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Abstract

:

The study aimed to evaluate the antioxidant potential of sprout and seed extracts from three species of plants, namely Glycine max (GMsp-sprouts, GMsd-seeds), Anethum graveolens (AGsp-sprouts, AGsd-seeds) and Pimpinella anisum (PAsp-sprouts, PAsd-seeds), which are widely accepted by consumers and have various applications in food flavoring, and also in natural medical treatments in the pharmaceutical industries. These plants are rich in valuable compounds that show a remarkable antioxidant power and are associated with many health benefits. Ethanol extracts were obtained by ultrasound-assisted extraction and they were comparatively evaluated for their in vitro antioxidant properties. The extracts were characterized by HPTLC, HPLC-DAD, total phenol content (TPC), total flavonoid content (TFC) analysis and antioxidant activities with different assays, such as total antioxidant capacity (TAC), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical cation decolorization assay (ABTS), 1,1-diphenyl 1-2-picryl-hydrazyl (DPPH) and iron binding ability of chelators. Our results showed that the sprout and seed extracts of the studied plants exhibited a high content of phytochemicals and promising antioxidant properties. The highest polyphenols content was detected for AGsd (53.02 ± 0.57 mg/g DW), PAsd (48.75 ± 0.34 mg/g DW) and the highest flavonoids content for PAsp (26.84 ± 0.57 mg/g DW). Moreover, the presence of valuable compounds was demonstrated by using HPTLC, FT-IR and HPLC-DAD techniques. In order to have a better understanding of the relationship between the biological properties and the electronic structure, a molecular modelling study of genistein was also conducted. Our approach to the comparative assessment of these three plant species was based on a priori knowledge from literature data; however, this study demonstrated that these plant extracts of seeds and also sprouts are excellent sources of natural antioxidants. Significant additional differences that were found in the phytochemical composition could be exploited in future research for pharmaceutical purposes.
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1. Introduction


Many plant species have received attention as functional foods due to their important nutritional values [1,2,3]. For this purpose, the rich composition of certain plant seeds and sprouts in fiber, phenolic acids, flavonoids, amino acids, vitamins and trace elements has been demonstrated and the consumption of seeds and sprouts has become increasingly popular among those interested in improving and maintaining their health by adopting an improved diet [4,5]. Recently, many researchers have investigated how germination can influence the chemical composition of seeds during germination. Predominantly, the germination process would increase total phenolic and flavonoid contents or individual phenolics, however, some seed extracts showed contrasting behavior, exhibiting a decrease in phenolics, in some cases [4]. This shows that the mechanism of phytochemical development during germination varies between plant species. Phenolic compounds are considered secondary metabolites that are synthesized by plants during normal development, or in response to stress conditions, and their antioxidant properties may draw more attention to their potential as functional foods [4,6,7]. These valuable natural sources help to reduce the risk of developing various diseases and/or exerting health-promoting effects, in addition to their nutritional values.



Glycine max (L.) (Soybean) is an important source of high-quality protein and vegetable oils and is also one of the most economically valuable crops. G. max is a subtropical plant native to South-East Asia, the seeds of which are known to contain important chemical components, such as proteins, isoflavonoids (genistein, daidzein and glycitein), saponins, cumestrol, lecithin, phytosterols, vitamin E and dietary fibers with multiple beneficial properties for health [6]. Over time, studies have shown that there is a major difference between the chemical composition of plant sprouts and seeds [7]. Large amounts of soybeans are consumed worldwide due to their nutritional value and health benefits. Many soybean products, such as milk, raw sprouts, processed pasta and sauces, are used as sources of protein in the human diet and a new direction has also emerged in the increasing application of soybeans in the pharmaceutical and cosmetic industries [8]. Soy isoflavones have a strong estrogenic effect in tissues by binding to estrogen receptors and, therefore, they become beneficial to women with polycystic ovary syndrome by lowering testosterone, cholesterol, insulin values, weight gain, inflammatory markers and oxidative stress [9]. The estrogenic effects on women of soy isoflavones have been reported in many studies by demonstrating a low incidence of hot flashes due to menopausal symptoms [10]. Thus, in the case of moderate to severe hot flashes, soy isoflavones could lead to a significant improvement in the quality of life of premenopausal and postmenopausal women [11]. Many organic compounds from the phytochemical composition of soybean extracts have demonstrated antidepressant properties, the mechanism of action of which is based on noradrenergic transmission influence on the serotonergic system, stimulating the noradrenergic system [12].



Anethum graveolens is a common aromatic medicinal plant that belongs to the family Umbelliferae (Apiaceae). Various compounds were identified in the chemical composition of seeds, leaves and inflorescence of this plant [13]. A. graveolens contains many beneficial compounds for human health, such as anethine, felandrene and D-limonene, and its leaves are rich in tannins, steroids, terpenoids and flavonoids. Dill seeds are rich in volatile compounds, flavonoids, coumarins, xanthones and triterpenes [14]. Dill is a medicinal plant with a pleasant spicy aroma, and its essential oil, and extracts from dill seeds and leaves, are widely used for flavoring food and beverages. Studies have demonstrated that they have antimicrobial and antioxidant activities, being used as natural and safe preservatives in the food and pharmaceutical industries [15]. In vivo studies have demonstrated that extracts of A. graveolens show a positive influence on cerebral infarction and neuronal loss in rats with ischemic-induced cerebral ischemia by reducing the oxidative state and the inflammation, along with improving cerebral blood supply [16]. Moreover, a high dose of dill extract administered to rats acted as an agent that changed the duration of the luteal phase, based on increased progesterone, without pathological changes in ovarian tissue, thus being effective in regulating menstrual irregularities, and also as a natural contraceptive [17]. Extracts of dill introduced into a suppository had a similar efficacy to clotrimazole in reducing the rate of a positive culture for Candidiadis and relieving the severity of clinical symptoms, this action being of great importance in the current context in which the resistance of microorganisms to synthetic drugs has significantly increased [18,19].



Anise (Pimpinella anisum L.) is a delicate annual herbaceous plant with white flowers from the Apiaceae family. The essential oil obtained from its seeds is used in food processing, perfumes, and toothpaste, as well as in pharmaceutical products [20]. Studies on the chemical composition of P. anisum have focused on lipophilic compounds, especially volatile compounds, for example, trans-anethole. On the other hand, aqueous extracts of P. anisum presented biological effects, such as antioxidant, antimicrobial, and anti-HSV effects, and acted as selective modulators of estrogen receptors [21]. These extracts are found in traditional medicine in many cultures to treat various ailments and are largely recommended as antioxidants, estrogens, galactagogues [22], antimicrobials, digestives, antispasmodics, expectorants and anti-inflammatories [23,24]. P. anisum showed therapeutic potential for the management of depressive disorders, showing an effect comparable to fluoxetine, which is a well-known drug for this disorder [25]. In addition, anise seeds are also a good source of many essential B-complex vitamins, such as niacin, riboflavin and thiamine. Seeds are also an important source of minerals, such as calcium, copper, potassium, iron, manganese, magnesium and zinc [26].



The aim of our study was to evaluate the antioxidant potential of ultrasonic ethanolic extracts from seeds and sprouts of dill, soybean and anise, and also to compare the chemical composition of these extracts by spectroscopic, chromatographic and molecular modelling studies. This study demonstrated that the analyzed plants represent an excellent source of natural organic compounds with various biological activities that could be exploited in future studies for pharmaceutical applications.




2. Materials and Methods


2.1. General


All the reagents and organic solvents used for analysis were purchased from Sigma Aldrich and Merck (Darmstadt, Germany). Standard compounds daidzin, daidzein, genistin and genistein (≥95%, HPLC grade) were purchased from Merck (Darmstadt, Germany). Absorbance measurements for antioxidant activities were done by using a multiplate reader (Tecan Pro 200, Tecan Trading AG, Männedorf, Switzerland). The seeds were collected in March, from local suppliers. The seed specimens were deposited at the Botanical Garden in Galati, Romania, until processing.




2.2. Germination


The seeds of Glycine max (GMsd), Anethum graveolens (AGsd) and Pimpinella anisum (PAsd), were germinated in germination boxes with 24 compartments, on sterile filter papers, cut according to the dimensions of each compartment (2 cm × 4 cm). Prior to germination, healthy and mature soybean, dill and anise seeds were sterilized, to prevent fungal growth, by washing the seeds with sodium hypochlorite (0.1%) twice for 5 min, then they were rinsed six times with sterile ultrapure water and transferred to the germinator. The grains were incubated for germination, in optimal conditions of 80% humidity and under temperature control (23 ± 2 °C), in the absence of light [27]. Germination time was varied for each species, from 4 to 7 days. The sprouts were grown in the laboratory and used for further processing in fresh condition.




2.3. Sample Preparation


The sprouts of Glycine max (GMsp), Anethum graveolens (AGsp) and Pimpinella anisum (PAsp) and their seeds were dehydrated (60 °C, 24 h) and ground.



Both fresh and dried samples are used in herbal studies. In most cases, the dry sample is preferred given the time required for the experimental design. Comparison between fresh and dried plant materials showed no significant effect on the chemical composition of the extracts in the total phenolic compounds, but a higher flavonoid content was noted in the dry sample. Freeze-drying is a good method of drying samples. Stove drying is another method of preparing plant samples that uses thermal energy to remove moisture from the samples. This sample preparation is considered one of the easiest and fastest thermal processes that can preserve phytochemicals. This method reduced the extraction time. The samples used in powder form have smaller homogenized particles and this aspect leads to better contact on the surface with the extraction solvents. This special pre-preparation is important because, in order for an efficient extraction to take place, the solvent must come into contact with the target analytes and having a particle size as small as possible is ideal for efficient extraction [28,29,30].



Ultrasound-assisted extraction has proven to be among the most efficient methods in the extraction of plant materials, based on high efficiency, less extraction time, reduced solvent consumption and high selectivity [31,32]. This method is increasingly used in the extraction of thermolabile compounds to reduce the extraction time, the costs of the procedure and to avoid exposure to high temperatures. Ultrasonic extraction involves the use of ultrasound from 20 kHz to 2000 kHz, and can be used in both small and large scale extraction of phytochemicals, but at high frequencies the effect on active phytochemicals, through the formation of free radicals, is taken into account [31]. Ultrasound-assisted extraction is based on the mechanical effect of the acoustic cavity from ultrasound which leads to an increase in surface contact between solvents and the permeability of cell walls of plant samples. Therefore, under the action of ultrasound the physical and chemical properties of cell walls are altered, facilitating release of compounds from plant cells into the solvent [32,33]. The procedure is simple, involving relatively low-cost technology, and having high efficiency, and, therefore, it was chosen as the extraction method in this study. Solvent selection is one of the most important stages of preparation for extraction given that the selectivity of the solvent to extract the target compound from a plant material is related to the polarity compatibility of the two and the uneven distribution of phytochemicals in the plant matrix. The recovery of antioxidant compounds from plant materials is usually done by various extraction techniques, considering their chemical structure. Ethanol is a solvent that is safe for human consumption as an extraction solvent for natural substances for both food and natural medicines purposes. Absolute ethanol and aqueous ethanol have been successfully used to extract phenolic compounds and their antioxidant derivatives from natural ingredients, with remarkable results. Solvent extraction for soluble plant components is one of the safest forms of extraction, providing similar results to other commonly used methods, and is one of the least expensive methods available [34]. Thus, this solvent has proven to be easy and effective to use to produce extracts rich in antioxidants, both as a raw material for functional foods and for natural medicine. Alcoholic extraction with absolute methanol or ethanol, or aqueous solutions, has been successfully used in recent years on a large scale to extract antioxidant compounds from various plant materials (fruits, vegetables, seeds, stems, leaves, roots) [34,35,36,37,38]. Many studies have shown that aqueous alcohol extraction is one of the most effective extraction methods, and, due to the additional purpose of this work, which was to obtain a plant product safe for human consumption, 70% ethanol was chosen as the extraction solvent for this study. All the extraction conditions were chosen after a careful selection of data from the literature, but also to minimize the costs of extraction, solvent consumption and to facilitate the transition of these methods to the industrial scale. The powders (10 g) were extracted in 70% ethanol (100 mL) for 2 h in a temperature-controlled ultrasonic bath (40–50 °C, Bandelin Sonorex Ultrasonic, Bandelin, Berlin, Germany, operating frequency 35 kHz, with digital timer and temperature control). The resulting extracts were filtered and concentrated on a rotary evaporator.




2.4. HPTLC Analysis


Pure standard compounds (1 mg/mL) and extracts (2 mg/mL) were dissolved in ethanol. The standard compounds were: daidzin, daidzein, genistin and genistein. The system used was HPTLC CAMAG AG (Linomat 5, Dehumidifier, ADC2 Development Camera, TLC Scanner, and TLC Visualizer). The stationary phase: HPTLC Si 60 F254. A quantity of 2 µL of each sample was sprayed in the form of bands by using Linomat 5 with compressed air, and by using a 100 µL syringe. The first optimized mobile phase used was ethyl acetate:methanol:water (6:1.1:1, v/v/v). The second optimized mobile phase used was toluene:ethyl acetate:formic acid:acetic acid (0.8:6:0.8:0.4, v/v/v/v). The development was carried out with Automatic Developing Chamber ADC 2, in a steam-saturated chamber, at a distance of 80 mm from the baseline. The visualization of the plate was performed with TLC Visualizer at UV 254 nm and 366 nm. The Planar Chromatography Manager winCATS was used in all steps of thin-layer chromatography [39,40].



The TLC profile of seed and sprout extracts showed that they were mixtures of spots at various Rf. These spots were separated using PTLC (Preparative thin layer glass plates, silica gel 60 matrix, binder, Polymeric, fluorescent indicator, Merck, Darmstadt, Germany) and four bands, containing the specified compounds, were obtained for each sample. These compounds were further checked for their chemical structure by FT-IR analysis.




2.5. FT-IR Analysis


The infrared spectra were collected using a Nicolet iS50 FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a built-in ATR accessory, DTGS detector and KBr beam splitter.



A total of 32 scans were co-added over the range of 4000–400 cm−1 with a resolution of 4 cm−1. Air was taken as the reference for the background spectrum before each sample. After each spectrum, the ATR plate was cleaned with ethanol solution. In order to verify that no residue from the previous sample remained, a background spectrum was collected each time and compared to the previous background spectrum. The FT-IR spectrometer was placed in a room that was air conditioned with controlled temperature (21 ± 2 °C).




2.6. Identification of Bioactive Compounds by HPLC-DAD


HPLC-DAD (High Performance Liquid Chromatography with Photodiode Detector) analysis was performed using an L-3000 High Performance Liquid Chromatography System (Rigol Technologies Inc., Beijing, China). The Kinetex EVO C18 column (1504.6 mm, 5 m particle size), with an injection volume of 10 μL, was used in the chromatographic analysis. The solvents used were (A) trifluoroacetic acid (TFA) 0.1% in water and (B) trifluoroacetic acid (TFA) 0.1% in acetonitrile. The degree of elution was 2% to 100% B at 30 °C for 60 min, and the rate of elution was set at 10 μL/min. Wavelengths of 230, 250 and 280 nm, respectively, were used to detect the organic compounds.




2.7. Total Polyphenol Content (TPC)


The determination of the total polyphenol content was performed according to a previously published method, adapted to microplate reader with 96-well plates (Tecan Pro 200, Tecan Trading AG, Männedorf, Switzerland) using Folin-Ciocalteu reagent [41,42]. The Folin-Ciocalteu reagent is a mixture of phosphomolybdic acid (H3PMo12O40) and phosphotungstic acid (H3PW12O40) that reacts with phenols and non-phenolic reducing substances to form chromogens which can be detected spectrophotometrically, since in alkaline conditions the oxotungstate and oxomolybdate formed in this redox reaction show a blue coloration proportional to the concentration of polyphenols [43,44]. Briefly, in this method 10 µL of sample were incubated with 25 μL of Folin-Ciocalteu reagent for 5 min, then 25 μL of 20% Na2CO3 and 140 μL of ultrapure water were added and incubated for 30 min at room temperature. A blank sample was prepared by replacing Folin-Ciocalteu reagent with ultrapure water. All experiments were performed in triplicate. Absorbance was recorded at 760 nm. For the standard curve, freshly prepared gallic acid solutions were used, with known concentrations (0.9–500 μg/mL), and the results were expressed in mg of gallic acid equivalents (GAE)/g of dry weight.




2.8. Total Flavonoids Content (TFC)


Total flavonoid content was performed according to a previously published method [41,45]. Briefly, 100 μL of sample were incubated with 100 μL of 2% methanolic solution of aluminum chloride at room temperature for 15 min, after which absorbance at 415 nm was recorded with a microplate reader with 96-well plates (Tecan Pro 200, Tecan Trading AG, and Männedorf, Switzerland). Quercetin was used as a reference standard (0.078–40 μg/mL) to quantify the total flavonoid content. All experiments were performed in triplicate and the results were expressed as μg quercetin equivalent (QE)/mg dry weight.




2.9. Total Antioxidant Capacity (TAC)


Total antioxidant capacity (TAC) of plant extracts and sprouts were evaluated by the Prieto et al. phosphomolybdenum microspectrophotometric modified method [46]. This technique is based on the formation of a blue/Mo (V) phosphate complex at acidic pH by reducing molybdenum Mo (VI) to Mo (V). An aliquot of 0.5 mL of samples solution was combined with 0.5 mL of reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate). In the case of the blank, 0.5 mL of PBS was used in place of sample. The tubes were incubated in a boiling water bath at 95 °C for 90 min. After the samples were cooled to room temperature, the absorbance of the aqueous solution of each sample was measured at 695 nm against the blank in a UV-2450 spectrophotometer (Tecan Pro 200, Tecan Trading AG and Männedorf, Switzerland). The total antioxidant activity was expressed as the absorbance of the sample at 695 nm. The higher absorbance values revealed higher antioxidant activity of the extracts.




2.10. Free Radical Scavenging Activity DPPH


The antioxidant effects of plant extracts and sprouts were analyzed by the DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging test [47]. This method is based on a color change from purple to yellow, resulting in a reduced form of DPPH radical. A quantity of 100 μL of the sample were mixed with 100 μL of a methanolic solution of DPPH in a 96-well plate and the absorbance values were recorded at 517 nm after specific periods of time with a microplate reader (Tecan Pro 200, Tecan Trading AG and Männedorf, Switzerland). Gallic acid and ascorbic acid were used as references at different concentrations. All experiments were performed in triplicate. The percentage of DPPH inhibition was calculated using the following formula:


% Inhibition of DPPH radical = (1 − As/Ac) × 100



(1)




where Ac is the absorbance of the control and As is the absorbance of the sample.




2.11. ABTS Radical Cation Decolorization Assay


This assay was determined as previously described in the literature with slight modification [48].The ABTS•+ solution was prepared and then stored for 16 h in dark conditions at room temperature, then diluted with absolute ethanol until the absorbance at 734 nm was 0.700 ± 0.02, then used as ABTS•+ reagent. The absorbance of the final reaction solution was measured at 734 nm in a 96-well plate, by using a microplate reader (Tecan Pro 200, Tecan Trading AG and Männedorf, Switzerland). A volume of 100 μL of each extract was mixed with 100 μL of ABTS•+ reagent and the absorbance was measured after 30, 60 and 90 min. The results were expressed using a Trolox calibration curve (calibration curve at different concentrations in the range of 50–0.25 μM). All experiments were performed in triplicate.




2.12. Determination of Iron Binding Ability of Chelators


As previously described in the literature, ferrous ion was monitored by measuring the formation of a red ferrozine-Fe2+ complex at 562 nm, as previously described in other studies [41,49,50,51], adapted to the microplate analysis. If the ferrous-ferrozine ion complex was formed, the absorbance at 562 nm would be increasing. A sample volume of 225 μL was mixed with 10 μL of ferrous sulfate (2 mM), then stored at room temperature for 5 min at room temperature and 15 μL (0.2 mM) of ferrozine was added to start the reaction. The resulting mixture was left for 10 min at room temperature and then the absorbance was measured at 562 nm. Na2EDTA was used as a positive control. For the blank sample, distilled water was used. All experiments were performed in triplicate. Iron chelating ability was calculated using the formula given below:


Iron binding ability (%) = [(A0 − A1)/A0] × 100



(2)




where A0 is the absorbance of the ferrozine-Fe2+complex and A1 is the absorbance of the tested compound.




2.13. Molecular Modelling Study of Genistein


The geometry optimization of genistein compound in the gas phase was carried out by using the Gaussian 09 program, Inc.: Wallingford, CT, USA) [52] at DFT/B3LYP/6-311G(d,p) level of theory. Also, by computing the IR frequencies we found that the optimized geometry of genistein was located at the minimum on the potential energy surface because it did not yield any IR imaginary frequency.



In order to verify the performance of the DFT method used for molecular modelling we compared the theoretical parameters, i.e., bonds length and angle, of the optimized molecular structure of genistein with the experimental XRD parameters [53] of the same chemical compound (CCDC number-677691).



The chemical potential of genistein compound was evaluated using a series of electronic parameters, such as the dipole moment (DM), the energy of the highest occupied molecular orbital (EHOMO) and the energy of the lowest unoccupied molecular orbital (ELUMO), which were extracted from the .log output file of the Gaussian 09 program, and the gap energy (Egap), the ionization potential (IP), the electron affinity (EA), the chemical hardness (η), the chemical softness (σ), the electronegativity (χ) and electrophilic index (ω), which were calculated using specific formulas [54,55,56]. The .chk output file of the Gaussian 09 program was used as the input file for Avogadro program (Compiling Avogadro on Linux, http://avogadro.openmolecules2012, accessed on 18 March 2022) to represent the frontier molecular orbitals i.e., HOMO and LUMO, and the molecular electrostatic potential (MEP) map of the genistein compound.





3. Results and Discussion


3.1. Germination


The seeds of the three analyzed species were considered sprouts after 10 days if they had radicles of at least 2 mm in length (Figure 1). These were taken over to the extraction step and subsequent analysis.




3.2. High Performance Thin Layer Chromatography Analysis (HPTLC)


Thin layer chromatography is known as a characterization method of the chemical composition of certain plant seeds, sprouts, fruits or leaves [57]. This method is useful, not only in identification, discrimination and quality control of certain species, but also because it provides primary information for identification, isolation, purification and characterization of various organic compounds [57,58]. The HPTLC fingerprint has proven to be a reliable and precise tool for identifying and demonstrating the presence of many compounds from plant extracts [59]. Thus, in the present study, HPTLC was used as separation and identification method for daidzin, daidzein, genistin and genistein in the analyzed samples. The mobile phase was selected after optimization steps for a good, clear and easily identifiable migration of the organic compounds. Genistin and daidzin were identified by using the first mobile phase, mentioned in materials and methods, but genistein and daidzein migrated too close to the finish developing line, so another mobile phase was used in order to identify their presence in the analyzed samples. In Figure 2 and Figure 3 the HPTLC chromatograms at 254 nm of the extracts and the four standard pure compounds are represented. It was observed that in all the analyzed extracts from seeds and sprouts, the four isoflavone compounds of major interest could be identified.



The most intense spots corresponding to daidzin were identified especially in the sprout extracts, namely GMsp and PAsp, followed by PAsd. The spots corresponding to genistin could be identified in the sprout extracts of all the analyzed plant species.



In the second chromatogram daidzein and genistein were separated from the extracts and could be identified in greater concentration in anise seeds, soy seeds and dill sprout extracts. Therefore, the presence of these compounds in the analyzed samples was confirmed, and was in accordance with the results from the literature [60,61,62].




3.3. FT-IR Spectra


The characterization of active compounds, based on their functional groups, was possible by Fourier transform infrared spectroscopy (FT-IR) and, at the same time, valuable information about their chemical composition was obtained by comparing the extracts spectra with those of the standard compounds. The ATR-FTIR spectra, in a range from 4000 to 400 cm−1, of pure daidzin and genistin, and also the samples, are shown in Figure S1a–e.



In all analyzed samples the IR absorption bands characteristic of the functional groups of daidzin and genistin could be identified. Bands at 3500–3300 cm−1, related to the asymmetric and symmetrical stretching vibrations of the hydroxyl groups, were identified, and also bands related to the vibration of the C=O groups at 1700–1600 cm−1. The bands at 2980–3100, and also 1400 cm−1, could be due to the stretching vibrations of the aromatic bonds υ-C=C-H [61,63]. The bands appearing in the region of 1000–1100 cm−1 appeared due to O-C vibrations bond (Table 1).




3.4. Identification of Bioactive Compounds by HPLC-DAD


Table 2 shows the analytical data obtained from HPLC indicating different polyphenols and flavonoids, but the presence of the isoflavonoids, daidzein and genistein, was noted in all samples.



Other studies have already identified different bioactive compounds in the seed and sprout extracts of these three plants [19,25,63,64]. However, our study investigated, and comparatively highlighted, the fact that extracts obtained from seeds or sprouts significantly influenced their chemical composition. Daidzein was found in the largest quantity in sprouts of all the analysed plants, of which sprouts of Pimpinella anisum contained the largest quantity (537.3778 ± 6.36 mg/kg), followed by Anethum graveolens sprouts (75.0768 ± 2.29). The biggest quantity of genistein was found in Anethum graveolens seeds (573.7410 ± 2.76 mg/kg). To our knowledge, there has thus far been no such study for the three studied species. This study confirmed the chemical composition of soy, dill and anise rich in daidzein, genistein, rutin, naringenin, quercetin-3-galactoside and tannic acid [64,65,66,67,68,69]. G.max seed extracts showed a similar chemical composition with those from sprouts. In the case of Anethum graveolens and Pimpinella anisum the chemical composition showed significant differences between seed and sprout extracts. The extracts were further evaluated by antioxidant assays.



Flavonoids are among the most explored classes of natural compounds of phenylpropanoid-derived plant specialized metabolites, structurally consisting of two main groups, 2-phenylchromans and 3-phenylchromans, with approximately 10,000 different members [70]. Isoflavonoids have become a class of interest due to numerous researches into their positive effects on human and animal health, such as antioxidant, antimutagenic, estrogenic [71], antiproliferative and anticancer effects [65,72]. Usually they are known as dietary antioxidants that play an important role in human nutrition as natural chemicals that promote health [73].



Isoflavones are considered the most estrogenic compounds [74] and the most representative among this class are daidzein, genistein, biochanin A, formononetin and glycitein [75]. Findings have shown that traditional herbal formulations have positive effects in ameliorating menopausal symptoms and improving the quality of sleep and also the quality of life [76]. The phytoestrogens daidzein and genistein, having a structural resemblance to 17-β-estradiol, can protect against a lot of illnesses, including various forms of breast, prostate or bowel cancer, cardiovascular diseases, and osteoporosis and can relieve menopausal symptoms, as illustrated in Figure 4 [11,77,78,79].




3.5. Total Polyphenol Content


In Figure 5a the total phenolics content of the tested samples, determined by Folin–Ciocalteu colorimetric method, is represented. The good concentration found in PAsd and AGsd samples, expressed as 49.74 ± 0.61 mg and 13.02 ± 0.79 mg GAE/100 mg in the extract samples, accorded well with literature studies, and the amount of polyphenols in dill seeds coincided with the data obtained [80]. Studies on different types of soybean seeds have shown the presence of polyphenols in quantities between 2.68 ± 0.47 and 6.22 ± 0.68 mg of GAE/g of dry material [81]. The amounts of polyphenols in the studied soybeans were similar to previous studies reported in the literature. Our data correlated with the results obtained from chromatographic results.




3.6. Total Flavonoids Content (TFC)


The flavonoid contents ranged from higher contents, such as 26.83 ± 0.92 mg EqQ/g DW in sprouts extract of dill (PAsp), to lower ones 5.55 ± 0.42 mg EqQ/g DW in Glycine max (GMsd) seeds extract (Figure 5b). Other studies also showed the presence of small amounts of flavonoids in soybeans [81]. Our results were in agreement with Aly et al. research where anise seed extracts showed a great flavonoid content, ranging between 65.9 ± 0.9–46.8 ± 0.64 mg CAT Eq/g DW [82]. In Figure 5b the flavonoids content values in all analyzed samples are presented, which confirm the HPLC results, in which in all samples great amounts of isoflavonids, namely daidzein, genistein, daidzin and genistin, were identified.



Previous studies of dill seed extracts have shown flavonoids content of 5.07 ± 0.38 mg EqQ/g dw [83], which were lower than those from the present study (6.13 ± 0.69 mg EqQ/g DW for seeds (AGsd) and 6.90 ± 0.75 mg EqQ/g DW for sprouts (AGsp)).




3.7. Antioxidant Activity


3.7.1. Total Antioxidant Capacity (TAC)


The antioxidant capacity of plants has attracted considerable interest, since antioxidants exert protective properties against numerous pathologies. Therefore, this assay revealed the antioxidants capacity of seed and sprout extracts of the studied species. Our results demonstrated that all the extracts had good antioxidant activities, based on the reduction of the molybdenum cation. The soybean extract (GMsp) registered a slightly lower activity 0.45 ± 0.31 mg Eq AA/gD W (Figure 6a). Results were expressed as equivalents of ascorbic acid.




3.7.2. Free Radical Scavenging Activity DPPH


The radical DPPH is sensitive enough to detect active compounds at low concentrations. Thus, the study of ethanolic extracts has demonstrated a growing ability to scavenge the DPPH radical in time, especially seed and sprout extracts of P. anisum (PAsp). Seed extracts of G. max (GMsd) showed the lowest scavenging activity of the DPPH radical (Figure 6b).



The results of a study analyzing antioxidant activity of the aqueous and alcoholic extracts of anise and dill [84] showed that the given extracts have strong free radical scavenging effects, this was also highlighted in our study, especially for the anise extracts (PAsd, PAsp). The antioxidant activities of the Indian soybean varieties and the Bulgarian soybean varieties registered a great antioxidant activity at the same concentration by reducing the DPPH radical in [52] by 63–89.40% ± 0.31 [64]. Similarly, results were obtained in the present study with 31.36–43.36% in the case of seeds (GMsd) and better activity of 42.9–58.16% ± 0.49 for sprouts (GMsp).




3.7.3. ABTS Radical Cation Decolorization Assay


The ABTS•⁺ test is a useful tool for determining the antioxidant activity of hydrophilic and lipophilic compounds. The ABTS radical cation reacts rapidly with antioxidant compounds, due to its solubility in both organic and aqueous solvents. All extracts showed over time a good percentage of ABTS inhibition at a concentration of 20 µg/mL. Seed and sprout extracts of Pimpinela anisum (Figure 7a) showed high antioxidant capacity, inhibiting the ABTS•⁺ with 48.43 ± 0.33 µEqTx/gDW and 48.41 ± 0.46 µEqTx/gDW.



It has been shown that at the beginning of maturity, soybean seeds have a stronger antioxidant potential than in the period of growth from the beginning of complete seeds to full maturity [85]. Thus, soybeans have a promising antioxidant potential compared to mature seeds. All extracts showed over time a good percentage of ABTS•⁺ inhibition at a concentration of 20 µg/mL.




3.7.4. Iron Binding Ability of Chelators


In our study, the reducing iron chelating power of seed and sprout extracts were compared to that of a known strong reducing iron chelator, Na2EDTA (Figure 7b).



Seed and sprout extracts of G. max exhibited high iron binding abilities of 77.64% ± 0.53 and 45.02% ± 0.64, respectively, as compared to the standard Na2EDTA, which had a chelating activity of 99.89% ± 0.35. Data from other studies have shown that anise extracts present a high capacity for iron binding, suggesting that their action as oxidation protectors may be related to their ability to bind iron [86]. Seed and sprout extracts of P. anisum (PAsd, PAsp) had relatively low iron binding abilities of 7.97% ± 0.44 and 4.75% ± 0.72, respectively.





3.8. Molecular Modelling Study of Genistein


Regarding the 3D orientation of the optimized molecular structure of genistein (Figure 8), we may specify that the basic chemical skeleton, i.e., the benzopyran, is plane and the phenolic group bound to the benzopyran structure in C3 position is rotated with a torsion angle τ(C8-C9-C11-C12) of 139.31°. Also, there is an intramolecular hydrogen bond (1.68 Å length), which is formed between the hydrogen H25 from the hydroxyl group (O20-H25) at C5 position and the O18oxygen from the carbonyl group (C10=O18).



The theoretical and experimental values of geometrical parameters, i.e., bond lengths and bond angles of the genistein compound, are presented in the Table 3. For a better visualization of the differences between the theoretical and experimental values of geometrical parameters, we plotted the data as graphs, namely, Figure 9a for bonds length and Figure 9b for bonds angle.



Analyzing these graphs, we noticed a very good agreement between the theoretical and experimental values of geometrical parameters with the specification that this agreement was better for the bonds length (root mean square error, i.e., RMSE = 0.00835) than for the bonds angle (RMSE = 1.4868).The slight differences between the theoretical and experimental bonds angles were due to the fact that the XRD data was obtained for solid phase (single crystal), while the theoretical data was computed for the molecule in gaseous phase. Therefore, we may conclude that the B3LYP/6–311G (d,p) method used for the molecular modelling of genistein was very suitable.



In order to characterize the genistein compound in terms of chemical stability/reactivity, we evaluated the values of the computed electronic parameters, i.e., the energy gap, the chemical hardness, the chemical softness, the electronegativity and the electrophilicity index, which are shown in the Table 4. The Egap, energy gap, helped us to characterize the chemical reactivity, optical polarizability and chemical hardness–softness of a compound. Thus, if the energy gap decreased, the reactivity of the molecule increased, due to the fact that the electron donating efficiency also increased. Therefore, a lower energy gap leads to an enhancement of the antioxidant properties of a compound [55,56]. In the case of genistein, the value of the Egap parameter, of 4.18 eV, indicated the fact that the genistein was a compound with a medium chemical reactivity and an important antioxidant character.



The electrophilicity index supplies us information about the electrophilic or nucleophilic character of a molecule. More exactly, the electrophilicity index gives a measure of the energy stabilization of a molecule when it acquires an additional amount of electron density from the environment. Strong electrophiles are the molecules which present an electrophilicity index higher than 2.0 eV [56]. In our case, we remarked that the genistein had a strong electrophilic character, the value of the electrophilicity index being 3.56 eV (Table 4).



The dipole moment is a quantum parameter related to the charge distribution (charge separation) in a molecule. The magnitude of the dipole electric moment influences the ability of a molecule to pass through a cellular membrane [55]. A recent research paper [68], revealed that there is a relationship between the dipole moment and biological activity (antibacterial, antifungal, anticancer etc.) of a molecule, but whether it is a positive or negative dependence has still not been clear elucidated. Our studied molecule presented a small dipole moment namely, 1.29 D.



It is known that the degree of conjugation and the planarity/non-planarity of a molecule have a great influence on the electric charge distribution of the frontier molecular orbitals [55]. In the case of genistein, the electric charge distribution of the HOMO orbital is along the entire molecular structure (Figure 10) due to the presence of the C2=C3 double bond, which allows a more pronounced delocalization of the electrical charge when switching from the HOMO molecular orbital to the LUMO molecular orbital. In the case of the LUMO molecular frontier orbital, the electric charge distribution is located only on the benzopyran structure (Figure 10).



The molecular electrostatic potential (MEP) diagram of the studied compound (Figure 11) presents the regions with negative electrostatic potential in red and positive electrostatic potential in blue. In the case of the genistein compound, we found five negative regions located around the oxygen atoms which belong to the carbonyl group, hydroxyl groups and pyranic ring, these regions being active sites for possible electrophilic attacks. The negative regions were localized around all the hydrogen atoms and were active sites for possible nucleophilic attacks.



This study is part of our ongoing research. Therefore, these results will be used to study the interaction of genistein with enzymes involved in various biological activities.





4. Conclusions


In conclusion, our results provide evidence that ethanol extracts obtained from the three plant species are rich in antioxidant compounds and could draw more attention to their potential as functional foods or herbal medicines. In all the analyzed extracts, daidzin, daidzein, genistin and genistein could be identified, but in the sprout extracts it was found that these compounds appeared in higher concentrations than in seeds. The germination process can influence the chemical composition of the seeds during germination, leading to a variation in the total content of phenols and flavonoids or individual phenolic compounds, the mechanisms of phytochemical development during germination being varied between plant species. Isoflavones are valuable plant secondary metabolites that play multiple essential roles in plants, as well as for human health. It has also been shown that all extracts of the analyzed species had a high antioxidant potential, due to their chemical composition being rich in polyphenols and flavonoids. Our preliminary experimental data show that these extracts have pronounced antixanthine-oxidase and antidiabetic activity (ongoing research, unpublished). Therefore, we are in the process of molecular docking of these isoflavonoids with xanthine-oxidase and amylase. Given the great need to develop alternative treatments against current emergent diseases, such as cancer, COVID-19, diabetes or hormonal dysfunctions, traditional medicine and nutrition should play a major contribution, either by improving diet or by introducing effective pharmaceutical herbal formulations. Future work will focus on shaping this attractive avenue by demonstrating the synergic or antagonistic properties of the analyzed extracts when used in combination, but also when used with other foods and in drug interactions.
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Figure 1. Sprouts of the analyzed plants (a) Anethum graveolens (AGsp), (b) Glycine max (GMsp), and (c) Pimpinella anisum (PAsp). 
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Figure 2. HPTLC chromatogram at 254 nm, where 1-GMsp, 2-AGsp, 3-PAsp, 4-genistin, 5-daidzin, 6-genistein, 7-daidzein, 8-GMsd, 9-AGsd, 10-PAsd. 
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Figure 3. HPTLC chromatogram at 254 nm, where 1-GMsd, 2-GMsp, 3-AGsd, 4-AGsp, 5-PAsd, 6-PAsp, 7-daidzein, 8-genistein. 
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Figure 4. The chemical structures of some phytoconstituents of Glycine max, Anethum graveolens and Pimpinella anisum and their role in human health, according to literature data [11,77,78,79]. 
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Figure 5. (a) Total polyphenol content of seed (sd) and sprout (sp) extracts (PA = P. anisum, AG = A. graveolens, GM = G. max). The results were expressed as mg gallic acid equivalents/g of dry weight (Eq GA/g DW); (b)Total flavonoids content of tested samples. The results were expressed as mg quercetin equivalents /g of dry weight (mg Eq Q/g DW). Error bars represent ± standard deviation of 3 replicates. 
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Figure 6. (a) TAC assay of seed (sd) and sprout (sp) extracts (PA = P. anisum, AG = A. graveolens, GM = G. max). The results were expressed as mg ascorbic acid equivalents/g of dry weight (E AA/g DW); (b) DPPH percent inhibition of 20 µg/mL seeds (sd) and sprouts (sp) extracts (PA = P. anisum, AG = A. graveolens, GM = G. max). The error bars represent ± standard deviation of 3 replicates. 
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Figure 7. (a) ABTS radical scavenging activity of 20 µg/mL seed (sd) and sprout (sp) extracts. The results were expressed as µM trolox equivalents/g of dry weight (µEq Tx/g DW); (b) Iron binding ability of seeds (sd) and sprouts (sp) extracts. PA = P. anisum, AG = A. graveolens, GM = G. max. The error bars represent ± standard deviation of 3 replicates. 
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Figure 8. The optimized molecular structure of genistein compound. 
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Figure 9. Theoretical and XRD [53] experimental values of the bonds length (a) and the bonds angle (b) of the genistein compound. The circles show the bonds angles which have low differences between their theoretical and experimental values. 
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Figure 10. Charge distribution of HOMO and LUMO molecular orbitals in the optimized genistein structure. 
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Figure 11. Molecular electrostatic potential 3D—diagram of genistein. 
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Table 1. The experimental FTIR-ATR bands (cm−1) and their functional groups assignments.
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Genistin

	
Daidzin

	
PAsd

	
AGsd

	
GMsp

	
PAsd

	
AGsp

	
GMsp

	
Corresponding Functional Groups




	
IR (ATR, cmWe d) Bands






	
3325.72 s

	
3320.01 s

	
3331.43

	
3320.10

	
3321.20

	
3336.78 s

	
3286.57 s

	
3288.10 s

	
υ–O-H




	
2972.93 m

	
2944.06 m

	
2944.72

	
2944.06

	
2981.61

	
2916.32

	
2917.38 m

	
2917.38

	
υC-H




	
1652.96 w

	
1653.14

	
1653.00

	
1653.14

	
1640.02

	
1633.98

	
1743.61

	
1634.57

	
υC=O




	
1418.82 w

	
1414.28

	
1410.66; 1448.87

	
1414.28; 1448.75

	
1417.78

	
1412.30

	
1457.03

	
1406.89

	
υ-C=C-H, aromatic




	
1045.28 s

	
1020.93

	
1019.44

	
1020.93

	
1044.23; 1084.92

	
1070.48

	
1057.81

	
1067.67

	
υ –O-C








PA = Pimpinella anisum, AG = Anethum graveolens, GM = Glycine max, sd = seeds, sp = sprouts.
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Table 2. Chemical composition of seed and sprout extractsof Glycine max, Anethum graveolens and Pimpinella anisum (expressed as mg/kg ± standard deviation).
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	Compounds
	RT
	GM-sd
	GM-sp
	AG-sd
	AG-sp
	PA-sd
	PA-sp





	Hydroxybenzoic acids
	
	
	
	
	
	
	



	Gallic acid
	4.40
	n.d.
	n.d.
	n.d.
	n.d.
	579.65 ± 1.84
	n.d.



	Catechin
	19.02
	n.d.
	30.45 ± 0.77
	n.d.
	n.d.
	n.d.
	n.d.



	Epicatechin
	23.29
	n.d.
	29.44 ± 0.79
	n.d.
	n.d.
	370.99 ± 1.62
	n.d.



	Hydrocinnamic acids
	
	
	
	
	
	
	



	Chlorogenic acid
	20.50
	n.d.
	n.d.
	n.d.
	n.d.
	886.88 ± 3.31
	632.38 ± 5.76



	Acid tanic
	2.36
	763.18 ± 1.6
	39.64 ± 1.17
	n.d.
	n.d.
	96.68 ± 1.7
	40.00 ± 3.78



	p-Coumaric acid
	28.90
	n.d.
	128.37 ± 1.32
	n.d.
	n.d.
	n.d.
	n.d.



	Flavonols
	
	
	
	
	
	
	



	Rutin
	44.71
	86.19 ± 0.98
	42.01 ± 0.44
	n.d.
	n.d.
	661.58 ± 0.71
	n.d.



	Quercetin
	38.03
	n.d.
	-
	491.65 ± 2.23
	n.d.
	341.08 ± 2.34
	243.07 ± 2.56



	Quercetin-3-galactoside
	29.13
	12.76 ± 3.22
	76.09 ± 1.08
	-
	n.d.
	231.62 ± 1.55
	76.62 ± 1.06



	Flavanone
	
	
	
	
	
	
	



	Naringenin
	38.95
	505.86 ± 1.11
	n.d.
	380.53 ± 1.87
	n.d.
	n.d.
	82.69 ± 3.9



	Naringin
	30.74
	36.17 ± 0.76
	12.51 ± 1.14
	n.d.
	n.d.
	n.d.
	803.07 ± 2.03



	Isoflavone
	
	
	
	
	
	
	



	Daidzein
	25.57
	110.18 ± 0.98
	303.86 ± 2.8
	633.69 ± 0.83
	750.76 ± 2.29
	349.72 ± 5.6
	537.37 ± 6.36



	Genistein
	38.79
	39.02 ± 1.22
	102.41 ± 2.5
	573.74 ± 2.76
	698.21 ± 3.46
	101.39 ± 2.16
	520.36 ± 2.16







RT = retention time, n.d. = not detected, PA = Pimpinella anisum, AG = Anethum graveolens, GM = Glycine max, sd = seeds, sp = sprouts.
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Table 3. Theoretical and experimental values of geometrical parameters of the genistein compound.
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	Chemical Bond
	XRD Bond Length [64] (Å)
	Theoretical Bond Length

(B3LYP/6-311G(d,p)) (Å)
	Chemical Bond Angle
	XRD Bond Angle [64] (°)
	Theoretical Bond Angle

(B3LYP/6-311G(d,p)) (°)





	C5-C6
	1.41
	1.4
	C1-C6-C5
	119.5
	120.02



	C6-C1
	1.39
	1.39
	C6-C5-C4
	121.5
	121.59



	C1-C2
	1.43
	1.425
	C5-C4-C3
	117.9
	117.67



	C2-C3
	1.4
	1.4
	C4-C3-C2
	122.8
	123.11



	C3-C4
	1.39
	1.385
	C3-C2-C1
	117.6
	117.71



	C4-C5
	1.39
	1.395
	C2-C1-C6
	120.6
	119.89



	C5-O19
	1.36
	1.357
	C2-C3-O7
	120.9
	119.9



	C1-O20
	1.35
	1.335
	C3-O7-C8
	119.2
	119.5



	C2-C10
	1.44
	1.45
	O7-C8-C9
	125
	125.92



	C10-C9
	1.45
	1.47
	C8-C9-C10
	118.6
	117.78



	C9-C8
	1.36
	1.35
	C9-C10-C2
	116.2
	115.64



	O3-C3
	1.36
	1.37
	C10-C2-C3
	120
	121.19



	C8-O7
	1.34
	1.35
	C9-C10-O18
	122.3
	122.75



	C10-O18
	1.26
	1.245
	C10-C9-C11
	120.4
	121.9



	C9-C11
	1.48
	1.48
	C9-C11-C12
	119.4
	121.49



	C11-C12
	1.4
	1.4
	C11-C12-C13
	120.6
	120.94



	C12-C13
	1.39
	1.39
	C12-C13-C14
	120.1
	120.34



	C13-C14
	1.4
	1.4
	C13-C14-C15
	120
	119.54



	C14-C15
	1.4
	1.4
	C14-C15-C16
	119.6
	119.71



	C15-C16
	1.4
	1.39
	C15-C16-C11
	120.8
	121.62



	C16-C11
	1.4
	1.4
	C13-C14-O17
	116.9
	122.85



	C14-O17
	1.36
	1.36
	C2-C1-O20
	120.5
	120.74
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Table 4. Quantum chemical parameters of genistein compound.






Table 4. Quantum chemical parameters of genistein compound.





	Chemical Compound
	Dipole Moment (D)
	EHOMO (eV)
	ELUMO (eV)
	Egap (eV)
	IE (eV)
	EA (eV)
	η (eV)
	σ (eV)−1
	χ (eV)
	ω (eV)





	genistein
	1.29
	−5.95
	−1.77
	4.18
	5.95
	1.77
	2.09
	0.24
	3.86
	3.56
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