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Abstract

:

The health-related compounds present in kale are vulnerable to the digestive process or storage conditions. Encapsulation has become an alternative for their protection and takes advantage of their biological activity. In this study, 7-day-old Red Russian kale sprouts grown in the presence of selenium (Se) and sulfur (S) were spray-dried with maltodextrin to assess their capacity to protect kale sprout phytochemicals from degradation during the digestion process. Analyses were conducted on the encapsulation efficiency, particle morphology, and storage stability. Mouse macrophages (Raw 264.7) and human intestinal cells (Caco-2) were used to assess the effect of the intestinal-digested fraction of the encapsulated kale sprout extracts on the cellular antioxidant capacity, the production of nitric oxide (NOx), and the concentrations of different cytokines as indicators of the immunological response. The highest encapsulation efficiency was observed in capsules with a 50:50 proportion of the hydroalcoholic extract of kale and maltodextrin. Gastrointestinal digestion affected compounds’ content in encapsulated and non-encapsulated kale sprouts. Spray-dried encapsulation reduced the phytochemicals’ degradation during storage, and the kale sprouts germinated with S and Se showed less degradation of lutein (35.6%, 28.2%), glucosinolates (15.4%, 18.9%), and phenolic compounds (20.3%, 25.7%), compared to non-encapsulated ones, respectively. S-encapsulates exerted the highest cellular antioxidant activity (94.2%) and immunomodulatory activity by stimulating IL-10 production (88.9%) and COX-2 (84.1%) and NOx (92.2%) inhibition. Thus, encapsulation is an effective method to improve kale sprout phytochemicals’ stability and bioactivity during storage and metabolism.
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1. Introduction


Inflammation is a biological response to a biological, chemical, or physical factor present in the body that results in the breakdown of tissue homeostasis [1]. The pathophysiology of inflammation starts with amplifying of cellular oxidative stress mediated by high levels of reactive oxygen and nitrogen species. Subsequently, numerous immune cells are recruited, mainly macrophages, which promote the production of local proinflammatory mediators. This process is characterized by elevated levels of proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β, and IL-6, as well as decreased levels of anti-inflammatory cytokinin interleukin 10 (IL-10) [2].



When acute inflammation is not resolved correctly, a chronic inflammatory state is triggered with systemic repercussions. Thus, chronic inflammation has emerged as one of the key physiological mechanisms linking obesity with insulin resistance and diabetes, as well as being closely associated with the development of other serious pathologies, such as nonalcoholic steatohepatitis and cardiovascular diseases [3].



Currently, the treatment of inflammation is symptomatic, through the use of non-steroid anti-inflammatory medications (NSAIDs). However, numerous adverse side effects are associated with NSAIDs, including gastrointestinal issues, water retention, renal failure, bronchospasm, and hypersensitivity reactions [4]. Importantly, recent research indicates that lifestyle habits as well as the incorporation of some types of foods into the diet may protect against chronic inflammatory-related diseases. This has driven the interest in the search for functional ingredients that can prevent or mitigate the progression of inflammatory-related non-communicable diseases as an effective alternative to improve the health and quality of life of the population.



It is known that fruits and vegetables are good sources of vitamins, minerals, dietary fiber, and secondary metabolites that benefit our health, such as carotenoids, glucosinolates, and phenolic compounds. Their bioactive potential is due to phytochemicals’ capacity to modulate metabolic processes in the organism by neutralizing free radicals, activating enzymes, inhibiting cell receptors, and modulating gene expression [5].



Members of the Brassica genus (e.g., broccoli, cabbage, kale, cauliflower, and Brussels sprouts) are among the most health-promoting, widely cultivated, and widely consumed vegetables worldwide [6]. In particular, kale (Brassica oleracea L. var. acephala) is an economically significant crop. Young kale sprouts are an exceptionally abundant source of phenolic compounds, carotenoids, and glucosinolates, with concentrations several times higher than in kale leaves [7,8,9,10,11,12]. Likewise, different abiotic stress strategies have been used to increase the content of these phytochemicals, including salt stress [13,14,15]. Cruciferous plants can store sulfur and selenium in levels exceeding 100 μg g−1 of dry matter [16]. As the insufficiency of selenium in the diet of human beings is a prevalent issue worldwide, the propensity of some plants to accumulate selenium makes them a significant source of this nutrient for consumers [17].



However, environmental, and physiological factors such as oxygen, temperature, enzymatic hydrolysis, and pH changes directly affect the stability of phytochemicals and their bioavailability [18]. Therefore, it is necessary to protect these components by developing delivery systems to allow these molecules to remain stable during storage and gastrointestinal digestion, to favor their bioactivity.



Encapsulation is a technique that seeks to stabilize specific compounds for their application as nutraceuticals or in food-grade matrices, and to control their release in the gastrointestinal tract, thereby increasing their bioavailability [19]. Among the available encapsulation techniques, spray-drying stands out as a scalable and low-cost method that can form a stable, free-flowing powder [20]. Commonly, these phytochemicals are entrapped in a matrix of polysaccharides or proteins formed when atomized liquid meets heated air. In comparison to traditional drying procedures, the drying time is typically shorter (1–20 s) [20,21]. The effects of the spray-drying conditions and wall materials on the stability and encapsulation efficiency of glucosinolates and phenolic compounds in Brassicaceae vegetables has been previously reported [22,23,24,25]. Radünz et al. [22] reported the influence of encapsulation on broccoli extracts during digestive processes. The capsule mainly protected 5-caffeoylquinic acid, 4-hydroxybenzoic acid glucoside, p-coumaroylquinic acid, 4-methoxy-gluco-brassicin, 1-O-sinapoyl-β-D-glucose, and coumaric acid; at the same time, inhibitory activity for the nitric oxide radical showed an increase (74.8%) in the intestine fractions. Later, Radünz et al. [22] found that the encapsulation of broccoli extract showed greater protection of the glucosinolates and phenolic compounds (86.9%), without affecting the active sites against glial tumor cells. However, the effect of encapsulation on the phytochemicals of kale during gastrointestinal digestion and their bioactive properties has not been studied.



Therefore, in the present study, the human digestion of kale sprouts was simulated using an in vitro digestion model. This system was sampled at the mouth, stomach, and intestinal stages. The bioaccessibility of kale sprouts in each digest was determined, and the cellular permeability of the identified carotenoids, glucosinolates, and phenolic compounds was evaluated in Caco-2 cell monolayers differentiated into intestinal epithelial cells.



This study aimed to assess the antioxidant and immunomodulatory activity of encapsulated and non-encapsulated kale sprouts treated with S and Se after gastrointestinal digestion.




2. Materials and Methods


2.1. Chemicals


Ethanol (HPLC grade), sodium selenite (Se; Na2SeO3), potassium sulfate (S; K2SO4), sodium chloride (NaCl), potassium chloride (KCl), sodium bicarbonate (NaHCO3), urea, calcium chloride dihydrate (CaCl2·2H2O2), ammonium chloride (NH4Cl), dibasic sodium phosphate (Na2HPO4), monopotassium phosphate (KH2PO4), and magnesium chloride (MgCl2) were obtained from Desarrollo de Especialidades Quimicas, S.A. de C.V. (Monterrey, NL, Mexico). GIBCO (Carlsbad, CA, USA) supplied Dulbecco’s Modified Eagle Medium (DMEM), Penicillin–Streptomycin antibiotic (Pen-Strep), fetal bovine serum, phosphate-buffered saline (PBS, pH 7.4), antibiotic–antimycotic, and Hank’s buffered saline solution (HBSS). The Griess Reagent System and CellTiter 96 AQueous One Solution Cell Proliferation Assay Kits were purchased from Promega (G2930, Madison, WI, USA). Desulfoglucoraphanin was supplied by Santa Cruz Biotechnology (Dallas, TX, USA). IL-2, IL-6, IL-1β, and the TNF-α MILLIPLEX MAP Mouse Cytokine/Chemokine Panel and Human/Mouse Kit were obtained from Millipore (Billerica, MA, USA). The Total COX-2 DuoSet IC ELISA and Mouse IL-10 ELISA were purchased from R&D Systems (Minneapolis, MN, USA). The other chemicals were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA)




2.2. Plant Material


Red Russian kale (Brassica oleracea var. acephala) seeds were supplied by La Semillería (Queretaro, Qro, Mexico). The kale seeds were disinfected with sodium hypochlorite (1.5%, v/v) for 15 min and then washed with Milli-Q water.



Selenium and Sulfur Treatments


The time and dose of the treatments were selected based on previously carried out studies [15]. Kale seeds were immersed in either Milli-Q water (control) or the treatment solutions for 5 h. Selenium (Se; 40 mg/L) and sulfur (S; 120 mg/L) were used as treatment solutions. After discarding the soaking solutions, the seeds were placed in germination containers for 7 days in a dark chamber set to 25 °C and 85% relative humidity. Concurrently, three replicates of each treatment were conducted. Each replicate consisted of a tray containing 30 g of kale seeds doused with 5 mL of different treatment solutions every 12 h for the duration of the experiment. After seven days of germination, samples were collected, freeze-dried (Labconco, Kansas City, MO, USA), pulverized into a powder, and stored at 80 °C until further phytochemical analysis.





2.3. Phytochemical Analyses


2.3.1. Extraction of Secondary Metabolites


Based on the protocol published by Ortega-Hernández et al. [15], glucosinolates, phenolic compounds, and lutein were extracted in a single step from kale sprout powder (0.2 g) with 10 mL of pre-heated (70 °C) ethanol 70% (v/v) and spiked with 50 µL of sinigrin 3 mM as an internal standard.



The extracts were centrifuged (10,000 rpm, 10 min, 4 °C) (SL16R, Thermo Scientific, GER) to recover the supernatant after being allowed to cool at 25 °C. The resulting supernatant was utilized for further analysis.




2.3.2. Identification and Quantification of Lutein and Phenolic Compounds


The ethanolic extracts were analyzed to identify and quantify lutein and phenolic compounds by HPLC-DAD (1260 Infinity, Agilent Technology, Santa Clara, CA, USA) using the conditions reported in our previous work [15].




2.3.3. Desulfation of Glucosinolates


The ethanolic extracts (3 mL) were passed through polypropylene columns filled with 0.5 mL of DEAE-Sephadex A-25 resin pre-activated for at least 12 h in sodium acetate (0.02 M, pH 5). After eluting away the remaining supernatant, the columns were rinsed with 1 mL of water, followed by 1 mL of sodium acetate (0.02 M). Purified sulfatase (75 μL) was added to each column and was left at 25 °C overnight. Desulfoglucosinolates were diluted with 1.25 mL of water before HPLC analysis.




2.3.4. Identification and Quantification of Glucosinolates


Glucosinolates were identified and quantified using an HPLC system (1260 Infinity, Agilent Technologies, Santa Clara, CA, USA) equipped with a diode array detector (DAD) set at 227 nm, using the same conditions reported in our previous work [15].




2.3.5. Sulforaphane Analysis


The extraction and analysis of sulforaphane were carried out according to the method reported by González et al. [26], with slight modifications. Kale powder (1 g) was suspended in 10 mL of methylene chloride, combined with 0.5 g anhydrous sodium sulfate and 5 μL of butyl isothiocyanate (0.5 mg/mL) as an internal standard. After agitation for 60 min in a shaker in the absence of light, the sample was filtered, and the solution was vaporized at 30 °C under vacuum conditions (EZ-2.3, Genevac Ltd., Ipswich, UK) until dryness. For quantification, the residue was dissolved in 1 mL of ethanol and processed as described below.



Determination of sulforaphane was performed as reported by Torres-Contreras [27]. An HPLC-DAD (1260 Infinity, Agilent Technologies, Santa Clara, CA, USA) and a C18 reverse phase column (250 × 4.6 mm, 5 μm) (Luna, Phenomenex, Torrace, CA, USA) were used. The mobile phase consisted of water (phase A) and methanol (phase B). The gradient solvent system was 0/100, 10/90, 35/0, 40/0, and 50/100 (min/% phase A) at a flow rate of 0.8 mL/min with an injection volume of 20 μL. Data were obtained at 227 and 254 nm. For quantification, a standard curve of sulforaphane in the range of 0–100 ppm was generated, and results were expressed as mg per kg of kale (DW).





2.4. Selenium and Sulfur Determination


The chemical determination of the Se content in kale sprouts treated with Se, S, or water (control) was performed by inductively coupled plasma optical emission spectroscopy (ICP-OES) (Optima 4300 DV, PerkinElmer Instruments, Norwalk, CT, USA), using internal method INS-SM/US-71 based on EPA method 6010B. Sulfur content in kale was analyzed by inductively coupled plasma–atomic emission spectrometry (ICP-AES) (Optima 8300, PerkinElmer Instruments, Norwalk, CT, USA), using the Mexican codex NOM-117-SSA1-1994 according to EPA method 6010B.




2.5. Spray-Drying Encapsulation Process


To prepare the phytochemical extract, 18 g of Se- and S-treated kale sprouts were mixed with 200 mL of ethanol/water (70:30, v/v), pre-heated at 70 °C for 10 min to stop myrosinase activity. Then, samples were additionally heated in a water bath at 70 °C for 5 min and filtered to remove the fiber from the liquid. The supernatant was recovered.



Spray-drying was employed to prepare kale sprout powders according to the method reported by Radünz et al. [22]. Feeding solutions were prepared by mixing a maltodextrin solution (MD, 9% w/v) with kale sprout solutions, assaying three different ratios, 30:70, 50:50, and 70:30 w/w [23,25]. Microencapsulation was carried out in a Yamato Spray Dryer ADL311S (Yamato Scientific Co., Ltd., Tokyo, Japan) under the following operating conditions: inlet temperature of 120 °C, pump flow rate of 8.5 mL/min, outlet temperature of 60 °C, and pressure of 0.15 MPa. The operating conditions were selected based on preliminary tests. Each sample powder was stored in a dark plastic bag at 4 °C.




2.6. Encapsulation Efficiency


The encapsulation efficiency (EE) was determined by the glucosinolate, phenolic, and lutein content evaluated by HPLC-DAD [22]. For this, glucosinolates, lutein, and phenolics were quantified on kale extract microcapsules (0.25 g) according to the method described in Section 2.3. EE was expressed as a percentage and was calculated according to Equation (1).


  E E   %   =   P h y t o c h e m i c a l s   o f   k a l e − P h y t o c h e m i c a l s   o f   t h e   c a p s u l e   P h y t o c h e m i c a l s   o f   k a l e    



(1)








2.7. Storage Stability


The storage stability analysis was based on the procedure reported by Wu et al. [25]. Each treatment and wall proportion sample was stored at 35 °C for 28 days. Afterward, sampling for the quantification of glucosinolates, lutein, and phenolic compounds by HPLC-DAD (Section 2.3) was carried out. The preservation percentage of encapsulated and non-encapsulated phytochemicals after storage was used to evaluate their storage stability.




2.8. Scanning Electron Microscopy


Scanning electron microscopy (SEM) was carried out to characterize the microcapsule size and the uniformity of the microspheres, as well as to evaluate the surface morphology in dry experimental powder (maltodextrin 50:50 w/w). The microcapsule formulations were covered with gold 2.5 kV in the ionizer JEOL JFC-1100 and images were obtained at 6000× or 7000× magnification using SEM (JSM6360LV, Jeol) at the ICML, UNAM. The mean particle diameters were determined, ranging from 0.2 to 400 μm.




2.9. In Vitro Bioaccessibility of Kale Sprouts


To evaluate the bioaccessibility of the encapsulated and non-encapsulated phytochemicals present in kale sprouts, an in vitro study was conducted using the method reported by Flores et al. [28]. Briefly, 0.5 g of the sample was homogenized with 3 mL of simulated salivary fluid (FSS) for 2 min at 37 °C. Then, 6 mL of simulated gastrointestinal fluid (FGS) was added, and the pH was lowered to 2.0 ± 0.2. After sample incubation for 2 h at 37 °C, 6 mL of simulated intestinal fluid (FIS) and 3 mL of bile juices were added, the pH value was changed to 7.0 ± 0.2, and samples were incubated for another 2 h. The composition of the artificial digestive juices is presented in Table S1.



Aliquots were taken after each phase (oral, gastric, and intestinal) of the simulated digestion and subjected to 90 °C for 5 min for enzyme inactivation. After this, samples were centrifuged at 10,000 rpm for 10 min at 4 °C, and the resulting supernatants were stored at –80 °C until freeze-dried (Labconco, Kansas City, MO, USA). Samples were kept at −80 °C until the HPLC-DAD study of glucosinolate, lutein, and phenolic profiles using the protocol proposed in Section 2.3.




2.10. Cell Permeability of Phytochemicals in Digested Kale Sprouts


Human colon (Caco-2) cell monolayers were used to evaluate the in vitro cell permeability of lutein, glucosinolate, and phenolic compounds after the simulated gastrointestinal digestion of encapsulated and non-encapsulated kale sprouts treated with Se and S.



Caco-2 cells were cultured in a 37 °C and 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) containing 5% (v/v) fetal bovine serum and 0.5% antibiotic–antimycotic. The medium was replenished every two days during the cell growth and differentiation phases. For the assays, cells were inoculated at a density of 1 × 106 cells/well in 12-well transwell inserts. The cell culture was used after 21 days, ensuring a confluent monolayer and complete cell differentiation [29]. Cells were washed twice with PBS. An aliquot of 0.5 mL of intestinal-digested fractions of encapsulated and non-encapsulated kale sprouts (120 µg/mL) containing lucifer yellow stain (LY) 100 µM was added to the upper chamber (apical side) and 1.5 mL of HBSS (pH 7.4) was added to the lower chamber (basolateral side). Cells were incubated at 37 °C for 2 h at 100 rpm.



After this, medium from both sides of the inserts was collected, treated to achieve dryness, and stored at −80 °C until HPLC-DAD analysis (Section 2.3). For chromatographic analysis, samples were reconstituted in 0.5 mL of ethanol/water (70:30, v/v).



The integrity of the cell monolayers at the end of the assay was assessed by testing lucifer yellow (LY) permeation. The fluorescence values of apical and basolateral samples were obtained using a microplate reader (Synergy HT, BioTek, Winooski, VM, USA) at 530 nm/485 nm (emission/excitation). The apical to basal LY permeation (%) was calculated according to Equation (2):


  L Y   %   =   (   F   t e s t   −   F   b l a n k   )   (   F   0   −   F   b l a n k   )    



(2)




where Ftest is the basolateral fluorescence intensity of LY; F0 is the initial apical fluorescence intensity of LY; Fblank is the fluorescence intensity of the blank sample (only HBSS). Only monolayers with less than 5% permeability were investigated for this experiment.




2.11. In Vitro Biological Activity of Kale Sprouts Subjected to Gastrointestinal Digestion


The effect of intestinal-digested fractions of encapsulated and non-encapsulated kale sprouts treated with Se and S on cellular antioxidant activity (CAA), nitric oxide (NOx), and cytokine (IL-1β, IL-2, IL-6, IL-10, TNF-α, and COX-2) production was evaluated.



2.11.1. Cellular Antioxidant Activity (CAA)


To evaluate the cellular antioxidant activity of intestinal-digested fractions of encapsulated and non-encapsulated kale sprouts, the method described by Ortega-Hernández et al. [30] was used (Supplementary Materials).




2.11.2. Nitric Oxide Determination


The production of nitric oxide was evaluated using the method described by Ortega-Hernández et al. [30] (Supplementary Materials).




2.11.3. Measurement of COX-2, IL-1β, IL-2, IL-6, IL-10, and TNF-α


The effect of intestinal-digested fractions of encapsulated and non-encapsulated kale sprouts treated with Se and S on proinflammatory and anti-inflammatory cytokines was evaluated in Raw 264.7 cells. After the incubation of cells with the different treatments, the release of COX-2 and IL-10 was determined using the Human/Mouse Total COX-2 DuoSet IC and Mouse IL-10 ELISA Kits, per the respective manufacturer’s instructions. The absorbance values of cytokines were measured using a Synergy HT plate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA) at 450 nm. Likewise, the MILLIPLEX MAP Mouse Cytokine/Chemokine Panel was used to measure IL-1β, IL-2, IL-6, and TNF-α in supernatants on a LuminexR 200TM System with the xPONENT@3.0 software (Luminex, TX, USA). From the immunoassay, Median Fluorescent Intensity (MFI) data using a polynomial curve-fitting method were used to calculate cytokine concentrations, as per the manufacturers’ guidelines.





2.12. Statistical Analysis


Statistical analyses were performed utilizing three replicates. The results were expressed as mean values and their standard error. Statistical analyses were conducted using the JMP version 13.0 software (SAS Institute Inc., Cary, NC, USA). Full factorial analyses of variance (ANOVA) followed by the least significant difference (LSD) test (p 0.05) were used to analyze the data.





3. Results and Discussion


3.1. Selenium and Sulfur Determination in Kale Sprouts


Treatment with Se during the germination of kale showed an 83.5-fold increase in its accumulation in sprouts after 7 days (21.13 mg/kg) compared to the untreated control (<0.25 mg/kg). Likewise, the kale sprouts germinated in the presence of S had a 1.125-fold increased concentration (3533 mg/kg) compared to the untreated control (3138 mg/kg). Selenium has chemical similarities to sulfur (S), and the sulfate transporters in root plasma membranes are anticipated to uptake selenate [31]. Despite the significant increment in Se in the treated sprouts, it did not negatively affect the growth and development of kale sprouts. Tian et al. [32] found that Se treatments harmed plant growth in the absence of S. Due to kale possessing an innately high S concentration, it is suggested that the nonspecific integration of Se into proteins decreased, compensating the redox system and preventing Se toxicity during kale biofortification.




3.2. Encapsulation Efficiency and Capsule Morphology


Encapsulation with maltodextrin at 50:50 showed the highest encapsulation efficiency (EE) (69.29–88.43%) (Table 1). This may have been the optimal concentration for non-saturation of the active maltodextrin sites, which permitted the total encapsulation of the combined extract, as well as additional protection of the compounds [22]. This result was superior to those reported by Tian et al. [24] and Wu et al. [25], who reported EE ranging from 12% to 77% for glucosinolate and isothiocyanate extracts derived from broccoli by spray-drying, employing maltodextrin. This difference in efficiency is possibly due to the coating materials, as maltodextrin exhibits greater efficacy for water-soluble compounds [33]. Radünz et al. [22] reported a similar EE for phenolic compounds in a Brassica vegetable of 97.8%, compared to the 90.3% achieved in our study. Whereas EE for lutein has not been reported, we found maximum efficiency with Se 50:50 of 40%. This low efficiency may be associated with the susceptibility of the polyene backbone of the lutein to the conditions present during encapsulation processing. Energy in the form of light, heat, and mechanical stress can interrupt the conjugation of the molecule, causing its fragmentation [34].



The morphology of capsules with 50:50 w/w proportions of the kale sprout solutions and maltodextrin is shown in Figure 1. Capsules showed spherical structures and a smooth surface, confirming good encapsulation. The high drying rate and rapid solidification of the maltodextrin wall could have caused the buckling. Previous studies that used maltodextrin as an encapsulating material for broccoli extracts by spray-drying reported that they obtained an irregular and rough surface due to the droplets’ high temperature and rapid evaporation [24,25].



The particle size was in the range of 2–6 μm, which can be considered a fine particle size that provides better techno-functional properties to generate food and pharmaceutical products.




3.3. Influence of Encapsulation and Storage on Lutein, Phenolic, and Glucosinolate Compounds


The stability of phytochemicals during the encapsulation process depends on the interaction within the core-to-wall ratio (Figure 2). An intermediate core (50:50 v/v) ratio resulted in the higher stability of phytochemicals in all tested samples, followed by the 30:70 and 70:30 core-to-wall ratios. The lutein (54.2%, 25.4%, 9.6%), phenolic compounds (13.5%, 10.1%, 11.4%), and glucosinolates (16.9%, 6.4%, 13.1%) present in kale seeds germinated with water, sulfur, and selenium, respectively, suffered a small but significant loss during the encapsulation process with maltodextrin 50:50 w/w compared to non-encapsulated samples. Maltodextrin has been shown to preserve the carotenoids in paprika oleoresin and to offer adequate oxidative stability for encapsulated olive oil [35,36]. Likewise, it has been found that maltodextrin is an effective protector of phenolic extracts and can preserve their antioxidant activity [37]. The degradation of phytochemicals during the encapsulation process is mainly due to direct exposure to heat [25].



After storage, there was an additional loss in phytochemicals; however, the 50:50 maltodextrin encapsulation treatment remained optimal for their protection. The results are shown in Figure 3. The lutein (56.6%, 27.1%, 36.9%), phenolic compounds (32.5%, 21.2%, 25%), and glucosinolates (25.5%, 16.1%, 12.4%) present in encapsulated (70:30 w/w) control and treated kale sprouts with sulfur and selenium, respectively, suffered a higher loss after the storage of capsules compared to non-encapsulated samples. These storage stability results may be explained based on the fact that maltodextrin can create a dense and oxygen-impermeable wall system. This effect has been reported previously by Castro-Enríquez et al. [38], who observed better storage stability for betacyanins using maltodextrin as an encapsulant after 16 weeks. In this way, treatment with a 30:70 ratio, where phytochemicals were near the outer surface of the capsule, led to a greater loss. Since the wall was thinner than the core, the phytochemicals could react with the outside oxygen.




3.4. Bioaccessibility of Lutein, Phenolic, and Glucosinolate Compounds


In vitro stimulation of gastrointestinal digestion provides important information on how the chosen compounds behave in a physiological environment [19].



The first step in the absorption process is the release of phytochemicals from the food matrix. The liberation of lutein after simulated saliva solubilization and the in vitro digestion of non-encapsulated and encapsulated kale sprout extracts is presented in Table S2.



The liberation of lutein from the non-encapsulated and encapsulated kale sprout extracts treated with S and Se was significantly increased, through the mouth (24.2%, 35.2%), stomach (31.7%, 40.6%), and intestine (40.1%, 45.5%) fractions, compared with the concentrations of raw kale sprouts, respectively. These results are in line with Eriksen et al. [39], who reported 30% carotenoid release from pureed spinach when studying in vitro accessibility. The differences in carotenoid release could be influenced by factors such as domestic processing and the specific matrix. Moreover, only encapsulated extracts treated with Se presented the significant liberation of lutein, in contrast with the non-encapsulated samples, during in vitro digestion: mouth 23.9%, stomach 19.7%, and intestine 22.6%.



Comparing the concentrations of phenolic compounds in the raw samples of the encapsulated and non-encapsulated kale sprouts with the mouth, stomach, and intestine fractions of digestion in vitro, all eight identified compounds were significantly lost at all stages. The observed reductions in phenolic compounds are available in Table S3. The greatest reduction at the intestinal level was observed in the non-encapsulated control samples: 4-O-caffeoylquinic acid (87%), 3-O-hexoside kaempferol (89%), sinapic acid (89%), ferulic acid (88%), 1-sinapoyl-2′-ferulolylgentiobiose (94%), 1,2-disinapoyl-2-ferulolylgentiobiose (90%), kaempferol 3-O-sophoroside-7O-glucoside (90%), quercetin (90%). These results are in agreement with what was reported by Oidtmannet al. [40], Betzet al. [41], and Flores et al. [28], who noted a decrease ranging between 64% and 78% in total phenolics in indigestion conditions. Differences in carotenoid degradation may be associated with the product-related protein–polyphenol interactions in each matrix, and the process-related heating step used for encapsulation. However, there is currently a lack of data in the literature on the estimation of phenolics in encapsulated kale extracts after in vitro digestion.



Losses observed for nearly all phenolic compounds analyzed may have resulted from structural disintegration caused by the action of digestive enzymes and pH fluctuations during the digestive process. Moreover, the high affinity of phenolics to maltodextrin through non-covalent binding, including interactions between hydrophobic groups, may stabilize the polyphenol structure [42].



On the other hand, the encapsulated kale sprouts treated with Se had better phenolic compound stability than non-encapsulated kale sprouts during in vitro digestion. At the intestinal level, the additional reductions in phenolic compound content in non-encapsulated kale sprouts compared to encapsulated samples treated with Se were as follows: 4-O-caffeoylquinic acid (30%), 3-O-hexoside kaempferol (18%), sinapic acid (26%), ferulic acid (15%), 1-sinapoyl-2′-ferulolylgentiobiose (20%), 1,2-disinapoyl-2-ferulolylgentiobiose (22%), kaempferol 3-O-sophoroside-7O-glucoside (43%), quercetin (33%).



Furthermore, individual glucosinolates were identified and quantified in raw kale sprouts. The observed reductions in glucosinolates are available in Table S4. The greatest reduction at the intestinal level was observed in the non-encapsulated control kale sprouts: glucoiberin (100%), progoitrin (100%), glucoraphanin (50%), gluconapin (100%), 4-hydroxy-glucobrassicin (100%), glucoeurocin (100%), glucobrassicin (60%), 4-methoxy-glucobrassicin (75%). Similarly, reductions in glucosinolate compounds in all samples were found during in vitro digestion. Changes in concentration may be due to restructuring with other compounds, such as sulforaphane. Once digestion begins, glucosinolates undergo enzymatic hydrolysis under the action of myrosinase and are hydrolyzed to isothiocyanate [43].



On the other hand, the S- and Se-encapsulated kale sprouts showed higher stability than non-encapsulated samples at the intestinal level for progoitrin (29%, 35%), gluconapin (32%, 27%), and 4-methoxy-glucobrassicin (10%, 13%), respectively. Thus, in vitro digestion proved that encapsulation is a suitable method to improve the phytochemical stability of kale, leading to less reduction as well as better bioaccessibility.




3.5. Cellular Permeability


The integrity of the cell monolayers was assessed by monitoring LY permeation. Only monolayers with LY permeability lower than 5% were considered for the experiment. The data obtained are presented in Table 2.



After 2 h, the phytochemical compounds in the apical and basolateral compartments were analyzed. In the case of glucosinolate quantification, both glucosinolates and the hydrolysis products were present in the intestinal digesta at 2 h. However, only the hydrolysis products were analyzed in the Caco-2 cells because, as expected, intact glucosinolates were not absorbed through the intestinal epithelial cells.



HPLC-DAD analysis of the polyphenols permeating to the basolateral side after 120 min revealed the presence of five identified compounds: lutein, sulforaphane, ferulic acid, 3-O-hexoside kaempferol, and quercetin.



The highest basolateral recovery of phytochemicals was found in Se-encapsulated kale sprouts. Lutein, sulforaphane, ferulic acid, 3-O-hexoside kaempferol, and quercetin recovery ranged between 8.4% and 67.4%. This result agrees with previous in vitro tests on the permeation of encapsulated phytochemicals across Caco-2 cells [44,45,46]. Faralli et al. [45] reported a direct effect of the encapsulant on the tight junctions and, thus, an increase in the permeation of curcumin through the epithelial barrier. Panwar et al. [47] found that encapsulated ferulic acid showed higher plasma retention, compared with ferulic acid in free form, and thus provided greater bioavailability. Even phytochemicals undergo enzymatic degradation during absorption across intestinal epithelial cells [48]. Therefore, encapsulated phytochemicals enabled resistance in an acidic environment and complete release in alkaline conditions, thus enhancing the permeability.



In addition, the presence of two unidentified peaks, tentatively attributed to ferulic acid, in the basolateral compartment and not in the initial sample suggests that it resulted from cell metabolism. Kern et al. [49] reported that Caco-2 cells can absorb ferulic acid, p-coumaric acid, and sinapic acid and conjugate them by sulfation or glucuronidation before excretion.




3.6. Cellular Antioxidant Activity and Nitric Oxide Production


As is known, many biologically active molecules in plants may contribute to the antioxidant capacity, and kale is not an exception. The cellular antioxidant activity of encapsulated and non-encapsulated intestinal-digested fractions of Red Russian kale sprouts treated with Se and S in Caco-2 cells is shown in Figure 4.



There was a significant increase in cellular antioxidant activity in non-encapsulated and encapsulated intestinal-digested fractions treated with S 200 (19.7%, 43.7%), S 240 (15.5%, 43.7%), Se 200 (28.9%, 46.5%), and Se 240 (13.8%, 42.3%), compared to controls, respectively.



Although the Se and S treatments were not significantly different, the encapsulation process positively affected the cellular antioxidant activity. Encapsulated intestinal-digested fractions S 200 (23.9%), S 240 (28.2%), Se 200 (17.6%), and Se 240 (28.4%) showed a significant increase compared with their respective non-encapsulated pairs.



The anti-inflammatory activity of encapsulated and non-encapsulated intestinal-digested fractions of Red Russian kale sprouts treated with Se and S in Raw 264.7 and Caco-2 cells is shown in Figure 5.



Raw 264.7 cells showed a significant increase in nitric oxide inhibition in non-encapsulated and encapsulated samples treated with all S and Se extract concentrations tested. The maximum nitric oxide inhibition was observed with non-encapsulated and encapsulated S 50 (51.1%, 115.2%) and Se 50 (58.6%, 143.1%) intestinal-digested fractions compared to controls, respectively. On the other hand, the highest increase in nitric oxide inhibition in Caco-2 cells was detected with non-encapsulated and encapsulated intestinal-digested fractions S 240 (42.1%, 80.9%) and Se 240 (34.3%, 58.8%), followed by S 200 (41.6%, 64.9%) and Se 200 (13.3%, 41.5%), compared to controls, respectively.



Although the Se and S treatments were not significantly different in Raw 264.7 cells, the encapsulation process positively affected the cellular antioxidant activity. Encapsulated samples S 50 (64.1%) and Se 50 (84.3%) showed a significant increase compared with their respective non-encapsulated pairs. In the case of Caco-2 cells, encapsulation showed a significant increase in S 200 (23.2%), S 240 (38.9%), Se 200 (28.2%), and Se 240 (24.5%) samples.



These results indicate that the antioxidant and anti-inflammatory activity of the Se and S tested sprouts, evaluated by the cellular method, was positively correlated with the release of lutein and sulforaphane in the extracts, as well as the remaining content of phenolic and glucosinolate compounds, which was higher than in control samples. The influence of lutein, glucosinolates, and phenolic compounds in neutralizing free radicals, quenching singlet oxygen, or decomposing peroxides through their chemical structure has been reported previously [50,51,52], whereas the antioxidant activity of sulforaphane is mainly associated with the transcription triggering of phase II metabolic enzymes [53]. Additionally, the antioxidant properties of phytochemical extracts in S- and Se-enriched Brassica plants such as broccoli [54], kale [15,55], and garden cress [56] have been confirmed.




3.7. Measurement of COX-2, IL-1β, IL-2, IL-6, IL-10, and TNF-α


The influence of the S and Se kale sprout extracts on the release of the selected proinflammatory mediators (COX-2, IL-1β, IL-2, IL-6, IL-10, and TNF-α) in LPS-stimulated Raw 264.7 macrophages was confirmed as the final stage of this investigation. Results are shown in Figure 6.



Macrophages treated with kale extract showed an inhibition in the production of COX-2, IL-1β, IL-2, IL-6, and TNF-α by LPS-stimulated Raw 264.7 cells with the same potency as dexamethasone and indomethacin, two anti-inflammatory agents used as reference drugs, on the inhibition of cytokines.



Raw 264.7 cells showed significant inhibition in proinflammatory cytokines in non-encapsulated and encapsulated kale sprout samples, including the control, whereas IL-10 was stimulated. There was a significant increase of 24.1% and 13.9% in IL-10 in S- and Se-encapsulated kale samples compared to the non-encapsulated samples. COX-2 and TNF-α showed significant inhibition of 50.6% and 51.4% in S-encapsulated kale sprouts compared to non-S-encapsulated kale sprouts, respectively, whereas significant inhibition of 21.2% and 32.5% was observed in IL-6 in S- and Se-encapsulated kale samples, respectively.



Furthermore, the maximum inhibition was observed with S- and Se-encapsulated kale samples in the corresponding COX-2 (84.1%, 85.7%), IL-1β (28.5%, 29.6%), IL-2 (31.5%, 23.4%), IL-6 (36.6%, 54.3%), and TNF-α (75.1%, 90.1%) cytokines, respectively, compared to controls stimulated with LPS. In contrast, the IL-10 concentration increased significantly by 88.9% and 74.6% in S- and Se-encapsulated kale samples, respectively.



First, the observed tendency to decrease the anti-inflammatory cytokines may be explained by the capacity of the present phenolics and lutein to suppress the iNOS protein by inhibiting nuclear factor-κB (NF-κB), which is the key transcription factor for the activation of genes associated with the inflammatory mediators, such as interleukins, inducible nitric oxide synthase (iNOS), and cyclooxygenases (COXs) [57,58]. Additionally, the chemical structure and lutein and phenolic compounds allow them to scavenge NO radicals [2,2,59]. The potential of lutein, kaempferol, ferulic acid, and quercetin as anti-inflammatory agents has been reported previously [58].



On the other hand, lutein and sulforaphane can activate the nuclear factor erythroid 2-related factor 2 (Nrf2) and Nrf2-signaling-related antioxidant enzymes (glutathione-s-transferase, glutathione peroxidase, superoxide dismutase, and catalase) [60].



Moreover, the increment in IL-10, an anti-inflammatory cytokine, may inhibit the nuclear factor kappa light chain enhancer of activated B cells (NF-kB) translocation [61] and further production of the proinflammatory cytokines.



Finally, maltodextrin may protect the compounds causing the inhibition of free radicals during digestion, demonstrating that encapsulation is an effective method of preserving the antioxidant and anti-inflammatory properties of kale.





4. Conclusions


In this study, the carotenoid, glucosinolate, and phenolic profiles of kale sprouts (Brassica oleracea var. acephala) were characterized by HPLC-DAD. Additionally, an in vitro gastrointestinal method was used to determine the digestive stability and bioaccessibility of the most important antioxidants. We reported a total of 17 antioxidants composed of eight phenolic acids (sinapic acid, ferulic acid, 4-O-caffeoylquinic acid, 1-sinapoyl-2′-ferulolylgentiobiose, 3-O-hexoside kaempferol, 1,2-disinapoyl-2-ferulolylgentiobiose, kaempferol 3-O-sophoroside-7O-glucoside, and quercetin), eight glucosinolates (glucoiberin, progoitrin, glucoraphanin, gluconapin, 4-hydroxy-glucobrassicin, glucoeurocin, glucobrassicin, and 4-methoxy-glucobrassicin), and one carotenoid (lutein). It was found that these phytochemicals were more abundant in kale treated with Se and S, where they presented high bioaccessibility and bioactivity.



Furthermore, encapsulation protected carotenoids, phenolics, and glucosinolates from degradation during simulated digestion and storage in comparison with non-encapsulated phytochemicals, although the minor loss of encapsulated kale phytochemicals during in vitro digestion did not affect the permeability through the Caco-2 monolayer. Moreover, the encapsulated phytochemicals demonstrated better antioxidant and anti-inflammatory effects in vitro in Caco-2 and Raw 264.7 cells. This information was correlated with the positive modulation of mediators of inflammation (IL-2, IL-1β, TNF-α, IL-6, IL-10, and COX-2).



Therefore, this kale-based powder could be a functional ingredient candidate for the development of foods or supplements to prevent the development of diseases with a marked inflammatory component, or as an adjunct with pharmacological therapy to mitigate symptoms and improve the quality of life of patients. However, to better comprehend the potential effects of kale extracts on human health, additional research should be considered to evaluate the roles of these bioactive compounds in the gastrointestinal microbiota, including in vivo studies.



Finally, this study demonstrated that kale represents a hyperaccumulator model of Se without negatively affecting its growth or development. Therefore, it can be used to create biofortified foods of superior nutritional value, enriched with healthful Se compounds and several other valuable phytochemicals.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods12112149/s1, Table S1: Composition of artificial digestive juices; Table S2: Bioaccessibility of lutein in encapsulated and non-encapsulated 7-day-old Red Russian kale sprouts treated with selenium and sulfur; Table S3: Bioaccessibility of individual phenolic compounds in encapsulated and non-encapsulated 7-day-old Red Russian kale sprouts treated with selenium and sulfur; Table S4: Bioaccessibility of individual glucosinolates in encapsulated and non-encapsulated 7-day-old Red Russian kale sprouts treated with selenium and sulfur; Methodology S2.11.1. Cellular antioxidant activity (CAA); Methodology S2.11.2. Nitric oxide determination.





Author Contributions


All authors listed made a substantial, direct, and intellectual contribution to the work and approved it for publication. Conceptualization, D.A.J.-V., M.A.-R. and E.O.-H.; methodology, E.O.-H. and L.A.-P.; formal analysis, E.O.-H. and M.A.-R.; investigation, E.O.-H., A.V.C.-M. and M.A.-R.; resources, D.A.J.-V. and M.A.-R.; writing—original draft preparation, E.O.-H. and M.A.-R.; writing—review and editing, M.A.-R. and D.A.J.-V.; supervision, M.A.-R. and D.A.J.-V.; project administration, M.A.-R. and D.A.J.-V. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Consejo Nacional de Ciencia y Tecnología (CONACYT) [CVU 573045 Erika Ortega Hernandez scholarship].




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors would like to express their gratitude to the School of Engineering and Science and the FEMSA Biotechnology Center at Tecnológico de Monterrey for their support through the Bioprocess and NutriOmics & Emerging Technologies Focus Groups. In addition, Laura Elena Gomez Lizarraga from the Instituto de Ciencias del Mar y Limnología (UNAM, MX) is acknowledged for her support with the scanning electron microscopy analyses. We thanks to Laboratorio Nacional de Medicina de Sistemas-CONACYT for the support with the LuminexR 200TM System analyses.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428–435. [Google Scholar] [CrossRef] [PubMed]

	



Ambriz-Pérez, D.L.; Leyva-López, N.; Gutierrez-Grijalva, E.P.; Heredia, J.B. Phenolic Compounds: Natural Alternative in Inflammation Treatment. A Review. Cogent Food Agric. 2016, 2, 1131412. [Google Scholar] [CrossRef]

	



Hotamisligil, G.S. Inflammation and Metabolic Disorders. Nature 2006, 444, 860–867. [Google Scholar] [CrossRef] [PubMed]

	



Hawkey, C.J.; Langman, M.J.S. Non-Steroidal Anti-Inflammatory Drugs: Overall Risks and Management. Complementary Roles for COX-2 Inhibitors and Proton Pump Inhibitors. Gut 2003, 52, 600–608. [Google Scholar] [CrossRef] [PubMed]

	



Lapuente, M.; Estruch, R.; Shahbaz, M.; Casas, R. Relation of Fruits and Vegetables with Major Cardiometabolic Risk Factors, Markers of Oxidation, and Inflammation. Nutrients 2019, 11, 2381. [Google Scholar] [CrossRef]

	



Podsędek, A. Natural Antioxidants and Antioxidant Capacity of Brassica Vegetables: A Review. LWT-Food Sci. Technol. 2007, 40, 1–11. [Google Scholar] [CrossRef]

	



Fahey, J.W.; Zhang, Y.; Talalay, P. Broccoli Sprouts: An Exceptionally Rich Source of Inducers of Enzymes That Protect against Chemical Carcinogens. Proc. Natl. Acad. Sci. USA 1997, 94, 10367–10372. [Google Scholar] [CrossRef]

	



Maldini, M.; Baima, S.; Morelli, G.; Scaccini, C.; Natella, F. A Liquid Chromatography-Mass Spectrometry Approach to Study “Glucosinoloma” in Broccoli Sprouts. J. Mass Spectrom. 2012, 47, 1198–1206. [Google Scholar] [CrossRef]

	



Ortega-Hernández, E.; Antunes-Ricardo, M.; Jacobo-Velázquez, D.A. Improving the Health-Benefits of Kales (Brassica oleracea L. Var. Acephala DC) through the Application of Controlled Abiotic Stresses: A Review. Plants 2021, 10, 2629. [Google Scholar] [CrossRef]

	



Paja̧k, P.; Socha, R.; Gałkowska, D.; Rożnowski, J.; Fortuna, T. Phenolic Profile and Antioxidant Activity in Selected Seeds and Sprouts. Food Chem. 2014, 143, 300–306. [Google Scholar] [CrossRef]

	



Park, W.T.; Kim, J.K.; Park, S.; Lee, S.W.; Li, X.; Kim, Y.B.; Uddin, M.R.; Park, N., II; Kim, S.J.; Park, S.U. Metabolic Profiling of Glucosinolates, Anthocyanins, Carotenoids, and Other Secondary Metabolites in Kohlrabi (Brassica oleracea Var. Gongylodes). J. Agric. Food Chem. 2012, 60, 8111–8116. [Google Scholar] [CrossRef] [PubMed]

	



Vale, A.P.; Santos, J.; Brito, N.V.; Fernandes, D.; Rosa, E.; Beatriz, M.; Oliveira, P.P. Evaluating the Impact of Sprouting Conditions on the Glucosinolate Content of Brassica Oleracea Sprouts. Phytochemistry 2015, 115, 252–260. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.Y.; Park, J.-E.; Kim, E.O.; Lim, S.J.; Nam, E.J.; Yun, J.H.; Yoo, G.; Oh, S.-R.; Kim, H.S.; Nho, C.W. Exposure of Kale Root to NaCl and Na2SeO3 Increases Isothiocyanate Levels and Nrf2 Signalling without Reducing Plant Root Growth. Sci. Rep. 2018, 8, 3999. [Google Scholar] [CrossRef] [PubMed]

	



Ku, K.M.; Juvik, J.A. Environmental Stress and Methyl Jasmonate-Mediated Changes in Flavonoid Concentrations and Antioxidant Activity in Broccoli Florets and Kale Leaf Tissues. HortScience 2013, 48, 996–1002. [Google Scholar] [CrossRef]

	



Ortega-Hernández, E.; Antunes-Ricardo, M.; Cisneros-Zevallos, L.; Jacobo-Velázquez, D.A. Selenium, Sulfur, and Methyl Jasmonate Treatments Improve the Accumulation of Lutein and Glucosinolates in Kale Sprouts. Plants 2022, 11, 1271. [Google Scholar] [CrossRef]

	



White, P.J. Selenium Accumulation by Plants. Ann. Bot. 2016, 117, 217–235. [Google Scholar] [CrossRef]

	



Schiavon, M.; Nardi, S.; Dalla Vecchia, F.; Ertani, A. Selenium Biofortification in the 21st Century: Status and Challenges for Healthy Human Nutrition. Plant Soil 2020, 453, 245–270. [Google Scholar] [CrossRef]

	



Dias, M.I.; Ferreira, I.C.F.R.; Barreiro, M.F. Microencapsulation of Bioactives for Food Applications. Food Funct. 2015, 6, 1035–1052. [Google Scholar] [CrossRef]

	



Wang, S.; Chen, Y.; Liang, H.; Chen, Y.; Shi, M.; Wu, J.; Liu, X.; Li, Z.; Liu, B.; Yuan, Q.; et al. Intestine-Specific Delivery of Hydrophobic Bioactives from Oxidized Starch Microspheres with an Enhanced Stability. J. Agric. Food Chem. 2015, 63, 8669–8675. [Google Scholar] [CrossRef]

	



Guiné, R.P.F. The Drying of Foods and Its Effect on the Physical-Chemical, Sensorial and Nutritional Properties. ETP Int. J. Food Eng. 2018, 2, 93–100. [Google Scholar] [CrossRef]

	



Díaz-Torres, R.D.C.; Alonso-Castro, A.J.; Carrillo-Inungaray, M.L.; Carranza-Alvarez, C. Chapter 6—Bioactive Compounds Obtained from Plants, Their Pharmacological Applications and Encapsulation. In Phytomedicine; Bhat, R.A., Hakeem, K.R., Dervash, M.A., Eds.; Academic Press: Cambridge, MA, USA, 2021; pp. 181–205. ISBN 978-0-12-824109-7. [Google Scholar]

	



Radünz, M.; Hackbart, H.C.D.S.; Bona, N.P.; Pedra, N.S.; Hoffmann, J.F.; Stefanello, F.M.; Da Rosa Zavareze, E. Glucosinolates and Phenolic Compounds Rich Broccoli Extract: Encapsulation by Electrospraying and Antitumor Activity against Glial Tumor Cells. Colloids Surf. B Biointerfaces 2020, 192, 111020. [Google Scholar] [CrossRef] [PubMed]

	



Saavedra-Leos, M.Z.; Leyva-Porras, C.; Toxqui-Terán, A.; Espinosa-Solis, V. Physicochemical Properties and Antioxidant Activity of Spray-Dry Broccoli (Brassica oleracea Var. Italica) Stalk and Floret Juice Powders. Molecules 2021, 26, 1973. [Google Scholar] [CrossRef]

	



Tian, G.; Li, Y.; Yuan, Q.; Cheng, L.; Kuang, P.; Tang, P. The Stability and Degradation Kinetics of Sulforaphene in Microcapsules Based on Several Biopolymers via Spray Drying. Carbohydr. Polym. 2015, 122, 5–10. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Zou, L.; Mao, J.; Huang, J.; Liu, S. Stability and Encapsulation Efficiency of Sulforaphane Microencapsulated by Spray Drying. Carbohydr. Polym. 2014, 102, 497–503. [Google Scholar] [CrossRef] [PubMed]

	



González, F.; Quintero, J.; Del Río, R.; Mahn, A. Optimization of an Extraction Process to Obtain a Food-Grade Sulforaphane-Rich Extract from Broccoli (Brassica oleracea Var. Italica). Molecules 2021, 26, 4042. [Google Scholar] [CrossRef]

	



Torres-Contreras, A.M.; Nair, V.; Cisneros-Zevallos, L.; Jacobo-Velázquez, D.A. Stability of Bioactive Compounds in Broccoli as Affected by Cutting Styles and Storage Time. Molecules 2017, 22, 636. [Google Scholar] [CrossRef]

	



Flores, F.P.; Singh, R.K.; Kerr, W.L.; Pegg, R.B.; Kong, F. Total Phenolics Content and Antioxidant Capacities of Microencapsulated Blueberry Anthocyanins during in Vitro Digestion. Food Chem. 2014, 153, 272–278. [Google Scholar] [CrossRef]

	



Hwang, E.-S.; Bornhorst, G.M.; Oteiza, P.I.; Mitchell, A.E. Assessing the Fate and Bioavailability of Glucosinolates in Kale (Brassica oleracea) Using Simulated Human Digestion and Caco-2 Cell Uptake Models. J. Agric. Food Chem. 2019, 67, 9492–9500. [Google Scholar] [CrossRef]

	



Ortega-Hernández, E.; Acevedo-Pacheco, L.; Jacobo-Velázquez, D.A.; Antunes-Ricardo, M. Bioaccessibility and Potential Biological Activities of Lutein, Glucosinolates, and Phenolic Compounds Accumulated in Kale Sprouts Treated with Selenium, Sulfur, and Methyl Jasmonate. ACS Food Sci. Technol. 2023, 3, 404–413. [Google Scholar] [CrossRef]

	



Gupta, M.; Gupta, S. An Overview of Selenium Uptake, Metabolism, and Toxicity in Plants. Front. Plant Sci. 2017, 7, 2074. [Google Scholar] [CrossRef]

	



Tian, M.; Hui, M.; Thannhauser, T.W.; Pan, S.; Li, L. Selenium-Induced Toxicity Is Counteracted by Sulfur in Broccoli (Brassica oleracea L. Var. Italica). Front. Plant Sci. 2017, 8, 1425. [Google Scholar] [CrossRef] [PubMed]

	



Tomsone, L.; Galoburda, R.; Kruma, Z.; Durrieu, V.; Cinkmanis, I. Microencapsulation of Horseradish (Armoracia rusticana L.) Juice Using Spray-Drying. Foods 2020, 9, 1332. [Google Scholar] [CrossRef] [PubMed]

	



Ochoa Becerra, M.; Mojica Contreras, L.; Hsieh Lo, M.; Mateos Díaz, J.; Castillo Herrera, G. Lutein as a Functional Food Ingredient: Stability and Bioavailability. J. Funct. Foods 2020, 66, 103771. [Google Scholar] [CrossRef]

	



Calvo, P.; Castaño, A.L.; Lozano, M.; González-Gómez, D. Micro-Encapsulation of Refined Olive Oil: Influence of Capsule Wall Components and the Addition of Antioxidant Additives on the Shelf Life and Chemical Alteration. J. Sci. Food Agric. 2012, 92, 2689–2695. [Google Scholar] [CrossRef] [PubMed]

	



Santos, A.B.; Fávaro-Trindade, C.S.; Grosso, C.R.F. Funcionalidade da oleoresina de páprica microencapsulada em goma-arábica e amido de arroz/gelatina. Pesqui. Agropecuária Bras. 2006, 41, 351–354. [Google Scholar] [CrossRef]

	



Sansone, F.; Mencherini, T.; Picerno, P.; d’Amore, M.; Aquino, R.P.; Lauro, M.R. Maltodextrin/Pectin Microparticles by Spray Drying as Carrier for Nutraceutical Extracts. J. Food Eng. 2011, 105, 468–476. [Google Scholar] [CrossRef]

	



Castro-Enríquez, D.D.; Montaño-Leyva, B.; Del Toro-Sánchez, C.L.; Juaréz-Onofre, J.E.; Carvajal-Millan, E.; Burruel-Ibarra, S.E.; Tapia-Hernández, J.A.; Barreras-Urbina, C.G.; Rodríguez-Félix, F. Stabilization of Betalains by Encapsulation—A Review. J. Food Sci. Technol. 2020, 57, 1587–1600. [Google Scholar] [CrossRef]

	



Eriksen, J.N.; Luu, A.Y.; Dragsted, L.O.; Arrigoni, E. Adaption of an in Vitro Digestion Method to Screen Carotenoid Liberation and in Vitro Accessibility from Differently Processed Spinach Preparations. Food Chem. 2017, 224, 407–413. [Google Scholar] [CrossRef]

	



Oidtmann, J.; Schantz, M.; Mäder, K.; Baum, M.; Berg, S.; Betz, M.; Kulozik, U.; Leick, S.; Rehage, H.; Schwarz, K.; et al. Preparation and Comparative Release Characteristics of Three Anthocyanin Encapsulation Systems. J. Agric. Food Chem. 2012, 60, 844–851. [Google Scholar] [CrossRef]

	



Betz, M.; Steiner, B.; Schantz, M.; Oidtmann, J.; Mäder, K.; Richling, E.; Kulozik, U. Antioxidant Capacity of Bilberry Extract Microencapsulated in Whey Protein Hydrogels. Food Res. Int. 2012, 47, 51–57. [Google Scholar] [CrossRef]

	



Jakobek, L. Interactions of Polyphenols with Carbohydrates, Lipids and Proteins. Food Chem. 2015, 175, 556–567. [Google Scholar] [CrossRef] [PubMed]

	



Becker, T.M.; Juvik, J.A. The Role of Glucosinolate Hydrolysis Products from Brassica Vegetable Consumption in Inducing Antioxidant Activity and Reducing Cancer Incidence. Diseases 2016, 4, 22. [Google Scholar] [CrossRef] [PubMed]

	



Bhushani, A.; Karthik, P.; Chinnaswamy, A. Nanoemulsion Based Delivery System for Improved Bioaccessibility and Caco-2 Cell Monolayer Permeability of Green Tea Catechins. Food Hydrocoll. 2016, 56, 372–382. [Google Scholar] [CrossRef]

	



Faralli, A.; Shekarforoush, E.; Ajalloueian, F.; Mendes, A.C.; Chronakis, I.S. In Vitro Permeability Enhancement of Curcumin across Caco-2 Cells Monolayers Using Electrospun Xanthan-Chitosan Nanofibers. Carbohydr. Polym. 2019, 206, 38–47. [Google Scholar] [CrossRef] [PubMed]

	



Shen, H.; He, D.; Wang, S.; Ding, P.; Wang, J.; Ju, J. Preparation, Characterization, and Pharmacokinetics Study of a Novel Genistein-Loaded Mixed Micelles System. Drug Dev. Ind. Pharm. 2018, 44, 1536–1542. [Google Scholar] [CrossRef]

	



Panwar, R.; Raghuwanshi, N.; Srivastava, A.K.; Sharma, A.K.; Pruthi, V. In-Vivo Sustained Release of Nanoencapsulated Ferulic Acid and Its Impact in Induced Diabetes. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 92, 381–392. [Google Scholar] [CrossRef] [PubMed]

	



Lambert, J.D.; Sang, S.; Lu, A.Y.H.; Yang, C.S. Metabolism of Dietary Polyphenols and Possible Interactions with Drugs. Curr. Drug Metab. 2007, 8, 499–507. [Google Scholar] [CrossRef]

	



Kern, S.M.; Bennett, R.N.; Needs, P.W.; Mellon, F.A.; Kroon, P.A.; Garcia-Conesa, M.-T. Characterization of Metabolites of Hydroxycinnamates in the in Vitro Model of Human Small Intestinal Epithelium Caco-2 Cells. J. Agric. Food Chem. 2003, 51, 7884–7891. [Google Scholar] [CrossRef]

	



Merhan, O. The Biochemistry and Antioxidant Properties of Carotenoids; IntechOpen: London, UK, 2017; ISBN 978-953-51-3212-7. [Google Scholar]

	



Chen, J.; Yang, J.; Ma, L.; Li, J.; Shahzad, N.; Kim, C.K. Structure-Antioxidant Activity Relationship of Methoxy, Phenolic Hydroxyl, and Carboxylic Acid Groups of Phenolic Acids. Sci. Rep. 2020, 10, 2611. [Google Scholar] [CrossRef]

	



Natella, F.; Maldini, M.; Leoni, G.; Scaccini, C. Glucosinolates Redox Activities: Can They Act as Antioxidants? Food Chem. 2014, 149, 226–232. [Google Scholar] [CrossRef]

	



Sánchez-Pujante, P.J.; Borja-Martínez, M.; Pedreño, M.Á.; Almagro, L. Biosynthesis and Bioactivity of Glucosinolates and Their Production in Plant in Vitro Cultures. Planta 2017, 246, 19–32. [Google Scholar] [CrossRef] [PubMed]

	



Ramos, S.J.; Yuan, Y.; Faquin, V.; Guilherme, L.R.G.; Li, L. Evaluation of Genotypic Variation of Broccoli (Brassica oleracea Var. Italic) in Response to Selenium Treatment. J. Agric. Food Chem. 2011, 59, 3657–3665. [Google Scholar] [CrossRef] [PubMed]

	



Paśko, P.; Galanty, A.; Zagrodzki, P.; Żmudzki, P.; Bieniek, U.; Prochownik, E.; Domínguez-Álvarez, E.; Bierła, K.; Łobiński, R.; Szpunar, J.; et al. Varied Effect of Fortification of Kale Sprouts with Novel Organic Selenium Compounds on the Synthesis of Sulphur and Phenolic Compounds in Relation to Cytotoxic, Antioxidant and Anti-Inflammatory Activity. Microchem. J. 2022, 179, 107509. [Google Scholar] [CrossRef]

	



Frias, J.; Gulewicz, P.; Martinez-Villaluenga, C.; Peñas, E.; Piskula, M.K.; Kozlowska, H.; Ciska, E.; Gulewicz, K.; Vidal-Valverde, C. Changes in Nutritional Value and Cytotoxicity of Garden Cress Germinated with Different Selenium Solutions. J. Agric. Food Chem. 2010, 58, 2331–2336. [Google Scholar] [CrossRef]

	



Hwang, J.-H.; Lim, S.-B. Antioxidant and Anti-inflammatory Activities of Broccoli Florets in LPS-stimulated RAW 264.7 Cells. Prev. Nutr. Food Sci. 2014, 19, 89–97. [Google Scholar] [CrossRef]

	



Shahidi, F.; Yeo, J. Bioactivities of Phenolics by Focusing on Suppression of Chronic Diseases: A Review. Int. J. Mol. Sci. 2018, 19, 1573. [Google Scholar] [CrossRef]

	



Stringham, J.M.; Stringham, N.T. Nitric Oxide and Lutein: Function, Performance, and Protection of Neural Tissue. Foods 2015, 4, 678–689. [Google Scholar] [CrossRef]

	



Chang, H.-P.; Wang, M.-L.; Hsu, C.-Y.; Liu, M.-E.; Chan, M.-H.; Chen, Y.-H. Suppression of Inflammation-Associated Factors by Indole-3-Carbinol in Mice Fed High-Fat Diets and in Isolated, Co-Cultured Macrophages and Adipocytes. Int. J. Obes. 2011, 35, 1530–1538. [Google Scholar] [CrossRef]

	



Song, J.; Cheon, S.Y.; Jung, W.; Lee, W.T.; Lee, J.E. Resveratrol Induces the Expression of Interleukin-10 and Brain-Derived Neurotrophic Factor in BV2 Microglia under Hypoxia. Int. J. Mol. Sci. 2014, 15, 15512–15529. [Google Scholar] [CrossRef]








[image: Foods 12 02149 g001 550] 





Figure 1. Electron microscopic images showing the morphology of encapsulated ethanolic extracts of 7-day-old Red Russian kale germinated with water (Ctrl), sulfur (S), and selenium (Se) generated by spray-drying at 7000× (A) and 6000× (B) magnifications. Extracts were encapsulated with maltodextrin in a ratio of 50:50. 
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Figure 2. The concentrations of (A) lutein, (B) total phenolic compounds, and (C) total glucosinolates in encapsulated and non-encapsulated extracts of 7-day-old Red Russian kale sprouts germinated with water (Ctrl), sulfur (S), and selenium (Se). Extracts were encapsulated with maltodextrin in ratios of 30:70, 50:50, and 70:30 w/w. Bars represent the means of 3 replicates ± standard error. Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05). Abbreviations: control (Ctrl), sulfur (S), selenium (Se). 
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Figure 3. The concentrations of (A) lutein, (B) total phenolic compounds, and (C) total glucosinolates in encapsulated extracts of 7-day-old Red Russian kale sprouts germinated with water (Ctrl), sulfur (S), and selenium (Se) before (0 days) and after storage (28 days). Extracts were encapsulated with maltodextrin in ratios of 30:70, 50:50, and 70:30. Bars represent the means of 3 replicates ± standard error. Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05). Asterisk (*) indicates the statistical difference determined by a t-test (p < 0.050) between non-stored (0 h) and stored (28 days) encapsulated kale samples. Abbreviations: control (Ctrl), sulfur (S), selenium (Se). 
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Figure 4. Cellular antioxidant activity of encapsulated and non-encapsulated intestinal-digested fractions (200, 240, 300, and 400 µg/mL) of Red Russian kale sprouts treated with (A) selenium and (B) sulfur after 7 days of germination in Caco-2 cells. Bars represent the means of 3 replicates ± standard error. Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05). Asterisk (*) indicates statistical difference determined by a t-test (p < 0.050) between encapsulated and non-encapsulated kale pair samples. Abbreviations: control (Ctrl), sulfur (S), selenium (Se). 






Figure 4. Cellular antioxidant activity of encapsulated and non-encapsulated intestinal-digested fractions (200, 240, 300, and 400 µg/mL) of Red Russian kale sprouts treated with (A) selenium and (B) sulfur after 7 days of germination in Caco-2 cells. Bars represent the means of 3 replicates ± standard error. Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05). Asterisk (*) indicates statistical difference determined by a t-test (p < 0.050) between encapsulated and non-encapsulated kale pair samples. Abbreviations: control (Ctrl), sulfur (S), selenium (Se).



[image: Foods 12 02149 g004]







[image: Foods 12 02149 g005 550] 





Figure 5. Effect of encapsulated and non-encapsulated intestinal-digested fractions of Red Russian kale sprouts treated with (A) selenium and (B) sulfur after 7 days of germination on nitric oxide production by macrophage (1) Raw 264.7 (10, 25, and 50 µg/mL) and (2) Caco-2 cells (200, 240, and 400 µg/mL) stimulated with 1 μg/mL lipopolysaccharide. Bars represent the means of 3 replicates ± standard error. Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05). Asterisk (*) indicates statistical difference determined by a t-test (p < 0.050) between encapsulated and non-encapsulated kale pair samples. Abbreviations: control (Ctrl), sulfur (S), selenium (Se). 
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Figure 6. Effect of encapsulated and non-encapsulated intestinal-digested fractions (50 µg/mL) of Red Russian kale sprouts treated with selenium and sulfur after 7 days of germination on (A) IL-2, (B) IL-1β, (C) TNF-α, (D) IL-6, (E) IL-10, and (F) COX-2 production by macrophage Raw 264.7 cells stimulated with 1 μg/mL lipopolysaccharide. Bars represent the means of 3 replicates ± standard error. Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05). Asterisk (*) indicates a statistical difference between encapsulated and non-encapsulated kale pair samples. Abbreviations: control (Ctrl), sulfur (S), selenium (Se), lipopolysaccharide (LPS), encapsulated (E), non-encapsulated (NE), indomethacin (Indo), and dexamethasone (Dexa). 






Figure 6. Effect of encapsulated and non-encapsulated intestinal-digested fractions (50 µg/mL) of Red Russian kale sprouts treated with selenium and sulfur after 7 days of germination on (A) IL-2, (B) IL-1β, (C) TNF-α, (D) IL-6, (E) IL-10, and (F) COX-2 production by macrophage Raw 264.7 cells stimulated with 1 μg/mL lipopolysaccharide. Bars represent the means of 3 replicates ± standard error. Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05). Asterisk (*) indicates a statistical difference between encapsulated and non-encapsulated kale pair samples. Abbreviations: control (Ctrl), sulfur (S), selenium (Se), lipopolysaccharide (LPS), encapsulated (E), non-encapsulated (NE), indomethacin (Indo), and dexamethasone (Dexa).



[image: Foods 12 02149 g006]







[image: Table] 





Table 1. Encapsulation efficiency based on the phytochemical content.
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Formulation

	
Glucosinolates

(mM/kg) 1

	
Phenolics

(mg/100 g) 2

	
Lutein

(mg/100 g) 2






	
CTRL 30:70

	
52.48

	
±

	
4.22

	
d

	
36.12

	
±

	
3.51

	
e

	
11.23

	
±

	
3.51

	
d




	
CTRL 50:50

	
69.29

	
±

	
3.43

	
c

	
45.72

	
±

	
4.42

	
d

	
17.81

	
±

	
4.42

	
c




	
CTRL 70:30

	
57.5

	
±

	
5.09

	
d

	
39.05

	
±

	
2.43

	
e

	
21.25

	
±

	
2.43

	
b




	
S 30:70

	
66.28

	
±

	
5.32

	
c

	
68.33

	
±

	
4.79

	
bc

	
16.43

	
±

	
4.79

	
d




	
S 50:50

	
85.97

	
±

	
7.63

	
a

	
74.54

	
±

	
6.35

	
b

	
21.25

	
±

	
6.35

	
c




	
S 70:30

	
61.23

	
±

	
4.56

	
c

	
59.61

	
±

	
4.38

	
c

	
25.00

	
±

	
4.38

	
b




	
SE 30:70

	
58.27

	
±

	
4.76

	
d

	
77.11

	
±

	
5.32

	
b

	
25.45

	
±

	
5.32

	
b




	
SE 50:50

	
88.43

	
±

	
6.43

	
a

	
90.37

	
±

	
7.53

	
a

	
40.35

	
±

	
7.53

	
a




	
SE 70:30

	
75.01

	
±

	
6.23

	
b

	
85.60

	
±

	
2.40

	
a

	
32.55

	
±

	
2.40

	
b








1 Results are expressed as mmol of desulfoglucoraphanin equivalents per kg of sample on dry weight basis. 2 Concentrations of lutein and phenolic compounds are expressed as mg of phytochemical per 100 g of sample (mg/100 g) on dry weight basis. Values represent the means of 3 replicates ± standard error. a, b, c, d, e Different letters indicate a statistically significant difference between all treatments, as determined by Tukey’s HSD test (p < 0.05).
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Table 2. Cellular permeability after 2 h of digested encapsulated and non-encapsulated 7-day-old Red Russian kale sprouts treated with selenium and sulfur in Caco-2 cells.
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Concentration of Phytochemicals (mg/100 g) DW 1,2




	
Non-Encapsulated

	
Lutein

	
Sulforaphane

	
Ferulic Acid

	
3-O-H-K

	
Quercetin






	
Ctrl

	
1.2

	
±

	
0.1

	
c

	
(22.4%)

	
3.7

	
±

	
0.4

	
d

	
(17.9%)

	
1.9

	
±

	
0.2

	
d

	
(10.4%)

	
1.1

	
±

	
0.1

	
d

	
(9.4%)

	
0.7

	
±

	
0.1

	
d

	
(8.4%)




	
S

	
1.3

	
±

	
1.2

	
c

	
(25.2%)

	
24.9

	
±

	
2.4

	
c

	
(34.2%)

	
4.5

	
±

	
0.4

	
d

	
(16.4%)

	
4.1

	
±

	
0.4

	
c

	
(14.8%)

	
1.8

	
±

	
0.2

	
d

	
(13.3%)




	
Se

	
1.6

	
±

	
0.4

	
c

	
(27.4%)

	
52.6

	
±

	
5.1

	
b

	
(36.3%)

	
11.9

	
±

	
1.2

	
b

	
(25.5%)

	
6.2

	
±

	
0.6

	
b

	
(23.0%)

	
2.6

	
±

	
0.3

	
c

	
(20.7%)




	
Encapsulated

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Ctrl

	
1.1

	
±

	
0.1

	
c

	
(20.2%)

	
3.9

	
±

	
0.4

	
d

	
(19.2%)

	
9.3

	
±

	
0.9

	
c

	
(38.4%)

	
5.8

	
±

	
0.6

	
c

	
(34.6%)

	
2.9

	
±

	
0.3

	
c

	
(31.1%)




	
S

	
8.7

	
±

	
0.5

	
b

	
(45.0%)

	
59.5

	
±

	
5.8

	
a

	
(46.3%)

	
13.8

	
±

	
1.3

	
b

	
(43.3%)

	
7.8

	
±

	
0.8

	
b

	
(39.0%)

	
14.8

	
±

	
1.4

	
a

	
(35.1%)




	
Se

	
10.0

	
±

	
0.2

	
a

	
(57.4%)

	
66.0

	
±

	
6.4

	
a

	
(67.4%)

	
19.3

	
±

	
1.9

	
a

	
(54.5%)

	
9.8

	
±

	
1.0

	
a

	
(49.1%)

	
10.2

	
±

	
1.0

	
b

	
(44.1%)








1 Percentage values represent the proportion of recovery of each compound on the basal surface with respect to the initial concentration. 2 Different letters in the same column denote statistically significant differences in the concentration of each compound between treatments, as determined by the least significant difference (LSD) test (p < 0.05). Abbreviations: 3-O-hexoside kaempferol (3-O-H-K), non-encapsulated (NE), encapsulated (E), selenium (S), sulfur (S), and dry weight (DW).
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