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Abstract 

Oleosomes (oil bodies) are natural oil droplets, sub-cellular organelles present 

in oleaginous plant seeds, that act as energy stores for seed germination. 

Oleosomes can be recovered from seeds by a wet milling process. These 

natural oil droplets are surrounded and stabilised by a multicomponent 

interface of phospholipids and specific proteins (mainly oleosins) unique to 

oleosomes. This interface could be employed as a natural emulsifier if 

separated from the oil. Freeze-thawing was used for the first time as a 

technique to rupture oleosomes recovered from oleaginous seeds, effectively 

dismantling these organelles, separating them into surface material and bulk 

oil. 

The aim of this work was to pioneer a physical method (freeze-thawing) to 

separate the oleosome multicomponent interfacial (hemi-membrane) material 

from the bulk oil and to establish the nature and properties of both fractions. 

Objectives:  

1 Test a range of freeze-thawing conditions for their ability to rupture 

oleosomes  

2 Establish the mechanism that explains the rupture of oleosomes under 

freeze-thawing conditions 

3 Separate oleosome fractions formed after freeze-thawing and establish their 

properties and nature 

4 Explore if there might be a connection between oleosome composition and 

their tendency to rupture on freeze-thawing 

Oleosomes were recovered from oilseed rape seeds by extraction in NaHCO3 

0.1M, and a dispersion of oleosomes (an oil-in-water emulsion with an average 

of 72% dispersed phase fraction) at pH 9 was obtained. These oleosome 

emulsions were frozen (-20°C) and thawed (20°C), and their freeze-thaw 

stability assessed in terms of amount of oil recovered from ruptured 

oleosomes. The aqueous phase crystallised upon cooling the emulsion from 5°C 

to -20°C, whereas lipid crystallisation in the droplets occurred between two and 
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five hours at -20°C. Under these conditions oleosome rupture occurred 

concurrently with lipid crystallisation; increasing the duration of the isothermal 

hold at -20°C led to increased oil recovery. On lowering the freezing 

temperature to -75°C or below, oleosome lipids crystallised rapidly, and 

oleosomes remained intact on thawing. For emulsions frozen at -20°C, reducing 

the original pH value to 6 or 3 promoted oleosome freeze-thaw rupture, 

especially at pH 3, a pH at which oleosomes were ruptured within 2 min, during 

the cooling step. Heat treating oleosome emulsions at 95°C for 7 min before 

freeze-thawing appears to be another way of promoting oleosome rupture at 

this relatively ‘soft’ freezing temperature (-10°C) where water molecules in the 

continuous phase, but not the triacylglycerol (TAG) molecules in the oleosome, 

freeze. By increasing the emulsion continuous phase fraction from 0.28 (w/w) 

to 0.50 (w/w) seemed to have a protective effect on oleosomes, as no oil was 

recovered after freeze-thawing (freezing at -20°C for 24 h), although oil 

released was visible by the naked eye. Increasing the number of freeze-thawing 

cycles led to a marginal increase of oleosome destabilisation. 

After freeze-thawing and oil recovery from the oleosome emulsion, the 

remnant oleosome material was dispersed in buffer and centrifuged to recover 

the interfacial material from ruptured oleosomes. The supernatant produced 

by centrifugation mainly contained the oleosome interfacial material; 

moreover, a sedimented material containing oil probably stabilised by 

interfacial material and the remaining storage protein was obtained. The 

supernatant and sedimented fractions were both tested for their emulsifying 

capacity. The emulsions generated were unstable to creaming due to their high 

continuous phase fraction, but remained stable to coalescence (no change in 

particle size distribution) over a 14 day-storage period at 5°C. 

The oil recovered from the freeze-thawed and centrifuged oleosome emulsions 

was devoid of phospholipids (contaminants for oils) and had an oxidative status 

comparable to that of fresh oils. The oil released during oleosome rupture 

therefore appears to be of similar quality to refined oils: this observation could 

act as a significant industrial driver to adopt oleosome recovery and rupture as 



III 
 

a means of ‘extracting’ oil and ‘manufacturing’ a natural multicomponent 

surface-active material with a range of industrial applications. 

Oleosomes from different oilseed rape varieties had different lipid 

compositions and different tendencies to rupture on freeze-thawing; a simple 

correlation between oleosome lipid composition and tendency to rupture was 

not established. In fact, whilst the oil composition has an important impact on 

the droplet crystallisation behaviour, the physical stability of the oleosomes 

may be affected by the interfacial composition (phospholipids - PLs - but also 

other components such as sterols), which does not easily correlate with the oil 

composition. From the work reported in this thesis the rupture of oleosomes 

by freeze thawing is affected by several variables suggesting that a range of 

factors can lead to the weakening of the interface of oleosomes. The significant 

stimulation of oleosome rupture by low pH suggests that changes to interfacial 

protein conformation can lead to oleosome rupture. If these changes were 

reversible then using a low pH in the process would be expedient, however if 

not, then the functionality of the released multicomponent hemi-membrane 

material would be compromised. What is clear is that under neutral to alkaline 

conditions freezing oleosomes at relatively slow rates to a level that allows 

lipids to crystallise results in oleosome rupture on thawing. More rapid cooling 

of oleosomes by plunging the emulsions to very low temperatures (-75°C or 

lower) does not lead to oleosome rupture unless the system is taken ‘up’ to 

higher temperatures (-20°C). This raises more questions about the nature of 

the lipid crystals in oleosomes and how they differ under these conditions, and 

whether they themselves are responsible for the rupture of oleosomes or if 

changes to the surface proteins during these significant temperature changes 

also play a role. 
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1 Introduction 

1.1 Background 

An emulsion consists of two immiscible liquids (usually oil and water), with one 

of the liquids dispersed as small spherical droplets in the other. These droplets 

are kinetically stabilised by small amounts of substances named emulsifiers. 

Common cases of emulsions are represented by oil droplets dispersed in water 

(oil-in-water - o/w - emulsions) or by water droplets dispersed in oil (water-in-

oil emulsions). Many natural and processed foods have characteristics of o/w 

emulsions (McClements, 2004): mayonnaise or milk are examples of o/w 

emulsions, whereas butter is a water-in-oil emulsion. Emulsions are normally 

obtained through emulsification processes, which require energy and the use 

of emulsifiers (Karbstein & Schubert, 1995). 

Oils are present in seeds in form of triacylglycerols (TAGs), normally stored in 

organelles (specialised subcellular structures), named oleosomes, or oil bodies, 

or lipid bodies (Huang, 1992), whose primary function is to store the TAGs, seed 

energy source, during seed dormancy, and protect them against environmental 

stresses (Bewley & Black, 1994; Nikiforidis, 2019). There is a debate on how to 

designate these lipid droplets, e.g., oil bodies or oleosomes. In this thesis, the 

term “oleosome” and “oil body” are used interchangeably. The oil droplets are 

surrounded and stabilised by a monolayer of phospholipids (PLs), and specific 

proteins which are embedded in the PL monolayer, to form a multicomponent 

hemi-membrane (half unit, distinct from the cellular membrane which consists 

of a PL bilayer). The most abundant oleosome structural proteins are oleosins. 

Previous studies suggest that oleosins are anchored to the droplet TAG core, 

by a central hydrophobic domain, which is connected to a N- and a C-terminal 

amphipathic domain, present at the droplet surface and facing the exterior 

(Huang, 1992; Tzen et al., 1993). 

Seed oleosomes have been studied from a range of plant species: oilseed rape 

(OSR) (Tzen et al., 1993; Katavich et al., 2006; Jolivet et al., 2006; De Chirico et 

al., 2018); sunflower (Millichip et al., 1996; Furse et al., 2013; Gray et al., 2010); 

soybean (Tzen & Huang, 1992; Chen et al., 2012; Iwanaga et al., 2007; maize 
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(Tzen & Huang, 1992; Nikiforidis & Kiosseoglou, 2009; Nikiforidis et al., 2013); 

pumpkin (Adams et al., 2012); pecan nut (Zhang et al., 2017); coconuts 

(Rodelas-Angelia et al., 2009; Dave et al., 2019), Echium (Payne et al., 2014), 

rice (Tzen & Huang, 1992; Nantiyakul et al., 2012) and jojoba (Tzen & Huang, 

1992). Early examples of oleosome recovery from plant seeds were reported in 

Yatsu & Jacks (1972), Bair & Snyder (1980), and Slack et al. (1980). 

The conventional process of oil extraction from oleaginous seeds consists of 

rupturing the oleosomes by pressing the seeds (Daun et al., 2011), often in 

presence of organic solvents, such as hexane, employed to maximise the yield 

(Bockisch, 1998). Solvents are toxic to the environment, hazardous as highly 

flammable, and risky as solvent residuals may remain in the finished product. 

Thus, desolventising (removal and recovery of solvents adhering to the residual 

solids) is required, but this can cause a substantial ingredient degradation 

(Williams, 2005; Karefyllakis et al., 2019a). Furthermore, the extracted oil 

requires refining steps, which also have environmental impact. 

Moreover, there is a growing interest towards the “clean label” products, as 

consumers are more aware of the healthy aspects related to food and goods in 

general. Although the term “clean label” does not identify specific product 

characteristics, as it refers to consumer perception, it indicates products 

perceived as less processed and more natural (Singh et al., 2021). 

In this scenario, oil can be recovered from seeds with an alternative method 

represented by an aqueous extraction process. This method avoids the risks 

related to the use of organic solvents, and allows us to obtain a pre-emulsified 

oil, a potential natural source of o/w emulsions to be used in food applications. 

Previous research (De Chirico et al., 2018) proved that oleosomes can be 

efficiently recovered with NaHCO3 solutions, to obtain potentially food grade 

oleosome dispersions. 

An interesting step forward with this technology would be the possibility to 

rupture the recovered oleosomes to obtain a clean oil which potentially needs 

little refining (more sustainable than conventional processing of oilseeds), and 

multi-component interfacial material to be used as a natural emulsifier, as 

recovered from more environmentally friendly resources (Bhatla et al., 2010). 
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Such an emulsifier could be welcomed by the food industry as a clean label 

ingredient in a sector saturated with lecithin from soya (concern for genetically 

modified foodstuffs) and processed emulsifiers such as polyglycerol 

polyricinoleate (PGPR). 

To preserve the clean label characteristics, oleosomes may be ruptured with 

the use of physical methods, to avoid contamination by chemicals. Physical 

methods such as freeze-thawing, pulsed electric field, or ultrasounds have 

potential to destabilise emulsions. Pulsed electric field (Ren & Kang, 2018) and 

ultrasounds (Stebeleva and Minakov 2021; Romanova et al., 2022), have been 

employed for destabilisation of non-food emulsions, for example in the 

petroleum industry. 

In the food industry, emulsions can undergo freeze-thawing for different 

reasons. For example, freezing can be used to preserve foods which are thawed 

before consumption, or to manufacture foods which are consumed directly in 

the frozen state, such as ice-creams or frozen desserts. Freezing normally 

compromises the microstructure of emulsions; therefore, the disruptive effect 

and loss of initial structure is sometimes not desired while in other instances is 

engineered to deliver an outcome/product. An example for the latter case is 

the use of freeze-thawing to disrupt milk fat globules, to subsequently recover 

the milk fat globule membrane for analytical purposes (Kobylka & Carraway, 

1972; McPherson et al., 1984). 

The aim of this work was to pioneer a physical method (freeze-thawing) to 

separate oleosome multicomponent hemi-membrane material from the bulk 

oil and to establish the nature and properties of both fractions. The objectives 

of this work were: 

1 Test a range of freeze-thawing conditions for their ability to rupture 

oleosomes  

2 Establish the mechanism that explains the rupture of oleosomes under 

freeze-thaw conditions 

3 Separate oleosome fractions formed after freeze-thawing and establish their 

properties and nature. 
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4 Explore if there might be a connection between oleosome composition and 

their tendency to rupture on freeze-thawing 

This work required investigation of the main factors causing oleosome 

instability to freeze-thawing, and their relationship with compositional and 

process characteristics. In this thesis, the oleosomes were recovered from 

oilseed rape (OSR) var. Compass, under form of natural o/w emulsions. OSR is 

a very important staple crop, second only to soybean in terms of world 

production (71 vs 372 million tonnes in 2020, respectively; FAOSTAT). 

The results in this thesis are divided into five main chapters, according to the 

major hypotheses driving the work. Chapter 3 reports the characterisation of 

the overall lipid profile in oleosomes recovered from seeds of oilseed rape 

(OSR) var. Compass. The lipid profile of lipid droplets is an important parameter 

to understand their crystallisation behaviour upon cooling (Harada & 

Yokomizo, 2000; Magnusson et al., 2011), as well as the oleosome hemi-

membrane properties and stability (Boulard et al., 2015). Chapter 4 

investigates the freeze-thaw stability of oleosomes, by exploring the effect of 

emulsion characteristics (dispersed phase fraction, pH) and process conditions 

(freezing temperature and cooling rate, heat pre-treatment). Freeze-thawed 

o/w emulsions rupture mainly by the crystallisation of lipid and/or aqueous 

phase (Ghosh & Coupland, 2008). The hypothesis in this chapter was that 

oleosomes would rupture by partial coalescence following from crystallisation 

of the lipid phase (Vanapalli & Coupland, 2003; Fredrick et al., 2010), induced 

by specific cooling conditions (cooling temperature, cooling rate). A further 

hypothesis was that the freeze-thaw stability of oleosomes depends on the 

characteristics of the oleosome hemi-membrane. In fact, the freeze-thaw 

stability in o/w emulsions was reported to be related to the droplet interfacial 

characteristics (Cramp et al., 2004; Thanasukarn et al., 2004b). Therefore, the 

effect of emulsion pH, and heat pre-treatment on the oleosome stability to 

freeze-thawing was tested. Chapter 5 explores the effect of cooling/heating 

conditions, and lipid composition, on the phase transitions in oleosome 

emulsions. The crystallisation properties of lipid droplets seem to be affected 

not only by the core oil composition but also by the interfacial layer 
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composition (Arima et al., 2007, 2009), therefore it is expected that these had 

an effect on oleosomes too. 

Chapter 6 gives a characterisation of the materials produced from the freeze-

thawed oleosome emulsions. The hypothesis driving this chapter was that the 

intermolecular forces stabilising the oleosome hemi-membrane would 

maintain the interface integrity in ruptured oleosomes, preserving its 

hydrophilic properties, allowing redispersion in aqueous media. By preserving 

the hemi-membrane structure, the oil separated from the hemi-membrane 

would be devoid of oleosome interfacial contaminants such as phospholipids. 

Chapter 7 reports the attempt of using the material from ruptured oleosomes 

as an emulsifier. If the hemi-membrane liberated by freeze-thawed oleosomes 

maintains its original configuration, it could be employed as a source of 

emulsifier. 

The current research on oleosomes, and on the freeze-thaw stability of o/w 

emulsions, is outlined in Chapter 1, including the principles related to the 

methodologies adopted to study the material properties. In Chapter 2, the 

materials and methods used in this thesis are presented. 

 

1.2 Oilseed rape seed 

Oilseed rape (Brassica napus), also known as rapeseed or rape, is a bright-

yellow flowering, oleaginous plant member of the Brassicaceae or (Cruciferae) 

family. This family includes many of the common current brassica vegetables 

such as broccoli, cabbage, cauliflower, turnip, and their relatives (Daun et al., 

2011). 

From early 1970’s to late 1990’s, the cultivation of oil crops has increased by 

70 million hectares, due to an ever-increasing demand for edible oils and a 

concomitant development of the bio-fuel industry. The cultivated areas are 

expected to reach up to 150 million hectares by 2030 (Alexandratos and 

Bruinsma, 2012). The average yield of oilseed rape has increased since 1981, 

mainly due to the introduction of high-yielding varieties (Zheng et al., 2017). 

Today, rapeseed is the UK’s major oilseed crop, with a seed production that has 
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reached 1.4 million tonnes during the year 2022 

(https://www.gov.uk/government/statistics/cereal-and-oilseed-rape-

production). 

The term oilseed rape (OSR) is mainly used for brassicas cultivated for use of 

the seed oil, whereas the term “mustard” is often used for the brassica plants 

whose seeds are destinated to be employed as spices. Rapeseed seeds have 

been cultivated in India since 4000 years ago, and they appeared in Europe 

starting from the 13th century. The rapeseed oil has been only marginally used 

for food purposes for centuries. Until the late 1960’s, OSR varieties contained 

high quantities of erucic acid, and it was discovered that this acid could cause 

serious health issues, therefore Canadian breeders developed a new OSR 

variety which contained less than 2% of erucic acid, and low content of 

glucosinolates (<30 μmol/g oil-free seed), which have antinutritional activity 

(Gunstone, 2013). These varieties, often defined as double zero, were licenced 

under the name of Canola in 1974. From that time onward, the term 

“rapeseed” may be used to refer to the high erucic varieties, in order to 

distinguish it from the Canola varieties. Rapeseed and Canola varieties are 

cultivated in areas with different climate (Nord America, Europe, Asia, 

Australia) (Figure 1.1) due to their adaptability to extremes of temperate zones. 

 

Figure 1.1. World areas of major rapeseed (high erucic) and canola (low erucic) 

production. Grey areas represent predominant Canola growth; black areas represent 

predominant rapeseed growth (Daun et al., 2011). 

https://www.gov.uk/government/statistics/cereal-and-oilseed-rape-production
https://www.gov.uk/government/statistics/cereal-and-oilseed-rape-production
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According to the species, variety, and environmental conditions, the seed oil 

content in rapeseed varies between 40 and 50%, but is usually about 43% (Hu 

et al., 2017). The seed oil content is also affected by seed size (Marquard & 

Arnholdt, 1978) and seed coat (Rashid et al., 1994). In Canola, the most 

abundant fatty acid is oleic acid, which is about 60% or more of the total oil, 

whereas linoleic and linolenic acid usually represent about 20 and 10%, 

respectively. About 6% of the total oil is represented by the saturated fatty 

acids palmitic and stearic, which is lower than in any of the most common seed 

vegetable oils. 

The canola seed proteins are mainly located within the protein storage 

vacuoles (Wanasundara et al., 2016), representing 18-30% of the seed dry 

weight. The predominant classes of storage proteins in canola are: 11S (or 12S) 

globulin (legumin type), cruciferin (300–350 kDa) and 2S (or 1.7S) albumin, 

napin (12–16 kDa). These represent up to 90% of the total proteins (Campbell 

et al., 2016). Other minor proteins, such as structural oil body proteins or lipid 

transfer proteins are also present. 

 

1.3 Seed processing and oleosome recovery 

1.3.1 Oil refining 

Rapeseed oil is usually extracted through a process (Figure 1.2) which 

comprises three overall stages: seed pre-treatment, mechanical pressing 

through screw press, and solvent extraction. The outcomes are a crude oil and 

a by-product meal utilised as animal feed.  

The seed moisture is initially adjusted to 7-7.5% (conditioning); this improves 

oil extraction, solvent recovery from the meal, degumming efficiency, and the 

final oil quality (Daun et al., 2011). A further step, de-hulling, is common to 

sunflower seeds but not to rapeseed, since the small size of the seed makes the 

process expensive (Matthäus, 2007). During the mechanical pressing step, the 

cell wall in the conditioned seeds ruptures (flaking), promoting migration of the 

lipid droplets away from the cellular structure, and extracting about 70% of the 

oil. 
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After the mechanical pressing, the rest of the oil is extracted by exposing the 

crushed seeds to organic solvents, such as hexane (Bockisch, 1998). The flaked-

seeds are heated (90-105°C) to decrease the viscosity of the residual oil and 

facilitate its extraction, plus to avoid development of moulds and bacteria, and 

inactivates enzymes. The oil extracted by mechanical and solvent extraction 

(this latter one after solvent evaporation) is pooled and defined as crude oil. 

 

 
Figure 1.2. General overview of oil extraction from rapeseed seeds (De Chirico, 

2019) 

The crude oil needs refining steps to remove undesirable compounds such as 

free fatty acids, phospholipids, and pigments and make the oil more suitable 

for human consumption (Matthäus, 2007). A series of steps such as 

degumming, neutralisation, bleaching, and deodorisation, characterise the 

refining process, which could be either chemical or physical, as shown in Figure 

1.3. The “physical refining” includes a pre-step known as “super degumming”, 

very common for canola oil. In this step, a mild acid (e.g., citric acid) chelates 

the non-hydratable ion-PL complexes in the oil, making them hydratable and 

removable with water along with hydratable phosphatides, and skip the alkali 

refining used in the “chemical refining” process (Daun et al., 2011).  
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Figure 1.3. Refining of an edible oil (De Chirico, 2019). 

PLs may have prooxidant activity in oils when they carry metals, plus they can 

precipitate in oils and cause dark colour (Chew, 2020). Cold pressed oils (e.g., 

oils extracted only with mechanical methods and without heating step), usually 

have low PL content, which decreases at lower applied pressures and 

temperatures; the low PL content allows to avoid refinement (Chew, 2020).  

 

1.3.1.1 Oxidative status of oils 

The oxidation is one of the main causes of oil deterioration; the reaction 

between oxygen and unsaturated fatty acids leads to the formation of 

hydroperoxides, defined as primary oxidation products. High temperature, 

visible light, and oxygen can promote primary oxidation (Chew, 2020). The 

peroxide concentration, usually expressed as peroxide value, is a measure of 

oxidation or rancidity in its early stages (O’Brien, 2002). According to the official 

American Oil Chemists' Society (AOCS) method Cd 8b-90, peroxide value is 

defined as the amount of substances, in terms of milliequivalents (meq) of 

peroxide per 1000 g of oil or fat, that oxidise potassium iodide under test 

conditions. All those substances are assumed to be peroxides or similar 

products of fat oxidation. Peroxide value is the most widely used method to 

detect the formation of primary oxidation products in oils (Wang, 2002). Oils 

with higher degree of unsaturation are most susceptible to autoxidation, where 

peroxides are intermediates in the autoxidation reaction (Wang, 2002).  
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Hydroperoxides rapidly break down and form aldehydes, which are defined as 

secondary oxidation products and are the major cause of off-flavours and off-

odours. The concentration of aldehydes (principally 2-alkenals and 2,4-dienals) 

can be measured in presence of p-Anisidine, as the two compounds react 

forming a coloured product which absorbs at 350 nm (official American Oil 

Chemists’ Society - AOCS - method Cd 18-90). 

 

1.4 Oleosomes: structure and composition 

Polysaccharides or lipids are stored in plants as a source of energy for periods 

of active metabolism, e.g., during germination (Murphy and Vance, 1999). 

Triacylglycerols (TAGs) are among the most common forms of lipids in plants, 

and they are stored in subcellular particles which can be located in different 

tissues and organs, although the highest concentration of lipids is found in the 

seeds of oilseeds (Frandsen et al., 2001; Murphy, 2001). 

In these seeds, neutral lipids (mainly TAGs) are accumulated in oleosomes, 

which are the source of energy during plant germination. In the past, 

oleosomes were studied exclusively as biological and botanical systems, but 

more recently there is a growing interest for oleosomes as potential food and 

pharmaceutical ingredients, due to their unique structure. Therefore, a clear 

characterisation of the oleosome composition is also important for their 

industrial applications.  

Oleosomes are essentially small hydrophilic droplets, in which TAGs (the oil) 

are pre-dispersed by a layer of PLs and structural proteins, mainly oleosins, 

specific oleosome proteins. The oleosome structure consists of a TAG-core, and 

an amphiphilic interface made of PLs in which the structural proteins are 

embedded. 

Besides TAGs, other neutral lipids such as DAGs or sterols, have been reported 

to be oleosome minor components. Caleosins and steroleosins are instead two 

other structural proteins, present at the interface in minor quantity than 

oleosin. For simplicity, in most cases authors refer exclusively to TAGs and 

oleosins. 
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Isolated oleosomes are considered spherical and possess diameters between 

0.2 and 2.5 µm (Tzen & Huang, 1992; Tzen et al., 1993; Moreau, 2011). The size 

of oleosomes varies among oilseed species, but it is also influenced by 

environmental and nutritional factors, and it is a function of the amount of 

oleosin synthesised by the plant (Siloto et al., 2006; Ting et al., 1996; Tzen et 

al., 1993). Figure 1.4 shows the structure of a maize oleosome. 

According to Tzen et al. (1993), in oleosomes isolated from seeds, the total 

organelle weight is represented by 94-98% TAGs, 0.5-2% PLs and 0.5-3% 

proteins. Despite their low percentages, PLs and oleosins have the fundamental 

role to physically and chemically stabilise the oleosomes. 

Oleosins are low molecular mass-proteins (15-26 kDa) (Alexander, et al., 2002), 

which have been found in oleosomes exclusively. They consist of two 

amphipathic domains laying on the outer oleosomes surface, and an extended 

central hydrophobic domain which allows the protein to anchor to the oil 

matrix (Huang, 1992; Tzen and Huang, 1992) (Figure 1.5). This unique spatial 

organisation, due to the hydrophobic domain, would offer a structural role for 

oleosome stabilisation (Vance and Huang, 1987), together with a specific 

binding site for lipase during germination (Huang, 1992).  

A model of a maize oleosome is reported in Figure 1.4 (Huang, 1996; Moreau, 

2011), showing the oleosome core made of TAGs, and the PLs and oleosins at 

the interface. According to the calculations of Tzen & Huang (1992), an average 

maize oleosome has a diameter of 1.45 µm, and it includes 8×105 proteins, 

1.07×107 PL and 1×109 triacylglycerol (TAG) molecules. All molecules in Figure 

1.4 A were drawn approximately to scale, whilst the oleosome diameter was 

reduced by 24 times to magnify the interfacial structures (Huang, 1996). For 

this reason, the molar proportion of PL to oleosin does not change, whereas 

the molar proportion of TAG to PL and oleosin is drastically reduced (Huang, 

1992). In Figure 1.4 B a particular of the oleosome surface section cut 

perpendicular is visible, showing two oleosin molecules (white; mushroom-like 

shape) and two PL molecules (black). 
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Figure 1.4. Structural model of an oleosomes. A) Model of maize oleosome with a 

quarter section open to show the core lipids and the interfacial section. Shaded 

spheres attached to three lines represent TAGs (within the oleosome core); dark 

spheres attached to two lines represent the interfacial PLs; light grey spheres (or 

mushroom-like shape for the open quarter visual) represent the oleosins (covering 

the outer oleosome surface) (Moreau, 2011 - Drawing courtesy of Dr Anthony 

Huang). B) Left: interfacial section cut perpendicular to the interfacial layer; in white, 

oleosins, in black - PLs. Right top: surface view above the oleosin sphere; right 

bottom: view from below the oleosin sphere, at the level of the PL head group (Tzen 

& Huang, 1992). 

 

1.4.1 Recovery of oleosomes from seeds  

The general process of oleosome recovery adopted by the various authors 

includes imbibition of the seeds to increase the internal moisture, disruption of 

the seed matrix in an aqueous medium, collection of a “crude” oleosome cream 

after centrifugation and washing of the cream. Sometimes, to increase the yield 

of recovered oleosomes, other techniques are used, such as ultrasounds before 

oleosome recovery (Fabre et al., 2015). Imbibition consists in the uptake of 

water by the cell wall and protoplasmic macromolecules (such as proteins and 

polysaccharides); water moves from a region of higher to lower water potential 

by diffusion and capillary action (Bewley et al., 2013; Woodstock, 1988). The 

cream washing is normally carried out with the use of buffers, detergents (e.g., 

Tween 80) or chaotropic agents (e.g., urea) to remove contaminants such as 

polysaccharides, seed debris and exogenous proteins (Tzen et al., 1997). 

Enzymatic activity (proteolytic or lipolytic) is present in recovered oleosomes 

(Chen et al., 2014; Zhao et al., 2016), which could have a destabilising effect. 

The removal or inactivation of these enzymes is important to preserve the 

A B 
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stability of oleosome emulsions (De Chirico et al., 2018). The use of urea or 

alkaline buffers has been demonstrated to promote the removal of proteins 

and enzymes (De Chirico et al., 2018). 

 

1.4.2 Oleosome proteins 

Oleosins represent the most important intrinsic oleosome proteins, with the 

supposed double role to preserve the oleosome stability, preventing their 

coalescence in both in-vivo and ex-vivo conditions, and to maintain an optimal 

droplet surface area-to-volume ratio to efficiently utilise TAGs during 

germination. Oleosins maintain the oleosome integrity against the osmotic and 

physical stresses taking place during the desiccation-rehydration cycle before 

and after seed dormancy (Murphy, 2001). 

The total content of oleosins (and PLs) in the seed determines the oleosome 

size; lower oleosin content corresponds to larger oleosomes (Tzen et al., 1993). 

Since oleosins (and PLs) are interfacial components, droplets must be smaller 

to have a higher specific surface area, if oleosin content is higher. The ratio 

oleosin (and PL)-to-TAG is higher in smaller oleosomes. The different oleosin 

quantity on the oleosome is related to the plant species. For example, the 

average diameter of maize seed oleosomes is 1.45 μm, and the respective 

protein concentration is 1.4%, whereas OSR oleosomes have about 3.5% 

protein and 0.65 μm diameter. 

Two different oleosin isomers of high and low molecular mass (L- / H-oleosin) 

have been found to coexist at the interface of oleosomes from diverse seed 

species (Tzen et al., 1990; 1998), although the biological meaning of having two 

isoforms is unclear (Tzen et al., 1998). The H-oleosins have been suggested to 

provide higher coverage on the oleosome surface, and increase its stability 

(Boulard et al., 2015). 

The primary structure of an oleosin consists of three domains (Figure 1.5): an 

extended central hydrophobic strand of about 70 amino acids penetrating the 

TAG matrix (Alexander et al., 2002), an N-terminal and a C-terminal 

amphipathic domain, both located on the oleosome surface, each of them 

connected to one side of the central domain. 
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Figure 1.5. Primary structure of an oleosin. The central hydrophobic domain 

penetrates the TAG matrix, and the amphipathic domains located on the oleosome 

surface. The proline knot is visualised within the black circle. An oleosome with part 

of its section is visualised in the right panel, one oleosin is identified by the arrow 

and the dashed circle. Adapted from Huang (1996). The three arrows near the 

oleosin hydrophobic domain where used by Huang (1996) to indicate where folding 

of the anti-parallel strands could occur. 

The hydrophobic domain adopts a “hairpin type” structure with a central loop 

frequently defined as “proline knot” (Figure 1.5). The amino acid sequence of 

the hydrophobic domain is highly conserved among different species, 

especially the central loop, instead the N and C domains have different 

composition and length according to the plant species (Huang, 1992). The 

positively charged residues are oriented towards the PL monolayer and interact 

with PLs, whereas the negatively charged residues are organised towards the 

cytosol (Huang, 1992; Purkrtova et al., 2008; Tzen and Huang, 1992).  

The oleosin secondary structure is less clear, and there is debate among 

researchers (Purkrtova et al., 2008; Huang and Huang, 2017). This would mainly 

depend on the low solubility of oleosins in aqueous media, and on the diverse 

analytical methods adopted (e.g., type of detergent for oleosin solubilisation); 

Vindigni et al. (2013) proposed that oleosin secondary structure is mostly beta-
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fold. For the central hydrophobic domain, a two β-sheets structure (Li et al., 

2002), and predominantly α-helical structure (Lacey et al., 1998; Alexander et 

al., 2002; Huang and Huang, 2017) have been proposed. 

Other proteins, known as caleosins and steroleosins, co-exist with oleosins at 

the oleosome interface, although they represent only a minor population. As 

with oleosins, caleosins have a three-domain structure, although with a 

calcium-binding site at the N-terminal region, and a much shorter central 

domain, which would make them less stable (Frandsen et al., 2001; Tzen et al., 

2003). Caleosins may have a role in oleosome biogenesis (Huang, 1996), 

although their exact functionality is not known yet. Steroleosins are instead 

enzymes with a sterol-regulatory function (Lin et al., 2002) and were found in 

minute quantities in seeds of Arabidopsis and sesame (Purkrtova et al., 2008), 

and in rapeseed (Boulard et al., 2015). Steroleosins may be involved in 

regulating growth and development in plants (Li et al., 2007). 

 

1.4.3 Oleosome lipids 

1.4.3.1 Glycerolipids 

An important class of neutral lipids present in animal and plant tissues is 

glycerolipids, which includes the compounds containing FAs esterified with 

glycerol, a trihydric alcohol (CH2OH-CHOH-CH2OH, propane-1,2,3-triol). In 

glycerolipids, glycerol can be esterified with three, two, or one FA, forming 

triacylglycerols (TAG), diacylglycerols (DAG), or monoacylglycerols (MAG), 

respectively (Figure 1.6). Since glycerol is a symmetrical molecule, two isomers 

exist for each DAG (1,2-DAG and 1,3-DAG) and for MAG (1-MAG and 2-MAG). 

Specific hydrolysis of TAG by lipases leads to the formation of DAG and MAG; 

vice versa, the last two molecules can be esterified further to form TAGs 

(Hernandez & Eldin, 2013). TAGs represent the major lipids in oilseeds and 

vegetable oils. According to the chemical composition (length of the acyl chain, 

degree of unsaturation) of the esterified Fas, TAGs can be solid or liquid. 
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Figure 1.6. Structures of glycerol, and tri-, di-, and mono-acylglycerols (Hernandez 

& Eldin, 2013). 

TAGs are generally described by a combination of three letters representing 

the esterified Fas; examples are PPP (palmitic:palmitic:palmitic) or POL 

(palmitic:oleic:linoleic). Unlike in animal fats, in vegetable oils saturated Fas 

(C16:0 and C18:0) are primarily esterified to positions sn-1 and sn-3 of the 

glycerol, whereas polyunsaturated fatty acids (18:2 and 18:3) are esterified 

mainly at position sn-2. TAGs in fats are organised into crystal networks based 

mainly on three polymorphic arrangements, the so-called α, βʹ, and β-TAG 

polymorphs. The FA composition and distribution on the glycerol backbone of 

TAGs is important to determine the crystal structures of fats; more saturated 

FA lead to more efficient packing of the acyl chains and facilitate the 

crystallisation of the lipids. The crystal structures in turn determine the lipid 

physical properties (e.g., crystallisation and melting temperature), which are 

fundamental for the structure of food products such as margarine, ice creams, 

and chocolates (Hernandez & Eldin, 2013). 

 

1.4.3.2 Oleosome phospholipids 

PLs are amphiphilic molecules, characterised by a hydrophilic “head” which 

contains a phosphate group, and a hydrophobic tail deriving from acyl tails of 

Fas. The phosphate group and the acyl chains are connected with each other 

by a glycerol backbone. The sn-1 and sn-2 position of the glycerol backbone are 

esterified with Fas having different length (number of carbons) and degree of 
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saturation, whereas the sn-3 position is esterified with phosphoric acid. The 

phosphate group is in turn esterified with an alcohol (IUPAC-IUB, 1977), and 

various types of PLs such as phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylglycerol (PG), 

phosphatidylinositol (PI), or phosphatidylserine (PS) (Cevc, 1993) are generated 

according to the alcohol structure. Phosphatidic acid (PA) is formed if the 

phosphate group is not esterified to alcohols.  

According to the structure of the polar headgroup and pH of the surrounding 

medium, PE and PC are zwitterionic and have a neutral charge at pH 7, whereas 

PG, PI, and PS are negatively charged at this pH value (Drescher & van 

Hoogevest, 2020). The chemical structure of PLs, as reported in Drescher & van 

Hoogevest (2020), is shown in Figure 1.7. 

 

 

Figure 1.7. Chemical structure of a phospholipid. Example: 1-palmitoyl-2-oleoyl-sn-

17lycerol-3-phosphocholine, including four different alcohol types, ethanolamine, 

glycerol, serine, and inositol, which can be esterified with the phosphate group. The 

alcohols give origin to the respective PE, PG, PS, and PI (Drescher & van Hoogevest, 

2020). In absence of these alcohols, PA is obtained. 

Due to their amphiphilic nature, PLs are natural components of cellular 

membranes, arranged in lipid bilayers. PLs can also arrange in monolayers to 

surround lipid droplets, as in oleosomes. As part of the oleosome structure, PLs 

form a monolayer around the TAG core, which is suitable for the structural 

proteins (mainly oleosins) to anchor. The amphiphilic nature also allows PLs to 

strongly interact with oleosins; the opposite charges between PLs and oleosins 

distributed on the oleosome surface (Vance & Huang, 1987) prevents 

oleosomes from coalesce.  

Oleosome PLs have been isolated and characterised from a series of plant 

species such as Echium plantagineum (Payne et al., 2014), rapeseed (Katavic et 

al., 2006; Tzen et al., 1993), and sunflower seed (Furse et al., 2013). The PL 



18 
 

content in oleosome has been reported to be 0.6 and 2%, and the specific 

composition strongly depends on the plant species and varieties (Tzen et al., 

1993; Boulard et al., 2015). 

As for the oleosome structural proteins, the quantity of PLs varies according to 

the oleosome size, as the surface contribution to the total droplet mass 

decreases with the droplet size increasing. Therefore, as the oleosome size is 

specie-dependent, the PL mass % is specie dependent. PLs occupied 80% of the 

surface area, and the remaining 20% was occupied by the structural proteins 

(Tzen et al., 1993). 

In general, phosphatidylcholine (PC) is the most represented PL (40-64%), 

followed by phosphatidylserine (PS) (18-33%), phosphatidylinositol (PI) (7-21%) 

and phosphatidylethanolamine (PE) (3-16%) (Tzen et al., 1993), but these 

values may change among species/varieties. Recently, PG was also found in 

OSR oleosomes (Boulard et al., 2015; De Chirico, 2019). The PLs PG, PS, and PI, 

have a higher tendency to be negatively charged, thus they would reinforce the 

droplet structure against physical damage, due to their interaction with the 

positively charged amino acid residues of the N and C domains of the oleosin 

(Huang, 1992; Tzen et al., 1992). 

 

1.4.3.3 Sterols 

Sterols are components present in cell membranes and organelles (e.g., lipid 

droplets) of living beings; phytosterols are specific plant sterols, present in the 

cells of all plants, and have the function to stabilise biological membranes of 

plants (Moreau et al., 2018). 

Sterols derive from triterpenes, characterised by a tetracyclic structure and a 

side chain in position C-17. Sterols can occur in the “free” unbound -OH sterol 

lipid class, or as conjugates when the -OH group is covalently bound via an ester 

bond or via a glycosidic linkage to glucose or, less frequently, other sugars. 

When esterified to Fas, sterol esters are formed (Moreau et al., 2018). The basic 

sterol structure, with the IUPAC structure numbering (Moss, 1989) is shown in 

Figure 1.8 A; the structure of a phytosterol, β-sitosterol (free sterol, with -OH 

in C-3) is shown in Figure 1.8 B. 
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Figure 1.8. Chemical structure of sterols. A) IUPAC Sterol Structure numbering 

(Moss, 1989), adapted by Moreau et al. (2018); B) Structure of β-sitosterol (Hąc-

Wydro et al., 2007). 

The interaction between sterols and the membranes is a very complex 

phenomenon, and still little is known about it (Crowley et al., 2022). Depending 

on both sterol and PL composition, sterols can either bind at the membrane 

surface or penetrate the PL layer to different degrees and with different 

orientations. Sterol orientation may affect the PL packing, depending on how 

parallel the sterol ring structure is aligned with its long axis to the PL tails. The 

PL packing degree is reduced when the sterol is less parallel to the PL tails, as 

the ring structure is less aligned to the tails. Sterol orientation and penetration 

within the PL layer depends on the sterol capacity to form both hydrogen bonds 

and hydrophobic interactions with PLs (Crowley et al., 2022); normally, sterols 

would insert in the PL layers with the OH group in C-3 directed towards the PL 

polar heads (Hartmann, 1998). It is not clear whether esterified sterols are also 

present in the PL membrane, and which conformation they would adopt. It was 

reported that cholesteryl palmitate (ester of cholesterol) could be present in a 

PL bilayer, and one possible conformation would be with the palmitic acid 

folding back into the bilayer hydrophobic interior (Valic et al., 1979) with the 

ester adopting a “horseshoe” conformation, and the ester linkage located near 

the bilayer interface (Figure 1.9). 

 

A B 
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Figure 1.9. Schematic representation of: A) sterol and B) sterol ester (with palmitic 

acid) in a PL monolayer. The side chain of sterols is indicated with R. Original figures 

were created in this thesis with Biorender.com. 

 

The interaction sterols-PLs can alter the PL layer mobility and fluidity, thus 

altering its melting temperature and modulating the physical state of PL 

bilayers. Generally, sterols are recognised to restrict the PL layer mobility as 

the rigid hydrocarbon rings inserted in the PL tails would make the structure 

less fluid. Plant sterols such as sitosterol and 24-methylcholesterol are 

considered to regulate the membrane properties in a similar way as cholesterol 

(Hartmann, 1998). However, the overall effect of phytosterols and sterols on 

the membrane fluidity is not obvious and it is strongly affected by their 

chemical structure. Moreover, the potential presence of sterol esters in the 

membrane may diminish the favourable van der Waals interactions with PLs, 

causing a less dense chain packing (and perhaps a different orientation of the 

steroid skeleton) than with the respective free sterol (Duforc, 2008). 

 

1.5 Oil-in-water emulsions and freeze-thawing 

1.5.1 Emulsions and oleosomes 

As reported in Section 1.1, emulsions consist of two immiscible liquids, usually 

oil and water, and can be distinguished in o/w and water-in-oil emulsions. 

Homogenisation of oil and water gives origin to thermodynamically (and 

kinetically) unstable emulsions, which separate between a top-oil and a 

bottom-water layer (Dickinson, 1992). A kinetically stable emulsion requires 

addition of emulsifiers, surface-active molecules that adsorb onto the surface 

A B 
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of the droplets during homogenisation, forming a protective layer around the 

droplet (known as interfacial region), preventing coalescence. Emulsifiers are 

generally amphipathic molecules and include surfactants, PLs, and protein 

(McClements, 2004). 

Oleosomes have a droplet-stabilising function due to their significant interfacial 

activity, which could be exploited to make emulsions (Nikiforidis, 2019). It was 

observed how mixed systems of oleosins and PLs reduce the surface tension 

more than only oleosins (Roux et al., 2004; Nikiforidis, 2019) and that in general 

PL/oleosin mixed systems are more efficient in stabilising emulsions than 

oleosins or PLs separately (Deleu et al., 2010; Karefyllakis et al., 2019). Oleosins 

have an important stabilising function for oleosomes (Maurer et al., 2013) and 

seem to be mandatory to avoid coalescence, whereas PLs increased the 

electrostatic repulsive forces, avoiding flocculation of the oleosomes (Deleu et 

al., 2010). Oleosomes showed surface-active properties (Yang et al., 2021) and 

were employed as emulsifiers to stabilise both o/w and water-in-oil emulsions. 

When used as emulsifiers, larger oleosomes at the droplet interface tended to 

break and their hemi-membrane became incorporated into the new interface, 

whereas smaller oleosomes tended to remain intact and stabilised droplets 

with a mechanism similar to Pickering stabilisation (Karefyllakis et al., 2019c). 

 

1.5.2 Instability in emulsions 

Several factors, such as the physicochemical properties of the emulsions on one 

hand, and the processing conditions adopted in the freezing process on the 

other hand, affect the freeze-thaw stability of o/w emulsions.  

The freeze-thaw stability of emulsions has been extensively covered in 

literature. In this thesis, the term destabilisation generically refers to the 

phenomena of aggregation/flocculation or coalescence of the dispersed 

droplets, which leads to loss of the original droplet integrity. The term droplet 

rupture refers instead specifically to the release of oil following from droplet 

coalescence. 
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The most important mechanisms leading to emulsion breakdown are probably 

flocculation and partial coalescence (Vanapalli & Coupland, 2003). Flocculation, 

sometimes defined as aggregation (Fredrick et al., 2010) is a reversible 

phenomenon by which droplets come into close contact but maintain their 

physical integrity, and it could facilitate or even be a preliminary step to 

coalescence (Palazolo et al., 2011). Johansson et al. (1995) reported a four step-

process by which eventually droplets merge, i.e., coalesce: I) flocculation, II) 

thin film drainage, III) film rupture and IV) merging of droplets. 

Emulsion stability is often governed by the magnitude and sign of the droplet 

charge, determined by the interfacial characteristics (emulsifier type, surface 

load, thickness, electrical charges), and continuous phase properties (viscosity, 

chemical composition) (McClements, 2004a). Charged droplets at pH far from 

the isoelectric point experience repulsive forces between each other as 

surrounded by a cloud of counterions, which prevents flocculation or 

coalescence, and promote emulsion stability. 

Collision models have been used to study droplet flocculation and coalescence. 

The percentage of collisions that lead to flocculation (Vanapalli & Coupland, 

2003) and coalescence (Sæther et al., 2003) can be used as a measure of the 

flocculation efficiency of collisions. Flocculation is supposed to occur in two 

steps: the transport step, leading to collision between two droplets, and the 

attachment step, where the droplets stick to each other (Vanapalli & Coupland, 

2003). Collisions and relative flocculation occur where two or more droplets in 

movement encounter each other and remain in contact. 

Partial coalescence is considered an intermediate case between flocculation 

and ‘true’ coalescence because globules stick together but they also share part 

of their oil content (Fredrick et al., 2010). Unlike flocculation, both coalescence 

and partial coalescence are irreversible phenomena as there is a loss of droplet 

integrity following from rupture of the droplet interface. In Figure 1.10, the 

main mechanisms of droplet destabilisation are shown (Fredrick et al., 2010).  
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Figure 1.10. Schematic representation of potential instability mechanisms in oil-in-

water emulsions (Fredrick et al., 2010). For creaming, droplets move upward over 

time as their density is lower than that of the medium. 

The main cause of o/w emulsion destabilisation upon freezing is the 

crystallisation of the continuous and/or dispersed phase (also defined as 

internal phase). The destabilisation mechanisms of emulsions subject to 

freezing would thus depend on the type of phase (lipid phase, aqueous phase, 

or both) undergoing crystallisation. Temperature and length of the cooling 

event, as well as the composition of both phases determine which phase 

crystallises and to what extent. On describing this phenomenon, the terms 

“freezing”, and “freeze-thawing”, are used even when water in the continuous 

phase remains liquid, referring in this case to the crystallisation of the lipid 

phase. 
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Figure 1.11. Schematic of crystallisation of the dispersed and continuous phases of 

an o/w emulsion upon cooling. Concentration of solutes in the unfrozen portion of 

the aqueous phase is also occurring. 

1.5.3 Crystallisation 

Crystallisation is usually defined as the process of solid crystal formation from 

a liquid. Crystals are solid structures in which atoms or molecules are arranged 

in an organised fashion. Crystals form when a liquid is cooled below its freezing 

temperature. The temperature difference between the thermodynamic 

melting point of a substance and the actual temperature at which the 

crystallisation process occurs is defined as supercooling. 

Crystallisation of a material is preceded by nucleation, which is the formation 

of stable nuclei, i.e., small transiently ordered clusters of a number of 

molecules. Usually, nucleation is heterogeneous, i.e., induced by the presence 

of small particles, called catalytic impurities, which decrease the degree of 

supercooling required to trigger crystallisation. Homogeneous nucleation 

instead is a spontaneous phenomenon, not promoted by impurities and 

depending exclusively on the properties of the crystallising dispersed phase, 

which requires higher supercooling (Walstra, 2003). 

When lipids are in an emulsified form, catalytic impurities in the bulk phase are 

distributed among a large number of isolated droplets (McClements et al., 

1993) and the probability that one droplet contains an impurity to initiate 

nucleation is reduced (Walstra and van Beresteyn, 1975), therefore the degree 

of supercooling for crystallisation increases. The probability that a droplet 

contains at least one catalytic impurity decreases when the droplet size 
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decreases (McClements, 2012), and it becomes nil below a definite size (critical 

droplet size). Consequently, the crystallisation temperature decreases along 

with droplet size up to the critical size, where the crystallisation temperature 

decrease becomes negligible, to the homogeneous nucleation temperature. 

Liquids crystallise regardless their polarity; hence, in emulsions, crystallisation 

can occur in both the continuous and dispersed phase, and they can be the 

cause for emulsion destabilisation. 

 

1.5.3.1 Crystallisation of lipids 

Fat and oils are mixtures of TAGs, where oils are liquid at room temperature 

and fats are mostly solid, although they have a solid appearance. Fat 

crystallisation is important for foods as it imparts mechanical, eating, and visual 

properties, as well as physical stability in foods such as emulsion-based foods 

(Walstra, 2003). 

Crystallisation of fats is a complex phenomenon, due to their varied TAG 

composition which causes a wide melting range (tens of °C), and to their highly 

anisometric nature, by which TAGs can assume many conformations and give 

origin to polymorphism. For these two characteristics, fat crystallisation is 

often a slow phenomenon, and fats are usually in a nonequilibrium state. 

Since fats have a varied TAG composition, there is a very high number of 

possible polymorphs (Sato, 2001), but the main types are α, βʹ, and β (Larsson, 

1966), in order of increasing melting point and stability (Walstra, 2003), heat of 

fusion, packing density, and decreasing rates of nucleation (Culot et al., 1994; 

Hartel, 2001; Sato & Ueno 2011).  

The different TAG polymorphs describe the spatial distribution of the aliphatic 

chains in the crystal. The chain length structure produces a repetitive sequence 

of the acyl chains forming a unit cell lamella along the long-chain axis. Usually, 

similar chemical properties of the three acyl chains give origin to a double chain 

length structure, as in tricaprin β form (Jensen & Mabis, 1966), whereas when 

the chemical properties of one or two of the three acyl chains are largely 

different from the other, a triple chain length structure is formed (Sato et al., 

1999). 
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Figure 1.12. Double (A) and triple (B) chain length structure (Sato et al., 1999).  The 

corresponding unit cell lamella is reported for each chain length structure. 

Therefore, a more homogeneous FA composition gives origin to less complex 

polymorphs. In the case of tripalmitoylglycerol (PPP), molecular structures of 

the three forms of PPP are reported as: disordered aliphatic chain 

conformation in α, intermediate packing in βʹ, and most dense packing in β, 

corresponding to the highest, intermediate, and lowest Gibbs free energy (G) 

values respectively. This is shown in the G-T (temperature) relationship in 

Figure 1.13. 

 

 
Figure 1.13. Structure models and Gibbs energy-temperature relationship of three 

polymorphs of PPP (Sato, 2001). 

Polymorphic crystallisation is determined by the rate of nucleation, which is 

governed by thermodynamic and kinetic factors (Sato, 2001) and it is also a 

function of the cooling rate and TAG composition (Campos et al., 2002). 

Generally, more metastable polymorphs are formed at higher cooling rate as 

fast crystallisation does not give time for TAGs to arrange into lamellar 

Lamella 

Lamella 

A B 
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structures; similarly, more heterogeneous TAG composition makes it difficult 

for the TAGs to pack into more stable polymorphs such as β (Campos et al., 

2002). The relationship between polymorphism and crystal morphology is not 

clear; some authors reported an influence of polymorphism on crystal 

morphology (Sato, 2001; Arima et al., 2007), whilst others did not find a 

relationship (Kellens et al., 1992; Rousseau, 2000; Ishibashi et al., 2016).  

1.5.3.2 Crystallisation of the aqueous phase in o/w emulsions 

Crystallisation of the aqueous phase may affect the stability of o/w emulsions 

in different ways. Ice formation increases the droplet concentration in the 

unfrozen portion of the continuous phase, therefore the likelihood for droplets 

to collide and coalesce. Beyond a certain amount of ice formed, droplets are 

confined in spaces between ice crystals, and collisions do not occur anymore 

(Ghosh et al., 2006), and droplets are compressed by the volume expansion 

during ice growth (Hartel, 2002; McClements, 2004a). This leads to coalescence 

following from the partial loss of integrity of two adjacent droplet interfaces, 

eventually leading to emulsion breakdown and oiling off. Upon compression of 

droplets in close contact, the water film separating the droplets, known as 

common black film (Claesson et al., 2004), drains and converts into a Newton 

black film, i.e., a film containing no free water between the adsorbed layers 

forming the film (van Aken, 2004). This type of film is observed in highly 

concentrated emulsions (van Aken and van Vliet, 2002). Coalescence would 

occur when the compression forces acting on the oil droplets overcome the 

force of the Newtonian film (van Aken, 2004). 

An important factor for the transition from droplet stability to coalescence 

under ice compression is the integrity of the droplet interfacial layer (Ghosh & 

Coupland, 2008). Droplets not completely covered by the emulsifier are less 

stable, and coalescence can occur in absence of external stresses in highly 

concentrated emulsions (van Aken, 2004). When the interfaces are instead fully 

covered by the emulsifier, rupture is less likely to occur, unless an external 

stress such as ice expansion is applied. 

Destabilisation of o/w emulsions caused by ice expansion may increase if also 

the dispersed phase crystallises, perhaps because crystalline droplets cannot 
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deform under compression and the stress is concentrated on small surface 

areas of droplets in contact with each other (Ghosh & Coupland, 2008). 

Destabilisation promoted by crystallisation of both the aqueous and the lipid 

phase was reported for n-alkane o/w emulsions (40%, wt%) (Cramp et al., 

2004), hydrogenated palm oil emulsion (Thanasukarn et al., 2004b, 2006b), or 

mayonnaise-like emulsions (Magnusson et al., 2011). 

Ice crystals may also directly rupture droplets by piercing the droplet interface 

(McClements, 2004b; Thanasukarn et al., 2004a; Shariful et al., 2018). It is 

reasonable to believe that larger and more irregular crystals, formed at lower 

cooling rates, would be more disruptive for emulsion droplets. 

Freezing also generates physicochemical changes in the unfrozen portion of the 

aqueous phase (Walstra, 2003; Thanasukarn et al., 2004a; Ghosh & Coupland, 

2008). Upon freezing, the solutes are generally expelled from the solidified 

phase (although in some cases they can get integrated into the crystal, a 

phenomenon defined as “poisoning”), and the solute concentration of the 

unfrozen solution increases leading to ionic strength increase and pH decrease. 

These events can affect the stability of the frozen emulsion. 

 

1.5.3.3 Crystallisation of the lipid phase in o/w emulsions 

As reported in Section 1.5.3.1, lipid crystallisation is a complex phenomenon, 

and the lipid composition determines whether droplets will be liquid or solid at 

a specific temperature. Several authors reviewed the thermodynamics and 

kinetics of lipid droplet crystallisation (Montenegro et al., 2003; Sato & Ueno, 

2011; McClements, 2012; Povey, 2014). 

Crystallisation of the lipid phase has been often identified as the cause for 

destabilisation in freeze-thawed o/w emulsions, usually by partial coalescence 

(Boode & Walstra, 1993; Vanapalli et al., 2002a; Fredrick et al., 2010; Shariful 

et al., 2018). 

 



29 
 

1.5.3.4 Partial coalescence 

The mechanistic explanation of destabilisation by partial coalescence is that 

lipid crystals within droplets (or globules) can pierce the adsorbed surfactant 

layer and protrude from the crystalline region of a droplet to another droplet, 

which will eventually share part of their internal phase (Fredrick et al., 2010). 

Partial coalescence occurs when the lipid droplets or globules are in a partially 

crystalline state (Fredrick et al., 2010), but it is important that an internal fat 

crystal network forms. In fact, the mechanical strength of the crystal network 

limits the rearrangement of the lipid crystals and avoids the complete merging 

of the droplets, which would lead to complete coalescence. For partial 

coalescence to occur, lipid crystals must be located at the interface to be able 

to protrude beyond the boundary layer of the droplet (van Boekel & Walstra, 

1981; Rousseau, 2000; McClements, 2012), and through the adsorbed layer of 

the second droplet. This event occurs more easily when there is a close 

approach between droplets (Boode, 1992; Boode & Walstra, 1993; van Boekel 

& Walstra, 1981; Fredrick et al., 2010; Shariful et al., 2018). After penetrating 

this second layer, the crystals are preferably wetted by the oil rather than the 

continuous aqueous phase. If liquid oil in the second droplet is in sufficient 

amount, it will start flowing around the crystal and the link between the two 

droplets is reinforced (Boode, 1992). 

Crystal protrusion is considered a crucial event for partial coalescence. Lipid 

crystals formed inside a droplet tend to migrate (except for the case of very 

large crystals) to the droplet oil-water interface. The three (solid-oil, water-

solid, oil-water) interfacial tensions acting on the lipid crystal determine the 

contact angle between the crystal in the aqueous phase (θw) and the oil phase 

(θo). For contact angle >> 90° crystals are preferentially wetted by the lipid 

phase but their edges can protrude out of the droplet by a few tens of 

nanometres (Boode, 1992; Boode & Walstra, 1993; Fredrick et al., 2010). The 

contact angle of lipid crystals in o/w emulsions is 120-160° at the aqueous 

phase side, thus the interfacial tension is the lowest when the crystals are at 

the interface, suggesting why they tend to migrate to the interface and be 

partially wetted by the aqueous phase. 
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In Figure 1.14, the mechanism of crystal protrusion is delineated. Lipid crystals 

tend to align tangentially to the surface if they are free to move inside the droplet 

(not aggregated in a crystal network by van der Waals forces) regardless of their 

wetting preference. Only large crystals which tend to be wetted by the water can 

protrude, whereas the other types of crystals cannot grow radially. However, some 

of these latter crystals (as an example, needle-type crystals) may be temporarily 

radially oriented to the surface (Boode et al., 1993) before the network forms 

(Figure 1.14 A), they may remain in radial orientation after aggregating to the 

network and protrude to a distance depending on the contact angle; 

presumably, needle-type crystals may protrude farther. During network 

formation, crystals keep growing, and the droplet shrinks as the amount of 

liquid oil decreases up to a point where it cannot cover the crystals anymore, 

which protrude (Walstra, 2003) (Figure 1.14 B). Furthermore, on decreasing the 

temperature, the volume contraction in the liquid oil is higher than in the solid 

crystals, contributing to crystal protrusion and to the extent of partial 

coalescence (Boode & Walstra, 1993). 

 

 

Figure 1.14. Schematic of protrusion of lipid crystals at the droplet interface in o/w 
emulsion. Protrusion points indicated by red triangles. A1) Droplet containing several 

lipid crystals mainly oriented at the interface; B1) the same droplet with more 

advanced lipid crystallisation. Volume shrinkage occurs in B1. Respective highlighted 

areas in A2 and B2. 

Extensive networks of droplets can be formed with both flocculation and 

partial coalescence. Partial coalescence is maintained until the lipid crystal 

network connecting two or more droplets exists, then evolves into coalescence 
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on thawing, due to the melting of lipid crystals which were preventing the 

droplets from merging (see Figure 1.10). This process eventually leads to 

emulsion breakdown (Tan, 2003), characterised by the release of the lipid 

phase that can be observed as an oily layer at the top of the emulsion and 

defined as “oiling off”. 

 

1.5.4 Freeze-thawing of oleosomes 

Freeze-thawing has been employed as a technique to rupture coconut 

oleosomes, which are contained in coconut milks (Dave et al., 2019) and 

recover the core oil by centrifugation (Peters, 1960; Roxas, 1963; Gunetileke & 

Laurentius, 1974; Onsaard et al., 2006). The coconut milks were frozen to 

different temperatures (-4°C in Roxas; 5-15°C in Gunetileke & Laurentius, 1974; 

-20°C in Onsaard et al., 2006) and thawed at 20-40°C. Common observations 

among the authors were the release of oil after crystallisation and re-melt of 

the lipid phase, and that oil yield considerably increased if milk was pre-

centrifuged, suggesting that close vicinity between droplets promoted partial 

coalescence. 

In the more recent work of Ma (2018), coconut oleosomes were frozen (-18°C) 

and thawed (40°C) to disrupt oleosomes, with the aim to collect the interfacial 

material (multicomponent hemi-membrane), which was successfully employed 

as an emulsifier for soybean oil-in-water emulsions.  

The freeze-thaw stability was tested for soybean oleosomes (Chen et al., 2010; 

Iwanaga et al., 2008), and it was reported that coating oleosomes with pectin, 

and adding sucrose (10%, w/w) in the aqueous phase, could improve the 

oleosome stability to freeze-thawing. 

 

1.6 Analytical techniques 

1.6.1 Differential scanning calorimetry 

Differential Scanning Calorimetry (DSC) is a thermo-analytical technique which 

measures the energy (amount of heat) transferred to or from a sample as a 

function of its temperature and compared with that of a reference maintained 
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at nearly the same temperature of the sample throughout the experiment. The 

thermal properties (heat capacity) of the reference are usually known and 

defined over the scanned temperature range (Pungor, 1994). The TGA/DSC 3+ 

(Mettler Toledo), used in this thesis, measures the difference between the heat 

flows from the sample and reference sides of a sensor as a function of 

temperature or time. Two crucibles, containing the sample and the reference, 

are placed on a sample holder with integrated temperature sensors for 

temperature measurement of the crucibles. 

The differential heat flow between the sample and the reference allows to 

identify phase transitions (i.e., physical transformations) in the sample (Usmani 

et al., 2017). During an endothermic transition, the heat required to flow to the 

sample is higher than that to the reference, for both materials to remain at the 

same temperature, because the sample requires energy under heat form to 

change phase (e.g., solid to liquid). Conversely, during an exothermic transition, 

the sample releases heat to change phase (e.g., liquid to solid). Hence, in order 

to be at the same temperature, less heat is needed to increase the sample 

temperature compared with the reference, or, if the materials are cooled, 

more heat is released from the sample than from the reference (Pungor, 1994). 

Exothermic and endothermic transitions are identified by peaks in the heat 

flow vs temperature (or time) curves. The peaks are defined as positive, when 

oriented upward, or negative, when oriented downward. Exothermic and 

endothermic changes are shown by peaks with opposite orientation, whose 

positive or negative orientation, defined by convention, depends on the 

machine. In this thesis, positive peaks represent endothermic transitions, 

whereas negative peaks represent exothermic transitions (Figure 1.15). 
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Figure 1.15. Example of heat flow curves in this thesis. Positive curve - endothermic 

peak; negative curve - exothermic peak. 

A possible limitation of DSC analysis is the dependence of the thermal 

transitions on scanning rate (Tan & Man, 2000); therefore, the impact of the 

scanning rate must always be considered when using such a technique. 

DSC can be employed to determine the phase transition temperatures and 

energy exchange in o/w emulsions, and it is useful to distinguish between 

aqueous phase and lipid phase crystallisation, either of which, or both, may 

have a role in the destabilisation of emulsions (Palazolo et al., 2011; Ishibashi 

et al., 2016). The DSC has been used to determine polymorphic transitions 

occurring during lipid crystallisation (Tippetts & Martini, 2009; Magnusson et 

al., 2011; Ishibashi et al., 2016). 

 

1.6.2 Particle size distribution analysis 

Particle size distribution (PSD) provides useful information about the physical 

state of food emulsions. The majority of experiments in this thesis were carried 

out with a LS 13320 particle sizer, which measures the pattern of light scattered 

by each particle, as a function of its size. The PSD is therefore a measure of the 

superimposed light patterns from all the particles.  

The Fourier lenses are the core component of the machine: the scattered light 

of each particle, occurring at a specific angle regardless the particle position in 

the beam, is refracted by the lens to a particular detector. This composite 

scattering pattern is recorded by 126 detectors and deconvolved to give a 

specific number for each size classification, and its relative amplitude. This 
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mathematical process is based on either the Fraunhofer or Mie theories of light 

scattering. 

In this thesis, PSD is expressed by a normalised frequency distribution curve, 

which describes the relative contribution of a fraction within a defined particle 

size interval with respect to the total distribution. An alternative method to 

express PSD is by cumulative distribution, which describes the quantity of 

particles smaller or larger than a specific diameter. 

Two other important parameters of PSD, which can be used to describe the 

quality of products, are the Sauter diameter (D3,2) and the volumetric diameter 

(D4,3). The Sauter diameter, or surface weighted-diameter, is the diameter of a 

particle whose ratio of volume-to-surface area is the same as that of the 

complete sample. The volumetric diameter, or volume-weighted diameter, is 

the mean of a particle size distribution weighted by the volume. The D3,2 and 

D4,3 are mathematically defined as follows: 

Ὀσȟς
ɫὲὭὈὭ

σ

ɫὲὭὈὭ
ς
    (Eq. 1.1) 

Ὀτȟσ
ɫὲὭὈὭ

τ

ɫὲὭὈὭ
σ    (Eq. 1.2) 

 

Where ni is the (number-based) frequency of occurrence of particles in size 

class i, having a mean diameter Di.  

The particle properties (e.g., size, volume) and weighted means (e.g., by 

number, area), are reported according to the needed information regarding the 

application of a particular system, e.g., D3,2 is used when the surface area is the 

determining factor (Merkus, 2009). 

 

1.6.3 Thesis aim and objectives 

The aim of this work was to pioneer a physical method (freeze-thawing) to 

separate oleosome multicomponent hemi-membrane material from the bulk 

oil and to establish the nature and properties of both fractions. The objectives 

of this work were: 

1 Test a range of freeze-thawing conditions for their ability to rupture oleosomes  
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2 Establish the mechanism that explains the rupture of oleosomes under freeze-

thaw conditions 

3 Separate oleosome fractions formed after freeze-thawing and establish their 

properties and nature. 

4 Explore if there might be a connection between oleosome composition and 

their tendency to rupture on freeze-thawing 
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2 Materials and Methods 

2.1 Materials 

All chemicals were compliant to specifications by the Committee on Analytical 

Reagents of the American Chemical Society (ACS grade) or higher. 

Where not otherwise specified, all experiments were performed with oilseed 

rape (OSR) seeds, variety “Compass”, provided by the University of Nottingham 

Farm Office (Sutton Bonington Campus, Nr Loughborough, LE12 5RD, UK). The 

OSR seeds were cleaned with a seed cleaning machine (Haldrup DC-20, 

Germany) to remove dust and debris and stored in a dry cool environment. 

Before the seeds were stored, an aliquot was dried in an oven (MOV-112F, 

Sanyo, Japan) at 60°C until the mass remained constant over time, to 

determine the moisture content. The seed moisture was 4.5 ± 0.2%. Four 

varieties of OSR “Cabriolet”, “Bronze-535”, “1012-98”, and “K26-96”, were 

provided by Rothamsted research for the experiments of Section 2.8. 

 

2.2 Oleosome recovery from OSR seeds 

Oleosomes were recovered from the OSR seeds with the method by De Chirico 

et al. (2018). The seeds were soaked for 16 hours (h) in a 0.1 M sodium 

bicarbonate solution at pH 9.5 (recovery buffer) pre-chilled (4°C) at a ratio 

seeds-to-buffer 1:4 (w/v; 100 grams of seeds in 400 mL buffer). At the end of 

the soaking period, the medium was discarded. The seeds were then blended 

with a Kenwood kMix, type BLX75, for 60 seconds at 400 W power (machine 

half power), in pre-chilled recovery buffer at seed-to-buffer ratio 1:7 (w/v, 

based on the initial seed dry weight), and the mix was filtered through tree 

layers of cheesecloth (grade 80, thread count: 40 x 32 threads per square inch) 

to remove the solid debris and produce a filtrate containing the oleosomes. 

The oleosomes were recovered from the filtrate (also called “milk”) by 

centrifugation (Beckman, Model J2-21 Centrifuge) at 10,000 g (g-force) for 30 

minutes (min) at 4°C, followed by collection of the top layer consisting of an 

emulsion pad (cream) containing oleosomes. This cream was designated as 
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crude oil body (or oleosome) emulsion. This cream was subsequently washed 

to remove the polysaccharide, seed debris and exogenous proteins not 

intrinsically associated with the oleosomes (De Chirico et al., 2018; Tzen et al., 

1997). The washing step involved re-suspension of the crude oil body emulsion 

into pre-chilled recovery buffer at emulsion-to-buffer ratio of 1:4 (w/v, 

emulsion wet weight), by slowly pouring the fresh buffer onto the crude oil 

body emulsion and gently stirring until complete dissolution. Re-suspension 

was followed by centrifugation (10,000 g, 30 min, 4°C) and collection of the 

emulsion pad, which was designated as washed oil body (or oleosome) 

emulsion (WOB). In order to reduce the concentration of the exogenous 

oleosome material (such as exogenous proteins or ions from the recovery 

buffer), WOB was resuspended in Milli-Q ultrapure water (Millipore) (rinsing 

step) at a cream-to-water ratio of 1:4 (w/v), with the same method as for crude 

oil body emulsion washing, and centrifuged (10,000 g, 30 min, 4°C). Sodium 

azide (final concentration 0.02%, w/w%) was added to the ultrapure water to 

prevent microbial contamination. The collected creamed emulsion was 

designated as rinsed-washed oil body (or oleosome) emulsion (RWOB). 

The pH (Section 2.4.2) of RWOB was 9, also defined as original pH as no further 

pH adjustments were made. Where not otherwise specified, the term RWOB 

will refer to the emulsion at this pH and original (not adjusted) water content. 

With the aim of investigating the effect of pH on the oleosome stability to 

freeze-thaw, RWOB at pH 3 and 6 were also produced by replacing ultrapure 

water in the rinsing step with HCl solutions to the appropriate concentration. 

Oleosome emulsions were stored at 5°C and used within 24 h for all further 

analysis. The recovery process is outlined in Figure 2.1. 
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Figure 2.1. Oleosome recovery process. Buffer is a NaHCO3 0.1M solution, at pH 9.5. 

 

2.2.1 Collection of the fractionated materials other than RWOB 

Each centrifugation step led to the formation of three layers of materials: the 

already mentioned oleosome cream layer, an intermediate liquid layer 

containing the solution for blending/washing (serum), and a bottom layer of 

sedimented material (pellet). The serum and the pellet produced by WOB 

washing, designated as RWOB serum and RWOB pellet, respectively, and the 

pellet produced by crude oil body emulsion washing (WOB pellet), were 

collected for characterisation analyses. 

Before characterisation, RWOB serum was purified from residual oleosomes 

with a method adapted from De Chirico et al. (2020), consisting in 

centrifugation (21,000 g, 30 min, 4°C) to allow creaming of the residual OBs, 

and collection of the centrifuged liquid phase. This step was repeated three 

times. Eventually, the serum was filtered through a 0.2 μm 

polytetrafluoroethylene membrane (Whatman). The visual schematic of 

fractionation of the oleosome materials is shown in Section 2.9 (Figure 2.5). 

 

1) Seed soaking in buffer 

2) Seed blending in buffer 

3) Centrifugation and crude oil body emulsion collection 

4) Crude oil body emulsion washing in buffer 

5) Centrifugation and WOB collection 

6) Washed oil body emulsion washing in ultrapure water 

7) Centrifugation and RWOB collection 
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2.3 Thermal treatment of oleosome emulsions 

A 25 g mass of WOB cream (see Section 2.2) previously dispersed in ultrapure 

water to 15% (w/v, dry weight basis) final concentration, was thermally treated 

with an RVA 4800 rapid visco analyser (RVA) (Perten, UK). The heating program 

consisted in a preliminary five minute-equilibration step at 40°C, followed by a 

heating step at the approximate rate of 14°C/min to reach the target 

temperature of 95°C, and a thermal treatment step at 95°C for seven minutes. 

The whole process was conducted under constant stirring at 30 rpm. The 

thermal profile of the process is shown in Figure 2.2. At the end of the 

treatment, the samples were immediately cooled in icy water, then centrifuged 

(10,000 g, 30 minutes, 4 °C). The collected cream was designated as thermally 

treated (tt) RWOB (ttRWOB). 

 

 
Figure 2.2. Thermal profile of the process in RVA. Stirring speed was 30 rpm. 

 

2.4 Characterisation of the oleosome emulsions 

2.4.1 Continuous phase mass fraction 

The mass fraction (w/w) of the continuous phase of oleosome emulsions (and 

other fractionated materials as in Section 2.9) was determined by measuring 

their water content (w/w). Aliquots of oleosome fresh emulsions were vacuum 

dried at 40°C for 48 h (until the mass remained constant over time). Water 
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content was calculated as weight difference between wet and dried emulsion 

(Equation 2.1). 

 

ύὥὸὩὶ ὧέὲὸὩὲὸ ὪὶὥὧὸὭέὲ
    

  
    (Eq.2.1) 

 

The measurements were run in triplicate. 

 

2.4.2 pH 

The pH measurements were carried out with a Mettler Toledo FiveGo™ pH 

meter. 

 

2.4.3 Particle size distribution analysis 

The particle size distribution (PSD) of RWOB emulsions and other fractionated 

materials (Section 2.9) was measured with a LS 13320 laser diffractometer 

(Beckman-Coulter, USA) using the Mie theory of the scattering of light by 

spherical particles. The emulsions were diluted in recovery buffer at a ratio 

RWOB-to-buffer 1:100, prior to measurement. The real part of the refractive 

index was 1.462, which corresponds to the refractive index of rapeseed oil. The 

imaginary part represents the ‘attenuation coefficient’ that describes the 

turbidity of a sample, and it was set to 0.01 as reported in the laser 

diffractometer guidelines for lightly coloured translucent materials. The 

particle size distribution (PSD) was described in terms of the volume frequency 

distribution as a function of equivalent droplet diameter (%/μm). 

Further PSD measurements were also performed with a Zetasizer Nano ZS 

(Malvern Panalytical, Malvern, UK). Analysis parameters were: dispersant 

(NaHCO3 0.1 M, pH 9.5) refractive index 1.331, dispersant viscosity (cP) 1.0250, 

material refractive index 1.46 (Section 2.4.3), material adsorption 0.010.  
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2.4.4 Microscopy 

2.4.4.1 Light microscopy 

The microstructure of RWOB emulsions was examined by using light 

microscopy. Prior to examination, the emulsions were diluted in recovery 

buffer at a ratio RWOB-to-buffer 1:100. A drop of diluted oleosome emulsion, 

placed on a glass slide and covered with a cover slip, was imaged with a Nikon 

Eclipse Ci (UK) microscope, at 40x magnification. 

 

2.4.4.2 Confocal laser scanning microscopy 

Confocal laser scanning microscopy was used to acquire microstructural images 

of RWOB and other fractionated materials from centrifugation (Sections 2.2.1 

and 2.9). Before imaging, the samples were diluted in ultrapure water to the 

ratio sample-to-water of 1:100, then stained with Nile Red and Fast Green FCF 

(Merck) to visualise the oil and protein fractions, respectively. Nile Red and Fast 

Green FCF were sequentially added to the diluted sample, followed by 10 s 

vortex mixing after each addition, to have a dye final concentration of 0.001% 

(w/v, %) and 0.01% (w/v, %), respectively. 

Samples, mounted on a glass slide, were examined using a Zeiss LSM880 Laser 

Scanning Microscope. A band pass filter between 550 and 625 nm was selected 

to detect Nile Red excited at 488 nm, whereas a band pass filter between 640 

and 700 nm for the detection of fast green FCF excited at 633 nm. Images were 

acquired using an x63 oil objective, with argon laser for excitation of Nile Red, 

and HeNe laser for excitation of FCF green. The final image of the samples was 

obtained by overlay, to the same area, of the red channel, showing the lipid, 

and the green channel, showing the protein component. 

 

2.4.4.3 Transmission electron microscopy 

Samples of RWOB and other fractionated materials were imaged by 

transmission electron microscopy (TEM) with a method adapted from Ntone et 

al. (2020). Prior to imaging, the fractionated materials (Section 2.9) were 

diluted in ultrapure water to the following ratios sample-to-water (w/v): 1:400 
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for oleosome creams or remnant material (the material below the oil phase 

after RWOB freeze-thawing and centrifugation), 1:120 for pellets, 1:2 for 

serum. Subsequently, the samples were loaded (10 µL) on 200 mesh Cu grids 

with carbon support film (EM Resolutions, Sheffield, UK) previously cleaned 

with a glow discharger for 30 s (10-1 atm). The grids were dried by blotting with 

filter paper and stained with 10 μL of 2.0% uranyl acetate (UA) (Merck), 

followed by further blotting of the grid with filter paper. The samples were 

imaged with a Tecnai T12 BioTWIN Transmission Electron Microscope 

(Canada), operating at 100 kV. 

 

2.4.5 ζ-potential 

The electrical potential at the droplet surface is modified by the pH, and it 

influences the level of aggregation between oil droplets and their tendency to 

destabilise. The ζ-potential of RWOB at different pH values was thus 

determined with a method adapted from De Chirico et al. (2018). Oleosome 

emulsions were diluted in ultrapure water filtered (Corning Vacuum Filtration 

System, 0.22 μm), to a final concentration of 0.008% (lipid weight basis), then 

adjusted to pH 3, 6, or 9 with 0.1 M HCl or 0.1 M NaOH solutions. When the pH 

was stable, the emulsions were injected into the measurement chamber of an 

electrophoresis light scattering instrument (Delsa Nano C Particle Analyser, 

Beckman Coulter, Inc., USA), with the following instrument settings: 

temperature 25°C; refractive index of dispersant 1.333; viscosity of dispersant 

0.891 mPa.s; relative dielectric constant of dispersant 79.0; electrode spacing 

50.0 mm; voltage 35 V. The ζ-potential was then determined as a measure of 

the direction and velocity of the oleosomes moving under the applied electrical 

field. The ζ-potential values reported are the average and standard deviation 

of three independent samples from one emulsion replicate at each pH. 

 

2.4.6 Quantification of proteins and Sodium Dodecyl Sulphate-

Polyacrylamide Gel Electrophoresis (SDS-PAGE) analysis 

Protein content and protein profile were analysed in RWOB and other 

fractionated oleosome materials after delipidating the samples. 
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2.4.6.1 Preparation of oil body samples for protein analysis  

Oleosome samples for protein analysis were obtained as in De Chirico et al. 

(2018). Oleosome creams and oleosome pellets, including WOB pellet, (0.2 g 

wet weight) were vacuum dried at 40°C (48 h until constant mass), then ground 

(mini-bead beater, 3450 rpm) for 2 min in isooctane (1 mL) to liberate the oil 

(Gray et al., 2010). Samples were centrifuged at 17,000 g (g-force) for 5 min at 

4°C, and the upper phase containing the oil was removed. The process was 

repeated three times and the resulting delipidated pellet (from the initial 

oleosome cream or oleosome pellet) was diluted in 1 mL of 2% (w/w) sodium 

dodecyl sulphate solution and incubated for 30 min at 60°C in a water bath. 

The diluted pellets were then vortexed for 1 min and centrifuged (17000 g, 5 

min, 4°C), and used on the same day for protein analysis. 

Purified serum samples (Sections 2.2.1 and 2.9) were used for protein analysis 

after addition of solid sodium dodecyl sulphate to 2% (w/w) final 

concentration, incubated at 60°C for 30 min and centrifuged (17,000 g, 5 min, 

4°C). Due to the high dilution of the sera, no previous defatting step was 

performed.  

 

2.4.6.2 Protein content 

Two methods were adopted to measure the protein content in the samples 

prepared as above. 

In the first method, protein content in the samples was measured with 

Bicinchoninic Acid assay (Smith et al., 1985). Delipidated samples were 

previously diluted with sodium dodecyl sulphate 2% and mixed with reagents 

to generate a purple colour with absorbance at 562 nm, whose intensity is 

related to the protein quantity. Sample absorbance was determined with an 

Evolution 60S spectrophotometer (Thermo Fisher Scientific, Waltham, MA 

USA); for quantification, the absorbance was compared with that of bovine 

serum albumin standard. Sample dilution with sodium dodecyl sulphate 2% 

was done to obtain absorbance values within the range of the standard curve.  



44 
 

In the second method, total nitrogen content was measured with a Shimadzu 

TOC-VCPH-TNM-1, based on a chemiluminescence principle. Prior to the 

analysis, the samples were diluted with ultrapure water to the appropriate 

concentration to fit the standard curve (2-10 ppm of nitrogen). To obtain the 

final protein content, nitrogen content was multiplied by a protein conversion 

factor for oilseed rape proteins of 5.53 (Tkachuk, 1969; Sari et al., 2013). 

 

2.4.6.3 SDS-PAGE 

Samples as prepared in Section 2.4.6.1 were further diluted in sodium dodecyl 

sulphate 2% to a final protein concentration of 1 mg/mL, except for RWOB 

serum, which had an initial concentration of 0.52 mg/mL. The samples (50 μL) 

were mixed with an equal volume of Laemmli sample buffer (Bio-Rad, UK) + 5% 

β-mercaptoethanol, heated at 95°C for 5 min, then cooled on ice. Proteins were 

separated by SDS-PAGE using 12% polyacrylamide gels (Mini-Protean TGX Gels, 

10-well comb, 30 μL, Bio-Rad, Hercules, USA). The gels, suspended in tank 

buffer (25 mM Tris, 250 mM glycine, 0.1% sodium dodecyl sulphate, pH 8.3), 

were resolved with a SE 600 BioRad separation unit. Electrophoresis was run at 

100 V for 40 min; the gels were washed under water for 10 min, then stained 

with InstantBlue™ Coomassie. Gels were imaged using ChemiDocMP Imaging 

System (Bio-Rad, UK). 

 

2.5 Physical disruption of RWOB emulsions: freeze-thawing 

experiments 

The effect of freeze-thawing (f-t) on the macroscopic stability of RWOB 

emulsions was tested. Aliquots (0.5 g) of emulsions in 2 mL screw cap 

microcentrifuge tubes, maintained at 5°C (storage temperature), were frozen 

at different conditions (Sections 2.5.1 and 2.5.2). The emulsion temperature 

was monitored with a HH309 Datalogger Thermometer (Omega) with 

continuous recording at a frequency of one point every two seconds. After the 

freezing step, emulsions were thawed in a Sanyo Incubator set at 20°C, for 18 

h. A schematic of the freeze-thawing process is shown in Figure 2.3. 
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Figure 2.3. Schematic of the freeze-thawing process. The four progressive steps 

(storage, cooling, holding, thawing) are shown. Specific time on x axis not reported as 

only indicative of the process. 

 

The freeze-thawed emulsions were then centrifuged (13,000 g, 5 min, 15°C) 

with a Heraeus™ Fresco™ 21 Microcentrifuge (Thermo ScientificTM), to 

separate the oil liberated by freeze-thawing. A layer of demulsified oil formed 

at the top of the sample, hexane was added to the oil layer to dilute it and 

facilitate oil recovery, and the oil/hexane mixture was collected. Centrifugation 

and oil recovery were performed twice, and the hexane-oil mixtures were 

pooled. The hexane was removed from the oil with a sample concentrator 

(MiVac, Genevac ltd, Suffolk, UK) operating at 36°C for 50 min. 

The extent of oleosome destabilisation was determined by quantifying the “oil 

yield”, or “oiling out”. The oil yield was calculated as the percentage of the mass 

(g) of oil collected to the mass (g) of dry cream, as expressed in Equation 2.2: 

 

έὭὰ ώὭὩὰὨ ύὸϷ
 

  
  ρππϷ   (Eq. 2.2) 

2.5.1 Samples used for freeze-thawing experiments 

The majority of f-t experiments was performed on samples of RWOB at original 
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was 0.28±0.02 (w/w) (variability with recovery); with reference to its water 

content, RWOB was designated as RWOB 0.3. The freeze-thaw stability of 

RWOB was also evaluated at different pH and water content. RWOBs at 

increased water content were produced by gently mixing aliquots of RWOB 0.3 

with RWOB serum (Section 2.2.1) to have a final water content of 0.50 (w/w; 

RWOB 0.5) or 0.70 (w/w; RWOB 0.7). RWOBs at pH 9, 6 and 3 were produced 

as reported in Section 2.2. The water content of RWOB pH 6 and 3 was 0.26 

and 0.24, respectively. The freeze-thaw stability of thermally treated RWOB 

(ttRWOB; Section 2.3), at original water content (0.20±0.01) (ttRWOB 0.2), and 

water content increased to 0.5 (ttRWOB 0.5) and 0.70 (ttRWOB 0.7) was also 

tested. 

 

2.5.2 Cooling methods adopted in the freeze-thaw experiments 

The freeze-thaw stability of oleosome emulsions was tested at different values 

of cooling rate, holding temperature and time. The samples were always 

thawed at 20°C for 18 h before measuring the oil yield (Eq. 2.2). 

A PolyScience PP7LR-40 (USA) water bath, set at -20°C, was used to cool the 

oleosome emulsions (water bath method). The samples at 5°C were plunged 

into the cooling medium to reach the final temperature of -20°C, then either 

immediately thawed once the sample reached -20°C (0 h isothermal hold), or 

held at this temperature for 2, 3, 6 or 24 h, before thawing. The cooling rate 

generated by the difference in temperature between sample and cooling 

medium was approximately of -10°C/min. This set of experiments was also 

performed in a domestic freezer, set at -20°C. 

Aliquots of RWOB were also freeze-thawed with the water bath method (6 h 

isothermal) for 2 or 3 cycles before centrifugation and oil collection. 

Moreover, aliquots of RWOB were cooled with the water bath method (6 h 

isothermal) to the final isothermal holding temperature of -10°C rather than -

20°C.  
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Another set of experiments using the water bath method involved cooling 

oleosome emulsions from 5°C to -20°C at the controlled cooling rates of -

0.1°C/min or -1.0°C/min and 24 h holding time at -20°C. 

Further experiments involved cooling RWOB in a freezer to -75°C, which was 

then either immediately thawed (0 h isothermal) or held at this temperature 

for the following 24 h before thawing, or, as soon as the emulsion temperature 

reached -75°C, transferred in a commercial freezer at -20°C and stored for 22 h 

before thawing. 

In the last set of experiments, liquid nitrogen was adopted as a cooling medium. 

RWOB was plunged into Liquid nitrogen for 30s, reaching a final temperature 

of -100°C, then either thawed, or immediately stored in freezer at -20°C for 22 

h and eventually thawed. The summary of experiments, with the respective 

samples tested for each experimental condition is shown in Table 2.1).
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Table 2.1. Summary of the freeze-thaw experiments reported in this thesis. The experiments performed per each combination sample-cooling method are 

marked with the tick mark symbol “ṉç. 

 
isothermal 

(0, 2, 3, 6, 24 h) 
 Isothermal 

(24 h) 
   

    

Sample 
-20°C 

water bath 
(Iso) 

-20°C 
freezer 

(Iso) 
 

-20°C 
water bath 

(-0.1°C/min) 

-20°C 
water bath 

(-1.0°C/min) 

-20°C 
water bath 

(Iso) 
 Iso -10°C -75°C** 

-75°C 
(back to -20°C) 

LiqN 
LiqN 

(back to -20°C) 

RWOB ṉ* ṉ  ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ 

RWOB 0.5 
  

 ṉ ṉ ṉ  
     

RWOB 0.7 
  

 ṉ ṉ ṉ  
     

ttRWOB ṉ 
 

 ṉ ṉ ṉ  ṉ ṉ 
 

ṉ 
 

ttRWOB 

0.5 

  
 ṉ ṉ ṉ  

     

ttRWOB 

0.7 

  
 ṉ ṉ ṉ  

     

RWOB pH6 ṉ 
 

 
  

ṉ  
     

RWOB pH3 ṉ 
 

 
  

ṉ  
     

 
*Including 2 and 3 f-t cycles  

(6h holding time) 

 
   

  **Isothermal 0h and 24h 
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2.6 Differential Scanning Calorimetry analysis of Crystallisation and 

Melting Events in Samples 

Differential Scanning Calorimetry (DSC) analysis was carried out to examine the 

crystallisation behaviour of oleosome emulsions. A TGA/DSC 3+ Star System 

(Mettler Toledo) equipped with 40 µL aluminium pans, was employed. A series 

of experiments involving different scanning rates, final holding temperatures 

and times were performed, and details of the analyses are reported in Chapter 

5, Section 5.2.1. 

The crystallisation and melting profile of RWOB and ttRWOB, both at original 

water content, was studied. To help identifying the thermal transitions of 

continuous and dispersed phases in the oleosome emulsions, DSC experiments 

were also carried out on bulk oil (collected from freeze-thawed emulsions) and 

serum. 

 

2.7 Characterisation of the oleosome lipids.  

The lipid profile of RWOB was characterised for its neutral and polar lipids, 

sterols, and fatty acid composition. This work is described in Chapter 3. In brief, 

the total lipids were extracted from RWOB and separated into neutral and polar 

fractions (glycolipid and phospholipid) by solid phase extraction (SPE). These 

crude fractions were further separated in lipid classes with thin layer 

chromatography (TLC). 

The fatty acid (FA) composition was determined in the samples produced at 

each extraction and separation step, including the whole OSR seed and RWOB. 

Each sample was derivatised (transmethylation, or saponification and silylation 

for sterols) and analysed with gas chromatography (GC) to determine FA (acyl 

chain length and degree of unsaturation) and sterol composition. 

Electrospray Ionization coupled with tandem Mass Spectrometry (ESI-MS/MS) 

was also used to confirm the identity of the TLC-separated phospholipids and 

gain structural information (i.e., molecular species composition for each lipid 

class). The details of the whole analysis procedure are explained in the 
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following sections. The overall procedure of lipid analysis is outlined in Figure 

2.4. 

 

 

Figure 2.4. Overall lipid analysis procedure. General diagram of characterisation of 

the oleosome lipid profile (seeds included for FA methyl esters). 

Further work was dedicated to the characterisation of the lipid profile of the 

fractionated materials (cream, serum, pellet) before and after freeze-thawing 

(including oil from freeze-thawing), and the method is reported in Section 

2.9.1. 

 

2.7.1 Total lipid extraction from oleosome materials 

The total lipid extract (TLE) was obtained from RWOB within 24 hours from 

oleosome recovery. Fresh RWOB (100 mg) was mixed with 2 mL 

chloroform/methanol 2:1 (v/v) together with 80 µL of 50 mM TAG C:17 

(Glyceryl triheptadecanoate) internal standard for quantification. The solvent 

mix contained 0.1% (w/v) of butylated hydroxytoluene to avoid oxidation of 

lipids. The whole mixture was vortexed for 5 min and centrifuged for 5 min at 

2000 g to collect the liquid phase; the remaining pellet was re-suspended into 

2 mL chloroform/methanol 2:1, mixed with a vortex mixer and centrifuged a 

second time to extract lipids possibly still contained in the pellet. The pooled 

extract (4 mL) was mixed with 50% volume (2 mL) of sodium chloride 1% (w/w) 

to induce partitioning and the bottom chloroform layer containing TLE was 

collected into a vial; the mix was dried under nitrogen gas (N2) stream and re-

suspended in 1 mL of chloroform. A 100 µL aliquot of this mix was withdrawn 

for future FA composition analysis with gas cromatography (Section 2.7.6); the 

ESI-MS/MS (PLs) 
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rest of the mix was dried again under N2 stream and re-suspended into 400 µL 

of chloroform and the whole mix was separated through SPE (section 2.7.2). 

Four replicates per cream (4x 100 mg fresh RWOB) were analysed. 

 

2.7.2 Solid phase extraction of total lipid extracts. 

The method was adopted from Ruiz-Lopez et al. (2014). TLE (Section 2.7.1) was 

eluted through LiChrolut Si (40-63 µm, 500 mg, 3 mL standard PP-tubes SDS) 

SPE silica columns (Merck, Germany) previously conditioned with chloroform 

(6 mL), and separated in three fractions, F1, F2, F3, containing neutral lipids 

(NL), glycolipids (GL) and phospholipids (PL), respectively. F1, F2, and F3, were 

eluted with 12 mL chloroform at 1% acetic acid (v/v), 9 mL acetone/methanol 

9:1 (v/v), and 9 mL methanol, respectively. The eluted fractions were then dried 

through N2 stream and re-suspended in 500 µL (F1) and 200 µL (F2 and F3) of 

chloroform/methanol 2:1. 

 

2.7.3 TLC of lipid fractions. 

The lipid fractions separated by SPE were resolved on thin layer 

chromatography (TLC) plates to obtain the individual lipid classes. The mobile 

phase for the F1 fraction was hexane/diethyl ether/acetic acid 70:30:1 (v/v/v), 

whilst chloroform/ethanol/water/triethylamine 30:35:7:35 (v/v) (Pinault et al., 

2020) was used to elute the F2 and F3 fractions. Before elution of the F2 and 

F3 fractions, the TLC plates were pre-conditioned by dipping them into 1.8% 

boric acid solution (in ethanol) to improve plate resolution. 

The individual lipid bands were identified by comparison with the migration 

distance of the lipid standards. NL standards were: free fatty acid, MAG, 

1,2DAG, 1,3DAG, TAG, sterol ester and free sterol. GL standards were MGDG 

and DGDG (Avanti Polar Lipids, Birmingham, UK). PL standards were 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidic acid 

(PA), phosphatidylserine (PS), phosphatidylinositol (PI) (Merck KGaA, 

Darmstadt, Germany), and phosphatidylglycerol (PG) (Larodan; Solna, 

Sweden). 
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The plates were sprayed with primuline (sodium 2′-(4-aminophenyl)-6-

methyl[2,6′-bi-1,3-benzothiazole]-7-sulfonate) and the bands were visualised 

under UV light. In order to isolate the individual lipids for gas chromatography 

analysis, the bands were scraped and collected into distinct vials, then 

suspended into 1.5 mL of chloroform/methanol 2:1, centrifuged (2000 g, 2 min, 

15°C) to separate the silica from the liquid containing the lipids. The procedure 

was repeated once more, and the pooled liquid was dried under N2 stream. The 

extracts were used for FA methyl ester and sterol analysis in GC. 

 

2.7.4 Derivatisation of lipid fractions for FA methyl ester analysis. 

Transmethylation is a technique generally utilised to extract fatty acyl chains 

from biological samples or lipid fractions and convert them into FA methyl 

esters which are less polar, more volatile, and therefore more suitable for 

analysis by Gas Chromatography. Methanol/toluene/H2SO4 64:34:2 (v/v/v) 

(transmethylation mix; 1 mL) was added to TLC-separated lipid classes (50 µL 

per replicate). Each mixture was heated at 80°C for 2 hours, cooled down to 

room temperature and mixed with 1 mL of 1% sodium chloride and 1 mL of 

hexane; the mixtures were vortexed and centrifuged (2000 g, 2 min, 15°C). The 

upper hexane layer, containing the FA methyl esters, was collected and the 

procedure was repeated using the bottom layer to extract residual FA methyl 

esters. The hexane was pooled, dried under N2 stream, and re-suspended in 

heptane (1 mL for TAGs, 100 µL for the rest of the lipids). FA methyl esters were 

also obtained from OSR seeds (1 seed per replicate), RWOB (10 mg per 

replicate), TLE (100 µL per replicate) and SPE-separated lipid fractions (100 µL 

per replicate). 

 

2.7.5 Derivatisation of sterols for sterol characterisation.  

The free sterol and sterol ester bands collected from the TLC plate (as described 

in Section 2.7.3) were re-suspended in 800 µL of chloroform for each band, 

vortexed, centrifuged and the liquid layer collected; the whole procedure was 

repeated twice on the pellet to recover residual sterols. An internal standard 
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(cholestanol) was added to the chloroform phase and the extract dried under 

N2 stream. 

All the sterol fractions were silylated: 1.5 mL of bis(trimethylsilyl)trifluoro-

acetamide (BTFA) (with trimethylchlorosilane) was added to the fraction, and 

the mix was heated at 80°C for one hour. The mix was then cooled down to 

room temperature and the silylated sterols were collected with the method of 

1% sodium chloride/hexane described in Section 2.7.4. 

Sterol ester fractions were saponified to remove the acyl chains before 

silylation of the sterol part. For the saponification, the dried extracts obtained 

as described in section 2.7.4 were re-suspended into 1.5 mL of 1.5 M potassium 

hydroxide in 95% of ethanol. The mixture was heated at 80°C for one hour and 

the sterols recovered with the 1% sodium chloride/hexane method, dried 

under N2 stream and the dried extract used for silylation as described above. 

The derivatised sterols were recovered into 50 µL of heptane; 1 µL was injected 

in gas chromatographer The analysis was performed in triplicate for the free 

sterol fraction and in duplicate for the sterol ester fraction. 

 

2.7.6 Gas Chromatography analysis of fatty acids and sterols. 

For the analysis of the derivatised FA and sterols of RWOB, an Agilent 7890B 

gas chromatograph with flame ionisation detector was used, with a DB-23 

column (30 m long x 0.25 mm diameter, with a 0.25 µm film thickness, flow 

rate 1.5 mL/min, helium as column carrier gas) for FA methyl esters and a more 

apolar HP1-MS column for the sterols. The starting oven temperature was set 

at 150°C, ramped at 10°C/min to 240°C, with a total run time of 14 min. One µL 

of sample was injected. The inlet temperature was set at 260°C, with the split 

injector ranging from 1:5 to 1:40. The FID was set at 260°C, with hydrogen set 

at 35 mL/min, air at 350 mL/min and the N2 makeup gas set at 30 mL/min. 

 

2.7.7 Identification of phospholipids by mass spectrometry. 

The identity of the RWOB PLs separated by TLC (fraction F3) was confirmed by 

electrospray ionization coupled to tandem triple-quadrupole mass 
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spectrometry (ESI-MS/MS) using a method adapted from Devaiah et al. (2006) 

and an API 4000 QTRAP instrument (Applied Biosystems). TLC lipid samples 

were dried under N2 stream and resuspended in 1 mL of 

chloroform/methanol/300 mM ammonium acetate in water (300/665/35 

v/v/v). Samples were directly infused at 15 μL/min with an autosampler (HTS-

xt PAL, CTC-PAL Analytics AG, Switzerland). Data acquisition and acyl group 

identification of the polar lipids was carried out as described in Ruiz-Lopez et 

al. (2014). The molecular species of polar lipids are defined on the basis of the 

presence of a head-group fragment and the mass/charge (m/z) of the intact 

lipid ion formed by ESI. However, tandem ESI-MS/MS precursor and product 

ion scanning, based on head group fragment, do not determine the individual 

fatty acyl species. Instead, polar lipids are identified at the level of class, total 

acyl carbons and number of acyl carbon–carbon double bonds. 

The data was processed using the program Lipid View Software (AB-Sciex, 

Framingham, MA, USA) where isotope corrections are applied. Analyses were 

run in triplicate or higher.  

 

2.8 Freeze-thaw stability of oleosomes from four furtherOSR seed 

varieties 

The oleosomes from four further OSR seed varieties (Section 2.1) were tested 

for their freeze-thaw stability. Oleosome emulsions were frozen with the water 

bath method (isothermal cooling to -20°C, 6 h isothermal hold at -20°C), then 

thawed for 18 h at 20°C.  

The thermal profile of the oleosome emulsions was determined by DSC, with 

the thermal program used for Set 2 experiments (cooling rate -10°C/min) 

(Section 5.2.1). 

Prior to freeze-thawing, the samples were characterised for their 

microstructure by light microscopy (Section 2.4.4.1) and PSD (Zetasizer Nano 

ZS; Section 2.4.3). 
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The lipid profile of the crude fractions (Section 2.7.2) from the four lines was 

determined by ESI-MS/MS (Section2.7.7). The FA composition of the seed lines 

was known, and it is shown in Table 2.2. 

 

Table 2.2. FA composition (mol % per FA) profile of the OSR seeds in Cabriolet, 

Bronze-535, 1012-98, K26-96. 

mol % 

Cultivar 
C16:

0 
C18:0 C18:1 C18:2 C18:3 C20:1 C22:0 C22:1 

C18:2

C18:3 

Cabriolet 4.04 1.46 72.52 9.98 9.44 1.7 0.26 0.54 19.42 

Bronze-

535 

4.26 1.72 68.2 17.04 7.22 1.18 0.22 0.2 24.26 

1012-98 5.33 1.4 48.73 31.63 11.03 1.35 0.38 0.15 42.65 

K26-96 3.64 0.88 14.74 12.7 9.5 6.64 0.68 51.24 22.2 

 

2.9 Fractionation of oleosome materials following from washing and 

centrifugation of freeze-thawed RWOB 

RWOB (10g) was frozen in water bath, isothermally cooled at -20°C (Section 

2.5.2) for 24 h, then thawed at 20°C for 18 h and centrifuged at 10,000 g for 20 

min to separate and collect the oil demulsified by freeze-thaw. The remnant 

oleosome material was fractionated through a washing step with recovery 

buffer (NaHCO3 0.1 M, pH 9.5) as in Section 2.2. The fractionated materials 

were recovered and designated as cream, serum and pellet from RWOB freeze-

thawing and washing (w-f-t cream, w-f-t serum, w-f-t pellet), and the serum 

was purified as in Section 2.2.1. The visual schematic of the fractionation of 

oleosome material before and after freeze-thawing is shown in Figure 2.5. 
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Figure 2.5. Process of RWOB freeze-thaw and recovery of the fractionated 

materials. The materials were recovered after wash with NaHCO3 0.1 M buffer and 

centrifugation of the oleosome remnant material 

 

2.9.1 Lipid analysis of the fractionated materials before and after freeze-

thawing 

The lipid profile of the fractionated materials (cream, serum, pellet) before and 

after freeze-thawing (including the oil produced by freeze-thaw), was 

characterised with high performance TLC. 

Total lipids were extracted as in Section 2.7.1, from creams or remnant 

oleosome material (100 mg wet weight), pellets (50 mg wet weight), and sera 

(0.8 mL), within 24 h from production (Section 2.9). TLEs were then separated 

in F1, F2, and F3 fractions as in Section 2.7.2, and resolved with a Linomat 5 

High Performance TLC (CAMAG Chemie-Erzeugnisse & Adsorptionstechnik AG, 

Switzerland), on silica 60 F254 10 x 20 cm TLC plates (Merck KGaA, Darmstadt, 

Germany). 

For identification of the NLs, MAG/DAG/TAG mix (Merck, KGaA, Darmstadt, 

Germany) was used. For GL and PL identification, MGDG-DGDG and PL 

standards were as in Section 2.7.3, with the addition of 

lysophosphatidylcholine (Merck KGaA, Darmstadt, Germany). The mobile 

phases adopted were heptane/diethyl ether/acetic acid (27.5:22.5:0.5, v/v/v) 

for F1, chloroform/methanol/water (47.5:10:1.25, v/v/v) for F2, and 
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chloroform/methanol/acetic acid/acetone/water (35:25:4:14:2, v/v/v/v/v) for 

F3 (Xu et al., 1996). 

For visualisation of the lipid bands, F1 and F3 plates were stained by immersion 

in phosphoric acid-copper acetate solution and charred at 180°C for 6 min, 

whereas F2 plates were stained by immersion in thymol solution, then charred 

at 110°C for 4 min (Wattanakul et al., 2019). 

 

2.9.2 Determination of the tocopherol content 

Tocopherols were analysed with a method adapted from Gray et al. (2010). 

Samples of f-t oil (500 µL) freshly recovered, and TLE (Section 2.7.1) from fresh 

RWOB (220 mg dry basis) were mixed with methanol (≥ 99.8%) at a ratio 

sample-to-methanol 1:3, vortexed for 5 min and centrifuged (3,000 g, 5 min, 

4°C). The supernatant was collected, and the extraction process was repeated. 

The supernatants from the two extractions were pooled and the solvent was 

evaporated under N2 stream. The residual phytochemicals were re-suspended 

in 2 mL methanol, filtered through 0.45 µm PTFE filters and collected in brown 

HPLC vials. 

Analysis of the tocopherol extracts was performed using an Agilent 1100 HPLC 

system, equipped with a photodiode array detector and a Jasco intelligent 

fluorescent detector FP-920.  

Sample extracts (10 µL) were injected through a Security Guard guard-column 

and separated on a Zorbax RX-C18 5 µm (250 × 4.6 mm) column with the 

column oven set at 20°C.  

A gradient system of two mobile phases was adopted; the initial mobile phase 

(solvent A) was acetonitrile/methanol/isopropanol/1% (v/v) acetic acid 

solution (45:45:5:5; v/v/v/v), whereas the second mobile phase (solvent B) was 

acetonitrile/methanol/isopropanol (25:70:5; v/v/v). The flow rate of the 

mobile phase was set at 0.8 mL/min. Elution started with 100% solvent A, run 

isocratically for 6 min, then the mobile phase changed linearly to 100% solvent 

B over the following 10 minutes. Solvent B 100% was held for 12 minutes then 

before returning to the initial conditions with a total run time of 36 minutes. 
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Detection was performed at excitation and emission wavelengths of 298 nm 

and 328 nm, respectively. Identification and quantification were made using 

standards of α-, β-, γ-, and δ-tocopherol (Sigma Ltd., Gillingham, United 

Kingdom), and ChemStation software. 

 

2.10 Determination of oxidative status of oils collected from freeze-

thawed oleosomes 

The oxidative status of oils collected from freeze-thawed oleosome creams was 

analysed for their primary and secondary oxidation products, by measuring the 

peroxide value and p-Anisidine value (pAV), respectively.  

RWOB was frozen on the same day of production for 24 h at -20°C (isothermal 

cooling at -20°C), then thawed at 20°C for 18 h. After thawing, oil was collected 

and flushed with N2 and immediately analysed for peroxide value and pAV. 

The official method AOCS-CD-8b-90 was used for PV, and the official method 

AOCS-CD-18-80-Rev-2011 for pAV. 

For PV, 3 g of freshly recovered oil from freeze-thawed RWOB was dissolved 

into 50 mL of acetic acid/isooctane 3:2 (v/v) and titrated with Na2S2O3 0.01 M 

(the exact molarity was previously calculated by titration in K2Cr2O7) in 

presence of KI. Near the reaction endpoint, 0.5 mL sodium dodecyl sulphate 

10% (w/v) and 0.5 mL potato starch 0.5% (w/v) were added and titration with 

Na2S2O3 continued until complete discoloration of the mixture. Analyses were 

run in triplicate. peroxide value was calculated as follows: 

 

ὖὩὶέὼὭὨὩ ὠὥὰόὩ
Ȣ

  
    (Eq.2.3) 

 

Where: 

S is the volume (mL) of Na2S2O3 solution used to titrate the sample 

B is volume (mL) of Na2S2O3 solution used as a blank (titration with all 

reagents except oil) 

0.01 is the molarity of the Na2S2O3 solution 
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For pAV, 2.5 g of freshly recovered oil from freeze-thawed RWOB were 

dissolved to 25 mL with isooctane and the absorbance at 350 nm measured 

with an Ultrospec spectrophotometer (Pharmacia LKB, Sweden). Then, 1 mL of 

p-anisidine reagent (0.25 g/100 mL p-anisidine solution in glacial acetic acid) 

was added to 5 mL of the oil/isooctane mixture and the absorbance measured 

after 10 min. Isooctane and isooctane/p-anisidine reagent (5:1, v/v) were also 

measured for their absorbance and used as blanks. Analyses were run in 

quadruplicate. The p-Anisidine valuewas calculated as follows: 

 

ὴ ὃὲὭίὭὨὭὲὩ ὠὥὰόὩ
Ȣ

  
    (Eq.2.4) 

 

Where: 

As is the absorbance of the oil/isooctane mixture after reaction with the p-

Anisidine reagents 

Ab is the absorbance of the oil/isooctane. 

 

2.11 Evaluation of the emulsifying properties of fractionated materials 

Emulsions (o/w) were produced by mixing sunflower oil with aqueous phase 

consisting of w-f-t serum, or buffer (NaHCO3 0.1 M, pH 9.5) containing pellets 

(w-f-t- or WOB; 2.25% w/w, dry basis). The pellets were dispersed in buffer by 

gently mixing. Prior to homogenisation, sunflower oil was purified with Florisil® 

100-200 mesh (Merck KGaA, Darmstadt, Germany). The oil (4 g) was mixed with 

the aqueous systems (16 g) to the ratio oil-to-aqueous phase of 20:80 (w/w; 

Gould & Wolf, 2018), and homogenised for 3 min at 20,500 rpm by using a 

Yellow Line homogeniser (DI 25 basic, IKA Werke, Staufen, Germany) fitted with 

an 18 mm diameter dispersing element. The dispersions were stored at 5°C 

then the microstructure was examined by light microscopy and PSD on the 

same day (60 min from production), and at day 4, 7, 14 of storage. A 

quantitative evaluation of the emulsifier in the emulsions is reported in Chapter 

7, Section 7.2.2. 
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2.12 Statistical analysis 

Experiments were performed in triplicate. Compilation and analysis of the data 

including averages and standard deviations, and visualisation in graphs 

presented was accomplished using Microsoft Excel (2016). Statistical analysis 

was performed by one-way ANOVA (Analysis of Variance) using SPSS version 

28.0.1.1 software (IBM, Chicago, USA). 
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3 Lipid profile of the oilseed rape oleosomes  

3.1 Background 

The lipid profile of oilseeds such as oilseed rape (OSR) is frequently determined 

as it is an important commercial characteristic. More interest has been paid to 

the fatty acid (FA) composition of the triacylglycerol (TAG) oil (> 94 % of the 

lipid in OSR) than to the overall lipid composition, particularly of the material 

that surrounds oleosomes (0.5-2% of the oleosome mass ). These relatively 

minor lipid constituents can have nutritional value and are likely to affect the 

physical properties of oleosomes ex-vivo in food or pharma applications. 

Lipids can be separated into neutral and polar fractions through solid phase 

extraction (SPE) columns. SPE has been used for lipid fractionation and 

purification in oleosomes (Boulard et al., 2015; De Chirico, 2019). With the aim 

to characterise the polar fractions in oleosomes, fractionation is important, as 

these organelles are particularly rich in neutral lipids, which could affect the 

analysis. A schematic of SPE separation is shown in Figure 3.1. As described in 

Chapter 2, Section 2.7.2, the oleosome total lipid extract (TLE), loaded in the 

SPE column, was separated in three main fractions: F1, containing neutral lipids 

(NL), F2, containing residual NL and the glycolipid (GL) fraction, and F3, 

containing residual NL and the phospholipid (PL) fraction. 
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Figure 3.1. Schematic of SPE method to separate TLE into F1, F2, and F3. TLE was 

sequentially eluted with chloroform/acetic acid 100:1 (v/v), acetone/methanol 9:1 

(v/v), and methanol, respectively. 

Further separation of the lipid fractions into individual lipid classes can then be 

achieved by thin layer chromatography (TLC), which has been employed for the 

lipid characterisation of oleosomes from different vegetable sources (Tzen et 

al., 1993; Peng & Tzen, 1998; Boulard et al., 2015; De Chirico, 2019). 

For the oleosome FA determination and quantification, gas chromatography 

(GC) paired with mass spectrometry (MS) (Gray et al., 2010; Payne et al., 2014; 

De Chirico, 2019) or flame ionisation detector (Jolivet et al., 2011; Boulard et 

al., 2015), was used. 

In order to identify lipids with higher accuracy, mass spectrometry was used to 

characterise the PL molecular profile in oleosomes from OSR (Boulard et al., 

2015) or sunflower (Furse et al., 2013). 

In this chapter, the profile of the total lipids extracted from oleosomes was 

determined by coupling lipid separation and identification on thin layer 

chromatography (TLC), with FA analysis of the TLC-separated lipid bands by gas 

chromatography with flame ionisation detector. The identity of PLs separated 

by TLC was then confirmed with Electrospray Ionisation Mass Spectrometry 

(ESI-MS/MS). The profile of free and esterified sterols was also determined.  
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3.2 Oleosome lipid class identification by TLC 

As described in Chapter 2, Sections 2.7.1 and 2.7.2, the total lipids extracted 

from RWOB were separated by SPE in three fractions, namely F1, F2, and F3, 

with the aim to isolate NLs, GLs, and PLs, respectively. Separation of the 

fractions into individual lipid classes, and preliminary lipid identification in each 

of the three fractions was carried out by TLC. The identity of the TLC-separated 

PLs in F3 was then confirmed by ESI-MS/MS (Section 3.3.3). TLC results show a 

non-complete separation of NLs, GLs, and PLs in the respective F1, F2, and F3 

fractions, due to a carryover of NLs in F2 and F3. Therefore, F1, F2, and F3 

cannot be unambiguously attributed to the respective NL, GL, and PL fractions. 

In Figure 3.2, the TLC separation of lipids from F1 is shown. 

 

 
Figure 3.2. Separation of the F1 fraction on TLC plate. Left hand side of the plate (in 

rectangle): standards. Inset table: standard bands and the putative corresponding 

sample bands as they migrate on the plate. Lipid separation method in Section 2.7.3. 

 

A predominance of TAGs (F1-5) and minor quantities of other lipids on the TLC 

plate is observed; the two adjacent bands F1-2 and F1-3 correspond to 1,2 and 

1,3 diacylglycerol (DAG), respectively, whilst F1-4 corresponds to the free fatty 

acid band. DAGs were found in small percentage in oleosomes and considered 

as oleosome constituents (Slack et al., 1980), whose presence may depend on 

the incomplete conversion of FA and DAG to TAG, or to possible structural roles 

(Huang, 1992) after conversion to oleosome surface phospholipids (PLs). F1-1 

and F1-6 correspond to free sterols and sterol esters, respectively, and are 
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discussed more in detail in Section 3.3.2. The lipids from the F2 fraction, 

resolved by TLC, are shown in Figure 3.3. 

 

  
Figure 3.3. Separation of the F2 fraction on TLC plates. Left hand side of the plates 

(in rectangle): DGDG, MGDG, SQDG standards on plate A, and TAG, 1,3DAG on plate 

B. Inset table: band numbers and the putative corresponding lipid as they migrate on 

the plate. Lipid separation method in Section 2.7.3 

In Figure 3.3, a clear band can be observed in correspondence to the GL 

standard monogalactosyldiacylglycerol (MGDG; F2-2), whereas 

digalactosyldiacylglycerol (DGDG; F2-1) and sulfoquinovosyldiacylglycerol 

(SQDG; F2-x) are barely visible. However, DGDG appears more evident on other 

TLC separation of F2 in oleosomes from the same OSR line (Chapter 6, Figure 

6.7). This different compound visualisation is not clear at the moment, and it 

may depend on the different separation and visualisation methods employed 

in Chapter 3 and 6 (methods described in Chapter 2, Section 2.7.3 and 2.9.1, 

respectively). Since the DGDG and SQDG bands (F2-1 and F2-x, respectively) in 

this chapter were very faint, no further analysis of FA was undertaken. The 

other bands were identified as the carryover of NLs in F2, as suggested by 

comparison with standards in plate B, specifically F2-4 - 1,3DAG, F2-5 - TAG, F2-

6 - TAG. There is no standard in correspondence of F2-3, but it this sample band 

is likely to be 1,2DAG. The identity of the lipid bands was not confirmed with 

ESI-MS/MS. The dark (non-fluorescent) faded band below F2-2 may represent 

xanthophylls as it seems to absorb ultraviolet light. Xanthophylls are yellow 

carotenoids also found in Brassica seeds (Shewmaker et al., 1999). However, 

 

 

 

 

 

 

 

 

TAG 

1,3 DAG F2-4 

F2-3 

F2-6 

F2-5 
Band 
Number 

Putative 
Corresponding 
Lipid  

F2-6 TAG2 
F2-5 TAG1 

F2-4 1,3 DAG 

F2-3 1,2 DAG likely 

F2-x SQDG 
F2-2 MGDG 

F2-1 DGDG 

 

F2-4 

F2-x 

B A 



65 
 

no evidence of the characteristic xanthophyll yellow colour was found in such 

bands when exposed to natural light. Figure 3.4 shows the TLC separation of 

lipids from the F3 fraction. 

 

    
Figure 3.4. Separation of the F3 fraction on TLC plate. Left hand side of the plate (in 

rectangle): standards. Inset table: standard bands and the putative corresponding 

sample bands as they migrate on the plate. Lipid separation method in Section 2.7.3 

The F3-1, F3-2, F3-3 and F3-4 bands were tentatively identified as 

phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylglycerol (PG), 

and phosphatidylethanolamine (PE), respectively. The presence of PG suggests 

the existence of plastidial lipids in the OSR oleosomes (Boudière et al., 2014), 

whilst the rest of the lipids are normally synthesised in the endoplasmic 

reticulum of seed cells (Vance & Vance, 2008; Shimada et al., 2018). The 

presence of PG in OSR oleosomes was recently reported by Boulard et al. (2015) 

and by De Chirico (2019). The presence of PI is reported in previous works (Tzen 

et al., 1993; Deleu et al., 2010; Boulard et al., 2015; De Chirico, 2019). 

Phosphatidylserine (PS) and phosphatidic acid (PA) were not detected in this 

work. PA, which is a very important metabolic intermediate and signalling 

compound, involved in the synthesis of DAGs (Vance & Vance, 2008; Woodfield 

et al., 2018), is normally present at low concentrations in biological systems 

(Boulard et al., 2015). The concentration of PA ex-vivo can be overestimated as 

this PL may form through hydrolysis of PC and PE by phospholipase D, whose 

activity could be enhanced by increased moisture in seeds or during seed 

grinding (List et al., 1992; Ambrosewicz-Walacik et al., 2015). The absence of 

F3-1 

F3-6 

F3-5 

F3-4 

F3-3 

F3-2 

PA 

PC 

PE 

PG 
PS 

PI 

Band 

number 

Putative 

Corresponding lipid 

F3-6 Likely DAG 

F3-5 Likely DAG 

F3-4 PE 

F3-3 PG 

F3-2 PI 

F3-1 PC 

 



66 
 

PA in the lipids extracted from oleosomes suggests that there is no degradation 

of PC and PE either during seed storage (when there is a low moisture content 

of 4.5±0.2%) or during oleosome recovery. 

Other unidentified bands above F3-4 were visible; F3-5 and F3-6 were analysed 

for their FA profile (Section 3.3.2) but they would require specific identification. 

The band at the top of the plate presumably represents the carryover of TAGs. 

 

3.3  Oleosome fatty acid and sterol composition 

The diagram of Figure 2.4, reproduced from Section 2.7, outlines the overall 

lipid analysis procedure described in this chapter. 

 

 

Figure 3.5. Overall lipid analysis procedure. General diagram of characterisation of 

the oleosome lipid profile (seeds included for FA methyl esters). 

The FA composition was analysed in samples with increasing level of specificity 

(indicated by increasing fraction number in the diagram), from the whole seed 

to the TLC-separated bands. A further step of classification was performed with 

ESI-MS/MS, to confirm the identity of the TLC-separated PL classes. 

 

3.3.1 Quantification of the lipid fractions by FA methyl esters 

Lipids in the three SPE fractions (F1, F2, F3) were quantified based on their total 

acyl chain content (µmol/100 mg of RWOB dry weight basis) (Table 3.1) in the 

different lipid extracts; the acyl chain content was calculated from the gas 

chromatography peak areas. The proportion % of lipids lost through SPE was 

determined as the sum of the acyl chain contents (µmol/mg RWOB) in each SPE 

crude fraction and that in TLE, as reported in Equation3.1. 

ESI-MS/MS (PLs) 

4) SPE- 
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ὃὧὙ Ϸ ὃὧὊρ ὃὧὊς ὃὧὊσ ὃὧὝὒὉρππϷ   (Eq. 3.1) 

Where: 

AcR (wt%) = acyl chain recovery % after SPE-separation 

AcF1, AcF2, AcF3 are the acyl chain content (µmol/100 mg RWOB dry weight 

basis) in the F1, F2, F3 fractions, respectively 

 

90.30% of the TLE (303.02 µmol/100 mg) was recovered after SPE (see Table 

3.1). 

 

Table 3.1. Acyl chain content (µmol/100 mg RWOB dry weight basis) in TLE and in 

the SPE fractions F1, F2, F3. Recovery percentage calculated as in Equation 3.1. The 
relative percentage (w/w, %) of each SPE fraction with respect to the sum of F1, F2, 
and F3 content is reported in the third column. 

Lipid fraction 
µmol/100mg 

RWOB 
SPE fraction % 

TLE 303.02  

F1 265.06 97.36 

F2 5.06 1.86 

F3 2.14 0.78 

Recovered lipids (%) 90.30  

 

As reported in Table 3.1, the vast majority of lipids are in F1, the “NL fraction”, 

mainly containing TAGs (TLC plate in Figure 3.2). TAGs are the main lipids in 

OSR seeds (Sosulski et al., 1981; Tanska et al., 2009) and in OSR oleosomes 

(Tzen et al., 1993) and oleosomes from other plant species (Slack et al., 1980; 

Tzen & Huang, 1992). Polar lipids (GL, PL) were instead minor compounds. The 

percentages presented in Table 3.1 have an element of approximation, due to 

the contamination by NLs (mainly TAGs) in F2 and F3, visible on the respective 

TLC plates in Figure 3.3 and Figure 3.4. Furthermore, partial sample loss during 

elution (Table 3.1) may affect the quantitative distribution of the lipids. 

The percentages in Table 3.1 are related to the quantity of acyl chains in each 

SPE fraction. The lipid fractions (NL, GL, PL) could be quantitatively compared 
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by dividing the number of mols in F1 by three, in F2 and F3 by two, 

corresponding to the number of acyl chains contained in a TAG, GL and PL 

molecule, respectively, resulting in NLs - 96.09%, GLs - 2.75%, PLs - 1.16%. This 

is a rough calculation as it does not account for the presence of DAGs (two acyl 

chains), free fatty acids, and sterol esters (one acyl chain the last two) in F1, 

and the contamination by NLs in F2 and F3, by which the total NL content would 

be higher. In particular for F2, this fraction mainly contains NLs, whereas GLs 

are minor components. Despite these approximations, PL content (1.16%) is in 

line with the values for OSR oleosomes found by Tzen et al. (1993) (1.97%; 

w/w%). 

 

3.3.2 FA composition 

The FA composition of the samples reported in the analysis sequence of Figure 

3.5 (Section 3.3) is shown in Figure 3.6. 

 

 
Figure 3.6. FA profile of OSR seed, RWOB, TLE, F1 (NLs) and F1-5 (TAGs). 

 

Given the predominance of TAG molecules in the seed and oleosomes (where 

the seed TAG is stored) (Tzen et al., 1993) it is not surprising that the five lipid 

extracts from OSR (var. Compass) analysed showed very similar FA 

compositions, which were: oleic acid (C18:1n9)˃˃linoleic acid (C18:2)˃linolenic 

acid (C18:3n3)˃palmitic acid (C16:0)>stearic acid (C18:0), negligible erucic acid 

(C22:1). In De Chirico (2019), the FA composition of the OSR (var DK Exalte) oil 
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was: C16:0 (5.2%), C18:0 (1.8%), C18:1 (65.2%), C18:2 (19.1%) and C18:3 

(8.7%), which is very similar to that found in the present work. Similar FA profile 

between seed and oleosomes was also observed in OSR (Jolivet et al., 2006) 

and in Echium plantagineum (Gray et al., 2010). The overall FA profile of F2 and 

F3 was not reported since it is not representative of the whole GLs and PLs, 

respectively, as skewed by the carryover of NLs. 

In  

Figure 3.7, the FA composition of the lipid bands from F1 is reported. The TLC 

bands were identified by comparison with lipid standards thus their identity 

was putative as not confirmed by ESI-MS/MS. The 1,2DAG, 1,3DAG, and free 

fatty acids have similar FA composition to TAGs, although free fatty acids 

contain less oleic and concomitantly more palmitic and stearic acid, whereas 

1,3DAG is the most enriched in erucic acid. The FA profile of sterol esters (the 

characterisation of the sterol part in sterol esters and free sterols is discussed 

in Section 3.3.4) is significantly different from the rest of the lipids of F1, as it 

contains 20% oleic acid, 50% linoleic acid (the main FA in sterol esters) and 

almost 15% linolenic acid. As a family of molecules, sterol esters in OSR 

oleosomes are significantly enriched in polyunsaturated fatty acids (mainly 

C18:2) compared with the NLs. 

 

 

Figure 3.7. FA profile of the lipids from F1: 1,2 DAG (F1-2), 1,3 DAG (F1-3), free fatty 

acid (FFA in table; F1-4); TAG (F1-5), sterol esters (SE in table; F1-6) 

Figure 3.8 shows the FA profile of the lipids from F2. It can be noted that the 

only band attributed to a GL compound was F2-2. 
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Figure 3.8. FA profile of the lipids from F2: MGDG (F2-2) (unlikely due to its FA 

profile), 1,2DAG (F2-3), 1,3DAG (F2-4), TAG1 (F2-5), TAG2 (F2-6) 

F2-2 was initially identified as MGDG by co-migration with the respective 

standard; this is the lipid with the highest content in very long chain fatty acids 

(C20-C24) in F2, which is not consistent with the FA profile of the galactolipids 

in chloroplasts. The discrepancies with the lipid profile by ESI-MS/MS (Figure 

3.9), and with Figure 6.7 in Chapter 6, where MGDG is less visible than DGDG, 

suggest that the real MGDG concentration is probably too low to be visualised 

on the TLC, therefore, the FA profile of that band may belong to comigrating 

lipids such as lysolipids from TAG. 

The ESI-MS/MS data of Figure 3.9 show the presence of low concentrations of 

MGDG, DGDG, and SQDG, this last one present in traces. 

A similar relative content of MGDG, DGDG, and SQDG was detected in urea-

washed oleosomes (data not shown), with urea 9M replacing NaHCO3 buffer in 

the normal oleosome recovery process (Chapter 2, Section 2.2). Urea is known 

to be a chaotropic agent and it was employed in this case to remove any 

possible exogenous protein material. The presence of GL in the urea-washed 

RWOB suggests that those lipids may be constituents of oleosomes. MGDG, 

DGDG and SQDG are major lipids present in plastids (Joyard et al., 1998; Gros 

& Jouhet, 2018). To the best of this thesis author’s knowledge, the presence of 

GLs in oleosomes has not been reported before, so it is interesting to ask if they 

are integral part of oleosomes or if this reflects the presence of plastid 

materials (Section 3.3.2). A possible explanation is that unlike oleosomes, 
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which are generated from the endoplasmic reticulum, these compounds may 

be transferred to the oleosomes by some sort of exchange with plastids, 

perhaps due to contact points between plastids and the endoplasmic 

reticulum.With regard to the other TLC bands, F2-3 and F2-4 are supposed to 

be DAGs (by co-migration with DAG standards) and they have similar FA 

composition, yet they separate, perhaps due to the position on the glycerol 

backbone (1,2DAG, and 1,3DAG, respectively). F2-3, and F2-4 are more 

enriched in saturated FA (C16:0 and C18:0) than F2-5 and F2-6 (TAGs). F2 

should contain more polar fractions than F1, yet it contains the putative DAG 

bands (F2-3, F2-4) enriched in saturated FAs C16:0/C18:0 compared with the 

DAG bands (F1-2, F1-3) in F1. It is not clear why the experimental conditions 

used for SPE did not allow the elution of such NLs into F1. The contamination 

by TAGs (putatively F2-5 and F2-6) would depend on their high fraction in 

oleosome lipids for which some carrying-over occurred in the other fractions. 

Table 3.2 shows instead the relative content (PL mol %) of the four identified 

PLs, based on the overall FA content in each of the TLC-separated PLs. 

 

Table 3.2. Relative content (mol%) of PC (F3-1), PI (F3-2), PG (F3-3) and PE (F3-4). 
Relative content is reported with respect to the sum of the four PLs content. 

Band number PL %Total 

F3-4 PE 36.20 

F3-3 PG 10.81 

F3-2 PI 14.19 

F3-1 PC 38.80 

 

As reported in Table 3.2, the PL contribution (mol%) is the following: PC - 

38.80%, PE - 36.20%, PI - 14.19%, PG – 10.81%. F3-5 and F3-6 were not 

considered as they are currently not identified and appear to be minor 

components according to their low stain intensity. 

In Figure 3.9 is shown the relative abundance of PLs and GLs in oleosomes, 

determined by ESI-MS/MS. By comparing these values with those of Table 3.2, 

it is likely that the content of PE and PG are overestimated, whereas the value 

of PC is underestimated. Moreover, the band intensity of PE and PI in Figure 
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3.4 (and Figure 6.5, Chapter 6) is similar, whereas PC is more intense. The ESI-

MS/MS data also shows a minor content of PS, which could not be detected on 

the TLC plate or perhaps comigrated with PG. 

 

 
Figure 3.9. Relative content of the overall molecular species of PLs and GLs in 

oleosomes 

 

Although the ESI-MS/MS data of Figure 3.9 is not quantitative, it still shows the 

stoichiometry between the lipid species, and it provides useful information 

about the polar lipid population in oleosomes. 

PC was the most abundant PL in OSR oleosomes (Tzen et al., 1993; Boulard et 

al., 2015; De Chirico, 2019), or seeds (Sosulski et al., 1981; Beermann et al, 

2003; Deleu et al., 2010), followed by PE (Katavich et al., 2006; Deleu et al., 

2010), although PE content in Tzen et al. (1993) was much lower. In De Chirico 

(2019), the PL composition was: PE (37.5%), PG (5.4%), PC (48.1%), PS/PI (9%), 

which is partially similar to that found in this work. It must be pointed out that 

the PL composition in oleosomes may differ from the total PL composition of 

the seeds, due to the presence of different cell membranes in the seed, which 

are removed during oleosome recovery. A list of the OSR varieties, and related 

PL source (oleosomes or seed), for the aforementioned authors is reported in 

Table 3.3. 
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Table 3.3. List of OSR varieties and related PL sources (oleosomes or seed) from 
literature. 

Author OSR variety PL source 

Sosulski et al. (1981) Sinus, Janpol seed 

Tzen et al. (1993) - oleosomes 

Beermann et al. (2003) NPZ, HO-NPZ, DSV, RAMSCH-DSV seed 

Katavich et al. (2006) Reston, Westar oleosomes 

Deleu et al. (2010) Kosto seed 

Boulard et al. (2015) Amber, Warzanwski oleosomes 

De Chirico (2019) DK Exalte oleosomes 

This thesis Compass oleosomes 

 

Differences in the oleosome PL composition may depend on the plant 

species/variety (Katavic et al., 2006) and perhaps on the method of oleosome 

recovery and analysis. The oleosome PL composition in relation to the plant 

species and varieties has not been systematically studied, but work on echium 

seed oleosomes (Payne et al., 2014) revealed the mol% of PL classes to be: PC 

(54.5%), PS (30.7%), PE (13.2%) and PI (5.2%); this is quite different to the PL 

profile in this current study where PI was 22% , and no PS was detected (ESI-

MS/MS data). The PL composition of sunflower oil, analysed by Millichip et al. 

(1996), is even more different as PC accounts for almost 80%, whilst PE and PI 

were 13% and 8%, respectively; no PS was found in this work. The FA 

composition of the resolved F3 fraction is reported in Figure 3.10. 
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Figure 3.10. FA profile of the lipids from F3: PC (F3-1), PI (F3-2), PG (F3-3), PE (F3-4), 

F3-5 (unknown), F3-6 (unknown). 

As in F2, F3-5 and F3-6 contain saturated FA despite the higher polarity of this 

fraction. It is possible that these two fractions are again 1,2DAG and 1,3DAG. 

PC, PI, and PE from OSR oleosomes contain mainly oleic and linoleic acid, with 

higher contribution of palmitic acid in PI. Palmitic acid is the most abundant in 

PG, F3-5, and F3-6, also relatively enriched in stearic and eicosenoic (C20:1) 

acids. PC is enriched in oleic acid (Jolivet et al., 2006; Tanska et al., 2009; De 

Chirico, 2019), and it has similar FA profile to TAGs ( 

Figure 3.7), perhaps due to their closely linked metabolic pathways, where PC 

acts as a precursor for the synthesis of TAGs in seed oils (Bates et al., 2013; 

Chen et al., 2015; Bates, 2016). 

Although the oleosome FA composition (of oil and surface PLs) varies among 

species/varieties, the surface PLs generally have higher mol% of saturated FAs, 

and the FA profile of the surface PLs can be very distinct from the oil FAs. In 

Payne et al. (2014), Echium oil had a high content of PUFAs (linoleic, 13.5%; γ-

linolenic, 9.3%; α-linolenic, 33.7%; stearidonic, 13.7%); in contrast the PLs of 

the oleosomes all had relatively high mol% of the saturated FAs palmitic (40%) 

and stearic (33%). In this thesis, OSR PG and PI contain about 20% and 40% 

palmitic acid in PI and PG, respectively, which is higher than in PC and PE. In 

Beermann et al. (2003) (OSR seeds), PI also contained more saturated FA 

(palmitic and stearic) than the other PLs, although the unsaturated fatty acids 

still were the major FAs in PI. In De Chirico (2019), palmitic and stearic acid 

were more present in the PLs than in the oil, with palmitic acid being the 
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highest FA (20%) in PI and PS. In Millichip et al. (1996) (oleosomes) instead PI 

contained more than 20% palmitic and 14% stearic, and 17% palmitic in PE. The 

overall PL FA composition from all the studied here mentioned is reported in 

Appendix Table 1. 

Payne et al. (2014) hypothesised that Echium PL saturated FAs such as palmitic 

could exert an anchorage function for oleosins, through hydrophobic 

interactions between the PL acyl chain and the portion of the oleosin 

hydrophobic domain within the PL monolayer. PI usually appears to have a 

higher content of saturated FAs than the other PLs. Moreover, the acidic PLs 

PS, PI and PG may be more suitable to stabilise oleosome structural proteins 

(also preventing their thermal denaturation) via electrostatic interactions 

taking place between the polar head group of the PL and the proteins (Tzen et 

al., 1992; Bourgeois et al., 2019). Figure 3.11 shows the chemical structure of 

PA, PC, PE, PG, PI, PS.  

 

 
Figure 3.11. PL structures (Cui & Decker, 2016). 

As observed in the figure, PG and PI lack of an amino moiety, which is present 

in PE and PC; PS instead contains a carboxylic group. For these reasons, PG, PI, 

and PS are more likely to be negatively charged (in physiological but also in ex-

vivo condition) due to the dissociated phosphate and/or carboxylic groups, and 

to interact with the positive groups of oleosins which could stabilise the 
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oleosome structure. Negatively charged PLs such PS, PG and PI are reported to 

induce more interactions with proteins than the other PLs (Kim et al., 1991; 

Tzen et al., 1992; Chen & Tzen, 2001; Boulard et al., 2015). 

In the light of the above observations, a mechanism of oleosome surface 

stabilisation by oleosin and PL interaction is proposed in Figure 3.12. As shown 

in the figure, electrostatic interaction would occur between the polar heads of 

PLs with negative net charge (such as PG or PI) and the positively charged 

amino acids of the oleosin on the oleosome surface. A further contribution to 

the stabilisation may derive from the hydrophobic interactions between PL 

fatty acyl groups (which may be stronger with PG and PI, due to their higher 

content of saturated FA) and the oleosin hydrophobic domain. 

 

 
Figure 3.12. Mechanism of oleosome surface stabilisation by the interaction 

between PLs and structural proteins (mainly oleosins). 

 

In summary, the oleosome interfacial PLs may interact with oleosins differently 

according to the characteristics of both the acyl chain (length and degree of 

unsaturation) and the head group (net charge) of the PLs. This also suggests 

that the PL distribution on the oleosome surface is designed by nature as some 

types of PLs may be preferred in forming complexes with oleosins. The 

oleosome PLs are likely to contain more saturated FAs than the oil, but it is not 

clear what determines the PL FA saturation and its relationship with the oil FA 

composition. A possibility is that more saturated PLs surround oils with higher 

PUFA content, as PLs would provide more structural restraint, rigidity for a 
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more fluid lipid droplet during seed dormancy. New data emerged while 

writing this thesis, which will be discussed in a follow-up paper, suggest that in 

oleosomes of different OSR accessions (canola and high erucic varieties) and 

different FA composition , the PL FA composition is similar between the 

accessions despite the variability of the oil FA composition. Nevertheless, the 

higher PL FA saturation that Echium oleosomes have compared with OSR 

oleosomes, may be related to the significantly higher unsaturation of Echium 

oil. Given the above observations, there is a strong case for a systematic 

measurement of the composition of oleosome PLs from a range of seeds; such 

a study should employ the most effective methods for lipid extraction, 

fractionation, and analysis. Despite the hypotheses advanced by some authors 

about the impact of PLs on the oleosome stability, this has not been clearly 

determined yet, and other studies on oleosomes from OSR (Katavic, 2006, De 

Chirico, 2019) and Helianthus (Furse et al., 2013) suggest that the physical 

properties at the oleosome surface are more regulated by the proteins. 

 

3.3.3 Identification of PLs in ESI-MS/MS 

The aim of the work in this section was to confirm the identity of the PL classes 

separated with TLC. Figure 3.13 shows the mass profile, determined by ESI-

MS/MS, of the oleosome PLs separated by TLC (Section 3.2). The mass profile 

is represented by a plot of the different lipid species, i.e., FA (with different 

number of acyl carbons and unsaturation) combinations, forming a PL class, as 

a function of their relative signal (intended as total ion count) intensity, which 

is interpreted as the concentration of a lipid specie. The identity of PC, PI, PG 

and PE was confirmed, and the respective mass profiles are shown in Figure 

3.13 A, B, C, and D. In comparison with the PL FA profile of Section 3.3.2, the 

most probable compositions for each lipid species is reported. PS was present 

in the F3 but was not visible on TLC due to its low concentration and its FA 

profile (based on FA methyl esters) was not determined, but it was possible to 

determine its molecular profile by ESI-MS/MS. 
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PC (Figure 3.13 A) is represented mainly by the species C36:2, indicating two 

oleic moieties, and by C36:3, indicating an oleic and a linoleic moiety. This 

agrees with the FA composition of PC (Section 3.3.2), for which oleic and 

linoleic acids are the most represented FAs. C36:4 in PC indicates mainly two 

linoleic acids. C36:5, detected in small quantity, indicates PC containing one 

linoleic and one linolenic acyl moiety. C34 species were more represented than 

C36 species in PC; the two most representative C34 were C34:1 (palmitic and 

oleic moieties) and C34:2 (palmitic and linoleic moieties).  

In PE (Figure 3.13 D) C36:3 is the most represented species, which agrees with 

the higher content of linoleic acid of PE compared with PC (Figure 3.10). Also, 

C36:2 and C36:4 are well represented and would be formed mainly by two oleic 

and two linoleic acids, respectively. As in PC, the C34 species are less than C36, 

and they may have the same FA composition as PC. A low quantity of C36:5 was 

also detected. 

In PI (Figure 3.13 B), the species C34:1 and C34:2 are more represented than in 

PC and PE, indicating the higher concentration of palmitic acid. High percentage 

of C34:2 for PI was also observed in Boulard et al. (2015). PI contains less C36:2, 

C36:3 and C36:4 than PE, although the distribution in the two PLs is 

comparable.  

PG (Figure 3.13 C) contains the lowest concentration of C36 species, which is 

expected as PG has the lowest content of oleic and linoleic acid (Figure 3.10). 

On the other hand, PG has the highest content of C34:1 and C34:2 among the 

four PLs in Figure 3.13, including C32 which was exclusively found in PG. C34:1, 

C34:2 and C32 indicate higher concentration of palmitic acid, which is the most 

represented FA in PG. 

PS (Figure 3.13 E) was characterised by the presence of C14:0, identified by the 

molecular species C28:0; it also contained very long chain fatty acids, as shown 

by the molecular species C40:2 and C42:3. 
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Figure 3.13. Identification by ESI-MS/MS of the PL bands separated by TLC (Figure 

3.4). A) F3-1 - PC, B) F3-2 - PI, C) F3-3 - PG, D) F3-4 - PE., E) PS (not visible on TLC). 

Lipid relative abundance (%) refers to relative total ion count contribution of each 

species with respect to the overall total ion count. 

 

3.3.4  Sterol composition of the oleosomes 

Several studies reported the sterol content in rapeseed oils, which is varied, 

ranging from 0.8 to 11.3 g/kg oil (Firestone, 2006; Marekov, et al., 2009; 

Przybylski & Eskin, 2011; Gunstone, 2013; Flakelar et al., 2017). However there 
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seems to be scarcity of studies determining the sterol content in oleosomes. In 

this current work, sterols were found in oleosomes and quantified as 3.2±0.5 g 

total sterols/kg RWOB (dry mass basis) which is comparable with that found in 

oils.  

The RWOB sterol composition (Section 3.3), reported as relative abundance of 

the different individual free sterols and sterol esters, expressed as % of the 

total peak area (sum of the peak areas of all the free sterols or sterol esters), is 

shown in Figure 3.14. 

The relative sterol abundance in the respective free sterol and sterol ester 

overall populations was calculated using Equation 3.2. 

 

ὛὸὩὶέὰ ὧέάὴέόὲὨ ὃὶὩὥὛὸὩὶέὰ ὧὰὥίί ὃὶὩὥρππϷ ϳ     (Eq.3.2) 

 

 
Figure 3.14. Relative abundance in OSR oleosomes of the individual sterols in the 

free sterol (FS in figure; dark grey) and sterol ester (SE in figure; light grey) class, 

separated by TLC of F1. Each sterol expressed as % area with respect to the total 

class area (100% each class). 

The relative contribution of free sterols and sterol esters to the total oleosome 

sterol composition was about 21% and 79%, respectively. These values partially 

differ from those usually reported in literature for OSR oils, about 65% for free 

sterols and 35% for sterol esters (Marekov et al., 2009; Ghazani & Marangoni, 

2013; Flakelar et al., 2017), although Verleyen et al. (2002) reported 58-63% 

sterol esters in OSR oil. This different sterol distribution (and perhaps lower 

overall content) between oleosomes and oils may depend on the fact that oils 
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are often extracted from seeds by the use of solvents (e.g., hexane), which 

could solubilise the sterols from the other cellular membranes during oil 

extraction.The most abundant sterols in RWOB were β-sitosterol (about 45% in 

both free sterols and sterol esters), campesterol (about 30% in free sterols and 

35% in sterol esters) and brassicasterol (about 23% in free sterols and 10% in 

sterol esters), overall representing 90% and 80% of the total sterol composition 

in free sterols and sterol esters, respectively. The other sterols are minor 

components; ergosta-5,24-dienol and D5-avenasterol are more expressed in 

the sterol ester fraction, whilst obtusifoliol is missing in such fraction. 

The sterol profile is in line with the values reported in literature (Benveniste et 

al., 2004; Gul & Amar, 2006; Marekov et al., 2009; Przybylski & Eskin, 2011; 

Gunstone, 2013), with β-sitosterol being usually the most abundant sterol in 

Brassica (and in general in higher plants), followed by campesterol and 

brassicasterol, which is unique to brassica oils. The content of free 

Brassicasterol in RWOB is higher than the average literature values, but still 

lower than campesterol. 

Sterols are important components of biological membranes, interacting with 

PLs and proteins within the membrane. Due to their position in the membrane, 

sterols can regulate its fluidity and permeability (Hartmann, 1998). Presence of 

sterols was reported in seed oleosomes (Yu et al., 2021); Lopez et al. (2021) 

reported β-sitosterol, together with alpha tocopherol, to be part of the 

oleosome multicomponent hemi-membrane. 

The presence of sterols in the PL membrane restricts the mobility of fatty acyl 

chains, to a higher extent for more saturated sterols. Hartmann (1998) 

reported campesterol and sitosterol to be more effective than brassicasterol 

and stigmasterol in reducing the mobility of PL fatty acyl chains. These last two 

sterols contain in fact a trans-oriented double bond at C22 in the side chain of 

the sterol molecule (Figure 3.15), which contributes to a less dense packing, 

increased mobility of the PL hemi-membrane, and presumably oleosome 

stability, as reported by Boulard et al. (2015). Although it is expected that alkyl 

chains with a trans double bond would have a similar linearity (no kinks in the 

structure) to the respective saturated chain, the presence of a double bond in 
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the sterol side chain may introduce an element of rigidity in the alkyl chain 

itself. This increased rigidity at a molecular level with respect to a saturated 

side chain may decrease the rigidity of the hemi-membrane. In this latter work, 

the authors compared the sterol profile in oleosomes from two different OSR 

accessions, Amber and Warzanwski, with more and less stable oleosomes, 

respectively. Oleosomes containing more brassicasterol and less bampesterol 

were less stable (Warzanwski) than oleosomes with opposite sterol content 

(Amber), perhaps due to the aforementioned further unsaturation at C22 of 

the side chain of brassicasterol. 

The chemical structure of sitosterol and campesterol, and the respective 

sterols with the trans-oriented double bond, stigmasterol and brassicasterol, 

are shown in Figure 3.15. 

 

 
Figure 3.15. Structure of sitosterol and stigmasterol, campesterol and 

brassicasterol. 

The OSR oleosomes var. Compass, studied in this thesis, had a content of 

brassicasterol very similar to that of Warzanwski, a campesterol content 

between that of Amber and Warzanwski, and less β-sitosterol than in those 

other two accessions. The oleosome sterol profile of these three accessions is 

compared in Table 3.4. The β-sitosterol, the most abundant in the three 

accessions, is considered the most efficient phytosterol in regulating 

membrane fluidity in plants, by restricting mobility (Boulard et al., 2015). Its 

lower content in Compass, together with the highest content in brassicasterol 

among the three accessions, may suggest a reduced contribution to the 
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membrane packing in Compass, although the higher campesterol content with 

respect to Warzanwski may increase the packing. All this suggests that the 

varied sterol population in oleosomes may have a complex effect on membrane 

fluidity.  

 

Table 3.4. Relative content (%) of total brassicasterol, campesterol, and β-sitosterol 

in oleosomes from the OSR accessions Amber and Warzanwski (Boulard et al., 

2015), and Compass (this current work). Relative content is expressed as % of the 
area / sum of the areas of the three sterols 

 
Amber 

(Boulard et al., 2015) 

Warzanwski 

(Boulard et al., 2015) 

Compass 

(current work) 

Brassicasterol 5.1±0.3 16.2±0.9 17.3±1.9 

Campesterol 38.8±0.4 22.1±0.6 34.0±4.6 

β-sitosterol 56.1±0.5 61.7±1.3 48.7±6.6 

 

Moreover, the role of sterol esters should be considered. Excess sterols are 

normally esterified and stored as lipid droplets and used as a source of sterol 

to maintain sterol homeostasis, to regulate the sterol concentration in 

membranes (Valitova et al., 2016); therefore, it is not clear whether and how 

much of the sterol esters could be present in the oleosome hemi (half unit)-

membrane and/or dissolved in the core oil. It is more likely that the majority of 

sterol esters are not in membrane, although a study on cholesteryl esters 

reported that it could be either dissolved or associated with egg yolk lecithin 

membranes (see Chapter 1, Section 1.4.3.3) (Valic et al., 1979). If sterol esters 

are part of the oleosome hemi-membrane they will affect its mobility (Dufourc, 

2008). 

 

3.4 Are the lipid characteristics in OSR oleosomes correlated? 

An interesting aspect to be considered is the potential correlation between the 

composition of the oleosome core lipids and that of their surface lipids, and 

how this would affect the oleosome physicochemical characteristics. Boulard 

et al. (2015) proposed that in two OSR lines with similar oil and total protein 

content, the oil extractability from seeds was inversely correlated with the 
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respective oleosome physical stability, which in turn depended on the 

oleosome composition. In Section 3.3.2 it was discussed the surface-stabilising 

role of the acidic PLs PS, PG and PI, which would interact with the oleosins. In 

Boulard et al. (2015), the line with more stable oleosomes (var. Amber) was 

enriched in PS with respect to the line with less stable oleosomes (var. 

Warzanwski), while the content of the other PLs was comparable. 

It was reported in Section 3.3.2 that in oleosomes, oil with more unsaturated 

fatty acids might be associated with PLs with more saturated FAs, for stability 

reason, but this seems to be more evident when the FA composition of the core 

oil is very unsaturated such as in Echium plantagineum (Payne et al., 2014). In 

fact, from the new data (not shown) from other OSR accessions, mentioned in 

Section 3.3.2, canola and high erucic OSR oleosomes had similar PL FA 

composition despite the different oil composition. Conversely, in Boulard et al. 

(2015), PL FAs were more saturated in the canola variety Amber than in the 

high erucic variety Warzanwski, although these two accessions both had ~60% 

monounsaturated fatty acids and 30% polyunsaturated fatty acids. Hence, it is 

possible that when the content of unsaturated species in the oil is similar, other 

factors may affect the saturation ratio in the PL FAs, e.g., the PL composition, 

as the PL heads also have a stabilising role. 

The saturation ratio of PL FAs in Boulard et al. (2015) was calculated with 

Equation 3.3, which was used in this thesis to calculate the ratio in Compass. 

 

ὛὥὸόὶὥὸὭέὲ ὶὥὸὭέ     (Eq.3.3) 

 

Where: 

CxSFAs = saturated molecular species (C32, C34, or C36)  

CxMUFAs = monounsaturated molecular species (C32, C34, or C36) 

CxTot = all molecular species (C32, C34, or C36) 

 

As shown in Table 3.5, the saturation ratio in Compass was approximately 

intermediate between that of Amber and Warzanwski. 
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Table 3.5. Saturation ratio of PL species in oleosomes. Oleosomes from: A) OSR var. 
Compass, calculated for each PL class as per Equation 3.3 (Boulard et al., 2015); B) 
OSR var Amber (Am) and Warzanwski (Wa) in Boulard et al. (2015) 
A Saturation ratio (%) PC PI PE PG 

 (C32:0+C32:1)/C32:n --- --- --- 100 

 (C34:0+C34:1)/C34:n 58.3 22.7 36.3 46.2 

 (C36:1+C36:2)/C36:n 43.6 19.8 23.5 31.1 

 

B Saturation 

ratio (%) PC PI PE PS PA 

   Am Wa Am Wa Am Wa Am Wa Am Wa 

 (34:0+34:1)/34:n 58.6 31.9 33.1 19.5 44 20.7 20.7 8.7 46.5 21.5 

 (36:1+36:2)/36:n 51.9 26.7 32.5 18.7 31.1 12.4 22.3 16.4 43.6 17.7 

 

It must be pointed out that for OSR var Compass (Table 3.5 A), C36:2 well 

reflects the C:18:1-C18:1 combination in PC, PE and PI (Figure 3.10) due to the 

low stearic acid content in these three PLs, but this is more approximated for 

PG as it would include the contribution of both C18:1-C18:1 and C18:0-C18:2, 

as stearic, oleic and linoleic acid are comparable in content. However, the most 

abundant species in PG is C16:0, thus PG would remain more saturated. 

With regard to the oleosome tocopherol composition, the γ-to-α-tocopherol % 

ratio in Boulard et al. (2015) was 71:29 and 57:43 for Amber and Warzanwski, 

respectively. According to the authors, the higher α-tocopherol content in 

Warzanwski correlated with its more unsaturated fatty acids in the oleosome 

surface PLs (Erin et al. 1984). Oleosomes from OSR var Compass studied in this 

thesis (Chapter 6, Section 6.2.2.2), had about 60% γ- and 40% α- tocopherol, 

which is similar to that of Warzanwski, although the PL saturation ratio in 

Compass was about between that of Amber and Warzanwski. Therefore, the 

saturation ratio may be indicative of the tocopherol composition, but it may 

also depend on the PL composition itself. The PL composition was 62% PC, 13% 

PE, 9% PG, 8% PI and 8% PA in Amber, 58% PC, 15% PE, 8% PG, 8% PI and 11% 

PA in Warzanwski (the PS quantitative values were not provided for these two 

lines), and 53% PC, 23% PE, 22% PI, 2% PG, and 0.3% PS in Compass (referred 

to the ESI-MS/MS data in Section 3.3.2). 
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The data discussed in this section suggest that the FA composition of the core 

oil and the surface PLs in oleosomes could be related for oleosome physical 

stability reasons, but this correlation is not straightforward as other factors 

such as the type of PLs, or the tocopherol and sterol composition, may play a 

role. 

 

3.5 Summary of results 

The OSR oleosome lipid profile was mainly characterised by TAGs, as expected 

since TAGs are the most representative lipids in OSR seeds, due to their oily 

seed-nature. DAGs, GLs, PLs and sterols were present as minor components. 

The GLs are known to be chloroplast constituents, but their presence in this 

current work suggested that they are also constituent of oleosomes. 

With regard to the PLs, PC, PI, PG, PE were detected by TLC, ad their identity 

was confirmed with ESI-MS/MS. With the exception of PC, which had similar FA 

profile to TAGs, the other PLs, especially the acidic PG and PI, were enriched in 

the saturated palmitic acid compared to TAGs. Higher content of saturated FAs 

in PLs with respect to the core TAGs was also reported for oleosomes from 

other plant species. 

With regard to the sterol composition, the main phytosterols were β-sitosterol 

> campesterol > brassicasterol, with some variation between the free sterol 

and sterol ester relative content. The sterol profile found in this thesis is 

characteristics of OSR seeds. 

In order to understand the compositional correlation between the oleosome 

lipid compounds, future work may involve the characterisation of the overall 

oleosome lipid profile in B. napus lines with very different FA composition, by 

coupling advanced separation techniques (HPLC) with advanced identification 

techniques (ESI-MS/MS). This may also contribute to understand how the 

oleosome composition affects its structure and properties.  
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4 Freeze-thaw of oleosome emulsions 

4.1 Background 

Upon food manufacture and storage, oil-in-water (o/w) emulsions can be 

subjected to freeze-thawing. In many cases, freezing is employed to preserve 

the quality and to increase the shelf-life of foods, which are thawed before 

consumption. Freezing also represents a manufacturing step of ice-creams or 

some desserts, which will be consumed as frozen. On the other hand, freeze-

thawing could be employed as a physical method to disrupt o/w emulsions, 

including oleosomes (Beisson et al., 2001). In fact, regardless the reason of 

freeze-thawing, this process can destabilise o/w emulsions by inducing 

modifications to their microstructure. The freeze-thaw stability of both o/w 

emulsions (Ghosh & Coupland, 2008; Palazolo et al., 2011) and emulsion-based 

foods (Degner et al., 2014; Shariful et al., 2018) has been investigated given its 

impact on the quality of some foods (ice creams above all). It was observed that 

o/w emulsions are mostly unstable to freeze-thawing, and such instability was 

attributed to the crystallisation of the dispersed phase and/or the continuous 

phase, or both, depending on the cooling temperature and on the lipid 

composition. Destabilisation caused by crystallisation of the dispersed phase 

normally occurs through a mechanism of partial coalescence between oil 

droplets, followed by coalescence upon thawing (Fredrick et al., 2010; 

Vanapalli & Coupland, 2003), which could eventually result in emulsion 

breakdown and phase separation of the emulsified oil (Tan, 2003). As reported 

by Boode & Walstra (1993) (and explained more in detail in Chapter 1, Section 

1.5.3.4), partial coalescence may be caused by the protrusion of crystals from 

an oil droplet through the interface. Crystals forming within droplets usually 

align tangentially to the droplet interface, but they can align radially to the 

interface if they are stabilised in a network, at a sufficiently high crystal volume 

fraction. Upon crystal growth, the amount of liquid oil surrounding the crystals 

decreases as it converts into a solid, until it cannot cover completely the 

crystals anymore, causing crystal protrusion. Moreover, the volume of liquid oil 

upon cooling contracts more than solid crystals, thus promoting their exposure. 
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Partial coalescence is a desired phenomenon in whipped cream or ice cream 

manufacturing, as the milk fat globules (MFG) must be connected with each 

other creating a network of milk fat crystals throughout the mass (Goff, 1997; 

Wang et al., 2021). 

The effect of cooling temperature, cooling rate and isothermal holding time on 

the freeze-thaw stability of o/w emulsions has been investigated in several 

works as those parameters affect the crystallisation profile of the emulsion, in 

particular that of the dispersed phase (Degner et al., 2014; Magnusson et al., 

2011; Vanapalli et al., 2002a). In the case of continuous phase crystallisation, 

ice expansion has been identified as a factor promoting o/w emulsion 

instability as it would exert pressure on the oil droplets, promoting coalescence 

(Ghosh et al., 2006; Hartel, 2001; McClements, 2004). In this case, the 

dispersed phase volume fraction seems to be important for emulsion freeze-

thaw stability, as it determines the average inter-droplet distance and the 

possibility of physical contact between oil droplets (Cortés-Muñoz et al., 2009; 

Van Aken, 2002). 

Furthermore, the continuous phase composition can influence the emulsion 

stability as it would affect the interfacial properties of the dispersed phase; 

physicochemical changes in the aqueous phase, such as increased solute 

concentration or pH change can be induced by freezing (Demetriades et al., 

1997; Ghosh & Coupland, 2008; Thanasukarn et al., 2004a,b; Walstra, 2003). 

When both the continuous and dispersed phase crystallise, the mechanisms 

reported above for each emulsion phase could contribute to destabilisation 

(Cramp et al., 2004; Ghosh & Coupland, 2008; Thanasukarn et al., 2004a-b, 

2006a-b). 

Freeze-thawing has been identified as a potential physical method to rupture 

oleosome emulsions, which would produce both a clean oil and a natural 

multicomponent hemi (half unit)-membrane with surface active properties. 

With this in mind, the freeze-thaw stability of oilseed rape (OSR) oleosome 

emulsions was assessed by investigating the effect of isothermal holding time 

at -20°C, the impact of cooling rate and final cooling temperatures, the role of 

the continuous phase mass fraction, and the effect of a heat treatment 
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preceding freeze-thawing. It is expected that freeze-thaw-induced 

destabilisation of oleosome emulsions would occur for the same reasons above 

reported by several authors for o/w emulsions. Therefore, the cooling methods 

were selected to gain a better understanding of the impact of continuous and 

dispersed phase crystallisation on oleosome emulsions instability and rupture. 

At -10°C, the main thermal event would be crystallisation of the aqueous phase, 

and no evidence of fat crystallisation was reported, whilst at -20°C or below, 

both the continuous and dispersed phase would crystallise. A more detailed 

study on the crystallisation of the oleosome emulsions is reported in Chapter 

5. 

Another aspect with technological implications for food emulsions is the heat 

treatment (e.g., pasteurisation) (Campbell et al. 2005; Keerati-u-rai & Corredig, 

2009; Peng et al., 2016), which is used to extend their shelf-life by deactivating 

bacteria present in the emulsion. However, the heat treatment may affect the 

emulsion physical integrity and decrease their freeze-thaw stability; thus, it was 

hypothesised that heat-treatment of oleosomes could promote their freeze-

thaw induced destabilisation. 

 

4.2 Effect of isothermal holding time on oleosome emulsion stability 

The aim of the work presented in this section was to evaluate the freeze-thaw 

stability of oleosome emulsions (pH 9) (continuous phase mass fraction - water 

content - 0.28±0.02) through isothermal holdings at -20°C (i.e., plunging the 

samples in the cooling medium set at -20°C), followed by re-heating to 20°C 

(details in Section 2.5.2). Emulsions were held at the target freezing 

temperature for up to 24 h, thawed at 20°C followed by centrifugation at 13000 

g (g-force) and inspection for oil release. The extent of oleosome 

destabilisation increased with isothermal holding time. Data shown in Figure 

4.1 A refer to the effect of isothermal holding time at -20°C on oil yield. 

Samples held for 0 h and 2 h at -20°C remained stable after freeze-thawing 

(Figure 4.1 B). Samples held for 3 h showed a gel-like layer at the top (Figure 

4.1 C), which indicated release of oil from ruptured oleosomes, although this 
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oil could not be collected, as it was entrapped within this gel-like layer. Samples 

that were held at -20°C for 6 h and above showed clear oiling off with 

recoverable free oil (Figure 4.1 D). It should be noted that a gel-like layer could 

be observed in these samples too. Increasing the isothermal time from 6 to 24 

h increased oil yield from 44.9±2.2% to 49.2±1.7% (w/w, oil/oleosome 

emulsion dry basis), suggesting that most of the oleosome rupture occurred 

between 2 and 6 h isothermal hold at -20°C. Shariful et al. (2018) reported oil 

separation in freeze-thawed rapeseed oil mayonnaise occurring through a 

typical sigmoidal pattern, with initial slow oil separation, followed by a sudden 

increase in the separation speed and, eventually, a decreased separation 

speed. When RWOB (the rinsed-washed oil body emulsions, Chapter 2, Section 

2.2) was isothermally held for 6 h at -10°C (Section 2.5.2), where only 

crystallisation of the aqueous phase occurred, no oil separation was observed 

by the naked eye, suggesting no or very limited oleosome rupture, and that a 

minimum temperature must be reached for oleosomes to rupture. 
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Figure 4.1. Oil release from oleosome emulsions freeze-thawed at -20°C for up to 

24h. A) Oil yield (w/w, %) from freeze-thawed RWOB (pH 9), cooled to -20°C and held 

isothermally for 0 (only cooling step), 2, 3, 6, and 24 h. If not visible, the error bars 

are within the size of marker. Images of freeze-thawed and centrifuged RWOB 

emulsions after 2 h (B), 3 h (C) and 6 h (D) of isothermal hold at -20°C. In (C), a gel-

like layer is visible suggesting oleosome rupture, but no oil is recoverable. In (D) the 

oil liberated and recoverable following from oleosome rupture is visible. 

 

To gain a better understanding of cooling on RWOB emulsion phase transition 

behaviour, and its impact on stability, samples were crystallised at -10°C and -

20°C (cooling rate 10°C/min for both) for 480 minutes using a DSC (Figure 4.2). 

This DSC method, termed Set 2 (details in Chapter 5, Section 5.2.1), was 

designed to simulate the freeze-thaw process discussed above. The reason why 

some of the results are shown in this section is that DSC analysis allowed to 

distinguish the thermal transitions related to continuous phase and the 

dispersed phase. Analysis of the RWOB thermal behaviour by DSC will be 

discussed more in detail in Chapter 5.  
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Figure 4.2. DSC profiles of RWOB (pH 9) measured with method Set 2 (Chapter 5, 

Section 5.2.1). RWOB isothermally held at -10°C (grey line) and -20°C (black line) 

(heat flow - continuous line, temperature profile – dashed line). A) Cooling 

(10°C/min) and isothermal steps: the peaks at 15 min and 200 min (the latter visible 

only at -20°C) represent crystallisation of the continuous and dispersed phase, 

respectively. The water freezing peak is only partially visible as the y-axis scale is set 

to facilitate visualisation of the lipid peak. Inset: visualisation of the entire water 

crystallisation peaks. B) Heating step (10°C/min) following isothermal freezing at -

10°C (grey line; continuous phase melting onset at -0.2±0.1°C) and -20°C (black line; 

dispersed and continuous phase melting onset at -12.0±0.0°C and -0.2±0.0°C, 

respectively). 

The cooling and isothermal steps in Figure 4.2 A show two distinct exothermal 

peaks when the isothermal holding temperature was set to -20°C, with a first, 

sharp peak occurring upon cooling, and a second, broader thermal transition 

at 185 min of isothermal hold time (200 min overall time). The first peak and 

second peak were attributed to water and lipid crystallisation, respectively 

(Ishibashi et al., 2016; Miyagawa et al., 2016; Shariful et al., 2018). 
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When the isothermal hold at -10°C was applied for 480 min no exothermic peak 

associated with the lipid phase was observed suggesting that this temperature 

is not cold enough to induce oil crystallisation, or if crystallisation was to occur, 

it was below the detection limit. As previously mentioned, no oleosome 

rupture occurred when holding RWOB at -10°C for 6 h. Therefore, from data in 

Figure 4.1 and Figure 4.2 it can be concluded that oleosome rupture is induced 

by crystallisation of the dispersed phase. Similarly, Katsuki et al. (2017) 

observed how rapeseed oil emulsions stabilised with Tween 20, frozen to -20°C, 

were stable to freeze-thawing if immediately thawed after reaching -20°C, but 

they were unstable if stored at that temperature for 16 h before thawing. The 

authors attributed destabilisation to oil crystallisation, which occurred during 

the storage period at -20°C, whereas water crystallisation occurred during the 

cooling step.  

The role of lipid crystallisation and partial coalescence of oil droplets, in the 

destabilisation of rapeseed oil-in-water emulsions has been discussed in 

literature (Magnusson et al., 2011; Ishibashi et al., 2016, Miyagawa et al., 2016; 

Shariful et al., 2018). These authors observed emulsion destabilisation 

following lipid crystallisation. For partial coalescence to occur, it is required the 

presence of partially crystalline droplets: fat crystals penetrate into liquid oil 

phases of other droplets (Boode et al., 1993; Fredrick et al., 2010; McClements 

et al., 2004). According to Shariful et al. (2018), the time needed for an 

emulsion to start destabilising upon cooling is similar to the time required for 

lipid crystallisation to start.  

When the emulsions were reheated from -20°C to 20°C at 10°C/min (Figure 4.2 

B), two clear melting peaks were observed: the peak with onset at -12.0°C and 

-0.2°C were attributed to the dispersed and continuous phase, respectively. For 

RWOB reheated from -10°C to 20°C, only the continuous phase melting peak 

was observed. 

It is possible that oleosomes destabilise through a mechanism of partial 

coalescence when RWOB emulsion is isothermally held at -20°C for a sufficient 

time, minimum of 3h, during which the oil partially crystallises. Increasing the 

isothermal holding time causes higher oil release from partially coalesced 
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oleosomes, due to further oil crystallisation over time (Magnusson et al., 2011; 

Shariful et al., 2018).  

The limited oil yield increase from 6 to 24 h at -20°C (Figure 4.1), suggests a 

limited oleosome destabilisation over that 18 h time range, perhaps due to low 

further lipid crystallisation. The mass of RWOB used in this study was 0.5 g, 

corresponding to approximately 0.35 g of oil; this small sample size ensured 

rapid cooling throughout the sample volume (Figure 4.3). Harada & Yokomizo 

(2000) observed instead a considerable increase of solid fat content (SFC), i.e., 

the percentage mass of crystallised lipids, in canola bulk oil between 6 and 15 

h at -20°C. This increase was possibly due to the higher sample mass 

undergoing crystallisation (approximately 4.6 g oil in Harada & Yokomizo’s 

work) compared with that in this study, which would require more time for 

complete crystallisation. Alternatively, RWOB lipid crystals may have 

rearranged over time, leading to further destabilisation (and perhaps justifying 

the absence of further thermal transitions detected by DSC). However, in the 

same work, Harada & Yokomizo (2000) offered this explanation for soybean oil 

emulsions, which had low SFC at -20°C and yet destabilised, presumably after 

a lipid network reconfiguration upon holding at -20°C for 48 h, whereas canola 

oil emulsions would have destabilised by gradual SFC increase over time. To 

track the phase transition occurring within the oleosomes and elucidate the 

stages leading to rupture it would be appropriate to couple X-Ray analysis and 

polarised microscopy to DSC in future research. 

In conclusion, lipid crystallisation in RWOB isothermally held at -20°C occurs 

after water crystallisation and causes RWOB destabilisation that is apparent by 

the macroscopic release of oil observed after thawing. 

 

4.3 Effect of cooling method on the oleosome emulsion stability 

4.3.1 Methods with different final cooling temperatures  

Results in Section 4.2 suggest that oleosomes are destabilised by partial 

coalescence, which implies a condition of droplet partial crystallinity. Inducing 

faster lipid crystallisation, by modifying the cooling method and/or rate, could 
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therefore affect RWOB freeze-thaw stability. In this scenario, the main aim of 

this section was to test the effect of four cooling methods (listed in Figure 4.3), 

characterised by different final cooling temperatures, on the freeze-thaw 

stability of RWOB (pH 9). The cooling profile of RWOB emulsions exposed to 

four crystallising temperatures is shown in Figure 4.3 A, whereas data in Figure 

4.3 B relate to the oil yield from freeze-thawed RWOB cooled with the different 

methods. All RWOBs were thawed in convection oven at 20°C for 18 h. As 

shown in Figure 4.3 A, changing the cooling method affected the sample cooling 

profile). 
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Figure 4.3. Cooling profile and corresponding oil yield (w/w, %) of RWOB freeze-thawed 

with four methods. A) Cooling profile of RWOB emulsions exposed to four crystallising 

temperatures (initial temperature 5°C). B) Oil yield (w/w, %) from RWOB 

isothermally held for 6 h in water bath at -10°C or -20°C, in freezer at -75°C for 24 h, 

cooled to -75°C then held at -20°C for 22 h, in liquid nitrogen (LiqN in table) for 30 s, 

or in liquid nitrogen for 30 s followed by 22 h in freezer at -20°C. In all cooling 

methods, samples were isothermally cooled to the respective final temperatures, 

prior to the isothermal hold. Cooling methods are described in detail in Section 2.5.2. 

Because the temperatures of the cooling media and type of device and media 

were different, the cooling rates experienced by the RWOB changed. For RWOB 

cooled in ethylene glycol-water bath, the average cooling rate when the final 

temperature was -20°C was higher than that at -10°C. The temperature-time 

profile shows a plateau at 0°C for RWOB cooled to -10°C, indicating 

crystallisation of the continuous phase. Such a plateau is not observed for 

RWOB cooled to -20°C, suggesting a faster cooling due to lower holding 

temperature. 

RWOB freezer-cooled to -75°C showed the plateau at 0°C, despite the much 

lower final temperature than that in water bath (-20°C). This suggests that the 
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heat exchange is more efficient with the water-ethylene glycol mixture bath 

than with the air present in the freezer chamber. The cooling curve slope of the 

-75°C freezer increased steadily after water crystallisation, and a second, less 

pronounced plateau was observed at about -48°C which was attributed to the 

RWOB oil crystallisation. With the liquid nitrogen method, a very high cooling 

rate was experienced by the sample, with the temperature dropping from +5°C 

to about -100°C in 30 s (with no plateau observed) due to the very low cooling 

medium temperature (-196°C) and its liquid form, which would increase the 

capacity of removing heat from the sample. 

As shown in Figure 4.3 B, the RWOB emulsion isothermally held at -10°C did not 

release oil (and it was visibly intact) at the end of the freeze-thaw cycle, whilst 

the emulsion at -20°C ruptured. As discussed in Section 4.2, oleosome rupture 

is caused by lipid crystallisation, which does not occur at -10°C. On the other 

hand, RWOB isothermally held for 24 h to -75°C remained stable, although lipid 

crystallisation occurred. An explanation for this behaviour can be provided 

recalling that oleosome rupture is assumed to occur through a mechanism of 

partial coalescence (Section 4.2). The absence of oleosome rupture in RWOB 

isothermally cooled at -75°C would support such a hypothesis because cooling 

to -75°C would result in complete lipid crystallisation in a time range too short 

to allow partial coalescence to occur. In fact, DSC data suggest that lipid 

crystallisation at -20°C (Figure 4.2 B) occurred over a time range of about 200 

min, whereas the cooling curve of RWOB cooled to -75°C (Figure 4.3 A) suggests 

that lipid crystallisation occurred in about 1 min during the plateau at -48°C 

(overall cooling time 8 min), with an average cooling rate in the segment -20°C 

to -75°C of -3.3°C/min. Moreover, DSC data from Chapter 5, Section 5.2.3, 

report a comparable melting enthalpy between RWOB cooled at 10°C/min to -

60°C (held at this temperature for 10 min) and to -20°C (held at this 

temperature for 8 h), suggesting that those emulsions have comparable SFC at 

the end of the freezing step. Thus, the same lipid mass fraction crystallised in a 

much longer time at -20°C. Vanapalli et al. (2002a) also showed that emulsions 

whose lipid phase crystallised in a shorter time scale was stable to freeze 

thawing, whereas when lipid crystallisation was slower, partial coalescence 
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could occur. In Vanapalli et al. (2002a) the different freeze-thaw stability 

depended on the lipid composition differences between the emulsions, as the 

different emulsions experienced the same cooling process. The different 

freeze-thaw stability of the oleosome emulsions investigated here, which all 

had the same lipid composition, was attributed to variation in the applied 

cooling rate and target final temperature. Similarly, human milk frozen at -60°C 

showed less milk fat globule aggregation and coalescence than at -18°C as 

suggested by a less pronounced PSD increase than that at -18°C upon thawing, 

compared to the fresh milk (Zhang et al., 2022). 

RWOB cooled in liquid nitrogen for 30 s and then thawed, remained stable after 

centrifugation, showing only a very thin oily layer on the top. Again, the high 

cooling rate should have caused fast lipid crystallisation, which did not allow 

for partial coalescence to occur. Moreover, cooling in liquid nitrogen would 

have caused the formation of many small crystals, less destabilising than those 

formed at -20°C, which being larger would have produced a more destabilising 

effect. Larger crystals may protrude more than smaller crystals, increasing the 

probability of penetrating other droplets. Moreover, the network made of 

larger crystals has larger pores, in which liquid oil is contained, thus increasing 

the permeability of the fat crystal network (Fredrick et al., 2010). These two 

last factors would promote partial coalescence. A further effect of slow 

crystallisation under isothermal conditions at -20°C is the formation of more 

stable polymorphs. In fact, more metastable polymorphs are formed at higher 

cooling rate as fast crystallisation does not give time for TAGs to arrange into 

stable lamellar structures (Campos et al., 2002). The relationship between 

polymorphism and crystal morphology was reported by some authors (Sato, 

2001; Arima et al., 2007), but not confirmed by others (Kellens et al., 1992; 

Rousseau, 2000; Ishibashi et al., 2016). Nevertheless, it is possible that the 

more stable polymorphs were related to crystals with more destabilising 

ability, whereas metastable polymorphs would have formed by the high 

cooling rate generated by LiqN-cooling, inducing less damage. 

However, a treatment where RWOB was cooled in liquid nitrogen and then 

immediately transferred and stored in a freezer at -20°C for 22 h prior to 
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thawing, had the highest oleosome rupturing effect among the treatments 

investigated (Figure 4.3 B). Similarly, RWOB cooled to -75°C (cooling step length 

of 18 minutes, Figure 4.3 A) then stored in freezer at -20°C for 22 h was also 

destabilised, although to a lower extent than in liquid nitrogen and 22 h freezer. 

Both experiments indicate that if RWOB temperature is raised from -100°C 

(experiment in liquid nitrogen) or -75°C to -20°C, oleosome rupture occurs. DSC 

results in Chapter 5, Section 5.2.2, report that oil in RWOB cooled to -60°C 

starts to melt at -30°C, thus a state of partial crystallinity may be reached when 

RWOB is re-heated to -20°C from -100°C or -75°C (a sort of “reverse” partial 

crystallisation) and cause partial coalescence. Crystals could melt, re-form and 

further grow during the 22 h storage in freezer. Recrystallisation is a 

phenomenon by which smaller crystals convert to larger crystals over time 

(Fennema et al., 1973), driven by the thermodynamic difference in equilibrium 

behaviour based on crystal size (Hartel, 2013). This phenomenon occurs 

generally without change of the crystalline phase volume, therefore it can 

occur in systems where all the possible solid fat at specific thermal conditions 

has formed (Walstra, 2003). Due to their low surface curvature radius, smaller 

crystals have a slightly higher solubility or lower melting point than larger 

crystals; therefore, they could melt and re-form into larger crystals in order to 

minimise the surface energy and surface area of crystals (Hartel, 2013; 

Domingues et al., 2015). Recrystallisation occurs slowly at constant 

temperature, but it becomes faster with fluctuating temperature due to a 

higher impact of the phenomenon called melt-refreeze. For lipid systems, 

recrystallisation also involves the change in internal perfection through 

polymorphic transformation (Walstra, 2003; Hartel, 2013). In RWOB heated 

from -100°C to -20°C, recrystallisation is likely to occur, with conversion of the 

large number of very small crystals into fewer and larger crystals, perhaps with 

conversion from a metastable α form (which would form at high cooling rate) 

to a more stable form. The higher droplet-destabilising effect of reformed 

crystals could depend on a larger number of protrusions through the droplet 

interface, with respect to those formed with directly cooling to -20°C. 
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Similarly, Marefati et al. (2013) observed higher destabilisation in Pickering 

emulsions (TAG droplets stabilised by starch granules) frozen to -196°C with 

liquid nitrogen and stored overnight in freezer at -20°C, than in o/w emulsions 

cooled directly in freezer at -18°C. According to Marefati et al. (2013), flash 

freezing in liquid nitrogen is a much harsher process than that in the freezer, 

causing a significantly higher environmental stress. The authors suggested that 

flash freezing would lead to a displacement of the starch granules at the 

interface, promoting partial coalescence caused by crystal protrusion (perhaps 

due to the presence of a crystal lipid network within the droplets) (Boode & 

Walstra, 1993; see Section 4.1). According to Marefati et al. (2013), the higher 

degree of cooling (to -196°C for liquid nitrogen vs -18°C in the freezer) would 

have induced more fat to crystallise, therefore more protrusions with starch 

displacement leading to partial coalescence. 

However, Marefati et al. (2013) stored the samples in a freezer after cooling in 

LiqN, as in this current work, and it may rather be this second step that caused 

enhanced destabilisation. In fact, in this work, oleosomes did not destabilise 

during the cooling stage with liquid nitrogen or to -75°C, but they destabilised 

if cooling was paired with the storage step in freezer at -20°C. Therefore, the 

mechanisms of emulsion destabilisation described in the two works may 

coincide, although the different interfacial composition, starch Pickering 

particles in Marefati et al. (2013), compared with proteins (oleosins) and 

phospholipids in oleosomes, may determine the different extent of 

destabilisation. 

Our results suggest that the time required for the oil to crystallise in oleosomes 

plays a crucial role in determining the phenomenon of partial coalescence and 

related instability to freeze-thawing. To gain a deeper understanding of the 

rupture mechanism occurring in freeze-thawed emulsions, studying the 

changes occurring at the oleosome interface upon cooling with different 

methods may be considered as future work. 
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4.3.2 Effect of cooling rate upon freeze-thawing of oleosome emulsions 

cooled to -20°C 

In this section, the investigated cooling methods were characterised by a final 

cooling temperature (isothermal hold temperature) of -20°C, but with different 

cooling rates. As explained in Section 4.2, lipid crystallisation occurs during the 

isothermal hold and it does not seem to be affected by the initial cooling rate, 

whereas water crystallisation occurs during the cooling step. Hence, changing 

the cooling rate may affect the crystallisation rate and size of the crystals in the 

continuous phase, without affecting the lipid crystallisation.  

The RWOB samples (pH 9) were isothermally cooled from 5°C to -20°C in water 

bath (as already reported in Section 4.2) or by using a commercial freezer (set 

at -20°C), then held at that final temperature for 0, 2, 3, 6, and 24 h before 

thawing (20°C, 18 h) (oil yields shown in Figure 4.4 B). Moreover, RWOB 

samples were cooled in water bath to -20°C at 0.1 or 1.0°C/min (actual cooling 

rate from 5 to -6°C was -0.75°C/min) and held for 24 h at the final temperature, 

before thawing. The oil yields at 24 h isothermal holding (-20°C) time with the 

four methods are shown in Figure 4.4 C, and the respective temperature-time 

profiles are reported in Figure 4.4 A. 
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Figure 4.4. Effect of cooling rate on RWOB thermal profile and oil yield. A) Cooling profile 

of RWOB (pH 9) from 5°C to -20°C in a commercial freezer (isothermal cooling to -

20°C), or in a water-ethylene glycol bath at three different cooling rates (-0.1°C/min, 

-1.0°C/min, isothermal cooling to -20°C). The complete profile at 0.1°C/min is not 

shown due to its duration. B) Oil yield (w/w, %) from RWOB isothermally held at -

20°C for 0, 2, 3, 6 and 24 h after being isothermally cooled to -20°C in freezer or 

water bath, then thawing. C) Oil yield (w/w, %) from RWOB isothermally held at -

20°C for 24 h after being cooled to -20°C in freezer (isothermal cooling) or water bath 

(isothermal cooling, 0.1°C/min, 1.0°C/min), then thawing. Cooling methods are 

described in Section 2.5.2. 

As shown in Figure 4.4 A, the cooling profile of RWOB isothermally cooled to -

20°C with freezer or water bath is different despite the same imposed 

supercooling. The cooling curve produced in the freezer shows a gradual 
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temperature decrease for the first six min, until the temperature reached -

3.7°C. At that point, a sudden increase in temperature, due to the latent heat 

of crystallisation released by the aqueous phase crystallisation, was recorded. 

This was followed by a 10 min plateau at 0°C, probably until complete 

crystallisation of the aqueous phase. At the end of the plateau, RWOB 

temperature decreased again, until the final temperature. Similarly, a 

temperature increase during phase transition of water (and lipid) was recorded 

by Gmach et al. (2022) upon freezing sunflower oil emulsions, stabilised with 

egg plasma or granula, to -20°C. As described in Section 4.3.1, isothermal 

cooling in water bath is more efficient than in a freezer, due to the different 

cooling media present in the two devices (water-ethylene glycol in water bath; 

air, and a minor surface contribution between the shelf grid and the sample 

vial, in freezer), and to liquid agitation in the water bath. 

However, when RWOB in water bath was cooled by imposing the cooling rate 

of -1.0°C/min, the thermal profile also showed a temperature increase step at 

-6.6°C, followed by a plateau as for the freezer. The higher degree of 

supercooling at which the temperature increase step occurred, and the shorter 

plateau, suggest that cooling was more efficient than in freezer. For the sample 

cooled at -0.1°C/min, the probe stopped recording when RWOB temperature 

was -6.2°C, because of the much longer cooling step caused by the slow cooling 

rate, but it is likely that the temperature increase step would have occurred at 

-0.1°C/min too. 

Data in Figure 4.4 B represent the oil yield as a function of isothermal holding 

time (0, 2, 3, 6, 24 h) at -20°C, from RWOB isothermally cooled in water bath or 

freezer. Data reveal increasing RWOB destabilisation with increasing 

isothermal holding time. The oleosome rupture in water bath was higher than 

in freezer, leading to respective oil yields of 49.2% (w/w, %) and 28.5% after 24 

h. In both experiments, oil could be collected from 6 h, suggesting that in both 

cases, oleosome rupture occurs between 3 and 6 h isothermal. Therefore, lipid 

crystallisation may have occurred at the same time because it is a function of 

the isothermal temperature (as explained in Section 5.2.4), however there may 

be more crystallised lipids in water bath due to the better heat exchange. The 
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higher oleosome rupture in water bath at -20°C may be due to a combination 

of faster water crystallisation and increased lipid crystallisation. The oil yield in 

water bath at 6 h is 91% of that at 24 h, thus most of the oleosome rupture 

occurred in the early stage of the process. In freezer, the oil yield at 6 h is 67.7% 

of that at 24 h, suggesting a slower oleosome destabilisation than in water 

bath. It is possible that the oil yield could increase further if frozen for longer 

than 24 h. 

The RWOB samples cooled in the water bath at a controlled rate (0.1 and 

1.0°C/min) were less destabilised than the RWOB isothermally cooled to -20°C 

(all samples isothermally held for 24 h at -20°C) (Figure 4.4 C). A clear trend 

between cooling rate and oil yield could not be established as the yields (w/w, 

%) at -0.1°C/min and -1°C/min were similar (41.5±1.2% vs 38.2±0.5%, 

respectively), but all the samples cooled in the water bath were more 

destabilised than those held in the freezer. This may be due to a faster water 

crystallisation in water bath, and it can be speculated that the longer the 

plateau phase, the less destabilising the freezing process. However, higher 

cooling rates yield smaller ice crystals, which are generally less destabilising, 

and are required to preserve the quality of frozen foods (Kiani & Sun, 2011). 

Nevertheless, crystal size is not always directly related to better food structure 

preservation, and this could depend on the nature of the frozen material, as 

reported for frozen strawberries by Kobayashi & Suzuki (2019).  

Perhaps the faster ice formation affects the response by the oleosome 

interface. Plants and other organisms contain anti-freeze proteins (Gupta & 

Deswal, 2014; Eskandari et al., 2020), which control ice crystal growth; oleosins 

also seem to play this role, as observed in seeds of Arabidopsis thaliana 

(Shimada et al., 2008). Ice crystals in the presence of antifreeze proteins are 

smaller (Kennedy, 2000; Kiani & Sun, 2011). The protein hydrophilic domain 

would bind to specific planes of a growing crystal and force the ice to grow 

between the molecules, thus changing a planar ice front into a series of curved 

ice fronts. If the ice front curvature is below that of the critical radius, growth 

of this ice front is halted. This is illustrated in the “button mattress model” (as 

the visual representation reminds that of a bed mattress) in Kennedy (2008) 
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(Figure 4.5), where the ice front is curved once it encounters the proteins (the 

“mattress buttons”). However, it is possible that at high supercooling, the ice 

front can move farther as the critical radius becomes smaller, allowing further 

crystal growth. Therefore, the higher cooling rate would have a more disruptive 

effect, as the antifreeze function of oleosins would be reduced at very high 

cooling rate, which do not occur in nature. 

 

 
Figure 4.5. The button mattress model (adapted from Kennedy, 2008). Dots and 

dotted lines represent the proteins (mattress buttons) and the formed ice area, 

respectively. The continuous lines (straight or curved) is the ice front edge. 

To summarise, although lipid crystallisation seems to cause oleosome 

destabilisation, crystallisation of the aqueous phase could also play a role. 

Crystallisation of the aqueous phase depends on the heat exchange efficiency 

of the cooling medium and equipment, but it could also be tailored by 

controlling the cooling rate in the same cooling medium. 

 

4.4 Effect of continuous phase mass fraction on oleosome emulsion 

stability 

The destabilisation of RWOB upon freeze-thawing has been hypothesised to 

occur through partial coalescence, induced by crystallisation of the dispersed 

phase (Section 4.2). Oil droplets must therefore be sufficiently close for lipid 

crystals from one droplet to penetrate other droplets. The emulsion water 

content (Section 2.4.1) may affect the extent of droplet destabilisation upon 

freeze-thawing by regulating the average inter-droplet distance. 
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The effect of water content on the degree of oleosome destabilisation was 

examined by comparing the oil yield from freeze-thawed RWOB emulsions (pH 

9) with water content increasing from 0.28±0.02, the original value, to 0.50 and 

0.70 (w/w; Section 2.5.1). As shown in Figure 4.6, although oleosomes rupture 

has occurred, no oil was recoverable at 0.50 and 0.70 water content. 

 

 
Figure 4.6. Oil yield (w/w, %) from freeze-thawed RWOB emulsions (pH 9) at 

0.28±0.02, 0.50 and 0.70 water content (w/w). RWOBs were isothermally cooled to 

-20°C for 24 h. 

It is important to consider that released oil is still observed in the emulsions at 

0.50 and 0.70 (w/w) water content, suggesting a certain extent of oleosome 

rupture, but the degree of release could not be quantified as the oil was 

entrapped in a gel-like layer formed at the top of the freeze-thawed RWOB 

after centrifugation. The relative thickness of the layer seems to increase with 

water content. The lower emulsion rupture at higher water content could be 

due to the increased inter-droplet distance, by which oleosomes are less likely 

to be in physical contact with each other and undergo partial coalescence. This 

was also observed in several types of emulsions (Cortés-Muñoz et al., 2009; 

Palazolo et al., 2011; van Aken, 2002; Vanapalli et al., 2002a), including 

recombined milk creams stabilised with milk proteins (Melsen, 1987). 

The nature of such a layer is not clear yet (probably a network made of oil, 

water, and surfactants – mainly liberated phospholipids and oleosins). The gel-

like layer was also observed in freeze-thawed RWOB at original water content 

after centrifugation and oil collection, but it was thinner (average thickness 
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approximately 1mm), thus the entrapped oil would be only a minor fraction of 

the total released oil. Due to the presence of such a layer, in which oil was 

entrapped, oil yield was thus always under-estimated (albeit to a much lower 

extent at the original water content), as the amount of oil contained within the 

layer could not be quantified. Furthermore, addition of hexane in the freeze-

thawed emulsion did not allow collection of the oil trapped in the gel, 

suggesting the water continuous nature of the layer. The relative thickness of 

the layer, probably related to the capacity of holding the released oil, seemed 

therefore to increase at higher water content of the emulsion. Further work 

may be required to quantify the extent of oleosome rupture within this layer. 

In conclusion, increasing the relative dilution in RWOB reduces the recoverable 

oil yield after freeze-thawing. This could depend on both a reduced extent of 

oleosome destabilisation and the entrapment of higher amount of oil in a gel-

like layer at higher dilution. 

 

4.5 Effect of pH on oleosome emulsion destabilisation by freeze-

thawing 

The characteristics of the interfacial layer (e.g., emulsifier type and 

concentration) surrounding the oil droplets in o/w emulsions are important to 

determine the droplet stability to freeze-thawing. The emulsion pH can affect 

the droplet interfacial properties, and consequently their resistance to partial 

coalescence upon freeze-thawing, by modifying the droplet surface 

electrostatic charge and determining the average inter-droplet distance, or by 

modifying the conformation of interfacial proteins in protein-stabilised 

droplets. This pH effect was also observed in recombined milk cream stabilised by 

whey proteins, generally unstable at pH 4.8 (Melsen, 1987), at which whey 

proteins are at the isoelectric point (Modlor & Lefkovitch, 1986), with respect to 

higher or lower pH values. In this section the effect of RWOB emulsion pH on 

the degree of oleosome rupture at different isothermal holding times,  is 

investigated. RWOBs at different pH values were produced by replacing 

ultrapure water in the rinsing step with HCl solutions to the appropriate 



108 
 

concentration (details in Section 2.2). The oil yield values in freeze-thawed 

RWOB at pH 9, 6 and 3, are shown in Figure 4.7. The final oil yield (w/w %) for 

the freeze-thawed emulsions, i.e., the yield at 24 h, increases by lowering the 

pH. 

 

 
Figure 4.7. Effect of holding time at -20°C and pH on RWOB oil yield. A) Oil yield 

from freeze-thawed RWOB emulsions at pH 9 (circle), 6 (triangle) and 3 (square). 

RWOBs were isothermally held at -20°C for 0 (only cooling step), 2, 3, 6, and 24 h. If 

not visible, error bars are within the marker. B, C, D) Images of freeze-thawed RWOB 

emulsions at pH 9 (B) and pH 6 (C) after 6 h of isothermal hold at -20°C, and (D) at pH 

3 after 0 h (only cooling); black arrows in (C) and (D) indicate the pooled water. Inset 

table contains compiled values of water content and ζ-potential for each emulsion . If 

not visible, error bars are within the marker. 

The water content was very similar for the three emulsions (inset table, Figure 

4.7), yet the extent of emulsion destabilisation increased by lowering the pH, 

suggesting a pH effect on the extent of destabilisation. Oil yield increases with 

isothermal holding time for RWOB at pH 6 and 9 suggesting again the role of 

lipid crystallisation for oleosome rupture. However, the oil yield at pH 6 is 

significantly higher than at pH 9. This could be explained by a reduced inter-

droplet distance caused by a less negative ζ-potential, which promoted partial 

coalescence. 

0

10

20

30

40

50

60

70

80

90

100

0 3 6 9 12 15 18 21 24

O
il 

Yi
el

d
  (

%
)

Isothermal time (h) 

2

B C D 

RWOB 
pH 

water content 
(w/w) 

ζ-potential 
(mV) 

9 0.28 ± 0.02 -50.3±1.6 
6 0.26 -20.0±2.4 
3 0.24 37.5±0.5 

 



109 
 

The gel-like layer at pH 6 is observed at 6 h and 24 h isothermal hold, although 

its thickness is reduced if compared with that at pH 9, despite equal water 

content between the two emulsions (inset Table, Figure 4.7). As mentioned in 

Section 4.3, that the gel-like layer thickness depends on the water content. 

These data suggest that also the pH contributes to determine its thickness. It is 

possible that the lower pH has modified the structure of integral and/or 

residual exogenous proteins and reduced their water holding capacity, 

resulting in a thinner layer. The reduced water holding capacity was also 

indicated by the presence of a much larger water layer pooled at the bottom 

of the centrifuged emulsions at pH 6 than that at pH 9 (Figure 4.7 B and C, 

respectively). 

Unlike the emulsions at pH 9 and 6, RWOB pH 3 showed extensive oleosome 

rupture (oil yield >80%) already after the cooling step (0 h isothermal hold), 

indicating that water crystallisation is sufficient to rupture oleosomes, and that 

lipid crystallisation is not necessary to induce destabilisation. Furthermore, 

even without freeze-thawing, RWOB at pH 3 is unstable and free oil is visible 

within four days of storage at 5°C; therefore, freezing only accelerated 

oleosome rupture, probably due to ice-induced oleosome compression and/or 

ice crystals piercing the interface. Tzen et al. (1992) reported coalescence in 

oleosomes at pH below 5. Peanut oleosomes extracted at pH 4 resulted partially 

destabilised, with oil release (Rhee et al., 1972). 

A possible explanation of the high instability in RWOB pH 3 is a change in the 

oleosin configuration at low pH. To the best of this thesis author’s knowledge, 

there is a lack of studies related to the oleosin configuration in oleosomes at 

different pH values, although Qi et al. (2017) reported that soybean oleosin 

secondary structure experiences a decrease in alpha helix structures from pH 9 

to pH 3, due to protonation, and a concomitant increase in beta sheet. The 

authors did not report destabilisation of oleosomes at pH 3, whereas in this 

work destabilisation was evident, perhaps due to a different behaviour of 

rapeseed oleosomes with respect to soybean oleosomes. 

As reported in detail in Chapter 1, Section 1.4, the oleosome interfacial 

structure consists of a PL monolayer, in which the oleosins are embedded. The 
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oleosins contain a central hydrophobic domain, which penetrates the PL 

monolayer, and an N- and a C-terminal amphipathic domain, present at the 

droplet surface and facing the exterior. It is generally accepted that for 

oleosomes in vivo or recovered at alkaline pH, PLs are negatively charged, 

whereas the oleosin amphipathic domains are positively charged at the side 

oriented towards the PL monolayer, and negatively charged on the side 

organised towards the cytosol. The oleosome interface is stabilised by the 

negatively charged PLs interacting with the positively charged side of the 

oleosin. When oleosomes are at pH 3, it is possible that a fraction of the PLs 

are positively charged. The pKa (the acid dissociation constant of a molecule) 

of the amino-groups in PS, PC and PE, and the carboxylic-group in PS are >11 

and >5, respectively; therefore, they would be protonated at pH 3. The pKa of 

the PL phosphate group is about 3 (except for PC, which has pKa of about 1.4) 

(Tsui et al., 1986; Marsh, 1990), suggesting that a fraction of the PLs is likely to 

be positively charged at pH 3. Repulsive electrostatic forces between PL heads 

and the interior face of the oleosin C- and N-terminal domains may contribute 

to a change of its original configuration, reducing the surface coverage by 

oleosins, exposing the PLs to the aqueous phase. As reported by Nikiforidis et 

al. (2013), the absence of polar lipids in purified oleosins might influence the 

intermolecular interactions and the tertiary structure of the protein molecule. 

Similarly, in RWOB pH 3, the oleosin-stabilising role of PLs may be lower, and 

the oleosin anchorage into the PL monolayer would rely more on the 

hydrophobic interaction with the PL tails. Moreover, the electrostatic repulsion 

between the fraction of positively charged PLs and the inner face of the oleosin 

C- and N-terminals may increase the distance between the oleosin terminals 

and the PL surface, which resulted less covered by the oleosins. In such a 

condition, the steric hindrance effect by oleosins would be reduced, promoting 

oil release.  

Exposure of oleosomes to hexane has been used in this work as a diagnostic 

method to test their integrity (Tzen et al., 1997); oleosomes at pH 9 and 6 were 

not affected by hexane, whereas oleosomes at pH 3 resulted resistant. It is 

possible that hexane penetrates the oleosomes through specific patches 
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generated by the low pH, such as fractures or interfacial areas with altered 

organisation. 

The droplets flocculation progressively increased with lowering the pH, turning 

from a creamy consistency at the original pH to a solid-like consistency at pH 3. 

This increased flocculation may partially depend on the water content, which 

seems to decrease slightly on decreasing the pH (Figure 4.7), but modifications 

of the oleosomes interfacial properties may play a more important role in 

defining the interactions between oleosomes. 

To test the role of surface charge in explaining the relationship between pH and 

freeze-thaw stability of oleosomes, the ζ-potential of RWOBs was measured at 

pH 9, 6 and 3 (values in Figure 4.7, inset Table). The ζ-potential accounts for the 

surface charge of the oleosomes, which in turn determines the extent of 

droplet repulsion. The ζ-potential values went from negative to positive upon 

adjusting the oleosome pH from alkaline (pH 9, -50.3 ± 1.6 mV) to acid (pH 3, 

+37.5 ± 0.5 mV). These data are in agreement with literature values where 

oleosome emulsions were washed with NaHCO3 0.1 M (De Chirico et al., 2018; 

Romero-Guzman et al., 2020). The ζ-potential at pH 9 was highly negative (-

50.3±1.6 mV); at this value oleosomes would experience electrostatic repulsion 

and remain physically separated, although during crystallisation of the 

continuous phase, ice would apply pressure on the oleosomes and overcome 

their natural resistance to flocculation.  

When the pH was lowered to 6, the ζ-potential increased to -20±2.4 mV, which 

may have provided a less effective oleosome electrostatic repulsion allowing 

more physical droplet interaction, explaining the thicker emulsion consistency 

and the higher oil yield after freezing of the lipid phase at this pH. At pH 3, the 

ζ-potential was +37.5±0.5 mV; such a value would suggest electrostatic 

repulsion between oleosomes, consequently reduced aggregation as the 

oleosomes would be physically separated. However, the emulsion at pH 3 

appeared to be the most solid-like, and the increased aggregation may depend 

on the aforementioned conformational changes in the structural proteins (and 

in part in the remaining exogenous proteins), which could interact with each 

other and create a network. 



112 
 

Changes in the emulsion microstructure induced by different pH values are also 

suggested by the particle size distribution (PSD) of RWOBs (Figure 4.9). Prior to 

the measurement, the emulsions were re-dispersed, into oleosome recovery 

buffer at pH 9.5 at a ratio of RWOB-to-buffer 1:100; this would have facilitated 

oleosome re-dispersion by creating an alkaline environment. The pH of the re-

dispersed emulsions equalised that of the buffer (pH 9.5), due to the high 

dilution ratio. Despite the pH increase, RWOB PSD at pH 6 and especially at pH 

3 was higher than that at pH 9. Adjusting the pH to alkaline values in those 

emulsions was thus not sufficient to restore the properties of the initial RWOB. 

Hence, oleosomes at pH 6 and pH 3 must have experienced irreversible 

changes at the oleosome interface, which caused instability, as suggested by 

the presence of aggregates visible in the RWOB pH 3 micrographs, shown in 

Figure 4.8, and by the respective higher PSD (Figure 4.9). 

 

 
Figure 4.8. Micrographs of RWOB (not freeze-thawed) at (A) pH 9, (B) pH 6, (C) pH 

3. All emulsions were re-dispersed in oleosome recovery buffer (pH 9.5) at a ratio 

RWOB-to-buffer 1:100. The pH is referred to the original, non-diluted emulsion. 
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Figure 4.9. RWOB PSD at pH 9, 6 and 3. All RWOBs were redispersed at pH 9.5 at a 

ratio emulsion-to-buffer of 1:100. The pH values reported in the legend refer to the 

undiluted original emulsions. 

In conclusion, the pH in the continuous phase modifies the oleosome ζ-

potential, affects the consistency of RWOB, probably by modifying the 

interfacial properties of oleosomes and their stability to freeze-thaw. The 

RWOB at pH 3 was unstable per se, and freeze-thawing only accelerated 

oleosome rupture. Decreasing the pH from 9 to 6 or 3 irreversibly increased the 

oleosome PSD, which could not be repristinated by increasing the RWOB pH 

back to 9, suggesting that oleosomes had been destabilised via coalescence. 

 

4.6 Effect of number of freeze-thaw cycles on oleosome emulsion 

stability. 

Another factor which could affect the freeze-thaw stability of oleosomes is the 

number of freeze-thawing cycles applied. Ma et al. (2023) observed how 

increasing the number of freeze-thaw (freezing -20°C, 24 h) cycles (to up to 

five) led to a gradual destabilisation in goat milk, identified by increased PSD 

and microstructure changes due to flocculation and coalescence of MFG. Data 

in Figure 4.10 are the oil yield values from RWOB (pH 9) which underwent 1, 2 

or 3 freeze-thawing cycles before centrifugation and oil collection (Section 2.2). 

Increased oil yield can be observed by increasing the number of freeze-thaw 

cycles from one to two, whereas no further increase is observed with an 

additional cycle. 
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Figure 4.10. Oil yield (w/w %) from RWOB (pH 9) freeze-thawed for 1, 2 or 3 cycles 

prior to centrifugation and oil extraction. Freezing process consisted in cooling and 

isothermally holding the emulsion at -20°C for 6 h. Different letters indicate 

statistically different samples as established by ANOVA (P< 0.05). 

The oil yield from the first cycle was about 92% of that from the second or third 

cycle (overall yield reached a maximum of approximately 48%); therefore, most 

of the oleosomes ruptured with one cycle at those specific cooling conditions. 

The reason for this may be that the smaller oleosomes would be more resistant 

to freeze-thawing, due to higher amount of lipid crystal material needed for 

partial coalescence (Boode et al., 1993) and due to the higher surface 

curvature, which may affect the bending energy of the interface, thus increase 

the free energy for the coalescence transition state (Kabalnov & Wennerström, 

1996; Ghosh & Coupland, 2008). Hence, increasing the number of freeze-

thawing cycles does not cause further oleosome rupture as the remaining 

oleosomes may be resistant to those specific cooling conditions (target cooling 

temperature, cooling rate, thermal exchange with cooling medium). 

Furthermore, dilution occurs in the emulsion upon thawing as the oil released 

from ruptured oleosomes pools to form larger oil drops, leading to an increase 

in relative dilution in the residual, unbroken emulsion. As reported in Section 

4.3, emulsion stability to freeze-thaw may increase at higher water content, 

therefore further oleosome destabilisation after cycle 1 may be mitigated by 

the higher water content in the residual emulsion. 

Other authors tested the stability of o/w emulsions following increasing 

number of freeze-thaw cycles. Vanapalli et al. (2002a) observed progressive 
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increase of oil release in an o/w emulsion of confectionery coating fat (cocoa 

butter substitute ‘high trans’) and polyoxyethylene sorbitan monolaurate 

(Tween 20), with the number of freeze-thaw cycles increasing from 1 to 4; the 

destabilisation also progressively increased with higher dispersed volume 

phase fraction. The authors suggested that such an increase in emulsion 

destabilisation would have depended on an increased number of droplet 

collisions, facilitated by the higher dispersed volume fraction, and promoted by 

further freezing cycles. Magnusson et al. (2011) reported that mayonnaise-type 

emulsions after five freeze-thaw cycles were more destabilised, as quantified 

by increased droplet particle size, than after one single cycle. 

Although increasing the freeze-thawing cycle number generally leads to higher 

destabilisation, the effect of the number of freeze-thaw cycles would also 

depend on the emulsion composition and the cooling profile adopted. It may 

be possible that the smaller droplets in RWOB are more resistant to freeze-

thawing, therefore remain stable even after three freeze-thaw cycles. This was 

also reported in natural milk fat globules (Walstra et al., 1999; Huppertz et al., 

2006) and recombined milk fat globules (Melsen, 1987), suggesting that partial 

coalescence occurs more easily in larger globules due to larger crystals being 

formed on cooling.  

A general higher stability of smaller natural oleosomes was reported by Boulard 

et al. (2015), and Yang et al. (2020), perhaps provided by the higher protein-to-

oil ratio compared with larger oleosomes (Tzen et al., 1993), and by the higher 

curvature which would make them less prone to coalescence. 

As RWOB PSD after a freeze-thaw cycle is affected by the released oil, at the 

moment this technique cannot be used as a measure of the remaining intact 

oleosomes. 

 

4.7 Effect of heat treatment on oleosome emulsion stability to freeze-

thawing 

In this section the effect of a heat treatment on the freeze-thaw stability of 

oleosomes is discussed. The recovered oleosomes were heat treated prior to 
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freeze-thawing as in Section 2.3. The conditions used to thermally treat the 

oleosomes were harsher (95°C, seven min; adapted from De Chirico et al., 

2020) than those normally used in an industrial pasteurisation process. As this 

technique provided prolonged oleosome stability in De Chirico (2019), it was 

decided to test its impact in this work as a pre-treatment on oleosome freeze-

thaw stability. Despite the harsh conditions, the oleosomes were not directly 

destabilised by the heat treatment. In fact, both RWOB (pH 9, not heat treated) 

and thermally treated RWOB (ttRWOB) have comparable PSD (Figure 4.11). 

 

 
Figure 4.11. PSD of RWOB (pH 9; not thermally treated) and ttRWOB. Lower and 

higher particle diameter peaks 0.6 µm and 4.6 µm, and a shoulder peak at 1.5 µm, 

characterise both curves. 

 

However, when freeze-thawed (isothermal cooling in water bath, -20°C for 24 

h), ttRWOB was highly unstable, leading to oil yield of about 69% vs 49% of 

untreated RWOB. It was discussed in Section 4.4 that the oil yield increases 

upon decreasing RWOB water content. The water content in ttRWOB was 

lower than in RWOB (0.21%±0.02% vs 0.28%±0.02%, respectively), and this 

difference could have determined the higher oil yield in ttRWOB. To verify 

whether the reduced water content in ttRWOB was responsible for its 

increased oil yield, purified RWOB serum was added to ttRWOB to equalise the 

RWOB water content before isothermally cooling ttRWOB at -20°C for 24 h. The 

oil yield from this ttRWOB at adjusted water content was 93% of ttRWOB at 
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original water content, suggesting that the thermal treatment itself is the main 

reason for the increased instability in oleosomes. 

Interestingly, ttRWOB destabilised already at 0 h isothermal time (only cooling 

step), with oil yield 59.5%±0.5% (w/w), suggesting that water crystallisation is 

sufficient to induce oleosome destabilisation (Figure 4.12), perhaps due to a 

lower resistance to ice crystal growth by the oleosome interfacial layer. These 

data suggest that oleosome rupture is a fast process when oleosomes have 

been previously heat treated, and rupture may occur through a mechanism 

different from partial coalescence.  

 

 
Figure 4.12. Oil yield (w/w, %) from ttRWOB cooled to -20°C and held isothermally 

for 0 (only cooling step), 2, 3, 6, and 24 h. 

Protein content in ttRWOB (Table 4.1), measured with the bicinchoninic acid 

assay method, was 3.0%, which is about 75% of that in RWOB (4.1%). It is 

known that proteins increase the freeze-thaw stability of emulsions, e.g., by 

increasing the thickness of the interfacial layer (Ghosh & Coupland, 2008). The 

stabilising effect of proteins has been also reported for natural (Walstra et al., 

1999) or recombined (Melsen, 1987) milk fat globules and it seems to be 

directly related to milk protein concentration (Melsen, 1987). 

Based on the suggestions from the literature, the freeze-thaw stability of 

oleosomes is therefore expected to be lower by decreasing the amount of non-

structural proteins from the oleosome surface and/or from the surrounding 

continuous phase as a consequence of protein denaturation/precipitation 

following the thermal treatment. Aqueous solubilised and interfacially-
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adsorbed proteins could either increase the freeze thaw stability of emulsions, 

(Ghosh et al., 2006) by keeping the surfaces of proximal oleosomes separated 

(Zielbauer et al., 2018), or by lowering the freezing point of the continuous 

phase and preventing ice crystal from forming in the vicinity of the oleosomes. 

It may be possible that the exogenous proteins and part of the structural 

proteins are lost during the heat treatment; the structural proteins remaining 

at the interface may also undergo structural modifications. 

RWOB purified with urea 9 M, rather than NaHCO3 0.1 M (washing step to 

produce WOB, Section 2.2), had a protein content (bicinchoninic acid assay 

method) of 3.6%. Urea is known to remove all the exogenous proteins, leaving 

only the structural proteins intact (Millichip, 1996; De Chirico, 2019), thus the 

lower protein content in ttRWOB (Table 4.1) may indicate that also part of the 

structural proteins was removed by the thermal treatment. However, this data 

is not conclusive as protein content in thermally treated and urea-washed and 

heat treated RWOB was as high as in urea-washed RWOB only, and higher than 

in ttRWOB, thus it is possible that urea may somehow interfere with the 

quantification, although its final concentration after rinsing with water was 

below 3 M, the recommended limit for bicinchoninic acid assay analysis. This 

may require further investigation. 

 

Table 4.1. Protein content (% w/w, dry weight basis) in RWOB, ttRWOB, urea-
washed RWOB and urea-washed heat treated RWOB. 

Sample Protein (%) 

RWOB 4.1±0.0 

ttRWOB 3.0±0.1 

Urea-washed RWOB 3.6±0.1 

Urea washed heat treated RWOB 3.6±0.2 

 

Besides decreasing the protein content, the thermal treatment may have also 

altered the oleosome interfacial properties. Native oleosomes are reported to 

be stable to high temperatures and maintain their structure intact even if 

heated up to 90°C (Zielbauer et al., 2018). However, the conditions used during 

the heat treatment (7 minutes at 95°C), may have caused denaturation of the 
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structural proteins (mainly oleosins), leading to conformational changes at the 

oleosome interface, which could even affect the DSC thermal profile of ttRWOB 

(Section 5.2.5). A suggestion of changes at the interface is given by the ζ-

potential value, which was -50.3±1.6 for RWOB and -63.0±1.8 for ttRWOB at 

pH 9. Conformational changes may involve protein polymerisation, e.g., 

formation of disulphide bonds, induced by heat treatment at 95°C, as observed 

in o/w emulsions stabilised with soy protein isolates (Keerati-u-rai & Corredig, 

2009) and pea proteins (Peng et al., 2016), or reported to possibly occur in 

coconut oleosomes (Ma, 2018). The effect of protein denaturation on the 

stability of emulsions is not straightforward though, as it may either promote 

(Peng et al., 2016) or reduce (Campbell et al., 2005; Keerati-u-rai & Corredig, 

2009) emulsion stability. In the case of oleosomes, interfacial protein 

denaturation is likely to have occurred after 7 min at 95°C; this may modify the 

oleosome interface viscoelastic properties, leading to a more rigid structure 

likely to be easier to break upon freezing. However, polymerisation of oleosins 

(perhaps by formation of disulphide bonds) could be excluded, as SDS-PAGE 

run in absence of beta-mercaptoethanol (to avoid rupture of the potential 

disulphide bonds formed), did not show the presence of larger molecular 

weight bands indicating polyoleosins (data not shown). It is reasonable to 

believe though that the oleosome structural proteins have gone through 

conformational changes during thermal treatment, as oleosomes clearly 

showed reduced resistance to freeze-thawing. If oleosins have anti-freeze 

properties (as mentioned in Section 4.3.2), they may lose this characteristic due 

to heat-induced denaturation. A powerful technique to identify protein 

modifications in oleosomes following from heat treatments or freeze-thaw is 

Circular Dichroism, which has been employed to determine the secondary 

structure of oleosome proteins (Jacks et al., 1990; Li et al., 1992, 1993; Millichip 

et al., 1996; Lacey et al., 1998; Maurer et al., 2013) and it could be implemented 

in future works. 
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4.8 Conclusions 

The focus of the work presented in this chapter was to understand the stability 

of OSR oleosome creams upon freeze-thawing, and the effect of 

physicochemical parameters (emulsion composition, cooling rate and 

temperature, pre-thermal treatment). Increasing the emulsion water content 

seems to have a protective effect against freeze-thawing, because of the 

reduced physical interaction between oleosomes due to higher dilution. The 

oleosome creams were all destabilised by freeze-thawing, with increasing 

instability at decreasing pH, suggesting that regulating emulsion pH can deeply 

affect its stability to freeze-thawing. At -20°C, the destabilisation mechanism at 

pH 9 and 6 was attributed to the lipid crystallisation, as the o/w oleosome 

emulsions did not rupture if lipids did not crystallise, even if the continuous 

phase was already crystallised. A schematic of the freezing of an oleosome 

emulsion to -20°C, which leads to partial coalescence, is shown in Figure 4.13. 

 

 
Figure 4.13. Schematic of freezing of oleosomes (as an o/w emulsion) from room 

temperature (20°C) to -20°C. On cooling oleosomes from 20°C (A) to -10°C (B), the 

continuous phase crystallises exclusively. On lowering the temperature up to -20°C, 

lipids start to crystallise (C); lipid crystals grow over time at -20°C, eventually causing 

partial coalescence (D). 

At pH 3, the emulsion was highly unstable to water crystallisation. The lower 

pH could have irreversibly modified the protein conformation and the 

organisation at the interface, reducing its stability to freeze-thaw. 

A 
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The extent of emulsion destabilisation also changed by modifying the cooling 

profile. For RWOB pH 9, cooling at -20°C allowed sufficiently slow lipid 

crystallisation for a sufficiently high content of lipids for partial coalescence to 

occur, whereas cooling at -75°C or in liquid nitrogen caused fast lipid 

crystallisation and the oleosomes remained stable. However, oleosomes 

ruptured when such a cooling step, performed either in freezer to -75°C 

(cooling time 18 min) or in liquid nitrogen (cooling time 30s), was followed by 

storage at -20°C; the extent of oleosome rupture increased when the cooling 

step was performed in liquid nitrogen. The reason why the storage step at -

20°C promoted oleosome rupture could be attributed to re-crystallisation 

phenomena. When RWOB was cooled to -20°C at different cooling rates, 

oleosomes rupture tended to increase at higher cooling rates, and this could 

depend on a different response of the oleosome interface to water 

crystallisation, occurring during the cooling step. 

Increasing the number of freeze-thawing cycles (cooling temperature -20°C 

with 6 h holding time) from one to two led to 8% increase in oil yield, but no 

further increase after three cycles. This suggests that a specific cooling profile 

adopted may rupture a certain quantity of oleosomes, perhaps related to a 

specific population (e.g., size-dependent), thus further freeze-thaw cycles are 

relatively ineffective. Moreover, the dilution occurring in the residual unbroken 

emulsion upon thawing may have a protective effect for the oleosomes upon 

further freeze-thawing cycles. 

Heat treating oleosomes prior to freeze-thawing did not have a destabilising 

effect per se, however, thermally treated oleosomes became much less stable 

to freeze-thawing, perhaps because their interfacial properties were 

compromised (e.g., denaturation of the structural properties) by the heat 

treatment. 

To conclude, freeze-thawing is an effective method to destabilise oleosome 

emulsions. The work described in this chapter provided understanding of the 

behaviour of OSR oleosome emulsions upon freeze-thawing under different 

conditions, which is useful to engineer processes to cause more extensive 
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oleosome rupture, but it can also be employed to design emulsions and/or 

related freeze-thaw processes which preserve oleosome stability. 

A crucial role for oleosome emulsion freeze-thaw stability seems to be played 

by the interface, whose properties would determine the resistance to the 

pressure exerted by both lipid and water crystals. Therefore, future work 

should allow a deeper understanding of the interfacial properties, especially 

with regard to the integral protein characteristics. . 
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5 Crystallisation mechanism of oleosome emulsions 

5.1 Background  

The freeze-thaw stability of o/w emulsions is related to the crystallisation of 

the dispersed phase and/or the continuous phase. For this reason, studying the 

phase transitions in o/w emulsions may be instructive to understand the 

mechanisms of emulsion destabilisation. In this context, a useful technique that 

could be employed is the Differential Scanning Calorimetry (DSC) (Palazolo et 

al., 2011; Ishibashi et al., 2016). DSC was therefore used in this thesis to study 

the thermal transitions occurring in the lipid and aqueous phase of the rinsed-

washed oil body emulsion (RWOB), producing complementary data related to 

the freeze-thaw stability of oleosomes (Chapter 4). 

The thermal behaviour of o/w emulsions depends on the cooling/heating 

conditions to which the emulsions are subjected. Cooling temperature, rate, 

and time, determine whether and when the dispersed and continuous phase 

crystallise. Therefore, DSC analyses at different cooling conditions were 

performed to understand the effect of the cooling conditions on the 

crystallisation of RWOB continuous and dispersed phase and relate them to the 

mechanism of oleosome destabilisation by freeze-thawing. 

Moreover, compositional factors, e.g., the FA composition in TAG droplets, may 

affect the crystallisation behaviour of o/w emulsions, which becomes 

particularly complex in materials characterised by a varied TAG profile, such as 

milk fat (Huppertz et al., 2006). Hence, RWOBs recovered from OSR lines with 

different FA composition (Section 5.2.6) were analysed for their thermal 

behaviour, which was related to their freeze-thaw stability. 

Bulk lipids usually crystallise by heterogeneous nucleation and require a lower 

degree of supercooling than emulsified lipids, as observed in fabricated 

emulsions (Vanapalli et al., 2002a; Thanasukarn et al., 2006) or natural milk fat 

globules (Söderberg et al., 1989). Emulsions usually require higher supercooling 

as lipids can crystallise by both homogeneous and heterogeneous nucleation, 

depending on the droplet size (Walstra and van Beresteyn, 1975; McClements, 

1993; Walstra, 2003). Increased supercooling for the crystallisation of smaller 
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droplets was observed in MFGs or anhydrous milk fat-in-water emulsions 

(Lopez et al, 2002; Michalski et al., 2004; Truong et al., 2014; Lopez, 2018), and 

the crystallisation temperature seems to decrease by an exponent function of 

size, suggesting a more pronounced effect in the sub-micron droplet range. 

However, crystallisation in emulsified lipids may occur faster if surface 

heterogenous nucleation, i.e., nucleation induced by the interfacial layer, 

occurs in the droplet (Skoda & van den Tempel, 1963; Povey, 2014). This 

mechanism was proposed to also occur in natural milk fat globules (MFG), with 

the membrane of the fat globule acting as a catalytic impurity, when molecules 

such as mono- or diglycerides with long-chain fatty acid (FA) residues are 

present (Mulder & Walstra, 1974). 

This phenomenon was hypothesised to occur in RWOB and it is discussed in 

Section 5.2.3. Surface heterogeneous nucleation would be determined by the 

combination of both the core oil and interface composition of a droplet 

(McClements, et al., 1993; Shinohara et al., 2008), and its extent may depend 

on the droplet volume as the surface effects become less important with 

increasing volumes (Sonoda et al. 2006). By altering the crystal structures of 

the dispersed phase, surface heterogeneous nucleation may also affect the 

polymorphic transition in droplets. As discussed in Chapter 4, Section 4.7, 

oleosomes which have experienced heat treatment may display different 

interfacial composition and properties, which may impact their crystallisation 

profile upon cooling, thus it is also discussed in this chapter. 

 

5.2 Thermal properties of oleosomes in relation to their freeze-thaw 

stability 

5.2.1 Types of Differential Scanning Calorimetry (DSC) experiments adopted. 

Three types of experiments (sets) were performed using the DSC to study the 

thermal behaviour of oleosome emulsions. 

 

Set 1. These experiments were run to identify the thermal transitions of the 

continuous and dispersed phases, and their relationship with the scanning rate. 
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Samples (oleosome emulsions, oil, serum), after 10 min equilibration at 20°C 

(step 1), were cooled to -60°C at 2, 5 or 10°C/min (step 2), then isothermally 

held at -60°C for 10 min (step 3) and reheated to 20°C at 5 or 10°C/min (step 

4). The cooling and the respective heating rates can differ between each other, 

as well as the type of samples analysed at the different cooling/heating 

conditions; thus, they will be specified in the description of each experiment. 

The final temperature of -60°C was considered sufficiently low to crystallise all 

the oil in the samples and within the instrument working range. 

Set 2. This set of experiments aimed to simulate the freeze-thaw process at -

20°C, to determine the time at which the continuous and the dispersed phase 

crystallise during the process. Samples (oleosome emulsions, oil, serum), after 

10 min equilibration at 20°C (step 1), were cooled to -20°C at 0.1, 1.0, or 

10.0°C/min (step 2), then isothermally held at -20°C for 480 min (step 3) and 

reheated to 20°C at 10°C/min (step 4). The different cooling rates in step 2 were 

applied to test the potential effect of cooling rate on the crystallisation time 

and temperature of continuous and/or dispersed phase. The three cooling 

rates (0.1, 1.0, and 10.0°C/min), in step 2 are comparable with the rates of the 

cooling step in the freeze-thaw process in water bath; the cooling rate 

generated upon plunging the samples in -20°C water bath (isothermal cooling) 

was 9.7°C/min. The same experiment was repeated with the final isothermal 

temperature of -10°C rather than -20°C; this experiment was carried out to 

identify the role of lipid crystallisation on oleosome destabilisation, and the 

results have been already reported in Chapter 4, Section 4.2. 

Set 3. This experiment differed from Set 2 (Section 5.2.1) for the final 

isothermal holding temperatures, which were -25, -30, -40 or -50°C. Isothermal 

holding times were 300 min at -25, -30 and -40°C, and 60 min at -50°C. Samples 

(RWOB, oil) were cooled to -20°C, then rested 10 min at that temperature, 

before being cooled to the respective final isothermal temperatures. Cooling 

rate was -10°C/min. 
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5.2.2 Thermal profile of oleosomes at different cooling-heating conditions 

The thermal profiles of RWOB, and the respective bulk oil and serum, were 

determined with the DSC experimental Set 1 and Set 2 (as described in Section 

5.2.1). An example of the cooling and heating curves of these samples, at the 

scanning rate of ±10°C/min (including the bulk oil cooling/heating curves at 

±5°C/min), is shown in Figure 5.1. 

 

 

 
Figure 5.1. DSC cooling (A) and heating (B) profiles of serum, RWOB, and f-t oil, 

determined with Set 1. Peaks delimited by continuous line square indicate lipid 

thermal transitions, peaks delimited by dashed line square indicate water thermal 

transitions. The scanning rate for all samples was ±10°C/min. For the bulk oil, the 

cooling and heating curves at ±5°C/min are included. Inset figure: zoom on oil cooling 

curve (-5°C/min). 

The thermal transition peaks of the oil and the serum were used to identify the 

transition in the respective RWOB lipid and aqueous phases (see Figure 4.2). 
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The terms Set 1 and Set 2 will be used throughout the following sections to 

indicate the respective DSC experimental profiles adopted. The samples of bulk 

oil analysed were all previously extracted by freeze-thawing. The reason for 

using this oil rather than a solvent-extracted oil using isooctane (Section 

2.4.6.1) was that the f-t oil seems to be devoid of PLs, as explained in Section 

6.2.2.1; therefore, its thermal behaviour would reflect the oil composition 

exclusively. 

On cooling at -10°C/min, the bulk oil crystallisation occurs at a temperature too 

low for the main peak to result complete; therefore, a bulk oil curve at -5°C/min 

is also shown, as the complete crystallisation peaks was visualised at this 

cooling rate. At -5°C/min, the bulk oil has a major peak with an onset 

temperature of -50.2±0.1°C, and its broad shape reflects the co-existence of 

different TAGs of the oil (Ali & Dimick, 1994; Tan & Man, 2000). A more detailed 

observation of the oil crystallisation curve at -5°C/min (inset in Figure 5.1 A) 

suggests the presence of two other peaks with onset temperatures of about -

20°C and -40°C. A similar crystallisation profile, recorded at -5°C/min, was 

observed by Tan & Man (2000) for canola oil with comparable FA composition 

to that used in this thesis (Chapter 3, Section 3.3.2). As reported by Tan & Man 

(2000), although it is not possible to relate each peak to specific TAGs, due to 

the complexity of the TAG population, the peaks at higher temperature are 

likely to reflect crystallisation of TAGs enriched in monounsaturated fatty acids, 

whereas the lowest temperature peak to more polyunsaturated fatty acid-rich 

TAGs. Upon heating from -60°C (Figure 5.1 B), the oil melting onset 

temperatures were -28.9±0.1°C and -28.5±0.1°C at 5 and 10°C/min heating 

rates, respectively. The oil melting peak shows a shoulder at lower 

temperature, not separated from the main peak, probably associated to TAGs 

with lower melting temperature. This was also observed in Tan & Man (2000), 

who reported the difficulty of interpreting the melting curves of edible oil 

samples. 

Crystallisation of the serum on cooling (-10°C/min) is represented by a sharp 

peak (onset temperature -17.5±1.3°C), indicating crystallisation of a pure 

substance (Abramov et al., 2016), as bulk water (Clausse et al., 2005; 
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Dalmazzone et al., 2009). The very sharp transition is due to heterogeneous 

nucleation which allows the sudden release of a large amount of energy 

(Dalmazzone et al., 2009). The serum melting onset temperature was -

0.6±0.0°C (at higher temperature than oil melting), and it was broader than the 

respective crystallisation peak (Wilson et al., 1999; Abramov et al., 2016).  

In Figure 5.1 B, the melting onset temperatures of the water and lipid peaks in 

oil, serum, and RWOB, shifted towards higher temperatures (lower 

supercooling) compared with the respective crystallisation peaks. 

Crystallisation usually occurs at lower temperatures than melting as 

crystallisation is preceded by nucleation, whereas melting is usually more 

related to the thermal properties of the material and it normally occurs at the 

thermodynamic melting point (McClements et al., 1993; Gülseren & Coupland, 

2008). Crystallisation is a stochastic phenomenon (Zhang et al., 2015; Abramov 

et al., 2016; Lopez-Quiroga et al., 2016), which may result in a highly complex 

process, affected by several factors (Hartel, 2002). 

The lipid and water melting peaks of RWOB were identified by comparison with 

the melting peaks of serum and bulk oil. The continuous phase in RWOB had 

an onset temperature of -8.2±0.3°C on crystallisation, and -0.2±0.0°C on 

melting, whereas the dispersed phase peaks had an onset temperature of -

49.1±0.2°C on crystallisation, and -28.5±0.1°C on melting. This temperature is 

equal to the bulk oil onset melting temperature, suggesting that oil melting 

occurs at the thermodynamic melting point regardless the oil physical state, 

i.e., bulk or emulsified. Similar temperature values of the lipid melting peaks 

between sunflower oil bulk (or free) and emulsified by egg yolk fractions were 

observed by Gmach et al. (2022). The three peaks on cooling (especially at -

10°C/min) and the shoulder on heating are also observed in RWOB. 

The bulk oil crystallises at lower temperature, and over a shorter temperature 

range than the emulsified oil. This effect seems to be even more evident during 

the isothermal cooling at -20°C (Figure 5.3) and it will be discussed later in this 

section. The cooling and heating profile of RWOB with Set 1, at the cooling rates 

of 2, 5, 10°C/min, and 10°C/min heating rate, is shown in Figure 5.2. 
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Figure 5.2. Crystallisation profile (cooling rate 2, 5, 10°C/min) (A) and melting 

profile (heating rate 10°C/min) (B) of RWOB (Section5.2.1). In B, respective cooling 

profile in parenthesis. The intermediate crystallisation peak is highlighted by the 

square. 

On increasing the cooling rate, the lipid phase crystallises at lower temperature 

(Figure 5.2 A). In the literature, the crystallisation profile has been reported to 

depend on the cooling rate (Tan & Man, 2000). Nevertheless, upon heating 

(10°C/min) the oleosome emulsions, the melting temperature range of the 

aqueous and lipid phase is comparable between each other irrespective of the 

cooling rate at which they had been crystallised (Figure 5.2 B). This suggests 

that cooling at different rates has a limited impact on the crystals formed. For 

the sample cooled at -10°C/min (Figure 5.2A), the lipid crystallisation peak 

results incomplete due to its shift towards lower temperatures, indicating that 

not all the lipids crystallised when the temperature reached -60°C. Despite this, 

the melting enthalpy (Table 5.3, Section 5.2.3) is comparable with the samples 

cooled at 2 and 5°C/min, thus it is expected that the remaining lipids would 

crystallise during the 10 min rest step at -60°C. The peaks become more visible 
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on increasing the cooling rate from 2 to 10°C/min. Potentially, the emulsions 

have not been destabilised by the cooling step, since it was reported in Section 

4.3.1 that cooling RWOB sufficiently quickly (at least at 5 and 10°C/min) and to 

a temperature low enough to induce total lipid crystallisation does not cause 

droplet destabilisation, which is observed on thawing in RWOB cooled to -20°C 

(Section 4.2). As a summary, Set 1 was used to induce the thermal transitions 

of the materials (RWOB, oil, serum) in a wide temperature range and 

reasonably short time, to allow conversion from liquid to solid and to liquid 

again. Usually, the thermal properties of edible oils (Tan & Man, 2000; Islam et 

al., 2022) and emulsions (Awad & Sato, 2002; Dalmazzone et al., 2009), are 

determined as a function of temperature/scanning rate in a wide temperature 

range. The low final temperature (-60°C), and the reasonably short time of 

analysis would also allow to compare Set 1 with the freeze-thawing method at 

-75°C (Chapter 4, Section 4.3.1).  

Set 2 was used instead to study the thermal transitions with a thermal program 

comparable with that used for the freeze-thawing experiments in water bath 

at -20°C. The crystallisation of oleosome emulsions and bulk oil under 

isothermal cooling conditions at -20°C is shown in Figure 5.3 (Set 2, steps 1 to 

3; see Section 5.2.1). Due to the similar cooling profile adopted during freeze-

thawing (isothermal cooling to -20°C in water bath), part of this DSC work was 

compared with the oleosome destabilisation work by freeze-thawing in 

Chapter 4 (Section 4.2). As shown in Figure 5.3 A1, crystallisation of the 

continuous aqueous phase always occurs during the cooling step and appears 

as a narrow peak (not visible at -10°C/min - black line), whereas lipid 

crystallisation occurs during the isothermal step at -20°C. As already observed 

in Figure 5.1, oil crystallisation in the oleosome emulsion occurs earlier than in 

bulk oil, and, especially during isothermal cooling, over a much broader time 

range than the oil. Similar peaks were observed by Miyagawa et al. (2017) in 

OSR oil (similar FA composition to that tested in this thesis) isothermally held 

at -20°C for 8h. Crystallisation peaks in the emulsions cooled at the various 

rates (step 2) appeared between 130-180 min after the start of the isothermal 

time in RWOB, and 230-250 min in the bulk oil. Variations in the crystallisation 
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time width between the samples (RWOB or oil) cooled at the three different 

cooling rates may depend on the stochastic crystallisation mechanism. Despite 

the variations, it is clear that the time for lipid crystallisation (peak width) in 

RWOB is much larger than that for bulk oil crystallisation (approximately 240 

min vs less than 30 min, respectively). Unlike Set 1, the oil crystallisation in Set 

2 (Figure 5.3 B) appears characterised by a single peak, thus the presence of 

more peaks related to different TAG populations is not observed. The different 

peak shape in isothermal would depend on the fact that the heat flow in 

isothermal is by necessity expressed as a function of time rather than 

temperature; if the heat flow in Set 1 was also reported by time, the lipid peak 

shape would become more similar to that in isothermal along with decreasing 

cooling rate (data not shown). The endotherms produced by reheating (step 4, 

10°C/min) of RWOB and oil are shown in Figure 5.3 C1 and C2. Two peaks are 

visible in RWOB, the peak at lower temperature and higher temperature 

representing melting of the lipid and aqueous phase, respectively. Only the 

lipid melting peak was observed in the oil. An effect of cooling rate (-0.1, -1.0, 

-10.0°C/min) during the cooling step (step 2) on the melting curves of both 

RWOB and oil could not be observed. 
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Figure 5.3. DSC thermal profile of RWOB and oil determined with Set 2 method 

(Section 5.2.1). Both samples cooled from 5°C to -20°C at -0.1°C/min (light blue 

curves), -1.0°C/min (dark grey curves), and -10.0°C/min (black curves), isothermally 

held at -20°C for 480 min, and re-heated to 20°C at 10°C/min. Dashed lines of the 

respective colour represent the temperature (T) program adopted. Legend shown in 

A2. A) Heat flow curves for RWOB (A1) and f-t oil (A2) (Set 2 method, Steps 1-3). B) 

Isothermal (-20°C, Set 2, step 3) curve for RWOB (B1) and f-t oil (B2) previously 

cooled from 5°C to -20°C, at -0.1 (light blue curve), -1.0 (dark grey curve), -

10.0°C/min (black curve). C): Respective heating (10°C/min) curves (Set 2 , step 4) of 

the samples in A) and B). 
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In Table 5.1, the peak time values of the curves in Figure 5.3 A and B are 

compiled. 

 

Table 5.1. Isothermal crystallisation peak time (step 3 of Set 2 DSC method in 

Section 5.2.1) for RWOB and oil showed in Figure 5.3. Crystallisation time difference 
between RWOB and oil shown as Δ (min). For each sample (RWOB or oil), no 
statistically different peak crystallisation values were identified as established by 
ANOVA (P< 0.05). Asterisk (*) indicates statistically different samples as established 
by ANOVA (P< 0.05) when the crystallisation peak time is compared between 
samples (RWOB or oil). 

Cooling rate  
 (°C/min) 

(step 2) to -20°C 
(isotherm) 

RWOB 
Isothermal 

crystallisation peak 
time  
(min) 

Oil  
Isothermal 

crystallisation peak 
time 
(min) 

Δ 
isothermal 

crystallisation time 
(min) 

-0.1 170±8a,* 251±7a,* 81 

-1.0 156±20a,* 243±1a,* 87 

-10.0 166±22a,* 251±2a,* 85 

 

Lipid crystallisation in emulsions occurring earlier than in oils is an uncommon 

behaviour as emulsified lipids usually crystallise later than bulk lipids. This is 

due to the number of impurities in droplets promoting heterogeneous 

nucleation being much lower than the total number of droplets. As explained 

by Coupland (2018), in emulsions the mass of crystallising oil induced by one 

single impurity is significantly lower than that in bulk oil, as the impurity is 

confined within one lipid droplet. Therefore, the emulsified state drives the 

crystallisation temperature to higher degrees of supercooling, towards that of 

homogeneous nucleation (Vanapalli et al., 2002a; Thanasukarn et al., 2006; 

Coupland, 2018). However, several factors could make crystallisation occur 

earlier in emulsified oils (Abramov et al., 2016; Coupland, 2018), such as the 

type of surfactants or the droplet curvature. In the former case, specific 

surfactants may promote “surface heterogeneous nucleation” (Skoda & van 

den Tempel, 1963), where crystallisation is promoted at the interface (Povey, 

2014). Furthermore, droplet size could affect the crystallisation time, perhaps 

with the smaller droplets crystallising earlier (Section 5.2.3.2). 

In Figure 5.3 A2, the cooling profile of the bulk oil; crystallisation occurs in 

isothermal as for the RWOBs, whilst the first peak is an apparent peak 
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representing a DSC transient due to the cooling step. Regardless of the cooling 

rate in step 2, the crystallisation peak profile during the isotherm in all 

oleosome emulsions is similar; likewise, the crystallisation peaks in the oil 

samples are similar between each other, although the peak for the -0.1°C/min 

sample is less sharp. Hence, the initial cooling rate does not seem to affect the 

crystallisation of the lipids; this appears reasonable as lipid crystallisation only 

occurs after more than two hours from the cooling step. It is interesting to note 

that, regardless of the initial cooling rate of step 2, lipid crystallisation in RWOB 

or bulk oil always occurs at a similar time range during the isothermal holding 

step (Figure 5.3 B1 and B2). It could be expected that, at -0.1°C/min cooling 

rate, crystallisation would occur after a shorter isothermal time, as the sample 

during the cooling step experiences temperatures close to -20°C for longer time 

if compared with the samples cooled at -1.0°C/min and -10.0°C/min. Therefore, 

the process of crystallisation would be induced before -20°C is reached. 

However, the reason why the crystallisation always occurs at the same 

isothermal time could be that the induction time (the time necessary for the 

supercooled oil to start crystallising) at temperatures higher than -20°C (e.g., -

18°C) is longer, but the induction time decreases as the temperature 

approaches -20°C on cooling. 

As reported in Section 4.2, crystallisation of the lipid phase would be 

responsible for oleosome destabilisation, and DSC data suggest that the rate of 

the cooling step has no or limited impact on lipid crystallisation. However, as 

reported in Chapter 4, Section4.3.2, RWOB cooled faster to -20°C was more 

destabilised, and this was attributed to a different crystallisation behaviour of 

the aqueous phase. 

Since the oil crystallisation profile is related to its physical state, i.e., bulk (or 

free) or emulsified, the presence of free oil in a partially destabilised o/w 

emulsion could be detected as the crystallisation peak of its lipid phase would 

shift towards that of free oil. The crystallisation profile determined with Set 1 

for RWOB, oil, and RWOB previously undergone Set 2, was compared and 

shown in Figure 5.4. The lipid crystallisation peak of RWOB previously frozen 

with Set 2 (lipid crystallisation with this method occurs during the 8 h isotherm 
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at -20°C), shifted towards the temperature of bulk oil and assumed an 

intermediate profile between that of RWOB and oil, suggesting that 

demulsification and release of oil occurred (Vanapalli et al., 2002b).  

 

 

Figure 5.4. Crystallisation profile, produced with Set 1 (5°C/min), of fresh RWOB, f-t 

oil and RWOB previously undergone Set 2. 

Therefore, DSC could be employed as a technique to detect destabilisation in 

emulsions. In their work, Gmach et al. (2022) reported comparable 

crystallisation peaks of free and emulsified (with egg yolk, plasma, or granula) 

sunflower oil. The reasons for that behaviour could be the larger particle size 

of their emulsions (major peak about 9-50 µm) compared to the ones used in 

this thesis (major peak 0.6-1.0 µm), which would make the crystallisation 

profile observed by those authors similar to bulk oil, and reduce the impact of 

surface heterogeneous nucleation contribution to lipid crystallisation. 

Therefore, the emulsification process could affect the crystallisation properties 

of the oil less for larger droplets (lower surface-to-volume ratio) as the impact 

of the interface is less significant, so the emulsified oil behaves in a similar way 

to bulk oil 

 

5.2.3 Study of the phase transition enthalpies in oleosomes and respective 

bulk materials 

In this section, the melting enthalpies of the samples studied in Section 5.2.2 

are reported. The melting enthalpies relate to the mass fraction of material 

which had crystallised during the respective cooling and isothermal steps. For 
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the lipids, the mass fraction of crystallised material is usually defined as solid 

fat content (SFC). The phase transition enthalpies were normalised by total 

sample mass for the oil and serum (solid content in serum is 1.5%) (Section 

5.2.2), or, in RWOB, by its respective aqueous and lipid mass fraction, and 

expressed in J/g of sample mass (or its aqueous and lipid fractions in RWOB). 

The melting enthalpy (heating 10°C/min) of RWOB continuous phase and of the 

bulk serum, determined using the program DSC Set 1 (cooling temperature -

60°C) and Set 2 (cooling temperature -20°C) are reported in Table 5.2 

(endotherms shown in Figure 5.1, and Figure 5.3, respectively. The melting 

enthalpy of the RWOB continuous phase in Set 1 is comparable with the water 

specific melting enthalpy (333.55 J/g), suggesting that all the water crystallised 

when RWOB was cooled to -60°C. More correctly, those enthalpy values would 

represent approximately the sum of two components: the water specific 

melting enthalpy (333.55 J/g) and the energy expenditure on heating the 

melted ice, per each degree of temperature raise, which depends on the 

specific water heat capacity (4.186 J/g°C). It is worth to mention that when the 

samples were heated at 5°C/min in Set 1, the enthalpy was similar to those 

heated at 10°C/min (data not shown). Comparable enthalpies between Set 1 

and Set 2 (only cooling rates -10°C/min) were recorded in the bulk serum, 

indicating complete water crystallisation regardless the final cooling 

temperature. 
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Table 5.2. Normalised melting enthalpy (J/g) of RWOB aqueous phase and bulk 

serum. Enthalpy measured upon heating (10°C/min) in Set 1 (step 4) and Set 2 (step 

4). For each type of material (RWOB continuous phase or bulk serum), different 

letters indicate statistically different samples as established by ANOVA (P< 0.05). 

Asterisk (*) indicates statistically different samples as established by ANOVA (P< 

0.05) when the melting enthalpy at each cooling rate is compared between the 

materials (e.g., RWOB continuous phase vs bulk serum, Set 1, 10°C/min). 

Cooling rate 
(step 2) 

Normalised melting (10°C/min) 
enthalpy (J/g) (step 4) 

Endothermal-showing 
Figure 

Set 1 
RWOB continuous 

phase 
Serum 

RWOB cont. phase / 
serum 

2°C/min 362.3±16.3d - Figure 5.2 

5°C/min 351.8±22.6dc - Figure 5.2 

10°C/min 323.4±7.7cb,* 362.7±0.1b,* Figure 5.1 / Figure 5.2 

Set 2 
RWOB continuous 

phase 
Serum 

RWOB cont. phase / 
serum 

0.1°C/min 260.9±14.3a - Figure 5.3 

1.0°C/min 293.9±18.5ba - Figure 5.3 

10.0°C/min 258.0±0.6a,* 356.5±0.5a,* Figure 5.3 /No figure 

 

Conversely, the melting enthalpy of RWOB continuous phase in Set 2 is lower 

(<300 J/g) than in Set 1, suggesting incomplete water crystallisation when the 

final cooling temperature was -20°C, perhaps due to non-freezable water 

bound to the structural or residual storage proteins at the oleosome surface. It 

is known that water can interact with the hydrophilic portion of biopolymers 

(Hatakeyama et al., 1988; Yoshida et al., 1990, 1993). For both Set 1 and Set 2, 

the cooling rate does not affect the melting enthalpies of RWOB continuous 

phase. 

With regard to the lipid component (RWOB dispersed phase or bulk oil), the 

melting enthalpies (heating rate 10°C/min) in Set 1 and Set 2 are reported in 

Table 5.3. The lipid melting enthalpies between Set 1 and Set 2 in RWOB 

dispersed phase are not statistically different in almost all the samples; 

similarly, no clear differences in the melting enthalpy between Set 1 and Set 2 

in the oil were found. This suggests that cooling to -20°C for a sufficiently long 

time (approximately 5 h) would produce the same SFC than direct cooling to -

60°C, as SFC tends to increase with longer cooling time (Borlieu et al., 2010; 

Magnusson et al., 2011; De Graef et al., 2012; Ribeiro et al., 2015; Miyagawa et 
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al., 2018). To understand how much of the total lipids had crystallised during 

cooling with the two different sets, bulk oil was cooled to -60°C (Set 1), and the 

resting time at -60°C was increased to up to 60 min (data not shown), based on 

the hypothesis that all the oil would crystallise at these cooling conditions 

(Miyagawa et al., 2018). The oil melting enthalpy of this sample was 79.6±0.6 

J/g, which was comparable to that of Set 2 (and the original Set 1), suggesting 

that most of the oil had crystallised by cooling to and holding at -20°C. 

With regard to the effect of cooling rate on the respective melting enthalpies 

in Set 1, there are no evident differences for RWOB dispersed phase, instead in 

bulk oil there seems to be a low increase of the melting enthalpy on increasing 

the respective cooling rate. It is possible that the larger melting enthalpy at 

increasing cooling rate, reflecting higher SFC, depends on a higher absorption 

of liquid fat to the increased number of crystals, thus with higher total crystal 

area, which form at higher cooling rate (Boudreau & Saint Amant, 1985; 

Campos et al., 2002; Bourlieu et al., 2010). For Set 2, the melting enthalpy of 

RWOB and oil does not depend on the cooling rate, probably because the lipid 

crystallisation in both samples occurred during the isothermal step, more than 

two hours after the cooling step was completed. 

Table 5.2  
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Table 5.3. Lipid melting enthalpies of RWOB and f-t oil, determined with Set 1 (step 

4) and Set 2 (step 4). Heating rate was 10°C/min; respective cooling rates were 2, 5, 
10°C/min in Set 1 (final temperature -60°C), and 0.1, 1.0, 10.0°C/min (final 
temperature -20°C) in Set 2. For each type of material (RWOB or oil), different letters 
indicate statistically different samples as established by ANOVA (P< 0.05). Asterisk (*) 
indicates statistically different samples as established by ANOVA (P< 0.05) when the 
melting enthalpy at each cooling rate is compared between the materials (e.g., 
RWOB vs oil, Set 1, 2°C/min). 

Cooling rate (step 2) Normalised melting enthalpy (J/g) (step 4) 

Set 1 experiment RWOB oil 

2°C/min 63.7±1.3a,* 68.7±0.0a,* 

5°C/min 62.9±1.7a,* 71.2±0.3ab,* 

10°C/min 64.5±0.7ab,* 75.5±0.6bc,* 

Set 2 experiment RWOB oil 

0.1°C/min 67.5±1.7ab,* 77.1±4.6c,* 

1.0°C/min 72.7±7.2b 72.1±0.4ab 

10.0°C/min 69.1±0.8ab,* 79.7±0.9c,* 

 

The enthalpy of the bulk oils was mainly above 70 J/g, whereas that of RWOB 

was generally below 70 J/g, regardless of the final temperature and the cooling 

rate used. While it is possible that the fraction of emulsified lipids that 

crystallise may be lower than in the bulk form, it is more likely that the type of 

polymorphs between bulk and emulsified (in RWOB) oil is different. This latter 

hypothesis will be discussed in Section 5.2.3.1. 

 

5.2.3.1 Effect of emulsifier on the crystallisation behaviour of oleosomes 

It has been proposed in Section 5.1 that lipids in RWOB droplets crystallised 

through surface-induced heterogeneous nucleation, a mechanism by which 

emulsifiers at the droplet interface promote the crystallisation of the dispersed 

phase. Previous studies reported that emulsifiers did not cause modification of 

the crystallisation behaviour in alkane (Kaneko et al., 1999; Djerdjev et al., 

2003) or TAG emulsions (Bunjes et al., 1996; Vanapalli et al., 2002b). Other 

authors instead reported that emulsifiers can affect the crystallisation 

behaviour of dispersed oil droplets through different mechanisms (Gülseren & 

Coupland, 2008). Skoda & van den Tempel (1963) and McClements et al. (1993) 

reported that emulsifiers increase the crystallisation temperature of emulsion 
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droplets, perhaps by ordering the lipid molecules adjacent to the interface, 

resulting in a reduced energy barrier to nucleation. An alternative mechanism 

was proposed by Kaneko et al. (1999), where nucleation in the dispersed lipids 

would be facilitated by surfactant crystallisation at the interface. Arima et al. 

(2007, 2009) reported how the use of sucrose oligoesters as additives increased 

the crystallisation temperature of o/w emulsions of palm mid fraction 

stabilised with Tween 20 or Tween 80, by a mechanism of surface 

heterogeneous nucleation, through hydrophobic interactions at the o/w 

interface. 

Although surface heterogeneous nucleation would increase the crystallisation 

temperature of the dispersed phase, the portion of droplet molecules 

interacting with surfactants may crystallise at lower temperature, presumably 

because surfactants act as an impurity (Povey et al., 2006; Gülseren & 

Coupland, 2008). In this case, even the melting point temperature of the 

mixture is reduced as mixing between the hydrophobic moieties of the 

surfactant and the droplet compounds produces a less pure material, with 

lower melting point than that of the pure core compounds within the droplet. 

By using micro-DSC, a split in the alkane droplet melting peak was detected by 

Gülseren & Coupland (2008), with the lower endothermic peak assigned to the 

interface alkane melting, and the higher endothermic peak assigned to melting 

of the core alkanes (see also Section 5.2.3.2). 

For the droplet lipids to mix with the lipophilic portion of the emulsifier, a 

degree of molecular structure matching between them, e.g., in terms of alkyl 

chain length and structure, is important (Gülseren & Coupland, 2008; Smith et 

al., 2011; Douaire et al., 2014). Structural differences between surfactants and 

dispersed phase molecules instead promote stability to freeze-thawing 

(McClements et al., 1993). The mixing between droplet lipids and the lipophilic 

portion of the emulsifier would be facilitated by a phase transition in the acyl 

chains of the surfactant (Krog & Larsson, 1992; Fredrick et al., 2013). 

Studies about hexadecane emulsions stabilised by different types of 

surfactants also reported how structural (chain length, presence/absence of 

unsaturations) similarity between the surfactant and the emulsified oil may 
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promote surface heterogeneous nucleation (McClements, et al., 1993; 

Shinohara et al., 2008). In these studies, hexadecane droplets stabilised by 

Tween 40 or Tween 60 crystallised at higher temperature than the droplets 

stabilised by Tween 20 or Tween 80 (albeit at temperatures far below the 

crystallisation temperature in the bulk oil), due to a more similar structure 

between the hydrocarbon tails of the former two surfactants and the 

hexadecane. 

The hydrophobic portion of the emulsifier is important for the droplet 

crystallisation, as surfactants are connected to the underneath lipid phase by 

“dissolving” portions of one or two TAG aliphatic chains, rather than adsorbing 

to the lipids. The surfactants are therefore not completely phase-separated 

from the emulsified lipids, as they are anchored to the lipid phase, in a fixed 

position normal to the droplet surface. As a consequence, the lipid molecules 

underneath the emulsifier layer assume a certain degree of ordering, imposed 

by the orientation of surfactants at the interface, and the energetic barrier to 

crystallisation in the supercooled state is lowered, with possible orientation of 

the crystals to the surface. Although occurring at the interface, this induced 

order may persist in a high portion of the droplet volume, therefore affecting 

crystallisation in larger droplets too (Gülseren & Coupland, 2008).  

Surface heterogeneous nucleation would be mainly supported by surfactants 

with longer acyl chains and reduced degree of unsaturations (higher 

hydrophobicity), acting as templates for crystallisation of the dispersed lipids 

at higher temperatures. In Sakamoto et al. (2004), the crystallisation 

temperature of emulsified palm stearin increased with longer chain length and 

hydrophobicity of the emulsifier, whilst in Kaneko et al. (1999) the nucleation 

rate increased when a highly hydrophobic emulsifier was added in hexadecane 

emulsions but not in bulk hexadecane. In Fredrick et al. (2011), 

monoacylglycerols (MAG) used as additives (0.035 and 0.5 wt%) for 

recombined milk cream, promoted crystallisation when containing the 

saturated stearic acid (also enhancing polymorphic transition, Section 5.2.3.1), 

whereas the oleic (mono-unsaturated) FA-containing MAG had no effect on 

crystallisation kinetics (neither on the polymorphic transition). 
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In the case of oleosomes, surface heterogeneous nucleation would be induced 

by mixing (in this case also known as “interdigitation”) between the tails of PLs 

at the oleosome interface and the tails of oil TAGs beneath the oleosome 

interface. As discussed in Chapter 3, Section 3.3.2, the main FAs in PC of 

oleosomes in this work are oleic and linoleic, and about 5% of palmitic acid (a 

very similar FA profile to the core TAGs). However, the palmitic acid content 

increases in PE and PI, reaching up to 30-40% (mol%) in PG and in the two 

unknown separated classes (which also contain up to 20% stearic acid). The 

interfacial PLs enriched in palmitic (and perhaps stearic) acid could therefore 

interact with the TAG portion containing palmitic and stearic acid and promote 

crystallisation. A further contribution to surface heterogeneous nucleation may 

come from a portion of (presumably) diacylglycerols (DAGs) (separated in the 

F2 fraction as explained in Chapter 3) enriched in palmitic and stearic acid. Thin 

layer chromatography (TLC) results in Chapter 6, Section 6.3.2, suggests that 

these DAGs are connected with the interface, perhaps by interdigitation 

between the DAG and the PL acyl chains, although they represent minor 

components. 

The interfacial lipids (mainly PLs) would therefore promote surface 

heterogeneous nucleation in oleosomes. However, as proposed in the 

literature, the TAG-PL interdigitated layer (the mixed layer) may have lower 

melting temperature than the core oil. If that is the case, it could be imagined 

that the promoted nucleation in oleosome TAGs occurs beneath the mixed 

layer (this layer would instead crystallise at lower temperature), which 

templates the nucleation (Figure 5.5). Therefore, the term “surface 

heterogeneous nucleation” would more properly refer to nucleation occurring 

in the TAG layer, beneath and templated by the interdigitated TAG-PL layer. 

It must also be considered that lipid crystallisation in OSR oleosomes happens 

earlier than in the bulk oil, which is surprising as emulsified oil usually 

crystallises at lower temperature than bulk oil. This suggests that other factors 

may contribute to expedite the crystallisation in oleosomes. It was above 

reported that deeper penetration of the surfactants with longer acyl chains 

towards the lipid core would promote its crystallisation.Therefore, also a role 
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of the oleosin hydrophobic region could be speculated. The oleosins would in 

fact penetrate the oil core more deeply (about 5 nm) than the PLs (<0.9 nm) 

(Nikiforidis 2019). The hydrophobic region of the oleosin could thus contribute 

to nucleation in the TAG phase by providing a degree of ordering of the TAGs 

aligned along with the oleosin hydrophobic region. The structural model 

hypothesised in this paragraph is showed in Figure 5.5. The mixed phase is 

represented by the hydrophobic portion of the PL monolayer and the layer of 

TAGs beneath the PLs, this area may have lower melting point compared with 

the core TAGs, due the formation of mixed crystals (Douaire et al., 2014). Also, 

TAGs aligned to the oleosin hydrophobic domain could promote crystallisation 

within core of the droplet. For simplicity, the TAGs are represented in their 

chair conformation although they might assume different conformations (Bacle 

et al., 2017). 

 
Figure 5.5. Hypothetical scenario of an oleosome during crystallisation. 

Heterogeneous nucleation induced by the mixed phase (PL monolayer interdigitated 

with the outer TAGs) and starting in the TAGs beneath the mixed layer. The oleosin 

hydrophobic domain would also promote TAG crystallisation. Molecule size ratios are 

altered to facilitate the visualisation. 

Another important aspect of surface heterogeneous nucleation is its potential 

influence on the the polymorphism in lipid (Arima et al., 2007, 2009) and alkane 

droplet (Ueno et al., 2003). Oil molecules confined in droplets can have an 

altered polymorphic behaviour (Montenegro & Landfester, 2003; Ueno et al., 

PL Oleosin 

TAG TAG crystal 

Mixed phase PL-TAG 

Oleosin-TAG 
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2003; Gülseren &Coupland, 2008). Polymorphism is a common behaviour in 

edible fats such as oils or milk fat (Mulder & Walstra, 1974), and can generate 

different crystal forms, characterised by different size and morphology (Section 

1.5.3.1). Fats usually tend to crystallise in less stable polymorphs, then to 

convert to more stable forms. 

Polymorphic transitions in the emulsions may be faster or slower than in bulk 

oils according to the effect that the surfactant has on the crystallisation 

behaviour of the dispersed phase. Therefore, the nature of both core and 

interfacial lipids, as well as the droplet size, play a role (Bunjes, 2011; Joseph et 

al., 2015). The surfactants that catalyse surface lipid nucleation would have 

structuring effects on the crystals formed in the dispersed phase, by aligning 

with the dispersed phase lipids (Shinohara et al., 2008; Arima et al., 2009; 

Coupland, 2018). 

On studying the effect of interfacial components on surface heterogeneous 

nucleation and polymorphic transition, Frederick et al. (2013) observed 

accelerated α-βʹ polymorphic transition of milk fat recombined milk cream (see 

Section 5.2.3.1), with addition of stearic FA-MAG at the interface, which also 

induced surface heterogeneous nucleation. Oleic-MAG did not induce surface 

heterogeneous nucleation neither affected the polymorphism, whereas lauric-

MAG only accelerated α-βʹ polymorphic transition. This could suggest that 

increasing the interfacial MAG FA saturation and chain length affects the 

nucleation and the crystals in the dispersed milk fat.  

Conversely, Arima et al. (2007, 2009) observed that a combination of 1% P-170 

and 1-2% P-1670 (w/w% of the oil phase) palmitic acid-containing sucrose 

oligoesters in a palm oil mid fraction emulsion (20% v/v% oil in water) retarded 

the crystallisation-induced destabilisation in the emulsions by two distinct 

mechanisms. The P-170 enhanced surface heterogeneous nucleation and 

formed tiny palm oil crystals in the droplets, whereas P-1670 retarded the 

transition from α to βʹ polymorph (βʹ polymorph relative occurrence reduced 

from 90% to 40% after 7 days at 0°C) during crystallisation and the consequent 

formation of the destabilising needle-shaped lipid crystals. In fact, the needle-

shaped crystals, related to the βʹ polymorph, are larger and more destabilising 
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than the α polymorph crystals (Arima et al., 2007). Bunjes & Koch (2005) also 

suggested that the addition of long chain PLs in o/w emulsions decreases the 

rate of polymorphic conversion. 

This opposite effect of sucrose oligoesters (Arima et al., 2007, 2009) and MAGs 

(Fredrick et al., 2013) in respectively retarding or accelerating polymorphic 

transition suggests the role of structure and composition of both the additive 

and the dispersed lipids. 

As already mentioned in Section 5.2.3 (Table 5.2), the melting enthalpy of 

oleosomes is lower than that of the bulk oil, when frozen at -20°C (Set 2). The 

lower melting enthalpy of the oleosomes may reflect higher presence of α 

polymorph, whereas the more stable β́ polymorph would be more present in 

the crystallised bulk oil, although the melting temperature was not affected. 

Hence, as for Arima et al. (2007, 2009), the oleosome interfacial components 

may both induce surface heterogeneous nucleation and retard the conversion 

from α to βʹ (and eventually β) polymorph during storage at -20°C. When 

cooled to -60°C (Set 1), the conversion to more stable polymorphs may instead 

happen at similar time in both bulk oil and oleosomes. 

 

5.2.3.2 Effect of droplet volume on the extent of surface heterogeneous nucleation 

The extent of the surface heterogenous nucleation effect on crystallisation 

(lower supercooling, and shorter isothermal cooling time) of the dispersed 

phase of o/w emulsions may also depend on the volume of the emulsified 

droplets. Due to their higher specific surface area, the smaller droplets would 

be more affected by surface heterogeneous nucleation, especially when the 

emulsifier volume approaches the droplet radius (Sonoda et al. 2006). In the 

larger droplets, the volume is higher, and the surface contribution is likely to 

be less important, moreover impurities are more likely to be present within the 

droplets and may play a more important role for heterogeneous nucleation 

than the surface. In that case, large emulsion droplets may behave as bulk oil 

and crystallise at the same temperature. 

As discussed in Section 5.2.3.1, in a dispersed oil droplet, the oil layer beneath 

the surfactants may have lower melting point than the core oil, due to 
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interdigitation with the hydrophobic chains of the surfactants (Turnbull and 

Cormia, 1961; Dickinson et al., 1991). In alkane emulsions, the potential 

presence of a core and a surface alkane population in the emulsified droplets 

was detected by Gülseren & Coupland (2008) as two separated micro-DSC 

melting peaks, with the surface population melting at lower temperature. The 

relative area of the high melting peak increases with the droplet volume, 

suggesting that the contribution of the core alkanes becomes more important 

by increasing the volume. McClements et al. (1993) also suggested that the 

smaller droplets in a hexadecane (o/w) emulsion crystallise at a lower 

temperature than larger droplets.  

In the case of RWOB, oleosomes crystallise at a higher temperature (and 

shorter isothermal time) than bulk oil. It can be noted that the crystallisation 

peak offset temperature (Figure 5.2; Set 1) and time (Figure 5.3; Set 2) in RWOB 

is in the range of the respective offset crystallisation time and temperature of 

the bulk oil. If the thermal behaviour of the larger droplets is similar to that of 

the bulk oil, RWOB crystallisation profile suggests that the larger oleosomes 

crystallise at a comparable temperature with that of the bulk oil. Therefore, 

differently from the above studies, the smaller oleosomes would crystallise 

earlier than the larger droplets. This would indicate that the heterogeneous 

nucleation mechanism induced by interfacial components (possibly both PLs 

and oleosins) in oleosomes differs from that occurring in the works of 

McClements et al. (1993) and Gülseren & Coupland (2008). In this scenario, 

future work may involve the use of micro-DSC to detect the potential formation 

of a TAG-PL layer beneath the surface of oleosomes, and how this would affect 

the droplet crystallisation behaviour during freezing, also in relation to the 

oleosome size.  

When the droplet surface curvature is very high (i.e., in very small droplets), 

crystal forms within a crystallised droplet may be affected by the curvature, 

which imposes additional stresses to the crystals and alter their final structure 

(Coupland, 2018). An example is that of α‐crystals of pure TAGs in solid lipid 

nanoparticles, which have less order than in bulk (Sonoda et al. 2004-2006; 

Bunjes et al., 2007; Rosenblatt & Bunjes, 2009; Joseph et al., 2015; Truong et 
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al., 2015). Therefore, upon cooling, oleosomes may develop different crystal 

forms from bulk oil but also between oleosomes of different size. Smaller 

crystals would form in the smaller oleosomes due to more unstable 

polymorphs, indicating higher freeze-thaw stability of the smaller oleosomes. 

Walstra (2003) also suggested that larger globules contain larger crystals, that 

protrude farther. Lopez et al. (2002) and Thivilliers et al. (2008) reported that 

the crystal size is larger in larger droplets of anhydrous milk fat-in-water 

emulsions. To study more in detail the characteristics of the crystals forming 

upon cooling of oleosomes of different sizes, X-Ray Diffraction (XRD) 

experiments could be performed, although it is important to develop a method 

to separate oleosomes of different size. 

To summarise, the effect and mechanisms of surface heterogeneous 

nucleation are not obvious. If on one hand it would promote crystallisation of 

the oils in droplets towards higher temperatures by using the interfacial 

components as templates for crystallisation, on the other hand the template 

layer may have lower crystallisation temperature, and this effect may become 

more important for smaller droplets. A further potential role of 

surfactants/additives at the interface is to affect the polymorphic transitions, 

sometimes along with surface heterogeneous nucleation happening. Those 

effects may determine the crystallisation behaviour of oleosomes upon 

freezing. 

Moreover, heterogeneous nucleation mechanisms induced by interfacial 

components may differ according to the characteristics of the oil droplets. In 

the case of oleosomes, oleosins may promote TAG crystallisation more deeply 

in the droplet core, due to a potential templating effect of the hydrophobic 

region. 

 

5.2.4 Effect of isothermal holding temperature on crystallisation of RWOB 

and oil 

A further DSC experiment (Set 3, Section 5.2.1) was conducted to analyse the 

crystallisation behaviour of RWOB and its oil when isothermally held to 
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temperatures lower than -20°C. An example of cooling programs for Set 2 

(example at -20°C) and Set 3 (example at -30°C) is shown in Figure 5.6. 

 

 

Figure 5.6. Thermal program of A) Set 2 (example with -20°C isothermal) and B) Set 

3 (example with -30°C isothermal). Steps are identified by numbers. Duration of the 

isothermal step is reduced to highlight the other steps. 

The crystallisation profile of RWOB and oil, during the isothermal step at -20 

(the first 300 min), -25, -30, -40 and -50°C, is shown in Figure 5.7. The 

isothermal step at -10°C is not reported as no lipid crystallisation occurred 

(Section 4.2). 
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Figure 5.7. Isothermal crystallisation profile of RWOB (A) and oil (B) at -20°C, -25°C, 

-30°C, -40°C, -50°C. Inset figures: respective zoom of the first six min isothermal at -

40°C and -50°C, for RWOB and oil. 

These results suggest how increasing the imposed supercooling, by decreasing 

the isothermal cooling temperature reduces the lipid crystallisation time by 

promoting lipid crystallisation in both RWOB and oil. As for the experimental 

Set 2 (Section 5.2.2), for each isothermal temperature, lipid crystallisation for 

the oil in a confined environment (oleosomes) is a broader event and occurs 

earlier than in bulk oil. 

Shariful et al. (2018) also reported how lipid crystallisation in mayonnaise, and 

related freeze-thaw-induced destabilisation occurs earlier (shorter induction 

time) with decreasing isothermal temperature (-20, -25, -30, -35, -40°C). 

Crystallisation was monitored with a polarised light microscope, equipped with 

a temperature-controlled microscope stage. 

Miyagawa et al. (2016) determined the crystallisation time in emulsified 

(stabilised with egg yolk) and bulk rapeseed oil during isothermal cooling at -
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20, -30 and -40°C, and observed decrease in the crystallisation (detected as a 

change in temperature) time with decreasing cooling temperature. In 

accordance with the results proposed in this thesis, the emulsion had a wider 

crystallisation time range than the bulk oil, but crystallisation occurred later 

than in oil, as it usually occurs, confirming the uncommon crystallisation 

behaviour of oleosomes although both the emulsions contained PLs at the 

interface. It is possible that additional oleosome components such as oleosins 

may affect the crystallisation in oleosomes. 

It must be pointed out that a thermal transition could be observed in RWOB 

cooled at -25°C, but not in the bulk oil. Since the crystallisation time decreases 

with lower cooling temperature for all the other cooling isothermals, the 

absence of the crystallisation peak in oil at -25°C is not clear. Miyagawa et al. 

(2015) observed a longer induction crystallisation period (the time for the oil 

to start crystallising), and a broader crystallisation time, in rapeseed oil when 

isothermally held at temperatures between -21°C and -25°C, compared with 

higher or lower isothermal temperatures. The delay of crystallisation was 

particularly evident for the oil cooled at -25°C, therefore it is possible that the 

oil at -25°C in Figure 5.7 had not yet crystallised, whereas crystallisation in 

RWOB at -25°C occurred earlier due to the oil confinement in oleosomes and 

surface heterogeneous nucleation. The non-linear relationship between 

isothermal temperature and crystallisation time suggests the complexity of 

rapeseed oil crystallisation, as also implied by the respective melting enthalpies 

reported in Table 5.4. 
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Table 5.4. RWOB and oil enthalpies (J/g) of lipid melting, previously cooled at the 
isothermal temperatures of -20, -25, -30, -40, -50°C.  

Isothermal temperature RWOB oil 

-20°C 69.1±0.8 79.7±0.9 

-25°C 79.6±2.4 22.7±1.3 

-30°C 77.4±2 109.9±1.6 

-40°C 71.6±1.8 84.9±1.1 

-50°C 62.5 69.4±0.3 

 

The bulk oil has higher melting enthalpy than the emulsified oil in RWOB, 

except for the oil at -25°C, which is supposed not to have undergone complete 

crystallisation. Different polymorphs may form in the two materials, which 

would explain the higher melting enthalpy in the oil (Section 5.2.3). The melting 

enthalpies in both RWOB and oil are also not linearly dependent on the 

isothermal temperature; the oil melting enthalpy at -30°C is particularly high. 

 

5.2.5 Effect of the heat treatment on the thermal profile of oleosomes 

As discussed in Chapter 4, Section 4.7, when oleosomes undergo a harsh 

thermal treatment (95°C, 7 min) prior to freeze-thawing, the oleosome 

interfacial layer is likely to be altered. An indication of such a modification at 

the interface is given by the DSC thermal profile of the thermally treated RWOB 

(ttRWOB), shown in Figure 5.8. 

 
Figure 5.8. Thermal profile of ttRWOB, oil and RWOB, during isothermal at -20°C 

(Set 2, step 3). 
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Unlike RWOB (Section 5.2.2), lipids in ttRWOB crystallise later than the bulk oil, 

and over a shorter time range than RWOB. As discussed in Section 4.7, a large 

quantity of the heat treated oleosomes would rupture during the cooling step 

(isothermal cooling in water bath at -20°C, Section 4.2), during which only the 

aqueous phase crystallises. Despite this, the lipid crystallisation peak of 

ttRWOB has a comparable shape with RWOB, therefore it is possible that oil is 

not released from ruptured oleosomes upon ice forming, but only during 

thawing, as it still crystallises when confined in the droplets. 

As suggested in Section 5.2.2, oleosome lipids crystallised before bulk oil due 

to a high contribution of both PLs and oleosins in templating nucleation in the 

TAG core. The lipid crystallisation in ttRWOB instead is delayed with respect to 

the bulk oil; if oil is still emulsified after water crystallisation, the delay may 

indicate that the contribution of the interfacial components to nucleation is 

reduced, perhaps due to denaturation of the structural proteins during the 

heat treatment. 

 

5.2.6 Effect of oleosome fatty acid composition on RWOB thermal properties 

and related freeze-thaw stability 

It is known that the thermal properties of oils are related to their FA 

composition. Therefore, in this section, the thermal profile of RWOB from four 

alternative OSR seed lines (Cabriolet, Bronze-535, K26-96, 1012-98) was 

analysed. The seed lines have different FA composition, as shown in Figure 5.9. 

With the exception of K26-96, all the lines are characterised by a 

preponderance of oleic acid (C18:1), and negligible amounts of erucic acid 

(C22:1). In Cabriolet and Bronze-535, oleic acid reaches about 70% (mol%). 
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Figure 5.9. FA profile of the OSR seed lines Cabriolet, Bronze-535, 1012-98, K26-96, 

and Compass. 

The second most abundant FA is linoleic acid (C18:2), followed by linolenic 

(C18:3); linoleic is particularly expressed in 1012-98 (about 30%). Unlike the 

rest of the lines, the major FA contained in K26-96 is erucic (51%), which 

distinguishes the non-canola varieties. Other FA such as palmitic (C16:0), 

stearic (C18:0) and eicosenoic (C20:1) are minor components, present at 

concentrations of 3.5-5.0%, 0.8-1.4%, and 1.3-1.7%, respectively in all the lines; 

eicosenoic is more expressed in K26-96 (6.6%). 

The thermal profile of RWOBs from all those lines was determined by DSC with 

the experimental Set 2 (Section 5.2.15.2.2), and the step 3 (isothermal -20°C) is 

shown in Figure 5.10. As explained in Section 5.2.2, the exothermal peaks 

observed refer to crystallisation of the lipids confined in the oleosomes. 

Therefore, the crystallisation peak time would depend on the oleosome FA 

composition, with delayed crystallisation time at increasing level of FA 

unsaturation. This is particularly evident for 1012-98, which has the highest 

content of C18:2 and C18:3 and shows a very broad crystallisation peak 

between 200 and 400 min. Conversely, lipids in K26-96 crystallised much earlier 

than in the other RWOBs, showing a sharp peak already at the beginning of the 

isothermal step, due to the high content of erucic acid. Although it is unlikely 

to determine the FA composition of an oil solely by its DSC curve, certainly its 

shape reflects the composition of the oil. 
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Figure 5.10. Crystallisation peaks (DSC Set 2, step 3) at -20°C, of RWOBs recovered 

from the OSR seed lines Cabriolet, Bronze-535, 1012-98, K26-96, and Compass. 

 

The peaks of Cabriolet and Bronze-535 appear sharper than in Compass, 

presumably due to the higher concentration of C18:1 (approximately 70%). As 

for the line Compass, studied in Chapter 4, the freeze-thaw stability of RWOBs 

produced from the other four lines was determined by measuring the yield of 

oil recovered after freezing the emulsions with the isothermal cooling method 

in water bath at -20°C for 6 h (see Chapter4, Section 4.2) and thawing them at 

20°C for 18 h. The oil yield from all RWOBs, and their respective continuous 

phase mass fraction (water content; w/w), is reported in Table 5.5. 

 

Table 5.5. Oil yield from freeze-thawed RWOB from the OSR lines Cabriolet, 

Bronze-535, K26-96, 1012-98, and Compass. Samples frozen by isothermal cooling at 

-20°C for 6 hours (thawing 18 hours 20°C). Third column: respective water 

content(w/w) of the five RWOBs. 

OSR variety Oil yield (%) water content (w/w) 

Cabriolet 16.1±0.4 0.26±0.00 

Bronze-535 32.5±1 0.24±0.00 

K26-96 58.8±2.2 0.27±0.00 

1012-98 6.2±1.2 0.21±0.00 

Compass 44.9±2.2 0.28±0.02 

 

As reported in Table 5.5, the RWOB emulsions have water content (w/w) 

between 0.21 (1012-98) and 0.28 (Compass). It was not possible to identify a 
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correlation between the water content and the respective oil yields among the 

lines. In Chapter 4, Section 4.4, it was suggested that increasing the water 

content reduces the oil yield, although this was observed by comparison 

between RWOB at original water content (0.28±0.02) and RWOB at water 

content increased to 0.5 and 0.7. Therefore, the differences in water content 

between the other lines may be too low, moreover the comparison is made 

between RWOBs from different lines, which are related to intrinsic 

characteristics of the oleosomes.  

The different water content among the emulsions may, e.g., indicate a different 

oleosome surface composition, and a different ability to hold water, which can 

contribute to the different freeze-thaw stability of RWOBs from various lines. 

Therefore, other factors such as the lipid profile may have been more 

important for the freeze-thaw stability. 

It is known that the freeze-thaw stability also depends on the amount of lipids 

crystallising over a certain time range. To understand how much of the lipid 

fraction had crystallised, the melting enthalpies of RWOBs heated from -20°C 

to 20°C at 10°C/min (Set 2, Step 4) were measured, and values compiled in 

Table 5.6. 

 

Table 5.6. Lipid and aqueous phase melting enthalpies (J/g) in RWOBs of the five 

OSR varieties. RWOBs were heated from -20°C to 20°C at 10°C/min (Set 2, Step 4). 

OSR variety Lipid phase Aqueous phase 

Cabriolet 72.8±2.2 178.9±16.4 

Bronze-535 79.3±2.1 222.1±6.1 

K26-96 184.4±3.2 (Merged peaks) 

1012-98 58.4±0.2 258.1±6.6 

Compass 79.7±0.9 258.0±0.6 

 

The RWOB lipid melting enthalpy of Bronze-535 is similar to that of Compass, 

probably as Bronze-535 is more similar in FA composition to Compass than the 

other lines, suggesting that all the lipids crystallised during the isothermal hold 

at -20°C for 8 h (DSC program Set 2, Section 5.2.1), as discussed in Section 5.2.3. 

The lipid melting enthalpy of Cabriolet was slightly lower than that of Compass 

and Bronze-535, despite the higher concentration of C18:1 and lower 
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concentration of C18:2 than in Compass and Bronze-535. Both Cabriolet and 

Bronze-535 were more stable to freeze-thawing than Compass, potentially due 

to their more homogeneous FA composition. One reason for different stability 

to freeze-thawing is the composition of the dispersed phase, as reported for 

other o/w emulsions containing TAGs (Magnusson et al., 2011). Generally, 

more homogeneous chemical composition causes a more defined phase 

transition. In simple emulsion systems characterised by a single type of 

molecule as a dispersed phase, such as the n-hexadecane emulsions studied by 

Abramov et al. (2016), the emulsified n-hexadecane crystallisation event is 

sharp and reflects that of bulk n-hexadecane. No coalescence was observed in 

those emulsions after cooling from 28°C to 0°C (cooling rate of -1.0°C/min) then 

thawing, suggesting that the homogenous composition of the droplet does not 

allow a condition of partial crystallisation, which is necessary for partial 

coalescence to occur (Vanapalli et al., 2002a; Thanasukarn et al., 2006; Fredrick 

et al., 2010). Coalescence is however observed in oleosomes after freeze-

thawing at -20°C, because the more complex FA composition of the TAGs in the 

oleosome oil compared with n-hexadecane still allows partial coalescence to 

occur. 

The increased freeze-thaw stability of Cabriolet and Bronze-535, especially the 

former one, may also depend on a reduced amount of crystallised water upon 

freezing (as shown by their respective water melting enthalpies). The line 1012-

98 has lower lipid melting enthalpy than the previous three lines, suggesting 

that not all the lipids had crystallised at -20°C, presumably due to the higher 

concentration of C18:2 and a relatively high concentration of C18:3 (11%, 

mol%). This line was the most stable to freeze-thawing, with only 6.2% (w/w) 

oil yield, possibly depending on incomplete lipid crystallisation, due to the 

more unsaturated FA profile. Conversely, K26-96 was the least stable to freeze-

thawing (58% oil yield). Although it was not possible to measure the lipid 

melting enthalpy of K26-96 as it partially co-occurred with water melting, the 

high destabilisation may have been caused by the high amount of lipids 

crystallising in a short time. This is somehow surprising as it was discussed 

earlier in this thesis (Chapter 4, Section 4.3.1) that fast lipid crystallisation may 
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not allow partial coalescence to occur. However, it can be hypothesised that 

TAGs more enriched in C18:1, C18:2, and C18:3, were still liquid when the 

C22:1-enriched TAGs crystallised, leading to a condition of partial crystallinity 

which caused partial coalescence. Moreover, crystals in K26-96 may be 

expected to be larger and more disruptive due to the high presence of C22:1. 

Due to the higher number of carbons than C18 FAs, crystals containing high 

amount of C22:1 may more easily convert into more stable polymorphs and 

give origin to larger crystals (Magnusson et al., 2011). 

Another important factor that may affect the crystallisation profile of 

oleosomes and oils in general is the FA positional distribution on the TAG 

glycerol backbone. There does not seem to be a systematic study about the 

impact of FA distribution on TAG crystallisation. However, Bootello et al. 

(2016), on studying high-oleic high-stearic oil mixtures (from sunflower) with 

very similar FA compositions, observed increased melting temperature and SFC 

when the saturated FAs were more symmetrically distributed between the 

external TAG positions. The FA distribution along the glycerol backbone can 

also affect the TAG polymorphism, as reported by Taguchi et al. (2020) who 

observed different crystallization kinetics of α forms and its conversion into 

more stable forms, between 1,3-dipalmitoyl-2-oleoyl-glycerol (POP) and 1,2-

dipalmitoyl-3-oleoyl-glycerol (PPO). Investigating the role of FA distribution in 

oleosomes could therefore be instructive for a deeper understanding of the 

oleosome lipid profile in relation with its crystallisation properties and freeze-

thaw stability. 

A further element to be considered is how other components potentially 

present in oleosomes, such as the sterols (Chapter 3, Section 3.3.4), may affect 

the oleosome crystallisation profile. Sterols dissolved in the membrane (most 

likely free sterols), e.g., present as crystalline aggregates at the interface, may 

template TAG crystallisation in the oleosome core via surface heterogeneous 

nucleation. If dissolved in the core oil, the sterols may instead modify the 

crystallisation profile of TAGs by interrupting the crystal growth, due to their 

different structure to TAGs. As previously discussed (Chapter 1 - Section 

1.4.3.3, Chapter 3 - Section 3.3.4) sterol esters are less likely to be present in a 
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PL layer, therefore TAG crystallisation would be mainly templated by free 

sterols.  

In conclusion, the relationship between oleosome FA composition and their 

freeze-thaw stability is a fascinating area of research, as it may be possible to 

engineer oleosomes with a specific FA composition to allow a high portion of 

the lipids to crystallise in a short time, but also containing polyunsaturated fatty 

acids in order to maintain a condition of partial crystallinity (e.g., K26-96 line).  

Taking into consideration the results discussed, experiments in Section 4.3, 

where it was showed how cooling to -75°C caused a faster and perhaps 

complete lipid crystallisation in oleosomes, impeding partial coalescence to 

occur and resulting in stable emulsions after thawing, it could be expected that 

higher oil yield can be achieved by matching the optimum temperature profile 

of the freezing step to a specific oleosome lipid composition and degree of 

crystallisation. 

 

5.3 Conclusions 

DSC was implemented to study the thermal properties of RWOB, validated the 

hypothesis for lipid crystallisation to be the cause of oleosome destabilisation, 

although water crystallisation may have a complementary destabilising effect. 

The crystallisation of the continuous and dispersed phase in RWOB were 

identified by comparing the thermal behaviour of the emulsions with that of 

bulk oil and bulk continuous phase (serum) respectively. 

Dynamic cooling DSC experiments (Set 1, Section 5.2.1) showed that cooling 

RWOB to -60°C induced crystallisation of the lipid phase within few minutes, 

suggesting why RWOB was not destabilised by partial coalescence when cooled 

to -75°C (Chapter 4, Section 4.3.1). With the isothermal cooling experiment at 

-20°C (Set 2), lipid crystallisation was a much longer process, which would 

promote partial coalescence and would explain the partial instability of 

oleosomes to freezing at -20°C. Regardless of the type of DSC experiment used, 

the continuous phase crystallisation resulted to be a fast process, which always 

occurred before lipid crystallisation. Moreover, emulsified lipids (RWOB) 



159 
 

always crystallised earlier than the bulk oil. This uncommon behaviour may 

depend on heterogeneous nucleation in the oleosome core TAGs, templated 

by the outer TAG-PL mixed layer (improperly defined as “surface” 

heterogeneous nucleation), but also enhanced by a contribution of the oleosin 

hydrophobic domain. Confinement of the oil in oleosomes may also affect the 

type of polymorphs formed during crystallisation, which would reflect the 

lower specific melting enthalpy in oleosomes compared with that of the bulk 

oil. 

The oleosome phase transitions were also affected by both the oleosome TAG 

composition and the isothermal cooling temperature. Lipid crystallisation at -

20°C occurred earlier in oleosomes recovered from OSR varieties containing 

TAGs with longer FA chains, or when the temperature of the isothermal (Set 2) 

was reduced. In this scenario, both composition and process parameters 

(cooling rate and final crystallisation temperature) will have to be considered, 

with a view of engineering processes to reduce or enhance the freeze-thaw 

stability of oleosomes. 

Although the use of DSC analysis has provided some insight about the thermal 

properties of oleosomes in this thesis, the mechanisms by which lipids 

crystallise in oleosomes remain unclear. Therefore, a more detailed study of 

the mechanisms of crystallisation in oleosomes, including XRD and micro-DSC 

may be needed to identify the morphology, size, and polymorphism of the 

crystals, in relation to the cooling profile. This would help to further understand 

the mechanisms of oleosome rupture by freeze-thawing 

To elucidate the role of the interfacial layer on the TAG crystallisation, micro-

DSC may identify a potentially different thermal behaviour of the interfacial 

lipids and core lipids (Coupland, 2018). This experiment, paired with polarised 

microscopy which allows visual observation of the crystallising droplets, would 

help to understand the relationship between droplet size and its crystallisation 

time. 
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6 Characterisation of the destabilised oleosome 

emulsions 

6.1 Background 

In Chapter 4 it was demonstrated that freeze-thawing of an OSR oleosome 

cream causes rupture in a fraction of oleosomes, and release of the core oil. It 

was hypothesised that oleosomes rupture by a mechanism of partial 

coalescence on freezing, which leads to coalescence on thawing. Freeze-

thawing is a physical method, which does not employ organic solvents, 

therefore the oil produced with this process does not contain any traces of 

residual solvents. Furthermore, oil produced by freeze-thawing of oleosome 

creams with a good degree of purity may need little or no refining, especially if 

the hemi-membrane material maintains its integrity. An important aspect to be 

considered is the oxidative status of the oil extracted by freeze-thawing of 

oleosomes, as it reflects the quality of the oil obtained with this method. 

Common markers of primary and secondary oxidation in vegetable oils, 

including rapeseed oil, are peroxide value and p-Anisidine value, respectively 

(Guillén & Cabo, 2002; Cao et al., 2014; Wójcicki et al., 2015; Maszewska et al., 

2018; Wu et al., 2019). 

As a complementary effect, demulsification by freeze-thawing would cause the 

release of a corresponding amount of oleosome hemi-membrane, which was 

initially containing the oil. Freeze-thawing was used by Ma (2018) to rupture 

coconut oleosomes and collect the interfacial material, which was then used to 

produce oil-in-water (o/w) emulsions. However, to this thesis author’s 

knowledge, this technique has never been employed on oilseeds before; 

moreover, the possible mechanisms of oleosome rupture by freeze-thawing 

have not been been fully elucidated in literature. The oleosome hemi-

membrane elements are known to be strongly associated, and it is more likely 

that oleosome rupture will cause the formation of hemi-membrane fragments 

rather than separated PL and oleosin micelles/aggregates (Karefyllakis et al., 

2019c). In the latter case, the elements would partition between the water and 
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the oil phase, depending on their solubility and how the micelles are organised 

(direct or reverse micelles). Thus, maintaining the hemi-membrane integrity 

may be important in terms of oil quality, to avoid oil contamination by hemi-

membrane components such as PLs. 

Based on the proven rupturing effect of oleosomes by freeze-thawing, the aim 

of this chapter was to assess the quality of the oil released on one hand, and to 

identify and characterise the properties of interfacial material which could 

have been liberated when oleosomes are ruptured on the other hand. In the 

first part of this chapter, the quality of the oil obtained from freeze-thawed 

RWOB (f-t oil) is assessed in terms of major lipid composition, tocopherol 

content, and oxidative value. The second part of the chapter reports 

experiments aimed at identifying the oleosome hemi-membranes, with the 

assumption they remain intact, by studying the protein and lipid composition, 

and the microstructural characteristics of the partially demulsified and deoiled 

oleosome material (the remnant oleosome material). Such a material was 

previously separated into different fractions (fractionation) by a step of re-

dilution in buffer or water, and centrifugation (Chapter 2, Figure 2.5). All the 

fractions obtained by centrifugation were characterised for their composition 

and microstructure.  

 

6.2 Quality of the oil released from freeze-thawed oil bodies 

6.2.1 Oxidative status 

The oil obtained from freeze-thawed RWOB (f-t oil) had a peroxide value of 

4.0±0.8 meq O2/kg oil, whereas p-Anisidine valuewas 0.5±0.08 (Table 6.1). 

 

Table 6.1. Peroxide value (meq O2/kg oil) and p-Anisidine value measured in 

samples of oils immediately recovered from freeze-thawed RWOB (Section 2.10). 

Peroxide Value 

(meq O2/kg oil) 
p-Anisidine Value 

4.0±0.8 0.5±0.08 
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The peroxide value of solvent extracted crude rapeseed oils varies from 0.5 up 

to 10 meq O2/kg oil (Van Hoed et al., 2010; Khattab et al., 2012; Mohammadi 

et al., 2013; Kaleem et al., 2015; Chew, 2020; Demirel et al., 2021) and usually 

refining steps reduce peroxide value (Vieira & Regitano-d’Arce, 2001; Faroosh 

et al., 2009; Ghazani & Marangoni, 2013; Farahmandfar & Ramezanizadeh, 

2017; Naderi et al., 2018; Asadi & Farahmandfar 2020). The peroxide value in 

different varieties of cold-pressed rapeseed oils also varies (0.2-2.9 meq O2/kg 

oil) (Wroniak & Rekas, 2016; Siger et al., 2017a,b; Chew, 2020), and the seed 

initial moisture seems to affect peroxide value (Siger et al., 2017). The peroxide 

value of the f-t oil from the work in this thesis is below the limit of 15 meq O2/kg 

oil reported in the Codex Alimentarius (1999) for rapeseed oil, and comparable 

with the values present in literature. Despite the lack of definitive information, 

there seems to be, as a general rule, a tendency to lower peroxide value for 

cold-pressed oils with respect to solvent-extracted oils, perhaps due to the 

lower temperatures used for oil extraction in the first method. 

Since the oleosome hemi-membrane has a barrier function against the 

penetration of FA oxidation promotors (Fisk et al., 2008; Gray et al., 2010; 

Karkani et al., 2013; Nikiforidis, 2019), an even lower peroxide value in the f-t 

oil could be expected. One factor causing increase in the peroxide value in f-t 

oil may be the partial oxidation of released oil from destabilised oleosomes 

during RWOB production. Moreover, lipid oxidation may be promoted by the 

contact between oil and the aqueous phase of the oleosome emulsion, as 

reported for soybean oleosomes in presence of 0.4-1.2% NaCl (Zhou et al., 

2022). In this scenario, oil quality may further improve by engineering an 

oleosome recovery process that minimises rupture and consequent oil 

oxidation.  

The low p-Anisidine valuein f-t oil is comparable with that measured by Chew 

(2020) in cold-pressed rapeseed oils (0.14-0.90). This value was expected, as p-

Anisidine valuewas measured in freshly extracted oil and secondary oxidation 

products should have not formed yet at that stage. 
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In the light of these values, freeze-thaw of fresh RWOB could be regarded as a 

potential technique to produce a virgin oil, although improvements in the 

oleosome recovery process may be necessary. 

6.2.2 Lipid profile of the oil from freeze-thawing 

6.2.2.1 The f-t oil seems devoid of polar lipids 

The f-t oil was analysed for its lipid profile by high performance TLC (Section 

2.9.1). Before high performance TLC separation, the oil was pre-separated in 

the F1, F2, and F3 fractions by solid phase extraction (SPE) (Section 2.9), which 

had been attributed in Section 3.1 mainly to the neutral lipid (NL), glycolipid 

(GL), and phospholipid (PL) oleosome components. F1, F2, and F3 from the f-t 

oil were resolved on TLC plates as shown in Figure 6.1. It can be observed that 

F2 (Figure 6.1 B) and F3 (Figure 6.1 A) do not contain polar lipids, but only a 

carryover of NLs. 

 

     

Figure 6.1. Separation of the f-t oil lipid fractions by high performance TLC. Lipid 

standards are on the left-hand side of each plate, delimited by the black rectangle. A) 

F3 (for PL) fraction; in rectangle: NL standard mix (TAG, 1,3DAG, 1,2DAG, MAG; not 

completely separated) and PL standard (PG, PE, PI, PS, PG). B) F2 (for GL) fraction; in 

rectangle: GL standard (MGDG, DGDG). C) F1 (for NL) fraction; in rectangle: NL 

standard mix (TAG, 1,3DAG, 1,2DAG, MAG). 

Absence of polar lipids suggests that freeze-thawing of oleosomes allows the 

production of a clean oil, which may need little or no refining. The reason why 

the crude f-t oil is devoid of polar lipids may be that the oleosome 

multicomponent hemi-membrane of the ruptured oleosomes retains its 

A B C 
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integrity, at least to a certain level. In fact, if hemi-membrane lipids and 

proteins maintain their original structural organisation, they would still be 

dispersed in the aqueous environment and separated from the oil. On the 

contrary, if the oleosome hemi-membrane is disrupted during oil extraction, 

PLs may dissolve in the oil phase and, at sufficiently high concentrations 

(Hildebrandt et al., 2016), rearrange as reverse micelles with higher affinity for 

the oil (Subramanian et al., 2001; Penttilä et al., 2019), which would then 

require refining. It must be pointed out that the centrifugation step at 21,000 

g may facilitate the separation of materials containing polar lipids from the oil. 

As shown in Figure 6.1 (C), F1 was characterised by TAGs, whereas DAGs and 

MAGs could not be detected by high performance TLC. Domination of TAGs in 

the oil is not surprising, whereas the absence of MAGs and DAGs indicates no 

TAG degradation in oil freshly recovered from freeze-thawed oleosomes. MAGs 

and DAGs are normally present as minor components in the edible oils, and 

they are generated by the hydrolysis of TAGs in the oil by the enzyme lipase 

(Flickinger et al., 2003; Chew et al., 2020). Hydrolysis of TAGs would lead to 

lipid oxidation and bring down the nutritional value of the oil (Chew et al., 

2020), therefore absence of MAGs and DAGs is positive for the oil stability to 

oxidation, especially if the refining process, which partially removes MAGs and 

DAGs, may be avoided. 

 

6.2.2.2 Tocopherol analysis 

Tocopherols are one class of tocochromanols (known as vitamin E), commonly 

found in oilseeds (Mène-Saffrané & DellaPenna, 2010), characterised by a fully 

saturated side chain, and distinguished into the four natural sub-forms α- β- γ- 

δ-tocopherols (Munné-Bosch & Alegre, 2002). Tocopherols are very important 

vitamers due to their radical-scavenging properties in cell membranes and 

other lipid environments, which prevents the formation of hydroperoxides in 

polyunsaturated fatty acids (Bramley et al., 2000). 

Tocopherol content in oilseed oleosomes is equivalent to that in the respective 

whole seed if measured by lipid basis (Fisk et al., 2006; Fisk and Gray, 2011; 

Wang et al., 2017; De Chirico, 2019), therefore, tocopherols are likely to be 
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intrinsic constituents of oleosomes (Fisk et al., 2006; Gray et al., 2010; Farah et 

al., 2018; Zaaboul et al., 2018). This can be explained by the amphipathic nature 

of those compounds, whose hydrophobic chain would be embedded within the 

phospholipid monolayer. Consequently, tocopherols are found in oils extracted 

from diverse plant species, such as rapeseed (Abidi, 2003; Gliszczyńska-Świgło 

et al., 2007; Ergönül & Köseoğlu, 2014; Kreps et al., 2014; Goossens & Marion, 

2019; Flakelar et al., 2022), avocado and flaxseed (Gundev et al., 2019), corn, 

walnut, and grapeseed (Bele et al., 2013), olive and soybean (Gimeno et al., 

2000) sunflower and almond (Chen et al., 2011) or peanut (Tahoun & Shehata, 

2018). The concentration and profile of these vitamers is species-dependent, 

but it is also affected by the type of oil extraction process (Flakelar et al., 2022). 

In this thesis, the tocopherol profile of the f-t oil was analysed and, due to the 

intrinsic relationship between oleosomes and oil, compared with that of TLE 

(Section 2.9.2) from RWOB. The results are shown in Table 6.2. Since the oil 

content in oleosomes represents about 98% of TLE content, the tocopherol 

content could be approximated as µg tocopherol/g lipid, where “lipid” is 

referred to the total lipid mass, in both TLE and f-t oil.  

 

Table 6.2. Concentration of tocopherols, expressed on a total lipid basis, in RWOB 

TLE and f-t oil. The δ and β isoforms were absent. 

 Tocopherol (µg/g)  
Tocopherol  

(% total) 
 α ϒ Total  α ϒ 

TLE 143.5±4.4 206.9±1.2 350.4  41.0 59.0 

f-t oil 69.8±2.4 108.4±2.0 178.2  39.2 60.8 

f-t oil/TLE (%) 48.6 52.4 50.8    

Quantitative values are expressed by absolute content (µg tocopherol/g lipid), relative 

content (%) of the isoforms; the f-t oil/TLE % ratio of the absolute totals is reported. 

Looking at the TLE tocopherol composition, the major isoform found was γ-, 

representing about 60% of the total tocopherols, whereas the α-isoform 

accounted for the remaining 40%. The δ and β-tocopherol isoforms were 

absent. Different authors reported a preponderance of the γ and α forms, in 

canola seeds (Marwede et al., 2004) or oils (Abidi et al., 2003; Gliszczyńska-
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Świgło et al., 2007; Ergönül & Köseoğlu, 2014), whereas δ, when present, was 

only a minor component. In terms of total tocopherol content, the value 

reported in this thesis for TLE (350 µg/g) is in the same range although slightly 

lower than that found by the previous authors (> 450 µg/g), which may depend 

on a loss of tocopherols over time during seed ageing. The quantity of total 

tocopherols in f-t oil was about 50% of that in the TLE, although the relative 

percentages did not change; an aliquot of the tocopherols would thus dissolve 

in the oil after oleosome destabilisation by freeze-thawing. The higher 

tocopherol content in TLE suggests instead that the remaining 50% is still either 

embedded in the PL monolayer or connected to the proteins and cannot be 

recovered with this method. It is important to report that the f-t oil does not 

contain PLs (Section 6.2.2.1) hence it may not need refining, avoiding further 

loss of tocopherols. It is pertinent at this point to note that during industrial 

refining of edible seed oil tocopherol is removed and often half is added back 

to provide a degree of protection for the oil against oxidation; it seems that this 

freeze-thawing process has resulted in an oil with 50% of the tocopherol seed 

load without the need for refining.  

From a scientific perspective, the presence of tocopherols despite the absence 

of PLs poses a question about the release of tocopherols from the hemi-

membrane, which may be answered in future work. A possible explanation for 

the different concentration of tocopherols in f-t oil and TLE may be given by 

the presence of two tocopherol forms, free and esterified, the latter being 

potentially more neutral due to the presence of FA esters. Therefore, it could 

be expected that the majority of tocopherols found in the f-t oil is esterified as 

more lipophilic, whereas the free form would remain within the oleosome 

hemi-membrane, perhaps adopting the same spatial organisation of PLs (polar 

head towards the continuous phase, hydrophobic tail towards the core oil). 

However, there is scarcity of quantitative data about free and esterified 

tocopherol forms in literature (Górnaś et al., 2022).  

Quantitative information about the two different forms of tocopherols in 

vegetables has been reported in literature for red bell pepper, red chili pepper, 

cucumber, and walnut (Krauß et al., 2018). The concentration of 
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tocochromanol esters has been measured in the oils of rice bran, soybean, 

sesame seed (Kato et al., 1981a), and palm (Kato et al., 1981b); they have also 

been measured in the latex from rubber trees (H. brasiliensis) (Dunphy et al., 

1965). To this thesis author’s knowledge, there are no reported concentration 

values of tocopherol esters in rapeseed oil. Usually, quantitative methods 

reported in literature refer to “total tocopherols”, but they do not specify 

whether these are in free or esterified forms. Furthermore, the α-to-γ-

tocopherol ratio is consistent in methanolic extracts of both f-t oil (accounting 

for 50% of the total tocopherol) and TLE (100% of the total tocopherol). It could 

be hypothesised that esterified tocopherols exist in the neutral TAG oil (the f-t 

oil) and free tocopherols exist in the interfacial lipid layer (collected in the TLE 

will collect both free and esterified forms, and lipids from the core and 

interface of the oleosome). Therefore, the results shown in Table 6.2 suggest 

that both α-tocopherol and γ-tocopherol have similar percentage of esterified 

and free form, with a slightly higher contribution of the free form in γ-

tocopherol compared with α-tocopherol. A deeper investigation about the 

presence of these two forms of tocopherols in rapeseed is needed though. 

 

6.3 Understanding the structural changes occurring in ruptured 

oleosomes 

Freeze-thawed oleosomes rupture by partial coalescence, which leads to 

droplet coalescence and release of oil. Since coalesced droplets are larger, thus 

have lower specific area than the original oleosomes, and the released oil is not 

emulsified, presumably there will be an excess of oleosome hemi-membrane 

material liberated during coalescence, provided no hemi-membrane shrinking 

occurs in the coalesced droplets. This excess of hemi-membrane material could 

be separated from the remnant oleosome material (the material below the oil 

phase after RWOB freeze-thawing and centrifugation) through a further 

dilution and centrifugation step and collected in the serum and pellet phases. 

The visual representation of the fractionated materials before RWOB freeze-
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thawing and after RWOB freeze-thawing, “washing” and centrifugation (w-f-t) 

can be observed in Figure 6.2. 

 

 

Figure 6.2. Process of RWOB freeze-thawing and recovery of the fractionated 

materials. Materials were recovered from the oleosome remnant material by 

washing with NaHCO3 0.1 M buffer and centrifugation (repetition of Figure 2.5, 

Section 2.9). 
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In Figure 6.3, the visual aspect of the serum from RWOB before freeze-thawing 

(RWOB serum) and after freeze-thawing (w-f-t serum, as described in Figure 

6.2) is shown. 

 

 

 

Figure 6.3. Visual aspect and microscopy imaging of RWOB serum and w-f-t serum. 

(A) RWOB serum (A1) w-f-t serum (A2) after purification as in Section 2.2.1. The w-f-t 

serum is turbid and darker in colour, suggesting increased presence of oleosome 

hemi-membrane-rich material liberated by the freeze-thaw. (B) Light micrograph of 

RWOB serum (B1) and w-f-t serum (B2) at 40x magnification. Black arrows indicate 

dispersed particles. 

A further effect of centrifugation of the oleosome remnant material is the 

formation of a pellet (w-f-t pellet) at the bottom of the centrifuge tube, where 

more hemi-membrane-rich material may deposit. Yet, all the centrifugation 

steps always led to the sedimentation of pellets, which is thus not directly 

related to freeze-thawing. To understand whether freeze-thawing would affect 

the microstructure of the pellets, RWOB pellet (from RWOB production step, 

Figure 6.2) and w-f-t pellet were considered; WOB pellet was included as it was 

produced with a higher yield than RWOB pellet, thus it may be useful for future 

applications. 

 

A1 A2 

50 µm 

B1 

50 µm 

B2 
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6.3.1 Protein profile of the fractionated materials 

The protein profile of the oleosome fractionated materials (creams, sera, 

pellets) before and after freeze-thawing was qualitatively and quantitatively 

evaluated, with the aim to understand whether oleosome hemi-membrane 

material was released from ruptured oleosomes, and if this could be separated 

from the remaining intact oleosomes with a further washing step. Matching 

these data with the respective lipid profile of the fractionated materials would 

give information about the overall structural integrity of the multicomponent 

hemi-membrane released. Common methods to measure protein content in 

recovered oleosomes are the bicinchoninic acid assay (Millichip et al., 1996; De 

Chirico et al., 2018, 2020; Trombetta et al., 2020; Ding et al., 2020) and total 

nitrogen determination by sample combustion (Karefyllakis et al., 2019c; 

Romero-Guzmán et al., 2020; Yang et al., 2022). The protein content in this 

thesis was measured with the bicinchoninic acid assay; for comparison, an 

alternative method of total nitrogen determination by chemiluminescence 

(Section 2.4.6.2) was used. The protein content in the different material 

fractions, measured with both methods, is shown in Table 6.3. 

 

Table 6.3. Protein content measured with bicinchoninic acid assay method and 

with total nitrogen method (chemiluminescence). 

 
For each method, different letters indicate statistically different samples as 

established by ANOVA (P< 0.05). Asterisk (*) indicates statistically different samples 

as established by ANOVA (P< 0.05) when the protein content for each sample is 

compared between the two methods. 

 
PROTEIN  

(w/w, % OB dry mass) 

Sample Bicinchoninic acid assay Chemiluminescence 
WOB pellet 16.9±0.9d 17.6±0.3e 

RWOB 4.1±0.0b,* 3.8±0.1c,* 
RWOB serum 

(wet) 
0.04±0.0a 0.05±0.0a 

RWOB pellet 24.8±0.3e,f,* 22.9±0.2g,* 
remnant 

oleos.mat. 
8.2±0.2c,* 6.2±0.6d,* 

w-f-t cream 4.9±0.2b,* 2.0±0.4b,* 
w-f-t serum (wet) 0.29±0.01a,* 0.35±0.01a,b,* 
w-f-t serum (dry) 23.9±0.8e,* 28.8±0.8h,* 

w-f-t pellet 25.7±0.2f,* 19.9±1.5f,* 
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Table 6.3 shows the protein content (w/w, % dry weight) in the various 

fractionated materials, measured with the bicinchoninic acid assay method and 

with the total nitrogen method. Protein content by bicinchoninic acid assay 

method was higher than that by chemiluminescence, except for WOB pellet 

and w-f-t serum by dry basis. Differences between the two methods may 

depend on the different volume of analysis as well as on the factor adopted to 

convert the total nitrogen to protein content. However, despite the variability 

between the two methods, the values for each sample are always in the same 

order of magnitude, moreover they highlight differences between the samples 

in a similar way. Hence, the chemiluminescence method is effective for 

measuring protein in oleosome materials, and it may be used as an alternative 

method to bicinchoninic acid assay, because it does not require reagents and it 

is automatised. Moreover, this method would allow to store samples for longer 

time prior to analysis, as the N content should not be affected by possible 

changes in the protein structure. Nevertheless, more investigation is required 

to understand the differences observed between some of the samples. 

Protein content in RWOB was about 4%, but it increased in the w-f-t serum (dry 

basis) and in the pellets, suggesting that those two materials are enriched in 

proteins compared with the parent RWOB material. The protein content in the 

sera was determined directly in the sample (wet basis), appropriately diluted, 

whereas the values on dry basis are back calculated from the values by wet 

basis. Protein content in w-f-t serum (wet) is very similar and very low with 

both methods, therefore the small variation for wet serum greatly increases 

when related to the dry mass. Calculations report that protein content in RWOB 

serum and RWOB pellet is 3.9% and 4.3%, respectively, compared with RWOB, 

whereas the content in w-f-t serum and w-f-t pellet is 29.2% and 46.0%, 

respectively, compared with the w-f-t cream, indicating a redistribution of the 

proteins in the serum and pellet due to freeze-thawing. However, these two 

last percentages are overestimated because they do not account for the loss of 

w-f-t cream during collection; at the end of the recovery process, w-f-t cream 

was only 44% (w/w, %, dry basis) of the remnant oleosome material mass. 

Despite this, the protein mass balance still indicates that freeze-thawing 
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oleosome creams caused the liberation of hemi-membrane material. The 

protein profile of the fresh and freeze-thawed oleosome fractionated materials 

was analysed by SDS-PAGE (Figure 6.4). 

 

 
Figure 6.4: Protein profile, determined by SDS-PAGE, of fresh and freeze-thawed 

fractionated materials from centrifuged oleosome emulsions.  L1) protein ladder 1, 

1A) RWOB cream, 1B) w-f-t cream, 2A) RWOB serum, 2B) w-f-t serum, 3A) RWOB 

pellet, 3B) w-f-t pellet, L2) protein ladder 2, 4) remnant OB material, 5) WOB pellet. 

Protein concentration 1 mg/mL for all samples, except for RWOB serum (0.52 

mg/mL) (Section 2.4.6.3). Dashed rectangle delimitates the oleosin band (≤20 kDa). 

The samples all show the oleosin band, between 20 and 15 kDa. Oleosin is the 

most representative protein in the creams (1A, 1B), in the remnant oleosome 

material (4), and in the sera (2A, 2B). This suggests that the oleosome recovery 

method adopted produced substantially clean oleosome creams (De Chirico et 

al., 2018). The relative contribution of the oleosin band is reduced in the pellets 

(lanes 3A, 3B, 5), especially in RWOB pellet and w-f-t pellet, whereas that of 

other bands is increased. Despite the substantial level of purity of the oleosome 

preparations, it is possible that some of those bands belong to residual storage 

proteins, napin and cruciferin, which may have a role in the sedimentation of 

the pellets, as discussed in Section 6.3.3. Analysis of Brassica napus proteins by 

SDS-PAGE under reducing conditions (the conditions used in this thesis) found 

napin subunit bands at ~9-12 kDa (Perera et al., 2016), or ~7-12 kDa 

(Wanasundara et al., 2011), and cruciferin subunit bands at ~18-34 kDa (Perera 
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et al., 2016; Wanasundara et al., 2011). Hence, the bands in the area between 

the oleosin band and the standard band at 37 kDa in Figure 6.4 may represent 

cruciferins and these are more visible in the pellets. Bands related to napin 

subunits, supposed to be below 15 kDa, are not clearly visible in creams and 

sera, whereas some of these bands can be observed in remnant material, WOB 

pellet and RWOB pellet. In particular, the two bands between 10 and 15 kDa 

from WOB pellet are more visible probably because of the lower level of 

refining of this material compared with the others. 

The composition of the different fractionated materials, the relative 

contributions (w/w, %) of the protein fraction, oil fraction, and that of “other 

constituents”, are reported in Table 6.4. The quantity of other constituents, 

whose composition is not determined, was calculated as the difference 

between the total dry mass (100%) and the sum of oil (%) and protein (%) 

content. It is likely that part of these constituents are soluble carbohydrates 

and ashes (Eriksson et al., 1994; Voragen et al., 2009; Romero-Guzmán et al., 

2020), with expected high contribution of pectin among the soluble 

carbohydrates as it represents about 4-5% (w/w) of the initial rapeseed mass 

(Naczk & Shahidi, 1990). The contribution of exogenous co-recovered materials 

is therefore low in RWOB as, at alkaline washing conditions, the oleosome 

interface is negatively charged (Tzen et al., 1992) and the repulsion between 

oleosomes and exogenous materials is enhanced (De Chirico et al., 2018; 

Romero-Guzmán et al., 2020). 
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Table 6.4. Content (w/w, %) of proteins (bicinchoninic acid assay), oil, and other 

constituents, in RWOB and freeze-thawed materials (Figure 6.2). 

Sample 

Relative mass 
to RWOB 

(w/w, %; dry 
basis) 

Protein 
(%) 

Oil 
(%) 

Other 
constituen

ts (%) 

RWOB 100 4.1±0.0 93.8±0.7 2.1 

remnant oleosome 
material 

60 8.2±0.2 89.3±0.5 2.5 

w-f-t cream 31 4.9±0.2 92.8±0.2 2.3 

w-f-t serum 2.1 23.9±0.8 17.7 58.4 

w-f-t pellet 2.6 25.7±0.2 60.9 13.4 

The % values are expressed on a dry weight basis. Other constituents (w/w, %) are 

the remaining % calculated by the difference between the sum of protein and oil and 

the total (100%). 

RWOB, remnant oleosome material, and w-f-t cream, have a high oil content, 

due to the presence of oleosomes. RWOB contains negligible amounts of 

storage proteins, therefore the protein content is mainly that of oleosin, 

whereas the other constituents are most likely polar lipids and a small 

contribution from the buffer ions. The ratio of other constituents-to-protein in 

RWOB is 0.51, which is similar to the ratio PL-to-protein in oleosomes (0.57) 

reported by Tzen et al. (1993). 

The protein content in the remnant material is about twice as much as in 

RWOB, suggesting that the proteins from ruptured oleosomes remain in the 

material and their relative mass contribution becomes higher as the remnant 

material has less oil in it compared with the parent RWOB. 

However, there is no proportional increase in the quantity of other 

constituents, which would be expected in order to maintain the same other 

constituents-to-protein ratio as in RWOB. The content of proteins and other 

constituents in w-f-t cream is instead comparable with that in RWOB, 

suggesting that the hemi-membrane material produced with freeze-thawing 

was separated by the washing step. With the purpose to obtain more reliable 

quantitative data, a method of direct quantification is required. Potential 

techniques of PL quantification are HPLC or GC, coupled with ESI-MS/MS. 

Moreover, quantification of the different protein classes in the fractionated 
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material by mass spectrometry would be useful to determine their protein 

composition and their relationship with microstructure. 

The very high percentage of other constituents in w-f-t serum instead mainly 

depends on the mass contribution of the solutes (NaHCO3, NaOH) in the buffer 

used to produce the serum. Due to its high water content (0.985), the 

contribution of those solutes becomes important on the dry mass. Similarly, 

the buffer solutes would account for an important percentage of the other 

constituents in w-f-t pellet, although lower than in the serum as the initial 

water content of the pellet is 0.8. 

 

6.3.2 Lipid profile of the fractionated oleosome materials 

The F1, F2, and F3 fractions (Sections 3.1, 6.2.2) of the fractionated oleosome 

materials were further separated by high performance TLC. This part of the 

work is complementary to the protein analysis of Section 6.3.1 and aimed at 

understanding whether, by analysing the lipid profile of the fractionated 

materials, release of oleosome hemi-membrane from RWOB after freeze-

thawing occurred. It is important to point out that on one hand it is easy to 

visually interprete TLC data, but on the other hand it does not provide any 

structural information, therefore more advanced analytical techniques such as 

HPLC and MS are necessary to have more accurate measurements, especially 

in terms of quantification. The F3, F1, and F2 separation of fresh and freeze-

thawed aliquots of cream, serum, and pellet are showed in Figure 6.5, Figure 

6.6, and Figure 6.7, respectively. 
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Figure 6.5. Separation of the F3 fractions from RWOB and fractionated materials. A) 

RWOB cream (1) /w-f-t cream (2); B) RWOB serum (1) / w-f-t serum (2); C) RWOB 

pellet (1) / w-f-t pellet (2). In rectangle: PL standards (PC, PE, PG, 

lysophosphatidylcholine - LPC -, PA, PS, PI). Due to the presence of impurities, PS and 

PI standard bands are identified by dashed rectangles. 

In the creams (Figure 6.5 A), phosphatidylcholine (PC) was the most abundant 

PL; significant presence of phosphatidylethanolamine (PE) and 

phosphatidylinositol (PI), and presence of phosphatidylglycerol (PG) was 

detected, whereas phosphatidylserine (PS) was not visualised. These results 

are comparable with those for RWOB reported in Chapter 3 (analyses 

performed during the first 10 months from harvest), suggesting that the PL 

profile does not change in oleosomes recovered from seeds after 36 months of 

storage. Phosphatidyc acid (PA) and PE standards migrated at similar Rf; the 

sample bands were attributed to PE, considering the gas chromatography and 

ESI-MS/MS results in Chapter 3. However, a faded band over the PE band in 

Figure 6.5 C, line 1 could represent PA, suggesting lipase activity. Lipase can be 

inactivated by a heat treatment at 75°C for 15 min in isopropanol. A slight 

amount of lysophosphatidylcholine was detected, indicating partial 

degradation of PC. PLs were also detected in sera (Figure 6.5 B), and this is a 
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clear indication of hemi-membrane material in both RWOB serum and w-f-t 

serum, and that freeze-thaw enhances oleosome hemi-membrane release as 

the lipid bands for w-f-t serum are more evident than in RWOB serum. 

There seems to be a carryover of TAGs, represented by the top band on the 

three plates of Figure 6.5. This is interesting with regard to the serum samples, 

because TAGs should not be present in the supernatant as free oil, therefore 

they would be connected to the hemi-membrane. Similarly, due to the 

presence of both PLs and TAGs, the pellets (Figure 6.5 C) would contain 

structures organised in an oleosome fashion (Section 6.3). The pellets also 

showed a few unidentified bands, between PG and the top TAG band, which 

could belong to other NLs. 

The relative intensity of the classified PL bands seems to vary between the 

fractionated materials. As an example, the intensity of the PE band is higher in 

the creams than in the other fractionated materials, whereas a concomitant 

increase of PI in w-f-t serum and pellets seems to occur. Although this 

observation is not quantitatively supported, due to a certain degree of 

approximation of the TLC technique, it could be speculated that slight changes 

in the PL population at the interface occur between the different fractionated 

materials. A potential explanation for this is that ruptures at the oleosome 

interface upon destabilisation and centrifugation, can lead to loss of an aliquot 

of PE (or a PL mix mainly containing PE), perhaps of the PE near the rupture 

lines. This could determine a variation in the relative PL contribution in the 

hemi-membrane material present in f-t serum and in the pellets. The detached 

PE might form direct micelles which deposit within the intermediate layer 

beneath the oil, which was scooped from the remnant oleosome material 

before washing. For this reason, no enrichment in PE was observed in w-f-t 

cream with respect to RWOB. 

In their works on milk fat globules, Anderson et al. (1975) and Gallier et al. 

(2010) reported that centrifugation causes loss of PLs from the milk fat globule 

membrane surface, which could modify the protein/lipid ratio in membranes 

present in the different material fractions. Calculations about oleosin and PL 

quantitative composition suggest that there is a specific oleosin-to-PL ratio at 



178 
 

the oleosome interface (Tzen & Huang, 1992; Millichip et al., 1996) 

independently from the oleosome size, with oleosins saturating the interface 

(Siloto et al., 2006). Hence, it could be speculated that loss of PLs would lead 

to an excess of oleosin, altering the structural organisation at the oleosome 

interface. Understanding the interfacial PL organisation would provide 

important information on the oleosome stabilisation; therefore, future work 

may be to analyse the PL distribution at the oleosome interface and to 

understand whether that changes upon oleosome destabilisation and 

rearrangement. 

Interesting information about the lipid composition of the different 

fractionated materials is given by the TLC separation of the respective F1 

fractions, reported in Figure 6.6. 

 

 
Figure 6.6. Separation of the F1 fractions from RWOB and fractionated materials. A) 

RWOB cream (1) / w-f-t cream (2); B) RWOB serum (1) / w-f-t serum (2); C) RWOB 

pellet (1) / w-f-t pellet (2). Left-hand side of the plates (in rectangle): NL standards. 

 

As expected, TAGs are by far the most representative lipids in the F1 fraction 

of the creams, due to the high oil content in oleosomes, whereas MAGs and 

DAGs are barely visible. Interestingly, NLs were also observed in the serum. If 

the serum contains portions of oleosome hemi-membrane, presence of NLs 

suggests that these lipids cannot be completely separated from the hemi-

membranes of destabilised oleosomes. As for PLs, the NL bands are stronger in 

the w-f-t serum, supporting the hypothesis that freeze-thawing enhances the 

release of hemi-membrane components. A mechanism of hemi-membrane 
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rearrangement following from oleosome freeze-thawing is illustrated in 

Section 6.3.3.2. 

As for the creams, TAGs are the most abundant NL class in the serum; however, 

there seems to be an increased presence of degradation products, i.e., FFA, 

MAGs, and DAGs with respect to the creams. Although a standard for free fatty 

acids was not used in this part of the work, it is likely that the band between 

TAG and 1,3DAG is free fatty acids as in Beisson et al. (2001). Free fatty acids, 

MAGs, and DAGs are minor components in oleosomes, and they would form 

during seed germination or postharvest lipolysis (Beisson et al. 2001; Chew & 

Nyam, 2020), or as degradation products over storage of oleosome emulsions 

(De Chirico, 2019), by hydrolysis of TAGs and PLs by lipases situated at the 

oleosome surface (Hoppe & Theimer, 1997; Beisson et al. 2001). It is possible 

that those lipids are located near the oleosome hemi-membrane rather than 

being homogeneously distributed within the droplet core. Tzen et al. (1992) 

reported the presence of FFA. The reason for this may be an increased 

tendency to interact with the PL tails by interdigitation, facilitated by their 

reduced number of acyl tails compared to TAGs. Therefore, FFA, MAGs, and 

DAGs may remain in the reformed oleosomes when oil is liberated by freeze-

thawing, as the oil near the interface is more likely to be retained in the 

reformed structures, consequently the remaining NLs are enriched in FFA, 

MAGs and DAGs. These three lipid classes are not observed in the liberated oil, 

still suggesting that they remain in the rearranged hemi-membranes of the 

ruptured oleosomes. Similarly, the pellets (especially w-f-t pellet) show a 

slightly higher content in FFA, MAGs and DAGs compared with the creams, and 

this could depend on the same mechanism discussed for the sera, although 

their oil content (w/w, %, dry basis) is higher than in the sera (Table 6.4). 
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Figure 6.7. Separation of the F2 fractions from RWOB and fractionated materials. A) 

RWOB cream (1) / w-f-t cream (2); B) RWOB serum (1) / w-f-t serum (2); C) RWOB 

pellet (1) / w-f-t pellet (2). In rectangle: GL standards. 

The GL profile of the fractionated materials is shown in Figure 6.7. The results 

suggest that GLs are present in all the fractionated materials, and DGDG is 

overall more visible than MGDG. The presence of GLs in the serum plate again 

suggests that these are hemi-membrane components, as discussed in Chapter 

3. The F2 separation gave origin to a rather complex lipid profile in all the 

materials, which has not been fully characterised. The bands above MGDG may 

represent the carryover of NLs (see also Chapter 3, Figure 3.3). The purity of 

the F2 fractions could be increased before TLC analysis if the aim is to clearly 

characterise their GL composition. 

 

6.3.3 Microstructure of the fractionated materials 

6.3.3.1 Oleosome creams, remnant material and sera 

As discussed in Chapter 4, an oleosome cream undergoing freeze-thawing 

experiences rupture of a population of oleosomes and release of their 

respective core oil. The oil is separated by centrifugation of RWOB after freeze-

thawing, and the top oil layer is collected, leaving a composite material 

(remnant oleosome material) expected to contain a mixture of intact 

oleosomes, which resisted to freeze-thawing, and the remaining part of the 

ruptured oleosomes. This remaining part would be represented mainly by the 

multicomponent hemi-membrane and a portion of oil not released by the 

ruptured oleosomes. 
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If the hemi-membranes of the ruptured oleosomes maintain a degree of 

structural integrity, they could adopt a conformation stable in aqueous 

environment (Section 2.9). Re-dispersion of the remnant material in buffer 

followed by centrifugation would separate the hemi-membranes from the 

intact oleosomes. The oleosome remnant material was therefore washed to 

collect the hemi-membrane particles in the serum. Upon centrifugation, the 

oleosomes would float, whereas the rearranged oleosome hemi-membranes 

would remain in the supernatant, and/or sediment to the bottom of the 

centrifuge tube (pellet), due to their different buoyancy. The rearranged 

oleosome hemi-membranes would remain physically separated by 

electrostatic repulsion if the pH of the continuous phase is alkaline. To 

understand the changes occurring to the freeze-thawed oleosomes, the 

composition and microstructure of the fractionated materials following from 

centrifugation of the washed remnant oleosome material (Figure 6.2) were 

investigated. 

The light microscopy image of Figure 6.8 shows that the microstructure of 

oleosome emulsions changes after freeze-thawing. In fact, RWOB (panel A) 

appears as a dispersion of intact oleosomes, and a number of coalesced 

droplets, indicated by a white arrow, whereas the remnant material (panel B) 

contains an increased number of coalesced oleosomes, which is an effect of the 

freeze-thawing process. Moreover, droplets of residual free oil, indicated by a 

black arrow, are still observed in the remnant material despite the 

centrifugation step; aggregates of proteins and oil are also visible (dashed circle 

in Figure 6.8). As for the remnant material, the w-f-t cream (panel D) is 

visualised as a dispersion of oleosomes and droplets of free oil, thus it is not 

possible to distinguish clearly the two materials despite the washing step. The 

microstructural differences in RWOB before and after freeze-thawing are also 

identified by their different PSD (Figure 6.9). The peaks at 0.6-1 µm and ~4 µm 

can be attributed to the intact and to the coalesced oleosomes, respectively 

(Section 4.5) (De Chirico et al., 2018). This latter peak in both remnant material 

and w-f-t cream is larger than in RWOB, suggesting increased coalescence, 
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whereas the free oil droplets visualised in those two materials can be ascribed 

to the peaks in the range 11-12 µm. 

Dispersed material in the w-f-t serum (panel C) is instead barely visible (only 

some aggregates); w-f-t serum is supposed to be rich in oleosome hemi-

membranes, but they may not be visualised by light microscopy, probably due 

to their low size. PSD of w-f-t serum (panel E) is below 0.2 µm, as expected as 

the serum had been purified through 0.2 µm filters. The PSD is monomodal, 

with the peak at 0.1 µm, indicating the dispersed hemi-membrane material. It 

was not possible to measure PSD in RWOB serum because of the very low 

particle concentration. 

Due to a technical issue with the PSD system, measurement of the particles in 

the range 0.017-0.4 µm (low PSD range, Section 2.4.3) for the remnant 

oleosome material and w-f-t cream could not be performed. For comparison, 

both RWOB including and excluding the low PSD range are shown; RWOB with 

low PSD range does not show a peak at 0.1 µm as in the serum, suggesting that 

the presence of hemi-membrane material from ruptured oleosomes is 

negligible. Despite the variability between the two RWOB PSD measurements, 

the D4,3 for RWOB including low PSD range is 1.05±0.03 µm, whereas D4,3 

(Section 1.6.2) excluding low PSD range is 1.45±0.01 µm; this suggests that the 

contribution of the smaller diameters to the D4,3 is low. 

  



183 
 

 

 

 
Figure 6.8. Light microscopy images of: A) RWOB; B) remnant oleosome material; 

C) w-f-t serum; D) w-f-t cream. White arrow: coalesced oleosomes; black arrow: free 

oil droplets. Dashed circle in B: protein-oil aggregates. E) PSD of the respective 

materials. RWOB PSD containing the distribution 0.017-0.4 µm is included for 

comparison. Different letters indicate statistically different samples as established by 

ANOVA (P< 0.05). 

In order to understand whether rearranged hemi-membranes were present in 

the remnant material, a dynamic light scattering equipment (Section 2.4.3) was 

also used to determine PSD in the materials (Figure 6.9), as it was possible to 

measure the particle size in the low PSD range. The small peak at 0.1 µm in the 

remnant material, suggests that it contains rearranged oleosome hemi-
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membranes, which could then be transferred to the serum, as indicated by the 

clear peak below 0.1 µm. It is expected that PSD of the remnant material 

measured with the Beckman Coulter would have showed a peak at similar size 

range as that showed by the dy. Further indication of the existence of 

rearranged oleosome hemi-membranes after freeze-thawing is given by the 

respective transmission electron microscopy images of Figure 6.11. 

 

 
Figure 6.9. PSD of RWOB, remnant material, w-f-t serum, w-f-t cream, measured 

with a Malvern analytical dynamic light scattering equipment. PSD curves are 

averages of five consecutive measurements from one sample batch. Samples are 

identified by the chart legend. The peak at 0.1 µm in the remnant material may 

correspond to the rearranged oleosome hemi-membrane from ruptured oleosomes. 

Useful information about the composition of the fractionated materials is also 

given by confocal imaging of Figure 6.10. RWOB has been previously defined as 

a dispersion of oleosomes containing a low percentage of exogenous material, 

not removed by the washing steps. As shown in Figure 6.10 A, RWOB appears 

as a dispersion of oleosomes imaged as droplets where the core oil, in red, can 

be distinguished from the proteins, in green, which surround the oil. Most of 

those proteins are structural proteins, part of them are instead the storage 

proteins not removed by the purification steps. The red component is strong, 

indicating the high oil content in oleosomes. Coalesced oleosomes can also be 

observed, as the cream partially destabilises during RWOB production. As 

observed in the confocal images, aggregates tend to form in all samples, 
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probably caused by the conditions used for imaging (use of dyes, prolonged 

contact of the sample with the glass microscope slides). 

 

 

   
Figure 6.10. Confocal micrographs of: A) RWOB; B) remnant oleosome material; C) 

w-f-t serum; D) w-f-t cream. Top panel in A: detail of an oleosome droplet (green - 

protein, red - oil). 

In the remnant oleosome material (Figure 6.10 B), the green component is 

more visible than in RWOB, suggesting the presence of aggregates of oleosome 

hemi-membrane, released by the oleosomes ruptured by freeze-thaw. The w-

f-t serum (Figure 6.10 C) appears instead as a dispersion of green particles 

representing the oleosome hemi-membranes, suggesting that it is possible to 

collect it from the remnant oleosome material with a washing step. The 

preponderance of the green component indicates the presence of structural 

proteins, whereas only traces of the red component are visible, in agreement 

with the reduced oil content of the serum (Table 6.4). As above reported, 

sample preparation for imaging may have led to the formation of aggregates, 
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with larger size than that measured by PSD. Eventually, the w-f-t cream (Figure 

6.10 D) appears as a mixture of oleosomes, aggregates of oil and proteins, and 

free oil. 

Complementary microstructural information to that provided by confocal 

microscopy can be gained by transmission electron micrographs of the 

fractionated materials, shown in Figure 6.11. Transmission electron microscopy 

allows to observe the microstructure of the oleosome fractionated materials 

with a high level of detail. 

 

  

  
Figure 6.11. Transmission electron microscopy images of: A) RWOB; B) remnant 

oleosome material; C) w-f-t serum; D) w-f-t cream 

RWOB (Figure 6.11 A), appears as a dispersion of oleosomes of different sizes. 

The deformed droplets observed in the image are due to concentration of the 

sample upon drying on the grid carbon layer. Some of the larger droplets may 

be coalesced droplets formed during RWOB production or during sample 

drying on the carbon grid. The remnant oleosome material in Figure 6.11 B 
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appears as a mixture of oleosomes and smaller spherical bodies , the latter 

supposed to be the rearranged hemi-membrane material released by ruptured 

oleosomes. These droplets are smaller than 200 nm, whereas original intact 

oleosomes are larger than 200 nm (Tzen & Huang, 1992; Tzen et al., 1993). 

Similarly, the occurrence of both oleosomes and hemi-membrane debris was 

observed by Beisson et al. (2001) upon imaging freeze-thawed oleosomes with 

TEM. The authors attributed the formation of hemi-membrane debris to 

freeze-thawing. The presence of amorphous hemi-membrane debris in Beisson 

et al. (2001) rather than hemi-membranes rearranged in spherical shape may 

depend on the different fixation protocol to that described in this thesis. The 

hemi-membrane of oleosomes was visualised in early works by Jacks et al. 

(1967) and Yatsu & Jacks (1972), who imaged oleosomes by TEM. In Yatsu & 

Jacks (1972), the oleosomes had been chemically defatted with hexane-

acetone prior to imaging, therefore it is expected for the oil to be almost totally 

removed. The w-f-t serum (Figure 6.11 C), contains small bodies with similar 

appearance to those found in the remnant oleosome material, suggesting that 

the washing step carries the rearranged hemi-membranes in the serum. The 

transmission electron microscopy image of the w-f-t cream is shown in Figure 

6.11 D; the w-f-t cream appears as a mixture of intact oleosomes, free oil and 

residual rearranged oleosome hemi-membranes. As confocal imaging also 

suggested, it seems that washing of the remnant material also has a 

destabilising action on the residual oleosomes, with further oil release. 

 

6.3.3.2 A proposed mechanism of hemi-membrane rearrangement 

Based on the compositional and microstructural analyses of the remnant 

oleosome material and the w-f-t serum, a mechanism of hemi-membrane 

rearrangement following from rupture of freeze-thawed oleosomes is 

proposed in Figure 6.12. 
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Figure 6.12. Possible rearrangement mechanism of hemi-membrane components 

after destabilisation of the oleosomes and release of the core oil. 

Since destabilisation of oleosomes by freeze-thawing would occur by partial 

coalescence and subsequent coalescence of the droplets, it is likely that 

portions of the oleosome hemi-membrane are released by the ruptured 

oleosomes. Fragmentation of the oleosome interfacial layer may be caused by 

extensive protrusion of the lipid crystals upon freezing, followed by 

detachment of those fragments upon thawing. The fragments, which maintain 

their overall interfacial organisation, would rearrange into smaller droplets, 

with high surface curvature, which include part of the oil from the original 

oleosomes. The hydrophilic nature of the outer side of the hemi-membrane on 

one hand, and the hydrophobic nature of the inner side of the hemi-membrane 

on the other hand, may promote a quick rearrangement of the fragment in an 

oleosome fashion. The oleosome conformation, with the oleosins protruding 

within the core oil, may facilitate the retainment of the oil beneath the hemi-

membrane during rearrangement. Upon rupture, the fragments would 

maintain their overall interface organisation due to the hemi-membrane-

stabilising forces between PLs and oleosins (Chapter 3, Section 3.3.2). 

Release of hemi-membrane material following from coalescence of milk fat 

globules, induced by centrifugation of milk cream was reported by Waninge et 

al. (2004). Despite the differences between the process described by Waninge 

et al. (2004) and that hypothesised in this section, the use of a physical method 

can cause coalescence and the release of hemi-membrane material in both 

cases. 
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The oleosome hemi-membrane seems to remain intact even in the absence of 

oil, as observed in oleosomes defatted with petroleum ether (Karefyllakis et al., 

2019c). These chemically defatted oleosomes have amorphous appearance 

when imaged by scanning electron microscopy, with a punctured interface, 

suggesting hemi-membrane shrinking due to loss of the core oil. Karefyllakis et 

al. (2019) proposed two potential configurations adopted by oleosomes after 

defatting. The first configuration consists of an intact but punctured hemi-

membrane with the empty core, whereas the second configuration is based on 

the core-shell model suggested by Gao et al. (2013). In this latter model, a PL-

protein hemi-membrane, derived from defatted soybean oleosomes, adopts a 

configuration where interfacial proteins are concentrated at the core of the 

structure, surrounded by an outside layer of PLs. Although the above models 

shed some light on the possible configurations that oleosomes can adopt upon 

rupturing, it is likely that they do not reflect the actual configuration of the 

hemi-membrane material liberated by freeze-thaw. This is because the 

reformed droplets from freeze-thaw contain a percentage of oil, moreover 

they have a spherical shape when imaged by TEM. These smaller lipid droplets 

(0.1 µm) seem to have increased in number during freeze-thawing indicating 

that their emergence is not simply due to larger oleosomes rupturing and 

revealing a population of smaller oleosomes. Overall, it seems likely that 

oleosomes have ruptured during freeze-thawing, releasing oil, and a portion 

reforming smaller oleosomes not formed simply by shrinkage of the parent OB. 

Given the increasing surface area-to-volume ratio of the smaller oleosomes it 

is possible that the majority of the interfacial material is still encapsulating oil.  

 

6.3.3.3 Sedimented materials 

PSD and the light microscopy images of WOB / RWOB / w-f-t pellets, and for 

comparison, RWOB cream, are shown in Figure 6.13. 
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Figure 6.13. PSD (A) and light microscopy images of (B) WOB pellet, (C) RWOB 

pellet, (D) w-f-t pellet, and (E) RWOB (cream). RWOB is shown for comparison with 

the pellets. Different letters indicate statistically different samples as established by 

ANOVA (P< 0.05). 

Overall, PSD of the three pellets is similar and comparable with that of RWOB. 

WOB and w-f-t pellets have a further peak at 10-11 µm, which may be 

attributed to larger aggregates of proteins and oil. Surprisingly, despite the 

comparable PSD, the pellets, imaged by light microscopy (Figure 6.13) appear 

different from RWOB. RWOB contains oleosomes, observable as defined and 

separated droplets, whereas the pellets appear as a mixture of OB-like droplets 

and amorphous oily material. Furthermore, due to the impossibility to measure 
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the low range PSD as explained in Section 6.3.3, PSD of WOB and w-f-t pellet 

(Figure 6.14) was also measured with a Malvern Panalytical dynamic light 

scattering equipment. Both pellets showed a peak at ~0.1 µm, suggesting that 

part of the rearranged hemi-membrane had negative buoyancy and 

sedimented. Comparing the PSD in Figure 6.13 and Figure 6.14, all pellets have 

a distribution with two main peaks; however, the contribution of the peak at 

larger size is much higher in the Malvern Panalytical dynamic light scattering. A 

potential explanation for the different result is that the dynamic light scattering 

machine is built to detect particles with a maximum size of 10 µm, thus the 

aggregates larger than 10 µm detectable with the Beckman Coulter would have 

been counted together with smaller particles, increasing the contribution of 

the peaks at 4-5 µm. Therefore, measurements with the Beckman Coulter could 

be considered more reliable for the detection of larger particles. 

 

 
Figure 6.14. PSD of WOB pellet and w-f-t pellet, measured with a Malvern 

Panalytical dynamic light scattering equipment. PSD curves are averages of five 

consecutive measurements from one sample batch. Samples are identified by the 

chart legend. 

Composition data reported in Table 6.5 show the higher protein content, and 

a concomitant lower oil content of pellets compared to RWOB. In comparison 

with the other two pellets, WOB pellet tends to have lower protein content 

(considering both bicinchoninic acid assay and total nitrogen methods) and 

increased residual material, which may depend on the lower level of 
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refinement of this pellet (with reference to residual composition see Section 

6.3.1). The amount of exogenous material (proteins, carbohydrates) in RWOB 

is low; however, its relative contribution in the pellets is high due to the low 

mass of the pellets compared with the respective creams. The composition of 

the three pellets is likely to be similar no matter if the materials underwent a 

freeze-thaw step or not. 

 

Table 6.5. Content (w/w, %) of proteins (bicinchoninic acid assay method) and oil in 

WOB pellet, RWOB pellet, and w-f-t pellet. The residual is the remaining % (w/w) 

calculated by the difference between the sum of protein and oil and the total 

(100%). Values are by dry basis. 

Sample Protein % Oil % Residual % 

WOB pellet  16.9±0.9 58.7±1.4 24.4 

RWOB pellet  24.8±0.3 54.7 20.5 

w-f-t pellet 25.7±0.2 60.9 13.4 

 

Since it is not possible to discriminate the different buoyancy of the 

fractionated materials based on their PSD, it may be expected that a combined 

effect of reduced oil content and increased protein concentration at the 

droplet interface (Section 6.3.1) would cause the sedimentation of the pellets. 

SDS-PAGE results of Figure 6.4 suggest that in the pellets the contribution of 

exogenous proteins to the total proteins is higher than in creams and sera. 

Those bands are also visible in the creams, and they may contribute to material 

sedimentation. Pelleting is a progressive phenomenon, where material that 

floated in the previous centrifugation step, sediments in the following one. This 

could depend on partial degradation of the oleosomes during the various steps 

of cream refining, leading to loss of an aliquot of oil and droplet re-stabilisation 

with the contribution of exogenous proteins at the interface, which have been 

reported having droplet stabilising function (Section 7.2). As a result, hybrid 

droplets with higher specific weight than the initial oleosomes could form. 

Exogenous proteins still present in the creams may be linked to the oleosome 

surface at a concentration sufficiently low for the oleosomes still to float, but 
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their spatial distribution and concentration may change in the partially 

destabilised oleosomes, causing sedimentation. 

The confocal images of the pellets are shown in Figure 6.15. Samples in the 

three images are similar. The enhanced protein content of pellets with respect 

to RWOB (Figure 6.10) can be visually determined by the more evident green 

component, which may suggest a stronger coverage of oil droplets thus hiding 

the visualisation of the red component. Some of the green spots visualised in 

the micrographs may represent protein bodies, deposit organelles for proteins, 

generated from the protein storage vacuoles (Hoglund et al., 1992; Krishnan 

and Coe, 2001; Perera et al., 2016). Protein bodies, with similar size to 

oleosomes, were found in the pellet fraction during recovery of oleosomes 

from hemp seeds (Lopez et al., 2021), and they appeared as green disks when 

imaged by confocal microscopy, using fast green as a dye for proteins. Since 

the oleosome washing procedure adopted and described in this thesis would 

yield a purer oleosome preparation than in Lopez et al. (2021), a reduced 

percentage of protein bodies may be expected in the pellets, especially in 

RWOB and w-f-t pellets. 
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Figure 6.15. Confocal microscopy images of (A) WOB pellet, (B) RWOB pellet, (C) w-

f-t pellet. 

For a clearer understanding of their microstructure, transmission electron 

microscopy of the three pellets was performed and the images are shown in 

Figure 6.16. All pellets appear as dispersions of oil droplets of submicron size, 

possibly stabilised by a mixture of oleosome hemi-membrane fragments and 

exogenous proteins. The white areas with irregular shape, observed in Figure 

6.16 B and D, are likely to be areas with reduced thickness of the carbon film. 
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Figure 6.16. Transmission electron microscopy images of (A) WOB pellet, (B) RWOB 

pellet, (C) w-f-t pellet, and (D) RWOB (cream). RWOB is shown for comparison with 

the pellets. 

 

6.3.3.4 Conclusions about the characterisation of fractionated materials 

This part of the work suggests that freeze-thawing of an oleosome cream 

enhances the liberation of portions of oleosome hemi-membrane containing 

part of the core oil, which rearrange in structures similar to oleosomes. These 

structures can be dispersed in the supernatant (serum) after washing and 

centrifugation of the remnant material following from RWOB freeze-thawing. 

Compositional analysis of the sera reports the presence of hemi-membrane 

proteins and PLs, which seem to be in higher concentration in w-f-t serum. 

Furthermore, sedimentation of materials (pellets) always occurred during 

centrifugation steps. From compositional and microstructural analyses, pellets 

may originate from oleosomes partially destabilised during sample preparation 

and/or by freeze-thawing (although freeze-thawing would enhance pelleting) 
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and restabilised by a hybrid interface made of oleosome hemi-membrane 

portions and storage proteins. Due to their composition, the materials 

contained in the w-f-t serum and in the pellets may exhibit emulsifying 

properties, and this will be discussed in the next chapter. 

 

6.4 Summary of results 

Microscopical observation and compositional analysis of w-f-t serum suggest 

that the oleosome hemi-membrane can be liberated by the freeze-thawing 

process. Although the hemi-membrane should fragment during oleosome 

rupture, the structural organisation of the fragments is likely to be preserved, 

and they may rearrange as smaller lipid droplets. The fragments can be 

recovered in the serum after washing of the remnant oleosome material 

following from freeze-thawing. Protein analysis of the serum reported a high 

presence of oleosin, suggesting that the material dispersed mainly contained 

the oleosome hemi-membrane. This observation is supported by the lipid 

profile of the serum. The composition of the sedimented materials (WOB 

pellet, RWOB pellet, w-f-t pellet) is more complex and would be characterised 

by oil droplets and oily aggregates stabilised by fractions of oleosome hemi-

membrane and storage proteins. The composition of the different pellets was 

not clearly discriminated but it is expected that WOB pellet contained more 

exogenous non-protein material. 

To have a more detailed investigation about the composition of the 

fractionated and re-emulsified materials, characterisation of the PL population 

by ESI-MS/MS, and quantification of the different proteins, could be future 

work. An interesting scenario is also the use of confocal microscopy to 

determine the PL distribution at the oleosome interface, although this is a 

challenging work because of the small size of oleosomes. 

Previous studies reported the potential emulsifying properties of oleosomes 

and storage proteins from oily seeds. For this reason, the emulsifying 

properties of some of the fractionated materials described in this chapter are 

investigated in Chapter 7. From a practical point of view, production of w-f-t 
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serum is a way to obtain a purer preparation, mainly composed by 

multicomponent hemi-membrane, whereas the pellets have a more 

heterogenous composition. 

  



198 
 

7 Emulsification properties of materials fractionated by 

centrifugation of oleosomes preparations 

7.1 Background 

In Chapter 6 it was reported how freeze-thawing of oleosomes liberates 

interfacial material, a multicomponent system containing structural proteins 

and phospholipids (PLs). Multicomponent systems of PLs and oleosins have 

been reported in literature to be better emulsifiers than systems containing 

exclusively one of the two components. Moreover, the emulsifying properties 

of mixtures of storage proteins, oleosomes or extracted oleosins, derived from 

oilseeds such as sunflower (Karefyllakis et al., 2019a-b), or OSR (Östbring et al., 

2019, 2020, 2021) have been investigated in literature. These are complex 

systems containing a variety of proteins and other components with 

emulsifying capacity. Examples of whole oleosomes (Ishi et al., 2017; 

Karefyllakis et al., 2019c) or oleosome interfacial material (Ma, 2018) to 

stabilise o/w emulsions have been reported in literature. 

The fractionated materials, as described in Chapter 2 (Sections 2.2, 2.9) and 

Chapter 6 (Section 6.3) had different composition: the w-f-t serum contained 

mainly interfacial material and a reduced quantitative of oil, whereas the pellet 

seems to also contain a percentage of storage proteins. Since it is likely that 

both components can act as emulsifiers, the emulsifying properties of both 

material types were tested and described in this chapter. 

 

7.2 Evaluation of the emulsifying properties of fractionated materials 

originated from oleosomes 

This study is at its early stage; however, the preliminary results suggest that the 

fractionated materials have emulsifying capacity. The initial aim of this work 

was to assess the emulsifying properties of the oleosome hemi-membrane-rich 

material, dispersed in the supernatant, which was produced by rupturing the 

oleosomes with the freeze-thaw process. However, centrifugation always led 

to the sedimentation of pellets, which contain oleosome hemi-membrane 
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material and storage proteins (Section 6.3.3.3). Previous studies, mentioned 

later in this section, examined the emulsifying properties of the OSR storage 

proteins, also in presence of oleosomes. Hence, due to their composition, WOB 

pellet and w-f-t pellet were also tested for their emulsifying properties. RWOB 

pellet was excluded from the re-emulsification experiment because a very 

limited quantity of this pellet was obtained on producing RWOB. 

The emulsifying activity of four selected materials was tested by producing o/w 

emulsions where the potential emulsifier was dispersed in an aqueous system. 

The aqueous systems were w-f-t serum, RWOB serum, and buffer (NaHCO3 

0.1M, pH 9.5) containing WOB pellet or w-f-t pellet. A fifth system consisted of 

pure buffer. Pure buffer and RWOB serum were used as controls due to the 

very low concentration (RWOB serum) or absence (pure buffer) of potential 

emulsifier. The five dispersions were designated as WOB pellet/oil (WPo), w-f-

t pellet/oil (ftPo), w-f-t serum/oil (ftSo), fresh RWOB serum/oil (RSo), and pure 

buffer/oil (Bfo), and the respective formulations are reported in Table 7.1. 

 

Table 7.1. Formulation of the five o/w emulsions: WPo, ftPo, ftSo, RSo, Bfo.  The 

water content (Section 2.4.1)(0.8; w/w) in WPo and ftPo was accounted in the total 

continuous phase mass. Modest variations in the continuous phase fraction among 

emulsions occurred, due to the different nature of the materials. 

WPo / ftPo ftSo / RSo Bfo 

Oil: 4 g Oil: 4 g Oil: 4 g 

Buffer: 14.2 g Purified serum: 16 g Buffer: 16 g 

Pellet (0.8 water content): 1.8 g   

 

Emulsions were produced with pH around 9.5, as oleosome hemi-membranes 

remain stable and physically separated at this pH, due to their negative ζ-

potential. Moreover, storage proteins also have negative ζ-potential at alkaline 

pH (Cheung et al., 2014, 2015). Therefore, for preliminary work, pH 9.5 was 

chosen. 
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7.2.1 Characterisation of the emulsions 

The effect of storage on the characteristics of the five emulsions, WPo, ftPo, 

ftSo, RSo, and Bfo (see also Section 2.11), was studied. The emulsions were 

stored at 5°C for 14 days; during this time the vials were left to stand to allow 

phase separation. Visual images of the emulsions at different storage times are 

showed in Figure 7.1. 

 

 
Figure 7.1. Effect of storage time on the visual appearance of WPo, ftPo, ftSo, Rso, 

and Bfo.  The emulsions were maintained at 5°C for the whole storage period. 

All the dispersions were unstable to creaming, showing phase separation after 

1 h storage, except for ftSo, which was stable for the first two days. Fast 

creaming (1 h) and the formation of a thin top bulk oil layer was observed in 

Bfo; this layer is related to the absence of emulsifier, and it strongly suggests 

that the other dispersions are more stable due to the presence of emulsifiers. 

Creaming in RSo was immediate (0 h); the faster phase separation would 
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depend on the reduced quantity of emulsifying material in comparison with 

WPo, ftPo, and ftSo. 

Creaming was caused by density difference between continuous and dispersed 

phase, promoted by the low viscosity of the continuous phase and by the high 

dilution (80% water phase, w/w) of the formulations. Creaming is not 

specifically related to droplet instability, and it can often be deliberately 

promoted by centrifugation to measure the emulsification capacity (Albe-Slabi 

et al., 2022). In fact, the mechanisms for emulsion instability can be explained 

by gravitational separation (creaming or sedimentation), and/or aggregation-

based instability (aggregation, coalescence, Ostwald ripening) (Fredrick et al., 

2010; De Chirico, 2019). Thus, in Bfo droplet instability co-occurred with 

gravitational separation. The supernatant remained turbid in all emulsions 

after 14 days, suggesting that the smallest droplets were still in suspension.  

PSD at days 1, 4, 7, and 14, and the respective light micrographs at days 1 and 

14 are reported in Figure 7.2 for RSo and ftSo, and in Figure 7.3 for WPo and 

ftPo. Sample aliquots distinct from the ones for the phase separation test, were 

used for PSD and microscopy, as samples were mixed before each test. Due to 

the evident instability of Bfo, PSD and microscopy images are not shown. 

Microscopy images of WPo, ftPo, and ftSo appear as dispersions of droplets in 

the aqueous continuous phase, suggesting that the oil had been emulsified. 

PSD of WPo, ftPo, and ftSo was monomodal, with the peak in the range 4-8 µm, 

although a small secondary peak at 11 µm was visible in ftSo. The droplets 

seemed to remain stable over the 14-day storage, as no differences were 

observed in the PSD and microstructural images. However, microstructural 

images of WPo, ftPo, and ftSo showed droplets of free oil, indicating that part 

of the oil was not emulsified, therefore the quantity of emulsifier and/or the 

homogenisation process need optimisation. Nevertheless, the free oil droplets 

did not merge over storage, probably due to the viscosity of the creamed 

material or also because of partial stabilisation of the droplets, and free oil was 

not observed macroscopically. 
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Figure 7.2. Effect of storage time (5°C) on the stability of (A) RSo and (B) ftSo. PSD 

at days 1, 4, 7, and 14 of storage, and micrographs at day 1 and 14 of storage are 

shown. Scale bar represents 50 µm size. D 4,3 is expressed as the average of the D 4,3 

measured at days 1, 4, 7, and 14 of storage. Prior to analysis, ftSo was diluted with 

oleosome recovery buffer to ratio emulsion-to-buffer 1:1 (v/v). Black arrow indicates 

free oil. 
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Figure 7.3. Effect of storage time (5°C) on the stability of WPo (A) and ftPo (B). PSD 

at days 1, 4, 7, and 14 of storage, and micrographs at day 1 and 14 of storage are 

shown. Scale bar represents 50 µm size. D 4,3 is expressed as the average of the D 4,3 

measured at days 1, 4, 7, and 14 of storage. Prior to analysis, emulsions were diluted 

with recovery buffer to ratio emulsion-to-buffer 1:1 (v/v). Free oil is indicated by the 

arrows. 

Unlike the previous three samples, PSD of RSo had two large peaks: the peak 

at ~4 µm is comparable to that of the other samples, indicating the emulsified 

oil, whereas the second peak at 100 µm would indicate merged droplets of non-

emulsified oil. Larger free oil droplets in RSo compared to WPo, ftPo, and ftSo 

is also observed in the respective micrographs. The higher volume of non-

emulsified oil in RSo would depend on the reduced concentration of emulsifier. 

In fact, as reported in Section 6.3, only a limited amount of multicomponent 

hemi-membrane would be released in the RWOB serum in absence of freeze-
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thaw. Generally, the emulsion droplet size decreases when the amount of 

emulsifier increases (McClements, 2004), but also on the type of emulsifying 

device (Pinnamaneni et al., 2003; McClements, 2004). The contribution of both 

peaks to the RSo PSD varies at the different days of storage, probably due to a 

non-homogeneous spatial distribution of the emulsified and non-emulsified oil 

at the moment of sampling, as a trend could not be defined. 

Micrographs of ftPo show the tendency of droplets to aggregate, although this 

does not seem to cause droplet coalescence as PSD remains constant over 

time. Hence, aggregation is reversible, and the aggregates are probably re-

dispersed within the PSD analyser. Droplet aggregation would not be pH-

dependent in this case due to the high pH of the emulsion, as above reported. 

Formation of aggregates due the gelation of cruciferins (Ntone et al., 2022) 

should be excluded either as this occurs at temperatures around 70-80°C 

(Schwenke et al., 1998; Withana-Gamage et al., 2015), whilst emulsions were 

produced at room temperature. Therefore, aggregation may be induced by a 

possible interfacial modification due to the freeze-thaw process as it only 

occurred in the w-f-t pellet. 

The results reported in this section suggest that the materials contained in the 

serum and in the pellets can stabilise o/w emulsions. The emulsified droplets 

were stable to coalescence for the whole period tested (14 days), although not 

all the oil was emulsified, therefore optimisation of the formulation and 

processing conditions is required. A higher fraction of non-emulsified oil was 

observed in the system (RSo) containing lower percentage of emulsifying 

material. The tested materials have different composition, yet they all have 

emulsifying properties; thus, from an industrial perspective, a mixed system 

could be used. 

 

7.2.2 Role of the emulsifier 

7.2.2.1 Formulations 

This work initially aimed at testing the emulsifying properties of the w-f-t serum 

exclusively, therefore, the batch mass of the dispersions was defined according 

to a suitable quantity of serum (16 g) that could be efficiently purified. The 
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serum was employed to produce 20 g of an o/w emulsion containing 20% (w/w) 

oil. Formulations containing pellets were therefore adapted to that with serum. 

Compositional and microstructural analyses of w-f-t serum suggested that it is 

enriched in hemi-membrane material released by ruptured oleosomes 

(Sections 6.3.1, 6.3.2, 6.3.3), and assumed to have emulsifying properties. The 

hypothetical emulsifier was then quantified as the sum of the protein content 

in the serum, and PL content, assumed to have a mass fraction of 0.57 with 

respect to the structural protein content (Tzen et al., 1993). The quantity of 

emulsifier theoretically present in ftSo was calculated by using Equation 7.1. 

 

ὩÃ Ϸ ὴὧ Ϸ ὖὒὧ Ϸ ὴὧ Ϸ πȢυχ  ὴὧ Ϸ      (Eq. 7.1) 

 

Where: 

ec (%) is the theoretical emulsifier (multicomponent hemi-membrane) content 

in ftSo  

pc (%) is the protein content in ftSo calculated from the value of Section 6.3.1 

PLc (%) is the PL content in ftSo, which is 0.57 × pc 

 

This corresponds to an ec value of 0.45% in ftSo, equal to 0.09 g emulsifier in 

16 g of w-f-t serum. Based on the same equation, ftPo was produced in order 

to hypothetically contain the same emulsifier concentration as ftSo. WPo was 

produced with the same pellet mass as ftPo, but the protein potential 

emulsifier content should be slightly lower than the other two materials due to 

its lower protein content. However, Equation 7.1 contains the important 

approximation that all proteins are assumed as hemi-membrane proteins. Such 

an approximation is acceptable for w-f-t serum, as oleosins dominate the 

protein population, but less acceptable for the pellets, due to their varied 

protein composition. The relative fractions of storage and structural proteins 

in the pellets at this stage are unknown, therefore the quantification of 
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emulsifier in the pellets is only indicative. Future work may be a more detailed 

protein quantification in the various fractionated materials. 

A number of studies reported emulsion-stabilising properties of OSR seed 

storage proteins. It is more likely that napins have better emulsifying 

properties, whereas cruciferins have more gelling properties (Ntone et al., 

2022). Cruciferins and napins account for 60% and 20%, respectively, of the 

total seed proteins (Nietzel et al., 2013; Perera et al., 2016). 

Able-Slabi et al. (2021) produced stable emulsions of rapeseed oil stabilised 

with OSR napins previously extracted at different conditions and dispersed in 

buffer at pH 7 under powder form. Ntone et al. (2021, 2022) analysed the 

emulsion-stabilising function of napins and cruciferins. According to the 

authors, napins stabilise oil droplets by distributing at the interface, due to 

their high interfacial activity, whereas cruciferins are situated between the 

droplets and weakly interact with the napin interfacial layer. In emulsions at pH 

7, napins were present as single molecules and no napin aggregates were 

observed (Ntone et al., 2021). Solubilisation of both napins and cruciferins 

occurs at strong alkaline pH (Chen & Ono, 2010; Wanasundara et al., 2012) and 

would be facilitated by the presence of salts (Wanasundara et al., 2012; De 

Chirico et al., 2018). This suggests that the composition of the continuous 

phase adopted in the re-emulsification experiment in Section 7.2 would allow 

solubilisation of both proteins and that napins may be present at the interface 

as single molecules.  

At the stage of formulating ftSo, it was unknown whether the whole amount of 

oil (4 g) could have been emulsified. With the approximation of the emulsifier 

being represented by the hemi-membrane material exclusively, the maximum 

amount of oil that could be re-emulsified may depend on the relative 

percentages of hemi-membrane and core oil in the oleosomes. The quantity of 

hemi-membrane material in intact oleosomes can be calculated as: 

 

άά Ϸ ίὴ Ϸ άὖὒ Ϸ ίὴ Ϸ  πȢυχίὴ Ϸ       (Eq.7.2) 
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Where: 

mm (w/w, %) is the average percentage of multicomponent hemi-membrane 

in oleosomes 

sp (w/w, %) is the approximate concentration of structural proteins in 

oleosomes as measured in RWOB (Section 6.3.1) 

mPL (w/w, %) is the calculated concentration of hemi-membrane PLs, by 

applying the same ratio PL/structural protein as in Eq. 7.1 

 

By applying the above equation, the hemi-membrane mass contribution in 

intact oleosomes would be 6.28% (w/w), and the respective oil mass is 

approximately 94% (w/w), which corresponds to the oil content in RWOB 

(Section 6.3.1). These are average values as the relative hemi-membrane and 

oil contributions change with oleosome size. Considering this ratio and 

knowing the mass of emulsifier in 16 g of w-f-t serum, the oil mass 

corresponding to the quantity of hemi-membrane in 16 g of w-f-t serum (oe) 

was calculated using Equation 7.3. 

 

έὩ Ὣ ὩὪ
Ȣ

πȢπω ρȢτσ     (Eq.7.3) 

 

Where: 

oe is the mass of oil (g) corresponding to the mass of emulsifier (g) in 

formulation 

ef is the mass of emulsifier (0.09 g; 0.45%) in the formulation  

eOB is the % of emulsifier (hemi-membrane proteins and PLs) in RWOB dry 

(100% of the mass) 

 

Based on Equation 7.3, oe is 1.43 g; which is lower than the quantity of oil (4 g) 

in the formulation. Moreover, the hemi-membrane in the w-f-t serum already 
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contains a percentage of oil; therefore, the respective mass of oil to be 

potentially re-emulsified would be even lower and correspond to: 

 

έὶ Ὣ έὩ Ὣ ρ πȢρψ ρȢρχ   (Eq.7.4) 

 

Where: 

or is the mass of oil (g) mass of oil to be potentially re-emulsified by the mass 

of emulsifier in 16 g w-f-t serum 

0.18 is the fraction of oil already contained in the hemi-membrane  

 

Based on the above assumptions, the quantity of oil in the formulation (4 g) 

would be in excess. At this stage, the ratio emulsified/non emulsified oil is 

unknown; future work may include the quantification of this ratio. Despite the 

presence of free oil in ftSo as showed in the micrographs of Figure 7.2 B, the 

mass of the emulsified oil may be higher than or, due to the larger droplet size 

in the re-emulsified materials with respect to the original oleosomes. The 

reduced specific surface area of the droplets may allow the incorporation of 

more oil; in fact, droplet size is a function of emulsifier concentration, especially 

when the amount of emulsifier is low (emulsifier-poor regime) (McClements 

2004). 

However, other phenomena, such as the formation of multilayers of emulsifier 

around the oil droplets (McClements, 2004), could have opposite effect and 

result in an excess of emulsifier per droplet, reducing the percentage of 

emulsified oil. Furthermore, the homogenisation process may induce the re-

emulsified material to reorganise in a liposome-like fashion, especially in ftSo 

as the emulsifier should consist mainly in oleosome hemi-membrane material. 

The formation of a double rather than a single layer of emulsifier would highly 

increase the amount of emulsifier per droplet. Moreover, a portion of the 

volume in these structures would be characterised by the aqueous phase; 

therefore, the portion of re-emulsified oil is reduced with respect to that 

hypothetically contained in the total droplet volume. An aliquot of ftSo was 
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imaged by light microscopy in fluorescence mode (Figure 7.4) and, although 

not confirmed, part of the droplets seem to be characterised by two concentric 

green rings, corresponding to the interfacial proteins, and a red area in 

between, corresponding to the oil; the same dyes as for confocal imaging were 

used. This appearance suggests that at least some of the emulsion droplets are 

organised in a liposome-like structure. 

 

 
Figure 7.4. ftSo imaged with fluorescence microscopy. Right panel: zoom of the area 

delimited by the blue rectangle. Scale bar is 100 µm. 

If undesired, the formation of droplets with this configuration may be avoided 

by modifying the emulsification process. However, liposome-like structures 

originated from oleosomes may have useful applications such as that of carrier 

of hydrophilic compounds. 

 

7.2.2.2  Homogenisation conditions 

Preliminary homogenisation tests were conducted to define the 

homogenisation conditions, i.e., speed and time, to produce the emulsions in 

this study, as shown in Figure 7.5. 

100 µm 
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Figure 7.5. Micrographs from preliminary emulsification tests. WPo produced with 

3 min homogenisation at 9,500 rpm (A), 8 min at 13,500 rpm (B), and 3 min at 20,500 

rpm (C). Scale bar 50 µm. 

Increasing the homogenisation speed increased droplets dispersion and 

produced a more homogeneous droplet distribution. Higher intensity or 

duration of the homogenisation process usually leads to smaller droplet size 

(McClements, 2004). Östbring et al. (2021) used homogenisation speed of 

20,000 rpm (Silent Crusher M, Heidolph Instruments GmbH& Co. KG, 

Schwabach, Germany) to produce emulsions stabilised by oleosins isolated 

from OSR. At sufficiently high emulsifier concentration (emulsifier-rich regime) 

the droplet size mainly depends on the disruptive energy input of the 

homogeniser, provided the emulsifiers does not form multiple layers around 

the droplets (e.g., globular proteins) (McClements, 2004). The emulsifier 

concentration was still not sufficient to completely emulsify the oil (Section 

7.2.1), however the oil was more efficiently dispersed by optimising the 

homogenisation conditions. 

Because the homogenisation time, intended as the time spent within the 

homogenisation zone, is important in defining the final droplet size, the 

relation between type of homogeniser and sample volume is crucial 

(McClements, 2004). Thus, the high shear homogeniser used in the experiment 

was considered the suitable device to emulsify 20 g of dispersion (Section 2.11). 

In fact, as reported by McClements (2004), the emulsion characteristics are a 

function of the homogeniser efficiency and how the homogeniser itself is used. 

50 µm 

A 

50 µm 

B 

50 µm 

C 
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7.3 Summary of results 

The work described in this chapter suggests that materials produced by 

fractionation of oleosome emulsions can be used as sources of emulsifiers to 

stabilise o/w emulsions. Due to the low mass fraction of the dispersed phase 

(0.2), the different emulsions produced were not stable to creaming, however 

they had good droplet stability to coalescence, as their microstructure did not 

change during the 14-day storage time. 

The materials employed in this chapter had different composition, with the w-

f-t serum mainly containing oleosome multicomponent hemi-membrane, 

instead the WOB pellet and w-f-t pellet were more heterogeneous and perhaps 

they also contained storage proteins, yet they all effectively stabilised o/w 

emulsions. In fact, previous studies reported that the oleosomes, and storage 

proteins from oily seeds, have emulsifying properties. 
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8 General discussions 

8.1 Background 

Research into oleosomes (oil bodies, or spherosomes) has developed over the 

years from their biological roles and synthesis to, more recently, their potential 

applications in the food and pharma sectors. This work has explored a physical 

method (freeze-thawing) to rupture oleosomes as the core oil and the 

multicomponent hemi-membrane fractions will expand the industrial 

applications of oleosomes. With the aim to obtain a high oleosome 

destabilisation yield, defining the ideal freezing and thawing processes is 

important, but it is also important to understand the characteristics of the 

interface. Oleosomes are known to have a complex interface (multicomponent 

hemi-membrane) whose specific composition may be affected by the fatty acid 

composition of the core oil. Part of this work explored the composition of 

oleosomes from oilseed rape (OSR) cultivars with different oil compositions to 

see if there is also a variation in the hemi-membrane lipid composition (polar 

lipid profile, fatty acid composition, and prevalence of antioxidant molecules). 

It is likely that the nature of the hemi-membrane will influence the freeze-thaw 

stability of the oleosomes and also affect their functionality ex-vivo, 

determining their properties as surface active material. 

It is of interest to consider the broader implications of one’s research, to link 

one’s work with other areas of research. Although the thrust of this work has 

been to establish freeze-thawing conditions that rupture oleosomes ex-vivo, it 

would be intriguing to connect these findings with work on the freeze-thaw 

stability of oilseeds where the integrity of oleosomes is vital for ensuring seed 

viability. Another research area that could be connected with the work 

reported in this thesis is that of digestion: it is clear from Chapter 4 that 

oleosome integrity is affected by pH, begging the question of how much pH 

affects oleosome stability/digestion notwithstanding the impact of pH on 

enzyme activity. 
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8.2 Effect of thawing on the stability of emulsions 

The freeze-thaw stability of emulsions can also be affected by the thawing step; 

however, this has been so far only marginally considered in literature (Degner 

et al., 2014). The emulsion destabilising effect of thawing may depend on the 

thawing conditions and characteristics of emulsions, such as the composition, 

or the droplet size. It was previously reported that emulsions with larger 

globules tend to be less stable to freeze-thawing (Rousseau, 2000). As an 

example, Hernández-Carrión et al. (2011) observed that the thawing step had 

a negative impact on the stability of frozen (-18°C, one week) emulsion-based 

sauces when the emulsion globules were larger, whereas it had no impact for 

emulsions containing smaller globules. The sauces were emulsions of different 

edible fats stabilised by hydrocolloids or proteins. 

The thawing temperature-time combination may also affect the 

physicochemical stability of emulsions to freeze-thawing. Human milk fat 

globules frozen at -18°C, were more destabilised (higher PSD) upon thawing at 

4°C for 10 h, than at 45°C for 1 min (Zhang et al., 2022). The longer thawing 

time at 4°C was proposed to cause more damage to the globules. Considering 

the findings of Chapter 4, milk destabilisation in Zhang et al. (2022) may have 

been caused by partial coalescence, due to the presence of fat crystals in the 

milk fat globules and promoted by previous freezing at -18°C. Milk fat of human 

(Lopez et al., 2013) and bovine (Tomaszewska-Gras, 2013) origin is partially 

crystalline at 4°C, and further crystal growth occurring upon storage at 4°C may 

have a destabilising effect. Conversely, milk fat is melted at 45°C, thus no 

destabilising effect of fat crystals on thawing would be observed at this 

temperature. As reported in Chapter 4, Section 4.3.1, RWOB cooled in liquid 

nitrogen to -100°C was stable when thawed to room temperature, but very 

unstable if, after freezing in liquid nitrogen, the emulsion was immediately 

stored in freezer to -20°C for 22 h before thawing. It was proposed that lipids 

may partially re-melt on reheating from -100°C to -20°C, followed by re-

crystallisation over several hours at -20°C, which could have caused 

destabilisation by partial coalescence. The previous freezing step in liquid 
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nitrogen seems to be important to create the conditions for destabilisation, 

even if it is not destabilising per se. Perhaps, freezing affects the properties of 

the interface, which is less resistant to crystal protrusion if previously cooled to 

a very low temperature. 

Conversely, Katsuki et al. (2017), tested the freeze-thaw stability of rapeseed 

oil emulsions stabilised with Tween 20. The emulsions were frozen to -20°C, 

stored at this temperature for 16 h, and thawed at 20°C, 30°C, or 40°C. The 

extent of destabilisation, attributed to crystallisation of the lipid phase 

occurring during the storage period at -20°C, was not affected by the thawing 

temperature. 

One destabilising effect of thawing in o/w emulsions may thereby come from 

preserving part of the crystals formed upon freezing, which may further grow 

if the storage temperature allows it. Perhaps freezing imposes some sort of 

stress on the droplet surface, which increases the destabilisation effect in 

partially melted droplets. Therefore, a freeze-thawing technique which 

includes a flash freezing step to induce rapid lipid crystallisation, followed by a 

“pre-thawing” step where crystal growth/rearrangement occurs in partially 

melted droplets, and a final thawing step where oil is melted, may be 

considered for oleosome emulsions.  

It is worth to consider that the thawing step may have an effect on the quality 

of the oil liberated, as the protective effect of the surface is reduced due to the 

direct exposure of the oil to external agents, and this would be important 

when, as in this thesis, freezing is deliberately used to rupture the lipid droplets 

and induce oil release on thawing. However, in this work, the quality of the oil 

released by freeze-thawing was good as it had an oxidation value in line with 

that of fresh oils (see Chapter 6). Nevertheless, a heat treatment step before 

freeze-thawing oleosome emulsions is probably needed from an industrial 

point of view, to inhibit both microbic growth and enzymatic reactions. This 

could potentially further improve the oil quality, although it may alter the 

surface properties of oleosomes; therefore, it is important to develop a heat 

treatment process which would not affect the nature of oleosomes. 
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To conclude, thawing may contribute to destabilise oleosome emulsions along 

with freezing if the emulsion remains partially crystalline during thawing. 

 

8.3 Effect of freeze-thawing on seeds 

This work has established the stability of OSR oleosome emulsions upon freeze-

thawing under different conditions. This information could help designing 

(oleosome) emulsions and/or related freeze-thaw processes to preserve the 

emulsion stability on one hand, or engineering processes to cause extensive 

emulsion rupture on the other hand. Can these results, established for 

oleosomes ex-vivo, be applied to understand the impact of freeze-thawing on 

seed viability, and is any further light shed on the mechanism of oleosome 

destabilisation by comparing results from these separate fields of research? 

Freeze-thawing of seeds has been studied for its effect on plant seed stability. 

Shibata et al. (1995) observed that Astragalus radix (Astragalus mongholicus 

Bunge) seeds were more physically damaged and less viable when frozen to -

196°C (in LiqN) than to -20°C. Destabilisation appeared to be larger at higher 

water content (naturally-occurring or by imbibition), due to the presence of 

more ice. Jordan et al. (1982) observed reduced germination in Pigeon grass 

(Setaria lutescens f. pumila) after a freezing treatment in liquid nitrogen to -

196°C, attributing that to loss of oleosome integrity. Jaganthan et al. (2017) 

observed an increased membrane damage in Lettuce (Lactuca sativa) seeds on 

freezing to -20°C at 1°C/s than at 0.05°C/s. Interestingly, freeze-tawing applied 

as a pre-treatment for cold-pressed Perilla (Perilla frutescens; “beefsteak 

plant”) seeds (Lee et al., 2020 ) increased the oil yield, presumably due to tissue 

softening (perhaps this facilitated oleosome rupture). 

It does not appear to be possible to define a specific relationship between seed 

viability and cooling process (cooling rate, target cooling temperature), 

probably due to the different morphological and physiological properties of 

seeds from different species. As reported by Wawrzyniak et al. (2020), seeds of 

bird cherry (Prunus padus) and common dogwood (Cornus sanguinea) would 

be more stable to storage (in liquid nitrogen or at -18°C) than seeds of wild 
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cherry (Prunus avium), presumably due to a deeper seed physiological 

dormancy of the first two. Due to the complexity of the seed dormancy 

mechanisms (Finch-Savage & Leubner-Metzger, 2006), correlating the specific 

seed physiological conditions to the oleosome stability is not straightforward. 

Nevertheless, it can be imagined that under cold storage, the oleosome 

architecture in seeds with higher physiological dormancy tend to be preserved, 

whereas physiological changes during this time may more easily occur in seeds 

with reduced physiological dormancy, causing lower oleosome stability to 

freeze-thawing in the latter type of seeds. 

Another factor possibly affecting the freeze-thaw stability in seeds is the 

presence of anti-freeze proteins, found in plants and other organisms (Gupta 

& Deswal, 2014; Eskandari et al., 2020), which control ice crystal growth by 

reducing the ice crystal size (Kennedy, 2008; Kiani & Sun, 2011). It seems that 

oleosins also function as anti-freeze proteins, as observed in seeds of Thale 

cress (Arabidopsis thaliana) (Shimada et al., 2008); seed mutants deficient in 

oleosin did not germinate after freeze-thawing. 

The above works suggest that freeze-thawing of seeds has an impact on their 

quality, and it is probably related directly to the characteristics of the 

oleosomes contained in the seeds. Seed instability to freeze-thawing is 

certainly an undesired event in most of the field applications, but it may also 

be welcome as an industrial pre-treatment with a view to increase oil yield. In 

relation to this latter aspect, it may be possible to develop specific seed breeds 

which are less resistant to freeze-thawing. 

 

8.4 Role of other components on the oleosome surface stability 

As reported in Chapter 3 and 4, the oleosome surface composition is expected 

to play an important role for its physical stability, in relation to the surface 

capacity to resist to mechanical stresses. Crystallisation of both the aqueous 

and the dispersed phase would impose mechanical stress on the oleosome 

surface; therefore, as discussed in Chapter 4, the oleosome freeze-thaw 

stability would also depend on its surface characteristics. According to Boulard 
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et al. (2015), more stable oleosomes would contain more sterols, more 

tocopherols, and fewer PL PUFAs, all contributing to a more rigid surface 

structure by reducing the PL monolayer mobility. Compositional data from OSR 

accessions with different TAG composition (Chapter 3) suggest that the fatty 

acid composition of the oleosome interfacial PLs may be more preserved than 

that of the core TAGs among the different accessions. Nevertheless, when the 

oil FA unsaturation is much higher, as in Echium plantagineum, the core oil 

seem to be associated with more saturated FA in the surface PLs (Payne et al., 

2014), perhaps to provide stability to the oleosome. It is also possible that the 

composition of tocopherols and other surface lipids is related to the degree of 

FA unsaturation in PLs, but a clear pattern does not seem to be observed due 

to the complexity of the oleosome lipid profile. 

An important parameter for oleosome physical stability is the droplet size. 

Smaller oleosomes have a higher oleosin-to-oil ratio (Tzen et al., 1993), and 

they were reported to be more physically stable to mechanical damage than 

larger oleosomes (Boulard et al., 2015). In Chapter 4, Section 4.6, it was 

proposed that smaller oleosomes may be physically more resistant than larger 

oleosomes to one or more freeze-thaw cycles. The higher physical stability in 

droplets of reduced volume may be due to a higher surface contribution of 

oleosins, and by the higher curvature, which could make oleosomes more 

resistant to coalescence. Oleosins stabilise oleosomes by steric hindrance, and 

prevent droplet coalescence (Karefyllakis et al., 2019c) and specific oleosins (H-

oleosin) and steroleosin would contribute to increase the oleosome stability as 

they provide more coverage on the oleosome surface, by increasing the 

protein-protein interaction (Boulard et al., 2015). Due to their structure, 

oleosomes appear capable to deform under mechanical stress and fully recover 

even after significant compression (Nikiforidis, 2019; Yang et al., 2020).  

The combination of all these factors may have implications for the oleosome 

technological properties, for instance the oil extractability from seeds or from 

oleosomes. With the aim of rupture oleosomes (e.g., by freeze-thawing) to a 

high extent, it is necessary to select/produce varieties more susceptible to 

destabilisation. On the other hand, less physically resistant varieties could be 
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less enriched in good compounds such as phytosterols and tocopherols, if these 

compounds are present in higher concentration in the more resistant 

oleosomes. Determining the quantitative/qualitative composition of the 

surface compounds would therefore be instructive to anticipate the oleosome 

mechanical stability. 

 

8.5 Antioxidant emulsifiers 

There is a growing interest from the food industry in producing emulsions 

which contain health-promoting bioactive lipids; however, a great part of these 

lipids is highly susceptible to oxidation. The oxidative stability of such lipids may 

be considerably enhanced by the use of emulsifiers with antioxidant activity or 

able to associate with antioxidants, to form a protective layer around the lipid 

droplets. The role of interfacial antioxidants has been reviewed by McClements 

& Decker (2018). Several biological molecules, including PLs, proteins, 

tocopherols and phytosterols may exhibit antioxidant activity. 

PLs are well known emulsifiers, which may act as antioxidants through metal 

ion chelation, free radical scavenging, or by preventing the interaction between 

prooxidants and lipids. PLs from soybean and sunflower are probably better 

antioxidants in o/w emulsions than food grade tween 20 (Chaiyasit et al., 2005; 

Liang et al., 2017). 

Antioxidant activity has been reported for several proteins (Elias & Decker, 

2011), including oleosins (Ji et al., 2019); soybean oleosins dispersions had 

antioxidant activity as radical scavengers (Sun et al., 2022), perhaps exerted by 

the hydrophobic groups (Zhang et al., 2021). Also, rapeseed meal protein 

isolates had antioxidant activity, mainly due to associated phenolic 

compounds, but presumably also by specific peptides (Georgiev et al., 2022).  

Other effective interfacial antioxidants may be tocopherols (Chaiyasit et al., 

2005), as they contain phenolic groups which have free radical scavenging 

activity (Shahidi et al., 1992). Antioxidant activity in solution or associated to 

PC membranes was also reported for phytosterols, which also prevented 

tocopherol oxidation in membranes (Yoshida & Niki, 2003). 
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Emulsifying systems with antioxidant properties could be produced utilising the 

above compounds or other molecules such as carbohydrates or other 

surfactants. However, the above compounds are naturally present in 

oleosomes, therefore the oleosome multicomponent hemi-membrane could 

be employed directly as an emulsifier with antioxidant activity, a sort of “multi-

antioxidant emulsifier”, with characteristics of both a mixed emulsifier system 

and a multilayer system. In fact, the oleosins are both embedded within the PL 

monolayer, but they also cover a high portion of the PL monolayer, stabilised 

by electrostatic interactions with the PL heads; this coverage by oleosins may 

prevent close contact between the core lipids and pro-oxidants from the 

aqueous phase. The thickness of protein emulsifier layers was in fact proposed 

to play an antioxidant role through this mechanism by Hu et al. (2003). 

In this thesis, phytosterols (Chapter 3) and tocopherols (Chapter 6) were 

identified as oleosome components, and it is likely that they are situated at or 

within the multicomponent hemi-membrane. In Chapter 6 and 7 it was 

observed how the interfacial material from fractionating oleosome emulsions 

preserved its overall structure and can be employed as an emulsifier for o/w 

emulsions. The oil recovered from freeze-thawing oleosomes, contained about 

50% of the total tocopherol, thus the remaining 50% may still be connected 

with the multicomponent hemi-membrane. It can thus be expected for 

phytosterols and tocopherols to remain partially associated with the liberated 

hemi-membrane. 

A potential advantage from freeze-thawing is the possibility to preserve the 

chemical stability of the antioxidant interfacial components, due to the low 

process temperatures. Moreover, mixtures of oleosome multicomponent 

hemi-membrane and storage proteins from OSR (Georgiev et al., 2022; 

Östbring et al., 2019, 2020; 2021), may be used to produce emulsifiers with 

antioxidant activity. As described in Chapter 7, the less pure pellet material 

with emulsifying activity, produced by centrifugation of the freeze-thawed 

oleosomes, and presumably containing a mixture of oleosome interfacial 

material and residual storage proteins, may also have antioxidant activity. 



220 
 

In order to characterise the antioxidant properties of the multicomponent 

hemi-membrane recovered from freeze-thawed oleosomes, next steps should 

include sterol and tocopherol determination in the liberated multicomponent 

hemi-membrane, and a measure of the respective antioxidant activity. 

 

8.6 Role of oleosome surface stability during digestion 

Oleosome stability is also an important aspect when using oleosomes for 

human consumption. We observed that, under conditions that appear to retain 

the native state of the oleosome surface material (proteins such as oleosin and 

phospholipids), destabilisation of oleosomes can be promoted by specific 

freezing conditions followed by a thawing stage. Rupture of the oleosome 

surface layer is rendered much more facile on reducing the pH from 9 or 6 to 

3, perhaps linked to configurational rearrangements occurring with the 

oleosome integral proteins on reducing the pH; this observation will be helpful 

when considering applications of oleosome in the food and pharma industries. 

It also raises the question about the impact of gastric pH values on the stability 

of oleosomes during digestion: the actual value of human gastric pH varies 

between 6 and 3 depending on when samples are taken during food transit 

through the gastric phase; there is evidence that a high portion of a meal only 

experiences a pH of between 4.6 and 5.5 (Sams et al., 2016). One would 

therefore anticipate that oleosomes may remain intact during the gastric phase 

unless pepsin digests the surface proteins. Previous work by White et al. (2009) 

on simulated human digestion in vitro suggested that the mean bioaccessibility 

of α-tocopherol and total fatty acids from sunflower oleosomes was 

significantly lower than that from emulsions stabilised by Tween 20 or whey 

protein isolate, therefore oleosomes could provide a natural emulsion in food 

that is digested at a relatively slow rate and result in increased satiety. 
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9 Conclusions and Future work 

9.1 Conclusions 

The research presented in this thesis has revealed the possibility to destabilise 

oleosomes, previously recovered from oilseed rape seeds under the form of 

concentrated emulsions at pH 9, by freeze-thawing and without the use of 

chemicals. This process allows the partial separation of the oil (previously 

confined in the oleosomes) from a material enriched in oleosome interface, the 

multicomponent hemi-membrane, made mainly of PLs and structural proteins. 

The OSR oleosomes contained approximately 94% of TAGs (dry basis), and their 

overall FA composition was oleic >> linoleic > linolenic > palmitic acid (and 

other minor FAs), typical of canola oils. The interface PLs were PC, PE, PI, and 

PG. Other identified components were glycolipids, phytosterols, and 

tocopherols, supposed to be all intrinsic oleosome components. 

DSC experiments were carried out to provide insight about the thermal 

behaviour of oleosome emulsions upon freeze-thawing. Phase transition of the 

aqueous phase and lipid phase were distinguished by comparison with the 

thermal profile of the respective bulk aqueous phase and bulk oil. Upon cooling 

emulsions from 20°C to -60°C (at -2, -5, -10°C/min), the aqueous phase 

crystallised at ~-10°C, whereas the lipid phase at temperatures below -40°C. 

In further DSC experiments, where oleosome emulsions were cooled from 20°C 

to -20°C at different cooling rates followed by an isothermal step of 8 h at -

20°C, crystallisation of the aqueous phase occurred within the first minutes of 

cooling (during the cooling step), whereas crystallisation of the lipid phase 

started after 2 h of isothermal at -20°C, and it continued for the following 3 h. 

Lipid crystallisation was not affected by the initial cooling rate. 

In all DSC experiments, dispersed lipids (oleosome emulsions) crystallised 

earlier than the respective bulk oil. It was proposed that earlier lipid 

crystallisation in oleosomes was caused by a mechanism of heterogeneous 

nucleation induced by the oleosome interface. 

Emulsions (pH 9) frozen to -20°C and thawed at 20°C, had no sign of 

destabilisation (measured as oil yield, i.e., amount of oil collected after freeze-
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thawing) if the isothermal at -20°C was less than 3 h, whereas destabilisation 

progressively increased after 3, 6, and 24 h isothermal time. By comparison 

with DSC data, emulsion destabilisation occurred along with crystallisation of 

the lipid phase. Oleosome emulsions did not destabilise if frozen to -10°C for 6 

h, and DSC data showed only crystallisation of the aqueous phase at this 

temperature. On the other hand, when the emulsions were cooled to -75°C up 

to 24 h, or in liquid nitrogen to -100°C (for 30 s), then thawed, they did not 

destabilise, although lipids would have crystallised. Oleosomes seem thereby 

to rupture only when lipids crystallise over a sufficiently long-time range. This 

suggests that oleosomes rupture through a mechanism of partial coalescence, 

for which partial crystallinity for a sufficient amount of time for droplets to be 

destabilised. 

The freeze-thaw stability of the oleosome emulsions is affected by process 

parameters. The oil yield from freeze-thawing seemed to decrease in oleosome 

emulsions with higher water content. Emulsions were less stable to freeze-

thawing on decreasing the pH from 9 to 6 and eventually 3. At pH 3, the 

emulsion released oil even without freeze-thawing, within four days storage at 

5°C. For the emulsions at pH 9, increasing the freeze-thawing (freezing at -20°C) 

cycles to two or three only led to 9% increase in oil yield. Heat treating the 

oleosomes at pH 9 to 95°C for 7 min prior to freeze-thawing, caused instead a 

fast and extensive rupture within the first minutes of freezing, in 

correspondence with crystallisation of the aqueous phase. Lower emulsion 

stability to freeze-thawing on either decreasing the pH, or heat treating, is 

presumably related to modifications at the oleosome interface, possibly due to 

conformational changes in oleosins (Chapter 4). 

Emulsion stability is also related to the oleosome FA composition. Oleosomes 

from OSR lines with more unsaturated fatty acid profile, frozen to -20°C (and 

thawed to 20°C), were less destabilised by freeze-thaw, whereas the most 

unstable was a line enriched in erucic acid. 

Centrifugation of the freeze-thawed oleosome emulsions allowed separation 

and collection of the oil released from the ruptured oleosomes, and of the 

remnant material containing residual intact and the remaining ruptured 
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oleosomes. Washing and centrifugation of this latter material allowed to 

recover the oleosome interface components in the supernatant; those 

components seemed to be organised in spherical structures with reduced 

diameter compared to oleosomes. The oil had a peroxide value and p-Anisidine 

value in line with that of fresh oils, it was devoid of PLs (considered oil 

contaminants), and it contained about 180 µg/g of tocopherol. A more complex 

material, sedimented upon centrifugation, containing oleosome hemi-

membrane, a carryover of oil and possibly storage proteins, was also obtained. 

Both this material and the supernatant were employed to produce o/w 

emulsions, which were unstable to creaming due to their high water-to-lipid 

ratio, but stable to coalescence over a 14 day-storage at 4°C. 

In conclusion, freeze-thawing is as a physical method that can destabilise 

oleosomes, releasing clean oil that would require only minimal refining if any 

(low peroxide and p-Anisidine value, absence of phospholipids) on one hand, 

and an interfacial material which could be employed as an emulsifier to 

produce o/w emulsions on the other hand. 

 

9.2 Future work 

9.2.1 Future technological work 

As reported in this thesis, freeze-thawing of oleosomes, when cooled to -20°C, 

promoted the rupture of oleosomes releasing about 50% of the total oil 

content; this rose to about 60% by coupling flash freezing in liquid nitrogen 

with storage at -20°C. Hence, a further 40-50% of oil can still be collected. As 

the oleosome freeze-thaw stability is affected by its composition, a parallel 

screening work of characterisation of the oleosome composition from different 

lines, paired with assessment of their respective freeze-thaw stability could be 

considered. It would also be worth recording the heterogeneity of a population 

of oleosomes from one seed, and establishing if certain sub-populations of 

oleosomes are more prone to breaking after freeze-thawing than others. Also, 

can the yield be increased by taking the residual intact oleosomes through a 

separate freeze-thaw process? 
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It is clear from this work that a low pH promotes oleosome rupture; this may 

reduce costs induced by the freeze-thaw approach, but how does the low pH 

affect oil quality and surface material functionality; and if the latter is affected 

detrimentally can the functionality be restored by altering the pH? 

In terms of technology, freeze-thawing could be paired with other physical 

methods such as shearing, which could promote oleosome destabilisation. This 

current work was mainly focused on studying the stability of oleosomes to 

freeze-thawing, but other physical methods may be tested, such as Pulsed 

Electric Field (PEF), which is used to inactivate microorganisms in food, and it 

may be employed to destabilise o/w emulsions. 

The ability of the residue rich in multicomponent hemi-membrane to produce 

o/w emulsions was tested in the work reported in this thesis. Previous research 

reported the use of whole oleosomes (Karefyllakis et al., 2019c) or seed storage 

proteins (Östbring et al., 2019, 2020; 2021) to produce emulsions; the 

multicomponent hemi-membrane released during the rupture of intact 

oleosomes can be used as a further emulsifying material, which differs from 

the previous two in terms of its reduced content of TAGs and storage proteins. 

This work was only at its early stage though, thus future work may consist in a 

more systematic study of emulsion characterisation, as well as improving the 

re-emulsification process, for example with the use of a microfluidizer to 

produce finer and more stable emulsions. Moreover, due to its barrier 

properties, and potential antioxidant properties, the multicomponent hemi-

membrane could be used as an emulsifier to encapsulate compounds prone to 

degradation. 

 

9.2.2 Future analytical work 

From a scientific perspective, a more detailed qualitative and quantitative 

analysis of the interfacial lipids before and after freeze-thawing of oleosomes 

would be welcome to understand whether the interface lipid composition 

varies in the oleosome material produced by freeze thawing. This information 



225 
 

could be gained by determining the oleosome interface composition with ESI-

MS/MS. 

Understanding the destabilisation mechanisms from the protein side is also 

important, therefore next steps could involve a more detailed analysis on the 

protein composition/structure, e.g., by FTIR, in intact oleosomes and following 

from freeze-thawing and/or heat treatment. 

Further information about structural changes occurring in the oleosome 

intrinsic proteins, following from freeze-thawing and/or heat treatment, may 

be gained by using Circular Dichroism and micro-DSC. 

DSC analysis of the thermal profile of oleosome emulsions provided insights 

into their behaviour upon freeze-thawing, however a deeper understanding of 

the crystallisation mechanisms and crystal polymorphs forming upon freezing 

is important as the type of lipid crystals formed may affect the stability to 

freeze-thawing.  

Analysis of the interfacial tension of the rapeseed oil recovered from physically-

ruptured oleosomes will provide further information about the purity of the oil 

from freeze-thawed oleosomes.  
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Appendix.  

Further freeze-thaw data 

In Appendix Figure 1, the effect of cooling rate in water bath (0.1°C/min, 

1.0°C/min, isothermal cooling) and water content (0.21±0.02 - original water 

content -, 0.50 and 0.70; w/w) on the oil yield from freeze-thawed ttRWOB 

(Section 4.7) is reported. After cooling, ttRWOB was held for 24 h at -20°C 

before thawing. As for RWOB, isothermal cooling at original water content led 

to higher oil yield, but its effect was less clear at 0.50 water content. Oil yield 

from ttRWOB was higher than from RWOB at both original water content and 

0.50 water content (cooling at the same experimental conditions), whereas no 

oil could be collected at 0.70 water content. Oil collection at 0.50 water 

content, not possible in RWOB, was presumably promoted by both increased 

oleosome destabilisation and higher accessibility to the oil released by 

ruptured oleosomes, suggesting that that the lower protein content and 

perhaps protein denaturation in ttRWOB allowed to have more free oil than in 

RWOB. 

 

 
Appendix Figure 1. Oil yield (w/w, %) from freeze-thawed ttRWOB at 0.21±0.02 

(original water content), 0.50 and 0.70 water content (w/w), cooled to -20°C at 

0.1°C/min, 1.0°C/min and in isothermal cooling, then held at -20°C for 24 h and 

thawed at 20°C for 18 h. 
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In Appendix Figure 2, the effect of isothermal holding time in freezer or water 

bath at -20°C on oil yield from ttRWOB isothermally cooled is shown. In both 

cases, oil yield is higher than in RWOB cooled at same respective conditions, 

and rupture occurs at 0 h isothermal, suggesting the role of water 

crystallisation on oleosome rupture. 

 

 
Appendix Figure 2. Oil yield (w/w, %) from ttRWOB isothermally held at -20°C for 0, 

2, 3, 6 and 24 h after isothermal cooling in freezer or water bath, then thawing at 

20°C for 18 h. Cooling methods are described in Section 2.5.2.
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Phospholipid profile of oleosomes (and seeds) in literature reported in Section 3.3.2 

 

Appendix Table 1. Phospholipid profile of oleosomes (and seeds) in literature reported in Section 3.3.2  

Author: Millichip et al., 1996; Plant: Sunflower; Variety: Sunbread 236; Sample type: Oleosomes 

FA C16:0 C18:0 C18:1 C18:2 

Tot Polar 9±1 9±1 54±3 28±2 

PC 6±1 2±1 74±3 19±2 

PE 19±2 6±1 43±2 33±2 

PI 26±2 6±1 54±3 14±2 

 

Authors: Payne et al., 2014; Plant: Echium plantagineum; Sample type: Oleosomes 

FA C16:0 C18:0 C18:1 n-9 C18:2cis C18:3n-3 C18:3n-3 C18:4n-3 

PC 39.7 ± 0.1 33.3 ± 0.2 15.1 ± 0.3 4.1 ± 0.1 1.6 ± 0.1 4.6 ± 0.1 1.4 ± 0.1 

PS 40.4 ± 1.1 33.5 ± 0.3 13.7 ± 2.6 4.2 ± 0.3 1.8 ± 0.2 5.1 ± 0.9 1.3 ± 0.2 

PE 41.5 ± 0.2 33.5 ± 0.3 11.0 ± 0.3 4.6 ± 0.1 2.0 ± 0.1 6.2 ± 0.1 1.2 ± 0.1 

PI 41.0 ± 1.2 33.4 ± 0.4 12.5 ± 02. 7 4.5 ± 0.2 1.9 ± 0.2 5.6 ± 0.9 1.2 ± 0.2 

Total oil 7.5 ± 0.1 3.9 ± 0.1 17.6 ± 0.7 13.5 ± 0.3 9.3 ± 0.5 33.7 ± 1.3 13.7 ± 0.9 
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Authors: Beermann et al., 2003*; Plant: Oilseed rape; Sample type: seed 

Variety FA  C14:0 C16:0 C18:0 C18:1n-9 C18:1n-7 18:2n-6 18:3n-3 20:1n-9 22:1n-9 

 PE - 9.6 1.1 37.8 3.3 40.7 5.6 0.1 - 

NPZ PI 1 17.1 5.6 39.0 2.8 22.8 3.0 - 1.1 

 PC - 9.1 0.7 58.4 2.6 26.6 3.1 0.1 0.3 

 Total 0.1 5.5 1.5 57.8 4.1 20.2 8.2 1 0.04 

 FA  C14:0 C16:0 C18:0 C18:1n-9 C18:1n-7 18:2n-6 18:3n3 20:1n-9 22:1n-9 

 PE 1.2 7.0 1.7 65.4 2.8 18.4 2.2 0.2 1.4 

HO-NPZ PI - 12.1 5.7 47.8 2.4 15.8 3.0 0.2 - 

 PC - 4.6 0.8 80.2 2.0 9.5 1.1 0.1 1.3 

 Total 0.04 3.3 2.8 80 3.3 5.2 1.7 1.4 1.3 

 FA C14:0 C16:0 C18:0 C18:1n-9 C18:1n-7 18:2n-6 18:3n3 20:1n-9 22:1n-9 

 PE - 9.6 1.2 38.9 3.3 39.4 5.1 0.3 1.3 

DSV PI 1 14.4 4.6 26.2 2.6 34.6 6.5 0.2 - 

 PC - 7.7 0.9 56.7 2.5 27.2 3.4 0.2 - 

 Total 0.1 4.5 1.7 56.6 4.3 19.2 8.6 1.8 2.6 

 FA C14:0 C16:0 C18:0 C18:1n-9 C18:1n-7 18:2n-6 18:3n3 20:1n-9 22:1n-9 

 PE - 11.7 1.3 21.6 3.7 47.1 12.1 0.1 0.1 

RAMSC PI 1.8 16.1 4.2 14.8 2.5 39.4 11.5 0.1 0.9 

H-DSV PC - 11.4 1.0 38.9 3.1 36.6 7.1 0.1 - 

 Total 0.1 5.2 1.8 43.4 4.1 28.7 13.2 1.1 - 
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Authors: De Chirico, 2019; Plant: Oilseed rape; Variety: DK Exalte; Sample type: Oleosomes 

FA C16:0 C18:0 C18:1 C18:2 C18:3 

PC 5.58 5.18 55.07 26.96 7.21 

PS/PI 21.95 6.36 37.29 21.00 13.41 

PG 23.26 7.25 28.80 24.96 15.73 

PE 14.51 7.31 38.04 33.09 7.05 

Total oil 5.20 1.80 65.20 19.10 8.70 

 

This current thesis; Plant: Oilseed rape; Variety: Compass; Sample type: Oleosomes 

FA C14:0 C16:0 C18:0 C18:1 n9 C18:1 iso C18:2 cis C18:3 n3 C20:1 C22:1 

PC  0.12 7.16 1.37 60.29 1.72 24.04 3.53 1.05 0.37 

PI 0.00 21.41 2.69 32.33 1.99 32.23 5.76 2.78 0.81 

PG 2.19 39.49 8.93 16.09 1.13 15.44 2.12 11.42 3.19 

PE 0.00 12.40 2.78 37.04 2.43 36.27 4.64 3.69 0.73 

Total 

lipids 
0.00 5.00 1.30 58.40 2.90 20.80 9.8 1.10 0.00 
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Representative ESI-MS/MS raw data for PLs 
 

Appendix Table 2. Representative data, expressed as total ion count, of the PL 

molecular species determined by ESI-MS/MS, shown in Figure 3.9 

 

PC Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 

34:1 385680770 165209070 118543574 - - - 
34:2 223192634 84502444 68393233 - - - 
34:3 67990685 25860693 18217406 - - - 
36:2 1127056147 893674283 554729102 - - - 
36:3 1276216259 629681017 408396176 - - - 
36:4 660681520 273883324 193258196 - - - 
36:5 117892849 53635574 32819724 - - - 

Tot 3858710863 2126446404 1394357413 - - - 

 

PE Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 

34:1 198909 46332183 69791109 407398 65005747 59401511 
34:2 1062079 73864174 108008765 489051 97529923 89329195 
34:3 72026 17146322 24943206 60422 21700048 19892703 

36:2 201388 137460861 186049204 1080084 170509745 155357986 
36:3 520901 241114313 349107777 1494292 301772814 304471311 
36:4 1130604 197353166 271537053 1072661 228435664 219612814 
36:5 154955 34010144 46597838 142351 39387063 36377689 

Tot 3340861 747281163 1056034953 4746258 924341005 884443209 

 

PI Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 

34:1 64745872 79328337 97114259 102063 68525275 70352155 
34:2 181158687 223270929 284341364 252793 194459360 195256579 
34:3 43714372 54792690 66486480 61666 46928576 47131836 
36:2 91413185 108414633 134847638 102096 102897872 103070131 
36:3 219222202 266994724 427078830 241836 251957590 243449342 
36:4 121323513 135711347 197525716 121644 140917753 132792528 
36:5 22986001 24850493 38102634 0 26552689 25711504 

Tot 744563831.2 893363153.3 1245496921 882098.4 832239115.9 817764075.1 

 

PG Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 

32:0 540977 9747522 11856678 528524 10798943 8297693 
32:1 35452 964136 973139 19445 929809 743922 
34:1 755487 21172669 23485189 405662 23191731 17130991 
34:2 287615 22797177 25213143 255602 23918938 18784198 
34:3 0 3126563 3562049 37765 3435624 2712460 
36:2 235839 8991775 7295218 235089 9274397 5621725 
36:3 185710 12889904 12035500 134827 13268868 9517868 

36:4 138368 6436636 5979078 116046 6932022 5049707 
36:5 0 1121448 1122761 0 1240996 873349 

Tot 2179447 87247830 91522755 1732961 92991327 68731912 

 

  



269 
 

PS Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 
28:0 1520944 1527102 1635359 521131 1292223 931035 

32:2 447191 45751 31826 243663 8180 51035 
34:1 2058876 2743605 1678148 121910 392360 291700 
34:2 0 0 0 263478 1438596 911971 
34:3 407162 545586 366246 47991 390167 310860 
36:2 1407944 2830202 1779258 327946 1941884 1060123 
36:3 5766579 7243013 5856049 1187990 4870100 3058305 
36:4 2399617 2796548 2304392 340214 2583566 1793633 

36:5 451728 741219 415897 114509 403097 427432 
38:2 96658 598646 372614 72613 369942 251871 
38:3 373189 409989 290316 59296 338582 210833 
38:5 1029981 822398 821343 432779 639743 445785 
38:6 448865 777809 791462 444199 628987 677413 
40:2 663256 0 257028 87307 222646 117695 
42:3 469188 429308 269485 60236 278493 147820 

Tot 17541178 21511177 16869422 4325260 15798566 10687509 

 


