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Background: The application of Pulsed electric fields as a mild and easily scalable electrotechnology represents an effective approach to selectively intensify the extractability of bioactive compounds from grape pomace, one of the most abundant residues generated during the winemaking process.

Objective: This study addressed the optimization of the pulsed electric fields (PEF)-assisted extraction to enhance the extraction yields of bioactive compounds from red grape pomace using response surface methodology (RSM).

Methods: The cell disintegration index (Zp) was identified as response variable to determine the optimal PEF processing conditions in terms of field strength (E = 0.5–5 kV/cm) and energy input (WT = 1–20 kJ/kg). For the solid-liquid extraction (SLE) process the effects of temperature (20–50°C), time (30–300min), and solvent concentration (0–50% ethanol in water) on total phenolic content (TPC), flavonoid content (FC), total anthocyanin content (TAC), tannin content (TC), and antioxidant activity (FRAP) of the extracts from untreated and PEF-treated plant tissues were assessed. The phenolic composition of the obtained extracts was determined via HPLC-PDA.

Results: Results demonstrated that the application of PEF at the optimal processing conditions (E = 4.6 kV/cm, WT = 20 kJ/kg) significantly enhanced the permeabilization degree of cell membrane of grape pomace tissues, thus intensifying the subsequent extractability of TPC (15%), FC (60%), TAC (23%), TC (42%), and FRAP values (31%) concerning the control extraction. HPLC-PDA analyses showed that, regardless of the application of PEF, the most abundant phenolic compounds were epicatechin, p-coumaric acid, and peonidin 3-O-glucoside, and no degradation of the specific compounds occurred upon PEF application.

Conclusion: The optimization of the PEF-assisted extraction process allowed to significantly enhance the extraction yields of high-value-added compounds from red grape pomace, supporting further investigations of this process at a larger scale.
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1. Introduction

Grape (Vitis Vinifera) is considered one of the major fruit crops in the world (1), with 75% of the global grape production used for winemaking (2–4).

World wine production in 2021, excluding juices and musts, is estimated at 260 MhL, with 19.3% produced by Italy, which represents the major wine producer. During the winemaking process, however, besides wine production, about 20–30% of the processed grapes is disposed of as wastes and by-products (5). Among these, grape pomace, a mixture of skins, pulp, seeds, and stalks, represents the most abundant by-product derived from the winemaking process (6). Moreover, along with the continuous expansion of the global wine sector, which is expected to almost double by 2028 (7), the concurrent increase in grape pomace production is predictable.

This further enhances the concern regarding the disposal of these matrices, thus pushing the wineries to move toward more sustainable production practices and valorisation of grape by-products.

Nevertheless, grape pomace has been underexploited so far, being usually used for low-value-added applications (8). In particular, it has been estimated that currently about 3% of grape pomace is reused for animal feed, or as waste-based compost, while the majority is disposed of in landfills, increasing the negative impact on the environment (9).

However, grape pomace still retains appreciable amounts of valuable compounds, constituting a promising source of bioactive compounds such as anthocyanins, flavonoids, and tannins with nutritional properties and health-beneficial effects (3, 10, 11), due to their anti-inflammatory potential (12), antioxidant and antimicrobial capacities (8, 13), and prebiotic activity (14). These invaluable properties are increasingly supporting the idea of valorising low-cost grape processing by-products, namely grape pomace, through the sustainable recovery of natural ingredients and nutraceuticals (2).

To effectively recover these valuable intracellular compounds from plant tissues, an efficient solid-liquid extraction (SLE) process is necessary. Generally, the process conducted by conventional SLE techniques is hampered by the presence of a physical barrier (cell membranes and wall) limiting the diffusion of solvent and intracellular compounds through the cell envelope (15–17).

Due to the intrinsic limitations associated with conventional SLE techniques, many researchers are striving to investigate the usage of cell disruption pre-treatment techniques that can help in intensifying the recovery of target compounds from plant biomasses, by reducing the mass transfer resistance through the cell envelope (2, 17). In this line, the application of pulsed electric fields (PEF) treatment prior to SLE is gaining great interest as a mild, energy-efficient and scalable cell disruption technology (18).

Briefly, during the PEF treatment the wet plant matrix, placed between two electrodes, is exposed to a train of short duration pulses (1 μs – 1 ms) of relatively low electric field strength (0.5–10 kV/cm) and total specific energy input (1–20 kJ/kg), resulting in the permeabilization of cell membranes (2). The application of this electrotechnology has been demonstrated to be an effective approach to selectively recover intracellular valuable compounds from various agri-food by-products, including those generated during the winemaking process, and especially grape pomace and skins (19–23), with reduced energy costs, solvent consumption, and treatment time.

However, as already demonstrated in a recent study (2) focused on the optimization of PEF-assisted extraction of phenolic compounds from white grape pomace, an optimization step of both PEF pre-treatment and the subsequent SLE process is necessary to fully exploit the possible benefits of PEF-assisted extraction process compared to the conventional SLE. To date, only a few studies (24–27) addressed the optimization of the variables (diffusion time, solid-liquid ratio, temperature, type and concentration of solvent) involved in the conventional extraction process of bioactives from red grape by-products through response surface methodology (RSM), a statistical tool that includes optimization procedures for the settings of input variables that affect targeted response variables (28). Moreover, as per literature survey, very little attention has been paid on the optimization of the whole extraction process of valuable compounds from grape residues assisted by emerging technologies (2, 29, 30), but none of them was addressed to the optimization of the PEF-assisted extraction process of bioactive compounds from red grape pomace. In particular, Carpentieri et al. (2), using the same equipment and extraction protocols used in the present work, studied the optimization of PEF-assisted extraction of phenolic compounds from white grape pomace. The latter, however, are typically generated after the crushing and pressing steps of grape, without the intermediate maceration/fermentation step required for the production of red wine, which could further affect the cell integrity and, consequently, the behavior of pomace toward the subsequent PEF treatment.

The main aim of the present research was to investigate the potential of PEF technology to enhance the extraction yield of intracellular valuable compounds, such as total phenolic compounds, flavonoids, tannins, and anthocyanins from red grape pomace, and to optimize the PEF-assisted extraction process. PEF processing conditions, expressed in terms of different combinations of field strength (E) and energy input (WT), were optimized by RSM in order to determine the less severe treatment conditions that led to the highest cell disintegration index (Zp) of grape pomace tissues. RSM was also used to optimize the solid-liquid extraction (SLE) process of the target bioactive compounds from grape pomace by investigating the effect of ethanol concentration, diffusion time, and extraction temperature, during either conventional or PEF-assisted extraction process. Then, the effect of PEF-assisted extraction on the composition of the phenolic compounds in the obtained extracts was determined by HPLC-PDA analyses.



2. Materials and methods


2.1. Chemicals and raw materials

Ethanol and all chemicals and standards involved in the analyses were supplied by Sigma Aldrich (Steinheim, Germany).

Red grape pomace, mainly composed of skins and seeds, was provided by a local winery (Sabino Urciuoli S.a.s, Avellino, Italy). The pomace were generated during the vinification process of “Aglianico” grape variety in 2021, and collected at the end of crushing, 10 days of maceration and pressing steps. The collected samples were stored under refrigerated conditions (T = 4°C) until use.



2.2. PEF equipment

Fresh grape pomace underwent PEF pre-treatments in a laboratory-scale batch system, previously described elsewhere (31). Briefly, the system was equipped with an electric pulse generator (25 kV-500 A, Modulator PG, ScandiNova, Uppsala, Sweden), able to deliver monopolar square wave pulses with different pulse width (3–25 μs) and frequency (1–450 Hz) to the plant tissues placed between the electrodes of a parallel plate treatment chamber (electrode area 7.1 cm2, electrode gap up to 5 cm). High voltage and current probes, connected to an oscilloscope, were used to measure the actual voltage and current passing through the chamber. The maximum electric field intensity (E, in kV/cm) and the total specific energy input (WT, in kJ/kg of plant tissues) were calculated as reported by Carpentieri et al. (2).



2.3. Cell membrane electroporation induced by PEF

In order to quantify the permeabilization degree of the cell membrane of grape pomace tissue upon PEF treatment, the cell disintegration index (Zp) was evaluated via impedance analyses by measuring the electrical complex impedance in frequency sweep (102-106 Hz) of untreated and PEF-treated samples, as described in detail by Carpentieri et al. (2). For each measurement, approximately 5 g of sample were loaded into the measuring cell and exposed to a given combination of field strength (E = 0.5–5 kV/cm) and energy input (WT = 1 - 20 kJ/kg) at a constant pulse width (20 μs) and frequency (5 Hz). For each treatment condition investigated, the Zp value, ranging from 0 (for intact tissue) to 1 (for fully permeabilized tissue), was calculated using Equation (1) (32):
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where |Zuntr| and |Ztr| denote, respectively, the absolute values of the complex impedance of untreated and PEF treated tissue detected in the low (0.1 kHz) and high (1 MHz) frequency ranges.

All the measurements were carried out in triplicate.

The obtained Zp values were used to determine the optimal treatment conditions in terms of electric field strength (Eopt) and total specific energy input (WT,opt), that maximize the cell membrane permeabilization degree with the minimum treatment severity (2, 32, 33).



2.4. PEF-assisted extraction

For each processing condition investigated, approximately 5 g of grape pomace were loaded into the treatment chamber and PEF-treated at the previously determined optimal conditions (Eopt, WT,opt). After the PEF treatment, the samples were immediately transferred into 100 mL Pyrex flasks where an ethanol-water mixture was added at a solid to liquid ratio of 1:10 g/mL. The flasks were then introduced in an orbital incubator S150 (PBI International Milan, Italy) and the extraction started. The process was carried out under constant shaking at 160 rpm for different times (0–300 min), temperatures (20–50°C), and ethanol concentration (0–50%). The same experimental design and extraction conditions were used for untreated (control) samples undergoing conventional SLE without the application of PEF pre-treatment.

The extracts, after centrifugation at 5289xg (PK130R model, ALC International, Cologno Monzese, IT) for 10 min at 4°C, were stored at 4°C until analyzed.



2.5. Experimental design

Response surface methodology was used to gain insight into the significance of the input factors on the response variables, as well as to determine optimal parameters of PEF pre-treatment maximizing the Zp value, and optimal conditions of the SLE process leading to the highest extraction yields of total phenolic content (TPC), flavonoid content (FC), total anthocyanin content (TAC), tannin content (TC), and antioxidant activity of grape pomace extracts from untreated (control) and PEF-treated samples.

A three-factors face-cantered central composite design (FC-CCD) was used to determine how the electric field strength (X1, 0.5–5 kV/cm) and total specific energy input (X2, 1–20 kJ/kg) affected the level of cell membrane permeabilization of grape pomace tissues upon PEF pre-treatment. The obtained experimental design is made up of 9 runs (Table 1), with the Zp (Y1) of PEF-treated samples considered as response variable. The obtained data were modeled with the second-order polynomial model reported in Equation (2):
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where Yk is the response variable; Xi and Xj are the independent factors; β0, βi, βii, and βij are the intercept, and regression coefficients of the linear, quadratic, and interaction terms of the model, respectively.


TABLE 1 Effect of of the two independent factors (E, WT) investigated on the response variable (Zp) of the PEF treated grape pomace tissues according to the FC-CCD.
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The same experimental design was used to analyze the effect of ethanol concentration (X3, 0–50%, v/v) in a water-ethanol solvent mixture, extraction time (X4, 30–300 min), and extraction temperature (X5, 20–50°C) on the response variables, namely total phenolic content (Y2), flavonoid content (Y3), antioxidant activity (Y4), anthocyanin content (Y5), tannin content (Y6), of untreated and PEF-treated samples. The experimental design consisted of 15 runs including five replicates of central points (Tables 2, 3). A two-factor interaction (2FI) model reported in Equation (3) was applied to predict the response variables as function of the investigated independent factors:

[image: image]


TABLE 2 Effect of the independent factors investigated on the response variables (TPC, FC, and FRAP) in grape pomace extracts from untreated and PEF (4.6 kV/cm, 20 kJ/kg)-treated samples.

[image: Table 2]


TABLE 3 Effect of the independent factors investigated on the response variables (TAC, TC) in grape pomace extracts from untreated and PEF (4.6 kV/cm, 20 kJ/kg)-treated samples.
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where Yk is the predicted response variables; Xi and Xj are the independent factors; α0, αi, and αij are the intercept, and regression coefficients of the linear, and interaction terms of the model, respectively.



2.6. Extracts characterization
 
2.6.1. Total phenolic content

The total phenolic content (TPC) of the obtained extracts was determined using the Folin-Ciocalteau method as reported by Carpentieri et al. (2). Gallic acid dissolved in ethanol/water mixtures (0–50%, v/v) was used as the standard for the calibration curve in a concentration range of 1–100 mg/L. Results were expressed as milligrams of gallic acid equivalents (GAE) per g of dry weight (gDM) grape pomace.



2.6.2. Flavonoid content

The flavonoid content (FC) of the obtained extracts was determine using the Aluminum-chloride colorimetric assay as previously described by Carpentieri et al. (2). Quercetin dissolved in ethanol/water mixtures (0–50%, v/v) was used as the standard for the calibration curves in a concentration range of 20–100 mg/L. The obtained results were expressed as mg of quercetin equivalent (QE) per gDM of grape pomace.



2.6.3. Evaluation of TAC

The total anthocyanin content (TAC) of the obtained extracts was determined using the pH differential method described by Lee et al. (34) with slight modifications.

Briefly, two mixtures were prepared per each extract from untreated and PEF-treated grape pomace by diluting, with a dilution factor equal to 5, one sample with pH 1.0 buffer (0.19% (w/v) of potassium chloride in water, and the other with pH 4.5 buffer (5.44% (w/v) of sodium acetate in water. The absorbance of the diluted reacting solutions was then measured at 520 and 700 nm using the V-650 spectrophotometer within 30 min from their preparation.

Results were determined by means of the following formula and expressed as mg of C3G (cyanidin-3-glucoside) per gDM of grape pomace:
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where:

A = (A520nm – A700nm)= 1 – (A520nm – A700 nm)pH = 4.5;

MW (molecular weights of cyanidin-3-glucoside) = 449.2 g/mol;

DF = dilution factor;

ε = (molar extinction coefficient) = 26900 L/mol/cm;

103 = conversion factor from g to mg;

L/S = liquid-to-solid ratio;

mTOT/mDW = ratio between the total mass of fresh grape pomace and the mass of dry grape pomace.



2.6.4. Evaluation of tannin content

The total tannin content was determined according to the colorimetric method described by Tempel (35) with slight modifications. Briefly, 2 mL of distilled water and 6 mL of concentrated HCl were added to 4 mL of the extract. The same solution was prepared twice in two separate vials. Afterwards, one of the two vials was heated up to 100°C for 30 min and then cooled down. Then an amount equal to 1 mL of EtOH at 95% was added and the absorbance of the obtained sample was read at 550 nm. The concentration of tannins, expressed as mg of tannin content per gDM of grape pomace was calculated by using the following formula:
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where ΔD = D2 – D1, with D1 being the absorbance of the unheated vial, and D2 the absorbance of the heated vial.



2.6.5. Ferric reducing antioxidant power

FRAP assay of grape pomace extracts was performed according to the method reported by Benzie and Strain (36) with slight modifications, as thoroughly described elsewhere (2). Ascorbic acid dissolved in ethanol/water mixtures (0–50%, v/v) was used as the standard for the calibration curves in a concentration range comprised between 0 and 2 mmol/L. The antioxidant capacity was expressed as mg of ascorbic acid equivalents (mg AAE) per gDM of grape pomace.



2.6.6. HPLC-PDA analyses of the extracts

The identification of the most abundant bioactive compounds of the extracts from untreated and PEF-treated grape pomace was performed by High-Performance Liquid Chromatography - Photodiode Array Detection (HPLC-PDA) analyses, according to the method described in detail by Carpentieri et al. (2). A Waters 1525 Separation Module equipped with a photodiode array detector Water 2996 (Waters Corporation, USA) was used. Analytical separation was carried out using a Waters Spherisorb C18 reverse phase column (5 μm ODS2, 4,6 mm × 250 mm, Water Corporation, USA). The quantification of each phenolic compound was carried out at the wavelength of its maximum absorbance (λ), namely 271 nm for gallic acid, 320 nm for chlorogenic acid, caffeic acid and p-coumaric acid, 280 nm for epicatechin and phlorizin, 283 nm for naringin, and 260 nm for rutin. The commercial standards were dissolved into the extraction solvent to generate standard calibration curves (R2 = 0.998). The results were expressed as mg of the target compound/gDM of grape pomace.

The same equipment was utilized for the identification of anthocyanins in the grape pomace extracts by following the method described by Lee et al. (37). The mobile phase consisted of (A) 100%, v/v acetonitrile, and (B) 10%, v/v acetic acid and 1%, v/v phosphoric acid in water. The injection volume and the flow rate of the mobile phase were 25 μL and 1.0 mL/min, respectively. A linear gradient consisting of 0–25 min from 2 A to 20% A, and 25–30 min from 20 A to 40% A was used, with simultaneous detection at the wavelength of 280 and 520 nm. The commercial standard was dissolved into the extraction solvent [ethanol/water mixtures (0–50%, v/v)] to generate a standard calibration curve (R2 = 0.988). The results were expressed as mg of the target anthocyanin/gDM of grape pomace.




2.7. Statistical analysis

All the experiments and analyses were performed in triplicate and the results are means ± SD. One-way variance (ANOVA) and Tukey test performed by using SPSS 20 (SPSS IBM., Chicago, USA) statistical package was used to determine the significant (p < 0.05) of differences the among mean values. The FC-CCD design and the analysis of the data were performed using the software package Design Expert Version 12 software (Minneapolis, MN). Five replicates of the optimal conditions were performed to validate the models.




3. Results and discussion


3.1. Permeabilization degree of cell membrane of grape pomace tissue upon PEF treatment

The effect of the PEF treatment on the degree of cell membrane permeabilization of red grape pomace tissue was investigated via complex electrical impedance measurements of untreated and PEF-treated samples. The data of the absolute values of the complex electrical impedance of untreated and PEF-treated samples as a function of the electrical frequency and at different field strength E (0.5–5 kV/cm) and specific energy input WT (1-20 kJ/kg) are plotted in Supplementary Figure S1. This data was used for the evaluation of the cell disintegration index (Zp), which has been widely demonstrated to be a reliable indicator of the degree of cell membrane permeabilization induced by PEF treatment in diverse agri-food by-products tissues, including those derived from winemaking process (2, 19, 21, 38).

Based on the experimental design (FC-CCD), Table 1 shows the influence of the input variables, namely electric field strength and energy input, on the Zp value of PEF-treated grape pomace tissues. Results reveal that the extent of cell membrane permeabilization significantly (p ≤ 0.05) increased with increasing the field strength and energy input, with the difference being not significant (p ≤ 0.05) only when the field strength was changed from 2.75 to 5 kV/cm at a fixed energy input of 10.5 kJ/kg. Moreover, in the range of the investigated PEF treatment conditions, the effect of field strength appeared slightly more pronounced than that of the energy input. The highest Zp value was detected when the most intense PEF treatment was applied (5 kV/cm and 20 kJ/kg).

The increment of Zp values with increasing the intensity of PEF treatment observed in this study is consistent with previously reported findings for different plant tissues, including grape pomace (2, 21, 38). As an example, in the study of Carpentieri et al. (2), who investigated the optimization of PEF-assisted extraction of phenolic compounds from white grape pomace, the electric field strength applied showed a remarkable influence on the Zp value, while the effect of energy input appeared more evident especially at lower field strengths. In particular, the highest value of the cell disintegration index (0.80) was attained when applying an electric field strength of 5 kV/cm and an energy input of 10.5 kJ/kg. The apparent higher resistance to the electropermeabilization treatment exhibited by the red grape pomace tissues in the present work might be ascribed to their higher content in insoluble dietary fibers (cellulose, hemicellulose, lignin), as compared to the white grape pomace (9), which, therefore, might hinder the electroporation of the cell envelope of red grape pomace tissue. Moreover, it should also be taken into account that, as compared with white grape pomace, besides the crushing step and prior to the pressing phase, red grape usually undergo a long maceration process (up to days), during which the grape tissues could further lose their structural integrity, thus making the PEF treatment less effective in permeabilizing the cell tissues of the resulting pomace.



3.2. Model fitting and optimization of PEF processing conditions

A second-order polynomial equation (Equation 2) was selected to fit the data obtained from the experimental design (FC-CCD). The values and significance of the regression coefficients of the predicted polynomial model are reported in Table 4. Results show that the linear terms of both factors (field strength and energy input) exerted a highly significant effect (p ≤ 0.001) on the permeabilization degree of the plant tissue, while interactions between the single factors were not significant (p > 0.05). However, in agreement with the findings previously achieved in the case of white grape pomace (2), the electric field strength appeared as the factor that exhibited the most pronounced effect on the response variable, showing a significant effect on Zp, with respect to the non-significant (p > 0.05) quadratic term of the energy input. In addition, the significant negative value of the quadratic coefficient (β11) suggests that the field strength can achieve an optimum value that maximizes the response variable.


TABLE 4 Analysis of variance (ANOVA) of the second order polynomial equation describing the influence of PEF process parameters on the cell disintegration index (Zp) of grape pomace tissues.

[image: Table 4]

Table 4 also reports the results of the ANOVA for the significant terms of the selected second-order polynomial model and the statistics used to test its adequacy. The p-value of the model suggested that it was significant (p < 0.0001) for the selected response, thus corroborating the effectiveness of the model to describe the experimental data. In addition, the Root Mean Square Error (RMSE = 0.3504) and the determination coefficient (R2 = 0.9545) values indicated a good correlation between the experimental data and the predicted values.

Figure 1 depicts the three-dimensional response surface graph that shows the interactions between field strength and energy input and their effect on the Zp of PEF-treated grape pomace tissues. As previously discussed, the increase in the PEF treatment intensity led to an increase in the degree of cell membrane permeabilization of grape pomace tissues. In particular, in accordance with the coefficients and significance of each factor involved in the model, the graph clearly demonstrates that Zp increased almost linearly with increasing the energy input, whereas the field strength mainly affected the observed response in a quadratic way. These results confirm the effectiveness of PEF treatment to induce the cell membrane electroporation of red grape pomace tissues in a mostly field strength-dependent way. Moreover, the obtained results allowed to define the optimal PEF treatment conditions as the minimal electric field strength (Eopt, kV/cm) and total specific energy input (WT, opt, kJ/kg) that led to the highest degree of cell membrane permeabilization. Specifically, the maximum Zp value (0.70) was observed for the PEF-treated samples at 4.6 kV/cm and 20 kJ/kg. These optimal conditions were used to investigate the effect of PEF pre-treatment application on the extractability of bioactive compounds from red grape pomace.


[image: Figure 1]
FIGURE 1
 Response surface plot showing the influence of electric field strength (kV/cm) and energy input (kJ/kg) on the cell disintegration index (Zp) of grape pomace tissues.




3.3. Effect of PEF-assisted extraction on the recovery of bioactive compounds from red grape pomace
 
3.3.1. Model fitting

Several variables, namely diffusion time, temperature, type of solvent, and solid/liquid ratio, have been shown to significantly influence the recovery yields of valuable intracellular compounds from winemaking residues (25–27, 30, 39).

In the present study, the FC-CCD was constructed to systematically investigate the effect of three independent factors, namely ethanol concentration, extraction time, and temperature, on total phenolic content (TPC), flavonoid content (FC), total anthocyanin content (TAC), tannin content (TC), and antioxidant activity (FRAP) of red grape pomace extracts, achieved from both conventional SLE and PEF-assisted extraction process (Tables 2, 3).

Overall, the obtained results demonstrate that the three independent factors considerably affected all the investigated response variables. Specifically, regardless of the application of PEF pre-treatment, the maximum levels of the responses were attained at the highest ethanol concentration (50%, v/v), extraction time (300 min), and temperature (50°C) investigated. Moreover, results also show that the permeabilization effect induced upon the application of PEF pre-treatment to red grape pomace at the selected optimal conditions (4.6 kV/cm – 20 kJ/kg), significantly intensified the extractability of TPC, FC, TAC, and TC, and led to higher antioxidant activity of the extracts, with respect to the conventional SLE.

To quantify the influence of the three investigated factors on the recovery of bioactive compounds and antioxidant activity of the extracts of either untreated and PEF-treated grape pomace, a two-factor interaction (2FI) model (Equation 3) was used to fit the experimental data obtained from the FC-CCD for all the investigated response variables (Tables 2, 3).

The values and significance of the regression coefficients of the polynomial models and corresponding p values, the determination coefficient (R2), and the RSME for each variable are reported in Tables 5, 6.


TABLE 5 Analysis of variance (ANOVA) of the two-factor interaction (2FI) model describing the influence of the SLE extraction parameters on the TPC, FC, and antioxidant activity (FRAP) of untreated and PEF (4.6 kV/cm, 20 kJ/kg)-treated grape pomace.
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TABLE 6 Analysis of variance (ANOVA) of the two-factor interaction (2FI) model describing the influence of the SLE extraction parameters on the TAC and TC of untreated and PEF (4.6 kV/cm, 20 kJ/kg)-treated grape pomace.

[image: Table 6]

Results show that, for the extracts of either untreated or PEF-treated grape pomace, all the investigated factors resulted in a statistically significant linear effect on TPC, FC, and FRAP values, with a non-significant effect detected only for the linear terms of temperature and diffusion time for both TAC of untreated samples and TC of PEF-treated samples. Similarly, regardless of the PEF pre-treatment, all the interactions between single factors were significant for TPC and FRAP. In the case of FC, instead, all the interactions were significant for the control samples, while only the dependence of extraction temperature and ethanol concentration was detected in the case of PEF-treated samples. This implies that, in the investigated variable domain, PEF-pre-treatment only amplifies the interaction of extraction temperature and ethanol concentration on the extractability of flavonoids, while decreasing the effect of temperature on diffusion time and that of diffusion time on ethanol concentration.

Regarding TAC, all the interactions between single factors were not significant for the control extraction, whereas it was detected that only the extraction temperature exerted a not significant dependence on the diffusion time for the PEF-treated samples. This implies that, in the investigated variables domain, PEF pre-treatment decreased the effect of extraction temperature on diffusion time, with respect to the untreated samples.

Finally, with respect to TC, only the temperature-ethanol concentration interaction for the untreated samples was found to be significant.

These results are partially in agreement with those found by Carpentieri et al. (2), who found that all the investigated factors (ethanol concentration, temperature and time) turned out in a statistically significant linear effect on the majority of the response variables (TPC, FC, and FRAP), with the exception of the linear term of ethanol concentration in the case of FRAP values of PEF treated samples. Furthermore, they also found that all the interactions between single factors were not significant for PEF-treated samples, while only the dependency of the extraction temperature on the diffusion time for TPC, FC and FRAP and that of temperature and ethanol concentration for FRAP was detected in the case of untreated samples. It should also be worth highlighting that, independently of the response variables and extraction method, the non-significance of the quadratic terms detected in the present work, which therefore were not considered for the general evaluation of the model, means that for red grape pomace extracts no maximum response value can be expected within the investigated variables domain. This is partially in contrast with results achieved for white grape pomace extracts (2), where, likely due to the larger range of ethanol concentration investigated (0–100%), a negative quadratic term of the ethanol concentration was observed.

The ANOVA (Tables 5, 6) showed that the RSME values were lower than 0.905, and that the relationship between response variables and the extraction parameters had determination coefficient (R2) values ranged between 0.743 and 0.980, which indicates a good correlation between the experimental data and those predicted by the model.

Additionally, analysis of variance indicated that the model used was significant (p ≤ 0.04) for all the responses, thus supporting the predictive efficacy of the selected model.



3.3.2. RSM analysis and optimization of the extraction processing conditions

The three-dimensional response surface plots reported in Figures 2–5 depict the interaction of the extraction temperature (20–50°C), diffusion time (30–300 min), and ethanol concentration (0–50%, v/v) on the level of TPC, FC, TAC, and TC of the extracts from untreated and PEF-treated grape pomace. It can be seen that, within the whole investigated domain, the behavior of all the response variables appeared similar, which is consistent with previous findings (40, 41). Moreover, the application of PEF pre-treatment to grape pomace increased the amount of extracted bioactive compounds, as compared with control extraction.
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FIGURE 2
 Response surfaces of Total Phenolic Content (TPC) of extracts from untreated (Control) (A, C, E) and PEF-treated (E = 4.6 kV/cm; WT = 20 kJ/kg) (B, D, F) grape pomace as a function of extraction time and ethanol concentration-Extraction temperature set at 20°C (A, B), 35°C (C, D), 50°C (E, F).
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FIGURE 3
 Response surfaces of Flavonoid Content (FC) of extracts from untreated (Control) (A, C, E) and PEF-treated (E = 4.6 kV/cm; WT = 20 kJ/kg) (B, D, F) grape pomace as a function of extraction time and ethanol concentration. Extraction temperature set at 20°C (A, B), 35°C (C, D), 50°C (E, F).



[image: Figure 4]
FIGURE 4
 Response surfaces of Total Anthocyanin Content (TAC) of extracts from untreated (Control) (A, C, E) and PEF-treated (E = 4.6 kV/cm; WT = 20 kJ/kg) (B, D, F) grape pomace as a function of extraction time and ethanol concentration. Extraction temperature set at 20°C (A, B), 35°C (C, D), 50°C (E, F).
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FIGURE 5
 Response surfaces of Tannin Content (TC) of extracts from untreated (Control) (A, C, E) and PEF-treated (E = 4.6 kV/cm; WT = 20 kJ/kg) (B, D, F) grape pomace as a function of extraction time and ethanol concentration. Extraction temperature set at 20°C (A, B), 35°C (C, D), 50°C (E, F).


Even though all the investigated variables had a statistically significant (p ≤ 0.041) effect on the extraction yield of the target compounds, the ethanol concentration in water and the extraction temperature appeared as the factors that most influenced the observed responses. This is also confirmed by the higher value of the linear coefficient of the ethanol concentration and temperature than that of diffusion time (Tables 5, 6). Moreover, regardless of the application of PEF treatment, the influence of ethanol concentration and especially that of diffusion time on the extraction yield of bioactive compounds appeared more pronounced only at extraction temperature higher than 35°C.

The positive effect of moderate extraction temperature on the extractability of valuable compounds from untreated or PEF-treated grape by-products was previously observed by other scientists (2, 25, 26, 42). It can be explained considering that higher temperature improves the mass transfer efficiency by enhancing the solubility and diffusivity of intracellular compounds in the solvent while reducing its surface tension and viscosity (25, 26). On the other hand, mild heating of plant tissues may contribute to enhancing membrane permeability by affecting lipid bilayer composition and interactions between lipids and membrane proteins (43). Additionally, an increase in temperature may induce the disruption of hydrogen bonds between the cell wall and phenolic compounds, thus intensifying their extractability and diffusivity in the solvent (44). Nonetheless, there are practical constraints limiting the increment of temperature, which are related, among others, to the fact that the exposure of plant tissues of grape residues to temperatures above 50–60°C might trigger the thermal degradation of colored phenolic compounds (25, 29, 42).

Regarding the influence of ethanol concentration on the observed responses, it can be attributed to the fact that ethanol concentration affects the polarity of the solvent mixture, thus allowing the recovery of phenolic compounds with a broad spectrum of polarities (32). In addition, it is known that ethanol may alter the barrier properties of the plant cell by acting on the phospholipids bilayer of the cytoplasmic membrane, thus facilitating the capacity of penetration of the solvent into the cell and the subsequent mass transfer of the solubilized compounds (45).

The key role played by the ethanol concentration and temperature on the extractability of phenolic compounds from winemaking residues was previously investigated by other researchers (26, 29, 30). For example, in agreement with our findings, Rajha et al. (25) and Carpentieri et al. (2) found that the TPC and FC values reached their peak at 50°C during the SLE of phenolic compounds. Carpentieri et al. (2) and Caldas et al. (27) found that an increase in ethanol concentration induced an increment in the TPC up to reach a maximum value at 50%, which is the highest value tested in this work, while further increment of ethanol concentration reduced the amount of phenolic compound in the obtained extracts. Similar results were also observed by other scientists when investigating the effect of ethanol concentration on the recovery of phenolic compounds from food by-products different from grape pomace, such as potato peels (32) and medicinal plant (46).

On the other hand, ethanol-water mixtures have been shown to facilitate the extractability and release of anthocyanins into the solvent (47). In this regards, Monrad et al. (48) found that 50% (v/v) ethanol-water mixture extracted the highest amount of total procyanidins from dried red grape pomace (48), which is consistent with our findings. Similarly, other authors found that acidified 50% ethanol-water mixture achieved the highest anthocyanin extractability from either grape marc (49) or blueberry press cake (50).

Moreover, the results of Figure 5 highlight the positive effect of water-ethanol solvent on the extractability of tannins. They can be explained considering that the solubility of tannins is highly affected by the presence of ethanol in the solvent, which leads to a reorganization of the lipids, thus favoring the solubilization and release of intracellular tannins from grape seeds and skins (47).

Regarding the extraction time, results revealed that regardless of the application of PEF pre-treatment, TPC, FC, TAC, and TC value were scarcely affected by the diffusion time at lower temperature (20–35°C), while slightly increased with increasing the diffusion time at the highest temperature tested (50°C), with the highest level of bioactive compounds being detected after 300 min of extraction. This is partially in contrast with findings previously reported by other scientists, who found a quadratic significant negative effect of diffusion time on the extraction yield of phenolic compounds, showing a maximum value at an intermediated time within the investigated range (2, 25, 30). For example, Carpentieri et al. (2) found a slight increase of TPC and FC in white grape pomace extracts with increasing the diffusion time (30–300 min), but only at a temperature lower than 35°C. At higher temperature (50°C), instead, the same authors found that the maximum level of TPC and FC was reached at an intermediate extraction time (190–223 min), depending on the extraction method and response variable, while a prolonged extraction time resulted in a decrease of TPC and FC values, likely due to the occurrence of oxidation reactions or degradation phenomena, which would be accelerating at higher temperature (25). This different behavior could be in part attributed to the different proximate composition of white and red grape pomace, with the latter being richer in lignocellulosic compounds. The presence of these compounds might hinder the unlocking and release of intracellular compounds especially at room temperature even after exposure to long extraction time, thus requiring higher temperatures able to weaken the cell envelope and consequently improve the mass transfer efficiency (9). On the other hand, these different results could be also partially attributed to the fact that, the red grape pomace, unlike the white one, was generated from a different winemaking process, which included a long (10 days) maceration time during which it is likely that a large amount of precious intracellular compounds, especially those not strongly bounded to the cellular structure, were released. This probably made the recovery of the remaining amount of bioactive compounds from red grape pomace more difficult during the subsequent conventional and PEF-assisted extraction processes. Therefore, further studies should be carried under more severe processing conditions than those tested in this study, in order to verify this hypothesis and achieve higher extraction yield.

The optimal values of the three independent factors that maximize all the investigated response variables were shown by the adopted model to be 50°C, 50% ethanol-water mixture, and 300 min for extracts from both untreated and PEF-treated grape pomace. Specifically, under these optimal conditions the TPC, FC, TAC, and TC values were 8.30 mgGAE/gDM, 36.68 mgQE/gDM, 0.84 mgC3G/gDM, and 3.84 mgTC/gDM, respectively, for the control sample, and 9.51 mgGAE/gDM, 58.53 mgQE/gDM, 1.03 mgC3G/gDM, and 5.45 mgTC/gDM, respectively, for the PEF-treated samples. Therefore, the application of optimized PEF-assisted extraction process can be successfully used to intensify the extractability of phenolic compounds (15%), flavonoids (60%), anthocyanins (23%), and tannins (42%). According to data reported in Table 1, this can be ascribed to the electroporation effect induced by PEF treatment (Zp = 0.70), which facilitates the penetration of the solvent into the cytoplasm of the plant cell and the subsequent mass transfer of the solubilized intracellular compounds, thus enhancing the extractability of target compounds. Furthermore, it is important to note that the ability of ethanol and moderate temperature to further affect the barrier properties of the cell membrane of the plant tissues, as well as to improve the solubility and diffusivity of the intracellular compounds in the solvent may have contributed in ameliorating the extractability of the target compounds.

Even though any comparison with the extraction yields of bioactive compounds from winemaking residues previously reported in literature is very tough and challenging being dependent on several factors (grape variety, ripening conditions, type of by-product, equipment and experimental protocols), the results obtained in this work are somehow consistent with those reported in current literature. In particular, the optimal extraction conditions determined in the present work in terms of temperature (50°C) and ethanol concentration (50%) are the same found by other scientist (25, 27) during the SLE of phenolic compounds from red grape by-products. Moreover, the optimal concentration of phenolic compounds, flavonoids, anthocyanins, and tannins achieved in this work were consistent with TPC (2.4–6.1 mg/gDW), FC (21.46 mg/gDW), TAC (0.84–1.31 mg/gDW) and TC (3–110 mg/gDW) of extracts from grape pomace reported in previous studies (25, 26, 51, 52).

Response surfaces of antioxidant activity (FRAP) of extracts from untreated and PEF-treated grape pomace are depicted in Figure 6. Results reveal that regardless of the application of PEF pre-treatment, the ethanol-water concentration and the extraction temperature appeared as the factors that most affected the FRAP values, thus reflecting the trend observed for TPC, FC, TAC, and TC. On the other hand, in comparison with control extracts, PEF-treated samples exhibited higher antioxidant activity, especially at a higher temperature, likely due to the high amount of phenolic compounds recovered upon the electropermeabilization treatment. Moreover, a strong positive correlation was observed between the TPC, FC, TAC, FC and FRAP values, with a Pearson correlation coefficient in the range 0.88–0.89 for TPC, 0.86–0.92 for FC, 0.78–0.84 for TAC, and 0.82–0.89 TC, suggesting that phenolic compounds mostly contribute to the global antioxidant activity of the grape pomace extracts, as previously observed in previous literature works (2, 24).
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FIGURE 6
 Response surfaces of antioxidant activity (FRAP) of extracts from untreated (Control) (A, C, E) and PEF-treated (E = 4.6 kV/cm; WT = 20 kJ/kg) (B, D, F) grape pomace as a function of extraction time and ethanol concentration. Extraction temperature set at 20°C (A, B), 35°C (C, D), 50°C (E, F).


The values of the factors that maximize antioxidant activity were the same found for the other response variables, namely 50°C, 50% ethanol-water mixture, and 300 min for extracts from both untreated and PEF-treated grape pomace, resulting in antioxidant activity of 4.58 mgAAE/gDM and 5.99 mgAAE/gDM, respectively. These results appear somehow consistent with those observed by Melo et al. (26), who found that the highest level of antioxidant activity of extracts achieved from grape pomaces of different grape varieties, was obtained at moderate ethanol concentrations (40–60%, v/v) and higher temperature.

Based on the results reported so far, further experiments aimed at investigating the effect of PEF pre-treatment on the phenolic composition of the extracts from red grape pomace were carried out with the PEF (4.6 kV/cm and 20 kJ/kg) and SLE (50°C, 50% ethanol-water mixture, 300 min) set at their optimal conditions.



3.3.3. Quantification of the main phenolic compounds via HPLC-PDA analysis

The identification and quantification of the main phenolic compounds in the 50% ethanol-water extracts obtained from untreated and PEF(Eopt =4.6 kV/cm; WT,opt = 20 kJ/kg)-treated red grape pomace after 300 min SLE at 50°C, was assessed via HPLC-PDA analysis. The resulting chromatogram profiles and the concentrations of the identified phenolic compounds are presented in Figure 7 and Table 7, respectively.
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FIGURE 7
 HPLC-PDA chromatograms of 50% (v/v) ethanol-water extracts obtained after 300 min of extraction at 50°C from untreated (brown line) and PEF (Eopt = 4.6 kV/cm; WT,opt = 20 kJ/kg)-treated (black line) red grape pomace. Peak identification: gallic acid (1); chlorogenic acid (2); caffeic acid (3); epicatechin (4); p-coumaric acid (5); naringin (6); rutin (7); phlorizin (8).



TABLE 7 Concentrations (mg/gDW) of gallic acid, chlorogenic acid, caffeic acid, epicatechin, p-coumaric acid, naringin, rutin and phlorizin (HPLC/PDA analysis) in the extracts from untreated and PEF-treated grape pomace.
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Results reveal that regardless of the application of PEF pre-treatment, epicatechin (peak 4) was the most abundant phenolic compound detected in the extracts, followed by p-coumaric acid (peak 5), rutin (peak 7), naringin (peak 6), chlorogenic acid (peak 2), and to a lesser extent by caffeic acid (peak 3), gallic acid (peak 1), and phlorizin (peak 8). These results are consistent with the fact that epicatechin is the most common flavonoid found in grapes (53), which possess high antioxidant power and health-beneficial effects against chronic diseases (54). Additionally, as can be seen, the HPLC chromatogram profiles of the extracts from untreated and PEF-treated samples appeared to be similar (Figure 7), which is consistent with the findings reported by other scientists when analyzing phenolic extracts achieved from different agri-food by-products, including those derived from winemaking process (2, 21, 32, 50, 55). This is probably due to the relatively low intensity of the applied electrical treatment, which neither induced the selective extraction of specific compounds nor triggered degradation reactions.

However, it is worth noting that, in comparison with the control samples, PEF pre-treatment increased the peak area of all phenolic compounds. In particular, coherently with the results of Figures 2–5, the application of PEF pre-treatment caused a significant increment in the concentration of gallic acid (by 12%), chlorogenic acid (by 35%), epicatechin (by 62%), and p-coumaric acid (by 21%), whereas the increase of the other phenolic compounds was not statistically significant.

Results reported in Table 7 appear somehow consistent with those found by other authors. For example, Antoniolli et al. (56) and Monrad et al. (48) bioactive compounds from red grape pomace and found that the epicatechin content in the 50% ethanol-water extracts ranged between 1.76 and 5.53 mg/gDW (48, 56). On the other hand, Brianceau et al. (21) detected the presence of epicatechin in the extracts from PEF-treated grape pomace, even though no statistically significant differences were observed with respect to the extracts from untreated sample.

Grape pomace, and especially grape skins, is also a rich source of anthocyanins. Among them, 3-O-glucosides of peonidin, malvidin, petunidin, cyanidin, and delphinidin are reported to be the most abundant anthocyanins in grape skin extracts, with differences in their composition having been detected depending on several factors such as grape variety, ripeness, and experimental protocols (52).

In Figure 8, the HPLC anthocyanin profiles of the extracts obtained from untreated and PEF-treated grape pomace under optimal conditions, are compared. As it can be seen, only one major peak corresponding to peonidin-3-O-glucoside (peak 1) with a concentration equal to 0.13 ± 0.004 mg/gDW was clearly detected in the control extract at an elution time of 27.91 min, whereas one minor and unidentified compound (peak 2), was also detected at a higher elution time. Additionally, according to the results presented in Figure 7, the HPLC chromatogram also highlight demonstrated that PEF pre-treatment did not affect the type and number of the detected anthocyanins. This is consistent with results observed by other scientists on different red fruit by-products tissues, including those of red grape pomace, who found that the extracts obtained from untreated and PEF-treated grape pomace (19, 21, 22), press cakes of either blueberries (50) or sweet cherries (57) presented similar anthocyanin profiles, corroborating that no degradation occurred upon the application of PEF pre-treatments. However, it is worth noting that, the permeabilization of the cell membranes of grape pomace tissues upon PEF treatment, significantly enhanced the extractability of anthocyanin compounds, leading to a final concentration of peonidin-3-O-glucoside in the extract of 0.16 ± 0.002 mg/gDW, which was 23% higher than that detected in the control extract. A similar increment ranged between 5 and 20% in the extraction yield of peonidin 3-O-glucoside was also observed by Brianceau et al. (21) upon PEF-assisted extraction of grape pomace.
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FIGURE 8
 HPLC-PDA chromatograms of 50% (v/v) ethanol-water extracts obtained after 300 min of extraction at 50°C from untreated (red line) and PEF (Eopt = 4.6 kV/cm; WT,opt = 20 kJ/kg)-treated (black line) red grape pomace. Peak identification: (1) peonidin 3-O-glucoside; (2) unidentified compound.






4. Conclusions

The results obtained in this study have demonstrated that the optimization of the processing conditions involved in the PEF-assisted extraction process, allowed achieving a high level of cell membrane permeabilization (Zp) of grape pomace tissue, thus intensifying the extractability of high-value-added compounds, such as total phenolic content (TPC, +15%), flavonoid content (FC, +60%), total anthocyanin content (TAC, +23%), tannin content (TC, +42), and, consequently, improving the antioxidant power (FRAP, +31) of the extracts.

The effects of independent factors, such as electric field strength and energy input for PEF, and ethanol concentration, extraction temperature and diffusion time for SLE, on the corresponding response variables (Zp for PEF, and TPC, FC, TAC, TC and FRAP for SLE), were evaluated using FC-CCD and response surface methodology. The variables were significant and the adopted the second-order polynomial model and 2FI model accurately predicted the experimental values of the response variables for PEF pre-treatment and SLE step, respectively.

The HPLC analyses confirmed that PEF pre-treatment significantly improved the extraction yield of phenolic compounds and anthocyanins, namely epicatechin, p-coumaric acid, chlorogenic acid, gallic acid, and peonidin 3-O-glucoside, with no evidence of degradation of individual compounds due to PEF application.

The obtained results confirm the potential of PEF technology to promote the valorization of grape processing by-products allowing to intensify the extractability of a greater diversity of valuable compounds. Therefore, they encourage further investigations of the PEF-assisted extraction process at a larger scale in order to validate the results achieved in the present study as well as to evaluate the economic and environmental benefits derived from the implementation of this novel extraction technique against the conventional SLE process.
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=5 for central point). Ethanol, means ethanol percentage in ethanol-water mixture (%, v/v); t, extraction time (min) T, extraction temperature (°C). Values of the same dependent variable with
different lowercase letter within the same row are significantly different (p < 0.05).
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Run Independent variables Response

E(kV/ecm) Wiy (kd/kg) %,

1 0.5 1 0.033 + 0.003a
2 0.5 10.5 0.075 % 0.002b
3 0.5 20 0.130 £ 0.015¢
4 275 1 0.208 £ 0.034d
5 275 10.5 0.513 £+ 0.020f
6 275 20 0.580 + 0.010g.
7 5.0 1 0.417 £ 0.009¢
8 5.0 10.5 0.521 % 0.010f
9 5.0 20 0.700 =+ 0.007h

The results are expressed as mean = standard deviation (n = 2 for factorial and axial points,
n =5 for central point). Values with different lowercase letter are significantly different
(p < 0.05).





OPS/images/fnut-10-1158019-g007.gif





OPS/images/fnut-10-1158019-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Pulsed electric fields-assisted
extraction of valuable compounds
from red grape pomace: Process

optimization using response

surface methodology





OPS/images/fnut-10-1158019-g001.gif
ST
oy
S

s
55

2%






OPS/images/math_5.gif
Mmror
Mow

€= 19.33+ADs )





OPS/images/fnut-10-1158019-g002.gif
25 o R 2%

P ’».;;:;'4-"

S i
— e






OPS/images/math_2.gif
yk,p,,+zmc+2ﬁm+z ZA,xX, @

arferny





OPS/images/math_1.gif
[Zuntr 01 ai2)| = 1Zir @1 k120

2y = amr @t 19| — e 01 k0|
? = [ Zor o1 )| — VZar (2 atrt0)|

[0





OPS/images/math_4.gif
A*MW'DF*10° L mror
. 3S* mow

@






OPS/images/math_3.gif
y.,.,n+za.x.+z S+ Y Y ay O

rarfferrd ey





