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Abstract

:

Around two million tons of olive oil are produced in Europe annually, with Portugal being among the top five European olive oil-producing countries. Olive oil production results in a substantial amount of waste in the form of olive leaves. These discarded olive leaves contain valuable phenolic compounds with antioxidant, anti-inflammatory, hypoglycaemic, neuroprotective, and antiproliferative properties. Due to their richness in polyphenols with health-promoting properties, olive leaves can be considered a potential functional food ingredient. Thus, sustainable practices for reusing olive leaf waste are in demand. In this study, the polyphenolic content in olive leaves from different Portuguese locations was determined using HPLC-UV-Vis after defining the best fit-for-purpose liquid extraction strategy. The differences in the in vitro antioxidant activity in these samples were determined by several methodologies based on radical scavenging (against 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS), 2,2-diphenyl-2-picrylhydrazyl (DPPH), and peroxyl radical (ORAC)) and on reducing properties (cupric-reducing antioxidant capacity (CUPRAC), and Folin–Ciocalteu assay (FC)), to unveil the relationship between the profile and quantity of polyphenols with antioxidant mechanisms and their capacity. At last, the stability of extracted compounds upon lyophilization and exposition to surrogate biological fluids was assessed, envisioning the future incorporation of olive leaves extracted compounds in food products.
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1. Introduction


Olive oil is the keystone of the Mediterranean diet. This vegetable oil, which represents a healthy fat source, is largely consumed worldwide, partially due to its known associated health benefits, such as antioxidant [1,2], anti-inflammatory [2], hypoglycaemic [3], and neuroprotective effects [4,5,6]. Every year, approximately 3 million tons of olive oil are produced worldwide [7,8]. From these, ≈2 million tons were produced in European countries, mainly in Spain (66%), Italy (15%), Greece (13%) and Portugal (5%) in 2020 [9]. Also, European countries rank among the top olive oil consumers, with consumption of around 1.5 million tons of olive oil per year.



Olive oil derives from the fruit of Olea europaea L., whose main agriculture area (≈98%) is located in Mediterranean countries [8,10]. Portugal generated 784,340 tons of olives in 2021 [11], 97% of which was dedicated to olive oil production, which is currently in the top 5 of European producers and in the top 10 of the world’s largest producers [12,13]. The wide geographical areas of olive plantations in Portugal are located in Alentejo (50%), Trás-os-Montes (23%), Beira Interior (14%), and Ribatejo and Oeste (7.5%), with some activity in the field also present in Algarve and Beira Litoral regions [11]. Due to the extensive development in this sector, along with the suitability of the ground and the remarkable Portuguese climatic conditions, Portugal is an emerging country in the olive oil production area [14]. In fact, it is estimated that by 2030, Portugal will be the third-largest olive oil producer in the world [12]. The expansion in olive oil production and, consequently, on olive tree harvesting, however, poses environmental challenges, as this activity generates high amounts of waste (such as olive leaves and wood) and by-products (olive pomace, mill wastewater, and olive stones) [15]. Olive leaves are a significant waste product generated during the olive oil production process. During pruning and harvesting processes, approximately 25 kg/year of twigs and leaves are produced per tree, which represents 10% of the total weight of processed olives [8,10]. Most of the waste from olive leaves is discarded, posing an environmental issue. Considering that olive leaves are a valuable source of phenolic compounds [8] and are aligned with the principles of circular economy in minimizing environmental impact and maximizing the use of resources, the potential of olive leaf waste has been exploited [8,16]. Indeed, olive leaves are a rich source of polyphenolic compounds such as secoiridoids (e.g., oleuropein, hydroxytyrosol, verbascoside), flavonoids (e.g., rutin, luteolin, quercetin, apigenin, diosmetin), and isoflavonoids, with demonstrated therapeutic benefits [17,18] both in vitro and in vivo [18,19,20,21].



Rutin and luteolin have shown hypoglycaemic and antioxidant activities, while quercetin has demonstrated anti-inflammatory and anti-tumoral effects [22]. Likewise, oleuropein, a secoiridoid compound constituting the main polyphenol in olive leaves, has shown protective effects against oxidative stress [23], anti-inflammatory activity [24], and positive effects on the control of body weight [25], glycemia [26], and intestinal microbiota [27,28]. In recent years, increased attention has also been given to hydroxytyrosol, which is the main metabolite of oleuropein. This compound has shown beneficial effects in protecting cellular lipids, proteins, and DNA from oxidative damage and preventing effects from degenerative, cardiovascular, or carcinogenic diseases [29]. Apart from these, verbascoside has demonstrated important antioxidant properties [30].



Considering the valuable profile of olive leaves as a source of compounds with therapeutic properties, sustainable practices to promote the reuse of olive leaf waste from olive oil production towards the extraction of these compounds are in demand.



Several methods have been applied to extract polyphenolic compounds from plants using different extracting solvents [31] (e.g., water, organic solvents, or hydroalcoholic mixtures) such as liquid–liquid extraction [32], microwave-assisted extraction [21,31,33], pressurized liquid extraction [34], supercritical fluid extraction [35], solid-phase extraction [31], and ultrasound-assisted extraction [36]. Currently, there is a concern about accomplishing greener procedures when extracting compounds of interest from agro-food matrices such as olives leaves, by employing greener extraction solvents such as water, 70:30 (v/v) water/ethanol solutions or deep eutectic solvents [37]. For olive leaves, in particular, recent works have proposed pressurized propane [38] or isopropanol water [39] for the extraction of bioactive compounds. The first approach is not adequate for polyphenols as they do not have a low boiling point. The second one is not compatible with further direct utilization for human or animal consumption, as also highlighted for other commonly employed solvents, such as methanol, ethyl acetate, hexane, diethyl ether, chloroform, and butanol [40].



In this work, the recovery of polyphenols from olive leaves was intended using solid–liquid extraction based on a solvent that contributes to the greenness and sustainability of the process, along with compatibility for food applications. The best extraction solvent was assessed by monitoring the polyphenols’ profile through high-performance liquid chromatography (HPLC) coupled with UV-Vis detection. Then, the antioxidant capacity for the different samples of olive leaves was assessed using several in vitro methodologies, namely Folin–Ciocalteu, the cupric-reducing antioxidant capacity (CUPRAC), 2,2-diphenyl-1-picrylhydrazyl radical scavenging capacity (DPPH), 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and oxygen radical absorption capacity (ORAC). The relationship between quantitative analysis via HPLC and the antioxidant capacity assessed by diverse methodologies was assessed to elucidate additive and synergistic effects. Also, bioaccessibility studies using the richest extract were performed to evaluate the feasibility of extracted compounds for future incorporation into food products upon lyophilization processes.




2. Materials and Methods


2.1. Chemicals and Solutions


3-hydroxytyrosol (purity 98%), (+)-catechin hydrate, oleuropein, (+)-pinoresinol, caffeic acid (purity ≥ 98%), gallic acid (purity ≥ 98%), rutin hydrate (purity ≥ 94%), quercetin (purity ≥ 95%), and verbascoside (purity ≥ 99%), were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Luteolin (purity ≥ 97%) was acquired from Alfa Aesar GmbH & Co (Alfa Aesar, Karlsruhe, Germany). Ultrapure water (resistivity > 18 MΩ cm) was obtained from the AriumPro system (Sartorius, Göttingen, Germany) and used in the preparation of all aqueous solutions. Methanol (MeOH, LiChrosolv HPLC grade) and acetonitrile (ACN, LiChrosolv HPLC grade) were purchased from VWR Chemicals (Radnor, PA, USA) and used in the preparation of HPLC and extraction solutions. Formic acid (purity ≥ 95%) and dimethyl sulfoxide (DMSO, purity ≥ 99.5%) were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Ethanol absolute (EtOH) was obtained from Chem-Lab NV (Zedelgem, Belgium). Stock solutions of 3-hydroxytyrosol (1 mg mL−1), catechin (1 mg mL−1), oleuropein (1 mg mL−1), and gallic acid (1 mg mL−1) were prepared in ultrapure water. Stock solutions of rutin hydrate (1 mg mL−1), caffeic acid (1 mg mL−1), pinoresinol (0.3 mg mL−1), and luteolin (1 mg mL−1) were prepared in MeOH:water (70:30, v/v). A quercetin stock solution (1 mg mL−1) was prepared in DMSO:water (50:50, v/v). All stock solutions were stored at 4 °C and protected from light. From this, daily working standard solutions (0.25–25 mg L−1) were prepared in 85:7.5:7.5 (v/v/v) and a 0.02% (v/v) formic acid aqueous solution:MeOH:ACN. For comparison purposes, calibration curves at 80% (v/v) methanol with 0.02% (v/v) formic acid, and 80%, 50%, and 10% (v/v) ethanol with 0.02% (v/v) formic acid were also performed.



Regarding the antioxidant studies, Folin & Ciocalteu’s phenol reagent, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), potassium persulfate, neocuproine (Nc) hydrochloride monohydrate, copper(II) chloride dihydrate, fluorescein sodium salt, 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH), (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), ammonium acetate and potassium phosphate were acquired from Sigma. Sodium acetate trihydrate and sodium carbonate decahydrate were purchased from Fluka (Buchs, Switzerland).



For the bioaccessibility studies, gastric and intestinal simulated fluids were prepared according to the US Pharmacopeia 38—National Formulary 33 [41]. Gastric-simulated fluid (50 mL) was prepared by dissolving 0.1 g of NaCl (VWR Chemicals, Radnor, PA, USA), 0.16 g of porcine pepsin (Sigma-Aldrich, St. Louis, MO, USA) and 0.68 mg of lecithin (Sigma-Aldrich) in water up to 40 mL, followed by pH adjustment to 1.2 with HCl 2 M (VWR Chemicals) and volume completion. The intestinal simulated fluid was prepared from the gastric digest by adding this to a phosphate-buffered solution (0.2 M, pH 6.8), which was prepared by dissolving 0.85 g of potassium phosphate dibasic (Sigma-Aldrich) and 0.69 g of potassium phosphate monobasic (Sigma-Aldrich) in 100 mL of ultrapure water and pancreatin (Sigma-Aldrich).




2.2. Olive Leaves Samples


Fresh olive leaves from different locations in Portugal (Table S1) were collected. The leaves were dried at room temperature and protected from light until a constant weight was obtained, detailed as follows: 7 g of each sample was segregated from the pool of leaves and weighed upon arrival in the lab. During the drying procedure, each aliquot was frequently weighed (e.g., once a day) until no further mass variation was observed for three days. The initial content of olive leaves moisture was determined considering the mass decrease upon drying. Therefore, the initial moisture content ranged from 12 to 34%.




2.3. Preparation of Olive Leaves Extracts


Twenty grams of dried olive leaves from each sample were collected and powdered, resorting to a conventional coffee mill (Model Nevir, 230 V, 130 W, Alfonso Gomez, Madrid, Spain). From the resulting powder, 0.5 g was weighted. To this, 12.5 mL of a 50:50 (v/v) EtOH:water with 0.1% (v/v) formic acid solution (extraction solvent C) was added and mixed via vortex for one minute. Then, this preparation was placed in an ultrasound bath for 15 min, followed by orbital agitation at 210 rpm, 20 °C for 20 min (incubator shaker RO 10 S000, IKA®, Staufen im Breisgau, Germany). The resultant solution was centrifuged at 4750× g at 20 °C for 20 min (ALLEGRA X-15R Centrifuge, Beckman Coulter, Landshut, Germany), followed by supernatant collection in a volumetric flask. The resultant pellet from this procedure was submitted to a second extraction sequence, and the corresponding supernatant was collected and added to the first portion. A final volume of 25 mL was ensured by volume completion in a volumetric flask of 25 mL. The same procedure was applied using 80:20 (v/v) MeOH:water with 0.1% (v/v) formic acid; 80:20 (v/v) EtOH:water with 0.1% (v/v) formic acid; 10:90 (v/v) EtOH:water with 0.1% (v/v) formic acid; and only water with 0.1% (v/v) formic acid solutions as the extraction solvents. For simplicity, these solutions were named extraction solvents A, B, D, and E, respectively. The experiment using 80:20 (v/v) MeOH:water with 0.1% (v/v) formic acid was included only for comparison purposes, as MeOH is not adequate concerning extraction greenness.



Each olive leaf extract was submitted to centrifugation at 18,000× g for 10 min at 4 °C (Microfuge 22R Centrifuge, Beckman Coulter, Landshut, Germany) before analysis using HPLC-UV-Vis.




2.4. Chromatographic Conditions


Chromatographic analysis was performed on the Jasco HPLC system (Easton, PA, USA) equipped with a PU-2089 pump, AS-2057 autosampler, LC-Net II/ADC controller, and Jasco MD-2015 photodiode array detector. Standards and samples were injected (20 μL) into a reversed-phase Kinetex® core–shell C18 column (250 × 4.6 mm; 5 μm particle size; 100 A).



Separation was performed in a gradient mode by mixing in-line solutions (A) 0.02% (v/v) formic acid (pH ≈ 3.0) aqueous solutions and (B) 50:50 (v/v) MeOH:ACN with 0.02% (v/v) formic acid at a 0.8 mL min−1 flow rate. Elution started with 15% of B (0–4 min), followed by an increase from 15 to 60% of B (4–26 min). Then, a higher organic content (40:60 (v/v) A:B) was maintained for 5 min, followed by a return to initial conditions (31–36 min) and 10 min of column equilibration (36–46 min) before the next run. Determinations were performed at room temperature. UV detection was performed with spectra acquisition from 200 to 400 nm, with the quantification of phenolic compounds at 280, 320, and 350 nm (Figure S1). The quantification of olive leaf-extracted polyphenols was performed via the interpolation of peak area values for each compound in the calibration curve obtained with standards (Table S2). Analyzed extracts were fortified with a standard mixture at 5 mg L−1 for the assessment of compound identification, complemented by UV spectra inspection.



Olive leaf extracts were analyzed directly using HPLC after centrifugation at 18,000× g for 10 min at 4 °C (Microfuge 22R Centrifuge, Beckman Coulter, Germany). Also, olive leaf extracts were analyzed after lyophilization (Benchtop Freeze Dryer, Telstar, Spain; conditions: 68 h of lyophilization at 0.02 mBar and −80 °C), and the results were compared to those obtained prior to the lyophilization procedure.




2.5. Antioxidant Assays


Antioxidant capacity assays were performed in a 96-well microplate reader (Synergy HT or Cytation3® microplate reader, both from Bio-Tek Instruments, Winoosky, VT, USA), controlled by Gen5 (Bio-Tek Instruments) software (version 2.01.14 (Synergy HT) or version 2.06 (Cytation3®)). Assays were performed in triplicate or quadruplicate. Different extract dilutions (a minimum of 3) were tested by reducing and scavenging antioxidant capacity assays, as detailed below. Moreover, the antioxidant capacity for standards from the phenolic compounds under study was also evaluated for each methodology.



2.5.1. CUPRAC: Cupric-Reducing Antioxidant Capacity Assay


The CUPRAC assay was performed as described elsewhere [42] with slight modifications. Briefly, 50 μL of an aqueous copper (II) solution (10 mM), 50 μL of an aqueous neocuproine (Nc) solution (7.5 mM), and 50 μL of ammonium acetate (1.0 M, pH 7.0) were added to the microplate wells to form the CUPRAC (Cu(II)-Nc) chromogenic reagent. Then, 100 μL of olive leaf extracts at different concentration levels (corresponding to 10–1000× dilution) or Trolox standard solutions (15–200 μM), both prepared in a 10% (v/v) ethanol aqueous solution, were added to the wells (4 replicates for each dilution). The antioxidant capacity, based on the reduction in Cu(II)-Nc to Cu(I)-Nc with the formation of a yellow-orange product, was based on the measurement of absorbance values at 450 nm during 60 min. Blank control experiments were also performed via the addition of 100 μL of an ethanolic solution (10%, v/v) instead of the sample or Trolox. The antioxidant capacity values were expressed in Trolox equivalents, as mmol Trolox g−1 of the sample, by interpolating the absorbance values obtained for the samples in the Trolox standard curve.




2.5.2. Folin–Ciocalteu-Reducing Assay


The Folin–Ciocalteu (henceforward referred to as Folin) method, used to measure total phenolic content [42], was performed according to [42,43], with some changes: briefly, 150 μL of sample aqueous solutions at different concentration levels (10–1000× dilution) or the gallic acid standard aqueous solution (6–90 μM) were placed in each well. Thus, 50 μL of the Folin reagent was added, followed by 100 μL of the carbonate solution (9% w/v, pH ≈ 10). A reagent blank was performed, replacing the sample with 150 μL of water. The capacity of phenolic compounds to reduce the phosphomolybdic/phosphotungstic acid reagent was monitored at 760 nm (room temperature) every 10 min for 2 h. The results were expressed as mmol of gallic acid g−1 in the sample by interpolating the absorbance values measured for samples in the gallic acid calibration curve.




2.5.3. DPPH: 2,2-Diphenyl-1-picrylhydrazyl Radical Scavenging Capacity Assay


The microplate DPPH antioxidant assay was performed according to [42]. Briefly, 150 μL of olive leaf extracts at different dilutions (10–1000× dilution) or Trolox standard solutions (9–70 μM) prepared in 50% (v/v) ethanol/water was added to the microplate wells. To these, 150 μL of the DPPH• solution (prepared at 50% v/v ethanol) at a concentration of 30–210 μM was added to render an initial absorbance value of ≈0.90, as described elsewhere [42]). The antioxidant capacity was monitored by measuring the decrease in the purple chromogenic substrate 2,2-diphenyl-1-picrylhydrazyl (DPPH•) every 10 min, with absorption at 515 nm, to the corresponding pale yellow hydrazine, during a 120 min reaction time [42,44,45]. Blank experiments were conducted in which 150 μL of the ethanolic solution (50%, v/v) was placed instead of a sample, or Trolox was performed to monitor the stability of the DPPH• radical during the reaction time. Net absorbance values were calculated for samples and for Trolox as the difference in the absorbance values obtained in their presence in relation to those found in blank experiments. Olive leaf sample extracts’ antioxidant capacity was expressed as mmol Trolox g−1 of the sample by interpolating the values obtained for the samples in the Trolox standard curve.




2.5.4. ABTS: 2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulphonate) Radical Cation Scavenging Capacity Assay


The antioxidant capacity to scavenge ABTS•+ radical (ABTS assay) was performed according to [42,43] with slight modifications. The ABTS•+ radical solution was prepared 12–16 h prior to use by mixing equal volumes of the ABTS aqueous solution (7 mM) and potassium persulfate aqueous solution (2.45 mM) [42]. Before being employed in the assay, this solution was diluted in an acetate buffer (50 mM, pH 4.6) to yield 88–350 mM solutions and to perform a calibration curve prior to the assay. From this calibration curve, the concentration of an ABTS•+ radical solution prepared in acetate buffer to use in the assay (concentration yielding an initial absorbance value of 0.90 ± 0.02) was defined.



Then, in the microplate wells, 150 μL of olive extract dilutions (10–1000× dilution) or Trolox standard solutions (7–50 μM) prepared in a 10% (v/v) ethanolic solution were placed, followed by the addition of 150 μL of the ABTS•+ radical solution prepared in acetate buffer (50 mM, pH 4.6).



Antioxidant capacity was assessed via the reduction in the green-blue-colored ABTS•+ radical to a colorless product through absorbance monitoring at 734 nm every 10 min for 5 h. The absorbance of the ABTS•+ radical (blank experiment) alongside the reaction time was monitored by adding 150 μL of a 10% (v/v) ethanolic solution instead of a sample or Trolox. Net absorbance values were determined for Trolox and olive leaf extracts by subtracting the absorbance values after 5 h from those found in the blank experiments. The antioxidant capacity values of olive leaf extracts were expressed as mmol Trolox g−1 of the sample.




2.5.5. ORAC: Oxygen Radical Absorbance Capacity Assay


The ORAC assay was performed as described elsewhere [42,46] with some modifications. Primarily, 20 μL of olive leaf extracts at different dilutions (10–1000×) or Trolox standard solutions (10–200 μM) were incubated with a fluorescein solution (117 nM) prepared in a phosphate buffer (75 mM, pH 7.4), for 15 min, at 37 °C. Then, 60 μL of the AAPH solution (40 mM, prepared in phosphate buffer, pH 7.4) was added to the microplate wells. Blank experiments were performed by assessing fluorescein oxidation in the absence of a sample/Trolox. Likewise, control experiments to monitor fluorescein’s stability alongside the reaction time were performed by replacing the sample/Trolox and AAPH with phosphate buffer. Fluorescence values (λexc 485 nm, λem 528 nm) were measured every minute for 4 h (240 min) at 37 °C. The area under the curves (fluorescence vs. time) was calculated for Trolox standard solutions and for the olive leaf extracts. Antioxidant capacity values were expressed in Trolox equivalents, as the mmol Trolox g−1 of the sample, by interpolating the area under the curve obtained for the sample extracts in the Trolox standard curve.




2.5.6. Samples Theoretical Trolox Equivalent Antioxidant Capacity (TEAC) Values


The relative antioxidant capacity of each phenolic compound under assessment in this study in relation to Trolox (TEAC) was determined according to [47] for the CUPRAC, ABTS, DPPH, and ORAC antioxidant capacity assays. For the Folin assay, these were determined in relation to gallic acid. These values were calculated by dividing the slope of the linear responses (calibration curve—absorbance signal vs. concentration) obtained for the standard compounds by that obtained for the Trolox calibration curve [47]. Then, the experimental TEAC values found for each compound were multiplied by the concentration of the compound on the olive leaf extracts found using HPLC, and the theoretical TEAC value for each sample was obtained by summing all individual contributions [47].





2.6. Bioaccessibility Assays


Thirty-five milligrams of the olive leaf extract powder (obtained via lyophilization) was incubated with 5.3 mL of gastric fluid for 2 h (pH = 2, containing pepsin) at 37 °C under orbital mixing (incubator shaker RO 10 S000, IKA®, Staufen im Breisgau, Germany). After incubation with the surrogate gastric fluid, the powder was submitted to the intestinal fluid surrogate by adding this to the gastric digest with 2.7 mL of the phosphate buffer (pH 6.8, 0.2 M), followed by pH adjustment to 6.8 using a NaOH (Pronalab, Lisboa, Portugal) solution at 2 M, and the addition of 80 mg of pancreatin to the previous solution. Intestinal digestion was performed for 4 h at 37 °C under orbital mixing. Prior to HPLC analysis, the result from olive leaf extract incubation was submitted to a sample treatment procedure [48]. Briefly, ACN was added to samples until an organic solvent content of 80% was obtained (v/v). After 30 s of vortexing, 1.44 g of zinc sulfate was added. The resultant was then vortexed and centrifuged (18,000× g, 10 min, 4 °C). The supernatant was collected and diluted to match the mobile phase composition before HPLC analysis.



Experiments in which olive leaf extract powder samples were submitted only to gastric surrogate fluid were also performed. Moreover, control experiments (with no olive leaf extract) in which gastric and intestinal simulated fluids were fortified with the polyphenols under study (gallic acid, hydroxytyrosol, catechin, caffeic acid, verbascoside, rutin, oleuropein, pinoresinol, quercetin, luteolin) at the concentration levels found in the extracts under analysis were also performed. A similar experiment to the latter was also executed, replacing the fluids with water to evaluate the stability of the compounds to the 37 °C used during the assays.




2.7. Statistical Analysis


Values are presented as the mean ± standard deviation (S.D.) for each assay. Each extract was analyzed in triplicate (n = 3) using HPLC. For the antioxidant assays, each extract dilution or standard compound was analyzed in quadruplicate (n = 4) in ABTS, DPPH, CUPRAC, and Folin assays and in triplicate (n = 3) in the ORAC assay. For the different antioxidant assays, values were obtained using at least two dilution factors. Significant differences among the mean values when extraction was performed using different solvents (and when antioxidant capacity was measured using the same methodology for different samples) were assessed via a one-way ANOVA test (95% confidence level, GraphPad Prism software, version 9.5.0).





3. Results and Discussion


3.1. Selection of the Solid–liquid Extraction Solvent


Olive leaves from sampling spot #1 (sample 1, Table S1) were used as a model to evaluate the influence of the organic solvent during the extraction of gallic acid, hydroxytyrosol, catechin, oleuropein, pinoresinol, caffeic acid, verbascoside, rutin, and luteolin. Quercetin was not assessed during this study. These compounds were selected for monitoring due to their interesting features for food product incorporation, such as their antioxidant potential along with other claimed health benefits (e.g., anti-tumoral, hypoglycaemic, anti-cholesterolemic effects, etc.) [17].



From these, oleuropein >> hydroxytyrosol > verbascoside, luteolin, and rutin were the major compounds found in the leaves (Figure 1). Regarding oleuropein, extraction was more efficient for 80% (v/v) MeOH, with 2.3 ± 0.2 mg being extracted per g of the leaves, followed by 80% (v/v) EtOH and 50% (v/v) EtOH (ANOVA, p < 0.0001), with 1.72 ± 0.01 and 1.61 ± 0.02 mg g−1 of leaves, respectively. Hydroxytyrosol’s (log P = 0.89) best extraction yields were accomplished using 80% (v/v) MeOH or 50% (v/v) EtOH as the extraction solvents, with 1.3 ± 0.1 and 1.1 ± 0.1 mg g−1 of leaves (Figure 1). Likewise, the best extraction yields for verbascoside were accomplished for extraction solvents containing 80% (v/v) MeOH or 50% (v/v) EtOH, with no differences obtained between the two solvents (ANOVA, p < 0.0001). For luteolin and rutin, no significant differences were also attained between the extraction yields for 80% (v/v) MeOH and 50% (v/v) EtOH.



Considering the obtained results, the use of extraction solvents containing ≥50% organic solvent resulted in higher extraction yields, with significative losses obtained for lower contents of the organic solvent for hydroxytyrosol, oleuropein, verbascoside and luteolin (with losses up to 33, 92, 56 and 86%, respectively).



Thus, as the incorporation of the extracted compounds in food products was intended, and considering the extraction yields attained, 50% (v/v) of the EtOH solution was selected as the extraction solvent as a compromise between compound extraction yields and a greener and safer profile in comparison to the use of MeOH.




3.2. Sample Analysis


3.2.1. Quantification of Polyphenols


The type and amount of phenolic compounds found in olive leaves can vary depending on a number of factors, including solar exposure, the nutrient composition of the soil, the age and cultivar of the olive tree, climate conditions, geographic location, and agricultural practices [17]. Therefore, towards the evaluation of the impact of polyphenol content on antioxidant capacity values, twelve samples from distinct locations in Portugal (Table S1) were analyzed using the extraction solvent selected previously. The samples presented different quantities and types of polyphenols in their composition (Table 1). Chromatograms from a standard solution and from sample 5 are presented in Figure S1. All samples had hydroxytyrosol, catechin, rutin, oleuropein, luteolin, verbascoside, and quercetin (Table 1). Sample 12 was the only sample not presenting pinoresinol. Samples 1–6 and 8 also presented gallic acid in their composition. Caffeic acid was only present in 8 of the tested samples (samples 2, 3, 5, 6, 7, 8, 9, 11).



Oleuropein was the major compound found in the leaves, followed by verbascoside, hydroxytyrosol, luteolin, and rutin. Gallic acid and caffeic acid were the less representative polyphenols.



Sample 5 presented the highest levels of oleuropein and caffeic acid (≈29 and 0.1 mg g−1 olive leaves) and was the second sample with higher levels of hydroxytyrosol, verbascoside, and pinoresinol (≈0.9, 1.5, 0.2 mg g−1 leaves, respectively). This sample presented all the polyphenols under quantification and held the highest % of polyphenols per g−1 of leaves (3.26%, w/w).



Likewise, sample 7 was second with the highest quantity of total polyphenols (2.30%, w/w). This sample presented the highest levels of verbascoside (1.8 ± 0.2 mg g−1 leaves) and was the second sample with the highest amounts of oleuropein (19 ± 1 mg g−1 leaves), rutin (0.90 ± 0.07 mg g−1 leaves), and caffeic acid (0.08 ± 0.01 mg g−1 leaves).



Sample 8 showed the highest levels of hydroxytyrosol (1.5 ± 0.1 mg g−1 leaves) and rutin (1.0 ± 0.1 mg g−1 leaves) and was the second sample with the highest levels of quercetin (0.3 ± 0.01 mg g−1 leaves). This sample presented 0.91% (w/w) of polyphenols.



Thus, samples 5, 7, and 8 were among the most interesting due to their higher contents of polyphenols, such as hydroxytyrosol, oleuropein, verbascoside and/or rutin and quercetin. These were also within the top 4 samples with the highest quantities of total polyphenols per g−1 of the leaves (sample 5 > sample 7 > sample 9 > sample 8). Most likely, the increased content of polyphenols found for these samples did not result from geographic location and climate but rather from other factors, such as olive tree variety (cultivar), and/or age, soil composition, and/or agricultural practices. For example, samples 7 and 8 were collected in places closer to where samples 11 and 12 were gathered (Table S1). Nevertheless, the polyphenolic content from samples 7 and 8 greatly varied from those found in samples 11 and 12, lessening the importance of geographical location for these samples.




3.2.2. Antioxidant Activity


The antioxidant capacity of each sample was assessed using different antioxidant capacity assays (Table 2). Folin, CUPRAC, ABTS, and DPPH antioxidant capacity assays are based on the transference of an electron from the antioxidant species to the spectrophotometric probe/chromogenic reagent (in the case of Folin and CUPRAC) or to the colored radical reagent (in this case, ABTS and DPPH) [43].



Samples 2, 5, 7, and 11 were in the top 4 samples with the highest antioxidant capacity values for these assays. From these, sample 5, which holds the highest quantity of total polyphenols (Table 1), presented significantly higher antioxidant capacity values (p ˂ 0.05, one-way ANOVA) in comparison to the other 3 samples (Figure S2). From this top 4, sample 7, the second sample with the highest quantity of total polyphenols, only exhibited significantly higher antioxidant capacity values in relation to sample 2 and sample 11 for the ABTS assay (p = 0.0392, one-way ANOVA).



Although the results for sample 5 are aligned with the higher quantity of polyphenols amongst all the samples (32.6 mg per g−1 olive leaves), the determined antioxidant capacity values do not linearly correlate in relation to other samples with the total quantity of polyphenols; in fact, despite sample 5 holding a total amount of polyphenols ca. 4 times higher than sample 2, this last only presented a slight lower antioxidant capacity for the Folin, CUPRAC, ABTS and DPPH assays.



The ORAC method belongs to the group of assays measuring antioxidant protection from oxidation via biologically relevant radicals through a sequential proton-loss electron-transfer mechanism [42,46,49]. In this assay, there is a constant generation of radicals that are tackled by the antioxidant species until its consumption [46]. After antioxidant species depletion, the oxidation of the fluorescent probe by the radicals occurs, with consequent photobleaching. The assessed antioxidant capacity values using the ORAC methodology reflect not only the stoichiometry of antioxidant compounds but also their reactivity, including their kinetic profile, in opposition to the other antioxidant methodologies used in this work. Moreover, antioxidants’ reaction with the radicals may lead to the formation of by-products with antioxidant capacity, which also impacts the measured values [46].



In fact, for ORAC assays, the total quantity of polyphenols showed less relevance for the prediction of the antioxidant capacity. In this assay, samples 5 and 7 did not stand out with the higher antioxidant capacity values despite their markedly higher quantity of total polyphenols, with samples 4 and 8 exhibiting the highest antioxidant capacity values for the ORAC assay.



Sample 4 presented higher contents of pinoresinol, rutin, quercetin, luteolin, and verbascoside in comparison to sample 5 (Table 1). Likewise, sample 8 presented higher contents of hydroxytyrosol, catechin, rutin, quercetin, and luteolin in comparison to sample 5. These differences may justify the obtained results. Indeed, different compounds hold distinct antioxidant capacity values according to the antioxidant capacity assay methodology, as clearly demonstrated when the TEAC values for each standard compound were assessed using the different antioxidant capacity assays (Table S3). In addition, in the case of ORAC, differences in relation to the values assessed by Folin, CUPRAC, ABTS, and DPPH assays are expected [42] due to the different antioxidant capacity mechanisms taking place in the first in relation to these assays but also due to the importance of antioxidant kinetic aspects and formation of antioxidant by-products for this methodology [46].



In fact, for the ORAC assay, quercetin was already described as a slow-reacting antioxidant compound [46], leading to the absence of a lag phase (the time of protection of fluorescein fluorescence decay given by the antioxidant species in relation to the fast reaction of the antioxidant species with the AAPH-generated radicals) in the ORAC assay curve and to a tailed decay of the fluorescence probe signal (related with slow-acting antioxidant mechanism). A similar ORAC profile to that of quercetin (Figure 2a) was found for samples 4 and 8 (Figure 2b). Moreover, ORAC profiles similar to that of quercetin were found for rutin and luteolin, indicating that these are also compounds with a slow-reacting antioxidant mechanism (Figure 2a). Opposite ORAC profiles were obtained for oleuropein and hydroxytyrosol (Figure 2a), which presented a clearly defined lag phase followed by faster fluorescein photobleaching. Therefore, the increased content of these compounds (quercetin, luteolin, and rutin) in samples 4 and 8 may justify the higher antioxidant capacity values for these samples under the ORAC methodology in comparison to samples 5 and 7. In fact, samples 4 and 8 presented ORAC curve profiles with shorter lag phases and with a more tailed decay of fluorescent probe signals [46] in relation to these (Figure 2b).



Subsequently, to attempt to elucidate the predictability of the antioxidant capacity for each methodology according to the polyphenolic content, the TEAC value found for each compound was multiplied by the concentration of the compound on the olive leaf samples to determine the theoretical TEAC value (details on Section 2—materials and methods). The theoretical TEAC value was then compared to the value determined experimentally for each sample across the different antioxidant methodologies to exploit the correlations between polyphenolic quantity and TEAC values with the antioxidant capacity, as well as to evaluate possible synergetic antioxidant effects. All theoretical TEAC values, calculated by the sum of individual contributions of the assessed polyphenols, were found to be lower than the values determined experimentally. This was expected, considering that not all compounds present in the olive leaves are quantified. Additionally, the presence of different antioxidant compounds may foster a synergetic action, where slow-reacting compounds can regenerate the antioxidant capacity of other sample components [46].



The total theoretical TEAC values determined for samples 4 and 8 were lower than those found for sample 5 and for all the antioxidant capacity assays. Indeed, these samples exhibited the most marked differences between theoretical and experimental TEAC values for the ORAC assay (experimental values 9 to 16× higher than theoretical values). Therefore, the increased antioxidant protection of samples 4 and 8 under the ORAC methodology was not possible to predict based on the TEAC values of individual compounds and their concentration. This emphasizes the importance of understanding the chemistry underlying each polyphenolic compound’s antioxidant mechanism and how it affects the overall afforded antioxidant protection. Therefore, these results show the importance of performing antioxidant studies along with the quantitative analysis of polyphenols when selecting samples for the further application of food enrichment purposes. For instance, sample 5 was found to be the most relevant in Section 3.2.1 to obtain a higher quantity of total polyphenolic compounds for future incorporation into food products (Table 1). This sample also presented higher antioxidant capacity values in assays where reducing and radical scavenging electron-transfer mechanisms were involved (Table 2). However, in more complex environments in which the antioxidant capacity was measured against biologically relevant radicals and in which the formation of by-products with antioxidant activity could occur, samples 4 and 8, which presented higher contents of slow-reacting antioxidants, revealed interesting antioxidant capacities. In fact, different olive leaf polyphenols hold different O-H dissociation proton affinity and electron-transfer enthalpies that differently impact the antioxidant protection mechanisms and, consequently, the antioxidant capacity measured by different methodologies [49,50,51]. Consequently, these aspects must be taken into consideration when selecting the extracts for food fortification, according to the aimed purposes, as some compounds may be more relevant for food stability purposes throughout storage while others may result in a higher antioxidant capacity in biological media.





3.3. Stability of Lyophilization Process and Bioaccessibility Studies


Considering the future incorporation of the extracted compounds in food products, the liquid extract from sample 5, which previously showed the highest content of total polyphenols, the highest amount of oleuropein, and the highest antioxidant activity using Folin, CUPRAC, ABTS, and DPPH, was converted to powder via lyophilization. A 25 mL ethanolic extract was prepared using 0.5 g of the dried olive leaves, resulting in ≈110 mg of powder, which represents ca. 20% of the mass of leaves used. Similar results were attained for sample 7, which presented the second-highest quantity of total polyphenols and for which 149 mg of the powder was recovered. The content of the dried extracts in hydroxytyrosol, oleuropein, pinoresinol, verbascoside, rutin, quercetin, and luteolin was assessed (Table 3), with higher quantities of polyphenols’ g−1 dried extract being obtained in relation to those described in the literature [16]. Oleuropein represented 84% and 14% of the mass of the dried extract obtained from samples 5 and 7, respectively.



Nevertheless, the lyophilization of the liquid extracts impacted the quantity of polyphenols, with decreases in the content of polyphenols detected for all the assessed compounds (Table S4) in both samples. Thus, the optimization of the lyophilization procedure used herein may be required when envisioning an industrial application.



Since the incorporation of olive leaf-extracted polyphenols in food products is a future aim, the bioaccessibility of oleuropein, the major compound present in the lyophilized powder, was assessed. These assays enable the portion of oleuropein capable of release from the powder for intestinal absorption to be unveiled [16]. For this, lyophilized powder was incubated with surrogate gastric fluid (pH 1.2) containing pepsin for 2 h at 37 °C. Likewise, analysis, when the powder was subsequently submitted to incubation with intestinal surrogate fluid (pH = 6.8, containing pancreatin, 4 h at 37 °C), was also performed. For sample 5, ca. 50% of the oleuropein present in the powder was found in the gastric surrogate fluid (Figure 3). The subsequent incubation with intestinal surrogate fluid did not markedly alter the content of determined oleuropein. Interestingly, for sample 7, ca. 87% of the oleuropein present in the lyophilized powder was found in the gastric surrogate fluid (Figure 3). As for sample 5, the further incubation of the powder with intestinal fluid did not markedly affect the content of oleuropein.



These results suggest that contact with the gastric fluid is detrimental to oleuropein release from the powder, as no marked differences were observed between the determined oleuropein levels after gastric-simulated digestion and after gastric+intestinal-simulated digestion for both samples. Likewise, the stability of oleuropein to intestinal surrogate fluid is also suggested by these results. Moreover, the amount of oleuropein released from the matrix upon simulated gastric digestion differed between samples 5 and 7. This could be related to different oleuropein release kinetics from the powder due to the differences in samples 5 and 7 powder composition [52]. Another possible justification would be that samples 5 and 7 contain different amounts of oleuropein isomers, as different bioaccessibility values have been reported for different oleuropein isomers [16].





4. Conclusions


In this work, the amount of 10 polyphenolic compounds (gallic acid, hydroxytyrosol, catechin, oleuropein, pinoresinol, caffeic acid, rutin, quercetin, luteolin, and verbascoside) present in olive leaves from 12 different Portuguese locations up north was assessed using HPLC-UV-Vis. The solvent selected for the extraction of these compounds was shown to impact the contents of hydroxytyrosol, oleuropein, verbascoside, and luteolin, with extraction solvents containing ≥50% of the organic solvent resulting in higher extraction yields for these compounds. Selecting a 50% (v/v) ethanolic solution was shown to be a good compromise regarding polyphenolic compound extraction yields and method adequacy for future food fortification with the extracted compounds. Besides the quantitative assessment of polyphenolic compounds in the different samples, the antioxidant capacity assessment in these samples was performed using different methodologies, considering that these provide different information regarding antioxidant mechanisms and capacity. While these assays corroborated the importance of total polyphenols for the antioxidant capacity, as measured by Folin, CUPRAC, ABTS, and DPPH assays, the results obtained via the ORAC methodology emphasized the importance of compounds bearing slow-reacting antioxidant mechanisms and yielding the formation of by-products with an antioxidant capacity in media resembling biological environments. In addition, the feasibility of extracted compounds for lyophilization and intestinal absorption was assessed, highlighting important features as well as optimization requirements when leveraging the potential of olive leaf waste for food fortification. Future work in this field is required to evaluate the impact of extracted compounds on increasing food stability throughout storage and/or for providing insights into the improved biological activities provided by the extracted compounds towards the development of functional foods. Additionally, the incorporation of olive leaf-extracted compounds into specific food processes, such as emulsification and encapsulation, requires further investigation.
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Figure 1. The quantity (mg) of polyphenolic compounds found in 1 g of olive leaves from sample 1 when extraction was performed using 80% (v/v) MeOH (light green), 80% (v/v) EtOH (dark green), 50% (v/v) EtOH (dark orange), 10% (v/v) EtOH (light orange) and 100% water (brown) each containing 0.1% (v/v) of formic acid. The values for gallic acid, catechin, pinoresinol, and caffeic acid are depicted as an insert at a reduced scale. Quercetin was not assessed during this study. 
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Figure 2. ORAC curves obtained for (a) the standard antioxidant compounds oleuropein (10 μM, dashed black line), hydroxytyrosol (8 μM, dotted black line), rutin (10 μM, solid red line), luteolin (10 μM, solid blue line) and quercetin (9 μM, solid green line) and for (b) samples 4 (solid red line), 5 (solid black line), 7 (dashed black line) and 8 (solid blue line) analyzed at the same dilution. 
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Figure 3. Concentration (mg L−1) of oleuropein found in the lyophilized powder prior to incubation with gastrointestinal surrogate fluids (left panel) vs. the concentration found upon incubation with (i) gastric fluid (middle panel) and (ii) gastric fluid followed by intestinal fluid (right panel) for samples 5 and 7. 
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Table 1. Mass of polyphenols (mg per 100 g of leaves) found in the liquid extracts of the different samples of olive leaves under analysis.
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	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10
	S11
	S12





	Gallic Acid
	3.2 ± 0.1
	1.6 ± 0.2
	2.03 ± 0.05
	2.2 ± 0.3
	3.3 ± 0.1
	3.57 ± 0.05
	n/d
	0.5 ± 0.1
	n/d
	n/d
	n/d
	n/d



	Hydroxytyrosol
	22 ± 3
	25.1 ± 0.3
	27 ± 2
	21 ± 2
	86 ± 8
	56 ± 6
	70 ± 5
	146 ± 12
	62 ± 8
	49 ± 4
	84 ± 3
	13 ± 1



	Catechin
	1.9 ± 0.1
	4.8 ± 0.2
	7 ± 1
	9 ± 1
	4.1 ± 0.4
	6 ± 1
	22 ± 2
	25.48 ± 0.01
	3.7 ± 0.3
	4.4 ± 0.1
	15.5 ± 0.1
	8.1 ± 0.5



	Oleuropein
	164 ± 22
	583 ± 15
	131 ± 8
	71 ± 6
	2894 ± 214
	103 ± 9
	1852 ± 141
	474 ± 56
	1040 ± 131
	135 ± 17
	518 ± 40
	165 ± 12



	Pinoresinol
	8.9 ± 0.4
	5.3 ± 0.7
	3.4 ± 0.1
	29 ± 4
	22 ± 2
	10.1 ± 0.1
	8 ± 1
	6 ± 1
	7.4 ± 0.2
	1.8 ± 0.1
	3.3 ± 0.2
	n/d



	Caffei