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1 Introduction
The fruit of the jabuticaba tree (Myrciaria cauliflora) (Mitra, 

2010) has the special characteristic that it is borne directly on 
the main trunk and branches of the tree. Jabuticaba is very well 
known in South America, especially in Brazil (Nascimento et al., 
2013). This fruit is produced twice a year and the average yield of 
a mature tree can be over 1000 pounds of fruit (Costa et al., 2016; 
Teixeira et al., 2011). This fruit is dark and has a spherical shape 
with a small size (3.0–4.0 cm) and it is highly appreciated due 
to its relevant nutritional properties (Silva et al., 2008; Wu et al., 
2013). The high content of carbohydrates, proteins, vitamins, 
minerals, and fibers have made jabuticaba a daily food in the 
diet of native people for many years (Borges et al., 2014). There 
are several references concerning the chemical composition 
of Myrciaria cauliflora and the relevant content of bioactive 
compounds has been highlighted, including phenolics in general 
and anthocyanins in particular, which are characterized by 
their antioxidant, anticancer, and beneficial properties against 
chronic diseases (Batista et al., 2014; Dessimoni-Pinto et al., 
2011; Lenquiste et al., 2015; Nascimento et al., 2013). This fruit is 

appreciated for both fresh consumption and jam manufacturing 
(Alves  et  al., 2016). On some recent studies it has even been 
shown that the addition of 1-2% of freeze-dried jabuticaba 
peel to the diet improves health (de Sá et al., 2014). Among the 
anthocyanins that are naturally present in this fruit, six are more 
abundant than the others: pelargonidin, delphinidin, cyanidin, 
petunidin, peonidin and malvidin (Reynertson  et  al., 2006). 
These anthocyanins differ in the number and position of their 
hydroxyl and methoxyl groups. The main anthocyanins that 
have been extracted and identified in the fruit of jabuticaba are 
cyanidin-3-O-glucoside and delphinidin-3-O-glucoside (Figure 1) 
(Alves et al., 2013; Reynertson et al., 2006) in addition to the 
other predominant phenolic compounds such as jaboticabin, 
ellagic acid, and gallic acid (Abe  et al., 2012; Alezandro et al., 
2013). The extraction procedure for anthocyanins and other 
phenolic compounds from jabuticaba is undoubtedly of great 
importance in food industry. However, in spite of the appealing 
properties of this fruit, only a few papers have been published 
on the extraction of these components. On the one hand, 

Optimization of ultrasound-assisted extraction of bioactive compounds from 
jabuticaba (Myrciaria cauliflora) fruit through a Box-Behnken experimental design

Gerardo FERNÁNDEZ-BARBERO1, Cristina PONEDO2, Estrella ESPADA-BELLODO1* , 
Marta FERREORO-GONZÁLEZ1, Ceferino CARRERA1,3, Miguel PALMA1, Carmelo GARCÍA-BARROSO1 

a

Received 14 May, 2018 
Accepted 15 Oct., 2018
1 Department of Analytical Chemistry, Faculty of Sciences, University of Cadiz, Agrifood Campus of International Excellence, Puerto Real, Cádiz, Spain
2 Department of Organic Chemistry, Faculty of Sciences, University of Cadiz, Puerto Real, Cádiz, Spain
3 Instituto de Investigación Vitivinícola y Agroalimentario (IVAGRO), Agrifood Campus of International Excellence (ceiA3), University of Cadiz, Puerto Real, Cádiz, Spain
*Corresponding author: estrella.espada@uca.es

Abstract
Jabuticaba is a very popular fruit in Brazil being a great source of compounds with considerable biological activities. Novel 
optimized ultrasound-assisted extraction (UAE) methods have been proposed for anthocyanins and total phenolic compounds 
from jabuticaba. A Box–Behnken experimental design (BBD) with a response surface methodology (RSM) was used to investigate 
the effect of six independent variables (solvent composition, solvent-to-sample ratio, ultrasound amplitude and cycle, pH, 
and temperature) on the UAE. Solvent composition was found to be the most significant variable for the extraction of both 
anthocyanins (51%) and total phenolic compounds (72%). The other optimum conditions for anthocyanins were as follows: 
pH 7.00, 39.8 ºC, 20:1.5 mL:g solvent-to-sample ratio, 34% ultrasound amplitude and cycle of 0.47 seconds. The optimum conditions 
for the extraction of phenolic compounds were: pH 7.00, 26.0 ºC, 20:1.5 (mL:g) solvent-to-sample ratio, 68.5% ultrasound 
amplitude and cycle of 0.5 seconds. The extraction kinetic was also evaluated. The developed methods showed a high precision, 
with coefficients of variation of less than 5% for both repeatability and intermediate precision (within-lab reproducibility). 
The applicability of the new methods was successfully evaluated on several fruits and jams from jabuticaba.

Keywords: anthocyanins; Box–Behnken experimental design; jabuticaba; optimization; phenolic compounds, ultrasound-assisted 
extraction.

Practical Application: Ultrasound-assisted extraction (UAE) is a faster, easier and greener alternative to conventional extraction 
methods. On this paper, the optimization of UAE of bioactive compounds (anthocyanins and total phenolic compounds) from 
jabuticaba using a Box-Behnken design with a response surface methodology (RSM) has been proposed. The effect of solvent 
composition, solvent-to-sample ratio, ultrasound amplitude and cycle, pH, and temperature was evaluated. The methods were 
successfully applied to several fruits and jams from jabuticaba. The findings are of interest in the field of food analysis.
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Santos et al. developed a combined extraction process involving 
ultrasound treatment and agitated solvent extraction from an 
engineering point of view (Santos et al., 2010). On the other hand, 
Rodrigues  et  al. optimized an ultrasound assisted extraction 
method of phenolics and anthocyanins from jabuticaba peels 
(Rodrigues  et  al., 2015). The effect of only solvent, pH and 
extraction time was evaluated. There is therefore a need to 
develop efficient extraction procedures for this fruit. An efficient 
extraction should maximize metabolite recovery with minimal 
degradation to provide an extract with high antioxidant activity 
using environmentally friendly technologies and low-cost raw 
materials. The aim of the work described here was to optimize 
ultrasound-assisted extraction methods (UAE) to extract 
antioxidant compounds (anthocyanins and other phenolic 
compounds) from jabuticaba. UAE is more economical and is 
easier to operate than other novel extraction techniques such 
as pressurized liquid extraction (PLE) and microwave-assisted 
extraction (MAE) (Paula et al., 2016; Wang & Weller, 2006). 
The UAE technique is recognized as being an extraction method 
for a wide variety of natural compounds including phenolic 
compounds (Díaz-de-Cerio et al., 2017; Dranca & Oroian, 2016; 
Espada-Bellido et al., 2017; He et al., 2016; Lazar et al., 2016; 
Rodrigues et al., 2015; Sharmila et al., 2016). The UAE method 
is a very interesting technique for the extraction of natural 
compounds from fruits and plants as it enhances mass transport 
by disrupting the plant cell walls. Consequently, ultrasonic 
power is considered to be one of the factors that leads to the 
enhancement of the extraction (Barizão et al., 2015; Wang & 
Weller, 2006). Several factors can have an impact on the efficiency 
of ultrasound, such as solvent composition, solvent-to-sample 
ratio, ultrasound amplitude and cycle, pH, and temperature. 
On this paper, the effects of the six selected variables on the 
extraction efficiency of the compounds of interest have been 
analyzed through a Box–Behnken experimental design (BBD) 
with a response surface methodology (RSM), which consists of 
mathematical techniques to maximize the analytical response 
(Ding et al., 2016; Filip et al., 2017). Thus, the aim of the study 
reported here was to optimize two novel ultrasound-assisted 
extraction (UAE) methods for individual anthocyanins and total 
phenolic compounds in jabuticaba fruit. Once the extraction 
methods had been optimized, they were validated and applied 
to the extraction and analysis of different samples of jabuticaba 

fruits and its derived products such as jams. The results can be 
of interest in the field of food analysis, and in particular for 
the analysis of phenolic compounds in jabuticaba fruit and its 
derived products.

2 Materials and methods
2.1 Chemicals and solvents

Methanol (MeOH) (Fisher Scientific, Loughborough, 
UK) and formic acid (Scharlau, Barcelona, Spain) used for the 
chromatographic separation were HPLC grade. Hydrochloric 
acid and sodium hydroxide (Panreac, Barcelona, Spain) used to 
regulate the pH of the extraction solvent were analytical grade. 
Ultra pure water was obtained from a Milli-Q water purification 
system from Millipore (Bedford, MA, USA). For the determination 
of total phenolic compounds, Folin–Ciocalteu reagent (Merck 
KGaA, Darmstadt, Germany) and anhydrous sodium carbonate 
(Panreac, Barcelona, Spain) were used. Cyanidin chloride, a 
commercially available standard for anthocyanins, and gallic acid 
for total phenolic compounds, were obtained from Sigma-Aldrich 
Chemical Co. (St. Louis, MO, USA).

2.2 Jabuticaba samples

On order to proceed with the development of the extraction 
methods, fresh jabuticaba fruit (Myrciaria cauliflora) was acquired 
from a local market from São Paulo (Brazil). The seeds of the 
fruit were removed and the rest of the fruit (peel and pulp) 
were conveniently triturated and homogenized in a Thermomix 
(Vorwerk, Madrid, Spain) until obtaining a puree. The triturated 
samples were immediately frozen at -20 °C and stored prior to 
analysis. Jabuticaba jams were also purchased from Brazilian 
markets located in Campinas, SP, Brazil and stored at 4 °C. 
The jams were crushed and homogenized in a conventional 
grinder prior to analysis.

2.3 Extraction procedure

UAE was carried out using at 200 Watts and 24 kHz on a 
UP200S ultrasonic system (Ultraschallprozessor Dr. Hielscher 
Ultrasonics GmbH, Berlin, Germany) that allows the cycle and 
ultrasound amplitude to be selected. A 7 mm diameter probe 
was used for the experiments. This compact ultrasonic system is 
designed to be mounted on a stand and is equipped with a water 
bath coupled to a temperature controller (Frigiterm-10 J.P. Selecta, 
Barcelona, Spain) to maintain the desired extraction temperature. 
A jabuticaba sample (1.5 g) was accurately weighed and then 
placed in a Falcon 50 mL tube and, depending on the experimental 
design, a different volume and solvent composition was added 
to the tube and the extraction was performed under controlled 
UAE conditions. The ultrasound probe was introduced into 
the Falcon up to 0.5 cm above the bottom of the tube, without 
touching their walls. After extraction, the samples were cooled 
to room temperature and filtered by gravity. The Falcon tube 
was washed twice with the same solvent and the filtered extract 
was placed in a 25 mL volumetric flask, and adjusted to a final 
volume of 25 mL with methanol. The extracts were filtered 
through a 0.22 μm nylon syringe filter (Filter-Lab, Filtros 
Anoia, S.A., Sant Pere de Riudebitlles, Barcelona, Spain) prior 
to chromatographic analysis. The extracts were kept at –20 ºC 

Figure 1. UHPLC-UV-vis chromatogram of the main anthocyanins 
identified in the UAE extracts of the jabuticaba fruit. Peak assignment: 
1a) cyanidin-3-O-glucoside and 1b) delphinidin-3-O-glucoside.
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prior to analysis. The extraction time used for the development 
of the optimization was 10 minutes.

2.4 Identification of anthocyanins by UHPLC-Q-ToF-MS

Ultra high-perfomance liquid chromatography (UHPLC) 
coupled to quadrupole-time-of-flight mass spectrometry 
(Q-ToF-MS) (Synapt G2, Waters Corp., Milford, MA, USA) 
was used to identify anthocyanins. The injection volume was 
set to 3 µL and the chromatographic separation was performed 
on a reverse-phase C18 analytical column (Acquity UPLC 
BEH C18, Waters) of 2.1 mm × 100 mm and 1.7 µm particle 
size. The gradient elution program was an acidified aqueous 
solution (2% formic acid) as mobile phase A and methanol as 
mobile phase B, both at a flow rate of 0.4 mL min–1. The gradient 
applied was: 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, 5.95 min, 
95% B; 7.50 min, 95% B. Total run time was 12 minutes, 
including 4 minutes for re-equilibration. The determination 
of the extracted anthocyanins was carried out using an 
electrospray source operating in positive ionization mode 
under the following conditions: desolvation gas flow = 700 L h–1, 
desolvation temperature = 500 ºC, cone gas flow = 10 L h–1, 
source temperature = 150 °C, capillary voltage = 700 V, cone 
voltage = 30 V and trap collision energy = 20 eV. Full-scan 
mode was used (m/z = 100-1000). Masslynx software 
(version 4.1) was used for the acquisition and treatment of 
data. The anthocyanins identified in the extracts of jabuticaba 
were cyanidin-3-O-glucoside and delphinidin-3-O-glucoside. 
The molecular ions [M+] for these anthocyanins showed 
the following m/z ratios: cyanidin-3-O-glucoside, 449; 
delphinidin-3-O-glucoside, 465.

2.5 Separation and determination of anthocyanins by 
UHPLC-UV-vis

The separation and quantitation of anthocyanins were 
performed on an Elite UHPLC LaChrom Ultra System (VWR 
Hitachi, Tokyo, Japan) consisting of an L-2200U autosampler, an 
L2300 column oven, two L-2160U pumps and an L-2420U UV-vis 
detector. The column oven was adjusted to 50 ºC for the 
chromatographic separation. The UV-vis detector was set at 
520 nm for the analysis. The injection volume was set to 15 µL and 
anthocyanins were analyzed on a HaloTM C18 Hitachi LaChrom 
column (100 × 3 mm O.D., particle size 2.7 µm). A gradient 
method, using acidified water (5% formic acid, solvent A) and 
methanol (solvent B), working at a flow rate of 1.0 mL min–1, 
was employed for the chromatographic separation. The gradient 

employed was as follows: 0 min, 15% B; 1.50 min, 20% B; 
3.30 min, 30% B; 4.80 min, 40% B; 5.50 min, 55% B; 6.00 min, 
100% B. The retention times for the detected anthocyanins were 
1.24 minutes for delphinidin-3-O-glucoside and 1.71 minutes for 
cyanidin-3-O-glucoside, respectively. The percentages of anthocyanins 
in the jabuticaba sample were as follows: cyanidin-3-O-glucoside 
(90.42%) and delphinidin-3-O-glucoside (9.58%). The values 
are the mean of two injections.

The linearity, limit of detection (LOD), limit of quantitation 
(LOQ) of the chromatographic method were evaluated according 
to the recommendations of EuraChem guide (Magnussonm & 
Örnemark, 2014). All analyses were carried out in duplicate. 
A calibration curve for cyanidin chloride, the commercially 
standard used for anthocyanins, was constructed. Assuming 
that the different anthocyanins have similar absorbance, 
cyanidin-3-O-glucoside and delphinidin-3-O-glucoside were 
quantified from the calibration curve of cyanidin chloride, 
based on the structural similarities and taking into account their 
molecular weights. The results were expressed as micrograms 
of cyanidin chloride equivalents per g of fresh weight (Table 1). 
The detection and quantitation limits were calculated as the 
analyte concentration corresponding to the standard deviation 
of the signal of the blank values (n = 10) plus 3x and 10x times, 
respectively, divided by the slope of the linear regression.

2.6 Total phenolic content determination

The total phenolic content of the extracts obtained from 
jabuticaba was estimated through the modified spectrophotometric 
Folin–Ciocalteu method (Singleton  et  al., 1999; Singleton & 
Rossi, 1965) for vegetable extracts. The extracts were filtered 
through a 0.45 μm nylon syringe filter (Filter-Lab, Filtros 
Anoia, S.A., Sant Pere de Riudebitlles, Barcelona, Spain) prior 
to spectrophotometric analysis. The reaction was performed 
by transferring 0.25 mL of standard solution or extract samples 
into a 25 mL volumetric flask. Next, 12.5 mL of distilled water, 
1.25 mL of Folin–Ciocalteu reagent and 5 mL of aqueous sodium 
carbonate solution 20% (w/v) were added and the solution was 
made up to the mark with water. The solution was manually stirred 
for 30 seconds and kept at room temperature for 30 minutes. 
The absorbance of the solution was measured at 750 nm on a 
UV-vis spectrophotometer V-530 (JASCO, Madrid, Spain) with 
a quartz cuvette of 10 mm path length.

The linearity, limit of detection (LOD), limit of quantitation 
(LOQ) of the colorimetric method were also evaluated according 

Table 1. Analytical characteristics for the determination of total phenolic compounds (TPC) and total anthocyanins (TA).

Compound
Linear range

Linear equation R2
LOD LOQ

(mg L–1) (mg L–1) (mg L–1)

TPC Gallic acid 1-1000   0.0011   0.0003y x= + 0.9999 2.42 8.07

TA Cyanidin chloride 0.042-35   242789.16  –  17765.22y x= 0.9999 0.172 0.573

Cyanidin-3-O-glucoside   174354.87  –  17765.22y x= 0.9999 0.240 0.780

Delphinidin-3-O-glucoside   168358.06  –  17765.22y x= 0.9999 0.248 0.826
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to the recommendations of EuraChem guide (Magnussonm & 
Örnemark, 2014). All analyses were carried out in duplicate. 
Regarding the calibration curve for total phenolics, the commercially 
standard used was gallic acid. Total phenolic compounds were 
expressed as micrograms of gallic acid equivalents per gram of 
fresh weight (Table 1). The detection and quantitation limits 
were calculated as explained in section 2.5.

2.7 Experimental design and optimization

On the present study, a three level Box–Behnken experimental 
design with a response surface methodology (Baş & Boyacı, 
2007; Grosso et al., 2014; Sharmila et al., 2016) was employed 
to optimize the UAE extraction conditions. The total amount 
of extracted anthocyanins and the total amount of phenolic 
compounds were considered as the response variables. On this 
experimental design, six independent variables at three different 
levels, i.e., (–1) low, (0) medium and (+1) high, were studied. 
The six experimental variables were: solvent composition 
(X1; 25-50-75% methanol in water), temperature (X2; 10-40-70 °C), 
ultrasound amplitude (X3; 30-50-70%), cycle (X4; 2-4.5-7 s), 
pH (X5; 3-5-7) and solvent-to-sample ratio (X6; 10:1.5-15:1.5-
20:1.5 mL:g). These specific ranges of values were selected 
according to the existing prior knowledge on the extraction of 
phenolic compounds and anthocyanins (Franquin-Trinquier 
et al,. 2014; Liazid et al., 2010). An experimental design matrix 
with 54 trials was performed in duplicate with six repetitions 
of the center point. Both responses obtained from the different 
extractions were entered into second-order polynomial equations 
to correlate them with the independent variables (Equation 1):

1
2

0     
1 1 1 1

    
k k k k

i i ii ii ij i j
i i i i

Y b b X b X b X X
−

= = = =

= + + +∑ ∑ ∑∑  (1)

Y is the predicted response, b0 is the population value of the 
average of all the response values of the design, Xi and Xj are the 
population parameters that affect the response Y, bi, bii and bij 
are called estimators of the population parameters Xi and Xj; 
bi (i = 1,2,…, 6) is the linear coefficient, bii (i = 1, 2, …, 6) is 
the quadratic coefficient, and bij (i = 1, 2, …, 6; j = 1, 2, …, 6) 
is the cross-product coefficient. The responses obtained from 
all the extractions were studied using Design Expert software 
11 (Trial Version, Stat- Ease Onc., Minneapolis, MN, USA). 
This software was used to estimate the effects of the variables 
on the final response, the analysis of variance (ANOVA), the 
second order mathematical model, and the optimum levels of 
the significant variables.

3 Results and discussion
A Box–Behnken experimental design (BBD) with the 

response surface methodology (RSM) was used to evaluate the 
influence on the extraction yield of six factors related to UAE 
conditions for anthocyanins and total phenolic compounds from 
jabuticaba fruit. Extraction time was fixed initially at 10 minutes 
and the amount of jabuticaba fruit (without seeds) employed 
was approximately 1.5 g. All of the runs were performed in 
duplicate. The experiments with the coded values of the variables 
are shown in Table 2 along with the experimental and estimated 
values for both responses. Analysis of variance (ANOVA) was 
performed to evaluate the significance of the variables and their 
interactions on the response (Tables 3 and 4). The extraction of 
both sets of bioactive compounds from jabuticaba was correlated 
with experimental conditions by a second-order polynomial 
equation, which can be useful to predict the response variables. 
Estimated coefficients of the linear, quadratic and interaction 
factors of the polynomial equations and their significance 
(p-values) were evaluated.

Table 2. Box–Behnken design (BBD) with coded variables and experimental and predicted data for the responses (n = 2).

Run

Extraction conditions Experimental and estimated results

X1 X2 X3 X4 X5 X6

Total Anthocyanins Total Phenolics
(μg g-1) (μg g-1)

Experimental Estimated Experimental Estimated
1 0 0 -1 0 -1 -1 474.93 475.26 3404.33 3311.45
2 0 0 1 0 -1 -1 472.76 493.99 3869.33 3330.80
3 0 0 -1 0 1 -1 494.43 505.51 2431.94 2556.24
4 0 0 1 0 1 -1 504.12 455.16 2978.29 2725.38
5 0 0 -1 0 -1 1 449.18 497.81 2800.96 2915.15
6 0 0 1 0 -1 1 540.51 529.77 3022.60 3037.01
7 0 0 -1 0 1 1 562.71 541.14 3200.73 3600.55
8 0 0 1 0 1 1 504.02 504.02 3640.62 3872.21
9 0 -1 0 -1 -1 0 450.50 387.97 2345.79 2305.18

10 0 1 0 -1 -1 0 242.30 309.72 1367.81 2146.15
11 0 -1 0 1 -1 0 465.33 378.72 2536.77 2342.89
12 0 1 0 1 -1 0 228.97 290.26 1543.30 1869.84
13 0 -1 0 -1 1 0 499.61 399.96 2917.60 2266.05
14 0 1 0 -1 1 0 212.73 337.70 1723.84 2242.74
15 0 -1 0 1 1 0 461.02 355.23 3429.64 2326.29
16 0 1 0 1 1 0 181.86 282.77 1623.33 1988.96
17 -1 0 -1 -1 0 0 226.39 229.05 1962.63 1083.92
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Table 3. Analysis of variance (ANOVA) of the quadratic model adjusted to the extraction of total anthocyanins.

Factors Sum of squares Degrees of freedom Mean square F value p-value
Model 6.68·105 27 24731.53 4.42 0.0001

X1, MeOH 658.14 1 658.14 0.12 0.7343
X2, Temperature 34074.0 1 34074.0 6.10 0.0204
X3, Amplitude 507.47 1 507.47 0.09 0.7656

X4, Cycle 6177.0 1 6177.0 1.11 0.3028
X5, pH 30.35 1 30.35 0.01 0.9418

X6, Ratio 7649.44 1 7649.44 1.37 0.2527
X1

2 277380 1 277380 49.62 0.0000
X1X2 4867.39 1 4867.39 0.87 0.3593
X1X3 669.41 1 669.41 0.12 0.7321
X1X4 110.41 1 110.41 0.02 0.8893
X1X5 7760.71 1 7760.71 1.39 0.2494

Run

Extraction conditions Experimental and estimated results

X1 X2 X3 X4 X5 X6

Total Anthocyanins Total Phenolics
(μg g-1) (μg g-1)

Experimental Estimated Experimental Estimated
18 1 0 -1 -1 0 0 203.91 215.98 2870.37 2894.50
19 -1 0 1 -1 0 0 166.50 205.03 1050.25 1170.44
20 1 0 1 -1 0 0 248.86 228.55 3076.75 3140.19
21 -1 0 -1 1 0 0 193.55 195.18 1094.27 1313.16
22 1 0 -1 1 0 0 212.46 192.61 2892.90 2490.39
23 -1 0 1 1 0 0 194.96 164.22 1100.28 1358.48
24 1 0 1 1 0 0 182.21 198.24 2098.50 2694.87
25 0 -1 -1 0 0 -1 430.00 424.36 1836.05 2182.29
26 0 1 -1 0 0 -1 322.84 330.63 1993.65 2647.89
27 0 -1 1 0 0 -1 338.86 405.18 1874.71 2594.99
28 0 1 1 0 0 -1 346.70 318.18 2358.83 2423.67
29 0 -1 -1 0 0 1 409.58 438.44 2827.73 2901.60
30 0 1 -1 0 0 1 440.71 374.73 3158.15 2576.57
31 0 -1 1 0 0 1 440.63 432.50 4209.78 3416.83
32 0 1 1 0 0 1 370.20 375.51 2939.83 2454.88
33 -1 -1 0 0 -1 0 234.55 289.08 1385.42 1630.95
34 1 -1 0 0 -1 0 262.41 286.59 2821.21 2887.85
35 -1 1 0 0 -1 0 337.77 255.06 1509.91 1096.32
36 1 1 0 0 -1 0 188.92 153.91 3056.55 2790.40
37 -1 -1 0 0 1 0 147.66 221.04 913.92 1505.09
38 1 -1 0 0 1 0 222.06 343.14 2219.36 2957.98
39 -1 1 0 0 1 0 265.56 203.01 1497.84 1106.18
40 1 1 0 0 1 0 319.34 226.44 3566.81 2996.26
41 -1 0 0 -1 0 -1 263.35 254.31 679.38 1106.56
42 1 0 0 -1 0 -1 328.70 294.37 4368.68 3461.66
43 -1 0 0 1 0 -1 146.06 145.93 1696.89 881.90
44 1 0 0 1 0 -1 176.62 196.50 2334.41 2603.64
45 -1 0 0 -1 0 1 292.38 253.82 1500.36 1513.45
46 1 0 0 -1 0 1 205.38 224.20 2406.03 2938.68
47 -1 0 0 1 0 1 234.50 287.51 1530.71 2155.40
48 1 0 0 1 0 1 278.04 268.40 3092.13 2947.28
49 0 0 0 0 0 0 495.41 447.97 2361.63 2484.72
50 0 0 0 0 0 0 458.27 447.97 2473.05 2484.72
51 0 0 0 0 0 0 414.36 447.97 2608.95 2484.72
52 0 0 0 0 0 0 432.75 447.97 2526.74 2484.72
53 0 0 0 0 0 0 489.25 447.97 2413.45 2484.72
54 0 0 0 0 0 0 397.79 447.97 2524.51 2484.72

Table 2. Continued...
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Table 4. Analysis of variance (ANOVA) of the quadratic model adjusted to the extraction of total phenolic compounds.

Factors Sum of squares Degrees of freedom Mean square F value p-value
Model 2.70·107 27 10.00·105 2.31 0.0181

X1, MeOH 1.49·107 1 1.49·107 34.30 0.0000
X2, Temperature 369552 1 369552 0.85 0.3641
X3, Amplitude 127030 1 127030 0.29 0.5927

X4, Cycle 70022.9 1 70022.9 0.16 0.6909
X5, pH 9597.6 1 9597.6 0.02 0.8828

X6, Ratio 844928 1 844928 1.95 0.1743
X1

2 1.12·106 1 1.12·106 2.59 0.1197
X1X2 95567.5 1 95567.5 0.22 0.6424
X1X3 12668.3 1 12668.3 0.03 0.8655
X1X4 401139 1 401139 0.93 0.3447
X1X5 19206.0 1 19206.0 0.04 0.8348
X1X6 432324 1 432324 1.00 0.3269
X2

2 783462 1 783462 1.81 0.1902
X2X3 202837 1 202837 0.47 0.4998
X2X4 49304.3 1 49304.3 0.11 0.7385
X2X5 18422.6 1 18422.6 0.04 0.8382
X2X6 312544 1 312544 0.72 0.4033
X3

2 171534 1 171534 0.40 0.5346
X3X4 848.51 1 848.51 0.00 0.9650
X3X5 11220.0 1 11220.0 0.03 0.8734
X3X6 10509.8 1 10509.8 0.02 0.8774
X4

2 725001 1 725001 1.67 0.2071
X4X5 253.8 1 253.8 0.00 0.9809

Factors Sum of squares Degrees of freedom Mean square F value p-value
X1X6 2428.0 1 2428.0 0.43 0.5157
X2

2 57366.4 1 57366.4 10.26 0.0036
X2X3 22.58 1 22.58 0.00 0.9498
X2X4 52.22 1 52.22 0.01 0.9237
X2X5 255.76 1 255.76 0.05 0.8323
X2X6 450.3 1 450.3 0.08 0.7788
X3

2 1345.44 1 1345.44 0.24 0.6278
X3X4 24.15 1 24.15 0.00 0.9481
X3X5 2386.02 1 2386.02 0.43 0.5193
X3X6 175.17 1 175.17 0.03 0.8609
X4

2 48561.9 1 48561.9 8.69 0.0067
X4X5 629.42 1 629.42 0.11 0.7399
X4X6 10092.7 1 10092.7 1.81 0.1907
X5

2 15018.2 1 15018.2 2.69 0.1132
X5X6 85.67 1 85.67 0.02 0.9024
X6

2 6733.83 1 6733.83 1.20 0.2825
Residual 1.45·105 26 5589.90

Lack of fit 1.37·105 21 6542.73 4.12 0.0612
Pure error 7939.99 5 1588.00

Total 8.13·105 53

Table 3. Continued...
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3.1 Anthocyanins extraction method

Once the 54 extractions had been carried out, the extracts 
were measured by UHPLC-UV-vis to quantify the anthocyanins 
(Table 2). The addition of individual anthocyanins was used to 
determine the total anthocyanins content. Thus, the real values 
for total anthocyanins were correlated with the predicted values 
obtained by Equation 2:

1 2 3 4 5
2

6 1 1 2 1 3 1 4
2

1 5 1 6 2 2 3 2 4
2

2 5 2 6 3 3 4

 447.97  5.24 –  37.68 –  4.60 –  16.04  1.12

 17.85 –  164.22 –  24.66  9.15  2.623

 31.15 –  17.42 –  74.68  1.68 –  2.55

 4.00  7.50 –  11.44 –  1.74 –  

TAY X X X X X

X X X X X X X X

X X X X X X X X X

X X X X X X X

= + +

+ + +

+ +

+ + 3 5
2 2

3 6 4 4 5 4 6 5
2

5 6 6

17.27

 3.31 –  68.71 –  8.87  35.52  38.21

 3.27  25.59

X X

X X X X X X X X

X X X

+ + +

+ +

 (2)

A statistically significant agreement between experimental 
and estimated values for anthocyanins was achieved by 
using the second order polynomial equation. A coefficient 

of determination (R2) of 82.1% was found. Therefore, the 
mathematical model can be applied to predict the amount 
of anthocyanins under specific experimental conditions. The 
regression of the obtained equation was evaluated from ANOVA 
(Table 3). The significance of the model terms was evaluated 
by F test and p-value at 95% confidence level. According to the 
results (Table 3), the terms X2, X1

2, X2
2, and X4

2 were considered 
significant. Lack of fit test showed a p-value higher than 0.05 (not 
significant) which means that the model fits well. To complete 
the information obtained, the p-values were also represented 
(Figure 2A) to evaluate the estimated effects of the linear, quadratic 
and interaction factors for the two second-order polynomial 
equation. As aforementioned, the most influential variables 
on the extraction of total anthocyanins in jabuticaba were X1

2: 
quadratic interaction of solvent composition (p-value: 0.0000), 
X2

2: quadratic interaction of temperature (p-value: 0.0036), X2: 
temperature (p-value: 0.0204), and X4

2: quadratic effect of cycle 
(p-value: 0.0067), as can be observed in the standardized Pareto 
chart obtained for total anthocyanins extraction (Figure 3A). 

Figure 2. Estimated effects of the linear, quadratic and interaction factors for the two second-order polynomial equations. (A) Anthocyanins 
and (B) total phenolic compounds.

Factors Sum of squares Degrees of freedom Mean square F value p-value
X4X6 375502 1 375502 0.87 0.3603
X5

2 606211 1 606211 1.40 0.2475
X5X6 1.04·106 1 1.04·106 2.40 0.1337
X6

2 1.00·106 1 1.00·106 2.31 0.1405
Residual 1.13·107 26 4.33·105

Lack of Fit 1.12·107 21 5.34·105 68.24 < 0.0001
Pure Error 39148.77 5 7829.75

Total 3.83·107 53

Table 4. Continued...
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Significant interactions between effects were not observed (p-value 
> 0.1). Ot should be noted that the linear term of temperature had 
negative effects, which means that a decrease in its value led to a 
higher recovery of anthocyanins. Ot is known that anthocyanins are 
very sensitive to temperature, with the solubility of anthocyanins 
increasing in the solvent as temperature increases. However, 
these compounds are degraded when high temperatures are 
used (Fischer et al., 2013; He et al., 2016; Kechinski et al., 2010). 
Therefore, an optimum temperature of 39.8 °C was selected for 
subsequent studies. Otherwise, the quadratic interaction of the 
percentage of methanol in the extracting solvent was one of the 
most influential variables in the extraction of anthocyanins 
due to the necessity to extract these bioactive compounds with 
solvents of similar polarity. Anthocyanins are polar molecules 
and, as a consequence, the characteristics of polar solvents favor 
the extraction and separation processes for these compounds 
(Strack & Wray, 1988; Xavier et al., 2008). Many works found 
in literature have shown that hydroalcoholic (methanol or 
ethanol) mixtures are more efficient than pure solvents in the 
extraction of amphiphilic or moderately polar molecules, such 
as polyphenols (Espada-Bellido  et  al., 2017; Reátegui  et  al., 
2014). This is due to the intermediate polarity of such mixtures, 
which is similar to those of phenolics (Machado et al., 2015). 
This similarity intensifies the molecular forces, thus increasing 

the solubility of the target compounds (Rezaie  et  al., 2015). 
Moreover, in mixtures, each solvent can play a specific role in 
the extraction: alcohol enhances the solubility of phenolics, 
whereas water helps desorption of the solute from the sample 
(Cai et al., 2016). Due to the analytical purpose of extraction in 
this work, methanol was more appropriate instead of ethanol 
due to its smaller size, lower viscosity, greater penetration power 
and lower cost (Blackhall et al., 2018).

The rest of the variables used in the design (pH, amplitude, 
cycle and solvent to sample ratio) were not significant 
(p-value > 0.05) when extracting anthocyanins in jabuticaba 
using the UAE. With respect to the amplitude of ultrasound 
(applied power of ultrasound), there are authors who affirm that 
ultrasound can promote degradation of anthocyanins by the 
radical hydroxyl (OH·) and oxygen peroxide (H2O2) produced 
inside the cavitation bubbles (Tiwari et al, 2010). There are 
numerous studies that show that the use of ultrasound cycles 
(pulse mode) improves the extraction of certain compounds of 
interest in certain matrices such as pomegranate peel (Kazemi 
et al., 2016), pistachio (Hashemi, Michiels, Asadi Yousefabad, 
& Hosseini, 2015) or Boletus edulis (You et al., 2014), requiring 
less extraction time and lower energy consumption and solvents 
(Tiwari, 2015). With respect to pH, anthocyanins are sensitive 

Figure 3. Standardized Pareto chart for (A) anthocyanins and (B) total phenolic compounds.
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to this factor, which limit their use as food dyes and in the 
production of cosmetics and medical products. Although at pH 
values from 1.0 to 3.0 anthocyanins have a stable conformation, 
there are many works in literature with better extraction results at 
higher pH (3-7) (Machado et al., 2017). This is explained by the 
presence of organic acids in ultrasonic processes which may favor 
the degradation of anthocyanins through oxidation promoted 
by free radicals formed from these acids sonication (Tiwari et 
al., 2009). pH values higher than 7 have not been applied since 
anthocyanins can undergo irreversible degradation processes 
(Castañeda-Ovando et al., 2009). Finally, large solvent-to-sample 
ratio values usually improve the extraction rate, as a higher 
concentration gradient between the sample and the extraction 
solvent occurs (Barbero  et  al., 2008). Thus, the theoretical 
maximum (obtained by the design) for anthocyanin extraction 
should be obtained under the following optimum conditions: 
51% methanol in water, 39.8 ºC, pH 7.00, 34% for ultrasound 
amplitude, 0.47 seconds for cycle, and 20:1.5 as the optimum 
solvent-to-sample ratio.

3.2 Total phenolics extraction method

As far as the total phenolic compounds are concerned, these 
bioactive compounds were measured in jabuticaba extracts by 
the Folin–Ciocalteu assay (Table 2). The real values for total 
phenolic compounds were correlated with the predicted values 
obtained by Equation 3:

1 2 3 4 5
2

6 1 1 2 1 3 1 4
2

1 5 1 6 2 2 3 2 4

2 5 2 6
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2 2
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2
5 6 6
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 360.15  311.97
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X X X

+
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On this case, a low agreement between experimental and 
predicted values for phenolic compounds was obtained by 
using the second order polynomial equation. A coefficient of 
determination (R2) of 70.6% was found. The regression of the 
obtained equation was also evaluated from ANOVA (Table 4). 
The significance of the model terms was evaluated by F test and 
p-value at 95% confidence level. According to the results (Table 4), 
only the term X1 was considered significant. The lack of fit test 
showed a p-value < 0.0001 which indicates evidence for a lack of 
fit, i.e., regression seems not adequate. However, this value of lack 
of fit is expected due to the nature of the phenolic compounds 
(Espada-Bellido  et  al., 2017, 2018). Phenolic compounds 
encompass molecules with a wide range of polarity and sizes, 
from simple phenolic compounds to tannins. This enormous 
variability makes that in this type of designs the lack of fit for 
phenolic compounds usually appears in this range. On any case, 
the optimal conditions obtained are a compromise situation to 
extract the most desirable quantity of these compounds.

From the p-values indicated in Figure 2B and the standardized 
Pareto chart (Figure  3B) it can be concluded that the most 
influential variable for the extraction of phenolic compounds 
from jabuticaba fruits was X1: the percentage of methanol used 
in the extraction solvent (p-value: 0.0000). Neither significant 

quadratic interactions nor significant interactions between factors 
were observed (p-value > 0.1). The increase in the percentage of 
methanol in the solvent mixture had a positive effect, indicating 
that an increase in this variable favored the recovery of phenolics 
in the jabuticaba extract. On this respect the optimum value 
was 72% methanol. Similar results for methanol percentages 
in the solvent composition in the range between 61% and 
74.6% leading to increase extraction efficiency were reported in 
recent papers focused on the extraction of phenolic compounds 
from mulberries (Espada-Bellido et al., 2017, 2018). Thus, the 
best conditions for the maximum recovery of phenolics were: 
72% methanol in water, 26 °C, pH 7.00, 68.5% for ultrasound 
amplitude, 0.5 seconds for cycle, and 20:1.5 as the optimum 
solvent-to-sample ratio.

3.3 Kinetic of the extraction process

On order to study the optimum extraction time for total 
anthocyanins and total phenolic compounds, several extractions 
were run under the optimal extraction conditions. Extraction 
times between 2 and 30 minutes were evaluated in triplicate. 
The results for the recovery of both bioactive compounds are 
presented in Figure 4. Ot can be seen that the optimum extraction 
time to achieve the maximum recovery was 10 minutes. Longer 
times led to a decrease in the recovery which can be explained 
by the higher susceptibility of anthocyanins to degradation at 
high temperature (Cacace & Mazza, 2003). The recovery seemed 
to level off after 20 minutes.

Figure 4. Extracted micrograms of (A) anthocyanins and (B) phenolics, 
per gram of jabuticaba fruit at different extraction times.
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of anthocyanins as they are very sensitive to temperature and 
other conditions (Fracassetti et al., 2013; Hellström et al., 2013).

4 Conclusions
The study reported here shows the optimization of ultrasound-

assisted extraction (UAE) methods for both total anthocyanins 
and total phenolic compounds from jabuticaba fruit. Ot was found 
that solvent composition (% methanol) was the most influential 
variable in both cases. Other relevant variables for anthocyanins 
were temperature and cycle of extraction. An optimum extraction 
time of 10 minutes was sufficient to achieve quantitative 
extraction of the bioactive compounds. Both methods showed 
good precision. The new methods were successfully applied to 
jabuticaba samples (fruit and jam). This is the first time UAE has 
been optimized for analytical purposes for the determination of 
bioactive compounds in this fruit, which has characteristically 
high contents of anthocyanins and other phenolic compounds.
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