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Abstract  

Olive oil (OO) is an excellent source of minor bioactive compounds, such as oleuropein 

aglycone, which is gaining increasing attention due to its biological properties and benefits 

on human health. The European Food Safety Authority (EFSA) have approved a health claim 

for OO if it contains 250 mg/kg of these desired bioactive compounds. However, the 

concentrations of bioactive compounds can vary between batches of OO and may contain 

bioactive compounds that are below the threshold which provides health benefits. 

Enrichment of OO is commonly employed to achieve a higher concentration of these 

bioactive compounds. Often a waste product such as olive leaves is used because it contains 

a significant amount of the oleuropein aglycone precursor, oleuropein glycoside (8-14% dry 

weight).  

The present research aimed to analyse commercial extra virgin olive oils (EVOOs) in the New 

Zealand market, explore the effect of olive leaf drying on the composition of oleuropein in 

olive leaf tea (OLT) and the stability of OLT stored at different temperatures (−20, RT, 40 °C, 

189 days). Lastly, an investigation was carried out to determine whether the oleuropein in 

OLT could be hydrolysed to oleuropein aglycone via an exogenous source of β-glucosidase 

(almond flour/meal) so that the resulting aglycone could be transferred into a low content 

OO producing an enriched marketable product with health benefits.  

A liquid chromatography-tandem mass spectrometry (LC-MS/MS) method was validated 

and was used to analyse target analytes in New Zealand commercial EVOOs (n = 9). There 

was a large variation in the concentration of target analytes (oleuropein, ligstroside, 

oleuropein aglycone, oleocanthal, oleacein, hydroxytyrosol, tyrosol and elenolic acid) and 

none of the oils analysed met the health claim (250 mg/kg). The content of oleuropein in 

OLT increased under different leaf drying conditions in the order fresh<RT<70 °C while other 

target analytes tended to increase with drying at RT. The period leaves were left to dry was 

also deemed a crucial factor in the concentrations obtained. A stability experiment of OLT 
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determined that the majority of target analytes were stable at −20 °C and RT, whereas 

precursors such as oleuropein and ligstroside degraded at 40 °C.  

Almond flour/meal proved to be an effective source of exogenous β-glucosidase to 

hydrolyse oleuropein in OLT; however, the mass transfer of aglycone into the oil was 

complex. Changing the source of enzyme to almond milk resulted in an aglycone 

concentration of 6 mg/kg in the oil but this also resulted in oleuropein aglycone to be 

quantified in the aqueous portion of samples (the highest being 613 mg/kg). The presence 

of a hydrophobic compound in the aqueous portion of samples was unexpected. It was 

thought this result may be caused by solubilisation through thermodynamically stable 

micelle formation within the emulsion formed during enrichment experiments. Salting out 

the reaction resulted in the highest amount of aglycone (30 mg/kg) as this process likely 

disrupted micelle formation.  

Since commercial EVOOs vary in concentration of analytes such as oleuropein aglycone, 

enriching an OO is desirable. OLT can be used as an effective source of oleuropein which 

can be hydrolysed via β-glucosidase present in almond flour/meal and milk. However, the 

mass transfer of the respective aglycone into olive oil to achieve an enriched product with 

a concentration at or above the health claim (250 mg/kg) was complex.  
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CHAPTER 1  

Introduction and Literature Review  

1.1 Introduction  

Olive oil (OO) is considered an excellent source of minor bioactive compounds which are 

associated with a range of health benefits. Oleuropein aglycone, one of the oil soluble 

bioactive compounds, is gaining increasing attention due to its biological properties.1 The 

aglycone is derived from endogenous enzymatic hydrolysis (β-glucosidase) of oleuropein 

glycoside that exists in olive fruit during OO production.1 However, the concentrations of 

bioactive compounds can vary between batches of OO and some batches may contain 

bioactive compounds that are below the threshold which provides health benefits. There is 

an opportunity to utilise oleuropein present in olive leaves, which are currently a waste 

product in the OO industry, to enhance the bioactive component of OO to produce a 

product with a high, consistent concentration of oleuropein aglycone. Olive leaves can be 

used to produce an olive leaf tea (OLT) that contains high amounts of oleuropein glycoside 

which can be hydrolysed to oleuropein aglycone via an exogenous source of β-glucosidase; 

one such source is almond flour/meal which is unexplored in literature. The resulting 

aglycone can be transferred into a low content OO producing a marketable product with 

health benefits, thus was investigated in this research for a company who wish to 

understand the possibility of OO enrichment for product development.  

1.2 Olive history and symbolism 

Archaeological excavations in the Mediterranean Basin have revealed the existence of olive 

plants dating back 20 million years.2 Olive is thought to be one of the earliest fruits to be 

cultivated and this is considered to have begun during the Copper Age (6000 BC); there is 

also evidence of the development of techniques for oil extraction during this period.3 Olive 
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plants and fruit have also been mentioned in the Koran, Hebrew and Christian Bibles and it 

is often regarded as the symbol of euphoria, purity, victory, peace and honour.2 

1.3 Botanical characteristics of olive  

The cultivated olive (Olea europaea L.) belongs to the family Oleaceae, genus Olea.2 

Oleaceae is a medium sized family comprising of approximately 25 genera which includes 

at least 600 species.4  

Botanical features  

The olive tree is a long-lived evergreen reaching up to a 1000 years of age as it is slow 

growing and tolerant to drought stress.2 The tree can reach up to 15 m in height but is often 

shrubby (Figure 1.1 A).3 Olive fruit, known as a drupe, is spherical or elliptic in shape and 

consists of an exocarp (skin) and mesocarp (flesh, edible portion), and the endocarp (pit).2 

The fruit is purplish black when completely ripe, however, some cultivars are green when 

ripe (Figure 1.1 B).2 Olive fruit is of major agricultural importance in the Mediterranean 

region and a source of oil and canned olives.3 The typical composition of olive fruit is water 

(50%), protein (1.6%), oil (22%), carbohydrate (19.1%), cellulose (5.8%), inorganic 

substances (1.5%) and phenolic compounds (1-3%). Other important compounds present in 

olive fruit are pectin, organic acids, and pigments.5 Olive leaves are narrowly elliptic, green 

on the upper surface and whitish grey on the underside and are replaced at 2-3 year 

intervals during spring (Figure 1.1 C).2,3 On average, the composition is water (49.8%), 

proteins (7.6%), lipids (1.1%), minerals (4.5%), and carbohydrates (37.1%).6  
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Figure 1.1. Images of A) an olive tree,7 B) olive fruit8 and C) olive leaves.9  

 

Olive cultivars 

The species Olea europaea L. includes more than 2600 cultivars, they are usually selected 

for their agronomic value such as larger fruits and higher oil content.2,10 Due to the ideal 

growing conditions, the Mediterranean region accounts for 87% of the 11.5 million hectares 

dedicated to olive tree cultivation worldwide, 86.6% of which is devoted to OO supply.11,12 

The specific use of a given cultivar is determined by its oil content and size of drupes. Olive 

varieties with oil content less than 12% such as Ascolano, Calamata and Manzanillo are 

almost exclusively used for table olive production, while those with higher oil yields such as 

Hojiblanca, Verdial, Picual, Gemlik, Nychati Kalamon and Arauco are usually preferred for 

OO production.5 

Geographical location and growing conditions  

The olive tree is native to the Mediterranean region, the tropics, central Asia and various 

parts of Africa.2 Cultivation of olive is feasible throughout this subtropical zone as these 

A B 

C 
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areas have a mean annual temperature of 15-20 °C with a minimum of 4 °C and a maximum 

of 40 °C.2 Varieties more tolerant to cold are present in the northern Mediterranean 

regions. However, dry summers and mild winters are the most appropriate climate 

conditions for the growth of olive trees.2,4 In the last two decades there has been increasing 

international demand for OO and table olives. This has led to the expansion of olive 

cultivation in non-Mediterranean countries located in the subtropical and temperate 

regions such as the United States of America, Argentina, Chile, Peru, Mexico, South Africa, 

Australia, New Zealand and some Asian countries.2,11 

1.4 Phenolic compounds (phenolics)  

1.4.1 Phenolic compounds overview  

Phenolic compounds (also known as phenolics) are naturally derived secondary plant 

metabolites which are biologically active (bioactive).13,14 Phenolic compounds are produced 

by plants for protection against UV light, insects, viruses, and bacteria.15 They are comprised 

of an aromatic or aliphatic ring bearing one or more hydroxyl group, forming a structure 

from simple phenolic compounds to complex-high molecular weight polymers.13 These 

compounds are mainly derived from shikimate, phenylpropanoid, and pentose phosphate 

pathway in plants.13  

Phenolic compounds are the largest group of phytochemicals and 8000 phenolic structures 

are currently known, making them highly diverse.16 Phenolic compounds are categorised 

into several sub-groups and are classified by their source of origin, biological function, and 

chemical structure (Figure 1.2).16  
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Figure 1.2. The phytochemical family tree, with expansion of the phenolic compound 
category. Adapted from Shahidi et al. (2015)17 and Martinez et al. (2017).18 

 

Structurally, despite their extreme variety, phenolic compounds possess a common carbon 

skeleton building block: the C6–C3 phenylpropanoid unit (Figure 1.3). The C and number 

represent the number of carbons in different units required to form the relevant structure 

as circled in Figure 1.3.  

 

Figure 1.3. C6–C3 phenylpropanoid unit. 

 

Biosynthesis by this pathway leads to a wide range of plant phenolics: phenolic acids 

(cinnamic acids (C6-C3) and benzoic acids (C6-C1)), flavonoids (C6-C3-C6), coumarins 

(C6-C3), stilbenes (C6–C2–C6), lignans (C6-C3–C3–C6), proanthocyanidins (condensed 

C3 

C6 
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tannins) [(C6-C3–C6)n], and lignins [(C6-C3)n] (Figure 1.4, the latter two are excluded due 

to complexity).19,20 For proanthocyanidins and lignins the journal articles did not specify 

what n equals. The flavonoids, which are further subcategorised into flavonols, flavan-3-ols, 

flavones, isoflavones, flavanols, and anthocyanins, consist of two aromatic rings that are 

attached to an oxygen heterocycle.13 There are phenolic acids (often referred to as simple 

phenols) which are subcategorised into hydroxycinnamic acids and hydroxybenzoic acids. 

Other groups include coumarins, lignans, stilbenes and lignins. Lastly tannins, which are 

further subcategorised into hydrolysable and condensed tannins.21,22 Each group is 

classified based on of the number of carbons and hydroxyl groups as well as the type and 

the position of other substituents.21,22  

 

Figure 1.4. Chemical structures of the different classes of phenolic compounds including 
phenolic acids (Cinnamic and benzoic acids), flavonoids, coumarins, stilbenes and lignans. 
Adapted from Chaiprasongsuk et al. (2022)23 and Annunziata et al. (2020).24 
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Phenolic compounds are present in bark, leaves, fruits, spices, berries, vegetables, roots, 

nuts, seeds and herbs. Hence, they can be transferred into processed foods of plant origin 

such as OO.21 Soil composition, growing environment, cultivation technique and genetics 

are mainly responsible for the variation in phenolic compound concentrations observed in 

these food products.13  

Phenolic compounds are becoming increasingly important because of their beneficial 

effects on human health. They are known to possess antioxidant, antimicrobial and anti-

inflammatory properties. There are recent reports of remarkable effects on chronic 

diseases such as neurodegenerative and cardiovascular diseases as well as the prevention 

and treatment of cancer and inflammation.13,22 Phenolics also have a wide range of 

applications as food supplements, pharmaceutical and cosmetic additives.22 

1.4.2 Phenolic compounds in olive oil and olive leaves 

OO and olive leaves are an important part of this research as both components contain 

sources of bioactive compounds. OO bioactive compounds include phenolic alcohols 

(simple phenols), lignans, flavonoids, phenolic acids and the secoiridoid derivatives.25 Olive 

leaves also contain a large variety of phenolic compounds and mainly consist of phenolic 

alcohols, flavonoids, and secoiridoids.19 An important group of phenolic compounds in this 

research are the secoiridoids. Secoiridoids are a class of iridoids which are naturally active 

but are rare in plant species. Nevertheless, they are found in abundance in Oleaceae 

species, representing the majority of bioactive phenolic compounds in olive 

(O. europaea).26,27 Iridoids are a large and still expanding class of cyclopentane pyran 

monoterpenes which are geraniol-derived monoterpenes.28 The chemical structure results 

from a cyclopentane ring fused to a six-member heterocycle with an oxygen atom.28 Iridoids 

have hemiacetal hydroxyl groups and because of the unstable nature of its C1-OH group 

they often react with glucose to form glycosides.28 According to the integrity of the 

cyclopentane unit, cleavage of the ring in iridoid glycosides produces secoiridoid glycosides 

(Figure 1.5).16,21,28 Secoiridoid glycosides are characterised by a 10-carbon core skeleton in 

which the bond between C-7 and C-8 in the cyclopentene ring is cleaved.29  
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Numerous biological activities for secoiridoid glycosides have been reported, including 

antioxidant activity associated with tyrosol and hydroxytyrosol groups.29 In olive, these 

glycosides are known as oleuropein and ligstroside. Oleuropein and its derivatives are the 

focus of this research as these compounds are largely responsible for properties associated 

with health benefits. The next two sections will describe in detail the synthetic pathways of 

these phenolic compounds present in the olive matrices of interest: OO and olive leaves.  

  

Iridoid glycosides Secoiridoids 

Figure 1.5. The basic skeleton of iridoids and secoiridoids. Adapted from Wang et al. 
(2020).28 

 

1.4.2.1 Olive oil  

More than 30 different phenolic compounds have been identified in OO, these minor 

components with bioactive properties range from 1% to 2% of the total weight content of 

OO.30 The compounds include phenolic acids (simple phenols) such as hydroxybenzoic, 

p-Coumaric, ferulic, gallic, syringic, vanillic, caffeic, o-coumaric and sinapic acids.5,26,31 Other 

types of phenolics are lignans such as (+)-pinoresinol and (+)-1-acetoxypinoresinol, 

hydroxy-isocromans, and flavonoids.17,19 Predominant flavonoids include 

luteolin-7-glucoside, cyanidin-3-glucoside, cyanidin-3-rutinoside, rutin, 

apigenin-7-glucoside, quercetin-3-rhamnoside, and luteolin.5,31 However, majority of the 

phenolic profile of OO is derived from the amount of the secoiridoid glycosides originally 

found in the tissues of olive fruit such as oleuropein and ligstroside. Oleuropein is an ester 
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consisting of hydroxytyrosol and elenolic acid and ligstroside is an ester consisting of tyrosol 

and elenolic acid, each containing a respective glucose molecule.32 These glycosides are 

water soluble due to the glycosidic moiety increasing the hydrophilicity and polarity due to 

hydroxyl groups (Figure 1.6).26,33,34 

 

R=OH Oleuropein 

R=H Ligstroside 

Figure 1.6. Structure of the secoiridoids oleuropein and ligstroside present in 
O. europaea L.31 

 

Hydrolysis of oleuropein and ligstroside occurs during manufacture of OO due to 

endogenous hydrolytic enzymes such as β-glucosidase.35-37 The secoiridoid derivatives, 

oleuropein aglycone and ligstroside aglycone are a result of this activity; hence they are the 

main phenolic compounds detected in extra virgin olive oils (EVOOs). Removal of the polar 

glucose moiety on the glycosides through hydrolysis results in the aglycones having 

significantly hydrophobic character making them soluble in oil (high phospholipid/water 

partition coefficient).38,39 The aglycones can undergo further ester hydrolysis (esterase 

cleavage) to produce non-phenolic elenolic acid and phenolic alcohols hydroxytyrosol or 

tyrosol, Figure 1.7.26,40 It has been suggested by Briante et al. (2000)41 that the formation of 

tyrosol and hydroxytyrosol may also occur spontaneously. Oleacein and oleocanthal are 

also present in EVOO due to hydrolysis of the methyl esters in oleuropein and ligstroside 

aglycones, circled in Figure 1.7, by esterase.42,43 The resulting carboxylic derivatives are 

unstable and are easily thermally decarboxylated.44 This process, along with simultaneous 

opening of the secoiridoid ring leads to their formation.34,45,46 
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Figure 1.7. Conversion of oleuropein aglycone and ligstroside aglycone to secoiridoid 
derivatives by endogenous enzymatic hydrolysis and decarboxylation. The methyl ester 
has been circled on the aglycone to show which group is hydrolysed prior to 
decarboxylation to produce oleacein and oleocanthal. Adapted from Johnson et al. 
(2018)34 and Nikou et al. (2022).45  

 

1.4.2.2 Olive leaves 

Olive leaves contain a large variety of phenolic compounds and consist of simple phenols 

(phenylethanoids, hydroxybenzoic and hydroxycinnamic acids) flavonoids (flavones, 

flavanones, flavonols, 3-flavanols) and the most predominant group, secoiridoids.19,47-49 

Oleuropein and ligstroside glycoside are the most common secoiridoids in olive leaves and 

both have related chemical structures as shown in Figure 1.6, Section 1.4.2.1.6,31 Out of the 

two compounds, oleuropein is the most abundant, around 8-14% dry leaf weight and can 

reach concentrations between 60-90 mg/g in dried leaves.6,50 Oleuropein is responsible for 

the bitter taste of leaves, which together with the products of its enzymatic hydrolysis (e.g., 

oleuropein aglycone) have the greatest biological interest.6 As a result of endogenous 

Esterase/ester hydrolysis 
(de-esterification) 

Esterase/decarboxylation 

R=OH Oleuropein aglycone 
R=H Ligstroside aglycone 

R=OH Oleacein 
R=H Oleocanthal 
 

R=OH Hydroxytyrosol 
R=H Tyrosol 
 

Elenolic acid 
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enzymatic activity, hydroxytyrosol has also been widely described as a main component of 

simple phenols in olive leaves.19,51-54 

1.5 Endogenous enzymes in olive 

As mentioned in Section 1.4.2, many of the secoiridoid derivatives in olive are present due 

to the hydrolysis of oleuropein and ligstroside by endogenous enzymatic activity.  

Olive constitutes a complex medium in which several endogenous enzymes such as 

pectinases, lipases, esterases, lipoxygenases, hydroperoxide lyases, β-glucosidases, 

peroxidases, and polyphenol oxidases operate.55 Endogenous enzymes including 

β-glucosidase, esterase and oxidoreductase control the hydrolysis and the oxidation of 

secoiridoids such as oleuropein.56 As discussed in Section 1.4.2.1, different compounds can 

be derived from oleuropein depending on the enzyme that is acting on the compound. 

β-glucosidase releases glucose from oleuropein and ligstroside forming principally 

oleuropein aglycone and ligstroside aglycone. Additionally, esterase hydrolyses the ester 

bonds of the aglycones, producing hydroxytyrosol, tyrosol and elenolic acid. The aglycones 

can also undergo esterase hydrolysis and decarboxylation to produce oleacein and 

oleocanthal.57-59  

1.5.1 β-glucosidase 

Many plants utilise activated chemical defences to fend off herbivore or pathogen attacks.60 

These small molecular weight compounds are stored as biologically inactive pro-toxins in 

the intact tissue and are enzymatically activated to form bioactive toxic compounds after 

tissue damage by an attacking herbivore or pathogen.60 This two-component system avoids 

the problem of auto-toxicity, as these defensive molecules can be stored without negative 

effects to the plant.  

A very common activation strategy is the enzymatic removal of a protecting glucose group 

by β-glucosidase. β-glucosidase is an enzyme that catalyses the hydrolysis of the 

β-glycosidic bond between two glycone residues or, in olive, between glucose and an aryl 
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or alkyl aglycone.55,61 In olive, this endogenous enzyme (β-glucosidase) has a high affinity 

for oleuropein and ligstroside. During fruit ripening, or when any part of olive tissue is 

injured by pathogens, herbivores, or mechanical damage, the cellular structures are 

disrupted and β-glucosidase is able to access stored glycosides hydrolysing oleuropein and 

ligstroside glycosides to their aglycone forms (Figure 1.8).31,34,55,61,62 The resulting aglycone 

is typically more reactive than the parent glycoside; its lower polarity facilitates diffusion 

through cell membranes and penetration into the herbivore cells where increased toxicity 

is often exerted when plant matter is consumed in large quantities.60  

β-glucosidase is an important part of this research because it hydrolyses glycosidic 

precursors, liberating aglycone moieties (such as oleuropein aglycone) that provide 

desirable organoleptic properties to plant-derived foods (e.g., OO) and are endowed with 

different biological activities in preventing and or treating diseases.63-65  

 

 
 
 

 

 

 
 

Figure 1.8. Oleuropein and ligstroside glycoside hydrolysis via β-glucosidase to oleuropein 
and ligstroside aglycone. Adapted from Johnson et al. (2018).66 

 

β-glucosidase 

R=OH for oleuropein  
R=H for ligstroside 
 

R=OH for oleuropein aglycone  
R=H for ligstroside aglycone 
 

β-D-glucose 
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1.5.1.1 Alternative sources of β-glucosidase 

When developing an enriched oil, there is one issue with relying on endogenous 

β-glucosidase for the production of the aglycone; there is minimal control over the 

hydrolysis of oleuropein to oleuropein aglycone with undesirable hydrolysis to 

hydroxytyrosol, tyrosol and elenolic acid. From a commercial perspective, if the amount of 

oleuropein hydrolysed can be monitored by the addition of an exogenous source of 

β-glucosidase, there would be better control of the reaction to obtain a known amount of 

oleuropein aglycone in an oil. Therefore, one aim of this research was to investigate an 

alternative source of β-glucosidase.  

There are several exogenous sources of β-glucosidase in the literature used to hydrolyse 

oleuropein to oleuropein aglycone; these are summarised in Table 1.1. Most commonly 

β-glucosidase from sweet and bitter almonds (Prunus amygdalus), purchased from Merck 

have been used. Other sources include fungus, thermophilic archaeon, and bacterium.  

Table 1.1. Exogenous sources of β-glucosidase for the hydrolysis of oleuropein to 
oleuropein aglycone reported in the literature.  

Enzymes Source  References   

Recombinant β-glucosidase Mtbgl3a Myceliophthora thermophila 67 

Recombinant β-glucosidase (EcSβgly) Sulfolobus solfataricus 41 

β-glucosidase Lactobacillus plantarumtype strains 68 

β-glucosidase Almond 40,56,69-75 

β-glucosidase Aspergillus niger 76 

β-glucosidase Streptomyces 40 

 

Sweet and bitter almonds, part of the Rosaceae family, contain cyanogenic glycosides. 

Cyanogenic glycosides are sequestered in vacuoles and when plant tissue is disrupted (e.g., 

chewing, physical damage, etc.) damaged vacuoles allow the cyanogenic glycosides to come 

into contact with β-glucosidase (E.C. 3.2.1.117).77 Hydrolysed cyanogenic glycosides provide 

the almond plant with chemical defence against herbivores and pathogens via generation 
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of hydrogen cyanide.78,79 The content of cyanogenic glycosides is significantly higher in 

mature bitter almond seeds than in sweet seeds (between 200 and 1000-fold higher, 

respectively).78  

β-glucosidase originating from almonds has been the subject of many kinetic studies 

compared to other glucosidases; it has been known for a long time, is easily isolated in large 

quantities from a readily available material, and is commercially available.80 The use of 

β-glucosidase from sweet almonds was of particular interest in this research as it is derived 

from an edible product. Extracted and purified β-glucosidase from almonds is commercially 

available from Merck; however, it is costly, (1000 units for $2,540.00) and it is not suitable 

for use in edible products such as an enriched oil. In the literature, there are methods to 

extract β-glucosidase from almonds but mostly from bitter almonds which are not suitable 

for human consumption.81 Extracting the β-glucosidase from sweet almond meal/flour is 

also possible but requires extraction, purification and utilises chemicals such as buffer 

solutions, polyvinyl pyrrolidone, ammonium sulfate and ammonium hydroxide.81-84 In this 

research, the use of these chemicals would make the enriched oil inconsumable. Hence 

readily available unprocessed sweet almond flour/meal was investigated as a source of 

β-glucosidase to hydrolyse oleuropein as it has not been previously studied in the literature.  

1.6 Olive Oil 

OO is an important part of the research as there is currently large variation in the 

concentration of secoiridoid derivatives preset. As a result, there is an opportunity to 

investigate the enrichment of OO by transferring a high concentration of oleuropein 

aglycone from hydrolysed oleuropein in olive leaves via an exogenous enzyme. 

1.6.1 Overview 

The European Union (EU) is the world’s biggest producer, consumer, and exporter of OO; 

Spain, Italy, and Greece account for approximately 66% of the global production. Production 

in these areas has tripled over the last three decades, reaching over 3 million tonnes of final 
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product yearly. This is mainly driven by changes in dietary patterns because of the success 

of the Mediterranean diet and its prevention of health-related issues. OO is considered the 

main source of fats in the Mediterranean diet because of its unique composition which 

includes healthy monounsaturated fatty acids and the presence of minor constituents as 

discussed in Section 1.4.2.1.12,85  

Edible OOs are graded into six categories: EVOO, virgin olive oil (VOO), refined/light olive 

oil, mixed OO, refined olive-pomace/residue oil, and olive residue oil (also known as refined 

olive-pomace oil).85,86 The flowchart below (Figure 1.9) describes how these oils are 

produced from the olive milling process. EVOO and VOO can be used for consumption 

straight after processing and contain the highest phenolic compound content compared to 

the other oils.30 The third category, lampante, is only edible after a physio-chemical refining 

process and the product is called ‘refined olive oil’ (ROO). This can be combined with VOO 

to produce “olive oil”. Pomace, the solid residue from the milling process, still contains a 

small amount of OO that is impossible to extract by mechanical means so is extracted with 

solvents resulting in ‘refined olive-pomace oil’ and ‘olive residue oil’.86  
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Figure 1.9. The flow chart for different olive oils produced from the milling process. 
Adapted from Peri et al. (2014).86 

 

1.6.2 Extra virgin olive oil  

EVOO has remarkable health properties, not only for its balanced composition of fatty acids 

but also for its content of minor components (1.5-2%) such as phenolic compounds which 

offer bioactive value.87 The absence of any refining techniques during production results in 

the successful transfer of bioactive compounds from the olive fruit into the oil.88 EVOO is 

the focus of this research and further details on the production, legal definition and 

composition are given below.  

1.6.2.1 Production 

The first step in EVOO production is olive fruit harvesting, either through hand picking or 

mechanical processes.86 Olive fruit cleaning is carried out in two steps; in the first separation 
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step, particulate foreign materials are removed by sifting, vibrating screens and air blowing. 

In the second washing step, olives are shaken into a washing basin and finally rinsed with 

clean water.86  

The next important steps are the milling, pitting and malaxation. Milling is required to 

reduce the olives to a homogeneous paste by breaking the pits, skin, pulp cells and vacuoles 

which contain tiny droplets of oil. The main hydrophobic phenolics of EVOO, such as 

oleuropein aglycone, are formed during this step by the hydrolysis of oleuropein and 

ligstroside via endogenous β-glucosidase.89 Any remaining glycosides persist in the water 

phase. The pastes from milling and pitting are then subjected to malaxation.86  

Malaxation is where the olive paste is subjected to a slow, continuous kneading. This is an 

important step in EVOO production as complex physical and biochemical phenomena take 

place.86 It also has critical effects on extraction yield as well as nutritional and sensory 

qualities.86 The aim of malaxation is to improve oil separation in subsequent centrifugation 

steps.  

The olive paste derived from the milling and malaxing operations is the material used in the 

centrifugal separation step.86 The olive paste is a heterogeneous mixture of three phases. 

There is the ‘insoluble solids phase’ – this phase has the largest density as it consists of 

organic semisolid components and the woody fragments from the pit shells. There is the 

‘aqueous phase’ which is not as dense as the solids phase and consists of water and water 

soluble components (salts, simple sugars, simple phenolics and glycosylated secoiridoids).86 

The least dense is the ‘oil phase’ which results in EVOO.86,89 

1.6.2.2 Legal definition of EVOO 

For an oil to be in the EVOO category, certain criteria must be fulfilled: production should 

be exclusively by mechanical procedures, the oil must have a free fatty acidity content of 

<0.8%, a low peroxide index (<20 milliequivalents of active oxygen/kg oil according to the 

International Olive Council) and specific spectrophotometric values (K232 ≤ 2.5, K270 ≤ 0.22, 

ΔK ≤0.01).90 These are indicators not only of quality but also authenticity.90 The oil must also 
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pass a sensory test by a trained tasting panel in addition to chemical examination with the 

official methods.25 Tasters work under fixed facilities with controlled temperature and 

moisture and rank the intensity of the sensations they experience on a scale from 0 to 10.25  

1.6.2.3 Composition 

EVOO is mainly composed of triglycerides (97-99%) and minor compounds (1-3%) 

(discussed in Section 1.4.2.1), which are responsible for its biological properties and sensory 

attributes.26 It has a high content of monounsaturated fatty acids (65-83%), especially oleic 

acid, and some polyunsaturated fatty acids such as linoleic acid.26 Oleuropein and 

ligstroside aglycone account for approximately 90% of the minor compounds in EVOO;26 

however, the concentration of these two secoiridoid derivatives can vary. This is a result of 

an array of factors depending on both the intrinsic characteristics of the olive fruits and the 

technological conditions used during OO processing.62 The content of the minor 

components in OO varies depending on the cultivar, climate (geographical origin), ripeness 

of the olives at harvesting, soil composition and the processing system employed to 

produce the OO.30,91 

The existence of this variation is problematic. EVOOs in the New Zealand market are not 

tested for the presence of phenolic compounds and there have been no studies 

investigating commercial EVOOs in New Zealand. Studies have been carried out 

internationally, particularly in European countries. The concentration of some of the 

studied secoiridoid derivatives in European EVOOs with corresponding references are 

summarised in Table 1.2. The concentration of the secoiridoids present varies; for example, 

oleuropein aglycones concentration ranged from 117 to 620 mg/kg in a study by Różańska 

et al. (2020).92 Whereas López-Huertas et al. (2021)93 reported a low aglycone 

concentration of 22 mg/kg. Therefore, consumers who purchase EVOO expecting health 

benefits (discussed in Section 1.6.3) may not be consuming oil of suitable quality. Thus, the 

purpose of this research is to explore the possibility of enriching OO with compounds such 

as oleuropein aglycone so an oil can be marketed with a concentration that is within the 

range for relevant health benefits.   
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Table 1.2. Summary of secoiridoid derivatives in EVOO samples categorised by country/region of origin and cultivar variety (cv., if 
applicable) analysed in the literature.  

Origin/region and/or cv.  Secoiridoid derivatives  

  
Oleuropein 

aglycone 
Ligstroside 
aglycone 

Oleacein Oleocanthal Hydroxytyrosol Tyrosol Ref 

  mg/kg  

EU Range 

Average 

219-737 

378 

21-143 

46 

22-177 

105 

0.3-5 

2 

38-208 

78 

22-91 

52 

92 

Italy Range 

Average 

211-692 

435 

21-137 

68 

23-259 

137 

0.3-15 

5 

48-145 

84 

39-124 

60 

92 

Sardinia (Italy) Range 

Average 

591-1105 

778 

111-288 

165 

155-272 

213 

4-9 

6 

39-70 

55 

19-42 

30 

92 

Apulia (Italy) Range 

Average 

343-1249 

904 

102-513 

299 

180-566 

352 

<LOD-12 

7.6 

23-147 

70 

26-71 

41 

92 

Liguria (Italy) Range 

Average 

103-143 

123 

40-45 

42 

28-32 

30 

2-3 

2.5 

122-129 

126 

37-38 

37.5 

92 

Sicily (Italy) Range 

Average 

140-418 

275 

6-78 

44 

34-396 

149 

1.8-31 

8 

28-81 

63 

5.4-80 

37 

92 

Spain (cv. Picual) Average ± SD 233 ± 135 270 ± 174 89.9 ± 68.3 119 ±72.5 N/D† N/D† 94 

Spain (cv. Arbequina) Average ± SD 44.1 ± 74.1 32.4 ± 63.5 82.5 ± 83 88.9 ± 81.0 N/D† N/D† 94 

Spain (cv. Hojiblanca) Average ± SD 115 ± 89.9 93.9 ± 96.9 75.0 ± 53.5 80.8 ± 692 N/D† N/D† 94 

Spain (cv. Cornicabra) Average ± SD 110 ± 2 3.2 ± 0.1 16 ± 1 0.33 ± 0.03 N/D† 0.75 ± 0.04 93 

Spain (cv. Hojiblanca) Average ± SD 22 ± 1 0.52 ± 0.01 23.2 ± 0.3 0.323 ± 0.002 1.89 ± 0.01 0.59 ± 0.01 93 

Croatia Average ± SD 75.8 ± 2.8 10.5 ± 0.6 101 ± 3 54.3 ± 2.2 1.56 ± 0.18 3.28 ± 0.23 95 

Italy/Portugal/Croatia/ 

Spain 

Average 

Range 

929 

52-3482 

410 

18-1496 

351.1 

15.2-762.9 

153.5 

<LOD-407.9 

64.4 

3.6-299.5 

114.0 

42.9-297.6 

96 

Greece (cv. Asprolia) Average ± SD 178 ± 79 98 ± 40 27.0 ± 17.6 39.5 ± 27.3 ND† ND† 97 

Greece (cv. Ntopia) Average ± SD 26.5 ± 22.6 25.8 ± 16.6 78.4 ± 55.2 181.7 ± 64.7 ND† ND† 97 
†N/D – no data: these analytes were not analysed in the particular study. 
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1.6.3 Health benefits 

As discussed in Section 1.6.2.3, olive oil contains 1-3% minor bioactive compounds. These 

naturally occurring phenolic compounds make OO a nutraceutical functional food, playing 

a critical metabolic role in the human organism.25,92,98 The word nutraceutical is a 

combination of nutrition with pharmaceutical terms, and it defines a food (or part of it) that 

provides health benefits. As a result, OO has a range of health benefits which are often 

associated with the Mediterranean diet. This diet has been the subject of a large number of 

studies on its ability to prevent different chronic-degenerative diseases, suggesting an 

association between the alimentation of Mediterranean people and their low 

cardiovascular mortality.21  

The positive health effects of a Mediterranean diet rich in EVOO have been reported to 

correlate with the antioxidant activity of phenolic compounds present therein that are 

capable of scavenging free radicals and reactive oxygen species.99-101 Most researchers are 

in agreement that the health benefits of EVOO are mostly attributed to the hydrolysis 

products of oleuropein102 (largely oleuropein aglycone, Section 1.4.2.1). These derivatives 

are known to possess biological activities which have been widely reported in literature; 

including antioxidant,103,104 anti-inflammation,105-107 anticancer,108-110 anti-diabetic 

activities,106,111 protection against neurodegenerative and coronary artery disease,108,112-115 

antimicrobial and antiviral effects,108,116,117 promote the oxidative stability of lipids and 

decrease low-density lipoprotein cholesterol.1,118 As these health benefits are largely 

associated with oleuropein aglycone, this analyte will be of particular interest in this 

research during enrichment experiments.  

1.6.4 European Union (EU) regulation No. 432/2012 

In 2011, the panel on Nutrition, Novel Foods, Food Allergens and the European Food Safety 

Authority (EFSA) concluded that there is evidence for a cause-and-effect relationship 

between the consumption of bioactive phenolic compounds in OO and the protection of 

low-density lipoprotein, i.e., cholesterol particles, from oxidative damage.119,120 For this 
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reason, the EFSA has allowed the acknowledgement of health claims based on OO phenolic 

content. The list of health claims, the conditions and the restrictions of their use are 

reported in EU Regulation (European Commission Regulation EC No. 432/2012). This 

regulation permits the acknowledgement of the health claim for the benefits of the daily 

ingestion of OO rich in phenolic compounds, such as EVOO; “Olive oil polyphenols 

contribute to the protection of blood lipids from oxidative stress”.121 This claim is applicable 

for OOs containing at least 5 mg of hydroxytyrosol and its derivatives (e.g., oleuropein 

complexes and tyrosol) per 20 g of olive oil or 250 mg/kg.30,120,122,123 The specific compounds 

to which the EFSA refer to are hydroxytyrosol, tyrosol and other more complex high-

molecular mass phenolics from which hydroxytyrosol and tyrosol can originate 

(hydroxytyrosol and tyrosol bound forms), namely, secoiridoids.30,93,121  

This claim has a significant impact on the field of OO marketing and labelling.122 The 

possibility of adopting a label with the health claim based on the content of bioactive 

phenolics is useful in effectively signalling both the “healthiest” and the “highest quality” 

EVOOs,122 becoming a useful differentiation tool for the consumer to attribute a premium 

price to the best products.30 While the health claim cannot be labelled on OOs in New 

Zealand, this research aimed to achieve an enriched OO with secoiridoid derivatives such 

as the aglycone to a content above 250 mg/kg because this would give certainty of health 

benefits to consumers.  

1.6.5 Fraud 

Fraudulent activities in the food industry is a global issue of increasing concern. It comprises 

of a wide range of malpractices, including adulteration (dilution, substitution, and 

unapproved enhancement), mislabelling, and smuggling, mainly for economic gain.90 Due 

to its high economic value, unique sensory, compositional and nutritional characteristics, 

EVOO is considered at high risk of non-compliances and fraud.124 Despite the rules provided 

by the International Olive Council and the EU, fraud and adulteration of EVOOs are common 

and represent one of the main problems in the EVOO industry.125 The most commonly 

reported frauds in EVOO production are: (i) mixing EVOO with lower quality oils that are 
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cheaper to produce; (ii) mislabelling, for example, falsely claiming that refined olive oil is 

EVOO, or concealing the real place of origin; and (iii) price fraud, which consists of reducing 

the oil price to artificially lower the market value.90 For example, Frankel et al. (2011)125 

reported many EVOO brands sold in California did not meet the international legal 

requirements to be classified as extra virgin. Selling adulterated or wrongly labelled OOs as 

EVOO not only causes an economic detriment to honest OO producers and traders, but also 

results in trade barriers and confusion among countries and consumers.125 Therefore the 

quality of OO is governed by the International Olive Council together with the European 

Community and the Codex Alimentarius Commission.90 Even with this governance of 

quality, fraudulent EVOO is prevalent.124 Therefore, consumers are still being misled. This is 

of particular concern for New Zealand as 90% of the OO sold (30,000 tonnes) is imported 

from mainly European countries such as Spain, Greece and Italy.126 These imported oils are 

seldom tested for quality or authenticity. As a result, a portion of the EVOOs on the 

commercial market may not be fresh, influencing the quality and amounts of bioactive 

compounds. Again, this provides a gap in the New Zealand market for an enriched OO that 

has concentrations above 250 mg/kg, giving consumers guaranteed health benefits.  

1.7 Olive leaves 

As discussed in Section 1.4.2.2, the major secoiridoid constituent in olive leaves is 

oleuropein.127 Naturally, the content of phenolic compounds including oleuropein varies in 

olive leaves. The distribution and composition is dependent on pre- and post-harvest 

parameters including cultivar, geographical origin, maturity stage, climate, tree/leaf 

lifetime, as well as sampling/harvest time, drying, storage and processing factors.19,118 

Olive leaves are considered an agricultural waste by-product generated during the 

processes of pruning olive trees, collection of olive fruits, and cleaning-blending steps in the 

extraction of OO.128 About 25 kg of twigs and leaves per tree are accumulated annually by 

pruning olive trees, and a large amount (about 10% of fruit weight) is separated from the 

fruits during oil extraction.129-132 However, leaves still contain considerable amounts of 
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phenolic compounds and have the highest level of oleuropein compared to the rest of the 

olive tree.102 As a result, olive leaf extracts have been marketed as dietary products.133 

Commercial products in the form of herbal teas or food supplements are available all over 

the world, such as dried leaves, powders, extracts and capsules to exert health benefits on 

humans.19,102,129,134 Most researchers are in agreement that the health benefits of olive leaf 

are mostly attributed to oleuropein, since hydrolysis products of this compound have 

significant health benefits (discussed in Section 1.6.3).  

With large amounts of olive leaves going to waste each year, there is an underutilised 

source of oleuropein which can be extracted and hydrolysed to desired secoiridoid 

derivatives such as oleuropein aglycone and later transferred into OO. This research aims 

to show that leaves can be used as a source of oleuropein for enhancing OO.  

1.7.1 Olive leaf extracts and teas 

In this research, there was the requirement to produce an olive leaf extract containing 

oleuropein which could be later hydrolysed. Drying of the leaves is the most common 

commercial technique employed before the extraction of high added-value compounds 

from plant materials.135 There are several advantages to drying leaves since fresh leaves 

contain free and bound water. Firstly, reduction of the water content prevents enzymatic 

and microbial activity that leads to a reduction in nutritional value.6,135 Drying also improves 

stability and can result in a higher concentration of target analytes.136 However, a 

disadvantage of drying leaves is the potential to affect the activity of bioactive compounds 

due to chemical and enzymatic degradation, and losses caused by volatisation and/or 

thermal decomposition.136,137 Thus, the drying treatment is the most critical stage in the 

process because it will greatly affect the concentration of these bioactive compounds in the 

final product. Since bioactive compounds in olive leaves are very sensitive to environmental 

stresses,118 post-harvest treatments such as drying operations are important to consider in 

this research. In the published literature there have been several studies on the effect of 

drying procedures on the nutritive value of olive leaves adopted for olive leaf extracts: air 
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drying, solar drying, oven drying, microwave drying, infrared drying and freeze drying.6,138-

141 

Extraction is the next critical step for both the isolation and exploitation of bioactive 

compounds in leaves; ideally, an extraction method should be quantitative, non-

destructive, and time-saving; moreover, it should be selected on the basis of the desired 

ingredients, extract composition and purity one wishes to obtain.118,128,142,143 In the 

literature there are several methods commonly employed for recovering phenolic 

compounds from olive leaves:144 solid-liquid extraction (e.g., maceration, Soxhlet 

extraction),145 microwave-assisted extraction,146 ultrasound-assisted extraction,146 

supercritical fluid extraction,147 percolation, distillation, heat reflux and pressurised liquid 

extraction.148 These methods involve large proportions of solvent, the choice of which 

strongly influences the extraction yield. Moreover, agitation and/or high temperature 

maximise the diffusivity/mass transfer of the desired compounds from the matrix.143 It 

should be noted that both thermal and nonthermal extractions are also time consuming, 

have a high energy or production cost, and possibly produce a lower-quality extract because 

of prolonged extraction time and the use of high temperatures.144 With regards to solvent 

type, boiling water (which inactivates endogenous enzymes), methanol, ethanol, diethyl 

ether, ethyl acetate, chloroform, butanol or hexane are reported in the literature.129 

Extraction of olive leaves with 80% methanol was stated as more efficient for the recovery 

of phenolic compounds as it resulted in a 95% recovery yield.129 However, it may cause 

unacceptable levels of toxic deposits in the extracts. For safety, water and ethanol are the 

most commonly used solvents.129 Extraction by boiling water for 10-30 minutes has also 

been reported.149,150 This type of extraction method is straightforward to operate and is a 

static process. Generally, shorter extraction times are required at higher temperatures.129 

In the literature, different ratios (sample/extracting solvent; w/v) from 5 to 100 have been 

studied, but a ratio between 10 and 50 was considered most suitable for extraction.151  

This research does not require complete extraction of oleuropein so mild extraction 

conditions were focused on to avoid the use of toxic chemicals making the enriched oil 
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inedible. An olive leaf tea (OLT) was produced rather than an olive leaf extract, the latter 

being highly concentrated and requiring more aggressive extraction techniques with 

organic solvents (discussed above). On the contrary, OLT is generally less concentrated and 

made by steeping dried olive leaves in boiling water, similar to traditional herbal teas. The 

strength and potency of the tea is dependent on the number/mass of leaves, drying 

treatment of leaves, batch/origin of leaves, the temperature of steeping and how long the 

leaves are steeped in the water.  

1.8 Enrichment of olive oil 

As mentioned in Section 1.1, another aim of this research was to hydrolyse oleuropein 

present in OLT and transfer the resulting oleuropein aglycone into oil to obtain an enriched 

OO. In the food industry, this type of research is an active area where possibilities to exploit 

the high content of phenolics present in olive tree materials are being investigated to 

improve the health-related properties of oil.152 Several authors144,153-156 have looked at the 

enrichment of OO with olive phenolics from waste products such as leaves, pomace and 

wastewater, with olive pomace being the most common choice. Bioactive compounds from 

various herbs such as thyme, garlic, and spices such as chilli have also been investigated.156-

158 With regard to the enrichment step, there are three alternatives in the literature for oil 

enrichment with these valuable compounds from the olive tree: (1) liquid-liquid 

extraction,159 in which the oil is put into contact with an alcoholic extract of phenols, and 

are transferred to the oily phase as a function of their distribution factor, removing the 

alcoholic phase by centrifugation; (2) solid-liquid extraction,160 in which the purified 

phenolic extract is dried under appropriate conditions and the paste obtained is partially 

dissolved into the oil as a function of the solubility of the different paste components in the 

oily phase; and (3) a combination of these procedures, in which the alcoholic extract and 

the oil are put into contact and the two-phase system is subject to alcohol removal with a 

rotary evaporator. 
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This research focused on using olive leaves as they are an abundant by-product of the OO 

industry and can be used as a cheap source of phenolic compounds such as oleuropein 

which is present in high amounts (60–90 mg/g of dry matter).50,161 In the literature, there 

are no studies that investigate the use of almond flour/meal as a source of β-glucosidase to 

hydrolyse oleuropein in OLT and later transfer the resulting oleuropein aglycone into oil. 

Thus, the potential to obtain an enriched OO through such methods was explored in this 

research.  

1.9 Methods for determination of phenolic compounds in olive oil 

Phenolic compounds in OO can be measured in two ways: determination of total content 

through a non-specific method, or quantitation of individual phenolic profiles. The total 

content methods, usually a spectrophotometric method (Folin-Ciocalteau),162-165 are simple 

and relatively universal. However, for individual compound determination, there is great 

variation in the methods of analysis (discussed below). Each method has its own advantages 

and disadvantages. For the purposes of this research, a total phenolic method would not be 

suitable as it would provide minimal information on the increases and decreases of 

secoiridoids during the enrichment experiments. Hence, individual phenolic profile 

methods were of interest and are discussed below.  

There are several important steps that are utilised in most methods for the determination 

and quantification of phenolic compounds in OO: isolation and extraction and instrument 

analysis. Isolation and extraction are a necessary step prior to successful analysis. Isolation 

of a specific fraction or target compound can be carried out using a variety of different 

procedures, filtration, concentration, centrifugation, clean up or a combination.166 The aim 

of extraction in all instances is to prepare an extract uniformly enriched with all compounds 

of interest and be free from interfering matrix components.166 Selection of an appropriate 

extraction procedure depends on the matrix (e.g., oil), chemical structure of components, 

interactions between matrix and target compounds and the concentration level required 
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for analysis.166 Lastly, instrument analysis is required for separation, identification, and 

quantification of desired analytes.  

A frequently used method for quantitative analysis of phenolics in OO is the method 

proposed by the International Olive Council (IOC) (IOC/T.20/Doc No. 29), developed by 

Agilent Technologies.167 This method is based on a relative quantitation and uses a 

liquid−liquid extraction (LLE) to isolate phenolics in a hydroalcoholic phase that is analysed 

by liquid chromatography with photometric detection.168  Tyrosol is used as a reference for 

relative quantitation which leads to underestimation of the absolute phenolic content.94 

Hence other methods in literature are usually adopted for analysis.  

A range of methods found in literature are summarised in Table 1.3. Generalised concepts 

of these methods will be discussed in the following sections.  
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Table 1.3. Phenolic compound extraction, instrument, and detection information from literature articles. 

Oil type 
Samples 
analysed 

Extractant Extraction method  Instrumentation  
Stationary phase/mobile 

phase 
Phenolic compounds* Ref 

EVOO 18 MeOH/water (80:20, v/v) 

diethyl ether 

ACN 

LLE GC-MS 

HPLC-UV 

C-18, 5 µm 250 x 4 mm 

A-2% acetic acid (aq) 

B-MeOH 

10 phenolic compounds 

2 secoiridoid derivatives 

169 

VOO 1 MeOH/water (80:20, v/v; 60:40, v/v) 

hexane 

LLE HPLC-DAD 

NMR 

C-18, 10 µm, 500 x 9.4 mm 

A-0.2% acetic acid (aq) 

B-MeOH 

4 phenolic compounds 170 

EVOO 4 2 mL MeOH/water (80:20, v/v) 

2 mL hexane 

SPE C8 cartridge 

LLE 

HPLC-UV-DAD C-18, 3 µm, 250 x 4.6 mm 

A-0.5% phosphoric acid (aq) 

B-ACN/MeOH (50:50, v/v) 

3 secoiridoid derivatives 171 

ROO 1 20 mL MeOH-water (80:20, v/v) 

10 mL hexane 

5 mL ACN 

LLE UPLC–MS/MS C-18, 1.7 µm 100 x 2.1 mm 

A-0.2% acetic acid (aq) 

B-ACN 

12 phenolic compounds 

10 secoiridoid derivatives 

172 

VOO 3 1 mL MeOH/water (60:40, v/v) 

1 mL hexane 

1 mL ACN 

LLE LC–QTOF/QqQ MS/MS C-18, 2.8 µm 50 x 2.0 mm 

A-0.1% formic acid (aq) 

B-0.1% formic acid in MeOH 

2 secoiridoid derivatives 173 

EVOO 6 ACN:THF (1:1, v/v) LLE UHPLC-MS/MS C-18, 2.8 µm 100 x 2.8 mm 

A-Type 1 water 

B-ACN 

6 secoiridoid derivatives 174 

EVOO 2 MeOH-water (60:40, v/v) 

15 mL hexane 

30 mL ACN 

LLE UHPLC-MS/MS C-18, 1.7 µm 100 x 2.1 mm 

A-0.5% acetic acid (aq) 

B-0.5% acetic acid in ACN 

30 phenolic compounds 175 

EVOO 4 MeOH/water (80:20, v/v) 

DMF 

SPE C8 cartridge 

LLE 

HPLC-UV 

EC-UV 

C-18, 5 µm 250 x 4.1 mm 

HPLC: A-0.2% acetic acid (aq) 

B-MeOH, EC: NA 

15 phenolic compounds 176 

EVOO 4 LLE: 20 mL MeOH/water (80:20, v/v) 

25 mL hexane 

LLME: 2 mL MeOH/water (80:20, v/v) 

LLE 

LLME 

HPLC-UV 

 

C-18, 4 µm 300 x 3.9 mm 

A-2% acetic acid in water/ 

B-2% acetic acid in MeOH 

10 phenolic compounds 

3 secoiridoid derivatives 

177 

VOO 1 MeOH LLE LC-MS C-18, 5 µm 250 x 4 mm 

A-0.2 acetic acid (aq) 

B-MeOH 

3 phenolic compounds 

1 secoiridoid derivatives 

178 
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Oli type 
Samples 
analysed 

Extractant Extraction method  Instrumentation  
Stationary phase/mobile 

phase 
Phenolic compounds*  Ref 

VOO NA 6 mL hexane  

6 mL MeOH 

SPE with diol-phase 
cartridge 

HPLC  

GC-MS 

C-18, 5 µm 250 x 4 mm 

A-3% acetic acid (aq) 

B-ACN/MeOH (50:50, v/v) 

12 phenolic compounds 

7 secoiridoid derivatives 

179 

VOO 10 SPE: 20 mL hexane  

40 mL MeOH 

LLE: MeOH/water (60:40, v/v) 

SPE C18 and C18 ED 
cartridges 

LLE 

GC-MS n/a 7 phenolic compounds 

1 secoiridoid derivatives 

180 

NA NA  5 mL MeOH/water (80:20, v/v) LLE HPLC-DAD  C-18, 5 µm 250 x 4.6 mm 

A-0.2% phosphoric acid (aq) 

B-MeOH, C-ACN 

10 phenolic compounds 

3 secoiridoid derivatives 
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VOO 23 MeOH-water (60:40, v/v) 

15 mL hexane 

 

LLE  

SPE C18 and diol-phase 
cartridge 

HPLC-DAD C-18, 5 µm 250 x 4 mm 

A-0.1% formic acid (aq) 

B-MeOH/ACN (1:1, v/v) 

2 phenolic compounds 

7 secoiridoid derivatives 
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EVOO 12 10 mL MeOH-water (60:40, v/v) 

5 mL hexane 

LLE LC-DAD-ESI-MS/MS C-18, 5 µm 250 x 4.6 mm 

A-1% formic acid (aq) 

B-ACN/solvent A (60:40, v/v) 

7 phenolic compounds 

6 secoiridoid derivatives 
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EVOO 5 60 mL hexane 

40 mL MeOH 

SPE with Diol-cartridge CE and HPLC-TOF-MS C-18, 3.5 µm 100 x 2.1 mm 

A-0.1% acetic acid (aq) 

B- ACN 

10 phenolic compounds 

7 secoiridoid derivatives 
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EVOO 16 20 mL MeOH/water (80:20, v/v) 

5 mL hexane 

LLE GC-MS n/a 16 phenolic compounds 

7 secoiridoid derivatives 
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VOO NA SPE: 6 mL hexane, 10 mL MeOH/water 
(20:80, v/v) 

LLE: 1 mL hexane, 2 mL MeOH 

SPEs with diol phase 
cartridge 

LLE 

HPLC-DAD and LC-
MS 

C-18, 5 µm 250 x 4.6 mm and C-
18, 1.8 µm 100 x 2.1 mm 

A-0.1% formic acid (aq) 

B-0.1% formic acid in ACN 

4 phenolic compounds 

2 secoiridoid derivatives 
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EVOO 10 Hexane 

ACN 

MeOH 

LLE HPLC-UV C-18, 5 µm 250 x 4.6 mm  

A-2% acetic acid (aq) 

B-MeOH 

1 secoiridoid derivatives 186 

EVOO 30  MeOH-water (60:40, v/v) 

2 mL hexane 

LLE HPLC-DAD-ESI-MS C-18, 2.7 µm 150 x 2.1 mm  

A-0.1% formic acid (aq) 

B-0.1 formic acid in MeOH/ACN 
(1:1, v/v) 

4 phenolic compounds 

10 secoiridoid derivatives 

165 

n/a – not applicable; *analysis of phenolic compounds have been separated into “phenolic compounds” which includes flavonoids, phenolic 
acids, lignans etc, and the “secoiridoid derivatives” as these were of interest in this research. 
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1.9.1 Isolation and extraction 

In the literature isolation and extraction of the phenolic compounds from OO utilise two 

basic extraction techniques, liquid-liquid extraction (LLE), including liquid-liquid micro 

extraction (LLME), or solid-phase extraction (SPE). Various isolation systems have been 

proposed by different authors depending on the aim of the particular study.187 The 

procedures not only vary in solvents and/or solid-phase cartridges used but also the mass 

of the sample and volume of solvent used for analysis.187 These factors directly influence 

the cost, greenness, and speed of extraction. 

A LLE is a process through which the analytes are transferred from a solution into an 

immiscible solvent through mixing. For OO, LLE procedures use methanol or methanol 

(MeOH)/water mixtures (the most common solvents).169-172 Montedoro et al. (1992)170 

evaluated the combination of methanol and water at different percentages for extraction 

of simple and hydrolysable phenolic compounds in OO. The best solvent was MeOH/water 

(80:20, v/v). In some studies, addition of tensioactive substances to a hydroalcoholic 

solution (e.g., Tween 20 at 2% v/w) increased the effectiveness of the phenolic 

extraction.188,189 Other studies have reported that a MeOH/water solution (60:40, v/v) is the 

best proportion for extracting these kinds of compounds. Pirisi et al. (2000)171 

demonstrated an increase in the recovery efficiency of phenolics by reducing the 

percentage of MeOH to 60%. Thus, several authors have used these conditions for the 

extraction of phenolic compounds in OO.5,51,190,191 Some studies have examined the 

effectiveness of other solvent systems such as acetonitrile (ACN), ethanol and 

tetrahydrofuran (THF).173-175 Brenes et al. (2000)176 evaluated the use of ethanol/water 

(80:20, v/v), (THF)/water (50:50, v/v), ACN, water at 5 °C, and N,N-dimethylformamide 

(DMF). The results showed that none of the solvents assayed were more efficient than 

MeOH/water (80:20, v/v). Luque-Muñoz et al. (2019)174 investigated 1:1 ACN/dry THF but 

no recovery data were provided. In most LLE methods, after the extraction step, a clean-up 

of the residue by solvent partition is needed. Several solvents have been used to remove 

the fat phase (petroleum ether, chloroform, hexane), but the most commonly used solvent 
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is hexane.165,179,181,186,187,192 Some methods do not clean up the extract via solvent partition 

where the upper methanolic phase is usually filtered and analysed.169,177,178 Pizarro et al. 

(2013)177 used a LLME to extract OO using methanol/water (80:20, v/v) before filtration 

(0.45 µm) and dilution, achieving greater than 80% recoveries.  

SPE has also become a popular isolation method for OO phenolic compounds. These 

compounds are separated from the oil matrix due to their affinities for a specific sorbent. 

Several optimised procedures have been reported indicating the advantages of different 

solid phase sorbents. Some of the sorbents that seem most suitable for this purpose are 

alkyl-silica resins, such as C8 or C18. Pirisi et al. (2000)171 proposed the application of C8 

cartridges to recover the phenolic fraction from OO. Several studies used C18 cartridges for 

recovering OO phenolics, and obtained better recovery efficiencies than for C8.193 Even 

though working with reverse-phase using C18 phase could seem less suitable for the 

isolation of polar components from a nonpolar matrix than normal-phase SPE, several 

authors have chosen C18 cartridges. Liberatore et al. (2001)180 evaluated the advantages of 

the SPE C18 cartridge with suppression of residual silanol groups (C18 EC, end-capped) 

against an SPE C18 cartridge with free silanol groups. The latter seemed to improve the 

release mechanism, increasing the recovery. Other experimental approaches involve the 

use of an acidified eluent.38,187 Indeed, pH values of the mobile phase affect the partitioning 

behaviour during extraction, and it has been established that C18 cartridges could generally 

be recommended for simple phenolics. Nevertheless, these procedures have shown poor 

recovery for secoiridoid derivatives. Therefore, researchers have pointed to other solid 

phases as alternative approaches. Mateos et al. (2001)179 worked with amino-phase and 

diol-bond phase SPE cartridges, achieving recoveries of >90% for all major olive phenolic 

compounds. This was also corroborated by Bendini et al. (2003)194 who achieved the highest 

recoveries (92.1 ± 6.4%) with the diol-phase cartridge compared to C8, modified C8 and C18 

cartridges. Afterward, Bendini et al. (2003)194 compared the results obtained by SPE 

approaches with the LLE procedure previously described.171 The LLE approach exhibited 

significantly higher recovery of all phenolics compared to SPE procedures. This is in 

agreement with another study181 in which the experimental work demonstrated that the 
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application of a LLE led to significantly better recoveries of total phenolic compounds (93%) 

than the C18-phase cartridge. As a result, LLEs are generally more popular methods for the 

isolation and extraction of phenolic compounds in OO. 

1.9.2 Instrumentation and detection methods  

Liquid chromatography (LC) is the predominant technique used for analysis of phenolic 

compounds in OO; generally high-performance liquid chromatography (HPLC) and Ultra 

HPLC (UHPLC) are used. Most studies use reverse-phase columns (stationary phase) to 

separate individual components, consisting of a nonpolar octadecylsilane (C18) bonded 

phase with preferable lengths, diameters and particle sizes of 100 to 250 mm, 2-4.6 mm 

and 1.8-5 μm, respectively.122,168,174,175,177,181 Shorter and narrower columns with small 

particle sizes are preferred to obtain better resolution and reduce the time of analysis. 

Recent studies exclusively use gradient elution mode. This highlights the complexity of the 

phenolic profile that is not well separated by isocratic elution mode. However, one study 

reported isocratic elution using a solvent composition of water (solvent A, 30%) and ACN 

(solvent B, 70%).174 Concerning the mobile phases, there is a wide range of possibilities; 

however, binary systems consisting of water and a less-polar solvent (MeOH, ACN) are the 

most common mobile phases. Usually, acetic acid, formic acid, or phosphoric acid are added 

to the aqueous phase to maintain a low pH and avoid phenolic dissociation. 

HPLC coupled with ultraviolet (UV) detectors (photodiode array detector, DAD), mass 

spectrometers (MS) and nuclear magnetic resonance (NMR) detectors have all been used 

as tools in identification, quantification and structural characterisation of phenolic 

compounds in OO.185 In the past, the most common detectors coupled to the HPLC (or 

UHPLC) for OO phenolic compound quantification were UV detectors (DAD).171,179,188 While 

UV detectors are cheap and easy to use, there are several disadvantages including poor 

sensitivity, especially for analytes in low quantities or with weak UV absorption, and 

difficulty in identification of peaks that have similar UV spectra or that co-elute.195,196 As a 

result, LC systems coupled to MS or MS/MS (tandem mass spectrometry) detectors are now 

more common and have been used in various methods reported in the literature (Table 
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1.3).34,173,175,182,197,198 This detection system has high sensitivity and specificity, a quick 

analysis time, capability to determine the molecular weight and provide structural 

information. These aspects are ideal since compounds in OO are often found at trace 

amounts.199 Older articles163 make use of atmospheric-pressure chemical ionisation, 

whereas more recent works use electrospray ionisation (ESI), mainly in negative ion mode 

due to phenolic compounds being acidic and loss of a proton during the ionisation generates 

the negatively charged ions, resulting in greater sensitivity.123,198,200 Different mass 

analysers such as ion trap, time-of-flight (TOF) and single or triple quadrupole (QqQ) have 

been used.  

NMR has been previously reported, but it is the least common detection method.201,202 This 

is due to difficulties relating spectra obtained from multicomponent mixtures such as OO 

to compounds preset. Strong signal overlap, dynamic range problems, diversity of 

intensities due to various concentrations of the food constituents, and the lack of scalar 

coupling (J coupling) information between different moieties lead to ambiguous or 

incomplete assignments, thus hindering detection even with the use of multidimensional 

NMR.200 

Another instrument used for analysis is capillary electrophoresis (CE) coupled to various 

detectors (MS, UV).183,203,204 However, there are only a few publications reporting this 

technique. This is due to some disadvantages of CE, such as poor reproducibility, difficulties 

with the MS coupling, long capillaries that give long analysis time, refrigeration of capillary, 

and the need for sheath liquid addition to use ESI.166,183 

Separation via Gas chromatography (GC)/MS has also been used but the limited volatility of 

many phenolic compounds in OO has restricted its use. However, the analysis of the 

phenolic compounds may be accomplished with derivatisation. The drawback of an 

additional step to the sample preparation and the appearance of different chemical species 

because of incomplete derivatisation means the number of publications using this 

technique to analyse phenolic compounds in OO is minimal.166,169,184 
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1.10  Research aims  

OO is an excellent source of minor bioactive compounds such as oleuropein aglycone which 

is associated with a range of health benefits. Currently, the concentration of bioactive 

compounds can vary between batches of OO and some batches may contain bioactive 

compounds that are below the threshold which provides health benefits. As a result, this 

project was carried out for a company who wish to enhance OO so it can be later developed 

into a marketable product. Therefore, the research largely focused on investigating the 

possibility to enrich OO with higher amounts of oleuropein aglycone. A concentration above 

250 mg/kg was the target as this would give certainty of health benefits to consumers. To 

achieve this goal several different experiments were carried out, the three overarching aims 

of these experiments are described below.  

Aim 1: Determine the concentration of target analytes; oleuropein, ligstroside, oleuropein 

aglycone, oleacein, oleocanthal, hydroxytyrosol, tyrosol and elenolic acid in commercial 

EVOOs on the New Zealand market. These results were compared to the concentration of 

analytes transferred into OO during the research. The association between purchase price 

and oils meeting health claim level was also explored to gain an understanding of EVOOs in 

the New Zealand market.  

Aim 2: Investigate the effect of olive leaf drying conditions on the concentration of 

oleuropein and other target analytes in the resulting OLT for the purpose of commercial 

production. The stability of target analytes in the OLT was also examined as there is minimal 

stability data present in the literature.  

Aim 3: Investigate the use of almond flour/meal as an exogenous source of enzyme 

(β-glucosidase) to hydrolyse oleuropein present in OLT as this is unexplored in literature. 

The research will then investigate the potential to transfer the resulting oleuropein 

aglycone into a low content OO to achieve a concentration over 250 mg/kg. Thus, producing 

an enriched marketable oil with health benefits. 
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1.11  Thesis outline 

The thesis has been divided into the following chapters to achieve the overall aims of the 

research:  

Chapter 2 details the experimental methodology used for this research.  

Method optimisation and validation of the LC-MS/MS method used to quantify target 

analytes in this research (oleuropein, ligstroside, oleuropein aglycone, oleacein, 

oleocanthal, hydroxytyrosol, tyrosol and elenolic acid) in oil and OLT are described in 

Chapter 3.  

Commercial EVOOs in the New Zealand market (n = 9) were analysed for the target analytes 

to understand the range of concentrations present in samples due to the lack of literature. 

Whether or not they met the health claim and if this had any correlation to their cost was 

also examined. The concentration of analytes in commercial oils were also compared to the 

concentration obtained in the enriched oils that were produced during the research. The 

effect that drying olive leaves had on the concentrations of oleuropein and other target 

analytes in OLT was examined. A long-term storage experiment (−20, 25, and 40 °C, 189 

days) of OLT was also carried out to test the stability of target analytes over time in an 

aqueous matrix. These experiments are discussed in Chapter 4. 

The effectiveness of almond flour/meal as an exogenous source of β-glucosidase to 

hydrolyse the oleuropein present in OLT and the experiments undertaken to investigate the 

potential of transferring the resulting oleuropein aglycone into low phenolic content oil are 

discussed in Chapter 5. 

The main conclusions of the research are summarised in Chapter 6, along with 

recommendations for future research on this topic. 
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CHAPTER 2 

Methods and Materials  

2.1 Samples  

2.1.1 Olive oil  

EVOOs (n = 5) were purchased from local supermarkets in the Hamilton region, New 

Zealand. EVOOs were also supplied via two external companies (Olive Black n = 1 and The 

Olive Press n = 3). For the method validation, refined OOs were purchased (n = 2) because 

they had a lower phenolic content making them suitable for use in method validation 

recovery studies. All oils were subsampled into 250 mL clear glass containers or 20 mL 

amber vials and stored in a dark and dry cupboard until use. The details of the oils purchased 

are summarised in Table 2.1. 

Table 2.1. Brands and supplier of EVOO and OO used in this research. n.d. denotes no 
date. 

Brand Supplier Country of origin Purchase date  

EVOO 

Red Island Supermarket Australia 19/07/22 

The Village Press, First 
Press 

Supermarket 
New Zealand, 

Australia, Spain 
19/07/22 

Oleo Martos Supermarket Spain 19/07/22 

Macro Organic Supermarket Spain 19/07/22 

Matapiro Supermarket 
New Zealand and 

Australia 
19/07/22 

Olive Black Olive Black New Zealand 2020 Harvest 

Frantoio The Olive Press New Zealand n.d. 

Picual The Olive Press New Zealand n.d. 

Picholine The Olive Press New Zealand n.d. 

OO 

Pams, extra light Supermarket Not specified 17/11/22 

Lupi, extra mild Supermarket Italy 17/11/22 
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2.1.2 Olive leaves  

Olive leaves were kindly donated. These were collected from properties in Waitao, 

Tauranga and Claudelands, Hamilton when required. The species of olive leaves picked were 

unknown. They were either used fresh or left to dry in an incubator at room temperature 

(RT, 24 °C) until constant weight before being placed into a brown paper bag and stored in 

a dry, dark cupboard until use (within 48 hours).  

2.2 Solvents, standards, reagents, and consumables 

2.2.1 Solvents  

Type 1 water (distilled and deionised) was obtained using an ELGA LabWater PURELAB® Flex 

water purification system (18.2 MΩcm resistivity). Distilled water was made in-house 

through a distillation apparatus at the University of Waikato. Methanol (MeOH, Optima™ 

LC-MS grade >99.99%), acetonitrile (ACN, HPLC grade ≥99.99%) and formic acid (Optima™ 

LC-MS grade ≥99.0%) were obtained from Fischer Chemical™, part of Thermo Fischer 

Scientific. Acetic acid (glacial, ReagentPlus®, ≥99,0%) was obtained from Sigma Aldrich. 

Acetone (HPLC grade ≥99.5%) was obtained from J.T Baker™.  

2.2.2 Standards and reagents  

Oleuropein (≥80.0%) was obtained from Sigma Chemicals and tyrosol (98.5%) was obtained 

from Aldrich Chemicals. Elenolic acid (>90.0%), oleacein (90.0%), oleocanthal (95.0%), 

hydroxytyrosol (98%) and oleuropein aglycone (95.0%) were from Toronto Research 

Chemicals (Canada). Ligstroside (97.0%) was obtained from Biosynth. D-(+)-glucose 

(≥99.5%) was obtained from Sigma Aldrich. Sodium chloride (NaCl) was obtained from 

LabServ (Thermo Fischer Scientific). Almond flour (n = 2; purchased in September 2022 and 

the 18th of November 2022) and whole raw almonds (purchased 24th of February 2023) were 

obtained from local supermarkets in New Zealand.  
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2.2.3 Consumables  

Eppendorf centrifuge tubes (2 mL) were used for oil extraction, the combined extracts were 

placed into 15 mL polypropylene tubes to be mixed before analysis. Amber HPLC vials (2 mL) 

with 9 mm caps and silicone/PTFE septa were used for the analysis of oil and OLT samples. 

Glass inserts for 2 mL vials were used for analysis when samples were less than 250 µL. OLT 

samples that contained precipitate were filtered prior to analysis using nylon membrane 

filters (13 mm, 0.20 µm and 17 mm, 0.45 µm; Agilent Technologies) and sterile disposable 

syringes (1 mL). To analyse the glucose concentration, i·sens CareSens™ PRO testing strips 

were used in a CareSens™ Dual blood glucose meter (BGM). To make almond milk, 

Schleicher and Schuell filter paper 604 (55 mm) was used to separate the almond meal from 

the almond milk.  

2.3 General Methods  

2.3.1 Apparatus temperature management 

Water baths, boiling water, ovens and freezers were used in this research for either sample 

experimentation or stability trials. To control the temperature of the water baths and 

boiling water, a mercury thermometer was used, the temperature was held consistent 

within ± 5 °C. The temperature control of the ovens and freezers housed in the commercial 

laboratory were constantly monitored by a Thermo Scientific™ Smart-Vue™ Sensor; this 

equipment had automatic and continuous data logging, so freezers were kept within −10 

and −30 °C. The sensors were calibrated every 6 months. Samples that could not be 

analysed within the same day were stored in a walk-in chiller, this was also monitored with 

a Thermo Scientific™ Smart-Vue™ Sensor, keeping the temperature within 2-8 °C.  

2.3.2 Glassware cleaning  

Labware items used at the university to make almond milk and OLT were washed 

thoroughly with detergent and water. The glassware was rinsed three times with Type 1 

water, then oven dried (100 °C). At the commercial laboratory, glassware was soaked 
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overnight (16 hours) in Decon 90 (labware detergent); the glassware was then rinsed three 

times with Type 1 water and rinsed twice with MeOH, then left to dry on a drying rack.  

2.3.3 Statistical analysis and graphical image generation 

Analysis of data and graphical visualisation were carried out using Microsoft Office Excel 

(Version 2303) and Minitab® (Version 21.4.1), while flow diagrams were carried out using 

Microsoft Office PowerPoint (Version 2303). For statistical calculation, samples that had an 

analyte concentration less than the limit of detection (<LOD) were treated as a missing value 

for summary statistics (e.g., averages). Chemical structures, diagrams and reaction 

pathways were produced using PerkinElmer ChemDraw (Version 21.00). 

2.4 Triple Quadrupole Liquid Chromatography Tandem Mass 

Spectrometry  

The Triple Quadrupole Liquid Chromatography Tandem Mass Spectrometry 

(LC-QqQ-MS/MS) system used for both oil and OLT analysis was a ExionLC™ 

high-performance liquid chromatography (HPLC)/ultra-high-performance liquid 

chromatography (UHPLC) system with a ExionLC™ AD Multiplate Autosampler and a SCIEX 

Triple Quad™ 6500 tandem mass spectrometer. The instrumentation was controlled by 

Analyst® software (Version 1.7.3). MultiQuant™ software (version 3.0.3) was used for the 

quantitative and qualitative workflow analysis. 

2.5 Analysis and quantification of phenolic compounds in oil by 

LC-QqQ-MS/MS 

2.5.1 Reagents and standards 

The extraction solvent (MeOH/water, 80:20 v/v) was prepared by mixing MeOH (80 mL) and 

Type 1 water (20 mL) in a measuring cylinder. Primary stock standards of the following 

quantified analytes were accurately weighed (if possible) into an amber vial, 100% MeOH 
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(standard weight dependant) was then pipetted into the vial with a target concentration of 

1000 mg/L (actual concentration is presented in parenthesis): oleuropein aglycone 

(7034 mg/L), oleocanthal (950 mg/L), oleacein (900 mg/L), hydroxytyrosol (859 mg/L), 

tyrosol (923 mg/L), oleuropein (605 mg/L), ligstroside (970 mg/L) and elenolic acid 

(900 mg/L). With the oleuropein aglycone standard having such a high concentration, a 

secondary standard with a concentration of 999 mg/L was made from the stock standard 

and was used in subsequent standard preparation.  

Due to the inhibitory high cost of some of the standards, <1 mg was purchased making it 

difficult to obtain an accurate weight. For oleuropein aglycone, the standard was prepared 

by mass difference; the vial containing the compound from the manufacturer was weighed, 

the compound was dissolved in 100% MeOH (1 mL), the solvent + compound was 

transferred to a new weighed vial and the residual solvent was evaporated from the 

manufacturer’s vial. The weight of compound was determined by comparing the weight of 

the manufacturers vial after evaporation to the weight before the addition of MeOH. The 

compound weight was then subtracted off the weight of solvent + compound that was 

determined in the new weighed vial. This gave the amount of MeOH in grams which was 

converted back to litres based on density, providing a concentration in mg/L. For elenolic 

acid (0.5 mg), oleacein (1 mg), ligstroside (1 mg) and oleocanthal (0.5 mg) an equivalent 

amount of solvent (0.5 mL, or 1 mL) was added. It is noted that this will not be quantitative 

if the amount supplied was not exactly what was stated on the vial. Preparation by mass 

difference was considered; however, the original vial the compound was in (from the 

manufacturer) was too heavy for the microbalance. After standards had been prepared, an 

easier mass difference method which did not require the manufacturer’s vial to be weighed 

on a microbalance was suggested for future reference; the compound was dissolved in 

MeOH, transferred to a new weighed vial, the solvent was evaporated, and the same vial 

was re-weighed to determine the amount of compound. A specific volume of MeOH was 

added to determine a concentration in mg/L. Moreover, if standards had not already been 

purchased, it would have also been possible to pay extra and receive an accurate weight 

from the manufacturer, allowing for precise standard preparation when using extremely 
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small masses. All standards were stored in the freezer (−25 °C) until use and given an expiry 

date 2 years from preparation.  

With a large range of concentrations required for the calibration curve (0, 0.005, 0.01, 0.02, 

0.05, 0.1, 0.2, 0.5, 1 mg/L) an initial mixed standard (10 mg/L, 2 mL) was made from the 

stock standards (approximately 1000 mg/L) and 100% MeOH. Three lower concentrated 

mixed standards (5.0, 1.0 0.5 mg/L, 2 mL) were then made from the initial mixed standard 

(10 mg/L) and 100% MeOH. This was carried out by aliquoting from the mixed standard for 

each concentration, not by serial dilution. These four mixed standards were used to achieve 

the concentrations required for the working standards of the calibration curve (Table 2.2). 

Before the 10 mg/L standard was consumed, a new mixed standard (10 mg/L) was prepared 

and deemed suitable for use if the concentration was within ± 10% of the old mixed 

standard.  

Table 2.2. The concentration of the four mixed standards (Std) used to make working 
standards for the calibration curve.  

Mixed Std 
Concentration of mixed Std 

(mg/L) 
Working Standard (mg/L) 

Mixed Std 1 10.0 1, 0.5, 0.2 

Mixed Std 2 5.0 0.05, 0.1 

Mixed Std 3 1.0 0.02 

Mixed Std 4 0.5 0.005, 0.01 

 

2.5.2 Sample preparation 

The oil sample preparation method was based on the method by Pizarro et al. (2013)177 

with modifications. For details on method optimisation and validation of this modified 

method see Chapter 3, Section 3.1.2. 

Olive oil (0.100 ± 0.003 g) was weighed into an Eppendorf tube (2 mL). MeOH/water 

(80:20 v/v, 2 mL) was added. The mixture was vortexed (1 min), then centrifuged (5 min, 

11,300 RCF). This procedure was repeated 3 times in total, each time 1.8 mL of supernatant 

was taken from the tube and placed into a 15 mL centrifuge tube. Once the triplicate 
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extraction was complete, the 15 mL tube was vortexed (30 seconds). A sample (1 mL) was 

taken for analysis in an amber HPLC vial (1.5 mL). If samples could not be analysed within 

the same day, they were left in a chiller (4 °C) and analysed within 48 hours.  

2.5.2.1 Recovery checks 

During method validation, the accuracy of the above method was tested by carrying out 

spike recovery checks. OO samples were spiked with the 10 mg/L mixed standard to achieve 

low and high spiked samples (Table 2.3). For the high spike (50 µg/L), 10 mg/L mixed stock 

standard (30 µL) was added to Pams or Lupi OO (0.100 ± 0.004 g); for the low spike 

(20 µg/L), 12 µL of the same mixed standard was added. Spiked samples were vortexed 

(1 min), then left on the bench (1 hour) for the spiked compounds to interact with the 

matrix. The extraction procedure above was then carried out. Details on method validation 

recoveries can be found in Chapter 3, Section 3.2.3. 

Table 2.3. Amount spiked and theoretical spike concentration detected on the instrument 
during method validation.  

Spike 
Amount (µL) of 10 µg/L 

Mixed Std spiked  
Theoretical spike 

concentration (µg/L) 

Low spike 12 20 

High spike 30 50 

 

2.5.3 Instrument method  

Compound analysis was performed on a ExionLC™ HPLC system interfaced with a SCIEX 

Triple Quad™ 6500 mass spectrometer (see Section 2.4 for details) with electrospray 

ionisation (ESI) via Turbo Spray IonDrive. The HPLC was equipped with a binary pump with 

an integrated vacuum degasser, an autosampler, and a thermostated column 

compartment.  

Compounds were separated using a Poroshell 120 EC-C18 column (2.7 µm, 2.1 x 50 mm, 

Agilent Technologies, USA) fitted with a Phenomenex KrudKatcher™ Ultra. The column 

compartment was kept at 50 °C, the flow rate was 0.6 mL/min, the injection volume was 
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2 µL and the sample cooler was kept at 15 °C. The mobile phase consisted of a gradient 

program using 0.1% acetic acid in Type 1 water (A) and 100% MeOH (B) as follows: 0 min, 

10% B; 0.5 min 10% B; 3 min, 95% B; 4 min, 95% B; 4.10 min 10% B; with a final time of 

5 minutes. The needle wash solution used between injections was MeOH/Type 1 water 

(50:50, v/v).  

The retention times for the target analytes are summarised in Table 2.4. Oleuropein 

aglycone had several unresolved peaks corresponding to isomers and quantification was 

carried out using the sum of the four peaks. Elenolic acid was a broad peak and peak shape 

often varied with sample type. Therefore, quantification was carried out using the sum of 

elenolic acid peaks between 1.6 and 3.5 minutes (regardless of peak shape) to be consistent 

when reporting results. 

Table 2.4. Retention times for target analytes in this research.  

Analyte  Retention time (min) 

Oleuropein 2.98 

Oleocanthal 3.13 

Oleacein 2.79 

Hydroxytyrosol 0.63 

Tyrosol 1.04 

Oleuropein aglycone 3.40, 3.47, 3.60, 3.79 

Ligstroside 3.24 

Elenolic acid 1.6-3.5 

 

The mass spectrometer (MS) was operated in ESI negative ion mode using multiple reaction 

monitoring (MRM), with a retention time window of 4.003 minutes and a target scan time 

of 0.2502 seconds. The following conditions were used: IonSpray Voltage, −4500 V; ion 

source gas 1, 70 psi; ion source gas 2, 60 psi; curtain gas, 25 psi; collision gas, 8 psi; dwell 

time, 5 milliseconds and a flow rate and drying gas (nitrogen gas, N2) temperature of 

10 L/min and 450 °C, respectively. The precursor ion, two most intense MRM transitions 

(quantifier and qualifier) and optimised MS parameters are summarised in Table 2.5. Details 

on the optimisation are discussed in Chapter 3, Section 3.1.1. 
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Table 2.5. The MRM transitions and optimised MS parameters for the determination of 
olive oil and OLT target analytes. Product ion transitions used for quantification are 
shown in bold text. 

Analyte 
Precursor ion 

(m/z) 
Product 

ion (m/z) 
DP1 (V) EP2 (V) CE3 (V) CXP4 (V) 

Oleuropein 539 -307 

−275 

−101 

−124 

−6 

 

−31 

−28 

−15 

−14 

Oleocanthal 303 −179 

−165 

−45 −6 

 

−10 

−14 

−9 

−7 

Oleacein 319 −195 

−183 

−60 −12 

 

−16 

−10 

−16 

−10 

Hydroxytyrosol 153 −123 

−122 

−60 −14 

 

−19 

−28 

−14 

−12 

Tyrosol 137 −119 

−106 

−19 −19 

 

−20 

−21 

−13 

−14 

Oleuropein 
aglycone 

377 −307 

−275 

−58 −12 

 

−15 

−17 

−9 

−8 

Ligstroside 523 −361 

−291 

−100 −8 

 

−20 

−31 

−11 

−9 

Elenolic acid 241 −127 

−95 

−30 −10 

 

−16 

−14 

−15 

−11 
1DP: delustering potential (V); 2EP: entrance potential (V); 3CE: collision energy (V); 4CXP: 

collision cell exit potential (V).  

2.5.4 Data workup  

To determine the concentration of analytes in the oil samples, the following steps were 

taken. Initially, the data from the instrument was processed via MultiQuant™ software. This 

outputs “in vial” results in µg/L (i.e., raw results), calculations were then carried out to 

determine “in sample” concentration (i.e., final concentration).  

The final concentration (µg/kg) was determined based on Equation 2.1. 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝜇𝑔/𝑘𝑔) = 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙 (𝑚𝐿) × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × "𝐼𝑛 𝑣𝑖𝑎𝑙" (𝜇𝑔/𝐿)

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 

Equation 2.1  

Results were then reported in mg/kg using Equation 2.2. 
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  𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔/𝑘𝑔) =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝜇𝑔/𝑘𝑔) 

1000
 Equation 2.2  

2.6 Olive leaf tea methods 

2.6.1 Moisture content of leaves 

Olive leaves (10 g) were weighed in triplicate, then dried at RT until constant weight. The 

difference in weight was used to calculate the moisture content.  

2.6.2 Extraction method 

To prepare leaves for use, leaves were hand picked off the olive branches; any leaves that 

were torn on removal were omitted due to the release of endogenous enzymes. Leaves 

were dried to consistent weight at room temperature (20-25 °C), initially this was done on 

the bench in the laboratory, but leaves would often pick up moisture from the air, so the 

method was changed, and leaves were dried in an incubator (24 °C). To investigate how leaf 

drying temperature affected the concentration of oleuropein in OLT, two drying 

experiments were undertaken (Chapter 4, Section 4.3.2) using fresh (without any drying 

procedure), dried at RT and oven dried at 70 °C olive leaves.  

The OLT was made using leaves and distilled water in a 1:10 ratio. Olive leaves (50-100 g) 

were placed in a nylon mesh (100 µm) filter sock, and suspended in a beaker on a hot plate. 

Boiling water (amount dependent on the weight of leaves) was poured onto the leaves. The 

leaves were pushed and mixed with a glass mixing rod; tin foil was placed over the top of 

the beaker to prevent heat and moisture loss. The water was brought back to boiling 

(100 ± 5 °C), the leaves were steeped (30 min) while maintaining a temperature of 100 °C, 

with mixing every 5 minutes. The tea was taken off the heat and left to cool (10 min). The 

filter bag was hung above the beaker via a clamp allowing excess tea to drip back into the 

beaker (15 min). The filter sock was then squeezed above the beaker to acquire any further 

tea. Once cooled, the tea was transferred to a glass bottle and stored (−25 °C) until use.  
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2.6.2.1 Recovery checks  

During validation of target analytes in the OLT (an aqueous medium), accuracy was carried 

out through spike recovery checks. Using Equation 2.3, Type 1 water (2 mL) was spiked with 

16 uL of a mixed standard (10 mg/L) to give a raw result concentration of 80 µg/L. The 

samples were vortexed (1 min) to allow for sufficient mixing of the analytes in the aqueous 

matrix. All samples were left to interact with the water matrix (1 hour). A subsample (1 mL) 

was pipetted into an amber vial and analysed. Details on method validation for aqueous 

samples can be found in Chapter 3, Section 3.3.1. 

 𝑉𝑜𝑙𝑢𝑚𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (𝑉1) =
𝐶2𝑉2

𝐶1
=

80 𝜇𝑔/𝐿 × 2000 𝑢𝐿

10000 𝜇𝑔/𝐿 
= 16 μL Equation 2.3  

Where: V1 and C1 is initial volume and concentration and V2 and C2 is final. 

2.6.3 Analysis of OLT 

Due to suppression effects (Chapter 3, Section 3.3.3) multiple dilutions with Type 1 water 

were carried out for each sample (up to 4). The number of dilutions required was dependent 

on the concentration of target analytes in different OLT samples analysed ranging between 

20 and 20,000-fold dilutions. The same instrument method used for oils was also used for 

the analysis of OLT (Section 2.5.3).  

2.6.4 Data workup  

To determine the concentration of analytes in the OLT, the following steps were taken. The 

data from the instrument was processed via MultiQuant™ software. This output raw results 

in µg/L and calculations were undertaken to the determine final concentration of the 

sample in mg/kg. An example calculation can be seen in Equation 2.4; assuming 1 L of water 

equals 1000 g of water. The concentrations reported for OLT in this research were the 

average of the dilutions that had analyte concentrations consistent within ± 10% of dilutions 

undertaken. 
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 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔

𝑘𝑔
) = 

(
𝑟𝑎𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝜇𝑔
𝐿 ) × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

1000
) × (

𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
) 

Equation 2.4  

Where volume is the amount of distilled water leaves were steeped in and weight is the 

mass of leaves weighed into the filter sock. 

 

It should be noted that the volume of water leaves were steeped in may have been slightly 

lower than the amount measured out for steeping due to small evaporation losses, dry 

leaves absorbing water and water getting trapped in leaves during draining. All practical 

measures were taken to avoid water loss. However, for calculations, it was assumed the 

initial amount of distilled water measured out was the same amount the leaves were 

steeped in. This may result in slight discrepancies in the concentration but the precise 

concentration of target analytes in the tea was not the focus of this research. The main 

requirement of the tea was to provide high levels of oleuropein to understand its hydrolysis 

in further experiments.  

2.6.5 pH determination  

The pH of OLT was determined using a calibrated Hanna Edge pH meter. Triplicate 

measurements were taken for all OLTs. The values determined are presented in Section 

2.7.1.  

2.7 Olive leaf tea stability trials 

An OLT was subsampled in duplicate and stored at three different temperatures: −25, RT 

and 40 °C for 189 days to explore compound stability. An initial storage trial was set up; 

however, after three days in storage, the instrument needed the injector replaced and was 

out of commission for one month. This meant there was no data for the initial storage 
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period and the degradation that took place in that first month. Hence a second trial was set 

up, under the same conditions to obtain data points for the first month during storage.  

2.7.1 Batch ID for olive leaf teas 

OLTs used in the research were distinguished by a batch ID using the date the teas were 

made. Each batch of tea had a different concentration of compounds. The initial 

concentration of target analytes and pH values of the OLTs used are summarised in Table 

2.6. In experiments undertaken in this research, the selected OLT was re-analysed in 

duplicate as a control sample.  

Table 2.6. The initial concentration of target analytes in batches* of OLT. Results are 
presented as the average of dilutions undertaken ± standard deviation (SD).  

Analyte OLT3-2-23 OLT15-2-23 OLT21-4-23 OLT12-5-23 OLT31-5-23 

Oleuropein 373 ± 6 3668 ± 29 1744 ± 8 695 ± 44 9159 ± 323 

Ligstroside 77 ± 2 663 ± 8 906 ± 5 271 ± 9 2399 ± 45 

Oleuropein 
aglycone 

14 ± 1 17 ± 0.1 5 ± 0.1 28 ± 1 53 ± 6 

Oleacein 196 ± 3 11 ± 0.3 <LOD 115 ± 16 <LOD 

Oleocanthal 16 1 <LOD 32 ± 0.4 <LOD 

Hydroxytyrosol 1034 ± 37 842 ± 11 781 ± 18 1632 ± 79 4507 ± 154 

Tyrosol 32 ± 1 31 ± 3 11 ± 0.2 60 ± 3 184 

Elenolic acid 547 ± 5 123 ± 4 197 ± 10 376 ± 27 826 ± 72 

pH 4.9 ± 0.005 5.1 ± 0.005 5.0 ± 0.05 4.6 ± 0.03 5.2 ± 0.04 

*Batch ID contains the date OLT was created.  

2.8 Blood glucose meter 

A blood glucose meter (BGM) was used to measure glucose formed in OLT as a result of 

oleuropein and ligstroside hydrolysis with β-glucosidase.  
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2.8.1 Reagents and standards  

A stock standard of D-(+)-glucose (400.05 mM = mmol/L) was prepared by weighing 1.4485 g 

of glucose (resulting in 1.4413 g of glucose when adjusted for 99.5% purity of the glucose 

standard) into a volumetric flask (20 mL) with distilled water, following Equation 2.5. 

 
𝑀𝑎𝑠𝑠 (𝑔)  =  

 400 𝑚𝑀 × 20 𝑚𝐿 × 180.156 𝑔/𝑚𝑜𝑙

1,000,000
= 

1.4412 𝑔 

0.995
= 1.4485 𝑔 

Equation 2.5  

Working standards were made at concentrations of 1, 2, 4, 5, 8, 12, 14 mM with Type 1 

water (final volume 1 mL). An example calculation for the 4 mM secondary standard using 

C1V1 = C2V2 can be seen in Equation 2.6. All standards were stored in the chiller (4 °C) and 

given an expiry date of 1 year from preparation. 

 𝑉𝑜𝑙𝑢𝑚𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (𝑉1) =
𝐶2𝑉2

𝐶1
=

4 𝑚𝑀 × 1000 𝑢𝐿

400.00 𝑚𝑀
= 10 μL Equation 2.6  

Where V1 and C1 is initial volume and concentration and V2 and C2 is final. 

2.8.2  BGM Calibration  

The glucose response using a BGM is different in the OLT aqueous matrix compared to in 

blood. The working standards were used to calibrate the meter before analysis of OLT 

samples. Calibration coefficients were obtained by comparing the glucose concentration to 

the value measured by the BGM. The use of a BGM is further discussed in Chapter 3, 

Section 3.4. 

2.8.3 Analysis and data workup 

A CareSens™ Dual BGM was used to measure the glucose concentration (mmol/L) in OLT 

samples. A CareSens™ PRO testing strip was placed into the meter and dipped into a 10 µL 

sub-sample of the tea, the value was recorded and the testing strip was then discarded. 

Three readings were taken for each sample to determine an average, SD, and %RSD value, 
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with %RSDs <5% deemed acceptable for reporting. The background glucose present in the 

OLT was subtracted off the final readings; teas that had been diluted also had a dilution 

factor applied. This final concentration was then calculated using the calibration coefficient 

from the calibration curve. 

2.9 Almond meal/milk preparation  

2.9.1 Almond meal 

Several whole raw almonds (10-20) were blended to a fine powder via a Nutribullet 2.0 

1200W (2 min). The resulting meal was stored in an airtight tube until use.  

2.9.2 Almond milk  

Almond milk was made during this research to determine if it could be an effective source 

of the enzyme β-glucosidase. The almond meal had an amount of distilled water added in a 

1:5 ratio; the mix was gently shaken on the orbital shaker (15 min). The resulting liquid was 

filtered via a Büchner funnel with a Schleicher and Schuell filter paper 604 (55 mm). The 

resulting almond milk was stored in the freezer (−25 °C) until use in experiments and given 

an expiry date of 6 months from preparation. 

2.9.3 Glucose readings 

To confirm that the almond flour/meal and almond milk did not contain glucose, triplicate 

readings were carried out. Almond flour/meal (500 mg) was mixed with water (1 mL). Both 

solutions resulted in a “Lo” response from the meter which refers to a concentration below 

1.1 mmol/L. 

2.10  Final methods for enrichment experiments 

The final methods used in Chapter 5 are described below.  
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2.10.1  Inactivation of β-glucosidase  

To halt the enzymatic reactions, a 1:1 ratio of subsampled OLT and 100% MeOH were 

combined and chilled until analysis (2-8 °C, up to 24 hours). On the day of analysis, samples 

were brought to room temperature, centrifuged (5 min, 11,300 RCF) and prepared using 

methods described in Section 2.6.3. 

2.10.2  Enzymatic experiments using almond flour/meal and almond milk 

Almond flour or meal (25 ± 0.5 or 100 ± 2 mg) per 1 mL of OLT were vortexed (1 min). 

Samples were placed in an Eppendorf ThermoMixer® C at 60 °C for the quickest hydrolysis 

of oleuropein or 40 °C to preserve the formation of oleuropein aglycone (800 rpm, 10 min). 

The amount of almond flour/meal varied depending on the concentration of oleuropein in 

tea; OLT3 2-23 (1 mL) required 25 mg and OLT15-2-23 (1 mL) required 100 mg to get at least 

50% hydrolysis of oleuropein at 60 °C within 30 minutes. In other hydrolysis experiments, 

almond milk (300 µL) and OLT15-2-23 (700 µL) were combined and vortexed (30 seconds), 

then placed in the Eppendorf ThermoMixer® C at the same temperature and time described 

in the above almond meal/flour experiments. After conversion took place both sources of 

enzyme were inactivated following methods described in Section 2.10.1.  

2.10.2.1 Addition of oil 

For enrichment experiments, OO (506 mg = 550 µL, based on the density of OO) was added 

using a positive displacement pipette into OLT (milk: 700 µL or flour: 1 mL) with almond milk 

(300 µL) or almond flour/meal (25-100 mg) and was vortexed till an emulsion formed 

(2 min). Samples were placed in an Eppendorf ThermoMixer® C (800 rpm, 10 min, 60 °C for 

the quickest hydrolysis of oleuropein or 40 °C to preserve the formation of oleuropein 

aglycone). The sample was then vortexed (10 seconds) and centrifuged (20 min, 

11,300 RCF). Oil was sub-sampled to the correct extraction amount (100 mg) and a sub-

sample of the aqueous portion (100 µL) was taken if possible and inactivated as described 

in Section 2.10.1. Oils underwent extraction as described in Section 2.5.2. However, the 



Chapter 2: Methods and Materials 

52 

amount measured in control oils were subtracted from the concentration measured in 

enriched oils. 

2.10.2.2 Filtration  

Samples were prepared as described in Section 2.10.2, using almond milk, OLT and mixed 

for 10 minutes at 40 °C. The enzyme was then deactivated via the method in Section 2.10.1. 

The resulting mixture was filtered through two different membrane syringe filters with pore 

sizes of 0.20 and 0.45 µm (diameters of 13 and 17 mm respectively). The filtrates were 

prepared and analysed as described in Section 2.6.3.  

2.10.2.3 Addition of NaCl and glucose 

An experiment described in Section 2.10.2.1 had NaCl and glucose (0.5 ± 0.001 g and 

1 ± 0.01 g, respectively) added after the samples were mixed on the Eppendorf 

ThermoMixer® C and vortexed (10 seconds). The saturated solution of NaCl and/or glucose 

was mixed on a vortex (2 min) then centrifuged (20 min, 11,300 RCF). A sub-sample of oil 

was taken and prepared via methods described in Section 2.5.2. 

Water activity  

The water activity was also determined prior to utilising NaCl and glucose to confirm the 

sample would still have a suitable water activity to facilitate enzymatic activity. Almond milk 

(300 µL) was combined with OLT (700 µL), and NaCl (0.5 g) was added. This was repeated 

for glucose (1 g). The samples were analysed using a Novasina LabMaster-aw neo water 

activity device. Four readings were taken for each sample to determine a mean and 

standard deviation. 

2.10.3  Hydrolysis of oleuropein with almond milk at different temperatures 

Almond milk (300 µL) and OLT (700 µL) were placed in a tube (2 mL), the sample was 

vortexed (30 seconds) and placed in an Eppendorf ThermoMixer® C (30, 40, 50, 60 °C; 

800 rpm, 120 min). Subsamples were taken at 5, 10, 20, 40, 60, 80, 100 and 120 minutes, 
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inactivated as described in Section 2.10.1, centrifuged (5 min, 11,300 RCF) and prepared 

using the method described in Section 2.6.3. 

2.10.4  Stability of oleuropein aglycone in 50% MeOH olive leaf tea 

Almond milk (300 µL) and OLT (700 µL) were placed in a tube (2 mL), the sample was 

vortexed (30 seconds) and placed in an Eppendorf ThermoMixer® C (40 °C; 800 rpm, 

10 min). The reaction was inactivated using the methods in Section 2.10.1. A sub-sample 

was taken, and the tube was placed back in the mixer (30, 40, 60 °C; 800 rpm, 300 min), 

with subsampling taking place at 30, 60, 120, 180, 240, and 300 minutes. Samples were 

centrifuged (5 min, 7830 RCF) and prepared using the method described in Section 2.6.3. 

2.11  Quality control 

For the analysis of oil and OLT samples various steps were taken to check the quality of 

results. For every batch of samples analysed, quality control (QC) measures were taken. 

Each batch run had a set of calibration standards analysed at the beginning and end of the 

sequence to check for instrument drift. Randomly selected individual standards were 

analysed every 15-20 samples for batches with greater than 20 samples. Blank samples of 

extraction solvent were analysed to check for contamination that may have occurred during 

sample preparation as well as check for carryover during analysis. Diluted OLT samples were 

analysed from most dilute to most concentrated, with blank samples (n = 3) run after each 

set of dilutions; this helped to prevent excessive carryover. Some samples were prepared 

and analysed in duplicate to make sure the instrument was performing accurately with a 

percentage difference of 10% between duplicates deemed acceptable.  
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CHAPTER 3 

Method Optimisation and Validation 

The methods used in this research to quantify oleuropein, ligstroside, oleuropein 

aglycone, oleacein, oleocanthal, hydroxytyrosol, tyrosol and elenolic acid in OO and OLT 

were validated prior to their utilisation. Methods chosen from literature were modified 

to suit the current research. Therefore, validation was essential to ensure the reliability 

of the analytical data. This chapter details these procedures. 

3.1 Optimisation of olive oil extraction method  

3.1.1 Instrument optimisation  

Instrument optimisation was the priority in optimising a method for the extraction and 

analysis of target analytes in OO. Several types of instrumentation have been used in 

literature for the analysis of OO, most commonly LC-MS, see Chapter 1, Section 1.9.2 for 

a detailed discussion on these methods. In this research, a liquid chromatography triple 

quadrupole tandem mass spectrometer (LC-QqQ-MS/MS) was used. The instrument was 

optimised using multiple reaction monitoring (MRM) in negative ESI ion mode. [M-H]- 

(single charged) ions were selected as precursor ions for all target analytes; no adducts 

were selected as precursor ions. Characterisation and optimisation were carried out by 

direct infusion of each target analyte via a syringe pump (7 µL/min) into the ESI mass 

spectrometer using a 10 µg/L stock solution mixed with mobile phase to increase 

ionisation efficiency. Q1 scans (survey scan) were run in a specific range based on the 

mass-to-charge ratio (m/z) of precursor ions ([M-H]-) to identify fragmentation patterns 

taking place under different collision energies. The mass ranges were selected based on 

results from the literature and then further optimised for the instrument used in this 

research. The optimal declustering potential voltage to maximise formation of [M-H]-
 

ions (precursor or parent ion), optimal collision energies, entrance potential and 

collision cell exit potential that gave the two most sensitive MRM transitions (two 

product ions also known as daughter ions or Q3 masses) were obtained for each analyte. 

The most sensitive and intense transitions were used for quantitative analysis and 
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referred to as the ‘quantifier” transitions, while the second m/z (the “qualifier transition) 

was employed in the identification step as confirmation or to be used in the case of 

interferences. For the optimised MS/MS conditions see Chapter 2, Section 2.5.3.  

LC conditions were optimised to achieve resolution within 4 minutes for the eight target 

analytes. To begin with, mobile phases and column types from literature34,173,174 were 

identified (Chapter 1, Section 1.9.2). Most reported literature used Type 1 water (mobile 

phase A), and acetonitrile (ACN) or MeOH with either acetic acid or formic acid in varying 

percentages as mobile phase B. All reported methods used a reverse phase C18 column, 

with one study opting to use isocratic elution while the rest used gradient elution. A 

mixed standard of target analytes was used to optimise the LC conditions. An Agilent 

Infinity Lab Poroshell 120 EC-C18 column (2.7 µm, 2.1 x 50 mm, Agilent Technologies, 

USA) fitted with a Phenomenex KrudKatcher™ Ultra was used.  

Different concentrations of formic and acetic acid (0.01, 0.1 and 0.2%) were trialled in 

Type 1 water and organic (ACN or MeOH) mobile phases via gradient elution. The use of 

formic acid resulted in the disappearance of tyrosol from the chromatograms so acetic 

acid was chosen. Obtaining a good peak shape for elenolic acid was difficult. The use of 

0.1% acetic acid in Type 1 water and 100% ACN resulted in a narrow peak for elenolic 

acid (Figure 3.1). However, these conditions resulted in a poor peak shape and 

separation of oleocanthal and oleacein (Figure 3.2). 95% ACN as mobile phase B was 

tested but this did not improve the peak shape. 
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Figure 3.1. Chromatogram showing the peak for elenolic acid, RT 2.08 minutes, using 
0.1% acetic acid in both mobile phases A (Type 1 water) and B (100% ACN).  

 

 

Figure 3.2. Poor peak shape and separation for oleacein (RT 2.40 minutes, red peak) 
and oleocanthal (RT 2.76 minutes, blue peak) using mobile phases A (0.1% acetic acid 
in Type 1 water) and B (100% ACN). 

 

Due to more target analytes (oleacein and oleocanthal) having a poorer peak shape 

using 100% or 95% ACN as mobile phase B, the organic solvent was changed to 100% 

MeOH. This mobile phase along with Type 1 water were optimised by varying the 

amount of acetic acid (0.1 and 0.01%) added. The amount of acetic acid was initially 

reduced to 0.01% but this still resulted in a poor peak shape of elenolic acid so was 

XIC of -MRM (46 pairs): 241.000/165.000 Da ID: Elenoic acid.2 from Sample 6 (1 ppm mix 0.01% acetic/95% ACN 450T) of olive 15-6-... Max. 2.4e5 cps.

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1
Time, min

0.0

1.0e4

2.0e4

3.0e4

4.0e4

5.0e4

6.0e4

7.0e4

8.0e4

9.0e4

1.0e5

1.1e5

1.2e5

1.3e5

1.4e5

1.5e5

1.6e5

1.7e5

1.8e5

1.9e5

2.0e5

2.1e5

2.2e5

2.3e5

2.4e5

In
te

ns
ity

, c
ps

2.08

2.04

1.63

XIC of -MRM (46 pairs): 303.000/285.100 Da ID: Oleocanthal.1 from Sample 10 (1 ppm mix 0.1% acetic/95% ACN 450T) of olive 15-6-... Max. 1.5e5 cps.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Time, min

0.0

1.0e5

2.0e5

3.0e5

4.0e5

5.0e5

6.0e5

7.0e5

8.0e5

9.0e5

1.0e6

1.1e6

1.2e6

1.3e6

1.4e6

In
te

ns
ity

, c
ps

2.76



Chapter 3: Method Optimisation and Validation 

57 

increased to 0.1% and this slightly improved the shape. The removal of acetic acid (0.1%) 

from the mobile phase B (100% MeOH) was investigated. This resulted in a much better 

peak shape for both oleocanthal and oleacein (Figure 3.3) compared to using ACN. 

 

Figure 3.3. Better resolution and peak shape for oleacein (RT 2.51 minutes, red peak) 
and oleocanthal (RT 2.98 minutes, blue peak) using mobile phases A (0.1% acetic acid 
in Type 1 water) and B (100% MeOH). 

 

The removal of acetic acid in mobile phase B also resulted in a narrower peak shape and 

better intensity for the other target analytes except for elenolic acid (still very broad) so 

acetic acid (0.1%) was only added into mobile phase A (Type 1 water). The resulting 

narrower peaks are shown in Figure 3.4 (A: 0.1% acetic acid in Type 1 water, and 

B: 100% MeOH) where wider peaks are prevalent using acetic acid in both mobile 

phases, as shown in Figure 3.5. 

XIC of -MRM (46 pairs): 303.000/285.100 Da ID: Oleocanthal.1 from Sample 17 (1 ppm 0.1% acetic/100% MeOH / Poroshell 120 c18 ... Max. 2.9e5 cps.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Time, min

0.0

1.0e5

2.0e5

3.0e5

4.0e5

5.0e5

6.0e5

7.0e5

8.0e5

9.0e5

1.0e6

1.1e6

1.2e6

1.3e6

1.4e6

1.5e6

1.6e6

1.7e6

1.8e6

1.9e6

2.0e6

2.1e6

In
te

ns
ity

, c
ps

2.98



Chapter 3: Method Optimisation and Validation 

58 

 

Figure 3.4. A chromatogram showing the presence of narrower peaks for target 
analytes using mobile phases A (0.1% acetic acid in Type 1 water) and B (100% MeOH). 

 

 

Figure 3.5. A chromatogram showing the presence of broader peaks for target analytes 
using 0.1% acetic acid in mobile phases A (Type 1 water) and B (100% MeOH).  

 

Overall, optimal ionisation, peak resolution and shape were achieved using a mobile 

phase composition of 0.1% acetic acid in Type 1 water (A) and 100 %MeOH (B). Elenolic 

acid did not form a sharp peak and was very broad with this choice of mobile phase. To 

obtain a desirable peak shape, the starting solvent composition needed to have at least 

50% MeOH (Figure 3.6). However, it is not good practice to start the solvent gradient 
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with a high organic phase and it caused very poor separation of all other analytes. 

Generally, a starting gradient will use a ‘weak’ elution solvent (low organic, high 

aqueous) at the start of the chromatographic run, where proportions of ‘strong’ eluting 

solvent (organic) is increased over the course of the separation. This is necessary as it 

allows compounds to be retained on the column and elute more slowly giving better 

separation.205 Therefore, it was a compromise to leave elenolic acid broad (but still 

quantifiable) to maintain good separation and peak shape for all other analytes.  

 

Figure 3.6. Chromatogram showing improved peak shape for elenolic acid (see inset 
for zoom in of elenolic acid in this chromatogram) using a 70% MeOH gradient, but 
resulting in poor resolution of all other target analytes.  

 

In the chromatograms, oleuropein aglycone showed three peaks, with one peak 

unresolved (Figure 3.7). Johnson et al. (2017)34 stated that oleuropein aglycone can 

undergo keto-enol isomerisation in aqueous solvents which can result in the presence 

of isomers, which in this research, correspond to the unresolved peaks. Therefore, the 

quantitation of oleuropein aglycone was not isomer specific as the peak area from the 

three peaks were taken for quantification. For the purposes of this research, this was 

considered acceptable.  
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Figure 3.7. Chromatogram for oleuropein aglycone with three peaks, including the 
unresolved peak (RT: 2.10, 2.39, 2.45, 2.56 min). Quantitation was performed using 
total peak area.  

 

There was also an issue of some analytes carrying over into blank samples, this was 

mainly prevalent in OLT samples due to their high concentration of the target analytes. 

Three blanks (80% MeOH) were run between each set of dilutions for OLT samples to 

reduce the chance of the carryover increasing the concentration of analytes in the 

following samples. The rinse solution during the initial method optimisation was also 

increased from 10% to 50% MeOH. Analytes present in blanks had to be <1.5 µg/L, 

otherwise samples were re-run with more blanks between them.  
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used minimal solvent, was low cost and quick was selected to be optimised, then 

validated.  

The International Olive Council has a current method for the detection and 

quantification of phenolic compounds in OOs via HPLC. Since this method has been 

approved by the International Olive Council, it was compared to other extraction 

methods to test its effectiveness for use in this research. In the specified method, OO 

(2 g) is extracted with methanol/water (80:20, v/v, 5 mL), vortexed (1 min), and 

sonicated (15 min) to help extract the compounds out of the oil.167 The sample is 

centrifuged (5292 RCF, 25 min), then filtered (0.45 µm, 13 mm) and analysed.167 In this 

research, experiments were carried out using sonication as stated in the method. The 

sonication was then replaced by implementing two consecutive extractions to compare 

effectiveness. Samples that were consecutively extracted twice (n = 2) resulted in a 

higher extracted amount of target analytes compared to sonication with percentage 

differences for target analytes ranging between 4 ± 0.8% (tyrosol) and 9 ± 2% 

(oleocanthal). With sonication not as effective and the issue of the ultrasonic bath being 

used frequently in the commercial laboratory, other methods were investigated for use.  

As discussed, some methods in the literature use hexane to dissolve and remove the fat 

phase after a LLE with MeOH/water. Hexane is not miscible with water so must be 

discarded during the extraction and may result in loss of non-polar analytes such as 

oleuropein aglycone. To avoid this and the use of extra solvent, acetone was trialled. A 

pilot extraction was set up to determine if acetone could extract a higher quantity of 

each compound from the oil. The trial was performed on two different oils to observe 

any trends or patterns. OOs were dissolved in an amount of acetone until the oil was 

emulsified. For a 500 mg sample size, 2 mL of acetone was required. Once emulsified via 

hand shaking, MeOH/water (75:25, v/v, 8 mL) was added, resulting in a total extraction 

volume of 10 mL, this kept the organic content to 80% (6 mL MeOH + 2 mL acetone = 

8 mL/10 mL = 80%). Based on pilot trial data (n = 1), acetone extracted a slightly higher 

quantity of each compound for one of the oils, with a 6.78% increase for oleocanthal, a 

3.82% increase for tyrosol and a 3.14% increase for oleuropein aglycone. The increased 

quantity extracted for the rest of the analytes was <1.13%. Regarding results from the 

other oil, there was a decrease in the total quantity extracted for each analyte using 
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acetone when compared to using (80:20 v/v, 10 mL) MeOH, where 1.77% less 

oleocanthal and 3.18% less hydroxytyrosol were extracted. With variation between the 

two oils, no obvious increase in the quantity of each analyte extracted based on n = 1 

where there is likely measurement error, and the higher cost of acetone compared to 

MeOH; a triplicate analysis trial was not deemed necessary and MeOH was focused on.  

An extraction method by Pizarro et al. (2013)177 used a liquid-liquid microextraction 

(LLME) which only required one extraction solvent; methanol/water (80:20 v/v), used a 

vortex for mixing, did not require a long extraction process such as sonication and 

produced recoveries >84%. The sample size in the published method was larger (0.5 g) 

than the requirements of this research so it was reduced (0.1 g), other method 

parameters were not scaled down accordingly but were altered (discussed below). The 

reduction in sample size did not affect the quantification of analytes due to the 

sensitivity of the instrumentation used in this research. In the published method, 

methanol/water (80:20 v/v, 1 mL) was added to the oil sample, vortexed and 

centrifuged (11,300 RCF, 5 minutes) to obtain an extract. The original oil was reextracted 

a further two times by the same process, the three portions of extract were combined 

to make a single extract. However, the methanolic phase extracted still required a 

dilution step in a 10 mL volumetric flask. Therefore, the volume of solvent was increased, 

and volumes of 1.6 mL and 2 mL were briefly investigated in this research. The 

percentage of MeOH (80% vs. 60%) and the number of consecutive extractions (more 

than three) were also briefly examined. Due to time constraints of using the instrument 

in the busy season at the commercial laboratory, triplicate analysis was not carried out. 

Using MeOH/water (80:20, v/v) and the larger volume (2 mL) during extractions resulted 

in a higher concentration of each target analyte extracted (Table 3.1), with a percentage 

increase for all analytes after the first extraction compared to 1.6 mL. This was also true 

after three consecutive extractions. This was likely due to the solvent being less 

saturated at a higher volume, thus more analytes could be extracted out of the oil and 

move into solvent. Thus, 2 mL of the extraction solvent was used in future extractions.  
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Table 3.1. Amount of OO target analytes extracted using 1.6 mL versus 2 mL 
MeOH/water (80:20, v/v) and the % increase for a 2 mL extraction. 

 1.6 mL extraction 2 mL extraction  

Analyte 
Amount extracted after first extraction 

(mg/kg) (n = 1) 
% increase 

Oleuropein <LOD <LOD N/D* 

Ligstroside <LOD <LOD N/D* 

Oleuropein aglycone 10.83 12.00 10.80 

Oleacein 23.27 26.71 14.78 

Oleocanthal 40.98 44.76 9.22 

Hydroxytyrosol 17.88 18.16 1.57 

Tyrosol 7.99 8.34 4.38 

Elenolic acid 91.62 93.51 2.06 

*N/D – no data: due to values being <LOD no percentage increase could be determined. 

 

As discussed earlier, some methods in the literature changed the percentage of water 

in the extraction solvent with one method stating that MeOH/water (60:40 v/v) was 

more effective than (80:20 v/v).171 This was briefly investigated in the current research. 

However, MeOH/water (80:20 v/v) extracted a higher quantity of each analyte after the 

first extraction compared to a 60:40 v/v ratio. The increase ranged from 1.55% 

(hydroxytyrosol) to 13.74% (oleacein). As a result, the chosen solvent was 80% MeOH.  

Using MeOH/water (80:20, v/v, 2 mL), more than three consecutive extractions were 

also investigated to determine if this would be suitable to extract majority of the 

analytes from the oil, up to seven consecutive extractions were trialled (Table 3.2). 

Based on the results, three extractions were deemed suitable since further extractions 

did not increase the amount extracted and would only add time to the procedure, use 

more solvent and increase the potential for method error. Pizarro et al. (2013)177 also 

reported similar outcomes. It is interesting to note that this study also trialled three 

other methods using hexane, MeOH/water (60:40 v/v) and sonication with the same 

amount of solvent used in the LLME. However, in each instance the recoveries were 

lower.  
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Table 3.2. The concentration of target analytes extracted after each of the seven 
consecutive extractions using MeOH/water (80:20, v/v, 2 mL), with majority of the 
analyte being extracted in the first three extractions.  

Analyte Number of consecutive extractions  

 1 2 3 4 5 6 7 

 mg/kg 

Oleuropein <LOD       

Ligstroside <LOD       

Oleuropein 
aglycone 

12.0 0.24 0.28 <LOD <LOD <LOD <LOD 

Oleacein 26.7 1.3 1.3 0.4 0.4 0.2 0.2 

Oleocanthal 44.8 1.4 1.5 0.5 0.4 0.3 0.3 

Hydroxytyrosol 18.2 0.1 0.1 <LOD <LOD <LOD <LOD 

Tyrosol 8.3 0.0 0.0 0.0 0.0 0.0 0.0 

Elenolic acid 93.5 1.5 1.7 0.5 0.4 0.3 0.3 

 

The chosen LLME by Pizarro et al. (2013)177 with modifications of decreased sample size 

and increased extraction volumes extracted the majority of the target analytes within 

the first several extractions. This method covered the desirable aspects such as being 

quick, easy, and efficient, hence it was selected to be validated. 

3.2 Method validation of olive oil extraction method 

Method validation is an important process to determine if an analytical method is 

acceptable for its intended purpose; it also determines the quantitative performance of 

the method.206 To carry out method validation, various parameters must be analysed. 

The parameters that were examined during this validation were linearity, limit of 

detection (LOD), limit of quantification (LOQ), accuracy, and precision (repeatability). 

To determine these parameters, analysis of samples using the optimised method 

(Chapter 2, Section 2.5.2) was conducted over three different days to account for inter-

day variability. On each day, triplicate samples of two low-grade olive oils – Lupi extra 

Mild and Pams Extra Light OO – were analysed with three treatments (endogenous/non-

spiked) and spiked with a high (50 µg/L) and low (20 µg/L) spike. Over the course of the 

validation this gave a total of 9 replicates for each treatment.  
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3.2.1 Linearity  

For analysis, the working range of a calibration curve should consist of five to eight 

points, use linear regression and encompass the expected analyte concentration in the 

sample types analysed, i.e., from 0 to 200% of the theoretical content to reduce the 

necessity of dilution.207 For the samples analysed in this research (OO and OLT), meeting 

the latter requirement is difficult as phenolic content is affected by geographical region, 

climate conditions, harvest time, and various stress factors resulting in a variety of 

concentrations.128 For example, Różańska et al. (2020)92 reported concentrations of 

oleuropein aglycone in oil ranging between 102.6–1248.9 mg/kg. Moreover, the 

concentration of oleuropein in leaves can reach between 6 and 9% dry 

weight.153,197,208,209 As a result, oleuropein content in aqueous extracts is also variable 

with up to 45,330 mg/kg being reported by Martínez et al. (2021).210 Based on the 

variation in concentrations reported in the literature, it is not feasible to have the 

working range this high as this would saturate the instrument detector due to its 

sensitivity. Initially, a calibration curve was made from 10 to 1000 µg/L (0.6 to 60 mg/kg 

for oil samples), this was then reduced to include 5 µg/L (0.3 mg/kg) as some of the 

target analytes had good intensity and lack of interference at this concentration.  

A quadratic regression model was used for the calibration curve in this research. Non-

linear calibration curves are very commonly observed in LC-MS/MS assays.211,212 The 

severity of non-linearity can vary when analysing the same analyte on different 

days/times or on a different system.213 This phenomenon has several explanations such 

as saturation at a high concentration during ionisation, formation of 

dimer/multimer/cluster ions, charge competition and detector saturation.213 In most 

cases, a quadratic regression model is used as it can help to extend the dynamic range 

of the standard curve. A broader standard curve range is favoured since it can 

significantly save time and labour by avoiding the need for sample dilution.212,213 

However, caution is often advised due to quantitative bias. If the model is extended to 

the point where the top of the calibration curve is flat, often at very high concentrations, 

the calibration curve can become parabolic, affecting the accuracy of the upper limit of 

quantification.213 In most cases, linearity can be improved with the use of a stable-

isotope-labelled internal standard as it has identical chemical and physical properties to 
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the target analytes. This allows a stable-isotope-labelled internal standard to 

compensate for variability during extractions, chromatographic separation, MS 

ionisation and ion suppression from the matrix.212 Hence an assay with greater accuracy, 

precision and generally better linearity can be obtained.212 Unfortunately, purchasing 

stable-isotope-labelled internal standards for each analyte of interest (eight in total) was 

unachievable in this research due to their high cost.  

In this research, the upper limit of the calibration curve was 1000 µg/L. Using calibration 

standards higher than this resulted in the curve becoming parabolic. On most occasions, 

for most analytes, the calibration curve looked linear and did not become parabolic 

when using a quadric regression model. Therefore, 1000 µg/L was considered an 

appropriate top standard as it should encompass the majority of the expected 

concentrations in this research. All target analytes in OLT were always above this range 

(1000 µg/L), with concentrations for oleuropein ranging from approximately 21,000 to 

922,684 ug/L (373 to 9158 mg/kg). Thus, multiple dilutions of a sample were required. 

The correlation coefficient (R) for the quadratic calibration curves for each analyte over 

the course of validation was <0.998, showing strong correlation with little deviation. 

3.2.2 Limit of detection and limit of quantification 

There are various ways to determine the LOD and LOQ and there are several different 

terms used to define them.214-218 In general, the LOD is the lowest concentration of 

analyte that can be detected and reliably distinguished from zero (or noise level of the 

system) but not necessarily quantified with confidence.214-216 The LOQ is the lowest 

concentration of analyte that can be determined quantitatively with an acceptable level 

of precision and accuracy in the desired sample matrix.214-216 In this research, the LOD 

and LOQ were calculated as 3 and 10 times the standard deviation respectively215,218 of 

either Pams or Lupi endogenous or low spiked (20 µg/L) samples across 3 days (n = 9). 

This helps to reflect the levels that can be accurately quantified in a sample matrix and 

considers the intra-sample variability.  

The LOD and LOQ are presented as raw results (µg/L), which is the concentration 

reported in the analysed sample and the final concentration (mg/kg), which is the 

concentration reported taking into consideration the sample weight (Table 3.3). The 
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majority of the detection and quantification limits are based on endogenous Pams oil 

data as compounds in this sample type had the lowest detectable analyte 

concentrations above the lowest calibration standard. For hydroxytyrosol and tyrosol, 

the Pams low spike was used as endogenous concentrations were below the lowest 

calibration standard so may not be accurate for the purposes of determining these 

limits. Oleuropein, ligstroside and elenolic acid used Lupi oil data as these had lower 

values compared to Pams oil data. Most of the LOD values fall below the lowest 

calibration standard, this is not true for the LOQ values which are all greater than the 

lowest calibration standards (5 µg/L).  

Table 3.3. Raw result (µg/L) and final concentration (mg/kg) LOD and LOQ for the 
target analytes. 

Analyte LOD LOQ Data used 

 µg/L mg/kg µg/L mg/kg  

Oleuropein 1.82 0.14 6.07 0.47 Lupi low spike 

Ligstroside 1.48 0.13 4.92 0.43 Lupi low spike 

Oleuropein aglycone 2.17 0.10 7.22 0.34 Pams endogenous 

Oleacein 0.99 0.04 3.31 0.13 Pams endogenous 

Oleocanthal 3.67 0.16 12.24 0.53 Pams endogenous 

Hydroxytyrosol 2.64 0.16 8.81 0.55 Pams low spike 

Tyrosol 5.16 0.31 17.20 1.03 Pams low spike 

Elenolic acid 5.78 0.35 19.26 1.18 Lupi endogenous 

 

It is difficult to directly compare the LOD and LOQ results obtained in this research to 

literature because most published work does not investigate the same analytes and if 

they do, it is in a different matrix e.g., olive fruit. One study174 that analysed oleacein, 

oleocanthal, oleuropein aglycone and hydroxytyrosol in OO had LOD values of 1.0, 4, 0.3 

and 1.0 µg/L and LOQ values of 3.3, 12, 0.9 and 3.5 µg/L, respectively. The LOD and LOQ 

for oleacein and oleocanthal are similar to the results obtained in this research. 

However, this current research obtained higher values for oleuropein aglycone and 

hydroxytyrosol. It is difficult to determine why the LOD and LOQ reported in the study 

are lower for these analytes. Firstly, the instrumentation used in their research was 

different (Waters Acquity UPLC™ and Waters Xevo TQS tandem quadrupole mass 

spectrometer) and may have better sensitivity resulting in lower values. The injection 
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volume was also larger (10 µL) compared to this research (2 µL). Johnson et al. (2018)34 

analysed the same analytes as this research, albeit in a different matrix (olive fruit). The 

study reported lower LOQ values except for oleacein (Table 3.4). The LOQ values could 

be lower in their work due to the use of a different instrument; Agilent 1290 Infinity 

ultrahigh-pressure liquid chromatography system (UHPLC) interfaced to a 6460 QqQ 

mass spectrometer with ESI via Jet Stream technology. This instrumentation may be 

more sensitive compared to the instrumentation used in this research. The LOQ results 

obtained in this current research are much lower than what is expected to be present in 

the samples analysed. Therefore, the method LOQ is acceptable for the purposes of this 

research.  

Table 3.4. The LOQ values obtained in this research versus Johnson et al. (2018).34 

 LOQ (mg/kg) 

Analyte Obtained in this research Obtained by Johnson et al.34 

Oleuropein 0.47 0.28 

Ligstroside 0.43 n/a◊ 

Oleuropein aglycone 0.34 0.24 

Oleacein 0.13 0.32 

Oleocanthal 0.53 0.16 

Hydroxytyrosol 0.55 0.04 

Tyrosol 1.03 0.44 

Elenolic acid 1.18 n/a◊ 

◊n/a – not applicable: these analytes were not analysed in the study.  

3.2.3 Accuracy  

Certified reference materials (CRM) to determine accuracy are available for OO; 

however, they do not contain desired analytes. Therefore, the accuracy was determined 

via spike recovery based on raw results (µg/L). Determining accuracy like this can be an 

issue as it does not consider if compounds are matrix-bound, and spiking would not be 

able to reflect this. However, spiking does help determine if there is loss of analyte and 

indicate if suppression/enhancement on the MS/MS is occurring.  

EVOO contains high levels of the target analytes and spiking at high concentrations 

would have been costly due to the price of standards. Thus, it was determined that oils 

with lower levels would need to be sourced to carry out the validation successfully. In 
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order to keep the matrix similar when spiking, a mild/light refined OO was used as 

concentrations of target analytes were notably reduced compared to commercial EVOO 

purchased (Table 3.5).87  

Table 3.5. A comparison of target analyte concentrations in EVOO and OO, showing 
that refined OO has lower, more suitable concentrations to spike above.  

Analyte EVOO  Refined OO 

 Picholine  Pams Lupi  

 mg/kg 

Oleuropein <LOD <LOD <LOD 

Ligstroside <LOD <LOD <LOD 

Oleuropein aglycone 88.26 1.11 1.23 

Oleacein 22.82 0.56 3.08 

Oleocanthal 24.72 2.05 11.47 

Hydroxytyrosol 7.15 <LOD <LOD 

Tyrosol 1.46 <LOD <LOD 

Elenolic acid 64.59 2.26 1.66 

 

A low and high spike were used to help cover the upper and lower range of 

concentrations present in the oils. Mixed stock standards were used for the low and high 

spike; see Chapter 2, Section 2.5.2.1 for details on spiking. The concentration to be 

spiked was decided based on the total extraction volume (6 mL), this allowed the raw 

result to be either 50 or 20 µg/L higher than the endogenous oil concentration. 

Unfortunately, the volumes spiked into the oil were not the same. Ideally, the same 

volume should have been added so variation in the matrix is held constant, however, 

the differing amounts added (12 and 30 µL) made a negligible difference to the total 

volume (0.2 and 0.6% difference) and did not affect the matrix during analysis. The 

resulting analyte concentrations from the endogenous and spiked samples for Pams and 

Lupi OO are summarised in Table 3.6 and Table 3.7, respectively. Samples that had 

values lower than the LOQ but higher than the LOD were included in the tables as they 

were used in calculations. The recoveries were calculated following Equation 3.1.  
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 % 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐴𝑠 − 𝐴𝑢𝑠

𝑆
× 100 Equation 3.1  

Where: As = Measured concentration of spiked sample, Aus = Measured concentration 

of unspiked sample, S = Concentration of spike 

 

Ideally, recoveries should fall within 90-110% of the expected concentration.219 

However, for some purposes where accuracy is not crucial or values are close to LOQ, 

80-120% is deemed acceptable. As shown in Table 3.6 (Pams OO) and Table 3.7 (Lupi 

OO), all mean recoveries are within the acceptable range. The standard deviation for 

oleocanthal in the Lupi low spike data is very large (± 27.5 µg/L), however, this is due to 

the endogenous concentration in the sample being large (196.86 µg/L) and the spike 

only being low (20 µg/L). It is interesting to note, that the method by Pizarro et al. 

(2013),177 which was modified for this research, had recoveries that were slightly lower 

for oleuropein (85.0%), tyrosol (84%) and hydroxytyrosol (83.6%); the study did not 

analyse any other target analytes from this research. The lower recoveries could relate 

to the oil they used and how their samples were spiked. In their methodology, oils were 

refined phenolics-free, which were not accessible for this project. The oil (30 g) was 

spiked with individual stock solutions of analytes (40 µg/g) via MeOH in a round bottom 

flask and left to interact (24 hours) under nitrogen, MeOH was rotary evaporated off. 

This longer interaction may have allowed analytes to bind more thoroughly to the 

matrix, lowering recoveries. Alternatively, it is possible the modifications made to this 

method during optimisation (increasing the extraction volume and reducing sample size) 

extracted more target analytes, resulting in higher recoveries. However, spiking a larger 

amount and evaporating off the excess MeOH would be useful to consider in future 

studies. Overall, all recoveries are within the ideal range (97-110%) making this method 

suitable for the analysis of the target analytes.  
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Table 3.6. The endogenous, high and low spike sample concentrations (µg/L) and spike recoveries for Pams OO reported as raw results. Results are 
presented as the average ± SD (n = 9). 

Analyte Pams OO (µg/L) % Recovery 

 
Endogenous 

concentration 
Concentration after a 

low spike◊ 

Concentration after a 
high spike◊ Low Spike  High spike  

Oleuropein <LOD 19.4 ± 0.6 51.4 ± 4.8 97 ± 3 103 ± 7 

Ligstroside <LOD 20.6 ± 0.5 53.7 ± 5.2 103 ± 2 107 ± 8 

Oleuropein aglycone 19.6 ± 0.7 39.7 ± 0.6 72.2 ± 3.8 100 ± 1 105 ± 5 

Oleacein 10.0 ± 0.3 32.0 ± 0.5 65.2 ± 5.6 110 ± 3 110 ± 8 

Oleocanthal 34.3 ± 1.2 54.6 ± 1.6 85.2 ± 5.6 102 ± 7 102 ± 5 

Hydroxytyrosol 4.3* ± 0.5 24.6 ± 0.8 55.7 ± 5.4 102 ± 1 103 ± 5 

Tyrosol <LOD 23.7 ± 1.7 55.8 ± 5.2 110 ± 1 106 ± 6 

Elenolic acid 38.1 ± 1.6 59.3 ± 2.2 91.5 ± 6.2 106 ± 7 107 ± 13 

*Denotes concentrations >LOD and <LOQ; ◊Low and high spike concentrations were 20 and 50 µg/L, respectively.  
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Table 3.7. The endogenous, high and low spike sample concentrations (µg/L) and spike recoveries for Lupi OO reported as raw results. Results are 
presented as the average ± SD (n = 9). 

Analyte Lupi OO (µg/L) % Recovery 

 
Endogenous 

concentration 
Concentration after a 

low spike◊ 

Concentration after a 
high spike◊ low Spike  high spike  

Oleuropein <LOD 19.4 ± 0.6 52.1 ± 1.6 97 ± 3 104 ± 3 

Ligstroside <LOD 19.9 ± 0.5 53.5 ± 1.8 100 ± 2 107 ± 3 

Oleuropein aglycone 21.9 ± 1.0 42.9 ± 0.8 75.3 ± 1.8 105 ± 2 107 ± 4 

Oleacein 56.9 ± 1.8 78.6 ± 1.8 110.1 ± 2.4 109 ± 5 106 ± 5 

Oleocanthal 196.9 ± 7.2 216.7 ± 4.5 245.7 ± 4.0 104 ± 28 100 ± 11 

Hydroxytyrosol 4.1* ± 0.4 24.6 ± 0.8 57.8 ± 3.1 102 ± 2 107 ± 5 

Tyrosol <LOD 24.0 ± 2.0 55.9 ± 3.5 108 ± 6 107 ± 3 

Elenolic acid 30.4 ± 1.9 52.1 ± 2.3 85.3 ± 4.6 108 ± 4 110 ± 7 

*Denotes concentrations >LOD and <LOQ; ◊Low and high spike concentrations were 20 and 50 µg/L, respectively.
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3.2.4 Precision  

Intra- and inter-day precision was examined for the oil extraction method. Precision was 

determined as the percentage relative standard deviation (%RSD) of the final concentration 

(mg/kg) as this considers the differences in oil sample weight during validation. Results 

below the quantification limit were excluded. The intra-day precision was determined for 

each of the triplicate sample results for endogenous, low, and high spike treatments within 

one day of validation (n = 3). Since there were three different concentration treatments 

applied (spiked and endogenous) to two samples (Pams and Lupi OO), eighteen separate 

intra-day %RSDs were generated for each analyte. The inter-day precision was calculated 

as the %RSD over the three validation days (n = 9) for each different treatment. This resulted 

in six %RSDs for each analyte over the course of the validation. The intra- and inter-day 

precision ranges, separated out by treatments, for the Pams and Lupi oil, are summarised 

in Table 3.8 and Table 3.9, respectively.  

There is some variation among the intra- and inter-day precision, all values apart from one 

fall within the acceptable threshold range of 10% RSD.219 The analytes that have 

lower %RSDs are mostly from the spiked sample data as well as the samples with higher 

endogenous concentrations. This is due to spiking resulting in higher levels being detected 

by the instrument making it further away from the LOQ compared to endogenous samples. 

The Pams %RSDs, in general, are much higher than the Lupi %RSDs and are nearly outside 

the acceptable threshold. For Pams intra-day high spiked (50 µg/L) sample, hydroxytyrosol 

is just outside this threshold (11.43%). This is likely due to the poor sensitivity of 

hydroxytyrosol and it being quite close to the LOQ. Often when an analyte is close to the 

LOQ, a %RSD of 30% is deemed acceptable. On the contrary, Lupi samples had higher 

endogenous concentrations, so are further from the LOQ, as a result, they have 

lower %RSDs compared to Pams oil samples. The intra- and inter-day %RSDs obtained in 

this research were slightly higher compared to the %RSDs achieved in the study this method 

is adapted from (Pizarro et al. 2013).177 The results they attained are expressed as intra-day 

then inter-day as follows: oleuropein (3.2% and 4.8%), hydroxytyrosol (3.7% and 4.7%) and 



Chapter 3: Method Optimisation and Validation  

74 

tyrosol (2.4% and 3.0%). The results in their study could be lower as they may have used 

data that was further away from the LOQ. Overall, the results in this research are still a good 

indication that the method is reproducible over time, at varying concentrations of target 

analytes.  

Table 3.8. Pams intra- and inter-day %RSDs for endogenous, low and high spike samples. 
Intra-day results (n = 3) are presented as the range of %RSDs from each validation day. 
The inter-day precision is presented as %RSD over three days (n = 9).  

Analyte Pams OO intra-day precision (%RSD, n = 3) 

 Endogenous  Low spike  High spike  

Oleuropein n/a◊ 2.01-2.91 2.92-8.61 

Ligstroside n/a◊ 0.45-2.50 1.71-6.84 

Oleuropein aglycone 0.47-2.20 0.86-1.16 1.68-4.38 

Oleacein 1.33-2.89 0.86-1.72 1.12-8.81 

Oleocanthal 0.37-3.45 1.20-1.65 1.47-7.60 

Hydroxytyrosol n/a◊ 1.99-3.84 1.19-11.43 

Tyrosol n/a◊ 2.17-7.10 2.97-6.65 

Elenolic acid 0.10-2.99 1.94-3.93 1.28-4.09 

 Inter-day precision (%RSD, n = 9) 

Oleuropein n/a◊ 3.44  9.46  

Ligstroside n/a◊ 2.93 9.96 

Oleuropein aglycone 2.95 1.09 5.29 

Oleocanthal 2.60  2.50  6.30  

Oleacein 2.25  2.30 8.83 

Hydroxytyrosol n/a◊ 3.70 9.62 

Tyrosol n/a◊ 7.24 9.38 

Elenolic acid 4.90 3.62 6.82 
◊n/a – not applicable: values were <LOD so no %RSDs could be determined.  
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Table 3.9. Lupi intra- and inter-day %RSDs for endogenous, low spike and higher spike 
samples. Intra-day results (n = 3) are presented as the range of %RSDs from each 
validation day. The inter-day precision is presented as %RSD over three days (n = 9).  

Analyte Lupi OO intra-day precision (%RSD, n = 3) 

 Endogenous  Low spike  High spike  

Oleuropein n/a◊ 0.86-1.52 1.70-2.61 

Ligstroside n/a◊ 0.71-1.80 0.67-1.99 

Oleuropein aglycone 1.11-3.69 1.05-1.62 1.07-2.07 

Oleacein 0.34-1.97 0.24-1.83 0.18-0.95 

Oleocanthal 1.06-2.40 0.62-1.59 1.37-1.93 

Hydroxytyrosol n/a◊ 1.83-2.62 1.33-2.91 

Tyrosol n/a◊ 2.53-5.33 0.37-4.87 

Elenolic acid 0.50-6.57 1.36-5.47 0.18-3.94 

 Inter-day precision (%RSD, n = 9) 

Oleuropein n/a◊ 4.02 3.25  

Ligstroside n/a◊ 3.57 3.24 

Oleuropein aglycone 3.72 1.62 2.24 

Oleacein 2.41 1.57 2.31 

Oleocanthal 3.00  1.30  1.81  

Hydroxytyrosol n/a◊ 3.24 5.32 

Tyrosol n/a◊ 8.02 6.36 

Elenolic acid 6.47 4.44 5.30 
◊n/a – not applicable: values were <LOD so no %RSDs could be determined.  

3.2.5 Stability  

Due to the analyses occurring on the LC-MS/MS in a commercial laboratory, the instrument 

was not always available when required so the stability of compounds in extracted oil 

samples was tested. After validation 2 data was analysed (Date: 6-12-2022), one of the 

Lupi-50 spike samples was re-capped, placed in a chiller (2-8 °C) and re-analysed 12 days 

later during validation 3 (Date: 18-12-2022). The resulting values and percentage 

differences are summarised in Table 3.10. All percentage differences except for oleuropein 

are below 5% suggesting that the choice of extraction solvent, the compounds and the 

amber glass vials allowed the extracted analytes to be stable for up to 12 days. However, 

oleuropein had a difference of 7% where the concentration decreased after 12 days. This is 

likely due to the polar glucose moiety attached to the oleuropein, which makes it insoluble 
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in oil.50,220,221 Since oleuropein is not naturally present in oil, its lack of stability in this matrix 

was not an issue for the purposes of this research.  

Table 3.10. The concentration of target analytes (µg/L) in a Lupi high spike sample over 
two validation days stored at 2-8 °C to determine the stability of analytes in oil samples 
over time.  

Analyte Lupi high spike◊ instrument data (µg/L) Percentage difference (%) 

 
Analysis date: 

6-12-22 
Analysis date: 

18-12-22 
 

Oleuropein 51.54 47.6 7.6 

Oleocanthal 245 243 1.0 

Oleacein 108 113 4.1 

Hydroxytyrosol 56.7 54.9 3.2 

Tyrosol 54.3 55.6 2.4 

Oleuropein 
aglycone 

74.7 73.3 1.9 

Ligstroside 53.2 51.7 2.9 

Elenolic acid 85.0 82.1 3.4 
◊The high spike concentration was 50 µg/L. 

3.3 Analysis of aqueous olive leaf tea samples 

In this research, OLT (aqueous based samples) required analysis, so parameters including 

accuracy and precision in an aqueous matrix were investigated during validation. Type 1 

water was selected as the matrix to be spiked and analysed alongside non-spiked/blank 

Type 1 water samples. Ideally, an OLT free of phenolic compounds would have been used 

as the matrix but this was not possible as the tea had very high concentrations of the target 

analytes. As a result, it would have been unfeasible to spike amounts high enough to carry 

out spike recovery analysis. Each treatment was carried out in triplicate over three 

validation days, resulting in a total of nine replicates. Two-fold dilutions were also carried 

out to check for consistency of pipetting and check for any changes when samples were 

diluted, reducing the likelihood of issues occurring during the analysis of OLT samples.  
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3.3.1 Accuracy and precision 

As with the oil extraction method, the accuracy of aqueous samples was determined via a 

spike recovery. Type 1 water was spiked to give a raw result of 80 µg/L, see Chapter 2, 

Section 2.6.2.1 for details on the spiking method. The recoveries were calculated based on 

the recovery calculation in Equation 3.1, Section 3.2.3. The recoveries for target analytes in 

aqueous samples fell within the acceptable range of 80-120%219 (Table 3.11). It should be 

noted that recovery of oleuropein aglycone is close to the unacceptable range (<80%). This 

is due to oleuropein aglycone being hydrophobic and far less polar than oleuropein 

glycoside due to the lack of the polar glucose moiety.50,220,221 The aglycone is likely adhering 

to glassware or precipitating out of solution. All diluted samples were accurate and the 

percentage difference between the spiked samples and dilutions were within 10% for all 

analytes except for oleuropein aglycone, which fell between 10 and 20%. This again relates 

to the solubility of oleuropein aglycone discussed above.  

Table 3.11. Spike recoveries, intra-day and inter-day precision ranges for the target 
analytes using 80 µg/L spiked aqueous data. Spike results are presented as the average 
± SD (n = 9). Intra-day results are presented as the range of %RSDs from each validation 
day (n = 3). Inter-day results are presented as %RSD over three validation days (n = 9).  

Analyte  
Spike recovery (%) 

(n = 9) 

Intra-day precision  

(%RSD, n = 3) 

Inter-day precision  

(%RSD, n = 9) 

Oleuropein 91 ± 4 0.53-2.94 4.95 

Ligstroside 93 ± 2 1.78-5.43 3.73 

Oleuropein aglycone 80 ± 11 3.26-4.45 13.21 

Oleacein 99 ± 7 0.38-3.25 7.21 

Oleocanthal 94 ± 4 1.41-2.36 6.06 

Hydroxytyrosol 105 ± 4 1.89-5.25 5.97 

Tyrosol 98 ± 2 1.20-2.46 3.25 

Elenolic acid 112 ± 9 2.52-7.18 9.33 

 

There were two levels of precision examined for the aqueous method: intra- and inter-day 

precision. Both precisions were determined as %RSD of the instrument concentration (µg/L) 

of spiked (80 µg/L) samples. The intra-day precision was determined by triplicate sample 

results within one day of validation (n = 3) for each validation day. The inter-day precision 
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was calculated as the %RSD over the three validation days (n = 9). The intra- and inter-day 

precision of the aqueous samples is summarised in Table 3.11. All values apart from the 

inter-day precision of oleuropein aglycone (13.21%) fall within the acceptable threshold 

range of 10%.219 Oleuropein aglycones %RSD falling outside the threshold is not unexpected 

and likely relates to the aglycones hydrophobic nature.220 Therefore, the %RSDs are a good 

indication that the method is reproducible for target analytes in aqueous OLT samples over 

time.  

3.3.2 Stability 

To determine the stability of analytes in the aqueous samples, one spiked aqueous sample 

from validation 2 (Date: 6-12-2022) was re-capped and left in the chiller (2-8 °C), then 

re-analysed 12 days later during validation 3 (18-12-22). Five out of the eight analytes were 

stable as they still had acceptable spike recoveries (80-120%), Table 3.12. Hydroxytyrosol 

and elenolic acid were above the acceptable threshold; this could be a result of degradation 

of their respective precursors during storage. Oleuropein aglycone had the worst recovery 

(35%), again this is due to the aglycone being hydrophobic.220 Due to the lack of stability in 

aqueous samples, diluted OLT samples were never analysed more than one day after 

preparation.  

Table 3.12. Target analyte recoveries for spiked (80 µg/L) Type 1 water samples analysed 
after 12 days stored at 2-8 °C.  

Analyte Spike recovery (%) (n = 1) 

Oleuropein 88 

Ligstroside 94 

Oleuropein aglycone 35 

Oleacein 99 

Oleocanthal 99 

Hydroxytyrosol 138 

Tyrosol 108 

Elenolic acid 159 
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3.3.3 Suppression effects  

During the analysis of OLT, it was discovered that highly concentrated samples resulted in 

suppression effects when analysed by MS/MS. At low dilution levels, for highly 

concentrated analytes, the instrument would suppress the response. To investigate the 

extent of suppression, a range of dilutions, spikes and altering the injection volume from 

2 µL were carried out. Varying injection volume (0.5 µL = 400 x dilution, 1 µL =200 x dilution, 

1.5 µL = 133.33 x dilution) affected the instrument response for hydroxytyrosol and 

ligstroside (Figure 3.8). Larger injection volumes resulted in a lower reported concentration 

suggesting that analytes in concentrated samples (less dilute) were being suppressed. 

Similar trends were observed for the other target analytes. Thus, all aqueous samples 

analysed had several dilutions carried out until a plateau was observed, Figure 3.9. In this 

research, the concentration of analytes in OLT are reported as the average of several 

dilutions that have analyte concentrations consistent within ± 10% of dilutions undertaken.  

 

Figure 3.8. Instrument concentration (µg/L) of hydroxytyrosol and ligstroside at varying 
injection volumes to simulate different dilution levels to confirm the effect of suppression 
of target analytes.  

 

80249.9

87232.5
89645.8

63702.4

68492.4
72012.3

60000

65000

70000

75000

80000

85000

90000

95000

0 0.5 1 1.5 2

C
o

n
ce

n
tr

at
io

n
 (

µ
g/

L)

Injection volume (µL)

Hydroxytyrosol Ligstroside



Chapter 3: Method Optimisation and Validation  

80 

 

Figure 3.9. Instrument concentration (µg/L) of hydroxytyrosol at different dilution factors 
(100, 1000, 2000, 5000) showing the plateau in concentration required to quantify analyte 
concentration and confirm suppression was not affecting results. Error bars represent 
± 10% of the concentration measured.  

3.4 Glucose Analysis 

The hydrolysis of oleuropein glycoside to oleuropein aglycone removes one glucose 

molecule (the same is true for ligstroside glycoside), hence a cheaper alternative to confirm 

the hydrolysis via the formation of glucose in OLT was carried out using a diabetes blood 

glucose meter (BGM). Several studies in the literature have used a BGM for various types of 

research such as measuring sucrose in beverages,222 hydrolysis of sucrose to lactose223 and 

non-catalysed and enzyme-catalysed mutarotation of glucose.224 The use of a BGM is 

inexpensive, requires a small sample volume, and is efficient compared to other 

conventional methods such as HPLC which require a method to be developed, larger sample 

sizes, sample preparation and does not provide results instantly.223,225 The BGM used in this 

research required a minimum sample size of 0.5 µL, provided data within 5 seconds and had 

a measurement range of 1.1 to 33.3 mmol/L in blood. 

To use a BGM for glucose measurements in aqueous samples like OLT it must be calibrated 

with an aqueous solution to find the relationship of glucose concentration to detector 

response. This is because a blood matrix is very different and the direct glucose reading 

measured would not be accurate due to differences in viscosity and composition. Therefore, 

0

20000

40000

60000

80000

100000

120000

0 1000 2000 3000 4000 5000 6000

H
yd

ro
xy

ty
ro

so
l (

µ
/L

)

Dilution 



Chapter 3: Method Optimisation and Validation  

81 

several glucose standards (0 to 14 mmol/L or mM) were made up in distilled water following 

methods described in Chapter 2, Section 2.8.1.  

The first BGM purchased was a i-SENS CareSens™ N POP which required CareSens™ N 

testing strips. The initial use of N POP BGM did not provide good linearity (Figure 3.10). It 

should be noted that calibration curves are generally plotted with the independent 

variables on the x-axis,226 e.g., the concentration of glucose standards (mmol/L). However, 

in the calibration curves plotted below, the opposite is true, where the independent 

variable is plotted on the y-axis (glucose standards, mmol/L). The calibration curves were 

also plotted this way in previously reported research.223,224 This also simplified calculations 

with the easy substitution of the BGM reading (x variable) in the equation displayed on the 

graph. The calibration curve began to plateau above 12 mmol/L. This was not acceptable 

for this research; hence another meter was purchased. 

 

Figure 3.10. Relationship between glucose concentration (mmol/L) versus BGM reading 
for the CareSens™ N POP meter. Results are presented as the average ± SD (n = 3). The 
independent variables (glucose standards, mmol/L) have been intentionally plotted on 
the y-axis. 
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testing strips (CareSens™ PRO). This meter had good linearity with an R2
 of >0.997 and was 

still linear at higher concentrations compared to the N pop (Figure 3.11).  

 

Figure 3.11. Relationship between glucose concentration (mmol/L) versus BGM reading 
for the CareSens™ Dual meter. Results are presented as the average ± SD (n = 3). The 
independent variables (glucose standards, mmol/L) have been intentionally plotted on 
the y-axis. 

 

The %RSDs for the N POP BGM were more varied compared to the Dual. All %RSDs for the 

Dual BGM were under 3.54% (Table 3.13), hence it was chosen to monitor glucose 

formation in this research. It was also determined that standards higher than 14 mmol/L 

gave unreproducible results, greater variation and significant plateauing of the curve. As a 

result, the working range of the calibration curve in aqueous samples were made up from 

1 to 14 mmol/L.  
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Table 3.13. The %RSDs and average %RSD ± SD (n = 3) highlighted in bold text for each 
glucose standard using the CareSens™ N POP versus the Dual BGM.  

Glucose Std (mmol/L) %RSD 

 CareSens™ N POP CareSens™ Dual 

1 0.00 3.54 

2 2.32 2.18 

4 0.83 1.22 

5 2.87 1.74 

8 1.39 2.53 

12 5.93 1.15 

14 2.87 0.75 

Average %RSD 2.32 ± 1.78 1.87 ± 0.89 

 

3.5 Summary of method optimisation and validation  

Overall, the method based on that by Pizarro et al. (2013)177 was optimised and successfully 

validated having met all of the required validation parameters. Moreover, the BGM selected 

also had an acceptable R2 and %RSDs. Therefore, all methods discussed are fit for purpose 

to quantify the target analytes from OO, OLT and measure the formation of glucose in the 

research undertaken.  
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CHAPTER 4 

Investigation of Secoiridoids in Olive Oil and Olive 

Leaf Tea 

4.1 Introduction  

This chapter will discuss the analyses of commercial EVOOs (n = 9); the content of target 

analytes in commercially available oils has not been extensively studied in New Zealand and 

serves as a comparison to the content measured in enriched oils. Additionally, there is 

currently minimal literature detailing the production of OLT. Therefore, the influence of 

drying methods on oleuropein content in OLT and the stability of analytes in OLT under 

different storage temperatures (−20 °C, RT and 40 °C, 189 days) were also examined.  

4.2 Commercial extra virgin olive oils 

4.2.1 Overview  

In New Zealand and around the world, labelling of commercial EVOOs do not state the 

quantity of compounds attributed to health benefits; including the target analytes in this 

research: oleuropein, ligstroside, oleuropein aglycone, oleocanthal, oleacein, 

hydroxytyrosol, tyrosol and elenolic acid. As discussed in literature (Chapter 1, Section 

1.6.4), there is a health claim (EU Reg. 432/2012) approved by the EFSA which states ‘olive 

oil polyphenols contribute to the protection of blood lipids from oxidative stress’.121 The 

claim may be used for OO that contains at least 5 mg of hydroxytyrosol and its derivatives 

(e.g. oleuropein aglycone and tyrosol) per 20 g of olive oil (equivalent to 250 mg/kg).93,121,227  

Therefore, it was important to determine the concentration of target analytes in 

commercial EVOOs so they could be compared to concentrations transferred into oil during 

the research (discussed in Chapter 5). The aim was to achieve a content above 250 mg/kg 
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so an enriched oil could be marketed with a concentration that is within the range for 

relevant health benefits.  

4.2.2 Target analytes 

The concentration of individual target analytes, total simple phenolics/non-phenolic (sum 

of hydroxytyrosol, tyrosol and non-phenolic elenolic acid), total complex phenolics (sum of 

oleuropein aglycone, oleacein and oleocanthal), total phenolics (sum of oleuropein 

aglycone, oleacein, oleocanthal, hydroxytyrosol and tyrosol) and the ratio between total 

simple/non-phenolic and total complex phenolics in the EVOOs analysed are summarised 

in Table 4.1. Overall, the results were varied. The most abundant phenolic compounds in 

descending order were oleuropein aglycone, oleocanthal and oleacein, with a mean content 

of 34.6, 20.4 and 15.3 mg/kg, respectively. This is in agreement with previous studies by 

García-Rodríguez et al. (2017),228 Karkoula et al. (2014)229 and two separate studies by Miho 

et al. (2018)230 and (2021).231 Where Miho et al. (2018)230 reported that oleocanthal had a 

higher concentration compared to oleacein. However, all mentioned studies reported much 

higher concentrations of these phenolic compounds; 449 mg/kg being the highest.44 

Generally these analytes (complex phenolics) will have a higher content in oils.44 As 

discussed in the literature (Chapter 1, Section 1.4.2.1), during OO production, the two 

secoiridoid glycosides (oleuropein and ligstroside) are hydrolysed by β-glucosidase forming 

oil soluble oleuropein aglycone and ligstroside aglycone, which are hydrolysed via esterase 

and decarboxylated to produce oleocanthal and oleacein. Five out of the nine oils (Oleo 

Martos, Red Island, Matapiro, The Olive Press – Picual and Picholine) analysed in this 

research had a higher amount of these complex phenolics. 

For the EVOOs that were analysed, the ranges for hydroxytyrosol and tyrosol were similar, 

2.8-17.0 mg/kg and 2.9-17.1 mg/kg, respectively. In a study by Caporaso et al. (2015),232 

hydroxytyrosol and tyrosol had a similar concentration range; 3.1-20.2 mg/kg and 

2.1-25.6 mg/kg, respectively. In this research, the range of complex phenolics (oleuropein 

aglycone, oleocanthal and oleacein) varied more; 9.8-97.3, 5.9-45.2 and 0.3-24.6 mg/kg, 

respectively. This trend was also evident in other studies.230,231  
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In this research, EVOO made from individual cultivar varieties had the highest (cv. Picual 

and Picholine) and lowest (cv. Frantoio) content of oleuropein aglycone. A study by López-

Huertas et al. (2021)93 analysing OOs from different olive fruit varieties at various stages of 

ripening in Spain determined that the Picual variety contained higher amounts of 

oleuropein aglycone compared to the Frantoio variety. In contrast, Miho et al. (2021)231 

reported that the Frantoio variety had a higher concentration of complex phenolics 

compared to the Picual variety in Spanish made OOs. As discussed in the literature, these 

discrepancies could result from agronomic effects and differences in OO production. 

Overall, in this research, The Olive Press – Picual and Picholine variety EVOOs had the 

highest total phenolic content with concentrations of 126 and 154 mg/kg respectively, 

whereas Frantoio had the lowest (34 mg/kg). 

Elenolic acid, a non-phenolic compound, varied among the oils analysed. The Olive Press - 

Frantoio and Macro Organic had the highest content (125 and 103 mg/kg, respectively) and 

The Village Press had the lowest (22 mg/kg). Oleuropein and ligstroside content were <LOD 

in all samples which was not unexpected as both of these analytes are significantly polar 

due to the presence of the glucose moiety and favour the aqueous fraction during 

production of OO. Low concentrations of oleuropein (<1.33 mg/kg) have been reported by 

Bayram et al. (2012)162 analysing phenolic compounds in 55 OOs. The study did not specify 

individual LODs but the method LOD for all compounds (0.03-1.7 µg/L) was lower than the 

present study (1.82 µg/L, oleuropein). 

The differences in concentration between the commercial oils analysed could be influenced 

by processing, batch, as well as the age of the oils which is unknown. During OO storage, 

phenolic compounds such as the aglycones can undergo further degradation (mainly 

hydrolysis) leading to an increase in concentration of tyrosol, hydroxytyrosol as well as 

elenolic acid (simple phenolics/non-phenolic).170,232 This trend was observed for seven out 

of nine oils (Oleo Martos, Red Island, Macro Organic, Village Press, The Olive Press – 

Frantoio and Olive Black) analysed in this research. Conversely, The Olive Press – Picual and 

Picholine had a higher oleuropein aglycone content compared to the total simple 
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phenolics/non-phenolic analytes. It has been reported233 that the ratio between total 

simple phenolics/non-phenolic and total complex phenolic compounds could be considered 

an index of oil freshness. This suggests that EVOOs from The Olive Press – Frantoio, Olive 

Black and Macro Organic may be older with ratios of 8.4, 1.6 and 1.4, respectively. 

Unusually, the other two oils from The Olive Press (cv. Picual and Picholine) had much lower 

ratios of 0.7 and 0.6, respectively. However, as widely reported in literature, phenolic 

concentration in OOs can vary depending on the olive cultivar, agronomic practices, degree 

of fruit ripening, conditions of processing (type of olive mill, malaxation, etc.) and oil 

storage.232 The variability in the studies may also exist due to differences in analytical 

methodology, such as detection technique, quantitation strategy as well as extraction 

methods.  
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Table 4.1. Individual concentration, total contents and ratio of target analytes in commercial EVOOs purchased from the New Zealand 
market. Individual concentration results are presented as the average of duplicate samples ± SD (n = 2). 

Analyte Brands of commercial EVOOs analysed  

 Oleo Martos Red Island Matapiro Macro Organic 
The Village 

Press 

The Olive 
Press - 

Frantoio 

The Olive 
Press - 
Picual 

The Olive 
Press - 

Picholine 
Olive Black 

 mg/kg 

Oleuropein <LOD* <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Ligstroside <LOD* <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Oleuropein aglycone 14.9 ± 0.1  24.6 ± 0.3 15.97 ± 0.04 35.7 ± 1.8 9.8 ± 0.2 10.8 ± 0.2 97.3 ± 3.5 91.6 ± 3.3 10.5 ± 0.5 

Oleacein 13.8 ± 0.2 31.7 ± 1.9 14.3 ± 0.2 24.6 ± 1.3 8.8 ± 0.4 0.3 ± 0.2 7.1 ± 0.2 23.8 ± 1.0 13.0 ± 0.2 

Oleocanthal 16.3 ± 0.3 45.2 ± 1.6 21.2 ± 0.1 37.5 ± 0.5 12.3 ± 0.4 5.9 ± 0.1 10.1 ± 0.2 24.9 ± 0.2 10.5 ± 0.1 

Hydroxytyrosol 2.8 ± 0.1 6.2 ± 0.4 5.8 ± 0.4 17.0 ± 0.5 4.45 ± 0.01 8.6 ± 0.1 5.9 ± 0.3 6.9 ± 0.3 3.59 ± 0.04 

Tyrosol 2.9 ± 0.3 6.0 ± 1.2 5.9 ± 0.1 17.1 ± 1.0 4.2 ± 0.3 8.8 ± 1.0 5.7 ± 0.5 6.6 ± 0.1 3.4 ± 0.7 

Elenolic acid 25.1 ± 1.5 43.8 ± 1.9 31.6 ± 4.6 103.0 ± 7.5 22.3 ± 0.4 125.0 ± 1.3 69.5 ± 1.8 65.3 ± 0.7 48.5 ± 3.5 

Total contents     mg/kg     

Total simple 
phenolics◊ 30.9 56.1 43.2 137.2 31.0 142.5 81.0 78.8 55.5 

Total complex 
phenolics 

44.9 101.5 51.5 97.8 30.9 17.0 114.5 140.3 34.1 

Total phenolics 50.7 113.8 63.1 132 39.5 34.4 126.1 153.7 41.1 

Ratio of simple to 
complex 

0.7 0.6 0.8 1.4 1.0 8.4 0.7 0.6 1.6 

*The LOD for oleuropein and ligstroside were 1.82 and 1.48 mg/kg respectively; ◊Includes elenolic acid which is non-phenolic.
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4.2.3 Health claim, cost, origin, and purchase year 

The association between the sum of derivatives in oil required to meet the health claim (EU 

Reg. 432/2012, 250 mg/kg) and cost per 100 mL, as well as origin and purchase year were 

also explored to gain an understanding of the EVOOs in the New Zealand market (Table 4.2). 

The specific phenolic compounds to which the EFSA refer to in the health claim are 

hydroxytyrosol, tyrosol and complex high-molecular mass polyphenols from which 

hydroxytyrosol and tyrosol can originate, namely, secoiridoids.93,121 There is currently no 

clarification by the EFSA on what secoiridoid ‘derivatives’ are included when determining 

the health claim. Generally, it includes the oleuropein complex (oleuropein aglycone)93 but 

other studies have mentioned that the derivatives also include ligstroside aglycone, 

oleocanthal and oleacein.94,234 Therefore, for this research the sum of hydroxytyrosol, 

tyrosol, oleuropein aglycone, oleocanthal and oleacein was used to assess whether or not 

a commercial oil met the health claim. Ligstroside aglycone and elenolic acid were not 

included as ligstroside aglycone was not quantified and elenolic acid is not a phenolic 

compound. 
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Table 4.2. The sum of derivatives used to determine the health claim (250 mg/kg), cost per 100 mL (highest and lowest cost are shown in 
bold text), origin and year of purchase for commercial EVOOs (n = 9) analysed in this research.  

Commercial Oil Variables of interest to consumers 

 
Sum of derivatives in 

EVOO†  
Cost ($) per 100 mL◊ Origin Year of purchase* 

The Olive Press - Frantoio 34.44 5.95 New Zealand n.d.  

The Village Press 39.5 3.00 New Zealand 2022 

Olive Black 41.08 6.90 New Zealand 2020* 

Oleo Martos 50.66 0.99 Spain 2022 

Matapiro 63.11 3.40 New Zealand and Australia 2022 

Red Island 113.77 2.80 Australia 2022 

The Olive Press - Picual 126.12 5.95 New Zealand n.d. 

Macro Organic 131.96 1.60 Spain 2022 

The Olive Press - Picholine 153.72 5.95 New Zealand n.d. 

†Sum of target phenolic analytes for different EVOO analysed (n = 2, presented as an average); ◊Prices as of September 2023; *The year of 

purchase with an Asterix refers to harvest year; n.d. – no date available.  
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There was a large range of results for the summed analytes (34-154 mg/kg); these results 

indicate that none of the commercial EVOOs analysed would meet the health claim stated 

by EU Reg. 432/201. The Olive Press - Picholine had the highest sum (154 mg/kg) and was 

the closest to meeting the claim (250 mg/kg). It should be noted that ligstroside aglycone 

was not included as it was not quantified, which may have resulted in a higher summed 

concentration. In the literature, its concentration has been in the hundreds174,235 but this 

can be influenced by geographic location, cultivar and OO processing etc. These results 

were not unexpected. Ninety percent of the OO sold in New Zealand (30,000 tonne p.a.) are 

imported from mainly European countries such as Spain, Greece and Italy.126 These 

imported OOs are seldom tested for quality or authenticity. As a result, a portion of EVOOs 

on the commercial market are not guaranteed to be fresh which will influence the quality. 

There is currently a gap in the New Zealand market for an enriched oil that meets health 

claim concentration (250 mg/kg).126 In the literature, oils below and above the health claim 

concentration have been reported. However, due to ambiguity around the compounds that 

should be summed, comparisons with literature should be carried out with caution. A study 

by Caporaso et al. (2013)232 analysed 32 OOs from the Southern Italian market; less than 

10% of the oils analysed had a suitable phenolic content for the application of the health 

claim.232,236 This study did not state which derivatives were summed to determine the 

values. Conversely, Martínez-Navarro et al. (2020)94 analysed the phenolic content in EVOO 

samples (n = 1239) from different cultivars and growing seasons in Spain. They detected 

that over 76.9% of the samples had a concentration above 250 mg/kg. Therefore, a high 

proportion of analysed samples had a phenolic concentration suitable in meeting the health 

claim with the recommended daily consumption. These results give some indication that 

the phenolic concentration in bottled EVOOs from the retail market in New Zealand and 

overseas is varied. This variation supports the necessity of this research; to investigate the 

transfer of compounds such as oleuropein aglycone to obtain an enriched OO that can be 

marketed with a concentration that is within the range for health benefits.  

Trends between the sum of phenolic derivatives, cost per 100 mL, and origin of the oils was 

also explored (Table 4.2). As this research was carried out for a company who wants to 
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enhance OO and develop a new product it was important to understand what consumers 

are currently paying for an oil without information on compounds associated with health 

benefits. The cost per 100 mL of oil showed variation, which seemed to be influenced by 

the origin; local oils (New Zealand) were more expensive. EVOOs from Australia were the 

next most expensive, oils of Spanish origin were the cheapest. The high costs associated 

with New Zealand and Australian EVOOs is likely related to the small amount produced 

compared to countries in the EU; New Zealand and Australia produce 300 and 

30,000 tonnes p.a., respectively126 compared with Spain, who produce 1.3 million tonnes 

p.a.237,238 By comparing the sum of derivatives to the cost per 100 mL, generally, EVOOs 

with a lower content had a higher price, Figure 4.1. The Village Press EVOO had the third 

highest cost ($3/100 mL) but the second lowest phenolic content (40 mg/kg). This company 

is one of New Zealand’s largest oil producers and is on a mission to “show New Zealand 

what premium EVOO really tastes like”.239 In contrast, the cheapest oil (Oleo Martos, 

$0.99/100 mL) had a higher sum of derivatives (51 mg/kg).  

 

Figure 4.1. The sum of target phenolic analytes versus cost per 100 mL for commercial 
EVOOs.  

 

Researchers’ findings indicate that consumers base the quality and authenticity of OO on 

many other factors such as labels specifying “organic” production, brand name, packaging 

and selling price.240-242 Bearing these habits in mind, the consumer may consider The Village 
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Press oil to be of “superior” quality due to branding and a higher price. However, in some 

cases, the unbranded cheaper oils analysed in this research had a higher phenolic content 

such as Macro Organic (132 mg/kg, $1.40/100 mL). It is also important to note that the 

second most expensive oil ($5.95/100 mL) had a considerable amount of phenolic 

compounds (154 mg/kg, The Olive Press – Picholine). A study by Caporaso et al. (2015)232 

also reported variation when investigating cost and phenolic concentration for oils 

purchased from Southern Italian supermarkets; however, the highest phenolic content oils 

were the most expensive which is not evident in this research.  

Lastly, it was also important to discuss the length of time some oils had spent in storage 

since being purchased as this may have affected the sum of phenolic derivatives. During 

storage, EVOO usually suffers degradation leading to an inferior quality level.243 This 

degradation is unavoidable and starts immediately after the OO extraction when oil is 

exposed to oxygen, heat and light. The lipid fraction in OO is most susceptible to oxidation 

(auto-oxidation). This occurs even in the absence of light, following a free radical 

mechanism where the absorption of oxygen results in the formation of hydroperoxides 

through the interaction of fatty acids with triplet and singlet oxygen.244-247 These 

hydroperoxides are susceptible to further oxidation or degradation into secondary reaction 

products such as aldehydes, ketones, acids, and alcohols.244,248-250 A second type of 

oxidation can also occur if OO is exposed to light. Photosensitised oxidation of lipids (photo-

oxidation) occurs through the action of natural photosensitisers such as chlorophyll which 

can react with triplet oxygen to form excited state singlet oxygen.244 The highly unstable 

and reactive singlet oxygen reacts with the unsaturated fatty acids, leading to the formation 

of the undesirable hydroperoxides.251 As a consequence, storage and packing conditions of 

OO become of primary importance245,246 as oxidation often leads to rancidity and 

deterioration in nutritional and biological quality,248,249,251 appearance and 

flavour.189,249,252,253 Hence, EVOO shelf-life is usually 12 months. These factors likely 

influenced the data for the EVOO from Olive Black and one from The Olive Press (cv. 

Frantoio) which are both marketed as premium New Zealand brands. These oils had the 

highest costs (>$5.95/100 mL) and the second and third lowest sums of phenolic target 
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analytes (under 40 mg/kg, Table 4.2). The production date (2020) for the Olive Black EVOO 

exceeded an age of 1.5 years (18 months) and The Olive Press – Frantoio had an unknown 

purchase date. The storage conditions for both oils were also unknown prior to being 

utilised in this research. These factors likely explain the low phenolic content of these oils 

and should not be judged in any of the above discussion. It is particularly interesting that 

under the same conditions, the other two EVOOs from The Olive Press (cv. Picual and 

Picholine) had the highest concentrations of target analytes which may be related to 

differences in variety.244,253 

4.2.4 Summary of commercial EVOO analysis 

Results from the analysis of commercial EVOOs (n = 9) in the New Zealand market suggest 

phenolic concentrations are variable and there are no guarantees that a known brand or a 

higher purchase price will result in an EVOO that contains high levels of target analytes 

suitable to meet the EU health claim (250 mg/kg). There is a gap in the New Zealand market 

providing an opportunity for the development of an enriched OO. Thus, this thesis will 

investigate the potential to increase the content of bioactive compounds such as the 

aglycone to levels above 250 mg/kg to give certainty of health benefits to consumers. 

4.3 Olive leaf tea 

OLT is one means of providing a high concentration of oleuropein which could be 

enzymatically converted to oil soluble oleuropein aglycone and transferred into an OO. 

During the research, several batches of tea were made using a 1:10 ratio of dry leaf weight 

to water. Water was used in steeping of the leaves as it is nontoxic. Producing a tea that 

contained a sufficient concentration of oleuropein was the focus of this research, rather 

than obtaining a complete extraction from the leaves. An investigation was carried out to 

determine how the concentration of oleuropein in the OLT could be varied by drying leaves 

at different temperatures (fresh, RT and 70 °C) and is discussed below.  
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4.3.1 Moisture content  

Olive leaves contain around 50% moisture.137,254 Determination of the moisture content 

was carried out based on the method specified in Chapter 2, Section 2.6.1 and ranged 

between 52 and 56% (average of 55%). Boudhrioua et al. (2009)138 reported higher values 

with a range of 46-50%. Another study255 reported an average moisture content of 

50.7 ± 0.8% and Cabrera-Gomez et al. (1992)256 reported a moisture content of 50%. 

Therefore, while slightly higher, results obtained in this research are similar to those 

reported in the literature.  

4.3.2 The effect of olive leaf drying on the composition of OLT  

This section discusses the drying experiments carried out using two different batches of 

olive leaves. Initially, two batches of OLT were made using one batch of leaves; one half was 

used fresh (without drying) and the remaining half was dried at RT. Later in the research, 

temperatures above RT were of interest so a further two bathes of OLT were made using 

another batch of leaves; one half dried at RT and the other oven dried at 70 °C. Therefore, 

the results are laid out in two different tables. It should also be noted that hydrophobic 

oleuropein aglycone was quantified in the OLTs (<22 mg/kg), this was unexpected. A 

possible explanation was that the additional matrix components from extracted olive leaf 

material made the aqueous OLT more favourable for the aglycone. 

Table 4.3 summarises the concentration of each analyte in OLT prepared using leaves dried 

at RT versus the use of fresh leaves. For comparison, a wet weight equivalent of the leaves 

was determined by factoring in the percentage of water lost during drying using Equation 

4.1. All discussions compare the results using wet weight equivalent of the dried leaves 

versus wet weight of fresh leaves.  

  𝑊𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =  
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

(1 −
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐻2𝑂 𝑙𝑜𝑠𝑡 (𝑔)

100
)

 Equation 4.1  
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Based on the results, there is more oleuropein glycoside present in the OLT made with 

leaves dried at RT, compared to fresh leaves (2056 vs. 1635 mg/kg). There were also 

increases in the concentrations of hydroxytyrosol (484 vs. 96 mg/kg) and elenolic acid 

(69 vs. 24 mg/kg), with slightly higher concentrations of oleacein, tyrosol and oleuropein 

aglycone. 
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Table 4.3. The effect of using dry versus fresh leaves on the concentration of target analytes extracted into the OLT. Leaves were collected 
on the same day from the same tree. Results are presented as the average of dilutions undertaken ± SD.  

Analyte Method of drying Percentage difference (%)  

 
RT 

Dry weight 
RT 

Wet weight equivalent 
Fresh 

Wet weight 
Dried vs. fresh leaves 

 mg/kg  

Oleuropein 3667.5 ± 28.7 2055.9 ± 16.1 1634.9 23 

Oleuropein aglycone 17.3 ± 0.14 9.7 ± 0.1 4.7 ± 0.2 69 

Oleacein 11.5 ± 0.3 6.4 ± 0.2 <LOD N/D* 

Oleocanthal <LOD <LOD <LOD N/D* 

Ligstroside 663.0 ± 7.9 371.7 ± 4.4 257.3 ± 16.3 36 

Hydroxytyrosol 841.7 ± 11.4 483.8 ± 12.2  95.8 ± 1.7 134 

Tyrosol 30.6 ± 2.6 17.2 ± 1.5 1.4 ± 0.04 170 

Elenolic acid 122.7 ± 3.6 68.8 ± 2.0 23.7 ± 3.0 97 

*N/D – no data: due to some values being <LOD no percentage difference could be determined.  
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These results corroborate with the majority of published work that has investigated total 

phenolic content in a slightly different matrix; olive leaf extracts. Boudhriouna et al. 

(2008)138 measured total phenolic content in fresh, blanched and infrared dried (40, 50, 60, 

70 °C) olive leaves. The results stated that the phenolic content in dried leaves (blanched or 

not) remained higher than those measured in fresh leaves. Another study by Ghomari et al. 

(2019)257 also reported similar results where the total phenolic concentration in dried leaves 

(40 °C) was higher compared to fresh leaves. Kamran et al. (2015)255 obtained a similar 

result when comparing fresh versus air dried olive leaves (25 °C). Even though all studies 

discussed total phenolics, which was not measured in this research, it is evident fresh leaves 

result in a reduction in the bioactive compounds in olive leaves. This observation is likely 

attributed to the fact that drying destroys the cell walls present in leaves and facilitates the 

liberation of the phenolic compounds. Two studies have also reported that fresh leaves will 

have a lower oleuropein content due to the action of the endogenous enzyme 

β-glucosidase.139,141  

Aside from olive leaves, increases in total phenolics was observed by Chang et al. (2006)258 

for two varieties of tomatoes that were air-dried. This trend was observed for total phenolic 

content in fresh and dried herbal materials.259 A study investigating the drying methods of 

phenolic compounds in stinging nettle also reported dried samples having a higher phenolic 

content compared to fresh.260 These results reveal that a leaf drying process tends to 

enhance the functional values of resulting products (OLT).138 However, a study by Australian 

researchers257 reported a higher concentration of oleuropein and hydroxytyrosol in fresh 

olive leaf extracts during analysis of phytochemicals in commercial extracts. There are 

several variables that could explain this; they classified the extracts as fresh or dry based on 

the label provided by the manufacturer which may be inaccurate. The methods used to 

make the olive leaf extracts were also not stated. In most cases, dry leaves tend to produce 

higher phenolic concentrations. 

The results of the second experiment using a different batch of leaves dried at RT and oven 

dried at 70 °C are summarised in Table 4.4. OLT made using leaves dried at 70 °C resulted 
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in a higher amount of oleuropein and ligstroside compared to leaves dried at RT. However, 

concentrations of elenolic acid, oleuropein aglycone, tyrosol, oleocanthal and oleacein were 

higher in the tea utilising leaves dried at RT. 

Table 4.4. The effect of using leaves oven dried at 70 °C versus RT on the concentration of 
target analytes extracted into OLT. Leaves were collected on the same day from the same 
tree. Results are presented as the average of dilutions undertaken ± SD.  

Analyte Drying temperature  
Percentage 

difference (%) 

 
70 °C (dry weight, 

mg/kg) 
RT (dry weight, 

mg/kg) 
Dried at 70 °C vs. RT 

Oleuropein 1744 ±7.7 1167 ± 10.3 40 

Ligstroside 906 ± 4.8 325 ± 2.6 94 

Oleuropein aglycone 4.9 ± 0.1 22.1 ± 0.9 127 

Oleacein <LOD 76.2 ± 0.5 N/D* 

Oleocanthal <LOD 6.3 N/D* 

Hydroxytyrosol 781 ± 18.0 1890 ± 10.6 83 

Tyrosol 10.7 ± 0.2 36.3 109 

Elenolic acid 198 ± 9.6 268.8 ± 0.5 31 

*N/D – no data: due to some values being <LOD no percentage difference could be 
determined. 

 

A study by Al-Rimawi et al. (2015)140 who studied the effect of oleuropein content in dried 

leaf extracts had opposing results to this research. Drying olive leaves at an ambient 

temperature (25 °C) resulted in a higher recovery of oleuropein than at a temperature of 

50 °C. However, caution should be considered when interpreting these results because the 

methods used to prepare the leaves likely released the endogenous enzyme; dried leaves 

were ground to a powder and left in a brown paper bag for an unspecified amount of time. 

This may have activated the endogenous enzyme β-glucosidase and hydrolysed oleuropein 

to oleuropein aglycone which can undergo further hydrolysis to hydroxytyrosol and elenolic 

acid. Two further studies reported a higher concentration of phenolic compounds in leaves 

dried at RT. Cör Andrejč et al. (2022)139 air dried leaves from two different cultivars at RT 

for 10 days (in the dark) and 105 °C for 90 minutes. The content of oleuropein decreased 
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when drying at 105 °C (707 mg/kg) versus room temperature (3522 mg/kg). Similar results 

were obtained for ligstroside (RT, 80 mg/kg vs. 105 °C, 18 mg/kg). Afaneh et al. (2015)140 

reported that drying leaves at RT was more favourable in preserving oleuropein content 

compared to the leaves dried at 50 °C. In another study by Hata et al. (2004)261 dried leaves 

at varying temperatures ranging from 25 °C to 105 °C. In the results, drying leaves at RT 

(25 °C) resulted in a higher concentration of oleuropein compared to drying at 70 °C. 

Interestingly, drying at a temperature >80 °C resulted in an increase in oleuropein 

concentration. This study suggested that oleuropein is trapped in compartments based on 

mechanisms understood in the privet tree, the same family as olive (Oleaceae). Heat stress 

at higher temperatures (between 65 and 80 °C) results in the compartments being broken, 

where oleuropein can be degraded through endogenous enzymes. Temperatures >80 °C 

still destroy these compartments, however, the higher temperature would deactivate the 

endogenous enzymes. Şahin et al. (2018)135 investigated different drying temperature and 

time (50, 80, and 100 °C at times of 270, 75, and 45 minutes, respectively) on oleuropein 

concentration. They reported an increase in the quantity of oleuropein at a higher 

temperature for a shorter period of oven drying. Similar results were achieved in two 

separate studies investigating total phenolic and oleuropein content albeit longer drying 

times; RT-10 days, 60 °C-48 hours, 105 °C-3 hours255 and RT, 60, 130 °C (24 hours).262 These 

results have been attributed to the high temperatures denaturing the enzymes such as 

β-glucosidase, minimising the degradation of oleuropein.262,263  

In all instances, the results from literature contradict the results obtained in this 

experiment, where drying at 70 °C obtained more oleuropein and ligstroside compared to 

drying at RT. In future, it would be beneficial to conduct an experiment at a drying 

temperature >100 °C. In this experiment, achieving higher oleuropein content at 70 °C could 

be explained by the period leaves spent drying. Leaves oven dried at 70 °C were left for 

3 days while leaves dried at RT were left for 14 days. Drying at RT for a long period of time 

may have resulted in endogenous β-glucosidase having more time to convert oleuropein 

and ligstroside to their respective aglycones. This would also explain why the concentration 

of oleuropein aglycone is higher in the tea prepared with leaves dried at RT. It has been 
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previously suggested that exposure to atmospheric oxygen for a longer period of drying 

time may reduce the concentration of phenolic compounds via nonenzymatic 

oxidation.135,264  

In both drying experiments (dried at RT vs. fresh and oven dried at 70 °C vs. dried at RT), 

OLT made with leaves dried at RT resulted in an increased concentration of hydroxytyrosol, 

tyrosol and elenolic acid. Native hydroxytyrosol, tyrosol and elenolic acid are rarely in their 

free form, and their formation requires enzymatic ester hydrolysis. Hydrolysis of oleuropein 

aglycone forms hydroxytyrosol and hydrolysis of ligstroside aglycone forms tyrosol, while 

elenolic acid is a hydrolysis product of both analytes.265 In both experiments, the length of 

drying at RT (>5 days) was likely enough time for the formed aglycones to be further 

enzymatically hydrolysed into their respective derivatives: hydroxytyrosol, tyrosol and 

elenolic acid.265 Cör Andrejč et al. (2022)139 also reported a higher concentration of 

hydroxytyrosol in extracts with leaves dried at RT (814 mg/kg) compared to 105 °C 

(25 mg/kg). Hydroxytyrosol and tyrosol had the largest percentage difference between the 

two temperature conditions for each experiment (see right hand column of Table 4.3 and 

Table 4.4) where drying at RT increased their concentrations. The largest difference 

between drying conditions was observed for tyrosol, with the first (RT vs. fresh) and the 

second (70 °C vs. RT) experiment resulting in a 170% and 109% difference, respectively. In 

this research, a higher concentration of oleacein and oleocanthal was obtained in the OLT 

made with leaves dried at RT, where leaves used fresh, and oven dried at 70 °C resulted in 

concentrations <LOD. As discussed in Chapter 1, Section 1.4.2.1, these analytes are formed 

as a result of enzymatic (esterase) hydrolysis of the methyl esters on oleuropein aglycone 

and ligstroside aglycone followed by decarboxylation.43,65 Therefore, the longer periods 

dried at RT likely gave the endogenous enzymes time to convert oleuropein and ligstroside 

aglycone to these derivatives.  

The differences achieved in the second drying experiment (RT drying vs. oven drying at 

70 °C) compared to literature suggest more thorough investigations need to be undertaken 

to understand the effect of time and temperature on the phenolic content during olive leaf 
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drying. It is evident there are multiple factors that affect the phenolic content of OLT and 

extracts. It has been argued by Kamran et al. (2015)255 that changes in phenolic content are 

both plant and tissue specific and the assumption that one drying method suits all plants or 

all tissue from the same plant should be renounced.255 

4.3.3 Summary of drying conditions on the composition of OLT 

The content of oleuropein in OLT made from two different batches of leaves increased 

under different drying conditions in the order fresh<RT<70°C while other target analytes 

tended to increase with drying at RT. Results from the second experiment (leaves dried at 

RT vs. oven dried at 70 °C) were in contrast to the literature but this was likely related to 

the time left drying. Further experiments would need to be carried out to optimise this step; 

however, a preliminary understanding of the important considerations when preparing OLT 

have been established. 

4.4 Stability of analytes in olive leaf tea 

The stability of oleuropein and other target analytes in OLT was important to investigate as 

it would determine if new batches of OLT would need to be made frequently when 

preparing for the enrichment of OOs commercially. There is also ambiguity on oleuropein 

stability in the literature and many of the target analytes (such as ligstroside, oleocanthal, 

oleacein, oleuropein aglycone and elenolic acid) have not been studied extensively. During 

preparation of OLT (Chapter 2, Section 2.6.2), the leaves were boiled for an extensive period 

of time (30 min) theoretically inactivating the endogenous enzymes which would prevent 

the hydrolysis of oleuropein.261 One batch of OLT3-2-23 (oleuropein content of 343 mg/kg) 

was stored at various temperatures (−20, RT and 40 °C) and periodically analysed over time 

(up to 189 days). Unfortunately, there was a 29-day gap between the first and second 

analysis point. Hence, a second trial (89 days) was set up to obtain more data points within 

the first month of storage and was used when required to confirm patterns observed in the 

first trial. The following results and discussion primarily use data from storage trial 1; the 

text will specify if trial 2 data is used. 



Chapter 4: Investigation of Secoiridoids in Olive Oil and Olive Leaf Tea 

103 

Analysis of analytes in this section was carried out using the average of the duplicate sample 

results. In most instances the error (± SD) between measurements is small so error bars are 

not visible for some samples; an example of the variation between duplicates for oleuropein 

is shown in Figure 4.2. Therefore, error bars have been excluded from the plots in the 

following section. Stability plots with error bars for the rest of the target analytes have been 

included in Appendix A. 

 

Figure 4.2. Concentration of oleuropein versus time for stability samples stored at −20 °C 
(blue square), 25 °C (RT, red circle) and 40 °C (green triangle) for 189 days. The error bars 
are set to the SD of duplicate samples thus results are presented as the average ± SD 
(n = 2).  

 

4.4.1 Oleuropein and ligstroside 

The stability of oleuropein and ligstroside was comparable under different temperature 

storage conditions, Figure 4.3. The initial concentration of oleuropein was 343 ± 6 mg/kg 

and remained stable when stored at −20 °C with an average of 351 ± 10 mg/kg after 

189 days. The concentration of oleuropein in OLT stored at RT and 40 °C decreased over 

time, with a larger decrease at higher temperatures. At RT, the concentration reduced from 

343 to 255 mg/kg, a 26% decrease, after 189 days. At 40 °C, oleuropein decreased 29% 

within 50 days and was reduced to 56 mg/kg after 189 days (84% decrease). 
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Figure 4.3. Concentration of A) oleuropein and B) ligstroside versus time for stability 
samples stored at −20 °C (blue circle), 25 °C (RT, red square) and 40 °C (green diamond) 
for 189 days. Results are presented as the average (n = 2).  

 

With the inactivation of endogenous enzymes, oleuropein likely underwent degradation at 

40 °C in the forms of oxidation, cleavage of covalent bonds or active groups undergoing side 

reactions such as ring closer and polymerisation.266 These stability results contrast the 

literature. A study by Malik et al. (2008)262 investigated the stability of oleuropein content 

at RT. There was a decline in oleuropein after 7 days in storage. Martínez-Navarro et al. 

(2021)210 tested the stability of oleuropein in an aqueous extract at six temperatures, two 

of which were used in this research (RT and 40 °C). Their stability trials ran for 60 days and 

samples stored at 40 °C decreased from 300 mg/L to 50 mg/L (83% decrease) within 40 days 

of storage, this trend was also observed for samples stored at RT. This is a much larger 

percentage decrease compared to the results obtained in this research. The enhanced 

stability of oleuropein in this research could relate to its preparation. In the first study 

discussed, leaves were covered in boiling water for 10 minutes. In the second study, the 

method dried leaves, made them into a powder and extracted them with distilled water in 

a domestic microwave for 30 seconds. These methods are significantly shorter and the 

latter is more intense than the method used in this research (leaves steeped in boiling water 

A B 
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for 30 minutes). The differences in preparation could possibly contribute to the 

discrepancies in oleuropein stability. Interestingly, a study by Ahmad-Qasem et al. (2016)136 

investigated the effect of leaf preparation (fresh, freeze dried and hot air drying at 120 °C) 

on the stability of extracts extracted with ethanol/water (80:20 v/v). The leaf extracts from 

different preparations were stored at 4 °C for 28 days and extracts subjected to the same 

drying conditions were placed in different storage temperatures (4, 25 and 35 °C, 28 days). 

In both instances, they reported no significant decrease appreciated for oleuropein 

regardless of how the raw material was processed or stored. However, the period extracts 

were left in storage may not have been long enough to observe any changes in oleuropein 

concentration. In this research, analysis of samples on day 29 showed similar results with a 

small decrease in oleuropein content at 40 °C (Figure 4.4). However, longer storage times 

(>29 days) at elevated temperatures (40 °C) did result in a decrease in oleuropein content. 

In future, it would be beneficial to extend a storage trial with OLTs prepared differently to 

better understand how this may alter analyte stability.   

 

Figure 4.4. Content of oleuropein (mg/kg) in OLT stored at −20, RT and 40 °C for 29 days. 
Results are presented as the average (n = 2).  
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To determine the reaction order for oleuropein degradation at 40 °C, zero-order 

([oleuropein] vs. time), first-order (ln[oleuropein] vs. time), and second-order 

(1/[oleuropein]) plots were created (Figure 4.5).  

 

 

 

Figure 4.5. Reaction order plots for oleuropein in OLT stored at 40 °C. The zero-order (A. 
[oleuropein] (mg/kg) vs. time), first-order (B. ln[oleuropein] vs. time) and second-order 
(C. 1/[oleuropein] vs. time) plots with first and second-order plots deviating from 
linearity. 

 

A plot that describes a particular order properly will be linear when the data is fitted. 
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deviated from linearity for the first-order and second-order plots. Oleuropein fitting a 

zero-order kinetic model was unexpected. A zero-order reaction rate is constant over time 

and independent of reactant concentration; however, the half-life (t1/2) depends on the 

initial concentration as it is the time required for the concentration to decrease by half. For 

a first-order reaction, the reaction rate linearly depends on the concentration of one 

reactant; however, the half-life is constant throughout the reaction. By these definitions, it 

is unlikely the degradation of oleuropein is zero-order and is more likely to be first-order 

where the rate is dependent on only one reactant (oleuropein). If the stability trial had 

continued for more days, it is likely that linearity for the first-order plot would have 

occurred. It has been previously reported in the literature that thermal degradation of 

oleuropein in olive leaf extracts fits a first-order kinetic model.210,267,268 Because of this 

ambiguity, calculating a half-live for zero-order degradation was not carried out. Malik et 

al. (2008)262 carried out a kinetic study for the degradation of oleuropein at 40 °C and RT. 

They reported short first-order kinetic half-lives of 10 and 13 days, respectively.  

As mentioned, the stability of ligstroside behaved in a similar way to oleuropein, likely due 

to similarities in structure, with ligstroside containing a hydrogen instead of a hydroxyl 

group. At 40 °C, the initial concentration reduced from 71 to 23 mg/kg (68% decrease) after 

189 days. Contrasting oleuropein stability at RT, ligstroside tended to remain stable at RT 

and −20 °C with an average concentration of 73 ± 4 mg/kg and 73 ± 5 mg/kg, respectively 

after 189 days. The decreased stability of oleuropein at RT is likely related to its structure. 

Oleuropein is an ortho-diphenolic compound, these compounds are deemed more 

susceptible to chemical oxidation. The disappearance of ligstroside from OLT at a storage 

temperature of 40 °C also showed linearity for the zero-order plot (Figure 4.6); however, as 

with oleuropein, zero-order degradation was unlikely. Thus, no half-lives were calculated. 
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Figure 4.6. Reaction order plots for ligstroside in OLT stored at 40 °C. The zero-order (A. 
[ligstroside] (mg/kg) vs. time), first-order (B. ln[ligstroside] vs. time) and second-order (C. 
1/[ligstroside] vs. time) with first and second-order plots deviating from linearity. 

 

4.4.2 Oleuropein aglycone 

Oleuropein aglycone is formed from the degradation of oleuropein. There is no literature 

on oleuropein aglycone stability in aqueous samples as it is a hydrophobic compound. 

However, it was measured in stability samples in this research; this could be a result of the 

OLT containing other components from olive leaf material which altered the teas chemical 

composition. The initial concentration of oleuropein aglycone in OLT was 14 mg/kg. At 
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−20 °C, there was no obvious change in the concentration with an average of 14 ± 2 mg/kg 

for 189 days (Figure 4.7). This was expected as its precursor, oleuropein, remained stable 

at −20 °C. At RT, the concentration of oleuropein aglycone reduced from 14 mg/kg to 

7 mg/kg, a 50% decrease after 189 days. At 40 °C, there was an increase to 26 mg/kg on day 

79, then a reduction to 13 mg/kg on day 189. As mentioned in Section 4.4.1, oleuropein 

underwent thermal degradation at 40 °C which would have resulted in the initial increase 

in oleuropein aglycone. After day 79, it is likely oleuropein aglycone degraded into its 

respective derivatives; oleacein, hydroxytyrosol or elenolic acid. Oleacein and elenolic acid 

did show respective increases but hydroxytyrosol did not (discussed in Section 4.4.4).  

 

Figure 4.7. Oleuropein aglycone concentration versus time for stability samples stored at 
−20 °C (blue circle), 25 °C (RT, red square) and 40 °C (green diamond) for 189 days. Results 
are presented as the average (n = 2).  

 

4.4.3 Oleocanthal and oleacein  

At the three storage temperatures, the stability of oleocanthal (produced from ligstroside 

aglycone) and oleacein (produced from oleuropein aglycone) behaved similarly, Figure 4.8. 

This was likely due to similarities in structure, with oleocanthal containing a hydrogen 

instead of a hydroxyl group. At −20 °C, the initial concentration of oleacein was reduced 

from 221 mg/kg to 158 mg/kg, a 29% decrease after 189 days. At RT, the concentration of 
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oleacein remained stable with an average of 232 ± 15 mg/kg for 189 days. With regards to 

oleocanthal, the initial concentration was 16 mg/kg. At −20 °C and RT, the concentration of 

oleocanthal remained stable with averages of 15 ± 1 mg/kg and 18 ± 2 mg/kg, respectively 

after 189 days. Treatment at 40 °C resulted in an increase in the concentration of 

oleocanthal from 16 to 24 mg/kg and oleacein from 221 to 356 mg/kg until day 29 (Figure 

4.8 C). Since trial 1 had no further data points between day 1 and day 29, trial 2 data (Figure 

4.8 D) was used to confirm if this increase in concentration was legitimate. Corroborating 

trial 1, trial 2 data also had an increase in concentration around day 30. In trial 1, the large 

increase in concentration for oleocanthal and oleacein was followed by a reduction in 

concentration to 6 and 52 mg/kg, respectively. 

  

  

Figure 4.8. The concentration of oleocanthal and oleacein versus time for stability samples 
stored at A) −20 °C (blue circles). B) 25 °C (RT, red squares). C) 40 °C (green diamonds). D) 
Trial 2, 40 °C (green diamonds). Results are presented as the average (n = 2). 
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There is no research reported in the literature on the degradation of oleocanthal and 

oleacein in OLT, albeit in OO. Mousavi et al. (2021)269 analysed phenolic compounds in OO 

at different storage temperatures (−18 °C, 4 °C and ambient). They concluded that oleacein 

experienced severe decay at −20 °C and oleocanthal remained stable which was also 

observed in this research. The degradation of oleuropein and ligstroside (Section 4.4.1) and 

oleuropein aglycone (Section 4.4.2) at 40 °C likely resulted in the initial spike in 

concentration for oleocanthal and oleacein with stability waning after day 29 at 40 °C. 

Similar trends during malaxing have been reported by Diamantakos et al. (2020)44 where an 

increase followed by a decrease were observed. This was especially true for oleacein; an 

ortho-diphenolic compound deemed more susceptible to enzymatic and chemical 

oxidation. In oil, oxidation products of oleocanthal and oleacein (oleocanthalic and 

oleaceinic acid) have been determined.123,270 These oxidation products increase with 

reducing concentration of oleocanthal and oleacein.123,270 Measuring the OLT for these 

respective oxidation products should be investigated in future work. 

4.4.4 Hydroxytyrosol and tyrosol 

The stability of hydroxytyrosol and tyrosol behaved differently (Figure 4.9). Hydroxytyrosol 

is produced from ester hydrolysis of oleuropein aglycone. It had an initial concentration of 

981 mg/kg and remained stable at −20 °C with an average concentration of 

1003 ± 66 mg/kg for 189 days. At RT and 40 °C, hydroxytyrosol content in OLT was reduced 

from 981 mg/kg to 754 and 767 mg/kg (decreases of 23% and 22%), respectively after 189 

days. These results contrast some studies in literature; Martínez-Navarro et al. (2021)210 

reported oleuropein degradation generated other compounds such as hydroxytyrosol in the 

first week of storage at RT. This was corroborated by Feng et al. (2021)271 who observed an 

increase in the concentration of hydroxytyrosol in olive leaf methanol-water extracts in the 

first week of storage (25 °C) then noted a decrease after two weeks. A study by Ramírez et 

al. (2016)37 contradicted the above studies and experienced similar trends to this research, 

although a different matrix; olive fruit in brine solution stored at 10, 22, and 40 °C. They 

observed a decrease in hydroxytyrosol concentration after 1.5 months (46 days) when 
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incubated at 40 °C, suggesting that the degradation or oxidation of hydroxytyrosol occurred 

at this high temperature.37  

 

Figure 4.9. The concentration of A) hydroxytyrosol and B) tyrosol versus time for stability 
samples stored at −20 °C (blue circle), 25 °C (RT, red square) and 40 °C (green diamond) 
for 189 days. Results are presented as the average (n = 2). 

 

Tyrosol, which is produced from ester hydrolysis of ligstroside aglycone, displayed similar 

behaviour at −20 °C. It had an initial concentration of 26 mg/kg and remained stable at 

−20 °C with an average of 28 ± 4 mg/kg for 189 days in storage. The concentration of tyrosol 

at RT and 40 °C increased over time, with a larger increase at higher temperatures; the 

content increased from 26 mg/kg to 38 and 59 mg/kg (increases of 45% and 130%), 

respectively after 189 days. Ligstroside degraded quickly at 40 °C (Section 4.4.1), thermal 

degradation of the formed ligstroside aglycone (which was not analysed in this research) 

would have increased the concentration of tyrosol where it then remained stable. Tyrosol 

is known to be very stable compared to other phenolic compounds because it is less likely 

to be subjected to auto-oxidation.272  
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The patterns observed between hydroxytyrosol and tyrosol in this research are 

corroborated by Yalcin et al. (2018).273 This study tested the oxidative stability of both 

analytes in OO (different matrix). Tyrosol was more stable against oxidation at elevated 

temperatures (60 °C) compared to hydroxytyrosol.273 They suggested hydroxytyrosol 

provided a high oxidative stability to OO at 60 °C, while tyrosol has less antioxidant effects. 

Gómez-Alonso et al. (2002)274 reported that the high antioxidant activity of hydroxytyrosol 

favours its degradation and disappearance. This was also reported in another study where 

hydroxytyrosol was reduced during accelerated storage (60 °C) while tyrosol showed high 

stability against oxidation.275 

4.4.5 Elenolic acid  

Elenolic acid is a non-phenolic derivative of both oleuropein aglycone and ligstroside 

aglycone. The initial concentration of elenolic acid was 475 mg/kg. At −20 °C, the 

concentration remained stable with an average of 461 ± 40 mg/kg for 189 days (Figure 

4.10). At RT, the concentration decreased from 475 mg/kg to 246 mg/kg until day 79, where 

the data began to plateau, averaging 273 ± 18 mg/kg between day 79 and 189. At 40 °C, the 

content of elenolic acid increased from 475 mg/kg to 611 mg/kg (29% increase) after 

treatment for 189 days. This likely occurred because oleuropein aglycone (precursor) 

underwent thermal degradation after day 79 at 40 °C. As a result, the concentration of 

elenolic acid began to increase at this same period of time. Therefore, there are larger 

quantities of elenolic acid at this temperature (40 °C) compared to −20 °C and RT where 

oleuropein aglycone remained stable and decreased, respectively. 



Chapter 4: Investigation of Secoiridoids in Olive Oil and Olive Leaf Tea 

114 

 

Figure 4.10. The concentration of elenolic acid versus time for stability samples stored at 
−20 °C (blue circle), 25 °C (RT, red square) and 40 °C (green diamond) for 189 days. Results 
are presented as the average (n = 2).  

 

4.4.6 Summary of OLT stability trials 

There is currently little work in the literature on the stability of target analytes in OLT. 

Results of the stability trial at different temperatures (−20, RT, 40 °C, 189 days) have 

determined that the majority of target analytes in OLT were stable at −20 °C and RT, with 

precursors such as oleuropein and ligstroside degrading at 40 °C. Consequently, this 

resulted in increases of their respective derivatives, where unstable derivatives such as 

oleocanthal and oleacein further degraded. These results are useful as it allows producers 

of OLT to understand how long teas can be stored without influencing the concentration of 

target analytes.  
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CHAPTER 5 

Enrichment of Olive Oil with Oleuropein Aglycone 

using Olive Leaf Tea 

5.1 Introduction  

This chapter explores the experiments undertaken to investigate the use of almond 

flour/meal as an enzymatic source of β-glucosidase to hydrolyse water-soluble oleuropein 

glycoside present in OLT to oil soluble oleuropein aglycone to later transfer into OOs 

(refined OO and EVOO). To understand the results discussed, Figure 5.1 has been generated 

to show the solubility of target analytes in this research. Oleuropein, a glycoside, is water 

soluble (hydrophilic) due to the presence of a glucose moiety with hydroxyl groups, this 

increases the structures polarity.33,34 The polarity is further enhanced as the aglycone 

moiety has additional polar groups; two carbonyl groups and additional hydroxyl groups.34 

The removal of the polar glucose moiety through hydrolysis results in an oil soluble, 

hydrophobic compound; oleuropein aglycone.38,39 

Originally, the aim of this project was to enrich OOs with oleuropein aglycone to levels at or 

above the EU health claim (250 mg/kg) to aid the development of a marketable product for 

a company. This was going to be done by investigating the use of almond flour/meal as a 

source of β-glucosidase to hydrolyse oleuropein in OLT; the resulting aglycone could then 

be transferred into OO. While initial investigations proved almond flour/meal was an 

effective source of enzyme (to be discussed), the transfer of oleuropein aglycone into oil 

was discovered to be complex and there is little currently known about this process. 

Therefore, the aims of this research were altered; experiments were carried out to 

understand why the combined matrix of OLT, oil and almond resulted in minimal mass 

transfer of oil soluble aglycone into oil.  
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Figure 5.1. Hydrolysis pathway of olive phenolics initially via β-glucosidase. The blue triangle denotes analytes that are water soluble, the 
yellow star denotes oil soluble analytes and the green diamonds denote analytes that are both oil and water soluble.  
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5.2 Almond flour/meal as a source of β-glucosidase 

It was important to establish the viability of β-glucosidase from almond flour (blanched and 

skinned almonds) and almond meal (not blanched or skinned) to hydrolyse oleuropein 

present in OLT as it is currently unexplored in literature. As discussed in Chapter 1, Section 

1.5.1, there are a variety of endogenous and exogenous sources of β-glucosidase. Olive 

leaves are an endogenous source of β-glucosidase; however, there is minimal control over 

the hydrolysis of oleuropein to oleuropein aglycone which is commercially undesirable. 

Alternatively, the addition of an exogenous source of β-glucosidase such as almond would 

provide more control over the reaction to obtain a known amount of oleuropein aglycone 

which could be transferred into an oil at a later time. As discussed in Chapter 1, Section 

1.5.1.1, there are several sources of exogenous β-glucosidase that can successfully 

hydrolyse oleuropein, most commonly from almonds. Extracted and purified β-glucosidase 

from almonds is commercially available from Merck; however, it is costly (1000 units for 

$2,540.00) and not suitable for use in edible products. In the literature, there are methods 

to extract β-glucosidase from almonds but most extractions use bitter almonds which are 

not suitable for human consumption.81 Extracting the β-glucosidase from raw sweet almond 

meal/flour is also possible but requires purification and utilises chemicals; buffer solutions, 

polyvinyl pyrrolidone, ammonium sulfate and ammonium hydroxide.81-84 In this research, 

the use of such chemicals would make the enriched oil inconsumable. Hence readily 

available unprocessed sweet almond flour/meal and almond milk were investigated as a 

source of β-glucosidase to hydrolyse oleuropein. This has not been previously studied in the 

literature.  

This section will discuss experiments undertaken to confirm the viability of almond 

flour/meal as a source of β-glucosidase, methods to inactive the enzyme and explore how 

the age of almond flour/meal used may result in differing levels of enzymatic activity. 
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5.2.1 Hydrolysis of oleuropein with almond flour/meal 

Almond flour was investigated as a source of β-glucosidase to hydrolyse oleuropein in OLT. 

It was unspecified whether almond flour purchased from local supermarkets would contain 

active β-glucosidase. Since ligstroside is a glycoside and naturally present in OLT, it was also 

used as an indicator for successful hydrolysis. The literature reports a variety of optimum 

working temperatures for β-glucosidase to hydrolyse glycosides.276-279 Some are relatively 

thermostable, withstanding temperatures of 60 °C.276 However, a temperature of 40 °C was 

chosen as this is often considered the optimum temperature in the literature.277-279  

OLT15-2-23 and OLT3-2-23 were used as source of oleuropein and ligstroside, experiments 

undertaken in this section followed methods described in Chapter 2, Section 2.10.2, using 

a temperature of 40 °C with a longer incubation period of 30 minutes and 12 hours (in later 

experiments method parameters where modified based on results achieved). For 

OLT3-2-23, the amount of almond flour added was scaled up 4x as it was undetermined 

how much β-glucosidase was present. Table 5.1 summarises results for two different 

incubation periods (30 minutes and 12 hours). Almond flour (100 mg) had enough β-

glucosidase activity to hydrolyse the oleuropein and ligstroside present in OLT3-2-23 and 

OLT15-2-23 (1 mL) at 40 °C after 30 minutes. OLT3-2-23 had a lower amount of oleuropein 

prior to hydrolysis (342 mg/kg) so the amount of almond flour was reduced to 25 mg and 

almost complete conversion was achieved overnight (oleuropein decrease of 320 mg/kg). 

Thus, this amount of almond flour was used in subsequent experiments. Since OLT15-2-23 

had more oleuropein (3668 mg/kg), the amount of almond flour was kept at 100 mg which 

resulted in a decrease of 3627 mg/kg overnight (12 hours). From a commercial perspective, 

using a minimum quantity of almond flour/meal is important to reduce the cost of 

production. A further reduction in the amount of almond flour could be investigated as part 

of future experimental development. However, for the purposes of this research, a suitable 

decrease in oleuropein was observed with 25 and 100 mg of almond flour.  
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Table 5.1. Change in oleuropein and ligstroside concentration in OLT3-2-23 and 
OLT15-2-23 using almond flour (25 and 100 mg) as a source of β-glucosidase at 40 °C, after 
30 minutes and 12 hours. Results are presented as the average of the duplicate samples 
± SD (n = 2).  

 Control OLT  30 minutes, 40 °C 12 hours, 40 °C 

Analyte OLT3-2-23 OLT15-2-23 OLT3-2-23 OLT15-2-23 OLT3-2-23 OLT15-2-23 

   100 mg 100 mg 25 mg 100 mg 

 mg/kg Δ mg/kg 

Oleuropein 342 ± 6 3668 ± 29 −207 ± 8 −1714 ± 4 −320.0 ± 0.4 
−3627.1 ± 

0.3 

Ligstroside 64 ± 9 585 ± 26 −44 ± 2 −315 ± 16 −59.5 ± 0.1 <LOD 

  

5.2.2 Methods to inactivate β-glucosidase 

With the hydrolysis of oleuropein successful, it was important to establish a way to halt the 

conversion from β-glucosidase during experiments. There were several options: heating the 

enzyme at a high temperature (100 °C) to denature it, adding in solvent such as MeOH or 

freezing. Freezing often slows the enzyme down but does not inactivate it and when heated 

back to a desired temperature, normal enzymatic activity resumes so was not investigated 

further.255,280  

Heat inactivation  

Preliminary results (n = 1) of heat inactivation are summarised in Table 5.2. There is little 

difference between the decrease in concentrations for samples that were not heat treated 

(356 mg/kg) versus heat treated (359 mg/kg). This is likely due to the inadequate 

submersion period at 100 °C. There were also issues with this form of inactivation; there 

was an immense pressure build up in the vessel which caused the lid to open resulting in 

sample loss, it was also difficult to determine if the internal temperature of the vessel had 

surpassed 100 °C. Therefore, solvent inactivation of β-glucosidase was investigated. 
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Table 5.2. Change in target analyte concentration using heat inactivation for 
β-glucosidase. Results are presented as the average of dilutions undertaken ± SD (n = 1). 
Some samples have no error due to one dilution result being used.   

Analyte  OLT (1mL) and almond flour (100 mg)  

 OLT control 
Addition of enzyme – 

not heat treated 
Addition of enzyme – 

heat treated  

 mg/kg   Δ mg/kg 

Oleuropein 373 ± 6 −356 −359 

Ligstroside <LOD <LOD <LOD 

Oleuropein 
aglycone 

13.5 ± 2 −2.4 ± 1.4 −4.2 ± 1.4 

Oleacein 197 ± 3 −183 ± 3 −187 ± 4 

Oleocanthal 14. ± 4 <LOD <LOD 

Hydroxytyrosol 1039 −27 −107 

Tyrosol 30.4 −2 ± 1 −5.4 ± 0.9 

Elenolic acid 509.8 −464 −465 

 

Solvent inactivation  

Results from inactivation with 100% MeOH are summarised in Table 5.3. The concentration 

of oleuropein in the control OLT (no addition of enzyme or MeOH) compared to the sample 

that was inactivated with a 1:1 ratio of MeOH/OLT had a percentage difference of 4%. The 

small percentage difference suggests MeOH can effectively inactivate β-glucosidase as the 

concentration of oleuropein did not decrease in the latter sample. To confirm MeOH can 

effectively inactivate the enzyme, one sample was not inactivated and had an oleuropein 

decrease of 322 mg/kg. Other target analytes, excluding oleocanthal (<LOD), oleacein and 

elenolic acid had percentage differences of <10% between control and inactivated samples. 

Oleacein and elenolic acid showed a large percentage difference (>100%); these analytes 

were likely affected by the addition of the almond flour, possibly destabilising them. 

However, the β-glucosidase present in almond flour can be successfully inactivated with 

addition of MeOH. The final method used throughout the research is described in Chapter 

2, Section 2.10.1. 
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Table 5.3. Change in target analyte concentration in inactivated and not inactivated with 
MeOH samples and the percentage difference between the control and samples 
inactivated with MeOH. Results are presented as the average of duplicate samples ± SD 
(n = 2).  

Analyte 
OLT control- 
OLT3-2-23 

Inactivated with 
MeOH 

Not inactivated 
Percentage 

difference (%) 

 mg/kg  Δ mg/kg  

Oleuropein 342 ± 5 −13 ± 9 −322 ± 2 4 

Ligstroside 64 ± 9 −5 ± 8 <LOD 8 

Oleuropein 
aglycone 

12.8 ± 0.9 −0.2 ± 0.1 −4.3 ± 0.2 2 

Oleacein 150 ± 5 −135 ± 1 −142.3 ± 0.3 164 

Oleocanthal 10.3 ± 0.3 <LOD  <LOD N/D* 

Hydroxytyrosol 949 ± 6 64 ± 51 −42 ± 38 7 

Tyrosol 27.7 ± 1.8 −2.1± 0.5 −4.1 ± 0.2 8 

Elenolic acid 472 ± 6 −330 ± 9 −400 ± 4 107 

*N/D – no data: due to some values being <LOD no percentage difference could be 
determined. 

5.2.3 Comparison of enzymatic activity in almond 

The hydrolysis rate of oleuropein was compared between almond flour with different 

purchase dates and a laboratory made almond meal. Commercially, a higher enzymatic 

activity would facilitate a reduction in the amount of almond required, decreasing the cost 

and time taken to carry out the reaction. There are two varieties of almond power available 

to purchase: almond flour and almond meal. Almond flour is made from blanched and 

skinned almonds while almond meal is produced from raw almonds without blanching. This 

experiment compared two almond flours that were purchased in September and November 

2022 and one almond meal that was made in-house (April 2023). The LC-QqQ-MS/MS 

results suggest that the age and type of powder affects the hydrolysis rate of oleuropein in 

OLT, Figure 5.2 (A). The reaction using the almond meal (April 2023) resulted in rapid 

hydrolysis of oleuropein (−2904 mg/kg) after 30 minutes. Almond flour purchased in 

November 2022 resulted in a decrease of 2125 mg/kg and almond flour with the earliest 

purchase date (September 2022) had the slowest conversion (−648 mg/kg). The glucose 
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that is produced from hydrolysis of oleuropein and ligstroside was measured with a BGM 

for qualitative confirmation, Figure 5.2 (B). The use of almond meal (April 2023) resulted in 

the highest concentration of glucose (3.8 mmol/L) while almond flour with the earliest 

purchase date (September 2022) resulted in the lowest (1.3 mmol/L). This was in agreeance 

with the results obtained by LC-QqQ-MS/MS, suggesting age and type of almond power is 

an important factor to consider when commercialising the hydrolysis of oleuropein. 

 

 

Figure 5.2. A) initial and final concentration of oleuropein after hydrolysis by almond 
powders (flour vs meal) with different purchase dates at 60 °C. Results are presented as 
the average of duplicate samples ± SD (n = 2). B) Glucose concentration versus time using 
different almond powders. Results are presented as the average ± SD (n = 3). Some error 
bars (± SD) are too small to be visible.  
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The variation in activity between the powders is likely related to their processing. Both 

almond flour and meal start with freshly picked raw almonds that are steam pasteurised, a 

process that is required by law in the USA, Canada and Mexico.281 The origin of the almond 

flour and raw almonds (used to make meal) purchased in this project were unknown; in 

future it would be interesting to conduct experiments using almonds of known origin. 

Almonds are then passed through a series of dryers to cool them and reduce the moisture 

content.281 For almond flour, the almonds are blanched (dipped in a water bath) for several 

minutes to remove the brown skins (pellicle) before milling into flour.281 Blanching usually 

takes place at a temperature above 100 °C for 2-5 minutes.282,283 Blanching the almonds at 

these temperatures may deactivate the β-glucosidase present and explain why the use of 

almond flour resulted in a lower conversion rate of oleuropein. Generally, most enzymes 

have an optimal activity temperature between 30 and 40 °C; above these temperatures 

they tend to denature and lose activity.284 Conversely, almonds used in almond meal have 

not been blanched, leaving the skins intact. These skins act to protect the nutrients in the 

seed kernel from oxidation and microbial action until germination.285,286 With no blanching 

and protection from the skin, β-glucosidase may be preserved as reflected by the results.  

As discussed, almond meal (April 2023) and almond flour (September 2022) resulted in the 

highest and lowest concentration of glucose respectively. Based on Equation 5.1, 

oleuropein and ligstroside are hydrolysed to oleuropein aglycone, ligstroside aglycone and 

glucose in a 1:1 stoichiometric ratio.  

 
Oleuropein: 𝐻2𝑂 + 𝐶25𝐻32𝑂13 → 𝐶6𝐻12𝑂6 + 𝐶19𝐻22𝑂8 

Ligstroside:  𝐻2𝑂 + 𝐶25𝐻32𝑂12 → 𝐶6𝐻12𝑂6 + 𝐶19𝐻22𝑂7 

Equation 5.1 

 

Therefore, the theoretical amount of glucose formed from different almond powders could 

be calculated using the quantities of oleuropein and ligstroside that were hydrolysed and 

quantified by LC-QqQ-MS/MS. An example calculation for oleuropein is in Equation 5.2; 

assuming 1 kg of water equals 1 L of water.  



Chapter 5: Enrichment of Olive Oil with Oleuropein Aglycone using Olive Leaf Tea 

124 

 

 [𝐺𝑙𝑐𝑢𝑜𝑠𝑒] (𝑚𝑚𝑜𝑙/𝐿) = 

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑙𝑒𝑢𝑟𝑝𝑜𝑒𝑖𝑛 (𝑚𝑔)−𝑓𝑖𝑛𝑎𝑙 𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛(𝑚𝑔)

1000
= 𝑜𝑙𝑢𝑒𝑟𝑜𝑝𝑖𝑒𝑛 (𝑔)   

=
𝑂𝑙𝑢𝑒𝑟𝑜𝑝𝑒𝑖𝑛 (𝑔)

𝑀(𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛)𝑔/𝑚𝑜𝑙
= 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑒𝑑 

Assuming moles of oleuropein hydrolysed is equal to moles of 
glucose formed, thus: 

[𝐺𝑙𝑢𝑐𝑜𝑠𝑒](𝑚𝑚𝑜𝑙/𝐿) = (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛 × 1 𝐿) × 1000 

Equation 5.2  

 

The theoretical amount of glucose and actual concentration measured (mmol/L) are 

presented in Table 5.4.  

Table 5.4. Theoretical and actual glucose concentrations (mmol/L) for different almond 
flour and meal used.  

Time (min) Glucose concentration (mmol/L) for different almond powders used 

 Theoretical  Actual 

 April 2023◊ November 
2022† 

September 
2022† April 2023◊ November 

2022† 

September 
2022† 

5 3.2 1.6 0.4 2.0 1.4 1.1 

10 4.7 2.7 0.6 2.3 2 1.1 

30 6.3 4.7 1.4 3.8 3.5 1.3 
◊Almond meal; †Almond flour.  

The results suggest that the actual glucose concentration can deviate from the theoretical 

value. Aside from the first two actual readings taken for almond flour (purchased in 

September 2022), the difference between the theoretical glucose value and actual readings 

varied with the theoretical values tending to be larger than the measured. Readings taken 

at 30 minutes had the largest percentage differences between the theoretical and actual 

value, ranging between 50% and 27%. The BGM user manual had a list of 32 interferences 

that may reduce the value recorded in blood samples. If the same interferences can occur 

using the BGM for aqueous samples, it could explain why the actual readings were lower. 

Interferences listed that could be present in the tea included fructose, galactose, maltose, 
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mannose and xylose. Mannitol (derived from mannose) and glucose are primary 

photosynthetic products and together with xylose, fructose and galactose are the 

predominant sugars in olive leaves.287,288 This is a plausible explanation; however, the OLT 

should be tested in future to confirm their presence. While readings taken with the BGM 

were lower than the theoretical value, the difference between the theoretical and actual 

reading would be relative to each other. As a result, the BGM could still be used to 

qualitatively confirm successful hydrolysis of oleuropein in subsequent experiments.  

5.3 Investigating the enrichment of oleuropein aglycone into olive 

oil 

In the previous section, hydrolysis of oleuropein with almond flour/meal as a source of 

β-glucosidase was successful. Theoretically, this should produce oleuropein aglycone. Thus, 

this section explores the research aim investigation of the resulting aglycones transfer into 

an OO. It will discuss initial enrichment experiments using OLT with different concentrations 

of oleuropein, a different source of enzyme (almond milk), increased oil volume and level 

of emulsification. These aspects were investigated as the mass transfer of aglycone was a 

complex system and behaved unexpectedly.  

5.3.1 Initial investigation 

As discussed in Chapter 1, Section 1.8, several authors have looked at the enrichment of OO 

with bioactive olive phenolics from the waste products such as olive leaves, pomace, and 

wastewater, with olive pomace being the most common. At present, there are no studies 

investigating the use of almond flour/meal as a source of β-glucosidase to hydrolyse 

oleuropein present in OLT to oleuropein aglycone for enrichment purposes. Initial 

enrichment experiments used a low phenolic content oil (e.g., Pams) to easily measure the 

increase in phenolics after mass transfer had occurred. The experimental set up followed 

the methods described in Chapter 2, Section 2.10.2.1, with the use of OLT3-2-23, almond 

flour and were left in an incubator for 30 minutes, with vortex mixing every 5 minutes for 

30 seconds (the final method described in Chapter 2 had an incubation time of 10 minutes 
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as this was determined to be more favourable in later experiments, Section 5.4.2). The 

results are summarised in Table 5.5. Firstly, the hydrolysis of oleuropein in OLT to its 

respective aglycone occurred (−322 mg/kg). Conversely, the concentration of oleuropein 

aglycone measured in the oil after enrichment was small (0.3 mg/kg), with a higher 

concentration measured in the aqueous portion of the sample (9 mg/kg). This was 

unforeseen as the hydrolysis of oleuropein results in the removal of the polar glucose 

moiety making oleuropein aglycone hydrophobic.38,39 This was problematic for achieving 

the research aims. It was hypothesised that an enriched product could be developed due to 

the aglycones higher oil solubility. Thus, the direction of the project changed, and 

investigations were focused around trying to understand the mass transfer of oleuropein 

aglycone into OO by altering various experimental parameters (discussed below). 

Table 5.5. Change in target analyte concentration in OLT and oil before and after 
enzymatic hydrolysis using almond flour. Results are presented as the average of 
duplicate samples ± SD (n = 2).   

Analyte OLT3-2-23 Oil  

 Control 
After 

conversion 
Control 

After 
conversion 

  mg/kg  Δ mg/kg mg/kg Δ mg/kg 

Oleuropein 341.4 ± 5.8 −322 ± 2 <LOD <LOD 

Ligstroside 63.9 ± 9.4 <LOD <LOD <LOD 

Oleuropein aglycone 12.8 ± 0.9 −4.3 ± 0.2 0.9 ± 0.1 0.25 ± 0.01 

Oleacein 149.7 ± 4.5 −142.3 ± 0.3 0.4 ± 0.1 <LOD 

Oleocanthal 10.3 ± 0.3 <LOD 1.5 ± 0.3 <LOD 

Hydroxytyrosol 949 ± 6 −113 ± 70 0.22 ± 0.02 0.8 ± 0.3 

Tyrosol 27.7 ± 1.8 −4.1 ± 0.2 <LOD <LOD 

Elenolic acid 472.2 ± 6.4 −400 ± 4 1.9 ± 0.1 <LOD 

5.3.2 Increasing the concentration of oleuropein in OLT and changing the 

source of enzyme to almond milk  

It is possible that the concentration of the oleuropein (341 mg/kg) in OLT used in the initial 

experiment (Section 5.3.1) was not concentrated enough, resulting in a smaller amount of 

oleuropein aglycone. To end up with a higher concentration of oleuropein aglycone, 
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OLT15-2-23 with a higher concentration of oleuropein (3668 mg/kg) was investigated. It 

was also possible that the small amount of oleuropein aglycone formed from OLT3-2-23 

was establishing a favourable interaction with the lipids present on the surface of the 

almond flour hindering the mass transfer into the oil. It is known that almonds are made up 

of lipids (around 50%), proteins (around 25%) and carbohydrates (around 20%),289 hence a 

different source of enzyme was investigated; almond milk. The use of almond milk should 

reduce the amount of particulate matter present in the enrichment experiments. The 

experiments using almond milk were carried out following methods described in Chapter 2, 

Section 2.10.2.1; with incubation for 30 minutes and vortex mixing every 5 minutes for 30 

seconds. Preliminary results are summarised in Table 5.6. Almond milk as the source of 

enzyme increased the concentration of oleuropein aglycone in the oil (6.5 mg/kg) using 

OLT15-2-23 compared to only 0.2 mg/kg using OLT3-2-23. This was likely influenced by the 

starting oleuropein concentration. To confirm that almond flour as a source of enzyme was 

influencing the transfer of the aglycone, it was substituted for the almond milk in a reaction 

using OLT15-2-23; this resulted in an aglycone concentration <LOD. Increasing the 

oleuropein content in the OLT and changing the source of enzyme did achieve a higher 

concentration of oleuropein aglycone in the oil, however the amount was still below 

desirable levels (250 mg/kg). Therefore, other experimental parameters (discussed below) 

were investigated with the use of OLT15-2-23 and almond milk as a source of β-glucosidase.  

Table 5.6. Change in oleuropein aglycone concentration in oil using different OLTs and 
almond milk and almond flour as the source of enzyme (n = 1)*. 

Analyte Control oil* OLT15-2-23 OLT3-2-23 OLT15-2-23 

  Almond milk Almond flour  

 mg/kg Δ mg/kg 

Oleuropein 
aglycone 

0.8 ± 0.1 6.5 0.2 <LOD 

*Control oil is n = 2. 
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5.3.3 Increasing the volume of oil and changing the type of mixing  

There were several possibilities as to why the concentration of oleuropein aglycone was low 

(6.5 mg/kg, Section 5.3.2); the oil was possibly saturated with aglycone and/or the level of 

emulsification to facilitate mass transfer was poor. Two experiments were set up to 

investigate these potential influences – doubling the amount of oil and generate a more 

stable emulsion through different types of mixing. Emulsions are complex systems 

comprising of two or more liquids with one being dispersed in the other.290,291 They are 

considered a thermodynamically unstable system because of the positive free energy 

needed to increase the surface area between the oil and water phase.292 As a result, 

emulsions tend to separate into a system that consists of a layer of oil (lower density) on 

top of a layer of water (higher density) over time.292 This was observed in previous 

enrichment experiments using a vortex; initially an emulsion was formed but after a few 

minutes phase separation occurred between the OLT and oil. To form emulsions that are 

kinetically stable for a longer period of time, chemical substances known as emulsifiers can 

be added before thorough homogenisation.292 Emulsifiers are surface-active compounds 

that adsorb to the surface of freshly formed droplets during homogenisation, forming a 

protective ‘membrane’ that prevents the droplets from coming close enough together to 

aggregate.292 In this research, an Eppendorf ThermoMixer® C (dry block for heating, cooling, 

and mixing) and a laboratory homogeniser (LabServ) were investigated to generate a more 

thorough emulsion. The methods used are described in Chapter 2, Section 2.10.2.1, with 

vortex mixing every 5 minutes for 30 seconds and an incubation period of 30 minutes; the 

experiment using the homogeniser was scaled 20-fold as samples needed to be >20 mL.  

The results of increasing the oil volume and changing the mixing type are summarised in 

Table 5.7. Altering these experimental parameters did not increase the oleuropein aglycone 

concentration in the oil which ranged between 6.3 and 6.5 mg/kg. The results suggest the 

original volume of oil (550 µL or 0.5 g based on the density of OO) was not saturated with 

aglycone and preventing mass transfer. This is not unexpected as the concentration of 

aglycone in EVOO can be high with one study reporting values ranging between 39.5 and 
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1785.9 mg/kg.92 The homogeniser generated a more stable emulsion compared to the 

other mixing types but samples using this technique did not have any further increase in 

aglycone concentration. Since the homogeniser required a larger sample size, the mixing 

type in subsequent experiments were undertaken using an Eppendorf ThermoMixer® C. 

Interestingly, the use of almond milk with these new mixing techniques resulted in a more 

stable emulsion. Almonds contain 16-22% protein on a dry weight basis with many 

functional attributes of almonds linked to these proteins.293,294 It has been reported by Sze-

Tao et al. (2000)295 that almond protein isolate (API) has good emulsifying properties.295 

Almond proteins contain one major and several minor proteins that are water soluble295 so 

it is plausible they are present in the almond milk produced. Thus, generating a more stable 

emulsion with homogenisation.  

Table 5.7. Change in oleuropein aglycone concentration by increasing oil volume (shown 
in grams)* and changing the mixing type. Results are presented as the average of 
duplicate samples ± SD (n = 2).  

*Mass of oil added (g) is given in the parentheses where 0.5 g = 550 µL based on OO density.  

5.4 Analyte behaviour using almond milk as the source of enzyme 

This section will further investigate almond milk as a source of β-glucosidase; the unusual 

phenomena occurring and the influence of temperature on hydrolysis to gain a better 

understanding of this new source of enzyme.  

5.4.1 Presence of oleuropein aglycone in the aqueous portion 

In previous experiments, almond milk as a source of β-glucosidase resulted in oleuropein 

aglycone being quantified in the aqueous portion, e.g., 98 ± 0.8 mg/kg (n = 2). This was an 

unexpected phenomenon as oleuropein aglycone is hydrophobic. Thus, this was 

Analyte  Type of mixing and amount of OO added (g)* 

 Control Vortex (0.5) ThermoMixer (1.0) Homogeniser (1.0) 

 mg/kg Δ mg/kg 

Oleuropein 
aglycone 

0.81 ± 0.04 6.49 ± 0.03 6.50 ± 0.05 6.26 ± 0.03 
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investigated following the methods described in Chapter 2, Section 2.10.2 using 40 °C for 

incubation. The amount of oleuropein hydrolysed and the aglycone quantified in the 

aqueous portion using the different sources of enzyme (almond milk and almond flour) are 

summarised in Table 5.8. Firstly, the amount of oleuropein hydrolysed in OLT using the two 

sources of enzyme were similar with a percentage difference of 8.5%. Corroborating earlier 

results, oleuropein aglycone was quantified in the aqueous portion of both samples. 

Almond milk as the source of enzyme achieved the highest concentration of aglycone 

(545 mg/kg) compared to almond flour (235 mg/kg). Considering oleuropein aglycone is 

hydrophobic, its presence in an aqueous matrix was unexpected. There are currently no 

studies in literature that corroborate the results achieved. Criado-Navarro et al. (2022)296 

investigated the partition of bioactive compounds in two olive cultivars during EVOO 

extraction. In both instances, a minimal amount of oleuropein aglycone was measured in 

the wastewater and olive pomace compared to EVOO. In Chapter 4, Section 4.3.2 and 4.4.2, 

oleuropein aglycone was also quantified in OLT but in lower amounts (<26 mg/kg). This was 

attributed to the additional matrix components extracted from olive leaf material modifying 

the chemical composition of OLT. Furthermore, the results of this section suggest that the 

addition of almond milk further modifies the aqueous matrix allowing oil soluble non-polar 

analytes such as oleuropein aglycone to favour this region in much higher concentrations. 

Table 5.8. Change in oleuropein and oleuropein aglycone concentration in OLT using 
almond flour/meal versus almond milk as the source of enzyme. Results are presented as 
the average of duplicate samples ± SD (n = 2). 

Analyte Control OLT Utilising almond 
flour 

Utilising almond 
milk 

 mg/kg  Δ mg/kg 

Oleuropein 3897 ± 84 −1442 ± 92 −1222 ± 157 

Oleuropein aglycone 16 ± 1 219 ± 5 529 ± 13 

  

5.4.2 β-glucosidase activity in almond milk at different temperatures 

Given the possibility to quantify oleuropein aglycone in the aqueous portion with the use 

of almond milk as a source of β-glucosidase. It was possible to investigate the hydrolysis of 
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oleuropein and the formation of oleuropein aglycone at different temperatures (30, 40, 50 

and 60 °C). It was important to understand the optimal hydrolysis and formation 

temperature of these analytes for commercial benefit when carrying out enrichment 

experiments using almond milk as the source of enzyme. The methods used are described 

in Chapter 2, Section 2.10.3.  

Oleuropein and ligstroside 

Figure 5.3 reveals the decrease in oleuropein, ligstroside and increase in glucose 

concentrations at different temperatures. The initial concentrations of oleuropein and 

ligstroside in the OLT were 3761 and 623 mg/kg, respectively. Hydrolysis at a temperature 

of 60 and 50 °C were more favourable with 60 °C resulting in the largest decrease for 

oleuropein and ligstroside (3175 and 561 mg/kg, respectively) after 120 minutes (2 hours). 

Conversely, 30 °C was the least favourable temperature for hydrolysis, resulting in the 

smallest decreases; 1499 and 331 mg/kg, respectively after 120 minutes. The BGM 

qualitatively confirmed the results obtained by LC-QqQ-MS/MS where 60 °C resulted in the 

highest glucose concentration (4 mmol/L) and 30 °C resulted in the lowest (1 mmol/L). 

Generally, glycosides such as oleuropein are more stable than their respective aglycones 

but readily degrade through enzymatic hydrolysis at elevated temperatures.34 However, a 

favourable temperature of 60 °C was unexpected. A study by Hati et al. (2021)277 reported 

an optimum temperature of 30 °C for purchased almond β-glucosidase (Merck) to bio-

transform isoflavones in soy milk. Aside from β-glucosidase in almonds, studies using 

endogenous β-glucosidase from soy have revealed a variety of optimal temperatures. 

Matsuura et al. (1993)297 reported maximum activity at 45 °C with inactivation at 60 °C 

where the optimal pH was between 5.0 and 7.0. Lopes Barbosa et al. (2006)298 studied the 

influence of temperature and pH on the production of soy aglycone isoflavones. They 

reported an optimal temperature of 45 °C and deactivation at 60 °C with an optimal pH 

between 4.5 and 5.5. Conversely, Bau et al. (2015)299 and Sanches de Lima et al. (2014)300 

reported higher optimal activities at temperatures of 50 and 55 °C for enzymatic hydrolysis 

of glycosylated isoflavones in soy. The latter study also reported that higher temperatures 
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produced greater quantities of the isoflavone aglycones, which is contradictory to results 

obtained in this research. It is interesting to note that the optimal pH in the studies 

discussed are within range of teas used in the research, an average of 5 ± 0.2 (Chapter 2 

Section 2.7.1).  

 

 

 

Figure 5.3. The concentration of A) oleuropein, B) ligstroside and C) glucose versus time 
at 30 °C (blue square), 40 °C (green diamond), 50 °C (grey circle) and 60 °C (orange 
triangle) using almond milk as the enzymatic source. Results are presented as the average 
of duplicate samples ± SD (n = 2). Some error bars (± SD) are too small to be visible.  
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Oleuropein aglycone  

As discussed, high amounts of oleuropein aglycone could be measured in the aqueous 

portion using almond milk as the enzyme source. Hence, its formation was monitored under 

different temperatures (Figure 5.4). Up until 10 minutes, a temperature of 40 °C resulted in 

the highest amount of oleuropein aglycone (613 mg/kg). However, this was not the most 

effective temperature for oleuropein hydrolysis. There was also an increase in aglycone 

concentration up until 10 minutes at 50 and 60 °C. At 30 °C, there was a maximum increase 

up until 40 minutes (361 mg/kg). At this temperature, a slower increase was not unexpected 

as hydrolysis of oleuropein at 30 °C was slow. 

 

Figure 5.4. Concentration of oleuropein aglycone versus time at 30 °C (blue square), 40 °C 
(green diamond), 50 °C (grey circle), and 60 °C (orange triangle) using almond milk as the 
source of enzyme. Results are presented as the average of duplicate samples ± SD (n = 2). 
Some error bars (± SD) are too small to be visible. 
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corresponded to compounds with an o-diphenol group such as oleuropein aglycone. 

Ortho-diphenols are more reactive and can be easily converted to ortho-quinones through 

a radical reaction (Figure 5.5).302-304  

 

Figure 5.5. The structure of oleuropein aglycone with the presence of the ortho-diphenol 
group which can be easily converted to quinones through a radical reaction. 

 

Commercially, the results obtained are impractical. If wanting to achieve rapid hydrolysis of 

oleuropein, 60 °C is required but this temperature will also degrade the desired target 

analyte (oleuropein aglycone) required for OO enrichment. As a result, future enrichment 

experiments should be carried out at 40 °C within 10 minutes to achieve higher amounts of 

oleuropein aglycone and avoid degradation before mass transfer has taken place. 

Other target analytes  

The concentration of hydroxytyrosol (Figure 5.6 A) and tyrosol (Figure 5.6 B) increased 

under all temperatures, while elenolic acid (Figure 5.6 C) increased then remained stable or 

decreased. Oleacein and oleocanthal were <LOD. For the quantified analytes, there was no 

trend observed between formation at different temperatures. The increase was expected 

for hydroxytyrosol and elenolic acid as its precursor, oleuropein aglycone, degraded at all 

temperatures. It is also likely the precursor for tyrosol (ligstroside aglycone, not quantified 

in this research) degraded at all temperatures hence the increase in tyrosol. 
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Figure 5.6. Concentration of A) hydroxytyrosol, B) tyrosol and C) elenolic acid versus time 
at 30 °C (blue square), 40 °C (green diamond), 50 °C (grey circle) and 60 °C (orange 
triangle) using almond milk as the enzymatic source. Results are presented as the average 
of duplicate samples ± SD (n = 2). Some error bars (± SD) are too small to be visible. 
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the β-glucosidase in OLT samples was inactivated with MeOH in a 1:1 ratio, the stability of 

oleuropein aglycone would be in 50% MeOH OLT. At present there is no literature on the 

stability of oleuropein aglycone in MeOH OLT as it has never been quantified in this matrix.  

Half-lives of oleuropein aglycone 

An initial experiment (n = 2) was conducted and the OLT was periodically sub-sampled up 

until 40 minutes. Heating at 60 °C resulted in quick degradation of oleuropein aglycone 

(455 mg/kg) compared to 40 and 30 °C, decreasing 151 and 84 mg/kg, respectively (Figure 

5.7).  

 

Figure 5.7. Degradation of oleuropein aglycone in 50% MeOH OLT at 30 °C (blue square), 
40 °C (green diamond) and 60 °C (orange triangle). Results are presented as the average 
of duplicate samples ± SD (n = 2). Some error bars (± SD) are too small to be visible. 
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In second-order reactions, the rate depends on the concentration of the reactants, with the 

half-life being inversely proportional to these concentrations. A plot that describes a 

particular order properly will be linear when the data is fitted. The initial experiment carried 

out for 40 minutes at 60 °C showed first-order reaction kinetics for oleuropein aglycone. 

However, degradation at 40 and 30 °C showed zero-order and second-order kinetics, 

respectively. It is unlikely the same analyte would have different reaction orders under 

different temperature conditions within the same experiment. Hence, the latter two 

temperature experiments were repeated, however time points were taken until 

300 minutes (n = 2). These results highlight the importance of using data from samples that 

have achieved 80% or higher loss for identifying the reaction order to avoid 

misinterpretation.305 After increasing the reaction time, degradation of oleuropein aglycone 

at 30, 40, and 60 °C showed linearity for the first-order plots, and deviation from linearity 

for the second-order and zero-order plots; an example of the three plots for oleuropein 

aglycone at 60 °C are shown in Figure 5.8. At 30 °C, 80% or higher loss of oleuropein 

aglycone (loss of 56%) was not achieved due to a slower reaction; however, the kinetic plot 

still showed linearity for first-order degradation, so a half-life was determined. The 

disappearance of oleuropein aglycone in 50% MeOH OLT at 30, 40 and 60 °C were treated 

as first-order reactions and calculated using Equation 5.3 and Equation 5.4: 

 
𝑑[𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛 𝑎𝑔𝑙𝑦𝑐𝑜𝑛𝑒]

𝑑𝑡
= −𝑘[𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛 𝑎𝑔𝑙𝑦𝑐𝑜𝑛𝑒] Equation 5.3  

The equation was integrated to give:  

 ln[𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛 𝑎𝑔𝑙𝑦𝑐𝑜𝑛𝑒] = −𝑘𝑡 + ln[𝑜𝑙𝑒𝑢𝑟𝑜𝑝𝑒𝑖𝑛 𝑎𝑔𝑙𝑦𝑐𝑜𝑛𝑒]0 Equation 5.4  

A plot of ln[oleuropein aglycone] vs. time gave a slope equal to −k, where k is the first-order 

rate constant for the disappearance of oleuropein aglycone and the intercept of the 

equation is equal to [oleuropein aglycone]0. Using Equation 5.5, the half-lives of oleuropein 

aglycone in 50% MeOH OLT at 30, 40 and 60 °C were calculated:  
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 𝑡1
2

=
0.693

𝑘
 Equation 5.5  

 

 

 

 

Figure 5.8. Reaction order plots for oleuropein aglycone in 50% MeOH OLT stored at 60 °C. 
The Zero-order (A. [oleuropein aglycone (OA)] (mg/kg) vs. time), first-order (B. 
ln[oleuropein aglycone] vs. time) and second-order (C. 1/[oleuropein aglycone] vs. time) 
plots with zero and second-order plots deviating from linearity 
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was a percentage difference of 176% between the half-lives calculated at 30 and 60 °C 

suggesting there is a large variation in aglycone stability. In the literature, there are no 

studies analysing oleuropein aglycone stability in an aqueous media with MeOH. However, 

studies have been conducted on its precursor; oleuropein. Malik et al. (2008)262 investigated 

oleuropein stability in olive leaf extracts and reported a higher stability in MeOH compared 

to water. This suggests oleuropein aglycone may have a shorter half-live without the 

presence of MeOH. In an oil matrix, Lozano-Sánchez et al. (2013)306 reported an oleuropein 

aglycone half-life of 405 days at 25 °C. This suggests the aglycone is far more stable when 

present in oil. The results achieved corroborate results in Section 5.4.2; oleuropein aglycone 

in an aqueous matrix is unstable and transfer into oil needs to occur quickly (within 

10 minutes) to avoid degradation of the forming aglycone. 

Table 5.9. Initial and final concentration (mg/kg), rate constant (k) and calculated half-life 
period (t1/2) of oleuropein aglycone content lost in 50% MeOH OLT samples at 30, 40 and 
60 °C. Concentration results are presented as the average of duplicate samples ± SD 
(n = 2). 

Temperature (°C) 
Oleuropein aglycone 

concentration (n = 2, mg/kg) 
Kinetic parameters for oleuropein 

aglycone 

 Initial (0 min) Final* k (minutes-1) T1/2 (minutes) 

30 451± 7 200 ± 6 0.003 256 

40 353 ± 5 67.1 ± 0.2 0.006 125 

60 550 ± 7 95 ± 1 0.044 16 

*Experiments at 40 and 30 °C were conducted for 300 minutes and the experiment at 60 °C 
was conducted for 40 minutes.  

5.5 Investigating the mass transfer of oleuropein aglycone in an 

emulsion 

Changing various experimental parameters in Section 5.3 did not result in aglycone 

concentrations at or above the health claim (250 mg/kg). It was also determined (Section 

5.4) that oleuropein aglycone was unstable in the aqueous portion, thus enrichment 

experiments would need to be conducted for a shorter time (10 minutes) compared to 

previous experiments (30 minutes). This section considers the above results and further 
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investigates why the mass transfer of oil soluble aglycone was insufficient through changing 

the phenolic content of OO and altering the composition of the emulsion through salting 

and sugaring out.  

5.5.1 Influence of phenolic content in olive oils  

As discussed in Section 5.3.3, emulsions were formed when mixing almond milk, OLT and 

OO. Whether two immiscible layers form a stable emulsion is related to surface active 

compounds (emulsifiers) as these determine the interfacial tension.307 Interfacial tension is 

the force acting between two different liquids; a higher interfacial tension means both 

liquids tend to separate into two phases.307,308 Thus, decreasing the interfacial tension is 

essential to create a stable emulsion and better mass transfer.307 There are various ways to 

reduce interfacial tension; Gmach et al. (2019)309 revealed that interfacial tension increased 

in the order of corn oil, peanut oil, sunflower oil and rapeseed oil. This observation was 

attributed to the fatty acid composition of the oils. However, fatty acid composition may 

not be the only factor determining the interfacial tension. Depending on the oil type 

(vegetable/seed) and production process, composition can vary (e.g., phenolic compounds). 

These compounds can be surface-active (surfactants) and have the capacity to adsorb to 

liquid interfaces, lowering the interfacial tension between the two liquids.308,310-313 Some 

studies have focused on surface-active compounds affecting the interfacial tension 

between vegetable oils and an aqueous phase.309,314,315 A study by Dopierala et al. (2011)316 

investigated OO. The interfacial tension of six EVOOs varied, this was attributed to the 

difference in composition originating from chemical reactions (hydrolysis, oxidation) and 

the presence of different minor constituents as a result of oil processing, cultivar type and 

storage. 

These considerations were applied to an experiment in this research following methods 

described in Chapter 2, Section 2.10.2.1 with incubation at 40 °C, use of OLT15-2-23 and 

almond milk as the source of enzyme. Refined OO, such as Pams, had a lower phenolic 

content (<3 mg/kg) compared to EVOO. The higher phenolic content of EVOOs may 

decrease the interfacial tension, increasing mass transfer of oleuropein aglycone. Two 
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EVOOs were selected based on total phenolic content; The Olive Press – Picholine and 

Frantoio had a phenolic content of 23 and 118 mg/kg, respectively. The results are 

summarised in Table 5.10. Increasing the phenolic content of oil resulted in no further 

increase in the concentration of oleuropein aglycone compared to using Pams oil (6.6-

6.3 mg/kg; Section 5.3.3). The lower phenolic content oil (The Olive Press – Frantoio) 

resulted in an aglycone increase of 5.8 mg/kg. Conversely, in the higher phenolic content 

oil (The Olive Press – Picholine), the concentrations of all target analytes decreased during 

the enrichment process. This was not unexpected for the target analytes (excluding 

oleuropein aglycone) as they are known to be soluble in oil and water (Figure 5.1 in Section 

5.1). In future, measuring the fatty acid composition of these oils would be useful to 

compare interfacial tension and a possible correlation in mass transfer. 

Table 5.10. Change in target analyte concentration in high and low phenolic content oils 
and the aqueous portion after the enrichment process. Results are presented as the 
average of duplicate samples ± SD (n = 2). 

Analyte Control oils Enriched oils 

 High content◊ Low content† High content◊ Low content† 

  mg/kg Δ mg/kg 

Oleuropein <LOD <LOD <LOD <LOD 

Ligstroside <LOD <LOD <LOD <LOD 

Oleuropein aglycone 73.8 ± 3.1 8.1 ± 0.2 −36.9 ± 0.7 5.8 ± 1.8 

Oleacein 14.9 ± 1.0 0.3 ± 0.1 −10.2 ± 0.3 −0.2 ± 0.1 

Oleocanthal 18.8 ± 0.2 4.6 ± 0.1 −10.4 ± 0.2 −2.3 ± 0.1 

Hydroxytyrosol 8.7 ± 0.3 7.9 ± 0.2 −7.8 ± 0.2 −6.9 ± 0.04  

Tyrosol 1.6 ± 0.1 2.7 ± 1 <LOD <LOD 

Elenolic acid 61 ± 1 124 ± 1 −46.3 ± 1.2 −109 ± 1 

 Aqueous portion 

 High content Low content 

Oleuropein aglycone 226 ± 10 187 ± 7 

◊The Olive Press – Picholine; †The Olive Press – Frantoio.  

In the same experiments, high amounts of the aglycone (187-226 mg/kg) were present in 

the aqueous portion even with the presence of oil (Table 5.10). As briefly mentioned in 

Section 5.4.1, the addition of almond milk likely modifies the aqueous portion resulting in 
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minimal transfer of aglycone to the oil present. There are several plausible explanations as 

to why this is occurring. Secoiridoids such as oleuropein aglycone have antioxidant 

properties317 and it is known that antioxidant behaviour is more complex in emulsions than 

in bulk oils.318,319 In an emulsion, the oil-water interface is where emulsifiers and other 

surface-active compounds such as phenolics are located. The compounds will then partition 

themselves among the three different layers of the emulsion (dispersed phase, interface 

and continuous phase) according to their solubility and surface activity which is determined 

by their chemical structures and polarity.319,320 However, the “polar paradox theory” was 

proposed.319,321 According to this theory, less polar/non-polar compounds are more 

effective in emulsions due to their greater affinity for the oil-water interface. On the 

contrary, more polar antioxidants are less effective because they are predominantly 

dissolved in the aqueous phase.318,319,322 The order of polarity for olive phenolics based on 

the partition coefficient between n-octanol and water (logKow) was determined by Gordon 

et al. (2001);323 hydroxytyrosol > oleuropein > oleacein > oleuropein aglycone.318,323 With 

regards to the polar paradox theory, the low polarity of oleuropein aglycone may explain 

why it is not present in the bulk oil layer, possibly concentrating at the oil-water interface 

after centrifuging. 

However, in the last ten years, new evidence from more comprehensive assessments have 

emerged that contradict the polar paradox theory where more complex factors in addition 

to polarity must be taken into account to explain antioxidant efficacy.319,324 One factor of 

interest is the effect of the quantity and type of emulsifier in a heterogeneous system. This 

can drastically change the behaviour of antioxidant compounds, altering the 

polarity-effectiveness relationship proposed in the theory.319 The effect of the emulsifier on 

antioxidant activity is mostly through modification of antioxidant distribution in the 

emulsified medium.319 The emulsifier saturates the interfacial membrane, thus leaving less 

interfacial area available for antioxidants. In other words, emulsifiers compete with 

antioxidants for localisation at the interface. Moreover, emulsifiers in high quantities 

(above the critical micelle concentration) form thermodynamically stable structures known 

as micelles.319 These self-assembled structures form because they minimise the contact 



Chapter 5: Enrichment of Olive Oil with Oleuropein Aglycone using Olive Leaf Tea 

143 

area between polar and non-polar regions of an emulsion.292 The surfactant (emulsifier) 

compounds arrange themselves so that the nonpolar tails are located in the interior (away 

from the water) and the hydrophilic head groups are located at the surface (in contact with 

the water) (Figure 5.9).292 It is possible the emulsion generated with almond milk as the 

source of enzyme resulted in micelle formation. The micelles are capable of solubilising 

nonpolar molecules such as antioxidants into their hydrophobic cores and can transfer them 

into the water phase.292,319 As a result, the concentration of normally insoluble or slightly 

soluble nonpolar molecules tends to increase in the aqueous phase.292,325 This mechanism 

could explain why hydrophobic oleuropein aglycone was quantified in the aqueous portion 

of experiments as the thermodynamically stable micelles would prevent mass transfer into 

the oil.  

 

Figure 5.9. Schematic diagram of a micelle. Adapted from Mhlwatika et al. (2018).326 

 

5.5.2 Filtering the aqueous portion  

Filtering the aqueous portion of samples was carried out to determine if this would reduce 

the concentration of oleuropein aglycone present. It is possible the aglycone was absorbing 

to the particulate matter present in the aqueous portion of enrichment experiments 

resulting in poor mass transfer. Two filter pore sizes were used (0.45 and 0.20 µm) and 
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samples were filtered following methods described in Chapter 2, Section 2.10.2.2 using 

40 °C incubation, OLT15-2-34 and almond milk as the source of enzyme. The results are 

summarised in Table 5.11. When considering the experimental error, there is no difference 

in oleuropein aglycone concentration between the samples. The typical size of a micelle is 

between 10 and 100 nm.327 As a result, they would be capable of moving through the filter 

pore sizes used. With filtration having removed particulate matter, it is plausible there is 

some kind of stable structure such as a micelle existing in the aqueous portion of samples.  

Table 5.11. The concentration of oleuropein aglycone measured in the aqueous portion 
after no filtration and filtration with a 0.45 and 0.20 µm filter. Results are presented as 
the average of duplicate samples ± SD (n = 2). 

Analyte Not filtered  Filtered 

  0.45 µm 0.20 µm  

  mg/kg  

Oleuropein aglycone 454 ± 7 474 ± 26 459 ± 14 

 

5.5.3 Salting and sugaring out of the aqueous portion 

With the possibility of micelle formation, salting (NaCl) and sugaring out (glucose) of the 

aqueous portion was investigated in this research. These extractions are designed around 

a similar mechanism and will be discussed briefly. Salting out is where salt is added to an 

amphipathic solvent. The solvent is affected by the changes of salt-induced surface 

properties, electric charge and various forces such as hydrophobic, hydrogen and ionic 

bonds.328 Salting out is often used to enhance extractions into nonpolar immiscible organic 

solvents, where the solubility of a compound in water decreases with an increase in the 

concentration of salt.329 Sugaring out is the addition of a monomeric sugar or a disaccharide 

rather than salt.328,330 The sugaring out agents compete with the solute to attract water 

molecules and form a new phase desirable for lower polarity compounds, the sugars reside 

in the water phase allowing separation of analytes.328 The difference between salting and 

sugaring out is salt dissociates in water to form ions (sodium, Na+ and chloride, Cl-) whereas 

sugars are polar and do not dissociate. Investigating these extraction methods could 
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transfer more target analytes into the oil, particularly oleuropein aglycone. However, 

considerations need to be made when utilising salt and sugar. The addition of high amounts 

may critically affect the solubility, binding, stability and the biological activities of enzymes,  

possibly leading to deactivation.331,332 This occurs due to changes in water activity; salt ions 

and glucose molecules are known to disrupt the local water structure, diminishing the 

number of intermolecular hydrogen bonds which ultimately prevents the hydration of the 

enzyme.333,334 Enzymes such as the β-glucosidase require a certain level of water in their 

structures to maintain their natural conformation, delivering their full functionality.335 To 

confirm the addition of salt and glucose was not going to drastically reduce the water 

activity (1.0 being pure water and 0.0 being pure anhydrous) it was measured in this 

research (Chapter 2, Section 2.10.2.3). The water activity (aw) for saturated NaCl and glucose 

OLT solutions at 22 °C were 0.75305 ± 0.0002 and 0.9127 ± 0.004, respectively. Some 

enzymes are more resistant to lower water activities; however, enzyme activity is virtually 

non-existent between aw of 0.0 and 0.25. Enzyme activity increases gradually between aw 

of 0.3 and 0.75, then increases rapidly in the loosely bound water (aw 0.75 to 1.0).336 Thus, 

the water activity was still high enough to delivery full enzymatic functionality. 

In the experiments carried out, low and high phenolic content oils were used (Pams and The 

Olive Press – Picholine, respectively). Samples in the first experiment had “no treatment” 

of salt or glucose and differed by addition of oil pre- and post-incubation. Samples in the 

second experiment were “treated” with the addition of NaCl and glucose. Details on 

experimental methods are described in Chapter 2, Section 2.10.2.3, using 40 °C incubation, 

OLT15-2-23 and almond milk as the source of β-glucosidase. It should be noted that the 

aqueous portion of salting and sugaring out experiments could not be analysed due to the 

precipitate present in the saturated solutions. For example, precipitated salts can 

accumulate or deposit within the interior parts of the mass spectrometer such as the 

skimmer cones.337 This can interfere with the ionisation of analytes and reduce the amount 

of ions reaching the mass spectrometers subsequently reducing the intensity measured.337 
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The results of these experiments are summarised in Table 5.12. “No treatment” samples 

with low content oil added pre-incubation and post-incubation had a similar concentration 

of oleuropein aglycone, 14 mg/kg and 12 mg/kg, respectively. The amount of aglycone 

obtained in no treatment samples was the highest achieved compared to earlier results 

(6.3-6.6 mg/kg, Section 5.3.3). This likely relates to the period left in incubation; previous 

experiments were left for >30 minutes whereas these experiments were reduced to 10 

minutes based on results in Section 5.4. 
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Table 5.12. Change in target analyte concentration in high and low phenolic OOs with no treatment (addition of oil pre- and 
post-incubation) and treatment (addition of NaCl and glucose). Results are presented as the average of duplicate samples ± SD (n = 2)*. 

Analyte Control oils* No treatment Treatment 

 Low content◊ Pre-incubation Post-intubation  NaCl glucose 

  mg/kg Δ mg/kg 

Oleuropein <LOD <LOD <LOD <LOQ <LOD 

Ligstroside <LOD <LOD <LOD <LOD <LOD 

Oleuropein aglycone 0.8 13.532 ± 0.004 11.8 ± 0.3 30 ± 1 11.2 ± 0.1 

Oleacein 0.3 <LOD <LOD <LOQ <LOD 

Oleocanthal 1.2 <LOD <LOQ −0.721 ± 0.001 <LOQ 

Hydroxytyrosol <LOD 0.90 ± 0.01 1.3 ± 0.2 2.8 ± 0.1 0.674 ± 0.001 

Tyrosol <LOD <LOD <LOD 1.6 ± 0.2 <LOD 

Elenolic acid 2.0 1.78 ± 0.01 1.5 ± 0.1 5.1 ± 0.2 1.1 ± 0.1 

 High content†     

Oleuropein <LOD <LOD <LOD <LOD <LOD 

Ligstroside <LOD <LOD <LOD <LOD <LOD 

Oleuropein aglycone 67.6 −33.4 ± 0.1 −29.3 ± 0.4 0.5 ± 2.0 −32 ± 0.7 

Oleacein 10.8 −5.531 ± 0.003 −3.49 ± 0.04 −3.0 ± 0.1 −5.3 ± 0.3 

Oleocanthal 12.1 −4.5 ± 0.1 −2.2 ± 0.1 −1.0 ± 0.5 −5.1 ± 0.3 

Hydroxytyrosol 8.9 −7.918 ± 0.002 −7.93 ± 0.02 −6.4 ± 0.1 −8.15 ± 0.03 

Tyrosol 2.2 <LOD <LOD −0.6 ± 0.2 <LOD 

Elenolic acid 55.3 −39.7 ± 0.2 −38.2 ± 0.4 −3.7 ± 0.1 −41.6 ± 0.5 

*Control oils n = 1; ◊Pams OO; †The Olive Press – Picholine EVOO.
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“No treatment” samples with high phenolic content oils had a decrease in the oleuropein 

aglycone concentration; similar decreases were experienced for the oil added pre-

incubation (33 mg/kg) and post-incubation (29 mg/kg). The decreases observed could be 

linked to similar mechanisms seen during OO production. Ideally malaxing temperatures 

and times should range between 25-30 °C and 30-45 minutes, respectively.338-341 These 

temperature conditions are much lower compared to enrichment experiments in this 

research where oils are exposed to temperatures of 40 or 60 °C. Olmo-Cunillera et al. 

(2021)342 reported a decreasing concentration of oleuropein aglycone with increasing 

malaxing temperature (20-30 °C) and time (30 versus 45 minutes). These results were 

corroborated by Lukić et al. (2018)343 and Gómez-Rico et al. (2009).344 Conversely, Taticchi 

et al. (2013)345 reported oleuropein aglycone concentration was highest at a temperature 

of 35 °C compared to 20 °C for a time of 40 minutes. The discrepancies between studies 

could relate to variety, ripening index of fruit, activity of oxidoreductases (polyphenol 

oxidase and peroxidase) and variation in hydrolytic enzymes (β-glucosidase) reacting 

differently to malaxation conditions.342,343,346  

Conversely, low phenolic content oil treated with salt had the highest concentration of 

oleuropein aglycone achieved thus far (30 mg/kg); equivalating to a 3650% increase 

compared to the control oil. With regards to high phenolic content oil, no decrease in 

aglycone was observed as experienced previously (Section 5.5.1). The increase in 

concentration observed with the addition of salt again supports the idea of micelle 

formation within the system. Several studies have investigated the effect of salting out on 

the formation of emulsions, interfacial tension and micellisation (formation of micelles). In 

an emulsion, water segregation is increased as salinity is increased. As a result, the ability 

of the surfactants (emulsifiers) to create and stabilise the emulsion are decreased due to 

the mobilisation of surfactant compounds to the oil phase (salting out effect).347-349 Since 

NaCl is considered a water-structure maker, its presence means ions in the aqueous phase 

(such as OLT) become more uniform. As a result, they compete for the water molecules 

associated with micelle formation which promotes micelle dehydration by interfering with 

the hydration of the surfactant head groups. Micelles can then approach each other more 
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easily, leading to aggregation, ensuing a phase separation as NaCl has no effect in the 

oil.347,350 This phenomenon may explain why the mass transfer of aglycone was higher in 

the presence of salt. Contradicting salting out results, sugaring out did not result in the same 

increases in oleuropein aglycone concentration. Low phenolic content oil had an increase 

of 11 mg/kg whereas the high phenolic content oil experienced a decrease of 32 mg/kg. 

Additional glucose to the system may have had minimal effect on the matrix composition 

compared to salt.  

With regards to other target analytes, no treatment low phenolic content oil added pre- 

and post-incubation had an increase in the concentration of hydroxytyrosol (0.9 and 

1.3 mg/kg) and elenolic acid (1.8 and 1.5 mg/kg) but no increase in tyrosol, oleacein and 

oleocanthal. This may relate to the analyte concentrations quantified in the aqueous 

portion (Table 5.13) and their water/oil solubility. Prior to enzymatic hydrolysis, the 

aqueous portion had a higher concentration of hydroxytyrosol (775 mg/kg) compared to 

tyrosol (32 mg/kg) where elenolic acid had a concentration of 67 mg/kg. The concentration 

for oleocanthal and oleacein were <LOD. 

Table 5.13. Change in target analyte concentration in the aqueous portion of samples with 
no treatment (oil added pre- and post-incubation). Results are presented as the average 
of duplicate samples ± SD (n = 2). 

Analyte Control OLT Aqueous portion, no treatment 

  Low content oil◊ High content oil† 

  Pre Post Pre Post 

 mg/kg Δ mg/kg 

Oleuropein 3897 ± 84 −2547 ± 58 −2433 ± 12 −2350 ± 77 −2379 ± 29 

Ligstroside 589 ± 22 −405 ± 3 −372 ± 1 −383 ± 26 −392 ± 23 

Oleuropein aglycone 16 ± 1 272 ± 3 268 ± 6 385 ±17 441 ± 18 

Oleacein <LOD 2 ± 0.1 1.7 ± 0.1 22 ± 1 33 ± 3 

Oleocanthal <LOD <LOD <LOD <LOD <LOD 

Hydroxytyrosol 775 ± 1 248 ± 6 325 ± 31 382 ± 87 373 ± 32 

Tyrosol 32 ± 2 4 ± 2 5 ± 6 19 ± 2 14 ± 3 

Elenolic acid 67 ± 0.3 43 ± 2 76 ± 3 279 ± 28 301 ± 27 
◊Pams OO; †The Olive Press – Picholine EVOO 
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Salting out resulted in increased amounts of hydroxytyrosol, tyrosol and elenolic acid (2.8, 

1.6 and 5.1 mg/kg) except for oleacein (−0.5 mg/kg). Whereas sugaring out only resulted in 

an increase of hydroxytyrosol and elenolic acid (0.7 and 1.1 mg/kg). High phenolic content 

oil regardless of treatment type experienced a decrease in concentration even though 

increases were experienced in the aqueous portion. 

While the addition of salt increased the oleuropein aglycone concentration, the levels were 

low compared to some of the commercial EVOOs analysed in Chapter 4, Section 4.2.2 and 

were below the target of 250 mg/kg. However, similar results have been reported in 

previous enrichment studies. Sánchez de Medina et al. (2011)144 investigated the 

enrichment of edible oil with olive leaf extract and olive pomace. Enrichment of OO with 

leaf extracts did not increase the oleuropein aglycone content. However, their experiments 

did not add β-glucosidase to convert the oleuropein present. In the same study, 

hydroxytyrosol increased (4 mg/kg) but tyrosol did not, similar to the results achieved in 

this research. They also reported a higher concentration of oleacein with the addition of 

leaf extract (43 mg/kg) and a small increase in oleocanthal (5 mg/kg). Conversely, 

enrichment with olive pomace was more successful. Oleuropein aglycone had the highest 

transferred amount (36 mg/kg). However, this amount was still low compared to the 

concentration measured in the pomace prior to enrichment (372 mg/kg). Different oils such 

as refined soy oil and refined high-oleic sunflower oil enriched with olive pomace resulted 

in higher concentrations of oleuropein aglycone (56 and 41 mg/kg, respectively) and 

hydroxytyrosol (40 and 25 mg/kg, respectively). They suggested that the oleic acid content 

of oil was a factor in the amounts transferred; polar phenolic compounds such as 

hydroxytyrosol experienced a higher transfer to oils with a lower content of oleic acid and 

higher concentration of polyunsaturated acids. However, they observed no trend for 

oleuropein aglycone albeit transferred lowest in oils with a composition least similar to 

EVOO. Girón et al. (2009)351 investigated the dependence of fatty acid composition of edible 

oils on enrichment using an olive phenolic solution obtained from olive pomace. In the 

study, the distribution factor between the phenolic concentration in different oils (coconut, 

sunflower, high-oleic sunflower, linseed and orujo) and that in the other phase was 
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determined. The order established was deemed a function of polarity and molecular 

weight. High polarity, low molecular weight olive phenolics had a lower distribution factor 

where the presence of mono- and polyunsaturated fatty acids increased the distribution 

factor. However, the study claimed oleuropein aglycone (higher molecular weight) to be an 

exception, having a lower partition coefficient than expected regardless of oil type. In both 

studies, the interfacial tension was not considered. As discussed in Section 5.5.1, interfacial 

tension seems to be an important factor in the level of mass transfer that takes place. In 

future experiments, different edible oils should be investigated to determine their influence 

on the amount of oleuropein aglycone transferred. Overall, this research corroborates the 

above studies where oleuropein aglycone behaviour in an enrichment experiment is 

complex. As a result, the aims of transferring oleuropein aglycone into OOs to levels at or 

above the health claim (250 mg/kg) have been unsuccessful and the development of an 

enriched oil for commercial purposes needs to be investigated further. 

5.6 Summary of enrichment experiments 

The aims of this research were to investigate the use of almond flour/meal to enzymatically 

convert oleuropein to oil soluble oleuropein aglycone which could be later transferred into 

an OO. While the conversion of oleuropein with the β-glucosidase from almond flour/meal 

was successful, mass transfer of the resulting aglycone was unsuccessful. Based on the 

results of this chapter, enrichment experiments need to be conducted in a minimal amount 

of time as oleuropein aglycone is very unstable in the aqueous portion prior to transfer into 

the oil. The addition of salt achieved an aglycone concentration of 30 mg/kg which was still 

below the target concentration in this research (250 mg/kg). Thermodynamically stable 

micelle formation which can solubilise non-polar analytes such as oleuropein aglycone was 

a plausible explanation to the low amounts transferred into the oil. Therefore, the 

preparation of a tailor-made enriched OO with a high content of olive phenolics such as 

oleuropein aglycone is complex and would need to be investigated further. 
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CHAPTER 6 

Conclusion and Future Work 

6.1 Conclusion  

Olive oil is considered an excellent source of minor bioactive compounds such as oleuropein 

aglycone which is gaining increasing attention due to its biological properties. In the OO 

market, the concentration of bioactive compounds such as the aglycone can vary between 

batches of OO and some batches may contain bioactive compounds that are below the 

threshold which provides health benefits. This thesis presented the opportunity to explore 

the utilisation of oleuropein present in olive leaves to enhance the bioactive component of 

OO to produce a product with a high, consistent concentration of oleuropein aglycone. Olive 

leaves can be used to produce an OLT that contains high amounts of oleuropein glycoside 

which can be hydrolysed to oleuropein aglycone via an exogenous source of β-glucosidase; 

almond flour/meal (unexplored in literature). To better understand the OO market, analysis 

of commercial EVOOs was undertaken to later compare to enriched levels. The effect that 

drying olive leaves had on the phenolic composition of OLT and the stability of target 

analytes in the OLT were also briefly explored. However, most of the research focused on 

investigating the possibility to enrich OO with higher amounts of oleuropein aglycone from 

hydrolysis of oleuropein in OLT. A concentration above 250 mg/kg was the target as this 

would give certainty of health benefits to consumers.  

Optimisation and validation of the methods used in this research (LLE extraction and a 

LC-QqQ-MS/MS analysis method) was carried out to ensure that reliable results were 

produced (Chapter 3). All validation parameters of the methods were comparable to those 

in the literature and suitable for the quantification of target analytes in this research.  

In Chapter 4, the concentration of target analytes in EVOOs (n = 9) on the New Zealand 

market had large variation across all analytes, with none meeting the health claim level 

(250 mg/kg). It was also observed that oils with a lower cost had higher amounts of target 



Chapter 6: Conclusion and Future Work 

153 

analytes compared to more expensive oils, highlighting the uncertainty of quality in the 

market. Chapter 4 also explored the composition of OLT. The content of oleuropein in OLT 

from two different batches of leaves increased under different drying conditions in the 

order fresh<RT<70 °C while other target analytes tended to increase with drying at RT. 

However, the results also seemed to be dependent on the time leaves spent drying which 

can result in oxidation and endogenous enzyme activities. A stability experiment of OLT 

(−20, RT, 40 °C, 189 days) determined that the majority of target analytes were stable at 

−20 °C and RT, with precursors such as oleuropein and ligstroside degrading at 40 °C. 

Consequently, this resulted in an increase of their respective derivatives, where unstable 

derivatives such as oleocanthal and oleacein further degraded.  

In Chapter 5, almond flour/meal was an effective source of exogenous β-glucosidase. 

Almond meal hydrolysed oleuropein the quickest, with differences in rate likely attributed 

to prior processing of the almond. This research highlighted that the mass transfer of 

aglycone into the oil was complex. Changing the source of enzyme to almond milk, 

increasing the concentration of oleuropein in the OLT and changing the mixing type resulted 

in an aglycone concentration of 6 mg/kg in the oil. Unusually, almond milk as a source of 

β-glucosidase resulted in a considerable amount of hydrophobic oleuropein aglycone to be 

quantified in the aqueous portion of samples (the highest being 613 mg/kg). As a result, the 

use of this enzyme was explored further in an aqueous media; the optimal oleuropein 

hydrolysis temperature was 60 °C, while the optimal oleuropein aglycone formation was at 

40 °C. The half-life of aglycone in 50% MeOH/OLT was 16 minutes at 60 °C. The presence of 

aglycone in the aqueous portion and its short half-life was a plausible explanation to the 

poor mass transfer in initial experiments. Therefore, other experimental parameters were 

investigated. Decreasing the interfacial tension by changing the phenolic content of oil did 

not increase the aglycone measured in the oil with much larger amounts quantified in the 

aqueous portion. It was thought that the emulsion generated when using almond milk as 

the source of enzyme resulted in thermodynamically stable micelle formation which were 

capable of solubilising oleuropein aglycone into their hydrophobic cores. As a result, the 

concentration of aglycone increased in the aqueous phase, reducing the mass transfer into 
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the oil. Salting out the reaction resulted in the largest increase of the aglycone (30 mg/kg). 

It was likely the salt dehydrated the micelle surfactant head groups causing anything 

contained in them to congregate to the oil layer. The highest aglycone quantity transferred 

into the oil was still below the target concentration of 250 mg/kg and lower than some of 

the concentrations measured in commercial EVOOs. These results corroborated other 

studies where oleuropein aglycone behaviour in an enrichment experiment was complex. 

As a result, the aims of transferring oleuropein aglycone into a low content oil to levels 

above the health claim (250 mg/kg) were unsuccessful and the possibility of developing an 

enriched OO for commercial purposes would need to be investigated further.  

6.2 Recommendations for future research  

Throughout the research, improvements or ideas for future work were identified. 

Improvements included alterations to the experimental methods as well as experimental 

design. The recommendations based on the chapters are discussed below.  

For experimental methods:  

• For several of the analytes (elenolic acid, oleacein, ligstroside, and oleocanthal) the 

standard preparation could not be undertaken by mass difference as the vial 

containing the compound was too heavy for the balance. In future, purchasing 

“accurate weight” from the manufacturer should be done to obtain a known amount 

of standard which can be accurately prepared. 

• It would be advantageous to purchase a ligstroside aglycone standard to see if it 

behaves in a similar way to oleuropein aglycone during enrichment experiments. 

• During the research elenolic acid had a poor peak shape. In future, the analysis 

method could be further optimised to improve the shape allowing for more accurate 

quantification of this analyte.  

• Oleuropein aglycone had multiple peaks in the chromatography which correlated to 

the presence of different isomers. NMR could be used to distinguish isomers present 

making the analysis more accurate.  
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• After standards had been prepared, it was determined that MeOH can cause the 

formation of isomers in oleocanthal and oleacein. Purchasing more standards and 

preparing them with ACN would be beneficial to understanding this potential effect. 

• An internal standard could have been used to improve the accuracy and precision 

of quantification as well as the robustness of the method.  

• With the use of the quadratic regression, linearity could be improved with the use 

of a stable-isotope-labelled internal standard.  

For the experimental design:  

• During the research, several dilutions of OLT had to be carried out to obtain reliable 

results. It would be useful to screen all OLT prior to their analysis to reduce the 

number of dilutions required.  

• During validation, different volumes of the mixed standard were spiked into the oil 

via MeOH. In future, the MeOH should be evaporated off to reduce variation in the 

matrix.  

In Chapter 4, analysis of commercial EVOOs, effect of leaf drying on oleuropein content of 

OLTs and stability of target analytes in OLT at different storage temperatures were 

investigated. There are several avenues that could be changed or explored such as:  

• Purchase a newer Olive Black EVOO sample to confirm the low content measured is 

age related. The older sample should also be subjected to rancidity testing which 

can be an indicator of age. 

• Undertake leaf drying experiments at a temperature greater than 100 °C. Some 

studies suggested higher temperatures were more favourable in achieving a higher 

oleuropein concentration. This would provide more information on optimal drying 

conditions.  

• One OLT was put into different storage temperatures for stability. In future, it would 

be beneficial to include a different batch of OLT. Different initial concentrations of 

target analytes may alter their respective stabilities.  
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• The half-life of oleuropein and ligstroside in OLT fitted a zero-order kinetic plot, this 

was unexpected because a zero-order reaction rate is constant over time and 

independent of reactant concentration. Extending the storage period (>189 days) 

may result in a first-order plot as reported in the literature.  

• During storage at 40 °C, oleocanthal and oleacein degraded, likely due to oxidation. 

Testing for their oxidation products (oleocanthalic and oleaceinic acid) would 

determine if this type of degradation occurred.  

In Chapter 5, almond flour/meal and later almond milk were successful exogenous sources 

of β-glucosidase. The mass transfer of oleuropein aglycone into OO was not successful and 

amounts transferred were well below the target level of 250 mg/kg. More avenues to 

investigate this area of research as well as better under the system are: 

• Optimise the amount of almond flour/meal required to hydrolyse oleuropein by 

conducting an enzyme assay. This would determine the enzymatic activity of 

β-glucosidase present.  

• Obtain almonds from known origin to better understand how their prior processing 

parameters affect the activity of β-glucosidase.  

• Test the OLT matrix for the interferences listed in the BGM manual such as fructose, 

galactose, maltose, mannose and xylose. This would determine if they were 

responsible for the lowering of actual glucose readings.  

• Develop a non-toxic extraction and purification method for β-glucosidase from 

almonds. This would reduce the amount of matrix components during enrichment 

experiments and possibly result in a better mass transfer of the aglycone.  

• Increase the hydrolysis temperature during enzymatic reactions to determine if 

60 °C was optimal. This would also determine when the enzyme is inactivated.  

• Centrifuge the almond milk at a low temperature to remove particulate matter and 

precipitate out the lipids. The removal of additional matrix components could result 

in a better mass transfer of the aglycone.  
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• Measure the fatty acid content of the oils. This could provide more clarity on the 

trends observed during the transfer of some analytes. Some studies reported that 

the amounts transferred and the fatty acid composition were correlated.  

• Look at the emulsion mixture (OLT, oil, and almond milk) under a suitable 

microscope (scanning and/or transition electron microscope) to confirm micelle 

formation. 

• Investigate different salting and sugaring out reagents. Changing the reagents could 

result in higher amounts of aglycone transferred into the oil.   

• Spike a Type 1 water/oil mixture with a known concentration of oleuropein, add 

almond milk as the enzyme source and measure the partition coefficient between 

the aqueous and oil phases. With a 1:1 hydrolysis ratio and a known concentration 

spiked; it would be possible to track the movement of the resulting aglycone.  

• Change the source of enzyme to a purchased β-glucosidase from almonds and 

monitor whether the aglycone is still quantified in the aqueous portion. This would 

confirm if the addition of almond milk results in minimal mass transfer of the 

aglycone. 

• Future work could include investigating the use of different edible oils in enrichment 

experiments to observe any variation in the mass transfer of oleuropein aglycone. It 

was evident based on other studies that amounts transferred varied among oil 

types. 
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A-1 

Appendix A. OLT Stability Plots with Error Bars  

This section contains the stability trial plots of target analytes discussed in Chapter 4, 

Section 4.4. The respective error bars have been included and are set to the SD of duplicate 

samples (n = 2).  

Trial 1 plots  

 

Figure A.1. The concentration of ligstroside versus time stores at −20 °C (blue square), 
25 °C (red circle) and 40 °C (green triangle). Results are presented as the average ± SD 
(n = 2). Some error bars (± SD) are too small to be visible.  

 

Figure A.2. The concentration of oleuropein aglycone versus time for stability samples 
stored at −20 °C (blue square), 25 °C (red circle) and 40 °C (green triangle). Results are 
presented as the average ± SD (n = 2). Some error bars (± SD) are too small to be visible. 
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Figure A.3. The concentration of oleocanthal versus time for stability samples stored at 
−20 °C (blue square), 25 °C (red circle) and 40 °C (green triangle). Results are presented as 
the average ± SD (n =2). Some error bars (± SD) are too small to be visible. 

 

 

Figure A.4. The concentration of oleacein versus time for stability samples stored at −20 °C 
(blue square), 25 °C (red circle) and 40 °C (green triangle). Results are presented as the 
average ± SD (n =2). Some error bars (± SD) are too small to be visible. 
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Figure A.5. The concentration of hydroxytyrosol versus time for stability samples stored 
at −20 °C (blue square), 25 °C (red circle) and 40 °C (green triangle). Results are presented 
as the average ± SD (n =2). Some error bars (± SD) are too small to be visible. 

 

 

Figure A.6. The concentration of tyrosol versus time for stability samples stored at −20 °C 
(blue square), 25 °C (red circle) and 40 °C (green triangle). Results are presented as the 
average ± SD (n =2). Some error bars (± SD) are too small to be visible. 
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Figure A.7. The concentration of oleuropein aglycone versus time for stability samples 
stored at −20 °C (blue square), 25 °C (red circle) and 40 °C (green triangle). Results are 
presented as the average ± SD (n = 2). Some error bars (± SD) are too small to be visible. 

 

Trial 2 plots 

 

Figure A.8. The concentration of oleocanthal versus time for stability samples stored at 
40 °C (green triangle). Results are presented as the average ± SD (n =2). Some error bars 
(± SD) are too small to be visible. 
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Figure A.9. The concentration of oleacein versus time for stability samples stored at 40 °C 
(green triangle). Results are presented as the average ± SD (n =2). Some error bars (± SD) 
are too small to be visible. 
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