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Abstract

:

The aim of this study was to optimize parameters of microwave-assisted extraction (MAE) and accelerated solvent extraction (ASE) in terms of extraction temperature and time, microwave power and cycle numbers on the phenolic content of sea buckthorn leaves and berries, using 70% ethanol (v/v) as an extraction solvent. The characterization of phenolic composition in leaf and berry extracts obtained at optimal MAE and ASE conditions was performed with UPLC/ESI-MS2, while antioxidant activity was determined using the ORAC method. The optimal extraction conditions for MAE were 60 °C, 500 W and 15 min for leaves and 60 °C, 300 W, and 10 min for berries. The optimal extraction conditions for ASE from both leaves and berries were 120 °C, 15 min, and 3 cycles. Total phenolic content (TPC) in MAE and ASE extracts from leaves was similar to the TPC determined in extracts obtained by conventional extraction (60 °C/30 min); however, ASE contributed to the higher TPC of the berry extracts. The flavonols kaempferol-3-rutinoside in the leaves and kaempferol in the berries were the most abundant phenols of sea buckthorn. A higher antioxidant activity was found in the leaf extracts obtained by ASE and it correlated with the phenolic content. In general, ASE favored the extraction of all polyphenols from leaves, while MAE was more suitable for the extraction of flavonols from berries, suggesting that the choice of the optimal extraction method is crucial with regard to the target molecules and future applications.
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1. Introduction


Sea buckthorn (Elaeagnus rhamnoides (L.) A. Nelson, genus Hippophae, family Eleagnaceae) (SB) is a shrubby species of native Eurasian plant communities capable of growing on poor soils and temperatures from −40 to +40 °C [1]. Considered to be a valuable source of various bioactive molecules (BAMs), SB’s parts include a variety of polyphenols, carotenoids, tocopherols, sterols, fatty acids, minerals, vitamins, and other compounds [2,3,4,5]. These BAMs are responsible for many of the plant’s bioactive qualities, including those that are antioxidant, anti-inflammatory, antitumor, immunomodulatory, antimicrobial and others [6,7,8]. However, a number of factors, such as the variety of species, the plant’s part, the location of growth, the soil’s composition, the application of fertilizers, and the degree of ripeness, substantially influence the chemical composition of different SB parts [5]. The leaves are thought to be the most valuable source of phenols, followed by the pulp, pericarp, and seeds [9], even though the entire plant contains a variety of polyphenols, including flavonoids, hydrolyzable tannins, and phenolic acids [10,11]. The most prevalent subclass of flavonoids are flavonols, primarily present in glycosylated forms of the aglycones of kaempferol, isorhamnetin, quercetin, and myricetin [11,12,13,14]. The most abundant phenolic acids in SB are gallic acid, syringic acid, protocatechuic acid, salicylic acid, vanillic acid, gentisic acid, caffeic acid, ferulic acid, and chlorogenic acid. Tannins have also been found in SB, including strictinin, hyporhamnin, isostrictinin, pedunculagin, hippophaenin A, and hippophaenin B [15]. The interest and demand for natural substances, particularly plant polyphenols, which could be used as food ingredients or pharmaceuticals, have increased in recent years [16,17] and SB has a great potential to be included in a variety of food and drug formulations. Extraction is the initial step for isolating the target BAMs and due to the different phenolic groups in SB and their physical and chemical properties, it is crucial to find the most efficient extraction methods. The most commonly used methods are conventional (CE) such as maceration, heat reflux, and Soxhlet extraction, but as their disadvantages are high energy and solvent consumption and the decomposition or degradation of the thermolabile BAMs (phenolics and carotenoids), they have led to the increasing use of advanced extraction methods such as ultrasound-assisted extraction, microwave-assisted extraction (MAE), infrared irradiation, pulsed electric fields, enzyme-assisted extraction, and accelerated solvent extraction (ASE). MAE and ASE are widely used advanced extraction methods to obtain the highest extraction yields and to ensure the stability of BAMs [18,19,20,21,22,23]. The advantage of using MAE lies in the microwave irradiation’s heating mechanism, which homogeneously heats the sample and effectively disrupts the cell due to the internal overheating caused by the ion conduction and dipole rotation [24]. ASE is a rapid extraction method that uses solvents at high pressures and temperatures to keep the solvent as a liquid throughout the extraction process. The main advantages of ASE are that increasing the temperature of extraction positively affects the solubility of analytes, improves the rate of mass transfer, and lowers the viscosity and surface tension of the used solvent, thereby increasing the extraction rates, although caution should be taken with thermally labile compounds [25]. However, many factors such as conditions of extraction, solvent type and polarity, extraction temperature and time, size of particles, solvent to sample volume ratio, influence the extraction yield and extract composition [26]. Thus, in order to obtain the highest yield of target compounds, it is crucial to optimize the extraction conditions. Extraction studies have shown that the use of hydroalcoholic solvents improves the recovery of phenolic compounds compared to pure solvents, and the use of an ethanol–water mixture is recommended for MAE and ASE [27]. For example, microwave power, irradiation time, and temperature are important factors affecting extraction yield when using MAE, as the microwave power increasing generally improves extraction yield and leads to a shorter extraction time, but can also lead to an increase in temperature and the degradation of thermolabile compounds. It has also been shown that when extracting thermolabile compounds, it is best to use solvents with lower dielectric constants [28]. In the study of Fan et al. [29], an improved extraction yield of SB flavonoids was determined under optimal MAE conditions: 50% ethanol as extraction solvent, material to liquid ratio of 1:40 (g/mL), microwave power of 550 W, and microwave time of 5 min. The highest total phenolic content (TPC) of SB leaves was achieved under optimal MAE conditions: 50% ethanol as extraction solvent, solvent to plant ratio of 20:1 and temperature of 90 °C [30]. ASE also improves the extraction efficiency through controlled conditions of temperature, static extraction time and number of extraction cycles, which when optimized can increase the content of target BAMs extracted from the plant [31]. It has been observed that the highest yield of phenolic acids was obtained at higher temperatures while lower temperatures were more effective in extracting high yields of flavonoids [31]. ASE and MAE have been used for the extraction of polyphenols from many plants and fruits [32], but to our knowledge, data of the polyphenol content and profile of SB produced at optimal conditions are limited.



Therefore, the aim of this study was to determine the optimal conditions for the extraction of polyphenols from SB leaves and berries using MAE ((temperature (40, 60, and 80 °C), microwave power (300, 500, and 700 W), and irradiation time (5, 10 and 15 min)) and ASE ((temperature (80, 100, and 120 °C), static extraction time (5, 10, and 15 min) and number of cycles (1, 2, and 3)) and to compare the extraction efficiency with conventional extraction (60 °C, 30 min) in terms of polyphenol content. The solvent used for extraction was 70% ethanol. In extracts produced under optimal extraction conditions, the individual phenolic compounds were determined using UPLC/ESI-MS2 and the antioxidant activity using the ORAC method.




2. Materials and Methods


2.1. Plant Material


The samples of leaves and berries of SB (Elaeagnus rhamnoides (L.) A. Nelson) were harvested in Croatia, Hrvatsko Zagorje region in July 2020. The samples were freeze-dried and stored in the dark at room temperature. Prior to extraction, the samples were ground to powder using an electric mill (AR 1105; Moulinex, Saint-Lo, France) and sieved through a sieve with a size of 0.5 to 1 mm.




2.2. Chemicals and Reagents


Ethanol, acetonitrile, and formic acid used for extraction were HPLC grade and were procured from BDH Prolabo (Lutterworth, UK). The sodium phosphate (96%) and anhydrous sodium carbonate (99.5%) were purchased from Kemika (Zagreb, Croatia), Folin–Ciocalteu reagent was obtained from Merck (Darmstadt, Germany), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) from Acros Organics (Thermo Fisher Scientific, Geel, Belgium), 2,20-Azobis (2-amidinopropane) hydrochloride was purchased from Sigma-Aldrich (Steinheim, Germany), and fluorescein sodium salt from Honeywell Riedel-de-Haën (Bucharest, Romania). Authentic phenolic standards of caffeic, gallic, p-coumaric and vanillic acid, quercetin-3-glucoside, and kaempferol-3-rutinoside were purchased from Sigma-Aldrich (Steinheim, Germany); epicatechin and catechin were obtained from Extrasynthese (Genay, France); and from Acros Organics (Thermo Fisher Scientific, Geel, Belgium), quercetin-3-rutinoside. Distilled Milli-Q water (Millipore Corp., Bedford, NY, USA) was used.




2.3. Microwave-Assisted Extraction (MAE)


The MAE was performed with a Milestone microwave reactor (Start S Microwave Labstation for Synthesis; Sorisole, Italy) with flexible microwave power using 70% ethanol (v/v) as extraction solvent. The procedure was conducted according to the method previously described by Elez Garofulić et al. [18]. The ground samples of leaves and berries (1 ± 0.001 g) were mixed with 40 mL extraction solvent in the extraction vessel with the addition of a magnetic stir bar and placed in a microwave reactor with a cooling system. The stirring was constant and set to 50%. To determine the optimal extraction conditions in terms of the highest yield, the following parameters were varied: temperature (40, 60, and 80 °C), microwave power (300, 500, and 700 W), and irradiation time (5, 10, and 15 min) according to the experimental design. After extraction, the cooled and filtered extract was transferred and made up with the extraction solvent in a 50 mL flask. All extractions were carried out in duplicate (n = 2) and stored in nitrogen gas atmosphere at −18 °C until analyzed.




2.4. Accelerated Solvent Extraction (ASE)


The ASE was performed with the Dionex™ ASE™ 350 extractor (Thermo Fisher Scientific Inc., Sunnyvale, CA, USA) using 70% ethanol as an extraction solvent (v/v). The procedure was carried out in accordance with the methodology described in our previous study [33]. The mixture of sample (1 ± 0.001 g) and diatomaceous earth (0.5 g) was added to 34 mL stainless steel cells fitted with 2 cellulose filters at the bottom of the cell. To determine the optimal extraction conditions with the highest yield, the following parameters were varied: temperature (80, 100, and 120 °C), static extraction time (5, 10, and 15 min) and number of cycles (1, 2, and 3) according to the experimental design. The pressure was set to a fixed value of 10.34 MPa. The extracts obtained were filled with the extraction solvent in a 50 mL flask. Extractions were carried out in a duplicate (n = 2) and stored in nitrogen gas atmosphere at −18 °C until analyzed.




2.5. Conventional Extraction


The efficiency of the MAE and ASE methods was compared with heat-reflux extraction (CE): 1 ± 0.001 g of SB leaves and berries were placed into the flask containing 40 mL of 70% ethanol solution (v/v), extracted for 30 min, filtered through filter paper, and made up to 50 mL with extraction solvent. Extractions were carried out in duplicate (n = 2) and stored in a nitrogen gas atmosphere at −18 °C until analyzed.




2.6. Analysis of Polyphenols


2.6.1. Total Phenolic Content (TPC) Determination


The TPC of the SB leaves and berries was obtained using the spectrophotometric method described by Shortle et al. [34]. Briefly, 100 μL of the extract, 200 μL of the Folin–Ciocalteu reagent, and 2 mL of distilled water were mixed with 1 mL of 20% sodium carbonate. The mixture was incubated at 50 °C for 25 min and absorbance was measured at 765 nm (UV-VIS UviLine 9400; Secomam, Ales, France). Calculation of TPC was performed using the gallic acid standard calibration (50–500 mg/L) and TPC was expressed in mg gallic acid equivalents (GAE) per 100 g of dry mass (mg/100 g dm) (n = 2).




2.6.2. Polyphenol Characterization by UPLC/ESI-MS2 Analysis


The characterization of polyphenols was conducted using an Agilent 1290 RRLC instrument (Agilent, Santa Clara, CA, USA) and triple quadrupole mass spectrometer (6430 QqQ) with ESI ion source, according to our previous study [33]. The phenolic compounds such as quercetin-3-rutinoside (rutin), kaempferol-3-rutinoside, quercetin-3-glucoside, catechin, epicatechin, caffeic acid, chlorogenic acid, gallic acid, p-coumaric acid, and vanillic acid were identified by comparing the mass spectra and fragmentation patterns of the authentic standards, while the identification of other compounds was based on the previously reported data [35,36,37,38,39]. The concentrations obtained were expressed in mg per 100 g dry mass (mg/100 g dm) (n = 2).




2.6.3. Oxygen Radical Absorbance Capacity (ORAC) Assay


The ORAC assay was performed using a Clariostar fluorescence microplate reader (BMG LABTECH, Offenburg, Germany) according to the method described in our previous study [33]. The results were expressed as µmol Trolox equivalent per g dry mass (µmol TE/g dm) (n = 2).





2.7. Statistical Analysis


Statistica ver. 12.0 software (StatSoft Inc., Tulsa, OK, USA) was used for the statistical analysis. The influence of MAE (microwave power, temperature, and irradiation time) and ASE (static extraction time, temperature, and number of cycles) parameters on the TPC of SB leaves and berries was evaluated using a three-level full factorial design with 54 experimental trials (Table 1 and Table 2). To determine the data’s normality and homoscedasticity, the Shapiro–Wilk and Levene tests were used. Then, data were analyzed using ANOVA (parametric data) or the Kruskal–Wallis test (non-parametric data), and mean differences between groups were compared using Tukey’s HSD test or the Kruskal–Wallis test. At a significance level of p ≤ 0.05, all tests were carried out and the statistical analysis results are shown as least squares (LS) mean and standard error (SE). To compare the efficiency of the MAE and ASE in terms of TPC, mean values were compared using one-way ANOVA and Tukey’s HSD test (post-hoc).





3. Results and Discussion


In this study, the influence of the advanced extraction methods MAE and ASE on the phenolic content of SB leaf and berry extracts was investigated. The results of TPC in SB leaf and berry extracts obtained under different conditions of MAE (temperature of 40, 60, and 80 °C; microwave power of 300, 500, and 700 W; and extraction time of 5, 10, and 15 min) and ASE (temperature of 80, 100, and 120 °C; static extraction time of 5, 10, and 15 min; and cycle numbers of 1, 2, and 3) are shown in Table 1 and Table 2. The results of the statistical analysis used to determine optimal extraction conditions are shown in Table 3 and Table 4 and the TPC of leaf and berry extracts obtained at optimal MAE and ASE conditions was compared with extracts obtained by CE (Figure 1). Phenolic characterization in leaf and berry extracts obtained at optimal MAE and ASE conditions by UPLC-MS2 are shown in Table 5, while the phenolic characterization of leaf and berry extracts obtained by CE is shown in Table S1 (Supplementary Materials). The antioxidant capacity in leaf and berry extracts obtained at optimal MAE and ASE conditions is shown in Figure 2.



The TPC in SB leaf extracts obtained with MAE ranged from 6514 to 10779 mg GAE/100 g dm (Table 1) and from 6905 to 10,918 mg GAE/100 g dm in extracts obtained with ASE (Table 2). The TPC in the MAE berry extracts was significantly lower compared to the leaves, ranging from 246 to 406 mg GAE/100 g dm and from 220 to 688 mg GAE/100 g dm when ASE was used. Both extraction methods resulted in significant yields of phenolic compounds in SB leaf extracts, which is in line with the earlier research of Galan et al. [40] and Michal et al. [41], who reported TPC in MAE leaf extracts ranging from 87.37 to 157.63 mg GAE/g and from 53.0 to 92.0 mg GAE/g in ASE leaf extracts, respectively. Compared with our results, the study of Périno-Issartier et al. [23] determined higher TPC in the SB berry extracts obtained with solvent-free MAE (1147 mg GAE/100 g dm) and using conventional extraction with methanol as solvent (741.9 mg GAE/100 g dm). Although the mechanism of MAE and ASE is similar since the solvent in both systems is heated and pressurized [42], ASE contributed to higher TPC compared to MAE, especially in berry extracts. The same trend was observed in the study of Rodríguez-Pérez et al. [43] for the extraction of BAMs from Moringa oleifera leaves. The good performance of ASE is probably the result of a combination of high extraction temperatures above the boiling point of the solvent and multiple extraction cycles leading to complete extraction of the target compounds [44]. In MAE, the microwave energy absorbed through the plant cell walls leads to internal overheating, which allows faster diffusion of analytes in the solvent [45]. The rapid rise in temperature during microwave heating avoids the thermal gradient, which increases the risk of degradation of thermolabile BAMs [46]. In addition, plant matrix characteristics also affect MAE performance [45].



3.1. Effect of MAE on the TPC of Sea Buckthorn Leaves and Berries


The optimal MAE conditions for the extraction of SB leaf and berry polyphenols were determined via varying the temperature (40, 60, and 80 °C), microwave power (300, 500, and 700 W), and time (5, 10, and 15 min). As shown in Table 1, the lowest TPC was obtained in the MAE extracts of leaves and berries at an extraction temperature of 40 °C, a microwave power of 700 W, and an extraction time of 5 min. On the other hand, the highest TPC for leaves was obtained under the following MAE conditions: temperature of 60 °C, microwave power of 500 W, and extraction time of 15 min and for berry extracts at a temperature of 80 °C, microwave power of 500 W, and extraction time of 10 min.



Temperature is considered a crucial parameter in MAE, and for the extraction of phenolic compounds with MAE the most frequently used temperature range is between 30 and 180 °C, although a decrease in polyphenol content has been observed at temperatures above 100 °C. Lower extraction temperatures or shorter extraction times are more often used to avoid the co-extraction of interfering chemicals, even though better polyphenol recoveries can be achieved at higher temperatures and times [47]. Therefore, a moderate temperature range from 40 to 80 °C was used in this study. According to the results in Table 3, temperature had a statistically significant effect (p ≤ 0.05) on the TPC of both leaves and berry extracts. The increase in phenolic content in the obtained MAE leaf and berry extracts was noted when the temperature increased from 40 to 60 °C.



In the study of Galan et al. [40], the same trend was observed when the extraction temperature was increased from 40 to 90 °C. Higher temperature allows better solubility of phenolic compounds and the mass transfer coefficient between the sample matrix and the extraction medium increases [48]. Asofei et al. [30] reported an optimal MAE temperature of 90 °C for the extraction of polyphenols from SB leaves and a solvent/plant ratio of 20:1 and 50% ethanol as the extraction solvent. The two most fluctuating parameters in MAE are the microwave power and the extraction time which change depending on the plant species, BAMs, and various parts of the same plant [49]. Microwave power has considerable impact on the extraction of BAMs since microwave irradiation can speed the rupture of plant cells by rapidly raising the temperature and pressure [50]. However, excessive exposure to microwave irradiation leads to overheating and the degradation of phenolic compounds. To avoid oxidation and degradation of thermolabile compounds due to overheating of the system, the duration of extraction must be adjusted to the properties of the sample. In the present study, microwave power and extraction time had no statistically significant influence on the TPC of the extracts (Table 3). However, increasing the microwave power from 300 to 500 W had a positive effect on the TPC in the leaf extracts. In general, increasing the microwave power increases the efficiency of extraction by maximizing the molecular interaction between the sample and the electromagnetic field [51]. A further increase in microwave power to 700 W led to a decrease in TPC in both leaf and berry extracts (Table 3). Similar results were reported by Dahmoune et al. [52] for the MAE of phenolic compounds from SB leaves and by Alara et al. [53] for Vernonia amygdalina leaves. Regarding the extraction time, the results of the statistical analysis showed no significant effect, but increasing the extraction time from 5 to 10 min increased the TPC in the berry fruit extracts and in the leaf extracts after 15 min (Table 3). A similar trend was observed in the study of Rafiea et al. [54], where the highest TPC was obtained in three different varieties of olive leaves in aqueous MAE extracts after 15 min of extraction. The MAE extraction yield could be enhanced by increasing the extraction temperature, time, and microwave power up to a certain limit, after which the risk of considerable loss of thermolabile BAMs increases. The stability of the extracted compounds is a crucial factor in choosing the optimal extraction conditions. Considering the results of the statistical analysis, the optimal MAE conditions for total phenolics from SB leaves were 60 °C, 500 W, and 15 min and from berries 60 °C, 300 W, and 10 min, respectively.




3.2. Effect of ASE on the TPC of Sea Buckthorn Leaves and Fruits


The optimal ASE conditions for the extraction of SB leaf and berry polyphenols were determined by varying the temperature (80, 100, and 120 °C), static extraction time (5, 10, and 15 min) and number of cycles (1, 2, and 3). As shown in Table 2, the lowest TPC was obtained in ASE leaf and berry extracts at an extraction temperature of 100 °C, static time of 5 min, and number of cycles, 1. On the other hand, the highest TPC in ASE leaf and berry extracts was obtained at 120 °C, a static time of 15 min, and number of cycles, 3. The use of high temperatures enhanced extraction efficiency via disrupting analyte–sample matrix interactions, which is one of the key elements impacting efficiency and selectivity of ASE [44]. Solvents remain liquid under the high pressure of ASE even at temperatures above their boiling point. In this study, according to the results of statistical analysis, temperature had a statistically significant effect (p < 0.001) on the TPC in both leaf and berry extracts (Table 4).



In leaf extracts, TPC increased proportionally with the increase in extraction temperature; meanwhile, in berry extracts, a significant increase in TPC was noted when the temperature was increased from 100 to 120 °C. The obtained results are consistent with the study of Repajić et al. [19], who reported that nettle leaves had a significantly higher content of analyzed phenolic compounds when the temperature was raised from 20 to 110 °C. Raising the temperature during ASE improves compound solubility, diffusion rate, and mass transfer and allows the solvent to enter the matrix more easily [55]. Despite the high temperature and pressure used, the rapid penetration of the solvent protects the phenolic compounds from degradation [56]. However, in order to improve ASE efficiency, the effect of temperature should be studied with static time and cycles [57]. In the present study, the static extraction time had a statistically significant effect (p < 0.001) on the TPC of the berry extracts (Table 4). In general, increasing the static time increased the yield of phenolic compounds in both leaves and berries, and the highest TPC was obtained after 15 min. Prolongation of the static extraction time at elevated temperatures promotes diffusion of analytes into the extraction solvent [57]. A similar trend was observed in the study of ASE of phenolic compounds from fennel seeds and grape skins, where the application of a longer static time resulted in a higher TPC [19,58]. The static cycles also had a statistically significant effect (p < 0.001) on the TPC in leaf and berry extracts and an increase in the number of cycles resulted in a higher yield of phenolic compounds (Table 4). The use of static cycles helps to maintain a favorable extraction equilibrium without diluting the sample by adding fresh solvent during the extraction process [57]. According to Repajić et al. [19], the phenolic yield from nettle leaves was significantly influenced by static time, and the highest yields were obtained during the third cycle, which is in accordance with the results of our study. The addition of a fresh solvent positively affects the extraction of phenolic compounds from Passiflora species in the study of Gomez et al. [59], and optimal extraction conditions were achieved with five extraction cycles. The results of the statistical analysis showed that the optimal ASE conditions for total phenolics from SB leaves and berries were 120 °C, 15 min, and 3 cycles.




3.3. Comparison between CE, MAE and ASE


The TPC of the leaf extracts was higher than that of the berries, and ASE contributed more to the higher TPC than MAE, especially in the berry extracts. It is likely that the higher TPC yields in ASE are due to accelerated diffusion favored by the breaking of intermolecular forces, ensuring a continuous flow of solvent through the solid matrix, as well as the effects of the higher extraction temperature [60]. The TPC in the berry extracts obtained with CE (691.5 mg/100 g dm) was similar to the TPC of berry extracts obtained with ASE, while the berry extracts obtained with MAE showed a significantly lower TPC value (Figure 1). Chaves et al. [60] reported that MAE and ASE are similar technologies with little difference in yield, as the solvent is pressurized and heated in both extractions, but in addition to the operating conditions, the characteristics of the plant matrix affect the performance of MAE. On the other hand, the TPC content in leaf extracts obtained by MAE and ASE was almost identical to those obtained after 30 min of CE (10,652.7 mg/100 g), demonstrating the advantages of MAE and ASE, namely the decrease in extraction time and solvent consumption. A similar trend was observed by Ince et al. [61] for aerial parts of dry nettle extracts, by Elez Garofulić et al. [18] for Pistacia lentiscus L. fruit and leaves extracts, by Georgiopoulou et al. [62] for Chlorella vulgaris extracts, and by Alhallaf et al. [63] for nonotus obliquus (chaga) sclerotia extracts.




3.4. UPLC/ESI-MS2


UPLC/ESI-MS2 was used to compare the polyphenolic profile and extraction efficiency of SB leaf and berry extracts obtained under optimal MAE and ASE conditions. A total of 29 compounds were identified, including 19 flavonols, 2 flavan-3-ols, and 8 phenolic acids (Table 5). The polyphenolic profile of leaf and berry extracts obtained by CE was also determined (Table S1).



Compound (Cp) 1, characterized as isorhamnetin, exhibited specific ESI/MS2 fragmentation, which is common for flavonols. As previously reported in the literature, the MS fingerprint of this compound was dominated by the loss of small neutral fragments (−28 Da (CO), −18 Da (H2O), −44 Da (CO2), or their combination) [64]. Cp 2–8 were characterized as isorhamnetin glycosides with a fragment ion at m/z 317 corresponding to the aglycone isorhamnetin. Cp 2 was tentatively proposed as isorhamnetin-3-sinapoyglucose-glucoside-7-rhamnoside according to its fragmentation pattern, which produced fragment ions at m/z 463 after the loss of the sinapoylglucose (−368 amu) and one glucose (−146 amu) moiety from the C-3 position, and at m/z 317 after the loss of the sinapoylglucose (−368 amu), glucose (−146 amu), and rhamnose (−146 amu) moiety. Cp 3 and 4 identified as ishorhamnetin-3-sophoroside-7-rhamnoside and isorhamnetin-3-rutinoside-7-glucoside were characterized by losses corresponding to the sophorose (324 amu) and rhamnose moiety (−146 amu) and the rutinose (−308 amu) and hexose (−146) moiety, respectively [37]. Cp 5–8, identified as isorhamnetin-3-hexoside, isorhamnetin-3-rhamnoside, isorhamnetin-3,7-dihexoside, and isorhamnetin-3-rutinoside, were characterized by losses corresponding to hexoside (−146 amu), rhamnoside (−146 amu) and rutinoside (−308 amu) moieties [36,37]. Isorhamnetin-3-hexoside was the most abundant isorhamnetin glycoside in berry extracts obtained by ASE (23.6 mg/100 g dm) and in leaf and berry extracts obtained by MAE (12.8 and 45.4 mg/100 g dm, respectively), while isorhamnetin-3,7-dihexoside was the most abundant in leaf extracts obtained by ASE (40.4 mg/100 g dm). In the extracts obtained by CE, the most abundant isorhamnetin glycosides were isorhamnetin-3-hexoside (49 mg/100 g dm) in the leaf extract and isorhamnetin-3,7-dihexoside (41.1 mg/100 g dm) in the berry extract. Pop et al. [37] also identified isorhamnetin-3-hexoside and isorhamnetin-3,7-dihexoside in SB leaves and berries, while Wang et al. [65] reported isorhamnetin-3-hexoside as the main isorhamnetin glycoside in sea buckthorn leaves and berries. Cp 10–13 were characterized as kaempferol glycosides based on a fragment ion at m/z 287 corresponding to aglycone kaempferol (Cp 9) with a specific fragment ion at m/z 145 obtained by losses of 2 CO (−56 amu) and 2 C2H2O (−84 amu) [39]. Cp 12 was identified as kaempferol-3-rutinoside via comparison with authentic standards. Cp 10, 11, and 13 were characterized by losses corresponding to the sophoroside (−178 amu) and rhamnoside (−146 amu) moieties as kaempferol-3-O-sophorose-7-O-rhamnoside, by losses corresponding to the hexoside (−162 amu) and rhamnoside (−146 amu) moieties as kaemferol-3-O-glucoside-7-O-rhamnoside, and by losses corresponding to the rutinoside moiety (−308 amu) as kaempferol rhamnoside [35,36,37]. Among the kaempferol glycosides, kaempferol-3-rutinoside was found in the highest concentration in the leaves (300 mg/100 g dm in ASE extracts and 110.8 mg/100 g dm in MAE extracts), while kaempferol-3-O-glucoside-7-O-rhamnoside was the most abundant in the berries (10.3 mg/100 g dm in ASE extracts and 11.0 mg/100 g dm in MAE extracts). The same trend was observed in the extracts of leaves and berries obtained by CE, with kaempferol-3-rutinoside being the most abundant in the leaves (303.1 mg/100 g dm), while kaempferol-3-O-glucoside-7-O-rhamnoside was the most abundant in the berries (5.8 mg/100 g dm) (Table S1). Rosch et al. [36] reported the presence of kaempferol-3-rutinoside and kaemferol-3-O-glucoside-7-O-rhamnoside in sea buckthorn pomace. Pop et al. [37] also identified kaempferol-3-rutinoside in leaves at concentrations ranging from 23.9 to 89.4 mg/100 g dm. Kaempferol was determined in high concentrations in all berry extracts as follows: 51.3 mg/100 g dm in extracts obtained by ASE; 81.2 mg/100 g dm in extracts obtained by MAE and 30.9 mg/100 g dm in extracts obtained by CE. The presence of kaempferol was reported in our previous study, under reference Čulina et al. [33]. Cp 16 and 17 were identified as quercetin-3-glucoside and quercetin-3-rutinoside (rutin) via comparison with authentic standards. Cp 14, 15, 18, and 19 were characterized as quercetin glycosides based on fragment ions at m/z 303. They were characterized by losses corresponding to the sophoroside (−178 amu) and rhamnoside (−146 amu) moieties as quercetin-3-sophoroside-7-rhamnoside, by losses corresponding to the rhamnoside (−146 amu) and hexoside (−162 amu) moieties as quercetin-3-rhamglucoside-7-rhamnoside, by the loss corresponding to rhamnoside (−146 amu) as quercetin-3-rhamnoside and by the loss corresponding to pentoside (−132 amu) as quercetin-3-pentoside [36,37]. Among quercetin glycosides, quercetin-3-rutinoside was the most abundant in leaf and berry extracts obtained by ASE (185.69 and 15.61 mg/100 g dm, respectively), MAE (76.55 and 12.55 mg/100 g dm, respectively), and CE (14.29 and 19.89 mg/100 g dm). Perk et al. [66] and Li et al. [67] confirmed the presence of rutin in SB leaves and berries in high concentration. The cp 20 and 21 were identified as the flavanols catechin and epicatechin by comparison with authentic standards. Epicatechin was more abundant than catechin in the leaves (10.26 mg/100 g dm in ASE extracts, 2.12 mg/100 g dm in MAE extracts and 10.69 mg/100 g dm in CE extracts), whereas neither catechin nor epicatechin were detected in the berry extracts. Wang et al. [35] also identified catechin and epicatechin in SB leaves. Among phenolic acids, Cp 22, 23, 25, 27, and 29 were identified by comparison with authentic standards as caffeic acid, chlorogenic, gallic acid, p-coumaric acid, and vanillic acid. Related to the fragmentation pattern, the ESI-MS signals at m/z 301, 153, and 137 were tentatively assigned as ellagic, protocatechuic, and 4-hydroxybenzoic acids, with fragment ions at m/z 257, 109, and 93 corresponding to the loss of CO2 from their precursor ions [38]. The most abundant phenolic acid in SB leaf extracts obtained by ASE was gallic acid (87.11 mg/100 g dm), while in berry extracts obtained by ASE it was vanillic acid (52.81 mg/100 g dm). According to Arimboor et al. [68], gallic acid was the most abundant phenolic acid in SB berry parts and leaves. Caffeic acid, p-hydroxybenzoic acid, and vanillic acid were determined in the leaf extracts obtained by MAE, with vanillic acid being the most abundant (20.8 mg/100 g dm). Compared to the leaves, lower concentrations of caffeic acid, p-coumaric acid, and vanillic acid were found in the MAE extracts of the berries, and vanillic acid was also the most abundant (22.1 mg/100 g dm). The most abundant phenolic acid in the extracts obtained by CE was p-hydroxybenzoic acid in the leaf extract (39.4 mg/100 g dm) and gallic acid in the berry extract (91.8 mg/100 g dm) (Table S1). Chen et al. [69] also reported the presence of caffeic, gallic, p-coumaric, protocatechuic, and vanillic acids in SB leaves and berries in a lower concentration than in our study. The presence of ellagic acid was confirmed in the study of Wang et al. [35].



According to results, the predominant phenolic group in both the ASE and MAE leaf and berry extracts were flavonols, with kaempferol-3-rutinoside being the most abundant in the leaves and kaempferol in the berries. The ASE leaf extracts had higher flavonol contents than MAE and CE leaf extracts. Among the phenolic acids, gallic acid dominated in the ASE and CE leaf extracts and vanillic acid in the MAE leaf extracts and vanillic acid in the berry extracts. Flavan-3-ols were only determined in the leaf extracts and epicatechin was present in higher contents. Contradictory results are reported in the literature concerning the extraction efficiency of phenolic compounds using ASE and MAE and some authors have concluded that the extraction method should be selected depending on the target molecules, as not all phenolics follow the same trend [70,71]. Biesaga [72] reported that hydroxyl groups promoted the degradation of flavonoids during MAE, while sugar and methoxyl groups protected them from degradation. According to Liazit et al. [73], ASE was more effective than MAE in the extraction of thermolabile phenolic compounds and those with a higher number of hydroxyl-type substituents. Some studies have emphasized that the extraction method should be selected based on the target molecules to be isolated, but no general conclusion can be drawn due to the influence of the sample matrix [60].




3.5. Antioxidant Activity


An ORAC assay was performed to determine the antioxidant activity of the extracts obtained under optimal MAE and ASE conditions. The ORAC assay is the most biologically relevant and can measure lipophilic and hydrophilic antioxidants [74]. The ORAC value of the SB leaf extracts was 9129 μmol TE/100 g dm for MAE and 9417 μmol TE/100 g dm for ASE, while it was lower for the berries, namely 388 μmol TE/100 g dm for MAE and 985 μmol TE/100 g dm for ASE (Figure 2). The ORAC values correlate with the phenolic content determined, which was higher in the leaves than in the berries and higher in the extracts obtained by ASE than in the MAE extracts. Tkacz et al. [6] reported higher ORAC values for SB berry cultivars grown in Poland that ranged from 15 mmol to 35 mmol TE/100 g dm. Differences in antioxidant activity could be attributed to genetic differences, environmental conditions, the type of plant part, the pre-treatment, the extraction method, and the solvent as well as the amount of BAMs contained in the extract.





4. Conclusions


MAE and ASE extraction were optimized to obtain the highest phenolic yield from SB leaves and berries. The differences in extraction conditions in MAE between leaves and berries were related to microwave power and irradiation time, which were more evident for leaves, while ASE conditions were the same for both leaves and berries. The TPC in ASE leaf and berry extracts and in MAE leaf extracts obtained at optimal conditions was similar to extracts obtained with CE, confirming the advantages of ASE and MAE extraction methods in terms of extraction time and reduction in energy consumption. The polyphenolic profile of SB leaves and berries included 29 compounds from the classes of flavonols, flavan-3-ols, and phenolic acids. The predominant phenolic group in both the ASE and MAE leaf and berry extracts were flavonols, with kaempferol-3-rutinoside being the most abundant in the leaves and kaempferol aglycone in the berries. Among the phenolic acids, gallic acid dominated in the ASE leaf extracts, and vanillic acid in the MAE leaf and berry extracts. Unlike berry extracts, the leaf extracts contained flavan-3-ols, with epicatechin in the highest concentration. ASE contributed to a higher TPC than MAE, but the extraction method should be selected depending on the target molecules, as not all phenolics followed the same trend; in particular, in the berry extracts. The ORAC antioxidant activity was higher in the leaf than in the berry extracts as well as in the extracts obtained by ASE. The results of our study indicate that ASE and MAE can be considered as a good alternative to conventional methods due to the short extraction time, lower energy and cost consumption, and higher efficiency. The use of SB leaf and berry extracts, which are rich in phenols with high antioxidant activity, is likely to be the focus of future research due to the increased demand for value-added products and functional foods.
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Figure 1. Total phenolic content (TPC) in leaf and berry extracts obtained at optimal MAE and ASE conditions and using conventional extraction (CE). 






Figure 1. Total phenolic content (TPC) in leaf and berry extracts obtained at optimal MAE and ASE conditions and using conventional extraction (CE).



[image: Processes 12 00126 g001]







[image: Processes 12 00126 g002] 





Figure 2. Antioxidant activity of sea buckthorn MAE and ASE leaf and berry extracts determined using ORAC assay. 
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Table 1. Total phenolic content in sea buckthorn leaves and berry extracted under different MAE conditions.






Table 1. Total phenolic content in sea buckthorn leaves and berry extracted under different MAE conditions.





	
Temperature (°C)

	
Power (W)

	
Time (min)

	
Total Phenolic Content

(mg GAE/100 g dm)




	
Leaves

	
Berries






	
40

	
300

	
5

	
7208 ± 32

	
278 ± 5




	
10

	
6650 ± 74

	
271 ± 9




	
15

	
7255 ± 302

	
306 ± 2




	
500

	
5

	
8197 ± 684

	
309 ± 1




	
10

	
7888 ± 656

	
332 ± 22




	
15

	
9084 ± 506

	
270 ± 13




	
700

	
5

	
6514 ± 225

	
246 ± 1




	
10

	
9671 ± 812

	
328 ± 9




	
15

	
9391 ± 177

	
318 ± 16




	
60

	
300

	
5

	
9477 ± 657

	
373 ± 0




	
10

	
7957 ± 155

	
333 ± 4




	
15

	
7756 ± 115

	
328 ± 13




	
500

	
5

	
7719 ± 417

	
320 ± 16




	
10

	
8488 ± 263

	
329 ± 9




	
15

	
10,779 ± 557

	
355 ± 21




	
700

	
5

	
10,545 ± 660

	
319 ± 1




	
10

	
7869 ± 31

	
344 ± 17




	
15

	
7935 ± 330

	
253 ± 7




	
80

	
300

	
5

	
8666 ± 431

	
358 ± 12




	
10

	
9192 ± 42

	
377 ± 13




	
15

	
9364 ± 206

	
360 ± 8




	
500

	
5

	
9707 ± 500

	
311 ± 4




	
10

	
8647 ± 625

	
406 ± 20




	
15

	
9955 ± 258

	
372 ± 7




	
700

	
5

	
8198 ± 652

	
333 ± 5




	
10

	
7796 ± 189

	
307 ± 15




	
15

	
8492 ± 531

	
283 ± 7








Results are expressed as mean ± standard deviation; dm—dry mass.













 





Table 2. Total phenolic content in sea buckthorn leaves and berries extracted under different ASE conditions.






Table 2. Total phenolic content in sea buckthorn leaves and berries extracted under different ASE conditions.





	
Temperature (°C)

	
Static Time (min)

	
Cycle Number

	
Total Phenolic Content

(mg GAE/100 g dm)




	
Leaves

	
Berries






	
80

	
5

	
1

	
7958 ± 169

	
354 ± 11




	
2

	
8151 ± 253

	
390 ± 6




	
3

	
8898 ± 230

	
406 ± 1




	
10

	
1

	
8678 ± 52

	
352 ± 10




	
2

	
8928 ± 171

	
539 ± 22




	
3

	
9207 ± 137

	
573 ± 4




	
15

	
1

	
8605 ± 147

	
401 ± 5




	
2

	
9036 ± 327

	
442 ± 21




	
3

	
9478 ± 253

	
494 ± 2




	
100

	
5

	
1

	
6905 ± 0

	
220 ± 17




	
2

	
8587 ± 451

	
428 ± 7




	
3

	
10,163 ± 232

	
436 ± 13




	
10

	
1

	
9035 ± 63

	
427 ± 21




	
2

	
9614 ± 504

	
475 ± 8




	
3

	
9833 ± 52

	
434 ± 3




	
15

	
1

	
9092 ± 85

	
478 ± 13




	
2

	
9626 ± 179

	
539 ± 6




	
3

	
1028 ± 11

	
532 ± 6




	
120

	
5

	
1

	
9840 ± 242

	
365 ± 12




	
2

	
9879 ± 211

	
452 ± 3




	
3

	
10,235 ± 169

	
459 ± 21




	
10

	
1

	
9664 ± 84

	
422 ± 13




	
2

	
9712 ± 190

	
525 ± 7




	
3

	
10,238 ± 535

	
642 ± 21




	
15

	
1

	
9295 ± 315

	
470 ± 21




	
2

	
10,497 ± 497

	
580 ± 18




	
3

	
10,918 ± 378

	
688 ± 9








Results are expressed as mean ± standard deviation; dm—dry mass.













 





Table 3. Influence of MAE parameters on total phenolic content in sea buckthorn leaves and berries.
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Source of Variation

	
Total Phenolic Content

(mg GAE/100 g dm)




	
Leaves

	
Berries






	
Temperature (°C)

	
p = 0.043 *

	
p < 0.001 *




	
40

	
7984 ± 282 a

	
295 ± 7 a




	
60

	
8725 ± 290 ab

	
328 ± 8 b




	
80

	
8891 ± 179 b

	
345 ± 9 b




	
Power (W)

	
p = 0.139

	
p = 0.059




	
300

	
810 ± 244 a

	
331 ± 9 a




	
500

	
8915 ± 242 a

	
331 ± 11 a




	
700

	
8516 ± 298 a

	
306 ± 7 a




	
Time (min)

	
p = 0.243

	
p = 0.088




	
5

	
8496 ± 315 a

	
319 ± 8 a




	
10

	
8240 ± 215 a

	
336 ± 9 a




	
15

	
8864 ± 257 a

	
313 ± 11 a








* Statistically significant variable at p ≤ 0.05. Results are expressed as mean ± standard error. Means with different letters within column are statistically different at p ≤ 0.05. dm—dry mass.













 





Table 4. Influence of ASE parameters on total phenolic content in sea buckthorn leaves and berries.
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Source of Variation

	
Total Phenolic Content

(mg GAE/100 g dm)




	
Leaves

	
Berries






	
Temperature (°C)

	
p < 0.001 *

	
p < 0.001 *




	
80

	
8771 ± 117 a

	
439 ± 18 a




	
100

	
9238 ± 240 b

	
441 ± 21 a




	
120

	
10031 ± 125 c

	
511 ± 25 b




	
Static time (min)

	
p = 0.271

	
p < 0.001 *




	
5

	
8957 ± 268 a

	
390 ± 17 a




	
10

	
9434 ± 123 a

	
488 ± 21 b




	
15

	
9648 ± 181 a

	
514 ± 20 b




	
Cycle number

	
p < 0.001 *

	
p < 0.001 *




	
1

	
8786 ± 209 a

	
388 ± 18 a




	
2

	
9337 ± 175 a

	
486 ± 14 b




	
3

	
9917 ± 151 b

	
518 ± 23 b








* Statistically significant variable at p ≤ 0.05. Results are expressed as mean ± standard error. Means with different letters within column are statistically different at p ≤ 0.05. dm—dry mass.













 





Table 5. UPLC/ESI-MS2 characterization of polyphenolic compounds in sea buckthorn leaves and berries extracts obtained via optimized MAE and ASE.
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Phenolic Compounds

	
Precursor Ion (m/z)

	
Fragment Ions (m/z)

	
Ionization Mode

	
Mass Concentration (mg/100 g dm)




	
ASE

	
MAE




	
Leaves

	
Berries

	
Leaves

	
Berries






	
FLAVONOLS




	
1

	
Isorhamnetin

	
317

	
201

	
positive

	
nd

	
2.3 ± 0.1

	
0.9 ± 0.0

	
nd




	
2

	
Isorhamnetin-3-sinapoyglucose-glucoside-7-rhamnoside

	
993

	
463, 317

	
positive

	
1.4 ± 0.1

	
1.1 ± 0.2

	
0.9 ± 0.1

	
1.2 ± 0.1




	
3

	
Ishorhamnetin-3-sophoroside-7-rhamnoside

	
787

	
463, 317

	
positive

	
5.3 ± 0.1

	
1.9 ± 0.1

	
1.2 ± 0.1

	
7.5 ± 0.2




	
4

	
Isorhamnetin-3-rutinoside-7-glucoside

	
787

	
479, 317

	
positive

	
6.1 ± 0.2

	
1.9 ± 0.1

	
0.8 ± 0.1

	
4.6 ± 0.5




	
5

	
Isorhamnetin-3-hexoside

	
479

	
317

	
positive

	
32.7 ± 1.5

	
23.6 ± 1.1

	
12.8 ± 1.54

	
45.4 ±