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Abstract

:

This study presents the effect of hydrolysis on the antioxidant activity of olive mill waste. The olive pomace samples were collected at different stages of maturity and were investigated for their phenolic content and antioxidant activity. Three different extraction procedures were employed, including methanolic maceration extraction and two hydrolysed procedures using 6 M HCL for acid hydrolysis and 10 M NaOH for alkaline hydrolysis. The total phenolic, flavonoid and ortho-diphenolic content, metal ion reducing activity, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) and 2,2-Diphenyl-1-picrylhydrazyl Radical Scavenging, hydrogen peroxide and superoxide scavenging activity assays were determined for the different extracts. In this study, cultivar and maturation of olives was one of the factors that affected the phenolic content in the olive pomace samples. Results show that alkaline hydrolysis had the highest antioxidant activity with respect to total phenolic content, 2,2-Diphenyl-1-picrylhydrazyl scavenging activity, metal ion reducing activity and superoxide scavenging activity, whereas acid hydrolysis had the highest 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) scavenging activity. The correlation analysis carried out on the different phenolic classes revealed that the total phenolic, flavonoid and ortho-diphenolic content were correlated with metal ion reducing activity and Radical Scavenging activity.
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1. Introduction


In recent years, the olive cultivation industry in the Maltese Islands has re-emerged, potentially allowing the creation of a niche market for high-quality olive oils produced by the Maltese agribusiness sector. The land used for olive plantation has increased drastically from 21 hectors in 2003 to 140 hectors in 2010 [1]. In Malta, there are three major identified olive cultivars which are thought to be native, namely the ‘Bajda’, ‘Bidni’ and ‘Malti’ [2]. The ‘Bajda’ and ‘Bidni’ are monocultivars, whilst the ‘Malti’ is thought to be made up of ancient varieties which are geographically isolated from each other [3]. Olive oil is associated with a rich source of phenolic compounds which are related to various beneficial qualities, including anti-inflammatory properties and antioxidant, anti-cancerous and anti-microbial effects [4].



Phenolic compounds are a class of secondary metabolites found in plants, distributed non-uniformly at both cellular and subcellular level. They occur as both soluble and insoluble compounds. During the processing of oil, phenolic compounds are transferred from the fruit to the oil. Thus, the analysis of olive waste phenolic compounds reflects those found in the drupes [5]. The olive fruit is rich in secoiridoid oleuropein, demethyloleuropein and ligstroside, as well as in their hydrolytic derivatives [6,7,8,9]. Due to the polar nature of these compounds, the partition coefficient (oil/water) of most of these phenolic compounds favour the water phase [10], leading to the majority of such bioactive compounds to be lost in the waste. In fact, only 2% of the total phenolic content of the olive fruit passes to the oil phase, while the remaining 98% is lost in the olive mill waste [10].



Publications examining olive mill waste began to appear around the 1960s, motivated by scientific curiosity and the possible agricultural benefits of the waste produced during the processing of olives. Various uses have been proposed, including use as a fertilizer [11,12] or as a renewable energy source [13,14,15]. Olive waste has also been proposed to be used as a low-cost substrate for the production of ethanol [16], xanthan [17] and laccase [18,19]. Furthermore, this waste is additionally used for the production of biological active compounds [20] such as phenolic antioxidants from olive mill waste constituents, which is a viable alternative for the valorising of this problematic waste.



Olive waste is made up of olive mill wastewater and olive pomace. Olive pomace is a heterogenous solid waste of olive oil production which contains many inorganic and organic compounds, such as magnesium, sugars, calcium, potassium and different phenolic groups. These phenolic groups are bioactive compounds with antioxidants; hence, they provide nutritional properties [21]. A study conducted by Radic et al. [22] on the cellular antioxidant activity of olive pomace extract states that olive pomace is more potent compared to an equivalent dose of hydroxytyrosol and tyrosol.



For this study, three different extraction procedures were used, including maceration extraction, acid hydrolysis and alkaline hydrolysis. Although maceration extraction is one of the most common extractions used, it may not allow a complete recovery of phenolic compounds that are linked by a glycosidic or ester bond to matrix components, such as cell wall polysaccharides and lipophilic structures. Thus, to break these bonds and achieve higher recoveries, alkaline or acid hydrolysis is performed [23]. These two different hydrolysis procedures are often used in the extraction of phenolic acids from plants.



The main aim for this study was to investigate the effect of hydrolysis on the antioxidant activity of olive mill waste. Thus, phenolic extracts derived from waste pomace of monocultivar and coupage (mixed-olive) olive oil from the Maltese island were analysed for total phenolic (TPC), flavonoid (TFC) and ortho-diphenolic content (TdOPC), ferric reducing antioxidant power (FRAP), cupric reducing antioxidant power (CUPRAC), hydrogen peroxide scavenging activity, 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging activity, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) Radical Scavenging stabilization, and lastly, a modified method for Superoxide Radical Scavenging activity capable of working under reducing conditions.




2. Materials and Methods


2.1. Collection of Raw Material


Olive pomace was collected from different classes of olive cultivars found in the Maltese islands. The indigenous class was composed of three different cultivars, namely ‘Bidni’, ‘Malti’ and ‘Bajda’; the foreign locally grown class was composed of nine different cultivars which are commonly present in the Maltese islands, including Carolea, Frantoio, Uovo di Piccione, Cerasuola, Picholine, Coratina, Bella di Spagna, Leccino and mixed pomace.



The mixture of olive mill wastewater and olive press cake was collected at different stages of the olive oil press. A 10 L composite sample was obtained and homogenised from which 2 L of olive mill waste was used for analysis. In total, 26 samples were collected in 2 months, from 27 September 2021 till 26 November 2021. During these 2 months, the samples were collected every 2 days in a week. For the ‘Bidni’ cultivar, olive mill waste was collected through the entire olive pressing season in order to investigate the effect of maturity on the olive mill waste composition.



From the olive pomace collected, two kilos of waste material from each variety of olive waste was collected in 2 L plastic bottles, followed by filtration to separate the olive mill wastewater from the olive pomace. The olive pomace was frozen (−80 °C), followed by freeze drying. The freeze-dried material was grounded using a conventional household blender and subjected to extraction and hydrolysis procedures.




2.2. Extraction Procedure for Maceration Extraction and Hydrolysis


Figure 1 shows the three different extraction procedure used. For maceration extraction, 2 g of crushed dry olive press cake was weighed and transferred in a reagent bottle, followed by the addition of 50 mL of methanol. The suspension was mixed in a shaker incubator at 37 °C for 24 h. Afterwards, the samples were centrifuged for 30 min to separate the liquid from the solid found at the bottom of the centrifuge tube. For acid hydrolysis, 2 g of crushed dry olive press cake was weighed and transferred in a reagent bottle followed by the addition of 50 mL of 6 M HCL. The suspension was left in a water bath at a temperature of 70 °C for 90 min. By using 10 M NaOH, the pH was adjusted to pH 3. The samples were filtered and extracted 4 times with 20 mL portions of ethyl acetate. Lastly, for alkaline hydrolysis, 2 g of crushed dry olive press cake was weighed and hydrolysed at room temperature by the addition of 50 mL of 10 M NaOH. The suspension was mixed for 24 h and brought to pH 3 by the addition of 6 M HCL. The samples were filtered and extracted 4 times with 20 mL portions of ethyl acetate. For the three extraction procedures, the extracts were concentrated under a vacuum, followed by reconstitution with 5 mL of methanol and transfer to a pre-weighed test tube. The extracts were evaporated to dryness under a gentle stream of nitrogen weighed and reconstituted in 2 mL of ethanol.




2.3. Determination of Total Phenolic Content


The Folin–Ciocalteu colorimetric method by Singleton et al. [24] was used for the determination of TPC present in the olive oil waste extracts against a calibration curve made with gallic acid (Sigma-Aldrich, Saint Louis, MO, USA) with an R2 value of 0.98 and an equation of y = 0.0045x + 0.0985. For this assay, 20 μL of extract at a dilution factor of 25 was oxidised with 100 μL of previously prepared 5-fold diluted Folin–Ciocalteu reagent. The reaction was neutralised by adding 80 μL of 7.5% Na2CO3. The microtiter plate was incubated at room temperature for two h in the dark, after which the absorbance was read at 630 nm by using a microtiter plate reader (BioTek ELx800, Gen5TM, Friedrichshall, Germany).




2.4. Determination of Total Flavonoid Content


The method for TFC was determined by Mabry, Markham and Thomas [25], with minor modifications. For this assay, 25 μL of extract at a dilution factor of 10 was mixed with 10 μL of 10% aluminium chloride, 10 μL of 7% w/v sodium nitrite and 80 μL of distilled water. The microtiter plate was left at room temperature for 30 min, after which 100 μL of 1 M NaOH solution was added. The plate was shaken vigorously, and the absorbance for the reaction was recorded at 450 nm. The calibration curve was prepared by using quercetin (Sigma-Aldrich) with an R2 value of 0.94 and a regression equation of y = 0.00009x + 0.0091.




2.5. Determination of Ortho-Diphenolic Content


Arnow’s colorimetric method was used for the determination of ortho-diphenolic compounds present in the concentrated extracts [26]. A standard calibration curve was made with protocatechuic acid (Sigma-Aldrich) with an R2 value of 0.96 and a regression equation of y = 0.00009x + 0.0393. For this assay, 20 μL of extract at a dilution factor of 10 was added with 20 μL of 1M HCL in a 96-well microtiter plate. The resulting mixture was briefly mixed, followed by the addition of 20 μL of Arnow’s reagent, which was previously prepared by dissolving 10 g of sodium molybdate dihydrate and 10 g of sodium nitrite in 100 mL of ethanol–water in a ratio of 1:1. The plate was shaken vigorously, and after 15 min, 80 μL of water and 40 μL of 1M NaOH were added. The absorbance was measured at 405 nm by using a microtiter plate reader.




2.6. Determination of Cupric Reducing Antioxidant Power Assay


The reducing capacity of the extracts was determined using cupric ion reducing antioxidant capacity by Apak et al. [27]. A standard calibration curve was made with gallic acid (Sigma-Aldrich) with an R2 value of 0.97 and a regression equation of y = 0.0012x − 0.068. For this assay, 20 μL of extract at a dilution factor of 25 was added with 100 μL of 10 mM CuCl2 solution, followed by 100 μL of 1M ammonium acetate buffer at pH 7.0. An amount of 100 μL of 7.5 mM neocuproine ethanolic solution was added to the resulting solution, and the reaction was allowed to proceed for 30 min, after which the absorbance at 405 nm was recorded.




2.7. Determination of Ferric Reducing Antioxidant Power Assay


Ferric reducing antioxidant power (FRAP) was determined using a spectrophotometric method previously described by Benzie and Strain [28]. The FRAP assay is based on the ability of phenols to reduce Fe3+ to Fe2+. This assay is conducted in an acidic medium in order to maintain iron solubility. At low pH, the ionization potential that drives the hydrogen atom transfer decreases, whereas the redox potential increases. When the Fe3+ to Fe2+ reduction occurs in the presence of 2,4,6-trypyridyl-s-triazine (TPTZ), it forms a colour complex of Fe2+ which produces an intense blue colour [29]. A standard calibration curve was made with ascorbic acid (Sigma-Aldrich) with an R2 value of 1.0 and a regression of y = 0.0005x + 0.399. For this assay, the FRAP reagent was prepared by mixing 25 mL of 300 mmol/L acetate buffer, 2.5 mL of 10 mmol/L TPTZ solution dissolved in 300 mmol/L HCL and 2.5 mL of 20 mmol/L FeCl3 solution in a 10:1:1 ratio. An amount of 10 μL of extract at a dilution factor of 25 was mixed with 200 μL of FRAP reagent, and the contents were mixed vigorously. Ferric tripyridyltriazine (FeIII-TPTZ) complex is reduced to ferrous tripyridyltriazine (FeII-TPTZ) form in the presence of antioxidants and develops an intense blue colour, with an absorption of 630 nm.




2.8. Determination of DPPH (2,2-Diphenyl-1-picrylhydrazyl) Radical Scavenging Activity


DPPHRadical Scavenging activity of the extracts was determined using Rahman et al.’s [30] method, with minor modifications. To determine the Radical Scavenging activity of phenolic compounds derived from olive waste, a stock solution of 60 μM DPPH was prepared daily in methanol, and the solution was kept in the dark at 4 °C. An amount of 50 μL of the phenolic concentrated stock solution was added into the well, and it was further diluted down to the lowest concentration by performing a serial two-fold dilution in a 96-well microtiter plate. A row of negative DPPH controls was added in the same 96-well microtiter plates by adding 50 μL of methanol into each well. An amount of 150 μL of methanolic DPPH was added into each well, and the reaction was allowed to proceed for 30 min in the dark. The absorbance was measured at 560 nm using a microtiter plate reader.




2.9. Determination of ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic Acid) Radical Cation Stabilisation


ABTSRadical Scavenging activity of the extracts was determined using Rajurkar and Hande’s [31] method. The ABTS radical cation was produced by mixing a 7 mM stock solution of ABTS with 2.45 mM of potassium persulfate. This mixture was left to stand in the dark at room temperature for 12 h before use. The concentration of the blue-green ABTS radical solution was adjusted with methanol to an absorbance of 0.700 at 734 nm. An amount of 50 μL of the phenolic concentrated stock solution was added into the well, and it was further diluted down to the lowest concentration by performing a serial two-fold dilution in a 96-well microtiter plate. A row of negative ABTS controls was added in the same 96-well microtiter plate by adding 50 μL of methanol into each well. An amount of 280 μL of ABTS radical solution was added into each well, and the reaction was incubated for 5 min at 30 °C. The absorbance was measured at 450 nm using a microtiter plate reader.




2.10. Determination of Hydrogen Peroxide Scavenging Activity


The method described by Mukhopadhyay et al. [32] was used, but slight modifications were made. A standard calibration curve was made with ascorbic acid (Sigma-Aldrich) with an R2 value of 0.96 and a regression of y = 0.0053x + 0.2351. The scavenging activity was measured using 25 μL of 1 mM iron(II)sulphate, after which 150 μL of dilution factor 100 extract was added. The plate was shaken vigorously, followed by the addition of 63 μL of 50 mM hydrogen peroxide. After 5 min, 150 μL of 1 mM 1,10-phenanthroline was added. After 10 min, the absorbance was read at 490 nm.




2.11. Modified Alkaline DMSO (Dimethyl Sulfoxide) Assay with Nitroblue Tetrazolium for Superoxide Radical Scavenging Activity


The Superoxide Radical Scavenging activity was determined using alkaline DMSO. This new assay overcomes the problems associated with the reduction of NBT (nitro blue tetrazolium chloride) by the extracts. For this assay, 50 μL of extract at a dilution factor of 10 was added into the well, and it was further diluted down to the lowest concentration by performing a serial two-fold dilution in a 96-well microtiter plate. Then, 200 μL of alkaline DMSO was added, followed by 0.7 mM of FeCl3 and 10 μL of DMPD (dimethyl-4-phenylenediamine). The microtiter plate was radiated for 5 min under UV-B light and shaken vigorously using a microtiter plate shaker. The absorption was measured at 450 nm.




2.12. IC50 Calculations


In order to work out the IC50’s for DPPH, ABTS and superoxide scavenging activity, plots of percentage of Radical Scavenging, percentage of ABTS inhibition and percentage of superoxide scavenging against concentration were plotted for each sample. For all three assays, the absorbance was corrected by the blank in order to find the true absorbance value for all triplicates. This was followed by working out the percentage of Radical Scavenging, percentage of ABTS inhibition and percentage of superoxide scavenging:


   %    R a d i c a l S c a v e n g i n g =     A B S   D P P H i n m e t h a n o l   −   A B S   D P P H w i t h s a m p l e       A B S   D P P H   i n   m e t h a n o l     × 100  










  %   A B T S   i n h i b i t i o n = 100 − 100       A B S   s a m p l e       (   A B S   C o n t r o l )      










   %    S u p e r o x i d e   S c a v e n g i n g =     A B S   S u p e r o x i d e i n m e t h a n o l   −   A B S   S u p e r o x i d e w i t h s a m p l e       A B S   S u p e r o x i d e i n m e t h a n o l     × 100  











Afterwards, an average was calculated for the triplicate percentages, and the standard deviation was worked out. The IC50’s were expressed as the concentration under which 50% of ABTS, DDPH and superoxide radical were scavenged.




2.13. Data Analysis


For each sample, all parameters were determined in triplicate. All absorbances were corrected against a blank. The IBM® SPSS® Statistics Version 24 software (Armonk, NY, USA) was used for all data analysis. Normality tests carried out using both Shapiro–Wilk’s test and the Kolmogorov–Smirnov test revealed that the data did not follow a normal distribution; thus, a Kruskal–Wallis ANOVA test was selected as the non-parametric test for pairwise comparisons between the different treatments, with significant comparisons having a p-value less than 0.05. A non-parametric test was done by using Spearman’s Rho correlation to measure the strength of association between two variables.





3. Results


3.1. Phenolic Content


3.1.1. Total Phenolic Content


Figure 2 shows that the highest TPC was found in the hydrolysed extracts, followed by the macerated extracts. For all extraction procedures used, the highest concentration of TPC was found in the cultivar of Bella di Spagna (alkaline: 5.03 ± 0.08, acid: 3.58 ± 0.15 and maceration: 2.27 ± 0.13), whereas the lowest concentration of TPC was found in Leccino in alkaline hydrolysis (0.68 ± 0.06), ‘Malti’ in acid hydrolysis (1.05 ± 0.11) and lastly, Picholine in macerated extracts (0.51 ± 0.34). All concentrations were expressed in mg GAE/g (gallic acid equivalent).




3.1.2. Total Flavonoid Content


Figure 3 shows that methanol macerated extracts had the highest TFC. In fact, the highest concentration was found in methanolic-derived extracts obtained from the cultivar of Leccino (155.97 ± 2.44), and the lowest was found in Picholine (22.42 ± 1.48), whereas for alkaline and acid hydrolysis, the highest concentration was found in the Maltese cultivar ‘Malti’ (alkaline: 95.92 ± 9.56 and acid: 83.62 ± 10.75). The lowest concentration in alkaline hydrolysis was found in Picholine (13.36 ± 0.41), whilst the lowest concentration for acid hydrolysis was found in the cultivar of ‘Bajda’ (26.70 ± 1.32). All concentrations were expressed in mg QE/g (Quercetin equivalent).




3.1.3. Total Ortho-Diphenolic Content


Figure 4 shows that the highest concentration of TdOPC was found in macerated extracts, followed by alkaline- and acid-hydrolysed extracts. In fact, the highest concentration of TdOPC in macerated extracts was found in Leccino (126.519 ± 8.80), whilst the lowest concentration was found in Coratina (16.50 ± 2.73). This was followed by the hydrolysed extracts, in which the cultivar of ‘Malti’ had the highest concentration of TdOPC for both acid and alkaline hydrolysis (acid: 55.81 ± 3.64 and alkaline: 65.31 ± 4.30). The lowest concentration was found in Picholine for alkaline hydrolysis (12.80 ± 1.45) and in Carolea for acid hydrolysis (27.53 ± 2.64). All concentrations were expressed in mg PE/g.




3.1.4. Changes in Phenolic Content with Maturity


Maturity of olives was one of the factors that affected the phenolic content in the olive pomace samples. Figure 5 shows the effect of maturity, which was analysed on four different ‘Bidni’ cultivars which were collected in different stages of olive maturation. Results indicate that the concentration of TPC increased by maturation up till November. However, it decreased rapidly once the olives became highly mature. For TFC and TdOPC, as the olive fruit became more mature, the concentration of both TFC and TdOPC also increased. In fact, the highest concentration was found in November (16 November 2021) whilst the lowest was seen in September (29 September 2021).





3.2. Antioxidant Activity


3.2.1. Radical Scavenging Activity against DPPH and ABTS


Percentage of DPPH Radical Scavenging activity against concentration graphs can be found in Supplementary Materials Figure S1 for alkaline-derived extracts, Figure S2 for acid-derived extracts and Figure S3 for methanol-derived extracts. IC50s are quoted in Table 1 Results show that alkaline hydrolysis had the highest antioxidant activity compared with acid hydrolysis and macerated extracts. In fact, the lowest IC50 for alkaline hydrolysis was found in Uovo di piccione (4 October 2021) with a value of 0.16 ± 0.03, whilst the highest was found in Carolea (17 November 2021) with a value of 5.00 ± 0.72. For acidic hydrolysis, the lowest IC50 was found in Coratina (27 September 2021) with a value of 0.31 ± 0.04, whilst the highest was found again in Carolea (17 November 2021) with a value of 7.79 ± 0.81. Lastly, for macerated extracts, the lowest IC50 was found in the Maltese cultivar ‘Bidni’ (2 November 2021) with a value of 1.11 ± 0.24, whereas the highest was found in Carolea (7 October 2021) with a value of 8.76 ± 1.03. The IC50 concentrations were expressed in mg/mL.



ABTS radical cation stabilization assay against concentration graphs can be found in Supplementary Materials Figure S4 for alkaline-derived extracts, Figure S5 for acid-derived extracts and Figure S6 for methanol-derived extracts. IC50s are quoted in Table 2 Results show that acidic hydrolysis had the highest antioxidant activity; in fact, it had the lowest IC50 of 0.03 ± 0.02, found in the cultivar of Uovo di piccione (7 October 2021), whilst the highest IC50 was found in Frantoio (27 September 2021) with a value of 574.30 ± 510.34. Alkaline hydrolysis also had a relatively low IC50 of 0.05 ± 0.01 in the cultivar of Cerasuola, whereas the highest IC50 was again found in Frantoio (27 September 2021), with a value of 247.11 ± 71.83. Lastly, macerated extracts had the lowest IC50 in the Maltese cultivar ‘Bidni’ (16 November 2021), with a value of 0.27 ± 0.09, whilst the highest was found in the same Maltese cultivar ‘Bidni’, which was collected in an earlier stage of olive maturation (26 October 2021). This cultivar had an IC50 of 1837.88 ± 39.51. The concentrations were expressed in μg/mL.




3.2.2. Metal Ion Reducing Activity


The highest metal ion reducing activity for FRAP and CUPRAC assays were both found in alkaline hydrolysis. Figure 6 shows that CUPRAC under both acidic and alkaline hydrolysis, Bella di Spagna had the highest concentration (acid: 15.47 ± 1.09 and alkaline: 25.22 ± 0.49), whilst the lowest reducing activity was found in Leccino (acid: 6.33 ± 0.36 and alkaline: 5.33 ± 0.25). For methanolic extracts, the highest reducing activity was found in Leccino (15.02 ± 1.01) and the lowest was found in Picholine (6.032 ± 0.56). CUPRAC reducing activity was expressed in mg GAE/g (gallic acid equivalent).



As shown in Figure 7 the highest reducing activity in FRAP for alkaline hydrolysis was found in the cultivar of Uovo di piccione (30.60 ± 4.91), whilst the lowest reducing activity was found in the Maltese cultivar ‘Malti’ (4.60 ± 1.36). For acidic hydrolysis, the highest reducing activity was found in Picholine (20.93 ± 2.12) and the lowest was found in Leccino (5.91 ± 0.38). Lastly, for the macerated extracts, the highest reducing activity was found in ‘Bajda’ (Perla Maltese) (10.74 ± 0.87) whilst the lowest concentration was found in Cerasuola (0.57 ± 0.39). FRAP reducing activity was expressed in mg AAE/g (ascorbic acid equivalent).




3.2.3. Hydrogen Peroxide and Superoxide Radical Scavenging


Figure 8 shows that macerated extracts had the highest concentration of hydrogen peroxide scavenging activity, followed by acid and alkaline hydrolysed extracts. For maceration extraction, the highest scavenging activity was found in the Maltese cultivar ‘Bidni’ (1.81 ± 0.41), whilst the lowest H2O2 scavenging activity was found in Cerasuola (0.19 ± 0.04). The highest scavenging activity for acid hydrolysis was found in the cultivar of Picholine (1.02 ± 0.02), whilst the lowest was found in the Maltese cultivar ‘Malti’ (0.18 ± 0.04). Lastly, for alkaline hydrolysis, the highest scavenging activity was found in Bella di Spagna (1.33 ± 0.08) whilst Leccino had the lowest concentration of 0.043 ± 0.01. All concentrations were expressed in mg AAE/g (ascorbic acid equivalent).



Percentage of Superoxide Radical Scavenging against concentration graphs can be found in Supplementary Materials Figure S7 for alkaline-derived extracts, Figure S8 for acid-derived extracts and Figure S9 for methanol-derived extracts. IC50s are quoted in Table 3 Results show that alkaline hydrolysis had the highest antioxidant activity; in fact, it had the lowest IC50 of 0.28 ± 0.35, found in the cultivar of Carolea (17 November 2021), whilst the highest IC50 was found in the mixed cultivar (2 October 2021) with an IC50 of 23.86 ± 4.26. Macerated extracts also had a relatively low IC50 of 2.46 ± 1.77 in the cultivar of ‘Bidni’ (29 September 2021). The highest IC50 was also found in the ‘Bidni’ cultivar, but in this case, the sample was collected in November (26 October 2021), when the olive fruit tends to be more mature. For this cultivar, the IC50 was 44.79 ± 9.10. Lastly, acid hydrolysed extracts had the lowest IC50 in the cultivar of Carolea (7 October 2021) with a value of 3.36 ± 0.92, whereas the highest IC50 was found in ‘Bidni’ (26 October 2021) with a value of 36.68 ± 2.12. The concentrations were expressed in mg/mL.





3.3. Correlation Analysis


3.3.1. Correlation between TPC, TFC and TdOPC


Figure 9 shows the correlations observed between TPC, TFC and TdOPC. It was found that TPC had a significant strong positive correlation with TFC in alkaline hydrolysis and in macerated extracts, with a ρ of 0.51 and 0.67, respectively, whereas for acidic hydrolysis, there was no significant correlation with TFC observed. TPC and TFC also significantly positively correlated with TdOPC in all extraction procedures (TPC: alkaline-ρ = 0.57, acid-ρ = 0.23, maceration-ρ = 0.67 and TFC: alkaline-ρ = 0.96, acid-ρ = 0.77, maceration-ρ = 0.95).




3.3.2. Correlation between TPC, TFC and TdOPC with Metal Ion Reducing Assays (FRAP and CUPRAC)


Figure 10 shows the correlation between TPC, TFC and TdOPC with FRAP and CUPRAC. It was found that TPC significantly positively correlated with both FRAP and CUPRAC in all extraction procedures (FRAP: alkaline-ρ = 0.76, acid-ρ = 0.80, maceration-ρ = 0.78 and CUPRAC: alkaline-ρ = 0.93, acid-ρ = 0.57, maceration-ρ = 0.69). In the case of TFC and TdOPC, it was found that macerated and alkaline hydrolysed extracts showed a significant positive correlation with FRAP (TFC: macerated-ρ = 0.45, alkaline-ρ = 0.22 and TdOPC: macerated-ρ = 0.46, alkaline-ρ = 0.25), whereas for acid hydrolysis, there was no significant difference observed. However, CUPRAC significantly positively correlated with TFC and TdOPC in all extraction procedures (TFC: alkaline-ρ = 0.63, acid-ρ = 0.48, maceration-ρ = 0.84 and TdOPC: alkaline-ρ = 0.69, acid-ρ = 0.58 and macerated-ρ = 0.83).




3.3.3. Correlation between ABTS and DPPH Radical Scavenging Activity with TPC, TFC and TdOPC


The correlation of different phenolic classes with DPPH and ABTS showed a significant negative correlation with TPC in all extraction procedures (DPPH: macerated-ρ = −0.73, alkaline-ρ = −0.47 and acid-ρ = −0.50 and ABTS: macerated-ρ = −0.70, alkaline-ρ = −0.57 and acid-ρ = −0.47). Furthermore, it was also found that DPPH in macerated extracts had a significant negative correlation with TFC, with a ρ-value of −0.46, whereas for the hydrolysed extracts, there was no correlation observed. For ABTS, all extractions significantly negatively correlated with TFC (macerated-ρ = −0.77, acid-ρ = −0.21, alkaline-ρ = −0.67). Only macerated extracts showed a significant negative correlation between DPPH and TdOPC (ρ = −0.43), whereas in the hydrolysed extracts, no correlation was observed. ABTS negatively correlated with TdOPC for all extraction procedures used (macerated-ρ = −0.73, alkaline-ρ = −0.70, acid-ρ = −0.26).




3.3.4. Correlation between Hydrogen Peroxide and Superoxide Scavenging Activity with TPC, TFC and TdOPC


Figure 11 shows the correlation of hydrogen peroxide scavenging activity with TPC, TFC and TdOPC. It was found that hydrogen peroxide significantly positively correlated with TPC and TdOPC in all extraction procedures (TPC: macerated-ρ = 0.42, acid—0.80 and alkaline-ρ = 0.85 and TdOPC: macerated-ρ = 0.46, acid-ρ = 0.18, alkaline-ρ = 0.58). Hydrogen peroxide scavenging activity in macerated and alkaline hydrolysed extracts also significantly positively correlated with TFC (ρ = 0.45 and 0.55), whereas for acid hydrolysed extracts, no correlations were observed. Superoxide Scavenging activity was found to be correlated only with TPC in methanolic extracts, whilst there was no significant correlation observed for hydrolysed extracts.






4. Discussion


4.1. Total Phenolic Content, Total Flavonoid Content and Total Ortho-Diphenolic Content


4.1.1. Effect of Hydrolysis on the Different Classes of Phenolic Compounds


One of the most common solvents used for the extraction of phenolic content is methanol, as it leads to better phenolic content [33]. A study conducted by Cioffi et al. [34] stated that methanol extracts were the most active compared with other extraction procedures used. Although methanolic extractions are common, the solvent may not allow a complete recovery of phenolic compounds that are linked by a glycosidic or ester bond to matrix components, such as cell wall polysaccharides and lipophilic structures. Thus, in order to break these bonds and achieve higher recoveries, a basic alkaline or acidic hydrolysis can be performed [23]. In fact, as seen in Figure 2, it can be noted that alkaline hydrolysed extracts produced the highest phenolic content compared with methanol and acid hydrolysis.



Acid and alkaline hydrolysis are two methods which can be used to release bound phenolic compounds. In most of the studies conducted, alkaline hydrolysis is the most-used method for the liberation of bound phenolic compounds from the cell wall polysaccharides [35]. This is mainly attributed to the fact that alkaline hydrolysis is carried out at room temperature, without the need of excessive heat which might destroy thermolabile compounds [36]. Wu et al. [37] studied the effects of different extraction methods, profiles and antioxidant abilities of free and bound phenolics of Sargassum polycystum from the South China Sea. In this study, it was found that alkaline hydrolysis releases a higher amount of bound phenolic compounds, which potentially results in higher TPC and antioxidant activity compared to that of acid hydrolysis. In contrast, a study conducted by Sani et al. [38] reported that the use of acid hydrolysis results in a higher TPC. This could be due to the fact that acid hydrolysis is carried out at a higher temperature to release the bound phenolic compounds, which are trapped in the cores or conjugated to cell wall dietary proteins or fibres [36,39].



Furthermore, in this study it was shown that whilst TPC increased with the hydrolysis procedure, macerated extracts had the highest flavonoid content, as seen in Figure 3. This is in line with the results obtained by Ghasemzadeh, Jaafar and Rahmat [40], whereby it was shown that methanolic extracts had the highest level of flavonoid content compared to other polar solvents. Apart from being the best solvent for the extraction of flavonoids, Rommel and Wrolstad [41] showed that significant loss in the flavonoids’ content occurs during boiling; in fact, it was stated that although flavanol aglycons, quercetin and kaempferol were detected, the quantities were lower than would be anticipated from the amount of kaempferol and quercetin glycosides in the non-hydrolysed samples. In fact, from the results obtained, it was evident that some loss of flavanols occurred during the process of hydrolysis. This study was further corroborated by Zhang et al. [42], whereby the sensitivity of flavonoids to high temperatures exceeding 75 °C resulted in the destruction of flavonoids. Flavonoids consist of C-glycoside bonds and exits as oligomers and dimers, and industrial processing such as boiling or even heating results in the formation of monomers through the hydrolysis of C-glycosides bonds [43]. Comparing the results obtained in this study with the literature, alkaline and acid hydrolysis produced far less flavonoid content than that of methanolic extracts. In fact, the results obtained are in line with the study conducted by Ghasemzadeh, Jaafar and Rahmat [40], where methanolic extracts had the highest flavonoid content.



Although TPC and TFC were affected by hydrolysis, the effect on TdOPC was not evident. In fact, there was no significant difference between the macerated, acid and alkaline hydrolysed extracts. Figure 12 shows the ortho-diphenols, such as oleuropein, oleuropein-aglycone, verbascoside and demethyloleuropein. These are considered the most important in relation to their antioxidant activity [44,45]. In contrast to TPC, when hydrolysed, hydroxytyrosol, tyrosol and glucose are formed. The Folin–Ciocalteu reagent tends to be sensitive to reducing compounds such as polyphenols, but it also reacts with other reducing substances, such as aromatic amines, sugars, ascorbic acid, sulphur dioxide and organic acids. Therefore, the presence of sugars within the olive waste extract might lead to an overestimation of polyphenols [46].




4.1.2. Correlation between TPC, TFC and TdOPC


For both macerated and alkaline hydrolysed extracts, TPC had a strong significant positive correlation with TFC. In the literature, it was found that TPC is significantly correlated with TFC. In fact, a study conducted by Gattet al. [4] on virgin olive oil stated that TPC was positively correlated with TFC (ρ = 0.90). Another study conducted by Singh et al. [47] on phenolic content variability, along with antioxidant, antimicrobial and cytotoxic potential of selected traditional medicinal plants, stated that TPC and TFC shared a positive correlation. In this study, it was shown that flavonoids within methanolic extracts had the major constituents of TPC. On the contrary, no correlation with TFC was observed in acid hydrolysis.



Similarly, TPC in macerated and alkaline hydrolysed extracts was moderately correlated with TdOPC. This observation is in line with the study conducted by Gattet et al. [4], where the TPC in methanolic extracts was found to be correlated with TdOPC (ρ = 0.91). Figure 9 shows that heating is the reason why acid hydrolysed extract has a lower correlation coefficient compared to that of alkaline and methanol extracts. This corroborates a study on grape canes conducted by Squillaciet et al. [48]. In this study, it was seen that extracts obtained after acid hydrolysis had a lower TdOPC when compared to extracts obtained after alkaline hydrolysis.



In contrast to the above correlations in Table 4, the correlation between TFC and TdOPC was much higher. Little literature can be found on the correlation between flavonoids and ortho-diphenolic compounds. Gattet et al. [4] stated that TFC appeared to be correlated with TdOPC (ρ = 1.00). The catechol functional group found in some flavonoids may be the reason why TFC and TdOPC shared a high correlation; this is mainly attributed to the catechol functional group, which tends to be a more efficient antioxidant.




4.1.3. The Effect of Maturity on the Different Classes of Phenolic Compounds


With reference to Figure 5, TPC was found to vary throughout the maturation of the olive. This has been attributed to enzymatic and chemical reactions occurring during the ripening process [49]. Olive oil waste consists of a wide range of phenolic compounds resulting from secondary plant metabolism, including phenolic alcohols (hydroxytyrosol and tyrosol), phenolic acids (vanillic acid and caffeic acid), flavonoids (luteolin and apigenin) and secoiridoids, which are the most abundant portion [50,51]. The aglycone forms of ligstroside and oleuropein are the most abundant in secoiridoids [52]. During the maturation process of olives, oleuropein and ligstroside accumulate [53]. As shown in Figure 13, any damages done to the fruit during the ripening process can result in the release of esters [54], which can hydrolyse ligstroside and oleuropein into a range of compounds [55]. Oleuropein aglycone and ligstroside aglycone are formed by hydrolysis. Furthermore, the aglycones can undergo a further ester hydrolysis in order to produce hydroxytyrosol or tyrosol, elenolic acid and glucose, each of which can potentially reduce the Folin reagent [56].



In contrast to the results obtained, both Giuffre et al. [58] and Morellóet et al. [59] showed that there was an apparent decrease in the concentration of phenolic compounds during the maturation of olive fruits. In fact, Morellóet al. [59] states that the highest concentration was seen in the first collected cultivar, with a concentration of 5.79 mg GAE/g, whilst the lowest concentration was found from waste collected a few months later and had a concentration of 0.55 mg GAE/g. The main key for phenolic biosynthesis is L-Phenylalanine Ammonia Lyase (PAL). When there is a decrease in the enzymatic activity of PAL, the TPC of olive drupes during the ripening stage can decrease [60].



As seen in Figure 5, flavonoid content is also affected by maturation. This can also be seen in the literature, where Charoenprasert and Mitchell [61] reported that the glucoside forms of flavonoids, cyanidin-3-glucoside, luteolin-7-glucoside, quercetin-3-rutinoside and cyanidin-3-rutinoside, are abundant in the pulp of mature olive fruits. The possible reason why TFC increases as the maturity progresses from unripe to ripe is because flavonoids tend to participate in the protection of the photosynthetic apparatus against photoinhibition under excessive light [62]. In fact, Li et al. [63] reported that as the light intensity decreased, the accumulation of flavones was inhibited. In contrast to these two studies, Benlarbi, Stoker and Yousfi [64] stated that TFC decreased during fruit ripening, except for one cultivar. The reason why TFC decreases at the second stage could be attributed to the increase of hydrolytic enzymes’ activity during the ripening of the fruit. Thus, the participation of flavonoids in essential biological activities could maintain the hypothesis of defensive needs of the plant rising during fruit ripening.



From the results obtained in Figure 5, it can be seen that although the ortho-diphenolic content is not dependent on temperature, nor on the hydrolysis procedure, it tends to be dependent on the maturation of the olive. When different ‘Bidni’ cultivars were compared with each other, it was shown that the maturation process was coupled with an increase in the TdOPC. According to most studies in the literature, the concentration of ortho-diphenolic content decreases with maturity. In fact, a study on the influence of fruit ripening and crop yield on chemical properties of virgin olive oils by Baccouri et al. [50] stated that the TdOPC decreases as the olive ripens. Another study by Machado et al. [65] also reported that the TdOPC of olive fruits during maturation for rain-fed and different irrigation regimes had a significant decrease in antioxidant activity. In contrast to these studies, a study conducted by Gouvinhaset et al. [66] showed that the concentration of ortho-diphenolic content varies differently in different cultivars, meaning that it is cultivar-dependent. Gouvinhaset et al. [66] showed that for three olive clones, the level of ortho-diphenolic content increased with maturation, whilst for three other different clones, the ortho-diphenolic content decreased with maturation.





4.2. Antioxidant Activity


Antioxidants from plants are known for their ability to limit radical reactions by transferring electrons or hydrogen atoms, as well as their ability to interrupt the chain reactions of oxidative degradation [67,68,69,70,71]. One of the most important groups of plant-based antioxidants is phenolic compounds, which consist of one or more aromatic rings with one or more hydroxyl groups. Phenolic compounds can be divided into several major families according to their chemical structure, including those in phenolic acids and flavonoids.



Bors et al., 1990 [72], defined three different criteria for the structure–activity relationship of antioxidant compounds, and these are:




	
Bors 1: due to hydrogen bonding, the presence of a catechol group on the B-ring leads to a high stability of the antioxidant radical (AO·).



	
Bors 2: a 2,3 double bond in combination with a 4-oxo group on the C-ring facilitates electron delocalization.



	
Bors 3: the presence of OH groups at position 3 and 5 in combination with the 4-oxo group enables electron delocalization via hydrogen bonds [72].








The correlation of chemical structure with antioxidant activity is usually performed by analysing the natural phenolic compounds and extracts using different antioxidant assays. The underlying chemistry for these assays involves either a hydrogen atom transfer mechanism (HAT) or a single electron transfer mechanism (SET) [69]. The HAT mechanism is a chemical transformation which converts the movement of two elementary particles, a proton and an electron, between two substrates in a single kinetic step [73], whilst the SET mechanisms are characterized by electron transfer from a nucleophile to a substrate in order to produce a radical intermediate [74]. The SET mechanism is subdivided into SET-PT and SPLET. The SET-PT mechanism strongly depends on proton dissociation and ionization potential energy. These antioxidants, which are easily deprotonated and ionized, are highly reactive. In contrast, the SPLET mechanism involves the initial loss of protons from the antioxidant, followed by anion transfer to the radical. This then reacts with the proton, which is influenced by the electron transfer enthalpy and proton affinity [69,75,76].



4.2.1. Radical Scavenging Activity


DPPHRadical Scavenging activity preferably reacts via SPLET mechanism in solvents such as methanol and ethanol; this is because it tends to be more stable [77]. From the results obtained during this study, it was observed that alkaline hydrolysis had the best scavenging activity compared to acid hydrolysis and methanolic macerated extracts. This was seen in the study conducted by Tubesha, Iqbal and Ismail [78], where it was stated that non-hydrolysed extracts had a lower antioxidant activity, whilst acid and alkaline hydrolysis had a higher antioxidant activity. In comparison to the results obtained, Sani et al. [38] found that the scavenging activity was higher in acidic hydrolysis compared to non-hydrolysed and alkaline hydrolysis.



ABTS assay preferably reacts via the SPLET mechanism in aqueous solutions [77]. From the results obtained, ABTS radical cation stabilization had a better scavenging activity compared with DPPH. This could be because the ABTS assay tends to be more sensitive for identifying antioxidant activity, since it has faster reaction kinetics and a heightened response to antioxidants [79]. In contrast, the results obtained by Wangsawat et al. [80] state that the IC50 values for the DPPH scavenging assays of all extracts were slightly higher than those of ABTS•+. In this study, it was noted that acidic hydrolyses had the lowest IC50’s compared with alkaline and methanolic extracts. Furthermore, Sani et al. [38] showed that the highest scavenging activity was seen in alkaline hydrolysis rather than in acidic hydrolysis, with a scavenging activity of 96%. Similar results were seen in the study on the effect of hydrolysis conditions on recovery of antioxidants from methanolic extracts of Nigella Sativa seeds conducted by Tubesha, Iqbal and Ismail [78], where it was stated that alkaline hydrolysis had the highest antioxidant activity.



From the correlations obtained in Table 4 for DPPH and ABTS with TPC, TFC and TdOPC correlated best with methanolic extracts. This is in line with studies by both Balluset et al. [81] and Samaniego Sanchez et al. [82], where it was stated thatTPC strongly correlated with DPPH in methanolic extracts. Another study by Sani et al. [38] states that the highest TFC was found in acidic hydrolysis rather than in neutral or alkaline hydrolysed extracts. In this study, it was stated that TFC correlated with DPPH and ABTS, but there was no correlation between the three extraction procedures used, including a non-hydrolysed, basic and acidic hydrolysis extraction. The correlations for DPPH and ABTS with TPC, TFC and TdOPC tend to be much less for acid and alkaline hydrolysed extracts than for methanolic extracts. This could be because compounds are being released during hydrolysis; thus, an increase in antioxidant activity is seen, but a weaker correlation can be observed. In 2015, Mathew, Abraham and Zakaria [83] conducted a study on the reactivity of phenolic compounds towards free radicals under in vitro conditions. In this study, it was concluded that hydroxylated cinnamates are more effective than their benzoic acid counterparts. This could be due to the bulky -CH=CH-COOH group, which increases the activity by stabilizing the resulting phenoxy radicals [84]. Furthermore, the double bond serves as a way to stabilize the radicals of the cinnamic acid derivatives via resonance [85,86]. Thus, comparing the correlations observed with the literature, methanol extracts tend to contain more complex molecules which show a better correlation with antioxidant activity due to the presence of the conjugated compounds. The presence of the unhydrolyzed glucoside groups has shown that they might enhance their stability in the presence of glucose moieties that decrease the antioxidant activity. This is because glycosides increase steric hindrance during the reaction [87].




4.2.2. Metal Ion Reducing Activity


Both FRAP and CUPRAC assays are electron transfer (ET) based assays [88]. ET-based assays measure the capacity of an antioxidant using the reduction of chromogenic oxidant, which changes the colour when reduced. The degree of colour change is correlated with the concentration of antioxidants present in the samples [89]. The FRAP assay is carried out under acidic pH conditions in order to maintain iron solubility and drive electron transfer. This increases the redox potential, causing a shift in the dominant reaction mechanism [90] and forming an intense blue-coloured ferrous complex [FeII(TPTZ)]2+. From the results obtained, alkaline hydrolysed extracts had the highest reducing activity, with a mean of 15.66 ± 9.52. This was followed by acidic hydrolysis, with an activity of 12.92 ± 6.56, and lastly methanolic extracts, with an activity of 7.26 ± 5.12, all expressed in mg AAE/g. From these results, it can be clearly seen that hydrolysis affects the antioxidant capability of olive waste. This corroborates the study conducted by Tang et al. [91], where it was stated that the FRAP values of bound phenolics from alkaline hydrolysis were higher than those from acid hydrolysis, with a p-value of less than 0.01.



Figure 10 shows the correlation of FRAP with TPC, TFC and TdOPC. From the correlations obtained, it was observed that FRAP correlated similarly with TPC for all extractions used, while there was a lower correlation when FRAP was correlated with TFC. The outcomes may reveal that phenolic components could be the main ingredients responsible for the antioxidant capacities of olive waste; whilst flavonoid compounds might contribute to the antioxidant capacities of olive waste, they were not the main contributors. This is in line with a study conducted by Tang et al. [92] where similar results were seen. The correlation between FRAP and TdOPC was also low, indicating that FRAP was more closely related to total phenolic content.



The CUPRAC method consists of a chromogenic oxidizing reagent which is known as bis(neocuproine) copper (II) cation. Upon its reduction, the reactive Ar-OH groups of the polyphenolic antioxidants are oxidized to the corresponding Ar=O (quinones), whilst Cu (II)-Nc is reduced to the orange-yellow coloured Cu(Nc)2+ chelate copper (I) [89]. From the results obtained in this study, it was found that CUPRAC in alkaline hydrolysed extracts had the best activity, with a mean of 12.25 ± 6.07. This was followed by methanolic extracts, with an activity of 10.14 ± 3.20, and lastly acid hydrolysed extracts, with an activity of 8.91 ± 3.67, all expressed in mg GAE/g. This is in line with a study conducted by Nenadis, Kyriakoudi and Tsimidou [93] on the impact of alkaline and acid digestion on antioxidant activity of rice hull extracts. In this study, it was stated that the extracts obtained after alkaline digestion of the hulls presented a higher reducing capacity of cupric ions.



Figure 10 shows the correlation of CUPRAC with TPC, TFC and TdOPC. From the correlations obtained, it can be observed that the correlation of CUPRAC with both TFC and TdOPC was stronger in the methanolic extracts compared to acid and alkaline hydrolysed extracts. This suggests that with regards to copper reducing activity, flavonoid compounds containing an ortho-diphenolic group preferentially reduce Cu2+ ions compared to other phenolic structures present in the extract. This corroborates a study conducted by Apak et al. [94]. In this study, it was stated that the correlation between CUPRAC and TPC was low; in fact, in order for flavonoid glycosides to fully exhibit their antioxidant potency, they required acid hydrolysis to their corresponding aglycons. Slow reacting antioxidants need elevated temperatures in order to complete their oxidation with the CUPRAC reagent. As flavonoid glycosides are hydrolyzed to their corresponding aglycons, their CUPRAC antioxidant capacities significantly increase [94].




4.2.3. Hydrogen Peroxide and Superoxide Scavenging Activity


Hydrogen peroxide is a weak oxidizing agent which inactivates few enzymes directly. It can also cross cell membranes rapidly; in fact, once it is in the cell, it can react with Fe2+ ions in order to form hydroxyl radicals [95]. In this study, the highest mean average of hydrogen peroxide scavenging activity was found in methanolic extracts, followed by acid hydrolysis and lastly, alkaline hydrolysis, all expressed in mg AAE/g. From the existing literature, methanolic extracts have been found to be more effective against hydrogen peroxide activity. A study carried out by Taha, Mohajer and Banisalam [96] on antioxidant activity and total phenolic and flavonoid content of various solvents in red clover showed that methanol extracts were found to be more efficient than hexane or ethyl acetate fractions. Ammar et al. [97] also stated that all solvents used had the ability to reduce the decomposition of hydrogen peroxide, but methanol extracts had a significantly higher (p-value = <0.05) ability to reduce the decomposition of hydrogen peroxide compared with the other solvents. This resulted in methanol exhibiting the highest extraction yield and a better antioxidant activity.



Figure 11 shows the correlation of hydrogen peroxide with TPC, TFC and TdOPC. From these correlations, it can be observed that TPC, TFC and TdOPC have lower correlations with CUPRAC in methanolic extracts. However, a higher correlation was observed in hydrolysed extracts, except for the correlation of TFC and TdOPC with hydrogen peroxide in acid hydrolysis. Bendaryet et al. [98] discussed that phenolic derivatives recorded a higher antioxidant activity than their parent compounds. This indicates that the aminophenol in the two and four positions showed the highest hydrogen peroxide scavenging activity [98]. Louaileche, Zegane and Kenciri [99] also stated that the ortho-diphenol content and antioxidant capacities assessed using the hydrogen peroxide scavenging activity revealed a good correlation, withan R2 value of 0.96. The antioxidant activity of ortho-diphenolic-containing compounds was associated with their ability to form intra-molecular hydrogen bonds between phenoxylic radicals and the hydroxyl group. In fact, Carrasco-Pancarbo et al. [100] states that the presence of an ortho-diphenol enhances the ability of the phenolic compounds to act as an antioxidant. Thus, this shows that the ortho-diphenols of olive waste extracts might bemajor contributors to the antioxidant activities assessed using this method.



The Superoxide Radical Scavenging activity assay was refined in such a way that the probe molecule was replaced by one which was able to be reduced by O2− radicals, but not by polyphenolic compounds. For this assay, acid hydrolysis had the highest IC50 of superoxide radicals; in fact, it had an average mean value of 10.17 ± 2.18, followed by methanolic extracts, with an average of 13.90 ± 4.90, and lastly alkaline hydrolysis, with an average of 16.33 ± 13.53. For Superoxide Radical Scavenging activity, only methanolic extracts correlated with TPC, and there were no correlations observed with TFC and TdOPC for all extracts used.






5. Conclusions


In this study, methanol, acid and alkaline hydrolysis extraction was applied on olive oil waste collected from the Maltese Islands. From the results obtained, it can clearly be seen that significant changes occur in the phenolic content of olive mill waste obtained from olives at different maturity stages. Alkaline and acid hydrolysis had a major influence on phenolic content and antioxidant activity. In fact, alkaline-hydrolysis-derived extracts showed the highest antioxidant activity with respect to TPC, DPPH Radical Scavenging activity and metal ion reducing activity, which includes FRAP and CUPRAC assays, whereas acid hydrolysis had the highest ABTS scavenging activity. From the results obtained, acid hydrolysis showed losses of phenolic content and antioxidant activity due to heating during the hydrolysis procedure. Thus, this might be the reason why acid hydrolysis had lower concentrations than those of alkaline hydrolysis. The correlation analysis carried out on the different phenolic classes revealed that most of the extracts showed a positive correlation between TPC, TFC and TdOPC. Furthermore, these phenolic classes tended to be highly correlated with metal ion reducing activity and Radical Scavenging activity.
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Figure 1. Extraction procedure for maceration extraction, acid hydrolysis and alkaline hydrolysis. 
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Figure 2. Mean values for total phenolic content (TPC) of olive mill waste extracts using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails. 
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Figure 3. Mean values for total flavonoid content (TFC) of olive mill waste extracts using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails. 
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Figure 4. Mean values for total ortho-diphenolic content (TdPC) of olive mill waste extracts using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails. 






Figure 4. Mean values for total ortho-diphenolic content (TdPC) of olive mill waste extracts using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails.



[image: Applsci 12 12187 g004]







[image: Applsci 12 12187 g005 550] 





Figure 5. (A) Total phenolic content (TPC), (B) total flavonoid content (TFC) and (C) total ortho-diphenolic content (TdOPC) of four different Bidni cultivars (collected during different dates between September and November) using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails. 
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Figure 6. Mean of cupric reducing antioxidant activity of olive mill waste extracts using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails. 
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Figure 7. Mean of ferric reducing antioxidant activity of olive mill waste extracts using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails. 
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Figure 8. Mean values for hydrogen peroxide scavenging activity of olive mill waste extracts using three different solvent extraction methods—methanol, acid and alkaline (black, red and green bars, respectively) with error bars showing ± 1SD for three independent trails. 
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Figure 9. (A) Correlation between TPC and TFC. The ρ-value of methanolic extracts (■) was 0.67, for acidic hydrolysis (+) it was −0.09 and for alkaline hydrolysis (▲) it was 0.51. (B) Correlation between TPC and TdOPC. The ρ-value of methanolic extracts (■) was 0.67, for acidic hydrolysis (+) it was 0.23 and for alkaline hydrolysis (▲) it was 0.57. (C) Correlation between TFC and TdOPC. The ρ-value of methanolic extracts was 0.95, for acidic hydrolysis (+) it was 0.77 and for alkaline hydrolysis (▲) it was 0.96. 
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Figure 10. (A) Correlation between TPC and FRAP. The ρ-value of methanolic extracts (■) was 0.78, for acidic hydrolysis (+) it was 0.80 and for alkaline hydrolysis (▲) it was 0.76. (B) Correlation between TFC and FRAP. The ρ-value of methanolic extracts (■) was 0.45, for acidic hydrolysis (+) it was −0.35 and for alkaline hydrolysis (▲) it was 0.052. (C) Correlation between TdOPC and FRAP. The ρ-value of methanolic extracts was 0.46, for acidic hydrolysis (+) it was 0.06 and for alkaline hydrolysis (▲) it was 0.25. (D) Correlation between TPC and CUPRAC. The ρ-value of methanolic extracts (■) was 0.69, for acidic hydrolysis (+) it was 0.57 and for alkaline hydrolysis (▲) it was 0.93. (E) Correlation between TFC and CUPRAC. The ρ-value of methanolic extracts (■) was 0.84, for acidic hydrolysis (+) it was 0.48 and for alkaline hydrolysis (▲) it was 0.63. (F) Correlation between TdOPC and CUPRAC. The ρ-value of methanolic extracts was 0.83, for acidic hydrolysis (+) it was 0.58 and for alkaline hydrolysis (▲) it was 0.69. 
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Figure 11. (A) Correlation between TPC and hydrogen peroxide scavenging activity. The ρ-value of methanolic extracts (■) was 0.42, for acidic hydrolysis (+) it was 0.80 and for alkaline hydrolysis (▲) it was 0.85. (B) Correlation between TFC and hydrogen peroxide scavenging activity. The ρ-value of methanolic extracts (■) was 0.45, for acidic hydrolysis (+) it was −0.60 and for alkaline hydrolysis (▲) it was 0.55. (C) Correlation between TdOPC and hydrogen peroxide. The ρ-value of methanolic extracts was 0.46, for acidic hydrolysis (+) it was0.18 and for alkaline hydrolysis (▲) it was 0.58. 






Figure 11. (A) Correlation between TPC and hydrogen peroxide scavenging activity. The ρ-value of methanolic extracts (■) was 0.42, for acidic hydrolysis (+) it was 0.80 and for alkaline hydrolysis (▲) it was 0.85. (B) Correlation between TFC and hydrogen peroxide scavenging activity. The ρ-value of methanolic extracts (■) was 0.45, for acidic hydrolysis (+) it was −0.60 and for alkaline hydrolysis (▲) it was 0.55. (C) Correlation between TdOPC and hydrogen peroxide. The ρ-value of methanolic extracts was 0.46, for acidic hydrolysis (+) it was0.18 and for alkaline hydrolysis (▲) it was 0.58.
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Figure 12. Chemical structures of ortho-diphenolic compounds highlighting the ortho-diphenolic structures. 
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Figure 13. A figure shown by Johnson et al. [57], showing the structures of oleuropein, ligstroside and other related hydrolysis products. 
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Table 1. C50s of olive oil extracts for DPPH Radical Scavenging activity. (BDS—Bella di Spagna and UDP—Uovo di Piccione).






Table 1. C50s of olive oil extracts for DPPH Radical Scavenging activity. (BDS—Bella di Spagna and UDP—Uovo di Piccione).





	
DPPH




	
Cultivar

	
Date

	
IC50 of

Alkaline

Hydrolysis

	
IC50 of Acid

Hydrolysis

	
IC50 of

Maceration

Extraction






	
Bidni

	
26 October 2021

	
0.43 ± 0.05

	
1.12 ± 0.13

	
2.51 ± 0.18




	
Bidni

	
2 November 2021

	
0.25 ± 0.02

	
0.60 ± 0.02

	
1.11 ± 0.24




	
Bidni

	
16 November 2021

	
3.78 ± 0.47

	
3.77 ± 0.65

	
2.10 ± 0.26




	
BDS

	
28 September 2021

	
0.20 ± 0.04

	
1.31 ± 0.15

	
1.51 ± 0.27




	
Carolea

	
7 October 2021

	
0.70 ± 0.02

	
0.50 ± 0.10

	
8.76 ± 1.03




	
Carolea

	
22 October 2021

	
0.42 ± 0.01

	
0.88 ± 0.23

	
7.06 ± 2.78




	
Carolea

	
17 November 2021

	
5.00 ± 0.72

	
7.79 ± 0.81

	
2.34 ± 0.26




	
Cerasuola

	
2 November 2021

	
0.85 ± 0.02

	
1.26 ± 0.14

	
8.69 ± 0.96




	
Coratina

	
27 September 2021

	
0.61 ± 0.10

	
0.31 ± 0.04

	
5.29 ± 1.13




	
Coratina

	
25 October 2021

	
0.65 ± 0.06

	
0.98 ± 0.11

	
3.68 ± 0.27




	
Frantoio

	
27 September 2021

	
0.78 ± 0.18

	
0.94 ± 0.04

	
6.18 ± 1.08




	
Frantoio

	
4 October 2021

	
0.70 ± 0.10

	
0.66 ± 0.13

	
2.03 ± 0.26




	
Frantoio

	
19 October 2021

	
0.69 ± 0.21

	
0.43 ± 0.02

	
1.23 ± 0.13




	
Leccino

	
17 October 2021

	
2.10 ± 0.26

	
3.06 ± 0.18

	
3.14 ± 0.10




	
Malti

	
29 September 2021

	
2.75 ± 0.31

	
4.67 ± 0.45

	
7.25 ± 0.88




	
Mixed 1

	
2 October 2021

	
0.48 ± 0.06

	
0.44 ± 0.09

	
1.89 ± 0.34




	
Mixed 2

	
30 September 2021

	
0.43 ± 0.13

	
2.22 ± 0.25

	
1.79 ± 0.13




	
Bajda 1

	
4 October 2021

	
0.42 ± 0.06

	
0.32 ± 0.07

	
1.84 ± 1.01




	
Bajda 2

	
4 October 2021

	
0.43 ± 0.07

	
0.59 ± 0.05

	
2.49 ± 0.17




	
Picholine

	
7 October 2021

	
0.37 ± 0.03

	
0.52 ± 0.21

	
2.67 ± 0.25




	
UDP

	
4 October 2021

	
0.16 ± 0.03

	
0.81 ± 0.40

	
2.24 ± 0.12




	
UDP

	
7 October 2021

	
0.81 ± 0.02

	
0.35 ± 0.01

	
3.79 ± 0.42




	
UDP

	
25 October 2021

	
0.31 ± 0.05

	
0.34 ± 0.05

	
1.86 ± 0.65
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Table 2. IC50s of olive oil extracts for ABTS radical cation stabilization assays. (BDS—Bella di Spagna and UDP—Uovo di Piccione).






Table 2. IC50s of olive oil extracts for ABTS radical cation stabilization assays. (BDS—Bella di Spagna and UDP—Uovo di Piccione).





	
ABTS




	
Cultivar

	
Date

	
IC50 of Alkaline

Hydrolysis

	
IC50 of Acid

Hydrolysis

	
IC50 of

Maceration

Extraction






	
Bidni

	
26 October 2021

	
84.68 ± 8.80

	
191.10 ± 6.18

	
1837.88 ± 39.51




	
Bidni

	
2 November 2021

	
43.91 ± 20.95

	
90.77 ± 42.81

	
12.81 ± 12.61




	
Bidni

	
16 November 2021

	
0.09 ± 0.04

	
0.11 ± 0.03

	
0.27 ± 0.09




	
BDS

	
28 September 2021

	
45.62 ± 3.55

	
53.88 ± 4.08

	
9.80 ± 13.89




	
Carolea

	
7 October 2021

	
109.75 ± 17.59

	
6.11 ± 7.86

	
839.02 ± 152.85




	
Carolea

	
22 October 2021

	
98.94 ± 57.31

	
3.10 ± 2.96

	
800.71 ± 173.90




	
Carolea

	
17 November 2021

	
0.46 ± 0.14

	
0.65 ± 0.15

	
1.44 ± 0.13




	
Cerasuola

	
2 November 2021

	
0.05 ± 0.01

	
86.20 ± 5.53

	
615.52 ± 45.12




	
Coratina

	
27 September 2021

	
30.32 ± 22.23

	
4.05 ± 2.37

	
800.30 ± 150.70




	
Coratina

	
25 October 2021

	
72.72 ± 0.97

	
95.02 ± 6.21

	
295.80 ± 50.56




	
Frantoio

	
27 September 2021

	
247.11 ± 71.83

	
574.30 ± 510.34

	
591.98 ± 136.01




	
Frantoio

	
4 October 2021

	
217.80 ± 53.50

	
199.43 ± 219.36

	
45.27 ± 29.93




	
Frantoio

	
19 October 2021

	
79.28 ± 2.56

	
50.35 ± 6.00

	
24.34 ± 8.83




	
Leccino

	
17 October 2021

	
0.18 ± 0.05

	
0.04 ± 0.02

	
0.83 ± 0.06




	
Malti

	
29 September 2021

	
0.19 ± 0.07

	
0.17 ± 0.08

	
0.61 ± 0.13




	
Mixed 1

	
2 October 2021

	
0.77 ± 0.46

	
44.39 ± 4.19

	
135.78 ± 40.30




	
Mixed 2

	
30 September 2021

	
74.14 ± 5.17

	
77.38 ± 14.79

	
14.26 ± 8.40




	
Bajda 1

	
4 October 2021

	
3.13 ± 3.64

	
18.56 ± 6.43

	
30.54 ± 14.41




	
Bajda 2

	
4 October 2021

	
5.82 ± 4.10

	
48.35 ± 3.44

	
174.72 ± 51.97




	
Picholine

	
7 October 2021

	
100.21 ± 13.93

	
0.48 ± 0.50

	
262.26 ± 63.37




	
UDP

	
4 October 2021

	
0.39 ± 0.67

	
0.63 ± 1.09

	
106.88 ± 58.25




	
UDP

	
7 October 2021

	
65.00 ± 11.05

	
0.03 ± 0.02

	
269.47 ± 23.13




	
UDP

	
25 October 2021

	
0.56 ± 0.67

	
0.27 ± 0.24

	
157.46 ± 62.23











[image: Table] 





Table 3. IC50s of olive oil extracts for Superoxide Radical Scavenging activity assays. (BDS—Bella di Spagnaand UDP—Uovo di Piccione).






Table 3. IC50s of olive oil extracts for Superoxide Radical Scavenging activity assays. (BDS—Bella di Spagnaand UDP—Uovo di Piccione).





	
Superoxide Radical Scavenging Activity




	
Cultivar

	
Date

	
IC50 of Alkaline

Hydrolysis

	
IC50 of Acid

Hydrolysis

	
IC50 of

Maceration

Extraction






	
Bidni

	
26 October 2021

	
18.38 ± 1.38

	
36.68 ± 2.12

	
44.79 ± 9.10




	
Bidni

	
2 November 2021

	
12.70 ± 0.24

	
16.68 ± 2.05

	
8.07 ± 5.36




	
Bidni

	
16 November 2021

	
4.43 ± 3.97

	
11.40 ± 3.82

	
11.23 ± 10.15




	
Bidni

	
29 September 2021

	
5.32 ± 0.41

	
8.37 ± 3.48

	
2.46 ± 1.77




	
BDS

	
28 September 2021

	
1.30 ± 0.09

	
12.18 ± 4.58

	
8.96 ± 1.30




	
Carolea

	
7 October 2021

	
11.25 ± 0.12

	
3.36 ± 0.92

	
13.27 ± 5.03




	
Carolea

	
22 October 2021

	
3.39 ± 2.54

	
5.06 ± 1.40

	
11.69 ± 2.08




	
Carolea

	
17 November 2021

	
0.28 ± 0.35

	
9.48 ± 1.59

	
13.27 ± 4.77




	
Carolea

	
19 October 2021

	
0.85 ± 0.38

	
9.00 ± 1.50

	
10.62 ± 1.02




	
Cerasuola

	
2 November 2021

	
15.66 ± 2.29

	
9.07 ± 4.79

	
7.91 ± 0.83




	
Coratina

	
27 September 2021

	
5.57 ± 4.09

	
11.98 ± 3.12

	
8.44 ± 9.72




	
Coratina

	
25 October 2021

	
7.60 ± 1.62

	
8.86 ± 2.66

	
23.53 ± 4.69




	
Frantoio

	
27 September 2021

	
14.08 ± 5.85

	
10.02 ± 3.32

	
17.59 ± 4.47




	
Frantoio

	
4 October 2021

	
1.30 ± 0.95

	
4.32 ± 0.51

	
28.00 ± 2.42




	
Frantoio

	
19 October 2021

	
4.00 ± 0.59

	
9.59 ± 1.25

	
3.28 ± 3.37




	
Leccino

	
17 October 2021

	
16.10 ± 10.41

	
5.10 ± 0.64

	
6.86 ± 5.34




	
Malti

	
29 September 2021

	
13.87 ± 2.71

	
7.11 ± 0.81

	
13.01 ± 10.37




	
Mixed 1

	
2 October 2021

	
23.86 ± 4.26

	
5.66 ± 0.94

	
12.58 ± 3.40




	
Mixed 2

	
30 September 2021

	
20.95 ± 6.29

	
27.51 ± 6.28

	
8.55 ± 4.38




	
Bajda 1

	
4 October 2021

	
14.86 ± 3.42

	
8.70 ± 2.97

	
3.77 ± 2.39




	
Bajda 2

	
4 October 2021

	
10.40 ± 2.94

	
7.19 ± 2.00

	
18.90 ± 4.50




	
Picholine

	
7 October 2021

	
1.83 ± 1.19

	
7.04 ± 1.48

	
22.26 ± 15.31




	
UDP

	
4 October 2021

	
4.94 ± 0.46

	
3.63 ± 0.46

	
2.90 ± 2.19




	
UDP

	
7 October 2021

	
14.61 ± 0.49

	
5.36 ± 1.50

	
11.03 ± 0.79




	
UDP

	
25 October 2021

	
9.22 ± 2.08

	
10.87 ± 0.41

	
20.74 ± 1.18
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Table 4. Correlation analysis between all assays.






Table 4. Correlation analysis between all assays.





	

	
Correlation Analysis




	

	
Methanolic Extracts

	
Acid Hydrolysis

	
Alkaline Hydrolysis






	
TPC

	

	

	




	
TPC–TFC

	
0.67

	
−0.09

	
0.51




	
TPC-TdOPC

	
0.67

	
0.23

	
0.57




	
TPC-FRAP

	
0.78

	
0.80

	
0.76




	
TPC-CUPRAC

	
0.69

	
0.57

	
0.93




	
TPC-DPPH

	
−0.73

	
−0.50

	
−0.47




	
TPC–ABTS

	
−0.70

	
−0.47

	
−0.57




	
TPC–H2O2

	
0.42

	
0.80

	
0.85




	
TFC

	

	

	




	
TFC-TdOPC

	
0.95

	
0.77

	
0.96




	
TFC–FRAP

	
0.45

	
−0.35

	
0.052




	
TFC-CUPRAC

	
0.84

	
0.48

	
0.63




	
TFC–DPPH

	
−0.46

	
0.34

	
0.20




	
TFC–ABTS

	
−0.77

	
−0.21

	
−0.67




	
TFC–H2O2

	
0.45

	
−0.60

	
0.55




	
TdOPC

	

	

	




	
TdOPC-FRAP

	
0.46

	
0.06

	
0.25




	
TdOPC-CUPRAC

	
0.83

	
0.58

	
0.69




	
TdOPC–DPPH

	
−0.43

	
0.15

	
0.17




	
TdOPC–ABTS

	
−0.73

	
−0.26

	
−0.70




	
TdOPC–H2O2

	
0.46

	
0.18

	
0.58
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