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Abstract

:

Olea europaea L. leaves constitute a source of bioactive compounds with recognized benefits for both human health and technological purposes. In the present work, different extracts from olive leaves were obtained by the application of two extraction methods, Soxhlet and microwave-assisted extraction (MAE), and six solvents (distilled water, ethanolic and glycerol mixtures solvents). MAE was applied under 40, 60 and 80 °C for 3, 6.5 and 10 min. The effect of the extraction method, solvent and treatment factors (the latter in MAE) on the total phenol content (TPC), the antioxidant activity (AA) and the phenolic profile of the extracts were all evaluated. The extracts showed high values of TPC (up to 76.1 mg GAE/g DW) and AA (up to 78 mg TE/g DW), with oleuropein being the most predominant compound in all extracts. The Soxhlet extraction method exhibited better yields in TPC than in MAE, although both methods presented comparable AA values. The water MAE extract presented the strongest antimicrobial activity against five foodborne pathogens, with minimum inhibitory concentration (MIC) values ranging from 2.5 to 60 mg/mL. MAE water extract is proposed to be exploited in the food and nutraceutical industry in the frame of a sustainable economy.
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1. Introduction


Spain is the world’s leading producer of olive oil (approximately 60% of EU and 45% of world production), with an annual average of 1,374,980 t over the last six seasons (2015/16–2019/20). Similarly, Spain is the world’s leading exporter of olive oil. Olive oil exports amounted to 1,109,900 t in the last campaign (2019), with more than 100 destination countries [1]. The cultivation area dedicated to olive groves in Andalusia represents 60% of the Spanish area, covering 2,584,564 ha. In the 2019/2020 season, Andalusia contributed with 80% of the Spanish production and with 75% of the Spanish exports, with a turnover of around 3549 million euros, and a generation of 16.4 million days of work approximately [2].



When olives are received at the olive mill, they are subjected to a pre-cleaning process in which a considerable amount of olive leaves are separated, corresponding to 8% w/w roughly of the milled olives. In Andalusia, 416,000 t of olive leaves were collected in the last season, being primarily destined to animal feed despite their bitter taste, which, in general, limits their use [3]. Due to the large amount of leaf waste generated in the production of olive oil, a system embracing a recycling approach is proposed, based on a circular bioeconomy model, in which the return of waste and by-products into the production cycle reduces the generation of residues [4]. Under this system, the management and recovery of this waste is carried out with the aim of both producing new materials and recovering active substances. This system is covered by the so-called bioeconomy concept, that “means using renewable biological resources from land and sea, like crops, forests, fish, animals and micro-organisms to produce food, materials and energy” [5]. In this sense, the bioeconomy replaces the linear economic model based on taking, making and discarding, which has a great environmental impact, due to the limited resources available in nature [6].



From an economic point of view, the obtention of high-added-value products through the integral use of agri-food by-products is highly advantageous, considering the availability and low price of these by-products [7]. In this line, emerging green extraction technologies and methods are being developed to contribute to their sustainable valorization. These innovative methods are characterized by low energy consumption and reduced extraction time and solvent use [8]. Among them, microwave-assisted extraction (MAE) is one of the most promising techniques in which the extraction process is considerably shorter as a result of power control [9]. Organic solvents have traditionally been used in the recovery of bioactive compounds, most of which present high volatility and toxicity, thus jeopardizing the environment and health status [10]. These characteristics, combined with the additional cost of removing the solvent after extraction, limit their application. Therefore, these solvents, not compatible with the concept of eco-friendly extraction, make it necessary to seek green alternatives [11] such as water, which can be used as a universal solvent because it is non-toxic, non-flammable, environmentally friendly, abundant and cheap; in addition, due to its chemical properties, it is an excellent solvent for the extraction of polar compounds [12]. In the same way, glycerol has been proposed as a green alternative, with increasing interest lately since it is naturally present in food, is cheap and non-toxic, and when used in combination with water, can adjust its polarity and thus may increase the recovery of substances like polyphenols [13].



Polyphenolic compounds, the most abundant secondary metabolites in plants, are receiving great interest due to their well-known antimicrobial, antioxidant and anti-cancer activities. In recent years, phenolic compounds have been studied in relation to their antihypertensive and hypocholesterolemic effects, as well as their role in the prevention of diseases related to oxidative stress, such as inflammatory disorders, diabetes, Alzheimer’s, cancer and cardiovascular disease [14,15,16]. Olive leaf constitutes an excellent source of bioactive compounds such as oleuropein, verbascoside, rutin, tyrosol and hydroxytyrosol, at the same level as olives and olive oil. Scientific evidence attributing beneficial health properties to these bioactive compounds [17] accounts for the increasing interest shown by the pharmaceutical, cosmetic, nutraceutical and food industries in these compounds. In the latter sector, the antimicrobial and antioxidant activities of polyphenolic compounds are exploited through their potential use as natural additives [18].



In recent years, awareness has been raised among consumers about the importance of diet in health, not only appreciating the quality and quantity of nutrients in foods, but also their active positive effects on health [19]. In this respect, phenolic compounds could prevent chemical/enzymatic oxidative reactions as well as inhibit microbial proliferation of pathogens, thus conferring on them a potential role as natural food additives and supplements [20]. Furthermore, microbial inhibition could contribute to solving one of the major global public health risks, i.e., the emergence of multi-drug-resistant bacterial strains in the food chain that could cause foodborne microbial-resistant diseases [21]. Thus, the valorization of olive leaves, a massive agricultural by-product, is possible through their application in nutraceutical foods and supplements, as has been proposed by several authors in recent years, since plant leaves are currently the main waste product of the agricultural industry, and can become a major environmental problem and cause of pollution [22,23,24,25].



In this study, the bioactivity of phenolic compounds with nutraceutical potential from olive leaves, a by-product of olive oil production, was compared for the first time using MAE at short times and low temperatures, and environmentally friendly solvents such as glycerol, ethanol and water. The antioxidant activity (AA) as well as the total phenolic content (TPC) and phenolic profile of the extracts were determined. Similarly, the antimicrobial activity of the extracts was evaluated against different foodborne pathogenic microorganisms, i.e., Listeria monocytogenes, Salmonella Typhimurium, Escherichia coli, Yersinia enterocolitica and Staphylococcus aureus.




2. Materials and Methods


2.1. Chemicals and Reagents


Folin–Ciocalteu’s reagent, potassium persulfate (K2S2O8) and standards of gallic acid were purchased from Merck (Darmstadt, Germany). Anhydrous sodium carbonate (Na2CO3) was acquired from Panreac (Castellar del Vallès, Barcelona, Spain). ABTS diammonium salt (2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)), acetic acid and standards of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) were obtained from Sigma-Aldrich (Madrid, Spain). Glycerol was acquired from Labbox (Barcelona, Spain), ultrapure water was obtained using a Milli-Q water system (Millipore, Milford, MA, USA) and ethanol was purchased from Romil Ltd. (Waterbeach, UK). High performance liquid chromatography (HPLC) grade acetonitrile was acquired from Honeywell Research Chemicals (Seelze, Germany), whereas the HPLC standards of hydroxytyrosol, protocatechuic acid, verbascoside, luteolin-7-O-glucoside, apigenin-7-O-glucoside, luteolin, oleuropein and apigenin were purchased from Sigma-Aldrich (Madrid, Spain).




2.2. Culture Media and Bacterial Strains


The microorganisms tested in this study were Escherichia coli (CECT 8295), Listeria monocytogenes (CECT 4032), Salmonella Typhimurium (CECT 704), Staphylococcus aureus (CECT 5193) and Yersinia enterocolitica (CECT 754). All microorganisms’ cultures were acquired from the Spanish Collection of Type Culture (Valencia, Spain).



Nutrient agar medium (NA) for E. coli, Y. enterocolitica and S. aureus, tryptone soy agar (TSA) for S. Typhimurium, brain heart infusion agar (BHIA) for L. monocytogenes and Mueller–Hinton broth (MHB) were acquired from Oxoid™ (Hampshire, UK), whereas cations supplements, magnesium chloride hexahydrate (MgCl2·6H2O) and calcium chloride dihydrate (CaCl2·2H2O) were obtained from Sigma-Aldrich (St. Louis, MA, USA).




2.3. Plant Material


Olive leaves from the “Hojiblanca” variety were kindly supplied by a local farmer from an olive grove in Cordoba (Spain) in mid-March 2019. The sampling areas were selected randomly just before pruning. Branches with leaves were collected from at least ten different trees. Prunings were immediately taken to the laboratory, where the leaves were removed from the branches. Leaves were hand-washed and left to dry in open air and darkness. They were then grounded and sieved so as to obtain particles with a diameter of <2 mm. Ground leaves were stored at ambient temperature (around 25 °C) in a dry, dark room until use.




2.4. Extraction of Bioactive Compounds from Olive Leaf Samples


Two methods, Soxhlet and microwave-assisted extraction, were employed to obtain extracts from the olive leaves.



2.4.1. Soxhlet Extraction


The extraction was performed boiling a suspension prepared with 20 g of dried ground olive leaves in 160 mL of solvent for 5 h. Six extracts were obtained by using six different solvents: distilled water, 50% ethanol (v/v), 75% ethanol (v/v), 5% glycerol (v/v), 10% glycerol (v/v) and 15% glycerol (v/v). Once cooled, extracts were filtered through a Whatman No. 1 filter (Sigma-Aldrich, St. Louis, MA, USA). Afterwards, samples were filtered again with a 0.45 μm nylon syringe filter (Labbox, Barcelona, Spain) and kept in refrigeration until analysis.




2.4.2. Microwave-Assisted Extraction (MAE)


The extraction was carried out on an ETHOS Microwave Extraction System (Milestone, Sorisole, Italy), at 800 W using magnetic stirring at a 90% level (2970 rpm), at three different temperatures (40, 60 and 80 °C) and times (3, 6 and 10 min). The extraction ratio was 1:8 (w/v), and the same solvents as for Soxhlet extraction were used. A full factorial design was applied. After the process, extracts were collected and treated as for Soxhlet extraction.





2.5. Total Phenolic Compounds (TPC)


The TPC of the extracts obtained was determined by the Folin–Ciocalteu method described by Singleton et al. [26] with modifications. In brief, sample aliquots of 0.25 mL were mixed with 1.25 mL of Folin–Ciocalteu reagent and 2.5 mL of 7.5% w/v sodium carbonate. After 30 min of incubation at 40 °C, absorbance was measured at 760 nm using a Perkin Elmer UV/VIS Lambda 25 spectrophotometer (Waltham, MA, USA). Gallic acid (GA) was the reference standard, and results were expressed as mg gallic acid equivalents (GAE)/g of dry weight (DW). All measurements were performed in triplicate.




2.6. In Vitro Antioxidant Assay (ABTS Radical Scavenging Method)


The ABTS scavenging activity assay of samples was determined as described by Espinosa et al. [27]. A radical solution was prepared (7 mM ABTS and 2.45 mM persulphate of potassium) and left in the dark overnight for 12–16 h before use. The radical solution was diluted with ethanol to an absorbance of 0.70 ± 0.02 at 734 nm. A mixture of 2 mL of the diluted radical solution and 20 μL of the extract was used to measure absorbance after 6 min with a spectrophotometer. The results were calculated based on a calibration curve built with Trolox standards and expressed as mg of Trolox equivalents (TE) per gram of DW. All assays were performed in triplicate.




2.7. HPLC-DAD Analysis of Phenolic Compounds


The phenolic compounds present in the extracts were separated and identified by using HPLC equipment (Hewlett-Packard 1100 series) furnished with a diode array detector programmed at different wavelengths for individual compounds and an Agilent 1100 series autosampler (20 μL samples were injected). The chromatographic column used was Kinetex EVO C18 100A of 5 μm particle size and dimensions of 250 × 4.6 mm of internal diameter from Phenomemenex®. The mobile phase consisted of HPLC Acetonitrile gradient grade 99.9% and milli-Q water with 0.01% in trifluoroacetic acid (TFA) (A). The flow rate was maintained at 1 mL/min and the chromatograms were recorded at wavelengths of 254, 280 and 340 nm. Linear gradient conditions for separation were as follows: 5% B (0–30 min); 25% B (30–45 min); 50% B (45–47 min); 100% B (47–50 min); 25% B (50–52 min); 5% B (52–55 min). The limit of detection (LOD) was 40 ng/mL and the limit of quantification (LOQ) was 50 ng/mL. All measurements were made in duplicate. The identification of the compounds was carried out by comparing their retention times and UV-visible spectrum at the wavelength characteristic of each compound and those of external standards. Figure S2 shows the chromatograms of the phenolic standards employed. Elenolic acid derivatives were quantified and expressed as oleuropeins.




2.8. Determination of Antimicrobial Activity


The antimicrobial activity of the extracts was investigated against the pathogens cited above through the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) tests.



The MIC of the extracts was determined using a broth microdilution assay, following the standards for antimicrobial susceptibility testing provided by the Clinical and Laboratory Standards Institute from US (CLSL) [28,29]. The extract samples were prepared at concentrations ranging from 2.5 to 60 mg/mL in CAMHB (cation-adjusted MHB) and sterilized by filtration through a 0.22 µm filter (Filter-Lab, Barcelona, Spain). Microplate wells were filled with a volume of 200 µL containing approximately 5 × 105 CFU/mL of test bacteria and variable concentrations of the extract prepared in CAMHB. Two sterility controls were prepared, one with the CAMHB medium and another with the extract. In addition, a negative control was prepared for inoculating the bacterial suspension in CAMHB medium. Microplates were introduced into a microplate absorbance reader (Bioscreen C Microbiology Reader, Oy Growth Curves Ab Ltd., Helsinki, Finland) and were incubated at 37 °C for 24 h, except for Yersinia enterocolitica wells, which were incubated for 48 h. Absorbance readings were set every hour at a wavelength of 600 nm. All assays were performed in triplicate. The MIC value corresponded to the lowest extract concentration at which no bacterial growth was visible. For this, cultures from each negative well (no turbidity) from the MIC assay were surface-plated on the appropriate medium, as explained in Section 2.2 [30].




2.9. Statistical Analysis


One-way analysis of variance (ANOVA) with Tukey’s post hoc test for pairwise multiple comparison was carried out, and Pearson’s correlation coefficient was calculated using the IBM® SPSS® Statistics Version 25 (IBM Corporation, New York, NY, USA). Significant differences were considered at a level of p < 0.05. All data were reported as mean ± standard deviation.





3. Results and Discussion


3.1. Influence of the Extraction Method on Total Phenol Content (TPC) and Antioxidant Activity (AA)


3.1.1. Soxhlet Extraction Method


The selection of an appropriate solvent is one of the most relevant issues in maximizing the recovery of plant phenols. In this work, the TPC and AA of olive leaf extract obtained using water, 50% EtOH, 75% EtOH, 5% glycerol, 10% glycerol and 15% glycerol, which are environmentally friendly, low-cost and non-toxic, were evaluated [12,13,31]. The TPC in olive leaf extracts presented in Figure 1a show that the highest concentration corresponded to 50% ethanol, followed by water and 75% ethanol; 5 and 10% glycerol showed a lower phenolic content with 15% glycerol exhibiting the lowest. The effect of the solvent was significant on the extraction of phenolic compounds, as can be observed in Figure 1a. In general terms, other studies reported values around 46% lower than those of the present work with the exception of the high content found by Da Rosa et al. [32] in 40% ethanolic extract [32,33,34]. Procedural factors such as the time of maceration with the solvent or other factors such as the degree of maturation of the leaves may account for these differences.



AA is the most studied bioactivity in plant extracts and has been attributed to the presence of certain bioactive compounds, mainly polyphenols. Significant differences were observed for the different solvents used (Figure 1b). AA values followed the same pattern as TPC values, where 50% EtOH was the most effective solvent, followed in decreasing order by 75% EtOH > water > 10% glycerol > 5% glycerol > 15% glycerol. These results are in agreement with those published by other authors, who reported that ethanol and water mixtures yielded extracts with higher AA than solely water or pure ethanol [7,31].



As mentioned above, AA is related to the presence of phenolic compounds, hence there should be a significant correlation between the concentration of polyphenols and antioxidant capacity, suggesting that these compounds contributed greatly to the antioxidant properties. In this study, Pearson’s correlation coefficient (r) was calculated to explain the relationship between TPC and AA values [35], finding a strong positive correlation between TPC and AA (r = 0.950). Moreover, it is widely accepted that other minor components such as volatile oils, carotenoids and vitamins probably also contribute to the AA of the extract [36]. These results are in concordance with several studies that reported a high correlation between polyphenolic compounds and AA [7,37,38].




3.1.2. Microwave-Assisted Extraction (MAE) Method


MAE has been used as an alternative method for the recovery of plant extracts due to its reduced extraction time, higher extraction efficiency, less labor required and high extraction selectivity [8,9]. There are multiple parameters that affect the extraction efficiency of the MAE method such as solvent and composition, microwave temperature and extraction time [39]. Based on previous studies by other authors [40], who evaluated the effect of a wide range of temperatures and times on the recovery of phenolic compounds, the following values were selected on the basis of their cost-effective performance: temperature (40, 60 and 80 °C), time (3, 6.5 and 10 min) and solvent (the same as for Soxhlet extraction). TPC and AA of the extracts were measured under the different conditions (Tables S1 and S2).



The effect of the extraction time, temperature, solvent and their interactions on TPC and AA was statistically significant (p < 0.05), as can be appreciated in Figure 2, Figure 3 and Figure 4.



Regarding the extraction time, as expected, significantly greater TPC and AA at longer extraction times were observed (Figure 2). Similarly, in previous work with olive leaf extract, the same pattern was observed, in which the increase of extraction time, up to 10 min, had a positive influence on the recovery of TPC and AA [41,42]. In addition, it has been demonstrated by several authors that extraction times of longer than 10 min could bring no better results in TPC, and even decrease after 15 min [42], suggesting that long processing times may lead to the decomposition of phenolic compounds [32].



The effect of extraction temperature on TPC and AA is shown in Figure 3, where data reveal significant increments when temperature increases. Temperature is one of the main factors contributing to the efficiency of the MAE method [43]. Our results are entirely consistent with the findings of other authors who demonstrated that the TPC and AA values increased at high temperatures [11,32,40,41,43,44,45]. This positive correlation is explained by the fact that as the extraction temperature increases, the rate of diffusion and mass transfer of phenolic compounds into the solvent also does [11,32,41]. However, previous studies have shown that above 80 °C, the extraction efficiency declined due to thermal degradation of some phenolic compounds [40].



The use of different extraction solvents (Figure 4) resulted in significant differences in TPC, in which the 50% ethanolic extract presented the highest TPC value, followed by the 75% ethanolic extract. With regards to AA, no significant differences were observed between the 50 and 75% ethanolic extracts, presenting the highest AA values, and between 5 and 15% glycerol, with the lowest AA values. These results are in line with the study of Rafiee et al. [42], in which the 50% ethanolic extract showed the highest recovery of polyphenols in MAE of olive leaves. Likewise, Da Rosa et al. [32] reported that 40 and 70% ethanolic extracts showed greater AA values than water extract obtained by MAE from olive leaves.



The selection of a suitable solvent in MAE is one of the most relevant steps towards optimizing the recovery of phenols from plants and it is strongly affected by factors such as polarity, dielectric constant and viscosity of the solvent [42,46]. Although pure water is the most polar solvent, its high viscosity compared to the 50% ethanol solvent negatively affects the mass transfer and thus the extraction capacity. Therefore, the 50% ethanol solvent, having a lower viscosity, increases the swelling of the plant materials and the contact surface between the plant matrix and the solvent, enhancing the extraction yield [42,47]. However, the highest viscosity corresponds to glycerol solvents, which cause a slower external diffusion, thus reducing the extraction yield [11].




3.1.3. Comparison of Soxhlet Method and MAE


Based on our results, for the sake of comparison of extraction methods, the most optimal combination of temperature and time of the MAE method was selected: 80 °C and 10 min (MAE-10-80) (see Figure 2 and Figure 3).



Regarding TPC, 50% ethanol was the most efficient solvent in both methods, whereas 15% glycerol in Soxhlet and 5% glycerol in MAE-10-80 resulted in the lowest TPC. As can be seen in Figure 5a, the type of solvent had a significant influence on TPC in the Soxhlet method while in MAE-10-80, the same applied with the exception of the 10% glycerol extract, whose TPC value was not statistically different from the 75% ethanolic extract. In general, it is observed that the TPC values obtained from the Soxhlet extracts were significantly higher than in those from MAE-10-80, although both methods followed the same trend. In fact, a positive linear correlation among the TPC in both methods was found (r2 = 0.747).



With reference to AA (Figure 5b), the highest and lowest values corresponded to the same extracts as for TPC, i.e., 50% ethanolic and 15% glycerol extracts, respectively. All in all, the same trend was observed as for the TPC value, although it should be mentioned that in the case of MAE, the AA values from the three glycerol solvents did not present significant differences. A strong correlation was found (r2 = 0.970) between AA values of extracts from Soxhlet and MAE-10-80 methods. In addition, ANOVA results indicated that no significant differences were observed between both extraction methods in every extract tested.



The correlation value obtained for TPC, weaker than the AA correlation, suggests that the TPC values determined by Soxhlet may have been overestimated. This could be because the high presence of impurities in Soxhlet extracts, such as organic acids, sugars and proteins, could interfere with the quantification of phenolic compounds by reacting with the Folin–Ciocalteu reagent, thus causing an overestimation of the measurement [42,45,48].



Our results and the characteristics of the extraction methods drive us to consider MAE as a suitable alternative to Soxhlet because of its efficiency in the recovery of phenolic compounds even when applied for a short time [32,42]. Indeed, in MAE, the interaction between microwaves and the solvent molecules causes the temperature and internal pressure of the plant product to increase rapidly, resulting in an intense rupture of the plant cell wall, which leads to a faster release of the cell compounds into the solvent [32] and, therefore, to a higher extraction yield [43]. In relation to the solvent employed, our study shows that 50% ethanol would be the solvent with the best performance due to its higher efficacy, reduced cost, and toxicity [42]. However, it should be highlighted that water deserves special attention because minor differences with ethanolic extracts were encountered in the present study, where TPC and AA of the 50% ethanolic extracts were only 1.12–1.23 times higher than those of water extracts (Figure 5). Consistent with these findings, other authors have reported comparable TPC values in both water and ethanolic extracts [7,31,32,43,44]. In relation to glycerol, despite having potential to be used as a green solvent in MAE [43], irradiation time should be increased to obtain major recovery of polyphenols [34].





3.2. Identification and Quantification of Phenolic Compounds by HPLC


HPLC analysis was carried out on the extracts obtained by Soxhlet extraction and MAE-10-80. Identification and quantification of seven phenolic compounds by HPLC is shown in Table 1: one simple phenol (hydroxytyrosol), four flavonoids (luteolin, luteolin-7-O-glucoside, apigenin and apigenin-7-O-glucoside), one secoiridoid (oleuropein) and one cinnamic acid derivative (verbascoside) [39]. The mentioned polyphenols have been previously reported by several authors in different olive leaf extracts [16,44,49,50,51,52].



The one-way ANOVA test revealed that the type of method, solvent and the interaction of both factors had a significant effect on the total phenols (quantified as sum of individuals) identified by HPLC. Depending on the solvent used, the range of total phenols in the Soxhlet extraction varied between 4.82 and 37.22 mg/g DW, and in MAE-10-80 from 15.44 to 48.52 mg/g DW. Previously, other authors had described variable concentrations of total phenols in olive leaf extracts of the Hojiblanca variety, up to three times lower than ours [53,54], contrary to those published by Martín-García et al. [16] of up to three times higher. It is worth noting that these large variations in the composition of olive leaf extracts are likely due to issues such as the cultivar, solvent, extraction methodology, analytical method, as well as diverse abiotic factors (geographical origin, harvest time and light exposition) and biotic factors (genotypes and leaves age), among others [39,53,55].



In Soxhlet extraction, the highest amount of total phenols corresponded to the 75% ethanolic extract, while in MAE-10-80, it was the 50% ethanolic extract. It should be noted that the extraction method, due to the different extraction conditions, has a significant influence on the recovery of total polyphenols. In MAE, with a short extraction time (10 min) and a fixed temperature (80 °C), the 50% ethanol solvent achieved a slightly higher concentration of polyphenols than the 75% ethanol solvent. However, in Soxhlet, long extraction times were employed, which in combination with the higher temperature reached in the 50% ethanol extraction, could have led to a higher degradation of phenolic compounds than in the 75% ethanol extraction [56], with a lower temperature reached, and thus, a slightly higher recovery of polyphenols. These results are in agreement with other literature data that demonstrated that mixtures of ethanol solvents can lead to higher total phenols content compared to water [57]. In contrast, the work reported by Apostolakis et al. [34] revealed that water–glycerol mixtures extracted more polar compounds than those found in water–ethanol mixtures, an event not observed in our study. With reference to the different ethanol mixtures, diverse results have been found in the literature [58], not concluding with a definitive universal optimum ethanol mixture.



Likewise, MAE showed a higher value of total phenols than the Soxhlet method (p < 0.05), and this finding was also documented by other authors, who have reported that the extraction method influences the quantity of total phenols, demonstrating that MAE extracts achieved a better recovery of total phenols and oleuropein than the other extraction methods [40,55,59]. Despite these facts, the Pearson’s correlation coefficient indicated a significant positive correlation between both methods (r2 = 0.894), suggesting that the ‘response’ of phenolic compounds to both extraction methods followed a similar trend for the different solvents tested.



On the other hand, comparing the total phenols by HPLC with the TPC determined by the Folin–Ciocalteu method (Table 1 and Figure 5a, respectively), a slight difference was observed, the TPC value being higher than the sum of phenolic compounds quantified by HPLC. This difference could be explained, as commented previously, by the fact that the Folin–Ciocalteu reagent can react with other non-phenolic substances [48] and by the presence of non-identified/quantified compounds by HPLC analysis. Despite these differences, a high correlation was obtained between TPC by Folin–Ciocalteu and total phenols by HPLC in both extraction methods, MAE-10-80 (r2 = 0.847) and Soxhlet (r2 = 0.812).



In accordance with other authors in previous research [33,39,60], oleuropein and hydroxytyrosol were the most abundant compounds in olive leaf extracts (see Table 1). In contrast, the minor compound was apigenin-7-O-glucoside. Significant differences in the content of oleuropein, hydroxytyrosol, verbascoside, luteolin, luteolin-7-O-glucoside and apigenin were also noted depending on the method and solvent used in the extraction.



As widely demonstrated, the main family of compounds present in olive leaves are the secoiridoids, oleuropein, constituted by hydroxytyrosol and elenolic acid, being the major phenolic compound [17,52,60]. The range of oleuropein content (Table 1) oscillated in a wide range, between 1.05 and 40.49 mg/g DW. MAE-10-80 showed the highest oleuropein values compared to Soxhlet (p < 0.05), with results in accordance with those of Taamalli et al. [40], who reported a significantly higher recovery of the main secoiridoids in MAE olive leaf extracts. In general, it can be seen that the trend of oleuropein recovery as a function of the solvent used followed the same pattern as TPC recovery, the 50 and 75% ethanolic extracts being the ones that yielded the highest oleuropein value [57,61,62].



Hydroxytyrosol, the main degradation product of oleuropein, is the second major component of the olive leaf extracts studied, behind oleuropein [39]. The highest amount of hydroxytyrosol determined in this work was within the range of other studies (0.3–11.4 mg/g DW) [60]. Unlike oleuropein, the Soxhlet method was more efficient in hydroxytyrosol extraction, except for 15% glycerol. This may be explained by the fact that the Soxhlet method, which involves higher temperature and longer extraction time, leads to a greater degradation of oleuropein in the course of the treatment, resulting in a higher concentration of hydroxytyrosol [17]. The hydroxytyrosol contents obtained by both methods were similar to those reported by Herrero et al. [54] for the same variety (Hojiblanca), in spite of using different methods and solvents.



Verbascoside has been reported in literature at concentrations of up to 29 mg/g DW [60]. In the extracts analyzed in this work, our maximum value (1.48 mg/g DW) was approximately fifteen times lower than those reported by Ahmad-Qasem et al. [45], but in contrast, the minimum (0.12 mg/g DW) was similar to data cited by Japón-Luján et al. [63]. With regards to luteolin-7-glucoside, its concentration was lower than its aglycon form (luteolin), contrary to the common findings in olive leaves [50,60]. The concentration of both forms of luteolin followed the same trend, with the highest concentrations in the 50 and 75% ethanolic extracts [54,57]. Similar to luteolin and luteolin-7-glucoside, several studies have reported higher values of apigenin-7-glucoside than apigenin, in contrast with our results, where apigenin-7-glucoside was found at trace levels [54,60]. An issue already mentioned in this work, that should be emphasized, is the fact that multiple variables may affect the polyphenol profile of olive leaf extracts, justifying the great quantitative and qualitative differences reported in literature.



All in all, our work shows that the extracts analysed have a valuable content of polyphenols, the two extraction methods studied being adequate and efficient. Specifically, MAE-10-80 provided a higher yield of oleuropein probably due to its low degradation through short times and low temperatures of extraction. In general, the extracts presented high values of oleuropein and hydroxytyrosol, especially the ethanolic extracts, both compounds being widely used in the food, nutraceutical, cosmetics and pharmaceutical industries [53]. Although there are multiple factors that may affect the composition of the extracts [45], in light of our results with respect to total phenols and AA, and taking into account the features of the methods, MAE was selected for subsequence antimicrobial assays [55,59].




3.3. Antibacterial Properties


3.3.1. Antimicrobial Activity of Olive Leaf Extracts and Solvent Efficacy


It is well-known that the antimicrobial properties of plant extracts have been attributed to phenolic compounds [14,16,17,18]. To evaluate this antimicrobial activity, three extracts obtained by MAE were selected, corresponding to different solvents and based on the major AA achieved and minimum solvent concentration. The antimicrobial tests performed, in terms of MIC and MBC, demonstrated a similar degree of inhibition for the three solvents used, i.e., water (MAE-W), 50% ethanol (MAE-Et50) and 5% glycerol (MAE-Gly5), as can be observed in Table 2, where MIC and MBC concentrations were, in general terms, at the same level for all microorganisms assayed, i.e., 20–60 mg/mL, with the exception of MAE-W in S. aureus and Y. enterocolitica, with MIC-MBC values of 2.5–5 mg/mL and 5–10 mg/mL, respectively. However, looking at the MIC and MBC figures, slight differences in solvent efficacy may shape a trend, that is, in decreasing order of antimicrobial activity, MAE-W > MAE-Et50 > MAE-Gly5, except for E. coli for which MAE-Et50 was slightly more successful than MAE-W.



With regards to the microorganisms tested, a sensitivity rank can also be withdrawn from Table 2, i.e., S. aureus > Y. enterocolitica > L. monocytogenes > E. coli > S. Typhimurium. In fact, the inhibition curves, showing the kinetic behavior of microorganisms in the presence of the extracts tested (MAE-W, MAE-Et50 and MAE-Gly5) at the MIC and MBC concentrations and in the absence of extracts, corroborate the MIC and MBC established (Figure S1).



Different studies have addressed the antimicrobial activity of olive leaf extracts against specific microorganisms. Gullón et al. [7] found very similar values to ours in 50% ethanolic extracts of olive leaves and olive pruning. For example, for E. coli and S. enterica subsp. enterica, very similar MIC and MBC values were reported (30–45 mg/mL); in the case of S. aureus, the extract showed a MIC and MBC between 20–30 mg/mL, close to the range of our results for MAE-Et50 and MAE-Gly5, while for L. innocua, slightly lower values were reported (20–25 mg/mL). Furthermore, in accordance with our study, Liu et al. [64] demonstrated that at 62.5 mg/mL, ethanolic extracts of olive leaves (80% ethanol; solid–liquid extraction) almost completely inhibited the growth of L. monocytogenes, E. coli O157:H7, and Salmonella enteritidis. One year later, the same research group reported a MIC value of 62.5 mg/mL for L. monocytogenes, and greater than 62.5 mg/mL (non-determined) for E. coli O157:H7 and S. Enteritidis in a commercial olive leaf extract [65]. In addition, Gökmen et al. [66] reported similar MIC values against S. aureus, E. coli, L. monocytogenes and S. Typhimurium, between 32 and 64 mg/mL. Similarly, Techathuvanan et al. [67] reported a range of MIC values from 2 to 2.5 mg/mL against S. aureus in a commercial olive leaf extract comparable to our MIC value in MAE-W extract, while in the work published by Şahin et al. [68], S. aureus showed higher sensitivity when tested in an aqueous extract obtained by MAE (MIC = 1.25 mg/mL).



However, other studies have reported variable MIC and/or MBC values, which deviated from our results. In the case of E. coli, lower values of MIC and MBC (of 1.25 and 2.5 mg/mL, respectively) were achieved in a 70% ethanolic extract by solid–liquid extraction [69], while Pereira et al. [70], using water as solvent, found that 1.81 mg/mL of their extract inhibited 25% of microbial growth. Masoko and Makgapeetja [71], despite finding the same MIC value (2.5 mg/mL) of water extract (solid–liquid extraction) for S. aureus as the MIC of the present study, in the case of ethanolic extracts, the opposite to our results with MAE-Et50, found a very low MIC value (0.26 mg/mL). Regarding Salmonella spp., Hemeg et al. [69] tested the antimicrobial activity of olive leaf 70% ethanolic extract by solid–liquid extraction, finding MIC and MBC values of 2.5 and 5 mg/mL, respectively. Techathuvanan et al. [67] found that a commercial olive extract had antimicrobial activity against L. monocytogenes, with a MIC value ranging from 2.2 to 2.6 mg/mL, similar to that observed by Testa et al. [72]. With respect to Y. enterocolitica, although yersiniosis was the fourth most reported zoonosis in humans in the EU in 2019 [73], only a few studies have evaluated the antimicrobial activity of olive leaf extracts against this pathogen. Medina-Martinez et al. [74] observed in a commercial hydroxytyrosol extract MIC values higher than 1 mg/mL (non-determined) for Y. enterocolitica.



As it has been observed, scientific evidence shows a considerably wide range of MIC and MBC values of olive leaf extracts against bacterial foodborne pathogens. It may be explained by variations in the strains sensitivity, by the method followed for antimicrobial assays, by the phenolic composition of the extracts, as well as other issues such as the extraction procedure, type of solvent and tree variety [7,75]. Furthermore, it is noted that there is not a definite trend in the sensitivity of microorganisms to the extracts as a function of their wall characteristics; indeed, the most sensitive microorganisms tested in our study, i.e., S. aureus and Y. enterocolitica, are Gram-positive and Gram-negative, respectively. Some authors argue that Gram-negative bacteria are deemed as more resistant due to the absence of a lipopolysaccharide layer in their wall, present in Gram-positive bacteria, which makes Gram-negative bacteria more impermeable to antimicrobial compounds [7,64,76]. However, other works have reported different results [77,78], it being impossible to delineate a characterization of Gram-negative and Gram-positive bacteria with respect to their sensitivity to these extracts [79]. All in all, it can be concluded that olive leaf extracts induce a strong antimicrobial action against some of the most common agents implicated in bacterial foodborne diseases, as demonstrated in this study [73].



Our results show a very promising application of water as a universal molecule to obtain olive leaf extracts with an enhanced antibacterial activity (MAE-W) in comparison with the extracts obtained with solvent mixtures such as water–ethanol 50:50% (MAE-Et50) or water–glycerol 95:5% (MAE-Gly5). Other authors, however, have reported lower antimicrobial activity of aqueous olive leaf extract (solid–liquid extraction) against S. aureus and E. coli than ethanolic extracts [71]. In our study, except for E. coli, with a slightly enhanced inhibition by MAE-Et50, for the rest of the pathogens tested, water was the solvent of choice, in the light of the superior antibacterial efficacy of MAE-W (see Table 2) and bearing in mind important economic, environmental and safety issues.




3.3.2. Influence of Phenolic Composition of MAE Extracts Obtained with Water, 50% Ethanol and 5% Glycerol Solvents on Antimicrobial Activity


Figure 6 shows the concentration of different phenolic compounds of MAE-W, MAE-Et50 and MAE-Gly5 extracts. Additional phenolic compounds, i.e., elenolic acid derivatives or protocatechuic acid, were quantified based on their sound antimicrobial activity (Figures S2 and S3) [79]. The high concentration of oleuropein found in MAE-Et50 stands out, with around one third of it in the case of the other two extracts; on the contrary, MAE-W contains a higher concentration of other relevant phenolic compounds such as hydroxytyrosol, elenolic acid derivatives or protocatechuic acid.



Many authors have attributed to oleuropein the antimicrobial activity of olive leaf extracts, mainly based on the fact that, traditionally, oleuropein has been the major compound encountered, and thus, the one which has received more attention over the last decades [49,70,80,81,82]. However, as can been observed in Table 2, this hypothesis cannot be corroborated by our study, as MAE-Et50 was not the extract showing the best antimicrobial performance, but water. Thielmann et al. [79], supported by previous research studies [83,84], stated that elenolic acid derivatives, although scarcely investigated, are the compounds presenting the strongest antimicrobial activity. These conclusions support the results obtained in this study, as the extract with the highest content of elenolic acid derivatives and other minor substances (e.g., hydroxytyrosol or protocatechuic acid) was MAE-W, the most successful antibacterial extract in this study. Hydroxytyrosol, part of the oleuropein molecule together with elenolic acid, possesses a demonstrated stronger inhibitory capacity than oleuropein [75]; already in 1999, Bisignano et al. [85] determined a MIC for hydroxytyrosol around 32 times and 8 times less than the MIC established for oleuropein against Salmonella typhi ATCC 6539 and S. aureus ATCC 25923, respectively.



Nevertheless, in the case of complex mixtures of bioactive compounds, it is very difficult to assign the antimicrobial activity to specific components [7]. In this sense, it is highly relevant to consider that the antimicrobial activity of extracts is not only due to their chemical composition and the mechanism of action of their bioactive constituents, but also the interaction (synergism, antagonism, chemical reactions) between them, and between these and other substances such as culture medium nutrients [69,86]. The interaction between phenolic compounds, and specifically the synergistic phenomenon, has been observed by several authors, leading to stronger antibacterial activities [70,87]. More research is needed to elucidate these facts and their associated mechanisms, which may help to clarify the contradictory results of antimicrobial effects on Gram-positive and -negative bacteria. Some mechanisms attributed to polyphenolic compounds have been proposed, including protein denaturation, inhibition of enzymatic reactions necessary for bacterial growth and increase of cell membrane permeability; these are able to interfere with the structural and functional properties of bacterial membranes by interacting with cell membrane lipids, causing the leakage of cytoplasmic contents [7,85,88,89].



Despite the excellent performance of the extracts obtained, especially MAE-W, against the foodborne pathogens considered, some issues should be borne in mind for practical applications. Medina et al. [90] reported that phenolic compounds exhibit antimicrobial activity against beneficial bacteria for health, such as Lactobacillus acidophilus and Bifidobacterium bifidum. However, opposite to this idea, several studies have stated that the prebiotic activity of polyphenols enhances the growth of beneficial bacteria (Bifidobacterium and Lactobacillus, among others), while acting as antimicrobials against pathogenic bacteria (E. coli, Clostridium perfringens and Helicobacter pylori) by reducing their nutrient availability [59,91,92].






4. Conclusions


Olive industry by-products, such as olive leaves, constitute a natural resource of valuable compounds that could enter the production and economy cycle, thus taking care of sustainability, environmental, market and socioeconomic issues, in pursuit of the so-called bioeconomy. Olive leaf waste has a huge added-value potential, mainly attributed to its content in phenolic compounds, with demonstrated antioxidant and antimicrobial activity. Two extraction methods, Soxhlet and MAE, were assayed to evaluate their performance on phenol extraction, and subsequently, their bioactivity. Although Soxhlet achieved the best extraction of phenolic compounds (TPC) in comparison with MAE, this cannot be extrapolated to the antioxidant activity (AA), with comparable results in both methods. For this reason, MAE is proposed as an optimum alternative to the detriment of the conventional Soxhlet method, also entailing additional benefits such as low energy cost, short process time (10 min versus 5 h in Soxhlet) and low degradation of bioactive compounds. Regarding the type of solvent employed, the results show that the 50% ethanolic solution was the solvent with the best extraction performance; and indeed, the TPC and AA in 50% ethanolic extracts were found to be slightly higher (with a factor of 1.12–1.23) than in water extracts. However, despite this observation, the pathogens tested in this study showed higher sensitivity to water extract than to the others. With regards to glycerol solvent, notwithstanding its potential for phenol extractions reported by some authors, a long irradiation time in MAE is needed to obtain competitive results in comparison with ethanolic and water solvents.



Olive leaf MAE-W extract is rich in elenolic acid derivatives and other phenolic compounds with a strong antimicrobial activity such as hydroxytyrosol, conferring a great potential to this extract for its application in the food, cosmetic and pharmaceutical industries. Although oleuropein is a well-known and characterized molecule in olive leaf extracts, being present at high levels especially in ethanolic ones, it has been demonstrated that it is not the main actor in the bioactivity, namely, antioxidant and antimicrobial activity, of the MAE extracts. This study demonstrates that water, as a universal, safe and cheap solvent, applied to obtain MAE extracts from olive leaves with antioxidant and antibacterial activity, could become the ultimate link to close the bioeconomy circle.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/foods10050966/s1, Table S1: Total phenol content (TPC) (mg GAE/g DW) of olive leaf extracts by microwave-assisted extraction (MAE). Table S2: Antioxidant activity (AA) (mg TE/g DW) of olive leaf extracts by microwave-assisted extraction (MAE). Figure S1: Growth of (a) S. aureus, (b) S. Typhimurium, (c) E. coli, (d) L. monocytogenes and (e) Y. enterocolitica in broth with olive leaves extracts added. Figure S2: HPLC-UV chromatograms at 280 nm, the UV spectra and the retention time (Rt) of the phenolic standards employed to investigate and quantify these compounds in the phenolic extracts. Figure S3: HPLC-UV chromatograms at 280 nm of the phenolic extracts obtained by two methods and two solvents: (a) Soxhletwater; (b) Soxhlet50% EtOH; (c) microwave-assisted extraction at 80 °C during 10 min (MAE 10-80)water; (d) MAE 10-80-50% EtOH. Quantified compounds were: (1) hydroxytyrosol, (2) verbascoside, (3) luteolin-7-O-glucoside, (4) apigenin-7-O-glucoside, (5) luteolin, (6) oleuropein, and (7) apigenin.





Author Contributions


The article was conceptualized by A.R. (Alejandro Rodríguez), E.C. and F.P.-R. The experimental work was carried out by M.S.-G., I.B.-V., Á.F.-P. and A.R. (Antonio Rosal). Data analysis was performed by M.S.-G and E.C. The article was written by M.S.-G. The article was reviewed by E.C. and A.R. (Alejandro Rodríguez). All authors have read and agreed to the published version of the manuscript.




Funding


The authors are grateful to the Ministry of Economy and Competitiveness of Spain for funding this research through the project CTQ2016-78729-R, to the Andalusian research project PY18-616 (Plan for Research, Development and Innovation 2020), and to the Andalusian knowledge transfer project AT17-5927 co-funded by the European Regional Development Fund instrument (ERDF Andalusian Operative Programme 2014–2020).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors wish to acknowledge the support of the Instituto Universitario de Investigación en Química Fina y Nanoquímica (IUNAN) at the University of Córdoba, Spain.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ministerio de Agricultura, P. y A Aceite De Oliva. Available online: https://www.mapa.gob.es/es/agricultura/temas/producciones-agricolas/aceite-oliva-y-aceituna-mesa/aceite.aspx (accessed on 27 April 2021).

	



Consejería de Agricultura, Ganadería, P. y D.S. Aforo De Producción Del Olivar De Almazara En Andalucía-Campaña 2019–2020; Junta de Andalucía: Seville, Spain, 2019. [Google Scholar]

	



Agencia Andaluza de la Energía. La Biomasa En Andalucía. Junta de Andalucía: Seville, Spain, 2017. [Google Scholar]

	



Sánchez-Gutiérrez, M.; Espinosa, E.; Bascón-Villegas, I.; Pérez-Rodríguez, F.; Carrasco, E.; Rodríguez, A. Production of cellulose nanofibers from olive tree harvest-A residue with wide applications. Agronomy 2020, 10, 696. [Google Scholar] [CrossRef]

	



Commission, E. Bioeconomy. Available online: https://ec.europa.eu/info/research-and-innovation/research-area/bioeconomy_en (accessed on 10 December 2020).

	



Bascón-Villegas, I.; Espinosa, E.; Sánchez, R.; Tarrés, Q.; Pérez-Rodríguez, F.; Rodríguez, A. Horticultural plant residues as new source for lignocellulose nanofibers isolation: Application on the recycling paperboard process. Molecules 2020, 25, 3275. [Google Scholar] [CrossRef] [PubMed]

	



Gullón, B.; Gullón, P.; Eibes, G.; Cara, C.; De Torres, A.; López-Linares, J.C.; Ruiz, E.; Castro, E. Valorisation of olive agro-industrial by-products as a source of bioactive compounds. Sci. Total Environ. 2018, 645, 533–542. [Google Scholar] [CrossRef] [PubMed]

	



Saini, A.; Panesar, P.S. Beneficiation of food processing by-products through extraction of bioactive compounds using neoteric solvents. LWT 2020, 134, 110263. [Google Scholar] [CrossRef]

	



Panja, P. Green extraction methods of food polyphenols from vegetable materials. Curr. Opin. Food Sci. 2018, 23, 173–182. [Google Scholar] [CrossRef]

	



Gullón, P.; Gullón, B.; Romaní, A.; Rocchetti, G.; Lorenzo, J.M. Smart advanced solvents for bioactive compounds recovery from agri-food by-products: A review. Trends Food Sci. Technol. 2020, 101, 182–197. [Google Scholar] [CrossRef]

	



Huang, H.; Belwal, T.; Jiang, L.; Hu, J.; Limwachiranon, J.; Li, L.; Ren, G.; Zhang, X.; Luo, Z. Valorization of lotus byproduct (Receptaculum Nelumbinis) under green extraction condition. Food Bioprod. Process. 2019, 115, 110–117. [Google Scholar] [CrossRef]

	



Ferreres, F.; Grosso, C.; Gil-Izquierdo, A.; Valentão, P.; Mota, A.T.; Andrade, P.B. Optimization of the recovery of high-value compounds from pitaya fruit by-products using microwave-assisted extraction. Food Chem. 2017, 230, 463–474. [Google Scholar] [CrossRef]

	



El Kantar, S.; Rajha, H.N.; Boussetta, N.; Vorobiev, E.; Maroun, R.G.; Louka, N. Green extraction of polyphenols from grapefruit peels using high voltage electrical discharges, deep eutectic solvents and aqueous glycerol. Food Chem. 2019, 295, 165–171. [Google Scholar] [CrossRef]

	



de los Ángeles Fernández, M.; Espino, M.; Gomez, F.J.V.; Silva, M.F. Novel approaches mediated by tailor-made green solvents for the extraction of phenolic compounds from agro-food industrial by-products. Food Chem. 2018, 239, 671–678. [Google Scholar] [CrossRef]

	



Panić, M.; Radić Stojković, M.; Kraljić, K.; Škevin, D.; Radojčić Redovniković, I.; Gaurina Srček, V.; Radošević, K. Ready-to-use green polyphenolic extracts from food by-products. Food Chem. 2019, 283, 628–636. [Google Scholar] [CrossRef]

	



Martín-García, B.; Pimentel-Moral, S.; Gómez-Caravaca, A.M.; Arráez-Román, D.; Segura-Carretero, A. Box-Behnken experimental design for a green extraction method of phenolic compounds from olive leaves. Ind. Crop. Prod. 2020, 154, 112741. [Google Scholar] [CrossRef]

	



Rahmanian, N.; Jafari, S.M.; Wani, T.A. Bioactive profile, dehydration, extraction and application of the bioactive components of olive leaves. Trends Food Sci. Technol. 2015, 42, 150–172. [Google Scholar] [CrossRef]

	



Barbosa-Pereira, L.; Bilbao, A.; Vilches, P.; Angulo, I.; Lluis, J.; Fité, B.; Paseiro-Losada, P.; Cruz, J.M. Brewery waste as a potential source of phenolic compounds: Optimisation of the extraction process and evaluation of antioxidant and antimicrobial activities. Food Chem. 2014, 145, 191–197. [Google Scholar] [CrossRef]

	



Delfanian, M.; Sahari, M.A. Improving functionality, bioavailability, nutraceutical and sensory attributes of fortified foods using phenolics-loaded nanocarriers as natural ingredients. Food Res. Int. 2020, 137, 109555. [Google Scholar] [CrossRef]

	



Casadey, R.; Challier, C.; Altamirano, M.; Spesia, M.B.; Criado, S. Antioxidant and antimicrobial properties of tyrosol and derivative-compounds in the presence of vitamin B2. Assays of synergistic antioxidant effect with commercial food additives. Food Chem. 2021, 335, 127576. [Google Scholar] [CrossRef]

	



Bobinaitė, R.; Grootaert, C.; Van Camp, J.; Šarkinas, A.; Liaudanskas, M.; Žvikas, V.; Viškelis, P.; Rimantas Venskutonis, P. Chemical composition, antioxidant, antimicrobial and antiproliferative activities of the extracts isolated from the pomace of rowanberry (Sorbus aucuparia L.). Food Res. Int. 2020, 136. [Google Scholar] [CrossRef]

	



Mateos-Maces, L.; Chávez-Servia, J.L.; Vera-Guzmán, A.M.; Aquino-Bolaños, E.N.; Alba-Jiménez, J.E.; Villagómez-González, B.B. Edible leafy plants from Mexico as sources of antioxidant compounds, and their nutritional, nutraceutical and antimicrobial potential: A review. Antioxidants 2020, 9, 541. [Google Scholar] [CrossRef]

	



Mannino, G.; Gentile, C.; Porcu, A.; Agliassa, C.; Caradonna, F.; Bertea, C.M. Chemical Profile and Biological Activity of Cherimoya (Annona cherimola Mill.) and Atemoya (Annona atemoya) Leaves. Molecules 2020, 25, 2612. [Google Scholar] [CrossRef]

	



Amat-Ur-rasool, H.; Symes, F.; Tooth, D.; Schaffert, L.N.; Elmorsy, E.; Ahmed, M.; Hasnain, S.; Carter, W.G. Potential nutraceutical properties of leaves from several commonly cultivated plants. Biomolecules 2020, 10, 1556. [Google Scholar] [CrossRef]

	



Tenore, G.C.; Caruso, D.; D’avino, M.; Buonomo, G.; Caruso, G.; Ciampaglia, R.; Schiano, E.; Maisto, M.; Annunziata, G.; Novellino, E. A pilot screening of agro-food waste products as sources of nutraceutical formulations to improve simulated postprandial glycaemia and insulinaemia in healthy subjects. Nutrients 2020, 12, 1292. [Google Scholar] [CrossRef] [PubMed]

	



Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. Analysis of total phenols and other oxidation substrates and antioxidants by means of folin-ciocalteu reagent. Methods Enzymol. 1999, 299, 152–178. [Google Scholar] [CrossRef]

	



Espinosa, E.; Bascón-Villegas, I.; Rosal, A.; Pérez-Rodríguez, F.; Chinga-Carrasco, G.; Rodríguez, A. PVA/(ligno)nanocellulose biocomposite films. Effect of residual lignin content on structural, mechanical, barrier and antioxidant properties. Int. J. Biol. Macromol. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Clinical and Laboratory Standards Institute. Methods for Antimicrobial Dilution and Disk Susceptibility Testing of Infrequently Isolated or Fastidious Bacteria; Approved Guideline—Second Edition. CLSI document M45-A2; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2010; ISBN 1562385836. [Google Scholar]

	



Clinical and Laboratory Standards Institute. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically; Approved Standard—Nine Edition. CLSI Document M07-A9; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2012; ISBN 1562387839. [Google Scholar]

	



Campos, D.A.; Ribeiro, A.C.; Costa, E.M.; Fernandes, J.C.; Tavaria, F.K.; Araruna, F.B.; Eiras, C.; Eaton, P.; Leite, J.R.S.; Pintado, M.M. Study of antimicrobial activity and atomic force microscopy imaging of the action mechanism of cashew tree gum. Carbohydr. Polym. 2012, 90, 270–274. [Google Scholar] [CrossRef]

	



Martínez-Patiño, J.C.; Gullón, B.; Romero, I.; Ruiz, E.; Brnčić, M.; Žlabur, J.Š.; Castro, E. Optimization of ultrasound-assisted extraction of biomass from olive trees using response surface methodology. Ultrason. Sonochem. 2019, 51, 487–495. [Google Scholar] [CrossRef]

	



Da Rosa, G.S.; Vanga, S.K.; Gariepy, Y.; Raghavan, V. Comparison of microwave, ultrasonic and conventional techniques for extraction of bioactive compounds from olive leaves (Olea europaea L.). Innov. Food Sci. Emerg. Technol. 2019, 58, 102234. [Google Scholar] [CrossRef]

	



Lama-Muñoz, A.; del Contreras, M.M.; Espínola, F.; Moya, M.; Romero, I.; Castro, E. Content of phenolic compounds and mannitol in olive leaves extracts from six Spanish cultivars: Extraction with the Soxhlet method and pressurized liquids. Food Chem. 2020, 320, 126626. [Google Scholar] [CrossRef]

	



Apostolakis, A.; Grigorakis, S.; Makris, D.P. Optimisation and comparative kinetics study of polyphenol extraction from olive leaves (Olea europaea) using heated water/glycerol mixtures. Sep. Purif. Technol. 2014, 128, 89–95. [Google Scholar] [CrossRef]

	



Chait, Y.A.; Gunenc, A.; Bendali, F.; Hosseinian, F. Simulated gastrointestinal digestion and in vitro colonic fermentation of carob polyphenols: Bioaccessibility and bioactivity. LWT 2020, 117, 108623. [Google Scholar] [CrossRef]

	



Rafiee, Z.; Jafari, S.M.; Alami, M.; Khomeiri, M. Antioxidant effect of microwave-assisted extracts of olive leaves on sunflower oil. J. Agric. Sci. Technol. 2012, 14, 1497–1509. [Google Scholar]

	



Ribeiro, T.B.; Oliveira, A.; Campos, D.; Nunes, J.; Vicente, A.A.; Pintado, M. Simulated digestion of olive pomace water-soluble ingredient: Relationship between the compounds bioaccessibility and their potential health benefits. Food Funct. 2020, 11, 2238–2254. [Google Scholar] [CrossRef]

	



Gullon, B.; Pintado, M.E.; Fernández-lópez, J. In vitro gastrointestinal digestion of pomegranate peel (Punica granatum) flour obtained from co-products: Changes in the antioxidant potential and bioactive compounds. J. Funct. Foods 2015, 19, 617–628. [Google Scholar] [CrossRef]

	



Gullón, P.; Gullón, B.; Astray, G.; Carpena, M.; Fraga-Corral, M.; Prieto, M.A.; Simal-Gandara, J. Valorization of by-products from olive oil industry and added-value applications for innovative functional foods. Food Res. Int. 2020, 137, 109683. [Google Scholar] [CrossRef]

	



Taamalli, A.; Arráez-Román, D.; Ibañez, E.; Zarrouk, M.; Segura-Carretero, A.; Fernández-Gutiérrez, A. Optimization of Microwave-Assisted Extraction for the Characterization of Olive Leaf Phenolic Compounds by Using HPLC-ESI-TOT-MS/IT-MS2. J. Agric. Food Chem. 2012, 60, 791–798. [Google Scholar] [CrossRef]

	



Chanioti, S.; Siamandoura, P.; Tzia, C. Evaluation of Extracts Prepared from Olive Oil By-Products Using Microwave-Assisted Enzymatic Extraction: Effect of Encapsulation on the Stability of Final Products. Waste Biomass Valoriz. 2016, 7, 831–842. [Google Scholar] [CrossRef]

	



Rafiee, Z.; Jafari, S.M.; Alami, M.; Khomeiri, M. Microwave-assisted extraction of phenolic compounds from olive leaves; a comparison with maceration. J. Anim. Plant Sci. 2011, 21, 738–745. [Google Scholar]

	



Chanioti, S.; Tzia, C. Extraction of phenolic compounds from olive pomace by using natural deep eutectic solvents and innovative extraction techniques. Innov. Food Sci. Emerg. Technol. 2018, 48, 228–239. [Google Scholar] [CrossRef]

	



Khemakhem, I.; Ahmad-Qasem, M.H.; Catalán, E.B.; Micol, V.; García-Pérez, J.V.; Ayadi, M.A.; Bouaziz, M. Kinetic improvement of olive leaves’ bioactive compounds extraction by using power ultrasound in a wide temperature range. Ultrason. Sonochem. 2017, 34, 466–473. [Google Scholar] [CrossRef]

	



Ahmad-Qasem, M.H.; Cánovas, J.; Barrajón-Catalán, E.; Micol, V.; Cárcel, J.A.; García-Pérez, J.V. Kinetic and compositional study of phenolic extraction from olive leaves (var. Serrana) by using power ultrasound. Innov. Food Sci. Emerg. Technol. 2013, 17, 120–129. [Google Scholar] [CrossRef]

	



Karakashov, B.; Grigorakis, S.; Loupassaki, S.; Makris, D.P. Optimisation of polyphenol extraction from Hypericum perforatum (St. John’s Wort) using aqueous glycerol and response surface methodology. J. Appl. Res. Med. Aromat. Plants 2015, 2, 1–8. [Google Scholar] [CrossRef]

	



Şahin, S.; Şamli, R. Optimization of olive leaf extract obtained by ultrasound-assisted extraction with response surface methodology. Ultrason. Sonochem. 2013, 20, 595–602. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-García, R.; Campos, D.A.; Oliveira, A.; Aguilar, C.N. A chemical valorisation of melon peels towards functional food ingredients: Bioactives profile and antioxidant properties. Food Chem. 2021, 335, 127579. [Google Scholar] [CrossRef] [PubMed]

	



Edziri, H.; Jaziri, R.; Chehab, H.; Verschaeve, L.; Flamini, G.; Boujnah, D.; Hammami, M.; Aouni, M.; Mastouri, M. A comparative study on chemical composition, antibiofilm and biological activities of leaves extracts of four Tunisian olive cultivars. Heliyon 2019, 5, e01604. [Google Scholar] [CrossRef] [PubMed]

	



Talhaoui, N.; Gómez-caravaca, A.M.; León, L.; De, R.; Segura-carretero, A.; Fernández-gutiérrez, A. Determination of phenolic compounds of ‘Sikitita’ olive leaves by HPLC-DAD-TOF-MS. Comparison with its parents ‘Arbequina’ and ‘Picual’ olive leaves. LWT Food Sci. Technol. 2014, 58, 28–34. [Google Scholar] [CrossRef]

	



Lama-Muñoz, A.; del Mar Contreras, M.; Espínola, F.; Moya, M.; de Torres, A.; Romero, I.; Castro, E. Extraction of oleuropein and luteolin-7-O-glucoside from olive leaves: Optimization of technique and operating conditions. Food Chem. 2019, 293, 161–168. [Google Scholar] [CrossRef]

	



Talhaoui, N.; Vezza, T.; Gómez-Caravaca, A.M.; Fernández-Gutiérrez, A.; Gálvez, J.; Segura-Carretero, A. Phenolic compounds and in vitro immunomodulatory properties of three Andalusian olive leaf extracts. J. Funct. Foods 2016, 22, 270–277. [Google Scholar] [CrossRef]

	



Guinda, Á.; Castellano, J.M.; Santos-Lozano, J.M.; Delgado-Hervás, T.; Gutiérrez-Adánez, P.; Rada, M. Determination of major bioactive compounds from olive leaf. LWT Food Sci. Technol. 2015, 64, 431–438. [Google Scholar] [CrossRef]

	



Herrero, M.; Temirzoda, T.N.; Segura-Carretero, A.; Quirantes, R.; Plaza, M.; Ibañez, E. New possibilities for the valorization of olive oil by-products. J. Chromatogr. A 2011, 1218, 7511–7520. [Google Scholar] [CrossRef]

	



Taamalli, A.; Arráez-Román, D.; Barrajón-Catalán, E.; Ruiz-Torres, V.; Pérez-Sánchez, A.; Herrero, M.; Ibañez, E.; Micol, V.; Zarrouk, M.; Segura-Carretero, A.; et al. Use of advanced techniques for the extraction of phenolic compounds from Tunisian olive leaves: Phenolic composition and cytotoxicity against human breast cancer cells. Food Chem. Toxicol. 2012, 50, 1817–1825. [Google Scholar] [CrossRef]

	



Gullón, B.; Lú-Chau, T.A.; Moreira, M.T.; Lema, J.M.; Eibes, G. Rutin: A review on extraction, identification and purification methods, biological activities and approaches to enhance its bioavailability. Trends Food Sci. Technol. 2017, 67, 220–235. [Google Scholar] [CrossRef]

	



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

	



Tsaltaki, C.; Katsouli, M.; Kekes, T.; Chanioti, S.; Tzia, C. Comparison study for the recovery of bioactive compounds from Tribulus terrestris, Panax ginseng, Gingko biloba, Lepidium meyenii, Turnera diffusa and Withania somnifera by using microwave-assisted, ultrasound-assisted and conventional extraction methods. Ind. Crops Prod. 2019, 142, 111875. [Google Scholar] [CrossRef]

	



Tihana, Ž.; Abdelkebir, R.; Alcantara, C.; Carmen, M.; García-pérez, J.V.; Meléndez-martínez, A.J.; Re, A.; Lorenzo, J.M.; Barba, F.J. From extraction of valuable compounds to health promoting benefits of olive leaves through bioaccessibility, bioavailability and impact on gut microbiota. Trends Food Sci. Technol. 2019, 83, 63–77. [Google Scholar] [CrossRef]

	



Talhaoui, N.; Taamalli, A.; Gómez-Caravaca, A.M.; Fernández-Gutiérrez, A.; Segura-Carretero, A. Phenolic compounds in olive leaves: Analytical determination, biotic and abiotic influence, and health benefits. Food Res. Int. 2015, 77, 92–108. [Google Scholar] [CrossRef]

	



Xie, P.J.; Huang, L.X.; Zhang, C.H.; You, F.; Zhang, Y.L. Reduced pressure extraction of oleuropein from olive leaves (Olea europaea L.) with ultrasound assistance. Food Bioprod. Process. 2015, 93, 29–38. [Google Scholar] [CrossRef]

	



Altiok, E.; Bayçin, D.; Bayraktar, O.; Ülkü, S. Isolation of polyphenols from the extracts of olive leaves (Olea europaea L.) by adsorption on silk fibroin. Sep. Purif. Technol. 2008, 62, 342–348. [Google Scholar] [CrossRef]

	



Japón-Luján, R.; Luque-Rodríguez, J.M.; Luque De Castro, M.D. Dynamic ultrasound-assisted extraction of oleuropein and related biophenols from olive leaves. J. Chromatogr. A 2006, 1108, 76–82. [Google Scholar] [CrossRef]

	



Liu, Y.; McKeever, L.C.; Malik, N.S.A. Assessment of the Antimicrobial Activity of Olive Leaf Extract against Foodborne Bacterial Pathogens. Front. Microbiol. 2017, 8, 113. [Google Scholar] [CrossRef]

	



Liu, Y.; McKeever, L.C.; Suo, Y.; Jin, T.Z.; Malik, N.S.A. Antimicrobial Activities of Olive Leaf Extract and Its Potential Use in Food Industry. ACS Symp. Ser. 2018, 1287, 119–132. [Google Scholar] [CrossRef]

	



Gökmen, M.; Kara, R.; Akkaya, L.; Torlak, E.; Önen, A. Evaluation of Antimicrobial Activity in Olive (Olea europaea) Leaf Extract. Am. J. Microbiol. 2014, 5, 37–40. [Google Scholar] [CrossRef]

	



Techathuvanan, C.; Reyes, F.; David, J.R.D.; Davidson, P.M. Efficacy of commercial natural antimicrobials alone and in combinations against pathogenic and spoilage microorganisms. J. Food Prot. 2014, 77, 269–275. [Google Scholar] [CrossRef]

	



Şahin, S.; Samli, R.; Birteksöz Tan, A.S.; Barba, F.J.; Chemat, F.; Cravotto, G.; Lorenzo, J.M. Solvent-free Microwave-Assisted Extraction of Polyphenols from olive tree Leaves: Antioxidant and Antimicrobial Properties. Molecules 2017, 22, 1056. [Google Scholar] [CrossRef]

	



Hemeg, H.A.; Moussa, I.M.; Ibrahim, S.; Dawoud, T.M.; Alhaji, J.H.; Mubarak, A.S.; Kabli, S.A.; Alsubki, R.A.; Tawfik, A.M.; Marouf, S.A. Antimicrobial effect of different herbal plant extracts against different microbial population. Saudi J. Biol. Sci. 2020, 27, 3221–3227. [Google Scholar] [CrossRef]

	



Pereira, A.P.; Ferreira, I.C.F.R.; Marcelino, F.; Valentão, P.; Andrade, P.B.; Seabra, R.; Estevinho, L.; Bento, A.; Pereira, J.A. Phenolic compounds and antimicrobial activity of olive (Olea europaea L. Cv. Cobrançosa) leaves. Molecules 2007, 12, 1153–1162. [Google Scholar] [CrossRef]

	



Masoko, P.; Makgapeetja, D.M. Antibacterial, antifungal and antioxidant activity of Olea africana against pathogenic yeast and nosocomial pathogens. BMC Complement. Altern. Med. 2015, 15, 1–9. [Google Scholar] [CrossRef]

	



Testa, B.; Lombardi, S.J.; Macciola, E.; Succi, M.; Tremonte, P.; Iorizzo, M. Efficacy of olive leaf extract (Olea europaea L. cv Gentile di Larino) in marinated anchovies (Engraulis encrasicolus, L.) process. Heliyon 2019, 5, e01727. [Google Scholar] [CrossRef]

	



Food, E.; Authority, S. The European Union One Health 2019 Zoonoses Report; European Centre for Disease Prevention and Control: Solna, Sweden, 2021; p. 17. [Google Scholar]

	



Medina-Martínez, M.S.; Truchado, P.; Castro-Ibáñez, I.; Allende, A. Antimicrobial activity of hydroxytyrosol: A current controversy. Biosci. Biotechnol. Biochem. 2016, 80, 801–810. [Google Scholar] [CrossRef]

	



Lim, A.; Subhan, N.; Jazayeri, J.A.; John, G.; Vanniasinkam, T.; Obied, H.K. Plant Phenols as Antibiotic Boosters: In Vitro Interaction of Olive Leaf Phenols with Ampicillin. Phyther. Res. 2016, 30, 503–509. [Google Scholar] [CrossRef]

	



Laincer, F.; Laribi, R.; Tamendjari, A.; Arrar, L.; Rovellini, P.; Venturini, S. Olive oils from Algeria: Phenolic compounds, antioxidant and antibacterial activities. Grasasy Aceites 2014, 65, 1–10. [Google Scholar] [CrossRef]

	



Janakat, S.; Al-Nabulsi, A.; Allehdan, S.A.N.; Olaimat, R.A.H. Antimicrobial activity of amurca (olive oil lees) extract against selected foodborne pathogens. Food Sci. Technol. 2015, 35, 259–265. [Google Scholar] [CrossRef]

	



Al-Zoreky, N.S. Antimicrobial activity of pomegranate (Punica granatum L.) fruit peels. Int. J. Food Microbiol. 2009, 134, 244–248. [Google Scholar] [CrossRef] [PubMed]

	



Thielmann, J.; Kohnen, S.; Hauser, C. Antimicrobial activity of Olea europaea Linné extracts and their applicability as natural food preservative agents. Int. J. Food Microbiol. 2017, 251, 48–66. [Google Scholar] [CrossRef] [PubMed]

	



Koutsoumanis, K.; Tassou, C.C.; Taoukis, P.S.; Nychas, G.J.E. Modelling the effectiveness of a natural antimicrobial on Salmonella enteritidis as a function of concentration, temperature and pH, using conductance measurements. J. Appl. Microbiol. 1998, 84, 981–987. [Google Scholar] [CrossRef] [PubMed]

	



Tassou, C.C.; Nychas, G.J.E. Inhibition of staphylococcus aureus by olive phenolics in broth and in a model food system. J. Food Prot. 1994, 57, 120–124. [Google Scholar] [CrossRef]

	



Tassou, C.C.; Nychas, G.J.E. Inhibition of Salmonella enteritidis by oleuropein in broth and in a model food system. J. Food Prot. 1995, 20, 120–124. [Google Scholar] [CrossRef]

	



Brenes, M.; García, A.; de los Santos, B.; Medina, E.; Romero, C.; de Castro, A.; Romero, F. Olive glutaraldehyde-like compounds against plant pathogenic bacteria and fungi. Food Chem. 2011, 125, 1262–1266. [Google Scholar] [CrossRef]

	



Brenes, M.; Medina, E.; Romero, C.; De Castro, A. Antimicrobial activity of olive oil. Agro Food Ind. Hi Tech 2007, 18, 6–8. [Google Scholar]

	



Bisignano, G.; Tomaino, A.; Cascio, R.L.; Crisafi, G.; Uccella, N.; Saija, A. On the In-vitro Antimicrobial Activity of Oleuropein and Hydroxytyrosol. J. Pharm. Pharmacol. 1999, 51, 971–974. [Google Scholar] [CrossRef]

	



Serra, A.T.; Matias, A.A.; Nunes, A.V.M.; Leitão, M.C.; Brito, D.; Bronze, R.; Silva, S.; Pires, A.; Crespo, M.T.; San Romão, M.V.; et al. In vitro evaluation of olive- and grape-based natural extracts as potential preservatives for food. Innov. Food Sci. Emerg. Technol. 2008, 9, 311–319. [Google Scholar] [CrossRef]

	



Cicerale, S.; Lucas, L.J.; Keast, R.S.J. Antimicrobial, antioxidant and anti-inflammatory phenolic activities in extra virgin olive oil. Curr. Opin. Biotechnol. 2012, 23, 129–135. [Google Scholar] [CrossRef]

	



Sousa, A.; Ferreira, I.C.F.R.; Calhelha, R.; Andrade, P.B.; Valentão, P.; Seabra, R.; Estevinho, L.; Bento, A.; Pereira, J.A. Phenolics and antimicrobial activity of traditional stoned table olives “alcaparra”. Bioorg. Med. Chem. 2006, 14, 8533–8538. [Google Scholar] [CrossRef]

	



Gómez-García, R.; Campos, D.A.; Aguilar, C.N.; Madureira, A.R.; Pintado, M. Valorization of melon fruit (Cucumis melo L.) by-products: Phytochemical and Biofunctional properties with Emphasis on Recent Trends and Advances. Trends Food Sci. Technol. 2020, 99, 507–519. [Google Scholar] [CrossRef]

	



Medina, E.; De Castro, A.; Romero, C.; Brenes, M. Comparison of the concentrations of phenolic compounds in olive oils and other plant oils: Correlation with antimicrobial activity. J. Agric. Food Chem. 2006, 54, 4954–4961. [Google Scholar] [CrossRef]

	



Espín, J.C.; González-Sarrías, A.; Tomás-Barberán, F.A. The gut microbiota: A key factor in the therapeutic effects of (poly)phenols. Biochem. Pharmacol. 2017, 139, 82–93. [Google Scholar] [CrossRef]

	



Mithul Aravind, S.; Wichienchot, S.; Tsao, R.; Ramakrishnan, S.; Chakkaravarthi, S. Role of dietary polyphenols on gut microbiota, their metabolites and health benefits. Food Res. Int. 2021, 142, 110189. [Google Scholar] [CrossRef]








[image: Foods 10 00966 g001 550] 





Figure 1. Total phenol content (TPC) (a) and antioxidant activity (AA) (b) of olive leaf extract obtained by Soxhlet extraction as a function of solvent. Different letters above the bars represent significant differences at p < 0.05. 
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Figure 2. Total phenol content (TPC) and antioxidant activity (AA) of olive leaf extract obtained by microwave-assisted extraction (MAE) as a function of treatment time. Different capital and lowercase letters above the bars represent groups significantly different at p < 0.05 of TPC and AA, respectively. 
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Figure 3. Total phenol content (TPC) and antioxidant activity (AA) of olive leaf extract obtained by microwave-assisted extraction (MAE), as a function of the extraction temperature. Different capital and lowercase letters above the bars represent groups significantly different at p < 0.05 of TPC and AA, respectively. 
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Figure 4. Total phenol content (TPC) and antioxidant activity (AA) of olive leaves extract obtained by microwave-assisted extraction (MAE), as a function of the type of solvent. Different capital and lowercase letters above the bars represent groups significantly different at p < 0.05 of TPC and AA, respectively. 






Figure 4. Total phenol content (TPC) and antioxidant activity (AA) of olive leaves extract obtained by microwave-assisted extraction (MAE), as a function of the type of solvent. Different capital and lowercase letters above the bars represent groups significantly different at p < 0.05 of TPC and AA, respectively.
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Figure 5. Comparison of (a) total phenol content (TPC) and (b) antioxidant activity (AA) of extracts obtained from Soxhlet and MAE at 80 °C for 10 min. Different capital and lowercase letters above the bars represent groups significantly different at p < 0.05 by Soxhlet and MAE-10-80 methods, respectively. 






Figure 5. Comparison of (a) total phenol content (TPC) and (b) antioxidant activity (AA) of extracts obtained from Soxhlet and MAE at 80 °C for 10 min. Different capital and lowercase letters above the bars represent groups significantly different at p < 0.05 by Soxhlet and MAE-10-80 methods, respectively.



[image: Foods 10 00966 g005]







[image: Foods 10 00966 g006 550] 





Figure 6. Concentration (mg/g dry weight) of phenolic compounds in microwave-assisted extraction (MAE) extracts, using water (MAE-W), 50% ethanol (MAE-Et50) and 5% glycerol (MAE-Gly5) as solvents. Abbreviations: HY, hydroxytyrosol; VE, verbascoside; OL, oleuropein; LU, luteolin; PrA, protocatechuic acid; EAde, elenolic acid derivatives (sum of 3 derivatives compounds). 
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Table 1. Concentration (mg/g DW) of the main phenolic compounds identified in olive leaf extracts obtained by Soxhlet and MAE 10-80 (microwave-assisted extraction at 80 °C for 10 min) with different solvents analyzed by HPLC. Chromatograms are available in Figure S3.
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Extraction Method

	
Solvent

	
Phenolic Compounds




	
HY

	
VE

	
LU-7

	
OL

	
LU

	
AP

	
AP-7

	
Total






	
Soxhlet

	
Water

	
4.68 ± 0.14 a

	
1.48 ± 0.18 a

	
Traces

	
6.95 ± 0.07 a

	
0.02 ± 0.00 a

	
0.50 ± 0.06 a

	
Traces

	
13.99 ± 0.50 a




	
50% EtOH

	
8.04 ± 0.32 b

	
0.71 ± 0.08 b

	
1.55 ± 0.16 a

	
18.44 ± 0.92 b

	
1.55 ± 0.15 b

	
0.44 ± 0.03 a,b

	
Traces

	
30.74 ± 1.66 b




	
75% EtOH

	
5.13 ±0.11 a

	
0.54 ± 0.02 b

	
1.83 ± 0.13 b

	
27.13 ± 2.22 c

	
1.79 ± 0.08 c

	
0.45 ± 0.14 a,b

	
Traces

	
37.22 ± 2.83 c




	
5% Gly

	
1.67 ± 0.13 c

	
0.65 ± 0.08 b

	
0.53 ± 0.11 c

	
1.05 ± 0.27 d

	
0.50 ± 0.02 d

	
0.27 ± 0.05 b

	
Traces

	
4.82 ± 0.71 d




	
10% Gly

	
5.97 ± 0.32d

	
0.16 ± 0.06 c

	
Traces

	
9.74 ± 0.68 a

	
0.08 ± 0.00 a

	
0.04 ± 0.00 c

	
Traces

	
15.99 ± 1.06 a




	
15% Gly

	
0.50 ± 0.06 e

	
0.12 ± 0.00 c

	
Traces

	
8.67 ± 0.86 a

	
0.02 ± 0.00 a

	
0.003 ± 0.00 c

	
Traces

	
9.35 ± 0.92 e




	
MAE 10-80

	
Water

	
4.06 ± 0.02 a

	
0.56 ± 0.01 a

	
Traces

	
12.84 ± 0.07 a

	
Traces

	
Traces

	
Traces

	
18.60 ± 0.10 a




	
50% EtOH

	
2.28 ± 0.01 b

	
1.27 ± 0.01 b

	
0.51 ± 0.00 a

	
40.49 ± 0.43 b

	
1.02 ± 0.01 a

	
0.38 ± 0.01 a

	
Traces

	
48.52 ± 0.50 b




	
75% EtOH

	
1.91 ± 0.01 c

	
1.06 ± 0.01 c

	
0.52 ± 0.00 b

	
38.92 ± 0.71 b

	
0.67 ± 0.01 b

	
0.25 ± 0.01 b

	
Traces

	
44.05 ± 0.75 c




	
5% Gly

	
1.40 ± 0.01 d

	
0.48 ± 0.00 d

	
Traces

	
12.19 ± 0.01 a

	
0.21 ± 0.00 c

	
Traces

	
Traces

	
15.44 ± 0.03 d




	
10% Gly

	
2.87 ± 0.02 e

	
0.97 ± 0.01 e

	
Traces

	
27.80 ± 1.69 c

	
0.58 ± 0.00 d

	
0.29 ± 0.01 c

	
Traces

	
34.97 ± 1.74 e




	
15% Gly

	
1.51 ± 0.01 f

	
0.69 ± 0.00 f

	
0.16 ± 0.00 c

	
21,76 ± 1.65 d

	
0.32 ± 0.00 e

	
0.16 ± 0.01 d

	
Traces

	
25.63 ± 1.68 f








Values are expressed as mean ± standard deviation. A standard deviation value of ‘0.00’ indicates values between 0.0001 and 0.0039. Within each extraction method, different superscript letters in the same column indicate values significantly different (p < 0.05) according to Tukey’s Multiple Range Test. Abbreviations: HY, hydroxytyrosol; VE, verbascoside; LU-7, luteolin-7-O-glucoside; OL, oleuropein; LU, luteolin; AP, apigenin; AP-7, apigenin-7-O-glucoside; Total, sum of individuals. Traces: under LOD (limit of detection).
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Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of olive leaf extracts against five food pathogens strains.
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Bacterial Strains

	
Solvent

	
MIC (mg/mL)

	
MBC (mg/mL)






	
Staphylococcus aureus

(CECT 5193)

	
MAE-W

	
2.5

	
5




	
MAE-Et50

	
20

	
30




	
MAE-Gly5

	
20

	
30




	
Salmonella Typhimurium

(CECT 704)

	
MAE-W

	
40

	
60




	
MAE-Et50

	
40

	
50




	
MAE-Gly5

	
60

	
>60




	
Escherichia coli

(CECT 8295)

	
MAE-W

	
40

	
50




	
MAE-Et50

	
30

	
40




	
MAE-Gly5

	
60

	
>60




	
Listeria monocytogenes

(CECT 4032)

	
MAE-W

	
30

	
40




	
MAE-Et50

	
40

	
50




	
MAE-Gly5

	
>60

	
>60




	
Yersinia enterocolitica

(CECT 754)

	
MAE-W

	
5

	
10




	
MAE-Et50

	
20

	
30




	
MAE-Gly5

	
20

	
30
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