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Abstract

:

A sonotrode ultrasound-assisted extraction of phenolic compounds from olive leaves has been developed using a Box–Behnken design to optimize the effects of solvent composition and ultrasound parameters. The determination of single phenolic compounds was performed by HPLC–MS and the highest recovery in total compounds, oleuropein and hydroxytyrosol was achieved using EtOH/H2O (55:45, v/v), 8 min and 100% of amplitude. The optimal conditions were applied on leaves from seven olive cultivars grown under the same conditions and the results were compared with those found by using a conventional ultrasonic bath, obtaining no statistical differences. Moreover, antioxidant activity by FRAP, DPPH and ABTS in these olive leaf extracts was evaluated and they exhibited a significant correlation with oleuropein and total phenolic content. All cultivars of olive leaf extracts were found to be active against S. aureus and methicillin-resistant S. aureus with minimum bactericidal concentration (MBC) values) that ranged from 5.5 to 22.5 mg mL−1. No extracts showed antimicrobial activity against C. albicans. The percentages of mycelium reduction in B. cinerea ranged from 2.2 and 18.1%. Therefore, sonotrode could be considered as an efficient and fast extraction technique that could be easily scaled-up at industrial level, thus allowing for olive leaves to be revalorized.
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1. Introduction


Olive leaves represent about 10% of the total biomass of olives collected for the production of olive oil and around 25 kg of leaves are lost per olive tree during tree pruning [1]. Some of this by-product is used for animal food or bioenergy, whereas most of the olive leaves are discarded, thus causing both a high cost and a large environmental impact [2,3]. However, olive leaves contain phenolic compounds that possess several beneficial properties attributed in part to their antioxidant activity [4,5]. Therefore, this by-product could be used to obtain ingredients used in the production of nutraceuticals or functional foods.



Many factors, including the time of collection, cultivation zone, cultivar and agronomical conditions, affect the phenolic composition of olive leaves [2,6,7,8,9]. The main phenolic compounds in olive leaves are hydroxytyrosol, rutin, verbascoside, luteolin-7-glucoside, luteolin-4-O-glucoside, oleuropein, oleuropein aglycone and ligstroside aglycone [4,9,10]. In vitro and in vivo studies have reported that oleuropein and hydroxytyrosol derivatives possess a wide variety of biochemical and pharmacological properties such as antiproliferative, anti-inflammatory, antidiabetic, hypocholesterolemic and antimicrobial properties [10,11,12,13,14,15,16]. Therefore, these beneficial effects attributed to these bioactive compounds in the olive leaf extract explain the increasing interest shown by the pharmaceutical, cosmetic, nutraceutical and food industries. Specifically, the antimicrobial and antioxidant activities of these phenolic compounds present in olive leaves give them a potential use as natural additives/supplements [3].



The extraction process is an important step in order to obtain a high phenolic recovery from the samples. Maceration is a conventional extraction technique, which has long been used in the extraction of phenolic compounds in plants. Nevertheless, this technique requires high volumes of solvents, long extraction times and possesses low selectivity, low reproductive rates and low efficiency [17,18]. Nowadays, new efficient extraction processes such as microwave extraction, supercritical fluid extraction and pressurized liquid extraction have been used in the phenolic recovery from olive leaves [2,19,20,21]. These extraction techniques require short extraction times and low volumes of solvent in comparison with conventional ones. Nevertheless, most of these techniques operate at high pressures, which generate high energetic costs. For this reason, ultrasound assisted extraction (UAE) could be the best choice because it is an effective and low-cost extraction technique [22]. Two types of devices are used in ultrasound-assisted extraction: an ultrasonic bath and ultrasonic probe (sonotrode) equipment [23]. The ultrasonic bath is the most frequently used tool for phenolic extraction due to it being inexpensive and available, and allows the extraction of various samples simultaneously. However, by comparison with probe systems, it possesses a low reproducibility/production rate and a low power of ultrasound delivered directly to the sample and it is not practical at an industrial scale [23]. Indeed, the sonotrode system is more powerful in comparison with the ultrasonic bath because the ultrasonic intensity is delivered through a smaller surface (the tip of the probe) [24].



Considering the above-mentioned reasons, the purpose of this study was to evaluate the recovery in both complete and single phenolic compounds from olive leaves by high-performance liquid chromatography coupled with mass spectrometry (HPLC–MS) after the optimization of an ultrasonic probe (sonotrode) method. To achieve this, a response surface methodology (RSM) was performed to evaluate the extraction parameters: % EtOH/H2O (v/v), amplitude and extraction time with an experimental Box–Behnken design. The optimal conditions established were applied in seven olive leaf cultivars grown under the same conditions. In addition, a conventional ultrasonic bath extraction was carried out in order to compare the final phenolic concentration with that obtained by the optimized sonotrode extraction. Additionally, the antioxidant and antimicrobial potentials were assessed in the olive leaf extracts obtained at optimal sonotrode conditions.




2. Materials and Methods


2.1. Chemicals and Reagents


Ethanol, methanol and LC–MS grade acetronitrile were purchased from Fisher Scientific (Leicestershire, UK), and water was purified using a Milli-Q system (Millipore, Bedford, MA, USA). The acetic acid used was purchased from Fluka (Buchs, Switzerland). Standard compounds, including hydroxytyrosol, tyrosol, rutin, luteolin-7-glucoside, apigenin7-glucoside, luteolin and apigenin, were purchased from Sigma–Aldrich (Saint Louis, MO, USA), and oleuropein was purchased from Extrasynthèse (Lyon, France).




2.2. Samples


Olive leaves from cultivars ‘Arbequina’, ‘Arbosana’, ‘Changlot Real’, ‘Frantoio’, ‘Picual’, ‘Koroneiki’ and ‘Sikitita’ were collected from “IFAPA, Centro Alameda del Obispo” in Córdoba, Spain (37°51′36.5″ N, 4°47′53.7″ W). Samples were harvested in mid-February 2020 and all cultivars were grown under the same agronomic and environmental conditions in the same olive orchard. Olive leaves were air dried at room temperature. Subsequently, leaves were ground using IKA A 10 Basic Mill (Retsch GmbH, Haan, Germany) and the resulting powder was stored at −20 °C until the extraction.




2.3. Extraction of Phenolic Compounds from Olive Leaves by Sonotrode and Ultrasonic Bath Extraction


The extraction was achieved with a sonotrode UP400St (Hielscher Ultrasonics GmbH, Teltow, Germany). Using 100 mL of an EtOH/H2O mixture (1:400 (w/v)), 0.25 g of powdered olive leaves were extracted. The ultrasound amplitude, percentage of EtOH/H2O and extraction time were varied according to a Box–Behnken experimental design.



The ultrasonic bath extraction of phenolic compounds was performed as described previously by Talhaoui et al. [2] with certain modifications. Briefly, powdered leaves (0.1 g) were extracted three times using 10 mL of EtOH/H2O (80:20, v/v) by using an ultrasonic bath (Bandelin, Sonorex, RK52, Berlin, Germany) operating at a frequency of 35 kHz for 20 min. Two replicates of each sample were processed.



After both kinds of extraction, the olive leaf extracts were centrifugated at 1000× g for 10 min, the supernatant was collected, evaporated and reconstituted in 5 mL of methanol/water (1:1, v/v). The final extracts were filtered through 0.2 μm nylon syringe filters and stored at −18 °C until the analyses.




2.4. Experimental Design


A Box–Behnken design with three variables was carried out to optimize the extraction parameters and to obtain the highest phenolic recovery from olive leaves. In this study, the three independent variables were amplitude (X1), % EtOH (X2) and time (X3), with three levels for each variable. The ranges for the established parameters were amplitude (20, 60 and 100%), % EtOH/H2O (30:70, 65:35 and 100:0, v/v) and extraction time (1, 5.5 and 10 min). Amplitude percentage refers to the percentage of maximum power used. The extraction time was limited to 10 min to avoid solvent evaporation because of the high temperatures generated and limiting the range of amplitude percentage [25]. The design consisted of 15 combinations including 3 center points (Table 1).



The response variables were fitted to a second-order polynomial model equation obtained by the response surface methodology (RSM) (Equation (1)):


  Y =  β 0  +   ∑   i = 1  3   β i   X i  +   ∑   i = 1  3   β ii   X ii    2  +   ∑   i = 1  2    ∑   j = i + 1  3   β ii   X i   X j   



(1)




where Y is the response variable, which is the sum of oleuropein, sum of hydroxytyrosol and total compounds (sum of phenolic compounds and elenolic acids) in ‘Koroneiki’ olive leaf cultivars obtained by HPLC–MS. Χi and Χj are the independent factors, whereas β0, βi, βii and βij are the regression coefficients of the model for the mean, linear, quadratic and interaction term calculated from the experimental results by the least squares method. Model building, experimental results and designs were processed using STATISTICA 8.0 (StatSoft, Tulsa, OK, USA).




2.5. Analysis of Phenolic Compounds by HPLC–MS


Analyses of the olive leaves phenolic compounds were carried out following the previously validated method of Talhaoui et al. [9] using an Agilent 1200 Series Rapid Resolution liquid chromatograph (Agilent Technologies, Palo Alto, CA, USA), which is comprised of a binary pump, degasser and auto sampler. Phenolic compounds were separated using a Poroshell 120 EC-C18 (4.6 × 100 mm, 2.7 µm) from Agilent Technologies, at 25 °C and a flow rate of 0.8 mL min−1.



Hydroxytyrosol, tyrosol, oleuropein, rutin, luteolin-7-glucoside, apigenin-7-glucoside and luteolin were the standard compounds used for the quantification of compounds in the olive leaf extracts. The calibration curves were prepared at seven concentration levels from the limit of quantification (LOQ) to 100 mg L−1. All calibration curves revealed a good linearity among different concentrations, and the determination coefficients were higher than 0.9947 in all cases. The method used for analysis showed a limit of detection (LOD) within the range 0.0061–0.2366 mg L−1 and the LOQ was within 0.0203–0.7888 mg L−1 (Table S1).




2.6. Antioxidant Capacity


Three different assays were used to determine the antioxidant capacity of the extracts obtained from olive leaf cultivars. Trolox (6-hydroxy-2,5,7,8-tetramethylchromen-2-carboxylic acid) was used as standard and the results were expressed in mg of trolox equivalents (TE) g−1 of dry weight. The calibration curve for the standard trolox was constructed by means of the absorbance vs. concentrations (1–1000 mg/L). The measurement of the absorbance for trolox was carried out according to the following antioxidant assay protocols using the same volume as for the extracts.



2.6.1. DPPH Radical Scavenging


DPPH assay was performed according to a procedure described previously [26]. The absorbance at 517 nm at 25 °C after 30 min was measured when 0.1 mL of the samples (extract and trolox) were added to 2.9 mL of 100 µM DPPH (2,2-diphenyl-1-picrylhydrazyl) methanol/H2O 4/1 (v/v) solution.




2.6.2. ABTS Cation Radical Scavenging


This assay was carried out following the method described by Re et al. [27]. The ABTS reagent was diluted with EtOH until reaching an absorbance of 0.7 ± 0.02 at 734 nm at 30 °C. The assay comprised the addition of 10 µL of extracts/trolox to 1 mL of diluted ABTS reagent and then measuring the decrease in absorbance after 10 min.




2.6.3. Ferric Reducing Antioxidant Power (FRAP)


A FRAP assay was carried out according to a method previously described by Pulido et al. [28]. Briefly, 30 µL of sample (extracts/trolox) was diluted with 90 µL of water, which was added to 0.9 mL of FRAP reagent. The FRAP reagent was prepared by mixing 25 mL of 0.3 mM acetate buffer (pH 3.6); 2.5 mL of 10 mM of TPTZ (2,4,6-Tri(2-pyridyl)-1,3,5-triazine) in 40 mM HCl solution and 2.5 mL of 20 mM FeCl3·6H2O solution. The absorbance was measured at 595 nm after 30 min.





2.7. Antimicrobial Activity


2.7.1. Test Microorganisms


The antimicrobial activity of the ethanol extracts (EtOH/H2O, 80:20, v/v) was tested against Staphylococcus aureus (S. aureus), methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli (E. coli), Salmonella enterica serovar Typhimurium (S. Typhimurium), Listeria monocytogenes (L. monocytogenes), Candida albicans (C. albicans) and Botrytis cinerea CECT 2100 (B. cinerea). The bacterial strains and C. albicans were stored as glycerol stocks and reactivated by incubation in tryptic soy agar (TSA) at 37 °C for 24 h. B. cinerea was maintained and grown at 25 °C in Sabouraud dextrose agar.




2.7.2. Agar-Well Diffusion Method


Antimicrobial activity against bacteria and C. albicans was assessed following the method described by Hayes and Markovic with modifications, as follows: 15 mL of molten Mueller–Hinton agar were poured into sterile petri dishes and allowed to set to form a base layer [29]. Four stainless steel cylinders of 8 mm diameter were equidistantly placed over the base layer, and 10 mL of molten Mueller–Hinton agar containing the inoculum were poured over the surface of the base layer and left to set. For the preparation of the inoculum, cultures from the strains were suspended in the buffered saline solution until they reached a turbidity corresponding to 0.5 McFarland standard and were inoculated in molten Mueller–Hinton agar to obtain a final concentration of approximately 1 × 106 CFU mL−1. After solidification of the upper layer, the cylinders were carefully removed and 120 μL of extracts were added into the resulting hole with concentrations between 87 and 94 mg mL−1. The antimicrobial activity controls used were as follows: 120 µL of ciprofloxacin 2 mg mL−1 for MRSA, 0.1 mg mL−1 for L. monocytogenes, 0.01 mg mL−1 for the rest of bacteria and ketoconazole 0.01 mg mL−1 for C. albicans. After incubation at 4 °C for 30 min to allow extracts to diffuse into the medium, the plates were incubated at 37 °C for 24 h. The inhibition zone diameters were measured (mm) and recorded as the mean ± standard deviation. Three replicates were carried out.



For B. cinerea, Sabouraud dextrose plates were prepared following the previous procedure but by testing one extract per plate. After 30 min incubation to allow the extract to diffuse, a 4-mm plug of mycelium was placed at a 3 cm distance from the extract. The plates were incubated for 7 days at 25 °C. The control consisted of Sabouraud dextrose plates inoculated with mycelium alone. The percentage of mycelium inhibition for each extract was calculated by measuring the area of fungal growth and comparing it to the control using the ImageJ 1.52 a software [30]. Three replicates were carried out.




2.7.3. Determination of Minimum Inhibitory Concentration and Minimum Bactericidal Concentration


Minimum inhibitory concentration (MIC) values were assessed by the microdilution method following CLSI recommendations. Briefly, the extracts were diluted in Mueller–Hinton broth and two-fold dilutions series were prepared in 96-well plates with concentrations from 47 to 0.1 mg mL−1 5 µL of strain suspensions corresponding to 0.5 McFarland standard were inoculated into wells containing 100 µL from each dilution to obtain a final concentration of 5 × 105 cell mL−1. The microplates were incubated at 37 °C for 24 h. Assays were carried out in triplicate. The MIC was defined as the lowest concentration resulting in no visible growth of tested organisms. Minimum bactericidal concentration (MBC) values were obtained by growing 10 µL of each well into tryptic soy agar and incubating at 37 °C for 24 h. The MBC value was recognized as the lowest concentration that inhibited the growth of tested organisms. The results were expressed in mg mL−1.






3. Results and Discussion


3.1. Characterization of Phenolic and Other Compounds from Olive Leaf Extracts by HPLC–MS


Olive leaf extracts obtained by sonotrode and ultrasonic bath were analyzed by HPLC coupled to MS. Phenolic compounds present in the olive leaf extracts were identified by rendering their mass spectra and using the data reported in previous studies [9,13,31,32,33,34]. A total of 36 compounds were identified and quantified in olive leaf extracts obtained by sonotrode. The quantification of individual compounds in each experiment was carried out by using the calibration curve of different standards (Table S2).



Due to the numerous pharmacological properties shown by oleuropein and hydroxytyrosol, the authors decided to establish the best extraction conditions to obtain the highest recovery from these bioactive compounds.




3.2. Fitting the Model


The Box–Behnken experimental design was elaborated for the optimization of the sonotrode conditions, and considered experimental values obtained for the variable responses, as exhibited in Table 1. Regarding the experimental results, the sum of oleuropein isomers ranged from 13.6 mg g−1 d.w. in the run 1 (20% amplitude, 30% EtOH and 5.5 min) to 22.8 mg g−1 d.w. in the run 15 (60% amplitude, 65% EtOH and 5.5 min), whereas the sum of hydroxytyrosol isomers ranged from 0.64 mg g−1 d.w. in the run 10 (60% amplitude, 100% EtOH and 1 min) to 0.79 mg g−1 d.w. in the run 2 (100% amplitude, 30% EtOH and 5.5 min). Moreover, the content of total compounds ranged between 24.92 mg g−1 d.w. in run 10 (60% of amplitude, 100% EtOH and 10 min) and 34.15 mg g−1 d.w. in run 13 (60% amplitude, 65% amplitude and 5.5 min).



The evaluation of the model was carried out according to the significance of the regression coefficients. According with previous studies, the level of significance was α < 0.1 in order to increase the number for significant variables. The significant variables on the response variable for the sum of the oleuropein were the linear effect of amplitude (X1) (p = 0.004597) and its quadratic effect (X11) (p = 0.015641), % EtOH (X2) (p = 0.001780) and its quadratic effect (X22) (p = 0.002125), the cross effect between amplitude and % EtOH (X12) (p = 0.006317) and the linear effect of time (X3) (p = 0.084605). In addition, the significant effects for the sum of hydroxytyrosol were the intercept (X0) (p = 0.000010), amplitude (X1) (p = 0.028315), % EtOH (X2) (p = 0.027004) and its quadratic effect (X22) (p = 0.019649), the linear effect of time (X3) (p = 0.032025) and its quadratic (X33) (p = 0.039507), the cross effect between amplitude and % EtOH (p = 0.050152) and the cross effect between % EtOH with time (X23) (p = 0.058351). Finally, the significant variables on the response variable of total compounds were the intercept (X0) (p = 0.012806), the linear effect of amplitude (X1) (p = 0.020174), the linear effect of EtOH (X2) (p = 0.003687) and its quadratic effect (X22) (p = 0.003091), the linear effect of time (X3) (p = 0.062779) and its quadratic effect (X33) (p = 0.071892) and the cross effect between the amplitude and % EtOH (X12) (p = 0.019798).



An analysis of variance (ANOVA) with 95% confidence level was generated and the effect and regression coefficients of individual linear, quadratic and interaction terms were determined. ANOVA revealed that the models presented high correlation between independent factors and response variables with coefficients of determination (R2) between 0.89055 and 0.99282. The p-value for lack-of-fit was used to verify the adequacy of the model, which was non-significant (p > 0.05), thus, the model fits well (Table 2). Moreover, models were statistically acceptable since p-value was lower than 0.05 for all cases.



The regression coefficients of the models and the results of the analysis of variance (ANOVA) are shown in Table 2.




3.3. Analysis of Response Surfaces


In order to determine the optimal levels of independent variables for the extraction of the total content of phenolic compounds from olive leaves, response surfaces were plotted. Each pair of variables was depicted in three-dimensional surface plots, whereas the other variable was kept constant at central level. Figure 1a–f and Figure 2a–c are the three-dimensional plots showing the effects of amplitude (X1) and % EtOH (X2) (a), amplitude (X1) and time (X2) (b) and % EtOH (X2) and time (X3) (c) on the content of oleuropein, hydroxytyrosol and total compounds.



Figure 1a shows the maximum content of oleuropein in the range of 70–100% amplitude and 50–70% EtOH, whereas in Figure 1b, its maximum concentration is observed at 8–10 min and 60–100% amplitude and in Figure 1c, its maximum value shows at 8–10 min and 55–70% EtOH. Regarding hydroxytyrosol, in Figure 1d, its maximum content can be seen at 30–55% EtOH with the increasing in amplitude; in Figure 1e, an increase on the hydroxytyrosol content is shown with the rising of time and amplitude, which maximum content shows in the range of 6–9 min and 90–100% amplitude, whereas in Figure 1f, its maximum content shows at 3–10 min and 40–60% EtOH. Finally, concerning total phenolic compounds, an increase with the rising of % EtOH can be observed at a maximum amplitude value of 100% in Figure 2a, to arrive at its maximum value between 40–60% EtOH, from which the response starts to decrease. In Figure 2b, the maximum concentration of total compounds is observed at 8–10 min and 100% amplitude, and in Figure 2c, the maximum value on the response can be observed at 50–70% EtOH and 4–10 min.




3.4. Optimization of Sonotrode Parameters


The determination for the optimal conditions through the 3-D plots is the final step of the RSM. The optimal conditions to obtain the highest content of total phenolic compounds, oleuropein and hydroxytyrosol from olive leaves are shown in Table 3. Regarding the suggested models, the optimal conditions were 100% amplitude, EtOH/H2O (55:45, v/v) and 8 min to obtain as predictable values: 23 ± 2 mg g−1 d.w. of oleuropein, 0.8 ± 0.3 mg g−1 d.w. of hydroxytyrosol and 36 ± 5 mg g−1 d.w. of total phenolic compounds. The same optimal conditions were obtained for all responses; this fact suggests a positive correlation between the extraction of total compounds and the individual compounds oleuropein and hydroxytyrosol.



To verify the suitability of the model for total compounds, the predictable values were compared with the experimental values obtained at optimal conditions. The experimental values obtained by HPLC–MS were 24.6 ± 0.2 mg g−1 d.w. of oleuropein, 1.01 ± 0.02 mg g−1 d.w. of hydroxytyrosol and 40.9 ± 0.2 mg g−1 d.w. of total compounds. Analysis of the results revealed not significant differences between the theoretical and experimental data. Therefore, the models were considered suitable for these responses (Table 3). Optimal conditions for sonotrode extraction were compared with those obtained in previous studies in olive leaf samples. Martínez-Patiño et al. [25] reported the optimization of ethanol/water ratio (20, 50 and 80% EtOH), amplitude percentage (30, 50 and 70%) and ultra-sonication time (5, 10 and 15 min) on the responses of total phenolic content. This study reported a similar percentage of ethanol at 50% to obtain the highest phenolic content of 42 mg gallic acid eq g−1 d.w., whereas the amplitude and time (70% and 15 min) were different in comparison with our study [25]. Another study evaluated the effects of amplitude, % EtOH and time on total phenolic content (TPC), oleuropein content and total antioxidant activity of olive leaf extracts [35]. Vural et al. [35] reported the optimal conditions at 79.16% of amplitude, 73.40% EtOH and 12.90 min to obtain the highest total phenolic content and oleuropein content of 5.24 ± 0.08 mg g−1 d.w. and 2.22 ± 0.08 mg g−1 d.w., for which values were 87.19% and 90.97% lower than those obtained in our study, respectively. In addition, another study carried out the optimization of the effect on different modes of ultrasound operation (pulsed and continuous), liquid–solid (L–S) ratio and sonication time on the responses of oleuropein, verbascoside and luteolin-4′-O-glucoside, the amplitude and % EtOH were fixed at 70% of amplitude and 80% EtOH [36]. This study reported the optimum conditions as 10 cycles, liquid to solvent ratio 15:1 and 4 min to obtain the highest oleuropein content of 13.386 mg g−1 d.w., which was 45.6% lower than that obtained in the present study [36]. Da Rosa et al. [37] reported the extraction of phenolic compounds with an ultrasound system with a probe in ‘Arbequina’ olive leaf samples at the conditions for water, 29 min and 55% of amplitude to obtain 80.51 mg gallic acid eq g−1 d.w. The present study showed a shorter extraction time and higher amplitude value in comparison with these previous studies. This could be due to the fact that these studies did not evaluate a maximum value for amplitude in their design. However, the increase in amplitude led to an increase in the cavitation effects of the ultrasonics, which provides the formation and collapse of the cavitation bubbles during wave propagation. The implosion of the bubbles generates microjets and solvent flows, which in turn led to the cell rupture and mass transfer increasing the release of phenolic compounds from the matrix into the solvent [38].



In addition, these optimal conditions established in ultrasonic assisted extraction by sonotrode were applied to six other different olive leaf cultivars ‘Arbequina’, ‘Arbosana’, ‘Changlot Real’, ‘Frantoio’, ‘Picual’ and ‘Sikitita’, all grown under the same conditions. Concentrations of the individual phenolic compounds in these seven olive leaf cultivar extracts by sonotrode are reported in Table 4. In addition, the phenolic content found at optimal conditions by sonotrode was compared with the obtained by a conventional extraction by ultrasonic bath (Table S3). According to the results, the content of oleuropein, hydroxytyrosol and the total compounds obtained by UAE sonotrode and UAE bath did not show significant differences among them in all olive leaf cultivars. Therefore, the probe system has been shown to be an efficient extraction system because the direct contact with the sample allows the developing of a power-up to 100 times more than that provided in the ultrasonic bath, which leads in shorter extraction times when compared to the ultrasonic bath [24,39]. Therefore, the use of a probe system requires a lower extraction time of 8 min in comparison with the ultrasonic bath, which requires a total of 60 min carried out in three consecutive extractions to obtain the same recovery.



A one-way analysis of variance indicated significant differences among the seven cultivars (Table 4) (p < 0.05). The total content of compounds ranged from 28.1–49 mg g−1 olive leaves d.w. This range was in the same order of magnitude as the range of total phenolic content reported byTalhaoui et al. [40]. ‘Changlot Real’ was the cultivar that presented the highest total phenolic concentration, whereas ‘Picual’ was the cultivar that showed the lowest quantity of phenolic compounds. The total content of compounds in ‘Changlot Real’ was 42.7% higher than that obtained in ‘Picual’ [2]. In addition, according to the results, the total content of compounds obtained in ‘Arbequina’, ‘Arbosana’, ‘Frantoio’, ‘Koroneiki’ and ‘Sikitita’ did not show significant differences among them. These results are in concordance with Olmo-García et al. [41], who reported a similar content of phenolic compounds in ‘Arbequina’, ‘Frantoio’, ‘Koroneiki’ and ‘Picual’ (17.6, 28.0, 21.0 and 11.4 mg g−1 d.w.), Picual being the cultivar with the lowest phenolic content [41]. The total phenolic contents obtained in ‘Arbequina’, ‘Arbosana’ ‘Changlot Real’, ‘Koroneiki’, ‘Picual’ and ‘Sikitita’ were in the same range as the mean reported by Talhaoui et al. [2] (14.27–54.81 mg g−1 d.w.). Another study reported the total phenolic contents in ‘Arbequina’, ‘Sikitita’ and ‘Picual’ to be 30.74, 20.84 and 46.55% higher, respectively, than those reported in the present study (42, 41.26 and 28 mg g−1 d.w.) [9]. In addition, another study reported a total phenolic content in ‘Picual’, which was 66.3% higher than that obtained in our study, being similar for ‘Arbequina’ and ‘Sikitita’ (46.04 and 53.68 mg g−1 d.w.) [40]. These differences with previous studies could be due to different harvest times [2]. The sum of the oleuropein content ranged from 14.4 mg g−1 d.w. in ‘Picual’ to 34 mg g−1 d.w. in ‘Changlot Real’, displaying an increase of 57.6%. This oleuropein content range was in the same order of magnitude to the mean obtained by Talhaoui et al. [2] (10.38–45.35 mg g−1 d.w.). In addition, Talhaoui et al. [9] reported similar oleuropein contents in ‘Arbequina’, ‘Sikitita’ and ‘Picual’ (20.851, 20.849 and 21.653 mg g−1 d.w.). Another study reported a similar range for oleuropein content in ‘Picual’ (4.77–9.37 mg g−1 d.w.), ‘Arbequina’ (8.37–26.70 mg g−1 d.w.) and ‘Frantoio’ (6.35–30.17 mg g−1 d.w.) [42]. In addition, the content of oleuropein obtained for ‘Arbequina’ cultivar was 73.4% higher than the reported by Da Rosa et al. [37] by ultrasonic probe (6.91 mg g−1 d.w.). Furthermore, hydroxytyrosol content ranged from 0.37 mg g−1 d.w. in ‘Picual’ to 1.01 mg g−1 d.w. in ‘Koroneiki’, for which content was in the same range as that reported by Talhaoui et al. [2] (0.305–1.802 mg g−1 d.w.). In addition, the hydroxytyrosol content was also similar to that reported by Talhaoui et al. [9] in ‘Arbequina’, ‘Sikitita’ and ‘Picual’ cultivars. Another study reported a similar hydroxytyrosol content in Arbequina obtained by ultrasonic bath assisted with probe (0.547 mg g−1 d.w.) [37]. Therefore, according to these previous studies, there were differences in the phenolic content in the same olive leaf cultivars that could be due to the different harvest season, the climatic conditions, etc., because each cultivar possesses a resistance or tolerance to environmental conditions for each season [2].




3.5. Antioxidant Activity of Olive Leaves


Results for antioxidant activities in olive leaves are presented in Table 5. DPPH, ABTS and FRAP assays were carried out. DPPH and ABTS neutralized the two radicals (ABTS•+ and DPPH•) either by direct reduction via electron transfers or by radical quenching via hydrogen atom. Furthermore, the FRAP value measures the reduction in the ferric ion (Fe3+) to the ferrous ion (Fe2+) by donor electrons in the sample [43].



The experimental antioxidant activity of olive leaf extracts ranged from 33.03 mg of TE g−1 d.w in Picual to 46.8 mg of TE g−1 d.w. in the DPPH assay; and between 28.12–35.7 mg of TE g−1 d.w. in the ABTS assay and 37.17–53.87 mg of TE g−1 d.w. in the FRAP assays. According to the results, the highest antioxidant activity was obtained in ‘Changlot Real’, which was 29.42%, 15.63% and 27.16% higher than the lowest values presented in ‘Picual’ by DPPH, ABTS and FRAP, whereas the rest of the cultivars presented a similar antioxidant activity among them. Therefore, these results for antioxidant activities were related to the total phenolic content obtained by HPLC–MS. In addition, these values obtained by DPPH, ABTS and FRAP assays were in the same order of magnitude than those reported in a previous study, which were 42.5, 95.9 and 49.7 mg TE g−1 d.w. obtained in olive leaf extracts under the optimal conditions for sonotrode ultrasonic assisted extraction of 70% amplitude, 50% EtOH and 15 min [25].



The statistical correlation between phenolic compounds and antioxidant activities appears in Table 6. DPPH exhibit a significant positive correlation with oleoside, secologanoside isomer a and b, tyrosol glucoside, tyrosol, elenolic acid glucoside isomer b, luteolin glucoside isomer c, oleuropein isomer a and b, oleuropein/oleuroside and ligstroside.



Furthermore, ABTS exhibited a high significant positive correlation with the following free phenolic compounds: hydroxytyrosol–hexose isomer a, oleoside, hydroxytyrosol, secologanoside isomer a and b, elenolic acid glucoside isomer b, demethyloleuropein, verbascoside, apigenin-7-glucoside, oleuropein diglucoside isomer c, chrysoeriol-7-O-glucoside and oleuropein isomer a.



The FRAP assay showed a significant positive correlation with hydroxytyrosol–hexose isomer a, oleoside, secologanoside isomer a and b, caffeoylglucoside, elenolic acid glucoside isomer b, demethyloleuropein, hydroxyoleuropein isomer a, verbascoside, apigenin-7-O-glucoside, oleuropein diglucoside isomer c and oleuropein isomer a.



According to these results, the most abundant phenolic compounds: secologanoside isomer a and b, elenolic acid glucoside isomer b and oleuropein isomer a, possess a high correlation with the antioxidant activities, with the exception of luteolin glucoside that did not show a correlation with ABTS, DPPH and FRAP. In addition, DPPH, ABTS and FRAP have shown a high correlation with the sum of oleuropein (r = 0.77, r = 0.66 and r = 0.77) and total compounds (r = 0.82, r = 0.65 and r = 0.70). These results agree with a study that found significant correlations between TEAC, FRAP and DPPH with oleuropein (r = 0.664, r = 0.836 and r = −0.674) and with the total phenolic content (r = 0.746, r = 0.885, r = −0.824) [44]. In addition, another study reported that TPC correlates strongly with all performed in vitro methods except for the ABTS assay. Therefore, differences in correlations between individual phenolic compounds and antioxidant activities by different assays could be explained by different responses of phenolic compounds to different antioxidant reaction mechanisms [45].




3.6. Antimicrobial Activity of Olive Leaves


The olive leaf extracts were assessed for antimicrobial activity against S. aureus, MRSA, L. monocytogenes (Gram +), E. coli, S. Typhimurium (Gram -), C. albicans and the grey mold disease agent B. cinerea (fungi). Most of these microorganisms have been implicated as causal agents of foodborne-disease outbreaks and food quality degradation [46,47,48,49]. All the cultivars of olive extracts showed antibacterial effects with zones of inhibition ranging from 10 to 20.3 mm (Table S4). ‘Changlot Real’, ‘Frantoio’ and ‘Koroneiki’ cultivars showed the highest inhibition halos against S. aureus and MRSA. No extracts showed antimicrobial activity against C. albicans. As the MIC values could not be determined because the color of extracts masked the visible growth of the tested microorganisms, the MBC was determined by the culturing of all wells in TSA plates (Table 7). MBC values were found between 5.5 to 45 mg mL−1. ‘Frantoio’ leaf extract exhibited the highest antibacterial activity with an MBC value of 5.5 mg mL−1 against S. aureus and MRSA. The antimicrobial activity of olive leaf extracts has been demonstrated against a wide group of microorganisms. Testa et al., 2019 found inhibition zones between 12 and 17 mm, and MIC values ranging from2 to 5 mg mL−1 of olive leaf extract ‘Gentile di Larino’ cultivar against spoilage bacterial strains [50]. Although our extracts showed antibacterial activity at similar concentrations against S. aureus and MRSA, they showed activity against E. coli, S. Typhimurium and L. monocytogenes at higher concentrations. Olive leaf extracts have been found to be active against oral pathogens, including C. albicans [51] with MIC and MBC values ranging from 0.07 to 10 mg mL−1 and 0.60 to 10 mg mL−1, respectively. None of our extracts showed activity against C. albicans. In agreement with our results, Sudjana et al. [52] reported a non-broad-spectrum activity of the extracts, showing activity only against H. pylori, C. jejuni, S. aureus and MRSA, whereas some studies have reported a broad antimicrobial activity of olive leaf extracts ‘Cobrançosa’ cultivar against causal agents of human intestinal and respiratory tract infections in a concentration-dependent manner [53].



B. cinerea causes severe damage to agriculture in pre-and post-harvest and important losses in more than 200 crop species worldwide [49]. All cultivars showed lower inhibitory effects against B. cinerea. ‘Arbosana’, ‘Picual’ and ‘Sikitita’ cultivars showed the best percentages of mycelium reduction with 15, 15.4 and 18.1%, respectively, whereas ‘Changlot real’, ‘Koroneiki’, ‘Frantoio’ and ‘Arbequina’ cultivars inhibited 10.4, 10.2, 6.5 and 2.2%.



Although the MIC values were too high to be considered effective, the activity against pathogenic bacteria suggests the presence of potentially interesting bioactive compounds that conditioned the observed antimicrobial effect. The antimicrobial activity of phenolic compounds present in the plant extracts is well known [54,55]. Oleuropein is the main phenolic compound in olive leaf extracts with reported antioxidant and antimicrobial properties [16,56]. The high concentration of phenolic compounds and derivatives found might contribute to their antimicrobial properties. However, it is important to underline that the antimicrobial activity of a complex extract is not only related to the phenolic composition, but also to the synergisms/antagonisms among the compounds. In fact, other authors [3] have noticed that the antimicrobial activity of phenolic compounds is related to the denaturation of protein, inhibition of bacterial growth and enhancing of the permeability in cell membranes. Thus, further studies will be necessary to understand the possible mechanisms.





4. Conclusions


In conclusion, the phenolic content obtained by sonotrode ultrasound-assisted extraction at the optimum conditions: ethanol/water (55:45, v/v), 100% amplitude and 8 min, did not show significant differences with the presented method in a conventional extraction by ultrasonic bath. Therefore, the sonotrode ultrasound-assisted extraction, which can be implemented at an industrial scale, is an effective extraction technique to obtain olive leaf extracts enriched in phenolic compounds in shorter extraction times than conventional extraction. In addition, DPPH, ABTS and FRAP have exhibited a significative correlation with the content of oleuropein and total compounds of the extracts; most of them were highly active against methicillin-resistant Staphylococcus aureus and able to produce mycelium reduction in Botrytis cinerea.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antiox11030558/s1, Table S1. Analytical parameters of the proposed method. LOD: limit of detection, LOQ: limit of quantification. Table S2. Phenolic compounds quantified in olive leaf extracts by HPLC–MS expressed as mean ± standard deviation in mg g−1 matter of olive leaves. Different letters indicate significant differences among the extractions. LOQ: limit of quantification. Table S3. Quantification of phenolic compounds obtained at conventional ultrasonic assisted extraction in different olive leaf cultivars expressed as mean ± standard deviation in mg g−1 matter of olive leaves. Different letters indicate significant differences among the cultivars. Table S4. Measure of inhibition halos (mm) for olive leaf extracts against bacterial strains.





Author Contributions


Conceptualization, V.V., and A.M.G.-C.; methodology, B.M.-G. and S.D.M.-P.; software, B.M.-G., S.D.M.-P. and A.M.G.-C.; validation, A.M.G.-C. and V.V.; formal analysis, A.C.-P., A.M.G.-C. and B.M.-G.; investigation, B.M.-G. and S.D.M.-P.; resources, V.V., A.M.G.-C. and A.C.-P.; data curation, B.M.-G. and S.D.M.-P.; writing—original draft preparation, B.M.-G. and S.D.M.-P.; writing—review and editing, A.M.G.-C., V.V., M.J.-V. and A.R.-B.; visualization, B.M.-G. and S.D.M.-P.; supervision, A.M.G.-C., V.V., M.J.-V. and A.R.-B.; project administration, A.M.G.-C. and V.V.; funding acquisition, A.M.G.-C. and V.V. All authors have read and agreed to the published version of the manuscript.




Funding


This study is part of the project SHEALTHY that has received funding from European Union’s Horizon 2020 Research and Innovation Programme under grant agreement No 817936. This study was also supported by project RTI2018-099835-A-I00 financed by MCIN/AEI/10.13039/501100011033/FEDER “Una manera de hacer Europa”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article or Supplementary Materials.




Acknowledgments


The authors would like to thank “IFAPA, Centro Alameda del Obispo (Cordoba, Spain)” for providing the olive leaf samples. V.V. thanks the Spanish Ministry of Economy and Competitiveness (MINECO) for the “Ramon y Cajal” contract (RYC-2015-18795).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Talhaoui, N.; Gómez-Caravaca, A.M.; Roldán, C.; León, L.; De la Rosa, R.; Fernández-Gutiérrez, A.; Segura-Carretero, A. Chemometric analysis for the evaluation of phenolic patterns in olive leaves from six cultivars at different growth stages. J. Agric. Food Chem. 2015, 63, 1722–1729. [Google Scholar] [CrossRef]

	



Sánchez-Gutiérrez, M.; Bascón-Villegas, I.; Rodríguez, A.; Pérez-Rodríguez, F.; Fernández-Prior, Á.; Rosal, A.; Carrasco, E. Article valorisation of Olea europaea L. Olive leaves through the evaluation of their extracts: Antioxidant and antimicrobial activity. Foods 2021, 10, 966. [Google Scholar] [CrossRef] [PubMed]

	



Quirantes-Piné, R.; Lozano-Sánchez, J.; Herrero, M.; Ibáñez, E.; Segura-Carretero, A.; Fernández-Gutiérrez, A. HPLC-ESI-QTOF-MS as a powerful analytical tool for characterising phenolic compounds in olive-leaf extracts. Phytochem. Anal. 2013, 24, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, A.M.; Rabii, N.S.; Garbaj, A.M.; Abolghait, S.K. Antibacterial effect of olive (Olea europaea L.) leaves extract in raw peeled undeveined shrimp (Penaeus semisulcatus). Int. J. Vet. Sci. Med. 2014, 2, 53–56. [Google Scholar] [CrossRef]

	



Brahmi, F.; Mechri, B.; Dabbou, S.; Dhibi, M.; Hammami, M. The efficacy of phenolics compounds with different polarities as antioxidants from olive leaves depending on seasonal variations. Ind. Crops Prod. 2012, 38, 146–152. [Google Scholar] [CrossRef]

	



Bilgin, M.; Şahin, S. Effects of geographical origin and extraction methods on total phenolic yield of olive tree (Olea europaea) leaves. J. Taiwan Inst. Chem. Eng. 2013, 44, 8–12. [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]

	



Talhaoui, N.; Gómez-Caravaca, A.M.; León, L.; De la Rosa, 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]

	



Mohagheghi, F.; Bigdeli, M.R.; Rasoulian, B.; Hashemi, P.; Pour, M.R. The neuroprotective effect of olive leaf extract is related to improved blood-brain barrier permeability and brain edema in rat with experimental focal cerebral ischemia. Phytomedicine 2011, 18, 170–175. [Google Scholar] [CrossRef]

	



Wang, L.; Geng, C.; Jiang, L.; Gong, D.; Liu, D.; Yoshimura, H.; Zhong, L. The anti-atherosclerotic effect of olive leaf extract is related to suppressed inflammatory response in rabbits with experimental atherosclerosis. Eur. J. Nutr. 2008, 47, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Vezza, T.; Rodríguez-Nogales, A.; Algieri, F.; Garrido-Mesa, J.; Romero, M.; Sánchez, M.; Toral, M.; Martín-García, B.; Gómez-Caravaca, A.M.; Arráez-Román, D.; et al. The metabolic and vascular protective effects of olive (Olea europaea L.) leaf extract in diet-induced obesity in mice are related to the amelioration of gut microbiota dysbiosis and to its immunomodulatory properties. Pharmacol. Res. 2019, 150, 104487. [Google Scholar] [CrossRef] [PubMed]

	



Jiménez-Sánchez, C.; Olivares-Vicente, M.; Rodríguez-Pérez, C.; Herranz-López, M.; Lozano-Sánchez, J.; Segura-Carretero, A.; Fernández-Gutiérrez, A.; Encinar, J.A.; Micol, V. AMPK modulatory activity of olive—Tree leaves phenolic compounds: Bioassay-guided isolation on adipocyte model and in silico approach. PLoS ONE 2017, 12, e0173074. [Google Scholar] [CrossRef] [PubMed]

	



Fki, I.; Sayadi, S.; Mahmoudi, A.; Daoued, I.; Marrekchi, R.; Ghorbel, H. Comparative study on beneficial effects of hydroxytyrosol- and oleuropein-rich olive leaf extracts on high-fat diet-induced lipid metabolism disturbance and liver injury in rats. Biomed Res. Int. 2020, 2020, 1315202. [Google Scholar] [CrossRef] [PubMed]

	



Karkovic Markovic, A.; Toric, J.; Barbaric, M.; Jakobušic Brala, C. Hydroxytyrosol, tyrosol and derivatives and their potential effects on human health. Molecules 2019, 24, 2001. [Google Scholar] [CrossRef] [PubMed]

	



Borjan, D.; Leitgeb, M.; Knez, Ž.; Hrnčič, M.K. Microbiological and antioxidant activity of phenolic compounds in olive leaf extract. Molecules 2020, 25, 5946. [Google Scholar] [CrossRef]

	



Plaza, M.; Domínguez-Rodríguez, G.; Castro-Puyana, M.; Marina, M.L. Polyphenols analysis and related challenges. In Polyphenols: Properties, Recovery, and Applications; Galanakis, C.M., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 177–220. [Google Scholar]

	



Cifá, D.; Skrt, M.; Pittia, P.; Di Mattia, C.; Poklar Ulrih, N. Enhanced yield of oleuropein from olive leaves using ultrasound-assisted extraction. Food Sci. Nutr. 2018, 6, 1128–1137. [Google Scholar] [CrossRef]

	



Xynos, N.; Papaefstathiou, G.; Gikas, E.; Argyropoulou, A.; Aligiannis, N.; Skaltsounis, A.-L. Design optimization study of the extraction of olive leaves performed with pressurized liquid extraction using response surface methodology. Sep. Purif. Technol. 2014, 122, 323–330. [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-TOF-MS/IT-MS2. J. Agric. Food Chem. 2012, 60, 791–798. [Google Scholar] [CrossRef]

	



Xynos, N.; Papaefstathiou, G.; Psychis, M.; Argyropoulou, A.; Aligiannis, N.; Skaltsounis, A.L. Development of a green extraction procedure with super/subcritical fluids to produce extracts enriched in oleuropein from olive leaves. J. Supercrit. Fluids 2012, 67, 89–93. [Google Scholar] [CrossRef]

	



Irakli, M.; Chatzopoulou, P.; Ekateriniadou, L. Optimization of ultrasound-assisted extraction of phenolic compounds: Oleuropein, phenolic acids, phenolic alcohols and flavonoids from olive leaves and evaluation of its antioxidant activities. Ind. Crops Prod. 2018, 124, 382–388. [Google Scholar] [CrossRef]

	



Chemat, F.; Rombaut, N.; Sicaire, A.G.; Meullemiestre, A.; Fabiano-Tixier, A.S.; Abert-Vian, M. Ultrasound assisted extraction of food and natural products. Mechanisms, techniques, combinations, protocols and applications—A review. Ultrason. Sonochem. 2017, 34, 540–560. [Google Scholar] [CrossRef] [PubMed]

	



Sukor, N.; Jusoh, R.; Rahim, S.A.; Kamarudin, N. Ultrasound assisted methods for enhanced extraction of phenolic acids from Quercus Infectoria galls. Mater. Today Proc. 2018, 5, 21990–21999. [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] [PubMed]

	



Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. Leb. Technol. 1995, 28, 25–30. [Google Scholar] [CrossRef]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef]

	



Pulido, R.; Bravo, L.; Saura-Calixto, F. Antioxidant activity of dietary polyphenols as determined by a modified ferric reducing/antioxidant power assay. J. Agric. Food Chem. 2000, 48, 3396–3402. [Google Scholar] [CrossRef]

	



Hayes, A.J.; Markovic, B. Toxicity of Australian essential oil Backhousia citriodora (Lemon myrtle). Part 1. Antimicrobial activity and in vitro cytotoxicity. Food Chem. Toxicol. 2002, 40, 535–543. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef]

	



Fu, S.; Arráez-Roman, D.; Segura-Carretero, A.; Menéndez, J.A.; Menéndez-Gutiérrez, M.P.; Micol, V.; Fernández-Gutiérrez, A. Qualitative screening of phenolic compounds in olive leaf extracts by hyphenated liquid chromatography and preliminary evaluation of cytotoxic activity against human breast cancer cells. Anal. Bioanal. Chem. 2010, 397, 643–654. [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] [PubMed]

	



Alañón, M.E.; Ivanović, M.; Gómez-Caravaca, A.M.; Arráez-Román, D.; Segura-Carretero, A. Choline chloride derivative-based deep eutectic liquids as novel green alternative solvents for extraction of phenolic compounds from olive leaf. Arab. J. Chem. 2020, 13, 1685–1701. [Google Scholar] [CrossRef]

	



Olmo-García, L.; Kessler, N.; Neuweger, H.; Wendt, K.; Olmo-Peinado, J.M.; Fernández-Gutierrez, A.; Baessmann, C.; Carrasco-Pancorbo, A. Unravelling the distribution of secondary metabolites in Olea europaea L.: Exhaustive characterization of eight olive-tree derived matrices by complementary platforms (LC-ESI/APCI-MS and GC-APCI-MS). Molecules 2018, 23, 2419. [Google Scholar] [CrossRef]

	



Vural, N.; Algan Cavuldak, Ö.; Akay, M.A. D-Optimal design and multi-objective optimization for green extraction conditions developed with ultrasonic probe for oleuropein. J. Appl. Res. Med. Aromat. Plants 2021, 20, 100279. [Google Scholar] [CrossRef]

	



Giacometti, J.; Žauhar, G.; Žuvić, M. Optimization of ultrasonic-assisted extraction of major phenolic compounds from olive leaves (Olea europaea L.) using response surface methodology. Foods 2018, 7, 149. [Google Scholar] [CrossRef] [PubMed]

	



Da Rosa, G.S.; Martiny, T.R.; Dotto, G.L.; Vanga, S.K.; Parrine, D.; Gariepy, Y.; Lefsrud, M.; Raghavan, V. Eco-friendly extraction for the recovery of bioactive compounds from Brazilian olive leaves. Sustain. Mater. Technol. 2021, 28, e00276. [Google Scholar] [CrossRef]

	



Chemat, F.; Abert-Vian, M.; Fabiano-Tixier, A.S.; Strube, J.; Uhlenbrock, L.; Gunjevic, V.; Cravotto, G. Green extraction of natural products. Origins, current status, and future challenges. Trends Anal. Chem. 2019, 118, 248–263. [Google Scholar] [CrossRef]

	



Medina-Torres, N.; Ayora-Talavera, T.; Espinosa-Andrews, H.; Sánchez-Contreras, A.; Pacheco, N. Ultrasound assisted extraction for the recovery of phenolic compounds from vegetable sources. Agronomy 2017, 7, 47. [Google Scholar] [CrossRef]

	



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

	



Olmo-García, L.; Bajoub, A.; Benlamaalam, S.; Hurtado-Fernández, E.; Bagur-González, M.G.; Chigr, M.; Mbarki, M.; Fernández-Gutiérrez, A.; Carrasco-Pancorbo, A. Establishing the phenolic composition of Olea europaea L. Leaves from cultivars grown in Morocco as a crucial step towards their subsequent exploitation. Molecules 2018, 23, 2524. [Google Scholar] [CrossRef]

	



Ortega-García, F.; Peragón, J. Phenol metabolism in the leaves of the olive tree (Olea europaea L.) cv. Picual, Verdial, Arbequina, and Frantoio during ripening. J. Agric. Food Chem. 2010, 58, 12440–12448. [Google Scholar] [CrossRef] [PubMed]

	



Prior, R.L.; Wu, X.; Schaich, K. Standardized methods for the determination of antioxidant capacity and phenolics in foods and dietary supplements. J. Agric. Food Chem. 2005, 53, 4290–4302. [Google Scholar] [CrossRef] [PubMed]

	



Orak, H.H.; Karamać, M.; Amarowicz, R.; Orak, A.; Penkacik, K. Genotype-related differences in the phenolic compound profile and antioxidant activity of extracts from olive (Olea europaea L.) leaves. Molecules 2019, 24, 1130. [Google Scholar] [CrossRef] [PubMed]

	



Lfitat, A.; Zejli, H.; Bousraf, F.Z.; Bousselham, A.; El Atki, Y.; Gourch, A.; Lyoussi, B.; Abdellaoui, A. Comparative assessment of total phenolics content and in vitro antioxidant capacity variations of macerated leaf extracts of Olea europaea L. and Argania spinosa (L.) Skeels. Mater. Today Proc. 2021, 45, 7271–7277. [Google Scholar] [CrossRef]

	



McCabe-Sellers, B.J.; Beattie, S.E. Food safety: Emerging trends in foodborne illness surveillance and prevention. J. Am. Diet. Assoc. 2004, 104, 1708–1717. [Google Scholar] [CrossRef]

	



Gram, L.; Ravn, L.; Rasch, M.; Bruhn, J.B.; Christensen, A.B.; Givskov, M. Food spoilage—Interactions between food spoilage bacteria. Int. J. Food Microbiol. 2002, 78, 79–97. [Google Scholar] [CrossRef]

	



Sergelidis, D.; Angelidis, A.S. Methicillin-resistant Staphylococcus aureus: A controversial food-borne pathogen. Lett. Appl. Microbiol. 2017, 64, 409–418. [Google Scholar] [CrossRef]

	



Williamson, B.; Tudzynski, B.; Tudzynski, P.; Van Kan, J.A.L. Botrytis cinerea: The cause of grey mould disease. Mol. Plant Pathol. 2007, 8, 561–580. [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]

	



Karygianni, L.; Cecere, M.; Skaltsounis, A.L.; Argyropoulou, A.; Hellwig, E.; Aligiannis, N.; Wittmer, A.; Al-Ahmad, A. High-level antimicrobial efficacy of representative Mediterranean natural plant extracts against oral microorganisms. Biomed Res. Int. 2014, 2014, 839019. [Google Scholar] [CrossRef]

	



Sudjana, A.N.; D’Orazio, C.; Ryan, V.; Rasool, N.; Ng, J.; Islam, N.; Riley, T.V.; Hammer, K.A. Antimicrobial activity of commercial Olea europaea (olive) leaf extract. Int. J. Antimicrob. Agents 2009, 33, 461–463. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Proestos, C.; Chorianopoulos, N.; Nychas, G.J.E.; Komaitis, M. RP-HPLC analysis of the phenolic compounds of plant extracts. Investigation of their antioxidant capacity and antimicrobial activity. J. Agric. Food Chem. 2005, 53, 1190–1195. [Google Scholar] [CrossRef] [PubMed]

	



Rauha, J.-P.P.; Remes, S.; Heinonen, M.; Hopia, A.; Kähkönen, M.; Kujala, T.; Pihlaja, K.; Vuorela, H.; Vuorela, P.; Kahkonen, M. Antimicrobial effects of Finnish plant extracts containing flavoniods and other phenolic compounds. Int. J. Food Microbiol. 2000, 56, 3–12. [Google Scholar] [CrossRef]

	



Soler-Rivas, C.; Espiń, J.C.; Wichers, H.J. Oleuropein and related compounds. J. Sci. Food Agric. 2000, 80, 1013–1023. [Google Scholar] [CrossRef]








[image: Antioxidants 11 00558 g001 550] 





Figure 1. Response surface plots showing combined effects of process variables for oleuropein and hydroxytyrosol (mg/g d.w.): amplitude—% EtOH (a,d), amplitude—time (min) (b,e) and % EtOH—time (min) (c,f). 






Figure 1. Response surface plots showing combined effects of process variables for oleuropein and hydroxytyrosol (mg/g d.w.): amplitude—% EtOH (a,d), amplitude—time (min) (b,e) and % EtOH—time (min) (c,f).



[image: Antioxidants 11 00558 g001]







[image: Antioxidants 11 00558 g002 550] 





Figure 2. Response surface plots showing combined effects of process variables for total compounds (mg/g d.w.): amplitude—% EtOH (a), amplitude—time (min) (b) and % EtOH—time (min) (c). 
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Table 1. Box–Behnken design with sonotrode parameters and values for dependent variables obtained (oleuropein, hydroxytyrosol and total compounds) quantified by HPLC–MS ‘Koroneiki’ in olive leaves. Results are expressed as mean ± standard deviation in mg g−1 dry matter of olive leaves. Different letters in the same column indicate significantly different values (p < 0.05).






Table 1. Box–Behnken design with sonotrode parameters and values for dependent variables obtained (oleuropein, hydroxytyrosol and total compounds) quantified by HPLC–MS ‘Koroneiki’ in olive leaves. Results are expressed as mean ± standard deviation in mg g−1 dry matter of olive leaves. Different letters in the same column indicate significantly different values (p < 0.05).





	Runs
	X1
	X2
	X3
	Oleuropein

(mg g−1 d.w.)
	Hydroxytyrosol

(mg g−1 d.w.)
	Total Compounds

(mg g−1 d.w.)





	1
	20 (38 W)
	30
	5.5
	13.6 ± 0.1 i
	0.697 ± 0.006 b,c
	26.5 ± 0.6 e,f



	2
	100 (149 W)
	30
	5.5
	21.0 ± 0.4 c,d,e
	0.79 ± 0.02 a
	33.7 ± 0.8 a



	3
	20 (29 W)
	100
	5.5
	19.0 ± 0.4 f,g
	0.709 ± 0.002 a,b,c
	27.5 ± 0.5 d,e



	4
	100 (126 W)
	100
	5.5
	19.13 ± 0.04 f,g
	0.73 ± 0.03 a,b
	28.31 ± 0.06 d



	5
	20 (36 W)
	65
	1
	20.10 ± 0.05 e,f
	0.736 ± 0.006 a,b
	31.20 ± 0.05 c



	6
	100 (136 W)
	65
	1
	21.2 ± 0.5 b,c,d,e
	0.72 ± 0.01 a,b,c
	32.5 ± 0.5 a,b,c



	7
	20 (37 W)
	65
	10
	21.47 ± 0.01 b,c,d
	0.76 ± 0.02 a,b
	33.0 ± 0.3 a,b



	8
	100 (140 W)
	65
	10
	21.8 ± 0.2 a,b,c
	0.746 ± 0.008 a,b
	33.0 ± 0.3 a,b



	9
	60 (89 W)
	30
	1
	18.1 ± 0.3 g,h
	0.73 ± 0.03 b
	28.9 ± 0.5 d



	10
	60 (88 W)
	100
	1
	17.5 ± 0.3 h
	0.64 ± 0.01 c
	24.92 ± 0.06 f



	11
	60 (87 W)
	30
	10
	20.32 ± 0.07 e
	0.75 ± 0.05 a,b
	31.82 ± 0.08 c



	12
	60 (85 W)
	100
	10
	20.4 ± 0.4 d,e
	0.72 ± 0.02 a,b,c
	29.2 ± 0.5 d



	13
	60 (86 W)
	65
	5.5
	22.771 ± 0.007 a
	0.76 ± 0.02 a,b
	34.153 ± 0.001 a



	14
	60 (87 W)
	65
	5.5
	22.30 ± 0.02 a,b
	0.768 ± 0.001 a,b
	33.29 ± 0.4 a,b



	15
	60 (85 W)
	65
	5.5
	22.8 ± 0.5 a
	0.75 ± 0.03 a,b
	34.0 ± 0.7 a







X1: amplitude, X2: %EtOH (v/v), X3: time (min).
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Table 2. Regression coefficients and analysis of variance (ANOVA) of the models for the variables of response of oleuropein, hydroxytyrosol and total compounds.
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Responses




	
Regression Coefficients

	
Oleuropein

	
Hydroxytyrosol

	
Total Compounds






	
β0

	
−0.227440

	
0.414128 *

	
11.80061 *




	
Linear

	

	

	




	
β1

	
0.207086 *

	
0.005551 *

	
0.15374 *




	
β2

	
0.428329 *

	
0.009575 *

	
0.46774 *




	
β3

	
0.367820 **

	
0.004871 *

	
0.68413 **




	
Cross product

	

	

	




	
β12

	
−0.001293 *

	
−0.000154 **

	
−0.00114 *




	
β13

	
−0.001110

	
0.000153

	
−0.00190




	
β23

	
0.001030

	
0.000098 **

	
0.00225




	
Quadratic

	

	

	




	
β11

	
−0.000743 *

	
−0.000014

	
−0.00034




	
β22

	
−0.002661 *

	
−0.000069 *

	
−0.00347 *




	
β33

	
−0.015611

	
−0.000981 *

	
−0.04123 **




	
Adequacy of the model

	

	

	




	
R2

	
0.89055

	
0.99282

	
0.92365




	
p (model)

	
0.046761

	
0.011786

	
0.008413




	
p (lack of fit)

	
0.055317

	
0.076639

	
0.103196








* Significant at α < 0.05, ** Significant at α < 0.1.
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Table 3. Optimal conditions for oleuropein, hydroxytyrosol and total compounds for sonotrode UAE. N.S.: no significant differences.
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	Optimal Conditions
	Oleuropein
	Hydroxytyrosol
	Total Compounds





	Amplitude (%) (Power)
	100 (151 W)
	100 (151 W)
	100 (151 W)



	EtOH (% (v/v))
	55
	55
	55



	Time (min)
	8
	8
	8



	Predicted (mg g−1 d.w.)
	23 ± 2
	0.8 ± 0.3
	36 ± 5



	Experimental (mg g−1 d.w.)
	24.6 ± 0.2
	1.01 ± 0.02
	40.9 ± 0.2



	Significant differences
	N.S.
	N.S.
	N.S.
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Table 4. Quantification of phenolic compounds obtained at optimum sonotrode conditions in different olive leaf cultivars. Results are expressed as mean ± standard deviation in mg g−1 dry matter of olive leaves. Different letters in the same line indicate significant differences among the cultivars.
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	Phenolic Compound
	‘Arbequina’
	‘Arbosana’
	‘Changlot Real’
	‘Frantoio’
	‘Koroneiki’
	‘Picual’
	‘Sikitita’





	Hydroxytyrosol–hexose isomer a
	0.0081 ±0.0003 b
	0.0080 ± 0.0005 b
	0.0079 ± 0.0003 b
	0.00497 ± 0.00004 c
	0.0048 ± 0.0005 c
	0.0070 ± 0.0002 b
	0.00938 ± 0.00003 a



	Oleoside
	0.5751 ± 0.0007 b
	0.49 ± 0.01 b
	0.71 ± 0.05 a
	0.47 ± 0.06 b
	0.48 ± 0.01 b
	0.27 ± 0.02 c
	0.510 ± 0.003 b



	Hydroxytyrosol–hexose isomer b
	0.61 ± 0.02 d
	0.46 ± 0.01 e
	0.359 ± 0.003 f
	0.742 ± 0.001 c
	0.90 ± 0.02 a
	0.274 ± 0.009 g
	0.811 ± 0.008 b



	Hydroxytyrosol
	0.112 ± 0.003 b
	0.091 ± 0.004 c
	0.0252 ± 0.0004 d
	0.125 ± 0.003 a
	0.1031 ± 0.0004 b
	0.089 ± 0.005 c
	0.107 ± 0.002 b



	Secologanoside isomer a
	5.0 ± 0.1 b
	3.76 ± 0.06 c
	5.9 ± 0.2 a
	2.0 ± 0.2 d
	3.2 ± 0.2 c
	1.8 ± 0.2 d
	5.9 ± 0.3 a



	Tyrosol glucoside
	0.156 ± 0.002 c
	0.066 ± 0.001 d
	0.136 ± 0.004 c
	0.081 ± 0.005 d
	0.196 ± 0.007 b
	0.016 ± 0.001
	0.30 ± 0.01 a



	Caffeoyl glucoside
	0.26 ± 0.01 b
	0.32 ± 0.01 a
	0.134 ± 0.002 c
	0.0168 ±0.0005 d
	0.039 ± 0.007 d
	0.020 ± 0.003 d
	0.044 ± 0.005 d



	Tyrosol
	0.012 ± 0.003 a
	0.00439 ± 0.00005 c
	0.005 ± 0.001 c
	0.005 ± 0.001 c
	0.007 ± 0.001 b
	0.0016 ± 0.0003 c
	0.014 ± 0.002 a,b



	Elenolic acid glucoside isomer a
	0.249 ± 0.009 b
	0.389 ± 0.008 a
	0.144 ± 0.007 d
	0.10 ± 0.01 e
	0.21 ± 0.01 c
	0.094 ± 0.005 e,f
	0.064 ± 0.003 f



	Secologanoside isomer b
	0.99 ± 0.09 c,d
	1.12 ± 0.03 c
	0.78 ± 0.01 d
	2.64 ± 0.01 a
	2.149 ± 0.004 b
	2.6 ± 0.2 a
	0.87 ± 0.03 c,d



	Elenolic acid glucoside isomer b
	0.737 ± 0.007 c
	0.86 ± 0.01 b
	0.780 ± 0.006 b,c
	1.02 ± 0.07 a
	0.94 ± 0.06 a
	0.907 ± 0.007 a
	0.685 ± 0.007 c



	Oleuropein aglycon
	0.74 ± 0.05 d
	1.6 ± 0.1 b
	1.7 ± 0.1 b
	1.20 ± 0.08 c
	2.7147 ± 0.0002 a
	1.63 ± 0.02 b
	1.0 ± 0.04 c,d



	Elenolic acid glucoside isomer c
	0.26 ± 0.02 d
	0.36 ± 0.03 c,d
	0.92 ± 0.04 a
	0.40 ± 0.03 c
	0.53 ± 0.02 b
	0.87 ± 0.03 a
	0.65 ± 0.02 b



	Luteolin diglucoside
	0.0279 ± 0.0004 a
	0.029 ± 0.002 a
	0.00792 ± 0.00005 d
	0.0091 ± 0.0006 c,d
	0.013 ± 0.002 b,c,d
	0.014 ± 0.001 b,c
	0.0180 ± 0.0009 b,c



	Elenolic acid glucoside isomer d
	0.146 ± 0.006 c,d
	0.164 ± 0.004 b,c,d
	0.1313 ± 0.0002 d
	0.166 ± 0.002 b,c,d
	0.202 ± 0.008 b
	0.181 ± 0.002 b,c
	0.26 ± 0.03 a



	Demethyloleuropein
	0.36 ± 0.01 b
	0.200 ± 0.003 c
	0.17 ± 0.01 c,d
	0.417 ± 0.005 a
	0.37 ± 0.01 b
	0.37 ± 0.02 b
	0.134 ± 0.005 d



	Hydroxyoleuropein isomer a
	0.2237 ± 0.0008 c
	0.215 ± 0.002 c
	0.394 ± 0.001 b
	0.45 ± 0.03 b
	0.40 ± 0.02 b
	0.66 ± 0.05 a
	0.27 ± 0.01 c



	Rutin
	0.391 ± 0.005 b
	0.924 ± 0.005 a
	0.131 ± 0.006 d
	0.28 ± 0.01 c
	0.46 ± 0.05 b
	0.109 ± 0.004 d
	0.29 ± 0.01 c



	Luteolin rutinoside
	0.0633 ± 0.0004 a
	0.064 ± 0.002 a
	0.0082 ± 0.0006 e
	0.0181 ± 0.0003 d
	0.038 ± 0.002 b
	0.0207 ± 0.0008 d
	0.031 ± 0.001 c



	Luteolin glucoside isomer a
	3.0 ± 0.2 b
	3.8 ± 0.1 a
	1.49 ± 0.06 d
	2.017 ± 0.008 c
	1.74 ± 0.03 c,d
	1.42 ± 0.08 d
	2.05 ± 0.07 c



	Verbascoside
	0.0129 ± 0.0001 a
	0.0108 ± 0.0006 b
	0.0107 ± 0.0006 b
	0.0053 ± 0.0006 c
	0.0054 ± 0.0004 c
	0.0066 ± 0.0002 c
	0.0092 ± 0.0004 b



	Hydroxyoleuropein isomer b
	0.08 ± 0.02 b
	0.240 ± 0.006 a
	0.11 ± 0.02 b
	0.011 ± 0.002 c
	0.0166 ± 0.0009 c
	0.070 ± 0.001 b
	0.017 ± 0.006 c



	Apigenin rutinoside
	0.0146 ± 0.0002 c
	0.027 ± 0.001 a
	0.0172 ± 0.0006 b
	0.0116 ± 0.0009 d
	0.0157 ± 0.0004 b,
	0.01656 ± 0.00005 b,c
	0.01631 ± 0.00004 b,c



	Oleuropein diglucoside isomer a
	0.01441 ± 0.00008 b
	0.0129 ± 0.0002 b
	0.01445 ± 0.00003 b
	0.015 ± 0.006 a
	0.0135 ± 0.0004 b
	0.0108 ± 0.0006 c
	0.0136 ± 0.0006 b



	Apigenin-7-glucoside
	0.054 ± 0.002 f
	0.158 ± 0.002 b
	0.182 ± 0.006 a
	0.0994 ± 0.0004 c
	0.064 ± 0.002 e,f
	0.06735 ± 0.00002 e
	0.084 ± 0.001 d



	Oleuropein diglucoside isomer b
	0.017 ± 0.001 a,b
	0.017 ± 0.004 a,b
	0.013 ± 0.002 a,b
	0.0113 ± 0.0009 b,b
	0.021 ± 0.002 a
	0.012 ± 0.002 a,b
	0.018 ± 0.003 a,b



	Luteolin glucoside isomer b
	1.11 ± 0.01 a
	1.19 ± 0.05 a
	0.60 ± 0.03 c
	0.81 ± 0.01 b
	0.68 ± 0.01 c
	0.85 ± 0.01 b
	0.90 ± 0.02 b



	Oleuropein diglucoside isomer c
	0.021 ± 0.002 c,d
	0.029 ± 0.003 b,c
	0.043 ± 0.003 a
	0.01496 ± 0.00007 d,e
	0.0391 ± 0.0003 a,b
	0.00959 ± 0.00004 e
	0.034 ± 0.005 a,b



	Chrysoeriol-7-O-glucoside
	0.0316 ± 0.0003 a,b
	0.0192 ± 0.0007 d
	0.0179 ± 0.0005 d
	0.0345 ± 0.0001 a
	0.029 ± 0.002 b
	0.0259 ± 0.0003 c
	0.0303 ± 0.0002 b



	Luteolin glucoside isomer c
	0.155 ± 0.007 b,c
	0.219 ± 0.002 a
	0.075 ± 0.001 d,e
	0.06 ± 0.01 e
	0.19 ± 0.01 a,b
	0.21 ± 0.02 a
	0.115 ± 0.008 c,d



	Oleuropein isomer a
	24 ± 1 b
	21.4 ± 0.5 b
	32 ± 1 a
	21.8 ± 0.3 b
	22.5 ± 0.5 b
	13.7 ± 0.3 c
	23.1 ± 0.3 b



	Oleuropein isomer b
	0.430 ± 0.004 a
	0.38 ± 0.09 a
	0.49 ± 0.02 a
	0.38 ± 0.01 a
	0.6 ± 0.1 a
	0.075 ± 0.009 b
	0.495 ± 0.005 a



	Oleuropein/Oleuroside
	1.54 ± 0.02 a
	1.3 ± 0.2 a
	1.47 ± 0.07 a
	1.382 ± 0.003 a
	1.5 ± 0.1 a
	0.59 ± 0.02 b
	1.58 ± 0.07 a



	Ligstroside aglycone
	0.51 ± 0.02 c
	0.624 ± 0.003 b
	0.302 ± 0.003 d
	0.65 ± 0.02 b
	0.075 ± 0.004 e
	0.76 ± 0.02 a
	0.335 ± 0.003 d



	Ligstroside
	0.5202 ± 0.0008 a
	0.29 ± 0.01 d,e
	0.27 ± 0.02 e
	0.33 ± 0.02 c,d
	0.35 ± 0.02 c
	0.129 ± 0.008 f
	0.44 ± 0.01 b



	Luteolin
	0.0447 ± 0.0003 a
	0.0334 ± 0.0004 b,c
	0.0307 ± 0.0007 c
	0.01881 ± 0.00003 d
	0.0061 ± 0.0003 f
	0.036 ± 0.003 b
	0.0130 ± 0.0003 e



	Sum oleuropein
	26 ± 1 b
	23.1 ± 0.3 b
	34 ± 1 a
	23.5 ± 0.3 b
	24.6 ± 0.2 b
	14.4 ± 0.2 c
	25.2 ± 0.2 b



	Sum hydroxytyrosol
	0.74 ± 0.02 d
	0.557 ± 0.008 e
	0.393 ± 0.003 f
	0.872 ± 0.002 c
	1.01 ± 0.02 a
	0.37 ± 0.01 f
	0.928 ± 0.006 b



	Total
	42 ± 1 b,c
	41.0 ± 0.3 b,c
	49 ± 2 a
	37.8 ± 0.5 c
	40.9 ± 0.2 b,c
	28.1 ± 0.3 d
	41.26 ± 0.08 b,c
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Table 5. Antioxidant activity of olive leaf cultivars at optimum sonotrode ultrasound-assisted extraction. Different letters in the same column indicate significantly different values (p < 0.05).
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	Cultivars
	DPPH
	ABTS
	FRAP





	‘Arbequina’
	43.7 ± 0.4 b
	29.73 ± 0.04 d
	49.76 ± 0.03 c



	‘Arbosana’
	36.9 ± 0.3 c
	32.33 ± 0.01 c
	51.03 ± 0.008 b



	‘Changlot Real’
	46.8 ± 0.2 a
	35.7 ± 0.1 a
	53.87 ± 0.04 a



	‘Frantoio’
	41.2 ± 0.2 b
	28.14 ± 0.04 e
	38.61 ± 0.09 e



	‘Koroneiki’
	36.7 ± 0.4 c
	26.92 ± 0.03 f
	39.27 ± 0.01 d



	‘Picual’
	33.03 ± 0.04 d
	28.12 ± 0.04 e
	37.17 ± 0.01 f



	‘Sikitita’
	45.83 ± 0.08 a
	33.24 ± 0.06 b
	50.7 ± 0.3 b







DDPH, ABTS and FRAP are expressed as mean ± standard deviation of mg trolox equivalent g−1 dry matter of olive leaves.
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Table 6. Correlation analysis of phenolic content and antioxidant activities of olive leaves extract. Different letters corresponding to the number of isomers.
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	DPPH
	ABTS
	FRAP





	Hydroxytyrosol–hexose isomer a
	0.46
	0.74 *
	0.79 *



	Oleoside
	0.82 *
	0.67 *
	0.75 *



	Hydroxytyrosol–hexose isomer b
	0.21
	−0.34
	−0.17



	Hydroxytyrosol
	−0.26
	−0.68 *
	−0.48



	Secologanoside isomer a
	0.82 *
	0.80 *
	0.90 *



	Tyrosol glucoside
	0.62 *
	0.28
	0.39



	Caffeoyl glucoside
	0.10
	0.37
	0.66 *



	Tyrosol
	0.65 *
	0.21
	0.43



	Elenolic acid glucoside isomer a
	−0.26
	0.04
	0.33



	Secologanoside isomer b
	−0.70 *
	−0.83 *
	−0.98 *



	Elenolic acid glucoside isomer b
	−0.61 *
	−0.66 *
	−0.78 *



	Oleuropein aglycon
	−0.51
	−0.28
	−0.37



	Elenolic acid glucoside isomer c
	0.01
	0.34
	−0.02



	Luteolin diglucoside
	−0.11
	0.05
	0.40



	Elenolic acid glucoside isomer d
	0.00
	−0.07
	−0.12



	Demethyloleuropein
	−0.50
	−0.91
	−0.82 *



	Hydroxyoleuropein isomer a
	−0.51
	−0.43
	−0.74 *



	Rutin
	−0.27
	0.01
	0.25



	Luteolin rutinoside
	−0.18
	−0.13
	0.27



	Luteolin glucoside isomer a
	−0.05
	0.13
	0.43



	Verbascoside
	0.50
	0.64 *
	0.87 *



	Hydroxyoleuropein isomer b
	−0.18
	0.46
	0.51



	Apigenin rutinoside
	−0.28
	0.41
	0.45



	Oleuropein diglucoside isomer a
	0.38
	−0.13
	−0.15



	Apigenin-7-glucoside
	0.29
	0.76 *
	0.58 *



	Oleuropein diglucoside isomer b
	0.01
	0.00
	0.23



	Luteolin glucoside isomer b
	−0.17
	−0.02
	0.26



	Oleuropein diglucoside isomer c
	0.47
	0.56 *
	0.58 *



	Chrysoeriol-7-O-glucoside
	0.03
	−0.66 *
	−0.53



	Luteolin glucoside isomer c
	−0.78 *
	−0.36
	−0.21



	Oleuropein isomer a
	0.81 *
	0.67 *
	0.70 *



	Oleuropein isomer b
	0.57 *
	0.27
	0.42



	Oleuropein/Oleuroside
	0.71 *
	0.32
	0.53



	Ligstroside aglycone
	−0.36
	−0.15
	−0.22



	Ligstroside
	0.62
	0.09
	0.42



	Luteolin
	−0.02
	0.20
	0.32



	Sum oleuropein
	0.77 *
	0.66 *
	0.77 *



	Sum Hydroxytyrosol
	0.17
	−0.40
	−0.22



	Total
	0.82 *
	0.65 *
	0.70 *







Results are expressed as Pearson correlation coefficients with indicated level of significance. * Significant correlations at p < 0.05; DPPH = 2,2-diphenyl-1-picrylhydrazyl, FRAP = ferric reducing antioxidant power; ABTS: 2,2′-azino-di (3-ethylbenzothiazoline)-6-sulfonic acid.
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Table 7. Minimum bactericidal concentration (MBC) values (mg mL−1) for olive leaf extracts against bacterial strains.
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Cultivars

	
MBC (mg mL−1)




	
S. aureus

	
MRSA

	
E. coli

	
S. Typhimurium

	
L. monocytogenes






	
‘Arbequina’

	
5.6

	
22.5

	
22.4

	
22.5

	
11.3




	
‘Arbosana’

	
11.0

	
11.0

	
22.0

	
44.0

	
22.0




	
‘Sikitita’

	
5.9

	
11.8

	
11.8

	
23.5

	
11.8




	
‘Picual’

	
10.0

	
10.0

	
20.0

	
40.0

	
10.0




	
‘Changlot Real’

	
10.9

	
10.9

	
21.8

	
21.8

	
10.9




	
‘Frantoio’

	
5.5

	
5.5

	
22.0

	
22.0

	
22.0




	
‘Koroneiki’

	
11.3

	
11.3

	
22.5

	
45.0

	
22.5
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