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Abstract

:

This study aims to compare the suitability of three extraction techniques (cold pressing, Soxhlet and supercritical fluid extraction (SFE)) to isolate oil from cherry seeds. Oils were examined in terms of extraction yield, fatty acids profile, tocopherols yield and antioxidant activity. Additionally, influence of SFE parameters was evaluated using one-factor-at-a-time design with pressure (200–350 bar), temperature (40–70 °C), flow rate (0.2–0.4 kg/h) and particle size (<800 µm and >800 µm). Oil yields ranged from 2.50% to 13.02%, whereas the highest yield was achieved with SFE. Samples were rich in polyunsaturated fatty acids, regardless of the applied extraction technique. The main fatty acids were linoleic (46.32–47.29%), oleic (40.89–41.65%), palmitic (6.56–8.00%) and stearic (2.21–2.30%) acid. Total tocopherols yield was between 16.63 mg/100 g oil and 60.61 mg/100 g oil, and highest yield was achieved with SFE. Among the tocopherols, γ-tocopherol was the most abundant, followed by α-, δ- and β-tocopherol. Antioxidant activity was determined using 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic) cation (ABTS) assays, and the results indicated that SFE extracts exhibited better or comparable antioxidant potential compared to traditional techniques. The comparison between modern and conventional extractions for oil recovery demonstrates pros and cons for the possibility of industrial application.
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1. Introduction


The expansion of the world population has caused higher demand for food, resulting in the constantly expanding production of various fruits, vegetables and cereals. Consequently, with increased food processing, there has been a significant growth in agricultural waste leading to adverse environmental effects and economic losses. According to the latest research, food by-products are an affordable natural resource rich in bioactive compounds having a positive health impact, though they are not adequately exploited. Nowadays, people’s awareness of the benefits of a healthy diet has increased, and this awareness has brought up the question of including high-added-value food products to their daily routine [1,2,3].



Sour cherry (Prunus cerasus L.) represents a part of the Rosaceae family, and the majority of the species originates from Europe and Asia. This food has been recognized as ’super-food’ for its valuable impact on human health, since it may be helpful in the treatment of cancer and neurodegenerative diseases [4,5]. This fruit is rarely consumed fresh; on the contrary, it is processed into juices, jams, marmalades, toppings, alcoholic drinks and processed fruit products [6]. The approximate amount of sour cherry production reached 1,479,045 tons in the world in 2020 [7], which leads to the generation of a significant amount of by-products.



The process of recovering oils and lipids from various nutritive and non-nutritive resources [8] has been introduced in various industries, such as cosmetics, elastomer and chemicals. Seeds have been identified as a great source of oil, rich in bioactive compounds having antioxidant, antimicrobial and anti-inflammatory effects [9]. The oil content of sour cherry kernels, when the outer shell is eliminated, is estimated to be 17.0%, similar to soybeans and olives. It is rich in polyunsaturated fatty acids, especially linoleic and linolenic acid. Among monounsaturated fatty acids, oleic acid is present to the greatest extent. Sour cherry seed oil is known to be a resource of vitamins and provitamins, such as tocopherols and carotenoids [2]. Additionally, the oil contains phenolic compounds, sterols, triglycerides and diglycerides. Among phenolic compounds, anthocyanins, flavan-3-ols and hydroxycinnamic acids comprise the majority [6,10].



Throughout history, different traditional techniques to recover oil and bioactive compounds from plants were employed, and these are known as cold-pressing, maceration, percolation, steam distillation, hydrodistillation, solvent extraction and Soxhlet extraction. Cold pressing is a mechanical technique performed in the absence of heat and chemical solvents, which results in obtaining extracts with higher antioxidant potential [11,12]. Other techniques usually include usage of organic solvents that are often detected in traces in the product or include higher temperatures. The latter could result in thermally unstable bioactive compounds being decomposed and overall extract yield reduced [13]. Such limitations have increased the interest of scientists to conduct research with a view of developing modern risk-free and eco-friendly techniques, often referred to as green extraction techniques [14]. The modern extraction techniques have been developed to satisfy industrial demands for lowering solvent consumption, cutting down extraction time and increasing extract yield, while simultaneously maintaining its high quality. In previous years, the most frequently studied extraction techniques from the perspective of industrial use were microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE), pressurized liquid extraction (PLE), pulsed electric field assisted extraction (PEF), enzyme-assisted extraction (EAE) and deep eutectic solvents (DES) extraction. Among different techniques known for their simplicity, non-conventional solvent use, safety and improved extract quality, supercritical fluid extraction (SFE) has been found to have potential use in the food, nutraceutical and pharmaceutical industry [15,16].



The SFE process was primarily introduced to extract caffeine from coffee beans and α-acids from hops [12]. Supercritical CO2 is convenient for use since it can be obtained in high purity, and it is inexpensive, harmless, non-toxic and non-flammable. It does not leave residues in the extract since it can be removed by depressurization [11]. Carbon dioxide stands out for its advantageous critical conditions (pressure of 7.38 MPa and temperature of 31.1 °C), making it suitable for the extraction of thermally unstable or corrodible compounds since it is performed in the absence of oxygen. The major disadvantage of CO2 is low polarity, which is useful for the extraction of the lipophilic compounds, but it is not desirable for the extraction of polar substances. This drawback has been effectively resolved by the addition of modifiers, such as water, methanol, ethanol, acetone and acetonitrile. In this way, it is possible to adjust the polarity and selectivity of the mixture and aim the extraction towards the isolation of the desired compounds [12,17].



Fluid can be converted to a supercritical state when its pressure and temperature exceed the critical point and liquid and gas state become homogeneous. In such a state, fluid possesses the properties of both phases; it has gas-like diffusivity and liquid-like solvating power [9]. Slight modifications of pressure and temperature can alter the characteristics of the supercritical fluid, making it appropriate for selective bioactives recovery [18]. With pressure increase, supercritical fluid has higher density and can easily diffuse into plant material, which enhances the extraction rate. On the other hand, temperature increase creates a rather contradictory effect since the volume of the fluid expands, the density becomes lower and solvating power weakens. At the same time, solute vapor pressure is enhanced. Once these two phenomena become consistent, an effect named “crossover point” occurs. The existence of the crossover point shows the importance of experimental planning in gaining insight into the interaction of pressure and temperature and their impact on the total extraction yield [19]. Additionally, it is important to emphasize the flow rate influence since its increase enhances the concentration gradient, and it is possible to achieve higher extraction yield of target compounds. On the other hand, high flow rate results in short contact time between the plant material and the solvent which is insufficient to perform successful extraction [20].



Due to the lack of data related to sour cherry seed oil, the main goal of this study is to examine the influence of different SFE parameters (pressure, temperature, flow rate and particle size) on the extraction of various bioactives from this food by-product. Samples were compared based on the fatty acid profile, tocopherol content and antioxidant activity. Thus, further optimization of the SFE process and its commercial application could be implemented in order to obtain the extract with the highest yield of particular bioactive compounds.




2. Materials and Methods


2.1. Plant Material


The by-product of cherry seeds was obtained from the local cold-pressed oil factory, PAN-UNION d.o.o. (Novi Sad, Serbia). Cherry seeds were firstly milled in a hammer mill (ABC Engineering, Pančevo, Serbia) and sieved through the vibro-sieve set (CISA Cedaceria Industrial, Barcelona, Spain) to calculate mean particle size. The mean particle size of the milled cherry seeds used for the experimental work was 741 μm. The raw material was afterwards subjected to fractionation on the same vibro-sieve set, and the size of obtained fractions was <800 μm and >800 μm. The fractions were later used to investigate the influence of particle size on the SFE process.




2.2. Reagents


Helium (>99.9997%) and carbon dioxide (99.9%) were purchased from Messer Technogas A.D., Novi Sad. n-Hexane was purchased from Merck KgaA, Darmstadt, Germany. Ethanol was purchased from Sani-Hem D.O.O., Novi Bečej, Serbia. Methanol was purchased from Lach-ner Ltd., Neratovice, Chech Republic. 1,1-Diphenyl-2-picrylhydrazyl-hydrate (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diamonnium salt (ABTS) were purchased from Sigma Aldrich, St. Louis, MO, United States. Supelco 37 component FAMEs mix, DL-α tocopherol (99.9%), rac-β-tocopherol (99%), γ-tocopherol (97.3%) and δ-tocopherol (95.2%) were purchased from Supelco Inc., Bellefonte, PA, USA.




2.3. Extraction Techniques


2.3.1. Cold Pressing


Cold pressing (CP) of the cherry seeds was performed on a screw press (SZR “Mikron”, Temerin, Serbia). The mass of 6 kg of cherry seeds was cold pressed to recover oil. The internal temperature was 70 °C, and the rotation speed was 26 Hz. The cold pressing was conducted in one repetition. Extracted oil was collected and stored in a tank, allowing sedimentation of fine particles. After a few days of sedimentation, oil was sampled from the upper part of the tank, transferred into amber glass bottles of 250 mL, filled to the top (to exclude the presence of O2 as much as possible) and stored at 4 °C until the analysis.




2.3.2. Soxhlet Extraction


For the Soxhlet extraction (SE), 30.0 g of milled cherry seeds was extracted by adequate non-polar solvent in the 1:4 ratio using Soxhlet equipment. The used solvents were n-hexane and methylene chloride (120 mL). The extraction lasted for 6 h and was followed by evaporation of the solvent on a rotary evaporator. Both extractions were performed in one repetition. Obtained extracts were further dried for 24 h at room temperature and stored in amber glass bottles of 250 mL at 4 °C until further analysis.




2.3.3. Supercritical Fluid Extraction


The supercritical fluid extraction (SFE) was performed on a laboratory scale high-pressure extraction plant (HPEP, NOVA-Swiss, Effretikon, Switzerland) described by Pavlić et al. [21]. Cherry seeds (130.0 ± 0.01 g) were placed in the extraction vessel. The experiments lasted for 4 h at different combinations of pressure (200, 275 and 350 bar), temperature (40, 55 and 70 °C) and CO2 flow rate (0.2, 0.3 and 0.4 kg/h), according to the one-factor-at-a-time (OFAT) design, while average sample particle size was constant (741 µm). This approach was used to evaluate the impact of SFE parameters on extracts’ chemical composition and extraction yield. The experimental plan consisted of 9 experiments and was later expanded with 2 additional runs to examine the influence of different sample particle size (<800 and >800 µm) on bioactive compounds yield and antioxidant activity. Sample names, process conditions and extraction yields are given in Table 1.



The extracts were collected in amber glass bottles of 250 mL and kept at 4 °C until further analysis. All the experiments were conducted in one repetition. Total extraction yield for all the performed extraction techniques was gravimetrically determined and calculated according to the following equation:


  Y    [ % ]  =   m a s s   o f   e x t r a c t e d   o i l   m a s s   o f   c h e r r y   s e e d s   × 100  



(1)







The mass of cherry seeds was different in the applied methods, due to the apparatus capacity. However, we were able to apply the same equation in all the yield calculations and express the yield in percents.





2.4. Chemical Analysis


2.4.1. Fatty Acid Profile of the Oils


Fatty acid methyl esters were prepared from extracted lipids using a method based on 14% boron-trifluoride methanol solution, which is the recommended method for this type of sample [22]. Nitrogen was used for drying and removing the solvent from fatty acid (FA) methyl esters. Obtained samples were analyzed at GC Agilent 7890A system (Agilent Technologies, Santa Clara, CA, USA) with FID, automated liquid injection module, equipped with capillary column with fused silica gel (SP-2560, 100 m × 0.25 mm, I.D., 0.20 µm, Supelco Analytical, Bellefonte, PA, USA). The initial temperature was 140 °C with a hold of 5 min. Heating up to 240 °C was in 2 °C increments up, and the hold on 240 °C was 5 min. The injector and detector temperatures were set at 250 °C. Helium was used as a carrier gas (flow rate = 1.26 mL/min). Identification of the fatty acids was achieved based on the comparison of the retention times with retention times of the standards from Supelco 37 component FAMEs mix and data from the internal data library, according to the earlier experiments and GC/MS analysis. The results were expressed as mass of fatty acid or fatty acid group (g) per 100 g of oil.



Evaluation of functional quality of cherry seed oil was conducted by calculating three indices from the FA profile. The ratio between hypocholesterolemic and hypercholesterolemic FAs (h/H) was calculated according to the following equation [23]:


   h H  =   C 18 : 1 + C 18 : 2 + C 18 : 3   C 14 : 0 + C 16 : 0    



(2)







The atherogenocity index (AI) and thrombogenicity index (TI) were calculated according to the following equations [23]:


  A I =   C 14 : 0 + 4  (  C 16 : 0  )     ∑  M U F A +  ∑  ω − 3 +  ∑  ω − 6    



(3)






  T I =   C 14 : 0 + C 16 : 0 + C 18 : 0   0.5 (  ∑  M U F A ) + 3  ∑  ω − 3 + 0.5  ∑  ω − 6 +  (     ∑  ω − 3    ∑  ω − 6    )     



(4)




where C14:0 is myristic acid, C16:0 is palmitic acid, C18:0 is stearic acid, C18:1 is oleic acid, C18:2 is linoleic acid, C18:3 is α-linolenic acid, ΣMUFA is the sum of monounsaturated fatty acids, Σω−3 is the sum of the polyunsaturated ω−3 fatty acids, and Σω−6 is the sum of the polyunsaturated fatty ω−6 acids.




2.4.2. Tocopherols Content


Tocopherols content was measured using high-pressure liquid chromatography according to the modified method [24]. Samples were diluted in n-hexane and filtered through RC 0.45 μm syringe filter (Agilent Technologies Inc., Böblingen, Germany). The HPLC system (Agilent liquid chromatography series 1260) consists of a quaternary pump, an autosampler and a fluorescence detector (Agilent Technologies Inc., Böblingen, Germany). Tocopherols separation was achieved using a normal-phase analytical column Luna® 5 μm, 250 × 4.6 mm Silica (2) 100ALC Column (Phenomenex, Torrance, CA, USA) during a 10 min isocratic analysis run with a tetrahydrofurane—n-hexane mixture (4:96, v/v) as a mobile phase (flow rate: 1.3 mL/min). The column was thermostated at 35 °C. The injection volume was 5 μL. The fluorescence detector was set at 290 nm excitation wavelength and 330 nm emission wavelength. The calibration curve was made for each tocopherol standard (α-, β-, γ- and δ-tocopherol, treated as samples), and it was used for identification and quantification (Figure S1). Experiments were performed in triplicate. The results were expressed as mg of tocopherol per g of cherry seed oil (mg/g oil).




2.4.3. DPPH Assay


Cherry seed oil scavenging capacity towards 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals was measured by the method described by Brand-Williams et al. [25] with slight modifications for lipid samples [26]. A freshly prepared methanol solution of DPPH (65 µM) was adjusted with methanol to reach 0.70 (±0.02) absorbance. Samples were previously diluted in ethyl acetate in a concentration of 50 mg/mL and mixed with DPPH reagent (0.1 mL and 2.9 mL, respectively) in glass tubes and incubated protected from light for 60 min. Freshly prepared Trolox aqueous solutions (0–0.8 mM, R2 = 0.987) were used to obtain the calibration curve (Figure S2). The concentration of DPPH reagent for the calibration curve was in range from 6.25 to 200 mg/L. The standard solution absorbance measurements were conducted in triplicates. Free radical scavenging measurements were performed at 517 nm in triplicates using UV-VIS spectrophotometer (6300 Spectrophotometer, Jenway, Cole-Parmer Ltd., St Neots, UK). The obtained results were expressed as µM of Trolox equivalents (TE) per g of cherry seed oil (µM TE/g).




2.4.4. ABTS Assay


The capacity of cherry seed oil to scavenge ABTS free radicals was measured using the modified method [27]. ABTS stock solution was freshly prepared from mixture (1:1, v/v) of 2.45 mM potassium persulphate aqueous solution and 7 mM ABTS (2,2′-azino-bis-(-3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) aqueous solution and left in a dark place at room temperature for 16 h. ABTS reagent was made by dilution of the stock solution using 96% ethanol to reach 0.70 (±0.02) absorbance; 0.1 mL of sample (previously diluted in ethyl acetate to achieve 50 mg/mL concentration) and 2.9 mL of ABTS reagent were mixed and incubated for 5 h in a dark place. Freshly prepared Trolox aqueous solutions (0–0.8 mM, R2 = 0.987) were used to obtain the calibration curve (Figure S3). The concentration of the ABTS reagent for the calibration curve was in range from 6.25 to 200 mg/L. The standard solution absorbance measurements were conducted in triplicates. Absorbance was measured at 734 nm in triplicates using a UV-VIS spectrophotometer (6300 Spectrophotometer, Jenway, Cole-Parmer Ltd., St Neots, UK). The results were expressed as µM of Trolox equivalents (TE) per g of cherry seed oil (µM TE/g).




2.4.5. Statistical Analysis


ANOVA and Tukey’s test were conducted to compare mean values and determine the differences between SFE parameters as well as differences between extraction techniques. Differences were considered significant if p < 0.05.






3. Results and Discussion


3.1. Extraction Yield


The supercritical fluid extraction yield of cherry seed oil was determined using the one-factor-at-time (OFAT) approach to define the impact of the extraction parameters. The yield of cherry seed oil ranged from 2.50% to 13.02% (Table 2). The highest extraction yield was obtained with SFE (350 bar, 70 °C, 0.4 kg/h; <800 µm), while oil yield with Soxhlet extraction and cold pressing were in the range from 3.19 to 5.15%. According to the literature reports, the yield of cherry seed kernels could be from 2.3% when oil is recovered from sour cherry seeds with an outer shell [28] or up to 17.0% when the outer shell was eliminated [29]. In our work, a pronounced increase in extraction yield was shown for particles smaller than 800 µm, since this fraction mainly consisted of the inner part of cherry seed that is richer in lipid molecules [6]. However, particularly small particles can be a reason for difficulties in supercritical CO2 extraction because of the complex penetration of SC-CO2 into the matrix and the decrease in extraction yield [30]. Since the particle had a pivotal role in extraction yield increase, it is highly possible that Soxhlet extraction would have higher oil yield if the experiment was performed with a sample fraction with a particle size <800 µm. Thus, the difference in extraction yield between SFE and Soxhlet extraction would be significantly smaller. From other SFE parameters, pressure and temperature had a positive effect on extraction yield causing its direct increase. Pressure increase enhances oil solubility, yet temperature increase weakens CO2 density. A cumulative impact of these parameters is possible after reaching cross-over pressure [31].




3.2. Fatty Acid Profile


The content of fatty acids in the cherry seed oil recovered by the SFE technique is shown in Table 2. A total of 11 fatty acids with a content higher than 0.02% were identified. Obtained results point to the presence of saturated, monounsaturated and polyunsaturated fatty acids in the cherry seed oil. The content of saturated fatty acids was between 10.06–10.36% of total fatty acids. Among the saturated fatty acids, palmitic (6.56–8.00%) and stearic (2.21–2.30%) were predominant. Additional saturated fatty acids are identified were myristic (0.05–0.07%), arachidic (0.72–1.10%) and behenic acid (0.23–0.31%). Monounsaturated fatty acids were present in higher percentages (41.96–42.72%), among which oleic acid was the most abundant with its content between 40.89 and 41.65%. Other monounsaturated fatty acids, such as palmitoleic and eicosenoic acid, were observed in significantly smaller amounts (<1%) in comparison with oleic acid. The content of polyunsaturated fatty acid was 47.22–47.68%. Linoleic acid (46.32–47.29%) prevailed compared to other identified acids. It could be noted that the applied extraction technique did not contribute to considerable differences between fatty acid profiles of oil samples recovered by cold pressing, Soxhlet extraction and SFE (Table 2). Comparable findings were reported by Górnaś et al. [33] after having investigated the fatty acid profile of sour cherry seed extracts recovered from different sour cherry cultivars using n-hexane. The most abundant fatty acids were oleic (25.25–45.30%) and linoleic (35.50–46.06%), followed by palmitic, α-eleostearic, stearic and arachidic acid. The other acids, present in less than 1%, were palmitoleic, α-linolenic and gondoic acid. Yılmaz and Gökmen [29] obtained sour cherry seed oil with n-hexane and supercritical CO2, and the results showed that oleic acid was present in the highest amount (46.3%), followed by linoleic acid (41.5%). The fatty acids present in a lower amount were palmitic acid (6.4%), linolenic acid (4.6%) and stearic acid (1.2%). Linoleic and oleic acid are two of the main fatty acids in apple seed oil, grape seed oil, açaí berry oil and black cumin oil as well [22,34,35,36]. Oils rich in unsaturated fatty acids can have a beneficial impact on reducing levels of low-density lipoproteins (LDL) cholesterol and help in treatment of heart diseases [37]. Oils with a larger amount of polyunsaturated fatty acids (PUFA) are highly desirable for pharmaceutical and cosmetic applications [38]. Implementation of oleic acid into everyday nutrition can help in lessening the low-density cholesterol in plasma and decrease the possibility of cardiovascular disorders. Monounsaturated fatty acids are less likely to be susceptible to oxidative reactions, contrary to polyunsaturated fatty acids [39]. Linoleic acid belongs to essential PUFAs, and it has anti-carcinogenic properties and can prevent heart illnesses and autoimmune conditions, as well as skin diseases. Its hydrating characteristics make linoleic acid desirable for use in cosmetic products since it can moisturize and provide elasticity to the skin [40].



It is important to determine the functional quality of oil by calculating the PUFA/SFA ratio, as well as the hypocholesterolemic and hyperholesterolemic fatty acid ratio (h/H), the atherogenicity index (AI) and the thrombogenicity index (TI) [23]. The PUFA/SFA ratio of cherry seed oils was in the range between 4.60 and 4.69 (Table 3), which makes it acceptable for a human diet since oils with a PUFA/SFA ratio below 0.45 are indicated as unsuitable for a human diet because of the possible danger of raising cholesterol levels in blood [41]. Cherry seed oil (CSO) has a higher PUFA/SFA ratio than wheat germ oil [23]. It was noted that CSO h/H was from 6.17 to 6.61; therefore, CSO can be taken into account for use in a human diet. It is similar to olive oil but lower than linseed and sesame oil [42]. The highest level was noted in samples obtained by cold pressing, while the lowest level was in samples recovered by SFE. The atherogenicity index (AI) is useful to show linkage between fatty acids labeled as proatherogenic and antiatherogenic unsaturated fatty acids. Furthermore, the thrombogenicity index (TI) is important to demonstrate a predisposition to develop blood clots inside the vascular system [43]. In cherry seed oil samples, AI and TI were not significantly influenced by extraction technique and SFE extraction parameters. AI was in a range from 0.28 to 0.30, similar to pumpkin seed oil (0.34) and higher than sweet cherry seed oil (0.15) [44] and wheat germ oil (0.22–0.27) [23]. The TI index was 0.19–0.20, lower than in sesame, olive, bacaba and raspberry seed oil [42,45,46].




3.3. Tocopherols Content


Tocopherols comprise a chromanol ring core linked to a 16-carbon side tail. Depending on the number and placement of the methyl group on chromanol ring, tocopherols can exist as α-, β-, γ- and δ- isomers [47]. They represent amphiphilic compounds consisting of a lipophilic side chain linked to a lipid cell membrane, while the hydrophilic part is oriented towards the inner part of the cell. This may be the reason for the more complex extraction of tocopherols than oil and cause impoverishment of plant oils from important bioactive molecules [48].



The tocopherol content of individual and total tocopherols was read from the chromatograms made for each sample. Figure S4 in the Supplementary Material represents the chromatogram from the tocopherol analysis of the SFE performed at 350 bar, 70 °C and 0.3 kg CO2/h. The applied pressure of 200 bar (60.61 mg/100 g cherry seed oil) had the most positive effect on total tocopherol content when temperature, flow rate and sample particle size were held constant (Table 4). At 275 bar, total tocopherol content was lower (47.90 mg/100 g cherry seed oil), whereas it was the lowest at 350 bar (16.63 mg/100 g cherry seed oil). Regarding the individual tocopherol content, the γ-tocopherol yield was highest at 275 bar (30.36 mg/100 g cherry seed oil) but the lowest at 350 bar (14.27 mg/100 g cherry seed oil). A significantly lower amount of α- and δ-tocopherol was observed, and a pressure of 200 bar gave the highest yield of α-tocopherol, while 275 bar was the most favorable for δ-tocopherol (Table 4). The content of β-tocopherol was negligible compared to other tocopherols. The trend of tocopherol extractability can be explained by the higher vitamin E distribution on the seed surface; thus, it can be easily extracted in the first extraction phase, which can clarify its high content in low-yield extracts (Table 2). Extraction of the oil from undamaged cells is less efficient in terms of its tocopherol enrichment because of the complex intraparticular diffusion [49]. Supercritical CO2 at reduced pressure can lead the extraction process towards the selective extraction of tocopherols, but a further pressure increase can contribute to simultaneous extraction of other compounds present in the raw material and decrease tocopherol yield. This was confirmed in this study as well since total tocopherol content was highest at 200 bar (Table 4). At low pressure, oil can be rich in an unsaponifiable fraction contributing to better extraction of lipid-like compounds, including tocopherols, and in that way, tocopherol yield may be enhanced. In addition, another advantage of pressure reduction is a decrease of capital expenses of the SFE process [39,50].



The yield of individual and total tocopherols decreases proportionally with the temperature increase, and it was observed that the highest yields were achieved at 40 °C (42.56 mg/100 g cherry seed oil), yet the lowest were obtained at 70 °C (16.63 mg/100 g cherry seed oil) (Table 4). Temperature can play either a positive or a negative role in the SFE of tocopherol-rich oil since its increase causes the decrease of the solvent density and lower tocopherol yield when the applied pressure is constant [48]. Raising the temperature at a reduced pressure can increase CO2 solvating power and induce an increase of the vapor pressure of significant compounds which makes them preferable for extraction in the oil. However, supercritical CO2 density can be lower at an increased temperature and reduce SC-CO2 solubility [40,51,52]. It has been shown in a study by Benito-Román et al. [53] that tocopherols are not thermosensible, but high temperatures should be avoided to prevent losing the antioxidant activity of the extract.



The CO2 flow rate influenced the individual and total tocopherol content in a similar manner as temperature; therefore, the yield decreased with the flow rate increase. The CO2 flow rate of 0.2 kg/h contributed to the highest tocopherol content (Table 4). Concerning the particular tocopherols, γ-tocopherol content was remarkably higher, compared to α-, β- and δ-tocopherol content. Teslić et al. [23] observed a similar trend during the SFE of wheat germ oil, since CO2 flow rate increase negatively influenced tocopherol content, and this occurrence can be associated with the extraction of other related lipid molecules.



The influence of particle size on tocopherol content was not investigated in the case of the SFE of cherry seed oil. However, the literature reports the significance of properly prepared raw material before the extraction because it helps in mass transfer, but too small particles can cause channeling and aggravate CO2 penetration into the matrix [54]. In this study, it was possible to increase total carotenoid yield 3.5-fold from a fraction smaller than 800 µm compared to another fraction larger than 800 µm (Table 4). Pulverization has proven useful to achieve higher carotenoid extraction yield of paprika [55]. Terpenes and cannabidiol extraction from hemp flowers was also enhanced with a decrease in particle size, expanding the surface contact area, shortening diffusion distance and reducing internal mass transport [56].



Among the tocopherols in cherry seed oil obtained by different extraction techniques, γ-tocopherol was the predominant one, ranging from 12.37 to 40.60 mg/100 g oil. It was followed by α-tocopherol (1.75–10.54 mg/100 g oil) and δ-tocopherol (2.08–8.42 mg/100 g oil). The lowest amount was noted for β-tocopherol, and it was between 0.78 and 1.12 mg/g oil. These results are in accordance with the study by [57], though this work has shown the differences between eight sour cherry cultivars. It is noteworthy that cherry seed oil has higher total tocopherols content than red and white grape seed oil, chia seed oil and poppy seed oil [22,30,58]. For these reasons, cherry seed oil could be a potentially interesting source of vitamin E.



The best performing CO2 extract had a significantly higher amount of total tocopherols (60.61 mg/100 g oil), while cold pressing was comparable to Soxhlet extraction with methylene chloride. A similar observation was made by Benito-Román et al. [53] in the study which compared Soxhlet extraction with hexane and supercritical CO2 extraction of quinoa oil. The SFE extract had higher content of tocopherols compared to the hexane extract. Similarly, the increase in tocopherol content was noted in the work by Sun et al. [48], obtaining higher tocopherol yield in the SFE process compared to Soxhlet extraction with hexane. In the study from Ruttarattanamongkol et al. [39], cold pressing, Soxhlet extraction and SFE of Moringa oleifera seed oil were compared. No major difference between the tocopherol content was observed, but SFE on lower pressure provided higher tocopherol content than other extraction techniques.




3.4. Antioxidant Activity


The basis of the healing effect of natural products is their antioxidant activity. Due to the antioxidant potential, natural products have the ability to protect the cell from damage caused by free radicals and also represent the first barrier and foundation of defense against many degenerative conditions, such as cancer, heart disease, etc. [59]. In addition, the ability to protect cells and tissues from oxidative damage is the reason for their increasingly frequent use not only in the pharmaceutical industry but also in the food industry, where they are successfully used to protect food from oxidation and premature spoilage [60]. Components that contribute to the antioxidant power of natural products are mainly secondary metabolites of plants, such as polyphenols, but also components contained in essential oil as well as lipophilic compounds. All these components have a different mechanism of action as well as a different capacity, and the overall antioxidant activity of the product is affected by different factors. One of the factors that may influence the antioxidant activity of the extracts by causing the differences in their composition and content of antioxidant molecules are extraction techniques as well as extraction solvents [61]. In the frame of this paper, antioxidant activity of cherry seeds extracts was determined by two tests whose parallel application provides a deeper insight into the antioxidant capacity of the extracts. The obtained results are presented in Table 5.



In terms of DPPH test, the obtained results show that extracts made by Soxhlet (4.39 and 4.42 µM Trolox/g oil) and SFE (4.54 µM TE/g oil) extraction have similar ability to neutralize free DPPH radicals, while oil prepared by cold pressing has a slightly higher activity (5.21 µM TE/g oil). On the other hand, in the case of the ABTS assay, more considerable differences were observed in the activity of the tested samples. Namely, the cold-pressed oil (3.62 µM TE/g oil) showed a similar tendency towards the neutralization of ABTS radicals as the extract obtained by Soxhlet extraction using hexane (3.72 µM TE/g oil), and their activities were twice as low as those recorded in the case of the SFE extract (7.50 µM TE/g oil) and the extract obtained with methylene chloride (8.52 µM TE/g oil). Taking into account the results of both performed assays, it can be concluded that the SFE extraction technique offers advantages over other applied techniques and solvents. Although all observed extracts possess a satisfactory degree of anti-radical protection, the process of obtaining SFE extracts involves the use of a non-toxic and environmentally friendly solvent, which marks this extract as “green”. In addition, SFE extracts belong to the group of ready-to-use extracts, so their further application does not require additional purification or removal of solvent traces, and they can be directly incorporated into the desired product. In addition, the process of performing SFE extraction required less time than the other two processes, which makes it a time-effective process.



In comparison to the literature data [57], the obtained results are slightly lower, which can be explained by the differences in the cherry variety, the climatic region and the soil where the plant grew, as well as the solvent used during the extraction (diethyl ether). Nevertheless, taking into account the results of both conducted tests, as well as the advantages of using green extraction technologies, it can be concluded that cherry seed extracts obtained by the SFE technique represent a promising component in the formulation of various functional products. The inclusion of cherry seeds in the formulation of foods is also encouraged by the literature data on the toxicological effects of cherry seed extracts, which showed the absence of harmful effects on human health, keeping the kidney and liver functions intact [62]. Ishak et al. [30] compared commercial cold-pressed oil, SFE and Soxhlet extract in terms of DPPH assay and showed that CO2 extract and Soxhlet extract had better antioxidant potential towards DPPH radical than cold-pressed oil. This can be attributed to higher tocopherol content in these extracts. Pressure and temperature can correspondingly make an impact on antioxidant activity and tocopherol content, but it is possible that tocopherols, together with other antioxidant compounds could have a synergistic effect [63].





4. Conclusions


The emphasis of recent research has been on finding solutions that can cope with the constant rise of agro-industrial waste, minimizing or avoiding the use of dangerous chemical solvents and promoting the use of alternative options to provide high quality extracts. Cherry seed oil is rich in valuable biologically active compounds and can be utilized in the food, pharmaceutical and cosmetics industries. Supercritical fluid extraction (SFE) represents an excellent alternative to conventional extraction techniques; thus, it can lead to cherry seed oil’s further application in other industries. Optimization of the SFE process may be performed to selectively increase the yield of cherry seed oil. In this work, it was shown that it is possible to recover from 2.50 to 13.02% of oil from sour cherry seed, depending on the chosen extraction technique and process parameters. Supercritical extraction parameters, such as pressure, temperature and flow rate had an influence on tocopherol yield, and it can be concluded that extraction at low pressure, temperature and flow rate had a positive impact on tocopherol yield in oil. Additionally, particle size was an important parameter for SFE, since pulverization of the sample can lead to higher extraction yield and tocopherol yield as well. The SFE process could provide antioxidant-potent extracts without the need for purification. This can be taken into account in the case of optimization of the SFE process towards selectively recovering desired bioactives and obtaining high-value-added products. In comparison with other extraction techniques, it is possible to utilize the SFE process to recover “green” extracts free from harmful chemicals.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods12010011/s1, Figure S1: Chromatogram of tocopherol standards (α-, β-, γ-, δ-tocopherol, respectively); Figure S2: Calibration curve and the equation for DPPH assay; Figure S3: Calibration curve and the equation for ABTS assay; Figure S4: Chromatogram for tocopherol analysis of SFE-1 experiment (350 bar, 70 °C, 0.3 kg CO2/h).





Author Contributions


Conceptualization, B.P. and N.T.; methodology, B.P. and N.T.; software, B.P.; validation, B.P., S.R. and Z.Z.; formal analysis, I.D.; investigation, I.D., N.T. and B.P.; resources, B.P and Z.Z.; data curation, I.D. and A.C.K..; writing—original draft preparation, I.D. and A.C.K.; writing—review and editing, B.P., N.T. and S.R.; visualization, N.T.; supervision, B.P. and N.T.; project administration, B.P.; funding acquisition, I.D., B.P. and Z.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Science Fund of the Republic of Serbia 7750168, Novel extracts and bioactive compounds from under-utilized resources for high-value applications—BioUtilize.




Data Availability Statement


Not applicable.




Acknowledgments


This work was supported by the Leadership Development Center Philip Morris within the project Run for the Science2010044 and by the Ministry of Education, Science and Technological Development of the Republic of Serbia (Grant No. 451-03-68/2022-14/200222 and 451-03-68/2022-14/200134).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



del Castillo-Llamosas, A.; del Río, P.G.; Pérez-Pérez, A.; Yáñez, R.; Garrote, G.; Gullón, B. Recent Advances to Recover Value-Added Compounds from Avocado by-Products Following a Biorefinery Approach. Curr. Opin. Green Sustain. Chem. 2021, 28, 100433. [Google Scholar] [CrossRef]

	



Yao, Y.; Xu, B. New Insights into Chemical Compositions and Health Promoting Effects of Edible Oils from New Resources. Food Chem. 2021, 364, 130363. [Google Scholar] [CrossRef] [PubMed]

	



Zia, S.; Khan, M.R.; Shabbir, M.A.; Aadil, R.M. An Update on Functional, Nutraceutical and Industrial Applications of Watermelon by-Products: A Comprehensive Review. Trends Food Sci. Technol. 2021, 114, 275–291. [Google Scholar] [CrossRef]

	



Blando, F.; Oomah, B.D. Sweet and Sour Cherries: Origin, Distribution, Nutritional Composition and Health Benefits. Trends Food Sci. Technol. 2019, 86, 517–529. [Google Scholar] [CrossRef]

	



Serradilla, M.J.; Hernández, A.; López-Corrales, M.; Ruiz-Moyano, S.; de Guía Córdoba, M.; Martín, A. Composition of the Cherry (Prunus avium L. and Prunus cerasus L.; Rosaceae). In Nutritional Composition of Fruit Cultivars; Elsevier Inc.: Amsterdam, The Netherlands, 2015; pp. 127–147. ISBN 9780124081178. [Google Scholar]

	



Yılmaz, F.M.; Görgüç, A.; Karaaslan, M.; Vardin, H.; Ersus Bilek, S.; Uygun, Ö.; Bircan, C. Sour Cherry By-Products: Compositions, Functional Properties and Recovery Potentials–A Review. Crit. Rev. Food Sci. Nutr. 2019, 59, 3549–3563. [Google Scholar] [CrossRef] [PubMed]

	



FAOSTAT. Available online: https://www.fao.org/faostat/en/#home (accessed on 15 October 2022).

	



Geow, C.H.; Tan, M.C.; Yeap, S.P.; Chin, N.L. A Review on Extraction Techniques and Its Future Applications in Industry. Eur. J. Lipid Sci. Technol. 2021, 123, 2000302. [Google Scholar] [CrossRef]

	



Pattnaik, M.; Pandey, P.; Martin, G.J.O.; Mishra, H.N.; Ashokkumar, M. Innovative Technologies for Extraction and Microencapsulation of Bioactives from Plant-Based Food Waste and Their Applications in Functional Food Development. Foods 2021, 10, 279. [Google Scholar] [CrossRef]

	



Madeddu, C.; Roda-Serrat, M.C.; Christensen, K.V.; El-Houri, R.B.; Errico, M. A Biocascade Approach Towards the Recovery of High-Value Natural Products from Biowaste: State-of-Art and Future Trends. Waste Biomass Valorizat. 2021, 12, 1143–1166. [Google Scholar] [CrossRef]

	



Liang, Z.; Zhang, P.; Fang, Z. Modern Technologies for Extraction of Aroma Compounds from Fruit Peels: A Review. Crit. Rev. Food Sci. Nutr. 2022, 62, 1284–1307. [Google Scholar] [CrossRef]

	



Chaves, J.O.; de Souza, M.C.; da Silva, L.C.; Lachos-Perez, D.; Torres-Mayanga, P.C.; Machado, A.P.D.F.; Forster-Carneiro, T.; Vázquez-Espinosa, M.; González-de-Peredo, A.V.; Barbero, G.F.; et al. Extraction of Flavonoids From Natural Sources Using Modern Techniques. Front. Chem. 2020, 8, 507887. [Google Scholar] [CrossRef]

	



Uwineza, P.A.; Waśkiewicz, A. Recent Advances in Supercritical Fluid Extraction of Natural Bioactive Compounds from Natural Plant Materials. Molecules 2020, 25, 3847. [Google Scholar] [CrossRef] [PubMed]

	



Chemat, F.; Abert Vian, M.; Fabiano-Tixier, A.S.; Nutrizio, M.; Režek Jambrak, A.; Munekata, P.E.S.; Lorenzo, J.M.; Barba, F.J.; Binello, A.; Cravotto, G. A Review of Sustainable and Intensified Techniques for Extraction of Food and Natural Products. Green Chem. 2020, 22, 2325–2353. [Google Scholar] [CrossRef]

	



Belwal, T.; Ezzat, S.M.; Rastrelli, L.; Bhatt, I.D.; Daglia, M.; Baldi, A.; Devkota, H.P.; Orhan, I.E.; Patra, J.K.; Das, G.; et al. A Critical Analysis of Extraction Techniques Used for Botanicals: Trends, Priorities, Industrial Uses and Optimization Strategies. TrAC-Trends Anal. Chem. 2018, 100, 82–102. [Google Scholar] [CrossRef]

	



Panzella, L.; Moccia, F.; Nasti, R.; Marzorati, S.; Verotta, L.; Napolitano, A. Bioactive Phenolic Compounds From Agri-Food Wastes: An Update on Green and Sustainable Extraction Methodologies. Front. Nutr. 2020, 7, 60. [Google Scholar] [CrossRef] [PubMed]

	



Tutek, K.; Masek, A.; Kosmalska, A.; Cichosz, S. Application of Fluids in Supercritical Conditions in the Polymer Industry. Polymers 2021, 13, 729. [Google Scholar] [CrossRef]

	



Ahangari, H.; King, J.W.; Ehsani, A.; Yousefi, M. Supercritical Fluid Extraction of Seed Oils—A Short Review of Current Trends. Trends Food Sci. Technol. 2021, 111, 249–260. [Google Scholar] [CrossRef]

	



Getachew, A.T.; Jacobsen, C.; Holdt, S.L. Emerging Technologies for the Extraction of Marine Phenolics: Opportunities and Challenges. Mar. Drugs 2020, 18, 389. [Google Scholar] [CrossRef]

	



Pavlić, B.; Bera, O.; Vidović, S.; Ilić, L.; Zeković, Z. Extraction Kinetics and ANN Simulation of Supercritical Fluid Extraction of Sage Herbal Dust. J. Supercrit. Fluids 2017, 130, 327–336. [Google Scholar] [CrossRef]

	



Pavlić, B.; Pezo, L.; Marić, B.; Tukuljac, L.P.; Zeković, Z.; Bodroža Solarov, M.; Teslić, N. Supercritical Fluid Extraction of Raspberry Seed Oil: Experiments and Modelling. J. Supercrit. Fluids 2020, 157, 104687. [Google Scholar] [CrossRef]

	



Dimić, I.; Teslić, N.; Putnik, P.; Kovačević, D.B.; Zeković, Z.; Šojić, B.; Mrkonjić, Ž.; Čolović, D.; Montesano, D.; Pavlić, B. Innovative and Conventional Valorizations of Grape Seeds from Winery By-Products as Sustainable Source of Lipophilic Antioxidants. Antioxidants 2020, 9, 568. [Google Scholar] [CrossRef]

	



Teslić, N.; Bojanić, N.; Čolović, D.; Fišteš, A.; Rakić, D.; Solarov, M.B.; Zeković, Z.; Pavlić, B. Conventional versus Novel Extraction Techniques for Wheat Germ Oil Recovery: Multi-Response Optimization of Supercritical Fluid Extraction. Sep. Sci. Technol. (Phila.) 2020, 56, 1546–1561. [Google Scholar] [CrossRef]

	



Eisenmenger, M.; Dunford, N.T.; Eller, F.; Taylor, S.; Martinez, J. Pilot-Scale Supercritical Carbon Dioxide Extraction and Fractionation of Wheat Germ Oil. J. Am. Oil Chem. Soc. 2006, 83, 863–868. [Google Scholar] [CrossRef]

	



Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity. LWT 1995, 28, 25–30. [Google Scholar] [CrossRef]

	



Pavlić, B.; Bera, O.; Teslić, N.; Vidović, S.; Parpinello, G.; Zeković, Z. Chemical Profile and Antioxidant Activity of Sage Herbal Dust Extracts Obtained by Supercritical Fluid Extraction. Ind. Crops Prod. 2018, 120, 305–312. [Google Scholar] [CrossRef]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an improved ABTS Radical Cation Decolorization Assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef] [PubMed]

	



Krulj, J.; Pezo, L.; Kojić, J.; Bodroža Solarov, M.; Teslić, N. Quality Evaluation of Cold-Pressed Oils and Semi-Defatted Cake Flours Obtained on Semi-Industrial Scale. J. Food Nutr. Res. 2021, 60, 217–228. [Google Scholar]

	



Yilmaz, C.; Gökmen, V. Compositional Characteristics of Sour Cherry Kernel and Its Oil as Influenced by Different Extraction and Roasting Conditions. Ind. Crops Prod. 2013, 49, 130–135. [Google Scholar] [CrossRef]

	



Ishak, I.; Hussain, N.; Coorey, R.; Ghani, M.A. Optimization and Characterization of Chia Seed (Salvia hispanica L.) Oil Extraction Using Supercritical Carbon Dioxide. J. CO2 Util. 2021, 45. [Google Scholar] [CrossRef]

	



Montañés, F.; Catchpole, O.J.; Tallon, S.; Mitchell, K.A.; Scott, D.; Webby, R.F. Extraction of Apple Seed Oil by Supercritical Carbon Dioxide at Pressures up to 1300 bar. J. Supercrit. Fluids 2018, 141, 128–136. [Google Scholar] [CrossRef]

	



Dimić, I.; Pezo, L.; Rakić, D.; Teslić, N.; Zeković, Z.; Pavlić, B. Supercritical Fluid Extraction Kinetics of Cherry Seed Oil: Kinetics Modeling and Ann Optimization. Foods 2021, 10, 1513. [Google Scholar] [CrossRef]

	



Górnaś, P.; Rudzińska, M.; Raczyk, M.; Mišina, I.; Soliven, A.; Segliņa, D. Composition of Bioactive Compounds in Kernel Oils Recovered from Sour Cherry (Prunus cerasus L.) by-Products: Impact of the Cultivar on Potential Applications. Ind Crops Prod. 2016, 82, 44–50. [Google Scholar] [CrossRef]

	



Ferrentino, G.; Giampiccolo, S.; Morozova, K.; Haman, N.; Spilimbergo, S.; Scampicchio, M. Supercritical Fluid Extraction of Oils from Apple Seeds: Process Optimization, Chemical Characterization and Comparison with a Conventional Solvent Extraction. Innov. Food Sci. Emerg. Technol. 2020, 64. [Google Scholar] [CrossRef]

	



Albakry, Z.; Karrar, E.; Mohamed Ahmed, I.A.; Oz, E.; Proestos, C.; el Sheikha, A.F.; Oz, F.; Wu, G.; Wang, X. Nutritional Composition and Volatile Compounds of Black Cumin (Nigella sativa L.) Seed, Fatty Acid Composition and Tocopherols, Polyphenols, and Antioxidant Activity of Its Essential Oil. Horticulturae 2022, 8, 575. [Google Scholar] [CrossRef]

	



de Cássia Rodrigues Batista, C.; de Oliveira, M.S.; Araújo, M.E.; Rodrigues, A.M.C.; Botelho, J.R.S.; da Silva Souza Filho, A.P.; Machado, N.T.; Carvalho, R.N. Supercritical CO2 Extraction of Açaí (Euterpe oleracea) Berry Oil: Global Yield, Fatty Acids, Allelopathic Activities, and Determination of Phenolic and Anthocyanins Total Compounds in the Residual Pulp. J. Supercrit. Fluids 2015, 107, 364–369. [Google Scholar] [CrossRef]

	



Fidelis, M.; de Moura, C.; Kabbas, T.; Pap, N.; Mattila, P.; Mäkinen, S.; Putnik, P.; Kovačević, D.B.; Tian, Y.; Yang, B.; et al. Fruit Seeds as Sources of Bioactive Compounds: Sustainable Production of High Value-Added Ingredients from by-Products within Circular Economy. Molecules 2019, 24, 3854. [Google Scholar] [CrossRef] [PubMed]

	



Górnaś, P.; Rudzińska, M. Seeds Recovered from Industry By-Products of Nine Fruit Species with a High Potential Utility as a Source of Unconventional Oil for Biodiesel and Cosmetic and Pharmaceutical Sectors. Ind. Crop. Prod. 2016, 83, 329–338. [Google Scholar] [CrossRef]

	



Ruttarattanamongkol, K.; Siebenhandl-Ehn, S.; Schreiner, M.; Petrasch, A.M. Pilot-Scale Supercritical Carbon Dioxide Extraction, Physico-Chemical Properties and Profile Characterization of Moringa Oleifera Seed Oil in Comparison with Conventional Extraction Methods. Ind. Crop. Prod. 2014, 58, 68–77. [Google Scholar] [CrossRef]

	



Dorado Achicanoy, D.; Hurtado Benavides, A.; Martínez-Correa, H.A. Study of Supercritical CO2 Extraction of Tamarillo (Cyphomandra betacea) Seed Oil Containing High Added Value Compounds. Electrophoresis 2018, 39, 1917–1925. [Google Scholar] [CrossRef]

	



Marić, B.; Abramović, B.; Ilić, N.; Krulj, J.; Kojić, J.; Perović, J.; Bodroža-Solarov, M.; Teslić, N. Valorization of Red Raspberry (Rubus idaeus L.) Seeds as a Source of Health Beneficial Compounds: Extraction by Different Methods. J. Food Process. Preserv 2020, 44, 14744. [Google Scholar] [CrossRef]

	



Hashempour-Baltork, F.; Torbati, M.; Azadmard-Damirchi, S.; Savage, G.P. Chemical, Rheological and Nutritional Characteristics of Sesame and Olive Oils Blended with Linseed Oil. Adv. Pharm. Bull. 2018, 8, 107–113. [Google Scholar] [CrossRef]

	



Khalili Tilami, S.; Kouřimská, L. Assessment of the Nutritional Quality of Plant Lipids Using Atherogenicity and Thrombogenicity Indices. Nutrients 2022, 14, 3795. [Google Scholar] [CrossRef] [PubMed]

	



Siano, F.; Straccia, M.C.; Paolucci, M.; Fasulo, G.; Boscaino, F.; Volpe, M.G. Physico-Chemical Properties and Fatty Acid Composition of Pomegranate, Cherry and Pumpkin Seed Oils. J. Sci. Food Agric. 2016, 96, 1730–1735. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, R.H.H.; Sena, C.; Santos, O.V.; da Costa, W.A.; Rodrigues, A.M.C.; Carvalho, R.N. Extraction of Bacaba (Oenocarpus Bacaba) Oil with Supercritical CO2: Global Yield Isotherms, Fatty Acid Composition, Functional Quality, Oxidative Stability, Spectroscopic Profile and Antioxidant Activity. Grasas Y Aceites 2018, 69, 246. [Google Scholar] [CrossRef]

	



Marić, B.; Pavlić, B.; Čolović, D.; Abramović, B.; Zeković, Z.; Bodroža-Solarov, M.; Ilić, N.; Teslić, N. Recovery of high-content ω–3 fatty acid oil from raspberry (Rubus idaeus L.) seeds: Chemical composition and functional quality. LWT 2020, 130, 109627. [Google Scholar] [CrossRef]

	



Zhang, F.; Zhu, F.; Chen, B.; Su, E.; Chen, Y.; Cao, F. Composition, Bioactive Substances, Extraction Technologies and the Influences on Characteristics of Camellia Oleifera Oil: A Review. Food Res. Int. 2022, 156, 111159. [Google Scholar] [CrossRef]

	



Sun, Q.; Shi, J.; Scanlon, M.; Xue, S.J.; Lu, J. Optimization of Supercritical-CO2 Process for Extraction of Tocopherol-Rich Oil from Canola Seeds. LWT 2021, 145, 111435. [Google Scholar] [CrossRef]

	



Santos, K.A.; da Silva, E.A.; da Silva, C. Supercritical CO2 Extraction of Favela (Cnidoscolus quercifolius) Seed Oil: Yield, Composition, Antioxidant Activity, and Mathematical Modeling. J. Supercrit. Fluids 2020, 165, 104981. [Google Scholar] [CrossRef]

	



Vidović, S.; Vasić, A.; Vladić, J.; Jokić, S.; Aladić, K.; Gavarić, A.; Nastić, N. Carbon Dioxide Supercritical Fluid Extracts from Yarrow and Rose Hip Herbal Dust as Valuable Source of Aromatic and Lipophilic Compounds. Sustain. Chem. Pharm. 2021, 22, 100494. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, C.; Zha, X.; Mei, Y.; Xia, J.; Jiao, Z. Supercritical Carbon Dioxide Extraction of β-Carotene and α-Tocopherol from Pumpkin: A Box-Behnken Design for Extraction Variables. Anal. Methods 2017, 9, 294–303. [Google Scholar] [CrossRef]

	



Kagliwal, L.D.; Patil, S.C.; Pol, A.S.; Singhal, R.S.; Patravale, V.B. Separation of Bioactives from Seabuckthorn Seeds by Supercritical Carbon Dioxide Extraction Methodology through Solubility Parameter Approach. Sep. Purif. Technol. 2011, 80, 533–540. [Google Scholar] [CrossRef]

	



Benito-Román, O.; Rodríguez-Perrino, M.; Sanz, M.T.; Melgosa, R.; Beltrán, S. Supercritical Carbon Dioxide Extraction of Quinoa Oil: Study of the Influence of Process Parameters on the Extraction Yield and Oil Quality. J. Supercrit. Fluids 2018, 139, 62–71. [Google Scholar] [CrossRef]

	



Cvjetko Bubalo, M.; Vidović, S.; Radojčić Redovniković, I.; Jokić, S. New Perspective in Extraction of Plant Biologically Active Compounds by Green Solvents. Food Bioprod. Processing 2018, 109, 52–73. [Google Scholar] [CrossRef]

	



Kostrzewa, D.; Dobrzyńska-Inger, A.; Reszczyński, R. Pilot Scale Supercritical CO2 Extraction of Carotenoids from Sweet Paprika (Capsicum annuum L.): Influence of Particle Size and Moisture Content of Plant Material. LWT 2021, 136, 110345. [Google Scholar] [CrossRef]

	



Luca, S.V.; Kittl, T.; Minceva, M. Supercritical CO2 Extraction of Hemp Flowers: A Systematic Study to Produce Terpene-Rich and Terpene-Depleted Cannabidiol Fractions. Ind. Crop. Prod. 2022, 187, 115395. [Google Scholar] [CrossRef]

	



Stryjecka, M.; Michalak, M.; Cymerman, J.; Kiełtyka-Dadasiewicz, A. Comparative Assessment of Phytochemical Compounds and Antioxidant Properties of Kernel Oil from Eight Sour Cherry (Prunus cerasus L.) Cultivars. Molecules 2022, 27, 696. [Google Scholar] [CrossRef] [PubMed]

	



Dąbrowski, G.; Czaplicki, S.; Konopka, I. Composition and Quality of Poppy (Papaver somniferum L.) Seed Oil Depending on the Extraction Method. LWT 2020, 134, 110167. [Google Scholar] [CrossRef]

	



Mota, J.C.; Almeida, P.P.; Freitas, M.Q.; Stockler-Pinto, M.B.; Guimarães, J.T. Far from Being a Simple Question: The Complexity between in Vitro and in Vivo Responses from Nutrients and Bioactive Compounds with Antioxidant Potential. Food Chem. 2023, 402, 134351. [Google Scholar] [CrossRef]

	



Cvetanović, A.; Yan, L. A Closer Look on Polyphenols Isolation by Subcritical Water Extraction as First Choice Green Technique for Their Extraction from Medicinal Plants. In A Closer Look at Polyphenolics; Bertollini, P., Ed.; Nova Science Publishers: New York, NY, USA, 2022; ISBN 9781685074340. [Google Scholar]

	



Zengin, G.; Cvetanović, A.; Gašić, U.; Dragićević, M.; Stupar, A.; Uysal, A.; Şenkardes, I.; Sinan, K.I.; Picot-Allain, M.C.N.; Ak, G.; et al. UHPLC-LTQ OrbiTrap MS Analysis and Biological Properties of Origanum Vulgare Subsp. Viridulum Obtained by Different Extraction Methods. Ind Crop. Prod. 2020, 154, 112747. [Google Scholar] [CrossRef]

	



Bak, I.; Czompa, A.; Csepanyi, E.; Juhasz, B.; Kalantari, H.; Najm, K.; Aghel, N.; Varga, B.; Haines, D.D.; Tosaki, A. Evaluation of Systemic and Dermal Toxicity and Dermal Photoprotection by Sour Cherry Kernels. Phytother. Res. 2011, 25, 1714–1720. [Google Scholar] [CrossRef]

	



Gustinelli, G.; Eliasson, L.; Svelander, C.; Alminger, M.; Ahrné, L. Supercritical CO2 Extraction of Bilberry (Vaccinium myrtillus L.) Seed Oil: Fatty Acid Composition and Antioxidant Activity. J. Supercrit. Fluids 2018, 135, 91–97. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Extraction techniques and process conditions.






Table 1. Extraction techniques and process conditions.





	
Sample Name

	
Technique

	
Extraction Conditions






	
CSO-CP

	
CP

	
26 Hz, t = 70 °C




	
CSO-Hex

	
SE

	
Solvent: n-hexane, 1:4, 6 h




	
CSO-MH

	
Solvent: methylene chloride, 1:4, 6 h




	

	
SFE

	
Factor 1

Pressure (bar)

	
Factor 2

Temperature (°C)

	
Factor 3

Flow rate (kg CO2/h)

	
Particle size (µm)




	
CSO-SFE-1

	
350

	
70

	
0.3

	
741




	
CSO-SFE-2

	
275

	
70

	
0.4

	
741




	
CSO-SFE-3

	
350

	
55

	
0.4

	
741




	
CSO-SFE-4

	
350

	
70

	
0.4

	
741




	
CSO-SFE-5

	
350

	
40

	
0.4

	
741




	
CSO-SFE-6

	
200

	
70

	
0.4

	
741




	
CSO-SFE-7

	
350

	
70

	
0.2

	
741




	
CSO-SFE-8

	
350

	
70

	
0.4

	
<800




	
CSO-SFE-9

	
350

	
70

	
0.4

	
>800








CP—cold pressing, SE—Soxhlet extraction, SFE—Supercritical fluid extraction.
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Table 2. Oil yield and fatty acid composition of cherry seed oils recovered by different extraction techniques.
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Parameter

	
Extraction Technique




	
SFE

	
CP

	
SE

	
SE




	
Extraction Conditions




	
70 °C, 0.4 kg/h

	
350 bar, 0.4 kg/h

	
350 bar, 70 °C

	
350 bar, 70 °C, 0.4 kg/h

	
26 Hz, t = 70 °C

	
n-Hexane

1:4, 6 h

	
Methylene Chloride

1:4, 6 h




	
Pressure Influence

	
Temperature Influence

	
CO2 Flow Rate Influence

	
Particle Size Influence

	

	

	




	
200 bar

	
275 bar

	
350 bar

	
40 °C

	
55 °C

	
70 °C

	
0.2 kg/h

	
0.3 kg/h

	
0.4 kg/h

	
<800 µm

	
>800 µm

	

	

	






	
Oil yield (%)

	
3.98 *

	
4.50 *

	
5.54 *

	
4.93 *

	
5.31 *

	
5.54 *

	
2.50 *

	
3.86 *

	
5.54 *

	
13.02 *

	
3.62 *

	
4.00

	
3.19

	
5.15




	
Fatty acids (g/100 g cherry seed oil)




	
Myristic acid (C14:0)

	
0.07

	
0.06

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.04

	
0.04

	
0.05




	
Palmitic acid (C16:0)

	
8.00

	
7.07

	
6.67

	
6.56

	
6.59

	
6.67

	
6.92

	
6.74

	
6.67

	
6.91

	
6.71

	
6.35

	
6.55

	
6.62




	
Palmitoleic acid (C16:1)

	
0.44

	
0.40

	
0.38

	
0.38

	
0.39

	
0.38

	
0.39

	
0.39

	
0.38

	
0.37

	
0.38

	
0.38

	
0.38

	
0.37




	
Stearic acid (C18:0)

	
2.30

	
2.23

	
2.24

	
2.21

	
2.21

	
2.24

	
2.24

	
2.22

	
2.24

	
2.29

	
2.28

	
2.27

	
2.19

	
2.21




	
Oleic acid (C18:1n9c)

	
40.89

	
41.29

	
41.15

	
41.33

	
41.65

	
41.15

	
41.11

	
41.21

	
41.15

	
40.80

	
41.61

	
41.92

	
41.44

	
41.46




	
Linoleic acid (C18:2n6c)

	
46.32

	
46.83

	
47.29

	
47.26

	
47.26

	
47.29

	
47.16

	
47.25

	
47.29

	
47.37

	
46.68

	
46.82

	
47.17

	
47.00




	
Arachidic acid (C20:0)

	
0.94

	
1.03

	
1.10

	
1.10

	
0.72

	
1.10

	
1.04

	
1.08

	
1.10

	
1.09

	
1.14

	
1.10

	
1.10

	
1.12




	
Eicosenoic acid (C20:1n9)

	
0.43

	
0.43

	
0.42

	
0.43

	
0.43

	
0.42

	
0.43

	
0.41

	
0.42

	
0.43

	
0.42

	
0.43

	
0.43

	
0.43




	
α-Linolenic acid (C18:3n3)

	
0.33

	
0.33

	
0.32

	
0.32

	
0.33

	
0.32

	
0.33

	
0.33

	
0.32

	
0.32

	
0.33

	
0.33

	
0.32

	
0.33




	
Eicosadienoic acid (C20:2n6)

	
0.06

	
0.06

	
0.07

	
0.07

	
0.07

	
0.07

	
0.06

	
0.07

	
0.07

	
0.07

	
0.07

	
0.07

	
0.07

	
0.09




	
Behenic acid (C22:0)

	
0.23

	
0.28

	
0.31

	
0.30

	
0.30

	
0.31

	
0.28

	
0.25

	
0.31

	
0.30

	
0.32

	
0.30

	
0.32

	
0.32








*—Dimić et al. [32] CP—cold pressing SE—Soxhlet extraction.
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Table 3. Functional quality indices of cherry seed oils recovered by different extraction techniques.
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Parameter

	
Extraction Technique




	
SFE

	
CP

	
SE

	
SE




	
Extraction Conditions




	
70 °C, 0.4 kg/h

	
350 bar, 0.4 kg/h

	
350 bar, 70 °C

	
350 bar, 70 °C, 0.4 kg/h

	
26 Hz, t = 70 °C

	
n-hexane

1:4, 6 h

	
Methylene Chloride

1:4, 6 h




	
Pressure Influence

	
Temperature Influence

	
CO2 Flow Rate Influence

	
Particle Size Influence

	

	

	




	
200 bar

	
275 bar

	
350 bar

	
40 °C

	
55 °C

	
70 °C

	
0.2 kg/h

	
0.3 kg/h

	
0.4 kg/h

	
<800 µm

	
>800 µm

	

	

	






	
Functional quality indices




	
SFA

	
11.53

	
10.66

	
10.36

	
10.22

	
9.87

	
10.36

	
10.52

	
10.34

	
10.36

	
10.50

	
10.65

	
10.06

	
10.19

	
10.31




	
MUFA

	
41.76

	
42.12

	
41.96

	
42.13

	
42.47

	
41.96

	
41.93

	
42.02

	
41.96

	
42.42

	
41.60

	
42.72

	
42.25

	
42.26




	
PUFA

	
46.70

	
47.22

	
47.68

	
47.65

	
47.66

	
47.68

	
47.55

	
47.64

	
47.68

	
47.08

	
47.76

	
47.22

	
47.56

	
47.42




	
UFA

	
88.47

	
89.34

	
89.64

	
89.78

	
90.13

	
89.64

	
89.48

	
89.66

	
89.64

	
89.50

	
89.35

	
89.94

	
89.81

	
89.69




	
Ratio S/U

	
0.13

	
0.12

	
0.12

	
0.11

	
0.11

	
0.12

	
0.12

	
0.12

	
0.12

	
0.12

	
0.12

	
0.11

	
0.11

	
0.11




	
AI

	
0.36

	
0.32

	
0.30

	
0.29

	
0.29

	
0.30

	
0.31

	
0.30

	
0.30

	
0.30

	
0.31

	
0.28

	
0.29

	
0.30




	
TI

	
0.23

	
0.21

	
0.20

	
0.19

	
0.19

	
0.20

	
0.20

	
0.20

	
0.20

	
0.20

	
0.20

	
0.19

	
0.19

	
0.19




	
h/H

	
5.11

	
5.84

	
6.17

	
6.31

	
6.32

	
6.17

	
5.95

	
6.11

	
6.17

	
6.21

	
5.90

	
6.61

	
6.34

	
6.27




	
PUFA/SFA

	
4.05

	
4.43

	
4.60

	
4.66

	
4.83

	
4.60

	
4.52

	
4.61

	
4.60

	
4.48

	
4.49

	
4.69

	
4.67

	
4.60








CP—cold pressing SE—Soxhlet extraction.
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Table 4. Tocopherol yield of cherry seed oils recovered by different extraction techniques.
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Parameter

	
Extraction Technique




	
SFE

	
CP

	
SE

	
SE




	
Extraction Conditions




	
70 °C, 0.4 kg/h

	
350 bar, 0.4 kg/h

	
350 bar, 70 °C

	
350 bar, 70 °C, 0.4 kg/h

	
26 Hz, t = 70 °C

	
n-Hexane

1:4, 6 h

	
Methylene Chloride

1:4, 6 h




	
Pressure Influence

	
Temperature Influence

	
CO2 Flow Rate Influence

	
Particle Size Influence

	




	
200 bar

	
275 bar

	
350 bar

	
40 °C

	
55 °C

	
70 °C

	
0.2 kg/h

	
0.3 kg/h

	
0.4 kg/h

	
<800 µm

	
>800 µm

	

	

	






	
Tocopherol (mg/100 g cherry seed oil)




	
α-tocopherol

	
10.54 ± 1.97 f

	
7.60 ± 0.45 e

	
3.29 ± 0.31 a,b

	
6.84 ± 0.33 e

	
5.09 ± 0.84 b,c,d

	
3.29 ± 0.31 a,b

	
7.75 ± 0.10 e

	
3.70 ± 0.53 a,b

	
3.29 ± 0.31 a,b

	
6.25 ± 0.34 c,d,e

	
1.75 ± 0.17 a

	
6.39 ± 0.08 c,d,e

	
7.13 ± 0.18 e

	
4.71 ± 0.28 b,c




	
β-tocopherol

	
1.05 ± 0.03 b,c

	
1.11 ± 0.11 c

	
0.78 ± 0.07 b

	
1.06 ± 0.13 b,c

	
0.92 ± 0.07 b,c

	
0.78 ± 0.07 b

	
1.04 ± 0.01 b,c

	
0.85 ± 0.08 b,c

	
0.78 ± 0.07 b

	
1.00 ± 0.06 b,c

	
tr a

	
1.07 ± 0.25 b,c

	
1.12 ± 0.09 c

	
0.93 ± 0.09 b,c




	
γ-tocopherol

	
40.60 ± 7.74 e

	
32.26 ± 1.79 d,e

	
12.37 ± 1.50 a

	
28.61 ± 1.38 c,d

	
21.50 ± 4.21 c

	
12.37 ± 1.50 a

	
30.89 ± 0.60 d

	
14.32 ± 2.42 a,b

	
12.37 ± 1.50 a

	
23.85 ± 1.46 c,d

	
6.23 ± 1.28 a

	
25.22 ± 0.05 c,d

	
31.47 ± 0.86 d

	
26.06 ± 1.56 c,d




	
δ-tocopherol

	
8.42 ± 1.46 f

	
6.93 ± 0.42 e,f

	
3.01 ± 0.16 a

	
6.05 ± 0.33 c,d,e

	
4.72 ± 0.64 b,c

	
3.01 ± 0.16 a

	
6.53 ± 0.12 d,e

	
3.35 ± 0.37 a,b

	
3.01 ± 0.16 a

	
5.13 ± 0.25 c,d

	
2.08 ± 0.20 a

	
5.41 ± 0.18 c,d

	
6.64 ± 0.17 d,e

	
5.68 ± 0.18 c,d,e




	
Total tocopherols

	
60.61 ± 11.21 f

	
47.90 ± 2.76 e

	
19.45 ± 1.91 a,b

	
42.56 ± 2.18 d,e

	
32.22 ± 5.62 c,d

	
19.45 ± 1.91 a,b

	
46.22 ± 0.81 e

	
22.22 ± 3.33 b,c

	
19.45 ± 1.91 a,b

	
36.22 ± 2.10 d,e

	
10.06 ± 1.57 a

	
38.09 ± 0.54 d,e

	
46.36 ± 1.18 e

	
37.37 ± 1.93 d,e








The results are presented as mean ± SD, n = 3. Different letters within the same row indicate significant differences between applied extraction techniques according to Tukey’s HSD test (p < 0.05). CP—cold pressing SE—Soxhlet extraction.
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Table 5. Antioxidant activity of cherry seed oils recovered by different extraction techniques.
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Parameter

	
Extraction Technique




	
SFE

	
CP

	
SE

	
SE




	
Extraction Conditions




	
70 °C, 0.4 kg/h

	
350 bar, 0.4 kg/h

	
350 bar, 70 °C

	
350 bar, 70 °C, 0.4 kg/h

	
26 Hz, t = 70 °C

	
n-Hexane

1:4, 6 h

	
Methylene Chloride

1:4, 6 h




	
Pressure Influence

	
Temperature Influence

	
CO2 Flow Rate Influence

	
Particle Size Influence

	

	

	




	
200 bar

	
275 bar

	
350 bar

	
40 °C

	
55 °C

	
70 °C

	
0.2 kg/h

	
0.3 kg/h

	
0.4 kg/h

	
<800 µm

	
>800 µm

	

	

	






	
Antioxidant activity (µM TE/g oil)




	
DPPH

	
3.40 ± 0.00 b,c

	
6.22 ± 0.08 h

	
4.54 ± 0.41 e

	
2.18 ± 0.02 a

	
3.74 ± 0.30 c,d

	
4.54 ± 0.41 e

	
5.57 ± 0.41 g,h

	
4.70 ± 0.29 e,f

	
4.54 ± 0.41 e

	
2.99 ± 0.08 b

	
4.92 ± 0.17 e,f,g

	
5.21 ± 0.03 f,g

	
4.39 ± 0.23 d,e

	
4.42 ± 0.08 e




	
ABTS

	
6.62 ± 0.19 b,c

	
7.98 ± 0.05 e,f

	
7.50 ± 0.14 d,e

	
3.28 ± 0.19 a

	
6.23 ± 0.32 b

	
7.50 ± 0.14 d,e

	
8.46 ± 0.22 f

	
7.53 ± 0.10 d,e

	
7.50 ± 0.14 d,e

	
7.14 ± 0.20 c,d

	
7.60 ± 0.27 d,e

	
3.62 ± 0.10 a

	
3.72 ± 0.15 a

	
8.52 ± 0.09 f








The results are presented as mean ± SD, n = 3. Different letters within the same column indicate significant differences between applied extraction techniques according to Tukey’s HSD test (p < 0.05). CP—cold pressing SE—Soxhlet extraction.
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