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Abstract

:

Berry fruit by-products are a source of polyphenol compounds and highly nutritious oils and can be reused to fulfill the requirements of the circular economy model. One of the methods of obtaining polyphenol-rich extracts or oils is extraction. Applying conventional solvent extraction techniques may be insufficient to reach high polyphenol or lipid fraction yields and selectivity of specific compounds. Alternative extraction methods, mainly ultrasound-assisted extraction, pulsed electric field-assisted extraction, microwave-assisted extraction and supercritical fluid extraction, are ways to improve the efficiency of the isolation of bioactive compounds or oils from berry fruit by-products. Additionally, non-conventional techniques are considered as green extraction methods, as they consume less energy, solvent volume and time. The aim of this review is to summarize the studies on alternative extraction methods and their relationship to the composition of extracts or oils obtained from berry waste products.
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1. Introduction


From a botanical point of view, berry fruit is an artificial fruit classification. However, it is the term that is commonly used to refer to the the group of fruits from Rubus (raspberry, blackberry), Ribes (currants, gooseberry), Aronia (chokeberry), Vaccinium (cranberry, blueberry) and Fragaria (strawberry) genera. According to FAO statistics, berry fruit production reaches an amount of over 12.2 million tons worldwide [1]. The latest data, including area and quantity of production, is presented in Figure 1.



Berries, as well as other fruits, may be consumed raw or can be processed to such products as, e.g., frozen, dried or canned fruits, juices. Those products may be further processed as well [2]. However, every step of processing and transport may generate losses reaching, according to the FAO, even 45% of fruits and vegetables produced [3]. Such significant percentages of loss and waste not only have economic consequences, but also affect the natural environment, especially water use [4]. In order to obtain economic and environmental benefits it is widely recommended to apply circular economy model concepts in the food production chain. The model includes the further use of by-products as a way of managing and minimizing production of wastes when they are still a source of bioactive, highly nutritive compounds [5]. Berries are mainly processed to juices and concentrates. The technological scheme of juice production leads to pomace generation—a major fruit processing by-product, which contains stem cells, skins and seeds of fruits. The aim of this review is to present and systematize possible methods of bioactive compounds and oils extraction from chosen berry fruit pomaces and the impact of certain extraction methods on the quality and composition of those extracts.




2. Composition of Berry Pomaces


2.1. General Information


Contents of pomaces depend on the berry species, but as they are rich in the seeds and skins of fruits, dietary fiber is a dominant component of pomaces. For instance, chokeberry pomace powder consists of ca. 3.61% of fat, 5.97% of protein, 28.8% of carbohydrates and 57.8% [6] to 59.5% [7] of fiber (mostly insoluble fraction). McDougall and Beames [8] studied the composition of raspberry pomace and the composition of the studied by-product was described as follows: 11.1% of fat, 10.0% of protein and 59.5% dietary fiber. In a different study conducted by Górnaś et al. [9], the concentrations of constituents in raspberry pomace were: 9.1%, 8.7% and 54.2% for fat, protein and dietary fiber, respectively. In the same study, the composition of strawberry and blackcurrant pomaces was determined. In strawberry pomace, concentrations of nutrients were at levels 3.4%, 9.2% and 33.9% and in blackcurrant pomace at levels 0.7%, 6.9% and 38.5% for fat, protein and dietary fiber, respectively. Based on the studies conducted by Reißner et al. [7], it can be stated that the physicochemical properties of currant pomace depend on the color group of the berry. Blackcurrant (Ribes nigrum) pomace powder was found to contain about 61.0% of seeds. The percentage contents of the nutritional components of blackcurrant pomace were as follows: 20.21% fat, 15.71% protein, 2.20% carbohydrates and 59.13% fiber, with a predominance of insoluble fiber. Redcurrant (Ribes rubrum) pomace consisted of 40.4% seeds and, based on the obtained results, it can be treated as a source of 14.23% fat, 11.76% protein, 12.65% carbohydrates and 58.1% fiber, mostly insoluble fiber. Gooseberry pomace powder in turn consisted of 34.2% seeds, 10.93% fat, 12.40% protein and 56.6% dietary fiber, over 87% of which was an insoluble fraction.




2.2. Polyphenols


2.2.1. Role of Polyphenols


Polyphenols belong to a group of secondary metabolites present in plant-derived food. They are the most common antioxidants in the human diet and consist of different compounds; however, their classification is not strict. Generally, the term ‘polyphenols’ refers to flavonoids (with the subgroups: anthocyanins, flavanols, flavanones, flavones, flavonols and isoflavonoids), tannins, stilbenes and phenolic acids and their derivatives [10].



Although polyphenols are considered as non-nutritive compounds, they play a role in disease prevention and help to improve health due to their ability to neutralize free radicals [11]. There are a number of results of meta-analyses available concerning the influence of polyphenols on human functions. They may have potential in improving performance in groups of healthy humans [12], stimulating the growth of health-promoting species but inhibiting development of pathogenic organisms in gut microbiota [13]. Supplementation of polyphenolic compounds can be helpful in inflammatory bowel disease therapy [14], brain functions [15], lipid profile and inflammation status [16] improvement. In addition, an association between anthocyanins intake and lowered risk of hypertension [17] and cancer [18] was found.




2.2.2. Bioavailability of Polyphenols


However, there are limitations related to the bioavailability of some polyphenols and their stability during processing or storage. There are several factors that may affect the stability of phenolic compounds, for instance, pH, temperature, interactions with other food components, access to light and oxygen and metal ions presence and abundance [19]. Polyphenols tend to be more stable in acidic than in alkaline conditions; also, storing or processing foods at high temperatures leads to decreases in polyphenol content [20,21,22]. There are some studies which indicate that increased temperature may result in the appearance of other polyphenols in heated material as compared to unheated samples. This might be an effect of polymerization or polyphenol release from certain components [23].




2.2.3. Polyphenol Content in Berry Pomaces and Their Antioxidant Activity


Industrial chokeberry pomace consists of a solid number of bioactive compounds. Total polyphenol content (TPC) of chokeberry pomace reaches 5.5 g/100 g dm (dry mass), expressed as catechin monohydrate, determined using the Folin–Ciocalteu method. The main groups of polyphenols were found to be anthocyanins at 1.80 g/100 g dm, followed by phenolic acids at 0.31 g/100 g dm and flavonols at 0.184 g/100 g dm. AA (antioxidant activity) was measured as 1111 µmol FE/g in the ferric reducing antioxidant power (FRAP) assay [6]. Consistent results were obtained in a composition analysis of a store-bought product which contained 100% chokeberry pomace. TPC measured using the Folin–Ciocalteu method reached 4233 mg GAE/100 g dm and anthocyanins content determined by the pH differential method was 1165 mg CGE/100 g dm. AA, measured in a FRAP assay amounted to 47.38 mmol FE/100 g dm and was measured in a DPPH assay as 131.06 mmol TE/100 g dm [24]. The main phenolic compounds in chokeberry pomace, detected using HPLC, were polymeric procyanidins with a concentration of 9586 mg/100 g dm, which was two-fold higher than the result for fresh berries and almost seven-fold higher than that for juice [25].



The TPC of industrially obtained seedless blackcurrant pomace, measured using the Folin–Ciocalteu method, was in a range of 1855.5–2241.6 mg EE/100 g pomace. Specific polyphenol composition determined using HPLC indicated that anthocyanins are the dominant components, reaching values of 344.6–1046.1 mg/100 g pomace and depending on the year of fruit harvest. AA values determined in a DPPH assay ranged from 93.3–126.5 µmol TE/g pomace [26]. A comprehensive study of redcurrant, raspberry and blackberry pomaces conducted by Jara-Palacios et al. [27] showed that redcurrant pomace was characterized by the highest values of TPC, as determined by the Folin–Ciocolteau method, which were equal to 3446.59 mg GAE/100 g dm, followed by 2014.66 mg GAE/100 g dm for raspberry pomace and 1699.62 mg GAE/100 g dm for blackberry pomace. Anthocyanin concentrations, determined in a HPLC/MS analysis, were similar for all pomaces and ranged from 149.91 mg/100 g dm for redcurrant pomace to 188.05 mg/100 g dm for raspberry pomace. As AA was correlated with TPC, redcurrant was characterized by the highest AA (tested using ABTS), 60.83 mmol TE/100 g dm, while lower AA values for raspberry and blackberry were observed, these being, respectively, 29.75 and 22.54 mmol TE/100 g dm.



TPC, as determined by the Folin–Ciocalteu method, in blackberry pomace extract obtained from wild fruits ranged from 48.28–50.16 mg GAE/g dm and from cultivated fruits ranged from 26.30–35.40 mg GAE/g dm, which indicates that phenolic compound concentrations are higher among wild blackberries [28]. The phenolic composition of raspberry pomace was described. TPC, measured using HPLC, was determined as 238.36 mg/100 g dm. Anthocyanins were the dominant phenolic compounds, reaching nearly 83% of the TPC, followed by ellagic acid and flavanols [29].




2.2.4. Applications of Polyphenolic Extracts


As berry pomaces are rich in polyphenols, they may yield polyphenol-rich extracts. The use of extracts obtained from berry pomaces is gaining the interest of researchers. There are papers reporting applying chokeberry pomace extract to enrich the composition of apple juice. Fortified products represent increased acidity, levels of vitamin C, TPC, total flavonoids, total anthocyanins and higher AA, as determined by the ABTS method [30]. Raspberry pomace extract can be recognized as an antioxidative but also as an antibacterial ingredient [31]. Extracts from chokeberry pomace were considered for use as an ingredient of chitosan-based packaging films. Adding the extract in film formulation resulted in its decreased solubility and has a possible application as a pH-indicating film due to the high stability in acidic conditions of anthocyanins [32]. Berry pomace extracts may also be applied as natural, antioxidant colorants [27].





2.3. Lipid Fraction


As pomaces contain seeds, they are a source of lipophilic components. Oils obtained from berry by-products using traditional methods (solid–liquid extraction, maceration, cold-pressing) vary in composition and concentration of fatty acids, phospholipids, tocopherols, sterols and other bioactive compounds, e.g., carotenoids. They may also have different oxidative and thermal stabilities or shelf lives. This variation is caused by species differences in fruits [33], fruit growing conditions [34] and conditions of storage of material and oil [35].



2.3.1. Fatty Acid Composition


Fatty acid profiles may differ significantly even in the same genus of a berry plant. The results of the research conducted by Šavikin et al. [36] on Ribes sp. show variation of specific FAs depending on the color of fruit, with blackcurrant reaching the highest values of LA and GLA, but the lowest for ALA and OA. Red- and white currant presented similar concentrations of LA, GLA and ALA, whereas the white type was characterized by the highest values of OA. Results showing SFA content were not diverse. Table 1 presents the fatty acid profiles of berry oils. According to this summary, it can be concluded that the considered berry seed oils are rich in unsaturated, mostly polyunsaturated (PUFA), fatty acids. However, they differ in terms of specific fatty acid profiles. The dominant fatty acid in berry seed oils is linoleic acid (C18:2, n6); its content ranges from 33.86% for gooseberry [37] to 71.1% for chokeberry oil [38]. Additionally, the content of linolenic acids is high, except for chokeberry oil. The composition of fatty acids results in oil properties. High PUFA contents (especially linoleic and α-linolenic acids) lower the stability of plant oils, so they are more susceptible to oxidation and are characterized by shorter shelf lives [39,40,41]. Moreover, a high amount of MUFAs results in reduced stability values, although to a lesser degree than with PUFAs [42]. However, the nutritional value of unsaturated fatty acids is significant. FAO/WHO recommends replacing intake of saturated fatty acids with unsaturated fatty acids, especially PUFAs [43]. Numerous meta-analyses and review papers describe the positive impact on human health of marine-derived PUFAs, EPA and DHA [44,45,46,47], although plant-derived PUFAs can be elongated and desaturated into AA, EPA or DHA in the human system [48]. In addition, some reports claim that all-source-derived PUFA intake reduced all-cause mortality [49], while n3 PUFA intake reduced the risk of metabolic syndrome [50]. Plant-derived PUFAs’ ability to regulate serum insulin levels has been described [51]. The most common FAs in berry oils, linoleic acid and α-linolenic acid, are classified as essential fatty acids and have to be delivered by food consumption due to the human disability for their endogenic production [52]. MUFAs can be produced in the human organism [53], but food-derived MUFAs were also found to have a role in disease prevention, especially in glucose–insulin management and reduced risk of co-existing diseases, in a group of diabetic patients [54,55,56].




2.3.2. Tocopherols and Tocotrienols


Tocopherols and tocotrienols (also commonly called tocols or, generally, vitamin E) are phenolic compounds, lipid-soluble antioxidants. Due to their oxidation-preventive ability, they protect PUFAs from oxidation and are widely present in edible, unsaturated fatty acid-rich oils [65]. However, the loss of their antioxidant efficacy and even an adverse oxidation-promoting effect of tocopherols have been observed at high temperatures [66] or in oils enriched with high levels of tocopherols, especially in highly unsaturated oils [67]. In studies describing the decomposition of tocols during storage, some differences were found: α-tocopherol is described as the least stable, with a rapid decrease in stability index observed, and δ-tocopherol as the most stable section of tocopherols [68]. In addition, there are findings confirming that higher levels of α-tocopherol in oils lead to a decreased oxidative stability index of oils [69]. The composition of tocols fractions may differ depending on oil processing conditions and berry cultivar. [65]. Tocopherol composition in chosen berry oils is presented in Table 2. The values vary in relation to the species of the berries. However, certain common characteristics exist. Tocopherols reach higher concentrations than tocotrienols in all of the described studies [37,38,59,60,70]. For blackberry, raspberry, redcurrant and blackcurrant oils, in almost any case, γ-tocopherol is their main tocopherol. For chokeberry oil, the major tocols fraction was α-tocopherol [38]. From a nutritional point of view, vitamin E proper uptake is essential, however, α-tocopherol is the most active antioxidant in the human system and the only tocol that is able to cover human vitamin E demand [71].




2.3.3. Sterols


Plant-derived sterols, also called phytosterols, are amphiphilic steroid alcohols. They play a role as a plant cell membrane compound. Most common are sitosterol, stigmasterol and campesterol [72]. Table 3 presents the sterol contents of analyzed berries oils. In all of them, sterols composition corresponds with common values and the main sterol occurring is β-sitosterol. Specific sterol contents may differ depending on variety, year, fruit maturity and processing conditions, e.g., temperature [73,74]. Additionally, sterols’ thermal stability depends on their structure, mainly on the number and location of double bonds. In the structure of β-sitosterol there is one double bond that results in its thermosensitivity at a medium range [75]. Afinisha-Deepam et al. [76] and T. Wang [77] reported that sterols do not affect the stability of oils, so their concentration in products does not influence oxidative reactions or the length of the shelf life of oil. However, there are also findings describing the sterol fraction stigmasterol as prooxidative at temperatures around 60 °C but antioxidative at frying or baking temperatures around 180 °C [78]. Furthermore, sterol esters added to oils or to different fats, e.g., margarine, can decrease their oxidation stability [79,80]. In human nutrition, sterols are believed to be competitors of cholesterol and as a result of that they reduce cholesterol absorption from dietary sources, which leads to reductions in concentrations of plasma cholesterol. This property may be useful in lipids-correlated disorders prevention and treatment, e.g., hypercholesterolemia [81,82].






3. Processing and Extraction


Bioactive compounds may be isolated from pomaces by physical techniques, such as cold pressing, or chemical techniques, i.e., extraction, and extracts as well as oils may be products of these processes. Conventional methods of extraction may, however, require extended energy intake and use of organic solvents in large quantities. To help to reduce the environmental and financial impact of extraction processes caused by both high energy and organic solvent consumption, non-conventional extraction methods have been proposed. Particular novel extraction methods may lead to the obtention of extracts or oils with improved properties. A scheme for the procedures of extraction of bioactive compounds and oils from berry fruit by-products is presented in Figure 2.



3.1. Conventional Extraction Methods


Conventional, liquid–liquid and solid–liquid extraction methods are the most commonly used at a laboratory scale. In these processes, usually organic solvents, like methanol, ethanol, hexane and acetone, are used, but aqueous solvents might also be employed. The mechanism of the process involves removing a soluble fraction from an insoluble solid. The concentration of compounds released from plant tissues to the solvent reaches equilibrium with the concentrations of unreleased substances as described by the equilibrium distribution constant. Fick’s second law of diffusion describes how fast the compounds are able to dissolve and reach equilibrium [83]. Factors that may improve extraction efficiency are increased solvent concentration and reduced particles of solids. Increasing solvent concentration enhances the gradient of concentrations in two phases and reducing the size of particles decreases the diffusion distance of a solution within the solid and, additionally, increases the concentration gradient, too. Temperature also helps to increase diffusivity, according to the Einstein equation. However, due to solvents’ toxicity with respect to the environment or human health, conventional methods are perceived as inappropriate in the food processing industry. What is more, not all of the phenolic or lipid compounds are possible to extract using these methods. Increased temperature may also lead to damage of some thermolabile structures [83]. The efficiency of solvent extraction is determined mainly by the type of solvent and the material/solvent ratio [84]. Table 4 and Table 5 compare the conditions and effectiveness (in the case of oils, yield and fatty acid profiles; in the case of phenolic extracts, antioxidant composition and antioxidant capacity of extracts) of conventional extractions of antioxidants and oils from berry by-products.



3.1.1. Lipid Fraction


The composition of fatty acids in extracted oils is mainly determined by the species of fruit as the source of seeds. However, the yield appears to be dependent on extraction conditions, i.e., solvent type, time of extraction and pomace pretreatment method. In the case of the solvent type, organic solvents used in conventional extraction methods are characterized by different polarities. They are defined by different dielectric constant values—a measure of solvent polarity which determines the solute–solvent correlation. The optimum dielectric constant values range from 6–8 and result in higher oil yields. However, the higher polarity of solvents results in limitations in the solubility of extracted lipids and can lead to their hydrolysis. What is more, TAGs are amphipathic compounds and some solvents may cause hydrogen bonding of TAG ester groups. So, in conclusion, higher polarity may be a reason of lower oil yield, despite the fact that increasing the polarity of the solvent causes the opening of cell walls and improves compound release. What is more, in the case of plant oils, they also contain more polar constituents, e.g., phospholipids and tocopherols, which are the source of components that may present greater affinity to more polar solvents [85,86]. Hexane is a widely employed solvent in fat extraction processes due to its low polarity and it was used in most of the reviewed studies. However, it is a chemical substance with proven toxicity and water-polluting ability, so it should not be used in the food industry [87]. Considering berry seed oils extraction, ethanol is used as a solvent in the extraction of fat from blackberry seeds, resulting in higher yields compared to hexane—11.8% and 14.2%, respectively [88]. The higher oil yield value, when a more polar solvent was used, may be connected to the phenomena of partly polar compounds in the fat fraction. The time of the process is also a factor influencing efficiency. Comparing the extraction of oil from dried raspberry seeds using hexane, a higher yield was connected with a longer extraction time: the process lasting 8 h gave a 14.33% yield [89] and a 2 h extraction resulted in a 10.7% yield [60]. The analyzed studies also showed the significant impact of seed pretreatment methods on extraction efficiency. Considering raspberry by-products, dried pomaces [59] or seeds [60] were more susceptible to oil extraction processes than wet material [57]. In addition, replacing drying at room temperature with oven-drying resulted in higher fat yield values [89].




3.1.2. Antioxidant Fraction


Conventional extraction methods for polyphenolic compounds from berries are also conducted usually using organic solvents; however, the polarity of the solvent has to be adjusted, as polyphenols are more polar components. On a laboratory scale, alcohols are the most commonly used solvents, but these substances may still be harmful to organisms or the environment, e.g., methanol. The specific antioxidant component composition and the antioxidant capacity of obtained extracts are influenced, as in the case of oils, by the species of fruit, pretreatment methods and sample preparation. Other factors that have an influence on the properties of extracts are solvent type, solid–liquid ratio, extraction time and solvent pH.





3.2. Ultrasound Assisted Extraction


Ultrasound-assisted extraction (UAE) involves using ultrasound generating devices with the proper solvent to extract bioactive compounds. In a review by Medina-Torres et al. [100], the mechanism and effects on plant tissue of UAE is summed up. UAE utilizes the phenomenon of acoustic cavitation which results in damage to the cell walls of plant material, as shown in Figure 3. This leads to increased release of bioactive compounds. The operating principles of ultrasound are mechanical waves characterized by length, amplitude, frequency, speed, power and intensity. Ultrasonic wave frequency ranges from 20 kHz to 10 MHz. The sustainability of UAE is due to decreased solvent and energy consumption according to lower time and temperature requirements as compared to conventional extraction methods.



Table 6 presents a summary of pretreatment and extraction parameters used in ultrasound assisted extraction. UAE was successfully used as a method for the isolation of bioactive compounds from fresh berry fruits. It led to the improved yield of polyphenols (and therefore antioxidant activity) of extract obtained from chokeberry fruits. In addition, temperature increase and addition of ethanol to the solvent enhanced the efficiency of the process [101]. UAE prior to the separation and analysis of polyphenol compounds in strawberry fruits results in decreased extraction time [102]. It was also found that UAE allowed the use of a lower temperature and lower solvent concentrations in anthocyanin extraction from blueberry fruits and that it results in monomeric anthocyanin-rich extracts [103]. UAE has been applied to extract the lipid fractions from seeds other than berry fruit seeds. The crucial parameter for oil extraction yield from apricot kernels was temperature [104]. However, in UAE from papaya seeds, the most significant factors for oil extraction yield, AA and oil stability were time and temperature [105]. Fatty acid composition and the TAG profile of oil from papaya seed extracted by UAE does not vary significantly from oil extracted conventionally [106].



3.2.1. Polyphenolic Compounds


Krivokapić et al. [107] examined raspberry pomace extraction using the UAE method and compared it to conventional maceration. UAE was conducted in an ultrasonic cleaner for 20 min at 50 °C and 50 kHz with acidulated methanol as a solvent. The obtained results showed that measured TPC, TFC and TAC were all significantly increased when UAE was used. It led to levels of 27.79 mg GAE/L of extract, 8.02 mg QE/g of pomace and 7.13 mg CGE/L of extract for TPC, flavonoid content and anthocyanin content, respectively. In addition, AA measured in FRAP and DPPH assays was higher in extracts treated with ultrasound. The values obtained for FRAP and DPPH were 1002.72 μmol FE/L of extract and 567.00 μmol TE/100 g of pomace, respectively. Ellagic acid was detected by HPLC as the most abundant polyphenol. Bamba et al. [108] conducted UAE of polyphenols from blueberry wine pomace. Before extraction, the pomace was stored as freeze-dried material. In this paper, it was summarized how individual parameters of UAE—sonication time, solid–liquid ratio, solvent type, temperature and pH—affected the quality of extracts. Qualitative parameters consisted of TPC, TFC, TAC and AA. The time of extraction significantly affected only TAC, which values were significantly higher in the case of a 90 min run. Solid–liquid ratio was a factor determining changes in all measured parameters. With water used as a solvent, TPC, TFC and TAC were highest for the lowest value of the solid–liquid ratio—1/40. A solid–liquid ratio of 50% ethanol at the lowest level of 1/20 resulted in the highest AA, TPC and TAC in extracts. However, TFC did not follow that trend and the highest values were reached with a 1/15 ratio. In addition, concentrations for all of the compounds, as well as the AA value, were significantly higher when 50% ethanol was used in UAE. Ethanol concentration was also a parameter affecting bioactive compound yield and AA of extracts. The most effective concentration was 50% (v/v) ethanol in water. The lowest TPC, TFC, TAE and AA values were obtained using the highest concentration of ethanol—90% (v/v). pH determined significantly TPC, TAC and AA, and for TPC and AA, pH 8.3 was the most effective; however, it resulted in decreased TAC, which was highest with pH 3.3. The temperature set at 60 °C resulted in significantly increased TFC and AA but decreased TPC, for which a temperature set at 20 °C was the most preferable. TAC was not significantly affected by temperature. The anthocyanidin profile was specified by HPLC. In both water and ethanolic extracts, the most abundant compound was malvidin and subsequently delphinidin, petunidin and cyanidin. Zafra-Rojas et al. [109] described UAE optimization using RSM. The experiment was held under constant conditions of frequency 20 kHz, S–L ratio 1:24 and a temperature of 4 °C at the beginning of the process and measured as 25 °C at the end. Variable parameters were the amplitude of ultrasounds, in a range of 80–90%, and the time of extraction, in a range of 10–15 min. Mathematical analysis revealed an amplitude and time of 91% and 15 min, respectively, as the most beneficial parameters for TPC, TAC and AA extracts at dm basis. Predicted values were 1200 mg GAE/100 g TPC, 380 mg/100 g TAC and 6300 µmol TE/100 g AA in an ABTS assay and 9600 µmol TE/100 g in a DPPH assay. The experimental values obtained at optimum UAE conditions were: 1201.23 mg GAE/100 g, 379 mg/100 g, 6318 µmol TE/100 g and 9617.22 µmol TE/100 g for TPC, TAC, AA (determined by ABTS) and AA (determined by DPPH), respectively. The UAE method was compared to conventional SLE with use of both water and ethanol. UAE yielded the highest values for TPC and AA in both assays. However, TAC in the extract obtained by UAE was not significantly different from the TAC of the extract obtained by SLE with water and was significantly lower compared to the result for SLE with ethanol. The impact of ultrasound treatment on other unconventional methods of extraction was also investigated. Xue et al. [110] combined UAE with enzymatic treatment of pectinase. The mechanism of enzyme impact on the extraction process was provided in the following text. Raspberry pomace obtained from the wine industry was freeze-dried until the moisture content was <5%. After 12 h at −18 °C, it was milled to 0.45 mm as the maximum size of particles. Conditions of UAE were determined using RSM. The most efficient parameters of anthocyanin extraction were chosen as follows: temperature 43.94 °C, ultrasound power 290.9 W, time 30 min and pectinase dosage 0.16%. S–L ratio and type of solvent were constant and ranged from 1/30 and 60% (v/v) acidulated ethanol, respectively. To evaluate the mathematical method the following conditions were set: temperature 44 °C, power of ultrasound 290 W, time 30 min and pectinase dosage 0.16%. The obtained value of anthocyanin yield was 0.853 mg/g of pomace (dm) vs. the predicted 0.888 mg/100 g. Enzymatic extraction with US treatment was compared with conventional extraction methods: SLE with hot water, SLE with acidulated ethanol and EAE (without US). US resulted in the highest extraction efficiency and TAC values in obtained extracts. AA measured in DPPH and RP (reducing power) assays reached the highest values when US was used. The AA value of the product extracted using US, as determined in an ABTS assay, was not significantly different from conventional EAE but was significantly increased compared to the AA values of extracts obtained in both SLEs. Ramić et al. [111] used UAE to extract polyphenolic compounds from chokeberry by-products from a filter-tea factory, produced from pomace remaining after juice pressing. The most efficient parameters were chosen using RSM for every quantitative factor individually (TPC, TFC, monomeric anthocyanin content and proanthocyanins content). The common optimal parameter for all the measured properties of extracts was the temperature set at 70 °C. Other values of conditions predicted as the most efficient were as follows: for TPC—206.64 W and 80.1 min; for TFC—210.24 W and 75 min; for monomeric anthocyanins content—216 W and 70 min; and for proanthocyanins content—199.44 W and 70 min for power and time, respectively. The observed values of yields for individual compounds were 15.058 mg GAE/mL extract (vs. predicted 15.41 mg GAE/mL), 10.436 mg CE/mL (vs. predicted 9.86 mg CE/mL), 2.09 mg C3GE/mL (vs. predicted 2.26 mg C3GE/mL) and 19.82 mg CE/mL (vs. predicted 20.67 mg CE/mL) for TPC, TFC, monomeric anthocyanins content and proanthocyanins content, respectively. He et al. [112] used UAE to extract polyphenolic compounds from blueberry wine pomace. The experiment was designed using RSM and optimal parameters were predicted as follows: temperature 61 °C, S–L 1:22, time 24 min. It resulted in extraction yields of 16.03 mg GAE/g pomace and 4.19 mg C3GE/g pomace for TPC and TAC, respectively. (Predicted values were 15.81 mg GAE/g pomace for TPC and 4.12 mg C3GE/g pomace for TAC.) Compared to the conventional method, the SLE method with acidulated ethanol (70%) used as a solvent running for 35 min and with applied optimal conditions for UAE (temperature—61 °C; S–L ratio—1/22), UAE appeared to be significantly more efficient, despite a shorter extraction time. There were seven anthocyanins also identified, which were present in both extracts: delphinidin-3-O-glucoside, delphindin-3-O-arabinoside, petunidin-3-O-glucoside, cyanidin-3-O-arabinoside, cyanidin-3-O-glucoside, malvidin-3-O-glucoside and malvidin-3-O-arabinoside. Loncarić et al. [113] designed an experiment with different extraction methods (PEF-assisted—mentioned in the following text and high voltage electrical discharge-assisted). UAE with variable conditions of time, temperature and solvent type was conducted. The results showed that TPC, AA, TAC, flavanol and flavonol contents reached the highest levels when UAE was performed at 80 °C and lasted 15 min. The type of used solvent did not affect the obtained values. Only phenolic acid yield was associated with methanol used as a solvent, an applied temperature of 40 °C and an extraction time of 15 min. Compared to PEF-assisted and HVED-assisted extraction methods, UAE resulted in the lowest yields of polyphenolic compounds and AA.



The UAE method was also used to obtain blackberry seed extracts from three cultivars: Dircksen, Thornfree and Black Satin. Extract yields were dependent on the cultivar and, in the case of Black Satin, the highest yield of 7% was reached. Polyphenolic compounds of obtained extracts were also determined. LC/UV/MS analysis enabled the identification of 64 polyphenols in extracts: 47 ellagitannins, 10 ellagic acid derivatives, 4 gallic acid derivatives and traces of protocatechuic, chlorogenic and salicylic acid. The most abundant compound for both Thornfree and Dircksen seed extracts was free ellagic acid and the main constituent of Black Satin seed extract was lambertianin C. Additionally, three polyphenolic compounds were successfully isolated from extracts using a semipreparative HPLC method [114].




3.2.2. Lipid Fraction


Teng et al. [115] extracted oil from raspberry seeds using UAE. In the experimental design, optimal values of time and temperature were predicted in order to obtain the highest yield, vitamin E content and AA. The parameters for time and temperature were reported as 37 min and 54 °C, respectively. These conditions resulted in a 22.78% extraction yield (23% predicted), 15.21 mg/g dm vitamin E content (15 mg/g dm predicted) and 80.94 µmol TE/g dm AA (81.65 µmol TE/g dm predicted). Compared to conventional SLE using the Soxhlet apparatus method, all the examined determinants were increased when US was applicated. The extract obtained using US presented an improved FA profile, containing significantly less SFA than conventionally obtained extract. However, in both extracts, the dominant FA was linoleic acid, followed by γ-linolenic acid.




3.2.3. Impact of Processing Conditions


The efficiency of the UAE process expressed as quantity of antioxidants and antioxidative capacity depends mostly on the species of fruit. There are also conditions of extraction that modulate the effectiveness of UAE, listed below.



Time: Researchers claim that time of sonication influenced polyphenol or lipid fraction yields. Only in the case of one analyzed study, sonication time did not influence the polyphenol content in extracts (besides TAC). With increasing sonication time, yields were higher; however, after reaching specific cutoff values, which may vary among the studies and among the examined compounds, yields decreased [109,110,111,112,113,115].



Temperature: The impact of temperature on extract yield and composition is reported. Generally, the relationship between increasing temperature and polyphenol yield is similar to the impact of time on the yield of extraction. With increasing temperature, polyphenol content increases but beyond a specified point starts to decrease [109,112]. Optimal temperature conditions may vary when its impact on specific fractions of polyphenols is being measured. For example, extracts with high TAC and phenolic acids are obtained at lower temperatures [110,113]. By contrast, higher temperatures result in increased quality and yield of oil obtained by UAE [115].



Solvent type: When different solvent types were compared, the use of ethanol resulted in the highest polyphenol yields. Reports, however, differ with respect to the data provided for the specific concentrations that are most effective in UAE. Machado et al. [99] found 70% ethanol to be optimal for polyphenol extraction yields from blackberry and blueberry pomaces, in contrast to Bamba et al.’s [108] research, which found 50% ethanol to be optimal. However, Loncarić et al. [113] reports that solvent type did not affect specific polyphenol extraction yields except for phenolic acids, whose content was highest when methanol was used.





3.3. Pulsed Electric Field-Assisted Extraction


A review by Kumari et al. [119] described a pulsed electric field (PEF) applied in short duration pulses of moderate voltage to a material placed between two electrodes. The effect of PEF includes electroporation caused by damage to cell membranes. The formation of pores leads to mechanical breakdown of cell membranes and the material is defined as disintegrated, as presented at Figure 4. Factors involved in PEF-assisted extraction are the intensity of the electric field, the duration of treatment, the waveform of the pulse, conductivity, the porosity of the material, pH and the ionic strength of the solvent. PEF technology results in improved extraction of intracellular compounds due to increased diffusivity of intracellular substances and increased mass transfer rates. The conditions and effects of PEF applied in the pretreatment of berry fruits before juice pressing on antioxidant content and antioxidant capacity in pomace extracts are summarized in Table 7.



PEF was applied to improve the extraction of juice from blueberries. Anthocyanins from blueberry pomace were investigated by Pataro et al. [120]. Blueberries, cut in half, were pretreated by PEF with different input energy values—1 kJ/kg, 5 kJ/kg or 10 kJ/kg—before juice pressing. In all the samples of pomace obtained after pressing blueberries pretreated with PEF, TAC and AA were increased compared to the control (a sample of pomace remaining after pressing the juice from blueberries untreated with PEF). A correlation between increased energy input and increased values of both TAC and AA was noticed. PEF was also applied to crushed blueberries before juice-pressing in a study conducted by Bobinaitė et al. [121]. An influence of field strength value on the SLE of pomace efficiency was studied and it was found that the highest used field strength—5 kV/cm—resulted in the highest antioxidant content and capacity of blueberry pomace extracts. The values of antioxidant content and antioxidant activity were increased compared to extracts obtained from blueberry pomace untreated with PEF before juice pressing. Loncarić et al. [113] applied PEF to freeze-dried and milled pomace, which was then extracted (SLE) with acidulated ethanol or with acidulated methanol used as a solvent. The correlation between specific phenolic yields and variable numbers of pulses, energy inputs and solvent types was studied. For TPC, phenolic acids and flavonols, the most suitable conditions were: 100 pulses, a field strength of 20 kV/cm and acidulated ethanol used as a solvent. For TAC and flavanols, the number of pulses and the field strength defined as most efficient did not change, but acidulated methanol was preferable as a solvent. The DPPH of an extract was highest (830 µmol TE/g dm) when the number of pulses was 100, the field strength was 20 kV/cm and acidulated ethanol was used as a solvent. Another example of PEF application in antioxidant extraction from blueberry pomace was described by Zhou et al. [122]. The researchers treated with PEF pomace thawed to a liquid state and ground in a colloid mill. The influence of variable conditions of treatment on anthocyanin yield was studied: the number of pulses, field strength and liquid–liquid ratio. The highest extraction yields were obtained after 10 pulses of PEF with a field strength of 20 kV/cm and using acidic ethanol in a ratio of one-to-six. Compared with UAE, PEF extraction resulted in higher anthocyanin extract yields despite a shorter time and lower temperature for the process.



As the above results for PEF-assisted extraction from by-products only concern blueberry pomace treatment, an example of extraction of polyphenolic compounds from blackcurrant juice preceded by PEF application could be mentioned (not included in the following table). The PEF procedure was conducted before juice production under optimized conditions, as determined by RSM modelling. The chosen conditions for the electric field—1318 V/cm and 315 pulses (pulse width 100 ms)—followed by methanol (for TPC and AA determination) or ethanol (for monomeric anthocyanin content determination) liquid extraction of blackcurrant juice resulted in extracts with significantly lowered pH but increased TPC, AA and monomeric anthocyanin content compared to the control (blackcurrant juice untreated with PEF) [123]. Conditions of extraction also influence the effectiveness of PEF, as listed below.



Impact of Processing Conditions


Field strength: Most studies show that a higher field strength results in increased antioxidant compound yields. When field strength is greater, the potential difference outside and inside the cell membrane is higher than the critical membrane potential and this improves the dissolution rate of the cell membrane. However, applying too strong a field may promote antioxidant degradation [119].



Number of pulses: Study results are inconclusive regarding the influence of the number of PEF pulses on the antioxidant content and capacity of extracts. Loncarić et al. [113] claim that the highest number of pulses used (100) resulted in the highest antioxidant content and capacity, while Zhou et al. [122] claim that 12 pulses was less efficient than 10, this being the optimal number of PEF pulses for the anthocyanin extraction process.



Solvent type: The properties of solvents which may determine extraction efficiency are described in the paragraph focused on SLE.





3.4. Microwave-Assisted Extraction (MAE)


Microwave-assisted extraction employs microwaves—non-ionizing electromagnetic waves—which cause changes in plant cell structure. The phenomena of heat and mass transfer which proceed in one direction occur in this type of extraction. The microwave energy is applied directly to material due to molecular interactions with the electromagnetic field through the conversion of electromagnetic energy to thermal energy. The heat must be then dissipated volumetrically inside the sample. These phenomena improve cell penetration and the internal and external diffusion of compounds is what finally leads to improved extraction yields [124]. The examples of microwaves applied in bioactive compound extraction processes for berry fruit wastes are presented in Table 8.



Pap et al. [125] studied the optimum conditions for MAE of anthocyanins from blackcurrant pomace. Variable values for power, time, solid–liquid ratio and the pH of the solvent were applied. Results have shown that the highest power (700 W) and solid–liquid ratio (1:20) but the shortest time (10 min) and the lowest pH (2) values were the most efficient conditions for anthocyanin extraction. In a HPLC study, delphinidin-3-rutoside turned out to be the most abundant anthocyanin. Davis et al. [126] applied various types of solvents and levels of power in MAE of pectin and polyphenolic rich extracts from cranberry pomace. The highest yields of polyphenols were obtained with an alkaline extraction process with a power value of 36 W/g. When SLE and MAE used with different solvents of cranberry press residues were compared, MAE resulted in a higher yield of extraction in every variant of the experiment. Values of quercetin equivalents of powdered cranberry residues were highest for MAE with 100% acetone used as a solvent and were significantly increased compared to water and ethanol extraction processes [127]. Klavins et al. [128] compared different methods of extraction of phenolic compounds from cranberry pomace: SLE, UAE and MAE, using ethanol and trifluoroacetic acid as a solvent mixture. The extract obtained in MAE featured the lowest anthocyanin and polyphenol contents across all the studied samples.



Impact of Processing Conditions


Power: Inconclusive results of applied microwave power impact on efficiency were observed. A higher power value applied in MAE improved the extraction of anthocyanins from blackcurrant pomace [125] and also led to lower phenolic content in extracts from cranberry pomace [126]. These results are associated with the temperature increase when extended power is applied. The efficiency of MAE increases with increasing microwave power till the optimum temperature point is reached, after which it starts to decrease while the power (and temperature) is still rising [124].



Time: The shorter the time of microwave input, the better MAE efficiency was observed [125]. This may be related to the destructive impact of microwaves and the increased temperature on the structure of bioactive compounds. A prolonged duration of microwave power applied to a sample can promote the degradation of antioxidants [124].



Solvent type: The solvent influence on the MAE process is similar to that described in SLE. However, the capacity of the solvent to absorb microwave energy should be taken into consideration while analysing MAE experiments. Considering the analysed studies, alkaline solvents result in higher TPCs of extracts [126], and replacing ethanol with acetone was found to improve the TPCs of extracts [127]. Acetone is a solvent polar enough to be heated by microwave energy, which results in better cell heating and improved diffusion of extracted compounds [124].





3.5. Supercritical Fluid Extraction


Supercritical fluid extraction (SFE) includes the use of solvents at temperatures and pressures above the critical values for temperature and pressure. These conditions exhibit both the gaseous and liquid properties of solvents. SFE is commonly performed using carbon dioxide (CO2), as it has a low critical pressure and temperature and is considered non-toxic, non-flammable and not expensive. It is also a non-polar and hydrophobic solvent. This is the reason why SFE is mostly used to extract lipid fractions from plant material. SFE also provides high selectivity of extraction which may be modulated by changing the conditions of extraction [129].



Examples of supercritical fluid extraction application are given in Table 9. Campalani et al. [130] compared SFE with the SLE of lipid fractions from raspberry, blueberry, blackcurrant, blackberry and strawberry pomaces. Oil yield obtained with SFE was increased compared to SLE only in the case of raspberry and blackberry oils. The study also showed particular fatty acid yields, and despite the general value of the oil yield, applying SFE resulted in higher percentage of FAs for each extract. This proves the better selectivity of SFE towards FAs. Marić et al. [131] studied differences between cold pressing and SFE of raspberry seeds. A higher oil yield was reached when cold pressing was applied, and a lower tocopherol content was observed in oil obtained with SFE. Applying SFE, Milala et al. [132] extracted oils from raspberry, chokeberry and strawberry by-products. Oil yields ranged from 12% for raspberry to 18% for strawberry pomaces. The lipid fraction was collected at particular times of the extraction process. The properties of oil—tocopherol content and fatty acid and pigment composition—were dependent on the oil collection time. Correa et al. [133] studied different conditions of SFE of oil from blackberry seeds and a comparison between SFE and SLE methods. The difference between oil yields under optimum conditions for SFE and SLE was significant. Using propane as a solvent at a temperature of 70 °C and a pressure of 20 MPa during SFE resulted in a 2.32% oil yield. By comparison, SLE conducted using hexane resulted in a 10.51% oil yield. Antioxidant content was also measured and extracts obtained in SFE with CO2 as a solvent under optimum conditions were characterized by higher TPC values than oils extracted traditionally. Wajs-Bonikowska et al. [88] also studied properties of blackberry seed oil extracted using the SFE method. Lipid fraction yield in the case of SFE was similar to the yield when SLE with hexane was applied. SFE resulted in oil with a lower tocopherol content compared to SLE. Despite the results summarized in the Table 9, Pavlić et al. [134], on the basis of their studies applying SFE in the process of oil isolation from raspberry seeds, concluded that higher oil yields were determined by higher pressure and CO2 flow rate.



Basegmez et al. [135] obtained polyphenol-rich extracts using SFE in their research. The optimum conditions of the process were 45 MPa, 60 °C and 120 min, and resulted in a TPC of 24.34 mg GAE/g extract.



Impact of Processing Conditions


Pressure of solvent: In studies which aim was to optimize the SFE method it may be noticed that higher oil and polyphenol rich extract yields were noted when higher (but not the highest possible) pressures were applied [133,135]. This is connected to the increasing solubility of compounds when pressure is increased [136].



Temperature: The higher the temperature, the greater the oil and bioactive extract yields obtained [133,135]. Increased temperature improves the diffusion and solubility of substances [136].



Flow rate: In the reviewed studies, oils were extracted more effectively when the flow rate was high enough to be diffusion-limited [88,130,131,132,135]. However, this is connected with the increased amounts of solvents used in the process [136].





3.6. Other Alternative Methods of Extraction


3.6.1. Pressurized Liquid Extraction


Pressurized liquid extraction (PLE) is one of the pressurized approaches, next to SFE. PLE may, however, be used to extract high- and medium-polarity substances, whereas SFE results in extracts rich in non-polar compounds, as supercritical CO2 is used as a solvent. Combining those two methods has the benefit of obtaining extracts containing compounds characterized by different polarities [137]. There are studies reporting the extraction of compounds from residues after SFE-CO2. Brazdauskas et al. [138] studied PLE of compounds from black chokeberry pomace remaining after SFE-CO2. Water, ethanol and formic acid mixture was used as a solvent, a constant pressure was set at 10.3 MPa and variable conditions of temperature, ethanol and formic acid concentrations were examined. The optimum values were 165 °C, 46% ethanol and 1.8% formic acid, and resulted in response variables of 72.53% yield, 236.64 mg GAE/g extract TPC (Folin–Ciocalteu method), 4.346 mmol TE/g extract TEAC and 5.92 µg/mL as the EC50 value in a DPPH assay. Grunovaite et al. [139] also described PLE of chokeberry pomace residues after SFE-CO2. The procedure was performed at 70 °C, 10.3 MPa, using 96% ethanol or 100% acetone as a solvent and resulted in a 22.70% yield when ethanol was used and a 17.90% yield when acetone was used. Ethanol extract was characterized by a TPC of 89.41 mg GAE/g extract in a Folin–Ciocalteu assay (all values expressed per dm basis) and antioxidant activities: 2.52 mmol TE/g extract, 1.99 mmol TE/g extract and 3.03 mmol TE/g extract in ABTS, DPPH and ORAC assays, respectively. Pressurized acetone extraction resulted in a TPC value of 35.35 mg GAE/g extract and antioxidant activities for ABTS, DPPH and ORAC assays amounting to 0.91 mmol TE/g extract, 0.24 mmol TE/g extract and 3.84 mmol TE/g extract, respectively. In this study, also PLE alone, conducted with different conditions of temperature and using different solvents—hexane, methanol, water, acetone with water mixture and a methanol with water mixture—was examined. The optimum parameters of the process were: 130 °C and methanol used as a solvent. The conditions mentioned above allowed the obtention of the highest extraction yields (48.13%) and values for TPC (410.20 mg GAE/g extract) and antioxidant activity of the extract, as measured in an ABTS (2.17 mmol TE/g extract) assay. Antioxidant activity, as determined by ORAC and DPPH, was highest when an acetone and water mixture under 130 °C was used in extraction. It can be concluded that PLE extraction without a previous SFE-CO2 procedure results in higher extraction yields. However, antioxidant activity determined in ABTS and DPPH assays assumes higher values when the residue after SFE-CO2 is extracted again using PLE with ethanol as a solvent.



Kryževičūtė et al. [140] used pressurized liquid extraction with 50% ethanol of raspberry pomace remaining after SFE-CO2 extraction to obtain antioxidative compounds which were used to prevent beef burger spoilage during prolonged storage. The extraction yield was 19.3% and the obtained extracts were characterized by the following antioxidant capacities: 936 µmol TE/g (extract) and 123 µmol TE/g in ORAC and ABTS assays, respectively. The TPC of the extract was 208.3 mg GAE/g. It was concluded that 1% PLE extract application helped to prevent oxidation in the burgers.




3.6.2. Enzyme-Assisted Extraction


Enzymes, such as cellulases, hemicellulases and pectinases, are used in the pretreatment of plant material prior to extraction processes to disintegrate the cell walls of material, resulting in enhanced penetration of solvents and increased extraction yields. Other benefits include shorter extraction times, reduced quantities of solvents and improved quality. However, the cost of enzymes and time and the limited ability of enzymes to complete cell wall disintegration along with the strict conditions for enzymes application are significant disadvantages of this extraction method [141].



For instance, enzymatic-assisted extraction (EAE) was used to obtain bioactive compounds from bilberry pomace, which was firstly defatted in an SFE-CO2 procedure. After removing the lipophilic fraction, enzymes were applied in particular conditions (pH, volume of solution, temperature) and water-soluble fractions obtained under optimal chosen conditions (pH 4.5, 46 °C, 1 h, enzyme concentration 2 active units/g of pomace) were then examined. A water-soluble fraction obtained in SLE was used as a control sample. Values for yield, TPC, ABTS, ORAC and CUPRAC assays were higher when EAE was applied [142]. Kitryte et al. [143] optimized the EAE of bioactive compounds from chokeberry pomace using cellulolytic and xylanolytic enzymes. Variable values of E–S (enzyme–solid) ratio, temperature, pH and extraction time were applied. The optimal parameters were defined as: E/S 6%, temperature 40 °C, pH 3.5 and 7 h of extraction time. The influence of the type of enzyme on polyphenol and oil extraction yields from raspberry pomace was studied by Saad et al. [144]. The enzyme that improved extraction efficiency was alkaline protease. Using that enzyme, the optimization of EAE was conducted by the authors and optimal conditions were chosen: particle size of material 50–750 µm, pH 9, enzyme concentration of 1.2 units/100 g pomace, temperature of 60 °C, S–L of 9% and a hydrolysis time of 2 h, which resulted in a 5.87 g/100 g pomace (fw) extraction yield.



As the studies show, the conditions of EAE should be optimized to obtain the best possible extraction yield results. Enzymes are substances sensitive to different environmental factors and their efficiency is strictly connected with them. EAE may be considered a green extraction method which may be helpful in reducing solvent quantities or power levels used in the process; however, it is also a costly and demanding technique.






4. Conclusions


The study has shown a range of possible extraction methods which are applied to extract bioactive compounds or oils from berry fruit by-products: ultrasound-assisted, pulsed electric field-assisted, microwave-assisted, supercritical fluid, pressurized liquid and enzyme-assisted methods. There are some major differences between the presented methods with respect to their usefulness. The basic issue concerns the equipment needed for the extraction procedures. Some of the devices used in, e.g., SFE or PEF-assisted methods are advanced and costly units compared to the simple-to-operate SLE apparatus. Additionally, there are some preferable solvents and S–L ratios used in extraction, depending on the chosen method. Traditional SLE involves the use of high amounts of organic solvents, although in UAE, MAE or enzyme-assisted extraction these could be replaced with water or water–organic solvent mixtures, whereas SFE requires specific supercritical-state solvents. Time consumption is another factor that differs among the considered methods. SLE takes time, up to 24 h, and using alternative extraction methods can reduce the duration of extraction processes to a few hours or even minutes in the case of UAE or MAE. There are, also, specific, unique parameters of conditions for each extraction method which also influence the final results but which it is not possible to compare.



The conventional (solid–liquid) processing methods involve high energy and solvent consumption, which may be harmful to the environment and financially unfavorable. However, SLE is often the most effective extraction technique, considering extraction yield. Novel, alternative extraction methods are beneficial due to their high selectivity. They are also classified as ‘green’ extraction methods, which means they are environment-saving. The alternative extractions conditions are still being modified to obtain the most efficient model of extraction technique and further research in this area should be carried out.
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	AA
	Antioxidant activity



	C3GE
	Cyanidin-3-glucoside equivalent



	CAE
	Caffeic acid equivalent



	CUPRAC
	Cupric reducing antioxidant capacity



	DF
	Dietary fiber



	dm
	Dry mass



	EAE
	Enzyme-assisted extraction



	EE
	Epicatechin equivalent



	FA
	Fatty acid



	FAO
	Food and Agriculture Organization of the United Nations



	FE
	Iron (Fe2+) equivalent



	FRAP
	Ferric reducing antioxidant power



	fw
	Fresh weight



	GAE
	Gallic acid equivalent



	MAE
	Microwave-assisted extraction



	ME
	Malvidin equivalent



	MUFA
	Monounsaturated fatty acid



	ORAC
	Oxygen radical absorbance capacity



	PEF
	Pulsed electric field



	PLE
	Pressurized liquid extraction



	PUFA
	Polyunsaturated fatty acid



	QE
	Quercetin equivalent



	RE
	Rutin equivalent



	RSM
	Response-surface methodology



	SFA
	Saturated fatty acid



	SFE
	Supercritical fluid extraction



	SLE
	Solid–liquid extraction



	T3
	Tocotrienol



	TAC
	Total anthocyanin content



	TE
	Trolox equivalent



	TEAC
	Trolox equivalent antioxidant capacity



	TFC
	Total flavonoid content



	TP
	Tocopherol



	TPC
	Total polyphenolic content



	UAE
	Ultrasound-assisted extraction



	WHO
	World Health Organization
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Figure 1. World berry fruits crop production (2019). 
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Figure 2. A scheme for the extraction procedures for bioactive compounds and oils from berry fruit by-products. 
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Figure 3. A scheme of ultrasound impact on the plant material. 
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Figure 4. A scheme of PEF impact on plant material. 
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Table 1. Fatty acid profiles (%) of oils extracted from berry pomaces. (C16:0—palmitic acid, C16:1—palmitoleic acid, C18:0—stearic acid, C18:1—oleic acid, C18:2—linoleic acid, C18:3—linolenic acid, C18:4—stearidonic acid, C20:0—arachidic acid, C20:1—paullinic acid, C20:2—eicosadienoic acid, C22:0—behenic acid.)
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	Source of Oil
	C16:0
	C16:1
	C18:0
	C18:1
	C18:2
	C18:3
	C18:4
	C20:0
	C20:1
	C20:2
	C22:0
	Reference





	Chokeberry
	5.1–7.22
	0.15–0.53
	1.1–1.39
	n9 cis: 23.47,

n9 trans: 0.93 or total: 17.48–21.4
	64.67–71.1
	n3: 0.34–0.92 or total: 0.5
	-
	0.6–0.81
	0.25
	5.26
	0.38–0.8
	[38,57,58]



	Raspberry
	2.43–2.92
	0.08–0.12
	0.87–1.45
	n9: 11.74–11.76

n7: 0.80

or total: 10.87–11.99
	51.44–54.52
	n3: 6.68–31.68

n6: 0.07

or total: 29.11
	-
	0.37–0.62
	0.13–0.14
	0.03–0.33
	0.10–0.34
	[37,38,58,59,60]



	Raspberry (wild)
	2.61
	0.06
	1.19
	n9 cis: 26.22

n9 trans: 0.23
	51.07
	n3: 17.93
	-
	0.43
	0.05
	-
	0.14
	[57]



	Blackberry
	3.47–4.52
	0.03–0.13
	2.10–2.87
	n9: 7.50–12.17 n7: 0.56 or total: 14.72
	61.22–67.96
	n3: 15.60–17.60

n6: 0.07
	-
	0.47–1.06
	0.31–0.38
	0.15
	0.12–0.16
	[37,58,59]



	Blackcurrant
	4.49–6.5
	0.03–0.1
	1.4–1.93
	n9: 10.2–13.79

n7: 0.35–0.7

or total: 16.1
	41.41–57.8
	n3: 12.91–14.9

n6: 13.9–15.6 or total: 13.2
	2.7–3.89
	0.04–0.2
	0.16–1.0
	0.06–0.3
	0.1–4.7
	[38,59,61,62]



	Redcurrant
	4.8–6.88
	0.09
	1.29–3.0
	n9: 9.61–17.8

n7: 0.6–0.72
	40.7–44.0
	n3: 23.34–24.5

n6: 5.6–9.16
	3.0–4.48
	0.13
	0.71
	0.27
	0.09
	[59,63]



	Blueberry
	4.98–7.64
	0.08
	1.93–3.31
	n9 cis: 50.74, n9 trans: 0.38

n9 total: 18.00

n7: 0.56
	30.0–35.84
	n3: 7.06–36.08

n6: 0.14
	-
	0.19–0.49
	0.14
	0.05
	0.11
	[57,59]



	Gooseberry
	8.12
	-
	1.83
	n9: 14.32
	33.86
	n3: 20.54

n6: 8.48
	5.45
	-
	-
	-
	-
	[64]



	Strawberry
	4.32
	-
	1.68
	14.55
	42.22
	n3: 36.48
	-
	0.71
	-
	-
	-
	[37]
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Table 2. Tocopherol composition of berry oils (mg/100 g oil). (TP- tocopherols; T3- tocotrienols.)
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	Source of Oil
	α-TP
	β-TP
	γ-TP
	δ-TP
	α-T3
	β-T3
	γ-T3
	δ-T3
	Reference





	Chokeberry
	70.6
	28.2
	0.2
	0.2
	-
	-
	0.8
	-
	[38]



	Raspberry
	27.74–46.1
	0.65
	58.19–164.0
	5.83–22.59
	-
	2.71
	7.2
	-
	[37,59,60]



	Blackberry
	0.89–2.54
	0.18
	42.41–131.1
	3.17–6.97
	-
	0.44
	2.0
	-
	[37,59]



	Blackcurrant
	28.85–36.9
	0.2–0.55
	23.01–55.4
	4.09–6.9
	0.09–0.1
	0.3–0.65
	0.2–0.26
	-
	[38,59]



	Redcurrant
	3.04–5.75
	0.56–0.79
	33.64–156.39
	19.38–41.13
	0.10
	0.31
	0.13
	0.03
	[59,70]



	Gooseberry
	5.26
	0.20
	60.35
	3.32
	-
	-
	-
	-
	[70]



	Blueberry
	0.44
	-
	3.44
	-
	-
	-
	33.04
	0.6
	[37]



	Strawberry
	-
	-
	26.03
	2.0
	-
	-
	-
	-
	[37]
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Table 3. Sterol composition of lipid fraction of berry pomaces (%).
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	Source of Oil
	Cholesterol
	Campesterol
	Stigmasterol
	β-Sitosterol
	D5-Avenasterol
	D7-Stigmasterol
	D7.25-Stigmasterol
	Reference





	Chokeberry
	2.95
	5.5
	3.85
	81.8
	1.85
	1.8
	1.8
	[38]



	Blackberry
	0.33
	5.3–7.03
	1.8–4.87
	77.77–84.7
	3.02–7.0
	1.41
	-
	[37,59]



	Raspberry
	0.43
	4.5–4.51
	0.84–1.2
	79.6–83.95
	5.35–7.2
	1.24
	-
	[37,59]



	Blackcurrant
	2.5
	1.25
	4.9
	86.6
	1.3
	0.85
	1.4
	[38]



	Blackcurrant
	0.31
	8.14
	0.42
	81.09
	3.10
	1.92
	-
	[59]



	Redcurrant
	0.36
	10.01
	0.24
	87.58
	0.36
	-
	-
	[59]



	Blueberry
	0.24
	3.4–4.63
	0.3–0.37
	66.5–82.85
	2.14–13.8
	3.97
	-
	[37,59]



	Strawberry
	-
	5.4
	2.3
	71.1
	8.7
	-
	-
	[37]










[image: Table] 





Table 4. Characteristics of lipid fractions extracted from berry by-products using conventional methods.
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	Source of Waste
	Pretreatment Method
	Extraction Conditions

(S—Solvent, S–L—Solid–Liquid Ratio, M—Mass of Solid, t—Time, T—Temperature)
	Oil Yield
	Fatty Acids Profile (%) (PUFA/MUFA/SFA, Dominant FA)
	Reference





	Blackberry (Rubus fruticosus cv. Tenac)

Raspberry (Rubus idaeus cv. Meeker)

Blueberry (Vaccinium myrtillus cv. Ivanhoe)

Blackcurrant (Ribes nigrum cv. Junifer)

Redcurrant (Ribes rubrum cv. Smoothstem)

pomaces
	Seeds separated from pomace dried at room temperature using sieves, then ground
	S: hexane

Soxhlet apparatus
	Blackberry pomace: 15.68%

Raspberry pomace: 10.55%,

Blueberry pomace: 13.27%

Blackcurrant pomace: 26.15%

Redcurrant pomace: 9.11%
	Blackberry pomace

PUFA: 83.78

MUFA: 8.40

SFA: 6.49

Dominant: C18:2 n6

Raspberry pomace

PUFA: 81.05

MUFA: 12.81

SFA: 4.13

Dominant: C18:2 n6

Blueberry pomace

PUFA: 72.11

MUFA: 18.78

SFA: 6.75

Dominant: C18:3 n3

Blackcurrant pomace

PUFA: 73.16

MUFA: 14.33

SFA: 6.46

Dominant: C18:2 n6

Redcurrant pomace

PUFA: 81.25

MUFA: 11.13

SFA: 8.39

Dominant 18:2 n6
	[59]



	Blackberry (Rubus fruticosus cv. Ćačanska beztrna)

Raspberry (Rubus idaeus cv. Willamette) seeds
	Seeds obtained from the pomace dried at room temperature or in oven
	Standard laboratory method

S: hexane

t: 8 h
	Blackberry seeds: 13.97–14.34%

Raspberry seeds: 13.44–14.33%

(Higher values for pomaces dried in oven)
	-
	[89]



	Raspberry (Rubus idaeus) different cv. seeds
	Seeds air-dried in fluid bed dryer for 2 h/25 °C, then ground
	S: hexane 1 L

M: 100 g

t: 2 h

T: 4 °C

Extraction performed 3 times
	10.7%
	Crude oil:

PUFA: 83.63

MUFA: 11.99

SFA: 3.66

Dominant: C18:2 n6
	[60]



	Wild:

Blueberry (Vaccinium myrtillus)

Cowberry (Vaccinium vitis-idaea)

Raspberry (Rubus idaeus) Cultivated:

Blueberry (Vaccinium myrtillus)

Chokeberry (Aronia melanocarpa) pomaces
	Wet pomaces obtained after juice pressing
	Methanol/chloroform homogenization procedure

S: methanol (50 mL) and chloroform (100 mL)

M: 5 g
	Wild

Blueberry pomace: 3.93%

Cowberry pomace: 3.75%

Raspberry pomace: 7.00%

Cultivated

Blueberry pomace: 2.80%

Chokeberry pomace: 5.50%
	Wild

Blueberrypomace

PUFA: 41.78

MUFA: 48.35

SFA: 9.80

Dominant: C18:1 n9

Cowberry pomace

PUFA: 44.47

MUFA: 50.87

SFA: 4.65

Dominant: C18:1 n9

Raspberry pomace

PUFA: 69.00

MUFA: 26.56

SFA: 4.44

Dominant: C18:2 n6

Cultivated

Blueberry pomace

PUFA: 37.00

MUFA: 51.20

SFA: 11.70

Dominant C18:1 n9

Chokeberry pomace

PUFA: 65.01

MUFA: 24.93,

SFA: 10.06

Dominant: C18:2 n6
	[57]



	Blackcurrant (Ribes nigrum cv. Ben Lomond and cv. Ben Tirran) pomaces
	Pomaces were air-dried in oven or freeze-dried and

(A) ground or

(B) seeds separated from unground pomace using 500 µm sieve
	Soxhlet extraction

S: isohexane

M: 10 g

t: 30 min

Residue left after 5 cycles was reground and extracted in another 5 cycles
	From seeds: 14.5% from ground pomace: 7.8% (w/dry)
	Seeds

PUFA: 79.4

MUFA: 12.0

SFA: 8.7

Dominant: C18:2 n6

Pomace

PUFA: 72.0

MUFA: 11.7

SFA: 16.3

Dominant: 18:2 n6
	[62]



	Raspberry (Rubus idaeus) dust as a by-product from fruit lyophilization
	Seeds separated from the dust by sieving and then ground
	Soxhlet apparatus

S: petroleum ether

M: 100 g

t: 6 h
	14.5%
	PUFA: 78.9

MUFA: 16.9

SFA: 4.2

Dominant: C18:2 n6
	[90]



	Blackberry (Rubus fruticosus cv. Cacanska beztrna) and Raspberry (Rubus idaeus cv. Wllamette) pomaces obtained from pressing long-term frozen fruits
	Pomaces dried at room temperature or in oven
	Standard laboratory method

S: hexane

t: 8 h
	-
	Blackberry pomace (room temperature-dried):

PUFA: 74.94

MUFA: 17.87

SFA: 7.13

Blackberry pomace (oven-dried):

PUFA: 75.66

MUFA: 19.03

SFA: 7.48

Dominant: C18:2 n6

Raspberry pomace (room temperature-dried)

PUFA: 82.52

MUFA: 13.21

SFA: 4.23

Raspberry pomace (oven-dried):

PUFA: 87.30

MUFA: 12.57

SFA: 4.26

Dominant: C18:2 n6
	[91]



	Blackberry (Rubus fruticosus) pomace
	Pomace dried in the sun and milled
	Soxhlet apparatus

S: hexane 250 mL/ethanol 250 mL

t: 8 h
	Hexane 11.8%

Ethanol 14.2%
	Hexane extracted

PUFA: 71.4

MUFA: 17.5

SFA: 11.1

Dominant: 18:2 n6

Ethanol extracted

PUFA: 69.4

MUFA: 17.4

SFA: 13.2

Dominant: 18:2 n6
	[88]



	Chokeberry (Aronia melanocarpa), strawberry (Fragaria vesca), blackcurrant (Ribes nigrum) pomaces
	-
	Sample homogenized

S: chloroform and methanol (v/v, 2:1)

M: 5.0 g
	-
	Chokeberry pomace

PUFA: 73.58

MUFA: 16.91

SFA: 9.51

Dominant: C18:2 n6

Strawberry pomace

PUFA: 55.77

MUFA: 18.16

SFA: 26.07

Dominant: C18:2 n6

Blackcurrant pomace

PUFA: 69.11

MUFA: 11.56

SFA: 19.33

Dominant: C18:2 n6
	[92]
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Table 5. Antioxidant composition and capacity of berry by-product extracts obtained with the use of conventional methods.
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	Source of Waste
	Pretreatment Method
	Extraction Conditions

(S—Solvent, S–L—Solid–Liquid Ratio, M—Mass of solid, t—Time, T—Temperature)
	Antioxidant Composition *
	Antioxidant Capacity *
	Reference



	Blackcurrant (Ribes nigrum cv. Mortti), Green currant (Ribes nigrum cv. Verti), Redcurrant (Ribes rubrum cv. Red Dutch), White currant (Ribes rubrum cv. White Dutch) pomaces
	None (thawed pomace)
	S: 92% ethanol

S–L: 1:2 (w/v)
	Blackcurrant pomace

TPC: 55.3 μmol GAE/g (fw)

White currant pomace

TPC: 24.7 μmol GAE/g

Redcurrant pomace

TPC: 20.5 μmol GAE/g

Green currant pomace

TPC: 17.1 μμmol GAE/g
	Blackcurrant pomace

TRAP: 25,7 μmol TE/g (fw)

ORAC: 88.8 μmol TE/g

Redcurrant pomace

TRAP: 11.6 μmol TE/g

ORAC: 23.0 μmol TE/g

Green currant pomace

TRAP: 8.7 μmol TE/g

ORAC: 32.9 μmol TE/g

White currant pomace

TRAP: 8.4 μmol TE/g

ORAC: 16.8 μmol TE/g
	[93]



	Cranberry (Vaccinium macrocarpon), Blueberry (Vaccinium angustifolium) pomace
	Pomace freeze-dried, then ground
	S: 80% ethanol

S–L: 1:5 (w/v)

t: 1 h

Mixed, obtained extracts were freeze-dried
	Cranberry pomace

TPC (Folin–Ciocalteu): 54.35 mg GAE/g (dm)

TPC (Glories): 36.25 mg GAE/g

Tartaric esters: 10.29 mg CAE/g

Flavanols: 11.74 mg QE/g

TAC: 11.14 mg C3 GE/g

Tannins: 48.09 mg GAE/g

Blueberry pomace

TPC (Folin–Ciocalteu): 72.01 mg GAE/g

TPC (Glories): 55.67 mg GAE/g

Tartaric esters: 15.03 mg CAE/g

Flavanols: 18.34 mg QE/g

TAC: 38.53 mg C3GE/g

Tannins: 58.87 mg GAE/g
	Cranberry pomace

ABTS: 306.77 μmol TE/g (dm)

FRAP: 243.61 μmol TE/g

Blueberry pomace

ABTS: 468.79 μmol TE/g

FRAP: 372.22 μmol TE/g
	[94]



	Bilberry (Vaccinium myrtillus), Blackberry (Rubus fruticosus), Raspberry (Rubus idaeus), Strawberry (Fragaria vesca) pomaces
	None
	S: 80% methanol with 0.05% acetic acid

M: 20 g

3 times extracted:

60 min (160 mL of S), 30 min (80 mL of S) and 30 min (80 mL of S)
	Bilberry pomace

TPC: 11.16 mg GAE/g (fw)

TFC: 10.47 mg RE/g

TAC: 12.79 mg C3GE/g

Blackberry pomace

TPC: 8.05 mg GAE/g

TFC: 2.45 mg RE/g

TAC: 1.49 mg C3GE/g

Raspberry pomace

TPC: 6.38 mg GAE/g

TFC: 5.92 mg RE/g

TAC: 0.65 mg C3GE/g

Strawberry pomace

TPC: 4.88 mg GAE/g

TFC: 2.96 mg RE/g

TAC: 0.19 mg C3GE/g
	Bilberry pomace

DPPH IC50: 0.040 mg/mL (pomace extract)

Blackberry pomace

DPPH IC50: 0.017 mg/mL

Raspberry pomace

DPPH IC50: 0.040 mg/mL

Strawberry pomace

DPPH IC50: 0.038 mg/ml
	[95]



	Blackberry (Rubus fruticosus) wild and cultivated (cv. Cacanska Bestrna and cv. Chester Thornless) pomaces
	-
	Soxhlet apparatus

S: 80% ethanol

t: 6 h

extracts dried in a vacuum desiccator
	Blackberry cv. Chester Thornless pomace

TPC: 35.40 mg GAE/g fresh pomace (dm)

TFC: 5.66 mg QE/g

Flavanols: 6.63 mg QE/g

Monomeric anthocyanins: 17.31 mg C3GE/g

Blackberry cv. Cacanska Bestrna pomace

TPC: 26.30 mg GAE/g

TFC: 3.32 mg QE/g

Flavanols: 2.55 mg QE/g

Monomeric anthocyanins: 8.43 mg C3GE/g

Blackberry wild pomace

TPC: 48.28–50.16 mg GAE/g

TFC: 7.45–7.73 mg QE/g

Flavanols: 6.13–6.39 mg QE/g

Monomeric anthocyanins: 13.05–13.40 mg C3GE/g
	Blackberry cv. Chester Thornless pomace

DPPH IC50: 0.178 mg/mL (pomace extract)

ABTS IC50: 0.035 mg/mL

Blackberry cv. Cacanska Bestrna pomace

DPPH IC50: 0.206 mg/mL

ABTS IC50: 0.047 mg/mL

Blackberry wild pomace

DPPH IC50: 0.106–0.127 mg/mL

ABTS IC50: 0.024–0.027 mg/mL
	[28]



	Raspberry (Rubus idaeus cv. Meeker and cv. Willamette) pomace
	None
	S: 80% methanol with 0.05% acetic acid

M: 20 g

T: room temperature

Two extractions in: 160 mL, 60 min and 80 mL, 30 min
	cv. Meeker pomace

TPC (HPLC): 338.80 mg/100 g (pomace)

cv. Willamette pomace

TPC: 410.66 mg/100 g
	cv. Meeker pomace

DPPH IC50: 0.67 mg/mL (pomace extract)

cv. Willamette pomace

DPPH IC50: 0.54 mg/mL
	[96]



	Cranberry (Vaccinium macrocarpon), blueberry (Vaccinium myrtillus) and raspberry (Rubus idaeus) pomace
	Dehydrated, ground, separated into 2 groups depending on particle size (smaller particle size, 0.15 mm, and larger, 1 mm)
	S: methanol

S–L: 1:20

t: 1–24 h

T: 40 °C

using orbital shaker
	Obtained after the most effective extraction parameters

Cranberry pomace (1 h, larger particles)

TPC: 138 mg GAE/g (fresh extract)

Blueberry pomace (6 h, smaller particles)

TPC: 172 mg GAE/g

Raspberry pomace (18 h, smaller particles)

TPC: 270 mg GAE/g
	Obtained after the most effective extraction parameters

Cranberry pomace (1 h, larger particles)

DPPH EC50: 3.73 mg/mL (pomace extract)

Blueberry pomace (6 h, smaller particles)

DPPH EC50: -

Raspberry pomace (18 h, smaller particles)

DPPH EC50: 0.30 mg/mL
	[97]



	Strawberry (Fragaria vesca) pomace
	Pomace dried in convection dryer (temp. 65–70 °C, 8 h), sieved, particles over 5 mm were ground to obtain final material, with particle size between 2 and 5 mm
	Water extraction

S: water

S–L: 4:1

M: 1500 g

t: 1 h

T: 65–70 °C

3 times extracted

Ethanol extraction

S: 60% ethanol (4 L)

S–L: 4:1

M: 3.5 kg of aqueous extract

t: 24 h

T: 20 °C

Repeated once using 3.5 L of ethanol
	Water extract

TPC (HPLC): 5.8 g/100 g (dm)

Ethanolic extract

TPC: 29.71 g/100 g
	-
	[98]



	Blueberry (Vaccinium myrtillus)

Raspberry (Rubus idaeus)

Redcurrant (Ribes rubrum) and Blackberry (Rubus fruticosus) pomaces
	Lyophilized and ground pomaces
	S: 75% methanol with 1% HCl (5 mL)

M: 1 g

t: 12 h

T: 25 °C
	Blueberry pomace

TPC: 19.55 mg GAE/g (dm)

TAC (HPLC): 11.88 mg/g

Raspberry pomace

TPC: 20.15 mg GAE/g

TAC: 1.88 mg/g

Redcurrant pomace

TPC: 34.47 mg GAE/g

TAC: 1.50 mg/g

Blackberry pomace

TPC: 17.00 mg GAE/g

TAC: 1.92 mg/g
	Blueberry pomace

ABTS: 269.8 μmol TE/g (dm)

Raspberry pomace

ABTS: 297.5 μmol TE/g

Redcurrant pomace

ABTS: 608.3 μmol TE/g

Blackberry pomace

ABTS: 225.4 μmol TE/g
	[27]



	Raspberry (Rubus idaeus cv. Meeker and cv. Willamette)
	None
	S: 80% methanol with 0.05% acetic acid

M: 70 g

T: room temperature

2 times extracted

(A) t: 60 min, 560 mL of solvent

(B) t: 30 min, 280 mL of solvent
	cv. Meeker pomace

TPC: 26.3 mg GAE/g (dm)

TFC: 25.2 mg RE/g

TAC: 4.28 mg C3GE/g

cv. Willamette pomace

TPC: 43.7 mg GAE/g

TFC: 22.0 mg RE/g

TAC: 2.32 mg C3GE/g
	cv. Meeker pomace

DPPH EC50: 0.072 mg/mL (pomace extract)

cv. Willamette pomace

DPPH EC50: 0.042 mg/mL
	[31]



	Blackberry (Rubus fruticosus) residues after pulp processing and blueberry (Vaccinium myrtillus) residues after juice processing
	None
	S: ethanol 200 mL

M: 5 g

t: 5 h

T: 80 °C

Soxhlet apparatus
	Blackberry pomace

TPC: 7.84 mg GAE/g (dm)

Monomeric anthocyanins: 2.82 mg C3GE/g

Blueberry pomace

TPC: 6.83 mg GAE/g

Monomeric anthocyanins: 2.58 mg C3GE/g
	Blackberry pomace

DPPH: 66.92 μmol TE/g (dm)

ABTS: 124.14 μmol TE/g

FRAP: 120.90 μmol TE/g

Blueberry pomace

DPPH: 40.38 μmol TE/g

ABTS: 100.66 μmol TE/g

FRAP: 63.90 μmol TE/g
	[99]







* Results are expressed as written in the bracket after first given result.
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Table 6. Conditions and results for ultrasound-assisted extraction of oils and bioactive compounds from berry by-products.






Table 6. Conditions and results for ultrasound-assisted extraction of oils and bioactive compounds from berry by-products.





	
Source of Waste

	
Pretreatment Method

	
Extraction Conditions (E—Equipment, P—Power, T—Temperature, t—Time, f—Frequency, S—Solvent, S–L—Solid–Liquid Ratio, A—Amplitude)

	
Antioxidant Composition *

	
Antioxidant Capacity *

	
Reference






	
Raspberry (Rubus idaeus) pomace

	
None

	
E: ultrasonic cleaner

t: 120 min

T: 50 °C

f: 50 kHz

S: acidulated methanol (80%)

	
TPC: 27.79 mg GAE/L (extract)

TFC: 8.02 mg QE/g (pomace)

TAC: 7.13 mg C3GE/L (extract)

	
FRAP: 1007.72 μmol/L FRAP

DPPH: 567.00 μmol/100 g TE

DPPH IC50: 20.00 μL/mL

	
[107]




	
Blueberry

(Vaccinium angustifolium) pomace

	
Freeze-dried pomace

	
E: ultrasonic cleaner bath

S–L: 1/10; 1/15; 1/20; 1/40

S: water or ethanol (10/50 or 90% v/v in water)

t: 30;40;60;90 min

T: 20/40/60 °C

pH: 3.3/5.0/6.3/8.3

f: 35 kHz

Study was divided into parts where one of the factors was modulated while the others were constant

	
Effect of time (S: water, S–L: 1/20, T: 40 °C):

TPC, TFC, TAC highest in 90 min

Effect of S–L (S: 50% ethanol, T: 40 °C, t: 60 min)

TPC, TAC, DPPH highest in 1/20; TFC in 1/15

Effect of ethanol concentration (S–L: 1/15, T: 40 °C, t: 40 min):

TPC, TFC, TAC, DPPH highest in 50% ethanol

Effect of pH (S: 50% ethanol, S–L: 1/15, T: 40 °C, t: 40 min)

TPC, TFC, DPPH highest at pH 8.3, TAC in pH 3.3

Effect of temperature (S: 50% ethanol, S–L: 1/15, t: 40 min):

TPC, TAC highest at 20 °C, TFC, DPPH in 60 °C

	
[108]




	
Blackberry (Rubus fruticosus) pomace

	
Lyophilized, milled and sieved (500 μm particle size)

	
E: ultrasound processor

f: 20 kHz

S: water

S–L: 1/24

T: 4 °C (at the beginning), 25 °C (at the end of extraction)

A: 80–90%

t: 10–15 min

	
Optimum conditions A: 91% and t: 15 min

TPC: 1201.23 mg GAE/100 g (dm)

TAC: 379.12 mg/100 g

	
ABTS: 6318 μmol TE/100 g (dm)

DPPH: 9617.22 μmol TE/100 g

	
[109]




	
Raspberry (Rubus idaeus) pomace

	
Freeze-dried, milled (0.45 mm)

	
UAE combined with enzymatic extraction

E: not specified

S–L: 1/30

S: acidulated 60% ethanol (v/v)

t: 20/30/40 min

T: 40/45/50 °C

+enzyme (pectinase dosage): 0.10/0.15/0.20%

	
Optimum conditions T: 44 °C, P: 290 W, t: 30 min, pectinase dosage: 0.16%

Anthocyanin yield: 0.853 mg/g (fw)

	
DPPH: 417.15 TE/g (extract)

ABTS: 520.07 TE/g

	
[110]




	
Chokeberry (Aronia melanocarpa) by-products from filter-tea production (tea produced from pomace)

	
None

	
M: 10.0 g

S: 50% ethanol

E: sonication water bath

S–L: 1/5

f: 40 kHz

P: 72/144/216 W

T: 30/50/70 °C

t: 30/60/90 min

	
Optimum conditions for each property in brackets

TPC: 15.058 mg GAE/mL (extract) (P: 206.64 W, T: 70 °C, t: 80.1 min) c

TFC: 10.436 mg CE/mL (P: 210.24 W, T:70 °C, t: 75 min)

Monomeric anthocyanins: 2.09 mg C3GE/mL (P: 216 W, T:70 °C, t: 45.6 min)

Proanthocyanins: 19.82 mg CE/mL (P: 199.44 W, T:70 °C, t: 89.7 min)

	
-

	
[111]




	
Blueberry (Vaccinium ashei) pomace

	
Pomace dried in air-circulating oven at 30 °C for 48 h, then milled

	
E: not specified

S: acidulated ethanol (70% v/v)

P: 400 W

T: 50/60/70 °C

t: 15/25/35 min

S–L: 1/15, 1/20, 1/25

	
Optimal conditions T: 61 °C, S–L: 1/22

TPC: 16.03 mg GAE/g (pomace)

TAC: 4.19 mg C3GE/g

	
-

	
[112]




	
Blueberry pomace

	
Freeze-dried, milled

	
E: ultrasonic bath

F: 35 kHz

S: acidulated ethanol (50%)/acidulated methanol (50%)

t: 5/10/15 min

T: 20/40/80 °C

	
Highest values for:

TPC: 5.46 mg GAE/g (dm) (Ethanol, 15 min, 80 °C)

TAC: 953.91 μg/g (Methanol, 15 min, 80 °C)

Phenolic acids: 561.26 μg/g (Methanol, 15 min, 80 °C)

Flavanols: 156.04 μg/g (Methanol, 15 min, 80 °C)

Flavonols: 98.63 μg/g (Methanol, 15 min, 80 °C)

	
Highest values for:

DPPH: 0.25 mmol TE/g (dm) (Methanol, 15 min, 80 °C)

	
[113]




	
Blueberry (Vaccinium myrtillus) pomace and blackberry (Rubus fruticosus) residues after pulp processing

	
None

	
E: ultrasonic bath

F: 37 kHz

P: 580 W

S–L: 1/22,5

S: ethanol 50%/ethanol 70%/acidified water

t: 90 min

T: 80 °C

	
Blackberry residues

Ethanol 50%

TPC: 5.28 mg GAE/g (dm)

Monomeric anthocyanins: 2.37 mg C3GE/g

Ethanol 70%

TPC: 5.86 mg GAE/g

Monomeric anthocyanins: 2.38 mg C3GE/g

Acidified water

TPC: 2.08 mg GAE/g

Monomeric anthocyanins: 1.26 mg C3GE/g

Blueberry residues

Ethanol 50%

TPC: 4.40 mg GAE/g

Monomeric anthocyanins: 2.07 mg C3GE/g

Ethanol 70%

TPC: 5.75 mg GAE/g

Monomeric anthocyanins: 2.33 mg C3GE/g

Acidified water

TPC: 2.47 mg GAE/g

Monomeric anthocyanins: 1.36 mg C3GE/g

	
Blackberry residues

Ethanol 50%

DPPH: 49.50 μmol TE/g (dm)

ABTS: 67.35 μmol TE/g

FRAP: 81.59 mg TE/g

Ethanol 70%

DPPH: 51.50 mol TE/g

ABTS: 70.01 μmol TE/g

FRAP: 85.09 mg TE/g

Acidified water

DPPH: 17.63 μmol TE/g

ABTS: 24.34 μmol TE/g

FRAP: 37.03 mg TE/g

Blueberry residues

Ethanol 50%

DPPH: 33.90 μmol TE/g

ABTS: 55.11 μmol TE/g

FRAP: 49.94 mg TE/g

Ethanol 70%

DPPH: 42.51 μmol TE/g

ABTS: 55.25 μmol TE/g

FRAP: 54.82 mg TE/g

Acidified water

DPPH: 19.94 μmol TE/g

ABTS: 19.36 μmol TE/g

FRAP: 50.16 mg TE/g

	
[99]




	
Chokeberry (Aronia melanocarpa cv. Nero) pomace

	
Freeze-dried and ground pomace

	
E: ultrasonic processor

t: 10/13/20/27/30 min

S–L: 1/10

S: 60/65/78/90/96% ethanol

T: 25 °C

A: 50 µm

	
Highest values for:

TPC: 188 mg GAE/g (dm) (60% ethanol, 20 min)

TAC: 89.3 mg C3GE/g (65% ethanol, 13 min)

	
Highest values for

DPPH: 49.2 mmol TE/100 g (dm)

(60% ethanol, 20 min)

	
[116]




	
Chokeberry (Aronia melanocarpa) pomace

	
-

	
E: horn-type transducer with cooling bath

S: ethanol-water (1:1)

S–L: 1/10

f: 20 kHz

A: 14 µm

t: 600 s

	
TPC: 1046 mg/L GAE

Monomeric anthocyanins: 631 mg/L C3GE

	
-

	
[32]




	
Chokeberry (Aronia melanocarpa) stems

	
Dried stems

	
E: ultrasonic water bath

S: water

t: 30 min

S–L: 1/25

	
TPC: 5.22 mg GAE/g (dm)

TFC: 3.94 mg RE/g

	
ABTS IC50: 10.09 μg/mL (extract)

	
[117]




	
Chokeberry (Aronia melanocarpa cv. Galicjanka) pomaces obtained from juice pressing from crushed and uncrushed fruits

	
Freeze-dried, ground pomaces

	
E: ultrasonic bath

S: methanol with 2% formic acid

S–L: 1/25

t: 25 min

	
Pomace from crushed fruits

TPC (UPLC): 15.61 g/100 g (dm)

Pomace from uncrushed fruits

TPC: 24.45 g/100 g

	
Pomace from crushed fruits

ABTS: 59.94 mmol TE/100 g (dm)

FRAP: 32.61 mmol TE/100 g

Pomace from uncrushed fruits

ABTS: 81.63 mmol TE/100 g

FRAP: 52.22 mmol TE/100 g

	
[118]




	
Lipid fractions




	
Source of waste

	
Pretreatment method

	
Procedure

	
Oil yield

	
Fatty acid composition (%)

	




	
Raspberry (Rubus coreanus) seeds

	
Seeds dried in a convection oven at 60 °C for 24 h, then milled

	
E: sonication cleaning bath

f: 40 kHz

P: 250 W

S–L: 1/40

S: ethanol

t: 10/20/30/40/50 min

T: 30/40/50/60/70 °C

	
Optimal conditions: 54 °C, 37 min

22.78%

	
SFA: 2.45

MUFA: 0.55

PUFA: 92.25

	
[115]








* Results are expressed as written in the bracket after first given result.
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Table 7. Conditions and results of pulsed electric field-assisted extraction of bioactive compounds from berry by-products.






Table 7. Conditions and results of pulsed electric field-assisted extraction of bioactive compounds from berry by-products.





	Material
	PEF Conditions (E—Equipment, P—Power, FS—Field Strength, f—Frequency, W—Pulse Width, I—Energy Input, S—Solvent, L–L—Liquid–Liquid Ratio)
	Procedure
	Antioxidant Composition *
	Antioxidant Activity *
	Reference





	Blueberry (Vaccinium myrtillus)
	E: generator of monopolar square wave pulses

FS: 3 kV/cm

f: 10 Hz

W: 20 µs

I: 1/5/10 kJ/kg
	PEF was applied to blueberry fruits cut in half, before pressing, obtained pomace examined
	Optimum conditions I: 10 kJ/kg

TAC (HPLC): 1574.1 mg/100 g (pomace)
	Optimum conditions I: 10 kJ/kg

DPPH: 34.2 µmol TE/g (pomace)

FRAP: 68.0 µmol TE/g
	[120]



	Blueberry (Vaccinium myrtillus)
	E: cylindrical PEF treatment chamber (monopolar square pulses)

FS: 1/3/5 kV/cm

f: 10 Hz

W: 20 µs

P: 20 kW (average)

I: 10 kJ/kg
	PEF applied to crushed fresh berries before juice pressing. By-product was extracted in SLE and examined.
	Optimum conditions FS: 5 kV/cm

TPC: 1782.64 mg GAE/100 g (fw)

TAC: 1698.55 mg/100 g
	Optimum conditions FS: 5 kV/cm

FRAP: ca. 72 µmol TE/g (fw)
	[121]



	Blueberry pomace
	E: laboratory PEF treatment chamber

Pulse duration: 2 µs

No. of pulses: 10/50/100

FS: 10/15/20 kV/cm
	PEF applied to lyophilized and milled pomace, followed by SLE extraction with acidulated ethanol or acidulated methanol
	Optimum conditions in brackets:

TPC: 10.52 mg GAE/g (dm) (Ethanol, 20 kV/cm, 100 pulses)

TAC: 1757.32 µg/g (Methanol, 20 kV/cm, 100 pulses)

Phenolic acids: 625.47 µg/g (Ethanol, 20 kV/cm, 100 pulses)

Flavanols: 297.86 µg/g (Methanol, 20 kV/cm, 100 pulses)

Flavonols: 157.54 µg/g (Ethanol, 20 kV/cm, 100 pulses)
	Optimum conditions in brackets:

DPPH: 830 µmol TE/g (dm) (Ethanol, 20 kV/cm, 100 pulses)
	[113]



	Blueberry pomace
	E: PEF system

Pulse duration: 2 µs

S: acidic ethanol

L/L: 1:5/1:6/1:7

FS: 15/20/25 kV/cm

No of pulses: 8/10/12

Flow rate: 7 mL/min
	Thawed to liquid, grinded in colloid mill pomace was treated with PEF in liquid material chamber
	Optimum conditions No of pulses: 10, FS: 20 kV/cm, L/L: 1:6

TAC: 223.13 mg C3GE/L (extract)
	-
	[122]







* Results are expressed as written in the bracket after first given result.
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Table 8. Conditions and results of microwave-assisted extraction of bioactive compounds from berry by-products.






Table 8. Conditions and results of microwave-assisted extraction of bioactive compounds from berry by-products.





	Source of Waste
	Pretreatment
	Extraction Procedure (E—Equipment, f—Frequency, T—Temperature, P—Power, M—Sample Weight, S–L—Solid–Liquid Ratio, t—Time, S—Solvent)
	Antioxidant Content *
	Reference





	Blackcurrant (Ribes nigrum) pomace
	Pomace was obtained from enzymatically treated fruits
	E: single-mode cavity resonator

f: 2.45 GHz

T: 69.7 °C

P: 140/420/700 W

M: 28 g

S–L: 1:10, 1:13.3, 1:20

t: 10/20/30 min

solvent pH: 2/4.5/7
	In optimum conditions P: 700 W, t: 10 min, S–L: 1:20, pH 2

TAC (HPLC): 20.4 mg/g (fw)
	[125]



	Cranberry (Vaccinium macrocarpon) pomace
	Freeze-dried and ground pomace
	E: microwave reactor

S–L: 1:30

M: 1 g

P: 36/72 W/g pomace

t: 4 min

Acidic extraction

S: 0.1 M HCl

Alkaline extraction

S: 0.15 M NaOH

Sequential acidic and alkaline extraction

S: 0.1 M HCl + 0.15 M NaOH
	Acidic extraction

P: 36 W/g TPC: 3.01 mg GAE/g (fw)

P: 72 W/g TPC: 0.92 mg GAE/g

Alkaline extraction

P: 36 W/g TPC: 22.78 mg GAE/g

P: 72 W/g TPC: 11.79 mg GAE/g

Sequential

P: 36 W/g TPC: 11.90 mg GAE/g

P: 72 W/g TPC: 11.63 mg GAE/g
	[126]



	Cranberry (Vaccinium macrocarpon) pomace
	Oven-dried (1 h/100 °C) press cake, then ground
	E: microwave press

S: water/ethanol/acetone

M: 3.5 g

T: 125 °C

t: 10 min
	Water

TPC: 0.02 mmol QE/g (extract)

50% ethanol

TPC: 0.12 mmol QE/g

100% ethanol

TPC: 0.30 mmol QE/g

50% acetone

TPC: 0.27 mmol QE/g

100% acetone

TPC: 0.53 mmol QE/g
	[127]



	Cranberry (Vaccinium macrocarpon) pomace
	Freeze-dried and homogenized pomace
	E: microwave extraction unit

S: 96% ethanol and 0.5% trifluoroacetic acid 50 mL

M: 0.5 g

P: 600 W

T: 80 °C

t: 20 min
	TAC (pH differential method): 0.054 g/100 g (berry powder)

TPC (Folin–Ciocalteu): 1.09 g/100 g
	[128]







* Results are expressed as written in the bracket after first given result.
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Table 9. Conditions and results of supercritical fluid extraction of oils and bioactive compounds from berry by-products.






Table 9. Conditions and results of supercritical fluid extraction of oils and bioactive compounds from berry by-products.





	
Source of Waste

	
Pretreatment Method

	
Extraction Conditions (E—Equipment, M—Sample Weight, S—Solvent, p—Pressure, V—Volume, T—Temperature, t—Time, FR—Flow Rate)

	
Oil Yield

	
Fatty Acids Profile (PUFA/MUFA/SFA, Dominant FA)

	
Reference






	
Raspberry, blueberry, blackcurrant, blackberry, strawberry frozen pomaces

	
Air-dried with water rinsing (15 min water rinsing, 24 h drying) pomace

	
S: CO2

M: 3 g

FR: 5.0/2.5 cm3/min

p: 300 bar

T: 70 °C

t: 5 h

Collected by venting into hexane

	
Raspberrypomace 7.5%

Blueberry pomace 9.7%

Blackcurrant pomace 4.6%

Blackberry pomace 6.6%

Strawberry pomace 13.5%

	
Fatty acid yields in mg/g

Raspberrypomace

PUFA: 191.0

MUFA: 61.2

SFA: 50.7

Dominant: C18:2

Blueberry pomace

PUFA: 134.9

MUFA: 74.2

SFA: 25.6

Dominant: C18:2

Blackcurrant pomace

PUFA: 60.3

MUFA: 0.0

SFA: 104.3

Dominant: C18:2

Blackberry pomace

PUFA: 197.0

MUFA: 66.3

SFA: 31.4

Dominant: C18:2

Wild strawberry pomace

PUFA: 145.8

MUFA: 64.0

SFA: 46.8

Dominant: C18:2

	
[130]




	
Raspberry (Rubus idaeus) cv. Willamette seeds

	
Milled seeds

	
E: high pressure extraction plant

S: CO2

M: 70 g

P: 300 bar

T: 40 °C

FR: 0.194 kg/h

t: 3 h

	
8.82%

	
PUFA: 77.90

MUFA: 14.47

SFA: 6.20

Dominant: C18:2 n6

	
[131]




	
Raspberry (Rubus idaeus cv. Polka and cv. Polana)

Chokeberry (Aronia melanocarpa cv. Nero), Strawberry (Fragaria vesca cv. Honeoye, cv. Senga Sengana and cv. Polka) pomaces

	
Pomace dried convectively in industrial vacuum dryers at 70 °C for 8 h. Seeds separated in industrial sieving machines, then crushed in mill crusher and sieved again under CO2 or nitrogen atmosphere

	
E: plant for extraction

S: CO2

M: 14.2 kg strawberry, 14.5 kg chokeberry, 13.3 kg raspberry

p: 250 bar, one step separation at 53 bar

T: 40 °C

FR: 200 kg/h,

t: 180–225 min

with fractionation (particular collection times)

	
Strawberry pomace 18%

Chokeberry pomace 15%

Raspberry pomace 12%

	
Values for first collection (after 15 min)

Strawberry pomace

PUFA: 78.9

MUFA: 15.1

SFA: 5.5

Dominant: C18:2

Chokeberry pomace

PUFA: 76.6

MUFA: 16.4

SFA: 5.4

Dominant: C18:2

Raspberry pomace

PUFA: 84.1

MUFA: 10.8

SFA: 4.8

Dominant: C18:2

	
[132]




	
Blackberry (Rubus ssp. cv. Xavante) seeds

	
Seeds dried in air circulation oven (40 °C/48 h), milled, classified according to particle size using vibratory sieve shaker

	
E: special apparatus

M: 30 g

S: CO2 and propane

p: ranging 15.0–25.0 MPa when using CO2 and 10.0–20.0 MPa when using propane

T: 40.0–70.0 °C for CO2 and 30.0–70.0 °C for propane

t: for CO2: 150 min, propane: 60 min

	
Optimum conditions in brackets

S: CO2 (70 °C, 25 MPa): 1.89%

S: propane (70 °C, 20 MPa): 2.32%

	
-

	
[133]




	
Blackberry (Rubus fruticosus) pomace

	
Pomace dried in the sun and crushed four times in a cylinder mill

	
E: plant scale fluid extractor

S: CO2

M: 3500 g

P: 300 bar

T: 50 °C

FR: 80 kg/h

t: 150 min

	
11.4%

	
FA expressed as g/100 g

PUFA: 58.2

MUFA: 12.6

SFA: 7.2

	
[88]




	
Polyphenol-rich extracts




	
Source of waste

	
Pretreatment

	
Extraction procedure

	
Antioxidant composition

	
Antioxidant activity *

	
Reference




	
Blackcurrant (Ribes nigrum) pomace

	
Lyophilized, ground pomace

	
E: SFE system

M: 15 g

p: 30–55 MPa

T: 30–60 °C

t: 60–150 min

FR: 3.6 g/min

	
Optimum conditions: 45 MPa, 60 °C, 120 min

TPC:

24.34 mg GAE/g extract

	
DPPH: 1.59 mg TE/g (extract)

ORAC: 11.35 mg TE/g

FRAP: 25.00 mg TE/g

	
[135]








* Results are expressed as written in the bracket after first given result.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
/ Berry fruit by-products:
pomaces and seeds

Pretreatment

Alternative extraction
methods:

UAE, MAE, PEF-assisted,

SFE, enzyme-assisted

Conventional extraction
methods

Bioactive
extracts

Antioxidant
composition:
Folin-Ciocalteu, HPLC,

Antioxidant capacity:
DPPH, ABTS, ORAC,

pH differential method FRAP, CUPRAC






nav.xhtml


  applsci-12-01734


  
    		
      applsci-12-01734
    


  




  





media/file2.png
World berry fruits crop production

8050

7050

> o] QO [ ]
Io] L Lo Lo
= o= (=] o
o Eo] - N

[su0} puesnoy}] uondnpoad dos))

2050

1050

50

€303} PITOM

PIsy

adoing

SEOLIDLIY

[E101 PO

esy

adoans)

SRILIIWY

[210] PHIOAL

adoing

SEOLIBLUY

[E101 PO

SEdLPWY

[E393 PIOM

adomsg

SeOTITY

Strawberry Other berries

Cranberry Raspberry

Blueberry






media/file5.jpg
e @ o * e @
CARINRNCN





media/file3.jpg
‘Berry frut by-products:
‘pomaces and seeds

UAE, MAE, PEF-assisted,

SFE, enzyme-assisted






media/file1.jpg
World berry fruits crop production

T oo
[
B odoma

[ jp—

N . o

o

[ [FE

it % % 8 g

{suen puesnou) womnposd das

L[

W o
0 oy

W o

W oy

R oo
N siomy

g 8 ®

Sawbery Orber e

Conbery  Raspberry

Hoeberry






media/file7.jpg
electrodes

)\

0 Qv
{
o

\<\ N
(lof® 'I

" Cell membrane





media/file0.png





media/file8.png





media/file6.png
o @ o *
GG, n(@@“






