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Grape seed processing residues contain large amounts of phenolics, especially flavonoids which act as strong antioxidants. Maintaining quality of bioactive compounds is an important feature in vegetable processing since most of them are thermo-sensitive compounds susceptible to oxidation and degradation. Among the various pre-extraction and extraction factors, that determine the amount of antioxidants in the source material and govern their extractability, temperature is usually the most crucial factor to ensure physical and chemical stability of natural products, and even mild temperatures over 60°C tend to cause a significant loss of bioactivity. In this paper, pulsed electric field (PEF) under moderate field strength (1 kV cm-1, 900 pulses, 900 μs) was employed as a pretreatment for phenolic extraction from grape seed by-products. The impact of PEF was discussed compared with conventional extraction with 70% aqueous ethanol from whole intact seeds and from solid residues generated after oil cold-pressing. Kinetic study of the reaction of free DPPH·radical with extracts was carried out to determine the scavenging potential and to provide estimation of chemical changes induced by PEF. Even if their mechanisms of action are different, each type of pre-treatment allowed increasing the final phenolic content recovered at 25°C as compared to intact seed extraction at 60°C. The antiradical potential of extracts from pretreated samples was also higher which means that the important phenolic antioxidants are not modified significantly by the application of PEF or cold-pressing. The results support the conclusion that PEF can be used effectively in solid matrix pretreatment, resulting in enhanced mass transfer and limited impact on bioactivity of derived active compounds during extraction at low temperatures.

INTRODUCTION
By-products and wastes from various fruits and vegetables processing represent a major disposal problem for the industry concerned whilst in most cases they can be further processed into other valuable products. Due to the large amounts of grape processed by the wine and juice industry, a huge amounts of solid residues (pomace, skins and vine shoots) are generated, as they represent about 20-26% of the weight of grapes. Apart from being a rich source of high-value vegetable oils (7-16%), proteins (10%), and fibers (40%), grape seeds are also appreciated due to their high content of phenolic compounds (6-8%), especially phenolic acids and flavonoids (catechin, epicatechin, and their procyanidins and condensed tannins), well-known for their antioxidant activity [1]. The amount and types of compounds can vary and is greatly influenced by the source, variety, wine-making process and storage of seeds used. Typically, grape seeds contain a heterogeneous mixture of monomers (50-1000 mg/kg), oligomers (120-1400 mg/kg) and higher molecular weight polymers (1250-1700 mg/kg). Seeds have a characteristic problem of being hard-to-extract and still underutilized, even if they are a part the richest in substances of biological and technological value.
Processing of natural raw materials is governed by the need to achieve high level of extractability without over-processing the material to the point where the quality of final product is unacceptably diminished. Therefore, solutes extraction from the non-soluble solid matrix in which they are embedded, which strongly depend on mass transfer phenomena through the cells walls and cell membranes, is of the utmost importance for delivering natural and high quality products containing high levels of the desired bioactive compounds. Conventional solvent extraction processes are based on the extractive potential of different types of solvents, using heating or mixing, but they are limited to some degree by factors such as the cell wall porosity and the molecular size of solute, and in the case of intact vegetable matrices, slow diffusion through the cellular tissue. Diffusional enhancement will be of practical importance to avoid degradation and oxidation of active compounds. Several advanced processes that utilize mechanical, electromagnetic, light, electrical, and other forms of energy for disintegration of cellular tissue were proposed on the basis of the same basic principle of keeping vegetable material below temperatures normally used in thermal processing. This would retain the quality of extracts while consuming less energy than thermal processing. 
Pulsed electric fields (PEF) treatments of solid-liquid mixtures is an effective non-thermal way of processing diverse plant matrices rapidly. Usually, treatments of electric field strengths from 0.1 to 3 kV/cm, a specific energy of 1-20 kJ/kg, applied in the form of repetitive very short voltage pulses (μs - ms) are used for natural products extraction [1]. PEF technique has intensively studied in winemaking process for different objectives such as improving must expression to Improve the antioxidant potential of wines, reduction of maceration time, acceleration of wine aging, inactivation of oxidative enzymes, increase in phenolic compounds extraction from grape processing residues. However, yield as well as the bioactivities obtained using different extraction methods have been reported to vary in several studies [1,2].
The main goals of the present study were to determine the impact of mild PEF treatment (0.1-1.3 kV/cm) on both yield and quality parameters and to compare the proposed PFE method with the common solid-liquid extraction at different temperatures (20-60°C) from untreated seeds and from press cake, industrial byproduct from the oil cold-pressing, developed in our previous study [3]. To this purpose, phenolic content was determined and their antioxidant properties were evaluated by determining its ability to scavenge the DPPH free radical by measuring reduction kinetics.
EXPERIMENTAL PART
Plant material
Two types of grape seeds by-products were used for this study, obtained from local factory (Baltcho, Bulgaria): untreated seeds (mean size of 3.6 mm and sphericity of 0,69), and the resultant seed cake powder after oil cold pressing (mean size <5 00 µm).
Pulsed electric fields treatment
PEF-assisted pretreatment of grape seeds were carried out in a laboratory scale rectangular treatment chamber, closed by two stainless steel electrodes. The electrode area was 100 cm2, and the distance between the two electrodes could be adjusted depending on the volume of the treated sample. The two electrodes were electrically connected to a high voltage pulse generator designed to provide monopolar near-square wave pulses ranging between 100-900 μs and pulse repetition rate up to 1000 Hz. 
[image: ]
Fig. 1. Experimental set-up 
Grape seeds (10.0 ± 0.1 g) were introduced between the electrodes, and the xtraction solvent at 25°C was then added to the solid. During each experiment, the solid-liquid mixture was subjected to PEF pre-treatments of different field strengths (up to 1.3 kV/cm) with variable pulse weight (300-900 μs). at a constant frequency (13.3 Hz) and pulse number of 900. Control samples were collected after the application of the same protocol without PEF treatment. 
Solid-liquid extraction
This study examined the batch, single-stage solid-liquid extraction (SLE) of whole seeds and press cake, previously optimized by the evaluation of the the effects of solven (ethanol-water mixturet, extraction temperature and time, and number of extraction steps [3]. The extraction was carried out in thermostated reactor, protected from light, under intensive mixing to eliminate the external resistance. The extraction was conducted with a liquid-solid ratio 5:1 ml solvent/g dry solid until the concetration equilibrium was achieved with the extension of time. Ethanol (95% v/v) and ethanol: water (70:30, v/v) at 25°C and 60°C were used to prepare the tested extracts. After the s extraction process was accomplished, the extracts were filtrated and analyzed spectrophotometrically.
Determination of total phenolic concentration (TPC) 
Total phenolic compounds of extracts were determined by the Folin-Ciocalteu method (Singleton and Rossi, 1999). In a test tube, 50 µL of the filtered sample were mixed with 1 mL of a 10% Na2CO3 solution and 250 µL of Folin-Ciocalteu reagent. The absorbance was determined using a spectrophotometer (Bueco UV-VIS) after 1 hour at 765 nm against a calibration curve. The total phenolic content of grape seed extract was obtained from linear regression equation of gallic acid standard calibration curve (y = 0.0012x + 0.0054, r2 = 0.9984). The results were expressed in mg Gallic acid equivalent(GAE) in ml of extract.
Determination of antioxidant activity
All extracts were evaluated in terms of radical scavenging ability by kinetic assays measuring the neutralization of the stable free 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), as proposed by Brand-Williams et al. (1995). A 0.1 ml aliquot of a properly diluted sample was added to 3.9 ml of DPPH solution (6x10-5 M in methanol). Measurements started immediately after mixing the solutions and transferred in a standard 1-cm path length cuvette with a working volume of 4 ml in the spectrophotometer. The progress of the reaction was followed up to 120 min. The absorbance was measured at 515 nm. Methanol (instead of DPPH• solution) was used as control solution to confirm the stability of the measurement system. 
The amount of DPPH• radicals in each moment of reaction was calculated according to DPPH calibration curve, determined by linear regression (in the range 3.75-25 µg/ml): A515 nm=2740.1 [DPPH·]t - 0,0036 (r2=0.999), where the concentration [DPPH·]t was expressed as mg.ml-1.
The percentage of remaining DPPH radical in the reaction medium was expressed as follows:

             	                                   (1)
where [DPPH]t=0 is the concentration of the DHHP solution (without samples) at t=0 and [DPPH]t is the remained DPPH concentration at t=120 min. The experimental reduction kinetics of the DPPH• radical was approximated by the following equation:

                                                                           (2)
where A is proportional to the fraction of unreduced [DPPH]rem, t is the time, and kobs is the rate constant. Under the initial condition of A=A0 at t=0 the integration of eq.2 gives:

                                                       (3)
The parameter Ao reflets the induction period of the oxidation (the first seconds after mixing before the first measurement). To quantify the kinetic behavior of extracts investigated, the antiradical efficiency (ARE) was calculated, as stated by Sanchez-Moreno and al. [5]:

                                                                                      (4)
where TEC50 is the time needed to complete the reaction when the initial concentration of antiradical is that corresponding to the efficient concentration of the extracts EC50, defined as the amount of antiradical necessary to decrease the initial DPPH concentration by 50%.
RESULTS AND DISCUSSION 
Effect of extraction methods on TPC 
Fig. 1 presents the changes in the total phenolic concentration and extraction time for concentration equilibrium establishment between the sample matrix and the solvent, as affected by the extraction methods. The TPC was found to vary from 0.5415 GAE mg/ml to 7.989 mg GAE /ml. Solid-liquid extraction (SLE) from untreated seeds at room temperature is commonly applied technique to retain the native structure of target phenolics in the extract, but it involves prolonged solvent diffusion for softening the seed tissue and slight increase in the amount of phenolic content with time (more than 7 h).  The amount of TPC extracted by mild PEF (0.3-1.3 kV/cm) application allowed to increase the yield after 4 h by up to 50% but was considerably lower than those obtained at 60°C. It means that considerable amount of soluble solids in the intact seeds needed at least 60°C to dissolve and release from the seeds, but may have negative impact on purity of extract and degradation of different compounds [2]. The highest TPC content with the shortest extraction time (30 min), was obtained by press cake at 25°C when compared to other extraction methods. 

E1: untreated seeds-SLE at 25°C 	 E2. untreated seeds - PEF pretreatment and SLE at 25°C 
E 4: untreated seeds -SLE at 60°C 	E4: press cake- SLE at 25°C			 
Fig. 2. Comparison of total phenolic content (TPC) and effective extraction times by using different extraction methods
These results confirmed the strong dependence of the extractability on the nature of raw materials, and in particular, the tissue structure (membrane and cellular walls). Reason for such dependency mainly arises from the structural diversity of phenolic compounds, including distinct compounds ranging from simple molecules to oligomers, as well as high molecular weight polymers.  An additional factor to consider is the location and the form of phenolic compounds, as free solutes found in the vacuoles of cells, and as bound solutes interacting with matrix by diverse physical and chemical interactions like covalent bonds, resulting in much stronger binding of the solutes to the solid matrix [3]. The differences between the four extraction methods reflect different diffusion mechanisms and release processes. 
The underlying mechanism of an externally applied electric ﬁeld of sufficient field strength is that it induces the formation of micropores into the cell membrane, which causes an increase in the permeability of cell membranes and facilitates the release of compounds from the inner parts of the cells. Several studies identified the electric field strength and the total treatment time (which considers the number of pulses and the pulse duration) as the main variables determining the efficiency of the PEF damage of the plant tissue. For example, an increase in extractabilityof phenolic compounds by moderate PEF at different times in the course of cold maceration (0,2, and 4 days) was shown by El Darra [4], resulting in higher leaching of phenolics and raising the resultant color intensity. PEF with higher electric field strengths of 0.5-7 kV/cm have shown to cause a higher level of cell disintegration that gives much higher yields (between 10% and 50%), increased starting accessibility and reduced effective diffusion time up to 10-fold with increasing PEF intensity [1,2]. 
The results showed a rather high influence of temperature on polyphenol extraction as compared to PEF treatments. This effect can be attributed to the rise in their solubility and diffusivity and the alteration of the solid-solvent interaction. Moreover, higher temperature causes tissue softening and weakening the phenol-protein and phenol polysaccharide interactions in cell walls, and, consequently, facilitating the polyphenol libertation. However, the plant cells remain undamaged when contact with cold or hot solvent and multi-staged extraction is needed to complete recovery of the total extractable polyphenols content [3].
The efficiency of extraction of polyphenols from grape seeds was shown to be positively affected by the defatting process by cold pressing previously applied. The mechanical disruption of cellular plant tissue had a double effect. The considerable particle size reduction (from about 3.6 mm to 0.5 mm) increases the exchange surface area decreasing diffusion path which is a key factor for the mass transfer enhancement. As compression forces breaks the cell wall mechanically by the shear forces, it supports the diffusion of solvents into the tissue and facilitates the transfer from the cell into the solvent. In addition, if fatty oils are extracted the solute will diffuse more easy resulting in a faster mass transfer, controlled not only by the internal diffusion but also by rapid leaching of solutes placed near to the surface of the particles. This drastically decreases the extraction time, providing the same yield in minutes compared with hours for conventional extraction from untreated seeds. 
Kinetics of antioxidant behavior
In order to establish the relationship between the phenolic compounds extracted and possible effects and consequences to extract quality, their reaction with the DPPH radical was followed spectrophotometrically by monitoring the absorbance changes at its maxima wavelength for reaction period of 120 min. As a general trend, increased antiradical activity was found with increasing phenolic concentration in extracts. However, at same concentration levels (after appropriate dilution), variation in extraction methods gives extracts with different reduction kinetics, as illustrated in Fig.3. Table 1 summarized the kinetic constants, estimated from the exponential decay of the absorbance (subsequently converted to DPPH concentration), the effective concentration EC50, determined from the reaction kinetics with different concentrations of the extracts, their TEC50 and EAR values, respectively.

Fig. 3. Reduction kinetics of the DPPH• radicals 
Based on the time required for the reaction to reach steady state and the estimated kinetic constants (kobs), three reaction kinetic types (rapid, intermediate, and slow) were found. Immediately after the addition of the press residue extracts (E4) to the reaction medium, the absorbance of DPPH at 515 nm dropped, due to the decrease of DPPH concentration. Clearly, the highest rate of DPPH decay occurs within the first 10 min of reaction. Slight differences in the course of reduction kinetics were observed with SLE at 60°C (E3). On the contrary, the lowest value of kinetic constant was found for the extract from intact seeds at 25°C, (E1) a steady state was not attained even after 120 min of reaction, and could be considered as a slow action free radical scavenger compared to the extract at 60°C.  The extract from PEF treated seeds (E2) showed intermediate antioxidant kinetics, closer to the native intact seeds with minimal processing. 
This behavior can be explained by several factors, including the presence of different active compounds in the extracts that can modify the antioxidant capacity, the synergistic/antagonistic effects of their individual phenolic compounds, as well as other antioxidants (vitamins, carotenoids, etc.). A number of phenolic compounds that vary in structure, polarity and mutual interactions have been identiﬁed to be responsible for the antioxidative properties of grape seed extracts. The strong antioxidant effect (reducing ability by electron or H-atom donation) has been reported to be attributed mainly to flavonoids, and especially to the oligomeric procianidins and their derivatives [5,6]. Structural factors include the number and the position of the -OH groups, nature of the substituent on aromatic rings, and degree of polymerization. There are also compounds that react rapidly with the DPPH, and others that have a slower reaction rate or may even by inert, and the reaction kinetics between DPPH, and thus, antioxidants are not linear to DPPH concentrations [6]. Earlier studies on free radical scavenging activity of different individual compounds found that structurally simpler phenolic acids are more stable active antioxidants based on a fast electron transfer process. In contrast, the ester forms with gallic acids and the glycosides of flavanol-3-ols needed more time to react [5]. 
Table 1. Kinetic data of radical scavenging activity of extracts 
	
	kobs
min-1
	TCE50
min
	EC50
µg GAE/g DPPH
	EAR 
(x 10-3)

	E1
	0.0166
	60
	513.5
	0.019

	E2
	0.0083
	30
	666.66
	0.025

	E3
	0.0033
	12
	328.20
	0.101

	E4
	0.0055
	18
	871.79
	0.0115



In this way, the extend of the changes in the AER could be in part attributable to the variation of the relative content of fast and slow acting antioxidant throughout processing. At an equal concentration, the EAR value of PEF treated extract E2 is higher than the E3 one. Moreover, extract from press residues E4 has the higher yield but results in a lower AER. The better antioxidant antiradical efficiency of E2 could be justified by the presence of polyphenols in free form compared with polyphenols bounded or linked to other structures in the case ofmore intense extraction in the case of E3 and E4. Because the reduced extractability from the extract obtained at 25C in the experimental range, it is possible that the more active procyanidins, naturally protected in the innermost layers of the seed coat, remained in the vegetal tissues, and the resulting extracts must not be regarded as representative of the entire bioactive content present in the seeds. 
These facts prove the hypothesis that due to its non-thermal impact by using very short total treatment time (< 1 s), PEF treatment may exert a selective permeability of the membranes whereas the cell walls remain intact, which prevents undesired and high molecular weight from being extracted. On the other hand, this result in an increased resistance to phenolics diffusion and therefore, the additional yield increase is limited. 
Results in the literature from grape byproduct and from various other raw materials highlighted the same tendency: PEF treatment has a positive impact on the antioxidant properties of extracts correlates with the higher recovery of bioactive compounds [1,2]. An HPLC analysis indicated that the concentrations of major individual phenolic compounds were similar among th ePEF- treated and non-treated grape seeds, however, the proportion between non/flavonoids/flavonoids, e.g. slow and fat reacting antioxidant can vary. Under excessive processing, however, the disrupted tissue losses its selectivity and become permeable not just for the target compounds, but for undesirable compounds (impurity) passing into the extract which can lead to lose their biological activity. 
Conclusions
The results of the present study indicate that the PEF and other standard operations, such as mechanical cold pressing and extraction with solvent significantly influence the concentrations of phenolics extracted, the mass transfer kinetics and antioxidant parameters in grape seeds extracts. These treatments facilitate extraction by damage of cell membranes (PEF), cell walls (cold-pressing) and cell-wall permeability (thermal processing) to different levels and have different effects on the extract quality. On an industrial level, the press cake after grape seed oil extraction can be used as a readily accessible low-cost source of natural antioxidants even with a slight loss of quality; whereas for pharmaceutical or nutraceutical applications, where the main focus is on the bioactive properties of phenolic compounds and not their quantity, the PEF-assisted “cold” extraction is preferable due to the better yield/purity, reduced extraction time and low energy. A combination of mild heating at 40-45 °C and PEF might also be helpful to achieve sufficient extraction yield and to add value to natural products and by-products.
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