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Abstract

:

To find the most optimal green valorization process of food by-products, sugar beet (Beta vulgaris L.) leaves (SBLs) were freeze-dried and ground with/without liquid nitrogen (LN), as a simple sample pretreatment method, before ultrasound-assisted extraction (UAE) of polyphenols. First, the water activity, proximate composition, amino acid (AA) and fatty acid (FA) profiles, and polyphenol oxidase (PPO) activity of dried and fresh SBLs were evaluated. Then, conventional extraction (CE) and UAE of polyphenols from SBLs using water/EtOH:water 14:6 (v/v) as extracting solvents were performed to determine the individual and combined effects of the sample preparation method and UAE. In all the freeze-dried samples, the specific activity of PPO decreased significantly (p ≤ 0.05). Freeze-drying significantly increased (p ≤ 0.05) the fiber and essential FA contents of SBLs. The FA profile of SBLs revealed that they are rich sources of oleic, linoleic, and α-linolenic acids. Although freeze-drying changed the contents of most AAs insignificantly, lysine increased significantly from 7.06 ± 0.46% to 8.32 ± 0.38%. The aqueous UAE of the freeze-dried samples without LN pretreatment yielded the most optimal total phenolic content (TPC) (69.44 ± 0.15 mg gallic acid equivalent/g dry matter (mg GAE/g DM)) and excellent antioxidant activities. Thus, combining freeze-drying with the aqueous UAE method could be proposed as a sustainable strategy for extracting bioactive compounds from food by-products.
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1. Introduction


As the population of the world is growing sharply, providing food security to meet the optimal dietary needs of consumers has become a vital issue over the past few decades. Thus, it is necessary to find new sustainable food supplies [1,2]. On the other hand, the increased food production arising from this overpopulation leads to a noticeable generation of by-products, which may cause many environmental concerns [3]. However, these by-products could be considered nutritional resources as they possess high quantities of fiber, minerals, antioxidants, proteins, etc. [4]. Therefore, not only does the valorization of these by-products provide health benefits to consumers, but it can also increase global food security [5,6].



Sugar beet (Beta vulgaris L.) is one of the most prominent edible plants cultivated in Europe, where approximately 200 million tons of this plant are harvested annually. The leaves of this crop remain mostly unexploited as a by-product, of which 120 million tons per year are produced only in Europe [7]. Sugar beet leaves (SBLs) are more nutritious than beetroot, as they are rich in essential amino acids (AAs) and fatty acids (FAs), proteins, and polyphenols. Therefore, they could be considered a potent source of bioactive compounds, making them a potential food matrix to further analyze their valorization capacity [8,9,10]. Thus, the efficient and sustainable disposal of SBLs needs to be evaluated following the full-component utilization concept proposed by Zhang et al. (2021) [11]. However, it has been reported that there is high polyphenol oxidase (PPO) activity in SBLs [12], which may decrease the efficiency of extracting polyphenols [6]. In addition, the high moisture content of SBLs makes them perishable and difficult to store. Thus, it is required to apply a pretreatment on them before the extraction of bioactive compounds [13]. Drying the plant tissues is often suggested before the extraction process to reduce the moisture and overall deterioration of bioactive compounds [14].



The significance of pretreating samples has mostly been neglected in experimental designs. Finding faster, cheaper, and more environmentally friendly pretreatments is a determining factor in the valorization processes [15]. Freeze-drying or lyophilization is one of the mild procedures for removing water, which is proven to be the most optimal technique for preserving the sensitive compounds of food because of lower temperature and pressure, and the absence of water [16]. Therefore, it could be an appropriate treatment to overcome the problems stemming from the high moisture content of SBLs. The low temperature in this process maintains nutrients and bioactive compounds optimally and controls the undesirable effects of the Maillard reaction [16] and enzymatic browning [17]. However, the freeze-drying process could be very energy-consuming [18], and in some cases, it deteriorates the content of polyphenols [19,20]. Therefore, it is necessary to find a solution to control these problems. A possible option for overcoming the problems of freeze-drying is grinding the samples under liquid nitrogen (LN) before the drying process. In this method, the food matrix, which is ground into small particles, is freeze-dried [21]. LN is used for many cooling and cryogenic applications and boils at −195.80 °C in atmospheric pressure. Grinding plant tissues with LN using mortar and pestle is a widely utilized approach for recovering intracellular compounds [22]. It is crucial to appraise the impact of LN before and after freeze-drying on the bioactive compounds present in food by-products as a pretreatment before the extraction. Thus, the sample treatment method was designed as shown in Figure 1.



In addition to the sample preparation, selecting a proper extraction method is another key factor for achieving high yields of bioactive compounds, together with reducing the amount of solvent, and saving time and energy. Since conventional extraction (CE) methods, such as maceration, have many drawbacks, an attractive alternative is the ultrasound-assisted extraction (UAE) method, which is considered a green technology [13]. In the UAE method, the pressure and cavitation of ultrasonic waves lead to the disruption of the plant cell membrane, which results in the release of target components [23]. To our knowledge, there is no research investigating the combined effect of freeze-drying with LN treatment and UAE on the quantity and quality of bioactive compounds.



Therefore, this study aimed to evaluate the individual and combined effects of the sample preparation method and UAE on the bioactive compounds of SBLs. It was anticipated that the proper procedure of sample preparation and extraction conditions could positively impact the efficiency of the results. Therefore, proximate composition, water activity, and AA and FA profiles were first analyzed to better elaborate the chemical properties of different treatments of SBLs. Secondly, the PPO activity of SBLs was investigated to understand its connection with total phenolic content (TPC) and the antioxidant activity of the phenolic extracts, which were evaluated at the final stage of this project.




2. Results and Discussion


2.1. Proximate Composition and Water Activity of SBLs


The concentration of simple components in the plant tissues could have a noticeable impact on the freeze-drying process. For instance, high lipid content may decrease the quality of lyophilized products [21]. Table 1 shows the proximate composition and water activity of SBLs. There is no significant difference (p > 0.05) among the ash contents of different treatments. Various quantities of ash have been reported for SBLs in the literature, such as 17.76 g/100 g dry matter (DM) [24], 16.40 g/100 g DM [25], and 20.80 g/100 g DM, which are higher than the results of the present paper [26]. This could be due to the different chemical compositions of sugar beets with various agronomic traits, harvest time, and environmental factors (e.g., the geographical region, climate, and soil specifications) [24].



Since water content highly impacts the degradation of sensitive compounds, knowing the content of moisture and water activity of raw material is essential [27]. The results show that there are significant differences (p ≤ 0.05) between the moisture content and water activity of fresh SBLs (FL) and other treatments. The lower moisture content in lyophilized SBLs ground with LN before freeze-drying (NFD) could be related to the smaller size of leaves’ particles as water is released more readily from ground leaves. Moreover, the freezing rate in LN pretreatment significantly influences ice formation and determines the drying rate. When LN is used to freeze samples, the liquid changes to ice rapidly with a higher freezing rate and smaller crystal size [28], and the number of ice crystals increases. The size of crystals can affect the rate of drying [21]. Sublimation of fast-frozen food with small-sized ice crystals occurs rapidly in the first drying stage of the freeze-drying [18]. Based on these, in LN-pretreated samples (i.e., NFD), the moisture content decreases more efficiently. Alfaro et al. (2018) reported the same decrease in moisture content when they evaluated the effect of LN pretreatment on the osmotic dehydration of blueberries [29]. Since the freeze-drying method is very energy-consuming and requires a long drying period [18], the decrease in the moisture content by pretreating samples with LN could decrease the time required for drying and consequently, reduce the energy needed for the freeze-drying process.



The decrease in water activity after freeze-drying could be considered a beneficial factor for preserving bioactive compounds because lower water activities result in an increased viscosity preventing the mobility of compounds and chemical reactions [30]. However, Maldonado-Astudillo et al. (2019) reported that polyphenols are more extractable in higher water activities, although the changes in the phenolic content are minor in low water activities [31].



According to the results, there was a significant decrease in the crude protein content of all the freeze-dried SBLs (p ≤ 0.05). Since freeze-drying causes stresses such as exposure to ice-water interfaces, cold denaturation, and freeze-concentration, it can reduce the content of protein in plant tissues [32]. Moreover, this decrease could result from an overestimation of the protein content of FL as the Kjeldahl method uses a nitrogen-to-protein conversion factor, considering most of the nitrogen in the leaves as protein. Therefore, different amounts of non-protein nitrogen in samples cause this overestimation [33]. After all, it should be noted that the quality of proteins is more important than their quantity. Thus, it is necessary to characterize the AA profile of SBLs to specify the protein quality after freeze-drying.



Despite the decrease in protein content after freeze-drying, the crude protein content in SBLs is still high compared to the literature. The protein content of the SBLs on the basis of DM has been reported as 24.02 g/100 g [24], 22.8 g/100 g [25], and 19.4 g/100 g [34]. All these quantities are lower than the protein content found in SBLs in the present paper. The high protein content of SBLs makes them a promising source of sustainable vegetal protein, meeting the requirements of vegetarian and vegan people. Furthermore, the consumption of plant proteins could reduce cardiovascular diseases [35]. For all adults above 18 years old, the recommended dietary allowance of proteins is 0.83 g of protein/kg body weight/day [36]. Therefore, according to the total protein measured in the present paper, consumption of 2.89 g DM of FDN/kg body weight/day can meet the recommended protein intake of the body.



There is a significant increase (p ≤ 0.05) in the fiber content of all the freeze-dried SBLs. Most parts of the fiber found in sugar beet are soluble pectin and insoluble hemicellulose, with small quantities of lignin and cellulose [37]. Therefore, it is possible that SBLs also have the same constituent. Fernandez et al. (2017) [38] reported that the fiber content in the leaves of Beta vulgaris L. is approximately 2.93 g/100 g, almost identical to the results obtained in the present paper. Dietary fibers contain carbohydrate polymers with some non-carbohydrate components showing many health benefits, including the inhibition of obesity, diabetes, stroke, hypertension, and coronary heart disease [39]. Therefore, the high fiber content in the SBLs could have health benefits.



Moreover, fiber and polyphenols in plant-based food are essential in preventing metabolic alterations. When fiber and polyphenols reach the colon, they are fermented by the microbiota, resulting in the generation of short-chain fatty acids. These fatty acids regulate food intake and improve the expression of anorectic hormones in the colon [40]. It is reported that the fiber concentrations of sugar beet are practical in enhancing the rheological properties of meat products, resulting in acceptable structural or textural characteristics [37]. Moreover, Asadi et al. reported that the enrichment of cookies with beetroot leaves powder increased their crude fiber content from 0.78 ± 0.33% to 12.82 ± 0.32 [41]. Therefore, SBLs could be used in formulating functional foods with high health benefits for consumers.



Abdo et al. (2020) reported that the crude lipid content of beetroot leaves was 0.43 ± 0.04 g/100 g DM [42]. Furthermore, Kiskini et al. (2016) reported that SBLs aged three months have a lipid content of 4.20 g/100 g [25]. Since the leaves were going to be subjected to the extraction of polyphenols in the next stage of the project, estimating the lipid content is essential because the first step in extracting polyphenols is the removal of lipids (defatting) from the food matrix [27]. In the present paper, the lipid content of raw material is low (1.16 ± 0.05 g/100 g), and there was no need to remove lipids from the leaves before the extraction of polyphenols. Even though freeze-drying decreased the fat content of SBLs significantly (p ≤ 0.05), they had significantly higher lipid content (p ≤ 0.05) when they were pretreated with LN. However, this small increase could be beneficial to consumers as it has been reported that lipids can interact with polyphenols and protect them in their passage through the gastrointestinal tract, making it easy to deliver polyphenols to the lower parts of the gastrointestinal tract [43]. Thus, the lipid content in the SBLs is beneficial in the absorbance of polyphenols into the body.




2.2. Amino Acid Profile of Fresh and Lyophilized Leaves


AAs are categorized as nonessential and essential based on the ability of the body to synthesize them. The human body cannot synthesize essential AAs, and the only source for these AAs is dietary protein. Moreover, some nonessential AAs (e.g., arginine, cysteine, glutamine, glycine, proline, and tyrosine) could become essential in conditions such as premature birth. Thus, to overcome the deficiency of AAs and for the proper functioning of the body, it is crucial to consume dietary proteins containing all AAs [36].



SBLs possess a balanced amino acid profile. The presence of essential AAs, including threonine, leucine, phenylalanine, isoleucine, valine, lysine, and methionine, reveals the particular nutritional quality of SBLs [24]. Table 2 shows the AA profile of SBLs treated with different methods. Figure 2 shows the representative chromatograms corresponding to the AA profiles of freeze-dried and fresh SBLs. The results show that SBLs contain a significant number of essential AAs, such as threonine, valine, phenylalanine, isoleucine, leucine, lysine, and methionine. Furthermore, glutamic acid has the highest concentration. This compound could be used as a food additive in the form of monosodium glutamate, a well-known flavor enhancer [24]. Therefore, the powder of SBLs could be used as a flavor enhancer as it has a high quantity of glutamic acid.



Most of the changes in the AA content of the leaves were insignificant (p > 0.05) after the freeze-drying and LN treatments. However, there were some significant increases in the content of some important AAs, including aspartic acid, lysine, valine, and isoleucine. The increase in the content of lysine after freeze-drying is a positive result as it is an essential AA, and its recommended intake ranges from 30 to 64 mg/kg body weight/day in different age groups [36]. Moreover, valine and isoleucine have positive effects on muscle development. Aspartic acid is also vital in synthesizing arginine, lysine, methionine, threonine, and isoleucine [24]. Since SBLs are rich sources of these AAs, they could be used as food supplements.




2.3. Fatty Acid Profile of SBLs


FAs are regarded as one of the most crucial nutrients for humans, and they are categorized according to the presence or absence of double bonds as saturated (SFA), monounsaturated (MUSFA), and polyunsaturated fatty acids (PUSFA) [44].



Table 3 summarizes the FA profile of fresh and treated SBLs. The results show some significant increases in short-chain and medium-chain SFAs in the freeze-dried and LN-treated samples. Although SFAs are correlated to some metabolic diseases, it is also widely acknowledged that their metabolic impacts differ according to their chain length. For instance, while long-chain SFAs are known to cause metabolic diseases, medium-chain SFAs have beneficial effects in promoting metabolism [45]. Many FAs, such as lauric, linoleic, and myristic acids are known to have antibacterial and antifungal properties [44]. Therefore, it could be claimed that the health benefits of freeze-dried SBLs are greater than those of fresh SBLs as the short-chain SFAs are generally used for their antibacterial, antiviral, and antioxidant properties, as human immunity enhancers and digestion improvers, and for other health-benefiting functions [46].



Freeze-drying increased the essential FAs (i.e., linoleic acid and α-linolenic acid) significantly (p ≤ 0.05). As anticipated, the results show that SBLs are a rich source of omega-3 and omega-6 which are the principal constituents of the membrane glycerolipids and the photosynthetic tissues of leaves [47]. Similar to the present paper, it was also reported that dried red beet leaves contain critical polyunsaturated FAs, such as linoleic acid and α-linolenic acid [10]. Similarly, Shukla et al. (2018) reported that Cassia tora leaves possess a high quantity of essential FAs [44]. Consuming foods rich in α-linolenic acid can prevent disorders such as prostate cancer, rheumatoid arthritis, colon cancer, coronary diseases, and brain cancer [10]. Moreover, co-supplementing omega-3 FAs and vitamin E can reduce the very low-density lipoprotein (VLDL) [48]. Thus, SBLs could have many anti-disease effects on consumers.



However, arachidonic acid decreased significantly (p ≤ 0.05) after the freeze-drying. The change in the unsaturated FAs results from the attachment of oxygen atoms, the disruption of fatty acid molecules at the site of double bonds, the breakdown of these unstable intermediates, and the formation of oxygen derivatives of organic compounds [49]. In addition, the results show that SBLs are rich in oleic acid content. MUSFAs such as oleic and palmitoleic fatty acids can reduce the level of low-density lipoproteins (LDL) and maintain the level of high-density lipoproteins (HDL) constant, which is vital to controlling blood levels of cholesterol in the plasma [50].




2.4. Polyphenol Oxidase Activity of SBLs


The enzymatic browning of plant foods results from mechanical and physical stresses happening in the processing and storage of food products. This reaction is mainly driven by PPO, an intracellular o-diphenol oxidase [51]. PPO is a copper-containing oxidoreductase enzyme that uses polyphenols as a substrate in the enzymatic browning reaction [5]. This reaction occurs when the cell structure ruptures, and the subsequent interaction between PPO and polyphenols causes a color change and a decrease in antioxidant activity, leading to the deterioration of the nutritional properties of food matrices. In addition, the reaction between PPO and polyphenols gives rise to their oxidation, resulting in a decrease in TPC, which negatively impacts the extraction process of polyphenols from food by-products. Therefore, finding a suitable method for reducing the disadvantages derived from PPO is crucial [6]. Partial or full cessation of PPO activity could be achieved by removing the enzyme substrates (e.g., polyphenols), controlling the pH of the medium, adding sodium sulfite and ascorbic acid, or thermal inactivation [52]. Some studies have reported that freeze-drying can deactivate the PPO enzyme [53].



Figure 3a indicates the specific activity of PPO. Freeze-drying significantly decreased (p ≤ 0.05) the specific activity of PPO in SBLs, causing a reduced enzymatic browning in the PPO extract of freeze-dried SBLs, as shown in Figure 3b. This inactivation is consistent with the results obtained by Valadez-Carmona et al. (2017) [53]. They reported that freeze-drying reduced the activity of PPO by 52% in cacao pod husks. The reduction in PPO activity could result from an increase in the H+ concentration during freezing, which can change the pH value by three units, reducing the stability of PPO [30]. The reduction in PPO content may positively affect the extraction of polyphenols from food by-products since the reaction between PPO and polyphenols gives rise to their oxidation resulting in a decrease in TPC [6]. Therefore, the decrease in PPO obtained by the freeze-drying method can improve the extraction efficiency of polyphenols. The changes among the freeze-dried SBLs were insignificant, although there was a minuscule increase in the PPO activity of samples treated with LN. PPO in plant cells exists in both free and bound states. The free PPO mostly exists in the cell serum, and the bound PPO is mainly present in chloroplasts and vacuoles. These two states of PPO can be changed by freezing, as it can partially inactivate the free state enzymes, while part of the bound state enzymes in the cell wall and other organelles can be released and converted into the free state due to freezing [28].




2.5. Total Phenolic Content (TPC) and Antioxidant Activity of Extracts


In many studies, plant leaves are considered a potential source of bioactive compounds providing health benefits to consumers [3,54,55,56]. Polyphenols are one of these biologically active substances possessing antibacterial, antifungal, anti-inflammatory, and anti-cancer properties [5]. SBLs are rich in polyphenols with high antioxidant activity [57]. De Castro et al. (2019) reported that freeze-dried red beet leaves are a potential dietary food product that can prevent obesity [58]. Lorizola et al. (2018) investigated the impact of phenolic compounds of SBLs on oxidative liver damage in mice fed with a high-fat diet, and they reported that dried SBLs decreased the adverse impacts of this diet on lipid metabolism, reduced fasting blood glucose levels, lowered cholesterol levels, and decreased glutathione peroxidase and glutathione reductase activities in mice [59]. Moreover, consuming SBLs could be beneficial due to their high polyphenol content because polyphenols can inhibit acetylcholinesterase, which is an enzyme linked to the development of Alzheimer’s disease. Indeed, acetylcholinesterase is involved in the metabolic hydrolysis of acetylcholine at cholinergic synapses in the central and peripheral nervous system and deteriorates the level of the neurotransmitter acetylcholine. Polyphenols block the action of acetylcholinesterase and thus enhance the brain’s level of acetylcholine [60].



Figure 4 illustrates the TPC of the phenolic extracts obtained from the SBLs using the CE and UAE (i.e., ethanolic and aqueous) methods. The results from the two-way ANOVA showed that the extraction method and sample preparation method both have significant effects (p ≤ 0.05) on the results. Although the aqueous UAE of lyophilized SBLs ground without LN (FD) had the highest TPC (69.44 ± 0.15 mg gallic acid equivalent/g dry matter (mg GAE/g DM)), it had the lowest TPC (15.12 ± 0.19 mg GAE/g DM) when extracted using ethanolic CE. These results show that the extraction conditions, including the sample preparation method and extracting solvent type, are important for achieving the optimal results. It is reported that the content of polyphenols in food by-products may be affected by the freeze-drying technique [61]. Tan et al. (2020) showed that freeze-drying is the most optimal drying method for maintaining total polyphenols and their antioxidant activities [62]. Moreover, Esteban-Lustres et al. (2022), comparing the effect of freeze-drying and conventional drying treatments before UAE, reported that the freeze-drying procedure improves the extraction yield of polyphenols from food waste [13]. On the other hand, some research has reported the negative effect of this process on polyphenols [19,20].



Sakakibara et al. (2003) pretreated fresh vegetables and fruits using nitrogen before freeze-drying, and they reported that these samples had a good phenolic recovery efficiency ranging from 68 to 92% [63]. The reason for the higher TPC in LN-pretreated samples could be related to the higher freezing rate of these samples compared to the other samples frozen in the refrigerator. Rapid freezing of food matrices using LN has the advantages of a high heat transfer coefficient, fast freezing rate, short freezing time, and the formation of small ice crystals, which can result in better preservation of nutrients [28,64]. However, this was true only when we used ethanol as the extracting solvent.



The TPCs of all freeze-dried samples in the present paper are noticeably higher than the results obtained by Duck et al. (2022) when they extracted polyphenols using UAE from SBLs. The highest TPC reported by them was 17.89 ± 0.38 mg GAE/g DM, which was extracted from dried SBLs with a 2:100 solid:liquid ratio (w/v), 100% amplitude, and 9 min extraction time [8]. Therefore, it could be confirmed that the method proposed in the present paper is a reliable procedure with good efficiency. Moreover, Abdo et al. (2020) reported that ethanolic extracts of beetroot leaves recovered instantly had a TPC of 8.54 mg GAE/g DM [42]. The lower yield of TPC in their work could be related to the extraction method they used to recover polyphenols.



Arjeh et al. (2022) extracted polyphenols from the flesh and peel of freeze-dried sugar beet root using the UAE method and methanol and ethanol as solvents, and the highest TPC yielded was 19.70 ± 1.10 mg GAE/g DM in the methanolic extract of its peel, which is much lower than the TPC obtained by the aqueous UAE of FD in the present paper [65]. Goyeneche et al. (2020) recovered polyphenols from beetroot leaves using supercritical CO2 extraction, and the best result obtained was a TPC of 3.37 mg GAE/g DM and DPPH of 1.45 mg Trolox equivalent/g dry matter (mg TE/g DM) [56]. Bengardino et al. (2019) optimized the recovery of polyphenols from beet leaves and they reported a TPC of 31.70 mg GAE/g DM [55]. Therefore, the SBLs have more phenolic content than their root. Ebrahimi et al. (2022) reported that the phenolic extracts of SBLs are rich in pyrogallol, 4-hydroxybenzoic acid, and syringic acid [57].



Figure 5 shows the antioxidant activity of the phenolic extracts of the SBLs. The antioxidant activity is highly connected to the quantity of polyphenols. However, it should be noted that the type and quality of phenolic compounds are more responsible for the amount of antioxidant activity than their quantity [5]. According to the results, UAE increased the TPC and antioxidant activities in almost all the samples. The reason for this could be the ability of the UAE to increase the penetration of the solvent into the solid matrix and facilitate the mass transfer rate of phenolic compounds from the food matrix to the solvent [66]. Moreover, UAE could cause a decrease in the PPO content of food matrices by changing the environment of the enzyme, disrupting Vander Wall binding and hydrogen bonding in the enzyme, which results in loss of enzyme activity [67]. This can increase the extractability of polyphenols, which results in higher antioxidant activity.



Over the last few decades, the industrial community has had a massive push to utilize sustainable processing for the production of food [68]. According to the results, the aqueous UAE of the SBLs pretreated only with freeze-drying had the most optimal TPC and antioxidant activity. Thus, it could be proposed that extracting polyphenols from the freeze-dried sample using water, as a green solvent, and UAE, as a green extraction method, is an effective process that can increase the efficiency of the valorization of food by-products. UAE enhances the efficiency of the extraction process by having a shorter process time, better penetration, lower solvent consumption, and higher extraction yield. Therefore, UAE could be considered a sustainable alternative to CE methods [66,69]. In addition, water is a suitable extracting solvent broadly applied for the extraction of biologically active compounds [70]. Kumar et al. (2020) highlighted that when cold water was used to extract polyphenols from the lyophilized leaves of Talinum triangulare L., the obtained TPC was higher than that of other solvents [71].





3. Materials and Methods


3.1. Materials and Chemicals


The SBLs were of a sugar beet plant (Beta Vulgaris L., var. SMART DJERBA-KWS) aged 10 months (March–January 2021), cultivated at a local farm in Padova, Italy. The area and weight of the SBLs were about 20–30 cm2 and 2–3.5 g, respectively. They were transported to the laboratory in thermal boxes.



All the chemicals and solvents used in this work were of analytical grade. Sodium hydroxide, citric acid, sodium citrate tribasic dehydrate, sulfuric acid, hydrochloric acid, EtOH, MeOH, polyvinylpolypyrrolidone, triton X-100, 3,3′-dithiodipropionic acid, barium hydroxide, sodium acetate, potassium carbonate, sodium methoxide, acetonitrile, sodium carbonate, Folin–Ciocalteu reagent, gallic acid, Trolox, iron(III) chloride, 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), and 2,2-diphenyil-1- picrylhydrazyl (DPPH) were bought from Sigma (St. Louis, MO, USA). AccQTag Ultra Derivatization Kit, and 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) were purchased from Waters (Milford, CT, USA). The water utilized in all the analyzes was deionized and distilled.




3.2. Sample Preparation


In preparing samples, all the steps were performed with high care to prevent any physical damage to the leaves. First, the SBLs were washed with distilled water to remove the soil, and their stalks were separated. Next, the cleaned SBLs were treated using four different methods, as shown in Figure 1. Mortar and pestle were used to grind the SBLs while frozen using LN before/after the freeze-drying process. Freeze-drying was performed under the pressure of 28 mbar at −50 °C for four days using a freeze dryer (Modulyo, Edwards, West Sussex, UK). All samples were vacuum-packed and stored at −18 °C until the following analysis.




3.3. Extraction of PPO from SBLs


The PPO was extracted in triplicate using the method described by Tinello et al. (2018) with some modifications [72]. Briefly, 1 g of leaves was added to 20 mL of 0.1 M sodium citrate buffer at pH 6.0 containing 0.10 g insoluble Polyvinylpolypyrrolidone (PVPP) and 500 µL Triton X-100. Then, the mixture was ultraturraxed (T-25 high-speed homogenizer, IKA-Werke GmbH and Co. KG, Staufen, Germany) at 1000× g in an ice bath for 2 min twice, with a 1-min interval in the middle. Then, the enzymatic extracts were centrifuged at 4000× g for 10 min at 4 °C and filtered through Whatman No. 1 filter papers and 0.45-μm syringe filter membranes. Finally, the extracts were refrigerated at −18 °C until the following analyses.




3.4. UAE and CE of Polyphenols from SBLs


The extraction of polyphenols was performed according to the methods reported by Ebrahimi et al. (2022) with some minor modifications [57]. CE was carried out by macerating the leaves in EtOH:water 14:6 (v/v) for 24 h at 25 °C. UAE was performed using an ultrasound apparatus (HD 2200.2, Bandelin, Berlin, Germany) connected to a 6 mm titanium probe (KE 76, Bandelin, Berlin, Germany) which was immersed for 2 m in the mixture. Figure 6 shows the assembly of the used UAE system. The UAE conditions were as follows: 200 W output power, 25% amplitude, 20 kHz frequency, and 15 min extraction time. The extraction was performed in two consecutive cycles, and the combined extracts were used for further analysis. During the UAE, the extracting cell was placed in a beaker containing ice to prevent increasing the temperature. Distilled water/EtOH:water 14:6 (v/v) was used as the extracting solvent for UAE. For both UAE and CE methods, the solid:liquid ratio was 1:20 (w/v), and after the extraction processes, the obtained mixtures were centrifuged at 4000× g and 4 °C for 10 min. The extracts were filtered with Whatman No. 1 filters and stored at −18 °C until the analytical measurements. The extraction processes were performed in triplicate.




3.5. Analysis of Chemical Properties and PPO Activity of the Leaves


3.5.1. Proximate Composition and Water Activity of the Leaves


Water activity was measured using a LabMaster.aw instrument (Novasina AG, Lachen, Switzerland) at 25 °C. The moisture, crude protein, crude fiber, and ash of SBLs were determined by the method described by Meng et al. (2022) [33]. The moisture content was determined using the oven-drying method at 105 °C for 24 h. Since the food matrices are concentrated after freeze-drying, the dry matter was calculated to report the results based on DM. Ash content was measured by weighing the samples before and after burning them in a muffle furnace at 550 °C for 6 h. The crude protein content was evaluated using the Kjeldahl method, and the results were multiplied by the nitrogen conversion factor of 6.25. The crude fiber was evaluated by boiling the leaves in 0.26 M sulfuric acid for 30 min. The obtained insoluble residue was filtered and washed, and the filtrate was boiled in 0.31 M sodium hydroxide and was filtered and rewashed. The final filtrate was dried at 130 °C for 120 min. The weight loss was measured at 350 °C. The crude lipid content was determined according to the Soxhlet technique using a Soxtec™ 2046 Extraction System (FOSS, Hillerød, Denmark).




3.5.2. Determination of AA Profile


An Agilent 1260 Infinity HPLC (Agilent Technologies, Santa Clara, CA, USA), which was equipped with a reversed-phase column C18 (CORTECS C18, 2.7 µm, 2.1 × 150 mm) kept at 45 °C and a diode array detector (Agilent 1260 Series, DAD VL+), was used for the separation and quantification of amino acids in SBLs. AAs were analyzed after acid hydrolysis and pre-column derivatization with AQC, separated by RP-HPLC and analyzed by UV detection according to the method described by Bosch et al. (2006) [73]. An AccQTag Ultra Derivatization Kit was used for HPLC standards. Briefly, for the determination of alanine, arginine, aspartic acid, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tyrosine, and valine, the protein of the sample was hydrolyzed with hydrochloride acid 6 M at 105 °C for 24 h. Cys was determined as the sum of cysteine and cystine after the reaction with 3,3′-dithiodipropionic acid, producing a mixed disulfide, which then underwent acid hydrolysis accordingly [74]. After hydrolysis, the samples were neutralized with sodium hydroxide 8 M, adjusted to volume, and filtered with 0.45 µm filters. The derivatization step was conducted by adding 70 µL of AccQ-Tag Ultra borate buffer and 10 µL of the filtered sample to a vial. Then, the solution was mixed by means of a vortex for several seconds. Next, 20 µL of the derivatization agent (dissolved in acetonitrile) was added, and the mixture was heated for 10 min at 55 °C. The sample was further diluted with 900 µL borate buffer and 5 µL was injected.



Tryptophan (Try) was determined following the method adapted from CD 2000/45/EC [75]. First, 100 mg of the sample was placed in a Teflon hydrolysis tube, then 8 g barium hydroxide and 16 mL water were added, and the tubes were incubated at 105 °C for 24 h. Hydrolysates were cooled down, neutralized to pH 7 using 6 N HCl, and diluted to 100 mL with 1 M sodium borate buffer. Aliquots of these solutions were filtered through a 0.22 µm syringe filter. A total of 20 µL of the sample was injected into the column (Xselect HSS T3, 5 µm; 4.6 × 250 mm), and the separation was performed by an isocratic elution system consisting of 25 mM sodium acetate/acetonitrile (91:9) delivered at 0.9 mL/min and detected with a DAD at 280 nm.




3.5.3. Determination of FA Profile


The content of FAs in SBLs was analyzed using the two-dimensional gas chromatography technique (GC × GC), according to the research conducted by Ebrahimi et al. (2022) with some modifications [76]. For doing so, a gas chromatograph (GC) (Agilent 7890A, Agilent Technologies, Milan, Italy) equipped with an Agilent 7683 autosampler, a flame ionization detector (FID), and an Agilent CFT modulator was employed.



The sample preparation for FA analysis was carried out by adding 40 mg of the SBLs to a glass test tube containing 1 mL of sodium methoxide in MeOH (0.5 M). The resulting mixture was incubated at 50 °C for 15 min and cooled for 10 min at room temperature. After adding 1.5 mL MeOH containing 5% of HCl, the mixture was incubated at 80 °C for 15 min and cooled at room temperature for 10 min. Then, 2 mL hexane and 2 mL potassium carbonate 6% were added to the cooled mixture. The obtained solution was vortexed for 30 s and centrifuged at 4000× g at 4 °C for 5 min. The supernatant containing fatty acid methyl ester (FAME) was injected into the GC.



The GC temperature programming was as follows: initial oven temperature of 40 °C (2 min hold time), heating rate of 50 °C/min up to 170 °C (25 min hold time), temperature increase by 2 °C/min up to 250 °C (14 min hold time), injection port temperature of 270 °C, and a detector port temperature of 300 °C. The injected volume was 1 µL in a split mode (160:1). Hydrogen was used as the carrier gas. As the primary column, a Supelco SP-2560 (75 m × 0.18 mm × 0.14 µm film thickness) with a flow rate ranging from 0.25 to 0.28 mL/min at a rate of 0.0005 mL/min was used. An Agilent J&W HP-5 ms (3.8 m × 0.25 mm × 0.25 µm film thickness) with a flow rate ranging from 20 to 28 mL/min at a rate of 0.12 mL/min, was employed as the second column. The valves were set to a modulation delay of 1 min, a modulation period of 3.2 s, and a sampling time of 3.08 s. One microliter sample was injected in the pulsed split mode at a pressure of 25 psi for 18 s and a split ratio of 120:1. The split/splitless inlet was performed at 270 °C.



The resulting two-dimensional chromatograms were processed with comprehensive GC × GC software (GC Image R 2.2 GC × GC: Zoex Corp., Houston, TX, USA). The individual FAs were reported as the % of total fatty acids.




3.5.4. Determination of Polyphenol Oxidase Activity


PPO activity was spectrophotometrically measured in the enzymatic extracts. The enzyme activity was detected according to the method described by Zocca et al. (2011) with some modifications [77]. The absorbance was recorded at 400 nm and 25 °C using a spectrophotometer (Varian Carry 50 Bio UV/Vis, Agilent Technologies, Santa Clara, CA, USA). The reaction sample included 1 mL of 10 mM catechol in sodium citrate buffer (0.1 M, pH = 6) and 10 μL of PPO extract. The blank sample contained 10 μL of PPO extract and 1 mL sodium citrate buffer (0.1 M, pH = 6) without the substrate. The absorbance was monitored continuously for 180 s considering the linear part of the PPO kinetic curve. For calculating the specific activity of PPO, one unit of enzyme activity was defined as the increase of 0.001 in absorbance per min, and the obtained value was divided by the protein content of PPO extracts, which was measured using the method described by Bradford (1976) [78].





3.6. Analysis of Phenolic Extracts


3.6.1. Determination of TPC


The TPC was measured using Folin–Ciocalteu colorimetric method as described by Azuma et al. (1999) with some modifications [79]. In brief, 500 µL of the diluted extract was added to a mixture of 1.25 mL sodium carbonate solution 7.5% and 250 µL Folin–Ciocalteu reagent 50%. In the blank sample, 500 µL of the extracting solvent was used instead of the extract. After keeping the final mixtures for 30 min in a dark place at room temperature, the absorbance was recorded at 650 nm using the spectrophotometer. A standard curve of gallic acid (y = 10.132x–0.0124, R2 = 0.996) at concentrations ranging from 0 to 0.15 mg/mL was used to calculate and report results as mg GAE/g DM.




3.6.2. Determination of Antioxidant Activity


The antioxidant activity of extracts was analyzed using the DPPH and FRAP methods. The DPPH free radical scavenging activity of extracts was evaluated by the method described by Massini et al. (2016) with some modifications [80]. Briefly, 200 µL of diluted extracts was added to 1.8 mL of a 0.1 mM DPPH˙ solution in EtOH 95%. For the blank sample, 200 µL of the extracting solvent was added instead of the extract. Then, the mixtures were kept at room temperature for 30 min, and the decrease in absorbance was read at 517 nm in the spectrophotometer. A standard curve of Trolox (y = 0.0093x − 0.0121, R2 = 0.999) at concentrations ranging from 0 to 0.1 mg/mL was employed for reporting the results as mg TE/g DM.



Ferric reducing antioxidant power (FRAP) was assayed based on the method described by Stratil et al. (2006) with some modifications [81]. The FRAP reagent was prepared by mixing 38 mM of anhydrous sodium acetate buffer (pH 3.6), 20 mM iron (III) chloride in Milli-Q water, and 10 mM of TPTZ in 40 mM HCl, in a ratio of 10:1:1. Then, 900 μL of prepared FRAP reagent was added to 100 μL of diluted extract/extracting solvent (blank). The mixture was vortexed for 1 min and incubated for 30 min at 37 °C. After incubation, the absorbance was recorded at 593 nm. A standard curve of Trolox (y = 0.0165x − 0.0022, R2 = 0.999) at concentrations ranging from 0 to 0.1 mg/mL was employed for reporting the results as mg TE/g DM.





3.7. Statistical Analysis


All the analyzes were carried out in triplicate (n = 3) for statistical analysis, and the results were expressed as mean ± standard. The data collected from the assays were processed using IBM SPSS Statistics (Version 20.0, SPSS Inc, Chicago, IL, USA).



Normality and homoscedasticity were tested using the Shapiro–Wilk and Levene’s tests, respectively. Where needed, the data were normalized by log10 transformation. A one-way Analysis of Variance (ANOVA) was used to analyze the results of proximate composition, water activity, AA and FA profiles, and PPO activity. Moreover, a two-way ANOVA was employed to process the data from TPC, DPPH, and FRAP tests. The significance level and confidence level were 0.05 and 95%, respectively. The comparisons were made using Tukey’s Honestly Significant Difference (HSD) test. Origin Pro 2022 (Northampton, MA, USA) was used for graphing the data.





4. Conclusions


Even though the proposed method could be considered a green extraction methodology, more research should be carried out on other food by-products to confirm its effectiveness on all plants. The most prominent results highlighted by the present study could be summarized as follows:




	
Combining aqueous UAE and freeze-drying techniques could be a potential tool for extracting polyphenols more efficiently, which may result from the inactivation of PPO by freeze-drying and the breakage of the cell membrane by UAE.



	
The freeze-drying method decreases the lipid content and increases the fiber content, essential fatty acids, and some essential amino acids and phenolic content of SBLs, making this by-product a potential dietary food supplement and a suitable substrate for fermentation.



	
The combined effect of aqueous UAE and freeze-drying techniques could be a circular economy approach enhancing the by-products’ valorization.












Author Contributions


Conceptualization, P.E., A.L. and D.M.; methodology, P.E., A.L., C.M.M. and. L.G.; software, P.E.; validation, P.E., A.L., D.M., C.M.M. and L.G.; formal analysis, P.E., A.L. and D.M.; investigation, P.E., A.L., C.M.M. and L.G.; resources, A.L.; data curation, P.E. and A.L.; writing—original draft preparation, P.E.; writing—review and editing, A.L. and D.M.; visualization, P.E.; supervision, A.L.; project administration, A.L. and D.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors gratefully acknowledge the financial support (Ph.D. scholarship) granted by Fondazione Cassa di Risparmio di Padova e Rovigo (CARIPARO). The authors also gratefully thank Tenuta di Bagnoli farm for providing the sugar beet leaves.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rodrigues, J.P.B.; Liberal, Â.; Petropoulos, S.A.; Ferreira, I.C.F.R.; Oliveira, M.B.P.P.; Fernandes, Â.; Barros, L. Agri-Food Surplus, Waste and Loss as Sustainable Biobased Ingredients: A Review. Molecules 2022, 27, 5200. [Google Scholar] [CrossRef] [PubMed]

	



Molotoks, A.; Smith, P.; Dawson, T.P. Impacts of land use, population, and climate change on global food security. Food Energy Secur. 2021, 10, e261. [Google Scholar] [CrossRef]

	



Yeasmen, N.; Orsat, V. Green extraction and characterization of leaves phenolic compounds: A comprehensive review. Crit. Rev. Food Sci. Nutr. 2021, 1–39. [Google Scholar] [CrossRef] [PubMed]

	



Brito, T.B.N.; Ferreira, M.S.L.; Fai, A.E.C. Utilization of Agricultural By-products: Bioactive Properties and Technological Applications. Food Rev. Int. 2022, 38, 1305–1329. [Google Scholar] [CrossRef]

	



Ebrahimi, P.; Lante, A. Polyphenols: A Comprehensive Review of their Nutritional Properties. Open Biotechnol. J. 2021, 15, 164–172. [Google Scholar] [CrossRef]

	



Ebrahimi, P.; Lante, A. Environmentally Friendly Techniques for the Recovery of Polyphenols from Food By-Products and Their Impact on Polyphenol Oxidase: A Critical Review. Appl. Sci. 2022, 12, 1923. [Google Scholar] [CrossRef]

	



Modelska, M.; Berlowska, J.; Kregiel, D.; Cieciura, W.; Antolak, H.; Tomaszewska, J.; Binczarski, M.; Szubiakiewicz, E.; Witonska, I.A. Concept for recycling waste biomass from the sugar industry for chemical and biotechnological purposes. Molecules 2017, 22, 1544. [Google Scholar] [CrossRef]

	



Dukić, J.; Hunić, M.; Nutrizio, M.; Režek Jambrak, A. Influence of High-Power Ultrasound on Yield of Proteins and Specialized Plant Metabolites from Sugar Beet Leaves (Beta vulgaris subsp. vulgaris var. altissima). Appl. Sci. 2022, 12, 8949. [Google Scholar] [CrossRef]

	



Chhikara, N.; Kushwaha, K.; Sharma, P.; Gat, Y.; Panghal, A. Bioactive compounds of beetroot and utilization in food processing industry: A critical review. Food Chem. 2019, 272, 192–200. [Google Scholar] [CrossRef]

	



Biondo, P.B.F.; Boeing, J.S.; Barizão, É.O.; de Souza, N.E.; Matsushita, M.; de Oliveira, C.C.; Boroski, M.; Visentainer, J.V. Evaluation of beetroot (Beta vulgaris L.) leaves during its developmental stages: A chemical composition study. Food Sci. Technol. 2014, 34, 94–101. [Google Scholar] [CrossRef]

	



Zhang, F.; Wang, T.; Wang, X.; Lü, X. Apple pomace as a potential valuable resource for full-components utilization: A review. J. Clean. Prod. 2021, 329, 129676. [Google Scholar] [CrossRef]

	



Sehsah, M.D.; El-Kot, G.A.; El-Nogoumy, B.A.; Alorabi, M.; El-Shehawi, A.M.; Salama, N.H.; El-Tahan, A.M. Efficacy of Bacillus subtilis, Moringa oleifera seeds extract and potassium bicarbonate on Cercospora leaf spot on sugar beet. Saudi J. Biol. Sci. 2022, 29, 2219–2229. [Google Scholar] [CrossRef]

	



Esteban-Lustres, R.; Sanz, V.; Domínguez, H.; Torres, M.D. Ultrasound-Assisted Extraction of High-Value Fractions from Fruit Industrial Processing Waste. Foods 2022, 11, 2089. [Google Scholar] [CrossRef]

	



Garcìa, L.M.; Ceccanti, C.; Negro, C.; De Bellis, L.; Incrocci, L.; Pardossi, A.; Guidi, L. Effect of drying methods on phenolic compounds and antioxidant activity of Urtica dioica L. leaves. Horticulturae 2021, 7, 10. [Google Scholar] [CrossRef]

	



Câmara, J.S.; Perestrelo, R.; Berenguer, C.V.; Andrade, C.F.P.; Gomes, T.M.; Olayanju, B.; Kabir, A.; Rocha, C.M.R.; Teixeira, J.A.; Pereira, J.A.M. Green Extraction Techniques as Advanced Sample Preparation Approaches in Biological, Food, and Environmental Matrices: A Review. Molecules 2022, 27, 2953. [Google Scholar] [CrossRef]

	



Oliveira, S.M.; Brandão, T.R.S.; Silva, C.L.M. Influence of Drying Processes and Pretreatments on Nutritional and Bioactive Characteristics of Dried Vegetables: A Review. Food Eng. Rev. 2016, 8, 134–163. [Google Scholar] [CrossRef]

	



Dal-Bó, V.; Freire, J.T. Effects of lyophilization on colorimetric indices, phenolics content, and antioxidant activity of avocado (Persea americana) pulp. Food Control 2022, 132, 108526. [Google Scholar] [CrossRef]

	



Dziki, D. Recent Trends in Pretreatment of Food before Freeze-Drying. Processes 2020, 8, 1661. [Google Scholar] [CrossRef]

	



Shofian, N.M.; Hamid, A.A.; Osman, A.; Saari, N.; Anwar, F.; Dek, M.S.P.; Hairuddin, M.R. Effect of freeze-drying on the antioxidant compounds and antioxidant activity of selected tropical fruits. Int. J. Mol. Sci. 2011, 12, 4678–4692. [Google Scholar] [CrossRef]

	



Romani, A.; Mulas, S.; Heimler, D. Polyphenols and secoiridoids in raw material (Olea europaea L. leaves) and commercial food supplements. Eur. Food Res. Technol. 2017, 243, 429–435. [Google Scholar] [CrossRef]

	



Bhatta, S.; Stevanovic Janezic, T.; Ratti, C. Freeze-Drying of Plant-Based Foods. Foods 2020, 9, 87. [Google Scholar] [CrossRef] [PubMed]

	



Castoldi, R.; Correa, V.G.; de Morais, G.R.; de Souza, C.G.M.; Bracht, A.; Peralta, R.A.; Peralta-Muniz Moreira, R.F.; Peralta, R.M. Liquid nitrogen pretreatment of eucalyptus sawdust and rice hull for enhanced enzymatic saccharification. Bioresour. Technol. 2017, 224, 648–655. [Google Scholar] [CrossRef] [PubMed]

	



Giacometti, J.; Žauhar, G.; Žuvić, M. Optimization of ultrasonic-assisted extraction of major phenolic compounds from olive leaves (Olea europaea L.) using response surface methodology. Foods 2018, 7, 149. [Google Scholar] [CrossRef] [PubMed]

	



Akyüz, A.; Ersus, S. Optimization of enzyme assisted extraction of protein from the sugar beet (Beta vulgaris L.) leaves for alternative plant protein concentrate production. Food Chem. 2021, 335, 127673. [Google Scholar] [CrossRef] [PubMed]

	



Kiskini, A.; Vissers, A.; Vincken, J.-P.; Gruppen, H.; Wierenga, P.A. Effect of Plant Age on the Quantity and Quality of Proteins Extracted from Sugar Beet (Beta vulgaris L.) Leaves. J. Agric. Food Chem. 2016, 64, 8305–8314. [Google Scholar] [CrossRef] [PubMed]

	



Starke, P.; Hoffmann, C. Dry matter and sugar content as parameters to assess the quality of sugar beet varieties for anaerobic digestion. Sugar Ind. 2014, 139, 232–240. [Google Scholar] [CrossRef]

	



Oliveira, A.M.B.; Viganó, J.; Sanches, V.L.; Rostagno, M.A.; Martínez, J. Extraction of potential bioactive compounds from industrial Tahiti lime (Citrus latifólia Tan.) by-product using pressurized liquids and ultrasound-assisted extraction. Food Res. Int. 2022, 157, 111381. [Google Scholar] [CrossRef]

	



Zhu, Z.; Luo, W.; Sun, D.W. Effects of liquid nitrogen quick freezing on polyphenol oxidase and peroxide activities, cell water states and epidermal microstructure of wolfberry. LWT 2020, 120, 108923. [Google Scholar] [CrossRef]

	



Alfaro, L.; Siramard, S.; Chouljenko, A.; Sathivel, S. Effects of liquid nitrogen pretreatment on the osmotic dehydration and quality of cryogenically frozen blueberries (Vaccinium angustifolium Ait.). Food Biosci. 2018, 22, 165–169. [Google Scholar] [CrossRef]

	



Harguindeguy, M.; Fissore, D. On the effects of freeze-drying processes on the nutritional properties of foodstuff: A review. Dry. Technol. 2020, 38, 846–868. [Google Scholar] [CrossRef]

	



Maldonado-Astudillo, Y.I.; Jiménez-Hernández, J.; Arámbula-Villa, G.; Flores-Casamayor, V.; Álvarez-Fitz, P.; Ramírez-Ruano, M.; Salazar, R. Effect of water activity on extractable polyphenols and some physical properties of Hibiscus sabdariffa L. calyces. J. Food Meas. Charact. 2019, 13, 687–696. [Google Scholar] [CrossRef]

	



Mutukuri, T.T.; Wilson, N.E.; Taylor, L.S.; Topp, E.M.; Zhou, Q.T. Effects of drying method and excipient on the structure and physical stability of protein solids: Freeze drying vs. spray freeze drying. Int. J. Pharm. 2021, 594, 120169. [Google Scholar] [CrossRef]

	



Meng, W.; Mu, T.; Sun, H.; Garcia-Vaquero, M. Evaluation of the chemical composition and nutritional potential of brown macroalgae commercialised in China. Algal Res. 2022, 64, 102683. [Google Scholar] [CrossRef]

	



Tamayo Tenorio, A.; Schreuders, F.K.G.; Zisopoulos, F.K.; Boom, R.M.; van der Goot, A.J. Processing concepts for the use of green leaves as raw materials for the food industry. J. Clean. Prod. 2017, 164, 736–748. [Google Scholar] [CrossRef]

	



Di Stefano, E.; Agyei, D.; Njoku, E.N.; Udenigwe, C.C. Plant RuBisCo: An Underutilized Protein for Food Applications. J. Am. Oil Chem. Soc. 2018, 95, 1063–1074. [Google Scholar] [CrossRef]

	



Adhikari, S.; Schop, M.; de Boer, I.J.M.; Huppertz, T. Protein Quality in Perspective: A Review of Protein Quality Metrics and Their Applications. Nutrients 2022, 14, 947. [Google Scholar] [CrossRef]

	



Ağar, B.; Gençcelep, H.; Saricaoğlu, F.T.; Turhan, S. Effect of sugar beet fiber concentrations on rheological properties of meat emulsions and their correlation with texture profile analysis. Food Bioprod. Process. 2016, 100, 118–131. [Google Scholar] [CrossRef]

	



Fernandez, M.V.; Jagus, R.J.; Agüero, M.V. Evaluation and Characterization of Nutritional, Microbiological and Sensory Properties of Beet Greens. Acta Sci. Nutr. Health 2017, 1, 37–45. [Google Scholar]

	



Kumar, K.; Srivastav, S.; Sharanagat, V.S. Ultrasound assisted extraction (UAE) of bioactive compounds from fruit and vegetable processing by-products: A review. Ultrason. Sonochem. 2021, 70, 105325. [Google Scholar] [CrossRef]

	



Becerril-Campos, A.A.; Ocampo-Anguiano, P.V.; Mondragón-Jacobo, C.; Escobar-García, K.; Camacho-Barrón, M.; Anaya-Loyola, M.A.; Feregrino-Perez, A.A.; García-Gasca, T.; Ahumada-Solórzano, S.M. Phaseolus vulgaris L. Leaves Increase Short-Chain Fatty Acid (SCFA) Production, Ameliorating Early Metabolic Alterations. Plant Foods Hum. Nutr. 2022, 1, 3. [Google Scholar] [CrossRef]

	



Asadi, S.Z.; Khan, M.A. The Effect of Beetroot (Beta vulgaris L.) Leaves Powder on Nutritional, Textural, Sensorial and Antioxidant Properties of Cookies. J. Culin. Sci. Technol. 2021, 19, 424–438. [Google Scholar] [CrossRef]

	



Abdo, E.; El-Sohaimy, S.; Shaltout, O.; Abdalla, A.; Zeitoun, A. Nutritional Evaluation of Beetroots (Beta vulgaris L.) and Its Potential Application in a Functional Beverage. Plants 2020, 9, 1752. [Google Scholar] [CrossRef] [PubMed]

	



Jakobek, L. Interactions of polyphenols with carbohydrates, lipids and proteins. Food Chem. 2015, 175, 556–567. [Google Scholar] [CrossRef] [PubMed]

	



Shukla, S.; Hegde, S.; Kumar, A.; Chaudhary, G.; Tewari, S.K.; Upreti, D.K.; Pal, M. Fatty acid composition and antibacterial potential of Cassia tora (leaves and stem) collected from different geographic areas of India. J. Food Drug Anal. 2018, 26, 107–111. [Google Scholar] [CrossRef] [PubMed]

	



Saraswathi, V.; Kumar, N.; Gopal, T.; Bhatt, S.; Ai, W.; Ma, C.; Talmon, G.A.; Desouza, C. Lauric Acid versus Palmitic Acid: Effects on Adipose Tissue Inflammation, Insulin Resistance, and Non-Alcoholic Fatty Liver Disease in Obesity. Biology 2020, 9, 346. [Google Scholar] [CrossRef]

	



Singh, H.; Kumar, Y.; Meghwal, M. Encapsulated oil powder: Processing, properties, and applications. J. Food Process. Eng. 2022, 45, e14047. [Google Scholar] [CrossRef]

	



Ennigrou, A.; Casabianca, H.; Vulliet, E.; Hanchi, B.; Hosni, K. Assessing the fatty acid, essential oil composition, their radical scavenging and antibacterial activities of Schinus terebinthifolius Raddi leaves and twigs. J. Food Sci. Technol. 2018, 55, 1582–1590. [Google Scholar] [CrossRef]

	



Da Silva, L.G.S.; Morelli, A.P.; Pavan, I.C.B.; Tavares, M.R.; Pestana, N.F.; Rostagno, M.A.; Simabuco, F.M.; Bezerra, R.M.N. Protective effects of beet (Beta vulgaris) leaves extract against oxidative stress in endothelial cells in vitro. Phyther. Res. 2020, 34, 1385–1396. [Google Scholar] [CrossRef]

	



Radzimierska-Kaźmierczak, M.; Śmigielski, K.; Sikora, M.; Nowak, A.; Plucińska, A.; Kunicka-Styczyńska, A.; Czarnecka-Chrebelska, K.H. Olive Oil with Ozone-Modified Properties and Its Application. Molecules 2021, 26, 3074. [Google Scholar] [CrossRef]

	



Moretto, Â.; Byruchko, R.T.; Modesto, E.C.; da Motta, A.S.; Friedrich, M.T.; Rezzadori, K. Effect of olive oil replacement on physicochemical, technological, and microbiological properties of buffalo burger modification. J. Food Process. Preserv. 2020, 44, e14624. [Google Scholar] [CrossRef]

	



Tinello, F.; Lante, A. Recent advances in controlling polyphenol oxidase activity of fruit and vegetable products. Innov. Food Sci. Emerg. Technol. 2018, 50, 73–83. [Google Scholar] [CrossRef]

	



Öztürk, C.; Aksoy, M.; Küfrevioğlu, Ö.İ. Purification of tea leaf (Camellia sinensis) polyphenol oxidase by using affinity chromatography and investigation of its kinetic properties. J. Food Meas. Charact. 2020, 14, 31–38. [Google Scholar] [CrossRef]

	



Valadez-Carmona, L.; Plazola-Jacinto, C.P.; Hernández-Ortega, M.; Hernández-Navarro, M.D.; Villarreal, F.; Necoechea-Mondragón, H.; Ortiz-Moreno, A.; Ceballos-Reyes, G. Effects of microwaves, hot air and freeze-drying on the phenolic compounds, antioxidant capacity, enzyme activity and microstructure of cacao pod husks (Theobroma cacao L.). Innov. Food Sci. Emerg. Technol. 2017, 41, 378–386. [Google Scholar] [CrossRef]

	



Kashaninejad, M.; Sanz, M.T.; Blanco, B.; Beltrán, S.; Niknam, S.M. Freeze dried extract from olive leaves: Valorisation, extraction kinetics and extract characterization. Food Bioprod. Process. 2020, 124, 196–207. [Google Scholar] [CrossRef]

	



Bengardino, M.B.; Fernandez, M.V.; Nutter, J.; Jagus, R.J.; Agüero, M.V. Recovery of bioactive compounds from beet leaves through simultaneous extraction: Modelling and process optimization. Food Bioprod. Process. 2019, 118, 227–236. [Google Scholar] [CrossRef]

	



Goyeneche, R.; Di Scala, K.; Ramirez, C.L.; Fanovich, M.A. Recovery of bioactive compounds from beetroot leaves by supercritical CO2 extraction as a promising bioresource. J. Supercrit. Fluids 2020, 155, 104658. [Google Scholar] [CrossRef]

	



Ebrahimi, P.; Lante, A.; Mihaylova, D. Comparison of Green Technologies for Valorizing Sugar Beet (Beta vulgaris L.) Leaves. Food Sci. Appl. Biotechnol. 2022, 5, 119–130. [Google Scholar] [CrossRef]

	



De Castro, A.P.R.B.; da Cunha, D.T.; Antunes, A.E.C.; Corona, L.P.; Bezerra, R.M.N. Effect of Freeze-Dried Red Beet (Beta vulgaris L.) Leaf Supplementation on Biochemical and Anthropometrical Parameters in Overweight and Obese Individuals: A Pilot Study. Plant Foods Hum. Nutr. 2019, 74, 232–234. [Google Scholar] [CrossRef]

	



Lorizola, I.M.; Furlan, C.P.B.; Portovedo, M.; Milanski, M.; Botelho, P.B.; Bezerra, R.M.N.; Sumere, B.R.; Rostagno, M.A.; Capitani, C.D. Beet stalks and leaves (Beta vulgaris L.) protect against high-fat diet-induced oxidative damage in the liver in mice. Nutrients 2018, 10, 872. [Google Scholar] [CrossRef]

	



Tuzimski, T.; Petruczynik, A. Determination of Anti-Alzheimer’s Disease Activity of Selected Plant Ingredients. Molecules 2022, 27, 3222. [Google Scholar] [CrossRef]

	



Thuy, N.M.; Tuyen, N.T.M.; Thanh, N.V.; Tai, N.V. Evaluation of freeze-drying conditions on the process kinetics and physicochemical properties of purple shallot. Food Res. 2020, 4, 1630–1636. [Google Scholar] [CrossRef]

	



Tan, S.; Tang, J.; Shi, W.; Wang, Z.; Xiang, Y.; Deng, T.; Gao, X.; Li, W.; Shi, S. Effects of three drying methods on polyphenol composition and antioxidant activities of Litchi chinensis Sonn. Food Sci. Biotechnol. 2020, 29, 351–358. [Google Scholar] [CrossRef] [PubMed]

	



Sakakibara, H.; Honda, Y.; Nakagawa, S.; Ashida, H.; Kanazawa, K. Simultaneous Determination of All Polyphenols in Vegetables, Fruits, and Teas. J. Agric. Food Chem. 2003, 51, 571–581. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Z.; Zhou, Q.; Sun, D.W. Measuring and controlling ice crystallization in frozen foods: A review of recent developments. Trends Food Sci. Technol. 2019, 90, 13–25. [Google Scholar] [CrossRef]

	



Arjeh, E.; Mahsa, S.; Mohsen, K.; Sajad, B.; Karimi, I.; Shiva, S.; Farzad, R. Phenolic compounds of sugar beet (Beta vulgaris L.): Separation method, chemical characterization, and biological properties. Food Sci. Nutr. 2022, 00, 1–9. [Google Scholar] [CrossRef]

	



Silva Júnior, M.E.; Araújo, M.V.R.L.; Santana, A.A.; Silva, F.L.H.; Maciel, M.I.S. Ultrasound-assisted extraction of bioactive compounds from ciriguela (Spondias purpurea L.) peel: Optimization and comparison with conventional extraction and microwave. Arab. J. Chem. 2021, 14, 103260. [Google Scholar] [CrossRef]

	



Iqbal, A.; Murtaza, A.; Hu, W.; Ahmad, I.; Ahmed, A.; Xu, X. Activation and inactivation mechanisms of polyphenol oxidase during thermal and non-thermal methods of food processing. Food Bioprod. Process. 2019, 117, 170–182. [Google Scholar] [CrossRef]

	



Hazra, S.; Gallou, F.; Handa, S. Water: An Underestimated Solvent for Amide Bond-Forming Reactions. ACS Sustain. Chem. Eng. 2022, 10, 5299–5306. [Google Scholar] [CrossRef]

	



Alves, T.P.; Triques, C.C.; Palsikowski, P.A.; da Silva, C.; Fiorese, M.L.; da Silva, E.A.; Fagundes-Klen, M.R. Improved extraction of bioactive compounds from Monteverdia aquifolia leaves by pressurized-liquid and ultrasound-assisted extraction: Yield and chemical composition. J. Supercrit. Fluids 2022, 181, 105468. [Google Scholar] [CrossRef]

	



Mihaylova, D.; Lante, A. Water an Eco-Friendly Crossroad in Green Extraction: An Overview. Open Biotechnol. J. 2019, 13, 155–162. [Google Scholar] [CrossRef]

	



Kumar, S.S.; Arya, M.; Nagbhushan, P.; Giridhar, P.; Shetty, N.P.; Yannam, S.K.; Mahadevappa, P. Evaluation of Various Drying Methods on Bioactives, Ascorbic Acid and Antioxidant Potentials of Talinum triangulare L., foliage. Plant Foods Hum. Nutr. 2020, 75, 283–291. [Google Scholar] [CrossRef] [PubMed]

	



Tinello, F.; Mihaylova, D.; Lante, A. Effect of Dipping Pre-treatment with Unripe Grape Juice on Dried “Golden Delicious” Apple Slices. Food Bioprocess Technol. 2018, 11, 2275–2285. [Google Scholar] [CrossRef]

	



Bosch, L.; Alegría, A.; Farré, R. Application of the 6-aminoquinolyl-N-hydroxysccinimidyl carbamate (AQC) reagent to the RP-HPLC determination of amino acids in infant foods. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2006, 831, 176–183. [Google Scholar] [CrossRef] [PubMed]

	



Tuan, Y.H.; Phillips, R.D. Optimized Determination of Cystine/Cysteine and Acid-Stable Amino Acids from a Single Hydrolysate of Casein- and Sorghum-Based Diet and Digesta Samples. J. Agric. Food Chem. 1997, 45, 3535–3540. [Google Scholar] [CrossRef]

	



European Union Commission Directive 2000/45/EC of 6 July 2000 establishing Community methods of analysis for the determination of vitamin A, vitamin E and tryptophan in feeding stuffs. Off. J. Eur. Union 2000, L174, 32–50.

	



Ebrahimi, P.; Lante, A.; Scapin, R.M.; Zannoni, S.; Contiero, B.; Catellani, P.; Giaccone, V. Evaluation of quality and safety of beef hamburgers fortified with Ozonated Extra Virgin Olive Oil. LWT 2022, 170, 114100. [Google Scholar] [CrossRef]

	



Zocca, F.; Lomolino, G.; Lante, A. Dog rose and pomegranate extracts as agents to control enzymatic browning. Food Res. Int. 2011, 44, 957–963. [Google Scholar] [CrossRef]

	



Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	



Azuma, K.; Ippoushi, K.; Ito, H.; Higashio, H.; Terao, J. Evaluation of antioxidative activity of vegetable extracts in linoleic acid emulsion and phospholipid bilayers. J. Sci. Food Agric. 1999, 79, 2010–2016. [Google Scholar] [CrossRef]

	



Massini, L.; Rico, D.; Martin-Diana, A.B.; Barry-Ryan, C. Apple peel flavonoids as natural antioxidants for vegetable juice applications. Eur. Food Res. Technol. 2016, 242, 1459–1469. [Google Scholar] [CrossRef]

	



Stratil, P.; Klejdus, B.; Kubáň, V. Determination of Total Content of Phenolic Compounds and Their Antioxidant Activity in Vegetables Evaluation of Spectrophotometric Methods. J. Agric. Food Chem. 2006, 54, 607–616. [Google Scholar] [CrossRef]








[image: Molecules 27 08110 g001 550] 





Figure 1. Preparation of samples with four different simple methods. FL: Fresh sugar beet leaves (SBLs); FD: Lyophilized SBLs ground without liquid nitrogen (LN); NFD: Lyophilized SBLs ground with LN before freeze-drying; FDN: Lyophilized SBLs ground with LN after freeze-drying. 
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Figure 2. Representative chromatograms corresponding to the AA profiles of (a) fresh SBLs and (b) freeze-dried SBLs. Ala: alanine; Arg: arginine; Asp: aspartic acid; Glu: glutamic acid; Gly: glycine; His: histidine; ILe: isoleucine; Leu: leucine; Lys: lysine; Met: methionine; Phe: phenylalanine; Pro: proline; Ser: serine; Thr: threonine; Tyr: tyrosine; Val: valine; Cys: cysteine + cystine. 
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Figure 3. (a) Specific activity of polyphenol oxidase (PPO) in different SBLs. (b) Color change of PPO extracts after 180 s in the presence of catechol. Data are presented as mean ± SD (n = 3). Different letters show that there is a significant difference (p ≤ 0.05), according to one-way ANOVA and Tukey’s Honestly Significant Difference (HSD) tests. 
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Figure 4. Total phenolic content (TPC) of phenolic extracts obtained from SBLs. Data are presented as mean ± SD (n = 3). Different capital letters indicate significant differences in the extraction method, and different small letters show significant differences in the sample preparation method (p ≤ 0.05), according to two-way ANOVA and Tukey’s HSD test. 
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Figure 5. DPPH (a) and FRAP (b) of phenolic extracts obtained from SBLs. Data are presented as mean ± SD (n = 3). Different capital letters indicate significant difference in the extraction method, and different small letters indicate significant difference in the sample preparation method (p ≤ 0.05), according to two-way ANOVA and Tukey’s HSD tests. 
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Figure 6. Schematic of UAE assembly with ultrasound probe system. 
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Table 1. Proximate composition and water activity of SBLs with different treatments.






Table 1. Proximate composition and water activity of SBLs with different treatments.





	
Component

	
Type of Leaves




	
FL 1

	
FD 3

	
NFD 2

	
FDN 4






	
Water activity

	
0.98 ± 0.00 c

	
0.10 ± 0.00 b

	
0.08 ± 0.00 a

	
0.08 ± 0.00 a




	
Moisture (%)

	
82.42 ± 0.08 b

	
9.26 ± 0.33 a

	
8.63 ± 0.18 a

	
8.95 ± 0.60 a




	
Dry matter (%)

	
17.58 ± 0.08 a

	
90.74 ± 0.33 b

	
91.37 ± 0.18 b

	
91.05 ± 0.64 b




	
Ash (g/100 g DM 5)

	
10.23 ± 0.13 a

	
10.49 ± 0.18 a

	
10.08 ± 0.08 a

	
10.23 ± 0.25 a




	
Crude protein (g/100 g DM)

	
31.31 ± 0.05 d

	
27.76 ± 0.07 a

	
28.29 ± 0.08 b

	
28.75 ± 0.05 c




	
Crude fiber (g/100 g DM)

	
2.13 ± 0.03 a

	
4.04 ± 0.04 c

	
3.76 ± 0.04 b

	
3.77 ± 0.08 b




	
Crude lipid (g/100 g DM)

	
1.16 ± 0.05 bc

	
1.08 ± 0.08 b

	
1.30 ± 0.09 c

	
0.46 ± 0.10 a








Data are reported as mean ± SD (n = 3). a, b, c, d Different letters show that there is a significant difference (p ≤ 0.05), according to one-way ANOVA and Tukey’s Honestly Significant Difference (HSD) tests; 1 Fresh SBLs; 2 Lyophilized SBLs ground without LN; 3 Lyophilized SBLs ground with LN before freeze-drying; 4 Lyophilized SBLs ground with LN after freeze-drying; 5 Dry matter.
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Table 2. Amino acid profile of samples.
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Amino Acids

(% Total AAs)

	
Type of Leaves




	
FL

	
FD

	
NFD

	
FDN






	
Histidine

	
3.81 ± 0.16 a

	
3.59 ± 0.00 a

	
3.67 ± 0.01 a

	
3.59 ± 0.08 a




	
Arginine

	
5.45 ± 0.06 a

	
5.54 ± 0.00 a

	
5.43 ± 0.10 a

	
5.44 ± 0.05 a




	
Serine

	
5.63 ± 0.14 a

	
5.62 ± 0.01 a

	
5.80 ± 0.02 a

	
5.71 ± 0.08 a




	
Glycine

	
7.34 ± 0.37 a

	
6.88 ± 0.01 ab

	
6.71 ± 0.03 a

	
6.73 ± 0.03 a




	
Aspartic acid

	
9.89 ± 0.15 a

	
10.24 ± 0.01 b

	
10.86 ± 0.00 c

	
10.79 ± 0.08 c




	
Glutamic acid

	
14.32 ± 0.21 a

	
14.49 ± 0.02 a

	
15.92 ± 0.02 a

	
14.50 ± 1.44 a




	
Threonine

	
5.81 ± 0.54 b

	
5.13 ± 0.01 ab

	
4.98 ± 0.02 a

	
5.23 ± 0.27 ab




	
Alanine

	
5.57 ± 0.27 a

	
5.82 ± 0.03 a

	
5.73 ± 0.01 a

	
5.86 ± 0.12 a




	
Proline

	
4.85 ± 0.16 a

	
4.77 ± 0.01 a

	
4.66 ± 0.02 a

	
4.70 ± 0.05 a




	
Lysine

	
7.06 ± 0.46 a

	
8.14 ± 0.01 b

	
7.95 ± 0.01 b

	
8.32 ± 0.38 b




	
Methionine

	
1.29 ± 0.14 a

	
1.38 ± 0.01 a

	
1.28 ± 0.02 a

	
1.23 ± 0.04 a




	
Tyrosine

	
3.91 ± 0.19 b

	
3.62 ± 0.01 a

	
3.64 ± 0.01 a

	
3.62 ± 0.01 a




	
Valine

	
4.93 ± 0.19 ab

	
5.12 ± 0.01 b

	
4.64 ± 0.01 a

	
4.91 ± 0.26 ab




	
Cysteine + Cystine

	
1.54 ± 0.087 a

	
1.44 ± 0.01 a

	
1.39 ± 0.01 a

	
1.46 ± 0.09 a




	
Isoleucine

	
3.44 ± 0.29 ab

	
3.78 ± 0.01 b

	
3.26 ± 0.01 a

	
3.54 ± 0.28 ab




	
Leucine

	
7.88 ± 0.11 ab

	
7.97 ± 0.00 b

	
7.54 ± 0.01 a

	
7.81 ± 0.27 ab




	
Phenylalanine

	
5.09 ± 0.12 b

	
4.91 ± 0.01 ab

	
4.73 ± 0.01 a

	
4.85 ± 0.13 a




	
Tryptophan

	
2.19 ± 0.14 c

	
1.54 ± 0.01 a

	
1.82 ± 0.01 b

	
1.70 ± 0.11 ab








Data are reported as mean ± SD (n = 3). a, b, c Different letters show that there is a significant difference (p ≤ 0.05), according to one-way ANOVA and Tukey’s HSD test.
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Table 3. Profile of FAs in the fresh and freeze-dried leaves.
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Fatty Acids (% of Total FA Content)

	
FL

	
FD

	
NFD

	
FDN






	
SFAs 2

	
Caproic acid (6:0)

	
0.37 ± 0.06 bc

	
ND 1

	
0.50 ± 0.10 c

	
0.24 ± 0.03 b




	
Enanthic acid (7:0)

	
0.18 ± 0.03 b

	
ND

	
ND

	
0.01 ± 0.01 a




	
Caprylic acid (8:0)

	
0.09 ± 0.02 a

	
0.34 ± 0.06 b

	
2.72 ± 0.02 c

	
0.32 ± 0.03 b




	
Pelargonic acid (9:0)

	
0.08 ± 0.02 b

	
ND

	
ND

	
0.01 ± 0.01 a




	
Capric acid (10:0)

	
0.07 ± 0.04 a

	
0.25 ± 0.04 b

	
1.88 ± 0.04 c

	
0.23 ± 0.02 b




	
Lauric acid (12:0)

	
0.11 ± 0.03 a

	
0.29 ± 0.03 b

	
1.41 ± 0.02 c

	
0.38 ± 0.11 b




	
Myristic acid (14:0)

	
0.68 ± 0.03 b

	
0.53 ± 0.05 a

	
0.74 ± 0.06 b

	
0.54 ± 0.04 a




	
Pentadecanoic acid (15:0)

	
0.34 ± 0.05 a

	
0.24 ± 0.03 a

	
0.27 ± 0.02 a

	
0.27 ± 0.06 a




	
Palmitic acid (16:0)

	
27.87 ± 0.33 c

	
15.97 ± 0.35 a

	
15.83 ± 0.14 a

	
18.40 ± 0.50 b




	
14-Methylhexadecanoic acid (17:0 anteiso)

	
0.03 ± 0.01 a

	
0.03 ± 0.02 a

	
ND

	
0.01 ± 0.01 a




	
Margaric acid (17:0)

	
1.60 ± 0.07 c

	
1.45 ± 0.04 b

	
1.41 ± 0.02 b

	
1.17 ± 0.05 a




	
16-Methylheptadecanoic acid (18:0 iso)

	
0.02 ± 0.01 a

	
0.04 ± 0.02 a

	
0.02 ± 0.01 a

	
0.03 ± 0.02 a




	
Stearic acid (18:0)

	
3.05 ± 0.09 c

	
1.14 ± 0.09 b

	
0.91 ± 0.04 a

	
1.20 ± 0.02 b




	
Arachidic acid (20:0)

	
0.24 ± 0.03 a

	
0.31 ± 0.16 a

	
0.23 ± 0.03 a

	
0.27 ± 0.09 a




	
Heneicosylic acid (21:0)

	
0.14 ± 0.02 b

	
0.12 ± 0.03 b

	
0.04 ± 0.01 a

	
0.12 ± 0.03 b




	
Behenic acid (22:0)

	
0.69 ± 0.02 a

	
0.61 ± 0.04 a

	
0.57 ± 0.02 a

	
0.66 ± 0.10 a




	
Tricosanoic acid (23:0)

	
0.34 ± 0.03 a

	
0.23 ± 0.03 a

	
0.23 ± 0.03 a

	
0.30 ± 0.07 a




	
Lignoceric acid (24:0)

	
1.10 ± 0.10 a

	
1.06 ± 0.02 a

	
1.05 ± 0.01 a

	
1.28 ± 0.27 a




	
MUSFAs 3

	
Myristoleic acid (14:1 cis-9)

	
0.04 ± 0.01 b

	
ND

	
ND

	
0.01 ± 0.01 a




	
trans-10-Pentadecenoic acid (15:1 trans-10)

	
0.00 ± 0.01 a

	
ND

	
ND

	
0.02 ± 0.03 a




	
trans-6-Hexadecenoic acid (16:1 trans-6)

	
0.10 ± 0.03 b

	
0.02 ± 0.00 a

	
ND

	
0.05 ± 0.04 ab




	
cis-7-Hexadecenoic acid (16:1 cis-7)

	
1.58 ± 0.08 b

	
0.86 ± 0.04 a

	
0.91 ± 0.02 a

	
0.68 ± 0.16 a




	
Palmitoleic acid (16:1 cis-9)

	
3.47 ± 0.22 d

	
1.09 ± 0.04 b

	
0.53 ± 0.03 a

	
2.35 ± 0.20 c




	
cis-11-Hexadecenoic acid (16:1 cis-11)

	
0.01 ± 0.02 a

	
ND

	
ND

	
ND




	
cis-9-Heptadecenoic acid (17:1 cis-9)

	
1.29 ± 0.03 b

	
0.85 ± 0.02 a

	
0.94 ± 0.04 a

	
0.85 ± 0.15 a




	
Elaidic acid (18:1 trans-9)

	
0.10 ± 0.02 b

	
ND

	
ND

	
0.01 ± 0.02 a




	
Oleic acid (18:1 cis-9)

	
25.34 ± 0.39 c

	
8.77 ± 0.23 a

	
6.60 ± 0.28 a

	
14.60 ± 2.96 b




	
Vaccenic acid (18:1 cis-11)

	
1.69 ± 0.05 c

	
0.67 ± 0.06 b

	
0.38 ± 0.08 a

	
0.69 ± 0.04 b




	
cis-10-Nonadecenoic acid (19:1 cis-10)

	
0.17 ± 0.03 a

	
0.12 ± 0.01 a

	
0.14 ± 0.01 a

	
0.14 ± 0.03 a




	
Gondoic acid (20:1 cis-11)

	
0.28 ± 0.03 b

	
0.19 ± 0.01 a

	
0.20 ± 0.02 a

	
0.28 ± 0.02 b




	
Gerucic acid (22:1 cis-13)

	
0.27 ± 0.02 b

	
0.03 ± 0.02 a

	
ND

	
0.06 ± 0.04 a




	
Nervonic acid (24:1 cis-15)

	
0.00 ± 0.01 a

	
ND

	
ND

	
0.02 ± 0.03 a




	
PUSFAs 4

	
cis, cis-6,9-Hexadecadienoic acid (16:2 cis, cis-6,9)

	
0.02 ± 0.01 a

	
0.10 ± 0.02 bc

	
0.12 ± 0.02 c

	
0.06 ± 0.03 ab




	
All cis-7,10,13-Hexadecatrienoic acid (16:3 all cis-7,10,13)

	
0.32 ± 0.04 a

	
1.31 ± 0.02 b

	
1.23 ± 0.05 b

	
0.79 ± 0.55 ab




	
trans, cis-8,13-Octadecadienoic acid (18:2 trans, cis-8,13)

	
0.07 ± 0.03 b

	
0.02 ± 0.02 a

	
ND

	
0.02 ± 0.01 a




	
Linoleic acid (18:2 cis, cis-9,12)

	
15.15 ± 0.42 a

	
19.30 ± 0.06 b

	
22.86 ± 0.04 c

	
19.82 ± 1.43 b




	
γ-Linolenic (18:3 all cis-6,9,12)

	
0.10 ± 0.02 a

	
0.19 ± 0.04 b

	
0.13 ± 0.02 ab

	
0.11 ± 0.04 b




	
Dihomo-γ-Linolenic acid (DGLA) (18:3 all cis-8,11,14)

	
0.01 ± 0.01 a

	
0.06 ± 0.02 b

	
0.04 ± 0.01 ab

	
0.02 ± 0.02 a




	
α-Linolenic acid (18:3 all cis-9,12,15)

	
12.70 ± 0.20 a

	
43.65 ± 0.15 d

	
37.97 ± 0.04 c

	
33.70 ± 1.90 b




	
Stearidonic acid (18:4 all cis-6,9,12,15)

	
0.03 ± 0.01 a

	
0.02 ± 0.01 a

	
0.02 ± 0.01 a

	
0.02 ± 0.01 a




	
cis, cis-11,14-Eicosadienoic acid (20:2 cis, cis-11,14)

	
0.03 ± 0.01 a

	
0.03 ± 0.01 a

	
0.04 ± 0.00 a

	
0.10 ± 0.08 a




	
All cis-8,11,14-Eicosatrienoic acid (20:3 all cis-8,11,14)

	
0.03 ± 0.01 b

	
ND

	
ND

	
ND




	
All cis-11,14,17-eicosatrienoic acid (20:3 all cis-11,14,17)

	
0.02 ± 0.01 a

	
0.04 ± 0.02 ab

	
0.04 ± 0.01 ab

	
0.05 ± 0.00 b




	
Arachidonic acid (20:4 all cis 5,8,11,14)

	
0.13 ± 0.02 b

	
0.04 ± 0.00 a

	
0.03 ± 0.01 a

	
0.06 ± 0.02 a




	
Cetoleic acid (22:2 cis-11)

	
0.01 ± 0.01 a

	
0.01 ± 0.00 a

	
0.02 ± 0.00 a

	
0.03 ± 0.02 a




	
Osbond acid (22:5 all cis-4,7,10,13,16)

	
ND

	
0.01 ± 0.00 b

	
ND

	
0.02 ± 0.00 c




	
Cervonic acid (22:6 all cis-4,7,10,13,16,19)

	
0.02 ± 0.01 b

	
ND

	
ND

	
ND








Data are reported as mean ± SD (n = 3). a, b, c, d Different letters show that there is a significant difference (p ≤ 0.05), according to one-way ANOVA and Tukey’s HSD test; 1 Not detected; 2 Saturated fatty acids; 3 Monounsaturated fatty acids; 4 Polyunsaturated fatty acids.
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