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Abstract

:

Dry outer onion leaves resulting from the industrial processing of onions are currently discarded as agricultural waste, although some studies have demonstrated that onion peel has beneficial biological effects. Considering the traditional applications of onion peel, the present study evaluated comparatively the chemical and biological characteristics of four types of onion peel extracts, utilizing methanol, ethanol, acetone, or ethyl acetate as the extracting solvent. The extracts were analyzed for their chemical composition, antioxidant potential, and antimicrobial activity. The chemical analysis by UHPLC-DAD-ESI/MS identified 23 compounds in the extracts, belonging to phenolic acids and flavonoids. Quercetin was the main compound in all extracts, ranging in concentrations from 14.91 mg/g DW in the ethanol extract to 48.53 mg/g DW in the methanol extract. The highest contents of total phenols and flavonoids were found in the acetone extract, and the methanol extract demonstrated the highest antioxidant activity in DPPH and ABTS assays. The antimicrobial potential of the extracts was screened using a microdilution method against a spectrum of gastrointestinal microorganisms. The results revealed that all four extracts have significant antimicrobial potential against the tested microorganisms, of which the ethanol extract demonstrated the highest antimicrobial potency.
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1. Introduction


Onion (Allium cepa L.) is the second most cultivated vegetable crop globally, with an annual world production of around 107 million tonnes (including shallots) in 2021 [1]. The industrial processing of onion generates a large amount of agricultural waste, mostly composed of dry peels, which is incinerated or disposed of in landfills, increasing environmental pressures. The increasing global volumes of plant-residue agricultural waste that result from the rise in global crop food production is of ongoing concern, due to the potential negative impacts on the environment [2]. This generated waste may adversely affect and hinder global environmental sustainability efforts [3]. It is, therefore, acknowledged today that efforts should be made towards turning the agricultural crop waste generated during agriculture production and processing into useful resources and products that can benefit mankind. Onion peel waste has been studied as a source of dietary fiber and bioactive compounds for the food industry [4], as a source of valuable biomolecules [5], as an organic fertilizer [6], and as a renewable energy source [7,8].



A potential use of crop waste involves ‘mining’ the residual biomass for plant-derived compounds. Plant tissues are well known to contain a rich and diverse array of biologically active compounds, and, thus, have the potential to be used as source raw materials for the extraction of valuable phytochemicals [9,10]. Various agricultural by-products have, indeed, been identified as potential sources for beneficial phytochemicals having a range of protective functions, including antioxidant and antimicrobial activities [11]. The bioactive products of agro-industrial residues are used today for various applications, including in cosmetics and functional foods [12,13,14].



Due to potential health risks considered to be associated with some synthetic antioxidants [15], there is increasing interest in utilizing natural plant-derived antioxidants extracted from crop tissues. In this context, onion peel waste is one of the most promising sources of natural antioxidants, mainly due to the large number of abundant biologically active compounds it contains, and the worldwide availability and low price of the raw material [16]. Numerous studies have identified flavonoids, flavanols, phenolics, anthocyanins, tannins, ferulic acid, and vanillic acid in onion peel extracts [17]. The most common compound with antioxidant properties extracted from onion peels is the flavonoid quercetin, which occurs in a free aglycon form, or in the form of mono- and diglycosides [18]. The chemical composition of onion peel is highly dependent on the onion variety and cultivar, with red peels generally having better antioxidant activity than yellow and white peels [19]. This is in accord with results for other plant species, which reported as well genotypic variability in the chemical profile of biologically active compounds in plant tissues [20,21,22,23]. The choice of extraction technique and solvents can also influence the concentrations of phytomolecules in the extracts [24]. Mechanical processing of the peel prior to the extraction can also significantly affect significantly the content of bioactive natural compounds in the obtained extracts [25].



Considering that onion peel bio-waste may have significant economic potential, several studies have examined its possible use as a source of pharmacological and antioxidant compounds [26,27]. It was reported that dried onion peel powder and ethanolic extract improved the overall antioxidant status of plasma in aged rats, while decreasing the concentration of thiobarbituric acid reactive substances (TBARS) in liver tissue and of 8-isoprostane in brain tissue [28]. However, supplementing the diet of young women in Korea with pills made of 60% aqueous ethanol onion peel extract did not affect the plasma antioxidative vitamins or erythrocyte antioxidative parameters significantly, but did improve the lipid profile in plasma, indicating the cardioprotective effect of onion peel [29]. Onion peel extracts also possess antimicrobial, antiobesity, antidiabetic, anticancer, and anti-inflammatory activities [18]. Furthermore, onion peel teas are known to be used in traditional medicine and home-made remedies in various regions of the world for the treatment of a range of medical conditions, including gastrointestinal disorders [30].



The present study, therefore, focused on the antimicrobial and antioxidant activity of onion peel extracts, with the goal to evaluate the potential of this bio-waste as a source of natural bioactive compounds. The hypothesis guiding the work-plan was that onion peel extracts have antioxidant activity and antimicrobial activity against gastrointestinal microorganisms, which are affected by the type of solvent used for extraction. To evaluate this hypothesis, dried onion peels were extracted with methanol, ethanol, acetone, or ethyl acetate, and the produced extracts were analyzed comparatively for their antioxidant potential, chemical composition, and microbiological activity against nine species of gastrointestinal microorganisms, including eight bacterial species and one fungal species. For the microbiological testing, two strains were tested per species, with one taken from laboratory collections (ATCC) and the other an isolate from human stool samples.




2. Materials and Methods


2.1. Plant Material


The experiments were conducted with peels of a brown-skinned onion (Allium cepa L.) of the variety Elenka F1 (Cora Seeds, Cesena, Italy), which is a long-day, spring–summer variety that matures in November.




2.2. Microbial Strains


For the antimicrobial activity testing, the efficacy of the extracts was evaluated against reference strains from the ATCC (American Type Culture Collection) collection. The reference strains included two Gram (+) bacteria: Staphylococcus aureus (ATCC 6538), Enterococcus faecalis (ATCC 19433); six Gram (−) bacteria: Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 9027), Proteus mirabilis (ATCC 12453), Klebsiella aerogenes (ATCC 13048), Salmonella enteritidis (ATCC 13076), Shigella sonnei (ATCC 25931), and yeast Candida albicans (ATCC 10231). The tested panel of strains also included isolates from human stools, which were obtained from the Institute of Public Health in Nis, for each of the species tested.




2.3. Onion Peel Extraction


The onion peels were extracted by four organic solvents that differ in polarity in the following order: methanol > ethanol > acetone > ethyl acetate. For the extraction, dry onion peel was pulverized in a blender, and pure solvents were poured over the pulverized plant material (with a 5 mL:1 g ratio of solvent:plant material). The flasks containing the extracted samples were closed and kept in the dark for seven days at room temperature, and the extraction solvents were then removed using a rotary evaporator (IKARV10, Staufen, Germany) and the obtained crude extracts were kept at 4 °C until analyses.




2.4. Qualitative and Quantitative Analysis by UHPLC-DAD-ESI/MS


The liquid chromatography (UHPLC or ultrahigh performance liquid chromatography) analyses were conducted with a Dionex Ultimate 3000 UHPLC+ system equipped with a diode array (DAD) detector and an LCQ Fleet ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The chromatography was performed with a Hypersil Gold C18 column (50 × 2.1 mm, 1.9 μm) from the same producer, at 25 °C. The mobile phase consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in methanol. Methanol and water (LC–MS purity) were purchased from Fisher Scientific Co. (Waltham, MA, USA). Formic acid of HPLC purity was purchased from Carlo Erba (Val-de-Reuil, France). The following linear gradient program, at a flow rate of 0.250 mL/min, was applied: during the first two minutes, from 10% to 30% (B), then for 4–7 min, from 35% to 40% (B), and for 8–11 min, from 60% to 90% (B), followed by an isocratic run at 90% (B) for 11–15 min, and finally, for 15–15.01 min from 90 to10% (B), followed by an isocratic run with 10% (B) until the 20th min. For qualitative analysis, the injection volume for the extract solutions was 0.5 μL, with a 10.0 mg/mL sample concentration, and for the quantitative analysis, all samples were 4 μL with a 0.2 mg/mL sample concentration. All experiments were performed in triplicates.



The absorption UV-Vis spectra were logged on a DAD-detector (with a total spectral range at 190 and 700 nm), set at four detection wavelengths, λdet., of 280 nm, 300 nm, 330 nm, and 350 nm, simultaneously (Table S1 in the Supplementary Materials). The MS analysis was performed using an LCQ 3D-ion trap mass spectrometer with electrospray ionization (ESI) in the negative ion mode. The ESI–source parameters for the negative mode were set as follows: source voltage, −4.5 kV, capillary voltage, −41 V, tube lens voltage, −95 V, capillary temperature 350 °C, and sheath and auxiliary gas (N2) flow, 32 and 8 (arbitrary units), respectively. The compounds were identified by experiments in full scan mode (MS: full range acquisition of m/z, 100–900), and tandem mass experiments of precursor ion scans (for a fragmentation study, MS/MS, with a data-dependent scan). Detected compounds with similar retention times were discriminated by additional extraction of single molecular ions from the full MS spectra in the chromatograms (Figures S4 and S5 in the Supplementary Materials). The collision-induced dissociation (CID) was set at 30 eV. Instrument control, data acquisition, and data analysis were conducted with the Xcalibur software (version 2.1, Thermo Fisher Scientific, Waltham, MA, USA). Origin 7.5 software (OriginLab Corporation, Northampton, MA, USA) was used for data processing. The assignation of the detected compounds was based on their retention times and elution order, the UV–Vis from the DAD-detector, and MS spectra with the corresponding molecular ion peaks ([M-H]−), as well as the characteristic ion fragmentation of selected peaks (MS/MS) from UHPLC chromatograms. The identification of detected compounds was also achieved by using reference standards for kaempferol, quercetin, quercetin-3-O-glucoside, isorhamnetin, taxifolin, and caffeic acid (Sigma, Burlington, MA, USA). The corresponding data were compared with the available literature. Standard stock solutions were prepared by dissolving 1–2 mg of each reference standard in methanol.



The quantification of the detected compounds was conducted using the external standard at a 350 nm detection wavelength, which is specific for two main detected compounds in the extracts, e.g., quercetin and quercetin hexoside. Standard sample solutions of quercetin and quercetin-3-O-glucoside were prepared before analysis by diluting the stock solution with methanol to the desired concentrations. For quantitative analysis, linearity, LOD (limit of detection), and LOQ (limit of quantification) were taken as the main method parameters and were evaluated following the work of Zvezdanović et al. (2021) [31] (Table S2 in the Supplementary Materials). Quercetin concentrations were calculated against a reference standard, while for quercetin-hexoside (as the second main compound in the extracts and the most probable quercetin-4′-O-glucoside), the equivalent quercetin-3-O-glucoside standard was used. Crude extract samples were dissolved in methanol to a concentration of 0.2 mg/mL. The results are expressed as mg/g DW of the extract.




2.5. Total Phenolic and Flavonoid Content


The total phenolic content (TFC) of the extracts was determined by the Folin–Ciocalteu method, with some modifications [32]. Aliquots of the extract solutions (300 µL and 1500 µL) were added to Folin–Ciocalteau reagent (1:10 ratio), then 1200 µL of sodium carbonate (7.5%) was added to each sample after 6 min in the dark. The mixtures were incubated at room temperature in the dark (2 h), and absorbance was measured at 740 nm. TPC was expressed as gallic acid equivalents per g of dry weight of the extract (GA/g DW), calculated from a gallic acid (GA) calibration curve (10–100 mg/L). All measurements were performed in triplicates.



Total flavonoid content (TFC) was measured following the method used by Woisky and Salatino [33]. Samples were prepared by mixing 600 µL of the extract solution with 2580 µL of a reaction mixture (80% C2H5OH, 10% Al(NO3)3 × 9 H2O, and 1 M C2H3KO2). The samples were then incubated at room temperature for 40 min and the absorbance was measured at 415 nm. The quercetin (Qu) calibration curve (10–100 mg/L) was used for the calculation of total flavonoid concentration, which was expressed as quercetin equivalents per g of dry weight of extract (Qu/g DW). All measurements were performed in triplicate.




2.6. DPPH Scavenging Activity


The antioxidant activity of the onion peel extracts and two selected standard compounds (vitamin C and butylated hydroxyanisole, BHA) (Sigma, Burlington, MA, USA) was evaluated by the 2,2-diphenyl-1-picrylhydrazil (DPPH) radical scavenging method by a spectrophotometric assay, which uses the stable DPPH radical as a reagent [34]. For the analysis, 300 μL of the analyzed extracts, prepared by dissolving various volumes of the crude extract in methanol at various concentrations ranging from 0.01 to 0.15 mg/mL, were added to 2700 μL of DPPH methanol solution (0.04 mg/mL). The reaction mixture was allowed to stand in the dark at room temperature for 30 min, and the absorbance of the remaining DPPH radical was determined at 517 nm. All measurements were performed in triplicates for the samples, Vitamin C, and BHA, against methanol as a blank. The DPPH-radical scavenging activity was calculated by the equation:


Scavenging activity (%) = (A0 − A1) × 100/A0



(1)




where A1 represents the absorbance of the samples, and A0 represents the absorbance of the initial DPPH solution. The sample concentration that caused a 50% decrease in the initial DPPH concentration was defined as the IC50 value.




2.7. ABTS Radical Scavenging Activity


The ABTS ((2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) radical-scavenging activity was performed following the modified method of Miller and Rice-Evans [35]. The ABTS+ (ABTS radical cation) solution was prepared by mixing 19.2 mg of ABTS with 5 mL of potassium persulfate (2.46 mM). Following storage at room temperature for 12–16 h in the dark, 1 mL of the ABTS+ solution was diluted in 100–110 mL of water to obtain an absorbance of 0.7 ± 0.02 at 734 nm. The reactive medium was made by mixing 75 μL of the extract in methanolic solution (the extract concentration was 0.1 mg/mL) or BHA solution, and 3 mL of diluted ABTS·+ solution, then incubating at 30 °C for 30 min. The absorbance was measured at 734 nm, with water as a blank. The ABTS radical scavenging activity of the extracts was calculated from a Vitamin C (Sigma, Burlington, MA, USA) calibration curve (0–2 mg/L), expressed as Vitamin C (VitC)/g of DW of the extract. The measurements were performed in triplicates.




2.8. Antimicrobial Assay


The minimum inhibitory concentration (MIC) and minimum microbicidal concentration (MMC) of the extracts were determined using the micro/well dilution method [36]. An antimicrobial assay was performed against the bacterial reference strains Staphylococcus aureus (ATCC 6538), Enterococcus faecalis (ATCC 19433), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 9027), Proteus mirabilis (ATCC 12453), Klebsiella aerogenes (ATCC 13048), Salmonella enteritidis (ATCC 13076), Shigella sonnei (ATCC 25931), fungal strain Candida albicans (ATCC 10231), and human stool isolates of the same species.



Mueller–Hinton broth (Torlak, Belgrade, Serbia) for the bacteria and Sabouraud dextrose broth (Torlak, Belgrade, Serbia) for the yeast were inoculated with microbial cell suspensions (0.5 McFarland standard turbidity), prepared from overnight cultures of the tested strains. Inoculated broths (100 µL) were transferred to 96-well microtiter plates and the extracts, which had been dissolved in 10% aqueous dimethyl sulfoxide (DMSO), were added to the first well. Serial dilutions of the extracts were prepared in microtiter plates at concentrations ranging from 0.02 to 100.00 mg/mL. The prepared microliter plates were incubated at 37 °C for 24 h. After incubation, 20 μL of 0.5% aqueous triphenyl tetrazolium chloride (TTC) solution was added to each well of the microtiter plate to determine microbial growth. Ciprofloxacin (Sigma Aldrich, St Louis, MO, USA), at concentrations ranging from 0.01 to 100 µg/mL, was used as a positive control for antibacterial activity, while nystatin (Sigma Aldrich, St Louis, MO, USA) was used as a positive control for antifungal activity. All tests were performed in triplicate. The MIC was defined as the lowest concentration of the extracts that inhibited microbial growth. MBC was determined by streaking the broth cultures from each well without visible growth onto Mueller–Hinton agar (for bacteria) and Sabouraud dextrose agar (for yeasts) and incubating the plates at 37 °C for 24 h. The MMC was defined as the lowest concentration of those extracts that killed 99.9% of the inoculated microorganisms.




2.9. Statistical Analysis


All measurements were conducted with three replicates, and the results are presented as averages ± standard deviation (SD). The IC50 values obtained in the antioxidant assays were determined by a regression equation for the concentration of samples and the scavenging activity using OriginPro 8.0 (OriginLab, Northampton, MA, USA). The results were analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s HSD test (p ≤ 0.05) using the Minitab®17 software (Minitab, LLC, State College, PA, USA)





3. Results


3.1. Chemical Composition of the Extracts


The extracts produced from the onion peel were analyzed by UHPLC-DAD-ESI/MS analysis for the identification of major components that may participate in the antioxidant and antimicrobial activity. The list of phenolic compounds detected in the extracts is presented in Table 1. The chromatogram for the methanol extract is presented in Figure 1. The corresponding chromatograms of the extracts, obtained with DAD and MS detectors, were similar in terms of the number and area of peaks (Figures S1–S3 in the Supplementary Materials).



Among the twenty-three compounds identified, phenolic acids and their glycosides (compounds 2–6, 8, and 10), and flavonoids (compounds 7, 9, 11–22, and 24) were the two major classes of compounds detected in the extracts (Table 1). Compound 1 was determined to be quinic acid, based on its MS/MS spectrum and available literature [37]. Compounds 2–5 were assigned as protocatechuic acid hexosides (Table 1). Since protocatechuic acid has two available –OH groups (in positions C-3 and C-4), the possible molecules may be protocatechuic acid 3- or 4-glucoside or galactoside. Compound 6 was assigned to protocatechuic acid [38] and two other phenolic acids (8 and 10) were assigned as caffeic acid and vanillic acid by using a reference standard and the available literature data, respectively (Table 1).



The flavonoids detected in the extracts are represented by flavonols (11, 13–22, 24), flavanones (9, 12), and flavan-3-ols (7). The UV-Vis spectra of flavonols with two characteristic bands in the ranges of 240–280 nm and 300–380 nm demonstrate their basic flavonoid structure (Table 1). Three aglycones were identified in the extracts using reference standards: quercetin, kaempferol, and isorhamnetin, the major molecular ions of which were found in the mass spectra at m/z 301, 285, and 315, respectively. The other flavonols are their mono- and diglycosides, mainly in the form of hexosides (glucosides or galactosides). Their MS/MS spectra substantiate the proposed structures, based on a characteristic fragmentation pattern involving the loss of the sugar unit(s) to the corresponding aglycone ion peak (Table 1). In the case of the discovered diglycosides (13 and 14), the loss of 2 × 162 units from the molecular ion peaks indicates that they are hexose units of quercetin and isorhamnetin diexoside, respectively. According to the elution order in the reversed-phase HPLC chromatography systems used for the common onion extracts [39,40,41], compounds 13 and 14 could be tentatively assigned as quercetin-4′,7 or quercetin-3,4′-diglucoside and isorhamnetin-3,4′-diglucoside, respectively.



Monoglycosides (hexosides) were detected in peaks 15, 16, and 18 for quercetin and in peak 19 for isorhamnetin. The quercetin hexosides (15 and 18) were tentatively assigned as quercetin-7-O-glucoside and quercetin-4′-O-glucoside, using the reference standard of quercetin-3-O-glucoside (16) and according to the elution order in the reversed-phase HPLC chromatography systems registered in a number of previous papers [39,42,43,44]. The corresponding MS/MS spectra were also consistent with the available literature [39,40]. According to the MS/MS spectrum, compound 24 was assigned as rhamnocitrin, 7-methyl ether, a derivative of kaempferol [41].



Two flavanones (9, 12) were identified as dihydroisorhamnetin and taxifolin (dihydroquercetin), based on their UV-Vis spectra (maximum at 296 and 292, with a shoulder at 330 nm) and the corresponding mass spectra (Table 1). In addition, the identification of taxifolin was confirmed using the reference standard, and compound 7 was determined as (+) catechol using literature data and the elution position in the chromatogram [31].



The chromatograms of the extracts (Figure 1) show that quercetin (peak 20) and quercetin hexoside (peak 18) have the largest peak areas, indicating that these two compounds are present at the highest concentrations in all extracts. Given that the absorption UV-Vis and mass spectra of all quercetin hexosides were basically similar, and that only component 18, tentatively identified as quercetin-4′-O-glucoside, was present in a higher concentration in the extracts, the corresponding quantitative analysis of quercetin-4′-O-glucoside was performed using a quercetin-3-O-glucoside equivalent.



Based on the quantitative analysis of these compounds in the studied extracts (Table 2), the methanol extract contained the highest amounts of quercetin and quercetin hexoside (48.54 ± 7.96 mg/gDW and 6.23 ± 1.43 mg/g DW, respectively). A slightly lower concentration of quercetin (38.48 ± 4.68 mg/g DW) was observed in the acetone extract, but it did not statistically differ from that of the methanol extract. The concentration of quercitin in the ethyl acetate extract was 29.01 ± 0.71 mg/g DW, with no statistical difference between the acetone and ethyl acetate extracts (Table 2). The concentration of quercetin hexoside was not significantly different between the ethanol, acetone, and ethyl acetate extracts.




3.2. Antioxidant Activity


Total phenol and flavonoid contents in the extracts were affected significantly (p < 0.05) by the solvent used for the extraction (Figure 2). Total phenol content (TPC) ranged from 25.02 to 60.58 mg GA/g DW. The acetone extract had the highest content of phenolic compounds, followed by the ethanol and methanol extracts, and the ethyl acetate extract contained the lowest content of total phenols. The highest total flavonoid level was also identified in the acetone extract (Figure 2), and lower levels were detected in the ethyl acetate, methanol, and ethanol extracts. The order of total flavonoid levels in the extracts was acetone > ethyl acetate > methanol > ethanol extracts.



The antioxidant activity of the extracts was determined by color reduction of the DPPH and ABTS solutions used for testing the radical scavenging potential. The methanol extract exhibited similar DPPH activity to the positive control, BHA, indicating a high applicable potential (Figure 3). The lowest value was found for the positive control, vitamin C (0.05 mg/mL), followed by the methanol extract and the positive control, BHA (0.08 mg/mL and 0.09 mg/mL, respectively). The ethanol, acetone, and ethyl acetate extracts had a higher DPPH activity, with no statistical difference between extracts.



The obtained values from the ABTS antioxidant activity assay ranged from 1.95 to 2.26 mg vitC/g DW (Figure 3). The highest activity was noted for the methanol extract and the lowest for the ethyl-acetate extract.




3.3. Antimicrobial Activity


In order to explore whether traditional use of dry onion peel might contribute to the treatment of gastrointestinal disorders caused by microorganisms, the extracts were tested against a spectrum of microorganisms of the commensal microflora of the gastrointestinal tract, but whose overgrowth may cause disorders. The tested panel included a total of 18 strains, corresponding to 9 species (8 bacterial species, and 1 fungal species). Two strains were tested per species, one from a laboratory collection (ATCC) and a corresponding strain taken from human stool samples.



All the onion peel extracts tested demonstrated inhibition of the tested strains, at the concentration range 0.78–50.00 mg/mL (Table 3). The ethanol extract exhibited the highest antimicrobial potential, followed by the methanolic and ethyl acetate extracts, while the acetone extract showed the lowest efficiency against the tested microbes (Table 3).



The ethanol extract was active at the concentrations 0.78 to 12.50 mg/mL. The most susceptible strain to this extract was Proteus mirabilis, while Escherichia coli showed the highest resistance. The methanol extract was the second most active extract, with inhibitory action ranging from 1.56 to 25.00 mg/mL. The activity of this extract was similar to that of the ethanol extract, exhibiting the highest inhibition of isolates from stool samples (Proteus mirabilis, Pseudomonas aeruginosa, and Klebsiella aerogenes) (Table 3). The most resistant strains were Shigella sonnei and Escherichia coli. The acetone extract showed an inhibitory effect in the range of 1.56–25.00 mg/mL, but some strains (Klebsiella aerogenes, Salmonella enteritidis, Shigella sonnei, and Enterococcus faecalis) showed resistance to the tested range of concentrations. This extract was the most effective against Staphylococcus aureus (ATCC strain), inhibiting its growth at 1.56 mg/mL. The ethyl acetate extract showed antimicrobial activity in the range of 1.56–50.00 mg/mL, with the highest potential against the yeast strains Candida albicans and Proteus mirabilis. This extract was the only one that showed different activity in relation to cell-wall structure: the yeasts were the most susceptible (MIC = 1.56 mg/mL), followed by Gram-positive strains (MIC = 3.13 mg/mL), while Gram-negative strains generally showed higher resistance (MIC = 1.56–50.00 mg/mL) (Table 3). Considering the origin of the strains, in most cases, the isolates from the stools showed higher susceptibility to the extracts in comparison to the ATCC strains. In the tested panel of strains, Proteus mirabilis showed the highest sensitivity, while Escherichia coli was the most resistant strain.





4. Discussion


Onion peel waste is a valuable source of various compounds with different biological activities that can potentially be used in the pharmaceutical and food industries. The amount of phytochemicals in the waste is affected by various factors, the most influential of which is the onion variety from which the waste is obtained [45]. In this study, we focused on chemical and biological characteristics of waste from the onion variety Elenika F1, which is characterized by a unique dark bronze color of the outer skins, which are present in large numbers around the bulb. Four different types of solvents (methanol, ethanol, acetone, and ethyl acetate) were used to extract compounds from the onion waste, in order to determine which of these is the most suitable for obtaining extracts with high antioxidant and antimicrobial activities.



The outer layers of the onion are known to be rich in phenolic compounds, including polyphenolic flavonoids, which are more abundant in the outer layer than in the inner and middle layers of the bulb [27]. In the studied onion peel extracts from the Elenika variety, phenolics were detected in the range of 25.02 to 60.58 mg GA/g DW, and total flavonoid content was in the range of 21.71 to 33.41 mg Qu/g DW. Similar levels of total phenolics and flavonoids in onion peel extracts were reported for other onion varieties [4,46]. Acetone extraction resulted in the highest levels of total phenols and flavonoids, which is in agreement with the results of Skerget et al. (2009), that identified higher levels of total phenols in extracts obtained with pure acetone, compared to ethanol extracts [47]. However, Kim et al. (2013) found that methanol was better than ethanol and acetone for the extraction of total phenols and individual flavonoids from a yellow onion variety [48]. These differences can be explained by the different chemical compositions of the various onion peels, which consist of a complex mixture of compounds that are selectively soluble in solvents of different polarities. Thus, while ethanol is a preferable solvent for the extraction of polyphenols, methanol is a good solvent for the extraction of low-molecular-weight polyphenols, and the higher-molecular-weight flavonols are best extracted with acetone [49]. Ethyl-acetate was identified as a good solvent for the extraction of polyphenols of intermediate polarity [50]. Accordingly, total phenol content was found to be higher in the more polar fractions (methanol and ethanol) of a methanol extract from onion peels than in the fractions with less polar solvents (ethyl acetate, chloroform, and n-hexane) [51]. This is consistent with our results, as the use of ethyl acetate for extraction yielded the lowest total phenol levels. In contrast, when comparing the extraction efficiency of a series of solvents (water, methanol, ethyl acetate, and n-butanol ethanol), Khalili et al. (2022) reported that ethyl acetate was the best solvent for the extraction of total phenols and flavonoids [52]. In our study, only the content of total flavonoids was higher in the ethyl acetate extract compared to the methanol and ethanol extracts (Figure 2).



UHPLC-DAD-ESI/MS analysis of the extracts revealed that the aglycon of flavonoid quercetin and quercetin hexoside were the predominant constituents of all extracts, while quercetin diglycosides were less abundant (Table 2). Onion peels of other cultivars were also found to contain quercetin and its glycosides as the main phytochemical constituents, in free, bound, or esterified forms [19,24]. Onion peel contains a high concentration of quercetin, probably due to a sun-induced deglucosidation of its glucosides [53,54]. Among the flavonoids, isorhamnetin, its mono- and diglycosides, and kaempferol were also found in all extracts, as well as protocatechuic acid and its hexosides, as the main phenolic acids. These compounds were previously detected in onion peel but at significantly lower concentrations compared to quercetin and its glycosides [27,55,56]. Protocatechuic acid is otherwise regarded as a degradation product of quercetin, which is formed during the decomposition of quercetin through the action of peroxidase [57]. The extracts contained smaller amounts of quinic acid, caffeic acid, vanillic acid, and taxifolin, which were all previously detected in onion peels [58,59,60].



The antioxidant activity of the extracts was evaluated using two in vitro antioxidant tests, DPPH and ABTS, which are based on a single electron and/or hydrogen atom transfer (SET/HAT) mechanism [61]. The methanolic extract exhibited the best antioxidant activity in both tests, followed by the ethanol, acetone, and ethyl acetate extracts in the ABTS assay, while in the DPPH assay, the IC50 values of the other extracts did not differ statistically (Figure 3). Quercetin, which has been shown to have better antioxidant power than its mono- and di-glycosides due to the presence of free OH groups on the ring, is the main carrier of the antioxidant potential of onion peel [4,62]. Scavenging of free radicals, chelation of metal ions, and inhibition of oxidase enzymes are considered the main mechanisms of the antioxidant activity of quercetin [63]. The highest concentration of quercetin and quercetin hexoside was detected in the tested methanolic extract. However, the ethanol extract that had the lowest detected concentration of quercetin had a higher antioxidant capacity in the ABTS test compared to the acetone and ethyl acetate extracts. This indicates that other compounds can also contribute to the antioxidant capacity of the extract. Ramos et al. (2006) reported that the oxidative products of quercetin in yellow onion peel acted as better antioxidants than quercetin [64]. It can be noted that the antioxidant activity levels obtained for the extracts in this study by both antioxidant assays are not correlated with the total contents of phenols and flavonoids. Antioxidant activities of onion peel extracts were shown before to highly depend on total phenol and flavonoid contents [65], although there are exceptions which indicate that the antioxidant property of each individual compound, rather than total phenol and flavonoid contents, is the key factor determining the antioxidant potential of extracts [46,48]. Fredotović et al. demonstrated that yellow onion peel extract inhibited DPPH radicals at a higher level than red onion extract, which had higher concentrations of quercetin 4-monoglucoside, quercetin aglycone, quercetin 3,4-diglucoside, kaempferol, and isorhamnetin [66]. Quercetin, vanillic acid, kaempferol, and p-hydroxybezoic acid were identified in onion skins as compounds that most affect the antioxidant activity of onion peel [46].



Onion peel displays antimicrobial properties, which have been reported in several studies, although it is still not completely clear which component from the peel contributes the most to the antimicrobial activity [67,68]. Also, it has been reported that Gram-positive bacteria (Bacillus cereus, Staphylococcus aureus, Microcroccus luteus, and Listeria monocytogenes) were more sensitive to the action of the antimicrobial compounds found in onion peel, compared to Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) [52,69,70]. In our study, such a clear correlation was observed only for the ethyl acetate extract (Table 3). The ethanol extract had the best antimicrobial activity, with MIC values in the range of 0.78 to 12.50 mg/mL. MIC values of extracts obtained by sonication-assisted extraction of various cultivars of onion peel (dark red, red, pink, and white) were slightly lower compared to the values we identified for Staphylococcus aureus, Salmonella typhimurium, and Pseudomonas aeruginosa [65]. The yellow onion peel had a better antimicrobial activity than the red onion peel, with a very low MIC value for Staphylococcus aureus (7.8 and 62.5 μg/mL), and slightly higher MIC values of 500 μg/mL and 2000 μg/mL for Enterococcus faecalis and Escerichia coli, respectively [66]. In our study, the strains of Escherichia coli were the most resistant to the action of the extracts, which is in agreement with previous findings [71]. The difference in MIC values of the various extracts can be explained by the different chemical composition of onion peels from various cultivars, the applied extraction methods, and the analytical method used for determining the antibacterial activity. To the best of our knowledge, antimicrobial activity against Proteus mirabilis, Klebsiella aerogenes, Salmonella enteritidis, and Shigella sonnei has not been determined so far. Candida albicans was sensitive to the action of all extracts, with MIC values ranging from 1.56 to 12.05 mg/mL. Similar MIC values were obtained in a study by Mounir et al. (2023), which showed that yellow onion peel extract can limit skin infection with Candida albicans in vivo. [60].




5. Conclusions


The results indicate that dry onion peel can be utilized as a good raw material for the extraction of compounds with important biological effects. The type of solvent used for the extraction had a significant impact on the biological activity of the extract. The methanol extract, which had the highest concentration of quercetin, demonstrated the highest antioxidant activity, while the ethanol extract exhibited the highest antimicrobial potential against a spectrum of microorganisms from the gastrointestinal tract. Additionally, the present manuscript is first to present results of the antimicrobial activity of onion peel extracts against a panel of enteropathogenic microorganisms, including ATCC strains and isolates from human stool. The results of the antimicrobial activity of onion peel extracts support the potential of onion peel as a source of compounds that can be used to reduce the level of gastrointestinal problems caused by the tested microorganisms.
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Figure 1. Representative UHPLC chromatogram of methanol extract, recorded from MS signal and ranged by base peak (A) and DAD-signal at 330 nm (B). Additionally, for better visibility of the peaks, three insets show enlarged parts of the chromatogram at 300 nm (0–3 min), 350 nm (4.5–9.4 min), and 350 nm (11.5–15 min) (B). The numbers marking the peaks are in accord with the numbering of the corresponding detected compounds in Table 1. 
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Figure 2. Total phenol (A) and flavonoid (B) contents in methanol, ethanol, acetone, and ethyl-acetate extracts. Presented results are means ± SD. Different letters above the means represent significant difference by Tukey HSD post hoc test (p < 0.05). 
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Figure 3. Antioxidant activity, measured by the ABTS (A) and DPPH (B) methods in methanol, ethanol, acetone, and ethyl-acetate extracts. The antioxidant activity was compared to that of butylated hydroxyanisole (BHA) and vitamin C as standards. Presented results are means ± SD. Different letters above the means represent significant difference following Tukey HSD post hoc test (p < 0.05). 
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Table 1. Compounds detected in methanol (MeOH), ethanol (EtOH), acetone (Ac), and ethyl acetate (EA) extracts, by UHPLC-DAD-MS/MS analysis.
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Peak No.

	
tR, min

(from

UHPLC-MS Signal)

	
UV/Vis Data from

UHPLC-DAD Signal

Absorbance Maximum, nm

	
Molecular Ion

[M-H]–m/z

	
MS/MS Fragment Ions

	
Assignment

(Reference)

	
Extracts




	
MeOH

	
EtOH

	
AC

	
EA






	
1

	
0.79

	
-

	
191

	
173,111(100%)

	
Quinic acid

[37]

	
+

	
+

	
+

	
-




	
2

	
0.91

	
-

	
315

	
255,225,153(100%),109

	
a Protocatechuic acid hexoside [38]

	
+

	
+

	
+

	
+




	
3

	
1.28

	
-

	
315

	
255,225,153(100%),109

	
a Protocatechuic acid hexoside [38]

	
+

	
+

	
+

	
+




	
4

	
1.94

	
217,261,295

	
315

	
255,225,153(100%),109

	
a Protocatechuic acid hexoside [38]

	
+

	
+

	
+

	
+




	
5

	
2.00

	
217,261,295

	
315

	
255,225,153(100%),109

	
a Protocatechuic acid hexoside [38])

	
+

	
+

	
+

	
+




	
6

	
2.15

	
220,261,295

	
153

	
109(100%)

	
a Protocatechuic acid

[38]

	
+

	
+

	
+

	
+




	
7

	
4.90

	
281

	
289

	
245,179(100%),151,109

	
(+) Catechin

[31]

	
-

	
+

	
+

	
+




	
8

	
5.64

	
325,298

	
179

	
143,135(100%),71

	
Caffeic acid

(standard)

	
-

	
-

	
-

	
+




	
9

	
6.08

	
296,330sh

	
317

	
299,255,206,191(100%),163

	
Dihydroisorhamnetin

(tent.)

	
+

	
+

	
+

	
+




	
10

	
6.63

	
219,262,295

	
167

	
153/152,108(100%)/107

	
Vanillic acid

b (PubChem CID: 8468)

	
+

	
-

	
-

	
-




	
11

	
6.84

	
364,255

	
671

	
625(100%)

	
Quercetin-dihexoside derivative (tent.)

	
+

	
+

	
+

	
-




	
12

	
7.30

	
292,330sh

	
303

	
285(100%)

	
Taxifolin

(standard)

	
+

	
+

	
+

	
+




	
13

	
7.50

	
266,346

	
625

	
463(100%),301

	
c Quercetin-dihexoside

[39]

	
+

	
+

	
+

	
+




	
14

	
7.84

	
255,346

	
639

	
519,477,315(100%),357,271

	
d Isorhamnetin-dihexoside [39]

	
+

	
+

	
+

	
-




	
15

	
8.00

	
257,372

	
463

	
301(100%)

	
d Isorhamnetin-dihexoside [40]

	
+

	
+

	
+

	
+




	
16

	
8.89

	
258,359

	
463

	
301(100%)

	
e Quercetin-3-O-glucoside (standard)

	
+

	
+

	
+

	
+




	
17

	
9.06

	
271,364

	
735

	
609(100%),573,529,447,301

	
Quercetin-rutinoside derivative (tent.)

	
+

	
+

	
-

	
-




	
18

	
9.77

	
255,364

	
463

	
301(100%)

	
f Quercetin-hexoside

[39]

	
+

	
+

	
+

	
+




	
19

	
10.24

	
255,365

	
477

	
315(100%)/314,300/299,285

	
Isorhamnetin-hexoside

[40]

	
+

	
+

	
+

	
+




	
20

	
10.85

	
257,371

	
301

	
273,179(100%),151,107

	
Quercetin

(standard)

	
+

	
+

	
+

	
+




	
21

	
11.94

	
267,365

	
285

	
285(100%),257,213,151

	
Kaempferol

(standard)

	
+

	
+

	
+

	
+




	
22

	
12.10

	
256,371

	
315

	
300(100%)/301

	
Isorhamnetin

(standard)

	
+

	
+

	
+

	
+




	
23

	
12.55

	
271,305,364

	
257

	
213(100%),107

	
n.i.

	
+

	
+

	
+

	
+




	
24

	
12.84

	
271,305,363

	
299

	
271(100%),255,243

	
Rhamnocitrin

[41]

	
-

	
+

	
+

	
+




	
25

	
13.55

	
258,306,365

	
761

	
599(100%),555,473

	
n.i.

	
+

	
+

	
-

	
-




	
26

	
13.70

	
258,305,381

	
599

	
555,473(100%)

	
n.i.

	
+

	
+

	
+

	
+




	
27

	
15.17

	
-

	
783

	
737(100%),747

	
n.i.

	
+

	
+

	
+

	
+




	
28

	
15.28

	
-

	
753

	
707(100%)

	
n.i.

	
+

	
+

	
+

	
+








a—Protocatechuic acid 3- or 4-glucoside or galactoside, tentatively; b—https://pubchem.ncbi.nlm.nih.gov; (accessed on 5 January 2024); c—quercetin-4′,7 or quercetin-3,4′-diglucoside, tentatively; d—isorhamnetin-3,4′-diglucoside, tentatively; e—quercetin-7-O-glucoside, tentatively; f—quercetin-4-O-glucoside, tentatively; n.i.—not identified; tent.—tentatively; sh—shoulder.













 





Table 2. Concentrations of quercetin and quercetin-hexoside in methanol, ethanol, acetone, and ethyl acetate extracts, as determined by UHPLC-DAD-MS/MS analysis.






Table 2. Concentrations of quercetin and quercetin-hexoside in methanol, ethanol, acetone, and ethyl acetate extracts, as determined by UHPLC-DAD-MS/MS analysis.





	Extracts
	Quercetin

(mg/gDW)
	Quercetin-Hexoside * (mg/gDW)





	Methanol
	48.53 ± 7.95 a
	6.22 ± 1.42 a



	Ethanol
	14.91 ± 0.73 b
	3.67 ± 0.13 b



	Acetone
	38.47 ± 4.67 ac
	3.94 ± 0.11 b



	Ethyl acetate
	29.01 ± 0.71 c
	2.17 ± 0.1 b







*—Concentration and content of quercetin-hexoside (which is tentatively assigned as quercetin-4-O-glucoside) was determined as quercetin-3-O-glucoside equivalent by using the corresponding reference standard for the experiments. Results are expressed as mean ± standard deviation (SD). Different letters near the means, within a column, represent significant differences between extracts (ANOVA; Tukey post hoc test, p < 0.05).













 





Table 3. Antimicrobial activity (MIC/MMC in mg/mL) of four types of onion peel extracts (methanol, ethanol, acetone, and ethyl-acetate extracts), and reference antimicrobials (Ciprofloxacin, Nystatin) (MIC/MMC in µg/mL) against 9 ATCC and 9 isolated microbial strains.






Table 3. Antimicrobial activity (MIC/MMC in mg/mL) of four types of onion peel extracts (methanol, ethanol, acetone, and ethyl-acetate extracts), and reference antimicrobials (Ciprofloxacin, Nystatin) (MIC/MMC in µg/mL) against 9 ATCC and 9 isolated microbial strains.





	
Bacterial Strains

Isolated and ATCC

	
Antimicrobial Activity MIC/MMC (mg/mL)

	
Antimicrobial Activity MIC/MMC (µg/mL)




	

	

	
Extracts

	

	

	
Reference Antimicrobials




	

	
Methanol

	
Ethanol

	
Acetone

	
Ethyl-Acetate

	
Ciprofloxacine (Antibacterial)

or Nystatin (Antifungal)






	
Gram (−) bacteria

	
Source

	

	

	

	

	




	
Escherichia coli

	
Human stool

	
12.50/12.50

	
12.50/12.50

	
25.00/50.00

	
25.00/25.00

	
2.50/2.50




	
Escherichia coli

	
ATCC25922

	
25.00/25.00

	
12.50/25.00

	
25.00/50.00

	
6.25/25.00

	
2.50/2.50




	
Pseudomonas aeruginosa

	
Human stool

	
3.13/12.50

	
1.56/25.00

	
6.25/25.00

	
25.00/25.00

	
0.31/0.62




	
Pseudomonas aeruginosa

	
ATCC9027

	
12.50/12.50

	
6.25/6.25

	
25.00/25.00

	
25.00/25.00

	
0.62/0.62




	
Klebsiella aerogenes

	
Human stool

	
3.13/> 50.00

	
1.56/25.00

	
25.00/>50.00

	
12.50/>50.00

	
0.16/0.62




	
Klebsiella aerogenes

	
ATCC 13048

	
12.50/12.50

	
12.50/12.50

	
25.00/50.00

	
25.00/>50.00

	
0.008/0.31




	
Proteus mirabilis

	
Human stool

	
1.56/6.25

	
0.78/6.25

	
3.13/12.50

	
1.56/6.25

	
0.16/2.50




	
Proteus mirabilis

	
ATCC12453

	
6.25/6.25

	
1.56/6.25

	
6.25/25.00

	
6.25/6.25

	
0.62/2.50




	
Salmonella enteritidis

	
Human stool

	
12.50/12.50

	
6.25/12.50

	
25.00/25.00

	
25.00/25.00

	
0.008/0.16




	
Salmonella enteritidis

	
ATCC 13076

	
12.50/25.00

	
6.25/25.00

	
25.00/>50.00

	
25.00/25.00

	
0.008/0.16




	
Shigella sonnei

	
Human stool

	
6.25/>50.00

	
3.13/25.00

	
6.25/>50.00

	
50.00/>50.00

	
2.50/5.00




	
Shigella sonnei

	
ATCC 25931

	
12.50/>50.00

	
3.13/50.00

	
3.13/>50.00

	
50.00/>50.00

	
2.50/5.00




	
Gram (+) bacteria

	
Source

	

	

	

	

	




	
Staphylococcus aureus

	
Human stool

	
6.25/12.50

	
3.13/25.00

	
3.13/50.00

	
3.13/25.00

	
0.008/0.16




	
Staphylococcus aureus

	
ATCC6538

	
25.00/50.00

	
1.56/25.00

	
1.56/50.00

	
3.13/25.00

	
0.008/0.16




	
Enterococcus faecalis

	
Human stool

	
6.25/50.00

	
3.13/50.00

	
6.25/>50.00

	
3.13/>50.00

	
0.31/0.31




	
Enterococcus faecalis

	
ATCC19433

	
3.13/50.00

	
3.13/50.00

	
12.50/>50.00

	
3.13/>50.00

	
0.31/0.31




	
Yeast

	
Source

	

	

	

	

	




	
Candida albicans

	
Human stool

	
1.56/25.00

	
3.13/12.50

	
1.56/25.00

	
1.56/25.00

	
16.00/16.00




	
Candida 