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Optimization of Pulsed Electric Fields-Assisted Extraction of Phenolic Compounds From White Grape Pomace Using Response Surface Methodology
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This study was focused on the optimization of the pulsed electric fields (PEF)-assisted extraction process using central composite design for response surface methodology from response surface methodology (RSM) with the aim to sustainably intensify the extractability of phenolic compounds from white grape pomace. The cell disintegration index (Zp) was used as response variable to identify the optimal PEF pre-treatment conditions of grape pomace in terms of field strength (E = 0.5–5 kV/cm) and energy input (WT = 1–20 kJ/kg), to be applied prior to the subsequent solid-liquid extraction (SLE) process. for both untreated and PEF-treated samples SLE process was optimized to determine the most effective combination of extraction temperature (20–50°C), extraction time (30–300 min), and solvent concentration (0–100% ethanol in water). Total phenolic content (TPC), flavonoid content (FC), and antioxidant activity (FRAP) of the obtained extracts were determined. The extracted compounds from untreated and PEF-treated samples at the optimal conditions were analyzed via HPLC-PDA analysis. Results revealed that, at a fixed extraction temperature (50°C), the application of PEF at optimal processing conditions (E = 3.8 kV/cm, WT = 10 kJ/kg) prior to SLE has the potential to reduce the solvent consumption (3–12%) and shorten the extraction time (23–103 min) to obtain the same recovery yield of phenolic compounds. Under optimized conditions, the extracts derived from PEF-treated samples showed significantly higher TPC (8%), FC (31%), and FRAP (36%) values, as compared to the control extraction. HPLC analyses revealed that epicatechin, p-coumaric acid, and quercetin were among the main phenolic compounds extracted, and no degradation phenomena occurred due to PEF application.
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INTRODUCTION

Grapes of the cultivars Vitis vinifera are the basis of the majority of globally produced wines, with an annual production that, in 2018, has overcome 77 million tons (OIV International Organization of Vine Wine, 2019). The majority of cropped grapes is processed in wineries (Kammerer et al., 2014; Beres et al., 2017; Hogervorst et al., 2017; Maroun et al., 2017) with a global wine production accounting for 292 MhL in 2018 (OIV International Organization of Vine Wine, 2019).

However, during the winemaking process a large amount of grape processing wastes and by-products are also generated, including grape stalk, grape pomace or marc (skins and seeds), and wine lees/sediments, which account for up to 10–30% of the processed raw material (Kammerer et al., 2014; Barba et al., 2016; Sirohi et al., 2020). Among them, grape pomace are the major winery by-products, with a production of 20 kg for each hectoliter of wine (Buttol et al., 2018; Coelho et al., 2020), representing about 20–25% of the processed raw material (Chowdhary et al., 2021).

These by-products represent a major disposal problem for winery (Barba et al., 2016), where they currently find low-added value uses as animal feed or fertilizers (Casazza et al., 2010; Juri et al., 2019; Thirumdas et al., 2020), or used to recover renewable energy through anaerobic digestion of semi-solid wastes like lees and vinasses (Moletta, 2005; Barba et al., 2016), or sent to the distillery for the production of brandy from marc distillation (Muhlack et al., 2018).

However, they still represent a rich source of bioactive molecules including polyphenols, anthocyanins, tannins, and vitamins, which possess superior antioxidant activity (Andrade et al., 2019), as well as antimicrobial, anti-inflammatory, and anti-aging properties (Zhu et al., 2019; Da Rocha and Noreña, 2020; Kato-Schwartz et al., 2020; Sirohi et al., 2020).

Therefore, the valorization of grape by-products is a challenge, since it might improve the sustainability of wine production and create economic and social benefits, especially through the recovery of a gamut of bioactive compounds with high commercial value, for their potential applications as natural additives or active ingredients in food, cosmetic, and pharmaceutical products (Puértolas and Barba, 2016; Hogervorst et al., 2017; Maroun et al., 2017; Andrade et al., 2019; Sette et al., 2020).

The recovery of these bioactive compounds via conventional solid-liquid extraction (SLE) techniques is limited by the presence of the cell envelope (membranes and wall) in plant tissues, which exert a significant resistance against mass transfer phenomena of solvents and target intracellular compounds, slowing down the solvent extraction process (Corrales et al., 2008; Donsì et al., 2010a; Agati et al., 2012). This is motivating scientists to explore the use of cell disruption pre-treatment of plant residues that induces weakening or rupture of cell envelops, thus enhancing the extractability of target intracellular compounds from plant matrices, with reduced solvent, time, and energy consumption (Barba et al., 2015b).

In this frame, pulsed electric fields (PEF) is gaining great interest as gentle and scalable cell disruption technique of plant biomass (Carpentieri et al., 2022). PEF process consists in exposing plant tissues in wet form, placed between two metal electrodes, to repetitive short duration pulses (1 μ-1 ms) of moderate electric field (0.5–10 kV/cm) and relatively low energy input (1–20 kJ/kg), which leads to the permeabilization of cell membranes by pores formation, referred to as electroporation or electropermeabilization (Raso et al., 2016).

This has showed great potential to intensify the selective recovery of target intracellular compounds from various plant matrices derived from processing of fruit and vegetable (Puértolas and Barba, 2016), while lowering the energy and solvent consumption, and reducing the treatment time (Barba et al., 2015a; Frontuto et al., 2019; Pataro et al., 2020; Carpentieri et al., 2021, 2022).

However, to date, only few works demonstrated the feasibility of PEF technology to intensify the recovery yield of phenolic compounds from winery by-products (Corrales et al., 2008; Boussetta et al., 2009; Barba et al., 2015a; Brianceau et al., 2015), but none of them focused on the extractability of phenolic compounds from white grape pomace.

Furthermore, it should be emphasized that, in order to full exploit the potential benefits and advantages deriving from the application of PEF-assisted extraction over the conventional SLE process, an optimization step is required. To this regard, response surface methodology (RSM) is a statistical tool that, by means of appropriate design and analysis of experiments, enables to gain insight on the effect of the different processing variables and their interactions on target response variables, while minimizing the count of experimental runs. RSM has been successfully applied for developing, improving, and optimizing processes related to food systems (Srikanth et al., 2020; Lal et al., 2021; Pravitha et al., 2021).

Nevertheless, as per literature survey, only in few works RSM was used for the optimization of the main variables (time, liquid to solid ratio, temperature, solvent concentration) involved in the conventional SLE process of bioactive compounds from grape residues (Casazza et al., 2012; Rajha et al., 2013; Melo et al., 2015; Caldas et al., 2018; Kwiatkowski et al., 2020). However, no study has been published yet on the optimization of the innovative extraction process made of a PEF pre-treatment stage followed by a subsequent SLE step.

The main aim of this study was to investigate the potential of PEF pre-treatment to intensify the extractability of bioactive compounds, such as total phenolic compounds and flavonoids, with high antioxidant activity from white grape pomace extracts, based on the optimization of the whole PEF-assisted extraction process. Specifically, RSM was used to optimize PEF processing conditions, evaluating the effect of different combinations of electric field strength (E) and total specific energy input (WT) on the cell disintegration index (Zp) of grape pomace tissues, with the aim to define the minimum treatment severity that maximize Zp to be applied before the subsequent SLE step. The selected solvents for the SLE process were water and ethanol, widely used in grape extraction process due to their biocompatibility and availability in wineries (Brazinha et al., 2014). RSM was also used to optimize the extraction process of the bioactive compounds from grape pomace with regard to extraction time, ethanol concentration, and extraction temperature, during both conventional SLE and PEF-assisted extraction process. Finally, the composition of polyphenols in the obtained extracts was evaluated using HPLC-PDA analyses.



MATERIALS AND METHODS


Chemicals and Raw Materials

Ethanol, and all reagents and standards involved in the analyses were purchased from Sigma Aldrich (Steinheim, Germany).

Fresh white grape pomace of the “Fiano” variety, mainly composed of skins and seeds, were provided by a local winery (Tenuta Sarno 1860, Avellino, Italy). A picture of the grape pomace is reported in Supplementary Figure 1. The samples were collected during winemaking process, transported to the laboratories of ProdAl Scarl (Fisciano, Italy), and stored under refrigerated conditions (T = 4°C) until use. The moisture content on wet basis of grape pomace, evaluated on arrival at the laboratory, was found to be 69 ± 1.2%.



PEF Apparatus

PEF treatments of white grape pomace, before either impedance analysis or solvent extraction process, were performed using a laboratory-scale batch system previously described elsewhere (Donsì et al., 2010a). Briefly, the system consisted of a treatment chamber made of two parallel plate electrodes of stainless steel separated by a Teflon spacer. The distance between the two electrodes was 2 cm, and their area was 75 cm2. A high voltage cable connected the treatment chamber with a high voltage pulsed power (25 kV−500 A) generator (Modulator PG, ScandiNova, Uppsala, Sweden) able to deliver monopolar square wave pulses with different pulse width (3–25 μs) and frequency (1–450 Hz) through the plant tissue placed between the two electrodes. The actual voltage and current signals at the treatment chamber were measured, respectively, by a high voltage probe (Tektronix, P6015A, Wilsonville, OR, USA) and a Rogowsky coil (2-0.1, Stangenes, Inc., USA), connected to a 300 MHz oscilloscope (Tektronix, TDS 3034B, Wilsonville, OR, USA). The maximum electric field intensity (E, in kV/cm) and the total specific energy input (WT, in kJ/kg of plant tissues) were evaluated according to Carpentieri et al. (2021).



Quantification of PEF-Induced Cell Membrane Permeabilization

The cell disintegration index (Zp) was determined to quantify the degree of cell membrane permeabilization of grape pomace tissue induced by PEF treatment before the subsequent SLE process. The determination of Zp via impedance analyses was carried out according to the method described by Bobinait et al. (2015).

Measurements of electrical complex impedance of untreated and PEF-treated samples were performed by loading 5 g of grape pomace into a measuring cell along with 1 mL of distilled water, to guarantee electrical continuity between the electrodes. The measuring cell consisted of two parallel plate cylindrical electrodes (3 cm in diameter) separated by a polycarbonate tube (1 cm electrode gap). The electrodes were connected to an impedance analyzer (Solartron 1260, UK), which was working in the frequency range of 102-107 Hz. PEF treatments were carried out at a constant pulse width (20 μs) and frequency (5 Hz) and for different combinations of field strength (E = 0.5–5 kV/cm) and energy input (WT = 1–20 kJ/kg), as derived from the experimental design described in Table 1. The initial temperature of the samples was set at 20 ± 1°C and no remarkable temperature increase was observed due to the relatively low energy input delivered during the treatment.


Table 1. Actual values of the two independent variables investigated and response of the dependent variable (Zp) of the PEF treated grape pomace tissues.
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For each PEF treatment condition, the Zp value was calculated on the basis of the measurement of the absolute value of the complex impedance |Z|of untreated (|Zuntr|) and treated tissue (|Ztr|) in the low (0.1 kHz) and high (1 MHz) frequency ranges, using the Equation (1) (Donsì et al., 2010b).
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The Zp varies between 0 (for intact tissues) and 1 (for fully permeabilized tissue). All the measurements were carried out in triplicate.

The achieved Zp values were used to define optimal treatment conditions in terms of field strength (Eopt) and energy input (WT,opt), which allowed the accomplishment of the highest degree of cell membrane permeabilization with the minimum treatment severity (Bobinait et al., 2015; Frontuto et al., 2019; Pataro et al., 2019; Carpentieri et al., 2021). These optimal conditions were applied during the subsequent PEF-assisted extraction experiments.



PEF-Assisted Extraction Experiments

For PEF-assisted extraction experiments, ~5 g (on average) of grape pomace were loaded into the treatment chamber and PEF pre-treated under the optimal conditions (Eopt, WT,opt) previously defined through the Zp determinations. After the electro-permeabilization treatment, the samples were immediately subjected to solvent extraction process by placing them into 100 mL Pyrex flasks where a water-ethanol mixture was added at a constant solid to liquid ratio (1:10 g/mL). The flasks were then introduced in an orbital incubator S150 (PBI international, Milan, Italy) where the extraction process was carried out under constant shaking at 160 rpm for different times (0–165 min), temperatures (20–50°C), and ethanol concentration (0–100%), as derived from the experimental design (Table 3). For the sake of comparison, the same experimental design and extraction protocol was used for untreated (control) grape pomace subjected to conventional SLE process.

The extracts achieved from untreated, and PEF treated samples were then centrifuged at 5289 x g (PK130R model, ALC International, Cologno Monzese, IT) for 10 min at 4°C to separate the supernatants. The final extract was then stored at 4°C until further analysis.



Experimental Design

Response surface methodology was used to establish the relationship between response variables and process variables, to determine the optimal conditions of PEF pre-treatment (Eopt in kV/cm, WT,opt in kJ/kg), which maximize the Zp value, as well as the optimal conditions of the subsequent SLE process that maximize the extraction yield of total phenolic compounds, flavonoids, and antioxidant activity of grape pomace extracts from untreated (control) and PEF-treated samples.

A three-factors face-centered central composite design (FC-CCD) with six center points was used to investigate the effects of the electric field strength (X1, 0.5–5 kV/cm) and total specific energy input (X2, 1–20 kJ/kg) on the permeabilization degree of grape pomace tissues induced by PEF. Cell permeabilization index (Y1) of PEF-treated samples was used as response variable. The experimental design consisted of 9 runs (Table 1). A second-order polynomial model reported in Equation (2) was used to predict the response variable as a function of the investigated independent factors:
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where Yk is the predicted response variable; Xi and Xj are the independent variables; β0, βi, βii, and βij are the intercept, regression coefficients of the linear, quadratic, and interaction terms of the model, respectively.

The same FC-CCD was also used to evaluate the effect of ethanol percentage (X3, 0–100%, v/v) in a water-ethanol solvent mixture, extraction time (X4, 30–165 min), and extraction temperature (X5, 20–50°C). Total phenolic content (Y2), flavonoid content (Y3), and antioxidant activity (Y4), of untreated and PEF-treated samples were used as response variables. The experimental design consisted of 15 runs of extraction conditions including five replicates of central points (Table 3). A third-order polynomial model reported in Equation (3) was used to predict the response variables as a function of the investigated independent factors:
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where Yk is the predicted response variables; Xi and Xj are the independent variables; α0, αi, αii, αij, αiij, and αijj are the intercept, regression coefficients of the linear, quadratic, and interaction terms of the model, respectively.



Analysis of the Extracts
 
Determination of Total Phenolic Content

The total phenolic content (TPC) of grape pomace extracts was determined using the Folin-Ciocalteau method as previously described by Bobinait et al. (2015), with some modifications. Briefly, 1 mL of extract, which was diluted when required, was mixed with 5 mL of 10% (v/v) Folin-Ciocalteau reagent and then added with 4 mL of sodium carbonate (7.5%, w/v). The absorbance of the reacting mixture was measured after incubation for 60 min at room temperature in a dark place at 765 nm using a UV/Vis spectrophotometer (V-650, Jasco Inc. Easton, MD, USA). Gallic acid dissolved in ethanol/water mixtures of different concentrations (0%, 50%, 100%, v/v) was used to generate five-point external standard calibration curve in a concentration range comprised between 1 and 100 mg/L. The concentration of TPC were expressed as milligrams of gallic acid equivalents (GAE) per g of dry weight (gDM) grape pomace.



Determination of Flavonoid Content

Aluminum-chloride colorimetric assay was used to determine the flavonoid content (FC) of grape pomace extracts as previously reported by Agbo et al. (2015). Briefly, 1 mL of extract was mixed with 4 mL of distilled water in a 10 mL plastic tube and then added with 0.3 mL of 5% (w/v) sodium nitrite. After 5 min in a dark place, 0.3 mL of 10% (w/v) AlCl3·6H2O solution was added to the mixture, followed by the addition of 2 mL of 1.0 M NaOH after another 5 min of storage in a dark place. Then the mixture was diluted to the mark with distilled water. A set of standard solutions of quercetin (20, 40, 60, 80, 100 μg/mL) in ethanol/water mixtures of different concentrations (0%, 50%, 100%, v/v), were prepared and used as standard for the calibration curves. The absorbance of the samples and standard solutions were measured against the reagent blank at 510 nm with the UV/Vis spectrophotometer. The FC was determined from the calibration curve and expressed as mg of quercetin equivalent (QE) per gDM of grape pomace.



Evaluation of Ferric Reducing Antioxidant Power

FRAP assay of grape pomace extracts from both untreated and PEF treated samples was performed according to the method described by Benzie and Strain (1996) with slight modifications. Briefly, 2.5 mL of freshly prepared FRAP working solution and 0.5 mL of diluted extract (0.25 mL extract + 0.25 mL ethanol-water solution) were mixed and incubated for 10 min at ambient temperature. The absorbance of the reacting mixture was then measured at 593 nm with the UV/Vis spectrophotometer. Ascorbic acid dissolved in ethanol/water mixtures of different concentrations (0%, 50%, 100%, v/v) was used to generate five-point external standard calibration curve in a concentration range comprised between 0 and 2 mmol/L. The FRAP values were expressed as mg of ascorbic acid equivalents (mg AAE) per gDM of grape pomace.



HPLC-PDA Analyses of the Extracts

The High-Performance Liquid Chromatography - Photodiode Array Detection (HPLC-PDA) analyses of the grape pomace extracts obtained at the optimal extraction conditions were performed using a Waters 1525 Separation Module equipped with a photodiode array detector Water 2996 (Waters Corporation, USA), via the methodology described by Frontuto et al. (2019), with some modifications. Analytical separation of the analyzed compounds was carried out in a Waters Spherisorb C18 reverse phase column (5 μm ODS2, 4.6 × 250 mm, Water Corporation, USA). Prior to HPLC analysis, the extracts were filtered with 0.20 μm filters and then diluted with the ethanol/water solution [50% (v/v)]. The mobile phase consisted of (A) phosphoric acid in water (0.1 %, v/v), and (B) methanol. For compounds separation, the following gradient was used: 0–30 min from 5% B to 80% B, 30–33 min 80% B, 33–35 min from 80% B to 5% B. The injection volume and the flow rate of the mobile phase were 5 μL and 0.8 mL/min, respectively. The signal for each identified compound was recorded at its wavelength of maximum absorbance. In particular, wavelengths of λ = 280, 310, and 360 nm were used for the absorbance detector.

Phenolic compounds, in the extracts were identified according to the HPLC-PDA retention times (RT) and UV absorbance maximum, as compared to commercial standards, namely epicatechin, p-coumaric acid, and quercetin.

All commercial standards were dissolved into the extraction solvent to generate 6 points standard calibration curves (R2 = 0.999). The results were expressed as mg of the target compound/gDM of grape pomace.




Statistical Analysis

All the experiments and analyses of the obtained extracts were performed in triplicate and the results reported as means ± standard deviations. Differences among mean values were analyzed by one-way variance (ANOVA) using SPSS 20 (SPSS IBM, Chicago, USA) statistical package. Tukey test was carried out to determine statistically significant differences (p < 0.05). The software package Design Expert Version 12 (Minneapolis, MN) was used to define the experimental design (FC-CCD), as well as to perform the analysis of the data including the generated 3D response surfaces, and the determination of the optimal combination of process parameters that maximize either Zp or the extractability of the compounds of interest. Five replicates of the optimal conditions were performed to validate the models. The Pearson product-moment correlation coefficient (r) was used to evaluate the strength of the linear correlation between response variables.




RESULTS AND DISCUSSION


Effect of PEF Treatment on the Cell Membrane Permeabilization of Grape Pomace Tissues

Measurements of the changes in the electrophysical properties, such as complex electrical impedance of untreated and PEF treated biological materials, have been suggested as a simple and reliable method to obtaining a measurement of the extent of damaged cells (Donsì et al., 2010b; Pataro et al., 2011). Results depicted in Supplementary Figure 2, reported the absolute value of the complex electrical impedance of intact and PEF-treated grape pomace tissues as a function of the electrical frequency and for different combination of field strength E (0.5–5 kV/cm) and total specific energy input WT (1–20 kJ/kg).

In this work, data of Supplementary Figure 1 were used to assess the cell disintegration index (Zp), which has been successfully employed as a reliable macroscopic indicator of the cell membrane permeabilization degree induced upon the application of PEF treatment in diverse fruits and vegetables tissues (Battipaglia et al., 2009; Donsì et al., 2010a; Puértolas et al., 2013; Luengo et al., 2014; Bobinait et al., 2015; Frontuto et al., 2019; Pataro et al., 2019), including grape processing by-products (Boussetta et al., 2009; Barba et al., 2015a; Brianceau et al., 2015).

According to the constructed experimental FC-CCD, Table 1 shows the effect of the independent variables, namely electric field strength and energy inputs, on the Zp of PEF-treated grape pomace tissue. Results show that, increasing the electric field strength and energy input the Zp increased up to 0.80, which was the highest value recorded when applying the most intense treatment conditions (5 kV/cm and 10–20 kJ/kg). However, it can be observed that the permeabilization degree shows a great dependence on the electric field strength, whereas the effect of energy input appears more pronounced when applying lower field strengths. Specifically, results show that at any energy input investigated, the Zp values exhibited a statistically significant increase (p ≤ 0.05) when the field strength was increased within the investigated range (0.5–5 kV/cm). At fixed field strength applied, the Zp value also increased when the energy input was increasing. However, statistically significant differences (p ≤ 0.05) were detected only when the lowest field strength was applied, while at field strength of 3 and 5 kV/cm significant differences (p ≤ 0.05) were observed only when the energy input was changed from 1 to 10.5 kJ/kg. Further increments of WT above this value scarcely affected Zp, which tended to level off to a constant value.

The increment of Zp values with increasing intensity of PEF treatment observed in this research is in good agreement with findings previously reported by other scientists on different plant matrices, such as orange peels (Luengo et al., 2013), tomato peels (Luengo et al., 2014; Pataro et al., 2020), potato peels (Frontuto et al., 2019), oregano and wild thyme tissues (Carpentieri et al., 2021), including grape processing by-products (Boussetta et al., 2009; Brianceau et al., 2015). As an example, in the study of Boussetta et al. (2009), it was observed that the permeabilization index of PEF-treated grape skin derived from winemaking processing of white grapes (Vitis Vinifera L. cv. “Chardonnay”), grew under the PEF treatment and reached a saturation level already at the electric field strength of 1.3 kV/cm and at long treatment times >1 s.



Model Fitting, RSM Analysis and Optimization of PEF Treatment Conditions

The data obtained from the FC-CCD were fitted to a second-order polynomial equation (p ≤ 0.05). The values and significance of the regression coefficients of the predicted polynomial models and corresponding p values for each variable are reported in Table 2.


Table 2. Analysis of variance (ANOVA) of the second polynomial model for the cell disintegration index (Zp) of PEF treated grape pomace tissues.
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Even though the two investigated factors showed a statistically significant effect on Zp (p ≤ 0.05), the electric field strength was the factor that mostly affected the observed response, resulting in a significant linear and quadratic effect on Zp, as compared to the non-significant (p > 0.05) quadratic term of the energy input. Results also show that, the interaction between single factors was significant (p ≤ 0.01), suggesting that the combination of both field strength and energy input amplified the permeabilization effect of PEF. Moreover, the significance negative value of the squared factors (β11) indicates the existence of optimum value of field strength maximizing the response variable.

The coefficients of the equation used for the fitting and the statistics used to test the adequacy of the model, are demonstrated to be well fitted by the second order polynomial equation expressing the relationship between the experimental parameters and the response variable (Zp). The p-value of the model is <0.05, which indicates that the model is significant, and therefore the independent variables of the model have a significant effect on the responses. The model has a satisfactory level of adequacy (R2= 0.9956), indicating a good agreement between the experimental data and the predicted values.

Response surface plot reported in Figure 1 shows the interactions between field strength and energy input on the Zp of PEF pre-treated grape pomace tissues. In the whole investigated domain, the increase in the PEF treatment intensity induced an increase in the extent of cellular damages of the membrane permeabilization of grape pomace tissues. More specifically, results clearly show that Zp gradually increased with increasing the energy input, even though the field strength was the factor that mostly influenced the observed response.


[image: Figure 1]
FIGURE 1. Response surface for the permeabilization index (Zp) of PEF treated grape pomace tissues as a function of electric field strength (kV/cm) and the energy input (kJ/kg).


From these results, optimal PEF treatment conditions, with regard to the minimal electric field strength (Eopt, kV/cm) and total specific energy input (WT,opt, kJ/kg) that enabled the achievement of the highest degree of cell membrane permeabilization, were defined. In particular, the maximum Zp value (0.75) was detected for the PEF-treated samples at 3.8 kV/cm and 10 kJ/kg. Moreover, it can be concluded that PEF pre-treatment was able to efficiently induce the cell membrane permeabilization of white grape pomace tissues, at an extent mostly dependent on the electric field strength applied.

According to these results, further investigations of PEF pre-treatment on the extractability of bioactive compounds from grape pomace were performed under the defined optimal conditions (3.8 kV/cm−10 kJ/kg).



Effect of PEF-Assisted Extraction on Total Phenolic Content, Flavonoid Content, and Antioxidant Activity of the Extracts
 
Model Fitting

In this work, the experimental FC-CCD was created to evaluate the effect of three factors, namely extraction time, extraction temperature and ethanol concentration, on total phenolic content (TPC), flavonoid content (FC), and antioxidant activity (FRAP) of white grape pomace extracts, obtained from either conventional SLE or PEF-assisted extraction process (Table 3).


Table 3. Actual values of the three independent variables investigated and responses of the dependent variable (TPC, FC, and FRAP) in grape pomace extracts from either conventional SLE or PEF (3.9 kV/cm, 10 kJ/kg)-assisted extraction process.
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In general, results demonstrate that all the investigated variables greatly influenced the concentrations of TPC, FC, and FRAP values. In particular, regardless the application of PEF pre-treatment, the highest levels of response variables were achieved at high extraction time and medium values of ethanol concentration within the investigated range, and especially at higher temperature. This is in agreement with previous research (Melo et al., 2015), suggesting that an increase in the extraction temperature resulted in an increase in the studied responses. Moreover, results also show that the application of PEF pre-treatment to white grape pomace, at the previously defined optimal conditions (3.8 kV/cm−10 kJ/kg), markedly enhanced the extraction of TPC (8%) and FC (31%), while leading to higher antioxidant activity (36%) of the extracts, as compared with the control extraction, with significant differences detected especially when water or ethanol-water mixtures were used as a solvent.

The data obtained from the FC-CCD for all the response variables were fitted to a reduced third-order polynomial equation (Equation 3). Since from the statistical analyses some of the terms of the equation resulted not significant, these terms were not taken into consideration for the general evaluation of the model, thus reducing the general complexity of the mathematical relationship between independent and response variables. The values and significance of the regression coefficients of the predicted polynomial models and corresponding p-values, the determination coefficient (R2) for each variable, and the Root Mean Square Error (RMSE) are reported in Table 4.


Table 4. Analysis of variance (ANOVA) of the third polynomial models for the TPC, FC, and antioxidant activity (FRAP) in grape pomace extracts from either conventional SLE or PEF (3.9 kV/cm, 10 kJ/kg)-assisted extraction process.
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Results show that, for the extracts of either untreated or PEF-treated samples, the significance of the different factors on the investigated response variables (TPC, FC, and FRAP) appeared similar, with only little exceptions. In particular, all the investigated factors resulted in a statistically significant linear and quadratic effect on most of the response variables. However, differently than untreated samples, a non-significant effect was detected for the linear term of ethanol concentration, and for the quadratic terms of temperature and time in the case of FRAP values of PEF treated samples. Moreover, it is worth noting that, regardless the response variables, the negative quadratic term of the ethanol concentration leads to a parabolic trend, which indicates the existence of a maximum response value.

On the other hand, regardless the investigated responses, all the interactions between single factors were not significant in the case of PEF-treated samples, while only the dependency of the extraction temperature on the diffusion time was detected in the case of untreated samples. This suggests that, in the investigated variables domain, PEF pre-treatment reduced the influence of extraction temperature on diffusion time, in comparison with the untreated samples. Similar results were found by Frontuto et al. (2019) when analyzing the interaction between the extraction temperature and time on the TPC in PEF-treated potato peel extracts.

The ANOVA results (Table 4) show that the RSME values were comprised in the range between 0.007 and 1.19, and that relationship between response variables and the extraction parameters had determination coefficient (R2) values ranged between 0.863 and 0.990, thus denoting a good correlation between observed and predicted data. Additionally, analysis of variance indicated that the model used was significant (p ≤ 0.01) for all the responses supporting the predictive efficacy of the selected model.



RSM Analysis and Optimization of the Extraction Process

Response surface graphs reported in Figures 2, 3 for both extracts from untreated and PEF-treated samples depict the complex interactions among extraction temperature (20–50°C), extraction time (30–300 min), and ethanol concentration (0–100%, v/v) on the level of TPC and FC of the obtained extracts.
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FIGURE 2. Response surfaces for TPC of extracts obtained from untreated (Control) (A,C,E) and PEF-treated (E = 3.8 kV/cm; WT = 10 kJ/kg) (B,D,F) grape pomace as a function of extraction time and ethanol concentration, with the extraction temperature set at 20°C (A,B), 35°C (C,D), 50°C (E,F) as extraction temperature.
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FIGURE 3. Response surfaces for total flavonoids of extracts obtained from untreated (Control) (A,C,E) and PEF-treated (E = 3.8 kV/cm; WT = 10 kJ/kg) (B,D,F) grape pomace as a function of extraction time and ethanol concentration, with the extraction temperature set at 20°C (A,B), 35°C (C,D), 50°C (E,F).


In the investigated variables domain, PEF treatment increased the concentration of the phenolic content in the extracts as compared with the untreated samples. Although all the investigated variables had a statistically significant (p ≤ 0.05) effect on TPC and FC, the extraction temperature appeared as the factor that mostly affected the response variables. The higher the extraction temperature, the greater the recovery yield of phenolic compounds. This is also corroborated by the higher value of the extraction temperature linear coefficient than those of ethanol concentration and diffusion time. The positive effect of the extraction temperature on the extraction efficiency of phenolic compounds from grape by-products was previously observed by other researchers when studying the extractability of phenolic compounds from different winery by-products (Spigno et al., 2007; Rajha et al., 2013; Melo et al., 2015). This behavior could be explained considering that the higher temperature ameliorates the mass transfer, by enhancing solubility and diffusivity of intracellular compounds in the solvent and reducing the surface tension and viscosity (Rajha et al., 2013; Melo et al., 2015). Moreover, mild heating of plant tissues may also contributes to make the lipid bilayer of the cell membrane more sensitive to breakage under the PEF treatment (Pataro et al., 2018), thus further intensifying the extractability of intracellular compounds. On the other hand, subjecting grape pomace to high temperatures above 50°C, might lead to the release of certain phenolic compounds while simultaneously triggering possible thermal oxidation or degradation of others (Spigno et al., 2007; Rajha et al., 2013).

In agreement with previous findings (Rajha et al., 2013), the TPC and FC values reached its peak at 50°C, which is the highest temperature tested in this work.

Additionally, regardless the application of the PEF pre-treatment, results of Figure 2 revealed that, at constant temperature, both extraction time and ethanol concentration significantly influenced the TPC and FC, showing a quadratic effect on the extraction yield, which was more evident only at processing temperature higher than 20°C.

In particular, regarding the extraction time, results revealed that, at room temperature, TPC and FC slightly increased with increasing the diffusion time within the investigated range. This is partially in contrasts with results found by Casazza et al. (2012), who found that the response surface for total phenolic yield showed a parabolic trend already at 25°C, with a maximum TPC in ethanol extracts achieved after 19 h.

However, at higher temperature, a prolonged extraction time resulted in a decrease of TPC value, with the maximum reached at an intermediate extraction time (190–223 min) depending on extraction method and response variable (Figure 2). This is somehow consistent with the findings previously reported by other scientists. For example, when Rajha et al. (2013) compared the water extraction yield of phenolic compounds form Cabernet Sauvignon grape by-products in a range of temperature between 33 and 50°C, they found that diffusion time had a quadratic significant negative effect on TPC, showing a maximum TPC values at 30 h. This is because long extraction time could lead to a reversed effect on the phenolic compounds likely due to oxidation or degradation reactions triggered by oxygen present in the head space of test flasks, which would be accelerated at higher temperature (Rajha et al., 2013).

On the other hand, ethanol concentration, with its parabolic trend, significantly influenced the observed response (Figure 2). This behavior could be ascribed to the effect of the ethanol concentration on the polarity of the solvent mixture, thus enabling the extractability of phenolic compounds with a wide range of polarities (Frontuto et al., 2019). Additionally, it is known that ethanol may affect the barrier properties of the cell envelop of the plant tissues by acting on the phospholipid bilayer of biological membranes (Puértolas et al., 2013), thus facilitating the capacity of penetration or diffusion of the solvent and the subsequent release of solubilized intracellular compounds.

The optimal conditions for maximizing the TPC were shown by the adopted model to be 50°C, 53% ethanol-water mixture, and 213 min of extraction time for control samples (4.07 mgGAE/gDM), and 50°C, 50% ethanol-water mixture, and 190 min extraction time for PEF-treated samples (4.38 mgGAE/gDM, + 8% over SLE). Similarly, the highest FC value was achieved at 50°C, 88% ethanol, and 223 min for control samples (5.98 mg AA/gDW, +31% over SLE).

Although any comparison of the extraction efficiency of valuable compounds from different plant matrices is very difficult being currently based on literature data achieved using different types of plant materials, equipment and experimental protocols, our results appear consistent with those achieved by other scientists. In particular, the optimal extraction temperature determined in our study (50°C) was the same detected by Rajha et al. (2013) during the SLE of phenolic compounds from grape by-products. Similarly, the optimal concentration of ethanol (53%) found in the present work was only slightly higher than that (50%) detected in work carried out by Caldas et al. (2018) upon SLE of polyphenols from red grape skins. Moreover, optimal flavonoid concentration achieved in this work was greatly in agreement with the FC of ethanol extracts from grape pomace found by other scientists (Zhang and Zhu, 2015; Guaita and Bosso, 2019).

Interestingly, the application of PEF prior to SLE can be successfully used not only to increase the amount of phenolic compounds in the extract (by 8%), but also to lower both duration of the extraction process (by 23–103 min) and the ethanol concentration (by 3–12%) to achieve the desired extraction yield. These results could be explained by the electroporation effect induced by PEF pre-treatment. According with data reported in Table 1, in fact, PEF pre-treatment is able to induce the permeabilization of cell membrane of the grape pomace tissues (Zp = 0.75), leading to a remarkable increase of the capacity of penetration of the solvent into the solid matrix, thus intensifying the recovery of phenolic compounds. On the other hand, it is worth noting that the capability of temperature and ethanol to further enhancing solubility and the capacity of penetration of the solvent into the plant tissues, as well as their interaction with the electrical parameters, may have acted in improving the extractability of phenolic compounds.

It is also worth noting that the value of the quadratic term of the ethanol concentration (−0.000202) for FC response model of untreated samples was approximately half the value determined for PEF-treated samples (−0.000433), which denotes a less pronounced negative effect of ethanol concentration on the FC yield upon SLE process. Such behavior is of particular interest, since phenolic compounds belonging to the TF group were found to have high antioxidant activity (Van de Wiel et al., 2001).

The response surface of antioxidant activity (FRAP) of extracts from untreated and PEF-treated grape pomace, is shown in Figure 4. In agreement with previous findings (Caldas et al., 2018), the behavior of the antioxidant activity within the region under investigation of the independent variables, appeared very similar to that achieved for TPC and FC. This similarity indicates, as expected, that phenolic compounds present in the grape pomace extract are probably the main responsible for its antioxidant capacity.
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FIGURE 4. Response surfaces for antioxidant activity (FRAP) of extracts obtained from untreated (Control) (A,C,E) and PEF-treated (E = 3.8 kV/cm; WT = 10 kJ/kg) (B,D,F) grape pomace as a function of extraction time and ethanol concentration, with the extraction temperature set at 20°C (A,B), 35°C (C,D), 50°C (E,F).


In particular, from the results illustrated in Figure 4, it clearly appears that the extracts derived from the PEF-treated grape pomace possessed a higher antioxidant activity than that detected in the control extracts, especially at the selected optimal extraction temperature (T = 50°C), which was likely due to the high amount of phenolic compounds recovered upon the application of PEF pre-treatment. Moreover, the quadratic term of ethanol concentration possessed a high effect on the antioxidant activity of the extracts that increased as increasing the ethanol concentration until reaching a maximum value at intermediate ethanol concentration within the investigated range and then decreased, thus reflecting the trend observed for TPC and FC.

This appears somehow consistent with the finding of Melo et al. (2015), who observed that the highest levels of antioxidant capacity in extracts obtained from different varieties of grape pomace were obtained at moderate ethanol concentrations (40–60%, v/v) and higher temperatures.

Furthermore, in agreement with previous findings (Casazza et al., 2012), a strong positive correlation was found between the TPC and FC and antioxidant activity, with a Pearson correlation coefficient in the range 0.840–0.979 for TPC and 0.723–0.846 for FC, indicating that the global antioxidant activity of the grape pomace extracts is mostly associated to the phenolic compounds.

The values of the factors that maximize antioxidant activity were 50°C, 62% ethanol-water mixture, 293 min for control extracts, and 50°C, 50% ethanol-water mixture, 190 min for PEF extracts, which were similar to those identified for phenolic compounds, resulting in an antioxidant activity of 2.58 mgAAE/gDM and 3.38 mgAAE/gDM, respectively.

Therefore, likewise TPC and FC, the application of PEF prior to SLE can be successfully used not only to increase the antioxidant power of the extract but also to reduce both duration and temperature of the extraction process, as well as the ethanol concentration to achieve the desired FRAP value.

Based on the results achieved so far, for further analysis the optimal extraction conditions 50°C, 50% ethanol-water mixture, 190 min extraction time, were selected, being the minimal PEF-assisted extraction conditions enabling the enhancement of the release of all the detected target compounds with the minimum use of ethanol and extraction time.



Quantification of the Main Phenolic Compounds via HPLC-PDA Analysis

The composition of the extracts obtained from untreated and PEF-treated white grape pomace at the previously optimized PEF-assisted extraction conditions (3.8 kV/cm−10 kJ/kg; 50°C−50% ethanol concentration-190 min), was assessed via HPLC-PDA analysis. The resulting chromatogram profiles are presented in Figure 5.
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FIGURE 5. HPLC-PDA chromatograms of 50% (v/v) ethanol-water extracts obtained after 190 min of extraction at 50°C from (A) untreated (Control) and (B) PEF-treated (Eopt =3.8 kV/cm; WT,opt = 10 kJ/kg) white grape pomace. Peak identification: epicatechin (1); unidentified compound (2); p-coumaric acid (3); unidentified compounds (4), and (5); quercetin (6).


Results show that, regardless the application of a PEF pre-treatment, one of the major phenolic compounds corresponding to epicatechin (peak 1), followed by p-coumaric acid (peak 3), and quercetin (peak 6) were detected at an elution time of 17.06, 19.25, and 26.5 min, respectively. Additionally, at least three other unidentified compounds were also detected after the elution time of epicatechin. The latter is known to possess strong antioxidant effects and is present in grapes and wine at the highest levels of all flavonoids (Mikeš et al., 2008).

It is worth noting that, the extracts obtained from untreated, and PEF pre-treated grape pomace showed similar phenolic profiles (Figure 5), confirming that, under the mild PEF treatment conditions applied no degradation/modification of individual phenolic compounds occurred. This is consistent with the observation reported by other scientists for the extraction of phenolic compounds from different plant matrices (López et al., 2009; Luengo et al., 2013; Bobinait et al., 2015; Pataro et al., 2017; Frontuto et al., 2019).

Moreover, HPLC-PDA analysis showed that the concentrations of epicatechin, p-coumaric acid and quercetin detected in ethanol-water extracts of untreated samples were 1.11 ± 0.06, 0.035 ± 0.01, and 0.061 ± 0.001 mg/gDW, respectively. The application of the PEF pre-treatment markedly increased the recovery yield of these compounds leading to a final concentration in the extracts of 1.79 ± 0.2, 0.075 ± 0.01, and 0.064 ± 0.001 mg/gDW, respectively. It is worth nothing that the concentration of epicatechin in ethanolic extracts detected in this work were consistent with those found by other authors, with slight differences depending on the variety, geographical location, viniculture technologies or stress factors occurring during growing and ripening of the grapes, as well as on the mode of vinification (Yilmaz and Toledo, 2004; Rockenbach et al., 2011). As an example, Rockenbach et al. (2011) found that catechins were the most abundant non-anthocyanin compounds identified in the grape pomace (1.5 mg/gDW) for all the varieties investigated, with the epicatechin being the most abundant catechin (0.96 mg/gDW).

Results reported in Figure 5 are also consistent somehow with the observations reported Boussetta et al. (2009) when carried out the identification of phenolic compounds via HPLC analyses in extracts achieved from PEF-treated white grape skins. The authors, in fact, detected the presence of epicatechin and quercetin, even though no significant differences were detected compared to the extracts from untreated white grape skins.

Furthermore, these results seem to confirm that the permeabilization effect of cell membrane (Zp = 0.75) induced by PEF pre-treatment applied at the optimized conditions was effective to increase the extraction yield of phenolic compounds, and especially of epicatechin and p-coumaric acid up to a concentration 61 and 114%, respectively, higher that detected for control extraction.





CONCLUSIONS

The results of this work have demonstrated that the optimization of the experimental parameters of the PEF-assisted extraction process enabled to sustainably enhance the extraction yield of valuable compounds, such as total phenolic content (TPC, +8%), flavonoid content (FC, +31%), as well as the antioxidant activity (FRAP, +36%) of the extracts obtained from white grape pomace.

The effects of the PEF process parameters, namely field strength and energy input, on the cell permeabilization of grape pomace tissue (Zp), as well as the effects of SLE conditions, such as temperature, diffusion time, and ethanol concentration, on TPC, FC and FRAP values, were determined using a FC-CCD and response surface methodology (RSM). The variables were significant, and the quadratic and third order model accurately predicted the investigated responses for PEF treatment and extraction process, respectively.

Interestingly, optimum processing parameters of PEF-assisted extraction can either intensify the extractability of valuable molecules (polyphenols) with high antioxidant power or reduce the extraction time (by 23–103 min) and the solvent consumption (by 3–12%), compared to conventional SLE. Moreover, it was shown that moderate heating (50°C) and an intermediate ethanol concentration (50%) could be selected as the most efficient parameters in order to maximize TPC, FC and FRAP values while reducing solvent disposal and process costs.

The HPLC analyses also revealed that PEF pre-treatment further enhanced the extraction yield of the identified phenolic compounds, namely, p-coumaric acid, and quercetin, and no degradation of phenolic compounds occurred upon the application of PEF.

Overall, these promising results confirm the potential of optimized PEF-assisted extraction process to promote the valorization grape processing by-products through sustainable recover with high yield of valuable compounds with antioxidant proprieties. However, further studies are necessary to validate these results at pilot and pre-industrial scale in order to confirm the benefits of assisting phenolic extraction with PEF.
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