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Abstract

:

The analysis of the secoiridoid type of phenolic compounds present in virgin olive oil has become a challenging area of research since the first evidence of their presence in the polar fraction of the oil. Separation techniques, mainly liquid chromatographic ones, prevailed over the years of application toward elucidation of their structure, content determination and collection of evidence on cultivar, origin, processing and storage conditions dependence. One of the latest challenges in their analysis was related to the need to address the requirement set by EC Regulation 432/2012 for the implementation of the health claim on ‘olive oil polyphenols’. The present work considers in a chronological order the original articles, viewpoints, review articles and other published efforts that appeared in the literature after the issuing of the relevant EFSA scientific opinion in 2011. The EFSA health claim created a lot of expectations among producers of virgin olive oil and boosted research for the development of a ‘fit for the purpose’ analytical protocol. Emphasis is given to the dedicated separation protocols that have been developed in the last 10 years and to the progress in their validation in comparison to the features of the method that were recently adopted by the International Olive Council.
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1. Olive Oil Polar Phenols


Olive drupes contain an interesting gamut of bioactive compounds that are transferred to virgin olive oil (VOO) during processing by only physical means [1]. Among them, derivatives of secoiridoids such as oleuropein and ligstroside monopolized the interest of researchers, first, for technological reasons, as they were related to the remarkable oxidative stability of the oil [2], its taste [3] and, later on, to a variety of health benefits [4]. Being more polar in nature, and in order to differentiate them from the less polar tocopherols, this group of compounds was named olive oil ‘polar phenols’, or olive oil ‘polyphenols’, and it is commonly extracted from the lipid matrix using aqueous methanol solutions [5]. The term ‘polyphenols’ is still in use even in official documents, though the most abundant compounds present in the oil polar fraction (PF) bear only one phenolic ring, as illustrated in Table 1.



The term ‘polar phenols’ (PPh) is adopted subsequently for the aim of the present work. The term ‘olive oil polyphenols’ will be used exclusively when it refers to the EC Regulation 432/2012 [6] and the related European Food Safety Authority (EFSA) opinion [7].




2. Separation Methods for PPh Speciation and Quantification


Numerous analytical procedures have appeared in the literature since 1980. Most of them involve separation procedures applied to the intact oil or the PF. The latter is obtained using liquid-liquid (LLE) or solid phase (SPE) extraction means. Among published protocols, liquid chromatographic ones coupled with UV, diode array, fluorescence or MS detection systems prevail ([8,9] and references cited therein). Challenging remains the complete resolution of the target compounds and the lack or the cost of appropriate reference compounds. Nevertheless, depending on the aim of the study, e.g., structure elucidation, content determination or collection of evidence on cultivar, origin, processing and storage conditions dependence, researchers develop, adopt or modify separation protocols accordingly. A typical—though not optimum—liquid protocol is that adopted by the International Olive Council (IOC) for ‘olive oil biophenols’ in 2009 [10]. A characteristic chromatogram, including separation conditions and compound identification, according to the IOC protocol as adopted by Tsimidou and collaborators [11] is shown in Figure 1.



One of the latest challenges in their analysis is related to the need to address the requirement set by EC Regulation 432/2012 for the implementation of a health claim on ‘olive oil polyphenols’. The health claim refers to their contribution to the ‘protection of blood lipids from oxidative stress’ and may be used only for ‘olive oil, which contains at least 5 mg of hydroxytyrosol and its derivatives (e.g., oleuropein complex and tyrosol) per 20 g of olive oil’. It is also noted down that daily intake of this quantity of oil is necessary in order to obtain the particular beneficial effect. To fulfill the strict European legislative rules on the accuracy of any nutritional and health claims present on food labeling [12], dedicated and validated analytical protocols ‘fit for the purpose’ are mandatory. Such a protocol was not evidenced in the studies cited in the relevant opinion of EFSA ([7] and references cited therein). As a consequence, various separation protocols, as well as spectroscopic or other approaches, were developed over the last decade to address gaps at all stages of PPh analysis [9,11,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. Among them, separation protocols prevail. The next section is focused on the dedicated separation protocols for the implementation of the health claim on ‘olive oil polyphenols’ that were published from 2011 to June 2022, when the last version of the IOC document, no. 29, was uploaded to its official website [36].




3. Dedicated Separation Protocols for the Implementation of the Health Claim on ‘Olive Oil Polyphenols’ (EC Regulation 432/2012) 2012–2022


The dedicated efforts using separation techniques for the determination of the target compounds (hydroxytyrosol and tyrosol in free and bound forms) were carried out and supported by different research groups [9,11,13,14,15,16,17,18,20,22,23,24,26,27,28,29,30,32,34]. Table 2 presents the institutes involved in each case to point out the rigorousness and collaborative spirit of the various working groups that responded to the market requirement.



Participation of female scientists, seniors and youths is highlighted in a separate column, and it is really considerable (60%). Funding sources are presented in the last column as a proof of the involvement of different stakeholders (universities, institutes, national authorities, the private sector and the EU) to accelerate research progress. Researchers already active in olive oil PPh analysis from the major European olive oil producing countries reacted fast after the authorization of the EFSA health claim [7]. They realized that the analytical gaps and unclear terminology adopted in the official documents would burden the implementation of the health claim in the market [13,15,18,19,22,24,25]. Some efforts were focused on the simplification of the chromatographic profile shown in Figure 1. A prerequisite for this purpose was the introduction of a hydrolysis step for the bound forms in either the intact oil [13] or the polar fraction [15,18,21,24,29]. Optimization of the extraction conditions also became an issue for further examination and validation [5,20,24,26,27,31,34]. Some researchers supported the idea to use simple means to address the legal requirement [13,15,18,21,35]; however, others preferred to avoid—on one hand—hydrolysis of the bound forms and—on the other hand—introduced sophisticated detection means and systems not commonly available in routine analytical laboratories in the public or private sector [24,33]. Some investigators compared HPLC column efficiencies [28] or studied in parallel separation of the target compounds in HPLC and UHPLC systems [29]. Interestingly, some publications presented comparative data produced by different separation (or even NMR) protocols, including that of [10], for the same oil samples in an effort to reach a consensus among all interested parties, i.e., the IOC, the EU, national authorities and the industry [9,11,23,27,29]. Soon after the issuing [6], the IOC advertised an open call for methods ‘fit for the purpose’ of the health claim, whereas the EU financed projects that incorporated such activities [11,27,29,32]. However, until 2017, the IOC had not made any proposal [37] despite the pressure from the national authorities and the olive oil industry. It is really impressive that in most analytical protocols data are compared to those obtained using IOC method no. 29 in an effort to make only the necessary modifications for accurate measurement of the target compounds [9,11,23,24,26,27,29,30]. In all of them, validation elements are given regarding the limits of detection and quantification of the target compounds, matrix effects, recovery, etc. In June 2022, the IOC [36] concluded its efforts to address the analytical issue. Thus, in the last version of [10], two methods are proposed: Method 1, COI/T.20/Doc. No 29/Rev.1 2017, for the determination of the biophenols in olive oils using HPLC, and Method 2, for the determination of phenolic compounds in olive oils using SPE-HPLC-DAD. As stated, ‘Method 2 can be used to determine the real concentration of phenols to fulfill an EFSA claim as well as the content of individual phenols (e.g., oleocanthal and oleacein (note: oleoscein is wrong!))’. The method is the result of collaborative tests performed by 20 laboratories within the IOC. Unfortunately, there is no recent publication that has conceded a proper peer review process containing data from these tests to explain the choice of the SPE vs. LLE extraction and, in particular, the choice of diol SPE cartridges for the PF isolation. The conditions for PPh extraction are almost identical to those described by Mateos and collaborators 11 years ago [38]. This is clear from the data shown in Table 3. Even in that, publication superiority of SPE on diol cartridge vs. LLE was not supported [38].



Moreover, as shown in Table 4, the proposed RP-HPLC-DAD conditions in [36] are quite similar to those of [38], but it is not clear which compounds should be calculated to fulfill the health claim requirement. Precision data from the interlaboratory study organized by the IOC [36] are given for the total phenol content (mg/kg) after summing up 15 compounds, among which are vanillic acid, vanillin, ferulic acid, pinoresinol, cinnamic acid, 1-acetoxypinoresinol, luteolin and apigenin. Those eight compounds in particular are not secoiridoids and are not considered in the 5 mg of hydroxytyrosol and its derivatives (e.g., oleuropein complex and tyrosol) per 20 g of olive oil required by the health claim.



The IOC recommendation ignores the endeavors of so many scientists to address the analytical gaps in specific and unambiguous ways over the last decade. The proposed analytical protocol for extraction, separation, identification and quantification seems to be an outdated compromise, whereas there are more recent validated protocols ‘fit for the purpose’ of the EFSA health claim available.




4. Conclusions


Unequivocally, authorization of the ‘olive oil polyphenol’ health claim boosted PPh analysis of virgin olive oils from different cultivars and countries, which was a positive activity for the overall interests of SMEs and small producers. Even though the claim could not be used on the labeling for 10 years already, publicity and consumer awareness of the health benefits of olive oil polyphenols was gained in various ways, mainly through social media and scientific publications. However, the bureaucratic procedures of international bodies do not seem to follow scientific progress for the benefit of the olive sector. Researchers from more than 26 institutes who worked hard in this direction should be rather disappointed. The analytical gap cannot be considered addressed on the soundest scientific basis by the recently recommended method of the IOC.
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Figure 1. Typical chromatogram of virgin olive phenols present in the polar fraction at 280 nm following the IOC extraction, elution and identification conditions as adopted by ([11], protocol C, with MDPI permission). 1: Htyr; 2: Tyr; 3: vanillic acid; 4: caffeic acid; 5: syringic acid (IS); 6: vanillin; 7: p-coumaric acid; 9: ferulic acid; 11a: decarboxymethyl oleuropein aglycone, oxidized dialdehyde form; 12: decarboxymethyl oleuropein aglycone, dialdehyde form; 14: oleuropein aglycone, dialdehyde form; 16a: decarboxymethyl ligstroside aglycone, oxidized dialdehyde form; 17: decarboxymethyl ligstroside aglycone, dialdehyde form; 18: pinoresinol, 1-acetoxy-pinoresinol; 20: ligstroside aglycone, dialdehyde form; Lu: luteolin; 23: oleuropein aglycone, aldehyde and hydroxylic form; Api: apigenin; 27: ligstroside aglycone, aldehyde and hydroxylic form. 
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Table 1. Chemical structure, IUPAC/empirical nomenclature and common abbreviation of the most widely known oleuropein and ligstroside derivatives present in virgin olive oil.
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	Chemical Structure
	IUPAc/Empirical Nomenclature
	Common Abbreviation
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	1: (3,4-dihydroxyphenyl) ethanol/hydroxytyrosol, Hytyr

2: (p-hydroxyphenyl) ethanol/tyrosol, Tyr
	1: 3,4-DHPEA

2: p-HPEA



	 [image: Separations 09 00351 i002]
	3: dialdehydic form of decarboxymethyl elenolic acid linked to 3,4-DHPEA/oleacein

4: dialdehydic form of decarboxymethyl elenolic acid linked to p –HPEA/oleocanthal
	3: 3,4-DHPEA-EDA

4: p-HPEA-EDA







1 and 3: R = OH; 2 and 4: R = H.
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Table 2. Dedicated separation protocols on the implementation of the health claim on ‘olive oil polyphenols’ (EC Regulation 432/2012) in chronological order.
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	Reference/Publication Year
	Research Unit
	Participation of Female Scientists (No. Out of Total)
	Funding Source





	Romero and Brenes [13,16]/2012
	Instituto de la Graca/Sevilla/ES
	1/2
	National funds



	Mastralexi et al. [15,17]/2014
	Aristotle University of Thessaloniki/GR
	2/3
	University funds



	Purcaro et al. [18]/2014
	University of Udine/IT

University of Barcelona/ES

Stazione Sperimentale per le Industrie degli Oli e dei Grassi/Milano/IT
	2/5
	University and Institute funds



	Tasioula-Margari and Tsabolatidou [20]/2015
	University of Ioannina/GR
	2/2
	University funds



	Monasterio et al. [22]/2016
	Instituto de Biología Agrícola de Mendoza/AR

University of Granada/ES
	3/5
	National funds



	Ricciutelli et al. [23]/2016
	University of Camerino/IT
	2/7
	University funds



	Bartella et al. [24]/2018
	Università della Calabria/Rende/IT
	2/5
	University funds



	Celano et al. [26]/2018
	University of Salerno, Fisciano, IT

University of Reggio Calabria, Italy
	5/7
	National funds



	Nenadis et al. [27]/2018
	Aristotle University of Thessaloniki, GR

University of Perugia/IT

Instituto de la Graca/Sevilla/ES

Alma Mater Studiorum/University of Bologna/IT
	7/11
	EU project



	Olmo-García et al. [9]/2019
	University of Granada/ES

CM Europa S.L/Martos/ES
	5/7
	University funds



	Ferro et al. [28]/2019
	Instituto Politécnico de Beja/PT

University of Aveiro/PT

Universidade de Évora/PT
	2/4
	EU project



	Tsimidou et al. [29]/2019
	Aristotle University of Thessaloniki/GR

Instituto de la Grasa (CSIC)/Seville/ES,

Alma Mater Studiorum-University of Bologna/IT
	4/6
	EU project



	Tsimidou et al. [11]/2019
	Aristotle University of Thessaloniki/GR

University of Perugia/IT

Institute for Oliveculture, Science and Research Centre Koper, Zagreb/SI
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Table 3. SPE conditions proposed for the extraction of the olive oil polar fraction according to [36,38].
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	SPE on Diol Cartridge by Mateos et al. [38]
	SPE on Diol Cartridge using IOC Method No. 29(2) [36]





	
	❖

	
A diol-bonded phase cartridge was placed in a vacuum elution apparatus and conditioned by the consecutive passing of 6 mL of methanol and 6 mL of hexane.




	❖

	
The vacuum was then released to prevent drying of the column.




	❖

	
The oil solution was applied to the column, and the solvent was pulled through, leaving the sample and the standard in the solid phase.




	❖

	
The sample container was washed with two 3 mL portions of hexane, which were run out of the cartridge.




	❖

	
The sample container was washed again with 4 mL of hexane/ethyl acetate (90:10, v/v), which was run out of the cartridge and discarded.




	❖

	
Finally, the column was eluted with 10 mL of methanol, and the solvent was evaporated in a rotary evaporator at room temperature under vacuum until dry.




	❖

	
The residue was extracted with 500 µL of methanol/water (1:1, v/v) at 40 °C.




	❖

	
An aliquot (20 µL) of the final colorless solution was injected into the HPLC system.






	
	❖

	
Place the SPE diol cartridge) in the SPE equipment. Activate the cartridge by passing 6 mL of methanol and 6 mL of n-hexane without vacuum.




	❖

	
Make sure the cartridge does not dry during elution.




	❖

	
The oil sample is diluted with 6 mL of n-hexane and placed into the activated SPE cartridge. Let the sample enter the cartridge.




	❖

	
Wash the flask with 6 mL of n-hexane and place into the column. Leave it to run out of the cartridge and discard.




	❖

	
Elute with 4 mL of the eluting mixture n-hexane:ethyl acetate (85:15, v/v) and discard.




	❖

	
Elute with 10 mL of methanol and collect the elution in a 25 mL conic flask. Evaporate in a rotary evaporator at room temperature in a vacuum until dry.




	❖

	
Dissolve the residue in 500 µL of the methanol/water mixture then shake it vigorously with the aid of a vortex.




	❖

	
Keep this final solution in dark and cool conditions for at least four hours before determination.
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Table 4. HPLC conditions proposed for ‘olive oil polyphenols’ according to [36,38].
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	HPLC Conditions
	by Mateos et al. [38]
	IOC Method No. 29 (2) [36]





	Column
	Lichrospher 100RP-18 column (4.0 mm i.d. × 250 mm; particle size, 5 µm) maintained at 30 °C.
	RP18 (4.0 mm i.d. × 250 mm length), 5 µm



	Eluting solvents
	A, water/acetic acid (97:3, v/v)
	A, water:phosphoric acid (99.5:0.5, v/v).



	
	B, methanol/acetonitrile (50:50 v/v)
	B, methanol:acetonitrile (1:1, v/v)



	Gradient
	5% B (0 min); 30% B (25 min); 35% B (35 min); 40% B (40min); 70% B (50 min) and 100% B (55 min), followed by 5 min of maintenance.
	5% B (0 min); 30% B (15 min); 38% B (30 min); 45% B (40 min); 52.5%B (45 min); 100%B (50 min)



	Flow rate
	1.0 mL/min
	1 mL/min



	Detection
	240, 280 and 335 nm
	280 and 325 nm



	Quantification
	Internal standard solution, p-hydroxyphenylacetic acid, 4.64 × 10−2 mg/mL and o-coumaric acid, 9.6 × 10−3 mg/mL in methanol
	Internal standard solution, p-hydroxyphenylacetic acid, 0.12 mg/mL and o-coumaric acid, 0.01 mg/mL in methanol.
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