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Abstract

:

The agricultural and processing activities of olive crops generate a substantial amount of food by-products, particularly olive leaves, which are mostly underexploited, representing a significant threat to the environment. Olive leaves are endowed with endogenous bioactive compounds. Their beneficial/health-promoting potential, together with environmental protection and circular economy, merit their exploitation to recover and reuse natural components that are potentially safer alternatives to synthetic counterparts. These biomass residues have great potential for extended industrial applications in food/dietary systems but have had limited commercial uses so far. In this regard, many researchers have endeavoured to determine a green/sustainable means to replace the conventional/inefficient methods currently used. This is not an easy task as a sustainable bio-processing approach entails careful designing to maximise the liberation of compounds with minimum use of (i) processing time, (ii) toxic solvent (iii) fossil fuel energy, and (iv) overall cost. Thus, it is necessary to device viable strategies to (i) optimise the extraction of valuable biomolecules from olive leaves and enable their conversion into high added-value products, and (ii) minimise generation of agro-industrial waste streams. This review provides an insight to the principal bioactive components naturally present in olive leaves, and an overview of the existing/proposed methods associated with their analysis, extraction, applications, and stability.
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1. Introduction


Olive tree (Olea europaea L.), a member of the Oleaceae [1], is a drought-tolerant plant essentially native to the Mediterranean climate [2]. It is universally planted in tropical and subtropical regions [3], predominantly in Greece, Italy, Spain, Australia, Portugal, France, Cyprus, Israel, Jordan, USA, Morocco, Turkey, and Tunisia [4]. The Mediterranean region, representing above 90% of the cultivated area, is estimated to be above 11 million hectares in 2017 [5].



The leaves of the olive tree are within easy reach either from the olive orchard or from the residues remained after agricultural [6] and industrial by-products [7]. The olive mill leaves constitute a relatively sizable portion, in the range of 4–7% [7], up to 10% of overall weight of processing olives [8] and account for almost 5% of overall yield from olive oil by-products [9]. During the horticultural system, a significant proportion of leaf residue is also generated. In the course of pruning, depending on variations in geography, horticultural routine, and tree lifetime, the amount of leaf by-products roughly accounts for 25% of total weight of pruned residue [10].



The increment of these residues represents a major problem through its adverse effect on environmental sustainability, as a large proportion of leftovers is underexploited and/or inadequately disposed of, e.g., through incineration [11]. There is an increased awareness that this underutilised biomass could be regarded as a valuable/health-promoting resource, if properly exploited, with great market potential in the food and dietary system. The principal benefits of olive leaves [7] are attributed to their distinctive molecular and biological properties [6] which confer protective activities of (i) antioxidation [12], (ii) anti-inflammation [13], (iii) anti-hypertension [1], (iv) anti-arrhythmia [14], and (v) inhibiting low-density lipoprotein receptors [15]. Indeed the exertion of bioactivity stems from the action of intrinsic phytochemicals, particularly polyphenols [16], present in olive leaves [17]. In this respect, recovery of bioactive ingredients from this residual biomass and their conversion into value-added ingredients in the food and dietary system, helps promote a sustainable processing method to provide bio-based/nutritional products with a minimum/zero waste stream.



At present, commercial applications of olive leaves are mostly limited to (i) folk medicine, to protect body against chronic conditions such as cardiovascular disease and diabetes [7,18,19], and (ii) animal feed [6]. Research studies have now focused to determine broader applications of olive leaves across various industrial sectors including foods, modern medicines, and pharmaceuticals [19,20]. Although much effort has been made to extend the use of leaves from traditional to modern/industrial applications, the sustainable recovery of natural biomolecules comes with several challenges, which requires better performance to ensure (i) optimum extraction that is less time-consuming/economical, (ii) the stability of biomass and leave extracts, (iii) the safety and non-toxicity of outputs and inputs, (iv) the bioavailability of product, and (v) up-scalability of the processing system. This review provides an outline of the principal endogenous bioactive compounds in olive leaves, their characteristics, with respect to their biological activities and industrial uses, and discusses the existing processing approaches/proposals for the recovery of these compounds.




2. Bioactive Compounds in Olive Leaves


Bioactive compounds are the naturally occurring ingredients derived from a variety of food crops [21]. They are grouped as either essential or non-essential components [22]. Unlike essential nutrients that are necessary for the human biological system—as the body is unable to synthesise them and their deficiency may bring about biological disorders—non-essential compounds are those which are not necessary for biological functions and their insufficient/lack of intake has no influence on physiological disorders [23]. However, the presence of non-essential groups in food crops, predominantly phytochemicals [23], are appreciably prized for their auxiliary physiological effects in promoting health to a further extent than those exerted by essential nutrients present in foods [21,22,24]. Of all the beneficial effects, antioxidative, anti-atherosclerotic, antimicrobial, and anti-inflammatory functions prevail in most bioactive compounds [21]. The processing methodologies involved in food functionalisation and nutraceutical supplements substantially determine the extent of (i) bio-accessibility, that is the liberation of bio-compounds from the cell walls of the food before being absorbed in the blood cells (ii) bioavailability, namely, the availability of active compounds for physiological activity/metabolism upon absorption, and (iii) bioactivity [25].



2.1. Polyphenolic Compounds


Polyphenols, a group of heterogenous compounds, refer to naturally occurring secondary metabolites largely found in plant species [26]. Their molecular structure is based on a linkage between hydroxyl groups (polar phase) and one aromatic ring [27]. The magnitude of antioxidation of phenolics [28] partly relies on the location and arrangement of hydroxyl groups [29]. It also depends on their presence/proportion in the food, and their molecular formation in the matrix, i.e., whether they are in free or bound state [30]. Research has demonstrated that the aglycone portion displays higher biological activity than the glycoside portion (aglycones bound to glycones) [30]. The free radical scavenging activity exerted by phenolics, can limit the initiation phase, and postpone the propagation phase of lipid oxidation, with the potential of minimising the production of volatile components from hydroperoxide degradation [31]. Polyphenols, together with displaying physiological activities including antioxidation, are organoleptically responsible for the flavour and colour of the foods. On this account, they are considered beneficial to promoting health and food quality [16,29].



Phenolics relatively have good stability upon stomach digestion but the level of bio-accessibility may vary depending on numerous decisive factors, such as (i) plant origin and physical structure, (ii) chemical composition of phenolics and their reaction with other active components released from the cell walls of the ingested foods, and (iii) processing methods/conditions [32]. The processing parameters include (i) heat treatment, and (ii) drying when a medium/low temperature is used (around 40–50 °C) which may adversely affect phenolic contents and bioactivity, that is attributed to the fact that the survived enzymes (that were not deactivated at low temperature) can bring about oxidative and/or hydrolytic reactions, and hence the degradation of phenolic constituents [33]. Heat treatment may be advantageous (through exerting solubility and liberation of phenolics from the food matrix, and/or developing disintegration of the cellular structure [33]). It can also be unfavourable, giving rise to degradation of the components that are unable to withstand thermal conditions [32].



Olive leaves are abundant in a range of known phenolic groups that are broadly clustered into (i) secoiridoids (including oleuropein and oleuropein-aglycone), (ii) flavonoids (such as rutin and luteolin-7-glucoside), and (iii) simple phenols (such as hydroxytyrosol and tyrosol). Of these, secoiridoids are characteristically present in the Oleaceae family that well applies to Olea europaea L. [34], have notably gained attention owing to their distinctive potential for biological activity [35]. Iridoids, usually with glycosidic structure in plants, derive mainly from monoterpenes [35]. The ring-breakage of cyclopentane gives rise to the formation of secoiridoids [36,37] that are typically attached to glycosides and distinguished by the presence of elenolic acid linkage within their atomic arrangements [34].



Among the most typical phenolics in olive leaves include hydroxytyrosol, tyrosol, rutin, and oleuropein [6,14]. Indeed, oleuropein and hydroxytyrosol are detectably prominent in olive leaves. Oleuropein, a key component of secoiridoids in olive leaves [17] is characterised by an ester linkage of elenolic acid glucoside and hydroxytyrosol [34,38]. Because of its unique secoiridoid structure, it is organoleptically characterised by a strong bitterness [18]. The concentration of oleuropein in olive leaves has been reported to be in the range of 6 to 9%, dry basis [39]. Bouaziz and Sayadi [40], in their research on evaluating antioxidant ability of olive leaves from Tunisian cultivar, observed that oleuropein (6.8 g/100 g fresh leaves) was the principal phenolic constituent in the leaves of olive trees.



The protective attributes of oleuropein are reflected typically by their inhibiting effects against (i) oxidation [14], (ii) microbial disorders [14], (iii) inflammation [41], and (iv) platelet aggregation [14]. In addition, oleuropein is found to be effectively capable of re-building the tissue damage, caused by cisplatin in stomach and lung organs [42]. It is noteworthy that the phenolic concentration in olive drupes is comparatively as great as those in olive leaves [6], however the proportion adversely decreases during the maturation and processing steps. For example, significant depletion of oleuropein, during processing, is highly likely, particularly through enzymatic reactions [43] and de-bittering operations [44]. The degradation of oleuropein in olive processing further merits exploitation of olive leaves, as oleuropein is appreciably retained/unaffected in olive by-products. In principle, there are numerous decisive factors (Table 1), acting dependently or independently, that markedly determine the proportion, structural feature, and bioavailability of polyphenols in olive leaves.



Oleuropein aglycon, is liberated in the course of oleuropein de-glycosylation [45]. Research demonstrated that oleuropein aglycon has a great contribution to developing bitterness/astringency [46]. The health benefits associated with this compound include its ability to (i) curtail neurodegeneration, mainly through suppression of Aβ1–42 toxicity [47], (ii) decrease low-density lipoprotein cholesterol [6], and (iii) promote oxidative stability of lipids [15].



Olive leaves, ubiquitous with flavonoids, are further valued for dietary applications. Flavonoids exert a favourable protection against carcinogenic, cardiovascular [48], and microbial [49] diseases. Typical examples of flavonoids in olive leaves are rutin, luteolin, and luteolin-7-glucoside [6,14]. Total flavonoids in olive leaves, on a dry-basis, using different extraction techniques were: (i) through maceration, 54.92 mg/g (with 80% ethanol) and 34.50 mg/g (with distilled water), and (ii) through sonication, 21.15 mg/g (with 80% ethanol), and 36.40 mg/g, with distilled water as the solvent [50].



Hydroxytyrosol, largely found in olive leaves, is among the main simple phenolic alcohol [51]. The formation of hydroxytyrosol, derives from the hydrolysis of oleuropein, and their numbers grow through (i) stage of maturity, (ii) processing line [6], and (iii) metabolism of oleuropein upon intake of oleuropein-based foods [17]. Hydroxytyrosol generally offers dietary health benefits in terms of antioxidation, anti-atherosclerosis, anti-carcinogenic and anti-inflammation [52]. The antioxidation potency of hydroxytyrosol is attributable to its ability to inhibit free radicals, mainly through donating hydrogen atoms, typically from hydroxyl groups, that initiates the formation of low-energy linkage with minimum reactivity arising from delocalisation in phenoxyl radical [6]. The hydroxytyrosol content of olive leaves, using high-performance liquid chromatography (HPLC) method, has been reported to be around 2.28 mg per 100 g leaf extract [53].



Tyrosol, a group of phenolic alcohol, is usually present in a trace amount in olive leaves [51]. Due to its chemical stability, it is less prone to be degraded by auto-oxidation [54]. Although the antioxidative potency of tyrosol is relatively low (compared to those of other prominent phenolics such as flavonoids), it remains stable/unaffected during the process of oxidation [54]. The concentration of tyrosol in olive leaves, by maceration using ethanol and water solvent extraction, is approximately 0.0007 mg/g leaves, dry basis [50].




2.2. Triterpenoids


Triterpenoids, namely triterpenes [59], are the secondary metabolites abundantly found in the waxes/outer coating of leaves [60,61]. They are chemically characterised by having six isoprene groups, typically made up of thirty carbons [62]. The occurrence of triterpenoids stems from the production of their precursor, squalene, through the ring formation of their lipidic molecules, farnesyl pyrophosphates [62]. Triterpenoids are chemically structured either in a free or glycosidic form (attached to carbohydrate molecules) [62]. They appreciably exert a defence against oxidative stress [63], carcinogenic, microbial, fungal, viral [64], atherogenic, gastrointestinal [64], and hypertensive disorders [65].



Olive leaves contain a considerable amount of pentacyclic triterpenoids, with oleanolic acid being the prevailing component ranging from 3.0 to 3.5% [66] up to 3.98% dry basis [64], and uvaol in the range of 0.07 to 0.14% [67]. Concentrations may vary depending on harvesting/sampling time and cultivar type [19]. Martín-García et al. [64], observed a high concentration of total triterpenoids in olive leaves of Picual cultivars, sampled in June, which constituted around 52.02 mg/g leaves, dry basis. Triterpene-rich olive leaves, with the presence of oleanolic acid and uvaol, have been found to exhibit suppression against diabetes and inflammatory diseases [68]. Other research, by Tsoumani et al. [69], confirmed that olive leave extracts, following hexane extraction that yielded oleanolic acid (around 56.6 mg/g) and uvaol (around 37.8 mg/kg), can display protection against platelet aggregation.




2.3. Tocopherols


Tocopherols, the naturally occurring antioxidants, are grouped in fat soluble compounds, typically with vitamin E characteristics [70]. They are indicatively intrinsic to plants and other living organisms with photosynthetic activity [70,71]. The presence of tocopherols in most lipid-based foods such as seeds and vegetable oils is a paramount, mainly because of the protective action exerted by tocopherols to inhibit activities of reactive oxygen species such as peroxides [71] which in turn assists in the prevention of lipid peroxidation in the food [72]. The competitive reaction of tocopherol with peroxy free radicals brings about a limitation of free radical reaction with fatty acids of foods, and hence reducing the process of lipids autocatalysis/autoxidation [73]. The functionality of tocopherols has a great reliance on (i) occurrence and structural isomers (namely, alpha, beta, gamma, and delta), and (ii) their proportions and availability [73]. Research on optimisation of tocopherol recovery, through supercritical CO2 extraction technique, demonstrated that total tocopherol content accounts for 6.94 mg/100 g and 10.10 mg/100 g leaves, using 1 h and 2 h extraction time, respectively [74]. Concentration of alpha-tocopherols in olive leaves, is reportedly around 284.6 μg/g (dry basis) [75], 82.37 µg/g (dry basis) of Neb Jmel cultivar, and 10.12 µg/g (dry basis) of Oueslati cultivar [76].




2.4. Pigments


Pigments of plants are mainly responsible for the colour, light reactions (photosynthesis), ripening, and maturity of the plant components [77]. Chlorophylls and carotenoids, the pigments prevalent in plants, are valued for their colour attributes, and functional properties [78]. Carotenoids, the hydrophobic (fat-soluble) compounds, signify yellow/reddish orange colour of the cell membranes [79,80]. In addition to photosynthesising functions, the physiological activities of carotenoids are highlighted by their antioxidative effects, acting as free radical scavengers [79,81], and carcinopreventive agents [79]. In the research of Tarchoune et al. [76], carotenoid concentration in olive leaves ranged from 26.90 to 44.33 µg/g (dry basis) in Neb Jmel and Oueslati cultivars, respectively. Olive leaves, rich in carotenoids and chlorophyll, have great potential for food functionalisation and may provide a sizable market opportunity in food sectors. These include the incorporation of pigment-rich olive leaves in olive oil which are reportedly effective in promoting the nutritional quality of the oil [76].



Chlorophylls, the fat-soluble [82] green pigments, appreciably contribute to photosynthesis in plants [83] through enabling the absorbance and transformation of light to chemical energy, and development of adenosine triphosphate [84]. They find applications in the food industry as food additives/colourants [85]. Chlorophyll-content foods confer a range of health protections that include disabling inflammation [85], oxidation and mutagenicity [86]. There are broadly two forms of chlorophyll pigments (a and b) that are distinguished by their chemical structure [87] and biological functions. Chlorophyll a is the chief pigment in photosynthesising system, while chlorophyll b is the secondary (accessory) component that facilitates greater light absorption and energy conversion [88]. The presence and proportion of chlorophyll notably determines the colour attributes of olive leaves [89]. The concentration of chlorophyll in Tunisian olive leaves (Oueslati cultivars) has been reported to be around 829.29 µg/g dry basis [76]. The proportion of the total chlorophyll in leaves may vary largely in various cultivars [89]. Moreover, the retention of chlorophyll and carotenoids potentially increases with the increase in the leaves’ lifetime [90].





3. Technological Aspects for Extraction of Bioactive Compounds from Olive Leaves


The extraction process, that is the separation of desired (endogenous) ingredients, requires careful selection of methodologies. This is partly because unlike synthetic antioxidants, a great challenge is involved for the recovery of natural ingredients [91]. Although synthetic antioxidants confer efficiency and stability, by reason of being potentially hazardous, e.g., developing carcinogenicity and toxicity, the use of natural antioxidants is viewed as a safer and more appealing alternative [92]. The extraction system should be ideally designed to effectively satisfy processing, economics, and environmental sustainability. The main features associated with the sustainable extraction of functional ingredients from olive leaves are highlighted in Figure 1.



The processing parameters, including sample preparation/handling, extraction time/temperature, and solvent type/ratio, are highly influential in the level of extractability and remaining functionality of the final product [93]. The choice of methodology depends on the intended final application/product that should be formulated suitably to be applicable to the desired extract composition and purity. For instance, the processing design may effectively enable the exertion of de-glycosylation and/or hydrolysis of oleuropein to hydroxytyrosol, that is appreciably prized for its biological activity and functionality [6]. However, if oleuropein is the desired final product, the extraction system should be optimally devised to ensure recovery of target pure/intact molecules with minimum degradation/chemical reaction. In this regard, the accuracy of the processing system control (“from farm to final product”) is of great importance given the high susceptibility of the compounds to be extracted, particularly when aiming at more demanding applications, including pharmaceutical and medicinal.



3.1. Stabilisation of Raw Biomass to Promote Physicochemical Quality of Olive Leaves


Due to the high sensitivity of the bioactive compounds of olive leaves to environmental stresses, post-harvest treatments for biomass stabilisation may be crucial to allow maximum recovery of bioactivity. The trend of research studies on extraction systems has moved partly towards optimisation and efficiency of processing components and operational parameters associated with extraction system. These include drying treatments such as freeze drying and air drying [94]. Drying operation plays a major part in the resultant quantity and quality of the desired extract [93]. The research on optimisation of drying performance has progressed to some extent. Drying approaches such as (i) tray drying based on Response Surface Methodology [95], (ii) heat pump drying [96], (iii) solar drying [97], and (iv) freeze drying [98] have shown to be highly effective in exerting the liberation of endogenous active compounds from olive leaves.



Selection of a suitable drying approach is important due to the presence of high moisture content in plant leaves that is a key factor in developing perishability and susceptibility to spoilage [99]. It is preferable to increase shelf-life by optimal drying operation to render the moisture unavailable for microbial/enzymatic activity and oxidation reaction [99]. Efficient drying, in part, exhibits optimal separation and purification of bioactive compounds, and thus the potential of maximising exploitation of olive leaves [96]. Drying operation parameters primarily include drying temperature and time, and their effect on drying performance [99]. High temperature with prolonged drying operation may destroy or alter the structure of bioactive ingredients. Considerable degradation of oleuropein during elevated drying temperature at 60 °C has been reported by Malik and Bradford [100]. However, Ahmad-Qasem et al. [101], supported the applicability of hot air drying to olive leaves (120 °C for 12 min). The authors of this study found significant concentrations of phenolic compounds, particularly oleuropein (p < 0.05) in the extract. Another important factor is the selection of a suitable air circulation system to ensure that a consistent air flow enables optimal moisture removal from samples [99].




3.2. Conventional Extraction Techniques


Classical extraction techniques, commonly employed for the recovery of active compounds from olive leaves, involve a large proportion of organic solvents, using agitation and/or high temperature to maximise diffusivity/mass transfer of the desired compounds from food matrix [6]. Examples are percolation [6], solid-liquid extraction (e.g., maceration, Soxhlet extraction) [102], distillation, and heat reflux [103]. The choice of solvent is crucial to optimise the solubility and diffusivity of target ingredient/s [103]. Ethanol, methanol, and hydroalcoholic solvents are the most typical solvents used for extraction of a wide range of hydrophilic and lipophilic compounds in olive leaves. The conventional solid–liquid extraction methods, although offering some advantages (including effectiveness of maceration methods for heat-susceptible compounds, and the accuracy/reproducibility of Soxhlet methods), represent the downsides of (i) inefficient diffusivity and a slow/prolonged extraction process [103,104], (ii) using a prodigious amount of organic solvents (with potential toxicity), (iii) lengthy extraction time, and (iv) poor processing adaptability [6]. Other disadvantages inherent in both thermal and non-thermal conventional extractions are the high energy use, high production cost, and the potential incidence of degradation, arising from (i) prolonged subjection to solvents, e.g., in maceration [104], and (ii) the use of a high temperature involved in thermal operation [6,103].




3.3. Alternative Strategies to Improve Extraction Performance


Many attempts have been made to develop modified/advanced technologies for the efficient extraction of bioactive compounds from olive leaves [6,104]. In the literature, a range of emerging techniques have been proposed to date as alternative tools to replace traditional/inefficient processing systems. A summary of the typical methods investigated for the extraction of olive leaves is provided in Table 2.



The research of Lama-Muñoz et al. [104] (Table 2), on pressurised liquid extraction (PLE), using olive leaves with 5% moisture content and 80% ethanol at 190 °C during a 5 min extraction time, demonstrated that this method optimally increased the release of oleuropein (63.35 g/kg leaves) and luteolin-7-O-glucoside (2.71 g/kg leaves). Pressurised liquid extraction relatively helps address the hurdle of slow processing inherent in traditional methods, although it entails large capital investment but it offers advantages of low running/input cost [104].



The steam explosion method has been studied by Romero-García et al. [102] to optimise the extraction of sugars and antioxidant compounds from olive tree leaves. Although sugars were the main compounds recovered (70% from the initial content), the authors reported significant extraction of oleuropein, hydroxytyrosol and flavonoids, that, respectively, represented 1613 mg, 260 mg, and 123 mg per 100 g dry leaves, with the extraction temperature of 180 °C for 4 min.



Recovery of olive mill leaves, using ultrasound assisted extraction (UAE) method, with ethanol solvent within a 30 min extraction time, improved the concentration (30%) of oleuropein in extracted leaves [7]. The principal limitations of UAE include non-selective extraction [105], variability of ultrasound energy, and possible alteration of molecular structure of active components [106].



Da Rosa et al. [107], assessed extraction of total phenolic compounds from olive leaves using three methods (Table 2). By comparing the efficacy of the extraction methods examined in their research, microwave assisted extraction (MAE) was found to be the most efficient approach (using 86 °C for 3 min). Their study demonstrated that MAE, where water was used as solvent, provides efficacy over the conventional (maceration) method. An increase of 82% recovery of total phenolics was observed. These authors suggested the potential efficacy of microwave assisted extraction when incorporated in pre-treatment step during ultrasonic assisted extraction. Sánchez-Ávila et al. [108] also worked on optimisation design of MAE for the quantification of triterpene derivatives in olive leaves and confirmed the efficacy of this method in the extraction yield. The optimum conditions of independent variables determined in their study included: (i) irradiation time (5 min), (ii) irradiation power (180 W), and the special focus on (iii) solvent ratio, optimally ethanol/water (80:20). Application of MAE is beneficial in terms of (i) short extraction time, ii) extraction efficiency [107,109], (iii) appealing physicochemical quality, and (iv) no waste of heat energy to environment [109]. However, the extraction yield is constrained by the type of solvents, entailing dielectric (dipole) solvents capable of absorbing microwave energy [109]. Further, the scale-up of MAE systems may represent major drawbacks, as the length of penetration of microwaves is rather limited.



As indicated in Table 2, in another study by Baldino et al. [110], using an integration of liquid–liquid extraction (to extract olive leaves using ethanol), and supercritical antisolvent extraction (to recover oleuropein from aqueous ethanolic extract), demonstrated around 36% isolated (powder) oleuropein, with an extraction pressure of 150 bar at 35 °C. Le Floch et al. [111] employed supercritical fluid extraction (SFE), using 10% methanol of CO2 with the extraction pressure of 334 at 100 °C for 140 min (Table 2). In their research, total phenolic compounds (TPC), using Folin–Ciocalteu reagent assay, was assessed, and compared to the sonication-assisted liquid solvent extraction. The concentration of TPC obtained by SFE was higher than other solvents used in sonication, including n-hexane, but the percentage yield of TPC was lower than that extracted with methanol which represented a 45% yield. Supercritical extraction using CO2 has shown efficacy in isolation of plant bioactive constituents [110]. The main advantages include (i) using lower temperatures [112], (ii) allowing extraction selectivity, and (iii) enabling rapid extraction [113]. However, due to relative polarity of phenolics, the process needs the inclusion of polar solvent, namely, a modifier to help increase the solubility (in CO2), and extraction yield [112].



Electric field-assisted extraction is also regarded as an emerging aid which encompasses both thermal and non-thermal extraction systems and has great potential for the extraction of active compounds from olive tree leaves. Moderate electric fields and the associated ohmic heating (where heat is generated due to the application of an electric field to a semi-conductive sample) may be used which allows (i) internal, uniform and fast heating, enabling favourable decrease in processing time with minimum thermal degradation of compounds), (ii) partial cell wall permeabilization, and (iii) minimum energy and time consumptions [114]. On the other hand, pulsed electric fields uses high voltage electric fields applied in extremely short pulses (to avoid heating) to destroy the cell membrane structure, improving the release of the bio-compounds to be extracted [114]. In this context, the experiment of Žuntar et al. [103], demonstrates that a non-thermal high voltage electrical discharges (Table 2) is a viable technique for phenolic extraction from olive leaves. It enables greater rate of diffusivity by exerting the cell rupture and forcing the diffusion of mass transfer from internal part of cells to the external surrounding/solution, and thus assisting in the increment of yield within less time. However, other important factors inherent in the potential development of chemical residue and corrosivity of system components (e.g., when using less expensive electrodes) are yet to be identified. In addition, the upscaling operation system entails large investment, mainly for apparatus and processing inputs [103].





4. Significance of Stability of Olive Leaf Extract


It is important to take the factor of preservation and delivery of the final extracts into consideration. This is mainly because many bioactive compounds, including phenolics, are inherently susceptible to heat, light and oxygen, together with (i) variability in water solubility, (ii) high metabolic rate, and (iii) tendency of being expelled instantaneously from the body. This may substantially reduce biological availability and functionality of polyphenols [115]. In addition, non-phenolic compounds such as triterpenoids are likely to be less bioavailable, due to their poor solubility/hydrophilicity which in turn hinders their biological functions [116]. Therefore, and besides the necessary caution during harvest and processing mentioned in the previous section, post-processing olive leaves by-products stabilization is also of utmost importance. The most common approaches described for this purpose involve different types of encapsulation techniques, allowing the protection of the extracts against various environmental stresses as well as controlled release of the bioactivity, at the desired time and place.



Application of various techniques based on nanotechnology, such as nano-structuring and polymeric nanoparticles, helps improve solubility, and functionality of these compounds [116]. Encapsulation of olive leaf extract, e.g., by freeze drying, using cyclodextrin for encapsulation [117], or by water in oil (W/O) nano-emulsion using soybean oil, has been considered a markedly useful technique in this regard [118]. In a research, carried out by Urzúa et al. [119], through examining microencapsulation ability in preservation of phenolics and their bioactive potency, olive leaf extracts were encapsulated with inulin by means of spray drying. The outcome of their study showed that microencapsulation was highly efficient in preserving active compounds (oleuropein yielded above 87% in the encapsulated leaf extract). Additioanlly, Soleimanifar et al. [120], in their research on nanoencapsulation of olive leaf phenolics by whey protein electro-spraying (using low temperature without solvent), postulated the use of this technique as a propitious approach for protecting functional constituents of olive leaves.




5. Potential Industrial Applications of Olive Leaf Extracts


Olive leaves, together with having great potential for medicinal, cosmetic [19], and pharmaceutical uses, could find applications in functionalising/developing a wide range of food products [17]. The addition of olive leaf extract to vegetable oils is believed to be effective in promoting oxidation stability and retaining nutritive components of oils, leading to a longer shelf-life [121]. Ammar et al. [122], conducted research on the effect of addition of olive leaves in extra virgin olive oil (added prior to oil extraction) on phenolic profile of the extracted oil samples from Tunisian cultivars. These authors found a significant increment of phenolic content in the recovered oil, from Chétoui cultivar, treated with 3% of olive leaves. Incorporation of olive leaves (3%) to Tunisian olive oils (Oueslati cultivar) has shown to increase the concentration of polyphenols (44%), chlorophyll (around 67%), and carotenoids (around 62%) in the oil [76]. Sevim et al. [123] also described that inclusion of olive leaves in olive oil has potential to promote the bioactive profile of the oil stored for 18 months. Significant increment of alpha-tocopherols, phenolics, and chlorophyll proportions as well as antioxidant activity were observed in the leave-treated oils p < 0.001.



The significance of developing oxidative stability of cooking oils, particularly when using deep frying or a high temperature, is primarily due to oxidative susceptibility of vegetable oils during cooking process rendering unappealing changes in the food structure with potential degradation of nutritional/sensory quality [124]. Addition of olive leaf extracts to sunflower, palm, and olive oil (TPC concentrations of extracts: 120 and 240 mg/Kg oil) was examined by Chiou et al. [125] for antioxidation properties in the fried potato chips (French fries). It was found that polyphenolic concentration significantly increased as much as three to 60-fold greater than corresponding compounds in potato chips fried with commercial oils samples. Their study also indicated that oleuropein represented the prevailing phenolic constituent in the leaf extract (1.25 g/Kg leaves). Effectiveness of upgrading stabilisation of refined olive oil to the extent of virgin olive oil is potentially achievable when olive leaves (1 Kg) is incorporated in 50 to 230 L refined oil. However, this amount has a huge reliance on variations in cultivars, sampling/harvesting time, and chemical features of the extracted oil [126].



Inclusion of phenolic-rich olive leaf extract in the food system, as an alternative functional source, compared to the expensive purified biomolecules such as oleuropein, offers the advantage of being a low-cost processing means as it eliminates the need for the purification step, while being considerably effective. In this regard, Zoidou et al. [44] investigated the effectiveness of incorporation of oleuropein-rich olive leaf extract in yogurt, through adding leaf extract to the milk ingredient (0.43 mg extract per mL milk) during processing of yogurt production. These authors postulated the great potential of olive leave extract (rich in oleuropein), as an inexpensive functional material, in the enrichment of yogurt products.




6. Future Trends


Maximizing extraction efficacy (considering both yield and functionality) while minimizing overall cost is evidently a desired approach. Many studies on the analysis and exploitation of olive leaves have been published to date but further details on the exploration of viable approaches based on environmental and economic sustainability are needed to fill the knowledge gap currently exists. Among the challenges involved in the isolation of phytochemicals from olive leaves are the following: (i) variability in quantification and characterisation, (ii) achieving reproducibility and flexibility of extraction approach, (iii) enabling simplicity and adaptability to various industrial applications, including functional foods and nutraceutical supplements (iv) substantiating stability and potency of phenolic extracts, and (v) ensuring up-scalability.



Another challenge, when using a new technique, is the factor of chemical residue that brings about toxic hazards to the environment. There is a growing trend towards researching in this area, via minimising toxic processing inputs, to present a competitively innovative/non-conventional alternative, or to optimally complement the traditional methods. Furthermore, current in vivo studies related to the toxicological measures of olive leaves appear to be limited, and thus, this requires further research to conclusively determine this, even though olive leaves have been generally considered natural/safe products. From the perspective of oleuropein, the median lethal dose in rodents is reportedly greater than 3000 mg/Kg (following oral administration), and greater than 1000 mg/Kg (following intraperitoneal injection) [44].



Additionally, analytical challenges (that are partly attributed to the variability in phenolic biosynthesis and bioactivity among various cultivars) need to be taken into consideration. The innovative analytical methods such as metabolic fingerprinting, as a useful means, effectively helps classify cultivars based on their molecular profile that can be used as chemical markers. Di Donna et al. [58], in their study to determine whether the selected cultivars are distinguished/classified within different growing sites, performed a supervised pattern analysis, including soft independent modelling of class analogy that was found to be effective in the predictive analysis of cultivars and growing sites. Furthermore, it is essential to understand the efficacy of adequate proportions of active components in olive leaf extracts to optimally enable the exertion of their functionality in food/non-food product developments.



Olive leaves, although endowed with bioactivity which are of benefit to developing added-value products, the inherently low recovery yields, and complexity of active compounds, may hamper expensive/demanding downstream processing. On the other hand, current studies point to applying integrated approaches that ensure maximum re-use of the available biomass, preferably towards the whole use of different olive-based residue fractions. The United Nations’ 2030 Agenda for Sustainable Development has emphasised specific goals on sustainability and responsible production side-by-side with economic growth and industrial innovation. In this context, application of a diverse range of biomass/by-products, generated in agricultural and industrial processing of olives, helps contribute to economic and environmental sustainability. Future perspectives seemingly incorporate deeper analysis of (i) flexible on-site or near-site processing of plants, (ii) biomass stabilisation, (iii) transportation needs, (iv) exploitation of various types of residues/by-products of plants, and (v) sequential extraction of various recoverable fractions.




7. Conclusions


A large proportion of olive leaves, the by-products of the agricultural and processing methods of olive crops, does not end up being utilised and their disposal represents huge economic and environmental impacts. These residues are abundant in valuable bio-compounds and their inclusion in the food/dietary system is decidedly a preferable alternative to using synthetic counterparts. They have great market potential for industrial applications as functional/natural ingredients and high-added value products. However, there are principal factors involved in the level of extractability and biological potency of phytonutrients. Among the major determinants, the type of extraction system has been emphasised in many studies. The selection of a viable and inexpensive processing approach to accommodate an optimum liberation of desired molecules, with especial attention to environmental sustainability, is challenging work. In the literature, numerous advanced methodologies have been examined to develop sustainable processing techniques to replace the conventional/expensive extraction systems currently used. Many research studies have postulated efficient processing designs to increase recovery of biomolecules and decrease: (i) toxic extraction solvents, (ii) fossil fuel energy, (iii) manufacturing cost, and (iv) processing time. These findings are potentially propitious but, having said that, olive leaves have currently found limited commercial use and the industrial applications are still unable to adapt the new/proposed techniques, in part because of the operation/system complexity and overall production expenses. This may hamper broader scientific efforts to provide a feasible means, with minimum challenges, for valorisation of olive leaves which enables (i) minimum operation costs, (ii) simple and flexible processing protocol, and (iii) accessible system components. Performance of a sustainable bio-processing strategy helps reach the goal of zero disposal/green processing of olive leaf by-products while assuring an acceptable quality of functional/natural products to satisfy both consumers and industrial needs.
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Figure 1. Factors involved in the sustainable extraction of active compounds from olive leaves. 
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Table 1. Typical factors affecting concentration and functional properties of olive leaf phenolic compounds.
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Harvest Stage

	
Determinant

	
Reference






	
Pre-harvest

	
Geographical origin

	
[55]




	
Maturity stage

	
[19]




	
Climate

	
[56]




	
Cultivar

	
[55,57]




	
Tree/leaf lifetime

	
[57]




	
Post-harvest

	
Storage (time/temperature)

	
[19]




	
Harvest time/period

	
[58]




	
Extraction technique

	
[19,55]
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Table 2. Summary of existing techniques proposed for olive leave extraction.
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	Nature of Study
	Extraction Method
	Advantage
	Reference





	Optimising extraction of total phenolic compounds (including oleuropein, flavonoids, luteoline-7-O-glucoside)
	Pressurised liquid-extraction (optimised by Response Surface Methodology)

Solvent: ethanol/water
	Efficient method for isolation of phytochemicals; low operation/input cost; high speed; greater recovery
	[104]



	Study of various extraction methods and assess the influence of designed parameters on recovery of total phenolics and antioxidant activity
	Microwave-assisted extraction (MAE)

Ultrasonic assisted extraction (UAE)

Conventional (maceration)
	MAE: Most efficient method; less time consuming

UAE: Lower temperature provides better quality and greater yield
	[107]



	Determination of increasing oleuropein isolation
	Hybrid extraction technique: aqueous ethanolic extract (from liquid–solid extraction) was subjected to supercritical antisolvent extraction, to obtain precipitated/concentrated oleuropein
	Enables precipitation and formation of oleuropein powder; efficient method. Only traces of ethanol remain in final extract
	[110]



	Investigation of total phenolic compounds through developing supercritical fluid extraction
	Supercritical fluid extraction
	High-speed; automated means; requires less solvent; selective isolation
	[111]



	Effective development of phenolic extraction using high voltage electrical discharges compared to conventional method
	High voltage electric discharges (characterisation analysis performed by ultra-performance liquid chromatography-tandem mass spectrometry)
	Use of organic solvents; effective extraction method (high extractability)
	[103]
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