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Abstract

:

Featured Application


Ultrasound has been recognized as a useful technique in the extraction of bioactive compounds from plants. In this case, ultrasound-assisted extraction has been employed for the liberation of antioxidants present in Zingiber officinale. The physical conditions to obtain aqueous extract with antioxidant activity were established in this study. These extracts can be used in the food industry due to the different beneficial properties of this rhizome to human health.




Abstract


Ginger rhizome is widely used in culinary preparations and in traditional medicine. Its benefits are associated with its antioxidant properties related to phenolics and terpenoids compounds, which use to be thermolabile. Ultrasound-assisted extraction has been useful for enhancing the release of thermosensitive compounds present in vegetable tissues. Therefore, the aim of this study was to evaluate the influence of ultrasound-assisted extraction on the release of antioxidants from ginger in aqueous media as well as their in vitro bioaccessibility. Central composite rotatable design was applied to obtain the optimal conditions for the extraction; the variables studied were amplitude (80–90%) and temperature (30–50 °C). Total phenolic content, antioxidant capacity (DPPH•, ABTS•+ and FRAP), and in vitro bioaccessibility were determined. Amplitude was the main parameter influencing the extraction of antioxidants. The ginger aqueous extracts showed a bioaccessibility of around 30%. The release of antioxidant compounds from ginger by ultrasound-assisted extraction avoids the use of high temperatures and solvents commonly used in conventional extraction methods.
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1. Introduction


Plants and plant-based foods are rich in antioxidants, such as polyphenolic compounds, well-known for their beneficial effects on human health, due to their antioxidant, cardioprotective, anticancer, anti-inflammatory, and antimicrobial properties [1,2,3,4,5,6,7]. In such a context, ginger represents a really challenging bioresource.



Zingiber officinale (ginger) is a rhizome that has been used in traditional medicine to treat different diseases like colds, bronchitis, cough, vomiting, and nausea [8,9,10]. Its composition includes components of phenolic (6-gingerol and its related compounds like shogaol) and terpene types (α-zingiberene, β-bisabolene), which have antioxidant properties [11,12,13]. Such properties are of interest from a technological and nutritional point of view. For this reason, the extraction of this kind of compounds from natural sources has encouraged researchers to look for more innovative strategies to maximize the extraction rates from different plant materials due to their promising impact in improving health. To evaluate the use of ginger as a natural source of antioxidants, several studies have reported the use of methods involving different solvents for extraction such as ethanol, methanol, methanol-water, and water, as well as wide range of temperatures and extraction times [14,15]. Among the analyzed variables, temperature is the physical factor that influenced the most in the release of antioxidant compounds, regardless the time of extraction and the quantity of the sample [16]. Recently, emerging technologies such as ultrasound have been successfully used as an alternative method for the extraction of thermosensitive bioactive compounds from plant and fruits [17,18,19]; nevertheless, there are few studies related to the application of this method for the extraction of antioxidant compounds from ginger in aqueous media.



Ultrasound-assisted extraction (UAE), compared with other techniques, offers some advantages such as significant reduction of extraction time and the use of solvents. This is because the ultrasound has a mechanical effect that allows a better penetration of the solvent into the matrix, expanding the surface of contact between the sample and the liquid phase [20,21,22]. In recent years, ultrasound has also been used in the extraction of phenolic compounds aiming to preserve its antioxidant activity, avoiding the effect that high temperatures may have when applying conventional solid–liquid extraction methods (infusion, maceration, Soxhlet, etc.) [23,24,25,26,27]. Therefore, the aim of this work was to evaluate the influence of ultrasound-assisted extraction technique on the release of antioxidant compounds from ginger in aqueous media as well as their in vitro bioaccessibility. For that purpose, a central composite rotatable design (CCRD) was used to obtain the optimal physical conditions for antioxidant compounds extraction from ginger in aqueous media.




2. Materials and Methods


2.1. Reagents and Materials


Folin–Ciocalteu reagent (2N), 6-dichloroindophenol sodium salt hydrate (DCPI), 2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS•+, ≥98%), 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH•), (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox, 97%), sodium bicarbonate, hydrochloric acid, pepsin, pancreatin, sodium cholate hydrate, and sodium deoxycholate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anhydrous sodium carbonate, gallic acid, potassium persulfate, ethanol, anhydrous sodium acetate, and glacial acetic acid were acquired from Meyer (Mexico City, Mexico). Ferric chloride hexahydrate, 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ), hydrochloric acid, and ferrous chloride tetrahydrate were from JT Baker (Center Valley, PA, USA). Dialysis process was carried out into sacks (21 mm, pre-cut, open ended, dry unwashed, length = 30 cm, pore size 12,000 Da), which were purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Instruments


All extractions were carried out by using an ultrasonic processor at 1500 W and 20 kHz (VCX-1500, Sonics & Materials, Inc. Newtown, CT, USA). The absorbance measurements were made in a spectrophotometer (PowerWave XS UV-Biotek, Software KC Junior, Winooski, VT, USA).




2.3. Ginger Sample (Zingiber Officinale)


The sample (approximately 30 kg) of ginger (whole rhizomes, previously washed, ground and frozen) was given by the association of organic ginger producers “Productos Orgánicos de Blackberry de la Sierra Norte de Puebla S.C. de R.L.” (Puebla, Mexico). The sample was stored in polyethylene bags and kept at −20 °C until use.




2.4. Experimental Design


A central composite rotatable design (CCRD) was used to determine the effect of ultrasound technique in the release of antioxidant components from ginger in aqueous media. The values (lower, central and upper) of independent variables amplitude (80–90%) [17] and temperature (30–50 °C) [18] are shown in Table 1. The design consisted of 13 experiments.



Experimental data from the central composite rotatable design were analyzed using a response surface regression (JMP 7.0.2, SAS Institute Inc., Cary, NC, USA, 2007) fitted to a second-order polynomial model (Equation (1)).


  Y =  β 0  +   ∑   i = 1  2   β i   x i  +   ∑   i = 1  2   β  i i    x i 2  +   ∑  i  ∗   ∑   j = i + 1    β  i j    x i   x j   



(1)




where Y was the predicted response, β0 was the constant coefficient, β1, β2 were the linear coefficients, β11 and β22 were the quadratic coefficients, β12 was the cross-product coefficient, x1 (amplitude) and x2 (temperature) were the independent variables. Response surface plots were drawn out to show the simultaneous effect of amplitude (x1) and temperature (x2) on the experimental dependent parameters (antioxidant capacity and total phenolic content).




2.5. Ultrasound-Assisted Extraction (UAE)


The aqueous extraction of ginger was performed by ultrasound-assisted method (probe system) according to the experimental design described above. The ultrasonic system was immersed in a water bath coupled to a temperature controller to maintain the extraction temperature. Ginger (4 g approximately) was weighed and then placed in an extraction tube. Then, 400 mL of distilled water were added to the extraction tube and each extraction was performed under controlled conditions. To close the system, a probe of 25 mm (amplitude transformer was connected between the converter and the probe) was introduced. Finally, an air flow system was connected to the converter to prevent its overheating. All extractions were carried out for 15 min [17,18] at a pulse mode of 2 s on/4 s off [17]. Later, extracts were centrifuged at 10,000 rpm for 30 min. The supernatants were separated by decantation and kept at −4 °C until the analysis. Antioxidant capacity (DPPH•, ABTS•+ and FRAP assays) and total phenolic content of the extracts were determined. All measurements were carried out in triplicate.




2.6. Measurements of Response Variables


2.6.1. ABTS Assay


This method was carried out according to Thaipong et al. [28]. The radical cation ABTS•+ was produced by the reaction of ABTS•+ (7 mmol L−1) with potassium persulphate (2.45 mmol L−1), which was left to react for 16 h in darkness at room temperature. The ABTS•+ solution was diluted with deionized water until an absorbance measure of 0.70 ± 0.10 at 754 nm. Trolox was used as reference antioxidant and it was used to prepare a calibration curve (10–300 μmol L−1). Then, 60 µL of each standard solution were taken and mixed with 980 µL of a diluted solution of ABTS•+. Solutions were incubated for 7 min at room temperature. Afterward, the absorbance of the mixture was measured at 754 nm. The same procedure was done for each aqueous extract of ginger. All determinations were made by triplicate. The results were expressed as mg Trolox per 100 g of ginger sample (mg Trolox/100 g).




2.6.2. DPPH Assay


Antiradical activity was measured using DPPH method [28]. An ethanolic solution of DPPH• (74 mg L−1) was prepared. A calibration curve was obtained by treatment of a set of Trolox standards (0–300 μmol L−1), which was used as antioxidant reference. Each Trolox standard solution (100 µL) was mixed with DPPH• solution (500 µL). At the same time, a control solution containing ethanol instead of Trolox was prepared. All solutions (standards and control) were incubated at room temperature and darkness for 60 min; the absorbance was measured at 515 nm. The same procedure was performed for aqueous extracts of ginger using Trolox standard solutions to replace the samples. All determinations were made by triplicate, and the results were expressed as mg Trolox per 100 g of ginger (mg Trolox/100 g).




2.6.3. FRAP Assay


The FRAP reagent was prepared by mixing 50 mL of acetate buffer (300 mmol L−1 at pH 3.6), 5 mL of ferric chloride hexahydrate (20 mmol L−1), and 5 mL of TPTZ (10 mmol L−1 in HCl 40 mmol L−1). A calibration curve was prepared (0 to 100 mmol L−1) by dilution of 0.1 mmol L−1 Fe2+ solution (from FeCl2•4H2O in HCl 40.0 mmol L−1). To each standard solution of the curve, 1 mL of FRAP reagent was added, and the resulting mixture was taken to a final volume of 10 mL with distilled water. All the solutions were incubated at 37 °C for 4 min and absorbance was read at 593 nm [28]. The antioxidant capacity of the sample was measured using the same procedure for the standards, replacing the Fe2+ solution with 250 µL of each aqueous extract of ginger. All determinations were done by triplicate and the results were expressed as mg of Fe2+ per 100 g of ginger (mg Fe2+/100 g).




2.6.4. Determination of Total Phenolic Content


The total phenolic content in aqueous extracts of ginger using UAE was determined in accordance with the method proposed by Stintzing et al. [23]. Gallic acid (GA) was used as reference phenolic compound. First, standard solutions of GA (3–15 mg L−1) were prepared. A mixture of 100 µL of standard solution and 500 µL of Folin-Ciocalteu’s reagent was prepared (1:10). Afterward, 400 µL of Na2CO3 (75 g L−1) were added. The mixtures were incubated at room temperature for 30 min, then, the absorbance readings were made at 765 nm. Later, total phenolic content in the aqueous extracts of ginger was determined following the same procedure described above but replacing GA with the sample. All determinations were made by triplicate and the results were expressed as mg gallic acid per 100 g of ginger (mg GA/100 g).





2.7. Optimization and Validation


The model was analyzed using the Minitab V. 17 software (State College, PA, USA). A polynomial quadratic regression (Equation (1)) was used to determine the effects of the selected factors (amplitude and temperature). Linear, squared, and interaction coefficients were calculated.



Confirmatory Experiments


The optimum extraction point was determined through the statistical procedure applied. The desired goals for each variable (amplitude and temperature) and response (DPPH•, ABTS•+, FRAP and total phenolic content) were chosen. To validate the polynomial model, three replicates of aqueous extract of ginger (confirmatory experiments) were prepared under the optimized levels of factors. The experimental values for each response were compared to the predicted data from the mathematical model.





2.8. In Vitro Bioaccessibility Test


This assay was done only for the confirmatory experiments. The in vitro digestion model was followed by dialysis, according to the methodology proposed by Moreda-Piñeiro et al. [29] with some modifications. An aliquot of 10 mL of ginger extract was homogenized, and pH was adjusted at 2 with HCl (6 mol L−1); later, 120 µL of pepsin solution (40 mg mL−1 of pepsin in 0.1 mol L−1 HCl) were added. The mixture was incubated at 37 °C for 2 h with constant stirring (100 rpm). Afterward, 1.5 mL of pancreatin-cholate-deoxycholate solution (5 mg of pancreatin, 12.5 mg of sodium cholate hydrate, and 12.5 mg of sodium deoxycholate in 0.1 mol L−1 NaHCO3) were added.



Digestion product was transferred into a dialysis sack, which was placed in 200 mL of NaHCO3 solution (pH 7.5, 0.1 mol L−1) for 16 h. Bioaccessibility was calculated from DPPH•, FRAP and total phenolic content values, which were measured before and after the digestion process. The bioaccessibility was expressed as bioaccessibility index (BI), which was calculated as the percentage of the tested compound remaining in the bioaccessible fraction related to the original non-digested sample (Equation (2)) [30].


  B I =    C  D S      C  F S     × 100  



(2)




where CDS is concentration of antioxidant capacity from aqueous extract of ginger at the end of the digestion process and CFS is the initial concentration.





3. Results and Discussion


3.1. Experimental Design


To optimize the UAE of the antioxidant capacity and the total phenolic content from aqueous ginger’s extracts, a CCRD was used. Table 2 shows the CCRD matrix and the total phenolic content corresponding responses. Data show the effect of amplitude and temperature (X1 and X2) on the antioxidant capacity and total phenolic content extracted from ginger. Responses for Y1 (DPPH•) and Y2 (ABTS•+) ranged from 13 to 157 mg Trolox/100 g. Lower values corresponded to ABTS method. For Y3 (FRAP) and Y4 (total phenolic content), values were from 93 to 168 mg Fe2+/100 g and from 8 to 17 mg GA/100 g, respectively.



The CCRD allowed us to estimate the effects of the factors (amplitude and temperature) and their second order interactions (quadratic and cross-product effects) which are presented in Table 3. In general, amplitude (x1) presented a positive effect in all responses, except for Y2 (ABTS•+), permitting a higher extraction of bioactive compounds. It is well known that amplitude plays an important role in the intensification of the extraction due to its impact in cavitation [31]. On the other hand, temperature had a negative effect in all responses since it can damage the structure and properties of thermosensitive antioxidant and phenolic compounds promoting higher degradation rates [31,32].



Regarding to the correlation coefficient values (Table 3), these were superior to 0.93, and Y2 (ABTS•+) showed the lowest R2 (0.9178). Therefore, CCRD turns out to be useful to optimize the ultrasound-assisted aqueous extraction conditions of antioxidant compounds from ginger.



Data obtained from CCDR were used to plot the response surfaces showed in Figure 1A–D. In this research, amplitude (X1) played a relevant role in the release of antioxidant compounds from ginger. Figure 1A shows DPPH• antioxidant activity responses; it is observed that ginger extracts under amplitudes of 80 to 82.5% presented the highest values (>160 mg Trolox/100g). In the case of extracts measured through ABTS•+ (Figure 1B), using an amplitude of 80%, the highest quantity of antioxidant components (>24 mg Trolox/100g) was obtained. Regarding the liberation of antioxidant compounds determined by FRAP method, levels higher than 165 mg Fe2+/100g were obtained in the aqueous extracts applying an amplitude of 85% and a temperature of 26 °C (Figure 1C). The same trend as DPPH• method was observed. Figure 1D indicates that by exposing the extracts of ginger at amplitudes of 80 and 85% and a temperature of 25 °C, the higher liberation of compounds of phenolic type was obtained (17 mgAG/100g sample).



Finally, Figure 1E,F shows the upper and lowest values of the overlaid contour plot of the responses measured. Figure 1E indicates that using an amplitude <85% and a temperature <40 °C allows a higher antioxidant capacity of aqueous ginger extract measured by DPPH• (Y1), ABTS•+ (Y2) and FRAP (Y3). On the contrary, total phenolic content (Y4) can be increased using 85% of amplitude and temperarure >50 °C (Figure 1F). Some authors have found that total phenolic content increases at high temperature, due to complex polyphenolics degrade and produce simple phenolic compounds [33]. In addition, high percentage of ultrasound amplitude can produce break of bonds in the polyphenolic bonds [34].




3.2. Antioxidant Capacity


Regarding the antioxidant activity of ginger’s extracts determined through the ABTS•+ technique, the results were from 12.23 mg to 22.53 mg Trolox/100 g. The highest value corresponded to the extracts of ginger obtained at 80% of amplitude and 30 °C; these conditions coincide with the ones observed in the DPPH assay. The antioxidant capacity of the extracts analyzed by DPPH assay (109.65–157.15 mg Trolox/100 g) were similar to the results found by Kaur and Kapoor (147.6 mg Trolox/100 g) [14], Chohan et al. (115.1 mg Trolox/100g) [35], and Chan et al. (119.3 mg Trolox/100 g) [36] using ethanol-water, water, and methanol as extractants agents, respectively. In the cited researches, the release of antioxidant compounds was mainly dependent of temperature and time of extraction but in our case, amplitude was the most important factor.



Despite UAE being reported as an effective extraction method for the release of thermosensitive and antioxidant compounds [31,32,33], in our work, the antioxidant activity values measured by DPPH were lower than those reported by Shan et al. [37]. This difference is attributed to the conditions used for the extraction. In that research, authors used methanol-water mixture as extractant under agitation for 24 h. It has been demonstrated than organic solvents as methanol, can allow a higher extraction of compounds with antioxidant properties [38]. In the present research, we avoided the use of organic solvents since the purpose was to evaluate the antioxidant capacity of aqueous ginger extracts, which can be used directly in the food industry.



With regard to the antioxidant capacity determined by FRAP assay, the values observed were lower (8.18–17.11 gallic acid/100 g) than those reported previously (147–1237 mg Fe2+/100 g) [16,39]. In FRAP assay, the capacity to reduce Fe(III) can be attributed to two factors: (1) the donation of hydrogen from phenolic compounds, or (2) the number and position of the hydroxyl group of phenolic compounds [3] so, a low content of phenolic compounds will leads to a low antioxidant capacity measure. Additionally, several factors involving extraction step such as media, method (conventional, and assisted by ultrasound or microwave), time and ginger variety affect the yield of antioxidant compounds released [14,16,31,32,39].




3.3. Total Phenolic Content


All values of total phenolic content from aqueous extracts of ginger obtained by ultrasound were lower than others reported previously using conventional extraction methods (from 102 to 2350 mg GA/100 g) [36,39]. It should be highlighted that those studies involved the use of organic solvents as extractants. As far as we know, there are no reports of the total phenolic content of ginger extracts using UAE and water as extractant, and it has been explained the influence of the solvent in the antioxidant compounds yield extraction. In spite of that, our results are in agreement with data reported by Anese et al. [40], who observed a decrease in the total phenolic content after an ultrasound-assisted process in tomato pulp. It could be explained for the formation of new hydrogen chains promoted by ultrasound, which cause the bonding of released phenols, and therefore, their aqueous extraction is inhibited.




3.4. Model Validation


The optimization plot is showed in Figure 2, Y2 (ABTS•+) was not considered in this step since this response presented the lowest correlation coefficient (0.9178), which can affect the accuracy of the experimental values. According to the optimization plot, the optimal conditions were: 82% of amplitude and 26 °C (temperature). Three confirmatory extractions were carried out under the optimal conditions and the responses (Y1, Y3, and Y4) were measured. The experimental values were: 157.15 ± 13.29 mg Trolox/100 g (Y1), 168.80 ± 2.45 mg Fe2+/100 g (Y3), and 17.11 ± 0.53 mg GA/ 100 g (Y4). These results are similar to predicted values (Figure 2); therefore, the extraction model is accurate and can be useful for the extraction of antioxidant compounds from ginger using water as solvent.




3.5. In-Vitro Bioaccessibility Evaluation


This assay was carried out using the aqueous extract of ginger obtained under optimal conditions from the experimental design applied. Bioaccessibility indices were calculated from each response evaluated (Y1, Y3, and Y4), and the values found were 31.54% from DPPH assay (Y1), 35.10% from FRAP test (Y3), and 35.77% from total phenolic content (Y4). Considering the DPPH measure (lipophilic character) and the lower total phenolic content, terpenoids can be the main antioxidant compounds present in the aqueous ginger extract.



There are no previous studies on the bioaccessibility of aqueous ginger extracts; however, the values obtained in the present study are lower than results found by Ramírez-Moreno et al. [41] from pulp of green and purple cactus pear (69–83%) and Bouayed et al. [42] from four varieties of apple (65%). Some authors have suggested that the low bioaccessibility of phenolic compounds could be because they are found linked to macromolecular compounds, such as proteins, polysaccharides, or soluble fiber or forming mineral complexes with reduced solubility [42,43,44,45,46].



The low bioaccessibility of antioxidant compounds from ginger aqueous extracts (DPPH and FRAP assay) is related to the absorption of phenolic compounds (flavonoids or terpenes); which can suffer structural changes or produce secondary metabolites during the digestion process [42,43,44,45]. Additionally, the bioaccessibility of phenolic compounds can be influenced by the change of pH during gastric and intestinal digestion (acid to alkaline media) that produce alterations in the phenolic polarity; the linkage with other substances; and the hindrance of large molecules to cross the cell membrane semipermeable barrier [47,48].





4. Conclusions


The central composite rotatable design was useful to study the release of antioxidant compounds from ginger under ultrasound-assisted extraction in aqueous media. The overall results indicate that UAE favors the release of phenolic compounds from ginger aqueous extracts. Amplitude was the main variable influencing the liberation of antioxidant compounds of Zingiber officinale; nevertheless, temperature must not be discarded. Further research is needed to increase the amount of antioxidants and total phenolic content in aqueous ginger extracts.
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Figure 1. Representation of the response surfaces for surface models for Y1, DPPH in mg Trolox/100 g (A); Y2, ABTS in mg Trolox/100 g (B); Y3, FRAP in mg Fe2+/100 g (C); Y4, total phenolic content in mg GA/100 g (D) and of overlaid contours at upper (E), and lowest values of responses (F). 
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Figure 2. Optimization plot for the responses: Y1, DPPH in mg Trolox/100 g; Y3, FRAP in mg Fe2+/100 g, and Y4, total phenolic content in mg GA/100 g. 
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Table 1. Selected experimental factors for release antioxidant compounds from Zingiber officinale by ultrasound-assisted extraction at the desired levels.






Table 1. Selected experimental factors for release antioxidant compounds from Zingiber officinale by ultrasound-assisted extraction at the desired levels.





	
Experimental Factor

	
Level




	
−α

	
−1

	
0

	
1

	
+α






	
x1

	
78

	
80

	
85

	
90

	
92




	
x2

	
26

	
30

	
40

	
50

	
54
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Table 2. Experimental results of the central composite rotatable design (CCRD) for the optimization of the variables involved (x1 and x2) in the ultrasound-assisted extraction of antioxidants from ginger for the four responses, Y1, Y2, Y3, and Y4.
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Variable Coded Values

	
Responses




	
x1

	
x2

	
Y1

	
Y2

	
Y3

	
Y4






	
−1

	
−1

	
154.62

	
20.63

	
149.30

	
14.33




	
+1

	
−1

	
128.21

	
13.28

	
109.77

	
11.74




	
−1

	
+1

	
141.15

	
18.88

	
140.70

	
13.62




	
+1

	
+1

	
125.91

	
13.10

	
108.20

	
10.38




	
−α

	
0

	
138.48

	
17.95

	
136.23

	
12.94




	
+α

	
0

	
109.65

	
12.23

	
93.18

	
8.18




	
0

	
−α

	
157.15

	
22.53

	
168.80

	
17.11




	
0

	
+α

	
139.80

	
16.59

	
130.92

	
13.54




	
0

	
0

	
133.03

	
13.58

	
138.92

	
12.40




	
0

	
0

	
133.14

	
14.24

	
139.65

	
12.80




	
0

	
0

	
134.06

	
14.40

	
136.77

	
12.07




	
0

	
0

	
132.05

	
13.64

	
137.35

	
11.99




	
0

	
0

	
134.61

	
14.07

	
136.70

	
12.62








x1, amplitude; x2, temperature; Y1, DPPH in mg Trolox/100 g; Y2, ABTS in mg Trolox/100 g; Y3, FRAP in mg Fe2+/100 g; and Y4, total phenolic content in mg GA/100 g. Variables, natural values and ranges were given in Table 1.
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Table 3. Parametric results of the second-order polynomial equation of Equation (2) for ultrasound-assisted extraction (UAE) of antioxidants from ginger for the four responses, Y1, Y2, Y3, and Y4 and fitting coefficients obtained after applying the central composite rotatable design.
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Parameter

	
Response




	
Y1

	
Y2

	
Y3

	
Y4






	
Intercept

	

	

	

	




	
β0

	
−615

	
230

	
−3084

	
−239.6




	
Linear effect

	

	

	




	
β1

	
25.33

	
−3.25

	
83

	
6.71




	
β2

	
−11.53

	
−2.86

	
−7.52

	
−0.91




	
Quadratic effect

	

	

	




	
β11

	
−0.1743

	
0.0136

	
−0.5160

	
−0.0406




	
β22

	
0.0785

	
0.0257

	
0.0467

	
0.0137




	
Cross-product effect

	

	

	




	
β12

	
0.0558

	
0.0079

	
0.0351

	
−0.0032




	
R2

	
0.9905

	
0.9178

	
0.9300

	
0.9601




	
R2-adj

	
0.9837

	
0.8591

	
0.8800

	
0.9317








Y1, DPPH in mg Trolox/100 g; Y2, ABTS in mg Trolox/100 g; Y3, FRAP in mg Fe2+/100 g; and Y4, total phenolic content in mg GA/100 g. Variables, natural values and ranges were given in Table 1.
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