence
on the response, with a 95% level of confidence, were the percentage of methanol, temperature, pH,
and ratio, since their p-values were lower than 0.05. Besides, the lack of fit test showed a p-value that is
higher than 0.05 (not significant), which means that the model fits well.

With regards to the phenolic compounds, the influential variables with a p-value lower than 0.05
were temperature and the interaction temperature-pH. In this case, the lack of fit test was significant,
with a p-value < 0.05, which indicates that the regression seemed to be inadequate. However, it must
be taken into account that phenolic compounds are a group of molecules of high diversity, with a wide
range in terms of polarity and sizes. Therefore, the optimal conditions that were determined are a
compromise status, where the greatest amount of the desired compounds can be extracted [44].

The Pareto charts in Figure 1 represent the significant effects of all the variables, both linear and
quadratic, as well as their interactions. The effects are displayed in decreasing order of significance.
The length of each bar is proportional to the absolute magnitude of the estimated effects coefficients,
while the vertical line represents the minimal magnitude of statistically significant effects (95%
confidence level) with respect to the response.
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Regarding anthocyanins, the variable that had the greatest effect on the response was the
percentage of methanol, which was determined by the polarity characteristics of both the solvent and
the compounds that are present in maqui. Temperature, pH, and ratio also had significant effects,
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although to a less extent. The percentage of methanol, temperature, and ratio had a positive effect,
which means that an increase in these factors favoured the recovery of anthocyanins in the extract.
Higher extraction temperatures accelerate molecular motion, penetration, dissolution, and diffusion
to favour the releasing of anthocyanins [45]. Regarding the ratio, a smaller amount of sample in a
large volume of solvent (large variation in concentration) leads to a greater gradient and, therefore,
to a greater extraction, favoured by the transfer of mass. On the contrary, pH has a negative effect
on the response variable, i.e., the extraction of anthocyanins was more successful when the pH
values were low. The recovery of the anthocyanins in an acidic medium increases due to their stable
conformation thanks to the cation flavylium, which confers them their red colour [46,47]. Moreover,
the percentage of methanol and pH had a significant quadratic influence on the response, as well as
on the interactions methanol-temperature and pH-cycle. Once the influence of the different factors
was known, the reduced second order polynomial equation was obtained, where only those variables
and/or interactions that had shown a significant effect on the response were considered:

YTA = 32.34 + 5.68X1 + 2.07X2 − 1.52X5 + 1.16X6 − 4.35X1
2 − 1.46X1 × 2 − 1.25X4 × 5 + 2.00X5

2 (4)

As far as the total phenolic compounds are concerned, the Pareto chart that was obtained differs
slightly from the previous one, since fewer influential variables were observed. The analysis of the
model clearly showed that temperature was the most influential factor, with a marked positive effect
on the extraction. High temperatures favour the breakage of Van der Waals, hydrogen, molecular,
or dipole-dipole bonds between the compounds to be extracted, which in turn reduced the required
energy that is necessary for their desorption. In addition, the viscosity and the surface tension of the
solvent decreases at higher temperatures, which improves the penetration of the solvent into the matrix
and a faster dissolution of the extract. This results in the subsequent increase in mass transfer and a
greater overall yield [48,49]. The rest of the variables had a similar effect, but less significant effect
in absolute terms, so they were not significant factors. Again, a simplified second order polynomial
equation was obtained and the results were similar to those of the complete equation:

YTP = 30.19 + 3.16X2 − 2.25X2 × 5 (5)

3.2. Optimal Conditions

After the statistical treatment of the data, the optimization of the variables was evaluated while
using the quadratic mathematical model within the experimental range studied. Table 3 shows the
optimal UAE conditions for the extraction of both anthocyanins and phenolic compounds.

Table 3. Optimal conditions for ultrasound-assisted extraction. (A) Total anthocyanins; and, (B) Total
phenolic compounds.

(A) Total Anthocyanins (B) Total Phenolic Compounds

Percentage of methanol (%) 61.5 50
pH 2.1 2

Ratio (mL:g) 20:0.5 20:0.5
Temperature (◦C) 69.4 70

Amplitude (%) 46 35
Cycle (s) 0.7 0.7

Firstly, it can be observed that, in both cases, the optimum percentage of methanol was an
intermediate value between 45–65%. Several papers report an increase in anthocyanins and phenolic
compounds extraction with sonication in moderately polar media, which can be explained by the
degradation of cellular walls as a result of the cavitation bubbles collapse. Therefore, these compounds
are removed from their original location and then transferred to the solvent volume, which favours
greater extraction yields [46,50,51].
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Temperature is an influential factor in the extraction of bioactive compounds that may affect
the stability of phenolic compounds [52]. Using higher temperatures was discarded, because it may
reduce the recovery, since these compounds are thermally sensitive, and thus can be easily degraded
by the hydrolysis of glucoside compounds and form their corresponding unstable aglycones or by the
hydrolytic opening of the heterocyclic ring that would form chalcone in the case of anthocyanins [53].
In addition, working at over 70 ◦C was not recommended, since methanol may undergo a change of
phase and it can evaporate.

Regarding pH, levels that were below 2 were not considered to work, since the compounds of
interest might undergo acid hydrolysis [29].

Regarding the ratio, the maximum volume of the range studied was the optimal value. No higher
ratios were considered, since the compounds would be difficult to quantify when they are below their
quantification limits.

Finally, although the energy that was provided by ultrasound is necessary to release the
compounds from the matrix, it may also accelerate the degradation process of the phenolic
compounds [54]. In general, the action of the ultrasounds would increase the solubility of the molecules
by destroying the intramolecular and intermolecular bonds and by increasing the contact between the
hydrophilic groups and the extraction solvents [55]. Although it is clear that the cycle also presents an
extreme value, its modification was not considered, since it was not an influential variable.

When the above-mentioned optimal conditions were applied, the total average concentrations of
anthocyanins and phenolic compounds were 33.02 mg g−1 and 50.26 mg g−1, respectively. Similar
results were reported by other authors in some vegetable matrices [8,56]. It can be observed that the
main phenolic compounds that are present in maqui berries are anthocyanins, unlike many other
berries that have less anthocyanin content in comparison with the total phenolic compounds. This high
anthocyanin’s content greatly contributes to their superior antioxidant capacity [7].

3.3. Extraction Kinetics

Time is another significant variable in the extraction of anthocyanins and phenolic compounds
from different matrices [26]. In order to determine its impact on the process, a study of kinetics was
carried out under the previously determined optimal UAE conditions. Different extraction times of 2, 5,
10, 15, 20, and 25 min were applied to the extraction process and each test was carried out in triplicate.
The resulting recovery of anthocyanins and the total phenolic compounds are shown in Figure 2.
In the case of the anthocyanins, it was observed that after 5 min there were no statistically significant
differences. Thus, the extraction time was determined at 5 min, since it means saving both time and
money. A different trend was obtained for total phenolic compounds, where the recovery reached its
maximum at 15 min. In that case, a longer time was needed for the extraction of phenolic compounds.
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3.4. Repeatability and Intermediate Precision

The reliability of the developed UAE methods was evaluated by repeatability and intermediate
precision. The former was evaluated by 12 extractions on the same day and the latter based on
12 extractions per day during three consecutive days. A total of 36 extractions were performed under
the optimal conditions that were previously determined. The results were expressed by the coefficient
of variation, which was 2.48% and 3.37% in the case of repeatability, and 2.92% and 3.95% in the case
of intermediate precision, for anthocyanins and phenolic compounds, respectively. These results, with
coefficients lower than 5%, are within the acceptable limits that were defined by the Association of
Official Analytical Chemists (AOAC) [57] and indicate satisfactory repeatability and intermediate
precision of the method.

3.5. Application to Real Samples

The suitability of the newly developed methods was evaluated by applying them to the extraction
of seven real samples (capsules (M-1 and M-2), pills (M-3), and lyophilized maqui (M-4, M-5, M-6,
and M-7)) under the previously determined optimum conditions. The analyses were carried out in
triplicate and Table 4 shows the extracted compounds. For the quantification of total anthocyanins
and total phenolic compounds, the extracts were analyzed by UHPLC and the spectrophotometric
method of Folin-Ciocalteau, respectively. The results from the different samples show the same trend
for the extraction of anthocyanins and total phenolic compounds. Despite being M-1 and M-2 capsules
of maqui, the highest concentration was obtained from M-2 and the lowest one for M-1. This may
be due to the concentration of the raw material used. It can also be due to the different thermal or
storage treatment of the samples. Both can cause changes in physical and nutritional properties, as
well as the significant degradation of these compounds, particularly anthocyanins [58,59]. On the
other hand, it should be noted that no anthocyanins were extracted from M-3. This is because only
two anthocyanins (cyanidin 3-O-glucoside and delphinidin 3-O-glucoside) were detected, instead of
the eight characteristic anthocyanins that were found in maqui. Therefore, M-3’s composition does not
match that of the berries analyzed in this work. Based on these results, how important it is to count
on the right extraction techniques and the adequate equipment to prevent any food fraud, and to
ensure the quality of the product to consumers has been confirmed. Finally, the amount of compounds
of biological interest extracted from the different lyophilized samples (M 4-7) was very similar and
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relatively high, since the lyophilized samples preserve their beneficial properties and characteristics
during their storage and transport [60].

Table 4. Total anthocyanins (mg g−1) and total phenolic compounds (mg g−1) extracted for each
commercial samples by means of ultrasound assisted extraction (UAE) and microwave assisted
extraction (MAE).

Foodstuff Made
with Maqui

Total Anthocyanins (mg g−1) Total Phenolic Compounds (mg g−1)

UAE MAE UAE MAE

M-1 2.13 ± 0.16 a 1.73 ± 0.16 b 6.83 ± 0.23 a 8.22 ± 0.34 b

M-2 78.73 ± 0.67 a 75.55 ± 3.80 a 100.27 ± 1.44 a 103.30 ± 0.30 a

M-3 -* -* 10.46 ± 0.29 a 11.45 ± 0.45 b

M-4 30.81 ± 3.13 a 30.35 ± 3.25 a 47.25 ± 1.44 a 53.06 ± 1.53 b

M-5 28.39 ± 1.72 a 27.66 ± 1.02 a 43.40 ± 1.99 a 49.29 ± 2.17 b

M-6 37.26 ± 2.08 a 35.51 ± 1.40 a 58.28 ± 1.33 a 59.57 ± 0.70 a

M-7 23.21 ± 0.73 a 19.89 ± 1.44 b 50.95 ± 1.38 a 52.13 ± 1.44 a

* The characteristic eight anthocyanins found in maqui were not detected. The use of different letters on the same
line for each kind of compound indicates that the means differs significantly according to Tukey’s test (p < 0.05).

The results obtained by means of UAE were compared to those achieved by MAE methods.
The samples were analyzed according to the optimal conditions determined in a previous work [61].
Approximately half of the commercial samples analyzed show statistically significant differences
with regards to total phenolic compounds content. In turn, an increase in the extraction of phenolic
compounds was observed when MAE was employed. This improved performance could be attributed
to the ability of microwaves to penetrate into the cell matrix and cause strong absorption by polar
molecules, which in turn produces an increase in temperature and pressure within the plant cell. Such
an increase in pressure leads to the rupture of cell walls and to the release of analytes [62]. In addition,
the decomposition of larger phenolic compounds into smaller ones with intact properties may lead to
a greater yield, according to the Folin-Ciocalteau assay [63]. It should be noted that, when optimum
conditions are applied to UAE for the extraction of phenolic compounds, the solvent demand is
reduced (58% methanol for UAE vs. 65% methanol for MAE). In relation to each method’s efficiency to
extract anthocyanins, only two of the samples presented a significant greater yield when UAE was
applied. This may be because anthocyanins are extremely sensitive to degradation when exposed to
high pressure and high temperature, and this has a negative impact on their recovery [64,65]. Finally,
it is noteworthy to highlight that UAE is considered to be a fast, effective, and economic alternative, as
long as industrial scale processing equipment is designed to obtain greater benefits [66]. Some of its
relevant advantages are more rapid kinetics and a higher extraction efficiency and performance [67].
Therefore, the results that were obtained in this study show that UAE can be considered as an efficient
alternative and a powerful means for the extraction of both anthocyanins and phenolic compounds.

4. Conclusions

Ultrasound-assisted extraction proved to be quite an effective and fast technique in the extraction
of a wide range of polyphenols from maqui berries. BBD was also successfully used to establish the
optimum parameters for the extraction of bioactive compounds. The most influential variables on
the extraction of anthocyanins and phenolic compounds were methanol percentage and temperature,
respectively. It took a longer time for optimal extraction of phenolic compounds, being 15 min, while
for anthocyanins, it was only 5 min. Excellent repeatability and intermediate precision were found,
with values that were lower than 5%. The developed methods were successfully applied to several
commercial samples with maqui content. According to the results, UAE obtained extractions with a
greater content in anthocyanins than MAE. It was also observed that, under optimal conditions, UAE
used a smaller amount of solvent than MAE. Based on these data, it can be concluded that, when
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UAE is applied under optimal conditions, it can be considered as a simple and economical alternative
method for the extraction of anthocyanins and total phenolic compounds from maqui.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/3/
148/s1, Figure S1: Ultra-high-performance liquid chromatography (UHPLC) chromatogram identified in the
ultrasound-assisted extraction, Table S1: HPLC results for each of the anthocyanins found in maqui.
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