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Editorial on the Research Topic
 Novel technologies for enrichment, extraction, and determination of phenolic compounds in foods, volume I




Phenolic compounds, a class of plant secondary metabolites with high biological activity, are mainly composed of flavonoids, phenolic acids, and anthocyanins (1). Due to the large amount of active phenolic hydroxyl groups in phenolics, they have a strong ability to scavenge free radicals and have various physiological and biochemical functions, including anti-cancer, anti-tumor, anti-aging, and other health-promoting functions (2). However, they cannot be synthesized in the human body and need to be ingested through external sources (3). Therefore, the novel technologies for enrichment, extraction, and determination of phenolic compounds have received widespread attention.

Phenolic compounds are widely distributed in vegetables, fruits and grains (4). The metabolomics approaches based on mass spectrometry can achieve comprehensive extraction and determination of different phenolic compounds. Zhang et al. found that isoflavones, sinapic acid derivatives, catechin and epicatechin, phenolic alcohols, chlorogenic acid, and lignans were the main phenolic compounds in soybean, rapeseed, peanut skin, olive, sunflower seed, sesame and flaxseed, respectively. Liu H.-Y. et al. reported that four phenolic classes with 316 phenolic metabolites were identified in white radish. Liu S. et al. concluded that Citrus L. fruit, as a functional fruit, was also rich in health-promoting phytonutrients and bioactive compounds, such as flavonoids, phenolic acids, vitamins, carotenoids, pectins, and fatty acids. A thorough understanding of phenolic components among different species may provide scientific guidance for better enrichment and extraction of specific phenolic compounds and benefit the extension of the value chain of functional foods.

In recent years, it has become a major development trend in enhancing the activity of phenolic compounds through biotic or abiotic stress (5, 6), which is of great significance for the extension of the food industry chain. Villamil-Galindo et al. showed that Ellagitannins and UVA radiation were proved to be efficient in biofortify strawberry agro-industrial by-products, significantly improving the phenolic compounds content and their bioactive properties with adequate bioaccessibility, adding value to the strawberry agro-industrial by-products. Wang M. et al. found that UV-B radiation promoted the accumulation and synthesis of isoflavones in soybean hypocotyls and cotyledon callus tissues, particularly malonyl isoflavones. Also, a combination of ultrasound and exogenous GABA treatment can be used to produce mung bean sprouts with enriched polyphenols content and enhanced antioxidant activity (Wang L. et al.). Xie et al. investigated that ultrasound-assisted aqueous two-phase (ATP) extraction was used as an effective method to achieve the simultaneous separation and preliminary purifification of phenolics from grape pomace. Interestingly, Hong et al. found that ultrasonic washing was an abiotic elicitor to induce the accumulation of phenolics in fruit and vegetables while retaining quality attributes and microbial safety. Besides, fermentation is an effective way to increase the content of endogenous phenolic compounds in plants. Yang J. et al. found that the content of total organic acids, phenols and flavonoids increased in fermented ginkgo biloba kernel juice by Lactobacillus plantarum Y2, which effectively improved the nutritional value and safety of ginkgo biloba kernel juice. Wang K. et al. showed that the nutritional value and bioactivity of black beans were enhanced when fermented as tempeh, and the total respective levels of phenolics, flavonoids, and proanthocyanidins released from black bean tempeh were 1.21, 1.40, and 1.55 times higher than those of unfermented black beans following in vitro digestion, respectively. Zheng et al. comprehensively investigated three modification methods (shear emulsifying, ball milling, and autoclave treatment) to improve the structure, physicochemical properties, phenolic compounds, and antioxidant capacity of food.

These studies emphasize phenolic-rich foods have become a major trend in the future. The technologies for enrichment, extraction, and determination of phenolic compounds in foods are becoming increasingly abundant, which has an important contribution to improving food nutrition and processing quality, and developing healthy foods.

In general, the article discussed in this editorial analyzes the composition of phenolic compounds in different plants, explores new technologies for enriching and extracting phenolic compounds, and demonstrates the potential of enhancing the activity of phenolic compounds and increasing their production to extend the food industry chain. As our understanding of phenolic compounds and their novel technologies continues to grow, it can provide valuable supplements to existing technologies for enrichment, extraction, and determination of phenolic compounds, and contribute to improving the nutritional value and industrial added value of food.

The articles discussed in this editorial demonstrate the potential of phenolic-rich foods as a promising dietary intervention in fighting against obesity. It would be more and more clear that they may offer a valuable addition to existing weight loss and metabolic health interventions and ultimately contribute to the development of more effective and holistic approaches to obesity prevention and treatment.
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Since the dietary regimen rich in fruits is being widely recognized and encouraged, Citrus L. fruits have been growing in popularity worldwide due to their high amounts of health-promoting phytonutrients and bioactive compounds, such as flavonoids, phenolic acids, vitamins, carotenoids, pectins, and fatty acids. The diverse physicochemical properties and multiple utilization of citrus fruits in food industry are associated with their unique chemical compositions. Throughout the world, citrus has been used for producing various value-added and nutritionally enhanced products, including juices, wines, jams, canned citrus, and dried citrus. However, the current studies regarding the phytochemical and nutritional characteristics and food applications of citrus are scattered. This review systematically summarizes the existing bibliography on the chemical characteristics, functional and nutraceutical benefits, processing, and potential applications of citrus. A thorough understanding of this information may provide scientific guidance for better utilizing citrus as a functional fruit and benefit the extension of citrus value chain.

KEYWORDS
 citrus, phytochemicals, nutrients, health benefits, food applications


Introduction

Citrus (genus Citrus L.), which belongs to the citrus genus of the Rutaceae family and Aurantioidae subfamily according to the botanical classification, is currently among the most economically important cultivated crops in terms of area and production values around the world. Citrus is believed to have originated in the Himalayan area of southwestern China, northeastern India, and northern Burma, and now has been diffused in more than 140 countries (1). According to statistics from the Food and Agriculture Organization of the United Nations (FAO), the total global production of citrus in 2019 was about 144 million tons, with a planting area of 9.89 million hectares, of which, the output and cultivation area of citrus in China reached 38 million tons and 2.88 million hectares, respectively, ranking first place worldwide. Sweet orange (Citrus sinensis), sour orange (C. aurantium), mandarin (C. reticulata), grapefruit (C. paradisi), pummelo (C. grandis), lemon (C. limon), citron (C. medica), lime (C. aurantifolia), kumquat (C. japonica), and hybrids are known as the most commercially important citrus species (Figure 1) (2).


[image: Figure 1]
FIGURE 1
 Phenotypes and genotypes of main citrus varieties and hybrids.


Citrus fruits are common foodstuffs for human health thanks to their extremely high contents of health-promoting phytochemical and nutritional substances, such as multivitamins, pectins, carotenoids, fatty acids, and especially polyphenols (3). In recent years, along with the increasing public interest in plant antioxidants, the citrus fruits with high antioxidant ability associated with phytochemicals and nutrients are attracting more attention due to their potential health-promoting functions. The results of numerous epidemiological studies indicated a direct correlation between citrus fruit consumption and low risks of chronic diseases, such as cancer, cardiovascular diseases, and diabetes (4, 5). In addition, some curative components with pharmacological effects have also been found in citrus fruits and citrus by-products. Specifically, some phytochemicals in essential oils extracted from citrus peel have been demonstrated to have high free radical scavenging and anti-fungal activity; anti-pathogenic effects on healing sore throat, cough, earache, and vomiting have been demonstrated relating to citrus pulp and peel; and the extracts prepared using steam-distillation from citrus fruit and fruit/seeds have been used as a sedative and cardiac tonics, respectively (1, 6).

Short harvest time and shelf life are usually the flaws of fresh fruits and limit their availability and the possibility of enjoying the nutritional and functional properties all year round, as only a few days to months are generally the optimal time for fruit picking and consumption. Therefore, although most of the harvested citrus are freshly consumed, processing citrus into value-added products are important ways to extend the citrus industry chain and prolong the shelf life of citrus to several months or years, which is beneficial for the safe transportation of citrus products from the growing region of citrus to all over the world. However, currently, the actual conversion rate is extremely low in comparison with the colossal yield of citrus on the earth. For example, <5% of the total citrus yield in China is exploited annually. Even worse, a portion of the harvested citrus is lost because of the lack of adequate post-harvest management and processing infrastructures, which is a considerable economic loss for orchardists and farmers. Hence, processing of citrus into various products; such as citrus juices, citrus wines, citrus jams, canned citrus, and dried citrus is gaining attention by enriching the diversity of the citrus sector and thus minimizing postharvest losses.

To date, the information about the chemical composition, mainly including phytochemicals and nutrients, and the health-promoting properties and food applications of citrus is scattered. This study summarizes the current knowledge on the phytochemical and nutritional components in citrus. The health benefits of these compounds are discussed as well. Regarding the phytochemicals and nutrients, the composition, structure, and distribution, as well as bioactivities are priorly summarized. Thereafter, the utilization of citrus for the development of citrus products is reviewed. The review facilitates a better understanding of citrus composition and provides important references for future research and innovations to promote the production and utilization of citrus.



Phytochemical profiles of citrus


Flavonoids

As one the most abundant secondary metabolites, natural plant polyphenols have long been the subject of studies since they are essential for the protection of plants and exert functions of defense. To date, hundreds of polyphenols have been detected in citrus with flavonoids being the most important bioactive components with wide variety and distribution, and new polyphenols are being constantly discovered with the advancement in extraction and analytical methods (7–9). Flavonoids are naturally occurring low molecular weight phenolic compounds containing two aromatic rings (A and B) bound by a 3-carbon bridge (C6-C3-C6 structure) (Figure 2). Among the over 250 flavonoids have so far been identified in citrus (10), citrus flavonoids can be further structurally categorized into flavanones, flavones, flavonols, and anthocyanins (only in blood oranges), which are present in the form of aglycones or glycosides. Neohesperidoside and rutinoside are the most significant and common forms of flavonoids in citrus. Besides, hydroxylation and methylation are also frequently involved (11).


[image: Figure 2]
FIGURE 2
 Chemical structures of major phytochemicals and nutrients in citrus.


Flavonoids affect the quality of fruits in terms of taste, appearance, and bioactivities. For example, neohesperidosides, including naringin, neohesperidin, poncirin, and neoeriocitrin, consist of a flavanone with neohesperidose (rhamnosyl-a-1,2 glucose) and contribute the primary bitterness to citrus (12). Whereas rutinosides, such as hesperidin, narirutin, eriocitrin, and didymin, have a basic flavanone combined with a disaccharide residue of rutinose (ramnosyl-a-1,6 glucose) and are tasteless. Flavanones present in diglycoside form usually confer a typical taste of bitterness to citrus fruit (2). The accumulation of anthocyanins is the fundamental reason of pigmentation of blood oranges (13). With regard to the therapeutic and nutraceutical potentials, these bioactive ingredients help to reduce the risk of many chronic diseases (such as cardiovascular disease), with important nutritional health care functions (14). A large number of studies have demonstrated that citrus flavonoids can regulate the expression of inflammation-related factors, inhibit the adhesion of monocytes to endothelial cells, regulate cell migration and possess vascular protection, anti-hypertension, and anti-atherosclerosis effects (Figure 3) (15, 16). Nowadays, the prevalence of diabetes and obesity is rapidly increasing due to unhealthy dietary habits and a lack of daily physical exercise. Some in vitro studies have revealed that citrus flavonoids have the robust pharmacological properties of antidiabetic activity and anti-obesity action (17–19). For example, citrus flavonoid narirutin can block the digestive enzymes that hydrolyze polysaccharides into small absorbable fragments to regulate the blood glucose level in people with diabetes. Citrus flavonoids have been associated with reducing adiposity through the inhibitory effect on adipogenesis via the downregulation of genes associated with lipid metabolism and adipogenic transcription factors and the upregulation of certain lipolysis enzymes such as hormone-sensitive lipase (HSL) and AMP-activated protein kinase (AMPK).


[image: Figure 3]
FIGURE 3
 Potential health-promoting effects of phytochemical and nutritional compounds in citrus.


The level and composition of flavonoids change with the development and maturation of citrus fruits and vary among different citrus species. A study on the flavonoid evolution during navel orange maturation found that the total flavonoid content continuously decreased during maturity, from 538 mg/100 g dry weight (DW) at the young fruit period to 69 mg/100 g DW at commercial maturity (20). Some researchers have evaluated the changes in phenolic profiles of lemon fruits during maturity and found that the total flavonoid content of lemon pulps ranged from 630 to 1460 mg/100 g fresh weight (FW) and the highest total flavonoid content occurred in April (21). A previous study accurately described the flavonoid profile of different citrus fruits using a new UPLC-PDA method, and the results indicated that the flavonoid contents in the fruits varied significantly among different citrus varieties cultivated in the same area, and different cultivated species were characterized by varying predominant flavonoid compounds; for example, naringin, erocitrin, and hesperidin are the most predominant components of pummelo, lemon, mandarin, and sweet orange, respectively (22). A comparative study on the flavonoid level in different citrus varieties reported that the total flavonoid concentrations in navel oranges (mean value: 95.3 mg/100 g FW), common oranges (mean value: 82.6 mg/100 g FW), and satsume oranges (mean value: 75.45 mg/100 g FW) were higher than that in clementine groups (mean value: 35.6 mg/100 g FW), sanguine groups (mean value: 56.9 mg/100 g FW), and hybrid groups (mean value: 56.4 mg/100 g FW) (23).


Flavanones

Flavanones are low in molecular weight, C6-C3-C6 parent nuclear structure consisting of 15 carbon atoms, and often contain multiple hydroxyl groups. Their flavonoid skeletons contain two aromatic rings (A and B rings), connected by an oxygen-containing heterocyclic ring consisting of three carbon atoms (C rings). Flavanones are the major polyphenols in citrus in comparison with other flavonoids and phenolic acids (24). Numerous epidemiological studies have reported the inverse relationships between citrus flavanones intake and the risks of cardiovascular diseases, hypertension, lipid-lowering, insulin-sensitization, atherosclerosis, and inflammation properties (Figure 3) (25, 26).

The compositions and contents of flavanones in citrus vary dramatically between different citrus varieties and fruit parts. For instance, the dominant flavanones in sweet oranges and mandarin both are tasteless hesperidin (15.25 mg/100 g FW) and bitter narirutin (2.33 mg/100 g FW), whereas in sour oranges the predominant flavanones are bitter neohesperidin (11.09 mg/100 g FW) and naringin (18.83 mg/100 g FW) (27). Pummelo is characterized by an abundance of naringin (218.65–783.91 mg/100 g FW), lemon is characterized by eriocitrin (9.46 mg/100 g FW) and hesperidin (15.78 mg/100 g FW) (22, 28). The concentration of naringin in grapefruits (654.35–987.17 mg/100 g FW) is comparatively higher than that in others (29, 30). Taking fruit parts into consideration, hesperidin is the dominant flavonoid in the pulps of lemons (74.3–181.6 mg/100 g FW), tangerine (167.5 mg/100 g FW), and sweet oranges (100.1 mg/100 g FW), and in the peels of mandarins (660.26–924.05 mg/100 g FW), sweet oranges (567.62–916.29 mg/100 g FW), and lemons (214.61–406.77 mg/100 g FW) (21, 22). The contents of eriocitrin reached 470.5 and 204.7 mg/100 g FW respectively, in the peel and pulp of lemon, which are much higher than those of the other citrus species (22).

The information regarding the distribution of flavanone in the products made from citrus is also considerable. HPLC-DAD-ESI-MS-MS separation allowed for the identification, for the first time, of narirutin 4'-O-glucoside, hesperidin, and narirutin in blood orange (Sanguinello and Tarocco) juices (31). Six flavanones of narirutin (39.91 mg/L), naringin (2.23 mg/L), hesperidin (171.17 mg/L), neohesperidin (0.95 mg/L), didymin (6.07 mg/L), and apigenin (32.37 mg/L) have been accurately quantified in orange juices made from Turkish cv. Kozan, while yeast fermentation significantly reduced their levels ranging from 42 to 50% (32). Gattuso et al. (33) summarized the flavanone composition in different citrus juices and found that the total flavanone contents in the juices made from C. sinensis, C. reticulata, C. clementina, C. limon, C. aurantifolia, C. paradisi, C. deliciosa, and C. aurantium are 4.74–73.17, 1.11–58.55, 5.26–86.22, 5.51–80.1, 1.52–2.02, 9.61–83.35, 2.12, and 4.34 mg/100 mL, respectively. Furthermore, hesperidin is usually the predominant flavanone in all the juices other than C. aurantium juice with this compound being virtually absent.



Flavones

Flavones possess 2-phenyl-1,4-benzopyrone skeletons, with hydroxyl groups usually at the 5- and 7-position, and often also at the 4'- and/or 3'-position. Six major flavone aglycones that are frequently reported include sinensetin, nobiletin, tangeretin, apigenin, luteolin, and diosmetin (Figure 2). The types and substitution positions of flavone glycosides are more diverse than those of flavanones. Glycosides can be substituted at positions 5, 6, 7, and 8 in A ring and 3' and 4' in B ring. The glycosylation may take place in (1) one or more hydroxyl groups of the aglycone bounding to glycoses to form an acid-labile glycosidic O–C bond (namely flavone C-glycosides) or (2) direct linkage of the glycoses to the basic nucleus of the aglycone, via an acid-resistant C–C bond (namely flavone O-glycosides) (11). The types of glycosides include rutinoside, neohesperidoside, glucoside, rhamnoside, arabinoside, and xyloside.

A previous study has reported, for the first time, the presence of five C-glycosyl flavones (lucenin-2, vicenin-2, stellarin-2, lucenin-2 4'-methyl ether, and scoparin) and a flavone O-glycosides (chrysoeriol 7-O-neoesperidoside) in blood orange juices (34). Abad-García et al. (35) have developed a method using HPLC-DAD coupled to ESI and triple quadrupole mass spectrometry to isolate different varieties of flavones from a series of citrus juices. The distinct flavones in the juices made from sweet orange, tangerine, lemon, and grapefruit are apigenin-7-O-rutinoside-4′-O-glucoside, luteolin-7-O-neohesperidoside-4′-O-glucoside, luteolin-6-C-glucoside, 6,8-di-C-acylhexosides of chrysoeriol and diosmetin, 6-C-and 8-C-glucoside-O-pentoside of apigenin, apigenin-6-C-hexoside-O-hexoside, and apigenin-8-C-hexoside-O-acylrhamnoside. Although the variety of flavones in citrus is diversified, the content of flavones only accounts for from trace to approximately 10% of total flavonoids (6, 14), which could be explained by the predisposed conversion from flavones into polymethoxylated flavones (PMFs) rather than being glycosylated (36, 37). Preclinical studies have demonstrated the promising physiological and pharmacological effects of citrus flavones, such as prevention and treatment of inflammation through the inhibition of regulatory enzymes or transcription factors that control mediators involved in inflammation (38), the antimicrobial effect on some Gram-negative and positive bacteria and Saccharomyces cerevisiae (39), and the anticancer activity via the suppression of cell growth and the promotion of cell death by regulating key molecular pathways related to cancer cell proliferation and immune cell function (Figure 3) (40, 41).

PMFs are unique constituents that almost exist exclusively in citrus and can thereby be used as biomarkers for citrus classification. PMFs exist in large amounts in the waxy constituents separated from the cold-pressed orange peel oil after long-term freezing treatment, while only a small amount is present in the fruit juice and pulp (42). PMFs, naturally occurring as free aglycones with at least two methoxy groups, have been reported in high concentrations in the peels of sweet, bitter, and mandarin oranges (29). Among the different citrus species, mandarins have the highest levels of PMFs, followed by sweet oranges, lemons, and pummelos (43). On the basis of the ESI-MSn characteristics of PMFs and the results of EIC-MS/MS experiment, 32 PMFs have been screened from the complex extract of the peels of “Shatangju” mandarin (44). Nobiletin and tangeretin are common PMFs in citrus fruits, and supercritical carbon dioxide extraction using aqueous ethanol as co-solvent is considered the most environmentally friendly method for the extraction of these two PMFs from C. depressa Hayata peel (45). Many in vitro and in vivo studies have demonstrated anti-cancer, anti-proliferative, anti-inflammatory, anti-angiogenic, and neuroprotective properties of nobiletin and tangeretin (Figure 3) (46). However, these two PMFs are scarcely used as functional foods due to their low water solubility. Some studies have used debranched waxy maize starch via encapsulation to enhance the storage stability of tangeretin (47). Meanwhile, Sun et al. (48) have developed a method to encapsulate nobiletin using the cinnamaldehyde-modified whey protein stabilized microcapsules. The study indicated that the presence of cinnamaldehyde maintained or increased the bioaccessibility of nobiletin, regardless of emulsions or microcapsules.



Flavonols

Flavonols, the ancient and widespread class of polyphenolics, exhibit great antioxidant potential and are considered effective UV filters, thereby performing important functional roles during plant evolution (49). Flavonols represent the main fraction of bioactive compounds in plants with antioxidant, anti-inflammatory, and anti-proliferative capacities, having great health-promoting effects such as protection against cancer and cardiovascular disease (Figure 3) (50). Compared with flavone and flavanone aglycones, the main feature of flavonol aglycone is the existence of a hydroxyl group at C3 in the C-ring. Flavonol glycosides, especially O-glycoside, have the sugar moieties attached at position C7 of A-ring and position C3 of C-ring.

Kaempferol, quercetin, limocitrin, and isorhamnetin are the four main flavonols in citrus. The contents of flavonol in citrus juice generally are low in the range of 0.74–3.4 mg/100 mL (36). A comparative study suggested that the distribution of flavonols in citrus usually is variety dependent as the percentages of flavonols in the total polyphenol content are 1.0–3.5% in sweet orange juices, 0.3–9.5% in tangerine juices, 3.4–6.0% in lemon juices, and 0.1–0.2% in grapefruit juices (24). The accumulation of flavonols is divergent in citrus organs, as they are preferentially accumulated in leaves of most citrus varieties, while only a very small amount of flavonols is found in fruit tissues of a limited number of varieties such as lemon and lime (51).



Anthocyanins

Anthocyanins are water-soluble flavylium cation derivatives belonging to the flavonoid family involved in nature in several aspects of plant development and defense (52). Their unique structures in C rings are different from that of other flavonoids. In general, anthocyanin aglycones (namely anthocyanidins) are rarely found in nature due to their poor stability, while usually exist in the form connected with glycosides. According to the difference in the patterns of hydroxylation and methylations on the different positions of B ring of aglycones, approximately 25 anthocyanidins have been identified in nature. However, only six of them, including pelargonidin, cyanidin, delphinidin, peonidin, petunidin, and malvidin, linking with different glycoses, such as glucose, rhamnose, galactose, arabinose, xylose, and rutinose, are commonly found in plant-based food, accounting for about 95% of all anthocyanins (53). Apart from the chromogenic properties, anthocyanins are also important components of the human diet and, thanks to their radical-scavenging properties, therapeutic agents (54). The biological and pharmacological studies on these molecules have demonstrated their counteractive effects on oxidative stress and onset and progression of several non-communicable diseases (e.g., neurodegenerative, cardiovascular, metabolic diseases, and cancer), antimicrobial ability, and visual protective function (Figure 3) (55, 56).

Blood oranges, such as Tarocco, Moro, and Sanguinello, are typical varieties colored by anthocyanins that are present in both the rind and fruit juice vesicles. The content and composition of anthocyanins in blood oranges vary tremendously depending on variety, maturity, region of cultivation, and many other environmental factors. Cebadera-Miranda et al. (57) identified ten different anthocyanins, including seven cyanidin derivatives and three delphinidin derivatives, in blood oranges, and reported that cyanidin 3-(6"-malonylglucoside) and cyanidin 3-glucoside are the most abundant anthocyanins in both Sanguinello and Tarocco varieties. These two anthocyanins have also been dominantly found in Moro oranges (58). The total anthocyanin concentrations in Tarocco Ippolito (8.67–25.26 μg/100 g DW) and Sanguinelli (10.53–22.70 μg/100 g DW) generally are higher than that in Tarocco Rosso (6.95–12.12 μg/100 g DW) (57). Lo Piero (54) found that pigmentation levels varied significantly with cultivars of pigmented sweet oranges growing under even the same conditions. Specifically, the pigmentation level in OTA9 is highest, followed by Moro (high pigmentation), Tarocco (low to medium pigmentation), and Navelina (no pigmentation), in decreasing order. With regard to the environmental factor, cold treatment has been documented to extend Tarocco's shelf life and increase anthocyanin levels (59, 60). The anthocyanin accumulation in blood oranges during storage at low temperatures could be explained by the activation of enzymes involved in phenylpropanoid metabolism (61).

The accumulation of anthocyanins during plant development suggests that anthocyanin evolution is controlled and induced in favor of plants (54). Some studies have demonstrated that the accumulation of anthocyanins in blood oranges is closely correlated with fruit maturity. Cotroneo et al. (62) reported that the total anthocyanins of Moro orange are undetectable in the first two ripening stages (mid-to-late October to the beginning of November). However, their levels rise from the third and fourth stages (end of November to mid-December), remaining below 2 mg/100 g FW, and show a sharp increase starting from the sixth and reaching 22.2 mg/100 g FW in the seventh stage. The direct correlation between the accumulation of pigments and transcript levels for genes encoding chalcone synthase (CHS), anthocyanidin synthase (ANS), and UDP-glucose-flavonoid 3-O-glucosyltransferase (UFGT) was confirmed using quantitative real-time reverse transcriptase-PCR.




Phenolic acids

Phenolic acids are phenols containing one carboxylic acid and can be structurally divided into hydroxycinnamic acids, which are characterized by C6–C3 structures, and hydroxybenzoic acids, which possess common C6–C1 structures. Phenolic acids are often combined with other substances (organic acids, flavones, cellulose, flavones, proteins, lignin, monosaccharides, etc.) in the form of ester bond, glycoside bond, ether bond, and rarely exist in a free state (63).

Although a fraction of phenolic acids can be produced through the metabolism of other kinds of polyphenols by microflora in colon of humans and animals, the majority of phenolic acids are supplemented by dietary sources (63). The dietary phenolic acids exist ubiquitously in plants, as citrus is one of the most important sources of these antioxidants. The health-promoting effects of phenolic acids have been well acknowledged. For example, phenolic acids possess much higher in vitro antioxidant activity than the well-known antioxidant vitamins and have various biological activities of antibacterial, antiviral, anticarcinogenic, anti-inflammatory, anti-mutagenic, and vasodilatory actions (Figure 3) (63, 64). These functions emphasize the potential utilization of phenolic acids in citrus in pharmaceutical industries.

Phenolic acid composition and content are different in diverse citrus fruits, which are mainly related to fruit variety, part, and ripeness. For example, some studies have found that the content of phenolic acid in citrus peel is much higher than that in citrus flesh, particularly in semi-mature stage (20). Hydroxycinnamic acids, such as ferulic acid, p-coumaric acid, caffeic acid, sinapic acid, and chlorogenic acid, are mainly found in various parts of citrus fruits, while hydroxybenzoic acids, such as vanillic acid, p-hydroxybenzoic acid, and gallic acid, are found in a small amount in citrus peels (65). Seven phenolic acids, including four hydroxycinnamic acids (caffeic, p-coumaric, sinapic, and ferulic acids) and three hydroxybenzoic acids (protocatechuic, p-hydroxybenzoic, and vanillic acids), have been determined by HPLC-PDA in the peels of C. reticulata (66). A similar profile of phenolic acids has also been detected in calamansi peel (67). p-Coumaric (24.68%) and ferulic (23.79%) acids are the most abundant phenolic acids in the peel extract of bitter orange (68), and gallic acid is the most abundant in the peels of several pomelo varieties (45). However, the major phenolic acid in Persian lime is p-coumaric acid (37). Ferulic acid was found as the predominant phenolic acid in the range of 31.6–63.7 mg/L in blood orange juices (6). An accordant result (37.7 mg/L) has been detected in juices made from Valencia late (69).

The remarkable effect of maturation on the evolution of phenolic acids in citrus has been well demonstrated. For example, Hou et al. (20) suggested that the concentrations of most phenolic acids in navel orange decreased during fruit maturation with exception of free fractions of sinapic acid and bound fractions of ferulic and caffeic acids. A study assessed the evolution of phenolic compounds in Eureka lemon fruits during ripening and found that p-coumaric acid and ferulic acid are among the major phenolic acids, and the maximum levels of phenolic acids are accumulated in the pulps of April fruits (26.94 mg/100 g FW) but in the peels of June fruits (76.93 mg/100 g FW) (21). A previous study evaluated the content of p-coumaric acid in Persian Lime over time and found that the concentration of this acid increased significantly from week 1 (0.98 mg/100 g FW) to week 5 (3.04 mg/100 g FW), then decreased drastically till week 7 (0.155 mg/100 g FW), and keep constant in the subsequent weeks (37).



Carotenoids

Citrus carotenoids are a class of C40 isoprenoids, categorized into carotenes (hydrocarbonated carotenoids) and xanthophylls containing one or more oxygens. Carotenoids have special relevance to human nutrition and health-related aspects of immunity enhancement, eyes protection, and cancer and cardiovascular disease prevention (Figure 3) (10). As an important source of natural carotenoids, citrus carotenoids not only contribute nutritional value to citrus fruits, but also are responsible for the attractive color of yellow, orange, and red (10, 70). Carotenoids are naturally occurring fat-soluble pigments with antioxidant functions and some of them (provitamin A carotenoids, including α-carotene, β-carotene, and β-cryptoxanthin) can be converted into vitamin A (retinol) (71), thus make citrus become a valuable source to fulfill the recommended daily ingestion specifications.

Approximately 115 carotenoids have been detected in citrus species, including both carotene (α-carotene, β-carotene, and lycopene) and xanthophyll (β-cryptoxanthin, lutein, zeaxanthin, and violaxanthin) (71). The total content of carotenoids in citrus is located in the ranges of 2.5–50.1 mg/100 g FW (72). The content and composition of carotenoids in citrus are closely correlated with the types of citrus variety, maturity, and environmental conditions of cultivation and storage. A comparative study evaluating the carotenoid contents in different citrus food matrices (pulp and fresh juice) and their content in bioaccessible fraction and relative bioaccessibility of bioactive carotenoids in different varieties of two citrus species that are highly consumed worldwide, sweet orange and mandarins, suggested that the pulp of citrus fruits contains a similar or higher content of soluble bioactive carotenoids compared to fresh juice. Consequently, potential nutritional and health benefits are obtained by the consumption of pulp with respect to fresh juice (73). During ripening, due to the gradual conversion of chloroplasts to chromoplasts, the carotenoid contents in citrus fruits keep increasing with the degradation of chlorophyll (74). Besides, the genotype and environment conditions also impact the content of carotenoids significantly. A large number of studies on different cultivated citrus species have agreed on the accumulation of violaxanthin and β-cryptoxanthin can only be noted in mandarins and oranges in comparison with lemon, pummelo, and grapefruit (75–77). Moreover, the carotenoid composition of mandarins, oranges, and their hybrids could be distinguished by the concentration of β-cryptoxanthin (78). The study of Dhuique-Mayer (79) revealed the significant differences in carotenoid contents of citrus juices produced from fruits grown in Mediterranean, subtropical, and tropical countries. Furthermore, during juice processing, the applications of thermal or other stabilization treatments and the acidic condition stimulate the formation of carotenoid isomers and rearrangements of epoxy groups (73). With the aim to improve nutritional and functional values of citrus fruits in terms of carotenoid accumulation, storage at 12°C has been suggested as the feasible postharvest strategy (80).

Bioavailability, including absorption, metabolism, tissue distribution, and bioactivity, is a necessary prerequisite for assessing the role of a bioactive compound on human health and is strongly dependent on bioaccessibility. Due to the disturbance of poor solubility and chemical stability, and easy combination with food components, carotenoids are usually poor in human digestion. Some studies carried out using in vitro digestion models reported that the bioaccessibility of carotenoids could be improved by the presence of other dietary constituents, such as flavanones and pectin (3, 81).




Nutritional compounds in citrus


Vitamins

Vitamins are a general term for a series of organic micronutrients that are required by organisms for proper functioning. The deficiency of vitamins is a major public health issue worldwide and is closely related to numerous serious health problems, such as anemia, hypothyroidism, scurvy, and rickets. According to statistics, more than two billion people are suffering from vitamin deficiency and most of them belong to developing countries (82). Vitamins generally cannot be synthesized by organisms, and need to be obtained through diet and other means, making it possible to consume citrus, the source of abundant vitamins, as an important dietary vitamin uptake.

The vitamins in citrus can be divided into two main categories, namely fat-soluble vitamins (vitamin A and vitamin E, etc.,) and water-soluble vitamins (vitamin C and B-complex vitamins, such as vitamin B1, vitamin B2, and folate, etc.,). Among them, vitamin E and vitamin C are the most representative components in these two categories in citrus, respectively. In citrus fruits, vitamin A is the only fat-soluble vitamin that exists in an adequate quantity in the form of provitamin A carotenoids, with the carotenes and β-cryptoxanthin as the major vitamin A precursors (83). Vitamin C is widely considered the most important water-soluble antioxidant in citrus. This vitamin can prevent digestive tract cancers such as stomach and intestinal cancers, inhibit the formation of harmful substances such as free radicals and lipid peroxide in the body, and protect intra- and extra-cellular compounds (Figure 3) (84). Citrus juices are excellent sources of vitamin C and are widely available and commonly consumed beverages worldwide. The study of Rampersaud and Valim (85) has suggested that citrus juices, especially orange and pink grapefruit juices, were more vitamin C-dense than other commonly consumed juices.

Many factors affect vitamin content of citrus, including variety, maturity, breeding and storage conditions, and rootstocks. Cardeñosa et al. (86) assessed the effect of the citrus rootstocks on vitamin content and antioxidant activity of citrus fruits and found that the differences in antioxidant activity and related vitamin compounds are mainly dependent on the citrus rootstock, despite ripening stage had also some particular effects. However, in comparison with variety, harvesting season presented more remarkable impacts on vitamin contents and antioxidant activity of sweet oranges, as the highest values were found in the oranges harvested in January.



Pectins

Pectins are complex polysaccharide polymer compounds widely found in fruits, roots, stems, and leaves of plants, with a chain-like molecular structure. The majority of pectins generally coexist with hemicellulose, lignin, cellulose, and other components, with the highest content being in fruit cell wall (87). The binding unit of pectins is D-galacturonic acid linked by 1,4-bonds to long chains, which usually exists in the methyl esterified state, and also includes L-arabinose, D-galactose, D-sorbose, L-rhamnose and other sugars in its main chain (88). According to the difference in structure, pectins can be divided into homogalacturonans, rhamnogalacturonan I, rhamnogalacturonan II, xylogalacturonan, apiogalacturonan, galactogalacturonan, galacturonogalacturonan, and arabinogalacturonan (89). Additionally, pectins can also be classified into high methoxy pectins and low methoxy pectins based on methoxylation degree (88).

Pectins are mostly extracted from fruit processing by-products, with the characteristics of low cost, simple operation, and avoidance of resource waste. Among them, citrus pectins are among the main source of commercial pectins. Citrus pectin is mainly found in the primary cell walls of citrus peels with the content accounting for 18–25% of the dry weight of peel (90). Citrus pectins have been used as good stabilizers and thickeners to improve the texture and quality of foods such as fruit and vegetable juices, jams, and jellies because of their outstanding thickening, stabilizing, gelling, and emulsifying properties (91). In order to meet people's wide extensive demand for healthy food, citrus pectins have been used as ideal fat alternatives in food processing, such as baked goods, salad dressings, ice creams, and other foods with high-fat levels (89). In addition, citrus pectins can act as degradable environmental protection films being used as substitutes for synthetic macromolecular polymers in food preservation, which can not only prolong the fresh-keeping period of foods but also is environmentally friendly (92).

Citrus pectins have been demonstrated important physiological functions and biological activities for human health, to name a few, including the prevention of colon and prostate cancers, anti-inflammation, hypoglycemic effects, and promotes the growth of beneficial bacteria in the gut (Figure 3) (45, 89). Citrus pectins are known to influence carotenoid bioaccessibility and absorption in humans. The structure of pectins, more specifically regarding their degree of methoxylation, favors carotenoid bioaccessibility but impairs the intestinal absorption of carotenoids from citrus concentrates (3).



Fatty acids

Fatty acids are organic compounds formed by an aliphatic chain and a carboxylic group normally bounded with glycerol-forming acylglycerides (93). They are generally derived from triglycerides and phospholipids, and are important nutritional substances and metabolites in living organisms (94). In citrus fruits, fatty acids constitute the largest citrus lipid components and vary in saturation and configuration being grouped into saturated fatty acids (SFAs) and unsaturated fatty acids (UFAs), while the latter can be further divided into monounsaturated fatty acids and polyunsaturated fatty acids. Epidemiological studies have reported that SFAs increase the risk of hypercholesterolemia, diabetes, and atherosclerosis, whereas UFAs such as linolenic and linoleic acids, exhibit beneficial health-related effects (Figure 3) (94). In general, UFAs predominate over the SFAs in citrus and represent approximately 70% of total fatty acid content (TFA) (95). Data from USDA Food Data Central indicated that the total SFA in tangerines, oranges, limes, and grapefruits are 39, 15, 22, and 14 mg/100 g FW, respectively, while the total UFA are 125, 48, 74, and 37 mg/100 g FW, respectively. Matsuo et al.(96) found that the major fatty acids present in three cultivars of citrus natsudaidai peel are linoleic acid (C18:2, cis-9, 12, 42.8–48.5% of TFA), followed by palmitic acid (C16:0, 20.2–20.8% of TFA), α-linolenic acid (C18:3, cis-9, 12, 15, 12.1–14.6% of TFA) and oleic acid (C18:1, cis-9, 8.60–10.1% of TFA). An accordant result has been reported in the study comparing the fatty acid profiles of six citrus species breeding in South Korea (93). Eighteen fatty acids have been identified in five citrus juices (blood orange, sweet orange, lemon, bergamot, and bitter orange) and the mean concentration of fatty acids varies from 311.8 mg/L in blood orange juice to 678 mg/L in bitter orange juice (95).




Food applications of citrus

Nowadays, the flaws of short harvest time and shelf life of fresh citrus limit their supply and availability. Moreover, some popular cultivated citrus growing areas are being expanded for economic benefits, thus causing an oversupply of citrus in the market. Hence, further preservation and processing of citrus are vital approaches to maintain the majority of nutritional and phytochemical values of citrus, and to make the best use of citrus resources. In this section, various applications on how to better utilize the citrus are provided to facilitate its food industrial application and thus extend its industrial chain. The food applications include citrus juices, citrus wines, citrus jams, canned fruits, and dried citrus (Figure 4).
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FIGURE 4
 Current food applications of citrus.



Citrus juices

Citrus juice is the most popular fruit juice with the largest trade volume worldwide, accounting for about 2/3 of the global juice market. However, the undesirable bitterness of citrus juice has always been the main problem faced by the citrus juice industry, which makes the product unacceptable. Studies have shown that the bitter taste of citrus after juicing is caused by two aspects, one is the bitter taste derived from the flavonoids and their derivatives in citrus fruit, and the other is the bitterness caused by the conversion of non-bitter precursors into bitter substances. For example, limonin A-ring lactone (LARL) can convert into limonoids by the enzymolysis of limonin D-ring lactone hydrolase (LDRLase) (97). Therefore, in recent years, researchers are focusing on debittering citrus juices to elevate their flavor and thus increase consumer acceptability. At present, an array of debitterness techniques, including physical, chemical, and biotechnology methods, have been developed. The mechanisms of bitterness reduction mainly include (1) removal of citrus parts that are rich in bitter components (such as peels segment membranes and seeds); (2) removal of bitter compounds in citrus (such as resins adsorption and ultrafiltration membrane filtration); (3) addition of bitter compound scavengers (such as cyclodextrin, neodiosmin, and neohesperidin dihydrochalcone); (4) enzymatic conversion of bitter compounds (such as naringinase, transeliminase, Acetyl-lyase, and limonoate dehydrogenase); (5) use of genetic engineering method to regulate the synthesis pathway of bitter compounds (98, 99).

Among the multifarious citrus juices on the market, the novel products using probiotics, such as Lactobacillus fermentium, L. casei, L. plantarum, and L. pentosus, for fermentation have received widespread attention (100–102). This kind of citrus juice makes it possible to integrate the characteristics and properties of citrus and fermentation strain, showing unique nutritional and functional values, such as anti-pathogenic bacteria, immune regulation, cancer prevention, and cardiovascular disease prevention, to name a few.



Citrus wines

The development of citrus wine not only makes full use of citrus resources but also greatly increases the added-value of citrus, which is of great significance to promote the development of the citrus industry. Compared to wines, citrus wines are usually characterized by lower alcohol and mellow body. Moreover, citrus wine retains to a large extent the original flavor and functional components of citrus, including a variety of vitamins, polyphenols, pectins, carotenoids, and fatty acids. These nutrients and bioactive substances endow citrus wine with unique flavor and biological functions, such as antiaging, health care, nourishment, moistening the lung, nourishing the liver, and relieving tension (103).

In recent years, the research of citrus wine has attracted extensive interest, and numerous excellent results have been achieved at present. The flavor features of citrus wine are mainly determined by the substances derived from citrus fruit and that are produced by microbes during fermentation. Therefore, citrus varieties, fermentation technology, and microbial metabolism are the factors that have been placed more attention by researchers and fermentation practitioners for making citrus wine with premium quality. Nowadays, like citrus juice, citrus wine is also disturbed by strong bitterness. The debittering practices of citrus wine mainly include the selection of citrus varieties with low acidity, low content of bitter compounds, and high sugar content, the pretreatment of citrus juice in the early stage of fermentation, like that have been aforementioned in the section “Citrus Juices,” and optimization of final citrus wine, such as aging and fining (104). In addition, blended citrus wines fermented with citrus and other fruits or vegetables, such as apple, pineapple, carrot, and Chinese jujube are gaining ground in recent years (105, 106). The blended products could provide the advantages of multi-variety, multi-type, and multi-function that citrus single fermented wine lacks. Various indicators have demonstrated that the quality of wines made by multi-fruit blending has been significantly improved, which may provide a reference for the development of novel citrus wines.



Canned citrus

Canned citrus is among the largest variety of canned foods in the world and plays an important role in the international canned trade (107). In recent years, canned citrus caters to modern and fast consumption mode and is welcomed by consumers. Thermal treatment is one of the main processes during the production of canned food. However, in the process of canning, sealing, and sterilization, high temperature will not only change the physical properties such as pulp chroma, hardness, and brittleness, but also accelerate the oxidation, decomposition, and loss of vitamins, carotenoids, flavonoids, reducing sugar and aroma substances, which will affect the color, flavor, and nutritional quality of canned citrus (108). Therefore, some new thermal methods, such as microwave, ohmic heating, and infrared radiation, and non-thermal protocols, such as pulsed electric fields, high-pressure processing, high-pressure carbon dioxide, sonication, and ultraviolet have been extensively applied in the development of canned citrus products. Compared to the conventional thermal treatments, these novel methods showed better preservation of the nutritional values and flavor of canned citrus (109).

The citrus canning processing water from the production of canned citrus is an important resource of pectin and sugar (110, 111). The wastewater mainly comes from scalding citrus, peeling and splitting, fruit sac transportation, acid-base treatment, classification, inspection and selection, sterilization, and so on. The citrus canning processing wastewater without treatment is detrimental to the water ecological environment, the growth and propagation of organisms, and even human life. Therefore, some methods, including physical method, chemical method, and biological method have been exploited to better utilize the citrus resource (110, 111).



Citrus jams

Jam, made from fresh fruit with the addition of sugar, thickeners, and other excipients, is a kind of fruit processed product, which mainly aims to extend the preservation of fruits. Bright color, delicate taste, rich in nutrition, and unique flavor maintaining of fruits are the principal characteristics of jam. With the rise of fast-food culture, jam plays an important role in daily diet. Nowadays, citrus jams, such as orange jam and grapefruit jam, are widely consumed at breakfast and in dairy products, bakery products, and confectionery. Normally, in order to obtain better texture and retention, the sugar content of the traditional citrus jam is mostly between 50 and 70%, which results in a sweet and greasy taste. The existence of high sugar is harmful to human health, making the traditional citrus jam-making process unable to meet the requirements of contemporary consumers for healthy food. Hence, how to reduce the content of sugar in citrus jam is a topic of significance. The utilization of alternative natural sweeteners with the merits of non-cariogenicity and less glycemia, such as tagatose and isomaltulose, is considered an effective attempt (112). Moreover, to reduce the important losses of beneficial properties of citrus fruits resulting from the application of prolonged heat treatments during jam production, some novel protocols employing microwave heating technique and osmotic dehydration have been used as alternatives to the conventional methods (113, 114).



Dried citrus

With the aim to extend the shelf-life of fruits, dehydration is usually a process that is widely employed for partial removal of water from high moisture fruits. In the case of citrus, both the pulp and peel of fruit, the pomace generated during juice production, and the juice are rich in polyphenols, vitamins, pectins, and other substances and can be dried to dehydrated products. However, undesirable drying protocols may result in dramatic degradations of phytochemicals and nutrients.

Numerous drying methods, such as freeze-drying, hot-air drying, vacuum drying, drum drying, microwave drying, and sun drying, have been applied to the dehydration of citrus and its by-products (107, 115). However, there are discriminations regarding the dehydration methods for different parts of citrus. Taking lemon as an example, the techniques of hot-air drying (45°C) and freeze-drying have been used for the dehydration of lemon fruits (116), hot-air drying (40, 50, and 60°C) and combined osmotic hot-air drying for lemon peels (117), and freeze-drying, hot-air drying (70, 90, and 110°C), and vacuum drying (70, 90, and 110°C) for lemon pomace aqueous extracts (118). Moreover, the applications of different drying techniques significantly impact the chemical composition of raw materials. For example, the flavonol concentration extracted from lemon fruit using hot-air drying is higher than that using freeze-drying, whereas the results of flavanone and flavone contents are contrary (116); freeze-dried lemon powder has a significantly lower phenolic content than the low-vacuum-dried lemon (119). In addition, drying temperature also influenced the evolution of polyphenols remarkably. For instance, the study of Papoutsis et al. (118) compared the vacuum dying temperatures of 70, 90, and 110°C on the recovery of flavonoids in lemon by-products and found that 70 and 90°C were the optimum rather than 110°C, while Ghanem et al. (120) found that the degradation rates of phenolics and flavonoids increased with increasing air drying temperature.

Drying of citrus juices to free-flowing powders that can be reconstituted with water to drinks of acceptable flavor meets the demand of convenience from consumers. However, citrus juices are much more difficult to dry than other liquid foods such as milk, due mainly to the high content of sugar mixtures. During the drying process, especially with high drying temperatures, citrus juice may become highly viscous, thermoplastic, and sticky masses. The commonly applied methods to overcome this problem are the addition of drying carriers, such as maltodextrins, low dextrose equivalent, β-cyclodextrin, and gum arabic, which acted to increase the glass transition temperature and sticky point of the concentrated juice (107). However, these carriers are usually expensive and undesirable in the composition of the final product. Hence, the application of suitable drying techniques could greatly protect citrus juice flavor, phytochemicals, and nutrients. Nowadays, the primary drying methods used in the dehydration of citrus juices include spray drying, drum drying, vacuum drying, foam mat drying, and freeze-drying (107).




Conclusions and future perspectives

Citrus fruits are consumed in large quantities worldwide due to their attractive aromas and taste. The high abundance of phytochemicals, including flavonoids, phenolic acids, and carotenoids, and nutrients, including vitamins, pectins, and fatty acids, characterize citrus and citrus products' distinct flavor and various therapeutic and nutraceutical potentials, such as antioxidant, anti-inflammatory, antimicrobial, anticancer, neuroprotective effect, and other biological properties. The composition and content of phytochemical and nutritional compounds in citrus vary dramatically among varieties, fruit parts, maturity, region of cultivation, and many other environmental factors. The developments of value-added citrus products, including citrus juices, citrus wines, citrus jams, canned citrus, and dried citrus, can partly overcome the defects of seasonality and short life of fresh citrus, extend the citrus industry chain, and meet the nutritional requirements of novel fruit products from consumers. In conclusion, citrus is a functional and nutritional fruit and can complement other fruit and fruit products for various applications.

However, there are some challenges and issues that should be overcome or addressed in the future study of citrus. Under the premise of accurate profiling of phytochemical and nutritional substances in citrus, and given the tremendous differences in the chemical substances among different citrus varieties, fruit parts, maturity, and cultivation region, targeted utilization of citrus resources should be made in the future. Nowadays, citrus industries are confronted with the dilemma that the phytochemicals and nutrients in citrus are vulnerable when introduced into the food and digestive system, hence more studies on the protection of these bioactive compounds are of great importance for enhancing the commercial value of citrus. Moreover, at present, clinical research on citrus mainly focuses on the structure-activity relationships of specific compounds extracted from citrus, while as a whole, the health-promoting effect of citrus on human health should be paid more attention. To meet the growing demand for high-quality citrus products from the market, we should develop novel cultivation strategies and processing techniques to maximally retain citrus flavor, phytochemical, and nutritional values. The health potentials of these novel citrus products also need to be clarified to facilitate their food application. Furthermore, the food applications of citrus are mainly determined by their flavor profiles, the mapping and correlation between citrus sensory quality and specific flavor compounds should also be systematically revealed. From the perspective of sustainable development, the residues of citrus, such as peels, pomace, seeds, and leaves, have a high rate of waste worldwide and are unfavorable for the environment. These side streams in foods and other industries should be exploited as equally important as citrus flesh to broaden their utilization in the future. And environmentally friendly protocols must be preferentially applied during the valorization of citrus.
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The nutritional value and bioactivity of black beans are enhanced when fermented as tempeh, but their bioaccessibility and bioactivity after ingestion remain unclear. In this study, black bean tempeh and unfermented black beans were digested in vitro and changes in protein degradation, phenolic compound release, angiotensin I-converting enzyme (ACE)-inhibitory activity, and antioxidant activity between the two groups were compared. We observed that the soluble protein content of digested black bean tempeh was generally significantly higher than that of digested unfermented black beans at the same digestion stage (P < 0.05). The degree of protein hydrolysis and the content of <10 kDa peptides were also significantly higher in the digested black bean tempeh than in digested unfermented black beans (P < 0.05). SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and reversed-phase high-performance liquid chromatography (RP-HPLC) analysis showed that most macromolecular proteins in tempeh had been degraded during fermentation and more of the small peptides were released from black bean tempeh during digestion, respectively. Compared to that of the unfermented black beans, the level of ACE inhibition of black bean tempeh was lower, but this significantly increased to 82.51% following digestion, closing the gap with unfermented black beans. In addition, the total respective levels of phenolics, flavonoids, and proanthocyanidins released from black bean tempeh were 1.21, 1.40, and 1.55 times those of unfermented black beans following in vitro digestion, respectively. Antioxidant activity was also significantly higher in digested black bean tempeh than in digested unfermented black beans and showed a positive correlation with phenolic compound contents (P < 0.05). The results of this study proved that, compared to unfermented black beans, black bean tempeh retained protein and phenolic compound bioaccessibility and antioxidant activity and showed an improved ACE-inhibitory activity even after consumption.
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Introduction

Tempeh is a fermented bean-based product original from Indonesia that can be eaten as a staple food. Traditionally, tempeh is pie-shaped with white mycelia on the surface and it is obtained by soaking, peeling, cooking, and acid-adjusting ordinary soybeans, and finally fermenting them using Rhizopus oligosporus (1, 2). In recent years, various types of grains and legumes such as oats, barley, wheat, mung bean, broad bean, chickpea, and corn/soybean have also been used in the production of tempeh, further enriching its variety (3). Tempeh is a nutritious food, containing high amounts of dietary fiber, vitamin B12, folic acid, unsaturated fatty acids, isoflavones, and minerals, as well as a high protein content, making it an ideal meat substitute for vegetarians (2, 4, 5). In addition to its high nutritional value, tempeh also has a variety of physiological benefits such as antioxidation, lowering of blood lipid levels and blood pressure, tumor inhibition, prevention of atherosclerosis, and improvement of iron deficiency in anemia (3, 5, 6). Therefore, tempeh has cemented its position as a “superfood” in the modern society, in which the pursuit of high-quality nutrition has become increasingly important.

Besides being rich in high-quality protein, black beans [Glycine max (L.) merr.], otherwise known as black soybeans, also contain isoflavones, vitamin E, saponins, carotenoids, anthocyanins, and other active ingredients that grant them anti-inflammatory, antioxidant, anti-tumor, cholesterol-lowering, and analgesic benefits, and making them one of the black-colored foods with the highest nutritional and health care value (7–10). However, currently, the evaluation of the nutrition and health benefits of food is mainly performed through direct chemical analysis without considering the influence of bodily digestion upon human consumption. The conditions of human gastrointestinal digestion and organic extraction can differ greatly, and certain biologically active ingredients can undergo further degradation and metabolism under the action of digestive enzymes during the process of digestion, potentially affecting their biological activity following digestion. Giusti et al. (11) reported that only a fraction of the phenolic compounds from the coat and cotyledons of black beans was bioaccessible after simulated gastrointestinal digestion, and some phenolics were absent after small intestinal digestion due to their pH instability. Sancho et al. (12) investigated the effects of in vitro digestion on polyphenols and the antioxidant activity of black bean seed coats and found that the digestion reduced the levels of total phenols and anthocyanins but not the antioxidant activity. Meanwhile, López-Barrios et al. (13) observed that the anti-inflammatory activity of black bean protein isolates was reduced after simulated gastrointestinal digestion. Though the nutritional value and bioactivity of black beans are enhanced when fermented as tempeh (1, 14), it remains unclear whether the active ingredients of black bean tempeh can still retain their biological activity after gastrointestinal digestion in vitro.

Based on the previous research, this study simulated the buccal, gastric, and small intestinal digestion of black bean tempeh in vitro and investigated the protein degradation, phenolic release, angiotensin I-converting enzyme (ACE)-inhibitory activity, and antioxidant activity of black bean tempeh to assess the effects of digestion on its nutrient release and bioactivity. This study can serve as a theoretical reference for the development of black bean products with high nutritional value and bioactivity.



Materials and methods


Chemicals and materials

Black beans were purchased from Jiansanjiang Farm, Heilongjiang Province, China. Food-grade lactic acid was purchased from Zhengzhou Gaoyan Biotechnology Co., Ltd. (Zhengzhou, China). R. oligosporus starter powder was purchased from Nanjing Tianbeiren Fermentation Technology Co., Ltd. (Nanjing, China). Chromatography-grade methanol, trifluoroacetic acid (TFA), and acetonitrile were purchased from Merck (Darmstadt, Germany). Water-soluble vitamin E (Trolox), 1,1-diphenyl-2-picrylhydrazyl (DPPH), pepsin, trypsin, salivary amylase, angiotensin I-converting enzyme (ACE), and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were purchased from Sigma-Aldrich Chemical Co., Ltd. (St. Louis, MO, USA). All other chemicals and reagents were of analytical grade and purchased from Sinopharm Chemical Reagents Co., Ltd. (Shanghai, China).



Black bean tempeh production

Black beans were washed with clean water, soaked in a ratio of 1:3 beans to water (m/v) for 24 h at room temperature, peeled, and steamed until soft and without hard cores. After cooling to room temperature, 1.5% (w/w) lactic acid and 0.26% (w/w) R. oligosporus starter powder were added and stirred evenly, then placed in an 8 cm × 12 cm fermenting bag with holes (1.25 holes per square centimeter) and incubated at 35 °C for 39 h to obtain the finished product. Unfermented cooked beans served as the experimental control.



In vitro digestion

The preparation of artificial saliva, gastric juice, and small intestinal juice, as well as the procedures for in vitro digestion, were performed according to the methods reported by Rui et al. (15) and Xing et al. (16) with a slight modification. Briefly, 10 g of fresh samples were weighed, and 40 ml of distilled water was added to homogenize the initial samples with a miniature beater. To simulate buccal digestion, 20 ml of 0.2 mg/ml salivary amylase (in 20 mM phosphate buffer at pH 7.0) was added to the initial sample, and the samples were put into a shaking water bath (SWB series; Biobase, Shandong, China) at 55 rpm and 37°C for 3 min. Then, 6 M HCl was used to adjust the pH to 2.0, and 30 ml of 3.2 mg/ml pepsin (in 0.1 M HCl) was added. The simulation of gastric digestion was performed at 55 rpm, 37°C for 1 h. Subsequently, the pH of the reaction was adjusted to 7.0 with 6 M NaOH, and then 20 ml of artificial bile acids (0.4 mg/ml sodium cholate in 10 mM phosphate buffer at pH 7.0) and pancreatic juice (0.4 mg/ml trypsin in 10 mM phosphate buffer at pH 7.0) were added, and the slurry was shaken at 37°C and 150 rpm for 120 min to simulate small intestinal digestion. At the end of each stage, the digestion solution was boiled for 5 min to terminate the enzymatic hydrolysis reaction, then distilled water was added for a constant volume of 130 ml. Next, the solution was centrifuged at 4°C and 12,000 r/min for 15 min, then the supernatant was collected and frozen at −20°C for later use. The samples were labeled according to the digestion stage and substrate; namely, P1 was the initial sample of unfermented black bean control, and P2–P4 were the control samples following the simulated buccal, gastric, and small intestinal digestion. P5 was the initial sample of black bean tempeh and P6–P8 were the tempeh samples following the simulated buccal, gastric, and small intestinal digestion.



Soluble protein analysis

The soluble protein content was determined by the Bradford protein quantification assay using bovine serum albumin as the protein standard (17).



Electrophoresis

SDS-polyacrylamide gel electrophoresis analysis was performed using a DYCZ-24D vertical electrophoresis unit (Baygene Biotech Co., Ltd., Beijing, China) coupled with a DYY-Ш-5 electric source (Beijing Liuyi Instrument Factory, Beijing, China). The loading volume was 25 μl. Separation gels consisted of a 5% polyacrylamide stacking gel and a 12% polyacrylamide resolving gel, and the voltages used for the gels were 60 and 120 V, respectively. A protein standard (14.4–116.0 kDa) was used as the molecular mass ladder.



Determination of degree of hydrolysis

The o-phthaldialdehyde (OPA) spectrophotometric assay was used to determine the number of free amino groups and quantitatively analyze the degree of proteolysis (18). Three milliliters of OPA reagent was added to 400 μl of the solution under test. After mixing, the reaction was accurate for 2 min at room temperature, and the absorbance was measured at 340 nm wavelength using a SPECORD 210 Plus UV/VIS Spectrometer (Analytik Jena AG, Germany). Peptide bonds were quantified using 0.1 mg/ml serine standard solution. The degree of hydrolysis (DH)was calculated according to the formula (1):
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where

[image: image]

and Wserine–NH2 is the millimole number of peptide bonds of the sample protein (mmol/g), Asample is the absorbance of the sample tube, Ablank is the absorbance of the blank tube, Astd is the absorbance of the serine standard tube, Cpro is the concentration of the sample protein (g/L), Cserine–NH2 is the concentration of the serine standard solution (0.9516 mM), α and β are constants of 0.4 and 1, respectively, and the total peptide bond number (Htot value) of black bean protein was 10.32 mmol/g.



Measurement of peptide contents

Peptide contents were measured as previously reported (19). The solution under test was filtered using a filter membrane with an interception molecular weight of 10,000 Da (Millipore, USA), and then 50 μL of the filtrate was absorbed and reacted with 2 ml of OPA reagent for 2 min at room temperature. The absorbance was measured at a wavelength of 340 nm. A series of casein tryptone solutions at different concentrations were used as the standard for quantification. The results were expressed as casein tryptone equivalents (mg CTE per g fresh sample).



Reversed-phase high-performance liquid chromatography

Reversed-phase high-performance liquid chromatography (RP-HPLC) analysis was performed using a 1260 Infinity II HPLC (Agilent, USA) equipped with a Supersil AQ-C18 reverse-phase column (250 mm × 4.6 mm, 5 μm, Dalian Elite Analytical Instruments, Dalian, China). After filtration using a 0.45-μm filter, 20 μl of sample was applied to the column. The column temperature was 25°C. The mobile phases were composed of solvent A (0.10% TFA in water, v/v) and B (0.10% TFA in acetonitrile, v/v). The elution program started at 5% B, was increased to 17% within 16 min and further to 95% within 2 min, then maintained at 95% for 2 min before being increased to 100% within 1 min and then maintained at 100% for 7 min. The flow rate was 0.80 ml/min and the elution was monitored at 282 nm using a diode-array detector.



Analysis of angiotensin I-converting enzyme-inhibitory activity

An appropriate volume of the solution under test was mixed with 0.1 M boric acid buffer (pH 8.3) in equal volume, and the supernatant was collected by centrifugation at 12,000 rpm, 4°C for 15 min after standing for 1 h. According to a previous method reported by Zhu et al. (20), the determination of the ACE-inhibitory activity of samples was done through monitoring the formation of hippuric acid (HA) from Hippuryl-His-Leu (HHL) as the reaction substrate. Briefly, 10 μl of supernatant was mixed with 50 μl of 2.17 mM HHL and 10 μl of ACE (100 mU/ml). After 30 min of shock reaction at 37°C, the reaction was terminated by adding 85 μl of 1 M HCl. The reaction solution was filtered using a 0.45-μm filter membrane and analyzed using Agilent 1260 Infinity II HPLC. The sample (20 μl) was injected into a Supersil AQ-C18 column (250 mm × 4.60 mm, 5 μm, 25°C, Dalian Elite Analytical Instruments, Dalian, China) and eluted with a 50% methanol solution (v/v) containing 0.1% TFA at a flow rate of 0.50 ml/min. The detection wavelength was 228 nm.

The ACE inhibition rate (IR) of the sample was calculated according to formula (3):
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where A1 is the peak area of the reaction system when boric acid buffer is used instead of sample, A2 is the peak area of the sample reaction system, and A3 is the peak area of the reaction system without ACE.



Determination of total phenolic content

The total phenolic content (TPC) was measured using the Folin-Ciocalteu method as described by Tao et al. (21). Folin-Ciocalteu’s reagents (0.5 ml) and 2.3 ml of deionized water were added to 200 μl of the solution under test and the mixture was incubated for 1 min. Then, 2 ml of 7.5% (w/v) Na2CO3 was added and the mixture was subjected to a dark reaction for 2 h at room temperature. After the reaction was complete, the absorbance at 760 nm was measured with deionized water as the blank control. TPC was expressed as gallic acid equivalents (mg GAE per g fresh sample).



Determination of total flavone content

The total flavone content (TFC) was determined by referring to the method of Sandhu and Punia with a slight modification (22). A 60% ethanol solution (4.4 ml) and a 5% (g/ml) NaNO2 solution (0.3 ml) were added to 0.6 ml of the solution under test, then mixed and left to rest for 6 min. Next, 0.3 ml of 10% Al(NO3)3 solution was added and the mixture was left to rest for another 6 min. Finally, 4.0 ml of 1 M NaOH solution was added, and the volume was fixed to 10 ml with 60% ethanol solution. The absorbance at 510 nm was measured with deionized water used as the blank control. The TFC was expressed as rutin equivalents (mg RE per g fresh sample).



Determination of proanthocyanidin content (PC)

The proanthocyanidin content (PC) was determined according to the method reported by Saifullah et al. (23). The mixture of 1 ml of the solution under test, 3 ml of 3% (g/ml) vanillin-methanol solution, and 1.5 ml of concentrated hydrochloric acid was placed in a water bath at 30 °C in the dark for 15 min and then the absorbance at 500 nm was measured with methanol as blank control. The PC was expressed as catechin equivalents (mg CE per g fresh sample).



Antioxidant activity analysis

The DPPH radical scavenging activity was determined according to the method described by Tian et al. (24). The ABTS+ radical scavenging ability was determined according to the method of Dong et al. (25). The hydroxyl radical scavenging activity and ferric reducing antioxidant power (FRAP) were determined according to the method of Wang et al. (26). Trolox was used as the positive control and FRAP was expressed as FeSO4 equivalents (μmol FeSO4 equivalents per g fresh sample).



Statistical analysis

All assays were performed in triplicate, and the results are presented as the mean ± standard deviation (SD). Statistical analysis was performed using the SPSS 17.0 software. One-way ANOVA and Duncan’s test were used to analyze significant differences in the means at the 0.05 level.




Results and discussion


Soluble protein contents

As shown in Figure 1, the average soluble protein contents of black bean tempeh and unfermented black beans were 3.08 and 1.44 mg/g, respectively, indicating that R. oligosporus fermentation evidently induced the hydrolysis of black bean proteins. The soluble protein contents of both samples were largely unchanged after buccal digestion. This is because artificial saliva lacks a protein digestive enzyme system, and salivary amylase mainly acts on soluble starch such as amylose and glycogen; therefore, it has no obvious effect on protein structure. In the subsequent stage of gastric digestion, the presence of pepsin, a strong acid environment, and continuous mechanical shaking causes the disintegration of the protein network and promotes the release of soluble proteins (27). The average soluble protein contents of both black bean tempeh and unfermented black bean samples were significantly increased to 4.44 and 4.15 mg/g, respectively. The soluble protein content of black bean tempeh samples was still significantly higher than that of unfermented black bean samples (P < 0.05), which may be because a large degree of degradation of black bean tempeh proteins had occurred during the fermentation stage, causing the spatial structure of the proteins to be relatively relaxed, exposing a large number of digestive enzyme action sites, thus making them more conducive to pepsin digestion. Following small intestinal digestion, the soluble protein content of unfermented black beans was chiefly unchanged, but that of black bean tempeh was significantly lower than that of the tempeh sample in the previous stage of digestion (P < 0.05). This likely happened because partial soluble proteins released in the early stage of digestion were further degraded into peptides or free amino acids, which are not detected by Coomassie brilliant blue dye (17). The difference in the outcome of trypsin hydrolysis during small intestinal digestion also suggested that R. oligosporus fermentation had a considerable effect on the amino acid composition of black bean protein products after in vitro gastrointestinal digestion, imparting a positive effect on digestion.
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FIGURE 1
Soluble protein contents of samples in different simulated digestion stages. P1 was the initial sample of unfermented black bean control and P2–P4 were the control samples following the simulated buccal, gastric, and small intestinal digestion. P5 was the initial sample of black bean tempeh and P6–P8 were the tempeh samples following the simulated buccal, gastric, and small intestinal digestion, similarly hereinafter. Data with different lowercase letters indicate significant differences (P < 0.05).




Electrophoresis

The molecular weight distribution of unfermented black bean and black bean tempeh proteins was investigated by SDS-PAGE during in vitro digestion. In Figure 2 it can be seen that the protein bands of P1 were mainly concentrated between 35 and 45 kDa, and several clear bands also appeared in the >45-kDa region. However, the intensity of the P5 band was lighter and diffusely distributed within the whole lane. These results indicated that R. oligosporus fermentation mainly induced the hydrolysis of 35–45-kDa proteins in black beans. The electrophoretic bands of P2 and P6, which represented protein samples at the buccal digestion stage, remained unchanged compared with the samples at the previous stage, indicating that buccal digestion had no obvious effect on the proteins, consistent with the previous results of soluble protein content analysis. The hydrolysis of the sample proteins mainly occurred at the gastric digestion stage. After gastric digestion, the electrophoretic bands of both samples changed significantly. The intensity of the protein bands of P3 within the >35-kDa region, especially the bands between 35 and 45 kDa, became evidently lighter, while the intensity of the protein bands of P3 within the <14.4-kDa region was significantly higher. Meanwhile, the P7 bands migrated further into the <14.4-kDa region. In the final stage of small intestinal digestion, the P4 and P8 bands moved further down, became lighter in intensity, and began to disappear, indicating that the proteins had been further degraded into low molecular fragments that could not be detected by SDS-PAGE (16). Overall, the patterns of electrophoretic protein bands between unfermented black bean samples and black bean tempeh samples during in vitro digestion were essentially similar and consequently displayed similar effects of digestion. However, it is worth noting that unlike the macromolecular proteins in the unfermented black bean samples, most of those in black bean tempeh samples had been hydrolyzed to small molecules before digestion, thus reducing the workload of protein digestion.
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FIGURE 2
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) patterns of samples in different simulated digestion stages.




Degree of hydrolysis and peptide contents

As can be seen in Figure 3A, the DH of unfermented black bean and black bean tempeh proteins were 3.60 ± 0.27% and 10.65 ± 0.43%, respectively. Buccal digestion did not affect the proteolysis degree of samples, but the DH of each sample showed a continuous and obvious upward trend in the gastrointestinal digestion stage. This was due to the proteins being successively hydrolyzed by pepsin and trypsin in the gastric and small intestinal fluids, leading to the release of a large number of peptides and free amino acids. After digestion, the DH of samples increased to 17.57 ± 0.86% and 22.60 ± 0.8%, respectively. The DH of tempeh proteins was 0.29 times higher than that of unfermented black bean proteins. This fully indicated that the tempeh proteins were hydrolyzed more thoroughly than the unfermented black bean proteins after digestion in vitro, making them more conducive to subsequent absorption and utilization. As can be seen in Figure 3B, the content of peptides below 10 kDa in the unfermented black bean samples and black bean tempeh samples did not change significantly after buccal digestion, but they progressively increased significantly (P < 0.05) after the gastric and small intestinal digestion stages, with the unfermented samples and tempeh samples increasing from 40.03 ± 2.30 mg CTE/g and 102.26 ± 1.29 mg CTE/g to 151.44 ± 1.25 mg CTE/g and 183.95 ± 0.43 mg CTE/g, respectively. At the same digestion stage, the peptide content of tempeh was generally significantly higher than that of unfermented black beans. The production of small peptides (below 10 kDa) may confer better bioactivities such as antioxidation and anti-tumor activities, as well as blood pressure-lowering and anti-inflammation properties to black bean tempeh (17).


[image: image]

FIGURE 3
Degree of hydrolysis (DH) (A) and peptide contents (B) of samples in different simulated digestion stages. Data with different lowercase letters indicate significant differences (P < 0.05).




Reversed-phase high-performance liquid chromatography (RP-HPLC)

The peptide profiles of unfermented black beans and black bean tempeh were analyzed by RP-HPLC at different stages of digestion. Differences in hydrophobicity can lead to differences in the binding ability of peptides and proteins to the reversed-phase column material, and they can be eluted sequentially under suitable conditions (18). The results are shown in Figure 4. Within the retention time from 3.5 to 28 min, the RP-HPLC chromatograms of all the samples with different digestion treatments showed a total of nine chromatographic peaks with larger areas or significant changes, which were successively labeled 1–9 according to their order. There was no significant change in the species and area of main peaks in the buccal digested samples (P2/P6) of unfermented black beans and black bean tempeh compared with the same groups of samples prior to digestion (P1/P5). The stages with a greater influence on peak output were mainly gastric digestion and small intestinal digestion. The respective areas of peaks 8 and 9 of gastric digested samples from unfermented black beans (P3) were 2.34 and 5.20 times those of buccal digested samples from unfermented black beans (P2), while the respective areas of peaks 6, 8, and 9 of gastric digested samples from black bean tempeh (P7) were 1.11, 1.32, and 5.40 times those of buccal digested samples from black bean tempeh (P6). However, the peak areas numbered 1–4 in both samples decreased significantly after gastric digestion. The eluting components appearing in the early stage should be the peptide segments with very low molecular weight (≤22 kDa) and high hydrophilicity (28), which indicates that gastric digestion mainly promotes the hydrolysis of hydrophilic, small-molecule peptides and the release of more hydrophobic, large-molecule peptides. This is consistent with the result that gastric digestion caused a significant increase in the DH of samples. The areas of peaks 1–3 and 5 in the small intestinal digestion samples (P4/P8) were significantly increased compared with those of the samples in the previous stage. Most notably, the areas of peak 1 from the samples of unfermented black beans and black bean tempeh were 38.82 and 45.13 times those of the gastric digestion samples, respectively. However, the areas of peak 9 in the small intestinal digestion samples were significantly reduced, suggesting that these newly added small peptides may come from the degradation of elution components in the later stage. In addition, the total area of early elution peaks of black bean tempeh samples, both at the initial stage and at the end of digestion, was much higher than those of unfermented black bean samples, and the respective areas of peaks 2–5 of P8 were 1.92, 7.68, 1.03, and 0.30 times higher than those of the peaks of P4. However, the areas of peak 8 and peak 9 were lower than those of unfermented black bean samples. Combined with the previous soluble protein content and DH analysis results, we speculate that this was potentially because the digestion limit of black bean tempeh proteins under these conditions had already been reached, so the small intestinal digestion stage was unable to extract any more peptide segments. In summary, in vitro digestion caused the degradation of black bean proteins and the release of polypeptides, and R. oligosporus fermentation promoted the release of a higher number of small peptides during the process of digestion, which could improve the absorption and utilization of proteins in black bean tempeh by the human body.
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FIGURE 4
Reversed-phase high-performance liquid chromatography (RP-HPLC) patterns of unfermented black bean (A) and black bean tempeh (B) samples in different simulated digestion stages. Peaks with larger areas or significant changes were successively labeled 1–9 according to their order.




Angiotensin I-converting enzyme-inhibitory activity

Angiotensin I-converting enzyme regulates arterial blood pressure by converting inactive angiotensin I into angiotensin II, which has a strong vasoconstrictor effect and causes a rise in blood pressure (29). Therefore, the use of natural ACE inhibitors can effectively reduce blood pressure to a certain extent and avoid the potential risks caused by synthetic drugs. The ACE-inhibitory activity of unfermented black beans and black bean tempeh in different digestion stages is shown in Figure 5. The inhibition rate of ACE in unfermented black bean samples showed no change during buccal digestion but continued to increase after gastrointestinal digestion and ultimately reached 94.67 ± 0.07%. The change in the ACE inhibition rate in black bean tempeh samples was similar to the change observed in unfermented black bean samples during buccal and gastric digestion, but this trend decreased slightly after small intestinal digestion. Overall, the inhibition rate of black bean tempeh samples was also greatly improved, from the original 30.63 ± 0.67% up to 82.51 ± 0.63%. It is worth noting that the initial ACE-inhibitory activity of black bean tempeh was much lower than that of unfermented black beans. At first glance, this observation seemed to be inconsistent with the results above showing that fermentation leads to the increase of DH and peptide release of black bean proteins, especially small peptides, which are believed to have a higher ACE-inhibitory activity (30). However, there is no conclusive study on the influence of fermentation on the ACE-inhibitory activity of food. A study by Wu et al. (18) showed that the ACE-inhibitory activity of oats fermented by Rhizopus oryzae, either alone or in conjunction with Lactobacillus plantarum B1–6, was higher than that of unfermented oats. Rui et al. (29) also found that lactic acid bacteria fermentation could improve the release of ACE-inhibitory peptides from navy bean milk. However, a previous study by Nielsen et al. (31) showed that 13 lactobacillus strains had different effects on the ACE-inhibitory activity of yogurt. Although most strains contributed to the increase of the inhibitory activity, Lactobacillus helveticus fermentation could lead to a decrease in the ACE-inhibitory activity of yogurt (pH 3.5). The ACE-inhibitory activity of peptides is influenced by multiple factors, including molecular weight distribution and structural features such as terminal amino acid residues (30, 32). The differences in microbial restriction sites and the structure of raw proteins may influence the ACE-inhibitory activity of fermented products, which may be the reason for the lower initial ACE-inhibitory activity of black bean tempeh in this study. However, interestingly, in vitro digestion significantly increased the ACE-inhibitory activity of black bean tempeh by 1.69 times, greatly closing the gap with unfermented black beans. Jakubczyk et al. (33) fermented pea seeds with L. plantarum 299V for different times and at different temperatures and found that none of the fermented samples possessed ACE-inhibitory activity, though in vitro digestion subsequently induced the release of ACE-inhibitory peptides. Studies by Vermeirssen et al. (34) showed that Saccharomyces cerevisiae fermentation did not influence the ACE-inhibitory activity of whey protein under 28°C. The ACE-inhibitory activity of unfermented whey protein and pea protein in vitro digestion solution was even higher than that of the fermented sample. Therefore, they hypothesized that in vitro digestion was the predominant factor influencing the ACE-inhibitory activity.
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FIGURE 5
Angiotensin I-converting enzyme (ACE)-inhibitory activity of samples in different simulated digestion stages. Data with different lowercase letters indicate significant differences (P < 0.05).




Phenolic compound contents

Bioaccessibility, defined as the potential for compounds to be released from the food matrix and be dissolved in the gastrointestinal tract during digestion, is one of the most important factors that determines the bioavailability of phenolic compounds. In vitro digestion models are often used to study the effects of digestion on these compounds to predict their release from the food matrix and assess their bioaccessibility (35).

The TPC at different digestion stages is shown in Figure 6A. The initial TPC of unfermented black bean samples and black bean tempeh samples were 0.35 ± 0.01 mg GAE/g and 0.95 ± 0.02 mg GAE/g, respectively. There were no significant changes in the TPC in both types of samples after buccal digestion, which might be due to the short interaction time with the buccal enzyme system. This implies that buccal digestion had little effect on polyphenol availability and was limited to high-carbohydrate foods, which explains why many studies did not carry out this step on phenolic compounds (36, 37). The TPC increased significantly after gastric digestion, most likely because plant polyphenols mainly exist in covalently bound states and thus are not easily released by conventional treatment. Extreme pH and the presence of digestive enzymes in the stomach enable them to be released from proteins (38, 39). After intestinal digestion, TPC was further increased and ultimately reached 1.90 ± 0.03 mg GAE/g and 2.29 ± 0.05 mg GAE/g in the unfermented black bean samples and tempeh samples, respectively. Similar results were reported by Scrob et al. (40) in their study, in which the TPC of dried fruits after gastrointestinal digestion was increased compared to the TPC of dried fruits after gastric digestion; according to the researchers, this phenomenon could be explained by the extra extraction time and the influence of intestinal digestive enzymes on the food matrix. However, studies with opposing results also exist in the literature. For example, in vitro gastrointestinal digestion was shown to greatly reduce the TPC of brown algae extract (41), and simulated gastric digestion led to a substantial reduction in the phenolic compound content of Arbutus unedo (42). The bioaccessibility of polyphenols is influenced by multiple factors, such as their own physicochemical properties, food matrix, interaction with other components, and the presence of cofactors or inhibitors (35). Therefore, we speculate that the composition of phenolic compounds in the food matrix might be the cause of these differences in the results.
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FIGURE 6
Total phenolic content (TPC) (A), total flavone content (TFC) (B), and proanthocyanidin content (PC) (C) of samples in different simulated digestion stages. Data with different lowercase letters indicate significant differences (P < 0.05).


As shown in Figure 6B, the initial TFC of unfermented black bean samples was 0.011 ± 0.001 mg RE/g, which was not significantly affected by buccal digestion. After gastric digestion, the TFC increased sharply and then remained basically unchanged after small intestinal digestion before finally reaching 0.052 ± 0.002 mg RE/g. The TFC change in the whole digestive process of black bean tempeh was the same as that of unfermented black beans, which increased from 0.028 ± 0.006 mg RE/g to 0.073 ± 0.004 mg RE/g, indicating that in vitro digestion promoted the release of flavonoids from black beans. Unlike TPC, small intestinal digestion failed to further improve the TFC of the samples. A similar trend was observed in the in vitro digestion of baobab fruit shell, where there was no significant difference in the TFC between samples undergoing gastric and small intestinal digestion (37). Meanwhile, Gawlik-Dziki et al. (43) found that the TFC of bread without or with the addition of 2.5% tartary buckwheat flavones was increased during in vitro digestion, but small intestinal digestion led to a significant decrease in the TFC of bread with the addition of 5% tartary buckwheat flavones. This implies that the food matrix as well as the flavonoid content may have an important effect on the release of flavonoids during in vitro digestion.

The trend in the change in PC was similar to that in TFC (Figure 6C). Gastric digestion is an important stage for PC increase, which is potentially due to the strong acid environment at this stage, thus promoting the hydrolysis of proanthocyanidins to isoforms such as proanthocyanidin trimers, tetramers, and pentamers (37). The final PC of unfermented black bean samples and black bean tempeh samples reached 0.11 ± 0.02 mg CE/g and 0.17 ± 0.02 mg CE/g, respectively. Ismail et al. (37) also found that the baobab fruit shell PC increased after gastric digestion, and what differed from our findings was that the PC continued to increase significantly after small intestinal digestion. They believed that the release of food matrix-binding proanthocyanidins catalyzed by trypsin or the depolymerization and release of insoluble proanthocyanidins caused by the rise of pH were the possible reasons for this result.

In conclusion, although the content of phenolic compounds in the digestion solution of unfermented black bean samples was also significantly increased during in vitro digestion, the release of phenolic compounds from black bean tempeh samples was generally significantly higher than that of unfermented black bean samples at the same digestion stage (P < 0.05). These results indicated that fermentation could improve the bioaccessibility of phenolic compounds in black beans. This should be attributed to the rich enzyme system produced by R. oligosporus during fermentation, as several studies have confirmed that the release of phenolic compounds from plant raw materials or food is related to the microbial enzyme system (17, 44–47).



Antioxidant activity

Due to the differences in the mechanisms of antioxidant detection methods, it is difficult to objectively measure the actual antioxidant capacity of a sample using just a single evaluation method (48). In this study, four antioxidant evaluation models, including DPPH, ABTS+, hydroxyl radical scavenging ability, and FRAP were used to evaluate the effect of in vitro digestion on the antioxidant capacity of the study samples. The results are shown in Figure 7.
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FIGURE 7
1,1-Diphenyl-2-picrylhydrazyl (DPPH) (A), ABTS+ (B), hydroxyl radical scavenging activity (C), and FRAP (D) of samples in different simulated digestion stages. Data with different lowercase letters indicate significant differences (P < 0.05).


The scavenging rates of DPPH, ABTS+, and hydroxyl radicals of unfermented black bean samples and black bean tempeh samples were not affected by buccal digestion, but they were significantly increased after gastric digestion (P < 0.05), while small intestinal digestion did not further improve the scavenging rates. The change in FRAP was consistent with the free-radical scavenging rate before small intestinal digestion, but it continued to increase significantly after intestinal digestion (P < 0.05). There have been many reports on the effect of in vitro digestion on the antioxidant capacity of food. For example, compared with that of cooked rice, the oxygen free radical absorption capacity of brown rice and milled rice after in vitro digestion was increased by 185.7 and 293.4%, respectively (49). Additionally, in vitro digestion improved the antioxidant activity of common beans and pinto beans (50). There are also contradictory results: for instance, Rodriguez-Roque et al. (51) found that in vitro gastric digestion significantly increased the total antioxidant activity of soy milk (76%), while small intestinal digestion caused a significant decrease, and they speculated that this decrease may be due to the fact that some substances with antioxidant activity, such as phenolic compounds, are sensitive to alkaline pH. Therefore, these compounds are transformed into compounds with a structural form that exhibits different chemical properties. The plant matrix has a matrix effect on the retention rate of specific phytochemicals (52), hence the food matrix and the composition of phytochemicals may also be responsible for the differences in antioxidant capacity of different food after in vitro digestion. In the present study, after in vitro digestion, the DPPH, ABTS+, hydroxyl radical scavenging rates, and FRAP of unfermented black bean samples reached 8.34, 1.65, 1.30, and 2.09 times the initial values, respectively. In contrast, the corresponding values in black bean tempeh samples only increased 0.63, 0.09, 0.04, and 0.41 times compared to the initial values, respectively. However, in terms of absolute values, at the same digestion stage, the DPPH, hydroxyl radical scavenging ability, and FRAP of unfermented black bean samples were significantly lower than those of black bean tempeh samples (P < 0.05), and only the free radical scavenging ability of ABTS+ in the unfermented samples was equal to that of tempeh samples after small intestinal digestion, which proved that processing black beans into tempeh could improve their antioxidant activity after consumption.

For DPPH, ABTS+, hydroxyl radical scavenging capacity, and FRAP, consistent with the results of TPC, TFC, and PC analysis, in vitro digestion caused a significant increase in the antioxidant capacity of both samples. Although the specific assay mechanisms were different, all antioxidant activity resulted in a similar trend. To further clarify the correlation between the content of phenolic compounds and different antioxidant activities, Pearson’s correlation analysis was performed using SPSS 17.0 software. The results are shown in Table 1. DPPH, ABTS+, and hydroxyl radical scavenging rates were positively correlated with TPC, TFC, and PC, either significantly or highly significantly. FRAP was positively correlated with TFC and PC (P < 0.05). The significant positive correlation indicated that the antioxidant activity was closely related to the release of phenolic compounds during in vitro digestion. This was consistent with the conclusion of Zheng et al. (53) that the oxygen radical absorption capacity (ORAC) and the rapid peroxyl radical scavenging capacity of Chinese hawthorn fruit were significantly positively correlated with the amount of total phenolics or flavonoids released. However, Sancho et al. (12) found that although in vitro digestion reduced the TPC in the seed coats of black beans and small red beans, as well as the TFC of black bean seed coats, the antioxidant activity of both groups of samples remained unchanged, and the ORAC in the black bean group even increased significantly. This suggests that other soluble compounds present in the digestive fluid, such as simple carbohydrates or amino acids, may interfere with the antioxidant test or the determination of total phenols and that some non-phenolic compounds, such as carotenoids and tocopherols, may also contribute to the antioxidant activity (38, 43).


TABLE 1    Pearson’s correlation coefficients among total phenolic content (TPC), total flavone content (TFC), proanthocyanidin content (PC), and antioxidant activity.
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Conclusion

The results of this study confirmed that the proteins of unfermented black beans and black bean tempeh were degraded during in vitro digestion, the content of hydrolysates such as soluble proteins and small peptides and the DH of proteins were significantly increased, and phenolic compounds were released, the bioactivity of which was also greatly improved. However, compared with unfermented black beans, the black bean tempeh demonstrated higher bioavailability of proteins and phenolic compounds, and its antioxidant activity was stronger as well. Additionally, its ACE-inhibitory activity was greatly improved following in vitro digestion, closing the gap with unfermented black beans. These differences between unfermented black beans and black bean tempeh may be attributed to the biochemical reactions caused by the enzymes produced by R. oligosporus during fermentation. Although these in vitro results cannot be fully and directly extended to in vivo conditions, these data provide preliminary evidence that the nutritional values and potential health benefits of black bean tempeh remain higher than those of unfermented black beans even after consumption.
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In this study, a strain of Lactobacillus plantarum Y2 was isolated from the ginkgo peel, and showed adequate adaptation to the ginkgo biloba kernel juice. After 48 h of fermentation, the number of viable cells in the stable growth phase was remained at 10.0 Log CFU/mL, while the content of total organic acid increased by 5.86%. Phenolic substances were significantly enriched, and the content of total phenolic substances increased by 9.72%, and the content of total flavonoids after fermentation exceeded 55.33 mg/L, which was 3.6 times that of the unfermented ginkgo juice. The total relative content of volatile flavor compounds increased by 125.48%, and 24 new volatile flavor substances were produced. The content of total sugar, total protein, and total free amino acid decreased to 44.85, 67.51, and 6.88%, respectively. Meanwhile, more than 82.25% of 4′-O-methylpyridoxine was degraded by lactic acid fermentation, and the final concentration in ginkgo biloba kernel juice was lower than 41.53 mg/L. In addition, the antioxidant and antibacterial activities of fermented ginkgo biloba kernel juice were significantly enhanced. These results showed that LAB fermentation could effectively improve the nutritional value and safety of ginkgo biloba kernel juice.
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Introduction

Ginkgo biloba L., one of the oldest living tree species on earth (1), has been reported to have great development potential in the field of functional food (2). Meanwhile, ginkgo biloba kernel juice contains various active ingredients such as ginkgo phenolic acids, flavonoids, and polysaccharides, etc., making it widely used in food, health products, cosmetics, medicine and other fields (3). In particular, the special physiologically active components such as flavonoids and ginkgoid acid contained in it have the functions of anti-oxidation, anti-aging, anti-inflammatory, anti-allergic, and inhibiting nerve cell apoptosis (4). Recent studies on ginkgo have mainly focused on ginkgo leaves and relatively few studies on ginkgo kernels (5). Therefore, it is necessary and meaningful to further develop and utilize ginkgo kernels.

4′-O-methylpyridoxine (MPN) is a vitamin 6 derivative which can cause in pregnancy, radiation sickness, seborrheic dermatitis, and other pathologies. Interestingly, only a threshold concentration of MPN is beneficial to the human body; a higher concentration can lead to toxic reactions in the human body. The MPN content in medicine ranged from 0 to 9.77 μg/mL (6), and in ginkgo kernels ranged from 172.8 to 404.2 μg/g, indicating that excessive consumption of ginkgo kernels was harmful to human health (7). As MPN concentrations severely limit the development and utilization of ginkgo kernels, MPN degradation during the production process of ginkgo is a vital concern that needs to be addressed.

Lactic acid bacteria (LAB) have been widely used in the fermentation of pickles, yogurt, soy sauce and tempeh, owing to their ability to regulate the human intestinal flora, promote the absorption of nutrition substances, kill harmful flora and the toxins, and ameliorate food flavor (8). Moreover, the secondary metabolites in the fermentation process with LAB have several health benefits, such as promoting the activity of antioxidant enzymes in cells, and increasing the content of beneficial substances. For example, Verón found that LAB fermentation could increase the activities of ferulic acid, caffeic acid derivatives and intracellular antioxidant enzymes, and enhance the overall antioxidant capacity of the fermentation broth (9).

Currently, studies on ginkgo mainly focuses on ginkgo leaves, while there are relatively few studies on ginkgo kernels. Ginkgo products mainly include canned ginkgo kernel, ginkgo wine, and beverages (10, 11). However, only a few studies had been conducted on fermented silver almonds. In this study, a LAB strain was selected from ginkgo peel to ferment ginkgo biloba kernel juice. The physiological and biochemical indices of fermented ginkgo biloba kernel juice were analyzed, and the antioxidation activity and bacteriostatic ability were evaluated. The results of this study will enrich the physiological and biochemical studies of LAB-fermented ginkgo biloba kernel, and improve the reference for the development of ginkgo products.



Materials and methods


Screening and identification of lactic acid bacteria strains from the surface of ginkgo peel

Ginkgo was sourced from the campus of Jiangsu Ocean University (Lianyun Gang, Jiangsu province), and the LAB strains were screened from the surface of the ginkgo fruit. The ginkgo fruit was inoculated in MRS culture medium (g: mL, 1:1.5) and cultured at 37°C for 24 h. The fermentation broth was spreaded on MRS plates to obtain single colonies which were underlined on MRS plates and placed in a 37°C incubator for 24 h to obtain single colonies. The obtained single colonies were then grown in MRS medium, with 40% glycerol stocks stored and frozen in a −40°C refrigerator. These LAB strains were identified using 16S-rRNA, physiological and biochemical tests in accordance with conventional methods (12).



Preparation and fermentation of ginkgo biloba kernel juice

The ginkgo fruit was boiled for 5–10 min, and the shell and seed coat were removed. After washing with water, the shelled ginkgo kernels were crushed and broken up in a certain proportion (ginkgo biloba kernels: distilled water = 1:2.2, g:mL), and the starch dissolution rate was required to reach more than 80%. The α-amylase (20 U/g, ginkgo mass) and saccharification enzyme (30 U/g, ginkgo mass) were added, and then ginkgo biloba kernel juice was saccharified at 50°C for 2 h. After the enzymatic hydrolysis the ginkgo biloba kernel juice was completed. It was filtered through a 100-mesh filter, and pasteurized in a water bath at 90°C for 20 min (13). In a 500 mL sealed Erlenmeyer flask, 1% (v/v) inoculum of ginkgo biloba kernel juice was inoculated to ensure an initial viable count of approximately 5.0 Log CFU/mL. The fermentation process was performed in an incubator at 37°C for 48 h. At the end of fermentation, the bacterial cells were removed by centrifugation (10,000 g, 10 min, 4°C), and the supernatant was collected for further chemical analysis.



Determination of viable cell count, pH and antibacterial activity of fermented ginkgo biloba kernel juice

Viable cell counts were determined using the standard plate method (14). The fermentation broth was first diluted to an appropriate concentration, then the diluted liquid was spread on a plate and the colonies that grew were counted. A precision pH meter (PHS-3C, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China) was used to measure the pH value of each sample of ginkgo biloba kernel juice fermentation broth and the bacteriostatic activity was assessed by measuring the diameter of the outward inhibition zone of the Oxford cup using a Vernier caliper (15). The centrifuged supernatant (10 mL) was concentrated in vacuo to 2 ml, and then screening through a 0.22 μm membrane screening. The bacterial pathogens were Escherichia coli CICC 10003, Staphylococcus aureus CICC 23656, and Bacillus cereus s CICC 23828.



Determination of total sugar content and total protein content of fermented ginkgo biloba kernel juice

The total sugar content was determined using the sulfuric acid phenol method (16). The principle of this method was that polysaccharides were hydrolyzed into monosaccharides under the action of sulfuric acid, and then rapidly dehydrated to form uronic derivatives, which were then combined with phenol to form orange-yellow compounds. The absorbance values at 470 nm of the orange-yellow compounds were linearly related to the monosaccharide concentration. A standard curve was established using anhydrous glucose and the results were expressed in μg/mL of glucose equivalents. Protein was detected using the Coomassie brilliant blue method G250 (17). A standard curve was established using a Bovine Serum Albumin (BSA) standard solution, and the total protein equivalent was expressed in mg/mL.



Determination of organic acid and free amino acid content of fermented ginkgo biloba kernel juice

The organic acid spectrum was analyzed using a the Shimadzu LC-2010A system (Shimadzu, Tokyo, Japan), following the method of Luo Ke with some modifications (18). The chromatographic column was an Agilent TC-C18 column (4.6 × 25 mm, 5 μm), the detection wavelength was 210 nm, 0.08 M KH2PO4 solution (adjusted to pH 2.5 with phosphoric acid) was used for isocratic elution. The column temperature was 30°C, the flow rate was 0.7 mL/min, and the injection volume was 20 μL. The free amino acids were quantified using Adeyeye’s method with slight modifications. The analytical column was 2622PH 4.6 mm I.D. × 60 mm, the flow rate was 0.40 mL/min, the column temperature was 57°C, the reaction temperature was 135°C, and the detection wavelength was 570 nm, and the injection volume was 20 μL.



Determination of phenolic content of fermented ginkgo biloba kernel juice

The total flavonoids was determined according to the method of Kwaw et al. (19). A calibration curve was constructed with rutin and the results were expressed in μg/mL of rutin equivalents. The total phenolic content of crude polyphenols in fermented or unfermented ginkgo biloba kernel was determined using the Folin-Ciocalteu method. A calibration curve constructed using gallic acid and the results were expressed in mg/L of gallic acid equivalents. Phenolic acid and flavonoids content were determined according to the method described by Chiang et al. (20). The column was Inertsil ODS-3 5 μm (4.6 × 250 mm, 5 μm), and the column temperature was 25°C. The mobile phase was composed of solution A (1% acetic acid in water) and the solution B (1% acetic acid in methanol), and the flow rate was 0.6 mL/min. The gradient set was as follows: 0–10 min, 10–26% B; 10–25 min, 26–40% B; 25–45 min, 40–65% B; 45–55 min, 65–95% B; 55–58 min, 95–10% B; 58–65 min, 10% B. The wavelength for determination of phenolic acids and flavonoids was 280 and 350 nm, respectively. The concentration of each phenolic compound was calculated according to the standard calibration curve, and the results were expressed in mg/mL.



Evaluation of antioxidant activity of fermented ginkgo biloba kernel juice

Total antioxidant capacity was measured in the same way as previously described (21). The total antioxidant capacity was calculated as follows: total antioxidant capacity = (Measured OD − Control OD)/0.01/30 × total reaction volume/sampling volume × sample dilution ratio before testing. The ABTS+-SA assay was performed using the method described by Tao et al. (21). Trolox was used as the standard, and the results were expressed in mmol/LTrolox equivalents. The Iron Reducing Antioxidant Ability (FRAP) of the fermented samples was evaluated by the method of Yan et al. (22).



Determination of volatile flavor compounds and 4′-O-methylpyridoxine content of fermented ginkgo biloba kernel juice

The volatile components were separated, collected, and analyzed using a triple quadrupole GC-MS (Trace 1310/TSQ 9000, Thermo Scientific) (23). The headspace vial was filled with nitrogen to expel the air in the vial, and 5 mL tested sample was taken into the Thermo RSH autosampler for extraction. The extraction head was placed in the gas chromatography injection port, the injection port temperature was 250°C, the aging was 30 min, the oven temperature was set to 80°C, the water bath was set for 20 min, the adsorption extraction was 30 min, and the extraction head was inserted into the injection port for analysis for 5 min. The MPN content was determined reference to the method described by Yoshimura using the Agilent 1260 fluorescence detector (detection wavelength was 291 nm) (24).



Statistical analysis

All experiments were performed three times in the same way, and all samples were analyzed in triplicate. The significance analysis was performed using SPSS Statistics 20 (IBM Corp., NY, USA), and the significance was assessed at p < 0.05 value. The principal component analysis (PCA) was performed using Origin 2018 (Origin Lab Corp., UK), and all data results were expressed as mean ± standard deviation.




Results and discussion


Evaluation of acid-producing capacity and antibacterial activity of ginkgo biloba kernel juice fermented by lactic acid bacteria strains from the surface of ginkgo fruit

In this study, nine LAB strains were isolated from the surface of ginkgo fruit. The developmental tree established by the BLAST program and the results of the physiology and biochemistry of the strains confirmed that all the selected strains were all Lactobacillus plantarum (Table 1 and Figure 1). Next, the acid-producing and antibacterial activities of the nine strains were evaluated. The pH of ginkgo biloba kernel juice, fermented by different strains, decreased, indicating that these strains had good acid production capacity. Among them, the pH of ginkgo biloba kernel juice fermented by the strain Y2 had a lower pH than the other strains, indicating that Y2 has a stronger growth and metabolism in ginkgo biloba kernel juice (25). In addition, the pH of ginkgo biloba kernel juice fermented by the strain Y2 had the best antibacterial effect on pathogenic bacteria (E. coli, S. aureus, and B. cereus), with inhibition zone diameters of 13.77 ± 0.32, 21.54 ± 0.58, and 15.57 ± 0.53 mm, respectively. When the acidity of fermented ginkgo biloba kernel juice is high, the pH value of the medium decreases, reducing conductivity for pathogenic bacterial growth (26). Lactic acid and compounds such as bacteriocins and synthetic hydrogen peroxide produced by the fermentation of lactic acid bacteria inhibit microbial growth (27). In conclusion, the strain Y2 had a good growth and metabolic status in ginkgo biloba kernel juice, and was selected as an effective fermentation strain for further experiments.


TABLE 1    The pH change and antibacterial activity determination of Ginkgo biloba kernel juice fermented by LAB strains used in this study.
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FIGURE 1
The colonial morphology (A, MRS plate), gram staining picture (B) and colonial morphology the hylogenetic tree (C) of Lactobacillus plantarum Y2.




Changes of viable cell count, pH value and antioxidant ability during strain Y2 fermentation

Cell viability is a functional feature used to evaluate bacterial growth (28). The strain Y2 grew well in ginkgo biloba kernel juice without any nutritional supplements according to the number of viable cells of strain Y2 in the fermenting process, showing that ginkgo biloba kernel juice could be used as a fermentation substrate (Figure 2A). The strain Y2 grew rapidly in the logarithmic phase from 4 to 8 h, and the number of viable bacteria increased significantly, indicating that Y2 was suitable for growth in ginkgo biloba kernel juice. The number of viable cells started at 5.0 ± 0.02 log CFU/mL and grew rapidly to 10.0 ± 0.03 log CFU/mL after 8 h of fermentation. After 24 h of fermentation, the number of viable cells stabilized at 12.1 ± 0.08 log CFU/mL. After 48 h of fermentation, the number of viable cells of LAB Y2 remained at 8.4 ± 0.03 log CFU/mL. The initial pH of ginkgo biloba kernel juice was 6.2 ± 0.04 (Figure 2B). In the early stage of fermentation, a large amount of lactic acid was produced, and the pH value of the fermentation broth decreased rapidly. After 12 h of fermentation, the rate of pH continued to gradually slow down reaching a final pH of 3.27 ± 0.07 at 48 h. According to the characteristics of lactic acid bacteria fermentation and acid production, Y2 was a LAB with strong acid production ability and good fermentation effect. The changes in antioxidant activity during the fermentation of ginkgo biloba kernel juice were shown in Figures 2C,D. The ABTS+ radical scavenging capacity and FRAP reducing capacity increased with time. After 48 h of fermentation, the free radical scavenging rate of ABTS+ increased from 4.52 ± 0.72 to 13.69 ± 0.32 mM, and the reducing capacity of FRAP increased from 0.35 ± 0.01 to 0.62 ± 0.02 mM. After 0–4 h of fermentation, the ABTS+ free radical scavenging rate and FRAP reducing ability increased significantly, and the antioxidant activity of the fermentation broth improved significantly. After 24 h of fermentation, the lifting speed approached slowly, and the antioxidant activity was basically stable at the end of fermentation.
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FIGURE 2
Viable cell count (A), changes of pH (B), ABTS+ free radical scavenging ability (C), FRAP reducing antioxidant capacity (D) of Ginkgo biloba kernel juice fermented by strain Y2.




The consumption of total sugar content by Y2 fermentation and its influence on the bioactive components of organic acids

Carbon source catabolism could provide energy for the growth of Lactobacillus and indirectly promote an increase in organic acid content (29). The total sugar content decreased significantly from 12 to 36 h of fermentation, indicating that the lactic acid bacteria in the stable growth period consumed large amounts of carbon sources (Table 2). As fermentation entered the decay period (36–48 h of fermentation), lower substrate pH and reduced nutrients limited the growth of Y2 and indirectly affected its sugar metabolism, resulting in a stabilization of the total sugar contents (30). The consumption rate exceeded 44.85% after the fermentation ended.


TABLE 2    Total sugar, total protein and total phenolic content of Ginkgo biloba kernel juice fermented by strain Y2.
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During the fermentation, the organic acids were transformed into each other over time, and the total organic acid content increased by about approximately 5.86% after 48 h of fermentation. The components of all fermentation time periods were well separated from the control samples according to the component map (Figure 3A), showing that the fermentation of Y2 significantly changed the organic acid composition in ginkgo biloba kernel juice. According to the loading diagram (Figure 3B), malic acid, tartaric acid, citric acid, pyruvic acid and quinic acid all had high positive values for PCI, indicating that the content of these substances decreased during the fermentation process. While the decrease in malic acid was particularly obvious, levels of oxalic acid did not observe any changes during fermentation. Lactic acid, shikimic acid, fumaric acid, and succinic acid had high negative values for PCI, reflecting a general increase in content after fermentation.
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FIGURE 3
Principal component analysis of changes in organic acids (A,B), free amino acids (C,D) and phenolic acids (E,F) during fermentation of Ginkgo biloba kernel juice by Y2 for 48 h.


Ginkgo kernel was rich in a variety of natural organic acids, of which malic acid had the highest content (926.91 ± 5.35 μg/mL), followed by pyruvic acid (80.27 ± 0.27 μg/mL), citric acid (43.77 ± 0.55 μg/mL) and tartaric acid (632.34 ± 19.98 μg/mL) (Table 3). Lactic acid was the main organic acid produced by the consumption of sugars by lactic acid bacteria in ginkgo biloba kernel juice, and the lactic acid content continued to increase throughout the fermentation process. The initial lactic acid content was 403.33 ± 17.77 μg/mL and increased to 722.58 ± 29.76 μg/mL after 48 h of fermentation. The production of abundant lactic acid reduced the pH value of the fermentation substrate. Pyruvate and citric acid could be decompose into various products such as lactic acid and acetic acid during fermentation (31). Malic acid, which was a good carbon source, observed the highest proportion of total organic acids. The content of malic acid decreased by about 25.25% during the fermentation process, while the content of lactic acid and succinic acid increased. Tartaric acid could be decomposed into various products, such as gluconic acid, which was then oxidized to 2-keto-D-gluconic acid (2-KGA) and 5-keto-D-gluconic acid (5-KGA) (32). During fermentation, the tartaric acid content gradually decreased, and the reduction rate was about 37.42%. In conclusion, lactic acid bacteria fermented ginkgo biloba kernel juice could transform and generate a variety of organic acids. Organic acid was the base of taste substance of ginkgo biloba kernel juice, and was the precursor of many flavor substances. Volatile flavor substances such as acids, alcohols, and aldehydes will be produced in the process of microbial metabolism. Therefore, we evaluated the changes of flavor substances before and after fermentation (Table 5).


TABLE 3    Changes in the content of different organic acids during fermentation (μg/mL).
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Study on the change of total protein content and free amino acid profile of Y2 fermentation

Lactic acid bacteria could degrade macromolecular proteins into small peptide chains, amino acid proteases and peptidases through their own reproductive metabolism and hydrolysis during fermentation (33). Under the catalytic reaction, the proteases could degrade the protein into smaller peptides that are degraded into the small-molecule free amino acids by the action of the peptidase (34). The total protein content of ginkgo biloba kernel juice decreased continuously during the fermentation process, and approximately 67.51% of the metabolism was consumed at the end of fermentation (Table 2).

Among all free amino acids, glutamic acid had the highest content (74.22 ± 0.01 μg/mL), followed by arginine (55.68 ± 0.01 μg/mL) and alanine (20.83 ± 0.05 μg/mL) (Table 4). Glutamate, free histidine and alanine levels decreased significantly after fermentation. During the fermentation process, under the action of lactic acid bacteria decarboxylase, Glu is converted into γ-aminobutyric acid, and Asp is converted into Ala (35). The combination of aspartic acid, glutamic acid and Na+ makes the sample umami, which would give ginkgo biloba juice rich flavor substances. In addition, the content of aromatic amino acids (Phe) decreased significantly after fermentation, while the content of another aromatic tyrosine (Tyr) increased, owing to the effect of amino acid invertase on the fermentation process (36). The content of branched-chain amino acids (Leu, Ile) also decreased significantly after fermentation, then were metabolized into keto acids, alcohols and fatty acids through amino acid converting enzymes. Phe and Thr could be converted into benzyl alcohol, phenylethanol and acetaldehyde with certain flavor under the action of an amino acid converting enzyme. Arginine is converted to citrulline by the enzyme arginine deiminase during lactic acid fermentation, which is further broken down into ornithine and free ammonia (37).


TABLE 4    Changes in the content of different free amino acids in fermented and unfermented (μg/mL).
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TABLE 5    Changes in the content of different phenolic acids during fermentation (μg/mL).
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The total free amino acid content increased by approximately 6.88% after 48 h of fermentation. The effects of lactic acid fermentation on free amino acid profiles were studied using principal component analysis (PCA). In principal component analysis, PC1 and PC2 accounted for 98.2 and 1.8% of the data variance, respectively. As shown in the composition diagram (Figure 3C), the samples of unfermented ginkgo biloba kernel juice were located on the positive side of PC1, and the samples fermented for 48 h were distributed on the negative side. This indicated that lactic acid bacteria had a significant effect on the change in free amino acid content during the fermentation of ginkgo biloba kernel juice. Specific changes in the free amino acids were observed through in the loading diagram (Figure 3D). Phe, Thr, Leu, Ile, Asp, Ser, Ala, and free histidines were all positively correlated with PC1, indicating that these amino acids would be affected by the fermentation process. Whereas, Lys, Val, Met, Gly, Cys, Tyr, and Arg were all negatively correlated with PC2, indicating that their content increased with the fermentation time.



Effect of Y2 fermentation on the structure of phenolic substances

Ginkgo kernels were also rich in a variety of phenolic substances, which led to the production of many secondary metabolites during fermentation, including phenolic acids, stilbenes, lignins, and aromatic compounds (38). Therefore, it is necessary to study the effect of LAB fermentation on the phenolic components in ginkgo biloba kernel juice.

As shown in Table 1, the total phenolic content of ginkgo biloba kernel juice at the beginning of fermentation was 116.51 ± 0.51 mg/L. It decreased significantly within 4 h of fermentation, and then increased slowly. After 48 h of fermentation, the total phenolic content of the samples was approximately 9.72% higher than that of the unfermented samples. Procyanidin B2 is an oligomer, dimer and polymer of catechin (39). The highest content of flavonoids in ginkgo kernel was about 7.32 ± 0.06 μg/mL of catechin and about 125.92 ± 0.56 μg/mL of procyanidin B2 (Table 5). Procyanidin B2 increased by approximately 20.93%, and catechin increased by approximately 30.46% after 4 h of fermentation. The increase in the total flavonoid content could result in an increase in the antioxidant activity of the fermented samples. In the process of fermenting ginkgo biloba kernel juice, the improvement in antioxidant activity was highly correlated with the transformation of phenolic substances (40). Previous studies have reported that phenolic compounds could be used as reducing agents as well as free radical scavengers and singlet oxygen quenchers (41). Phenols could be converted into each other, and the antioxidant activity of the fermentation broth can be improved (42). It was also shown that the antioxidant capacity of phenolic substances in ginkgo biloba kernel juice was significantly improved after Y2 fermentation (Figures 2C,D). There is also a certain relationship between FRAP and phenolic content, and the presence of phenolic substances can effectively reduce Fe3+ to Fe2+ form (43). Therefore, the increase in phenolic substances was an important factor affecting the antioxidant activity of fermentation.

As shown in Figures 3E,F, principal component analysis (PCA) was used to analyze the effect of Y2 fermentation on phenolic components in ginkgo biloba kernel juice. After 48 h of fermentation, phloridzin, epicatechin and gallate in the samples were metabolized to form gallic acid and phloretin with a strong antioxidant quality (44). L. plantarum fermentation could produce some phenolic acid decarboxylases, such as ferulic acid. These extracellular enzymes act on phenolic components, and from a chemical point of view, glycosylation, methylation and other types of substitutions are carried out, resulting in structural changes. This lead to the mutual conversion of phenolic substances in the sample, thereby changing their oxidative activity (45). The p-hydroxybenzoic acid content decreased by approximately 17.95% after fermentation. Further, the content of chlorogenic acid was the highest at 4 h of fermentation (3.64 ± 0.08 μg/mL), and it increased by about 20.17% at the end of fermentation. The increase in chlorogenic acid content leads to an increase in pharmacological functions, such as antioxidant, antiviral, anti-cancer and antibacterial capacities (46). During the fermentation period of 4–8 h, the content of chlorogenic acid gradually decreased, potentially under the action of extracellular enzyme hydrolysis, which indirectly led to an increase in caffeic acid, p-coumaric acid and ferulic acid. Phenolic acids not only have various pharmacological effects such as anti-inflammatory, antioxidant, anti-mutation, and anti-cardiovascular disease, but also have co-color effects (such as ferulic acid), which can enhance the stability of their own colors after fermentation (47). There are few studies on the volatile flavor compounds after fermentation, and further research is needed.



Study on volatile flavor compounds by fermentation of Y2

A total of 64 volatile flavor compounds were identified in ginkgo biloba kernel juice before and after fermentation, including three kinds of aldehydes, 18 kinds of alcohols, 9 kinds of ketones, 8 kinds of esters, 29 kinds of hydrocarbons, 6 kinds of phenols, 3 kinds of heterocycles, 7 kinds of acids, and two other types. From the analysis results, the fermented samples and the unfermented samples were quite different, and the similarities of volatile flavor substances were low. The relative content and species of ginkgo biloba kernel juice in alcohols, acids, and heterocyclic compounds were significantly increased after 48 h of fermentation (Figure 4).
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FIGURE 4
Changes in relative content (A) and number of species (B) of volatile flavor compounds in Ginkgo biloba kernel juice fermented by Y2 for 48 h.


The main aroma substances in unfermented ginkgo biloba kernel juice were 2-ethyl-1-hexanol, 1-octanol, and n-octanol (Table 6). The total relative content of volatile flavor compounds increased by 125.48% after fermention. Among them, the total relative content of alcohol increased by about 104.69%, potentially due to the emergence of new generation of various volatile flavor substances. After 48 h of fermentation, the contents of 1-octanol and n-octanol increased significantly, the contents of 2-ethyl-1-hexanol and 1-octanol decreased, and 1-heptanol, 1-octen-3-ol and 2-octen-1-ol newly formed. The relatively high contents of newly generated alcohols were geraniol (1.81%), 1-octen-3-ol (2.65%) and 1-heptanol (3.24%). These alcohols were mainly produced by metabolism during microbial processes, degradation of unsaturated fatty acids, and reduction of carbon-based compounds during fermentation. Aldehydes are unstable compounds, and the relative content of aldehydes increased by about 126.5%, among which the highest content was 16.15% 2,5-dimethylbenzaldehyde. The relative content of hydrocarbons increased by about 32.92%, while the types of hydrocarbons decreased after fermentation. Meanwhile, the relative content of newly generated aromatic compounds was higher, of which 1,6-dimethyl-4-(1-methylethyl)-naphthalene accounted for about 2.18% of the total relative content after fermentation. The increase of total content of alcohols and esters in ginkgo biloba kernel juice could mpart stronger fruity and floral aromas (48). Under the metabolic activity of lactic acid bacteria, more aldehydes are reduced to alcohols and acids, and the increase of alcohols will increase the corresponding esters, which is also the reduction of aldehydes in fermented ginkgo biloba kernel juice, while alcohol, the reasons for the increase in esters (49). The content of acids increased by about 786.01%, and the relative content of acids increased significantly. The strain Y2 produced a large amount of acids during the fermentation process, among which the new acids were 2.16% methoxy-acetic acid, 1.02% dodecanoic acid, 0.29% 2-methylbutyric acid, 0.24% 2-ethylhexanoic acid. Among them, the relative contents of L-lactic acid and propionic anhydride decreased after the fermentation, while the relative content of acetic anhydride was high (4.18%). Meanwhile, the relative content of phenols changed scarcely, and eugenol (7.48%) and 3-ethylphenol (0.29%) were newly formed at the end of fermentation. The former was produced by the reaction of guaiacol and allyl alcohol, and had strong antibacterial activity. The latter had an aromatic odor and was widely used in organic synthesis and as a solvent (50). Future research will focus on the transformation mechanism between these molecules and their effect on the flavor of ginkgo biloba kernel juice.


TABLE 6    Relative content change of fermented and unfermented flavor substances (%).
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Effect of Y2 fermentation on the content of 4′-O-methylpyridoxine

4′-O-methylpyridoxine (MPN), also known as ginkgo toxin, is an anti-vitamin B6 compound, and one of the toxic components in ginkgo kernels. If ingested in large amounts, adverse symptoms, such as vomiting, clonic seizures, and loss of consciousness could occur (51). Relevant studies had shown that MPN could be effectively converted into 4′-O-methylpyridoxine-5-glycoside (MPNG) after heating, microwave irradiation and boiling (52). In this study, the MPN content in ginkgo biloba kernel juice was identified, by comparison with standard chemicals determined by high performance liquid phase (HPLC) analysis (Figure 5). The content of MPN was reduced by roughly 82.25% after fermentation for 48 h, indicating that strain Y2 could effectively gradate MPN. Relevant studies have shown that lactic acid bacteria have the function of adsorbing toxins during the fermentation process. During the growth of lactic acid bacteria, a large number of polysaccharides and peptidoglycan were produced on the cell wall, which played a key role in adsorbing the toxic substance 4′-O-methylpyridoxine in ginkgo biloba kernel juice (53). It also had been reported that MPN could be phosphorylated to form 4′-O-methylpyridoxine-5′-phosphate (MPNP) under the action of phosphoric acid produced during LAB fermentation (54). However, there are few studies on the degradation mechanism of 4′-O-methylpyridoxine content by LAB fermentation, and we will further investigate how strain Y2 bio-transformed MPN.
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FIGURE 5
Changes between fermented and unfermented MPN content.





Conclusion

This work showed that LAB fermentation was a potential way to improve the beneficial value and safety of ginkgo biloba kernel juice. The total relative content of volatile flavor substances increased by about 125.48%, and 24 new substances were added. The biotransformation and biosynthesis content of the phenols was increased, and the total phenolic concentration increased by about 9.72%, which indirectly led to the enhance of antioxidant capacity of the fermentation. The increase of the aromatic amino acids and volatile flavor substances reflected the metabolism of lactic acid bacteria in fruit juice. In addition, 4′-O-methylpyridoxine, as one of the toxic substances in ginkgo biloba kernel, showed a degradation rate above 82.25%, and the total ginkgo acid content in the final product was less than 41.53 mg/L. As few reports about the degradation of 4′-O-methylpyridoxine by fermentation, further studied will focus on the degradation mechanism. Our results showed that the LAB fermented ginkgo biloba kernel juice had broad application prospects.
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A wide range of phenolic compounds participate in oilseed growth, regulate oxidative stability of corresponding vegetable oil, and serve as important minor food components with health-promoting effects. Composition distribution of phenolic compounds varied in oilseeds. Isoflavones, sinapic acid derivatives, catechin and epicatechin, phenolic alcohols, chlorogenic acid, and lignans were the main phenolic compounds in soybean, rapeseed, peanut skin, olive, sunflower seed, sesame and flaxseed, respectively. Among which, the total isoflavones content in soybean seeds reached from 1,431 to 2,130 mg/100 g; the main phenolic compound in rapeseed was sinapine, representing 70–90%; chlorogenic acid as the predominant phenolic compound in sunflower kernels, represented around 77% of the total phenolic content. With the rapid development of analytical techniques, it is becoming possible for the comprehensive profiling of these phenolic compounds from oilseeds. This review aims to provide recently developments about the composition distribution of phenolic compounds in common oilseeds, advanced technologies for profiling of phenolic compounds by the metabolomics approaches based on mass spectrometry. As there is still limited research focused on the comprehensive extraction and determination of phenolics with different bound-forms, future efforts should take into account the non-targeted, pseudo-targeted, and spatial metabolomic profiling of phenolic compounds, and the construction of phenolic compound database for identifying and quantifying new types of phenolic compounds in oilseeds and their derived products.
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Introduction

Oilseeds normally possess high economic value, thereby the oilseed cultivation area has expanded over 82% and approximately 240% for total world production of oilseeds in the past 30 years (1). Oilseeds are widely used for producing edible oil (2). Edible oil accounts for more than 75% of total lipids consumed and has become an indispensable component in human diet (3, 4). Oilseeds and the derived edible oil are also rich in protein, dietary fiber, phenolic compounds, phytosterols or other functional components (5). Among them, phenolic compounds are one of the most abundant components in oilseeds, and they are also the important material basis for various biological activities of oilseeds (4). Some phenolic compounds as minor food components also have significant effects on human nutrition and health (6).

According to the chemical structures, phenolic compounds are characterized by having at least one benzene ring bearing one or more hydroxyl groups (7). Numerous groups of phenolic compounds have been isolated and identified in oilseeds from small molecules to macromolecules (8, 9). The unique chemical structures endow them with irreplaceable functional activity, such as antioxidant activity, anti-inflammatory, anti-cancer, anti-viral, antimicrobial, hypoglycemic and hypolipidemic effects (2, 4, 9–11). As naturally-occurring antioxidants, phenolic compounds are more acceptable to consumers than synthetic antioxidants for safety concerns (11, 12). Thus, discovery and identification of natural phenolic compounds from oilseeds may provide a new class of nutrients.

Composition of phenolic compounds in different oilseeds is different, resulting in the difference of physiological characters and nutritional value of oilseeds (2). Composition of phenolic compound in oilseeds is influenced by many factors, including crop cultivar, genotype, location, soil type, climate condition, maturity, harvest time, and so on (13–15). Therefore, the study of phenolic compounds in oilseeds can not only provide theoretical support for their potential application as natural antioxidants or material basis of functional foods and nutritional supplements, but also improve the comprehensive utilization value of oilseed products and by-products. To better study the phenolic compounds in oilseeds, it is necessary to summarize the composition distribution and profiling methods of phenolic compounds in oilseeds. However, there are few reviews on the composition distribution of phenolic compounds in different oilseeds. New analytical methods for the profiling of phenolic compounds will help us to understand more comprehensively the distribution of phenolic compounds in oilseeds and the modification and transformation rules of these phytochemicals during various processing and storage, which can provide conclusive evidence for the assessment of maturity of oilseeds, targeted cultivation of nutrient-rich oilseeds, selection of more suitable raw materials for oil industry, and adulteration identification of edible vegetable oil. Therefore, it has attracted our research interest on characterizing the composition distribution of phenolic compounds present in oilseeds. Current review aims to bring new insights into the possible researches for exploring nutritional characteristics of phenolic compounds in oilseeds. To this end, we summarized the composition distribution of phenolic compounds in common oilseeds. It has been also reviewed the recent analytical methods of phenolic compounds, including extraction, identification and quantification methods.



Composition distribution of phenolic compounds in oilseeds

Oilseeds are a group of seeds used to extract oil, including soybean, rapeseed, peanut, olive, sesame, sunflower seed, flaxseed and so on. A full scope of the type and structure of phenolic compounds in oilseeds is of great significance for the evaluation of the nutritional and functional properties of oilseeds. According to the existent form, phenolic compounds can be classified into free, soluble conjugated, and insoluble-bonded forms. As shown in Figure 1, free phenolics were presented in red background, while conjugated phenolics in blue background. Insoluble-bonded phenolics are often bound to cell wall substances through covalent linkages (8). Among them, free phenolics can be directly extracted and determined, while conjugated or insoluble-bonded phenolics would be measured as free forms after acidic, alkali or enzymatic hydrolysis (16). These kinds of indirect measurement of the conjugated or bound phenolic compounds may give inaccurate or wrongly levels of them in oilseeds, and thereby lead to the underestimate of their health benefits. However, there are relatively few researches on conjugated or bound phenolic compounds, especially their direct determination method and investigation of their health functions. According to chemical structures, phenolic compounds can also be classified into flavonoids, phenolic acids, phenolic alcohols, stilbenes, lignans, and tannins (Figure 1) (4, 11). Herein, composition distribution of phenolic compounds in common oilseeds were reviewed as follows and detail summarized data were shown in Table 1.
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FIGURE 1
Classification and structures of representative phenolic compounds.



TABLE 1    Composition distribution of phenolic compounds in common oilseeds and their products.
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Soybean

Soybean is a widely consumed food material and one of the largest oilseeds with annual production of around 333.67 million tons in the world (1). Phenolic compounds identified in soybeans are mainly isoflavones (mainly daidzein, glycitein, genistein and their glucosides), phenolic acids (ferulic acid, p-coumaric acid, chlorogenic acid, caffeic acid, syringic acid, vanillic acid, salicylic acid, protocatechuic acid, etc.) and anthocyanins (9). These phenolic compounds have been reported with numerous biological activities related to their antioxidant properties (10). Isoflavones are major phenolic compounds formed during soybean growth with amount in the range of 1,431–2,130 mg/100 g and they are mainly distributed in the cotyledon and hypocotyl of soybean seeds (9). Soybean isoflavone aglycones, including genistein, daidzein, and glycitein, enhance the bioavailability, bioactivity, and nutrient values in comparison with glucosides since the lipid soluble isoflavone aglycones can be better absorbed by the intestinal villi of human body (17). Soybean seed coats and hulls are the primary byproducts during the production of soybean oil or protein. Although the isoflavones contents in seed coats and hulls are very low, studies have shown that they are a potential source of phytochemicals, such as polyphenolics, anthocyanins and proanthocyanidins (18).



Rapeseed

Rapeseed is a major oilseed crop and cash crop in the world with its production increasing faster than that of other oilseeds over the past two decades with approximately 34 million hectares planting area of oilseed rape and over 70 million tons rapeseed yield worldwide (1). Concentrations of free, esterified, and insoluble bound phenolic acids in rapeseed were reported to be in the range of 60–262, 570–1,520, and 0–105 mg/100 g, respectively (2). Sinapine, sinapic acid, and sinapoly glucoside are the most important phenolic compounds in rapeseed. Sinapic acid is a free phenolic acid accounting for 9–16% of the total phenolic acids and more than 70% of the free phenolic acids, which can act as an antioxidant, anticancer, and anti-inflammatory agent (19). Sinapine, the choline ester of sinapic acid, is the predominant esterified phenolic acid in rapeseed produced through phenylalanine or hydroxycinnamate pathway, which contributes to the bitter taste, astringency, and dark color of rapeseed derived products (20). Sinapoyl glucoside was reported to be the second most abundant phenolic compound in rapeseed with the content of 89.7 ± 5.0 mg/100 g (21). Canolol, assumed to be formed by the decarboxylation of sinapic acid, was first identified in rapeseed oil. Canolol showed strong antioxidant properties and involved in many physiological activities, including anti-mutagenic properties and gastric tumor inhibition (19, 22). Moreover, canolol exerts 15% higher antioxidant activity than sinapic acid (23). Other sinapic acid derivatives such as disinapoyl gentiobioside, quercetin-sinapoyl-di-hexosepentose, sinapoyl malate and disinapoyl glucoside were also observed in rapeseed (22). Phenolic acids, such as gallic acid, syringic acid, chlorogenic acid, ferulic acid, vanillic acid, protocatechuic acid, caffeic acid, cinnamic acid, p-coumaric acid and p-hydroxybenzoic acid also have been found from rapeseed (24). Rapeseed meal, as a low economic value by-product of rapeseed oil production, is unsuitable for human consumption due to the presence of anti-nutritional compounds, including phytic acid, glucosinolates and condensed tannins. These compounds contributed to the low bioavailability, low digestibility, and unpleasant flavor of rapeseeds. While phytic acid, glucosinolates and condensed tannins were reported with good pharmacological activity in anti-cancer and anti-oxidation (25–27). Moreover, rapeseed meal is a good source of phenolic compounds since a large proportion of phenolics were remained in meal after oil extracting (20). We noticed that thousands of metric tons of rapeseed by-products were produced every year in oil industry. These rapeseed by-products could be recycled as invaluable sources of potential nutraceuticals and natural antioxidants.



Peanut

Peanut is a critical oilseed crop widely cultivated in many countries and it is an important food material consumed worldwide (28). The content of soluble phenolic compounds, insoluble phenolic compounds, soluble flavonoids, and total anthocyanin in peanuts ranged from 706 to 1,458, from 1,071 to 1,262, from 58 to 133, and from 3.36 to 11.49 mg/100 g, respectively (29). Although peanut skin accounts for only a small portion of peanut fruit, it was discarded 7.5 × 105 tons a year as a by-product (28). Peanut skin has high antioxidant activity for its abundant phenolic compounds, such as phenolic acids, stilbenes, flavonoids, anthocyanins and procyanidins, thereby it can be used as natural antioxidant with a wide range of clinical applications (8, 28). Furthermore, peanut shells, as the by-product of peanut industry, contain polyphenols, flavonoids, luteolin and functional compounds for human consumption (30). The abundance of luteolin in peanut shells has attracted the attention of some researchers and it has been reported with a variety of biological functions such as antioxidant, anti-inflammatory, anti-depression, anti-convulsion, anti-anxiety, anti-allergy, antimicrobial, immunity improvement and anticancer effects (31). However, the byproducts of peanut industry, including peanut skin and shell, have not been well utilized. It still requires more researches on the profiling of bioactive phenolic compounds in peanut. Thereby we can better explore their economic values as food additives, medical and health products, and other industrial supplies for the prosperity and stable development of peanut industry.



Olive

Olive has long been considered as important health foods in both the West and the East. Various kinds of phenolic compounds can be observed in olives, including phenolic acids, phenolic alcohols, flavonoids, and lignans. Among them, oleuropein, ligstroside, demethyloleuropein, verbascoside, tyrosol and hydroxytyrosol are the major phenolic components in olive fruits (32). They are responsible for several biological properties, including antioxidant, anti-inflammatory, antimicrobial, antiviral, anti-carcinogenic, and cardiovascular protection effects (33). Among them, oleuropein is the most representative polyphenolic constituent in olive, responsible for the bitterness of both olive fruits and olive oil. The predominant phenolic compounds found in olive oil are oleuropein and its hydrolytic products, hydroxytyrosol, and tyrosol. Hydroxytyrosol has a strong antioxidant effect and the addition of hydroxytyrosol to olive oil can decrease oxidation progress of the oil (33). Olive pomace, the solid waste of olive oil industry, is an interesting source of phenolic compounds, since only 1–2% of the total content of phenolic compounds of olives went into olive oil through its extraction process, while 98% of them remained in the olive pomace, making it a valuable candidate for bio-functional and value-added applications (12).



Sesame

Sesame (Sesamum indicum L.) is a member of the Pedaliaceae plant family (14). It is an oilseed widely distributed in the world with around 6.55 million tons production all over the world, with approximately 96% of its production occurs in Africa and Asia, the remaining 4% occurs in the Americas and Europe (34). In recent years, sesame has received increasing attention due to its high content of phenolic compounds including phenolic acids (ferulic acid, p-hydroxybenzoic acid and p-coumaric acid, among others), flavonoids, and lignans (35, 36). These phenolic compounds are momentous natural antioxidants and radical scavengers in various physiological activities, such as antihypertensive, hepatoprotective, and antimutagenic effects (14). Lignan is one of the largest groups of phenolics in sesame, with contents in sesame seed and oil range from 252 to 1,276 and 338 to 1,153 mg/100 g, respectively. Common sesame lignans consist of sesamin, sesamolin, sesamol, pinoresinol, and other lignan glycosides (35, 37). Shi et al. found that black sesame seeds showed higher sesamin (198–941 mg/100 g) and sesamolin content (106–335 mg/100 g) than other sesame cultivars (37). Consumption of sesame is beneficial to human health due to the protective effects of theses phenolic compounds against numerous chronic diseases (38). In addition, sesame seed cake also possess amounts of phenolic compounds, among which phenolic acids and lignans are the most concerned components associated with antioxidant properties.



Sunflower seed

Sunflower is a globally important oilseed crop and ornamental crop with its seed oil accounts for approximately 10% of the world’s edible plant-derived oil (39). World production of sunflower seeds was around 56.07 million tons in recent years with Russian as main producer followed by Ukraine, Argentina, Romania, and China (1). Sunflower seeds are an important source of vegetable oil and high-quality protein, but also contain considerable amounts of phenolic constituents. The total phenolic content of sunflower kernels and shells are reported to be in the range of 2,938.8 to 4,175.9 and 40.8 to 86.0 mg/100 g, respectively. And chlorogenic acid was reported to be the predominant phenolic acid in sunflower kernels, along with much lower levels of caffeic acid and quinic acid, varying with the location of seed on sunflower head, storage temperature and variety (40). After oil extraction, sunflower seed meal is a major source of protein used for animal nutrition. However, high amounts of phenolic compounds, particularly chlorogenic acids, remained in sunflower seed meal, causing a great waste of resources (41). Therefore, sunflower seed by-products also are a good source of phenolic compounds and require further exploration and utilization.



Flaxseed

Flaxseed has been cultivated over 5,000 years as an oilseed crop with around 3.07 million tons production worldwide for the past few years (1). Flaxseed is a good source of lignans with content of 386.0–593.5 mg/100 g. The most abundant lignan is secoisolariciresinol diglucoside, while other lignans, such as the isomer of secoisolariciresinol diglucoside, secosisolariciresinol, matairesinol, pinoresinol, pinoresinol diglucoside, lariciresinol, and isolariciresinol, present in relatively low level in flaxseed (42, 43). As the precursors of enterodiol and enterolactone, secoisolariciresinol diglucoside and matairesinol are considered to have phyto-estrogenic effects. In dehulled and defatted flaxseed, ferulic acid and t-cinnamic acid were reported to be the major phenolic acids, while relative trace level of p-coumaric acid, caffeic acid, chlorogenic acid, gallic acid, protocatechuic acid, sinapic acid and p-hydroxybenzoic acid were also observed (44). In flaxseed oil, Herchi et al. reported the detection of secoisolariciresnol, coumaric acid methyl ester, ferulic acid and its methyl ester, pinoresinol, matairesinol, diphyllin, p-hydroxybenzoic acid, vanillic acid and vanillin (45). In flaxseed capsules, abundant phenolic compounds, including coniferyl alcohol, glucoside of secoisolarisiresinol, chlorogenic acid, p-coumaric acid, caffeic acid, and ferulic acid were also found (43). However, the functional characteristic of phenolic compounds in flaxseed is still unclear and needs to be further explored.



Others

Other oilseeds such as castor seed, perilla seed, camellia seed, oil palm, walnut, and cottonseed all contain various phenolic compounds. Phytochemical analysis by Shafiq et al. confirmed the presence of phenolic compounds making the castor (Ricinus communis) a pharmaceutical source (46). Hong et al. profiled polyphenols in different varieties of Camellia oleifera seed cakes. A total of 73 unequivocal or tentative phenolic compounds were identified from methanol extracts of camellia seed cake (47). For the phenolic compounds in walnut, Wu et al. found that the majority of walnut phenolics were presented in the free form (51.1–68.1%), followed by bound form (21.0–38.0%), and esterified form (9.7–18.7%) (16). It differed the composition of phenolic compounds in different oilseeds, and distinctive phenolic compounds presented in individual tissues of the same oilseeds. Therefore, profiling of phenolic compounds in oilseeds is of great significance to the breeding of high-quality oilseeds and the comprehensive utilization of phenolic compounds.




Profiling of phenolic compounds in oilseeds


Extraction methods for phenolic compounds

Extraction methods have significant impacts on the extraction efficiency of free, soluble conjugated, and insoluble-bonded phenolic compounds from complex matrices of oilseeds. In previous reported publications, various kinds of organic solvents (such as methanol, ethanol, ethyl acetate, and acetone) and extraction methods, including Soxhlet extraction, liquid-liquid extraction, solid-liquid extraction, ultrasound or microwave or enzyme-assisted extraction, solid phase extraction, dispersive solid-phase extraction, magnetic solid-phase extraction, subcritical fluid extraction, pulsed electric fields extraction, pressurized solvent extraction, homogenate assisted extraction, and high hydrostatic pressure assisted extraction have been utilized (4, 48, 49). Although most of these methodologies have high extraction performance, it should be noted that several factors in these techniques may limit their application in the extraction of phenolic compounds from oilseeds, including the solvent toxicity, thermal instability, polarity range, solubility, selectivity, and the use of high-cost equipment (4, 11, 12). Nowadays, a new generation of solvent called natural deep eutectic solvent (NADES) has been proposed for the extraction of phenolic compounds from plant sources, which is a eutectic mixture mixed by hydrogen bond acceptor and hydrogen bond donor (12). NADES has a set of advantageous properties, such as low volatility, non-flammability, chemical and thermal stability, adjustable ability, low toxicity, and high solubility (49). NADES was demonstrated to be a desirable extraction medium for phenolic compounds from three aspects: (1) it can replace organic solvent and dissolve a wide range of compounds; (2) it can form hydrogen bonds with phenolic compounds, improving their dissolution and extraction ability; (3) it offers enhanced extraction efficiency under the premise of environmentally friendly and green extraction (49). In addition, the combining of NADES and assisted extraction method can also result in increased extraction efficiency. Chanioti et al. compared extraction with various types of solvents and different innovative assisted extraction methods such as ultrasound, microwave, homogenization, and high hydrostatic. Results showed that the best extraction efficiency of phenolic compounds from olive pomace was achieved by using NADES as extraction solvent, and homogenization assisted extraction as extraction method (12). In addition, free phenolic compounds can be directly extracted by organic solvents such as methanol and acetone, while conjugated or bound phenolic compounds would be extracted after acidic, alkali or enzymatic hydrolysis (16). There is little research on the direct extraction method of bound phenolic compounds. Thus, the method of simultaneous extraction of free, conjugated and bound phenolic compounds needs to be further studied. The recent reported extraction and analytical methods of phenolic compounds in oilseeds were summarized in Table 2.


TABLE 2    Extraction and analytical methods of phenolic compounds in oilseeds and their products.
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Metabolomic methods for phenolic compounds

Various analytical methods have been reported for the profiling of phenolic compounds. The total phenolic, flavonoid, tannin and lignan content were often measured by spectroscopic analysis (35). Although these spectroscopic methods are simple and convenient, they cannot separate the phenolic compounds individually (11). Chromatographic methods including gas chromatography (GC) and liquid chromatography (LC) have the advantages of high sensitivity and separation effects. GC based method is rarely used for the determination of phenolic compounds, since the phenolic compounds are of low volatility, and the high temperature during derivatization lead to oxidation of phenolic compounds (50). LC method can realize qualitative and quantitative analysis of phenolic compounds without derivatization step. The limited number of chemical standards restricted LC method to identify unknown phenolic compounds in oilseeds (51). Nuclear magnetic resonance can do non-invasive analysis and enables better metabolite annotation. However, its application was limited by the sensitivity (52). For the past few years, mass spectrometry (MS) with the merits of high sensitivity, high selectivity, and high throughput has developed rapidly for the determination and identification of metabolites from complex matrices in metabolomics. MS based metabolomics has gradually stood out in the profiling of phenolic compounds from oilseeds (53, 54). Metabolomic methods for phenolic compounds profiling can be further divided into untargeted, targeted, pseudo-targeted and spatial metabolomics.


Untargeted metabolomics for phenolic compounds

Untargeted metabolomic analysis can provide global analysis of phenolic compounds in oilseeds, which allows the profiling of hundreds of phenolic related compounds in a single run. Nowadays, high-resolution mass spectrometers (HRMS), including quadrupole time of flight (QTOF) MS, Orbitrap MS, Fourier transform ion cyclotron resonance MS, have gained wide acceptance in untargeted metabolomics for better performance in collection of full-scan spectra with high resolution mass to charge ratios (51, 54). Full scan acquisition mode of HRMS can provide abundant information and retrospective analysis. Tandem mass spectrometry (MS/MS) mode, such as parallel reaction monitoring, data-dependent acquisition, data-independent acquisition, and data-independent all ion fragmentation modes, is applied for structure elucidation and quantification of phenolic compounds (54). For example, Ma et al. reported the application of high-performance liquid chromatography (HPLC)-electrospray ionization-MSn to separate and identify the phenolic constituents in peanut skins. By this method, phenolic compounds, including proanthocyanidins, phenolic acids, stilbenes, and flavonoids, could be found from peanut skins (8). Negro et al. reported a HPLC-QTOF-MS based untargeted metabolomic method for profiling of phenolic compounds from eight different extra virgin olive oils (55). Król-Grzymała and Amarowicz compared the phenolic compounds composition of six soybean cultivars from two European countries by HPLC-QTOF-MS. They found that the established method can be employed in the selection of soybean cultivars with higher levels of phenolics (9). Despite the high coverage of untargeted metabolomic methods, they still need some developments in the following aspects, including (a) unsatisfactory reproducibility and low selectivity; (b) compound identification for the huge structural diversity of phenolic compounds; (c) quantitative accuracy for the wide content variation of phenolic compounds in oilseeds (54).



Targeted metabolomics for phenolic compounds

Targeted metabolomic methods are usually used for identification and absolute quantitation of phenolic compounds of interest. Normally, multiple reaction monitoring (MRM) mode in triple quadrupole (QqQ) MS is the most frequently used strategy in targeted metabolomic profiling with high sensitivity, high specificity, and excellent quantification ability (54). MRM mode selectively monitor compounds using the MRM transitions with both precursor ion and product ion from their MS/MS analysis. Becerra-Herrera et al. developed an efficient method to determinate 28 phenolic compounds from olive oil by dynamic MRM mode in QqQ-MS (56). Wang et al. developed a simultaneous quantification method for 13 trace and micro phenolic compounds from rapeseed (6). Miho et al. performed targeted metabolomic profiling of phenolics from virgin olive oils of 44 olive cultivars, and the results indicated that the method supports the phenolic profile as a criterion to be considered in olive breeding programs (53). In addition, Yu et al. developed a rapid and accurate method for the simultaneous analysis of phenolic compounds in rapeseed oils by mixed-mode solid-phase extraction coupled with chemical labeling assisted LC-MS (4). Nonetheless, the targets are still limited to the known metabolites and are powerless for the unknown metabolites (51). Therefore, other methods should be re-developed for those unknown and commercial unavailable phenolic compounds. Besides, it is often economically impractical to obtain all of standards to achieve global profiling of phenolic compounds in oilseeds by targeted metabolomic method.



Pseudo-targeted metabolomics for phenolic compounds

To establish a high-coverage, high-throughput, sensitive, selective method for quantification of phenolics in oilseeds, a new strategy named pseudo-targeted or widely targeted metabolomics has been proposed. This strategy can simultaneously monitor hundreds to thousands of metabolites by dynamic MRM mode. Pseudo-targeted method merged the advantages of untargeted and targeted metabolomics and can provide high-quality and rich-information data for the analysis of large-scale samples (57). During pseudo-targeted metabolomic analysis, exact mass, and MS/MS information of compound can be obtained from untargeted profiling at the first step, ensuring high coverage of the compounds. Then targeted method in MRM mode is used to perform high specific analysis and guarantee high quality data collection. Pseudo-targeted methods have a far-ranging application in phenolic compound discovery and determination studies. For instance, Peng et al. identified or tentatively characterized a total of 112 extractable phenolic compounds and 78 non-extractable bound phenolic compounds from black soybeans by pseudo-targeted LC-MS method (58). Wang et al. used widely targeted metabolomics for determination of different metabolites including phenolic compounds from black and white sesame seeds, which can give directions for the genomic breeding of sesame and provides important insight for the innovation of high-quality black sesame varieties (57). In summary, pseudo-targeted metabolomics can realize both qualitative and quantitative analysis with high coverage and high performance. It was the most useful semiquantitative method for discovery new phenolic compounds. However, it also has some drawbacks: (a) the MRM transitions were obtained from biological samples rather than standards; (b) structural identification and data processing procedure should be more automated and convenient.



Spatial metabolomics for phenolic compounds

Imaging the spatial distributions and dynamics of phenolic compounds in oilseeds is significant for our understanding of oilseed metabolism. Mass spectrometry imaging (MSI) is a sensitive and label-free approach for the localization of the metabolites in biological samples (59, 60). MSI can provide qualitative, quantitative and positioning information of the analytes in a single experiment (59). According to the desorption/ionization techniques, MSI can be divided into matrix-assisted laser desorption/ionization (MALDI)-MSI, desorption electrospray ionization (DESI)-MSI, and secondary ion (SI)-MSI (60). Among which, MALDI-MSI, as one of the main platforms for metabolite analysis, can offer a decent spatial resolution of imaging and a wide detectable mass range with the soft ionization type (60). Up to date, MALDI-MSI has been successfully applied to plant biology exploration, including (a) imaging the spatial distributions of plant secondary metabolites; (b) unraveling the complex defense mechanisms of plants; (c) visualizing the biosynthetic and metabolic pathways of plant metabolites. For example, Enomoto and Nirasawa reported the application of MALDI-MSI to investigate the localization of flavan-3-ols in peanut testa. Results showed that flavan-3-ols were primary localized in the outer epidermis of peanut testa, which may contribute to the improvement of the extraction and purification efficiencies of flavan-3-ols from peanut testa (61). DESI-MSI showed potential in discovering and guiding investigations into new metabolic routes in plant tissue. Bhandari et al. investigated the changes of metabolite patterns during development of oilseed rape by MSI experiments. Results showed that the method could be used to establish the metabolite atlas serving as a reference for investigating systemic and local effects of pathogen infection or environmental stress (59). In a word, MSI is a powerful tool for direct mapping of tissue sections and simultaneous monitoring the spatial distribution of various compounds. While its application in plant tissues is limited as the hard cell walls of plant tissues may cause barriers in cryosectioning of the samples, resulting difficults for MSI of phenolic compounds in oilseeds. Therefore, efficient and excellent sectioning techniques of plant tissues need to be further developed.

Other emerging technique such as boronic acid-functionalized magnetic multi-walled carbon nanotubes coupled with flexible branched polymer nanocomposites applied as matrix for MALDI-TOF-MS analysis were developed by Li et al. and the method demonstrated to be efficient for the analysis of flavonoids in foods (62). An electrochemical sensor constructed with d-Ti3C2Tx/MWCNTs composite material was reported by Liu et al. for the detection of luteolin, and the method showed advantages of low detection limit, good selectivity and high sensitivity (31). Researchers are increasingly developing modern techniques to improve the separation ability, detection sensitivity, and accuracy of analytical method for phenolic compounds in complex matrices.




Data processing and statistical analysis

As rapid development of high-resolution techniques, it has become the most important issue for dealing with massive amount of metabolomics data. To solve this problem, several data mining strategies have been developed, including (a) compound discoverer software for automatically performing peak alignment, MS and MS/MS spectra extraction; (b) available database with the retention time, accurate mass, precursor and product ion spectrum, fragmentation patterns, etc. information; (c) new powerful software package for data mining; (d) new data mining method, such as machine learning based method (54). Up to date, different instrument manufacturers have designed their own data processing software, including MassHunter (Agilent), Xcalibur (Thermo Fisher), Labsolutions (Shimadzu), Compass Hystar (Bruker) and XCMS/Analyst (AB Sciex). Tsugawa et al. developed the MS-Dial software for data processing of raw files from different instrument manufactures with an enriched LipidBlast library identified 1,023 lipid compounds (63). For metabolite database, there are already some self-built or public metabolite databases, such as MassBank, KNAPSAcK, MetaCyc, ChemSpider, HMDB, METLIN, PubChem and mzCloud library (54). For the new self-packaged software and data mining method, a number of research groups have begun to intervene in this area. For instance, Luo et al. developed a systematic and automated software named MRM-Ion Pair Finder for acquiring characteristic MRM ion pairs by precursor ions alignment, MS/MS spectrum extraction and reduction, characteristic product ion selection and ion fusion (51). SWATHtoMRM strategy was developed by Zha et al. to extract MRM transitions for targeted analysis with coverage as high as 1,000–2,000 metabolites (64). In addition, MRMPROBS, MRM-DIFF, MRMAnalyzer, and Skyline are also used to design MRM method and extract target peaks (52). Lyu et al. developed a high-throughput method based on MS/MS molecular networking to characterize, discover, and predict unknown phenolic compounds with the aid of global natural products social molecular networking library (65).

Besides, chemometric tools are increasingly being used to analysis metabolomics data. In metabolomic analysis, univariate statistical approaches such as t-tests and analysis of variance are often used to identify the significant changes of metabolites between different groups. For multivariate analysis, principal component analysis (PCA) and hierarchical clustering analysis are the frequently used explorative multivariate methods. Miho et al. used PCA of phenolic concentrations to distinguish between virgin olive oils and found that virgin olive oils obtained in three consecutive crop seasons could be effectively distinguished by PCA (28). In addition, linear discriminant analysis, such as partial least squares discriminant analysis, orthogonal partial least square discriminant analysis (OPLS-DA), and multiple linear regression, partial least squares, orthogonal partial least squares etc., are the widely used statistical analysis approaches for classification and regression analysis. Zhang et al. used partial least square discriminant analysis to screen for differential metabolites and found that significantly differential phenolic compounds between rapeseeds including syringin, kaempferol, isorhamnetin, and sinapic acid (66). These statistical analyses can be performed on MetaboAnalyst platform,1 SIMCA software, or R package (43). Recently, machine learning methods such as random forest and support vector machines have presented new strategies in multivariate analysis (67). And the identified metabolites can be further used to generate metabolic pathways on the small molecule pathway database2 or KEGG pathway database3 (54). Wang et al. performed pathway analysis based on KEGG pathway database between white and black sesame and found that metabolic pathways differentially altered between white and black sesame seeds mainly included phenylpropanoid biosynthesis, tyrosine metabolism, and riboflavin metabolism (31). Pathway enrichment analysis can be performed on the web-based sever Metabolite Sets Enrichment Analysis.4 The flow chart of phenolic compound analysis was shown in Figure 2. Phenolic compounds in oilseeds play an important role in oilseed growth and adversity defense (9). The profiling of phenolic compounds includes pretreatment, metabolomics analysis, and statistical analysis. Pretreatment includes phenolic compounds extraction and tissue section preparation. Metabolomics analysis can be further divided as untargeted, targeted, pseudo-targeted and spatial metabolomics. Statistical analysis commonly includes PCA, OPLS-DA, heatmap analysis, volcano plot analysis, enrichment analysis, and path analysis. The analysis results can provide reliable data support for the applications of phenolic compounds in foods, health care products and medicines.
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FIGURE 2
Flow chart of phenolic compound analysis. Phenolic compounds in oilseeds play an important role in oilseed growth and adversity defense. The profiling of phenolic compounds includes pretreatment, metabolomics analysis and statistical analysis. Pretreatment includes phenolic compounds extraction and section preparation. Metabolomics analysis can be further divided as untargeted, targeted, pseudo-targeted and spatial metabolomics. Statistical analysis commonly includes PCA, OPLS-DA, Heatmap analysis, Volcano plot analysis, enrichment analysis, and path analysis. The analysis results can provide reliable data support for the applications of phenolic compounds in foods, health care products and medicines.





Conclusion and expectation

Phenolic compounds, a class of green renewable resources with rich reserves, are of great importance in the fields of food, medicine, agriculture, and chemical industry, which are closely related to human health. Phenolic compounds have been studied extensively for their antioxidant and therapeutic properties. Their nutritional and health effects have been demonstrated in multiple scientific studies, and claims for health effects are officially recognized. Variations in the organoleptic, nutraceutical and functional properties of oilseeds are mainly due to variations in the types, contents, and metabolic properties of phenolic compounds. Besides, the concentration and type of phenolics in oilseed products greatly depend on production processes used. Accordingly, it has become an important topic for how to fully, reasonable, and scientific exploiting and utilization of this green resources.

Although phenolic compounds have been widely studied in plant-based matrices for their wide and potent biological properties, there are no standardized procedures for sample preparation and analysis of these compounds. Future trends in the analysis of phenolic compounds could include: (a) Phenolic database can be established according to the characteristics of the inherent phenolic composition in oilseeds. (b) More sophisticated extraction techniques, especially techniques with low-solvent and low-time consuming, high efficiency, high coverage, and automated analytical techniques should be developed. (c) Information about the modification and fate of phenolic compounds in oilseeds during various processing and storage progress needs further exploration. (d) The knowledge gap between traditional applications and scientific evidence of phenolic compounds should be bridged. (e) The physiological effects of phenolic compounds on human body is still an urgently subject to be detailed investigated.
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Footnotes

1     http://www.metaboanalyst.ca

2     http://smpdb.ca/

3     https://www.genome.jp/kegg

4     http://www.msea.ca
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Ultrasonic washing has been proved to be an abiotic elicitor to induce the accumulation of phenolics in some fruit and vegetables. However, the feasibility of ultrasonic washing on the accumulation of phenolics in fresh-cut red cabbages has not yet been reported. Therefore, the effects of ultrasonic washing on the phenolics and related phenolic metabolism enzymes of fresh-cut red cabbages, as well as quality and microbial safety during cold storage, were investigated. Firstly, the single-factor tests were used to optimize the ultrasonic processing parameters, including frequency mode, frequency amplitude, power density, frequency cycle time, and ultrasonic washing. Then the activities of the enzymes related to phenolic metabolisms after optimal ultrasound treatment were investigated, including phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO), and peroxidase (POD). Additionally, the quality and microbial safety of fresh-cut red cabbages stored at 4°C under the optimal ultrasound treatment were evaluated. The results showed that the content of soluble phenolics (SPs) in fresh-cut red cabbages increased significantly during storage under the optimal conditions (28 ± 2 kHz, 60 W/L, 400 ms, and 20 min) compared with the control (P < 0.05). The PAL activity was activated and the PPO and POD activities were inhibited after ultrasonic washing, which contributed to the increase in the content of SPs. Meanwhile, the storage quality and microbial safety of fresh-cut red cabbages were improved. Ultrasonic washing reduced the weight loss and respiration rate and improved the color and texture characteristics. Additionally, the fresh-cut red cabbages after ultrasonic washing showed more retention of ascorbic acid (AA), total soluble proteins (TSPs), total soluble sugars (TSSs), and total soluble solids (SSs) compared with the control. Finally, ultrasonic washing effectively inhibited the growth of bacteria, molds and yeasts, which is beneficial to the extension of the shelf-life of fresh-cut red cabbages. Therefore, ultrasonic washing can be used as a tool to increase the content of SPs in fresh-cut red cabbages while retaining quality attributes and microbial safety.
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ultrasonic washing, fresh-cut red cabbages, phenolic content, phenolic accumulation, storage quality, microbial safety


Introduction

Red cabbages (Brassica oleracea var. capitata f. rubra), which belong to the Cruciferous family, are rich in phenolics (1, 2). As the largest category of phytochemicals in plant-based foods, phenolics are highly associated with the antioxidant ability of fruit and vegetables (3, 4). They can protect the human body against damage from reactive oxygen species, reducing the risk of chronic diseases such as cancer and cardiovascular diseases (5). Thus, red cabbages are good sources of natural antioxidants. Studies have shown that cooking methods such as boiling, steaming, stir-frying, and microwave processing can reduce the total phenolic content of red cabbages (6). In order to minimize the losses of phenolics, red cabbages are often made into fresh-cut vegetables and eaten as salads (7).

Washing is an essential step to ensure food safety in the process of fresh-cut fruit and vegetables. This process can remove impurities, including residual soils, debris, insects, pesticides, and microorganisms. Meanwhile, it can clean the juice released from the shredded fruit and vegetables to decrease the food corruption rate, improve edible quality, and prolong the shelf-life (8, 9). Currently, chemical washing methods are commonly used in the fruit and vegetable industry, especially disinfectants based on chlorine and chlorinated compounds due to their convenience, low cost, and high antimicrobial activity (9, 10). Nevertheless, chlorine-based compounds are corrosive, damaging human health by causing skin and respiratory tract irritation. Moreover, water hyperchlorination caused by these chemicals can produce carcinogens that are harmful to the environment, such as high-concentration trihalomethane (11). Therefore, emerging technologies, such as high pressure, electrolyzed water, pulsed electric field, irradiation, ozone, and ultrasound, have been considered alternatives in the food industry in recent years (12–15).

As a residual-free, safe, and eco-friendly novel technology, ultrasonic washing has been widely used in the postharvest preservation and storage of fruit and vegetables, such as strawberries, lettuces, red bell peppers, and cherry tomatoes (16, 17). It is well known that cavitation effects are the unique physical phenomena caused by the propagation of ultrasonic waves in liquids, including physical effects (e.g., shock waves, micro-jets, shear force, and turbulence) and chemical effects (i.e., the production of a large number of free radicals) (18). Evidences have shown that the cavitation effects can enhance the elution of soil, elimination of microorganisms, and degradation of pesticide residues when ultrasonic washing is applied to fruit and vegetables (19–21). Additionally, it has been also reported that the quality of fruit and vegetables can be effectively maintained by the change in the activities of endogenous enzymes when subjected to ultrasonic washing (11). More interestingly, bioactive compounds in fruit and vegetables can be remarkably affected during the washing process, such as phenolics, carotenoids, and ascorbic acid (AA) (13, 21), especially phenolics. Ultrasound has been considered an abiotic elicitor that induces the accumulation of phenolics in fruit and vegetables, such as broccoli florets (22), mangoes (23), and kiwifruit (24), which is conducive to the obtainment of functional fruit and vegetables with increased levels and bioavailability of nutraceuticals (25, 26). The accumulation of phenolics may be related to the regulation of phenolic metabolism enzymes after ultrasonic washing, such as phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO), and peroxidase (POD) (22, 27). However, not all fruit and vegetables are applicable to ultrasonic washing such as fresh-cut tomatoes and carrots, which showed lower phenolic content than water washing (28, 29). Currently, there are few studies on ultrasonic washing applied to red cabbages. Therefore, the feasibility of ultrasound as an abiotic elicitor to induce the accumulation of phenolics in fresh-cut red cabbages remains to be investigated.

In this study, the effects of ultrasonic frequency mode, frequency amplitude, ultrasonic power density, frequency cycle time, and ultrasonic time on the phenolics in fresh-cut red cabbages were studied by single-factor tests. The activities of phenolic metabolism enzymes after ultrasound treatment were explored, including PAL, PPO, and POD. Meanwhile, the effects of ultrasonic washing on other quality parameters [weight, respiration rate, color, firmness, AA, total soluble proteins (TSPs), total soluble sugars (TSSs), and total soluble solids (SSs)] and microbial safety (total number of bacteria, molds and yeasts) during 4°C storage were investigated under optimized conditions.



Materials and methods


Raw materials

Fresh red cabbages (Brassica oleracea var. capitata f. rubra) at the maturity stage (100–120 days after sowing, i.e., the red cabbages were sowed in February or March and harvested in June or July) were obtained from local markets in Zhenjiang (China) and pre-selected based on size, color, and visual quality to ensure initial consistency. The red cabbages were placed in a refrigerator at 4°C until the experiment. Before processing, the three outer leaves and any other leaves with visible damage were discarded. Then the red cabbages were manually cut into pieces of approximately 0.5 cm × 5 cm by a sterile knife. The fresh-cut red cabbages were used in the following sections.



Ultrasonic washing procedure

The fresh-cut red cabbages were washed with the flat-plate ultrasound equipment manufactured by Jiangsu University (as shown in Figure 1). The equipment can be operated by four frequency modes: single-fixed frequency, single-sweep frequency, double-fixed frequency, and double-sweep frequency. Single-frequency ultrasound is controlled by either the upper flat or lower flat. For dual-frequency ultrasound, both flats work at the same time. The maximum power of a single plate is 600 W. The sweep frequency model (α ± δ kHz) refers to the sweep frequency cycle of the increasing period from α − δ to α + δ kHz and the decreasing period from α + δ to α − δ kHz with the same linear speed in the form of an isosceles triangle. α is the central frequency of 22, 28, 33, 40, and 68 kHz. δ is the frequency amplitude, i.e., ±1 and ±2 kHz. An increasing period plus a decreasing period is defined as the cycle time of the sweep frequency. When the δ is set to zero, the operation is a fixed frequency model. The effects of ultrasound operating parameters on the phenolics of fresh-cut red cabbages were investigated by single-factor tests. The details, including ultrasonic frequency mode, frequency amplitude, ultrasonic power density, frequency cycle time, and ultrasonic time, are shown in Table 1. The operating parameters were selected based on the published reviews (14, 30) and previous studies in our research group (31, 32).
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FIGURE 1
Schematic diagram of the flat-plate ultrasound equipment.



TABLE 1    Levels of ultrasonic frequency mode, ultrasonic power density, frequency amplitude, frequency cycle time, and ultrasonic time in the single-factor tests.
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The same batch of red cabbages was used for the evaluation of the same factor with different levels to ensure the comparability of phenolic content, except for the factor of ultrasonic frequency mode. As there were 30 levels of frequency modes in the study, it was difficult to treat the same batch of fresh-cut red cabbages at one time. Therefore, different batches of red cabbages were used to study the effects of single-frequency and dual-frequency modes.

Fresh-cut red cabbages (500 g) were placed in an ultrasonic bath (36 cm × 29 cm × 100 cm) containing sterile distilled water for ultrasonic washing. The water temperature was kept at 20°C to avoid thermal effects. After treatment, excess water was removed with sterile filter paper from the surface of the samples and air-dried on a clean bench (OptiClean 1300, Heal Force Bio-Meditech Co., Shanghai, China). Then samples were placed in polystyrene containers and refrigerated at 4°C. They were taken every 2 days (0, 2, 4, 6, and 8 days) during storage for experimental analysis. Each experiment was repeated in triplicates. The results were expressed as means of three triplicates ± standard deviations. Fresh-cut red cabbages washed with sterile distilled water were used as the control.



Determination of phenolic content


Extraction of soluble phenolics

The soluble phenolics (SPs) of the fresh-cut red cabbages were extracted by the method of Abdel-Aal et al. (33) with some modifications. Briefly, samples (30 g) were mixed with 300 mL of 80% chilled methanol. Then the mixtures were homogenized using a JYL-350S homogenizer (Joyoung Co., Ltd., Zhejiang, China) for 2 min. The supernatants were obtained by centrifugation at 10,000 rpm for 10 min for further analysis of SPs. Meanwhile, the sediments were used for the extraction of insoluble-bound phenolics (IPs).



Extraction of insoluble-bound phenolics

The IPs were extracted according to the method of Viacava et al. (34) with some modifications. Briefly, the sediments from the above extraction of SPs were hydrolyzed with 20 mL of 4 M NaOH at room temperature for 1 h with continuous shaking under nitrogen gas by a ZQZY-78CN shaker (Zhichu Biotechnology Co., Ltd., Shanghai, China). Then samples were acidified to pH 2 with 6 M HCl and centrifuged at 10,000 rpm for 10 min to obtain the supernatants. The supernatants were extracted with 20 mL ethyl acetate for 10 min, then centrifuged, and eventually dried under a nitrogen stream until dryness. The extracted sediments were redissolved in 5 ml of 80% methanol for the analysis of IPs.



Determination of the contents of soluble phenolics and insoluble-bound phenolics

The contents of SPs and IPs were quantified by the Folin-Ciocalteu method. The admixtures of 1 mL sample solution, 0.5 mL Folin-Ciocalteu reagent, 2 mL of 7.5% Na2CO3, and 6 mL distilled water were incubated at 70°C for 30 min. Then the absorbance of the solution was measured at 750 nm using a T6 UV/VIS spectrophotometer (Purkinje General Instrument Co., Ltd., Shanghai, China). The phenolic content was expressed as mg GAE/100 g FW fresh weight (note: GAE-gallic acid equivalents; FW-fresh weight).

Due to the differences in the initial contents of SPs in different batches of fresh-cut red cabbages used for frequency modes, it is difficult to directly compare the frequency modes by the content of SPs. Therefore, the phenolic retention rate under different frequency modes were used for the comparison. The retention rate of SPs was calculated as the following equation:

[image: image]




Determination of the activities of phenylalanine ammonia-lyase, polyphenol oxidase, and peroxidase

For PAL activity measurement, fresh-cut red cabbages (30 g) were homogenized with 150 mL of chilled 0.05 M phosphate buffer solution (pH 7.8) for 2 min. Then the mixtures were centrifuged at 10,000 rpm for 10 min at 4°C, and the supernatant was collected to measure the PAL activity with an ELISA kit (Tongwei Reagent Co., Ltd., Shanghai, China) according to the manufacturer’s instructions. One unit of PAL activity was defined as the amount of enzyme that produced 1 μg cinnamic acid per hour.

For PPO and POD activity measurement, fresh-cut red cabbages (30 g) were homogenized with 150 mL of chilled 0.05 M phosphate buffer solution (pH 7.8) containing 1% polyvinylpyrrolidone for 2 min, and then centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was used for the following analysis of PPO and POD activities. The activities of PPO and POD were measured according to the method of Yeoh and Ali (27) with slight modifications. The assay of PPO activity was conducted by mixing 145 μL of 0.1 M catechol and 5 μL of supernatant. Absorbance was taken every 15 s for 4 min at 420 nm using an automatic microplate reader (Infinite 200 PRO, Tecan Trading AG, Switzerland). One unit of PPO activity was defined as the amount of enzyme that resulted in an increase of 0.01 absorbance unit per second. POD activity was measured by adding 1 μL of supernatant and 145 μL of 0.1 M sodium phosphate buffer (pH 6.0) blended with 20 mM guaiacol and 4 mM H2O2. The absorbance of the mixtures was recorded at 470 nm every 15 s for 4 min using the same automatic microplate reader as mentioned before. One unit of POD activity was defined as the amount of enzyme that resulted in an increase of 0.01 absorbance unit per second.



Determination of weight retention rate and respiration rate

The weight retention rate of the samples was calculated as follows:
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The respiration rate was measured by the F-900 Portable Analyzer (Felix instruments Co., Ltd., WA, United States). For each group, fresh-cut red cabbages (90 g) were placed in a 2-L sealed vessel in a well-ventilated environment at 25°C and kept sealed for 1 h. The respiration rate was measured by the changes in the concentration of CO2 and expressed as mg CO2⋅kg–1⋅h–1 (35).



Determination of browning degree and cut surface color

The determination of the browning degree was based on the method of Li et al. (36) with some modifications. Fresh-cut samples (30 g) were homogenized with 300 mL of 80% ethanol. Then the mixtures were centrifuged at 10,000 rpm for 10 min to obtain the supernatant. The browning degree was expressed as the absorbance of the supernatant measured at 420 nm by a T6 UV/VIS spectrophotometer.

The color of the cut surface was measured by a CR-400 colorimeter (Konica Minolta, Japan) calibrated with a standard white plate. The CIELAB color coordinates L* (lightness), a* (green to red), and b* (blue to yellow) were collected at ten different spots from the cut surface, and the average values were reported. The total color difference (ΔE) was calculated according to the following equation:
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Where [image: image], [image: image], and [image: image] are the values of the standard white plate.



Determination of firmness

Firmness was determined by an XT2i Texture analyzer (Stable Micro Systems, Godalming, United Kingdom) equipped with a P/2N probe with a diameter of 2 mm. Parameters referred to the method of Xu et al. (37) with some modifications and were set as follows: pretest speed, 1 mm/s; test speed, 1 mm/s; post-test speed, 10 mm/s; auto-trigger force, 5 g; and travel distance of the probe, 9 mm. The firmness was recorded with the maximum force (g) during penetration.



Determination of the contents of ascorbic acid, total soluble proteins, total soluble sugars, and total soluble solids

Fresh-cut samples (30 g) were homogenized with 300 mL of 0.05 M oxalic acid containing 0.0002 M ethylene diamine tetraacetic acid, 0.05 M phosphate buffer solution (pH 7.8), 80% ethanol, and distilled water, respectively. The supernatant after centrifugation at 10,000 rpm for 10 min was used to measure the contents of AA, TSPs, TSSs, and SSs. The AA content was evaluated using phosphomolybdate-blue spectrophotometry (38). The contents of TSPs and TSSs were measured with the Bradford method and anthrone method using bovine serum albumin and glucose as a standard, respectively. The content of SSs was determined using a hand-held refractometer (ATAGO Tokyo, Japan).



Microbiological analysis

The total number of bacteria, molds and yeasts in fresh-cut red cabbages were measured according to the method of Yildiz et al. (39) with some modifications. Samples (30 g) were immersed in a sterile saline solution of 300 mL, then homogenized using an LC-PJ-400M sterile homogenizer (Lichen-Bx Instrument Technology Co., Ltd., China) for 2 min. The homogenate was decimally diluted using sterile saline. Then the dilution solution (0.1 mL) was taken and surface plated onto plate count agar (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) at 37°C for 48 h and Bangladeshi-red culture medium (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) at 28°C for 96 h to count the total number of bacteria, molds and yeasts, respectively.



Scanning electron microscopy of fresh-cut red cabbage leaves

In order to observe the anatomical characteristics (i.e., cross section and abaxial epidermis) of fresh-cut red cabbage leaves by a field emission scanning electron microscopy (Model Regulus8100, Hitachi, Japan), leaf samples were prepared according to the method of Marasek-Ciolakowska et al. (40) with some modifications. Fresh sample sections were fixed in 2.5% glutaraldehyde and then dehydrated in an ethanol series. Then the tissues were desiccated with critical point drying CO2 and sputter-coated with gold for observation.



Statistical analysis

SPSS 19 (SPSS Inc., Chicago, IL, United States) and excel 2016 software were applied to perform the analysis of variance (ANOVA). Significant difference was determined among the treatments using Duncan’s test with a 95% level of confidence (P < 0.05). Origin 2018 and excel 2016 software were used in the graphical report.




Results and discussion


Analysis of ultrasound operating parameters


Effects of ultrasonic frequency mode on the contents of soluble phenolics and insoluble-bound phenolics

The effects of single-fixed and single-sweep frequency on the contents of SPs and IPs are shown in Supplementary Figure 1, and the effects of dual-fixed and dual-sweep frequency on the contents of SPs and IPs are displayed in Supplementary Figure 2. As can be seen from Supplementary Figures 1, 2, the content of SPs in the red cabbage extracts varied with different ultrasonic frequency treatments. An appropriate frequency model could increase the content of SPs. Similar results were observed in the study of Alenyorege et al. (31), in which treatment with 28 ± 2 kHz increased the content of SPs in the Chinese cabbages while treatment with 28/68 kHz could decrease the content of SPs. Additionally, the content of IPs (approximately 3–5 mg GAE/100 g FW) in fresh-cut red cabbages was much lower than the content of SPs. Moreover, there was no significant difference in the content of IPs after ultrasonic washing during storage compared with control (P > 0.05), whatever the frequency mode was. These results showed that the increase in the content of SPs in fresh-cut red cabbages was irrelevant to the IPs, although some researchers found that the increase in the content of SPs in extracts after ultrasound treatment could be due to the breakage of cross-links in IPs (41). Therefore, the subsequent analysis of the effects of ultrasonic washing on phenolics in fresh-cut red cabbages will be conducted from the perspective of SPs.

In order to compare the effects of various frequency treatments on the content of SPs, the retention rate of SPs under the treatments of single-fixed, single-sweep, dual-fixed, and dual-sweep frequency are summarized in Supplementary Figure 3. As observed from Supplementary Figures 3A,B, on the whole, the phenolic retention rate after single-sweep frequency treatments was higher than that treated by single-fixed frequency. Although fresh-cut red cabbages treated by 33 ± 2 kHz showed the highest phenolic retention rate on Day 2, the phenolics were unstable during the following storage and markedly degraded. Meanwhile, the phenolic retention rate in fresh-cut red cabbages treated by 28 ± 2 kHz remained high level among the whole storage and increased to the maximum on Day 6. For the dual-sweep frequency treatment (as seen in Supplementary Figures 3C,D), the 40/68 kHz treatment was more conducive to the retention of phenolics than the other combined treatments.

The effects of the optimal single-frequency (28 ± 2 kHz) and dual-frequency (40/68 kHz) mode on the content of SPs in fresh-cut red cabbages are shown in Figure 2. The content of SPs in fresh-cut red cabbages washed with 28 ± 2 kHz was significantly increased compared with the control (P < 0.05), and the samples treated with 28 ± 2 kHz (113.64 ± 3.14 mg GAE/100 g FW) showed higher content of SPs than that washed with 40/68 kHz (105.73 ± 3.71 mg GAE/100 g FW) on Day 2. Therefore, the 28 ± 2 kHz treatment was more suitable for fresh-cut red cabbages.
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FIGURE 2
Effects of the optimal single-frequency and dual-frequency mode on the content of soluble phenolics (SPs) in fresh-cut red cabbages. The results represent the means of three triplicates ± standard deviations. Different capital letters mean that the effects of different treatments for the same day are significantly different (P < 0.05); different lowercase letters mean that the effects of storage times for the same treatment are significantly different (P < 0.05). Control: fresh-cut red cabbages were washed with sterile distilled water; treatment: ultrasonic power density of 60 W/L, frequency cycle time of 500 ms, and ultrasonic time of 15 min.




Effects of frequency amplitude on the content of soluble phenolics

The effects of frequency amplitude on the content of SPs in fresh-cut red cabbages are shown in Figure 3A. The 28 ± 2 kHz treatment (139.68 ± 1.06 mg GAE/100 g FW) significantly increased the content of SPs compared with the 28 ± 1 kHz treatment (134.65 ± 1.08 mg GAE/100 g FW) and control (134.22 ± 1.71 mg GAE/100 g FW) on Day 0 (P < 0.05), while there was no significant difference between the 28 ± 1 kHz treatment and control. Moreover, the content of SPs treated at 28 ± 2 kHz and 28 ± 1 kHz was significantly higher than the control during the following storage (P < 0.05), except for a decrease under the 28 ± 1 kHz treatment on Day 8. These results suggested that ±2 kHz was more conducive to the accumulation of phenolics in fresh-cut red cabbages. Frequency amplitude is one of the important factors that affect the quality of fruit and vegetables during the ultrasonic washing process (32). Wang et al. (42) also found that frequency amplitude could affect the stability of caffeic acid and erucic acid.
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FIGURE 3
Effects of ultrasonic power density, frequency amplitude, frequency cycle time, and ultrasonic time on the content of soluble phenolics (SPs). The results represent the means of three triplicates ± standard deviations. Different capital letters mean that the effects of different treatments for the same day are significantly different (P < 0.05); different lowercase letters mean that the effects of storage times for the same treatment are significantly different (P < 0.05). (A) Frequency amplitude; treatment: ultrasonic power density of 60 W/L, frequency cycle time of 500 ms, and ultrasonic time of 15 min. (B) Ultrasonic power density; treatment: ultrasonic frequency mode of 28 ± 2 kHz, frequency cycle time of 500 ms, and ultrasonic time of 15 min. (C) Frequency cycle time; treatment: ultrasonic frequency mode of 28 ± 2 kHz, ultrasonic power density of 60 W/L, and ultrasonic time of 15 min. (D) Ultrasonic time; treatment: ultrasonic frequency mode of 28 ± 2 kHz, ultrasonic power density of 60 W/L, and frequency cycle time of 400 ms. Control: fresh-cut red cabbages were washed with sterile distilled water.




Effects of ultrasonic power density on the content of soluble phenolics

The effects of ultrasonic power density on the content of SPs in fresh-cut red cabbages are displayed in Figure 3B. The 60-W/L treatment showed the highest content of SPs (120.93 ± 3.34 mg GAE/100 g FW) compared with other treatments during the whole storage. Meanwhile, it can be found that excessively low or high power density was harmful to the accumulation of SPs in fresh-cut red cabbage. The content of SPs in fresh-cut red cabbages treated with a low power density (e.g., 20 W/L) showed no significant difference compared with the control during storage (P > 0.05). Meanwhile, high power density (e.g., 80 and 100 W/L) was not conducive to the retention of phenolics during the later storage. Similar results were also found in Pinheiro et al. (43), Wang et al. (44), and Wu et al. (45). For example, Wang et al. (44) found that there was no significant difference in the content of SPs in cherry tomatoes between the 66.4 W/L treatment and control during storage (P > 0.05). Tomatoes treated with 145.79 W/L had lower content of SPs than the control during the later storage, while the content of SPs under the treatment of 106.19 W/L showed an increase during the later storage, and it was significantly higher than that in the control group on Day 20 (P < 0.05). Wu et al. (45) also found that the content of SPs in bok choy under the 150-W treatment and 180-W treatment significantly increased compared with the control (P < 0.05), while the 120-W treatment and 210-W treatment had no significant difference compared with the control (P > 0.05). Based on the results above, the ultrasonic power density of 60 W/L was selected as the optimal for further study.



Effects of frequency cycle time on the content of soluble phenolics

The frequency cycle time is one of the unique ultrasonic parameters in the sweep-frequency mode (32). The effects of frequency cycle time on the content of SPs in fresh-cut red cabbages are shown in Figure 3C. As can be seen from the figure, the frequency cycle time could affect the content of SPs, and an increase in the content of SPs can be observed for samples treated with different frequency cycle times compared to the control during the whole storage. The content of SPs at a short frequency cycle time (e.g., 100 and 200 ms) was remarkably higher than that at a long one (e.g., 500 ms) on Day 0. It may be due to the fact that a shorter sweep cycle means a faster change of sweep frequency, which produces a bigger vibration and strengthens the cavitation effects (42). Thus, the degree of hydroxylation in food materials was enhanced. However, the content of SPs at 400 ms markedly increased during the following storage. It reached the maximum value (137.06 ± 1.38 mg GAE/100 g FW) on Day 6, which was significantly higher than other treatments (P < 0.05). Based on the results above, the frequency cycle time of 400 ms was selected as the optimal for further study.



Effects of ultrasonic time on the content of soluble phenolics

The effects of ultrasonic time on the content of SPs in fresh-cut red cabbages are shown in Figure 3D. The content of SPs in ultrasound-treated samples increased with ultrasonic time until reaching the maximum at 20 min (156.42 ± 2.30 mg GAE/100 g FW) and then decreased with longer ultrasonic time on Day 0. The content of SPs under 30 min treatment was even lower than that of the control. On the one hand, the decrease in the content of SPs might result from the greater disruption of cell wall material and more inordinateness of inner structure caused by longer ultrasound treatment (46), leading to SPs draining away with the water during the process of ultrasonic washing. On the other hand, oxidation reactions promoted by the interaction with free radicals formed during sonication may be another reason for the degradation of phenolics (43). Additionally, the content of SPs in fresh-cut red cabbages treated for 20 min was the highest compared with other treatments throughout the storage. It firstly increased to the maximum on Day 4 and then decreased afterward. Moreover, it can be found that excessively short or long ultrasonic time was not conducive to the retention of the content of SPs in fresh-cut red cabbages. The content of SPs treated for 10 min had no significant difference compared with the control (P > 0.05), while the content of SPs after 30 min treatment was significantly lower than that of the 20 min treatment during storage (P < 0.05). Similar results were observed in the study of Lu et al. (47) and Gani et al. (48). For example, Gani et al. (48) found a significant increase in the content of SPs in strawberries as the ultrasonic time increased from 0 to 40 min during storage, followed by a decrease when the treatment time was increased to 60 min. Based on the results above, the optimal ultrasound treatment time was selected as 20 min for further study.



Effects of ultrasonic washing on the content of soluble phenolics

Based on the above results, it was found that appropriate ultrasonic washing could increase the content of SPs in fresh-cut red cabbages immediately or during storage. These results were consistent with the study of Yildiz et al. (24), Mustapha et al. (49), and Tovar-Pérez et al. (50). For example, Mustapha et al. (49) found that the SPs in ultrasound-treated cherry tomatoes increased with the prolongation of the storage period and was significantly higher than that in water-washed samples on Day 0 and Day 21 (P < 0.05). The immediate increase in the content of SPs after treatment mainly might be due to the increased extractability of phenolics, which may result from the hydroxylation of food materials caused by cavitation effects, especially flavonoids (31, 51, 52). Ashokkumar et al. (53) also reported that the hydroxylation of phenol and cyanidin 3-glucoside was initiated when treated by ultrasound. Meanwhile, as shown in Supplementary Figures 4, 5A,B, the scanning electron micrograph of cross sections in the leaves showed that the fresh-cut red cabbages treated by optimized ultrasonic conditions showed no damage to the structural anatomy of the leaves compared to the control on Day 0. The undamaged leaf structure contributes to the retention of phenolics (46). The accumulation of phenolics in fresh-cut red cabbages during storage may be attributed to the fact that the biosynthesis rate of phenolics is higher than the consumption rate (22, 54, 55). On the one hand, the biosynthetic pathway of phenolics can be activated. It is widely acknowledged that plants subjected to postharvest abiotic stresses can undergo a series of events, resulting in the accumulation of molecules with health-promoting properties, such as phenolics, carotenoids, AA, and glucosinolates (13, 14, 25, 56). When fruit and vegetables suffer from appropriate ultrasound treatment, wounded cells release adenosine triphosphate from the cytoplasm, which binds to unwounded cell receptors. The binding can elicit the production of secondary signaling molecules, such as reactive oxygen species (ROS), ethylene, and jasmonic acid. These secondary signals can activate the expression of primary and secondary metabolic genes, thus triggering the biosynthesis of phenolics (14, 56, 57). Additionally, the balance of ROS in fruit and vegetables can also be broken due to a large number of free radicals caused by acoustic cavitation (58). Therefore, the ROS scavenging systems in fruit and vegetables can be activated after ultrasonic washing. Phenolics, as one of the main components of non-enzymatic antioxidant systems, can be biosynthesized to eliminate excess ROS. It is because phenolics have dynamic antioxidant properties which neutralize the consequences produced by oxidative stress (59, 60). On the other hand, the consumption rate of phenolics after ultrasonic washing may be inhibited. Firstly, fewer phenolics can be used for lignin biosynthesis after ultrasonic washing. Phenolics are considered the precursors for lignin biosynthesis (22). Hence, the reduction of lignin content means less loss of phenolics (54). For example, Wang and Fan (61) reported that the biosynthesis of lignin in green asparagus subjected to ultrasonic washing was effectively retarded compared to the untreated ones. The delay of lignin biosynthesis was conducive to the retention of phenolics. Secondly, the activities of enzymes involved in the oxidative degradation of phenolics subjected to ultrasound treatment can be inhibited, such as polyphenol oxidase (PPO) and peroxidase (POD) (62). However, it was also found that inappropriate ultrasonic washing after fresh-cutting could decrease the content of SPs of red cabbages immediately and even reduce the cutting-induced accumulation of phenolics during storage. Similar results were found in the study of Cuéllar-Villarreal et al. (28), in which the level of total phenolics in ultrasound-treated carrots (300 s) was significantly lower than that in the control ones. It is likely that phenolics are released from the food matrix into the water due to ultrasound-induced damage to tissues (63). Additionally, the cutting-stress signals that induce the biosynthesis of phenolics may be removed by ultrasonic washing, causing the reduction of the cutting-induced accumulation of phenolics (64).




Analysis of the activities of phenylalanine ammonia-lyase, polyphenol oxidase, and peroxidase

The changes in the activities of PAL, PPO, and POD in fresh-cut red cabbages treated by ultrasonic washing are shown in Figure 4. As shown in Figure 4A, the PAL activity of fresh-cut red cabbages with or without ultrasonic washing showed the tendency to first rise and then decline with the extension of the shelf-life, reaching the maximums on Day 2. In addition, the PAL activity of fresh-cut red cabbages after ultrasound treatment increased significantly compared with the control (P < 0.05). PAL plays a critical role in the phenylpropanoid cycle, which contributes to the conversion of L-phenylalanine to trans-cinnamic acid with ammonia elimination and induces the biosynthesis of various phenylpropanoid-derived secondary products, such as SPs (65). Therefore, the increase in PAL activity is conducive to the biosynthesis of phenolics. The results shown in Figure 4A and Figure 3D indicated that the change trends of PAL and SPs were similar. However, the changes in the content of SPs performed a more noticeable lag effect than PAL changes. Similar lag effects were also observed in the study of Zhu et al. (66), in which they found that the changes in the SPs of fresh-cut potato slices at different ultrasound treatments were similar to the changes in the PAL activity and were delayed to a certain extent. PAL has been considered an inducible enzyme under biotic and abiotic stress (65). Therefore, cutting may be responsible for the increase of PAL activity of fresh-cut red cabbages in early storage. For example, Heredia and Cisneros-Zevallos (67) found that cutting could induce the activity of PAL in carrots and the PAL activity increased with wounding intensity. Whereas the decrease in PAL activity during the later storage may be due to aging and browning consumption till the end (68). Additionally, PAL activity has also been proposed to play a significant role in the plant defense against ultrasound stress, such as fresh-cut pineapples, Roman lettuces, carrots, Lentinula edodes, and cherry tomatoes (27, 28, 69–71). It might be because the formation of free radicals due to the sonolysis of water may impose oxidative stress on the plant cell systems and induce higher PAL activity to protect the cells from oxidative damage (27). Therefore, the PAL activity and the content of SPs in ultrasound-treated fresh-cut red cabbages were induced at higher levels under the combined mechanical and oxidative stress injury during storage.
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FIGURE 4
Effects of ultrasonic washing on the activities of phenylalanine ammonia-lyase (PAL) (A), polyphenol oxidase (PPO) (B), and peroxidase (POD) (C). The results represent the means of three triplicates ± standard deviations. Different capital letters mean that the effects of different treatments for the same day are significantly different (P < 0.05); different lowercase letters mean that the effects of storage times for the same treatment are significantly different (P < 0.05). Control: fresh-cut red cabbages were washed with sterile distilled water; ultrasound treatment: ultrasonic frequency mode of 28 ± 2 kHz, ultrasonic power density of 60 W/L, frequency cycle time of 400 ms, and ultrasonic time of 20 min.


According to Figure 4B, the PPO activity after ultrasonic washing was significantly lower than that in control samples during the whole storage (P < 0.05), except on Day 2. Similarly, the POD activity in control samples was also relatively higher than that in ultrasound-treated ones throughout the cold storage (as shown in Figure 4C). The POD activity in fresh-cut red cabbages with or without ultrasonic washing increased firstly and then remained stable with the extension of storage time. The POD activity during the later stage (e.g., on Day 6 and Day 8) significantly increased compared with that on Day 0, which may be related to tissue senescence (44, 72). Based on the results above, it was found that both the PPO and POD activities in fresh-cut red cabbages subjected to ultrasonic washing could be inhibited throughout the cold storage. Similar results were found in the study of Yeoh and Ali (27) and Pan et al. (68). For example, Yeoh and Ali (27) demonstrated that PPO and POD activities in fresh-cut pineapples were suppressed by ultrasound treatments, which supported our results. Thus, the browning inhibition of fresh-cut red cabbages after ultrasound treatment was exerted by reducing the activity of PPO and POD, which were typical enzymes involved in browning. It is universally acknowledged that phenolics can act as hydrogen donors to participate in the decomposition reaction of hydrogen peroxide catalyzed by POD, and PPO can convert phenolics into quinones (65). The phenolic content in fruit and vegetables correlates with the PPO and POD activities, and the higher levels of PPO and POD activities can cause more consumption of phenolic content. Therefore, the decrease in the content of SPs in fresh-cut red cabbages during the later storage may result from high levels of PPO and POD activities. Meanwhile, the consumption of SPs of fresh-cut red cabbages after ultrasonic washing was inhibited due to the inhibition of PPO and POD activities, which consequently resulted in higher content of SPs in ultrasound-treated fresh-cut red cabbages in comparison to control. The physiological enzyme activity can be activated and passivated by ultrasound treatment. The enzyme inhibition effect of ultrasound treatment depends on the chemical structure of proteins and the tolerance of enzymes to ultrasound (73). The inhibition of PPO and POD activities after ultrasound treatment may result from the physical and chemical effects of cavitation, which produce shear forces to break down the Van der Waals forces and hydrogen bonding of polypeptide chains, leading to the modification of enzyme structures (74).



Analysis of quality parameters


Effects of ultrasonic washing on weight retention rate and respiration rate

The changes in the weight of ultrasound-treated fresh-cut red cabbages during storage are shown in Figure 5A. Weight is considered an important indicator in evaluating the quality of postharvest fruit and vegetables, and its reduction reflects water loss during storage (75). As seen in Figure 5A, the weight of fresh-cut red cabbages increased significantly after ultrasonic washing (P < 0.05). It is probably because the mass transfer of water from the liquid medium to the samples can be promoted by ultrasound. Similar results were also observed in the study of Wang et al. (76), in which carrot slices immersed in distilled water gained more water after processing with low-frequency ultrasound treatment than untreated samples. Moreover, as shown in Figure 5A, the weight retention rate of fresh-cut red cabbages after ultrasonic washing was significantly higher than that of control during the whole storage, although the weight of fresh-cut red cabbage decreased with the increase of storage time (P < 0.05). Lower weight loss was observed in the ultrasound-treated samples. The epidermal cells in the leaves of fresh-cut red cabbages had higher water content compared with that in control ones (as shown in Supplementary Figure 5). It might be because the water molecules were confined by hydrogen bonds, which decreased the loss of water (36). Similarly, Fan et al. (77) also found that the water loss of fresh-cut lettuces after ultrasonic washing was reduced compared with the control.
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FIGURE 5
Effects of ultrasonic washing on the weight retention rate (A), respiration rate (B), color (C,D), and firmness (E). The results represent the means of three triplicates ± standard deviations. Different capital letters mean that the effects of different treatments for the same day are significantly different (P < 0.05); different lowercase letters mean that the effects of storage times for the same treatment are significantly different (P < 0.05). Control: fresh-cut red cabbages were washed with sterile distilled water; ultrasound treatment: ultrasonic frequency mode of 28 ± 2 kHz, ultrasonic power density of 60 W/L, frequency cycle time of 400 ms, and ultrasonic time of 20 min.


Respiration rate is an important parameter in determining deterioration rate and the onset of senescence, which is proportional to product deterioration rate and inversely proportional to its shelf-life. As shown in Figure 5B, the respiratory rate of fresh-cut red cabbages with or without ultrasonic washing increased firstly and then decreased during storage, reaching the maximum on Day 4. The increase in the respiratory rate at the initial storage stage might be due to the cutting (mechanical damages), which boosted the respiratory rate (78). Whereas the decrease of it during the later storage may result from the large consumption of materials in the early storage (e.g., sugars and O2), which inhibited the respiration rate. Li et al. (36) also found that the activities of enzymes involved in respiration (e.g., succinic dehydrogenase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase) increased firstly and then decreased with the extension of storage time, which may be another other reason for the changes in the respiration rate. Additionally, the respiration rate after ultrasonic washing was significantly lower than that of the control (P < 0.05). Similar results were also found in other vegetables subjected to ultrasonic washing, such as lettuces, white mushrooms, straw mushrooms, and asparaguses (36, 74, 79, 80). On the one hand, the lower respiration rate can be attributed to the hydrogen peroxide formation in distilled water during sonication, which reduces the oxygen used for respiration (81). On the other hand, ultrasonic washing can decrease the activities of respiration enzymes, thus reducing the respiration rate (36). Li et al. (36) found that ultrasound treatment could inhibit respiratory rates via inactivating the activities of enzymes involved in respiratory pathways of straw mushrooms, including phosphohexoisomerase, succinic dehydrogenase, glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and cytochrome oxidase. Moreover, more stomata in the leaves of fresh-cut red cabbages after ultrasonic washing were closed since epidermal cells with high water content squeezed the guard cells (as shown in Supplementary Figure 5). The closure of stomata reduced the respiration rate of fresh-cut red cabbages, which may also contribute to the retention of water during storage. Therefore, ultrasound treatment could effectively inhibit the respiration rate of fruit and vegetables to improve storage quality. However, it was found that ultrasound could increase the respiration rate in previous literature (28). Inconsistent results could be explained by the differences in ultrasonic conditions (e.g., frequency, time, and power output) and types of fruit and vegetables (30, 44).



Effects of ultrasonic washing on color and firmness

Color is one of the most important factors that reflect the appearance quality of fresh-cut fruit and vegetables, which directly affects the purchase intention of the consumers. Browning is a particular problem for white-fleshed fresh-cut products including red cabbages due to the oxidations of phenolics triggered by polyphenol oxidase (39). The effects of ultrasonic washing on the browning degree and total color difference (ΔE) of fresh-cut red cabbages during storage are shown in Figures 5C,D. There was no significant difference in browning degree and ΔE between the ultrasound and control samples on Day 0. Then the browning degree and ΔE with or without ultrasonic washing showed an increasing trend with the extension of storage time, and the fresh-cut red cabbages treated by ultrasound showed a significantly lower browning degree and ΔE values compared with the control (P < 0.05). The results suggested that ultrasonic washing could effectively inhibit the browning of fresh-cut red cabbages during storage and maintain the appearance of the color (as shown in Supplementary Figure 6). These results were consistent with the conclusions of Li et al. (36), Yildiz et al. (39), and Wen et al. (82). For example, Wen et al. (82) observed a noticeable increase in whiteness index, a decrease in the browning index, and lower ΔE values in ultrasound-treated fresh-cut lotus roots compared to the control during storage. These phenomena might result from the changes in PPO and POD activity related to the browning (36). Qiao et al. (29) also found that the PPO and POD activity in fresh-cut potatoes were inhibited by ultrasound washing, thus alleviating the enzymatic browning during storage.

Firmness is an important determinant of textural quality that affects consumer preference and the acceptability of fresh-cut fruit and vegetables. The changes in firmness depend on the cell turgor pressure, the integrity of the cell wall, and intercellular adhesion (12). As shown in Figure 5E, the firmness of fresh-cut red cabbages with or without ultrasonic washing rose to the maximum on Day 4, followed by a decrease with the increase in storage time. Fresh-cut red cabbages treated by ultrasound exhibited higher firmness than the control during storage. Similarly, Gani et al. (48) also found that the firmness of strawberries treated by ultrasonic washing for 10–40 min rose firstly and then declined with the increasing storage time. Fruit firmness under ultrasound treatment was higher than untreated samples throughout all refrigerated storage. Likewise, Yu et al. (69) also observed that lettuces treated by ultrasound showed higher firmness than the water-washed ones during storage, and the firmness increased with the storage time. The optimized ultrasound treatment did not affect the structural anatomy of the leaves as mentioned before, which was beneficial to maintain the texture characteristics. The increase in firmness may be due to the fact that the self-recovery system of plants was initiated when treated with ultrasound and the production of phenolic compounds might help the plants regain tissue firmness (69). Additionally, another possible reason is that ultrasound treatment inhibits the activities of enzymes that are mainly responsible for fruit softening, such as pectin methylesterase and polygalacturonase (83). However, the loss of firmness at the later stage of storage is most often attributed to the enzymatic breakdown of the middle lamella and cell wall by pectin methylesterase, polygalacturonase, β-galactosidase, and cellulase (84). Moreover, the water of leaves also influences the firmness of fruit and vegetables. Softening of fruit and vegetables is relatively attributed to a considerable increase in water loss through respiration (85, 86). The loss of turgor of the cell (loss of water) can produce dehydration of the tissues, an increase in elasticity, and a decrease in firmness (87), especially at the end of the storage (as shown in Supplementary Figures 5E,F). However, further studies are needed to monitor the moisture loss of fruit and vegetables subjected to ultrasonic washing and its relation to texture characteristics during storage.



Effects of ultrasonic washing on the contents of ascorbic acid, total soluble proteins, total soluble sugars, and total soluble solids

The AA content is an important index to evaluate the nutritional value of fruit and vegetables (36). As shown in Table 2, although the AA content of fresh-cut red cabbages after ultrasonic washing was higher than that of the control ones, there was only a significant difference on Day 4 during storage (P < 0.05). Similarly, Wang et al. (44) also found that the AA content of cherry tomatoes treated with ultrasonic washing at 106.19 and 145.74 W/L was significantly higher than that of the control on Day 8 or Day 16 (P < 0.05), while there was no significant difference during other storage time. The higher retention rate of AA content in fruit and vegetables after ultrasonic washing can be attributed to the removal of dissolved oxygen caused by the cavitation effects of ultrasound, which inhibited the oxidation of AA (23, 61). Furthermore, the inactivation of fruit enzymes induced by ultrasound treatment, e.g., AA oxidase and lipoxygenase, maybe another reason to prevent the degradation of AA (11). However, it is also found that ultrasonic washing has no effects on AA content in some fruit and vegetables, and sometimes even has negative effects (88). Overall, current reports regarding the effects of ultrasound on AA content in fruit and vegetables have been controversial. These differences could be attributed to variations in species, treatments, and analytical methods.


TABLE 2    Effects of ultrasonic washing on the contents of ascorbic acid (AA), total soluble proteins (TSPs), total soluble sugars (TSSs), and total soluble solids (SSs) in fresh-cut red cabbages during 4°C storage.

[image: Table 2]

Proteins are considered nutrient sources to support the physiological metabolisms of fruit and vegetables and are important to the evaluation of nutrition and quality. As shown in Table 2, the content of TSPs in fresh-cut red cabbages subjected to ultrasonic washing was higher than that of the control during the later storage, especially on Day 4 and Day 6. Similar results were also observed in the study of Li et al. (36), in which 10-min ultrasonic washing could effectively prevent the utilization of TSPs in straw mushrooms, thus retaining more TSPs compared with the control. Therefore, ultrasonic washing can contribute to the retention of proteins in fruit and vegetables. However, there are rare reports on the mechanisms that explain the effects of ultrasound on the proteins of fruit and vegetables. More retention of TSPs after ultrasound treatment can be explained by the inhibition of enzymes related to protein degradation, such as succinic dehydrogenase and lipoxygenase (11, 36). Consequently, the oxidation and catabolism of amino acids were suppressed, improving the retention.

Sugars are important energy sources of fruit and vegetables, mainly involved in the carbohydrate metabolisms in cells. Effects of ultrasonic washing on the content of TSSs are shown in Table 2. The content of TSSs in fresh-cut red cabbages with or without ultrasonic washing declined gradually with the prolonged storage time. At the end of the storage time, fresh-cut red cabbages treated with ultrasound showed higher content of TSSs compared with the control. Similarly, Li et al. (36) also found that ultrasound treatment could notably retain the content of TSSs in straw mushrooms and reduce their consumption. Therefore, the degradation of TSSs in fruit and vegetables can be alleviated after ultrasonic washing, which is beneficial to the maintenance of quality. The consumption of sugars is generally related to normal metabolic processes, especially respiratory rate (85, 89, 90). It can be found that more TSSs of fresh-cut red cabbages were consumed with the increase in the respiratory rate at the beginning of the storage time. The consumption of TSSs was reduced when the respiratory rate of samples was inhibited with ultrasound. Moreover, Fan et al. (75) thought that the activity of enzymes related to carbohydrate metabolisms could be inhibited by the cavitation effects of ultrasound, causing more reservations of sugars. Similarly, Li et al. (36) also found that the activities of enzymes involved in the glycolytic pathway and hexose monophosphate pathway of straw mushrooms were inhibited by ultrasound treatment, including phosphohexoisomerase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase.

The changes in the content of SSs in fresh-cut red cabbages after ultrasonic washing are shown in Table 2. The content of SSs in ultrasound-treated samples increased firstly and then decreased with the prolonged storage time, and it was significantly higher than that in the control ones at the end of storage time. Similar results were also found in the study of Temizkan et al. (90), in which the content of SSs in white nectarines treated with ultrasound at 300 W increased firstly until reaching the maximum on Day 5 and then decreased, and the values were significantly higher than the control ones during the storage time from Day 10 to Day 45. Higher content of SSs may be associated with lower metabolisms, i.e., reduced respiration and delayed senescence (91). The decrease in the content of SSs during the later storage may result from the consumption of respiration (90). In addition, Wang and Fan (61) also thought that the high retention of SSs in green asparaguses subjected to ultrasonic washing was due to the inactivation of enzymes related to metabolisms caused by ultrasound treatment. The activities of enzymes mentioned above involved in respiration and carbohydrate metabolisms were suppressed, thus reducing the consumption of SSs.




Analysis of microbial safety

Cutting can increase the contact area between the microorganisms and fruit and vegetables. Meanwhile, the juice flowing from shredded tissues can provide favorable breeding conditions for microorganisms, increasing food corruption and quality deterioration (8, 9, 92). The effects of ultrasonic washing on the microorganisms in fresh-cut red cabbages during storage are shown in Table 3. At the initial storage stage, fresh-cut red cabbages with or without ultrasonic washing showed a low total number of bacteria, molds and yeasts, and then they presented a rapid growth with the increase in storage time. However, the microbial numbers after ultrasonic washing were significantly lower than the control during storage (P < 0.05). The total number of bacteria, molds and yeasts in ultrasound samples on Day 8 (4.57 ± 0.05 and 2.84 ± 0.05 log10 CFU/g, respectively) were even lower than the control ones on Day 6 (4.95 ± 0.03 and 3.16 ± 0.02 log10 CFU/g, respectively). The decrease in the number of microorganisms might be due to the bactericidal effects and shock effects of ultrasound (93). Microorganisms can be inactivated by cavitation effects to some extent due to high temperature, high pressure, and free radicals produced by bubble explosion (21). Meanwhile, powerful jets produced by the collapse of cavitation bubbles would dislodge microorganism cells on the fruit surface (83). All of these can reduce the number of microorganisms after ultrasonic washing. Similar phenomena have been observed in cucumbers, bok choy, lettuces, kiwifruit, and quince (24, 39, 45, 75, 77). Therefore, ultrasonic washing can slow down the growth of microorganisms and reduce the decay incidence of fresh-cut red cabbages.


TABLE 3    Effects of ultrasonic washing on the microorganisms of fresh-cut red cabbages during 4°C storage.
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Conclusion

In order to evaluate the feasibility of ultrasonic washing on the phenolic accumulation in fresh-cut red cabbages, the effects of ultrasound operating parameters on the phenolics were studied by single-factor tests. The optimal ultrasonic washing conditions, i.e., single-sweep frequency of 28 ± 2 kHz, power density of 60 W/L, frequency cycle time of 400 ms, and ultrasonic time of 20 min, were obtained, under which the content of soluble phenolics (SPs) was significantly increased compared with the control (P < 0.05). The activity of phenylalanine ammonia-lyase (PAL) related to phenolic biosynthesis after ultrasonic washing increased markedly during the whole storage, whereas the polyphenol oxidase (PPO) and peroxidase (POD) related to phenolic degradation decreased remarkably. Meanwhile, the storage quality of fresh-cut red cabbages under the optimized ultrasonic washing was improved, including reduced weight loss, decreased respiration rate, alleviated browning, and increased firmness. Besides, more AA, TSPs, TSSs, and SSs of fresh-cut red cabbages were retained during storage. Moreover, the growth of microorganisms was inhibited by ultrasonic washing, thus improving the edible safety of fresh-cut red cabbages and prolonging their shelf-life. In conclusion, ultrasonic washing could be used as an abiotic elicitor to increase the phenolics of fresh-cut red cabbages during storage and improve the storage quality and microbial safety simultaneously. Therefore, ultrasonic washing is promising to represent as an alternative sanitization step for fruit and vegetables to develop high quality and extended shelf-life of ready-to-eat fresh fruit and vegetables. However, further studies are needed to elucidate the accumulation of phenolics in fruit and vegetables caused by ultrasound stress because phenolics can be affected by various factors, such as the types of fruit and vegetables and treatment conditions. Additionally, the mechanisms underlying the enhancement of phenolic content after ultrasonic washing also need to be further explored, which is useful to regulate the defense systems of fruit and vegetables to obtain improved nutritional quality.
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In this study, an ultrasound-assisted aqueous two-phase (ATP) extraction method was used for the extraction and purification of phenolic compounds from grape pomace. The effect of acoustic energy densities (AED, 41.1, 63.5, 96.1, 111.2 W/L) and temperatures (20, 30, 40°C) on the yield of phenolics was investigated. An artificial neural network (ANN) was successfully used to correlate the extraction parameters with phenolic yield. Then, a diffusion model based on Fick's second law was used to model the mass transfer process during ultrasound-assisted ATP extraction and evaluate the effective diffusion coefficient of phenolics. The results revealed the increase in AED, and the temperature increased the effective diffusivity of phenolics. The HPLC analysis of anthocyanins and flavonols showed that ultrasound significantly increased the extraction yield of anthocyanins compared with the traditional method. High amounts of rutin and myricetin were recovered using the ATPS systems. Sugars were mainly distributed in the bottom phase, whereas phenolics were located in the top phase. Conclusively, ultrasound-assisted aqueous two-phase (ATP) extraction can be used as an effective method to achieve the simultaneous separation and preliminary purification of phenolics from grape pomace.
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Introduction

Grape pomace is a major byproduct of the grape processing industry. It mainly comprises peel, stem, seed, and part of pulp (1). The amounts of waste and byproducts of grapes make up ~20% of the total processed grapes (2). Currently, the utilization of grape pomace is low, and more studies are needed to explore the strategies for the utilization of grape pomace. Grape pomace is rich in bioactive phenolic compounds, which exert antiproliferative properties against colon cancer cells (3). Moreover, phenolics have antioxidant, antibacterial, cardioprotective, and skin anti-aging activities (4–8). Therefore, grape pomace can serve as raw materials for the recovery of phenolics for effective resource utilization and increment of economic value.

Several methods for the extraction of phenolic compounds have been explored, such as alkaline hydrolysis treatment (9), solvent extraction and pressurized liquid extraction (10), enzyme-assisted extraction (11), and microwave-assisted extraction (12). The methods mentioned earlier have certain problems, such as low extraction rate, environmentally unfriendly, and high energy consumption. However, ultrasound-assisted extraction (UAE) is a novel method for the extraction of phenolics. UAE improves the extraction rate and extraction yield of active ingredients (13). Meanwhile, aqueous two-phase extraction (ATPE) is widely applied in the separation of biomolecules (14). For example, ethanol coupled with ammonium sulfate is a common and economic aqueous two-phase system (ATPS) used for the extraction of anthocyanins from mulberry (15). ATPE method is used for the extraction and purification of active compounds, thus improving the purity of the extract. The combination of the two strategies results in efficient separation of bioactive substances from the material. Therefore, the combined ultrasound and ATPE approach can ensure simultaneous efficient extraction and purification (16). In the literature, ATPE was combined with the ultrasonic approach as an ultrasound-assisted aqueous two-phase method to extract polyphenols from the chaff (17). However, the research on the purification of bioactive compounds using this method is still limited. Thus, grape pomace can be used with high value, and it provides a new method for preliminary separation and purification for industrial production to study the recovery of polyphenols from grape pomace using the method of ultrasound-assisted aqueous two-phase extraction.

An artificial neural network (ANN) is a method of data analysis designed to simulate the function of the human brain. This method has been widely applied in the food-science discipline (18–20). ANN has been utilized to simulate and optimize complex food processes (21). For example, Tao et al. studied the influences of various operating parameters on the extraction yield of phenolics from wine lees (22). Tao et al. also studied the optimization of encapsulation of blueberry anthocyanin extracts by an artificial neural network and genetic algorithm (23). Furthermore, the construction of mathematical models with physical significance can be used to study mass transfer mechanisms during extraction. Such a numerical simulation method based on a diffusional model was employed to clarify the effect of ultrasound on the mass transfer mechanism during yeast biosorption (20). Besides, the physical simulation can be helpful to visualize and explore the mass transfer mechanism of extraction (24). However, few studies have used physical models to explore the effect of ultrasound-assisted ATP extraction of phenolics.

In the present study, ultrasound was combined with aqueous two-phase (ATP) for the simultaneous extraction and purification of phenolic substances from grape pomace. The aqueous two-phase system (ATPS) was established, and the effects of acoustic energy density, temperature, and ultrasound duration on the yield of total phenolics were explored. An artificial neural network model was used to explore the relationship between extraction parameters and the yield of phenolics. Moreover, the extraction mechanism was established using the diffusion model. The profiles of individual phenolics in the top and bottom phases were analyzed by HPLC. In addition, the change in sugar content in the system was evaluated, and the purity of phenolic extract was determined. This study aimed to establish an appropriate and easy extraction and purification strategy for phenolic substances from grape pomace, as well as to provide a theoretical basis and technological guidance for the extraction process.



Materials and methods


Materials and chemicals

Seedless grapes with similar maturity (Cultivar: Xiahei) were purchased from Nanjing Zhongcai Agricultural Product Market (Jiangning, Nanjing). After reaching the laboratory, grape samples were immediately stored at −20°C in darkness before use. Ammonium sulfate and anhydrous ethanol were purchased from Sinopharm Chemical Reagents Co., Ltd. (Shanghai, China). All other chemicals used were of analytical or chromatographic grades.



Preparation of grape pomace

Frozen grapes were thawed at room temperature, washed, and pressed using a domestic juice extractor purchased from Midea Household Appliance Manufacturing Co., Ltd (MJ-WBL2501A, China). Grape pomace was collected, dried at 50°C for 12 h, grounded, and sieved to obtain particles with the size between 425 and 125 μm. The grape pomace samples were stored at −20°C in darkness.



Establishment of an aqueous two-phase system

ATPS comprising ethanol and ammonium sulfate was selected as the solvent for the extraction of phenolics from grape pomace, according to previous studies (25, 26).

The formation of ethanol-ammonium sulfate ATP mainly involves the competition between alcohol and salt for water molecules. The system has divided the suspensions into two phases when the two sides compete for water to a certain extent due to the repulsion, namely the ethanol-rich phase and ammonium sulfate-rich phase (27). The phase diagram of ethanol-ammonium sulfate measured in this study is presented in Figure 1. The region above the curve is the two-phase region (II). The two phases are formed when alcohol and salt reach a certain proportion. In this region, the top phase is rich in alcohol and the bottom phase is rich in salt.


[image: Figure 1]
FIGURE 1
 Phase diagram for ethanol-ammonium sulfate aqueous two-phase system.


Two aqueous phase system was established based on the phase diagram. The operation steps of the two-phase system construction: dissolve a certain mass of ammonium sulfate in a certain volume of deionized water, and then add a certain volume of ethanol to make the total mass of the two-phase system (100 g). Stir until the solution is clarified. After standing for 1 min, the system is divided into two phases: the upper phase is the ethanol-rich phase and the lower phase is the salt-rich phase.

The two-node data were fitted using the empirical equation of binodal curves suitable for small molecular alcohol-salt ATPS (28). The equation for the binodal curve is expressed as follows:

[image: image]

where w1 represents the mass fraction of ethanol, w2 represents the mass fraction of ammonium sulfate; and a, b, c, and d represent the fitting parameters. The data were calculated and fitted using MATLAB R2016a. The values of the relevant parameters were then obtained. The following relationship was obtained after substituting the parameters:
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The correlation coefficient R2 obtained by fitting is 0.9992 and the absolute error AAD value is 2.02%. Notably, R2 is close to 1 and the AAD value is <5% indicating a good fitting degree. The concentrations of ethanol and ammonium sulfate required for phase equilibria can be effectively obtained using this equation, thus facilitating the construction of ATPS. In addition, the phase diagram of ATPS provides a theoretical basis for the design of subsequent extraction experiments.

Xavier et al. (26) reported that phenolics were mainly distributed in the top phase and recovered in the top phase in the ATPS. Using the recovery and yield of phenolics as the index, the concentration of ethanol and ammonium sulfate was screened at 30°C and 96.1 W/L to determine the appropriate concentration of phase for phenolics extraction. According to the phase diagram, the ATP solvent consists of ethanol and ammonium sulfate.



ATP-assisted simultaneous extraction and preliminary purification under ultrasonic irradiation

First, 2.5 g of grape pomace particles were added into a 100 mL conical flask containing 50 mL aforementioned ATP solution. Then, this flask was fixed well in a thermostatic water bath system. The 20-kHz ultrasound probe was inserted into the solution at the same depth of 2 cm. The ultrasound probe was connected with an ultrasound generator (VCX130, Sonics and Materials Inc., Newtown, USA). The actual acoustic energy density (AED) distributed in the ATP solution corresponding to a certain ultrasonic power was measured by the calorimetry method (29). The detailed experimental setup is illustrated in Supplementary Figure 1. Ultrasonic treatment was performed in an intermittent mode of 5 s on and 5 s off. During sonication, the samples in both upper and lower phases were taken periodically.



Experimental design

A full-factorial design was employed to generate the experimental runs, to explore the effects of AED levels (41.1, 63.5, 96.1, 111.2 W/L), temperature (20, 30, 40°C), and time on the yield of phenolics. For comparison purpose, the ATP extraction test under reciprocating shaking at 30°C and 100 rpm was taken as a control. All the processes were performed in triplicates.



Chemical analysis
 
Determination of total phenolic content

Total phenolic content was determined by the well-known Folin-Ciocatteu method (26), which was expressed as gallic acid equivalent in mL. The detailed procedure was described in the study of Singleton et al. (25). The distribution coefficient and recovery of polyphenols are calculated using the following equations:
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where YT represents the recovery of polyphenols in the top phase (%), YB indicates the recovery of polyphenols in the bottom phase (%), CT represents the total phenolic concentration in the top phase (mg/L), and CB indicates the total phenolic concentration in the bottom phase (mg /L). VT and VB indicate the volumes of the top phase solution and bottom phase solution, respectively.



Determination of total sugar content

The concentration of total sugar was determined by Anthrone sulphuric acid colorimetry (30). Specifically, 1 mL of the sample was mixed with 4 mL of sulfuric acid anthrone reagent (2 mg/mL). After shaking, the mixture was quickly placed in a boiling water bath for 10 min and then cooled in an ice water bath for 10 min. The absorbance at 620 nm was measured. Glucose was used as the standard to make the calibration curve and the content was expressed as mg glucose/mL.



Determination of purity of phenolic samples

The top phase solution (containing phenolics) after ATP extraction was collected and the involved phenolic amount was determined. Then, the samples were desalted by run water dialysis (15). The extract was concentrated by rotational evaporation. The samples were freeze-dried for 72 h and weighed. The purity of the samples was determined as the ratio of the total phenolic mass to the extracted mass.



Analysis of phenolic profile

HPLC (LC-2010A, Shimadzu, Japan) was used to explore the profile of individual phenolics obtained from ultrasonic-assisted ATP extraction, water bath oscillation ATP extraction, and crude extraction using 50% ethanol solution, as well as individual phenolics in grape pomace. Contents of individual anthocyanins were determined using HPLC as described previously (31). Chromatographic conditions and methods were slightly modified. The sample was analyzed by HPLC after passing through a 0.45 μm organic filtration membrane. An Agilent TC-C18 column (250 × 4.6 mm, 5 μm) was used for the separation of anthocyanins. The mobile phase comprised (A) trifluoroacetic acid (0.5%) and (B) pure acetonitrile solution. A gradient elution program was used as follows: 0 ~ 5 min, 15 ~ 18% B; 5 ~ 11 min, 18 ~ 21% B; 11 ~ 13 min, 21 ~ 22% B; 13 ~ 15 min, 22 ~ 23% B; 15 ~ 19 min, 23 ~ 24% B; 19 ~ 22 min, 24 ~ 25% B; 22 ~ 35 min, 25 ~ 30% B; 35 ~ 45 min, 15% B. The column temperature and detection wavelength were 30°C and 520 nm, respectively. Injection volume and the flow rate were set at 10 μL and 0.6 mL/min, respectively.

Contents of flavonols were determined by HPLC following a method described previously (32). The chromatographic conditions and methods were slightly modified. Pretreatment was conducted before analysis (33). The pH value of the polyphenol extract was first adjusted to 7.0. Extraction was then performed with ethyl acetate at a volume ratio of 1:1. The extraction time was 20 min, and the extraction was conducted in triplicates. After each extraction, the organic phase was collected, and the extract was concentrated by rotational evaporation at 40°C. The extract was then dissolved in methanol. The sample was analyzed by HPLC after passing through a 0.45 μm organic filtration membrane. The chromatographic conditions included a mobile phase comprising (A) acetic acid aqueous solution (1%) and (B) methanol acetate solution (1%). A gradient elution program was used as follows: 0–10 min, 10–26% B; 10–25 min, 26–40% B; 25–45 min, 40–65% B; 45–55 min, 65–95% B; 55–58 min, 95–10% B; 58–65 min, 10% B. Column temperature and detection wavelength were set at 25°C and 350 nm, respectively. Injection volume and the flow rate were set at 20 μL and 0.6 mL/min, respectively. The content was expressed as mg/g.



Determination of particle size

The particle size of grape pomace before and after extraction was determined by a laser particle size analyzer [LS-C(III), OMEC, Zhuhai, China]. The obscuration rate, particle refraction index, and particle absorption rate were set as 5–10%, 1.57, and 0.001, respectively.




Mathematical modeling
 
Artificial neural network model of extraction parameters

The correlation between ATPE parameters and the phenolic extraction yield was explored using a statistical model. For this purpose, a three-layer feedforward artificial neural network model was established in the present study. The model mainly comprised an input layer, hidden layer, and output layer, with several neurons. AED, temperature, and time represented three nodes of the input layer, and the total phenol yield was included in a neuron of the output layer. The number of neurons in the hidden layer was adjusted from 5 to 20, and the transfer function type was also tested (34).

Transfer functions used in neural network model construction mainly included logsig function, tansig function, and purelin function. The coefficient of determination R2, root mean square error RMSE, and absolute error AAD were determined to evaluate the constructed model. These parameters were determined as follows (35):
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where Yi,p indicates the predicted extraction yield of the test model (mg/g), Yi,e represents the experimental value (mg/g), Ym indicates the average experimental value (mg/g), and n represents the number of test groups.

The neural network toolbox in MATLAB r2016a was used for the construction of the artificial neural network model. The model can be expressed as follows:
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where YANN represents the extraction yield of phenolics under a certain condition predicted by the model, LW(2,1) indicates the layer weight matrix, IW(1,1) represents the input weight matrix, xn represents the input test condition, b(1) indicates the target deviation of the hidden layer, and b(2) represents the target deviation of the output layer.



Mass transfer diffusion model

A diffusion model based on Fick's second law was used to simulate the intraparticle diffusion process of phenolic during the extraction process. This simulation was then used to explore the mechanism of ultrasonic-enhanced phenolics extraction in the entire aqueous two-phase system, to determine the effective diffusion coefficient, as well as to study the promotion effect of ultrasound. The following assumptions were considered:

  (i) Grape pomace particles are spherical, and phenolic compounds were uniformly distributed in the particles before extraction, and the content only varied with time and space.

 (ii) Chemical reactions and degradation of phenolic compounds did not occur during the entire extraction process.

(iii) Distribution of polyphenols in ATP solution during sonication was uniform.

The equation of the spherical diffusion model of phenolic compounds is shown below (36):

[image: image]

where Cs represents the distribution content of phenolics; De indicates the effective diffusion coefficient of phenolics; x represents the radial distance of phenolics diffusion direction; t indicates the diffusion time.

The initial and boundary conditions of the diffusion model were as follows:
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The following equation can be obtained from Equations (10, 11):
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where r represents the radius of the particle (m), CL indicates the average concentration of phenolics in the ATP solution (g/m3), A represents the surface area of the grape pomace particle (m2), and V indicates the volume of the extraction solution (m3).

Equation (10) was solved using the pdepe function in Matlab2016a, and the initial and boundary conditions were determined. The diffusion coefficient De was adjusted until the RMSE value between the predicted value and the experimental value of extraction yield was minimized. Then, R2 and AAD values were used as model evaluation indexes.




Statistical analyses

All treatments and analyses were conducted in triplicate. Data were expressed as mean ± SD values. Statistical analysis was performed using Microsoft Office 2013 and SAS version 9.2 (SAS Institute, Cary, NC, USA). Duncan's multiple comparison method was used to compare mean values among groups. P < 0.05 represented statistical significance. MATLAB2016a was used to analyze and determined the correlation between the artificial neural network model and the mass transfer and diffusion model.




Results and discussion


Determination of the phase composition and concentration

Ultrasound-assisted ATPE was then performed at 40°C and 96.1 W/L for 60 min to determine the concentrations of ammonium sulfate and ethanol. The phase diagram and relevant literature (15) indicated that when the concentration of ethanol was 30% (w/w) and the concentration of ammonium sulfate was in a certain range, the ATPS was separated stably. Therefore, the concentration of ethanol was fixed at 30%(w/w) and the concentration of ammonium sulfate was then determined. The results for the determination of ammonium sulfate concentration are presented in Figure 2A. Recovery of phenolics was highest at 93.27% when the concentration of ammonium sulfate was 20% (Figure 2A). This yield was significantly higher relative to that under other concentrations (P < 0.05). Notably, the highest yield achieved at a 20% concentration was not significantly different compared with the extraction when the concentration of ammonium sulfate was 21% (P > 0.05). The extraction yield of the target product is another basic index to evaluate the performance of ATPS. The phenolic extraction yield at 20% ammonium sulfate was 17.35 mg/g, which was higher compared with that under other ammonium sulfate concentrations. However, the difference was not statistically significant (P > 0.05). Therefore, the 20% ammonium sulfate concentration was selected in the subsequent tests based on the results of the two evaluation indexes.
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FIGURE 2
 Effect of different ammonium sulfate (A) and ethanol (B) concentrations on the yield and recovery of phenolics.


The concentration of ammonium sulfate was fixed at 20%, and the optimum concentration of ethanol was determined based on the recovery and yield of phenolics. The phenolic recovery was the highest (93.19%) at 30% ethanol concentration, which was significantly higher compared with other concentrations (Figure 2B). However, the optimum recovery was not significantly different compared with the recovery at the ethanol concentration of 28% (P < 0.05). The phenolic yield was highest (17.37 mg/g) at 26% ethanol concentration, which was significantly higher relative to that achieved at 32% ethanol concentration. However, the optimum yield was not significantly different relative to that achieved at other ethanol concentrations (P > 0.05). Therefore, the 30% ethanol concentration was selected in the subsequent experiments. In summary, the ethanol-ammonium sulfate ATPS has good distribution and extraction performance at 30% ethanol concentration and 20% ammonium sulfate concentration. Accordingly, ATPS was established based on these concentrations of the phase components for the following research.



Comparison of ultrasound-assisted and reciprocating shaking extraction

Variation of phenolic yield with extraction time under ultrasonic-assisted (30°C, 96.1 W/L) and reciprocating shaking (30°C, 100 rpm) conditions was compared as shown in Figure 3. The findings indicated that the yields of phenolics in the top and bottom phases rapidly increased at the first 10 min and then slowly increased after this point. The yield of phenolics in the top phase was higher compared with that in the bottom phase throughout the extraction period. The distribution coefficient of phenolics in the top phase at 60 min an extraction time was 12.23 and the recovery was 93.70% under ultrasonic conditions. The distribution coefficient at this extraction period was 12.12 and the recovery was 93.40% under the reciprocating shaker conditions. The results showed no significant difference in distribution coefficient and recovery between the two extraction methods (P > 0.05). The distribution coefficient of phenolics in ethanol solution was significantly higher relative to that in the salt solution, implying that they were mainly distributed in the top phase solution (37).


[image: Figure 3]
FIGURE 3
 Phenolics yield after extraction with and without ultrasonic assistance.


The results showed that the phenolic yield with ultrasound-assisted was significantly higher compared with that with reciprocating shaker (P < 0.05) throughout the extraction process. The phenolic yield with ultrasound-assisted increased by 25.12% when the extraction time was 60 min compared with the yield with reciprocating shaking. Notably, the ultrasonic wave had a significant effect on improving the extraction efficiency of phenolics. Ultrasonic wave significantly increases the extraction yield of phenolics compared with reciprocating shaking mainly by improving the diffusion of phenolics from grape pomace particles to the solvent (38).



Effects of AED and temperature on yield of phenolics during extraction

The yield of the phenolics in the top phase was used as an index to explore the effect of ATP extraction parameters. Effects of different AED on the yield of phenolics at 20, 30, and 40°C are shown in Figure 4. The findings showed that the yields of phenolics rapidly increased at the first 20 min and then slowly increased under the same temperature and different AEDs, and approached equilibrium at 60 min. The yield of phenolics increased with an increase in AED. AED had a significant effect on phenolic yield (P < 0.05). This implies that an increase in AED promotes surface washing of phenolics and unimpeded diffusion of the broken particle solute in the early stage, thus increasing extraction yield. Moreover, an increase in AED in the internal diffusion stage where the phenolics were impeded may promote breakage of the plant cell wall and accelerate the release of phenolics, thus increasing the extraction yield of phenolics. The findings from the preliminary experiment showed that the acoustic energy density within the scope of this study did not cause significant degradation of phenolics. However, previous studies report that a significantly high AED can promote the degradation of extracted components (39). In addition, the energy resulting from the bursting of cavitation bubbles is reduced when the AED reaches a certain level, ultimately reducing the promotion effect on extraction (40). Therefore, a reasonable ultrasonic intensity should be selected for practical application.
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FIGURE 4
 Effect of acoustic energy density on yield of phenolics [(A) 20°C; (B) 30°C; (C) 40°C].


Effects of different temperatures on the yield of phenolics at 41.1, 63.5, 96.1, and 111.2 W/L are presented in Figure 5. The yield of phenolics increased with an increase in extraction time at different temperatures. A higher temperature was associated with a higher yield of phenolics compared with lower temperatures (P < 0.05) at the same extraction time. An increase in temperature increased solubility and diffusion coefficient of phenolics and promoted softening and swelling of particles, as well as reduced the viscosity of the solvent. These factors promote the mass transfer of phenolic substances in the system (41). Notably, the excessive temperature had a negative effect on extraction yield. Phenolics are heat-sensitive compounds, which are easily degraded at extremely high temperatures. In addition, extremely high temperatures reduce the energy generated when ultrasonic cavitation bubbles burst (24). Therefore, a suitable temperature should be selected for the extraction of phenolics.
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FIGURE 5
 Effect of temperature on yield of phenolics [(A) 41.1 W/L; (B) 63.5 W/L; (C) 96.1 W/L; (D) 111.2 W/L].




Establishment of artificial neural network model

The topology of the model was optimized by adjusting the number of neurons in the hidden layer. The number of neurons in the hidden layer in the present study was eight. Components of the neural network used in this study are presented in Supplementary Figure 2. Regression of predicted values obtained after data training, verification, and testing is presented in Supplementary Figure 3. The correlation coefficient R-value was above 0.997. These findings and the dispersion degree of data distribution showed that the regression of the model obtained after training was satisfactory (22).

Optimal parameters and fitting performance evaluation results of the artificial neural network model are presented in Table 1. The findings showed that the correlation coefficient R2 of this model was high (0.998), whereas the RMSE and AAD values were low (0.211 mg/g and 1.846%, respectively). This implies that the model fitting and prediction values were satisfactory. Theoretically, this algorithm can predict the yield of phenolics under any conditions within the range of the experimental conditions. Therefore, it can be used for effective visualization and intelligent extraction of phenolics.


TABLE 1 Model-related parameters and fitting performance evaluation results.
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An extraction diffusion model was successfully established

The extraction process was numerically simulated using the diffusion model to further study the extraction of phenolics in grape pomace by ATPS under ultrasound as well as evaluate the promoting effect of ultrasound. The particle size of grape pomace was determined using a laser particle size analyzer after ultrasonic-assisted extraction with different AED, before simulation. The results are presented in Figure 6. The median particle size (Dv50) of grape pomace particles after ultrasound-assisted extraction with different AED at 41.1, 63.5, 96.1, and 111.2 W/L was 671.67, 674.00, 667.00, and 669.00 um, respectively. The findings showed no significant difference in particle size under different ultrasonic conditions (P > 0.05). Therefore, particle size change of grape pomace was not considered when constructing the mass transfer diffusion model.
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FIGURE 6
 Particle size distribution of grape pomace at different acoustic energy densities.


The values of effective diffusion coefficient De under different extraction conditions and results of the evaluation of model fitting degree are presented in Supplementary Table 1. RMSE values of all treatment groups were low, AAD values were below 10%, and R2 was above 0.99. This indicates that the diffusion model can effectively fit the mass transfer process of phenolic extraction. A comparison of simulated and experimental values under all extraction conditions is presented in Figure 7. The simulated values were slightly different from the experimental values in some ranges; however, the fit degree was high and the correlation was good.


[image: Figure 7]
FIGURE 7
 Comparison of experimental values and simulated values [extraction conditions: (A) 41.1 W/L; (B) 63.5 W/L; (C) 96.1 W/L; (D) 111.2 W/L].


Effective diffusion coefficient De is an important parameter for evaluating mass transfer and diffusion process of phenolics. It indicates the speed of diffusion of the target substance in the medium. The effective diffusion coefficient De ranged between 1.67 × 10−10 and 5.83 × 10−10 m2/s under the extraction conditions of this study (Supplementary Table 1). Tao et al. (18) reported that the De value ranged from 5.0 × 10−11 to 1.58 × 10−10 using distilled water as extraction solvent. The De value ranged from 1.62 × 10−10 to 4.67 × 10−10 when the solvent was 50% ethanol-aqueous solution, which is close to the De value range obtained in the current study. This indicates that the range of De values obtained in the present study is reliable.

De value is correlated with material structure, solvent type, and extraction conditions (such as temperature and acoustic energy density). A high temperature is correlated with a high De value (P < 0.05) under the same AED condition (Supplementary Table 1). This observation may be because the thermal activation energy of atoms is higher and the migration rate increases at a higher temperature, thus increasing the diffusion coefficient (42). This result was consistent with findings from previous research (43). A high AED was correlated with a high De value (P < 0.05) at the same temperature (Supplementary Table 1). The findings of the present study showed that the particle size of grape pomace did not change significantly under different acoustic energy densities. This indicates that ultrasonic waves to grape pomace mainly damaged the outer tissue of the particles. An increase in AED promotes damage to ultrasonic cavitation effect and mechanical effect on the complete surface of grape pomace particles. In addition, high AED promotes the internal diffusion of polyphenol, thus increasing the De value (18).

The quadratic polynomial function was used in this study to explore the relationship between De value and temperature and AED. The results were as shown below:

[image: image]

R2 of this equation was 0.991, indicating a high fit degree. The function shows that the effect of temperature on the De value is higher compared with that of sound energy density, which is consistent with previous results (44).

The distribution of phenolics in grape pomace was simulated by a programming method based on the diffusion model when the extraction time was 2.5, 10, 30, and 60 min, to explore the change in the distribution of phenolics in grape pomace during extraction. The simulation results at 30°C and 96.1 W/L are presented in Figure 8. The findings showed that between 2.5 and 60 min, the occurrence of particle interior near the surface was associated with lower phenolic content. The phenolic content distribution became more uniform with an increase in extraction time, and the difference between the phenolic content in the core part and the surface became smaller.


[image: Figure 8]
FIGURE 8
 Distribution of phenolics content within grape pomace at different extraction time points (Extraction conditions: 30°C and 96.1 W/L).




Analysis of individual phenolic content

The yields and the content of individual phenolics in grape pomace (extracted three times) were obtained by ultrasound-assisted ATP extraction (30°C and 96.1 W/L) and reciprocating shaking ATP extraction (30°C and 100 rpm) with 50% ethanol solution crude extraction (30°C and reciprocating shaking) are presented in Table 2. The purpose of analyzing the content of individual phenolics was to analyze the extraction from the perspective of individual phenolics; therefore, only anthocyanins and flavonols were analyzed. The findings showed that the yield of anthocyanins extracted by ultrasound with exception of paeoniflorin pigm-3-glucoside was significantly higher relative to the yield obtained by non-ultrasonic extraction (P < 0.05). The findings showed that the ultrasonic method effectively promoted the extraction of anthocyanins. The extraction yield under ultrasonic conditions of the three individual anthocyanins was more than 75% of the total content. The extraction yield of the three individual anthocyanins under non-ultrasonic extraction using 50% ethanol solution was higher compared with that under reciprocating shaking ATP. This is mainly attributed to the different solubilities of anthocyanins due to the different polarities of the two systems and solutions. Yilmaz and Toledo (45) reported that the solvent type significantly affects the extraction rate of phenolics. The extraction rates for rutin using 50% ethanol solution were lower than the rates achieved using ATPS (P < 0.05). However, a higher yield of myricetin was obtained using ATPS compared with 50% ethanol solution. This difference in rates can be attributed to different solubilities of rutin and myricetin under different solvent systems.


TABLE 2 Extraction yield of individual anthocyanins and flavonols.
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Distribution of sugars at the top and bottom phases during extraction

The separation effect of ATP on sugar is an important reference index for the purification of phenolics. The concentration evolution of total sugars in the top and bottom phases during the extraction process was determined to evaluate the separation properties of phenolics and sugars (Figure 9). The findings showed that total sugar content increased gradually with an increase in time during the extraction process, and the increasing trend was significant in the bottom phase compared with the top phase. The concentration of sugar in the top and bottom phases under ultrasound exhibited a significant difference at 2.5 min, whereas the difference was not significant under reciprocating shaking. The distribution speed of sugar in ATPS under the ultrasound method was significantly higher than that of the water bath oscillation. In addition, the distribution coefficient under the ultrasound-assisted condition was significantly higher compared with that under the reciprocating shaking condition (P < 0.05) at 60 min. The partition coefficients of the top phase sugar contents were 4.80 (ultrasound) and 3.29 (reciprocating shaking), respectively, at 60 min, and the recovery rates were 79.86% (ultrasound) and 72.96% (reciprocating shaking), respectively. This implies that sugars were mainly distributed in the salt-rich phase during ATP extraction of phenolics. Wu et al. (15) separated anthocyanins and sugars using an aqueous two-phase system of ethanol-ammonium sulfate. The results showed that 89.5% of the sugars were distributed in the bottom phase. In the present study, phenolics were mainly distributed in the top alcohol-rich phase; thus the system can effectively separate phenolics and sugars in different phases, aiding the purification of phenolics.


[image: Figure 9]
FIGURE 9
 Concentration evolution of total sugars as a function of time in top phase and bottom phase (Extraction conditions: sonication: 30°C and 96.1 W/L; shaking: 30°C and 100 rpm).




Comparison of phenolics purity under different extraction conditions

The purity of phenolics obtained by ultrasonic-assisted ATP extraction (30°C and 96.1 W/L), reciprocating shaking ATP extraction (30°C and 100 rpm), 50% ethanol solution crude extraction (30°C and 100 rpm), and the purity of phenolics in raw materials were compared (Figure 10). The findings showed that the purity of phenolics was 6.98% after ultrasonic-assisted ATP extraction, which was 181.15 and 58.3% higher compared with 2.48% of raw materials and 4.41% of conventional 50% ethanol crude extraction. The purification effect was significantly different among the three methods (P < 0.05). In addition to polyphenols, grape pomace contains sugars, organic acids, pectin, oligosaccharides, protein, minerals, vitamins, and other substances (46, 47). The polarity of the top and bottom phases of ATPS is quite different; thus the molecular forces and dissolution properties of these substances in the top and bottom phases are also different. In addition, the compounds are distributed in different phases during the extraction process, which helps to improve the purity of target extraction components.
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FIGURE 10
 Comparison of purity of phenolics in extracts using different extraction methods.





Conclusion

The findings of the present study show that ultrasound-assisted ATP is an effective technology for the extraction and purification of phenolics from grape pomace. The appropriate phase composition concentration of ATPS for extraction of phenolics from grape pomace was 30% ethanol (w/w) and 20% ammonium sulfate. The yield of phenolics increased with an increase in AED and temperature. ANN showed high efficacy in correlating extraction parameters with phenolic yield with a correlation coefficient above 0.98. The model showed high efficacy in the visualization and intelligent extraction of phenolics. Moreover, Fick's second law diffusion model revealed the mechanism of ultrasound-assisted ATP in the mass transfer process. Notably, De value increased with an increase in AED and temperature. Three anthocyanins and two flavonols were analyzed by HPLC, and the results indicated that the ultrasound method improved the extraction yield of anthocyanins. Higher yields of rutin and myricetin were achieved using ATPS and a 50% ethanol aqueous system, respectively. Sugars were mainly distributed in the bottom phase, whereas phenolics were mainly distributed in the bottom phase. This partition characteristic effectively alleviates the influence of impurities such as sugars on the quality of phenolics. The phenolic purity of the final extract was 6.98%, which was 58.3% higher compared with that of the traditional solid-liquid extraction, indicating effective preliminary purification of phenolics using the method. In summary, enhanced extraction of phenolics and preliminary purification of phenolics was achieved using ultrasound-assisted ATP extraction technology. This strategy has broad application prospects in phenolic extraction from grape pomace and promoting resource utilization of grape pomace.

However, one of the major trends is that there is gaining interest in using new raw materials with benign, eco-friendly, low cost, and recyclable characteristics to form ATPS. Salts such as phosphates and sulfates would pose wastewater treatment problems if the salts are not subjected to recycling. Hence, efforts have been put into the replacement of these salts with biodegradable salt, such as citrate.
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Background: The revalorization of agro-industrial by-products by applying ultraviolet A (UVA) radiation to biofortify with phenolic compounds has been studied in recent times, showing improvements in the individual and total phenolic content and their bioactivity. Therefore, the main aim of this work was to optimize the biofortification process of phenolic compounds by UVA radiation to strawberry agro-industrial by-products (RF). Moreover, the effect of UVA radiation on the potential biological activity of the phenolics accumulated in RF due to the treatment was also determined.

Methods: The assays followed a factorial design with three variables at three levels: UVA dose (LOW, MEDIUM, and HIGH), storage temperature (5, 10, and 15°C), and storage time (0, 24, 48, and 72 h). At each experimental condition, phenylalanine ammonia-lyase (PAL) and polyphenol oxidase (PPO) enzymatic activities, total phenolic compound content (TPC), phenolics profile (TPCHPLC), and agrimoniin content (AGN) were evaluated; and the optimal UVA dose, storage time, and temperature were determined. In vitro bioaccessibility of the accumulated phenolic compound was studied on RF tissue treated with UVA at optimal process conditions. The digested extracts were tested for antiproliferative activity in colorectal cancer cells, cellular antioxidant capacity, and anti-inflammatory activity.

Results: The results showed that applying UVA-HIGH (86.4 KJ/m2) treatment and storing the tissue for 46 h at 15°C increased PAL activity (260%), phenolic content (240%), and AGN (300%). The biofortification process improves the bioaccessibility of the main phenolic compound of RF by 9.8 to 25%. The digested optimum extract showed an IC50 for HT29 and Caco-2 cells of 2.73 and 5.43 μg/mL, respectively, and presented 60% cellular antioxidant capacity and 30% inhibition of NOX production.

Conclusion: The RF treated with UVA is an excellent source of phenolic compounds; specifically, ellagitannins and the UVA radiation proved to be efficient in biofortify RF, significantly improving the phenolic compounds content and their bioactive properties with adequate bioaccessibility, adding value to the strawberry agro-industrial by-products.
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Introduction

Post-harvest processing of fruit and vegetables generates two types of agro-industrial by-products: avoidable and non-avoidable. Avoidable by-products are generated due to poor post-harvest handling during storage, processing, and transportation. On the other hand, non-avoidable by-products are derived from the conditioning of fruits and vegetables where the non-usable or non-edible parts of the product are eliminated (peels, seeds, leaves, stalks, or products in bad condition) (1). Agro-industrial by-products represent a significant challenge in their management and disposal in developed and developing countries (1). In the case of strawberry agro-industrial packaging, non-avoidable by-products can represent 7–20% of production (2). Different studies have been performed to describe the composition and the use of agro-industrial by-products in food and nutraceutical industries due to the composition rich in bioactive compounds such as vitamins, amino acids, dietary fiber, and secondary metabolites, in particular phenolic compounds (3, 4). The different strategies for the use of agro-industrial by-products allow the transformation from linear to circular processes, reducing the carbon footprint, maximizing the use of resources, offering environmental and economic benefits, and improving efficiency in developing countries’ agro-industries (4).

The polyphenolic distribution in strawberries depends on the crop’s tissue, variety, and environmental factors. Nevertheless, the major phenolic compounds in the strawberry plant have been reported as ellagitannins, phenolic acids, and flavonoids such as anthocyanins and quercetin glycosides (5). These metabolites offer different physiological functions to plants and are synthesized in response to different exogenous stimuli, one of the most common is UV radiation (6). The high energy rate of ultraviolet radiation can generate damage at the cellular level. However, the response of plants is generated depending on the dose and type of radiation they receive. The electromagnetic spectrum of UV radiation is between 100 and 400 nm, usually subdivided into 3 regions UVA (315–400 nm), UVB (280–315 nm), and UVC (100–280) (7), having different elicitor effects on plants. It has been reported that UV radiation activates enzymes related to the biosynthesis and utilization of phenolic compounds and depending on the biosynthesis rate and utilization rate, accumulation of phenolics can be observed in the tissue (8).

Obtaining health-promoting compounds from agro-industrial by-products is one strategy used to revalue agro-industrial by-products (2). Likewise, agro-industrial by-products can also be used as biofactories of phenolic compounds by applying different abiotic stresses that modulate their secondary metabolism, obtaining significant increases in the concentration of phenolic compounds (9). UV radiation may trigger phenylpropanoid metabolism in plant tissues. For instance, increases of up to 500% in total phenolic content have been reported in carrots (8), and a 700% increase in quercetin in red prickly pears (10). However, there are no specific UV radiation conditions to induce the accumulation of phenolics since each plant tissue responds differently to abiotic stresses.

To incorporate phenolic compounds extracted from agro-industrial by-products in different food or dietary supplement formulations, it is necessary to study their behavior in human metabolism. The cytotoxicity of phenolic compounds has been studied in healthy cell lines with different metabolic functions (11) and in cell cultures of different types of cancer and their antioxidant and anti-inflammatory activity (12). Various bioactivities of phenolic compounds obtained from strawberries and other plant parts have been reported in experimental in vitro studies, showing their potential to be a source of nutraceutical compounds (13). However, there is no report on the bioactivity of these compounds after the digestion process, as their content and stability are significantly affected by the type of matrix in which they are found and the gastrointestinal process. There is no report in the literature regarding the application of UV radiation to improve phenolic content from strawberry agro-industrial by-products and evaluate their bioaccessibility and bioactivity. Therefore, the main objective of this work was to add value to strawberry by-products by determining the optimal conditions of UVA radiation, storage temperature, and time to increase phenolic compounds’ content and assess their stability during digestion, cytotoxicity, and potential biological activity.



Materials and methods


Plant material and reagents

The by-products of strawberry (RF) (Fragaria × ananassa Duch) were obtained during postharvest industrial conditioning of strawberries from a field at Coronda, Argentina (31°58′00″S 60°55′00″W). The by-products of RF consist of sepals, peduncles, and fruit remains. The RF was packed in 40 μm polypropylene bags and stored at –80°C. Before assays, the samples were freeze-dried (5.2 % moisture content) and ground to a particle size <1 mm.

Polyvinylpolypyrrolidone (PVPP), Folin-Ciocalteu reagent, 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), pepsin from porcine gastric mucose (E.C.3.4.23.1 800–2500 units/mg protein), pancreatin from porcine pancreas (8XUSP), fluorescein, 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH), dichlorofluorescein diacetate and lipopolysaccharides (LPS), acetonitrile (HPLC grade), methanol (HPLC grade), ferulic acid, gallic acid, ellagic acid, procyanidin, quercetin, kaempferol, and albumin standards were obtained from Sigma Chemical Co. (St. Louis, MO, USA). DL-dithiothreitol (DTT) was purchased from Merck KGaA (Darmstadt, Germany). Sodium acetate trihydrate and potassium phosphate dibasic were acquired from Cicarelli Reagents S.A. (Santa Fe, Argentina). Fetal bovine serum and antibiotics for cell culture were from GIBCO (Grand Island, NY). Celltiter 96 aqueous one solution cell proliferation assay and Griess reagent were obtained from Promega (Madison, WI).



Ultraviolet a radiation and storage conditions

Ultraviolet A (UVA) radiation treatment was carried out in a climate chamber (Memmert, Germany) equipped with two 8 W UVA lamps with a 320–400 nm spectrum range. The irradiation doses tested were 28.8 KJ/m2 (UVA-LOW), 57.6 KJ/m2 (UVA-MEDIUM), and 86.4 KJ/m2 (UVA-HIGH), determined with a UVA dosimeter (model 501, Solar Light Co., PA, USA). The sample was inverted in the middle of the process to ensure a homogeneous UVA radiation dose. The RF was exposed to UVA radiation for 1, 2, and 3 h at 20°C. After each treatment, the UVA-treated RF (RF-E) samples were packed in polypropylene boxes covered with PVC film (20 g). The UVA-treated samples (RF-E) and the control samples (RF-N, untreated RF tissue), equally packed, were stored at 5, 10, and 15°C, 90% RH, for 24, 48, and 72 h, to compare the effect of temperature storage stress.



Enzymatic activity determinations


Phenylalanine ammonia-lyase activity

The phenylalanine ammonia-lyase (PAL) activity was measured according to Van de Velde et al. (14) with some modifications. Five grams (5 g) of strawberry by-product with 10 mL of extractant solution (phosphate buffer 100 mmol L–1 pH 8, EDTA 2 mmol L–1, PVPP 30 g L–1, DTT 7 mmol L–1, Triton X-100 0.1% v/v) were homogenized for 30 s and stirred for 45 min at 4°C. The mixture was centrifuged at 12,000 × g for 20 min at 4°C, and the supernatant was used to assess PAL activity. The reaction mixture was 1060 μL of Tris–HCl 100 mmol L–1 pH = 8.8, 530 μL phenylalanine 50 mmol L–1, and 150 μL of enzymatic extract. The reaction mixture was incubated at 37°C for 1 h, the reaction was stopped with 260 μL of TCA 10 g L–1, and centrifuged at 12,000×g for 10 min. Cinnamic acid production was measured by the absorbance change at 290 nm (Genesis 10S UV–Vis spectrophotometer, Thermo Scientific, Germany). The results were expressed as the change of absorbance by an hour and milligram of protein (ΔA mg protein–1h–1).



Polyphenol oxidase activity

The technique adapted from Rodríguez-Arzuaga et al. (15) was used to determine the polyphenol oxidase (PPO) activity. Strawberry by-product (5 g) were homogenized and stirred (1 h at 4°C) with 10 mL of extraction solution (phosphate buffer 100 mmol L–1 pH = 6, PVPP 30 g L–1, Triton X-100 0.1% v/v, NaCl 1 mol L–1). The mixture was centrifuged at 12,000 × g for 15 min at 4°C, and the supernatant was used to assess PPO activity. The reaction mixture (900 μL of distilled water, 200 μL of pyrocatechol 200 mmol L–1, 150 μL of phosphate buffer 1 mol L–1 pH = 6, and 250 μL of extract) was incubated for 1 h at 37°C. Absorbance variation was measured at 410 nm, and the results were expressed as (ΔA mg protein–1h–1).



Protein determination in enzyme extracts

The Lowry et al. (16) method was applied to determine the protein content in the PAL and PPO extracts. Enzymatic extract (200 μL) in adequate dilution was added to 2 mL of reagent C (100 parts of 3.0% Na2CO3, 0.4% NaOH, 4% sodium tartrate, and 1 part of reagent B: 2% CuSO4⋅5 H2O), and incubated at room temperature for 10 min. Then, 200 μL of Folin-Ciocalteu reagent was added (1 N), the mixture was vigorously shaken, incubated at 20°C for 30 min, and the absorbance was determined at 660 nm. A calibration curve was generated using 1 mg L–1 of albumin. The results were expressed as mg of protein per g of sample (mg g–1).




Phenolic compound characterization


Phenolic compounds extraction

Phenolic compounds from RF were extracted as previously described by Villamil-Galindo et al. (17). Briefly, 1 g of RF was sonicated for 15 min (T40, Teslab, Buenos Aires, Argentina) with 5 mL of 80% methanol with 0.5% formic acid and centrifuged at 12000×g for 20 min (Neofuge 18R Heal Force refrigerated centrifuge, Shanghai, China). The supernatant was collected, and the pellet was reextracted under the same conditions. The supernatants were mixed and brought up to 10 mL. The extracts were stored at –20°C until analyses.



Determination of phenolic compound profiles

The phenolic compounds profile was determined in each RF sample using an LC-20AT high-performance liquid chromatograph with a diode array detector and Lab Solutions for data processing and control software (Shimadzu Co., Kyoto, Japan). Separation was performed on a Gemini 5 μ C18 110 Å 250 × 4.6 mm hybrid reverse phase column attached to a guard column (Phenomenex Inc, CA, USA). Determinations were performed according to Villamil-Galindo et al. (2).

Identification of phenolic compounds was performed by retention times and UV-Vis absorption spectra compared with commercial phenolic compounds standards. The integrated areas of the obtained peaks (mAU * min) of the standard phenolic compounds were plotted as a function of their concentrations. The equations for calculating the extracts’ content were obtained from each linear regression. The results were expressed as g of phenolic compound kg–1 by-product.



Total phenolic content

The total phenolic content (TPC) determination of the RF samples was performed according to Villamil-Galindo et al. (2) with some modifications using the Folin-Ciocalteu method. Twenty microliters (20 uL) of the extracts, 100 uL Folin-Ciocalteu reagent (0.66 N), 100 uL of sodium carbonate solution (10%), and 780 uL of distilled water were mixed and allowed to react at 20°C for 30 min in triplicate. Then, the mixture was put into a 96-well plate, and the absorbance was measured at 765 nm in the microplate reader (Synergy HT, Bio-Tek, Winooski, VT, USA). The results were expressed as g of gallic acid equivalents (GAE) per kilogram of strawberry by-product (g GAE kg–1).




In vitro gastrointestinal digestion assay

The assay was performed according to the methodology proposed by Flores et al. (18). It consists of three distinct stages: oral phase (Simulated Saliva Fluid, SF), gastric phase (Simulated Gastric Fluid, GF), and intestinal phase (Simulated Duodenal Fluid, DF, and bile solution, BF) (IF). The composition of the different phases was prepared according to Supplementary Table 1.

Samples (RF-N and RF-E) were weighted into a stoppered 125 mL Erlenmeyer flask at a ratio of 1:3 w/v with SF. The SF fluid containing human a-amylase (Sigma-Aldrich Inc., St. Louis, MO, USA) was added, and the sample was incubated at pH 6.8 ± 0.2 for 2 min. Then, 6 mL of GF containing porcine gastric pepsin Sigma-Aldrich Inc. (St. Louis, MO, USA) was added, pH adjusted to 1.3 ± 0.2, and the sample was re-incubated for 1 h. The final step in the digestion procedure included the addition of 6 mL DF and 3 mL BF containing porcine pancreatin (Sigma-Aldrich Inc., St. Louis, MO, USA). The pH was adjusted to 7.0 ± 0.2, and samples were incubated for another 1 h at 37°C in a shaker (New Brunswick Scientific, Eppendorf). Aliquots (0.5 mL) were collected after each phase, and the samples were immediately placed into a water bath at 90°C for 3 min to inactive the enzymes. Then, they were centrifuged at 4°C for 15 min at 9000 × g (Eppendorf Centrifuge 5804R, Germany), and the supernatant was collected. Each digestion was performed in triplicate. Each phase obtained was analyzed by HPLC-DAD, and the final phase (intestinal phase) was used to perform the cell culture assays. The results were expressed as a percentage (%) of bioaccessibility according to the ratio between the phenolic compound concentration in the intestinal fraction and their initial concentration in the raw material or dried extract (Equation 1).

[image: image]



Cell culture

Cell lines, human colorectal adenocarcinoma cells (Caco-2 and HT29), mouse macrophage (RAW 264.7), and adult primary dermal fibroblast; (HDFa) were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in modified eagle medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and 1% antibiotic, streptomycin (10,000 μg/mL), at 37°C and under 5% CO2 in a humidified incubator.



Anti-inflammatory potential

The potential anti-inflammatory activity of the resuspended digestion of freeze-dried raw material was tested at a previously determined concentration of 1.75 μg/mL of digested RF. RAW 264.7 cell line was used to measure nitric oxide (NO) production induced by Lipopolysaccharides (LPS) from Salmonella enterica serotype typhimurium (L7261, Sigma-Aldrich, St Louis, MO; USA). This macrophage cell line is a cell type that responds quickly to stimuli, thus facilitating the screening of the immune response to the presence of phenolic compounds present in RF digests, which is vital as it is a source of bioactives that is not usually edible. The assay was performed according to Moreno-García et al. (19)., with some modifications. Prior, 100 μL with 5 × 105 cells were seeded in each well of a 96-well cell culture plate. After 24 h, 50 μL of each sample was placed in triplicate and incubated for 4 h at 37°C, followed by the addition of 50 μL LPS (10 μg/mL) to half of the wells to stimulate the inflammatory process. Half of the wells were used as a control with 50 μL DMEM medium and incubated for 18 h at 37°C.

The NO production was determined by Griess Reagent System (Promega, Madison, WI, USA) following the manufacturer’s instructions. Briefly, 100 μL of each sample and the controls were taken and placed in a new 96-well plate, and 10 μL of component A (10 mg/mL) (Sulfanilic acid) was added to each well, shaking the plates for 10 min, followed by the addition of 10 μL of component B(1 mg/mL) [N-(1-naphthyl) ethylenediamine dihydrochloride]. The quantification was done using a nitrites standard curve (0.78–50 μM, R2 0.99) measuring the absorbance at 550 nm, considering cells without LPS stimuli and cell viability. The initial plate was used to determine the RAW 264.7 viability using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA). The absorbance was measured at 490 nm to determine cell viability. The data were expressed as a percentage of inhibition compared to the positive control plate and cell viability.



Antioxidant cellular activity

During the digestive process of RF as a source of phenolic compounds, their residence time in the colon is long, so it is important to study the anti-radical capacity of these phenolic compounds in colon cells. To measure the level of reactive oxygen species (ROS) produced by the cells in the presence of different digested extracts (from RF-N and RF-E samples) at 2.2 μg/mL, Caco-2 cells suspension was seeded at a density of 5 × 105 cells/mL on a black 96-well microplate in 100 μL growth medium per plate 24 h before the assay. To determine the antioxidant cellular activity of different extracts, the methodology proposed by Moreno-García et al. (19) was used with some modifications. After 24 h, the medium was removed, and each well was carefully washed with PBS pH 7.4 (1×). Samples were diluted in DMEM medium to 2× concentration, then 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, 120 μM) fluorescent agent was added in a final concentration of 60 μM. The mixture was added at a volume of 100 uL in each well. For negative and positive control, 100 μL of DMEM medium with 60 μM DCFH was placed. For the reaction blank, 100 μL of DMEM was added. The plate was incubated at 37°C for 20 min. Subsequently, the reaction solutions were removed from each well, and the cells were washed twice with PBS. To induce the pro-oxidant stimuli in the cells, 100 μL/well of APPH [2,2′-Azobis(2-methylpropionamidine) dihydrochloride] at 500 μM was added, except for blank (100 μL of DMEM) and negative control wells (100 μL of PBS). Fluorescence emitted at 538 nm with excitation at 485 nm was measured every 2 min for 120 min at 37°C. The results were expressed following (Equation 2)
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where, ∫SA is the integrated area under sample fluorescence versus time curve and, ∫CA is the integrated area from the control curve.



Antiproliferative activity

The digested fraction of RF-N and RF-E having a long residence time in the colon, its antiproliferative activity was evaluated in colon cancer cells (Caco-2 and HT29), and healthy control (HDFa) cells were used. The ratio of live and dead cells was determined by the methodology proposed by Pacheco-Ordaz et al. (20). Different extract concentrations were tested (0.0094-122 mg/mL). Caco-2, HT29, and HDFa were seeded in a 96-well plate in a suspension of 100 μL at 5 × 105 cells/mL. After 24 h of incubation at 37°C, 100 μL of each extract was placed at the final concentrations, and the plates were incubated for 48 h at 37°C. Subsequently, 10 μL of CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI) was added in each well, and then, absorbance was measured at 490 nm in a microplate reader (Synergy HT, Bio-Tek, Winooski, VT, USA). The IC50 values (half maximal inhibitory concentration) for each sample were determined from the percentage viability versus concentration data; these were fitted to an asymmetric sigmoidal equation, and the appropriate concentration to inhibit 50% viability in the cells studied was calculated.



Statistical analysis

The effect of UVA dose (UVA), storage time (ST), and temperature (TM) on PPO and PAL activities, TPC, TPCHPLC, and agrimoniin content (AGN) were determined by analysis of variance (ANOVA). Significant differences among treatment means were determined by Tukey’s test (p < 0.05). The response surface methodology (RSM) allowed modeling and optimizing (simultaneous optimization of several response variables) the biofortification process in phenolic compounds, using a second-order polynomial equation to model and obtain the coefficients of each response as a function of UVA, ST, and TM. The linear stepwise regression procedure was used to reduce the non-significant terms in the model, which was determined by the R2 and the lack of fit. Analyses were performed with STATGRAPHICS Centurion XV (StatPoint Technologies Inc., Warrenton. VA, USA).




Results and discussion


Effect of ultraviolet a dose, storage time, and temperature on the strawberry by-product biofortification process

The RSM allowed studying and modeling the effect of the UVA radiation dose, storage temperature (ST), and storage time (TM) on the enzymatic activity of PAL, PPO, total phenolic (TPC and TPCHPLC), and the agrimoniin content (AGN) of strawberry agro-industrial by-products (RF) (Supplementary Table 2 and Supplementary Equations 2–5).

According to the coefficients of determination (R2 0.62–0.89) and the lack of fit test (p-value 0.10–0.52), the quadratic model best described the behavior of the different response variables studied (Supplementary Table 2).


Phenylalanine ammonia-lyase activity

Phenylalanine ammonia-lyase is a ubiquitous enzyme in plants; it catalyzes the first step in phenylpropanoid metabolism, accumulating antioxidant phenolic compounds. Using elicitors such as UVA radiation to increase ROS production in strawberry agro-industrial by-products plays a major role in activating the PAL enzyme (21). PAL activity was mainly affected by UVA (p < 0.001), ST (p < 0.01), and TM (p < 0.001), and the quadratic factors UVA2 (p < 0.05) and TM2 (p < 0.01) (Supplementary Table 2). Initially, the RF tissue showed an average PAL activity of 0.04 ΔA mg protein–1h–1 (Figure 1), which is 57% higher than reported for the whole strawberry fruit with 0.017 ΔA mg protein–1h–1 (14).
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FIGURE 1
Phenylalanine ammonia-lyase (PAL) activity of UVA-treated strawberry by-products during storage at (A) 5°C, (B) 10°C, and (C) 15°C. RF-N: Strawberry agro-industrial by-product control. UVA-LOW: RF irradiated with 28.8 KJ/m2. UVA-MEDIUM: RF irradiated with 57.6 KJ/m2. UVA-HIGH: RF irradiated with 86.4 KJ/m2 Different lower-case letters mean significant differences (p ≤ 0.05) among treatments at the same storage time. Different capital letters mean significant differences (p ≤ 0.05) among different storage times.


Immediately after UVA radiation treatments, PAL activity presented the highest increase (304%) for UVA-HIGH treatment, followed by UVA-MEDIUM (236%). Otherwise, there were no differences (p > 0.05) in the PAL initial activity with UVA-LOW. The physiological response of plants to UVA radiation varies significantly, and the mechanisms of response are not completely clear. What is known is that the absorption of different doses of UVA is mediated through photoreceptors present in different parts of the strawberry plant, cytochrome receptors (CRY), and phototropin receptors (PHOT) (22, 23). When the UVA photoreceptors are saturated, ROS are generated as the first signal, inducing the transcription of regulatory genes, leading to the expression of enzymes from the phenylpropanoid pathway such as PAL, triggering an increase in mitochondrial respiration, accelerating the metabolism of the plant tissue (22). These physiological events are likely occurring in the strawberry agro-industrial residue, which initially responds according to the intensity of the UVA dose.

During the different storage times and temperatures, the PAL activity varied significantly (Figure 1). There was a slight decrease in PAL for UVA-MEDIUM and UVA-HIGH samples after 24 h at 5°C (p < 0.05). However, after 48 h, the highest increases in PAL were determined at 5°C, for the control (RF-N, 290%), UVA-MEDIUM (297%), UVA-LOW (373%), and UVA-HIGH (427%), compared to the initial PAL activity of the RF control sample (RF-N, ST = 0). These results agreed with those previously reported for lettuce treated with UVA intensity of 19 μmol m–2 s–1, where storage at 16°C induced a 300% increase in PAL activity (24). RF samples stored at 10°C showed less PAL activity than those at 5°C. However, the highest PAL increases were obtained between 24 to 48 h of storage, with the RF-N and UVA-LOW samples showing similar (p > 0.05) increases of 200% and 117%, respectively, followed by UVA-MEDIUM (260%). Nevertheless, the highest increase was 322% with 0.12 ΔA mg protein–1h–1 at 10°C with UVA-HIGH. The RF-E with UVA-HIGH at 15°C showed PAL increments between 192 and 285% at 72 h of storage (0.08–0.11 ΔA mg protein–1h–1). These results disagree with the expected increase of enzyme activity with temperature. The optimal temperature for PAL activity is 37°C, and its temperature-dependence enzymatic activity has already been reported (25). However, the PAL enzyme is encoded by a multigene family that generates several isoforms of the enzyme, which may result in variability in each plant tissue. These results agree with those reported by Formica-Oliveira et al. (26) where the most significant PAL increases in stressed tissues are generated after 24–48 h of storage, followed by the accumulation of phenolic compounds in 48–72 h with a moderate rise in PAL activity.



Polyphenol oxidase

Ultraviolet A (UVA) (p < 0.01), ST (p < 0.05), and TM (p < 0.001) significantly affected PPO activity. Additionally, the interaction of the factors UVAxTM was significant (p < 0.001) on PPO (Supplementary Table 2), meaning the effect of UVA dose depends on TM value. The influence of different doses of UVA radiation on PPO is shown in Figure 2. UVA-LOW treatment did not exert significant changes in PPO activity compared with the control (0.18 ΔA mg protein–1h–1). Initially, UVA-MEDIUM treatment increased PPO activity by 236%, whereas the UVA-HIGH sample showed a PPO increase of 181%. The lower increase in PPO activity observed in UVA-HIGH samples could be explained in terms of a potential denaturation of the protein since excess energy from longer radiation times could generate a partial denaturation of the enzyme.
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FIGURE 2
Polyphenol Oxidase (PPO) activity of UVA-treated strawberry by-products during storage at (A) 5°C, (B) 10°C, (C) 15°C. RF-N: Strawberry agro-industrial by-product control. UVA-LOW: RF irradiated with 28.8 KJ/m2. UVA-MEDIUM: RF irradiated with 57.6 KJ/m2. UVA-HIGH: RF irradiated with 86.4 KJ/m2. Different lower-case letters mean significant differences (p ≤ 0.05) among treatments at the same storage time. Different capital letters mean significant differences (p ≤ 0.05) among different storage times.


Moreover, after 24 h of storage (5°C), the PPO activity of RF-N increased by 57%, which remained relatively constant until 72 h. UVA-LOW samples maintained their PPO activity constant for up to 72 h. For RF-E UVA-MEDIUM and HIGH after 72 h, a decrease in PPO was observed, reaching up to 33% lower than the PPO of the initial RF-N. At 10°C and 24 h, RF-N and UVA-LOW showed increases in PPO activity between 66 and 48%, respectively. In contrast, the trend was toward a decrease in PPO compared to the initial treatment time for UVA-MEDIUM and UV-HIGH at 10°C and 24 h (Figure 2B). For the samples stored at 15°C, a reduction in PPO activity was determined for all treatments, especially in the UVA-HIGH treatment, which had an initial activity of 0.32 ΔA mg protein–1h–1, and it dropped to 0.12 ΔA mg protein–1h–1 after 48 h of storage. This behavior can be explained by the fact that the strawberry PPO enzyme has an average optimum pH and temperature of 6.2 and 35°C (27). In the case of strawberries, the average pH is between 3.4 and 3.5, which may have a synergistic effect with the different storage temperatures and radiation doses, controlling PPO activity by reducing the oxidation of de novo phenolic compounds synthesized (14). Similarly, Teoh et al. (28) showed a synergistic effect of low pH with high doses of UVC radiation in controlling the PPO activity of potato slices. Otherwise, Ding and Ling (29) reports that UVC doses of 0.04 KJ/m2 applied on banana peel induced enzymatic browning. On the other hand, plant tissues maintain a balance between de novo synthesis and utilization of phenolic compounds, which correlates with an increase in PPO activity (30). PPO had very slight increases for RF-E even after 72 h at 15°C for all UVA doses; the PPO activity of RF-E samples was lower than RF control samples (RF-N). However, Chen et al. (31) have already reported this behavior in plant tissues, where the PPO activity of irradiated lettuce at low doses (10 μmol m–2 s–1) decreased by almost 40%.



Total phenolic content

The effect of UV radiation on different plants vary widely, depending on factors such as the stage of maturity of the plant or fruit, cultivar, type of crop, availability of carbon source in the plant (sugars and amino acids), and type and dose of radiation (17). For RF, the TPC was significantly affected (p < 0.01) by TM and TM2. The interaction term UVAxTM2 also affected TPC (p < 0.05) (Supplementary Table 2). The initial content of total soluble phenolic compounds of RF-N was 5.8 mg AGE/g RF. At ST = 0, the UVA-LOW treatment did not change TPC (Figure 3). However, the elicitor effect can be evidenced with the UVA-MEDIUM treatment with TPC 6.8 mg AGE/g. Likewise, following a dose-dependent behavior with UVA-HIGH, an increase of 46% in TPC (8.4 mg AGE/g) was achieved, correlating with that shown in the PAL (Figure 1), indicating that UVA stress generates the modulation of secondary metabolism in RF tissue through the synthesis of new phenolic compounds.
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FIGURE 3
Total phenolic content (TPC) of UVA-treated strawberry by-products during storage at (A) 5°C, (B) 10°C, (C) 15°C. RF-N: Strawberry agro-industrial by-product control. UVA-LOW: RF irradiated with 28.8 KJ/m2. UVA-MEDIUM: RF irradiated with 57.6 KJ/m2. UVA-HIGH: RF irradiated with 86.4 KJ/m2. Different lower-case letter, means significant differences (p ≤ 0.05) between the different treatments at the same storage time. Different capital letter means significant differences (p ≤ 0.05) between different storage times.


According to the TPC obtained at 5°C, the metabolism of phenylpropanoids remained active in the biosynthesis of phenolic compounds, with the most significant increases being observed after 48 h, achieving up to 158% more phenolic compounds for RF with UVA-HIGH (14.9 mg AGE/g) as compared to the initial control value. However, the most significant increase was determined after storing the UVA-HIGH samples at 10°C for 48 h, obtaining a TPC of 17.4 mg AGE/g, 142% higher than the control (9.3 mg AGE/g) after 48 h of storage, positively correlating with the 322% increase in PAL for the same period. A similar increase was achieved with UVA-HIGH treatment after 72 h at 15°C (17.6 mg AGE/G), showing that the increase in TPC was not affected by the storage temperature (p > 0.05). UVA is the major component of the solar UV spectrum, 95% UVA (315–380nm) and UVB (280–315 nm), despite being less harmful than UVB and UVC radiation. UVA radiation can penetrate plant tissue, generating physiological responses to control the stress condition, as observed in RF tissue at different doses and subsequent storage (32).



Phenolic compounds profile

The use of UVA radiation as an elicitor has been little studied. The phenolic biofortification with UVA radiation has been reported in a few plant tissues such as Rosa hybrida and Fuchsia hybrida (33), Betula pendula (32), Daucus carota (8), Brassica oleracea (34), Vaccinium sect. Cyanococcus cv “Duke” (35) and Glycine max sprout (36).

It has been reported that UVA radiation can affect the photosynthesis process in plant tissues and modulate the synthesis of specific phenolic compounds (37), and regarding by-products, Formica-Oliveira et al. (38) studied the effect of UVB and UVC radiation on broccoli by-products; and Sánchez-Rangel et al. (39) studied the effect of UVC on the biosynthesis of phenolics in carrot bagasse. The profile of phenolic compounds obtained by HPLC-DAD allowed the quantification and identification of 8 individual phenolic compounds (Tables 1A,B), with hydrolyzable tannins such as tetragalloyl glucose isomer (TGI) and agrimoniin (AGN) as the main compounds, ellagic acid derivatives such as ellagic acid pentoside (EAP) and free ellagic acid (EA) and flavonoids such as procyanidin tetramer (PACT), quercetin 3-O-glucuronide (Q3G) and Kaempferol 3-o-glucuronide (K3G). The effects of UVA, ST, and TM on the individual phenolic compounds are shown in Tables 1A,B. Moreover, the total sum of the identified phenolic compounds (TPCHPLC) was fitted to a second-order model with UVA (p < 0.001), ST (p < 0.001), and TM (p < 0.01) as the independent variables (Supplementary Equation 4). The TPCHPLC variation was affected by the 3 studied factors, UVA, ST, and TM, and the interaction of the factors STxTM (<0.01) (Supplementary Table 2). The major compound, AGN, is of great interest because several authors have reported the multiple bioactivities with applications in the nutraceutical industry (40, 41). For this reason, it was also modeled and included in the multiple response optimization (Supplementary Equation 5). According to the results obtained, the UVA and TM affected (p < 0.01) the AGN content.


TABLE 1A.    Changes in the individual phenolic compound concentration of strawberry by–products as affected by UVA dose, storage time, and temperature.
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TABLE 1B.    Changes in the individual phenolic compound concentration of strawberry by–products as affected by UVA dose, storage time, and temperature.
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After exposure of RF to the different UVA doses, the TPCHPLC changed similarly to the TPC determined by the Folin-Ciocalteu method, with no significant differences between the control and UVA-LOW samples (1.7–1.8 g/Kg). However, for UVA-MEDIUM, the phenolic compounds increased by 29%, and the most significant increase was observed in the UVA-HIGH treatment (2.9 g/Kg), which was 70% higher than the RF control. For storage at 5°C, the highest increases occurred after 24–48 h with an average content of 2.5 g/kg (Figure 4). There were no significant differences among TPCHPLC of RF-E samples after 24–48 h at 5°C, being up to 54% higher than the control for the same period, and similar to that reported by Surjadinata et al. (8), who applied UVA 12.7 Wm–2 for 6 h on wounded carrots, achieving a 100% increase in total phenols and up to 300% increase in chlorogenic acid. At 10°C, the highest increases were determined after 24–48 h with an average content of 2.5 g/kg. However, the highest accumulation of phenolic compounds was obtained after 48 h at 15°C (3.3 g/Kg RF), 104% higher than the control (Figure 4). Similar to the results obtained for broccoli by-products using UVB-C 10 KJ/m2, after 48 h at 15°C showed an increase of 88% of phenolic compounds (38).
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FIGURE 4
Total phenolic content determined by HPLC (TPCHPLC) of UVA-treated strawberry by-products during storage at (A) 5°C, (B) 10°C, (C) 15°C. RF-N: Strawberry agro-industrial by-product control. UVA-LOW: RF irradiated with 28.8 KJ/m2. UVA-MEDIUM: RF irradiated with 57.6 KJ/m2. UVA-HIGH: RF irradiated with 86.4 KJ/m2. Different lower-case letters, mean significant differences (p ≤ 0.05) among different treatments at the same storage time. Different capital letters mean significant differences (p ≤ 0.05) among different storage times.


The results in Figure 5 indicate the positive effect of UVA on the biofortification of strawberry agro-industrial by-products with AGN. The initial accumulation of AGN was proportional to the UVA dose being UVA-LOW < UVA-MEDIUM < UVA-HIGH reaching an increase of 184% (1.7 g/Kg) compared to the control (0.6 g/Kg). A maximum accumulation of AGN (2.0 g/kg) was achieved during storage at 10°C for 48 h, obtaining a higher increase than that obtained by Moreira-Rodríguez et al. (34) in broccoli sprouts applying UVA radiation (3.16 W/m2 for 120 min), achieving a maximum increase in the compound 5-sinapoyl-quinic acid (121%). As earlier described, although the mechanism of how UVA modulates the biosynthesis of phenolic compounds is not fully elucidated, these results show AGN as the compound with the highest accumulation in RF, which is in contrast with previous reports for fruit subjected to pre-harvest UVB radiation, where anthocyanins and flavonols are mainly increased (42). In addition, UVA radiation is shown to be an efficient non-thermal alternative technology to biofortify with phenolic compounds and strawberry agro-industrial conditioning by-products.
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FIGURE 5
Agrimoniin concentration (AGN) of UVA-treated strawberry by-products during storage at (A) 5°C, (B) 10°C, (C) 15°C. RF-N: Strawberry agro-industrial by-product control. UVA-LOW: RF irradiated with 28.8 KJ/m2. UVA-MEDIUM: RF irradiated with 57.6 KJ/m2. UVA-HIGH: RF irradiated with 86.4 KJ/m2. Different lower-case letters mean significant (p ≤ 0.05) differences among treatments at the same storage time. Different capital letters mean significant differences (p ≤ 0.05) among different storage times.





Determination of the optimum biofortification process conditions to increase phenolics accumulation in the strawberry by-product

Based on Derringer’s desirability function, the multiple response optimization procedure was applied to determine the optimal experimental conditions of the biofortification in RF phenolic compounds. The objective was to obtain the optimum UVA dose, storage time (ST), and temperature (TM) that maximize the content of phenolic compounds (TPC and TPCHPLC), agrimoniin content (AGN), and PAL activity, minimizing PPO activity in the strawberry by-products.

Table 2 shows the results from the simultaneous optimization. The optimum biofortification process conditions to increase phenolics accumulation in the strawberry by-products were a UVA dose of 86.4 KJ/m2 (UVA-HIGH), ST = 15°C, and TM = 46 h. Under these conditions, the predicted values of the different responses were: PAL = 0.13 ΔA mg protein–1h–1, PPO = 0.16 ΔA mg protein–1h–1, TPC, 16.7 g AGE/Kg RF, TPCHPLC = 3.1 g/Kg RF and, AGN = 1.9 g/Kg RF (Table 3). Finally, the biofortification process was carried out at the optimal conditions to validate the predicted results and to determine the antioxidant and anti-inflammatory properties of UVA-induced biofortification phenolic compounds. The experimental results obtained are shown in Table 2. The experimental values obtained for TPC, TPCHPLC, and AGN were similar (p > 0.05) to the predicted values, indicating the models’ adequacy. However, the experimental PAL values were higher (23%) than the predicted values, while the experimental PPO values were lower (25%) than the predicted values.


TABLE 2    Optimal biofortification treatment of strawberry by-products (RF) and their experimental and predicted response values.
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TABLE 3    Bioaccessibility of strawberry by-products (RF) phenolic compounds.
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In vitro gastrointestinal digestion assay

The beneficial health effects of phenolic compounds depend not only on the profile or amount of compounds but also on the release and transformation during the physiological processes of digestion. However, the low bioaccessibility of phenolic compounds has been widely reported due to the biotransformations they undergo during the digestive process (43). As RFs are an important source of phenolic compounds, it is important to know their behavior and stability during the gastric process, as these by-products can be revalued by obtaining dietary supplements, and it is necessary to guarantee an adequate and safe bioaccessibility of the bioactive compounds. The individual phenolic compounds were quantified at the different stages of the in vitro digestion test. The results are shown in Table 3, where the RF-N and RF-E phenolic bioaccessibility was compared. The different phases showed a significant effect (p < 0.05) on the concentration of individual phenolic compounds (EAP, EA, Q3G, and K3G) for RF-N and RF-E (EAP, AGN, EA, Q3G, K3G, TPCHPLC). AGN ellagitannin was the major compound in all intestinal phases for both RF-N and RF-E, showing a decrease in initial concentration from 1.35 g/kg in RF-N to 0.13 g/kg in the IF, having a bioaccessibility of 9.8%. RF-E started with 1.79 g/kg, and the digestive process reduced it to 0.45 g/kg in IF (25.1%). These results agree with other reports regarding the digestive stability of phenolic compounds from different plant matrices (43–45).

Concerning the bioaccessibility of phenolics from strawberries, it has been reported that anthocyanins, their primary group of phenolic compounds, present low bioaccessibility (1% on average) (43, 46). Ariza et al. (47) reported the bioaccessibility of strawberry achenes which were the majority and the most bioaccessible, with 0.0297 g/Kg of hydrolyzable tannins in the intestinal phase. On the other hand, the PACT compound had the highest bioaccessibility in the intestinal phase, with 79.2% for RF-N and 59.7% for RF-E. These results align with those reported for epicatechin bioaccessibility in sweet cherry with 40% and those reported for cocoa procyanidins with a range of 68.5–70.9% (48, 49). Thus, showing the importance of procyanidins as a source of bioactive compounds with high bioaccessibility. This was followed by the TGI with 71.8 and 36.1%, respectively, indicating that the biofortification process with UVA reduced the bioaccessibility of this compound. K3G was the compound with the lowest bioaccessibility in RF-N (6.8%) and RF-E (5.7%). The phenolic compounds of the different parts of strawberries are not very stable at the basic pH typical of the gastric phase. However, compounds such as ellagic acid in RF-E showed a bioaccessibility of 24% in the gastric phase and 17.9% in the intestinal phase, similar to that reported for blackberry with 14 % (43). Quercetin and kaempferol glycosides were the compounds most affected by the digestive process, as gastric pH generates the biotransformation of these compounds into aglycones which are more unstable. These observations have already been reported on the bioaccessibility of whole strawberries (45).

Regarding TPCHPLC, the trend of decreasing content in the different stages of digestion continues, initially with a content of 2.5 and 3.2 g/Kg for RF-N and RF-E, respectively; they reached the intestinal phase with 0.39 and 0.71 g/Kg, respectively. According to Olivero-David et al. (50), about 95% of phenolic compounds that reach the intestinal phase pass directly to the large intestine without being absorbed, interacting with the microbiota, and through their enzyme complexes, new metabolites with different bioactivities are obtained. It was also observed that the biofortification process using UVA radiation and subsequent storage at 15°C for 46 h significantly improved the content of phenolic compounds that reached the intestinal phase (EAP, AGN, PACT, Q3G, and TPCHPLC).



Antiproliferative activity of radiation to strawberry agro-industrial by-products digested fraction on healthy control and cancer cells

There is little information on the anticancer potential of strawberry agro-industrial residues. In addition, RF, being a rich source of phenolic compounds, during the digestive process when consuming these compounds from RF, have a contact time in the colon, thus in this work, we evaluated the antiproliferative capacity in colon cancer lines (Caco-2 and HT29) compared to a control with healthy HDFA cell lines (20). Figure 6 shows the IC50 determined for the digested extract biofortified with phenolic compounds under optimal conditions (RF-E) compared to the digested control extract (RF-N) in colon cancer cells, and as healthy control cells, the HDFa cell line (Fib) was used. A dose-dependence against the proliferation of cell viability was evident in all 3 cell lines. For Caco-2, both extracts showed an IC50 of 5.53 and 5.43 μg/mL for RF-N and RF-E, respectively. However, for HT29, the IC50 of the RF-E extract (2.73 μg/mL) was significantly lower than RF-N (3.37 μg/mL). Compared to the control with healthy cells (Fib) with 11.97–10.47 μg/mL for RF-N and RF-E, respectively, a significantly higher IC50 was observed compared to the IC50 of the cancer lines studied, being lower than the IC50 reported for blueberry phenolic compounds in Caco-2 and HT29 cells (15–50 μg/mL) (51).
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FIGURE 6
IC50 determination on HDFa and Cancer cell lines. Fib: Adult primary dermal fibroblast cell line. HT29: Human Colorectal Adenocarcinoma cell line. Caco-2: Human colorectal adenocarcinoma cell line. Different letter indicates significant differences between IC50 of different cell lines p < 0.05 by Tukey’s test. * Means significantly differences (p < 0.05) between strawberry by-product control (RF-N) and: Strawberry by-product biofortified (RF-E) according to t-test p < 0.05.


According to the results in Table 3, in the RF-E extracts, the main phenolic compound in the digested fraction was agrimoniin, a dimer composed of two α-1-O-galloyl-2,3:4,6-bis-hexahydroxydiphenoylD-glucose units linked by a C-O-C bond between two gallic acid residues. In some berries, the digestive process enhances the antiproliferative activity of quercetin and kaempferol glycosides (52); however, for RF, the release of flavonol aglycones negatively affected the stability of these compounds. Several authors have validated the antiproliferative effect of strawberry phenolic compounds (52–54) with an average IC50 for HT29 of 114 μg/mL; however, there is no known report on the antiproliferative activity of phenolic compounds from strawberry agro-industrial residues, which showed better activity than whole fruit compounds with a lower IC50. These results show the antiproliferative potential of the strawberry agro-industrial by-product on colon cancer cells to be more significant in the biofortified extract with UVA application and safe in healthy cells. Since colorectal cancer is the primary type of cancer and has one of the highest mortality rates in society, it is important to revalue strawberry agro-industrial by-products through biofortification with phenolic compounds, to extract the compounds and use the extract to prevent this disease.



Cellular antioxidant activity

The by-products of strawberry processing have ellagitannins as the main compounds, which, depending on their degree of polymerization, have better bioactivity, as their amphiphilic character allows them to diffuse passively into the cell membrane and then pass into the aqueous cell medium (55). Imbalances between pro-oxidant and antioxidant species at the physiological level trigger several conditions that facilitate the development of chronic non-communicable diseases (6). Figure 7A shows the antioxidant cellular capacity of digested RF extracts (2.2 mg/mL) to inhibit the APPH radical on the Caco-2 cell line. The RF-E showed a significantly higher antioxidant capacity (69%) than the digested extract of RF-N (58 %), being 11% higher, thanks to the content of phenolic compounds that reach bioaccessibility in the biofortified tissue, being higher than that reported by Lang (56) for the blueberry extract with 25% CAA.
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FIGURE 7
(A) Cellular antioxidant capacity inhibition (%CAA) by APPH radical. (B) Nitric Oxide (NOX) cell production inhibition (%). Bar indicates standard deviation. *: Means significantly differences between strawberry by-product control (RF-N) and strawberry by-product biofortified (RF-E) samples, according to t-test p < 0.05.


According to the phenolic profile identified in the digested fraction of the RF-E, ellagitannins were the major compounds that have been widely reported in the different parts of the strawberry plant, where, in addition, the in vitro free radical inhibitory capacity has been demonstrated (2). Oxidases are one of the primary sources of ROS in the cell. The enzymes nitric oxide synthase and nitric oxide synthase produce nitric oxide from L-arginine and molecular oxygen. Triggering an overproduction of ROS, ellagitannins of RF-digested extracts with their hydroxyl groups can neutralize free radicals, especially agrimoniin, which has been reported as a potent free radical scavenger (57). Regular strawberry consumption has recently been reported to reduce ROS production and oxidative biomarker levels (58, 59). However, little information is available on the cellular antioxidant potential of the various parts of the strawberry plant, such as the sepal, stalk, and leaves that constitute the residue of agro-industrial strawberry conditioning. This work demonstrated the CAA potential of these by-products, allowing them to be used in the search for sustainable alternatives for obtaining bioactive compounds.



Anti-inflammatory potential

The process of chronic inflammation is correlated with the development of metabolic syndrome, which has become one of the major causes of death in the Western world due to poor lifestyle habits (60). Therefore, compounds with an effective anti-inflammatory activity that prevents the development of a pre-disease state into a chronic disease are currently being sought. The anti-inflammatory potential of phenolic compounds in the RAW cell line exhibits a dose-dependent behavior. In this study, the concentration at which the viability of RAW cells was not significantly affected (>80%) was determined at a concentration of 1.1 mg/mL Figure 7B shows the nitric oxide inhibition capacity in RAW 264.7 cells. The RF-N digested tissue with a concentration of 1.1 mg/mL achieved 13% inhibition of NOX production, while RF-E was significantly higher (p < 0.05) with 31% inhibition. Fang et al. (61) reported for purified oxyresveratrol extracts with a concentration of 6 μg/mL a 50% reduction in NOX production, compared to the digested crude extract of RF-E, which achieved 31%, is promising as the unpurified extract has good anti-inflammatory activity. Fumagalli et al. (62) studied digested strawberry extract (10 μg/mL), which had tannins as major compounds, and found a potent inhibition of IL-8 secretion, and procyanidins showed prevention of TNF-α induction. Ellagitannins and their metabolites can control inflammatory mediators such as TNF-α, IL-1β, IL-6, and IL-8 by inhibiting oxidase enzymes (NOS) (63). According to Table 3, agrimoniin was the main compound after the RF digestion process and is probably the compound with the highest bioactivity in RF extracts. Moreover, Hoffmann et al. (64) reported that agrimoniin-rich fractions of Potentilla erecta showed high anti-inflammatory effects in in vitro and in vivo assays. Biofortified agro-industrial by-products have a relevant bioactive potential that allows a greater revalorization of these by-products by obtaining extracts rich in high-value hydrolyzable tannins such as agrimoniin.




Conclusion

Agro-industrial strawberry residues responded to the elicitor effect of UVA radiation and storage at different temperatures activating PAL activity, PPO, and de novo synthesis of phenolic compounds. In addition, the biofortification process was successfully optimized. The optimum biofortification point was applying a UVA-HIGH (86 KJ/m2) and then storing at 15°C for 46 h. The use of UVA radiation and storage as a tool for biofortification with phenolic compounds for the revalorization of strawberry agro-industrial by-products proved to be an alternative technology that effectively induced the secondary metabolism of these waste tissues, obtaining increases of 184% concerning the control. Agrimoniin (AGN) was the compound mainly generated by applying UVA radiation (1.9 g/Kg RF) with 25% of bioaccessibility. Procyanidin was the compound with the highest bioaccessibility with 59.7%. The biofortification process applied significantly improved the bioaccessibility of the total phenolic compounds and their bioactivities, such as antiproliferative capacity in Caco-2 and HT29 colorectal cancer cells, and the safety of RF extract demonstrated on the HDFa (Fib) cell line, as the IC50s for Fib were significantly higher (10 μg/mL) than those shown for Caco2 and HT29 (5.43–2.73 μg/mL, respectively) and cellular antioxidant capacity, and anti-inflammatory activity, where RF-E (69 and 31%, respectively) showed superiority over RF-N (58 and 13%, respectively). Thus, applying UVA radiation in strawberry by-products allowed a greater revalorization of RF through increasing phenolic compound content and bioactivity, turning this by-product into a sustainable, low-cost source of valuable bioactive compounds with preventive applications in chronic degenerative diseases.
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Sprouts are recognized as nutritional and functional vegetables. In this study, 17 selected seeds were germinated simultaneously. The antioxidant capacity and total phenolic content (TPC) were determined for seeds and sprouts of all species. Both seed and sprout of white radish, with the highest antioxidant capacity, and TPC among all the 17 species, were further determined for phenolic metabolomics. Four phenolic classes with 316 phenolic metabolites were identified. 198 significantly different metabolites with 146 up-regulated and 52 down-regulated were confirmed, and high amounts of phenolic acids and flavonoids were found to be accumulated in the sprout. Several metabolism and biosynthesis, including phenylpropanoid, favone and flavonol, phenylalanine, and various secondary metabolites, were significantly activated. Significant correlations were found among FRAP, DPPH, ABTS, TPC, and phenolic profiles. Therefore, white radish sprout could be served as antioxidant and could be a good source of dietary polyphenols.

KEYWORDS
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1 Introduction

Phenolic compounds are secondary metabolites in plants (1). In recent years, phenolic compounds have attracted increasing attention based on their nutrition and health benefit. It is reported that phenolic compounds have protective effect against oxidative reactions, which was connected with diminishing the dangers of cancer, coronary illness and diabetes, restraint of bacterial, inflammation and allergies (2–4).

The edible seeds have been widely reported to show various health effects (5, 6). Germination is a kind of processing method, the germinated sprouts generally accumulated more phenolic compounds which could prevent lipids from oxidation (7, 8), making them as valuable sources of food ingredients. In comparison with seed, germination has many advantages for improving the nutritional and functional qualities, such as the accumulation of many biologically active compounds, including γ-aminobutyric acid, minerals, phenolic acids, flavonoids, vitamins, etc. (9, 10).

At present, the phenolic content as well as the antioxidant activities of many edible seeds and sprouts (e.g., legumes, Brassica, and Gramineae) has been studied. However, the germination condition, and applied antioxidants assay in most previous reports were not uniform, and the differences in growth conditions (light sources and time, different treatment of seeds, and environmental shocks) might lead to dramatic differences in the chemical compounds, metabolomics and antioxidant activity (11–14), making it difficult to compare the results and achieve consistent conclusion directly. In addition, little information was available about the main phenolic compounds in sprout that responsible for these antioxidant properties. As a result, it is necessary to study on phenolic compounds and antioxidant capacity of both seed and sprout in the same germinating condition. Meanwhile, the main metabolites that contribute to the antioxidant activity in seed and sprout must be excavated.

It is not clear how the phenolic compounds and their antioxidant activities change throughout seed germination, and it is necessary to identify the optimum plant species with optimum physiological stages in order to accumulate the maximum phenolic accumulation. As a result, we hypothesized that the phenolic metabolites and their antioxidant activities of sprouts would change with germination days. With the improvement of analytical methods and instrument sensitivity, phenolic metabolomics analysis covering more than 2,000 metabolites could be determined simultaneously. In this study, the total phenolic contents (TPCs) as well as the antioxidant activities of 17 types of seeds and their 6-day sprouts were analyzed. Furthermore, the white radish (with the highest antioxidant capacity and TPC values) was selected for another germination trial in order to investigate the dynamic changes of antioxidant capacity and TPC at different germination stages (1, 2, 3, 4, 5, 6 days, respectively). In addition, the phenolic metabolomics in the white radish seed and sprout extract were analyzed qualitatively and quantitatively by ultra-performance liquid chromatography-electrospray ionization mass spectrometry/mass spectrometry (UPLC-ESI-MS/MS), in order to confirm the main different phenolic compounds after germination. Finally, the relationships between the antioxidant capacity and phenolic profiles were analyzed. The obtained results may provide references for the selection of edible seeds and sprouts with high antioxidant capacity as raw materials for functional foods.



2 Materials and methods


2.1 Chemicals and reagents

The chemicals of 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), 2,2’-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS), 1,1-diphenyl-2-picryl-hydrazyl (DPPH), 2,4,6-tri(2-pyridyl)-S-triazine (TPTZ), Folin–Ciocalteu’s phenol reagent, and gallic acid and catechin were purchased from Sigma-Aldrich (St. Louis, MO, USA). The sodium acetate, ferric chloride, and Na2CO3 (> 99%) were purchased from Beijing Solarbio Technology Co., Ltd. (Beijing, China). The methanol (chromatographic grade grade) was obtained from Beijing Yishan Huitong Technology Co., Ltd. (Beijing, China). Milli-Q ultra-pure water was used for all experiments.



2.2 Sprout growth and pretreatments

Based on the common grains and vegetables, totally 17 crop seeds of broccoli (Brassica oleracea L. var. italic), pakchoi (Brassica campestris L. ssp. chinesis var. communis), pakchoi seedlings (Brassica campestris L. ssp. chinensis var. communis), purple radish (Raphanus sativus L.), white radish (Raphanus sativus L.), sunflower (Helianthus annuus L.), water spinach (Ipomoea aquatica Forssk.), barley (Hordeum vulgare L.), triticale (X Triticosecale Wittm.), wheat (Triticum aestivum L.), perilla (Perilla frutesches L. Britt), alfalfa (Medicago sativa L.), lentil (Lens culinaris Medik.), pea (Pisum sativum L.), pine willow (Lathyrus quinquenervius (Miq.) Litv), okra (Abelmoschus esculentus L. Moench), and vanilla (Vanilla planifolia L.) were purchased from Weifang Shuishengtian Agriculture Technology Co., Ltd. (Weifang, China). All the seeds were collected at the same region in the year of 2021.

After cleaning and picking out bad seeds, the seeds were soaking for 5–24 h, and germinated for 6 days with 12 h daylight and 12 h darkness each day. The germination temperature was 25°C and the humidity was kept at 90%. The de-ionized water was used as substrate to germinate, and all the sprouts were sampled after 6 days germination. Furthermore, the white radish sprouts (with the highest antioxidant capacity and TPC) were sampled after 24, 48, 72, 96, and 120 h of germination with the same seeds. After harvest, the sprout samples were frozen with liquid nitrogen treatment immediately, and then freeze-dried for 24 h. Finally, seeds and sprouts were further milled in a miller (Tube Mill 100 control, IKA, Germany) to obtain powder samples. The growth status of sprouts was shown in Supplementary Figure 1.



2.3 Analysis of the total phenolic content

About 0.5 g of seed or sprout powder by adding 10 mL of 80% (v/v) ethanol was shaken for 24 h at 22°C, the solution was then centrifuged with 3,000 × g for 30 min at 4°C, the supernatant was collected and diluted by 80% of ethanol before determination the measurement. All the contents were finally corrected with the dilution fold finally. The TPC was detected by Folin–Ciocalteu method described previously with a little modification (15), and the absorbance at 760 nm was determined. Finally, the TPC of seed or sprout was expressed as mg gallic acid equivalent (GAE)/100 g DW. Each sample was determined in triplicate.



2.4 Analysis of the antioxidant activities

The sample extraction and dilution methods were the same as the methods for analysis of TPC, all the values were finally corrected with the dilution fold, and each sample was determined in triplicate.

The DPPH working solution was prepared by adjusting the DPPH solution (100 μM) with 80% methanol to an absorbance of 0.70 ± 0.05 at 515 nm. 100 μL of the properly diluted supernatant with 3.9 mL working solution was mixed to react for 60 min in dark at room temperature, and the solution was then detected at 515 nm. Finally, μmol of Trolox/g of seeds and sprouts were used to express DPPH values.

A total of 100 μL of the properly diluted supernatant was mixed with 3 mL FRAP working solution (300 mmol/L of sodium acetate buffer, 10 mmol/L of TPTZ solution, and 20 mmol/L of ferric chloride solution, 10:1:1 [v/v/v)] for 4 min at room temperature, and the absorbance at 593 nm was tested further. Finally, the FRAP value of seed and sprout was shown as μmol Fe(II)/g DW.

The 7 mmol/L ABTS solution and 2.45 mmol/L potassium persulfate solution were mixed at a volume ratio of 1:1 to obtain the ABTS stock solution. The ABTS stock solution was diluted with ultra-pure water to ensure its absorbance was 0.710 ± 0.05 at 734 nm as ABTS working solution. When determination, 100 μL of the properly diluted supernatant mixed with 3.9 mL working solution was reacted at room temperature for 6 min in darkness. The absorbance of the solution at 734 nm was then detected. Finally, the ABTS value of seed or sprout was expressed as μmol Trolox/g dry weight (DW).



2.5 Metabolomics analysis

White radish seed and sprout samples were freeze-dried by a vacuum freeze-dryer (SJIA-5S, Ningbo Shuangjia Instrument Co., Ltd., Ningbo, China), and crushed by a mixer mill (MM 400, Retsch) as fine powder. The prepared powder sample (50 mg) was then dissolved by 1.2 mL 70% methanol solution, and vortex for 30 s every 30 min with six times in total. Finally, the extracts were centrifuged for 3 min at 12,000 rpm, and then filtrated with 0.22 μm filter.

The extracts were determined by UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2HPLC-MS/MS system; MS, Applied Biosystems 4500 Q TRAP). The HPLC column was SB-C18 (2.1 mm × 100 mm, 1.8 μm). The solvent system was composed with water containing 0.1% formic acid (solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent B). The program conditions were set as follows: 5–95% B from 0 to 9 min and kept for 1 min, and 95–5% B from 10 to 11 min and kept for 3 min. The temperature, low velocity, and injection volume were 40°C, 0.35 mL/min, and 4 μL, respectively.

The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion modes and controlled by the Analyst 1.6.3 software (AB Sciex, Framingham, MA, USA). In triple quadrupole (QqQ) and Linear ion trap (LIT) modes, 10 and 100 μmol/L polypropylene glycol solutions were used for instrument tuning and quality calibration, respectively, QqQ scans were acquired as multiple reaction monitoring mode (MRM) experiments with collision gas (nitrogen) set to medium, declustering potential (DP) and collision energy (CE) for individual MRM transitions were done with further DP and CE optimization. The ESI source was operated as follows: temperature 550°C. The ion spray voltage in positive and negative mode, respectively, was 5.5 and 4.5 kV. Set at 50, 60, and 25 psi for the ion source gases I, II, and curtain gas, respectively. A pooled sample was run after every two samples to serve as quality control (QC) to estimate the variables.

Phenolic compounds were tentatively identified according to a previous study (16). Both primary and secondary MS information was compared with the database self-builted by Metware Biotechnology Co., Ltd. (Wuhan, China) as well as the publicly available databases covering metabolites. In order to identify the molecules qualitatively, metabolite primary and secondary mass spectrometry data, including the accurate precursor ion (Q1), and product ion (Q3) value, retention times (RT), declustering potential (DP), and collision energy (CE) were subjected to qualitative analysis by referencing self-built database MWDB (Metware Biotechnology Co., Ltd., Wuhan, China) and public mass spectrometry databases such as MassBank,1 KNAPSAcK,2 HMDB,3 and METLIN,4 these information in the samples were intelligently matched with the database one by one, and the mass tolerance of MS and MS/MS were set as ± 10 ppm.

Triple quadrupole mass spectrometry was responsible for the quantification of metabolites. Based on MRM scanning, the quadrupole first searched for precursor ions (parent ions) of target substances while screening any ions derived from substances of different molecular weights to eliminate their interference preliminarily. The precursor ions were fragmented via induced ionization in the collision chamber to form many fragment ions, which were then filtered through QqQs to select single-fragment ions with the desired characteristics. MultiQuant quantitative software was used to integrate and to obtain quantitative data. After the metabolite mass spectrometry data were obtained for each sample, all the mass spectrum peaks were subjected to area integration. In order to qualitative and quantitative analyze of each metabolite in different samples more accurately, each mass spectrum peak was corrected according to the RT and peak shape of each metabolite. The relative content of each metabolite was represented with chromatographic peak area integrals.



2.6 Statistical analysis

The results were presented as mean ± standard deviation (SD). The ANOVA and Pearson correlation analysis were analyzed by SPSS statistical software (IBM SPSS Statistics 20.0, SPSS Inc., Chicago, IL). PCA (principal component analysis) and OPLS-DA (orthogonal partial least squares-discrimination analysis) were conducted by R.5 The metabolism data was normalized by unit variance scaling and zero-centered to ensure that the processed data conformed to standard normal distribution.




3 Results


3.1 The TPC and antioxidant activity of seeds and sprouts

The TPC of all sprouts were higher than corresponding seeds, except for alfalfa and oil sunflower (Figure 1A). What’s more, the TPC of white radish sprout and its seed were highest among all the sprouts or seeds, respectively, reaching 15.39 and 6.60 mg GAE/g DW, followed by purple radish with 13.19 and 5.67 mg GAE/g DW for sprout and seed, respectively. The TPC accumulated within 6 days of germination accounted for 4.03-fold (pakchoi seedings), 5.71-fold (pakchoi), 3.86-fold (broccoli), 2.32-fold (purple radish), 2.33-fold (white radish), 11.20-fold (pine willow), 0.82-fold (alfalfa), 9.73-fold (wheat), 8.05-fold (Triticale), 3.84-fold (barely), 1.53-fold (water spinach), 0.42-fold (sunflower), 9.23-fold (okra), 6.23-fold (Perilla), and 1.65-fold (vanilla) compared with their seeds.
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FIGURE 1
The TPC (A), FRAP (B), DPPH (C), and ABTS (D) values of 17 seeds and their sprouts.


The results of antioxidant activity based on the FRAP assay showed that among 17 edible seeds and sprouts, the antioxidant activities in most of the sprouts were higher than those of their seeds, which was inconsistent or contrary to the TPC results among these nine seeds (Figure 1B). The results of antioxidant activity measured based on DPPH assay showed that except for spinach, alfalfa and oil sunflower, the antioxidant activities of the remaining 14 sprouts were higher than those of their seeds (Figure 1C). The results of antioxidant activity based on the ABTS assay showed that except for alfalfa and oil sunflower, the antioxidant activities of the remaining 15 sprouts were higher than those of their seeds (Figure 1D).

In addition, the highest antioxidant activity in all sprout was found in white radish, the FRAP, DPPH, and ABTS values, respectively, were 155.4 μmol Fe(II)/g DW, 150.9 μmol Trolox/g DW, and 115.4 μmol Trolox/g DW. Followed by purple radish, respectively were 139.0 μmol Fe (II)/g DW, 144.1 μmol Trolox/g DW, and 101.0 μmol Trolox/g DW.



3.2 The dynamic changes of TPC and antioxidant activity during germination

According to the above experimental results, white radish sprouts showed the highest antioxidant capacities. As a result, they were selected for subsequent research. The dynamic changes of TPC, FRAP, DPPH, and ABTS in white radish during germination were analyzed (Figure 2). TPC generally showed an increasing trend in the first 4 days, and then decreased afterward. The FRAP value increased rapidly in the first 3 days and kept stable in the following germination days. The DPPH value increased with the germination time during the first 5 days and decreased slightly on the sixth day. The ABTS value generally increased during the first 4 days, this was consistent with the TPC result.
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FIGURE 2
The TPC and antioxidant capacities (ABTS, DPPH, and FRAP) of white radish during germination.




3.3 Metabolomics analysis of white radish seed and its sprouts


3.3.1 The differences in phenolic classes between seed and sprout

In total, 316 phenolic metabolites were identified, including 155 phenolic acids, 129 flavanols, 29 lignans, and coumarins, and 3 tannins. After comparing the sum of each phenolic class between seed and sprout (Supplementary Table 1), the abundance of each phenolic class in radish sprout was significantly higher than those in seed by t-test (P < 0.05) (Figure 3).
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FIGURE 3
The abundance of phenolic classes between white radish seed and sprout. *Indicated significantly different (P < 0.05).


The proportion of QC samples with CV values less than 0.3 exceeds 75%, indicating that the stability of this experimental data (Supplementary Figure 2A). The TIC plots for three QC samples were overlapped both in positive and negative mode (Supplementary Figures 2B,C), indicating this method was extremely stable and reliable.



3.3.2 The differences in phenolic compounds between seed and sprout

According to the PCA result, the first three principal components were extracted to be 84.47, 5.08, and 4.04%, respectively (Supplementary Figure 3). These plots showed that the seed and sprout of white radish could be clearly separated by phenolic compounds. These results suggested significant differences in the phenolic profiles of white radish during germination.

Orthogonal partial least squares-discrimination analysis was employed to investigate the different compounds between radish seed and sprout (Figure 4A). Differential metabolites were determined by VIP (VIP ≥ 1) and absolute Log2FC (| Log2FC| ≥ 1.0). VIP values were extracted from OPLS-DA result, which also contain score plots and permutation plots, was generated using R package MetaboAnalyst R. The data was log transform (log2) and mean centering before OPLS-DA. In order to avoid overfitting, a permutation test (200 permutations) was performed. The validation result of the OPLS-DA model was R2X = 0.881, R2Y = 1, Q2 = 0.998. The R2Y and Q2-values exceed 0.9, indicating that the model was excellent, with good predictability and high fit accuracy (Supplementary Figure 4). There were 251 phenolic compounds whose VIP scores were higher than 1. Based on P < 0.05 and VIP ≥ 1, totally 198 significantly different metabolites were observed between white radish seed and sprout, with 52 down-regulated and 146 up-regulated (Figure 4B). In particular, there were 34 down-regulated and 72 up-regulated in phenolic acids, 14 down-regulated and 58 up-regulated in flavonoids, 3 down-regulated and 19 up-regulated in lignans and coumarins, 2 down-regulated and 1 up-regulated in tannins. The screening of differentially abundant phenolic metabolites between white radish seed and sprout was based on FC > 2 (or < 0.5) and P < 0.05, compounds with top 20 fold change were listed in Figure 4B. There were 17 compounds (including sinapoylsinapoyltartaric acid, procyanidin A6, syringaresinol-4’-O-glucoside, etc.) were up-regulated (red) and 3 compounds (vanillic acid, 2, 4-dihydroxybenzoic acid, and 2, 5-dihydroxybenzoic acid) were down-regulated (green) (Figure 4C).
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FIGURE 4
(A) Orthogonal partial least squares-discrimination analysis result for discriminating of white radish seed and sprout; (B) volcano plots of the up- and down-accumulated metabolites for comparison groups of seed and sprout; (C) bar chart of the top 20 differentially abundant phenolic compounds with the largest fold change (FC) value; (D) KEGG enrichment of differential metabolites in the comparison of seed and sprout.


The metabolite accumulation information was studied by the public databases of Kyoto Encyclopedia of Genes and Genomes (KEGG) in this work. The differential metabolites for white radish seed vs. sprout were involved in 14 pathways presented in bubble plots. Several metabolic pathways including “phenylpropanoid biosynthesis,” “phenylalanine metabolism,” “biosynthesis of various secondary metabolites,” “biosynthesis of secondary metabolites,” “metabolic pathways,” and “flavone and flavonol biosynthesis” were significantly enriched (P < 0.05) (Figure 4D).

The top 10 differentially abundant phenolic compounds with the largest fold change (FC) value between white radish seed and sprout were listed in Figure 5. Among them, 2,5-dihydroxybenzoic acid (gentisic acid) and 2,4-dihydroxybenzoic acid were not identified in white radish sprout, but were identified in seeds. The other six phenolic compounds, including sinapoylsinapoyltartaric acid, procyanidin A6, syringaresinol-4′-O-glucoside, 5′-methoxyisolariciresinol-9′-O-glucoside, kaempferol-4′-O-glucoside, luteolin-4′-O-glucoside, (Z)-6-O-β-D-glucopranosyl-6,7,3′,4′-tetrahydroxyaurone, and luteolin-3′-O-glucoside were only found in white radish sprouts.
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FIGURE 5
The top 10 differentially abundant phenolic compounds with the largest fold change (FC) value in the pairwise comparison of white radish seed and sprout.




3.3.3 Correlation analysis between antioxidant activity and main phenolic profiles

Furthermore, Pearson correlation analysis was conducted between FRAP, DPPH, ABTS, TPC, and each phenolic class of all white radish seeds and sprouts (Figure 6). Significantly positive correlations were obtained among FRAP, DPPH, ABTS, TPC, phenolic acids, flavonoids, lignans, and coumarins, and tannins (P < 0.05). The Pearson correlation coefficients ranged from 0.84 to 0.99, indicating very strong correlation among these parameters.
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FIGURE 6
Correlation analysis among antioxidant capacity, TPC, and phenolic profiles.






4 Discussion

The enhancement in phenolic content and antioxidant activity after germination has been broadly reported in wheat (17–19), barley (20), and radish (21). The TPC (DW) and DPPH values of wheat, radish, broccoli, lentil, and alfalfa sprouts are significantly higher than the dormant seed and imbibed seed (22). Also, some studies showed that TPC and antioxidant activities significantly increased during germination in lentil (4, 23) and legumes (24). The TPC, DPPH values, and ABTS values of radish and broccoli sprouts after 5-day growth were higher than those in their seeds (25). These results were consistent with ours. Significant changes in phenolic composition and antioxidant activity were found in the 17 edible seeds and sprouts, the reason might be associated with the initiation of endogenous enzymes and complicated biochemical metabolism (17). However, some samples with higher TPC have lower antioxidant capacity, this could be explained by the fact that some other compounds in extracts influence the responses of the FRAP, ABTS, and DPPH reagents, and this similar results was observed in previous studies (15, 25).

The TPC and DPPH values of 6-day-old alfalfa sprouts were lower than their seeds (26), we also found a similar result in the study. However, the TPC, DPPH, and ABTS values of alfalfa and sunflower seeds were higher than those in their sprouts, indicating that germination might cause a slight reduction of phenolics in some cases. Phenolic compounds are easily to lose while soaking of seeds since they are slightly soluble in water. In addition, they may also be utilized as precursors of cell walls, hormones, and other control substances during growing (19, 27).

In a previous study, the TPC and ABTS of radish both in 5-day old sprouts were higher than those in broccoli and sunflower sprouts (25), The TPC (dry mass) in radish seed was higher than those in broccoli, followed by sunflower, sunflower, alfalfa, and wheat (22, 25). The DPPH, FRAP, and ABTS of lentil seed were higher than those in pea (white) (28). Meanwhile, the TPC and antioxidant capacity of barely were reported to be higher than those in wheat or rye (29), these results were consistent with ours. We also found that the TPC and antioxidant capacity of radish were highest among all the samples, this indicated that the white radish accumulated more phenolic contents than other kinds of seeds during germination, probably due to the higher activity of enzymes for phenolic synthesis in the radish sprout (3).

According to the result of phenolic metabolomics, all four classes of phenolic profiles were significant differences between seed and sprout, and most phenolic compounds were significantly enhanced after germination. Phenolic acids (both free and bound) and flavonoids were the main phenolic profiles in radish seed and sprout, which was consistent with previous results (25). By comparing the top 20 compounds with the largest VIP values in the OPLS-DA model, and the top 20 phenolic compounds with the largest FC, the procyanidin A6 (belong to tannins), glucose (belong to phenolic acids), luteolin (belong to flavonoids) and glucoside (belong to flavonoids) were the most different compounds. According to a previous study, the phenolics, ascorbic acid, flavonoids, and glucosinolates were the major compounds in Brassicaceae sprouts such as radish (25, 30, 31). Meanwhile, many pathways were significantly activated, including phenylpropanoid, favone, and flavonol, phenylalanine, and various secondary metabolites. Among them, the phenylpropanoid biosynthesis pathway was reported as a key pathway associated with the production of phenolic acids, lignins, tannins, etc. (32).

The correlation coefficient between antioxidant activity (FRAP, ABTS, and DPPH) and TPC were 0.90, 0.99, and 0.98 for extracts originated from seeds and sprouts. A previous study showed that the antioxidant activity evaluated by FRAP assays was significantly correlated with the TPC (r = 0.773) and bound phenolic acids (r = 0.874) (25). Our study also showed that significant correlations were found between antioxidant activity and phenolic classes (phenolic acids, flavonoids, lignans and coumarins, and tannins (P < 0.05). The TPC, phenolic acids, flavonoids, lignans and coumarins, and tannins also showed significant positive correlations with antioxidant activity in DPPH and ABTS assays (P < 0.05). It was previously known that flavonoids were potent antioxidants. Therefore, increased relative amounts of flavonoids and their aglycon may be associated with increased total antioxidant activity (16, 33). Additionally, phenolic acids, which are commonly present in plant cell walls as an integrated component with polysaccharides, also shown antioxidant activity (34, 35). The glycoside compounds in phenolic acids also could protect the oxidative damage and antioxidant effects (36). The findings above imply that phenolic compounds might be a reliable predictor of in vitro antioxidant activity in edible seeds and spouts.
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Background: Polyphenols play an important role in human nutrition, therefore, how to improve its content with innovative approach is important, and understanding the metabolic pathys is necessary. Mung beans are rich in polyphenols, which made them have physiological functions such as hypoglycemia, antioxidant, and hypotension. However, the content of polyphenols in natural mung bean is relatively low, and it needs to be increased. The methods of increasing polyphenol content in grains and beans by enrichment include physical stress, such as ultrasonic stress, hypoxia stress and ultraviolet radiation, and single exogenous substance stress, such as exogenous amino acids, exogenous sugars. But, the enrichment of polyphenols using exogenous substances in combination with physical stress is less applied. Therefore, this study innovated the use of exogenous γ-aminobutyric acid (GABA) combined with ultrasonic stress to enrich mung bean sprouts polyphenols and enhance their content. The metabolic pathways of the enrichment process were also analyzed to provide a reference for studies related to the enrichment of polyphenols.

Methods: Mung bean seeds were pretreated with a combination of ultrasound and GABA under different conditions. Single-factor test and response surface methodology were used for optimizing pretreatment conditions of mung bean. Effects of combined pretreatments on the polyphenols content and antioxidant activity of sprouted mung beans were investigated. Additionally, metabolites were identified, and metabolic pathways were analyzed using non-targeted metabolomics techniques.

Results: Optimal conditions of mung bean pretreatment were found to be 370 W for ultrasound power, 40 min for ultrasonication time, 10 mmol/L for GABA concentration, and 8 h for the soaking duration. Under these conditions, the predicted polyphenol content was found to be 4.52 mg GAE/g DW. The pretreatment of mung beans with a combination of ultrasound and exogenous GABA resulted in mung bean sprouts with enhanced polyphenol content and antioxidant activity compared to mung beans germinated without pretreatment. A significant increase in the content of six polyphenols [Genistein, (-)-Epigallocatechin, Epicatechin, Nobiletin, Naringenin, Biochanin A] in the pretreated and germinated mung beans was found, and six metabolic pathways (flavonoid biosynthesis, isoflavones biosynthesis, biosynthesis of phenylpropanoids, anthocyanin biosynthesis, biosynthesis of secondary metabolites, and metabolic pathways) were significantly activated.

Conclusion: The obtained results suggest that a combination of ultrasound and exogenous GABA treatment can be used to produce mung bean sprouts with enriched polyphenols content and enhanced antioxidant activity.

KEYWORDS
polyphenols, antioxidant capacity, untargeted metabolomics, differential metabolites, metabolic pathways


1. Introduction

Mung beans (Vigna radiata) are small and green seeds belong to the legume family with a wide range of food applications (1). According to Chinese medicine, mung beans are thought to help in the body’s detoxification, reduction of skin irritation, and clearing of body heat (2). Mung beans are rich in essential nutrients such as protein and starch (3). Also, mung beans contain bioactive substances such as phenolic acids and flavonoids with potential health benefits (4).

People are being pushed toward a healthy diet by the rise in health problems. Mung beans and their sprouts have received increasing attention for their high nutritional value. Sprouting can significantly reduce antinutrients content of mung beans while the content of beneficial substances such as polyphenols and dietary fiber can be enhanced (5). Treatments with magnetic field (6), ultrasound (7), UV irradiation (8), vacuum stress (9), and exogenous amino acids (10) were found to enhance the content of bioactive compounds such as polyphenols of grain and seed sprouts. For example, the cavitation and thixotropic effects of low-intensity ultrasound can enhance the penetration of cell wall and cell membrane, enzymes activity, the rate of material exchange and metabolism inside and outside the cell, and the growth and development of plants (11). Besides, there is a relationship between γ-aminobutyric acid (GABA) and the antioxidant system of plants. The GABA has an important role in growth and stress tolerance, signaling activation, regulation of protein degradation, and hormone synthesis in plants, as well as phenolic enrichment (12). Many studies have reported. Effect of treatment with exogenous sucrose (13), plasma-activated water (14), UV-B treatment (15), NaCl and glucose (16), sodium citrate, sodium acetate and sodium tartrate (17), Ca2+ (18), polyamines (19), spermidineon (20) germination quality, and active substances of mung bean sprouts. Although effects of germination on the phenolics content of legumes have been extensively studied, research performed to investigate effect of a combination of pretreatments on the polyphenols content of legumes during germination and to understand underlying mechanisms are limited. To the best of our knowledge, no scholars have studied the combination of ultrasound and exogenous GABA treatment of mung beans or other grain beans on the content of active substances and metabolic pathways. This study aimed to investigate effects of treatment with a combination of ultrasound and GABA pretreatment on the polyphenols content of mung beans sprouts. Differential polyphenol metabolites and metabolic pathways were also analyzed and identified. Treatment conditions were optimized to produce mung bean sprouts with enriched polyphenols content and higher antioxidant activity.



2. Materials and methods


2.1. Materials

Total Antioxidant Kit, ABTS, 2,2-diphenyl-1-picrylhydrazyl (DPPH), potassium persulfate, ethanol, formic acid, ammonium formate, and acetonitrile (Sigma-Aldrich, Shanghai, China). Folin-ciocalteu reagent, rutin, sodium carbonate, aluminum chloride, sodium nitrite, γ-aminobutyric acid, gallic acid, and sodium hypochlorite (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China). Other chemicals and reagents were of analytical grade.



2.2. Germination of mung beans

Mung bean seeds were obtained from Beidahuang Grain Group Co., Ltd. Seeds (50.00 g) with granular shapes and uniform sizes were chosen for the study. Surface of the mung bean seeds was disinfected by immersion in 0.5% (v/v) sodium hypochlorite solution for 15 min, and then rinsed three times with distilled water and drained. The treated mung bean seeds were placed in a 250 mL beaker, and GABA solution was added at a seed/liquid ratio of 1:3 (w/v). The samples were placed in an ultrasonic generator (KH-500GDV, Hechuang Ultrasonic Instrument Co., Ltd., Kunshan, China) at 20°C with a specific power for 40 min, and then transferred to a 30°C water bath. The soaked mung beans were placed in the germination tray and 500 mL of GABA solution was placed at the bottom of the germination tray, and the seeds were covered with two layers of gauze. The samples were placed in an incubator (ZXMP-R1230, Zhicheng Inc., Shanghai, China) at 30°C and a humidity of 75% for 48 h, and the GABA medium was replaced every 12 h. The mung bean sprouts were washed with distilled water to remove mucus, freeze-dried to constant weight, crushed three times, packaged in vacuum bags, and stored in a freezer at −80°C until use.



2.3. Single-factor experiment

A single-factor experiment was carried out to investigate the effects of ultrasound and GABA parameters on extraction efficiency and to determine a narrow range of different parameters. Four extraction parameters were studied, including GABA concentration (0, 5, 10, 15, and 20 mmol/L), GABA soaking time (2, 4, 6, 8 and 10 h), ultrasonic power (240, 280, 320, 360, and 400 W) and ultrasonic time (10, 20, 30, 40, and 50 min).



2.4. Response surface optimization experiment

According to results of the single-factor experiment, three main variables (GABA concentration, ultrasonic power, and ultrasonic time) were chosen for the response surface optimization. Design Expert Software (version 8.0.6.1, Stat-Ease, Inc., Minneapolis, USA) was used to generate a Box-Behnken design and analyze the data. A 3-level, 3-factor Box-Behnken design was generated by the software, consisting of 17 experimental runs (21). Each variable was coded at three levels (−1, 0, 1). The experimental factors and levels are listed in Table 1.


TABLE 1    Coded levels of independent variables.
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2.5. SEM analysis

Ultrasonic treatment can effectively activate various enzymatic activities and accelerate the germination process. It promotes the decomposition of large molecules such as starch and protein into small molecule compounds. Scanning electron microscopy (SEM) was used to observe the changes of the apparent morphology after pretreatment germination. SEM analysis carried out as described by Wang (22). Powder particles morphology was analyzed using a SEM (S-3400N, Hitachi Limited, Tokyo, Japan) at magnification of ×5000.



2.6. Extraction of mung bean sprouts

Optimal conditions for extraction of sprouts using ethanol were chosen based on a preliminary study. A sample of 20.00 g mung bean sprout powder was weighed into a 1,000 mL conical flask with a stopper and connected with a water-cooling device. Aqueous ethanol solution (60%, v/v) was added at a solid-to-liquid ratio of 1:35 (w/v) and mixed well. The mixture was stirred at a temperature of 40°C for 2 h using a magnetic stirrer. The extract was obtained by vacuum filtration. Each sample was extracted three times in parallel and stored in a refrigerator at 4°C for determination of free polyphenols, free flavonoids content, antioxidant activity, and untargeted metabolomics assays.



2.7. Determination of free polyphenols and free flavonoids

The free polyphenols content was determined by the Folin-ciocalteu method (23). A sample of 1.0 mL extract was pipetted into a test tube, 3.0 mL of Folin-ciocalteu reagent was added, shaken well, and allowed to stand for 30 s. Then, 6.0 mL of 12% Na2CO3 solution was added, the mixture shaken well, and diluted to 25 mL. The mixture was stored in the dark at 25°C for 2 h, and the absorbance was measured at a wavelength of 765 nm using a spectrophotometer (TU-1800 UV, Beijing general analytical instrument, Beijing, China). The standard curve equation of gallic acid was as follows: y = 0.15x + 0.059 (R2 = 0.9997). The results were recorded as mg of gallic acid equivalents per g dry weight (mg GAE/g DW) of mung bean sprouts.

The content of free flavonoids was determined with rutin as a standard (24). A sample of 3.0 mL extract was put into a 10 mL graduated test tube, and 0.3 mL of 5% NaNO2 was added. The mixture was shaken well and allowed to react in the dark for 6 min, and 0.3 mL of 10% Al (NO3)3 was added, mixed well, and allowed to react in the dark again for 6 min. Finally, 4 mL of 4% NaOH solution was added, and the mixture was diluted to 10 mL using 70% ethanol solution, mixed well, and allowed to react in the dark for 15 min. The absorbance was then measured at a wavelength of 510 nm. The standard curve equation of rutin was as follows: y = 11.817x + 0.0362 (R2 = 0.9992) of mung bean Sprouts. The data were expressed as mg rutin equivalents per g dry weight (mg RE/g DW) of mung bean sprouts.



2.8. Antioxidant activity assays


2.8.1. Total antioxidant capacity

The total antioxidant capacity of mung bean sprouts extract was determined using a T-AOC kit. The absorbance was measured at 520 nm (TU-1800 UV, Beijing general analyical instrument, Beijing, China). The total antioxidant capacity was calculated as follows:
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Where OD1 is the absorbance value of the sample to be tested. OD2 is the absorbance value of the control sample. V1 is the volume of the reaction solution. V2 is the sampling amount.



2.8.2. DPPH radical scavenging capacity

A sample of 0.40 mL extract was mixed with 2.6 mL of DPPH in ethanol solution (0.1 mmol/L, w/v) and placed in the dark for 30 min. Then, the absorbance was measured at 517 nm using absolute ethanol as a blank (25). The DPPH radical scavenging capacity was calculated as follows:
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Where A1 is the absorbance of 400 μL sample extract and 2.6 mL DPPH solution. A2 is the absorbance of 400 μL extract and 2.6 mL absolute ethanol. A0 is the absorbance of 400 μL absolute ethanol and 2.6 mL DPPH solution Control absorbance value of the solution.



2.8.3. ABTS radical scavenging capacity

A sample of 0.1 g ABTS and 0.029 g potassium persulfate powder was dissolved in deionized water to make 100 mL of ABTS free radical stock solution. The prepared solution was stored in a refrigerator at 4°C for 12 h and then was diluted until the absorbance at 734 nm was 0.700 ± 0.020. A sample of 0.2 mL extract was put in a test tube and 5.8 mL of ABTS solution was added, mixed well, and the mixture was allowed to react in the dark for 6 min. Then, the absorbance was measured at 734 nm (26). The ABTS radical scavenging activity was calculated as follows:
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Where A1 is the absorbance value of the blank control group. A2 is the absorbance value of the sample solution measurement group.




2.9. Untargeted metabolomic analysis

Untargeted metabolomics was performed with reference to Gabriele’s method (27). The extract was centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatant was filtered through a 0.22 μm membrane. The LC analysis was performed on a Vanquish UHPLC System (Thermo Fisher Scientific, Waltham, USA). Chromatography was carried out with an ACQUITY UPLC® HSS T3 column (150 × 2.1 mm, 1.8 μm) (Waters, Milford, MA, USA). Chromatographic conditions were chromatographic column, a flow rate of 0.25 mL/min, column temperature of 40°C, and injection volume of 2 μL. In the positive ion mode, the mobile phases were 0.1% formic acid acetonitrile (C) and 0.1% formic acid water (D), and in negative ion mode, the mobile phases were acetonitrile (A) and 5 mM ammonium formate water (B) (28). Mass spectrometry conditions were as follows: Thermo Orbitrap Exploris 120 mass detector (Thermo Fisher Scientific, Waltham, USA), electrospray ionization source (ESI), and data were collected in positive and negative ion modes. The first-level full scan was performed with a resolution of 60,000, the first-level ion scanning range was m/z 100–1000, and the second-level fragmentation was performed by HCD. The collision voltage was 30%, and the second-level resolution was 15,000. The first four ions were fragmented. At the same time, dynamic exclusion was used to remove unnecessary MS/MS information (29).



2.10. Statistical analysis

All experiments were carried out at least in triplicate, and the data were statistically analyzed and expressed as mean ± SD. Analysis of variance (ANOVA) and Duncan’s multiple range test with a confidence interval of 95% was performed using SPSS 26 software (SPSS 26, International Business Machines Corporation, Armonk, New York, USA).

Data processing and multivariate analysis: The raw data were firstly converted to mzXML format by MSConvert in ProteoWizard software package (v3.0.8789) and processed using XCMS for feature detection, retention time correction, and alignment. The metabolites were identified by accuracy mass (<30 ppm) and MS/MS data which were matched with HMDB1, massbank2, LipidMaps3, mzcloud4, and KEGG5. Data were mean-centered using scaling. Models were built on principal component analysis (PCA), orthogonal partial least-square discriminant analysis (PLS-DA), and partial least-square discriminant analysis (OPLS-DA). P value < 0.05 and VIP values > 1 were considered to be statistically significant metabolites.

Pathway analysis: Differential metabolites were subjected to pathway analysis by MetaboAnalyst. The metabolites and corresponding pathways were visualized using KEGG Mapper tool.




3. Results


3.1. Single-factor analysis

Effects of ultrasound and GABA conditions, including GABA concentration, GABA soaking time, ultrasound power, and ultrasound treatment time on the free polyphenols content are shown in Figure 1. The free polyphenols content increased with the increase of GABA concentration up to 10 mmol/L (Figure 1A). At GABA concentration of 10 mmol/L, the highest free polyphenol content was 4.11 mg GAE/g DW. However, as the GABA concentration increased to 15 and 20 mmol/L, the free polyphenols content tended to decrease. It was reported that GABA as a signaling molecule binds to glutamate receptors in plant cells (30). In this study, with the increase of GABA concentration, GABA bonded to the receptor to saturation, increasing the free polyphenols content. From Figure 1B, it can be seen the highest free polyphenol content was achieved when mung beans were soaked in GABA solution for 8 h. This may be attributed to that ultrasonic pretreatment caused changes in the structure of cell membranes, increasing GABA solution absorption capacity of the mung bean seeds, which reflected in increased free polyphenols content (31). When mung beans are soaked at appropriate temperature for enough time, the cell wall is soften, enhancing seed coat permeability, and releasing seed dormancy (32). GABA in solution penetrated the seeds and involved in the anabolism of polyphenols by activating related enzymes. However, the free polyphenol content decreased as soking prolonged to 10 h, which may be attributed to the loss of polyphenols and reduction of enzymes activity as soaking prolonged. A shorter soaking time is not enough to soften the seed coat and the embryonic axis is difficult to grow through the seed coat. Therefore, the soaking time of 8 h was chosen as optimal.
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FIGURE 1
Effects of γ-aminobutyric acid (GABA) concentration (A), soaking time (B), ultrasonic power (C), and ultrasonic time (D) on the free polyphenol content of mung bean. The GABA concentration, soaking time, ultrasonic power, and ultrasonic time were 10 mmol/L, 8 h, 360 W, and 30 min, respectively. Data are mean ± SD (n = 3). Different subscript letters indicate significant differences at p < 0.05.


The cavitation of ultrasound produces tiny bubbles, which collapse at the mung bean seed coat, damaging the surface of the seed coat, and creating tiny holes. The seed coat is a physical barrier that prevents the seed from absorbing water and oxygen, which are necessary for seed germination. Therefore, increasing seed coat porosity may increase water and oxygen uptake and promote germination (33). It can be seen from Figure 1C that the free phenol content firstly increased then decreased with the increase of ultrasonic power. This may be explained by that the low ultrasonic power promoted hydration of the mung bean seeds and enhanced activity of polyphenol metabolic pathway enzymes (34, 35), accelerating synthesis of polyphenols and the release of bound phenolic compounds. Ultrasonication at 400 W resulted in a decrease in the polyphenol content. It may be attributed to mechanical damage and cavitation of high ultrasonic power, which resulted in structural breakage of mung bean seeds and loss of polyphenols. From Figure 1D, with the increase of sonication time, the free polyphenol content firstly increased reaching a maximum value at 30 min of ultrasonication, then tended to decrease. This may be explained by that ultrasonication for shorter time can effectively activate enzymes of polyphenol metabolic pathway and promotes the release of bound phenolics from the seed coat. However, the prolonged sonication produces damage to seed cells, reduces polyphenol synthesis, and enhance the loss of polyphenols in the soaking solution.



3.2. Response surface optimization


3.2.1. Effects of ultrasonic and GABA on the free polyphenols content

The response surface optimization design factor levels and results are shown in Tables 1, 2. Response surface results were analyzed with Design Expert 8 software, and the ANOVA results are shown in Table 3. The total model was highly significant (p < 0.01), the lack of fit was not significant (p > 0.05). The results showed that the polynomial has acceptable accuracy, it was possible to predict effects of GABA concentration, ultrasonic power, and ultrasonic time on the free polyphenol content of mung beans after germination. A significance test of the regression model showed that X1, X12, and X22 had a significant effect on polyphenols content (p < 0.05), and X2, X3, X1X2, and X32 had a highly significant effect on the polyphenols content (p < 0.01). However, effect of other factors was not significant. According the F value, effect of factors on the polyphenol content of mung bean sprouts was in the order ultrasound power > ultrasound time > GABA concentration.


TABLE 2    Response surface design and free polyphenols content of the mung bean extracts.
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TABLE 3    Analysis of variance (ANOVA) of response surface regression model.
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3.2.2. Response surface interaction analysis

Analysis of the response surface map is based on a rational experimental design. Using the variability of the response surface and the sparsity of the contours, optimal process conditions can be determined while allowing visual evaluation of the interactions between factors. Changes in the response surface and contours in Figure 2 reflect the effect of interaction between GABA concentration (A) ultrasound power (B) and ultrasound time (C) on the free polyphenols content of germinated mung beans. The shape of the contour map reflects the interaction between various factors (13). When the contour is circular, this means that the interaction of the two factors is not significant, while elliptical or saddle-shaped contour indicates significant interaction between the two factors.


[image: image]

FIGURE 2
Contour lines and response surface diagrams of the interaction between X1X2 (A,B), X1X3 (C,D), and X2X3 (E,F). (X1) GABA concentration, (X2) ultrasonic power, and (X3) ultrasonic time.


Figure 2 shows the response surface and contour plots for the interaction of AB (GABA concentration and ultrasound power), AC (GABA concentration and ultrasound time), and BC (ultrasound power and ultrasound time), where the AB interaction was significant (p < 0.05, Table 2). The contour plots of AB are elliptical (Figures 2A, B), indicating a strong interaction between the relevant factors, while the contour plots of AC and BC are circular, indicating a relatively weak interaction between factors.



3.2.2. Determination and verification of optimal conditions

Process parameters were optimized using Design Expert 8 software. The optimal conditions for enrichment of mung bean sprout with polyphenols was obtained as follows: ultrasound power of 366.13 W, ultrasound time of 41.77 min, and GABA concentration of 11.27 mmol/L. The predicted polyphenols content was 4.52 mg GAE/g DW. As these parameters were not conducive to operation, parameters were adjusted to be ultrasound power 370 W, ultrasound time 40 min, and GABA concentration of 10 mmol/L. Validation tests were performed under these conditions (three times in parallel). Polyphenols content of 4.49 mg GAE/g was obtained for the mung bean sprouts, which was similar to the predicted value. This indicates that the optimized conditions for enrichment of mung bean sprout with polyphenols using response surface analysis are reliable.




3.3. Morphological structure of mung bean sprout powder

Surface morphology of mung bean sprouts powder is shown in Figure 3. It can be seen that surface of the untreated mung bean powder is smooth with a small number of attached fine particles. However, surface of the germinated mung bean powder is disrupted with scaly and lamellar structure. This may be attributed to damage and breakdown in surface of starch granules and protein during germination (36). Besides, the cavitation and mechanical effects of ultrasound treatment might contribute to changes in morphological structure of mung bean sprouts particles (37).
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FIGURE 3
Scanning electron microscopy (SEM) images of the ungerminated and germinated mung beans. M, ungerminated mung bean; CM48, mung bean germinated for 48 h; M48, mung bean pretreated with a combination of ultrasonic and γ-aminobutyric acid (GABA) and germinated for 48 h.




3.4. Free polyphenols, flavonoids content, and antioxidant activity

The free polyphenols and flavonoids content, total antioxidant capacity, ABTS free radical scavenging, and DPPH free radical scavenging activities of the ungerminated and germinated mung bean seeds are shown in Figures 4A–E. A combination treatment with ultrasound and GABA resulted in mung bean sprouts with enhanced free polyphenols and flavonoids contents compared to both the untreated mung bean seeds and seeds germinated without ultrasonic and GABA treatments.
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FIGURE 4
The free flavonoids content (A), free polyphenols content (B), and total antioxidant capacity (C), ABTS radical scavenging activity (D), and DPPH radical scavenging activity (E) of sprouted mung bean. M, mung bean; CM48, mung bean germinated for 48 h; M48, mung bean pretreated with a combination of ultrasonic and γ-aminobutyric acid (GABA) germinated for 48 h; FF, free flavonoids; FP, free polyphenols; T-AOC, total antioxidant capacity; ABTS, 2,2-Azino-bis-3-etilbenzotiazolin-6-sulfonic acid; DPPH, 2,2-diphenyl-1-picrylhydrazyl; RSC, radical scavenging capacity.


Ultrasonic makes the seed shell fragment and accelerates the hydration process, leading to changes in the molecular structure and catalysis of enzymes, triggering the defense response system and enhancing the production of secondary metabolites such as polyphenols (38). Also, the cavitation and mechanical effects of ultrasonics enhance the permeability of cell membranes, promoting the diffusion and membrane transport of ions and metabolites (39). The exogenous GABA can pass through the cell membrane and enter the cell. Effect of GABA can be attributed to that it regulates the key enzyme genes of polyphenols synthesis, increasing protein expression and enzyme activity (40), stimulate hormone production, regulate growth and development, and further cause intracellular physiological and biochemical changes, regulating polyphenols metabolism pathway gene expression to achieve the enrichment effect. Therefore, the increase in polyphenols content of mung beans can be attributed to the combined effect of GABA, ultrasonic, and germination treatments.

The highest total antioxidant capacity, ABTS radical scavenging activity, and DPPH radical scavenging activity were found for mung bean subjected to a combination of GABA and ultrasound treatments and germinated for 48 h (Figures 3C–E). Polyphenolic compounds are natural antioxidants, therefore, the correlation between the free polyphenols and flavonoids content and antioxidant activities of the mung bean sprout extracts was analyzed. From Table 4, it can be seen that all correlation coefficients were above 0.946. The correlation between flavonoids and antioxidant capacity was higher. This is because the synthesis of flavonoids is downstream of the phenolic acid synthesis pathway and accumulates in larger quantities. These results indicate that the antioxidant activity is generally consistent with the polyphenols content, and the enhancement in antioxidant activity can be mainly attributed to the increase in antioxidants content such as polyphenols after GABA, ultrasound, and germination treatments of mung bean. Additionally, the antioxidant capabilities of mung beans may be influenced by the presence of vitamins such as vitamins E and C as well as other antioxidants (41). The contents of these substances increased by germination, enhancing the antioxidant capacity (42).


TABLE 4    Correlation analysis of free polyphenols (FP) and flavonoids (FF) content and antioxidant activity of mung bean sprouts.
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3.5. Differences in metabolites of mung bean sprouts

On the PCA score graph, the QC samples were clustered together, indicating that the results are highly reliable and reproducible, and the systematic error is within the controllable range (Figure 5). Different germination treatments were separated, and there was a clustering trend within the group. The analysis showed differences in metabolites of mung beans for different germination treatments. The untargeted metabolomics results also showed differences in the content and composition of polyphenols during the germination of mung beans treated by a combination of ultrasound with GABA. These differences are resulted from accumulation and metabolism of polyphenols metabolites during processing.
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FIGURE 5
Untargeted metabolomics PCA score plot (A) and PCA-Loading plot (B). M, ungerminated mung bean; CM48, mung bean germinated for 48 h; M48, mung bean pretreated with a combination of ultrasonic and γ-aminobutyric acid (GABA) and germinated for 48 h.


The ultrasonic pretreatment resulted in differences in the composition of metabolites in mung bean sprouts of different germination stages with exogenous GABA as a nutrient solution (Figure 6). About 55 polyphenolic metabolites were identified using non-targeted metabolomics techniques (Figure 6A). The identified polyphenol compounds can be divided into four categories, flavonoids, isoflavonoids, phenols, coumarins, and derivatives (Figure 6B).
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FIGURE 6
Polyphenol metabolites heat map (A) and component ratio chart (B) of mung bean sprouts. M, untreated mung bean; CM48, mung bean germinated for 48 h; M48, mung bean pretreated with ultrasonic and γ-aminobutyric acid (GABA) and germinated for 48 h.


Differential accumulation of polyphenolic compounds in mung beans treated with a combination of ultrasonic and GABA and germinated for 48 h (M48), mung bean germinated for 48 h without ultrasonic and GABA treatment (CM48), and untreated mung bean seeds (M), and the results are shown on a volcano plot (Figure 7). CM48 had 31 upregulated and 1 downregulated polyphenolic compound compared to M (Figure 7A). However, M48 showed 32 upregulated and 1 downregulated polyphenolic compound compared to M (Figure 7B). Additionally, M48 showed 6 upregulated [Genistein, (-)-Epigallocatechin, Epicatechin, Nobiletin, Naringenin, Biochanin A] and 3 downregulated [Delphinidin 3-rutinoside, Morin, (2S)-Liquiritigenin] polyphenolic compounds compared to CM48 (Figure 7C).
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FIGURE 7
Volcano plot depicting up- and down- accumulated metabolites for each pairwise comparison. M, ungerminated mung bean; CM48 vs. M (A), M48 vs. M (B), and M48 vs. CM48 (C); CM48, mung bean germinated for 48 h; M48, mung bean pretreated with a combination of ultrasonic and γ-aminobutyric acid (GABA) and germinated for 48 h.


Figure 8 shows the relative content of six metabolites found in mung bean treated by a combination of ultrasound with GABA and germinated for 48 h. Genistein has been found to possess beneficial effects by inhibiting the migration of tongue cancer cells, preventing women’s diseases and regulating intestinal health (43–45). (-)-Epigallocatechin and Epicatechin can be used as adjuvants in the treatment of hemostatic disorders caused by snake venom, and also have retinal and cardiovascular health effects (46–48). Nobiletin improves diabetic nephropathy, regulates platelet function, and reduces non-alcoholic fatty liver disease (49–51). Naringenin is an effective anti-cancer agent that reduces inflammation and allergic reactions (52, 53). Biochanin A can effectively lower blood lipids (54).
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FIGURE 8
Changes in polyphenols of germinated mung beans. M, untreated mung bean; CM48, mung bean germinated for 48 h; M48, mung bean pretreated with a combination of ultrasonic and γ-aminobutyric acid (GABA) and germinated for 48 h.




3.6. Metabolic pathway analysis

To explore the main metabolic pathways, differential polyphenol metabolites were annotated based on the KEGG database. The results showed that the main metabolic pathways of polyphenol metabolites in mung beans at different germination modes were isoflavones biosynthesis, flavonoid biosynthesis, biosynthesis of phenylpropanoids, anthocyanin biosynthesis, phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, tyrosine metabolism, biosynthesis of secondary metabolites, and metabolic pathways (Figures 9A, B). The most important metabolic pathways were flavonoid biosynthesis, isoflavones biosynthesis, and biosynthesis of phenylpropanoids. Analysis of the differences in metabolic pathways between mung bean treated by a combination of ultrasound with GABA and germinated for 48 h and mung bean germinated without ultrasonic and GABA treatments (Figure 9C) revealed that six metabolic pathways were activated, including flavonoid biosynthesis, isoflavones biosynthesis, biosynthesis of phenylpropanoids, anthocyanin biosynthesis, biosynthesis of secondary metabolites, and metabolic pathways. Figures 9D–F shows distribution of the differential metabolites along the metabolic pathway between the different contrasts. From Figures 9D, E, it can be seen that both control germination and germination combined with ultrasound and GABA treatments were effective in activating polyphenol metabolic pathways. Figure 9F shows the differences in metabolic pathways between germination combined with ultrasound and GABA treatments and control germination groups, six metabolic pathways were enhanced after pretreatment. These findings suggest that pretreatment with a combination of ultrasound and exogenous GABA enhance the accumulation of polyphenols during mung bean germination.
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FIGURE 9
KEGG pathway enrichment of differential metabolites (A–C), and network diagram of the distribution of differential metabolites in metabolic pathways (D–F). M, ungerminated mung bean; CM48, mung bean germinated for 48 h; M48, mung bean pretreated with a combination of ultrasonic and γ-aminobutyric acid (GABA) and germinated for 48 h.





4. Conclusion

Mung bean sprouts enriched with polyphenols were produced using a combination of ultrasound and exogenous GABA pretreatment. Ultrasound power of 370 W, ultrasound time of 40 min, and GABA concentration of 10 mmol/L were found to be optimal for pretreatment of mung bean seeds. The combined ultrasound and GABA pretreatment enhanced the content of free polyphenols and flavonoids and antioxidant capacity of the germinated mung beans compared to germination without pretreatment. Results of the untargeted metabolomic analysis indicated that a combination of ultrasound and exogenous GABA pretreatment significantly enhanced the content of six polyphenols in the germinated mung beans. The ultrasonic treatment at optimal power and time softened coat of mung bean seeds and enhanced the absorption of GABA solution. Besides, the cavitation effect of ultrasound produced tiny pores in the seed cell wall, which facilitated membrane transport of GABA. The GABA was involved in the flavonoids, isoflavones, and phenylpropanoids synthesis, and metabolic pathways. The appropriate intensity of ultrasound treatment enhanced the permeability of the cell wall and accelerated the transmembrane transport of GABA. GABA acted as an enzyme activator and promoted the metabolism of polyphenols. Further research is needed to investigate potential health benefits of the mung bean sprouts in animal models and human subjects.
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Lotus (Nelumbo) leaves are rich in polyphenols and dietary fiber, which have the potential as a high-quality fiber material in functional food. However, lotus leaves exhibit dense structure and poor taste, it is vital to develop appropriate modification methods to improve the properties of lotus leaves dietary fiber. In this study, the effects of three modification methods with shear emulsifying (SE), ball milling (BM), and autoclave treatment (AT) on structure, physicochemical properties, phenolic compounds, and antioxidant capacity of lotus leave dietary fiber (LDF) were evaluated. SEM indicated that there were significant differences in the microstructure of modified LDFs. FT-IR spectra and X-ray diffraction pattern of modified LDFs revealed similar shapes, while the peak intensity and crystalline region changed by modification. SE showed the greatest effect on crystallization index. SE-LDF had the highest water holding capacity, water swelling capacity, and bound phenolic content in LDFs, which increased by 15.69, 12.02, and 31.81%, respectively, compared with the unmodified LDF. BM exhibited the most dramatic effect on particle size. BM-LDF had the highest free phenolic and total phenolic contents in LDFs, which increased by 32.20 and 29.05% respectively, compared with the unmodified LDF. Phenolic compounds in LDFs were mainly free phenolic, and modifications altered the concents of flavonoids. The BM-LDF and SE-LDF exhibited higher antioxidant capacity than that of AT-LDF. Overall, SE-LDF showed better physical properties, and BM-LDF showed better bioactive components. SE and BM were considered to be appropriate modification methods to enhance the properties of LDF with their own advantages.
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1. Introduction

Dietary fibers mean carbohydrate polymers with 3 or more monomeric units, which are resistant to the endogenous digestive enzymes and thus neither hydrolyzed nor absorbed in the small intestine of humans (1). They have shown a positive impact on human health, such as reducing blood sugar and blood lipids, preventing obesity, and regulating intestinal flora (1, 2), therefore they have become a functional food raw material favored broadly by the consumer in recent years. Dietary fibers extracted from plants are often combined with natural plant polyphenols which show antioxidant activity (3), and which exhibit better functional characteristics for to human health than pure dietary fibers (4). These dietary fibers can be obtained from agricultural residue, and reasonable exploitation can greatly improve the added value of agricultural products, which has attracted the attention of researchers (5). However many dietary fibers in plant sources show disadvantages such as compact structure and poor taste, which lead to their low exploitation and utilization, it is necessary to modify dietary fibers in plant sources. Many studies have found that appropriate modifications, such as high pressure, high heat, shearing, extrusion and cellulase hydrolysis, can improve the positive impact of dietary fibers on human health by changing the structure, chemical components, physicochemical and functional properties (3, 6–8). Therefore, it is of great importance to select appropriate modification methods of dietary fibers, which is directly related to their exploitation value.

Shear emulsifying (SE) is based on the high-speed rotation rotor that creates a strong fluid shear force between the inner rotor and external stator, meanwhile the high rotational speed also produces intense laminar, turbulent and cavitation effects(9). These comprehensive effects change the structure, conformation and several properties of samples (6). SE has been widely used in the food industry for emulsification, dispersion, chemical reactions, cell disruption, deagglomeration, etc (9). Many studies have shown that SE can improve the extraction rate of soluble dietary fiber in raw materials, such as bamboo shoot fiber (10), defatted walnut flour (11) and akebia trifoliata koidz. seeds (12), while there are few studies on the application of shear emulsifying on insoluble dietary fiber. Our previous studies preliminarily showed that SE significantly enhanced the water-holding capacity and expansibility of insoluble dietary fiber compared with other fiber modification treatments, so SE may have its unique advantages in the modification of insoluble dietary fiber. Ball milling (BM) is a technique that uses mechanical as well as thermal effects to change the physical and chemical properties of raw materials (7), which has become a common fiber modification method in the food industry. The samples of planetary ball milling are mainly ground by the pressure, collision, and absorption between the grinding balls and the inner wall of the jar(s). The temperature may rise at the same time in this process, resulting in thermal effects (13). Due to these effects, BM can rapidly reduce the particle size of dietary fibers and modify the various properties of the material, such as asparagus leaf (3), grape pomace (13), soybean insoluble dietary fiber (14) and sea buckthorn insoluble dietary fiber (15). Autoclave treatment (AT) is a frequent method of food processing and sterilization. The combination of pressure treatment and thermal treatment can destroy the structure of macromolecules and lead to changes in functional properties, such as affecting the physical and chemical functions of fiber materials, affecting the dissolution rate of free polyphenols and antioxidant performance, which have been reported in many research reports, such as brewers' spent grain (8), whole grain oats (16), black bean (17), and waste orange peels (18).

Lotus (Nelumbo) originates in Asia and has seen cultivation for more than 3000 years as a food-stuff and a medicinal crop (19). The ancient literature of traditional Chinese medicine recorded lotus leaves can remove heart-fire and heart-heat, cool blood and arrest bleeding (20), and modern medical research has highlighted the promising health activities of lotus leaves including antioxidant activity, anti-diabetes, anti-obesity, anti-neurotic, anti-inflammation, anti-cancer, liver protection, etc (21, 22). Lotus (Nelumbo) leaves are rich in polyphenols compounds and dietary fiber (21), which meet the conditions as a source of high-quality dietary fibers. Therefore, lotus (Nelumbo) leaves dietary fiber (LDF) have a good exploitation potential which can be used as a high-fiber supplement in food processing. In recent years, there have been many studies on lotus (Nelumbo) leaves polyphenols (20, 22, 23), while the fiber components with large content in lotus (Nelumbo) leaves have hardly been reported. Due to the dense structure and poor taste of lotus (Nelumbo) leaves, it is vital to choose appropriate fiber modification methods to improve the exploitation value of lotus (Nelumbo) leaves. In this study, the effects of three modification methods with SE, BM, and AT on structure, physicochemical properties, phenolic compounds and antioxidant capacity of LDF were evaluated. The results of this research could providing an appropriate basis for further exploitation of LDF as a new high-quality fiber supplement in functional food.



2. Materials and methods


2.1. Materials

Dry lotus (Nelumbo) leaves was provided by Hunan Zhenxing Traditional Chinese Medicine Co., Ltd. (Changsha, Hunan, China). Cellulase (CAS 9012-54-8, S10041) was bought from Shanghai Yuanye Biotechnology Co., Ltd (Shanghai, China). Total dietary fiber assay kit (TDF-200A) was bought from Megazyme International Ireland Ltd (Bray, Ireland). Rutin, hyperoside, isoquercitrin, astragalin and quercetin were bought from Chengdu Aifa Biotechnology Co., Ltd (Chengdu, Sichuan, China). Catechin, myricetin and kaempferol were bought from Hefei Bome Biotechnology Co. Ltd (Hefei, Anhui, China). DPPH and ABTS were brought from Shanghai Maclean Biochemical Technology Co. Ltd (Shanghai, China). The rest of reagents were brought from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and were analytical pure.



2.2. Modification treatment of lotus leaves powder

Dry lotus leaves, 4–7 cm long and 1–2 cm wide, were crushed with a pulverizer (FW-200, Beijing Zhongxing Weiye Instrument Co., Ltd, Beijing, China), and then passed through a 50-mesh sieve to obtain lotus leaves powder.


2.2.1. SE modification

Lotus leafes powder (30 g) was mixed with 750 mL distilled water, and was sheared at 8000 rpm for 30 min with a shear emulsifying (FM20-D, Shanghai Fluko Technology Development Co., Ltd., Shanghai, China). The mixture was centrifuged at 5000 rpm for 15 min to remove the supernatant. The SE modified lotus leaves powder was obtained by freeze-drying and sealed until use.



2.2.2. BM modification

Lotus leaves powder (50 g) was processed with a planetary ball mill (XQM-4, Changsha Tianchuang Powder Technology Co., Ltd, Changsha, Hunan, China), and mixed with 0.9 kilograms of zirconia balls in a 1-L vessel at 500 rpm for 30 min. The BM modified lotus leaves powder was obtained and sealed until use.



2.2.3. AT modification

Lotus leaves powder (250 g) was spread over a stainless steel dish, added 50 mL of distilled water and stirred well, and placed in a 4°C refrigerator for 3 h. Then the stainless steel dish was placed in an autoclave (LDZX-5DKBS, Shanghai Shen an Medical Instrument Factory, Shanghai, China) for 30 min at 121°C (0.10 MPa). The AT modified lotus leaves powder was obtained by freeze-drying and sealed until use.




2.3. Lotus leaves dietary fiber preparation

Lotus leaves powder (100 g) was mixed with 1500 mL of hydrochloric acid at the pH 4.0 with 2.50 g cellulase addition. The mixture was incubated at 50°C, 250 rpm for 2 h with vibration, and was centrifugated at 5000 rpm for 20 min to remove the supernatant. The precipitate was then gathered and dried by freeze-drying to obtain LDF. The lotus leaves powder, SE modified lotus leaves powder, BM modified lotus leaves powder and AT modified lotus leaves powder were extracted to obtain control (unmodified LDF), SE-LDF, BM-LDF and AT-LDF, respectively.



2.4. Structure
 
2.4.1. Scanning electron microscopy

The method was slightly modified according to Zhu et al. (15). The electron microscopy observation and photographing of sample was carried out using an SEM (EVO18, Carl Zeiss AG., Germany). Sample was loaded on a sample holder with double-sided conducting adhesive tapes, and coated with a gold layer. Subsequently, sample was observed at 10k × and 2k× magnification at 30.0 kv.



2.4.2. Fourier transform infrared spectroscopy

The method was slightly modified according to Jiang et al. (12). FTIR spectra of samples were analyzed with an FTIR spectroscopy instrument (Nicolet 380, Thermo Fisher Scientific Inc, USA). Sample (2 mg) was mixed with 200 mg of KBr and then pressed into one slice. FITR spectra was recorded in the full wavelength of 4000–400 cm−1. The mixture was scanned for 32 times at a resolution of 4 cm−1.



2.4.3. X-ray diffraction

XRD analysis of sample was carried out as described by Zheng et al. (24) and measured by an X-ray diffractometer (D8 Advance, Brooke AXS Co., Ltd., Germany). The determination was done at room temperature using Cu-Kα radiation source with a step size of 0.02°. The diffraction angle (2θ) was performed from 5 to 50° with a speed of 1°/min. The crystallinity index (CrI) of sample was calculated following equation.

[image: image]

where I002 is the intensity of the 002 lattice diffraction at 2θ = 22°, and Iam is the intensity of diffraction at 2θ = 18°. Iam represents the amorphous region (amorphous cellulose, hemicellulose and lignin).




2.5. Physical and chemical analysis
 
2.5.1. Dietary fiber content determination

Soluble dietary fiber (SDF), insoluble dietary fiber (IDF) and total dietary fiber (TDF) of sample were measured according to AOAC 991.43 using a total dietary fiber assay kit.



2.5.2. Particle size determination

The method was slightly modified according to Chitrakar et al. (3). Particle size of sample was measured by a laser particle size analyzer (Bettersize2600E, Dandong Better Instrument Co., Ltd., Dandong, Liaoning, China). Distilled water was selected as the dispersant. D10, D50, and D90 are equivalent volume diameters determined at 10, 50, and 90% cumulative volume, respectively. Asf represents specific surface areas of powder.



2.5.3. Water-holding capacity

The method was slightly modified according to Luo et al. (25). Sample (0.5 g) was well mixed with 10 mL of distilled water in a centrifuge tube at room temperature for 18 h. The supernatant was removed by centrifugation at 4000 rpm for 15 min, and the residue was immediately collected and weighted. WHC was calculated according to the following equation.

[image: image]

Where w is the weight of dried sample (g), and w1 is the weight of the residue (g) containing water.



2.5.4. Oil-holding capacity

The method was slightly modified according to Luo et al. (25). Sample (0.5 g) was well mixed with 10 mL of peanut oil in a centrifuge tube at room temperature for 18 h. The supernatant was removed by centrifugation at 4000 rpm for 15 min, and the residue was immediately collected and weighted. OHC was calculated according to the following equation.

[image: image]

Where m is the weight of dried sample (g), and m1 is the weight of the residue (g) containing oil.



2.5.5. Water swelling capacity

The method was slightly modified according to Wang et al. (26). Sample (0.5 g) was placed in a test tube, 5 mL of water was added and it was hydrated for 18 h at 4°C. WSC was calculated according to the following equation.

[image: image]

Where V is the volume of dried sample (mL), V1 is the volume of the hydrated sample (mL), and m is the weight of dried sample (g).



2.5.6. Color

The method was slightly modified according to Chen et al. (14). The color of sample was measured by a colorimeter analyzer (CS-820N, Hangzhou Caipu technology co., ltd., Hangzhou, Zhejiang, China). The color value was represented by the CEL L*, a*, b* values, where L* represents the brightness (0 is black, 100 is white); a* represents the redness and greenness (a* > 0, represents the degree of red; a* < 0 means green degree); b* means yellow and blue degree (b* > 0 means yellow degree, b* < 0 means blue degree). Color difference (ΔE) was calculated using the following equation. L0, a0, and b0 represent the colors of control, which used for comparison.

[image: image]
 


2.6. Polyphenol extraction and determination
 
2.6.1. Extraction of phenolic compounds

Extraction of free phenolic (FP) was slightly modified according to Sameera et al. (27). Sample (1 g) was mixed with 25 mL of acetone/methanol/water (40:40:20, v/v/v). The mixture was placed in a shaking incubator at 40°C, at 250 rpm for 1 h and centrifuged at 5 000 rpm for 10 min. After three repeat extractions, the supernatants were pooled and the solvent was rotary evaporated in vacuo at 40°C to obtain FP extract. The solids remaining after the extraction was used for the extraction of bound phenolic (BP).

Extraction of BP was slightly modified according to Dong et al. (28). The solids remaining after the extraction of FP was mixed with 10 mL of 2 M sodium hydroxide. The mixture was placed in a shaking incubator at 250 rpm for 3 h at room temperature, then acidified with 6 M hydrochloric acid to pH 2 and centrifuged at 5000 rpm for 10 min. The supernatant was extracted with ethyl acetate, and the extraction was repeated three times. The ethyl acetate phase was collected, and the solvent was rotary evaporated in vacuo at 40°C to obtain BP extract.



2.6.2. Polyphenol content determination

Polyphenol contents of FP and BP extracts were determined using the Folin-Ciocalteu method according Tian et al. (29), with slight modifications. Extract solution (100 μL) was mixed with 7.9 mL of distilled water and 500 μL of Folin-Ciocalteu reagent, then after 5 min, 1.5 mL of sodium carbonate solution (20%, w/v) was added. After resting for 2 h at room temperature, in the dark, the absorbance at 765 nm was measured using a spectrophotometer (UV-1780, Suzhou Shimadzu Instrument Co., Ltd., Suzhou, Jiangsu, China). The result was expressed as mg of gallic acid (GA) equivalent in 1 g dry weight of sample (mg GA eq/g DW).



2.6.3. Flavonoids composition determination by HPLC

The method was slightly modified according to Chen et al. (19). The flavonoids composition in different samples was determined by HPLC (1260, Agilent Technologies Co. Ltd., USA) with a reversal phase column (XB-C18, Agilent Technologies Co. Ltd., USA). FP and BP extract solution were filtered through a 0.45 μm microporous membrane before injection. HPLC conditions: column temperature 30°C, detection wavelength 360 nm, injection volume 5 μL, flow rate 0.8 mL/min. The mobile phases were acetonitrile (A) and formic acid/water (0.1:99.9, v/v). The program of gradient elution: 0–10 min, 15% A; 10–25 min, 15–20% A; 25–40 min, 20–25% A; 40–55 min, 25–30% A; 55–60 min, 30–25% A; 60–70 min, 25–15% A.




2.7. Antioxidant capacity
 
2.7.1. DPPH free radical scavenging capacity

The method was slightly modified according to Ye et al. (30). FP and BP extract solution (100 μL) was mixed with 3.5 mL of DPPH solution (0.1 mmol/L in methanol) and left to stand for 20 min in the dark, then the absorbance was measured at 517 nm by a UV Visible Spectrophotometer (UV-1780, Suzhou Shimadzu Instrument Co., Ltd., Suzhou, Jiangsu, China). The result was expressed in micromoles of Trolox equivalent to 1 g dry weight of sample (μmol Trolox eq/g DW).



2.7.2. ABTS free radical scavening capacity

The method was slightly modified according to Wootton-Beard et al. (31). 7.0 mmol/L ABTS solution (400 mL) was mixed with 200 mL of 2.45 mmol/L potassium persulfate, and let stand for 12–16 h in the dark to form stable stock ABTS+· solution. The ABTS+· stock solution was diluted with deionized water to an absorbance of 0.70 ± 0.02 at 734 nm wavelength for later using. 50 μL of FP and BP extract solution was mixed with 4.9 mL of ABTS+· solution and left to stand for 10 min in a dark environment at room temperature, then measured the absorbance at a wavelength of 734 nm by a UV Visible Spectrophotometer (UV-1780, Suzhou Shimadzu Instrument Co., Ltd., Suzhou, Jiangsu, China). The result was expressed in micromoles of Trolox equivalent to 1 g dry weight of sample (μmol Trolox eq/g DW).




2.8. Statistics analysis

All samples were prepared and analyzed in triplicate, and the experimental results are expressed as the mean ± standard deviation (Mean ± SD). The statiscal analyses were performed with IBM SPSS Statistics 23.0. One-way ANOVA was applied, followed by Duncan's multiple range test for mean comparisons and difference significance analysis (p < 0.05).




3. Results and discussion


3.1. Structural characterization
 
3.1.1. Scanning electron microscopy

The differences in many physicochemical properties of dietary fibers can be explained by the microstructure, such as dissolving out the capacity of functional components, adsorption capacity, water swelling capacity and powder fluidity, which can affect their applications in food (10). SEM images of the control, SE-LDF, BM-LDF and AT-LDF were shown in Figure 1. SEM images of all samples showed significantly different, except that there were some irregular clusters and spherical substances on the surface of samples, which were most likely the results of adsorbed small particle size fibers or residual bioactive compounds such as proteins and flavonoids (12).
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FIGURE 1
 SEM images of control, SE-LDF, BM-LDF, and AT-LDF. Magnification: 1 (10 k ×), 2 (2 k ×). Control: lotus leaves dietary fiber. SE-LDF, shear emulsifying modified lotus leaves dietary fiber; BM-LDF, ball milling modified lotus leaves dietary fiber; AT-LDF, autoclave modified lotus leaves dietary fiber.


The SEM of control showed that the fiber texture was clear and complete, and the surface was relatively flat and smooth without obvious holes and crakes. The surface of SE-LDF had a pronounced dendritic fibrous structure and few holes. This might be due to fluid shear stress and liquid layer friction forces of SE promoting particle breakage (9) and large porosity (10, 12), leading to more loose binding between components. With the removal of other components around the fiber bundle under fluid turbulence, the main structure of the fiber was preserved (32). In combination with the subsequent cellulase hydrolysis treatment, this pronounced dendritic fibrous structure and holes appeared on the surface of SE-LDF. According to the SEM of BM-LDF, the fiber texture and particle size of LDF were significantly changed by BM. Compared with other samples, the particle size was the smallest and more particles were aggregated with each other. This result might be attributed to the strong high collision, shear force and friction force caused by BM, which may severely destroy the glycosidic bond of the fiber and the hydrogen bond force between the molecules, resulting in particle breakage (7). Meanwhile, low particle size and high specific surface area leaded to an increase in the adsorption capacity of particles, making the irregular clusters and spherical substances on the surface of BM-LDF more than other samples (33). The SEM of AT-LDF exhibited a honeycomb type structure with relatively large regular holes, and relatively few irregular clusters and spherical substances on the surface. It has been reported that high heat treatment and high pressure treatment in AT can make the cellulose structure loose and expand, increase the holes, and destroy peptide bonds and glycosidic bonds, leading to transform insoluble components such as protein and polysaccharides into soluble forms (8, 18). In combination with the subsequent cellulase hydrolysis treatment, these soluble materials were removed (34) to form a honeycomb type structure with large relatively regular holes.



3.1.2. Fourier transform infrared spectroscopy

FT-IR spectra of control, SE-LDF, BM-LDF and AT-LDF were shown in Figure 2. All samples had similar characteristic spectra and typical functional groups of insoluble cellulose, which were similar to defatted walnut flour (11), grape pomace (13), okara (soybean residue) (14) and ginseng IDF (35). The broad absorption at 3287 cm−1 was mostly attributed to O-H stretching vibration in hydroxyl groups, which might be related to free hydroxyl groups exposure in cellulose, hemicellulose, lignin and phenols (36, 37). The weak peak at 2915 cm−1 was a result of the C-H stretching vibrations from methyl and methylene groups, representing the typical structure of cellulose and hemicellulose polysaccharides compounds (36, 38). The minor peak at 1719 cm−1 was assigned to the stretching vibration of C=O in hemicellulose (35). The notable peak at 1618 cm−1 indicated the presence of a benzene ring in lignin, which may be related to phenolic structures (13). The weak peak at 1544 cm−1, along with the minor peak at 1445 cm−1, was the aliphatic or aromatic C-H group vibration of lignin (35). The weak peak at 1315 cm−1 and 1251 cm−1 was mainly from the typical cellulose and hemicellulose structures (35, 37). The notable absorption at 1033 cm−1 originated from the C-O stretching vibration of C-O-C in the pyranose ring (38).
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FIGURE 2
 FT-IR spectra of control, SE-LDF, BM-LDF, and AT-LDF. Control: lotus leaves dietary fiber. SE-LDF, shear emulsifying modified lotus leaves dietary fiber; BM-LDF, ball milling modified lotus leaves dietary fiber; AT-LDF, autoclave modified lotus leaves dietary fiber.


In our study, samples had similar FT-IR spectra in general, suggesting that three modification methods did not alter the main functional groups of LDF, which were similar to those of okara (soybean residue) (14) and sea buckthorn seed meal modified by BM (15), akebia trifoliata (Thunb.) koidz. Seeds modified by SE (12) and whole grain oats modified by AT (16). While the peak intensity of BM-LDF at some absorption peaks was stronger than other samples. The particle size of BM-LDF was the lowest in all samples, and previous studies have reported that BM promoted the exposure of functional groups and facilitated the access to the corresponding groups, which may be due to sharp reduction of particle size and breakage of fiber structure by mechanical effects of BM (14, 39). In addition, the major structure and content of polyphenols in BM-LDF may be also affected FT-IR spectra (37).



3.1.3. X-ray diffraction

Insoluble dietary fibers extracted from plant cell wall mostly contains crystalline regions due to the presence of cellulose, and amorphous regions composed of non-crystalline cellulose, hemicellulose and lignin (35, 36). X-ray diffractometry has been widely used to determine the type of crystallization structure of dietary fibers. X-ray diffraction of control, SE-LDF, BM-LDF and AT-LDF were shown in Figure 3. All samples had similar characteristic spectra, and there were characteristic diffraction peaks at a 2θ diffraction angle of 14.8° and 22.5° indicating that LDF had a crystalline cellulose I-type crystal structure (40). The three modification methods did not change the crystallization structure of LDF significantly, which was similar to those of waste orange peels modified by AT (18), deoiled cumin modified by SE (32) and okara (soybean residue) modified by BM (41). However, the intensity of some diffraction peaks changed after different modification treatments. The CrI of control, SE-LDF, BM-LDF and AT-LDF were 21.01, 15.71, 19.31 and 16.54% respectively, suggesting that the modifications leaded to the damage of the crystallization region of LDF. This result was might be attributed to modifications that reduced the CrI of LDF by destroying fiber structure, increasing fiber holes, reducing particle size and facilitating enzymatic hydrolysis (15, 32, 41). The peaks at a 2θ diffraction angle from 24° to 40° could be attributed to the denaturation of cellulose during SE, BM, AT or enzyme hydrolysis (35). Compared with other samples, SE-LDF showed the lowest CrI, suggesting SE-LDF was looser in structure and weaker at the intermolecular level. Studies have reported that low CrI was related to improving hydrophilic, lipophilic and swelling capacities of dietary fibers (15), which may be used to explain the better properties of SE-LDF in some aspects.
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FIGURE 3
 X-ray diffraction of control, SE-LDF, BM-LDF, and AT-LDF. Control: lotus leaves dietary fiber. SE-LDF, shear emulsifying modified lotus leaves dietary fiber; BM-LDF, ball milling modified lotus leaves dietary fiber; AT-LDF, autoclave modified lotus leaves dietary fiber.





3.2. Physicochemical properties
 
3.2.1. Dietary fiber content

SDF, IDF and TDF contents of control, SE-LDF, BM-LDF and AT-LDF were shown in Table 1. The SDF, IDF and TDF contents of control were 5.06, 72.32 and 77.38 g/100 g DW, respectively. Compared with the control, BM and AT significantly increased SDF content in LDF by 24.31 and 44.27% (P < 0.05), and SE decreased SDF content in LDF by 18.58% although there was no significant difference between them (P > 0.05). The result was similar to those of waste orange peels (18) and brewers' spent grain (8) modified by AT, and those of waste orange peels (18), citrus fiber (38) and grape pomace (13) modified by BM. This might be because the effects of AT and BM on the structure of LDF as described above, degraded the high molecular weighted fiber of AT-LDF and BM-LDF into relatively small molecular weight polysaccharides and were conducive to dissolve in the water, resulting in higher SDF contents in AT-LDF and BM-LDF than that of control (14, 18). While the strong fluid shear by SE contributed to the release of water-soluble polysaccharides (10, 12), leading to a drop in residue of water-soluble polysaccharides and a lower SDF content in SE-LDF. Compared with the control, SE, BM and AT decreased IDF content in LDF by 4.15, 6.51 and 1.56% respectively, and IDF contents in SE-LDF and BM-LDF were significantly different from that in control (P < 0.05). A possible explanation may be that the effects of the three modifications on the fiber structure of lotus leaves were beneficial to the degradation of cellulose in the enzymatic hydrolysis process, which reduced the IDF contents in SE-LDF, BM-LDF and AT-LDF. In general, compared with the control, AT slightly increased TDF content in LDF by 1.43% (P > 0.05), and SE and BM significantly decreased TDF content in LDF by 5.08% and 4.51% (P < 0.05).


TABLE 1 Effects of modification treatment on SDF, IDF, TDF, particle size distribution, WHC, OHC, WSC, and color of LDFs.
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3.2.2. Particle size distribution

The food added with plant dietary fibers generally presents a rough texture and bad sensory acceptance (14). Reducing the particle size of dietary fibers can improve the rough texture and relates closely to enhancing its functionality (13, 42). D10, D50 and D90 and specific surface areas (Asf) of control, SE-LDF, BM-LDF and AT-LDF were shown in Table 1. Compared with the control, SE-LDF, BM-LDF and AT-LDF showed smaller D10, D50, and D90 and larger Asf. It has been reported that high temperature, high pressure, extrusion, collision and fluid shear stress could break down glycosidic bonds and peptide bonds, which lead to particle breakage and destruction, the release of oligosaccharides and proteins, dissolution of soluble components, thus reduced particle size (16, 18). Additionally, D10, D50, and D90 of BM-LDF were the lowest, which were 3.46, 15.55, and 41.16 μm respectively, reaching the level of ultra-fine grinding, suggesting that the effect of BM on the particle size of LDF was stronger than that of AT and SE in our study. The BM-LDF exhibited relatively narrow particle size distribution and better particle uniformity. Many studies have also shown that BM could rapidly reduce the particle size of powder, even to the submicron level, therefore BM is commonly used in the processing of ultra-fine powder of fiber materials (3). The effects of SE and AT on the particle size of LDF were similar, and the D50 were 171.20 and 161.00 μm. Asf of particles increases with the decrease of particle size (42), which indicated that BM-LDF may be more sufficient contact with the solution, leading to an increase in dissolving out capacity of functional components in sample and changing adsorption capacity of sample (13, 15).



3.2.3. Water-holding capacity, oil-holding capacity and water swelling capacity

WHC, OHC and WSC of dietary fibers have important significance for food quality, and are influenced by many factors, such as particle size, specific surface area, porosity, crystallinity and fiber spatial structure (33, 43). WHC can retain more water in food to reduce food dehydration and contraction (44), and promote gastrointestinal peristalsis in the human body (36). OHC can make the fat in food not easy to flow out and stabilize food quality, which helps to prolong the shelf life, and accelerate fat excretion and reduce serum cholesterol levels in the human body (45). WHC affects food viscosity, and reduces intestinal transit time and delays gastric clearance speed in the human body (43). Previous studies have shown that the interaction of dietary fiber with water or oil can be summarized into two types: (i) physical forms through adsorption, encapsulation and interception of water or oil, and (ii) chemical bonds formed through the bonding of hydrophilic groups exposed to water or the bonding of lipophilic groups exposed to oil (32, 46).

WHC, OHC and WSC of control, SE-LDF, BM-LDF and AT-LDF were shown in Table 1. WHC, OHC and WSC of control were 5.80 g/g DW, 3.96 g/g DW, and 7.07 mL/g DW, respectively. WHC and WSC of SE-LDF were highest in all samples. OHC of SE-LDF was slightly lower than that of control but there was no significant difference between them (P > 0.05), and was significantly higher than those of BM-LDF and AT-LDF (P < 0.05). This result may be because fluid shear stress in SE was not excessively damaged the LDF fiber network structure and had little effect on the particle size. During the strong fluid shock, the polysaccharide, protein and other components encapsulated in LDF were more easily released so that the fiber structure of SE-LDF was looseer and the fiber gap increased, which were conducive to physical interception and the combination of chemical bonds. The result was similar to research on deoiled cumin (32), citrus peel (36) and bamboo shoot fiber (10) modified by SE. Compared with the control, BM reduced WHC, OHC, and WSC by 40.34, 37.63, and 21.92%, respectively. Ultra-fine particle size, wrinkled surface and porous structure by BM modification were beneficial to exposure of internal groups and combination of chemical bonds (15). However, some studies have shown that high-strength BM excessively damaged the network structure of dietary fiber, leading to the breakage of channels and pores, which reduced physical interception to water and oil (46). Under many factors, BM-LDF showed low WHC, OHC, and WSC. Similar observations have been reported in researches of asparagus leaf (3), grape pomace (13) and deoiled cumin (32). Compared with the control, AT reduced WHC, OHC, and WSC by 22.24, 19.70, and 31.54%, respectively. High pressure in AT destroyed integrity of fiber structure (46), and AT-LDF surface structure showed a similar honeycomb shape with large and relatively regular caves, as shown in Figure 1, which reduced steric hindrance between fiber, resulting in lower physical interception to water and oil. The result was similar to research on okara (soybean residue) (41). In general, SE was more beneficial to improve WHC, OHC, and WSC of LDF than BM and AT, which was consistent with the result of the crystallinity.



 3.2.4. Color

The color of raw materials in the food industry is closely related to the sensory quality of food, and can also reflect the changes in the physical structure and chemical composition of raw materials during food processing (14). Color characteristics and real pictures of control, SE-LDF, BM-LDF, and AT-LDF were shown in Table 1 and Figure 4, suggesting that modification methods significantly affected the color characteristics of LDF. The influence of modification methods on color characteristics of dietary fiber was connected with particle size, Maillard reaction, phenolic compounds aggregation, chlorophyll release and roughness of particle surface (3, 14, 17, 41). The ΔE of SE-LDF was only 0.96 compared with the control, and the effect of SE on color difference of LDF was smaller than that of BM and AT. This may be because SE had little effect on the particle size. Meanwhile, the temperature was kept constant and oxygen was isolated during SE, which effectively reduced the occurrence of related chemical reactions. The ΔE of BM-LDF was 7.43 compared with the control, and BM significantly increased the value of L* and b* and decreased the value of a*. The result was similar to the effects of BM on okara (soybean residue) (14) and asparagus leaf (3). BM-LDF was ultra-fine powder that could facilitate powder mixing and powder surface smoothing, which increased the value of L*. Meanwhile, particle size reduction was conducive to the exposure and aggregation of polyphenolic compounds resulting in the increase of b*, and was beneficial to the release of chlorophyll leading to the decrease of a* (14, 41). AT-LDF had the highest ΔE of 8.91, indicating that AT showed the strongest effect on color difference. AT significantly decreased the value of L* and b*, and increased the value of a*. High temperature and high pressure in AT promoted the occurrence of Maillard reaction, oxidation reaction and chlorophyll degradation, resulting in dark brown products, which increased the value of a* and decreased the value of L* and b* (16, 41). The real pictures of samples also exhibited that BM-LDF and SE-LDF had better color quality than AT-LDF.
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FIGURE 4
 Real pictures of control, SE-LDF, BM-LDF, and AT-LDF. Control: lotus leaves dietary fiber. SE-LDF, shear emulsifying modified lotus leaves dietary fiber; BM-LDF, ball milling modified lotus leaves dietary fiber; AT-LDF, autoclave modified lotus leaves dietary fiber.





3.3. Phenolic compounds and antioxidant capacity
 
3.3.1. Polyphenol content

According to the different binding strengths between phenolic compounds and cell wall matrix in plants (47), phenolic compounds in plants can be divided into FP and BP, and they play different health effects on the body. The combination of FP and plant cell wall matrix is relatively weak, which can be released in the human upper digestive tract to play a healthy role (48). BP has closely bound to the plant cell wall matrix, thus can resist the digestion of the stomach and small intestine to reach the human lower gastrointestinal tract, where is released from plant cell wall matrix by colonic fermentation, and play healthy effects by producing metabolites, such as vitamins and short-chain fatty acids, forming an antioxidant environment and regulating intestinal flora (49). Lotus leaves are rich in phenolic compounds and showed a stronger antioxidative effect which is related to many factors, such as varieties, growth climate, geographic location and culturing conditions of lotus leaves (21). The FP, BP and total phenolic (TP) contents of lotus leave powder, control, SE-LDF, BM-LDF and AT-LDF were shown in Figure 5. The FP, BP, and TP contents of lotus leave powder were 64.90, 7.90, and 72.81 mg GA eq/g DW, respectively. Some phenolic components of lotus leaves were still retained in LDF extracted, and the retention rates of FP, BP and TP of lotus leaves powder were 30.74–64.53, 61.65–80.25, and 34.09–65.77%. The FP content of samples was 4.09–8.21 times that of their BP content, showing the phenolic components in lotus leaves were mainly FP, which was similar to date (Phoenix dactylifera L.) seeds (27) and rosa roxburghii tratt leaves (50).
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FIGURE 5
 Polyphenol content of FP, BP, and TP in LLP and LDF. All values were means ± sd, n = 3. Values with different letters were significantly different in the same group; P < 0.05. FP, free phenolic; BP, bound phenolic; TP, total phenolic; LLP, lotus leaves powder; control, lotus leaves dietary fiber; SE-LDF, Shear emulsifying modified lotus leaves dietary fiber; BM-LDF, Ball milling modified lotus leaves dietary fiber; AT-LDF, Autoclave modified lotus leaves dietary fiber.


The FP, BP and TP contents of control were 31.68, 4.81, and 37.11 mg GA eq/g DW, respectively. Compared with the control, BM and SE significantly increased FP, BP, and TP contents (P < 0.05). The FP and TP contents in BM-LDF were the highest, increasing by 32.20 and 29.05% than that of the control, and were significantly higher than those in SE-LDF (P < 0.05). The BP content in SE-LDF was the highest with an increase of 31.81% than that of the control, which was slightly higher than that in BM-LDF, but there was no significant difference between them (P > 0.05). Compared with the control, AT significantly decreased FP and TP contents of LDF by 37.03 and 33.12% (P < 0.05), and slightly increased BP content of LDF by 3.33% while there was no significant difference between them (P > 0.05). Overall, AT seriously damaged phenolic compounds of LDF. Studies have shown that the higher temperature could degrade phenolic compounds by promoting enzymatic oxidation and non-enzymatic oxidation (51). Some fiber modification methods, such as BM (3, 13, 14), SE (12) and AT (17), were beneficial to the release of polyphenols during extraction by destroying fiber structure, increasing fiber pores and reducing particle size, resulting in reduce phenolic content remaining in extracted dietary fiber. AT modification decreased phenolic content in LDF, which was similar to the previous research (17). However, our study showed that BM and SE increased phenolic content in LDF compared with the control, which may be due to modified fiber structure and reduced particle size caused by BM and SE, especially the particle size of BM-LDF, which were conducive to the contact between LDF and solvent in the extraction of LDF polyphenols, improving the release of phenolic compounds from LDF. Overall, BM and SE increased the content of phenolic compounds in LDF compared with the control.



3.3.2. Flavonoids composition

In recent years, flavonoids compounds have been widely accepted as a category of the most important biologically active components of lotus leaves. Many previous studies have identified flavnoids of lotus leaves, mainly including rutin, hyperoside, catechin, quercetin, quercetin-3-O-glucopyranoside, isoquercitrin, astragalin, taxifolin, etc., and their type, content and properties related to varieties, growth climate, geographical location, culture conditions and other factors of lotus leaves (21). Figure 6 shows the chromatogram of a standard mixture solution and FP of lotus leaves powder. Five flavonoids were identified in lotus leaves powder: rutin, hyperoside, isoquercitrin, astragalin and quercetin, and catechin, myricetin and kaempferol were not detected in all samples. The result was similar to Liao et al. (52), which may be because the lotus leaves samples came from Hunan China, with similar geographical location and climatic conditions, agricultural and environmental factors. The flavonoids of FP and BP in lotus leaves powder, control, SE-LDF, BM-LDF, and AT-LDF were shown in Table 2. The result exhibited that the type of main flavonoids in FP and BP of lotus leaves powder were the same, including the above five flavonoids, and the flavonoids content of FP was higher than that of BP. Compared with lotus leaves powder, flavonoids composition of control, SE-LDF, BM-LDF, and AT-LDF decreased after enzymatic extraction.
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FIGURE 6
 The HPLC chromatogram of (A) standard mixture solution of eight flavonoids [rutin (1) hyperoside (2) isoquercitrin (3) astragaline (4); catechin (5) myricetin (6) quercetin (7) and kaempferol (8)]; (B) free phenolic of lotus leaves powder.



TABLE 2 Flavonoids composition of FP and BP in LLP and LDFs (mg/100 g DW).
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Researchers have reported that the contents of isoquercitrin, hyperoside and astragalin in lotus leaves were relatively high (22, 23, 52). Modification decreased isoquercitrin content in LDF. Compared with the control, AT, BM, and SE reduced isoquercitrin of FP in LDF by 3.22, 34.17, and 75.67%, and reduced isoquercitrin of BP in LDF by 21.46, 45.92, and 62.71%. In general, modifications increased hyperoside content in LDF compared with the control. Hyperoside contents of FP and BP in AT-LDF were the highest, respectively 41.39 and 12.77 times of control. Compared with the control, AT increased astragalin of FP in LDF by 8.66%, and BM and SE reduced astragalin of FP in LDF by 46.63 and 81.60%. AT, BM and SE reduced astragalin of BP in LDF by 37.40, 79.97, and 71.16%. In addition, modification decreased rutin and quercetin content in LDF. Overall, AT-LDF showed higher flavonoids contents, and SE-LDF showed lower flavonoids contents among the three modified LDFs. This result was contrary to the polyphenol content of LDF. The phenolic compounds in lotus leaves were mainly identified as phenolic acids and flavonoids in previous research (21). So this result may be because the polyphenol extract of LDF contained phenolic acids and other polyphenol components that were not concerned in our study.



3.3.3. Antioxidant capacity

The DRSC and ARSC are simple, economical and effective methods to evaluate the antioxidant properties of food, which have been widely used in the researches of functional foods. DRSC and ARSC of lotus leaves powder, control, SE-LDF, BM-LDF and AT-LDF were shown in Figure 7. The FP DRSC, BP DRSC and TP DRSC of lotus leaves powder were 238.48, 12.12 and 250.60 μmol Trolox eq /g DW, respectively. Compared with lotus leaves powder, DRSC of control, SE-LDF, BM-LDF and AT-LDF decreased after enzymatic extraction, while there was no significant difference in DRSC between lotus leaves powder and BM-LDF. The FP DRSC, BP DRSC and TP DRSC of control were 193.01, 8.84, and 201.85 μmol Trolox eq /g DW, respectively. BM-LDF showed the higher FP DRSC, BP DRSC and TP DRSC, increasing by 19.56, 38.80, and 20.40% than those of control, and there were significant differences with other samples (P < 0.05). SE showed significantly higher BP DRSC than that of control, increasing by 35.63% (P < 0.05), and slightly decreased FP DRSC and TP DRSC by 7.95 and 6.04% than those of the control. AT significantly decreased FP DRSC and TP DRSC by 42.47 and 40.66% than those of control (P < 0.05), and slightly decreased BP DRSC by 1.13% while there was no significant difference between them (P > 0.05).
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FIGURE 7
 DRSC and ARSC of FP, BP, and TP in LLP and LDFs. (A) DRSC, DPPH free radical scavenging capacity; (B) ARSC, ABTS free radical scavenging capacity. All values were means ± sd, n = 3. Values with different letters were significantly different in the same group, P < 0.05. FP, free phenolic; BP, bound phenolic; TP, total phenolic. LLP, lotus leaves powder; control, lotus leaves dietary fiber; SE-LDF, shear emulsifying modified lotus leaves dietary fiber; BM-LDF, ball milling modified lotus leaves dietary fiber; AT-LDF, autoclave modified lotus leaves dietary fiber.


The FP ARSC, BP ARSC and TP ARSC of lotus leaves powder were 369.95, 21.36, and 391.31 μmol Trolox eq/g DW, respectively. Compared with lotus leaves powder, FP ARSC and TP ARSC of control, SE-LDF, BM-LDF, and AT-LDF were significantly decreased after enzymatic extraction (P < 0.05). The FP ARSC, BP ARSC, and TP ARSC of control were 226.42.06, 13.39, and 239.81 μmol Trolox eq/g DW, respectively. The ARSC of SE-LDF and BM-LDF were significantly higher than those of control. The ARSC of BM-LDF was slightly higher than that of SE-LDF, and there was no significant difference between them (P > 0.05). Similar to the effect of AT on DRSC, AT significantly decreased FP ARSC and TP ARSC by 33.54 and 31.45% than those of the control (P < 0.05), and slightly increased BP ARSC by 3.88% while there was no significant difference between them (P > 0.05).

Those data showed a positive correlation between antioxidant activity and polyphenol content, which was similar to previous studies (39, 50). In general, DRSC and ARSC of FP were significantly higher than that of BP in LDF, and DRSC and ARSC of BM-LDF and SE-LDF were higher than those of the control and AT-LDF, suggesting BM and SE were contributed to the antioxidant activity of LDF.





4. Conclusion

Lotus (Nelumbo) leaves fiber exhibit a dense structure and poor taste. In this study, the three physical modifications of SE, BM, and AT were utilized to improve the properties of LDF. The results showed that the three modifications could change the microstructure of LDF and reduced the CrI of LDF to obtain a looser structure, and affected the physicochemical properties, polyphenol content, flavonoids composition and antioxidant capacity in vitro of LDF. In general, SE contributed to the looser structure and better physical characteristics of LDF, which may be more conducive to LDF promoting gastrointestinal peristalsis by water swelling, and reducing high-calorie components absorption by physical interception. SE-LDF may be more applicable as a functional food raw material with low caloric requirements. BM effectively reduced the particle size to improve the taste, facilitated the dissolution of bioactive components and increased the antioxidant capacity of LDF to play the functional characteristics. BM-LDF may be more applicable as a functional food raw material with better antioxidant function. Although AT improved the dense structure of LDF, it showed adverse effects on the physical properties, phenolic compounds and the antioxidant capacity of LDF. Overall, SE and BM are appropriate modifications to enhance the properties of LDF with their own advantages, and researchers should select appropriate modifications of LDF based on exploitation requirements.
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Isoflavones are a class of flavonoids that belong to a large family of polyphenols and synthesized predominantly in legume, and they play important roles including acting as antioxidant, preventing osteoporosis, reducing the risk of atherosclerosis, and protecting against cardiovascular disease. This study focused on the accumulation and synthetic metabolism of isoflavone in soybean hypocotyl and cotyledon calluses under UV-B radiation. The results showed that UV-B radiation significantly up-regulated the gene expression of phenylalanine ammonia lyase (PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone ketone synthase (CHS), chalcone isomerase (CHI), and isoflavone synthase (IFS), and enhanced their activity in soybean hypocotyl and cotyledon calluses. As a result, isoflavones content increased by 21.23 and 21.75% in soybean hypocotyl and cotyledon calluses, respectively. Among the isoflavones produced, malonyldaidzin was the dominant one in hypocotyl callus, while malonylglycitin and daidzein were the main isoflavones in cotyledon calluses. This study revealed that UV-B radiation induced isoflavone accumulation in soybean calluses, which could be an efficient strategy to improve the nutritional value of food and produce high levels of bioactive secondary metabolites.
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1. Introduction

Soybeans (Glycine max L.) are a major economic crop that provide high-quality protein and other bioactive metabolites. Isoflavones are the main secondary metabolites in soybean, and they are related to plant defense responses and health-related benefits for human (1). Isoflavones are synthesized from phenylalanine and can be divided into four groups (12 different monomers): aglycones (include daidzein, genistein and glycitein), glycosides (include daidzin, genistin, and glycitin), malonylglycosides (include malonyldaidzin, malonylgenistin, and malonylglycitin), and acetylglycosides (include acetyldaidzin, acetylgenistin, acetylglycitin) (2). Among them, glycosides and malonylglycosides account for 97−98% of total isoflavone in soybean (2), and acetylglycosides are present in very low quantities. The content of isoflavone in soybean seeds is typically 0.2−1.6 mg/g dry weight (DW) (3).

Abiotic stress is usually used to enrich bioactive metabolites in plants. Ultraviolet B (UV-B, 280−315 nm) radiation can cause physiological and biochemical changes in plants by damaging photosynthesis tissues and altering DNA structure of cells. It up-regulates key genes expression involved in the phenylpropanoid metabolic pathway, leading to the increased enzymes activity and enhanced synthesis of isoflavone (4). Plant calluses grows rapidly, and has the ability to synthesize isoflavone. Calluses can be easily cultivated in controlled conditions and are not susceptible to external environment. Therefore the tissue culture technique is often used to promote the synthesis of secondary metabolites, such as isoflavone, paclitaxel, alkaloids, carotene, and glucosinolate (5). At present, the combination of tissue culture technique and UV-B radiation treatment has been extensively used to enrich biological metabolites to improve the nutritional value of food. Mohajer et al. (6) found that the survival rate of sainfoin (Onobrychis viciifolia Scop.) seeds decreased significantly under UV-B radiation, but flavonoids and phenolics content in their calluses increased. The effect of UV-B radiation on phenolic compounds, total flavonoids content and antioxidant capacity of in vitro grown Echium orientale L. shoots and calli was investigated (7). Phenolics and flavonoids content, especially rosmarinic acid and quercetin, increased in callus extracts of Echium orientale L. which were harvested after 1 week of UV-B treatment, resulting in the enhancement of their antioxidant activity (7). Besides, tempisque (Sideroxylon capiri Pittier) is classified as an endangered species and has a high level of phenolics and flavonoids in its leaves. Phenolics and flavonoids content increased in the fourth week with 4 h of UV-B exposure per day, and the highest concentrations of quercetin (230 μg/g DW), kaempferol (235 μg/g DW) and gallic acid (240 μg/g DW) were found in callus obtained from leaves explants (8). Mata-Ramírez et al. (9) evaluated the quantification and bioactivity of isoflavone in soybean callus submitted to UV-light stresses. It was found that UVC-light stress increased genistein-O-glucoside and genistein-O-glucosyl-malonate to 122 and 196% in soybean callus, respectively, resulting in the enhancement of anti-inflammatory and antioxidant activity in calluses. Therefore, the combination of tissue culture technique and UV-B radiation treatment is one of the effective ways to obtain bioactive compounds. This method is not affected by climate fluctuations, and reduce dependence on land and other natural resources. Besides, it ensures the consistency between production batch under controlled conditions.

Previous researches have explored the use of tissue culture technique combined with UV-B radiation to obtain biological metabolites. However, there are scarce reports about the effects of UV-B radiation on the accumulation of isoflavones in soybean calluses, as well as the composition and content of isoflavones in different soybeans calluses. The vitality of key enzymes in different soybean calluses is also unclear. Thus, the aim of this study was to investigate the formation of soybean hypocotyl and cotyledon calluses, assess the effects of UV-B radiation on the activity and gene expression of key enzymes in isoflavone synthesis, and analyze the composition and content of isoflavone, as well as their antioxidant activity. This study can help to improve the productivity of secondary metabolites with biological activity, and provide an efficient strategy for improving the nutrition quality of soybean-based processed food.



2. Materials and methods


2.1. Chemicals

Soybean seeds (Glycine max L., cultivar Dongnong, 2021) were provided by Jiangsu Academy of Agricultural Sciences, China, and stored at −20°C. This variety was selected from several soybeans according to the content of isoflavones. All reagents and solvents were analytical or higher grade and purchased from Sigma (Sigma-Aldrich GmbH, Shanghai, China), Sinopharm (Sinopharm Chemical Reagent GmbH, Shanghai, China) and Maclean (Maclean Biotechnology GmbH, Shanghai, China), including Murashige and Skoog (MS) basal medium, 1/2 MS medium (without sugar and agar), 2, 4-dichlorophenoxyacetic acid (2, 4-D), 6-Benzylaminopurine (6-BA), sucrose, agar, acetonitrile, 1,1-diphenyl-2-trinitrophenyl hydrazine (DPPH), 2,2-diazo-di (3-ethyl-benzothiazole-6-sulfonic acid) diammonium salt (ABTS) and 6-hydroxy-2,5,7,8-tetramethylchromone-2-carboxylic acid (Trolox), methanol (AR), ethyl acetate, cinnamic acid, coenzyme A (CoA), coumaric acid, L-phenylalanine, rutin, gallic acid, etc.



2.2. Plant material and surface sterilization

Soybeans were exposed to sodium hypochlorite (1%) for 15 min and manual oscillation, then rinsed in distilled water. Seeds were dipped into ethanol 75% (v/v) solution for 5 min, and washed with distilled water for 4−5 times. Finally, they were submerged in anhydrous ethanol for 30 s. After that, seeds were inoculated in the 1/2 Murashige and Skoog salt mixture (1/2 MS) media (with 3% sucrose + 0.7% agar, Ph 5.8) at 25°C for 2 days. Then, they were cultivated in the Murashige and Skoog salt mixture (MS) media (with 3% sucrose + 0.7% agar, pH 5.8) for 4 days (16 h/8 h light/dark). The 6-day-old sterile soybean sprouts were used to obtain hypocotyl and cotyledon.



2.3. Elicitation of soybean hypocotyl and cotyledon calluses

Optimization of hormone concentration in induced medium: Samples (hypocotyls or cotyledons) were separated from the 6-day-old sterile soybean sprouts, and cut into slices with a thickness of about 2 mm, flat side up, and then placed on Murashige and Skoog salt mixture (MS) media (with 3% sucrose + 0.7% agar, pH5.8). Explants were cultured at 25°C in light (16/8 h light/dark) and subcultured on the same medium every 7 days until the callus formation was observed (28 days). Five calluses were placed on per petri dish (90 × 20 mm). The hormones in the MS media were 2, 4-D (1 and 2 mg/L) and 6-BA (0.5 mg/L). The concentration and ratio of hormones were determined based on the growth state and total isoflavone content of callus (Supplementary Table 2).

Determination of UV-B radiation intensity: Calluses were cultivated for 28 days and then were treated with UV-B (Intensities: 20, 40 and 80 μW/cm2, respectively) (Beijing Electric Power Source Research Institute, Beijing, China) at 25°C for 2 h, respectively. After that, calluses were kept in the same incubation conditions for 48 h in the dark. Isoflavone content was measured to determine the optimal UV-B radiation intensity (Supplementary Table 3). Soybean callus without UVB-light exposure was considered as the control.

Determination of re-incubation time: Soybean calluses were cultivated for 28 days and then irradiated by 40 μW/cm2 UV-B for 2 h. Then, calluses were kept in the same incubation conditions for 0, 6, 12, 24, 36, 48 h in the dark. Isoflavone content was measured to determine the optimal re-incubation time (Supplementary Table 4).


2.3.1. Cultivation condition and treatments

Hypocotyls and cotyledons were separated from the 6-day-old sterile soybean sprouts, and cut into slices with a thickness of about 2 mm, flat side up, then cultured on MS media with 3% sucrose, 0.7% agar supplemented with 1 mg/L 2, 4-D and 0.5 mg/L 6-BA (pH 5.8) at 25°C in light (16 h/8 h light/dark) for 28 days. The medium was changed every 7 days. Calluses were irradiated by 40 μW/cm2 UV-B for 2 h, then re-incubated for 12 h in the dark (T). Soybean calluses without UVB-light exposure were considered as the control (CK). Afterward, some of calluses were frozen-dried and milled to powder in an electric mill (A11 Basic Analytical Mill, IKA, Guangzhou, Guangdong, China), stored at −20°C for further measurements. The remaining calluses were frozen with liquid nitrogen and stored at −80°C until analysis.




2.4. Determination of malondialdehyde content and electrolyte leakage

Malondialdehyde (MDA) content of soybean calluses was determined as previously reported by Wang et al. (10) with some modifications. The absorbance values of samples were measured at 450 nm, 532 nm, and 600 nm, respectively. The MDA content was expressed as nmol/g fresh weight (FW).

To determine the electrolyte leakage of soybean calluses, 1.0 g of the samples were cut into small pieces (3 × 3 × 3 mm3), and immersed in 30 mL of distilled water, then shaken at 25°C for 1 h. The conductivity was measured as EC1. The reaction liquid was boiled for 10 min to inactivate the plant tissue. After cooling, the volume was adjusted to 30 mL, and the boiling conductivity was measured as EC2. Electrolyte permeability (%) = (EC1/EC2) × 100%.



2.5. Growth parameters

The biomass of soybean calluses was determined by drying at 50°C until reaching a constant weight. The dry weight was measured every 3 days, and then the growth curve of hypocotyl and cotyledon calluses were plotted, respectively. There were three calluses in each dish.



2.6. Morphological observation

Sample materials and dehydration: Soybean calluses were cut into 3 × 3 × 3 mm3 small pieces and immersed in FAA solution (70% ethanol: ice acetic acid: 38% formaldehyde = 18: 1: 1) for 48 h. Then, samples were dehydrated with 70% ethanol for 30 min, 85% ethanol for 30 min, 95% ethanol for 30 min, and ethanol for 20 min in order.

Waxing, embedding and producing: Samples were immersed in wax and kept at 42°C for 24 h, then heated at 58°C to remove dimethylbenzene. The wax was changed every 6 h. After that, samples were embedded and produced according to the method of paraffin slices (11). The thickness of each slice was 10 μm.

Dewaxing and dyeing: The slices were dewaxed with dystershopine for 40 min, ethanol for 10 min, 75% alcohol for 5 min, and then washed with distilled water. The slices were dyed in the Safranin O solution for 2 h, washed with distilled water, and then immersed in 50, 70, and 80% of alcohol for 5 s in order. After that, the slices were immersed in fast green stain for 30 s, dehydrated with ethanol, and finally immersed in dimethylbenzene for 5 min, sealed and fixed with optics resin. The cell morphological structure of soybean calluses was observed in optical microscope (Eclipse Ci-L, Nikon, Chiyoda, Tokyo, Japan).



2.7. Quantification of total flavonoids content

The 0.05 g of frozen-dried sample was shaken at 25°C for 1 h with 80% methanol, centrifuged at 10,000 × g for 15 min at 4°C, and then the supernatant was collected. Three replicates were conducted and the supernatant was filtered. The filtrates were evaporated and concentrated at 40°C. The residue was dissolved with 50% methanol to 5 mL as free phenolic solution (FPS), and finally stored at −20°C until analysis.

After the extraction of FPS, the residue was shaken with 2 mol/L of NaOH at 25°C for 4 h, and pH was adjusted to 1.6−1.8. The sample was extracted with ethyl acetate for 15 min at room temperature, then centrifuged at 10,000 × g for 15 min at 4°C. The ethyl acetate layer was collected. Three replicates were conducted, and the combined supernatant was evaporated to dry at 40°C, and dissolved with 50% methanol to 5 mL, as bound phenolic solution (BPS), finally stored at −20°C until analysis.

Determination of total flavonoid content was based on the method described by Miliauskas et al. (12) using soybean calluses as experimental samples and rutin as the standard. Results were expressed as milligram (mg) of rutin equivalents (RE) per 100 g of DW.



2.8. Determination of antioxidant capacity

2,2-diazo-di (3-ethyl-benzothiazole-6-sulfonic acid) diammonium salt and 1,1-diphenyl-2-trinitrophenyl hydrazine radical scavenging activities of soybean calluses were measured as described by Chen et al. (13) using FPS and BPS as samples and Trolox as the standard. They were expressed as micromole of Trolox equivalents per gram (g) of DW.



2.9. Identification and quantification of isoflavone by high-performance liquid chromatography

Soybean callus extract preparation: 100 mg of callus was weighed and mixed with 5 mL 80% (v/v) methanol, and then sonicated for 15 min at 40°C. After sonication, samples were centrifuged at 10,000 × g for 10 min at 4°C, and the supernatants were filtered with a 0.45 μm membrane filter for Agilent 1200 HPLC system (Agilent Technologies Co., Ltd., Santa Clara, CA, USA). Typical HPLC chromatograms of nine isoflavone monomers in soybean hypocotyl and cotyledon calluses were shown in Supplementary Figure 2. The mixed standard concentration selected in this study was 3.2, 6.4, 12.8, 25.6, and 51.2 μg/mL.

A reversed phase column (Ultimate AQ-C18, 4.6 × 250 mm, 5 μm particle size) was used. Mobile phase A consisted of 0.1% acetic acid in water, and mobile phase B consisted of 0.1% acetic acid in acetonitrile. A 52 min gradient was programmed as follows: 0−50 min, 13−35% B; 50−51 min, 35−13% B; 51−52 min, 13% B. The column temperature maintained at 35°C. The injection volume was 20 μL and the flow rate was 1.0 mL/min. The measurement wavelength was 260 nm.



2.10. Determination of key enzymes activity in isoflavone synthesis

Determination of phenylalanine ammonia lyase (PAL), cinnamate-4-hydroxylase (C4H) and 4-coumarate-CoA ligase (4CL) activity was based on the method of Ma et al. (14) with slight modification. The activity was expressed as U/g FW.

The activity of chalcone ketone synthase (CHS), chalcone isomerase (CHI), and isoflavone synthase (IFS) was determined using CHS ELISA Kit (MBE21206), CHI ELISA Kit (MBE21201), and IFS ELISA Kit (MBE21199), respectively. The kits were all from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China). The 1.0 g of soybean calluses were full ground with 5 ml 9% physiological saline, centrifuged at 3,500 × g for 15 min at 4°C. The supernatant was collected, and analyzed according to the instructions. The activity was expressed as IU/g FW.



2.11. Quantitative RT-PCR

Total RNA isolation and real-time PCR were conducted according to Wang et al. (15) the reference gene was En- longation Factor 1b (EF1b). The primers for real-time PCR analysis of PAL, C4H, 4CL, CHS, CHI, IFS, and EF1b were designed using Primer 5.0 primer design software according to primers published on NCBI, synthesized by GenScript Biotechnology Co., Ltd. (Nanjing, China). The detected genes and sequences of primers were listed in Supplementary Table 1.



2.12. Statistical analysis

Experimental data were expressed as mean ± standard deviation (SD) with three replications (n ≥ 3). SPSS 18.0 (SPSS Inc., Chicago, IL, USA) was applied for significant difference tests. Data were analyzed by Duncan’s multiple-range tests at p < 0.05.




3. Results


3.1. Physiological metabolism of soybean calluses under UV-B radiation

The soybean hypocotyl and cotyledon calluses were cultured for 28 days (Supplementary Figures 1A, B), and their biomass increased significantly from days 3−18 (Supplementary Figures 1C, D). When exposed to UV-B radiation, the cells were swollen and occasionally ruptured in soybean calluses (Figure 1A). Besides, MDA content in soybean cotyledon calluses significantly increased by 15.74% compared with the control (CK), and was higher than the content of hypocotyl callus (Figures 1B, C). However, there was no significant difference on the electrolyte permeability in soybean hypocotyl and cotyledon calluses.


[image: image]

FIGURE 1
Effects of UV-B on cell structure (A), MDA content (B), and electrolyte leakage (C) of soybean hypocotyl and cotyledon calluses. The lower case letters indicated significant difference at p < 0.05 between treatments, T-test was used for data analysis. The data were presented as mean ± SD, n = 3.




3.2. Total flavonoids content and antioxidant capacity of soybean calluses

Total flavonoids content and the antioxidant activity of soybean calluses are shown in Figure 2. The content of free, bound and total flavonoids content increased by 12.81, 15.47, and 13.83% in soybean hypocotyl calluses under UV-B radiation, respectively, compared with the control (Figure 2A). And the content of free, bound and total flavonoids content significantly increased by 72.73, 81.25, and 76.54% in soybean cotyledon calluses under UV-B radiation, respectively. Results showed that total flavonoid content was higher in hypocotyl calluses, but cotyledon calluses were more sensitive to UV-B radiation to accumulate isoflavone.
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FIGURE 2
Effects of UV-B on the flavonoids content (A), ABTS (B), and DPPH (C) radical scavenging activity of soybean hypocotyl and cotyledon calluses. The lower case letters indicated significant difference at p < 0.05 between treatments, and T-test was used for data analysis. The data were presented as mean ± SD, n = 3.


The effects of UV-B on the vitro antioxidant properties of soybean calluses were represented by ABTS (B) and DPPH (C) radical scavenging ability (Figures 2B, C). The antioxidant capacity of phenolics increased significantly (p < 0.05) under UV-B radiation, especially free phenolics. As shown in Figure 2B, ABTS free radical scavenging ability of free phenolics increased by 18.85 and 18.32% in soybean hypocotyl and cotyledon calluses under UV-B radiation, respectively, compared with the control (Figure 2B). There was no significant difference on the ABTS free radical scavenging ability of bound phenolics in soybean calluses. The DPPH free radical scavenging capacity of free phenolics significantly increased by 106.16 and 14.49% in soybean hypocotyl and cotyledon calluses under UV-B radiation, respectively, compared with the control (Figure 2C). And the DPPH free radical scavenging capacity of bound phenolics improved only in soybean hypocotyl callus, increased by 83.33% compared with the control. Indicating that UV-B radiation could significantly promote the synthesis of total flavonoids, and improve cellular antioxidant activity in soybean calluses.



3.3. Isoflavone composition and content in soybean calluses

The content of individual isoflavone in soybean hypocotyl and cotyledon calluses under UV-B radiation is shown in Table 1. Nine major isoflavones were detected, including three groups: aglycones (daidzein, genistein, and glycitein), glycosides (daidzin, genistin, and glycitin), and malonylglycosides (malonyldaidzin, malonylgenistin, and malonylglycitin). Compared with the control, isoflavone content increased by 21.23 and 21.75% in soybean hypocotyl and cotyledon calluses under UV-B radiation, respectively. The contents of individual isoflavone in different soybean calluses varied. In soybean hypocotyl callus, the content of daidzin, genistin, malonyldaidzin and malonylglycitin increased, but malonylgenistin content decreased compared with the control. Glycitin, daidzein, glycitein and genistein were not detected. In soybean cotyledon callus, four kinds of individual isoflavone including malonyldaidzin, malonylglycitin, daidzein and glycitein showed the relatively higher content compared with the control. And there was no significant difference in the content of glycitin and genistin. Daidzin, malonylgenistin and genistein were not detected.


TABLE 1    The content of individual isoflavone (μg/g) in soybean calluses under UV-B radiation.
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3.4. The key enzyme activity

The synthesis of isoflavone is related to the key enzyme activity and its gene expression level in the synthetic metabolic pathway. The activity of PAL, C4H, 4CL, CHS, CHI, and IFS in soybean calluses was investigated (Figure 3). In soybean hypocotyl callus, the activity of PAL, C4H, 4CL, CHS, CHI, and IFS increased by 14.08, 38.07, 13.53, 38.75, 31.37, and 26.08% compared with the control, respectively. And the activity of PAL, C4H, CHS, CHI, and IFS significantly increased by 35.83, 33.13, 40.28, 101.14, and 47.42% in soybean cotyledon calluses under UV-B radiation, respectively, compared with the control. But there was no difference on the 4CL activity between the treatment and control group.
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FIGURE 3
Effects of UV-B on PAL (A), C4H (B), 4CL (C), CHS (D), CHI (E), and IFS (F) activity of soybean calluses. The lower case letters indicated significant difference at p < 0.05 between treatments, and T-test was used for data analysis. The data were presented as mean ± SD, n = 3.




3.5. The gene expression of key enzymes

The relative expression of PAL, C4H, 4CL, CHS, CHI, and IFS in soybean calluses was generally consistent with their activity (Figure 4). The relative expression of PAL, C4H, C4H1, CHS, CHI1A, CHI4A, IFS1, and IFS2 increased by 67.33, 47.00, 55.00, 46.54, 53.39, 32.67, 52.38, and 50.50% in soybean hypocotyl callus under UV-B radiation, respectively. There was no significant difference on 4CL expression in soybean hypocotyl callus (Figure 4C). Interestingly, 4CL3 and CHI1B expression significantly reduced by 38.61 and 69.00%, respectively, compared with the control (Figures 4C, E). Besides, the relative expression of C4H, C4H1, 4CL3, CHS, CHI1A, CHI1B, CHI4A, IFS1, and IFS2 increased by 60.00, 59.41, 679.21, 66.34, 74.26, 36.45, 220.79, 113.86, and 101.98% in soybean cotyledon callus under UV-B radiation, respectively. And there was no significant difference on PAL and 4CL expression.
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FIGURE 4
Effects of UV-B on PAL (A), C4H (B), 4CL (C), CHS (D), CHI (E), and IFS (F) relative expression of soybean calluses. The lower case letters indicated significant difference at p < 0.05 between treatments, and T-test was used. The data were presented as mean ± SD, n ≥ 3.





4. Discussion

Ultraviolet B radiation caused oxidative damages of cells and affected the synthesis of various bioactive metabolites in soybean calluses (Figures 1, 2). Total flavonoids content increased by 13.84 and 76.54% in soybean hypocotyl and cotyledon calluses under UV-B radiation, respectively, as well as their antioxidant activity (Figure 2), indicating that the accumulation of flavonoids is the result of plant stress resistance (16). UV-B significant effects on some physiological indicators, antioxidant activity, and endogenous hormone levels during the growth and development of plants (17). Alvero-Bascos and Ungson (18) revealed that the level of three flavonoids (apigenin, vitexin, and isovitexin) was 20-fold higher than the control in callus cultures of jatropha (Jatropha curcas L.) exposed to UV-B (12.6 and 25.3 kJ/m2). Besides, many phenolic compounds were synthesized in vitro-grown plant materials in Echium orientale L under UV-B radiation, especially rosmarinic acid and quercetin (7), and their concentrations were highly correlated with the antioxidant activity (19). Applying ultraviolet radiation has been a simple and effective technology to biofortify plant tissue with secondary metabolites (20). Hence, UV-B radiation was necessary for the synthesis of flavonoids and some other plant secondary metabolites in plant cells and tissues.

Ultraviolet B radiation (40 μW/cm2) induced the synthesis of isoflavones, and their content increased significantly by 21.23 and 21.75% in soybean hypocotyl and cotyledon calluses, respectively, (Table 1). Previous study has shown that total isoflavone content is about 8,000 μg/g in 4-day-old soybean sprout under UV-B treatment (3), but it is up to half of the entire soybean sprout in each callus. It might due to the stress resistance capacity of plants varies between different development stages under UV-B radiation (21). Plants are more sensitive to UV-B during the early stage of development. Because the epidermal cell wall is thin and the stability of genes is low. Also, the effects are related to UV-B radiation intensity and radiation time (22). Therefore, the combination of tissue culture technique and UV-B radiation treatment is an effective way to enrich biological metabolites, such as isoflavone. In addition, callus culture technique cannot be affected by the external environment, with the advantages of conditional controlling, stable process, and resource consumption reduction.

The content of total isoflavone was basically same in soybean hypocotyl and cotyledon calluses under UV-B irradiation. However, the composition and content of individual isoflavone was different (Table 1; Supplementary Figure 2). Four individual isoflavones content was higher in soybean hypocotyl callus, including daidzin, genistin, malonyldaidzin and malonylglycitin. Malonylglycosides were the main isoflavone. Interestingly, glycitin, genistin, malonyldaidzin, malonylglycitin, and daidzein was detected in soybean cotyledon callus (Supplementary Figure 2). Compared with isoflavone in soybean hypocotyl callus, the types of isoflavone was more abundant in soybean cotyledon callus, and their content increased significantly under UV-B radiation (Table 1). The difference in isoflavone composition and content of soybean callus might be resulted from the specific sensitivity of different tissues to UV-B irradiation (23). The biosynthesis of isoflavone is also related to the degree of differentiation, soybean varieties and environmental conditions (24). In addition, soybean callus, with well growth and division ability, is a kind of undifferentiated parenchymatous cells. The function of individual isoflavone is different in soybean callus. Glycosidic isoflavone, which is mainly used to form cell parenchyma or organelle membrane to maintain the structural stability of cells, is abundant in callus (1). UV-B radiation can accelerate the conversion between malonyl-glycosidic and glycosidic isoflavone (25). Daidzein and genistein, which could induce nod gene to activate nodulation process (26), were related to the regulation of bacterial communities in soybean root, so their contents were lower in soybean hypocotyl and cotyledon calluses (Table 1). Hence, the response of soybean hypocotyl and cotyledon calluses to UV-B radiation was different. According to their characteristics and specific sensitivity to UV-B, soybean callus can be used to enrich specific isoflavone as needed.

The composition and content of isoflavone was related to the regulation of activities and gene expression levels of PAL, C4H, 4CL, CHS, CHI, and IFS in isoflavone biosynthetic pathway (Figures 3, 4). Isoflavones could be accumulated by positively regulating the activity of key enzymes in soybean hypocotyl and cotyledon calluses exposed to UV-B compared with the control (Figure 3), especially CHS, CHI and IFS activity. The relative expression of key enzymes was basically consistent with their activity (Figure 4). PAL is the initial enzyme of phenylpropane metabolic pathway, including ten genes encoding for PAL found in the L. japonicus genome (27). All the genes encoding for enzymes of isoflavone pathway can be strongly induced under UV-B radiation, especially LjPAL1. Reports have shown that the transcription levels of C4H, 4CL, and IFS1 also increased significantly in soybean induced by UV-B stress, promoting the accumulation of polyphenols including p-coumaric acid, cinnamic acid and isoflavone (27). Besides, CHS, which connected phenylpropane metabolic pathway and isoflavone biosynthetic pathway, plays a vital role in the synthesis of isoflavone biosynthetic precursor molecules (naringenin chalcone and isoliquiritigenin) (28). UV-B radiation could stimulate the expression of GmCHS1, GmCHS3, GmCHS4, GmCHS6, and GmCHS7 in soybean hypocotyl, improve the synthesis rate of naringenin chalcone and isoliquiritigenin, and promote the accumulation of daidzein, genistein and other isoflavone monomers (29). The activity and expression of CHS was up-regulated in soybean hypocotyl and cotyledon calluses under UV-B radiation (Figures 3D, 4D), promoting the transformation of 4-coumarinyl-CoA into isoflavone synthesis pathway. IFS1 and IFS2 plays a catalytic role in isoflavone synthesis, and IFS2 is more likely to be adjusted by UV-B than IFS1 (29). IFS2 expression increased significantly in soybean under UV-B radiation, promoting the synthesis of genistein and daidzein, and improving the defense ability of soybean (30). The contents of daidzein and genistein in callus culture of Pueraria lobata were also closely related to the activity of IFS for isoflavone synthesis (31). Interestingly, results showed that IF2 expression up-regulated in both hypocotyl and cotyledon calluses, but only daidzein was higher in content in soybean cotyledon callus, while genistein was not detected (Figure 4F; Table 1). It might due to the difference in the composition of endogenous isoflavones among soybean varieties (24). However, the expression of 4CL3 and CHI1B in soybean hypocotyl callus under UV-B radiation decreased significantly compared with the control (Figures 4C, E), because there might be a time lag between gene expression of key enzymes and isoflavone synthesis (32). The transcription and translation of key enzymes also affected the accumulation of bioactive metabolites. In addition, the sensitivity of this process to light stress was different. In sum, UV-B radiation was effective to enrich isoflavone in soybean calluses by up-regulating the gene expression and activity of key enzymes.



5. Conclusion

Isoflavones accumulated with specificity in soybean hypocotyl and cotyledon calluses under UV-B radiation. UV-B radiation promoted isoflavones synthesis with different effects on individual isoflavone, and enhanced antioxidant capacity of soybean calluses by regulating key enzyme (PAL, C4H, 4CL, CHS, CHI, and IFS) gene expression levels and their activity. The main isoflavones in hypocotyl callus were glycosides and malonylglycosides. The isoflavones in cotyledon calluses were mainly malonylglycosides and aglycones. These findings provide a new method for enriching specific individual isoflavone and improving the nutritional value of soybean processing products, and will help reduce resource occupation, improve the stability of products, and achieve sustainable development.
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Mean F-value Prob > F Significance

square
Model 0.61 9 0.067 15.08 0.0009 o
Xy 0.028 1 0.028 6.18 0.0418 *
X, 0.095 1 0.095 21.19 0.0025 ¥
X3 0.058 1 0.058 1295 0.0088 2
X1 X, 0.08 1 0.078 17.56 0.0041 o
XiX3 0.009025 1 0.009025 2.02 0.1981
X2X3 0.000225 1 0.0002250 0.050 0.8288
X2 0.070 1 0.070 15.69 0.0055 2
X2 0.21 1 0.21 47.32 0.0002 %
X52 0.028 1 0.028 6.26 0.0408 *
Residual 0.031 7 0.004465
Lack of fit 0.00375 3 0.001125 0.16 0.9170
Pure error 0.028 4 0.006970
Corrected total 0.64 16

*Significant (p < 0.05), **extremely significant (p < 0.01).
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Run | X1 (mmol/L) X3 (W) | X3z (min) | FP content

(mg GAE/g
DW)
1 0 (10) 0 (360) 0 (30) 459 +0.04
2 0 (10) 0 (360) 0 (30) 444 +0.06
3 —1(5) 0 (360) 1(50) 425 +0.03
4 —-1(5) 0 (360) —1(10) 4.15 £0.02
5 0 (10) 1 (400) —1(10) 423 +0.04
6 1(15) 0 (360) —1(10) 4.19 4 0.01
7 0 (10) 0 (360) 0 (30) 443 +0.06
8 0(10) 0 (360) 0 (30) 4.54+0.03
9 1(15) —1(320) 0 (30) 422 40.05
10 0 (10) —1(320) —1(10) 397 £0.02
11 0 (10) 1 (400) 1(50) 436 +0.01
12 0 (10) 0 (360) 0 (30) 439 +0.06
13 1(15) 0 (360) 1(50) 448 +0.03
14 —-1(5) —1(320) 0 (30) 3.84 40.01
15 —1(5) 1(400) 0 (30) 431 40.05
16 1(15) 1 (400) 0 (30) 4.13 £ 0.04
17 0(10) —1(320) 1(50) 413 +0.05

Box-Behnken design was used to optimize the conditions for enrichment of mung bean
with polyphenols (Table 2), and a regression model was established as follows: three
independent variables, including GABA concentration (X;), ultrasonic power (X3), and
ultrasonic time (X3), on the free polyphenol contents, are represented.
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Ultrasonic power X 320 360 400
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Ultrasonic time X3 10 30 50
(min)
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DPPH ABTS* Hydroxyl radical FRAP

TPC 0.968** 0.864** 0.779* 0.651
TFC 0.938** 0.830* 0.782* 0.711*
PC 0.912%* 0.838* 0.807* 0.793*

*Correlation was significant at the 0.05 level (one-tailed).
**Correlation was significant at the 0.01 level (two-tailed).
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Optimized treatment variables Responses PAL(AAmg PPO(AAmg TPC(g TPCupric (g AGN (g

protein~! h—1) protein~!h~—!) AGE/Kg) AGE/Kg) /Kg)
UVA ST ™
(°C) (h)
High 15 46 Predicted 0.13b 0.16a 16.7a 3.1a 1.9a
High 15 46 Experimental 0.16a 0.12b 15.9a 2.9a 1.7a

UVA, UVA radiation dose; ST, storage temperature; TM, storage time; PAL, Phenylalanine Ammonia Lyase activity; PPO, Polyphenol Oxidase activity; TPC, Total phenolic content;
TPCupLc, Total phenolic content by HPLC; AGN, Agrimoniin. Different letter indicates significant differences between Predicted and Experimental values p < 0.05 by ¢-test.
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Sample Compound Salival fluid Gastric phase Intestinal phase Bioaccessibility (%)

g/Kg Gastric phase Instestinal phase
RE-N TGI 0.10 % 0.003a 0.05 % 0.001b 0.07 4 0.001ab* 498 71.8*
EAP 0.34 % 0.005a 0.04 % 0.001b 0.02 +0.001¢ 11.8 7.1
AGN 1.35 + 0.06a 0.15 4 0.01b 0.13 % 0.004b 10.9 9.80
EA 0.13 % 0.003a 0.03 % 0.005b 0.01 + 0.0001¢ 19.9 9.1
PACT 0.14 % 0.01a 0.11 % 0.002b 0.11 %+ 0.01b 79.2 79.2
Q3G 0.23 4 0.01a 0.05 + 0.001b 0.02 +0.001¢ 19.9 10.0
K3G 0.23 4+ 0,01a 0.04 % 0.002b 0.02 + 0.001c¢ 162 6.8
KP 0.02 & 0.001 n.d n.d n.d n.d
TPChprc 2.55 4 0.07a 0.46 + 0.02b 0.39 % 0.003b 18.0 15.3
RE-E TGI 0.15 + 0.004a* 0.08 % 0.03b 0.05 + 0.003b 514 36.1
EAP 0.36 + 0.002a* 0.10 + 0.02b* 0.04 =+ 0.004c* 27.2 11.1%
AGN 1.79 + 0.032* 0.51 + 0.01b* 0.45 £ 0.01c* 28.4% 25.1%
EA 0.15 + 0.004a* 0.04 + 0.002b* 0.03 =+ 0.002¢* 28.1* 17.9%
PACT 0.17 + 0.01a* 0.12 + 0.003b* 0.10 + 0.01b 71.7% 59.7
Q3G 0.26 + 0.01a* 0.07 + 0.004b* 0.03 £ 0.001c* 27.2 11.9%
K3G 0.28 + 0.01a* 0.05 %+ 0,002b* 0.02 = 0.005¢ 19.0* 5.7
KP 0.04 & 0.001* n.d n.d n.d n.d
TPChprc 3.20 + 0.01a* 0.97 + 0.04b* 0.71 £ 0.001c* 30.3* 22.2%

RF-N, Strawberry by-product control; RF-E, Strawberry by-product under optimal biofortification conditions TGI, tetragalloyl glucose isomer (TGI); EAP, ellagic acid pentoside; AGN,
agrimoniin; EA, free ellagic acid. procyanidin tetramer; Q3, quercetin 3-o-glucuronide; K3G, Kaempferol 3-o-glucuronide; TPCppic, Total phenolic content by HPLC. n.d, Not detected.
Different lower-case letters in the same row indicate significant differences by Tukey’s test (p < 0.05). *: Means differences (p < 0.05) between the same compound of RF-N and RF-

E samples.
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Mean g/Kg =+ standard deviation (1 = 3). TGI, tetragalloyl glucose isomer; EAP, ellagic acid pentoside; AGN, agrimoniin; EA, free ellagic acid. Different letter in a column indicates

significantly differences among all treatments.
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Isoflavone

Hypocotyl

Cotyledon

difference at p < 0.05 between CK and UV-B in the same callus. T-test was used. The data were presented as mean

ESD, n=4.

Daidzin 74.81 + 0.88" 161.89 £ 9.15% ND ND
Glycitin ND ND 201.86 & 14.51* 188.45 £+ 10.55%
Genistin 82.02 + 1.87° 102.01 £ 1.42% 135.78 +4.42* 146.93 £ 4.80*
Malonyldaidzin 1,696.05 = 33.72° 2,400.35 £ 107.78* 119.57 + 3.56° 149.89 £ 8.30*
Malonylglycitin ND 78.37 £3.77* 1,943.29 + 6.38 2,374.03 £ 9.24*
Malonylgenistin 1,141.39 £ 68.62% 887.43 & 27.64" ND ND
Daidzein ND ND 747.73 + 7.52> 908.80 £ 29.10*
Glycitein ND ND ND 64.78 £ 2.772
Genistein ND ND ND ND

Total 2,994.28 & 35.89" 3,630.05 £ 131.46* 3,148.23 4 0.25" 3,832.88 £ 64.77%

Effects of UV-B on the content of individual isoflavone in soybean hypocotyl and cotyledon calluses. ND meant not detected. The lower case letters in the same row indicated significant
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Species Monomer phenols Ultrasound-assisted Reciprocating 50% ethanol solution ~ Raw materials

ATP extraction shaking ATP crude extraction (ng/g)
(ng/9) extraction (1Lg/g) (ng/g)
Centrinin-3-glucoside 4647 £ 1.74b 2976 +2.93d 2.12£292 61282027
Anthocyanins  Paconiflorin pigm-3-glucoside 27.01 %379 1635 % 148c 27.02 % 1426 3186 % 1.80
Mallet pigment-3-glucoside 35.97 232 2274+ 264d 2890+ 2.17¢ 4243 % 2.98
Flavonols Rutin 30.80 £ 3540 27.78 £ 294b 19.40 % 1.75¢ 35.04 £ 7.600
Myricetin 2389+ 137 19.96 % 157 3040 £ 0.82b 6997 337

Values followed by dif

.nt letters in each line indicate significant diffe ts.

nces (p < 0.05) among pre-treatme
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Hyperoside Isoquercitrin  astragalin Catechin  Myricetin Quercetin

LLP 20.76 & 3.81 710.76 £ 141.10 1998.14 £ 373.52 8273+ 17.98 E B 1091 £ 1.49 -
Control - 3.70 £ 0.45 724.85 £ 54.48 18.70 £ 2.11 - - - -
SE-LDF - - 176.35 £ 40.22 3444044 - - - -
BM-LDF - 119.03 £15.13 477.20 £45.34 9.98+0.75 = e 774+ 1.78 B
AT-LDF 450 £0.18 153.15 £ 27.52 701.51 £ 87.90 20.32£3.82 = = = B
BP
LLP 1.57 £0.31 62.03 £ 14.60 532.23 £90.48 6.10 £ 1.39 = = 123£0.13 o
Control 0.41 £ 0.02 1.93 4034 148.03 + 4.50 579+ 0.08 - - 0.77 £ 0.01 -
SE-LDF 0.20 £ 0.06 3.00 +0.22 55.20 4+ 6.84 1.67 £ 0.05 - - 1.07 £0.10 -
BM-LDF - 8.28 £0.67 80.05£529 1.16 £ 0.05 - - 0.92+0.03 g
AT-LDF 043 £0.05 24.65+5.36 116.27 £26.98 3594031 e e e b

All values are means + sd, n = 3.“-” means not detected. FP, free phenolic; BP, bound phenolic; LLP, lotus leaves powder; Control, lotus leaves dietary fiber; SE-LDE, shear emulsifying modified
lotus leaves dietary fiber; BM-LDE, ball milling modified lotus leaves dietary fiber; AT-LDF, autoclave modified lotus leaves dietary fiber.
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Characteristics control SE-LDF BM-LDF AT-LDF
SDF (g/100g DW) 5.06 % 0.43" 4.12:£0.62° 629+ 0.49° 7.30 4+ 0.14°
IDF (g/100 g DW) 7232 £ 154 69.32 £ 0.41% 67.61 & 1.46° 7119 £ 1.01%
TDF (g/100g DW) 77.38 £ 1.49° 73.45 £ 0.35 73.89 £ 1.68° 78.49 £ 0.92°
Dyo (m) 2851 £ 0.40° 12.87 £0.11° 3.46 £ 0.05¢ 2159 £ 033"
Dso (m) 206.30 £ 095 17120 £ 0.87° 15.55+035¢ 161.00 £ 0.47°
Dyo (m) 453.87 £ 4.64° 399.40 % 0.65¢ 41.16 0.55¢ 411,00 + 3.83
Asf(m?/kg) 45.89 +0.83¢ 7447 £ 0.67° 287.67 + 4.67* 61.17 £ 1.08°
WHC (g/g DW) 5.804021° 6714021% 346+0.12¢ 4.5140.12¢
OHC (g/lg DW) 3964028 373017 247 £032° 3.18 034"
WSC (mL/g DW) 7.07 £0.16° 792+ 029° 552 041° 484£025¢
L 53.69 £ 0.53° 53.96 £ 0.56° 56.45 £ 0.02° 46.02 £ 0.76°
a* 0.85 = 0.04° 0.47 £ 0.02¢ —0.2140.01¢ 2.80 £ 0.08*
b* 13.57 % 0.30° 1441 % 0.24° 20.39 % 0.04° 9.48 +0.494
AE - 0.96 743 891

All values were means = sd, n = 3. Values with different letters were significantly different in the same row, P < 0.05. “-” represented not detected. Control, lotus leaves dietary fiber; SE-LDE,
shear emulsifying modified lotus leaves dietary fiber; BM-LDE, ball milling modified lotus leaves dietary fiber; AT-LDE, autoclave modified lotus leaves dictary fiber; SDE, soluble dietary fibers
IDE, insoluble dietary fiber; TDE, total dictary fiber. Dy, Dso and Dog were equivalent volume diameters determined at 10, 50, and 90% cumulative volume, respectively. Asp represented specific
surface areas of powder. WHC, water holding capacitys OHC, oil holding capacity; WSC, water solubility capacity. L* represented the brightness (0 is black, 100 is white); a* represented the
redness and greenness (a* > 0, represented the degree of red; a* < 0 means green degree); b* represented yellow and blue degree (b* > 0 means yellow degree, b* < 0 means blue degree), AE
represented color difference.
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The number of microorganisms during storage (log;o CFU/g)

Microorganism Treatment
Day
Bacteria Control 2,574
Ultrasound 223+
Molds and yeasts Control 1.63 4
Ultrasound 1.194

0

E 0.034¢
E0.075¢
E 0.054¢
E 0.065¢

Day

3.234
2.99
2.19 4
1.94 4

2

E0.0144
£0.01%4
£ 0.0244
£ 0.0284

Day

4.014
3.66
2.89 4
2124

4

E 0.054¢
E0.055¢
E 0.054¢
E0.02B¢

Day

4.95 4
3.96 4
3.16 4
2.64 4

6

E 0.034P
E0.0350
£ 0.0240
E 0.0550

The results represent the means of three triplicates + standard deviations. Different capital letters mean that the effects of different treatments for the same day are significantly

Day 8

5.53 4 0.0542

4.67 £0.0552

3.71 4 0.0342

2.84 4+ 0.0352
different
hed with

(P < 0.05); different lowercase letters mean that the effects of storage times for the same treatment are significantly different (P < 0.05). Control: fresh-cut red cabbages were was|

sterile distilled water; ultrasound: ultrasonic frequency mode of 28 & 2 kHz, ultrasonic power density of 60 W/L, frequency cycle time of 400 ms, and ultrasonic time of 20 min.
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Factors

Ultrasonic frequency mode

Frequency amplitude
Ultrasonic power density
Frequency cycle time

Ultrasonic time

Levels

Single-fixed frequency: 22, 28, 33, 40,
and 68 kHz
Single-sweep frequency: 22 £ 2,
284+2,33+£2,40 £2,and

68 £+ 2 kHz
Dual-fixed frequency: 22/28, 22/33,
22/40, 22/68, 28/33, 28/40, 28/68,
33/40, 33/68, and 40/68 kHz
Dual-sweep frequency:

(22+£2)/(28 £2), (22 £2)/(33 £ 2),
(22 £2)/(40 £ 2), (22 £ 2)/(68 £ 2),
(28 £ 2)/(33 £ 2), (28 £ 2)/(40 + 2),
(28 £2)/(68 £ 2), (33 £ 2)/(40 £ 2),
(33 £ 2)/(68 £ 2), and
(40 = 2)/(68 + 2) kHz

1and £2 kHz

20, 40, 60, 80, and 100 W/L
100, 200, 300, 400, and 500 ms
10, 15, 20, 25, and 30 min
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The results represent the means of three triplicates + standard deviations. Different capital letters mean that the effects
(P < 0.05); different lowercase letters mean that the effects of storage times for the same treatment are significantly d

with sterile distilled water; ultrasound: ultrasonic frequency mode of 28 4

FW, fresh weight.

Treatment
Day 0
Contro 83.16 £ 2.294¢
Ultrasound 85.99 4 1.924d
Contro 2.07 £0.214¢
Ultrasound 2.09 + 0.16Ad
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Ultrasound 30.85 + 1.4542
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Ultrasound 0.49 & 0.034b

Day 2
85.97 = 3.69Abc
88.61 = 2.74Acd

2.45 £ 0.0640
2.44 4 0.084¢
27.49 + 1.1940
28.01 + 1.1440
0.48 =+ 0.02%
0.53 4 0.0242

Storage time
Day 4

91.38 +3.1982
99.46 £ 3.1742
2.24 +0.25Bb¢
2.59 4 0.124¢
24.15 £ 1.16%°
25.75 £ 1.034°
0.50 £ 0.0142
0.52 % 0.02420

of different treatments for t
ifferent (P < 0.05). Control
£ 2 kHz, ultrasonic power density of 60 W/L, frequency cycle time of 400 ms, and ultrasonic time of 20 min.

Day 6
89.62 = 3.654
93.21 = 3.284b

2.88 4 0.12P2
3.4140.1142
22.70 £ 0.87%¢
24.99 + 1.154¢
0.34 £ 0.03%
0.45 + 0.03A¢

Day 8
89.61 = 2.37A%
92.58 = 4.094bc

2.78 4 0.1542
3.02 £0.2140
22.68 + 1.59%¢
25.08 £ 0.974¢
0.30 + 0.01%4
0.40 + 0.0244

he same day are significantly different
: fresh-cut red cabbages were washed
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Fermentation time (h) 0 48

Asp 4.61 4 0.06 2.7140.01°
Thr 5.37 £ 0.04* 3.39+0.01°
Ser 6.10 £ 0.01° 2.3240.01°
Glu 74.22 £0.01° 67.51 £ 0.02°
Gly 724 0.02° 7.62 £ 0.02°
Ala 20.83 + 0.05° 7.58 £ 0.03
Cys .09 +0.01¢ 2.34 £0.04
Val 3.81 £ 0.05° 5.88 4 0.02°
Met 0.43 4 0.01> 1.58 £0.03*
Ile 3.68 %+ 0.03? 1.8240.02°
Leu 6.40 £ 0.01° 3.43 4+ 0.06"
Tyr 10.72 4 0.04° 11.79 4 0.03*
Phe 3.63 %+ 0.06* 3.42 +0.03"
Lys 5.18 £ 0.03" 6.92 + 0.06°
NH; 0.48 +0.01° 0.58 & 0.03?
His 42.45+0.012 28.40 + 0.01°
Arg 55.68 + 0.01° 72.28 £ 0.02°
Results are expressed as the mean =+ standard deviation of three replicates. The mass

concentrations of substances in different time periods are represented by different letters,
indicating significant differences (p < 0.05).
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Fermentation time (h) 0

Catechin 7.32 4
Hippuric acid 5.48 4
Homovanillic acid 2.60 4
p-coumaric acid 0.16 4
Phloretin 0.48 4
p-vinyl guaiacol 1.58 4
Proanthocyanidin B2 125.92 4
Chlorogenic acid 2.38 4
p-hydroxybenzoic acid 9.64 4
Syringic acid 0.50 4
Phloridic acid (para-hydroxypropionic acid) 0.73 4
Ferulic acid 0.22 4
Cinnamic aldehyde 0.114
Gallic acid 1.16 4
Protocatechuic acid 1.88 4
Caffeic acid 0.45 4
Rutin 0.114
Quercitrin (quercetin-3-rhamnoside) 0.01 4

k 0.06°
E0.064
k0.03b

£ 0.0

E0.02%

£ 0.0

k0.56°

£ 0.0

k 0.09b

£ 0.0

k0.03b

£ 0.0
£ 0.0
£ 0.0

E0.02¢
k0.024

£ 0.1
£ 0.0

Results are expressed as the mean I' standard deviation of three rep!
significant differences (p < 0.05).
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9.55 4
16.47 4
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0.10 4
0.37 4
0.05 4
152.28 4
3.64 4
12.354
0.71 4
0.77 4
0.32 4
0.12 4
1.514
2.754
0.58 4
0.09 4
0.03 4

E0.18?
£ 0.03>
E0.012
£ 0.01°
E0.01°
E 0.46¢
£ 0.922
£ 0.08?
E0.18?
£ 0.022
£ 0.020
£0.014
E0.012
E0.01°
£ 0.04°
£ 0.05"
E0.73¢
E0.012

12

7.52 4
4.714
2314

1.814
0.52 4
0.244

+0.01*
+0.01¢

E0.12b
E0.04°
E0.064
£0.014
£0.01°
E0.01¢
E 1.5

k0.074
E0.02¢
£ 0.01°
£ 0.014
E0.01¢

k0.014
k0.03¢
£ 0.012

0.014

E0.01¢

24

E0.014
k.34
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£ 0.05°
£ 0.094
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£ 0.01°
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E0.04°
E0.02°
£ 0.01°

0.01 4

E0.01¢
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6.73 4
17.8 4
2.53 4
0.25 4
0.33 4
0.59 4
97.76 4
2.86 4
7.914
0.50 4
1.09
0.61 4
0.10 4
1.87 4
3.62
0.73 4
0.214
0.02 4

£ 0.064
E0.712
E0.04¢
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E0.01¢
E0.40¢
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E 0.04¢
£ 0.01°
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icates. The mass concentrations of substances in different time periods are represented by different letters, indicating
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Strain Species pH Diameter of the inhibition zone (mm)

E. coli S. aureus B. cereus
Y1 L. plantarum 4.13 £0.03? 13.10 £ 0.10AB 10.65 =+ 0.355° 13.05 = 0.054>
Y2 L. plantarum 4.03 4 0.02° 13.20 + 0.1052 13.05 + 0.055° 15.15 + 0.154°
Y3 L. plantarum 4.13 £0.03* 10.85 + 0.154° 10.65 & 0.35420 11.95 4 0.054°
Y4 L. plantarum 4.15 £ 0.04* 12.30 & 0.20%" 12.05 + 0.0542b 13.85 £ 0.154>
Y5 L. plantarum 4.07 £0.07 9.75 4 0.2540 9.70 £ 0.30420 11.30 4 0.304°
Y6 L. plantarum 4.08 £ 0.06* 11.80 =+ 0.20%" 10.40 + 0.4042b 12.70 £ 0.204"
Y7 L. plantarum 4.12 £0.012 11.80 £ 0.20%" 10.90 + 0.1042b 13.05 £ 0.054>
Y8 L. plantarum 4.09 £0.01% 12.45 £ 0.15%° 12.10 £ 0.1042b 11.80 £ 0.204>
Y9 L. plantarum 4.10 £0.012 9.60 + 0.20%0 12.90 £ 0.10°P 13.05 4 0.054>

The diameter of the inhibition zone is greater than 15 mm as strong; 10-14 mm as medium; less than 10 mm as weak. Capital letters indicate significant differences between samples in
the same row (p < 0.05). Lowercase letters indicate significant differences between samples in the same column (p < 0.05).
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Fermentation time (h) Total sugar content (. g/mL) Total protein content (mg/mL) Total phenolic content (mg/L)

0 190.78 + 2,042 12.77 + 1.14° 116.51 & 0.51°
4 187.40 + 0.63* 10.72 + 1.04° 92,51 4 2.514
8 185.90 =+ 0.13% 8.02 + 1.45° 104.17 4 3.33¢
12 185.03 & 0.25" 7.61 = 0.04 104.67 4 0.58¢
24 132.90 + 4.08¢ 7.34 4+ 0.13° 105.01 4 1.01¢
36 108.90 =+ 0.25¢ 7.29 +0.27° 12617 +0.77
48 105.25 + 3.24¢ 4.15+0.19¢ 127.83 +0.282

Results are expressed as the mean = standard deviation of three replicates. The mass concentrations of substances in different time periods are represented by different letters, indicating
significant differences (p < 0.05).
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Fermentation time (h) 0 4 12 24 48

Oxalic acid 43.01 £ 0.67% 37.64 + 0.12° 44.64 £ 1.69* 43.65 £ 0.68° 37.63 + 1.59P
Tartaric acid 632.34 + 19.98° 536.93 + 4.41° 545.08 + 32.27° 514.06 + 9.97° 395.72 4+ 2.61¢
Quinic acid 584.52 %+ 0.68? 448.64 + 22.36° 440.38 & 13.16° 229.27 + 15.614 497.96 + 1.6"

Pyruvate 80.27 + 0.27° 83.12+2.07 84.51 + 1.45° 61.39 + 1.02¢ 56.68 + 1.564
Malic acid 926.91 + 5.35" 711.77 + 10.414 866.05 + 14.87¢ 1019.7 & 14.75% 692.95 +3.514
Shikimic acid 134£0.7° 26.73 £ 1.364 73.78 £ 1.45¢ 90.49 + 0.48" 114.15 4 7.22%
Lactic acid 403.33 £ 17.77¢ 530.72 %+ 25.16° 731.24 + 18.87° 695.37 + 3.88° 722.58 + 29.76*
Citric acid 43.77 4 0.55* 37.28 4 1.96° 12.32 £ 0.254 35.37 4 3.95P 32.19 4 0.83¢
Fumaric acid 0.04 4 0.01¢ 0.01 4 0.014 0.01 & 0.014 0.26 4 0.01° 0.23 4 0.01°
Succinic acid 163.04 £ 1.67° 39.21 + 0.96¢ 57.12 + 1.74¢ 551.28 + 31,122 565.83 + 19.212

Results are expressed as the mean = standard deviation of three replicates. The mass concentrations of substances in different time periods are represented by different letters, indicating
significant differences (p < 0.05).
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Peanut

Olive

Endosperm

Meal

Oil

Seed

Skin

Kernel

Sprout

Meal

Fruit

Free phenolic acid

Conjugated phenolic acid

Simple phenol

Free phenolic acid

Conjugated phenolic acid

Simple phenol

Free phenolic acid

Conjugated phenolic acid

Free phenolic acid

Free flavonoid

Conjugated flavonoid

Stilbene

Free phenolic acid

Free flavonoid

Stilbene

Free phenolic acid

Free flavonoid
Conjugated phenolic acid
Stilbene

Free phenolic acid

Free flavonoid
Conjugated phenolic acid

Free phenolic acid

Free phenolic acid

Free phenolic alcohol

Free flavonoid

Sinapic acid (25.5 + 0.1)

Sinapine (919 = 3), sinapoyl glucose (12.7 4
(38.2 £ 2.1), disinapoyl gentiobioside (114 4

thiocyanate-glucoside (84.2 £ 0.4)

Canolol (1.22 £ 0.11)

E 0.5), sinapoyl malate
k1), sinapoylcholine

Sinapic acid (35.09-174.59), p-coumaric acid (nd-2.08), syringic acid
(0.12-4.64), gallic acid (4.38-7.12), caffeic acid (nd-10.21), ferulic acid

(nd-6.51)

Sinapine (2066.30-3213.62), sinapoyl glucoside (105.16-598.75),
disinapoyl gentiobiose (34.49-261.71)

Canolol (2.59-35.03)

Sinapic acid (0.31-0.82), p-hydroxybenzoic acid (nd-0.01), syringic acid
(0.02-0.04), p-coumaric acid (0.01), ferulic acid (0.05-0.10), cinnamic

acid (0.01-0.02)
Sinapine (0.00-0.12)

Gallic acid (nd-0.05), 2,5-dihydroxybenzoic acid (0.05-0.10),
2,6-dihydroxybenzoic acid (0.05-0.11), caffeic acid (0.06-0.18), ferulic
acid (0.09-0.20), sinapic acid (0.05-0.07), vanillic acid (0.08-0.14),

catechin (0.08-1.53)

Protocatechuic acid (10.21

protocatechuic acid (nd-0.06), p-coumaric acid (0.23-1.88),
m-coumaric acid (0.61-1.77), o-coumaric acid (0.12-0.32)

sorhamnetin (0.04-0.08), rhamnazin (nd-0.05), quercetin (0.05-0.12),

Eriocitrin (nd-0.17), rutin (0.16-1.67), astragalin (0.05-0.08),
manniflavanone (0.05-0.07), isoquercetin (nd-0.21)

Resveratrol (0.36 £ 0.05)

t 0.01), p-hydroxybenzoic acid

(1.03 & 0.06), caftaric acid (1.51 & 0.12), c-coutaric acid (2.37 & 0.02),
0.35), p-coumaric acid (0.53 % 0.06), chicoric

t-coutaric acid (4.96 +

acid (3.44 £ 0.12), chicoric acid (3.12 £ 0.13)

Quercetin (2.11 # 0.27), isorhamnetin (1.51 =+ 0.02), diosmetin
(45.47 £ 0.04), epicatechin (33.66 £ 0.76)

(0.40 & 0.01), catechin
Resveratrol (0.07 £ 0.0

Gallic acid (0.12 £ 0.01
p-hydroxybenzoic acid

p-coumaric acid (3.15 4

)

t 0.10), caffeic acid (0.09

), protocatechuic acid (1.36 % 0.07),
(4.80 & 0.12), vanillic acid (6.92 = 0.26),

£ 0.02), syringic acid

(0.14 £ 0.01), ferulic acid (4.79 +£ 0.12), p-coumaric acid (0.04 £ 0.01),
cinnamic acid (5.77 + 0.14)

Quercetin (1.57 £ 0.06)

Chlorogenic acid (0.32
Resveratrol (0.03 4 0.0

Gallic acid (0.08 £ 0.01
p-hydroxybenzoic acid

p-coumaric acid (1.96 4

+0.05)
)

E 0.13), caffeic acid (0.04 4

), protocatechuic acid (0.76 £ 0.12),
(3.18 & 0.13), vanillic acid (4.28 £ 0.16),

£ 0.00), syringic acid

(0.04 £ 0.01), ferulic acid (3.16 =+ 0.13), p-coumaric acid (0.02 £ 0.00),
cinnamic acid (4.39 + 0.10)

Quercetin (0.79 % 0.04)

Chlorogenic acid (0.11

+0.01)

Ferulic acid (1.14 =+ 0.05), p-coumaric acid (1.19 £ 0.01), c-coutaric acid

(5.37 4 0.04), t-coutaric acid (2.44 4

E 0.14), ellagic acid (1.96 & 0.15)

p-Coumaric acid (0.04-1.30), gallic acid (2.09-35.85), ferulic acid
(0.13-13.18), caffeic acid (0.43-14.03), syringic acid (0.47-20.74),
t-cinnamic acid (0.04-4.44), 3,4-dihydroxybenzoic acid (1.58-33.11),
1,2-dihydroxybenzene acid (1.87-75.47)

Tyrosol (1.16-15.20), hydroxytyrosol (0.99-37.40)

Kaempherol (0.64-18.11), isorhamnetin (1.02-9.48), quercetin
(0.40-11.74), catechin (3.08-52.45)

(21

(72,73)

74

(75)

(8,76)

(77)

(77)

(76)

(78,79)
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Oleuropein (nd-379), verbascoside (4.35-253.10)
Naringenin (0.30-7.14), apigenin 7 glycoside (0.32-9.30)
Vanillin (0.08-0.10)

Pinoresinol (0.34-0.42), acetoxypinoresinol (1.79-1.97)
Vanillic acid (0.02-0.03), p-coumaric acid (0.24-0.27)
Tyrosol (0.91-1.94), hydroxytyrosol (0.82-1.39)
Luteolin (0.19-0.25), apigenin (0.04-0.10)
Hydroxytyrosol acetate (0.14-0.50)

Pinoresinol (0.01-0.02), acetoxypinoresinol (0.43-1.15)

p-Hydroxybenzoic acid (0.05-0.09), 3-hydroxybenzoic acid (0.03-0.12),
vanillic acid (0.27-1.32), p-coumaric acid (0.14-0.46), cinnamic acid
(0.03-0.05), ferulic acid (0.01-0.02)

Tyrosol (10.59-45.06), hydroxytyrosol (15.27-59.51)
Luteolin (0.32-1.02), apigenin (0.02-0.03)

Vanillin (nd-7.40)

Caffeic acid (nd-9.70)

Tyrosol (nd-13.30)

Apigenin (nd-2.00)

Rutin (1.60-20.40), ligstroside (nd-16.20)
Resveratrol (0.07 & 0.01)

Sesamin (111-941), sesamolin (20-335), sesamol (nd-15), sesaminol
(2.67 £ 0.09), sesamolinol (1.48 £ 0.06), syringaresinol (0.47 £ 0.18),
pinoresinol (1.75 £ 0.01), secoisolariciresinol (0.02 £ 0.01),
medioresinol (0.76 £ 0.09)

p-Hydroxybenzoic acid (0.61-8.53), syringic acid (8.40 % 0.29), caffeic
acid (0.42-1.56), p-coumaric acid (nd-3.60), ferulic acid (nd-18.79),
gallic acid (102.20 + 4.37), 3,4-dihydroxybenzoic acid (23.27 £ 1.05),
1,2-dihydroxybenzene acid (98.09 % 3.63), t-cinnamic acid

(0.05 £ 0.01), protocatechuic acid (0.17-19.91)

Quercetin (1.78-18.15), kaempferol (0.96 & 0.19), isorhamnetin
(2.88 + 0.45), catechin (61.96 + 1.28)

Chlorogenic acid (nd-7.77)
Sesamol (nd-31), sesamin (207-751), sesamolin (29-398)

Hydroxybenzoic acid (0.77 & 0.01), quinic acid (0.18 & 0.01),
protocatechuic acid (0.36 & 0.02), syringic acid (0.43 & 0.02)

Sesamin (0.84 + 0.02), sesaminol (0.04 & 0.02), sesamol (3.85 % 0.63),
sesamolinol (0.38 &= 0.09), syringaresinol (0.58 & 0.07), conidendrin
(0.02), dimethylmatairesinol (0.15), lariciresinol (0.16 £ 0.01),
medioresinol (0.05 = 0.01), pinoresinol (0.01), secoisolariciresinol
(0.03 +£0.01)

Caffeic acid (19.20-26.70), ferulic acid (7.20-91.50)

Chlorogenic acid (1945.70-3050.50), caffeoylquinic acid (36.50-51.40)
Caffeic acid (0.50-1.00), ferulic acid (0.30-1.00)

Chlorogenic acid (26.60-59.10), caffeoylquinic acid (1.50-4.80)
Chlorogenic acid (20-320)

Sesamin (0.59 = 0.01), sesaminol (0.17 £ 0.01), sesamol (4.73 £ 1.04),
sesamolinol (0.12), syringaresinol (0.22 & 0.01), conidendrin (0.01),
dimethylmatairesinol (0.06 & 0.02), lariciresinol (0.34 & 0.13),
medioresinol (0.01), pinoresinol (0.05 = 0.01), secoisolariciresinol (0.02)

Secoisolarisiresinol diglucoside (22.61-758.90), secoisolarisiresinol
glucoside (4.29-33.60)

(80)

(81)

(82)

(35-37, 42)

(37, 83)

(42)

(40)

(40)

(84)
(42)

(43)
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Free phenolic acid

Free phenolic alcohol
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Simple phenol

Free phenolic acid

Caffeic acid (10.50-81.53), p-coumaric acid (17.48-74.11), ferulic acid
(18.00-47.91)

Coniferyl alcohol (7.51-39.89)
Chlorogenic acid (2.23-24.82)

Diphyllin (0.003-0.004), pinoresinol (0.004-0.005), matairesinol
(0.003), secoisolariciresinol (0.003)

Vanillin (0.01-0.02)

Vanillic acid (0.002-0.004), ferulic acid (0.001), p-Hydroxybenzoic acid
(0.002-0.003)

(45)
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Source

Sesame, peanut, rapeseed meal

Sesame, sunflower meal, flaxseed
capsule, rapeseed, rapeseed meal
and rapeseed oil

Virgin olive oil, rapeseed, walnut
kernel, rapeseed oil

Sesame

Rapeseed and rapeseed oil,
soybean, peanut, olive mill

pomace and wastewater

Soybean seed coat, peanut

Peanut by-product

Peanut shell

Phenolic compounds

TPC, TFC, TTC

Phenolic compounds, lignans

Phenolic compounds

Phenolic compounds

Phenolic compounds,
isoflavone aglycones

Phenolic compounds

Phenolic acids and flavonoids

Luteolin

Extraction method

UAE, SLE

(acetone, ethanol, methanol)

UAE, SLE, LLE
(acetone distilled water,
methanol)

LLME, LLE, SLE, SPE,
QuEChERS
(methanol, ethyl acetate)

SLE

(methanol)

SLE, LLE,
Microwave-assisted acid
hydrolysis
(methanol, ethanol, ethyl

acetate)

Soxhlet extraction, UAE
(ethanol, acetone)

SLE
(acetone)

d-TizC, Tx/MWCNTs

Determination
method

Spectrophotometer

H
U

8]

PLC-PDA,
PLC

HPLC-ESI-MS/MS,

LC-MS/MS,

U

o

PLC-MS/MS

PLC-QqQ-MS/MS

PLC-ESI-QTOF-MS/MS,
HPLC-ESI-QTOE-MS/MS,
PLC-QTOF-MS,
PLC-ESI-QTOF-MS

PLC-Q-Orbitrap-MS/MS,

LC-ESI-Orbitrap-MS

PLC-ESI-MS"

Electrochemical sensing

platform

References

(35,73, 85)

(19, 35, 43, 86)

(4,6, 16, 53, 56,
74)

(57)

(22, 48, 82, 85)

(18,75)

(76)

(31

TPC, total phenolic content; TFC, total flavonoid content; TTC, total tannin content; UAE, Ultrasound-assisted extraction; SLE, solid-liquid extraction; LLE, liquid-liquid extraction;
LLME, liquid-liquid micro extraction; SPE, solid-phase extraction; QuEChERS, Quick-Easy-Cheap-Effective-Rugged-Safe method; d-Ti3zCoTx/MWCNTs, titanium carbide/multi-
walled carbon nanotubes; HPLC-PDA, high-performance liquid chromatography-photodiode array; UPLC, ultra-performance liquid chromatography; UHPLC-ESI-MS/MS, ultrahigh
pressure liquid chromatography-electrospray ionization-tandem mass spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry; UPLC-MS/MS, ultra-performance

liquid chromatography-tandem mass spectrometry; HPLC-QqQ-MS/MS, high-performance liquid chromatography-triple quadrupole-tandem mass spectrometry; UPLC-ESI-QTOF-

MS/MS, ultra-performance liquid chromatography-electrospray ionization-quadrupole time of flight-tandem mass spectrometry; UHPLC-ESI-QTOF-MS/MS, ultrahigh pressure
liquid chromatography-electrospray ionization-quadrupole time of flight-tandem mass spectrometry; UPLC-QTOF-MS, ultra-performance liquid chromatography-quadrupole time
of flight-mass spectrometry; HPLC-ESI-QTOF-MS, high-performance liquid chromatography-electrospray ionization-quadrupole time of flight-mass spectrometry; HPLC-Q-Orbitrap-

MS/MS, high-performance liquid chromatography-quadrupole-orbitrap-tandem mass spectrometry; LC-ESI-Orbitrap-MS, liquid chromatography-electrospray ionization-orbitrap-mass

spectrometry; HPLC-ESI-MS™, high-performance liquid chromatography-electrospray ionization-multistage mass spectrometry.
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Oilseeds

Soybean

Rapeseed

Distribution

Seed

Sprout

Embryo

Cotyledon

Coat

Seed

Hull

Cotyledon

Phenolic compounds

Stilbene

Free phenolic acid

Conjugated phenolic acid

Free flavonoid

Conjugated flavonoid

Free flavonoid

Conjugated flavonoid
Free phenolic acid
Conjugated phenolic acid
Free flavonoid
Conjugated flavonoid
Free phenolic acid
Conjugated phenolic acid
Free flavonoid
Conjugated flavonoid
Free phenolic acid
Conjugated phenolic acid

Free flavonoid

Conjugated flavonoid
Simple phenol

Free phenolic acid

Conjugated phenolic acid

Free phenolic acid

Conjugated phenolic acid

Free phenolic acid

Conjugated phenolic acid

Content (mg/100 g)

Resveratrol (49.20 + 2.74)

Gallic acid (1.33 & 0.08), p-hydroxybenzoic acid (1.00 & 0.06),
protocatechuic acid (18.36 & 1.03), syringic acid (1.77 £ 0.10),
p-coumaric acid (1.24 % 0.07), caffeic acid (1.87 & 0.18), salicylic acid
(2.09 £ 0.12), sinapic acid (5.39 =+ 0.28), ferulic acids (7.33 & 0.34),
cinnamic acid (1.93 = 0.21)

Chlorogenic acid (6.97 £ 0.39)

Quercetin (0.51 % 0.04), kaempferol (0.30 £ 0.04), glycitein (nd-63.82),
genistein (268-448), daidzein (173-305), L-epicatechin (3.77 £ 0.26),
baicalein (0.08 & 0.01), morin (5.50 % 0.44), myricetin (0.83 & 0.08)

Rutin (1.40 & 0.12), genistin (11-26), daidzin (16-30), malonylgenistein
(581-796), malonyldaidzein (383-633)

Daidzein (0.45), genistein (0.23)

Daidzin (0.50), genistin (0.14), malonyldaidzin (1.80), malonylgenistin
(0.86 +0.01)

Gallic acid (0.00-0.13), vanillic acid (0.08-0.79), caffeic acid (0.22-4.26),
syringic acid (0.00-1.13), ferulic acid (0.05-2.13), p-coumaric acid
(0.14-1.77), o-coumaric acid (0.08-1.67), t-cinnamic acid (0.00-0.07)

Chlorogenic acid (0.22-9.58)

Catechin (0.05-1.42), myricetin (0.16-4.14), quercetin (0.04-0.50),
naringenin (0.00-2.69), kaempferol (0.00-0.13), hesperetin (0.00-0.15)

Rutin (0.29-9.25), naringin (0.02-0.93), hesperidin (0.06-1.45)

Gallic acid (0.00-0.09), vanillic acid (0.01-0.22), caffeic acid (0.01-0.18),
syringic acid (0.00-0.29), p-coumaric acid (0.01-0.26), 0-coumaric acid
(0.01-0.44), t-cinnamic acid (0.01-0.14), ferulic acid (0.06-0.71)

Chlorogenic acid (0.00-2.10)

Catechin (0.04-0.55), myricetin (0.04-3.33), quercetin (0.03-1.76),
naringenin (0.06-0.65), kaempferol (0.00-0.44), hesperetin (0.01-0.06)

Rutin (0.04-0.56), naringin (0.07-0.76), hesperidin (0.06-0.57)

Gallic acid (0.05-0.70), vanillic acid (0.01-5.34), caffeic acid (0.05-5.92),
syringic acid (0.01-79.11), p-coumaric acid (0.01-2.91), o-coumaric acid
(0.01-3.13), t-cinnamic acid (0.00-0.59), ferulic acid (0.02-22.21)

Chlorogenic acid (0.29-51.62)

Catechin (0.72-25.75), myricetin (0.09-4.52), quercetin (0.00-8.65),
naringenin (0.02-0.76), kaempferol (0.01-0.62), hesperetin (0.00-0.24)

Rutin (0.01-27.13), naringin (0.09-9.10), hesperidin (0.02-7.04)
Canolol (1.82 +0.16)

Caffeic acid (10.26 £ 0.59), ferulic acid (2.17 & 0.09), sinapic acid
(26.2+1.1)

Sinapine (757 =+ 24), sinapoyl glucose (89.7 £ 5.0),

quercetin-sinapoyl-di-hexosepentose (32.0 & 1.4), sinapoyl malate

(86.9 £ 2.0), disinapoyl gentiobioside (74.6 & 1.6), sinapoylcholine

thiocyanate-glucoside (42.1 % 0.7)
Sinapic acid (4.32 £ 0.43)

Sinapine (38.1 % 0.1), sinapoyl glucose (9.32 & 0.38),

quercetin-sinapoyl-di-hexosepentose (7.92 £ 0.42), sinapoyl malate

(52.3 4 0.3), disinapoyl gentiobioside (14.6 % 0.3), sinapoylcholine
thiocyanate-glucoside (8.36 £ 0.23)

Sinapic acid (42.9 £ 1.3)

Sinapine (839 = 29), sinapoyl glucose (105 =+ 0),

quercetin-sinapoyl-di-hexosepentose (35.1 £ 0.3), sinapoyl malate

(89.1 £ 0.9), disinapoyl gentiobioside (68.5 & 1.5), sinapoylcholine

thiocyanate-glucoside (34.3 4= 0.2)

Reterences

(9, 48, 68, 69)

(70)

(71)

(71)

71)

(21,24, 72)

(21)

@n
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Component name CAS no. Retention Relative content (%)
time (min.)

Oh 48 h
Alcohols
Ethanol 64-17-5 1.456 246 3.01
2-ethyl-1-Hexanol, 04-76-7 11.792 7.18 3.1
-Octanol 1-87-5 13.224 0.68 1.58
-Dodecanol 2-53-8 24.529 0.13 -
3-methyl-3-Buten-1-ol, 763-32-6 2.885 - 0.85
-Pentanol 71-41-0 2.905 - 0.46
-Hexanol 1-27-3 6.292 - 239
-Heptanol 1-70-6 9.807 - 3.24
-Octen-3-ol 3391-86-4 10.139 - 2.65
2-Octen-1-ol 22104-78-5 13.147 - 0.36
-Nonanol 43-08-8 16.353 - 1.40
Geraniol 06-24-1 18.764 - 1.80
2,4-Decadien-1-ol 14507-02-9 20.672 - 0.27
,3,4,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-, (1S,4R,4aS,8aR)-4a(2H)-Naphthalenol, 19912-67-5 28.218 - 0.28
Ketones
Acetone 67-64-1 1.52 7.16 1.78
7-methyl-2-Oxepanone, 2549-59-9 10.924 0.25 -
trans-.beta.-Ionone 79-77-6 18.875 B 0.62
3,4,4a,5,6,7-hexahydro-1,1,4a-trimethyl-2(1H)-Naphthalenone, 4668-61-5 19.475 - 1.13
dihydro-5-pentyl-2(3H)-Furanone, 104-61-0 21.699 - 0.40
2-Tridecanone 593-08-8 25.056 - 0.41
2-Pentadecanone 2345-28-0 29.68 - 0.11
7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione 82304-66-3 34.224 - 0.08
Esters
Ethyl Acetate 141-78-6 .889 4.54 -
Methyl anthranilate 134-20-3 21.155 8.63 3.97
Acetic acid, decyl ester 112-17-4 22.936 2.80 1.94
2-Undecanol, acetate 14936-67-5 23.513 0.22 0.13
Decanoic acid, 3- hydroxy-, methyl ester 56618-58-7 24.241 - 0.09
Aldehydes
Hexanal 66-25-1 4.082 3.88 -
Nonanal 124-19-6 14.25 3.25 -
2,5-dimethyl-Benzaldehyde 5779-94-2 17.594 - 16.15
Hydrocarbons
n-Hexane 110-54-3 812 0.61 -
Trichloromethane 67-66-3 .906 0.47 0.17
3-methyl-Butanal 590-86-3 2.12 0.47 -
2,3,4-trimethyl-Hexane 921-47-1 6.014 0.82 -
Undecane 1120-21-4 12.748 2.45 -
2,4-dimethyl-Decane 2801-84-5 12.926 1.22 -
Dodecane 112-40-3 17.198 0.83 0.58
Longifolene 475-20-7 22.886 0.40 0.15
(1S,4S,4aS)-1-Isopropyl-4,7-dimethyl-1,2,3,4,4a,5-hexahydronaphthalene 267665-20-3 24.009 0.29 -
1-Isopropyl-4,7-dimethyl-1,2,3,4,5,6-hexahydronaphthalene 16729-00-3 24.579 0.33 -
cis-Muurola-4(15),5-diene 157477-72-0 25.046 0.41 -
Pentadecane 629-62-9 25.139 0.25 B
1-Isopropyl-4,7-dimethyl-1,2,3,5,6,8a-hexahydronaphthalene 16729-01-4 25.777 1.72 -
Trans-Calamenene 73209-42-4 25.783 1.95 -
Cubenene 29837-12-5 25.998 0.35 -
Alpha-calacorene 21391-99-1 26.256 0.52 8.79
4-Isopropyl-6-methyl-1-methylene-1,2,3,4-tetrahydronaphthalene 50277-34-4 26.736 0.09 -
Alpha-corocalene 20129-39-9 28.091 0.05 2.2
1,3,4,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-, (1S,4R,4aS,8aR)-4a(2H)-Naphthalenol 19912-67-5 28.221 0.75 -
1,5-dimethyl-Cyclopentene 16491-15-9 18.59 - 0.55
Tridecane 629-50-5 20.018 - 1.62
Cis-Calamenene 72937-55-4 25.78 - 0.73
2-Acetoxytridecane 28.158 - 0.15
1,6-dimethyl-4-(1-methylethyl)-Naphthalene 483-78-3 29.254 - 2.18
Acids
L-Lactic acid 79-33-4 3.797 0.20 -
Propanoic acid, anhydride 23-62-6 10.142 0.69 -
Methoxy-acetic acid 625-45-6 2.271 - 2.16
Acetic anhydride 08-24-7 2.285 - 4.18
2-methyl-Butanoic acid 16-53-0 5.866 - 0.29
2-ethyl-Hexanoic acid 49-57-5 14.837 - 0.24
Dodecanoic acid 43-07-7 26.628 - 1.02
Phenols
Alpha-cubebene 17699-14-8 21.397 2.27 -
2,4-Di-tert-butylphenol 96-76-4 25.445 20.53 13.47
3-ethyl-Phenol 620-17-7 16.273 - 0.29
Eugenol 97-53-0 21.568 - 7.48
Trans-Isoeugenol 5932-68-3 23.966 - 0.37
Heterocycles
Decane-rel-(1R,28,6S,7S,8S)-8-Isopropyl-1-methyl-3-methylenetricyclo[4.4.0.02,7] 18252-44-3 22.47 0.27 -
2,3-dihydro-1,1,5,6-tetramethyl-1H-Indene, 942-43-8 16.313 - 0.11
3,5,6,8a-tetrahydro-2,5,5,8a- tetramethyl-,trans-2H-1-Benzopyran, 41678-29-9 20.434 - 3.41
Other
Oxime-, methoxy-phenyl 7.614 20.49 1.65

is not detected.





