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Abstract

:

Featured Application


By-products of the fruit industry such as fruit seeds can be considered as a source of valuable nutrients that should be regained and reused in processing. Berry seed oils with favorable nutritional characteristics, including the composition and distribution of confirmed beneficial fatty acids in triacylglycerol structure, oxidative stability, melting profile and health indices that meet the requirements to be allowed for human consumption, may have applications in the food industry by reintegration into the production chain, which is in agreement with EU politics of circular economy and sustainable development.




Abstract


Proper management of waste is one of the major challenges for the food industry. Fruit seeds are an example of by-products that are rich in bioactive substances and generated in significant amounts during fruit processing. Oils, including those obtained from seeds, should meet certain requirements to be allowed for human consumption. The aim of this study was to determine the quality of oils from black currant, strawberry and cranberry seeds by determining the following parameters: fatty acid composition by gas chromatography, distribution of fatty acids between sn-2 and sn-1,3 positions of triacylglycerols by partial enzymatic hydrolysis, oxidative stability by pressure differential scanning calorimetry and melting characteristics by differential scanning calorimetry. Additionally, health indices of atherogenicity (IA), thrombogenicity (IT) and hypocholesterolemic/hypercholesterolemic (HH) ratio were calculated. It was found that the oils studied were a rich source of unsaturated fatty acids. Linoleic acid was found to occupy the internal position of triacylglycerols in the highest proportion. Black currant and strawberry seed oils were of lower oxidative stability and, in the case of cranberry seed oil, high oxidative stability was determined. The shape of melting curves for black currant and strawberry seed oils indicated the presence of low-melting fractions of triacylglycerols containing polyunsaturated fatty acids. It can be concluded that cranberry seed oil, with low values of IA and IT, high values of HH index and the highest oxidative stability, can be considered the most favorable from a nutritional point of view concerning human health.
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1. Introduction


In 2012, the European Commission (EC) adopted a strategy aimed at counteracting the conflict between ensuring food security and the use of renewable resources, entitled “Innovation in the service of sustainable growth: the bioeconomy for Europe”. The document was updated by the EC in 2023 in the form of an analysis of the drivers of food security [1]. Taking into account the growing number of people requiring food, the demographics of societies, progressing climate change and loss of biodiversity, as well as the previously irresponsible management of natural resources, the idea of an innovative bioeconomy was born. This term covers the sectors of the national economy, including food, pharmaceutical, agriculture, energy and many other industries, using biomass. Biomass refers to renewable resources of biological origin that can be included in processing. In this way, bio-waste can be transformed into a value-added bio-product which can be food, feed or bioenergy. Proper management of waste generated during food production and processing is currently a major challenge for the food industry. The concept of a closed-loop supply chain in the configuration of internal recycling is becoming more and more popular, i.e., a food producer includes its own waste as a raw material for further production, internally or externally. For example: an entity producing cured meats sells waste in the form of animal bones and organs to an entity producing feed, cosmetics or pharmaceuticals [2,3,4].



Fruit and vegetable processing generates large amounts of waste in the form of unused raw material. Due to the perishable nature of fruit and vegetables, tons of bruised, damaged and rotting raw material are discarded. In the fruit industry, many tons of waste in the form of seeds are generated each year, for example during the processing of cherries, because seeds can constitute up to 15% of the fruit weight. It is important to consider that by-products of the fruit processing industry can be a source of biologically active substances that can be isolated and reused, which is in agreement with the EU politics of circular economy and sustainable development. In many studies, researchers have confirmed the presence of bioactive substances in by-products of the fruit industry. The content of lignins and cellulose qualifies cherry seeds as a raw material for the production of activated carbon, which is used in the wine industry to remove ochratoxin A [5]. The hulls can be added to pig feed, enriching it with fiber and minerals. They can also be used as a filler in children’s toys or microwave-responsive hot water bottles. In the cosmetics industry, they can be applied as an ingredient for mechanical exfoliation of the epidermis and for the production of oil with anti-wrinkle properties. Raspberry seed oil, with anti-inflammatory properties, was patented in 1973 and was used in the prevention of gingivitis, eczema and various types of rashes. The patent also mentions its use as an ingredient in shampoos, antiperspirants, lipsticks, toothpastes and after shave lotions [6]. Peach kernel oil is characterized by a low content of saturated fatty acids (approximately 10%) and a high content of linoleic acid, oleic acid and vitamins A and E, which makes it a material of interest in the cosmetics industry. The cake, which is a residue after pressing the oil, is rich in amygdalin and emulsin, i.e., an enzyme that hydrolyzes this glycoside under specific conditions. The reaction product, benzaldehyde, can be distilled off and used as a raw material in the production of the known fragrance cinnamaldehyde. The amygdalin-free cake can then become a high-protein feed with a quality similar to that of linseed or rapeseed cake. On the other hand, apart from pressing the oil, the kernels of the seeds can be reused by the confectionery industry as a raw material for the production of peripan mass [7]. Fruit pomace, e.g., from chokeberry, rosehip, blackcurrant or strawberries, can be used as an ingredient in fruit teas to impart antioxidant properties to the composition. In confectionery products, the addition of expeller can successfully provide a source of precious fiber. Apple pomace, due to its chemical composition, is a good breeding ground for lactic bacteria. Helbig et al. [8] indicate that even the extraction meal, i.e., blackcurrant seeds after pressing the oil, contained valuable ingredients. Researchers identified essential amino acids, iron and fiber in amounts similar to that of fresh pomace.



Black currant seeds, which are the primary waste when obtaining juice from these fruits, consist of approximately 20.3% protein, 55.8% carbohydrates, 1.6% minerals and 14.8% valuable fat. The fatty acids present in the oil are mainly unsaturated: 73.6% are polyunsaturated and 17.3% are monounsaturated. Among polyunsaturated fatty acids, linoleic acid constitutes as much as 47.8% [9]. Black currant seed oil, compared to oils obtained from red currant or gooseberry seeds, is characterized by the highest content of vitamin E, i.e., 1716 mg/kg. At the same time, it contains the most alpha-tocopherol (34.8% of detected tocopherols), which is the most active among the tocopherols [10]. Supplementation with black currant seed oil, according to Tahvonen et al. [11], reduces the level of LDL cholesterol more effectively than supplementation of the most famous fish oil.



Strawberry seeds can consist of up to 20% fat in dry matter. The oil obtained from them is characterized by a high content of polyenic (74.5%) and monoenoic (17.9%) fatty acids. Among them, three main fatty acids can be distinguished: linoleic acid, which constitutes approximately 40% of total fatty acids, alpha-linolenic acid—approximately 34%—and oleic acid—approximately 17%. It should be noted that the high content of alpha-linolenic acid makes this oil a unique source of valuable omega-3 acids [12]. Pieszka et al. [13] detected a significant amount of gamma-tocopherol, i.e., approximately 49 mg/100 g, small amounts of other tocopherol isoforms and trace amounts of tocotrienols in strawberry seed oil.



Cranberry seed oil contains approximately 30–35% alpha-linolenic acid, 35–40% linoleic acid and 20–25% oleic acid. Compared to oils from conventional raw materials, it is therefore characterized by a unique share of omega-3, omega-6 and omega-9 fatty acids [14]. Due to its composition, cranberry seed oil can be potentially used both in the food industry and in the pharmaceutical, cosmetics or perfumery industries. It contains a particularly high content of beta-sitosterol, which is a factor that lowers the content of lipoproteins in the blood; the presence of campesterol and stigmasterol has also been confirmed. It can be used in the treatment of eczema and rashes and the production of face creams, bath oils, toothpastes, hair products and antiperspirants. Yu et al. [15] also noted the impressive ability of cranberry seed oil to chelate Fe2+ ions. Metals can act as catalysts in food oxidation reactions, and chelating agents prevent these chain reactions. Cranberry seed oil contains 0.341 g/100 g of alpha-tocopherol and 0.110 g/100 g of gamma-tocopherol [16]. It should be noted that gamma-tocotrienol (1.235–1.50 g/100 g) is the dominant tocochromanol, which is unique compared to other oils obtained from fruit seeds [14].



The present study aimed to accurately evaluate the quality of black currant, cranberry and strawberry seed oils, including important parameters such as: composition and distribution of fatty acids in triacylglycerol structure, oxidative stability and melting profile. Additionally, heath indices of atherogenicity, thrombogenicity and hypocholesterolemic/hypercholesterolemic ratio were assessed to provide information on the impact of fatty acids present in oils on human health, regarding the risk of atherosclerosis and the likelihood of blood clots, atheroma and thrombus occurrence. Such thorough analysis will be helpful in defining the potential of applying black currant, cranberry and strawberry seed oils in food, cosmetics and pharmaceutical industries.




2. Materials and Methods


2.1. Materials


The research material consisted of oils obtained by extraction with an organic solvent (hexane) using the Soxhlet apparatus from seeds:




	
black currant (Ribes nigrum L.);



	
strawberries (Fragaria L.);



	
cranberries (Vaccinum macrocarpon).








The seeds, presented in Figure 1,were purchased in local eco shops.




2.2. Methods


2.2.1. Oil Extraction from Black Currant, Cranberry and Strawberry Seeds


In order to obtain the oils by hexane extraction using a Soxhlet apparatus, 10 g (±0.001 g) of seeds were weighed on an analytical balance and ground in an IKA Tube Mill (IKA Works GmbH & Co. KG, Staufen, Germany) control with a speed of 10,000 rpm. The seeds crushed in this way were transferred to a thimble which was placed in a Soxhlet apparatus. Hexane (150 mL) was added to the round-bottom flask. Multiple extraction was carried out to obtain 30 overflows in the apparatus in accordance with PN-EN ISO 659:2010 [17]. The obtained extracts were dried with anhydrous magnesium sulfate, which was then filtered off. The solvent was distilled off using a Buchi Rotavapor R-210 vacuum evaporator. Hexane residues from the samples were removed under a nitrogen atmosphere.




2.2.2. Determination of the Fatty Acid Composition of Oils by Gas Chromatography


In order to determine the fatty acid composition by gas chromatography, fatty acids were converted to volatile methyl esters in accordance with PN-EN ISO 5509:2001 [18]. The gas chromatography apparatus YL6100 GC equipped with a flame ionization detector (FID) and a BPX 79 capillary column (filled with stationary phase, length 30 m, internal diameter 0.22 mm, film thickness 0.25 μm) was used. Nitrogen was applied as the carrier gas. The following conditions were used: starting temperature 70 °C/0.5 min; then increasing the temperature from 70 °C to 160 °C at a rate of 15 °C/min; temperature rise from 160 °C to 200 °C at a rate of 1.1 °C/min; 200 °C/12 min; temperature rise from 200 °C to 225 °C at a rate of 30 °C/1 min; end temperature 225 °C/1 min. The detector temperature was 250 °C and the injector temperature was 225 °C. The fatty acids were then identified by comparing the retention times with FAME standard (Supelco 37 Component FAME Mix). For the quantitative analysis of fatty acids, the peak area in the chromatogram was determined and the percentage of a given acid was calculated [19]. The determinations were conducted in 3 replications.




2.2.3. Determination of the Distribution of Fatty Acids between the sn-2 and sn-1,3 Positions of Triacylglycerols by Enzymatic Hydrolysis


In order to determine the structure of triacylglycerols, the method of partial hydrolysis of triacylglycerols with pancreatic lipase was used. For this purpose, 0.1 g of the tested oil was weighed, and then the following were added: 8 cm3 of TRIS-HCl solution with concentration of 1 mol/dm3, pH = 8; 0.5 cm3 of 2.2% CaCl2 solution; 0.2 cm3 of 1% aqueous solution of bile salts. The sample was shaken for 30 s, 20 mg of pancreatic lipase was added and it was shaken again for 30 s. The sample was then incubated in a water bath at 40 °C for 10 min. In order to stop the reaction, 15 cm3 of ethyl alcohol and 5 cm3 of 6 mol/dm3 hydrochloric acid were added. The sample was placed in the centrifuge for 5 min. The top organic layer was then removed. The obtained products were separated by preparative thin layer chromatography (TLC) using silica gel plates, and the chromatogram was developed in a chromatographic chamber. The composition of fatty acids in the sn-2 position of monoacylglycerols was determined by gas chromatography [19]. The comparison of the obtained data and the known initial profile of triacylglycerols allowed determination of the percentage of fatty acids in the sn-1,3 position and fatty acids in the sn-2 position. The following formulas were used:


    sn - 1 , 3 =     3   ×     (   FA   in   TAGi   )  −    ( FA   in   sn - 2   MAG )   2      sn - 2 =     (   FA   in   sn - 2   MAG   )     ×   100 %     3   ×   ( FA   in   TAGi )      








where:



sn-1,3—content of a given fatty acid in sn-1 and sn-3 positions [%];



sn-2—content of a given fatty acid in the sn-2 position [%];



FA in TAGi—content of a given fatty acid in the initial TAG [%];



FA in sn-2 MAG—content of a given fatty acid in sn-2 MAG [%].




2.2.4. Assessment of Oxidative Stability of Oils by Means of Pressure Differential Scanning Calorimetry


The time of induction of the oil oxidation reaction was determined by pressure differential scanning calorimetry with a TA Instruments DSC Q20 apparatus. For this purpose, 3–4 mg of the tested oil was weighed into an aluminum pan. The pan was placed in the pressure chamber with the reference sample, i.e., an identical empty pan. Measurements were carried out in an oxygen atmosphere at a pressure of approx. 1350 kPa. The samples were oxidized at 100 °C and 120 °C [20]. For each sample, 3 replications were performed at each temperature.




2.2.5. Determination of the Melting Characteristics of Oils by Differential Scanning Calorimetry


The melting characteristics were determined by differential scanning calorimetry method using a TA Instruments Q200 DSC apparatus. For this purpose, 3–4 mg of the tested oil was weighed into an aluminum vessel. An identical empty pan was used as a reference sample. The process was carried out under normal pressure with a nitrogen flow of 50 mL/min. The samples in the apparatus were heated to 80 °C, held at this temperature for 10 min, cooled to −80 °C at a rate of 10 °C/min and held at this temperature for 30 min. The melting profile was obtained by heating the samples to 80 °C at a rate of 15 °C/min [20]. Three repetitions were performed for each sample.




2.2.6. Health Indices of Black Currant, Cranberry and Strawberry Seed Oils


Based on the saturated, unsaturated and polyunsaturated fatty acid profiles and n-3:n-6 fatty acid ratio, health indices, such as the index of atherogenicity (IA) and index of thrombogenicity (IT), defined by Ulbritcht and Southgate [21], and hypocholesterolemic/hypercholesterolemic ratio (HH) proposed by Santos Silva et al. [22], were calculated according to equations:


   IA =   C 12 : 0 +  (  4 × C 14 : 0  )  + C 16 : 0    ∑  UFA      IT =   C 14 : 0 + C 16 : 0 + C 18 : 0   0.5 ×  ∑  MUFA +  (  0.5 ×  ∑  n − 6   PUFA  )  +  (  3   ×    ∑  n − 3    PUFA   )  +     n − 3   n − 6          HH =   c i s − C 18 : 1 +  ∑  PUFA   C 12 : 0 + C 14 : 0 + C 16 : 0     












2.2.7. Statistical Analysis


The results were analyzed in the statistical program Statistica 13 using the analysis of variance (ANOVA) and Tukey’s test at the significance level of α = 0.05. Microsoft Excel 2010 was used to calculate the means with standard deviation.






3. Results


3.1. Fatty Acid Composition and Distribution between sn-2 and sn-1,3 Positions of Triacylglycerols


As a result of extraction process, strawberry, black currant and cranberry seed oils were obtained with the yield of 11%, 5% and 12%, respectively. The studied oils were tested using gas chromatography to analyze the composition of fatty acids. The results obtained for cranberry, black currant and strawberry seed oils, the percentage content of fatty acids from particular groups of saturated (SFA), monounsaturated (MUFA) and polyunsaturated fatty acids (PUFA) and the ratio of n-3 to n-6 fatty acids are presented in Table 1. Black currant seed oil was characterized by a very high content of linoleic acid (18:2 n-6c). It also contains large amounts of oleic acid (18:1 n-9c), alpha-linolenic acid (18:3 n-3) and gamma-linolenic acid (18:3 n-6). According to Martysiak-Żurowska and Drapała [12], the high content of gamma-linolenic acid is characteristic of black currant seed oil. Strawberry seed oil was a source of large amounts of linoleic acid (18:2 n-6c), alpha-linolenic acid (18:3 n-3) and oleic acid (18:1 n-9c). These values are consistent with the literature, despite the use of different extraction methods. Among the oils tested in the study, strawberry seed oil was distinguished by a low content of saturated acids (SFA), especially palmitic acid (16:0), and a lack of gamma-linolenic acid. Cranberry seed oil was characterized by the highest content of oleic acid (18:1 n-9c) and alpha-linolenic acid (18:3 n-3) among the tested oils, and the lowest content of linoleic acid (18:2 n-6c). Close to trace amounts of gamma-linolenic acid (18:3 n-6) have been detected. Based on the obtained results, it can be stated that black currant, strawberry and cranberry seed oils are a rich source of polyunsaturated fatty acids. They are also characterized by a high content of monounsaturated fatty acids and low content of saturated fatty acids. Consuming products rich in polyunsaturated fatty acids is very beneficial for human health; additionally, it is crucial to maintain the right proportion of n-3 to n-6 fatty acids. The Western diet is characterized by an increased ratio of n-6 to n-3 fatty acids. Medicine associates this fact with an increased incidence of diseases, such as diabetes, rheumatoid arthritis, inflammatory bowel disease, obesity, asthma, cancer or depression, among the population, because when excessive amounts of n-6 fatty acids are consumed, pro-inflammatory eicosanoids are produced and, consequently, it can result in an inappropriate pro-inflammatory response of the immune system. On the other hand, eicosanoids, which are formed from n-3 fatty acids in the metabolic pathway, are thought to have anti-inflammatory and health benefits. It is proved that the optimal ratio of n-3 to n-6 fatty acids should be between 1:1 and 1:4 [23,24]. The oils tested in the study are characterized by an appropriate ratio of n-3 to n-6 acids. The ratio of these fatty acids for black currant seeds, strawberry seeds and cranberry seed oils are 1:4, 1:1.5 and 1:1.2, respectively.



From nutritional point of view, in addition to the composition of fatty acids, their distribution among internal and external positions in triacylglycerol structure is essential. The three positions where fatty acids can attach via an ester linkage to the glycerol backbone to form triacylglycerol are not equivalent. Fatty acids achieve the best bioavailability at the sn-2 position because it is preserved at all stages of the molecule’s digestion. In natural vegetable oils, it is observed that the most important fatty acids for the human body are esterified in this position [25]. In the study, the distribution of fatty acids between the n-2 and n-1,3 positions of triacylglycerols was studied by enzymatic hydrolysis. The results are shown in Table 2, Table 3 and Table 4 for cranberry seed oil, black currant seed oil and strawberry seed oils, respectively.



Cranberry seed oil was characterized by the highest content of linoleic acid (18:2 n-6c) in the inner position, i.e., 40.85%. The share of this acid in the sn-2 position was 37.21%. This oil also contained 29.53% of oleic acid (18:1 n-9c) in the internal position, the share of which in the sn-2 position was 41.03%. The share of alpha-linoleic acid (18:3 n-3) in the sn-2 position was 28.44%, while this fatty acid was present in this position in the amount of 26.78%. The share of saturated fatty acid (palmitic, 16:0) in the internal position was only 12.39%. Based on the obtained results, it can be stated that the internal position of triacylglycerol in cranberry seed oil was occupied mainly by unsaturated fatty acids, which is typical for oils from plant sources. Similarly, in the case of black currant seed oil, the highest content of linoleic acid (18:2 n-6c) (49.04%) was observed in the internal position. The share of this acid in the sn-2 position was 34.01%. This oil also contained 21.63% of oleic acid (18:1 n-9c) in the internal position, with 44.82% share of this fatty acid in the sn-2 position. Alpha-linolenic acid (18:3 n-3) was present in the sn-2 position of triacylglycerol in 13.47% with the share in this position reaching 29.90%. Black currant seed oil contained 9.17% of gamma-linolenic acid (18:3 n-6) in the internal position, and its share in sn-2 position was detected at the level of 34.27%. The share of saturated fatty acids represented by palmitic fatty acid (16:0) in the internal position amounted to 18.57%. These results correspond to the studies of Martysiak-Żurowska and Drapała [12], who obtained the following shares of fatty acids in the sn-2 position in black currant seed oil: linoleic acid 37.8%, oleic acid 47.5%, alpha-linolenic acid 16.3%, gamma-linolenic acid 37.4% and palmitic acid 19.5%. Strawberry seed oil was characterized by the highest content of linoleic acid (18:2 n-6c) in the internal position, i.e., 49.85%. The share of this acid in the sn-2 position was 37.76%. The share of alpha-linoleic acid (18:3 n-3) in the sn-2 position was 27.31%, while the content of this fatty acid in the internal position reached 24.38%. This oil contained also 20.82% of oleic acid (18:1 n-9c) in the internal position, the share of which in the sn-2 position was detected at the highest level of 40.21%. The share of saturated fatty acid (palmitic acid, 16:0) in the internal position was 25.25%. These results correspond to the studies of Martysiak-Żurowska and Drapała [12], who obtained the following shares of fatty acids in the sn-2 position in strawberry seed oil: linoleic acid 40.2%, alpha-linolenic acid 29.1%, oleic acid 38.2%. This distribution of fatty acids is typical for vegetable oils. In quinoa and amaranth seed oils, unsaturated fatty acids tended to be located in the internal position sn-2 of triacylglycerols. The proportion of saturated fatty acids in the sn-2 position was below 33.3%, which means that saturated fatty acids were mainly located in the external sn-1,3 positions [26]. Similar results for the distribution of fatty acids in triacylglycerol molecules were obtained for avocado pulp oils, that the sn-2 position was occupied mainly by oleic acid. The content of oleic acid in the sn-2 position was about 63% for Hass and 55.3% for the Reed cultivar, and its share in this position reached 34% and 29% for Hass and Reed, respectively [27].




3.2. Oxidative Stability of Cranberry, Black Currant and Strawberry Seed Oils


The induction time of the oxidation reaction at 100 °C and 120 °C was determined for cranberry, black currant and strawberry seed oils in order to assess oxidative stability using pressure differential scanning calorimetry. The results are given in Table 5.



Exemplary pDSC curves of oxidation induction time for cranberry seed oil, black currant seed oil and strawberry seed oils at 120 °C are presented in Figure 2 and at 100 °C in Figure 3. Cranberry seed oil was characterized by the longest induction time of the oxidation reaction both at 120 °C and 100 °C. This was probably due to the high content of oleic acid (18:1 n-9) and the lower content of polyunsaturated fatty acids in comparison to the tested strawberry and black currant seed oils. Oleic acid makes oils such as olive oil or rapeseed oil more stable and resistant to oxidation in comparison to oils rich in polyunsaturated fatty acids. Cranberry seed oil contained the highest amount of oleic acid (23.99%) and the lowest amount of polyunsaturated fatty acids (68.1%) among all the tested oils, and therefore, the induction time of the oxidation reaction in this case was extended and demonstrated good oxidative stability. In addition, cranberry seed oil was characterized by an intense yellow color, which may indicate the presence of natural antioxidants [28]. Strawberry seed oil, with oxidation induction time reaching 50.04 min. at 100 °C and 9.39 min. at 120 °C, was the least stable.




3.3. Melting Characteristics of Cranberry, Black Currant and Strawberry Seed Oils


The melting characteristics of the oils were determined using differential scanning calorimetry. Melting profiles of cranberry, black currant and strawberry seed oils are presented in Figure 4. In the case of the melting curve for cranberry seed oil, two endothermic events were defined. The first phase transition at −33.62 °C indicated the presence of low-melting fractions of triacylglycerols containing polyunsaturated fatty acids. The second peak at −20.80 °C indicated the presence of triacylglycerols rich in monounsaturated fatty acids [29]. Only the curve for cranberry seed oil showed the second endotherm, because this oil contained about seven percentage points more oleic acid than the others and was placed in a statistically separate homogeneous group in the statistical analysis of monounsaturated acids. The presence of the endotherm on the course of melting curve for black currant seed oil, at −37.41 °C, proved the presence of low-melting fractions of triacylglycerols containing mainly polyunsaturated fatty acids, which was in agreement with the fatty acid composition of this oil. Similarly, in the case of the melting profile for strawberry seed oil, one endotherm at −40.23 °C could be observed. This transformation proved the presence of low-melting fractions of triacylglycerols containing mainly polyunsaturated fatty acids. Piasecka et al. [29], who studied other berry seed oils, also determined an endothermic event occurring at −40.35 °C for blackberry seed oil and −40.01 °C for raspberry seed oils.




3.4. Health Indices of Blackcurrant, Cranberry and Strawberry Seed Oils


Taking into account results obtained for cranberry, black currant and strawberry seed oils concerning health indices, such as the atherogenicity index (IA), thrombogenicity index (IT) and hypocholesterolemic/hypercholesterolemic ratio (HH) (Table 1), it can be stated that the studied oils are of favorable nutritional and health values. The lowest atherogenic index was observed for strawberry seed oil (IA = 0.057), whereas the highest value of IA was observed for black currant seed oil (IA = 0.098). Considering the thrombogenicity index, the lowest value was found for strawberry seed oil and the highest value for black currant seed oil. In the case of strawberry and cranberry seed oils, IA and IT values were close, indicating a low incidence of coronary heart disease and beneficial health effects. Strawberry seed oil was also characterized by the highest value of HH index. Black currant seed oil showed a higher IA and IT compared to other studied oils and the lowest value of HH index, which can result in increased risk of cardiovascular disease. Importantly, both IA and IT are proven valuable and well-known indices that can be successfully applied to assess the potential impact of the fatty acid profile of fat on the risk of incidence of cardiovascular disease and the occurrence of blood cloths, atheroma and thrombus. Oils with lower IA and IT values are thought to possess health benefits and minimize the risk of cardiovascular diseases [30,31]. Fats with IA values below 1.0 and IT values below 0.5 are particularly recommended for human consumption. In general, owing to the low IA value, all categories of nut oils have beneficial health effects. In the nut and seed product category, the highest atherogenic index was found for cocoa butter (IA = 0.67). Despite having polyphenolic compounds, cocoa butter lipid contains approximately 60% SFA, 35% MUFA, and a very low amount of PUFA (below 5%) (IA = 0.67, IT = 3.09), showing an increased risk of cardiovascular diseases [32].





4. Conclusions


The study proved that the characteristics of black currant seed, strawberry seed and cranberry seed oils, considering fatty acid composition and distribution in triacylglycerol structure, oxidative stability, melting profile and health indices, allowed the classification of the oils as nutritionally beneficial with potential applications in food, pharmaceutical and cosmetic industries. Taking into account the obtained results, it can be summarized that cranberry seed oil, with favorable fatty acid composition and distribution, low values of atherogenicity and thrombogenicity indices and a high value of hypocholesterolemic/hypercholesterolemic ratio, in addition to the longest oxidation induction time, is the most favorable from a nutritional point of view concerning human health. The oil was characterized by the highest content of oleic acid (18:1 n-9c) and alpha-linolenic acid (18:3 n-3) and a low content of saturated fatty acids, among the tested oils. Additionally, the n-3:n-6 ratio was beneficial and in agreement with dietary recommendations. It is also important to mention that cranberry seed oil had the highest oxidative stability and high nutritional quality, confirmed by low atherogenicity and thrombogenicity indices. The study concluded that oils with lower IA and IT values have health benefits and minimize the risk of cardiovascular diseases. Future research should be focused on searching for new sources of oils from food industry by-products with beneficial nutritional characteristics.
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Figure 1. Black currant (A), cranberry (B) and strawberry (C) seeds. 
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Figure 2. Exemplary pDSC curves of oxidation induction time for cranberry (blue), black currant (black) and strawberry (red) seed oils at 120 °C. 
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Figure 3. Exemplary pDSC curves of oxidation induction time for cranberry (blue), black currant (black) and strawberry (red) seed oils at 100 °C. 






Figure 3. Exemplary pDSC curves of oxidation induction time for cranberry (blue), black currant (black) and strawberry (red) seed oils at 100 °C.
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Figure 4. Melting curves of cranberry (blue), black currant (black) and strawberry (red) seed oils. 
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Table 1. Fatty acid composition [%] and health indices of cranberry, black currant and strawberry seed oils.






Table 1. Fatty acid composition [%] and health indices of cranberry, black currant and strawberry seed oils.





	
Fatty Acid

	
Cranberry Seed Oil

	
Black Currant Seed Oil

	
Strawberry Seed Oil






	
12:0

	
0.01

	
0.06

	
-




	
14:0

	
0.04

	
0.19

	
0.13




	
15:0

	
0.01

	
0.05

	
0.03




	
16:0

	
5.89

	
7.95

	
4.71




	
16:1

	
0.07

	
0.10

	
0.23




	
17:0

	
0.05

	
0.09

	
0.05




	
17:1

	
0.04

	
0.05

	
0.06




	
18:0

	
1.34

	
1.93

	
1.87




	
18:1 n-9c

	
23.99

	
16.09

	
17.26




	
18:2 n-6c

	
36.59

	
48.07

	
44.01




	
18:3 n-6c

	
0.12

	
8.92

	
-




	
18:3 n-3c

	
31.39

	
15.02

	
29.76




	
20:0

	
0.11

	
-

	
1.09




	
20:1

	
0.23

	
1.19

	
0.34




	
22:1 n-9c

	
0.12

	
-

	
0.07




	
other

	
-

	
0.29

	
0.39




	
ΣSFA

	
7.45 ± 0.46 a

	
10.27 ± 1.21 b

	
7.88 ± 0.74 a




	
ΣMUFA

	
24.45 ± 1.89 b

	
17.43 ± 0.97 a

	
17.96 ± 1.02 a




	
ΣPUFA

	
68.1 ± 2.28 a

	
72.01 ± 2.75 b

	
73.77 ± 2.03 b




	
n-3:n-6 ratio

	
1:1.2

	
1:4

	
1:1.5




	
Health indices




	
IA

	
0.065

	
0.098

	
0.057




	
IT

	
0.058

	
0.122

	
0.055




	
HH

	
15.50

	
10.74

	
18.81








Data denoted by different letters (a, b) are statistically different (α = 0.05).
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Table 2. Fatty acid composition in sn-2 and sn-1,3 positions of TAG and the share of fatty acids in internal position (sn-2) of TAG in cranberry seed oil.
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	Fatty Acid
	Fatty Acid Composition

in sn-2 Position

of TAG [%]
	Fatty Acid Composition

in sn-1,3 Positions

of TAG [%]
	Fatty Acid Share

in sn-2 Position

of TAG [%]





	16:0
	2.19
	7.74
	12.39



	18:1 n-9c
	29.53
	21.22
	41.03



	18:2 n-6c
	40.85
	34.46
	37.21



	18:3 n-3c
	26.78
	33.70
	28.44
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Table 3. Fatty acids composition in sn-2 and sn-1,3 positions of TAG and the share of fatty acids in internal position (sn-2) of TAG in black currant seed oil.






Table 3. Fatty acids composition in sn-2 and sn-1,3 positions of TAG and the share of fatty acids in internal position (sn-2) of TAG in black currant seed oil.





	Fatty Acid
	Fatty Acid Composition

in sn-2 Position

of TAG [%]
	Fatty Acid Composition

in sn-1,3 Positions

of TAG [%]
	Fatty Acid Share

in sn-2 Position

of TAG [%]





	16:0
	4.43
	9.71
	18.57



	18:1 n-9c
	21.63
	13.32
	44.82



	18:2 n-6c
	49.04
	47.59
	34.01



	18:3 n-3c
	13.47
	15.80
	29.90



	18:3 n-6c
	9.17
	8.80
	34.27
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Table 4. Fatty acids composition in sn-2 and sn-1,3 positions of TAG and the share of fatty acids in internal position (sn-2) of TAG in strawberry seed oil.






Table 4. Fatty acids composition in sn-2 and sn-1,3 positions of TAG and the share of fatty acids in internal position (sn-2) of TAG in strawberry seed oil.





	Fatty Acid
	Fatty Acid Composition

in sn-2 Position

of TAG [%]
	Fatty Acid Composition

in sn-1,3 Positions

of TAG [%]
	Fatty Acid Share

in sn-2 Position

of TAG [%]





	16:0
	3.57
	5.29
	25.25



	18:1 n-9c
	20.82
	15.48
	40.21



	18:2 n-6c
	49.85
	41.09
	37.76



	18:3 n-3c
	24.38
	32.45
	27.31
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Table 5. Oxidation induction time (OIT) of cranberry, black currant and strawberry seed oils at 100 °C and 120 °C.






Table 5. Oxidation induction time (OIT) of cranberry, black currant and strawberry seed oils at 100 °C and 120 °C.





	Oil
	OIT at 100 °C [min]
	OIT at 120 °C [min]





	Cranberry seed oil
	212.04 ± 3.55 e
	46.09 ± 0.63 c



	Blackcurrant seed oil
	73.00 ± 2.29 d
	17.33 ± 0.41 b



	Strawberry seed oil
	50.04 ± 2.33 c
	9.39 ± 0.46 a







Data denoted by different letters (a, b, c, d, e) are statistically different (α = 0.05).
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