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Propositions

1. The efficiencies of extraction processes should be measured
in total extracted functionality, not in total mass of extracted
components (this thesis).

2. Retaining the natural structures in oilseeds is better than re-
creating them (this thesis).

3. Scientific progress is stimulated by combining cultures (gs).

4. The empbhasis on scientific reputation impedes scientific
revolutions (gs).

5. The globalized society is threatened by its lack of
humaneness (g).

6. Food tells more than language about a country’s culture (g).
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Introduction







1.1 The food industry within the food chain

Food is an essential part of human life and its supply is closely entwined with
our social arrangements and our interaction with the environment. Fig. 1.1
depicts the current food chain in a simplified way. While agriculture has been
tremendously successful in producing sufficient food for the 7.5 billion
people living at this moment, it also accounts for around 30% of the global
energy consumption and 92% of the human water footprint [1]. Moreover,
the way in which we are using these agricultural resources is not always
efficient, like when creating food products from them [2]. This misuse of
resources is relevant, especially since the assurance of food supply for the 9.5
billion people expected around 2050 is not given. As if this would not be
enough, this is occurring in a time in which it is expected that climate change
will have a negative impact on agricultural productivity. Therefore in line with
the SDGs (Sustainable Development Goals) proposed by several United
Nations Members [3], it is important to not just provide production systems
for foods that are safe and tasty with a prolonged shelf-life, but also to make

more efficient use of the crops while implementing greener processes [4].
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Fig. 1.1 An overview of the food chain from raw material to consumer.
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Next to the distribution of fresh products (i.e. fruits and vegetables),
industrialized food processing to produce processed food (i.e. bread, canned
soups, meat-replacers) can be roughly divided into two steps (Fig. 1.1). The
first step is the production of ingredients and the second is the assembly of
these ingredients into final products [2]. In the first step, the raw materials are
refined into basic building blocks such as oil, protein, flour and starch [5]—[7].
The processes required to detive these refined ingredients often include high
temperatures, extreme pH values and auxiliary chemicals such as hexane|[8],
[9]. This happens because many of these processes are primarily designed to
extract from seeds and grains as much as possible of one major component,
and do not take into account adverse effects on the other valuable biomass
components [10]. Moreover, most isolation processes are not just optimized
for high yields, but also for high purity of the produced ingredient(s), often at

serious cost of resources and leading to the production of toxic side streams.

The reason behind this purity and refinement of ingredients comes hand in
hand with one of the aims of the food industry, which is to manufacture
products with constant quality [11]. However, it is noteworthy that during the
second stage of the production of food products, these refined ingredients are
re-combined with components that oftentimes were also present in the raw
materials from which they were derived. Examples of these mixtures are: fat
and sugar to make chocolate, starch and protein to make soups, or water and
oil, which are mixed to create one of the most common structures in food

products, emulsions.

1.2 Food Emulsions

A wide range of food products such as yogurt, cheese, spreads, mayonnaise,

chocolate and ice-cream are examples of emulsions [11]. The creation of a



finely dispersed suspension of droplets of one phase into the other, either as
oil-in-water or as water-in-oil emulsions, requires stabilization of the instable
interface between the two phases [12]. This can be done by incorporation of
stabilizing emulsifiers with amphiphilic properties [13]. Due to their nature,
emulsifiers are adsorbed at the interface between oil and water and depending
on their classification, their presence delays/hinders the destabilization of the
formed droplets. In Fig. 1.2 a representation of an oil droplet stabilized by

some food-grade emulsifiers [14], [15] is shown.
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Fig. 1.2 Oil droplet and examples of food-grade emulsifiers.

The microstructure of the emulsion and the type of emulsifier are essential
for emulsion stability and emulsion formation [11][16]. In addition, the
emulsifier and interface are important for the chemical stability of the
emulsion [17], [18]. There is however an increasing scepticism against these
additives amongst consumers and in that light it is interesting to note that
vegetable oils in their original biological matrix of the oil-bearing seeds, are
contained inside structures that provide good protection against physical and
chemical stresses [19][20]. These structures are named oleosomes and are the

main focus of this thesis.

Chapter 1



1.3 Oleosomes oil storage organelles: a natural emulsion

Oil from oil-bearing seeds is present within structures named oleosomes or
oil bodies (Fig. 1.3). Their physiological role is the storage and protection of
metabolic energy, this means that the fatty acids stored in their core needs to
stay inert until the seed requires them (i.e. during germination) [21]. Hence,
oleosomes are naturally stabilized against physical and chemical stresses [19],
[22]. Their interface protects their lipid core with a monolayer of
phospholipids to which proteins such as oleosin, caleosin and steroleosin are
embedded [22]-[24]. 'These natural structures strongly resemble
manufactured emulsions and due to the presence of these proteins, the
oleosome surface is partly hydrophilic [25]. Therefore oleosomes can be
extracted using water as extraction medium [26], [27]. This extraction yields
oleosomes dispersed in water and depending on the processing conditions

other components such as proteins interact with them at their interface [28],

29].
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Fig. 1.3 Oleosome structure and its components

1.4 Conventional extraction of vegetable oil
The conventional oil extraction for refined oil production (Fig. 1.4) aims to
destroy the oleosomes by either dry-pressing them with mechanical forces

(e.g. using a single-screw press), or by combining this mechanical pressing



with a solvent (i.e. hexane) extraction. This extraction process is long, consists
of many harsh steps and it needs to be followed by extensive refinement to
yield a food-grade oil, while producing a big side stream (cake) with low
functionality [7].
’% .
Rapeseeds k=
He i
1. Dehulling 2. Drying 3. Flanking 4. Cooking
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Fig. 1.4 Conventional extraction of refined oil

1.5 Oleosome aqueous extraction

The extraction of oleosomes is simpler and consists of 4 steps (Fig. 1.5): (1)
soaking of the seeds, (2) cell-lysis, (3) solid-liquid separation and (4) liquid-
liquid separation. The soaking step aims to soften the seed components to
ease the release of material. The breakage of the cell walls is conventionally
preformed in a blender and it aims to break the cell walls and release all their

cellular content. The solid-liquid separation encompasses the separation of



non-soluble and soluble components, yielding an opaque dispersion which
contains oleosomes, proteins, some soluble carbohydrates and very fine
pieces of insoluble ones. Finally, the liquid-liquid separation is performed by
centrifugation and is used to recover a concentrated cream rich in oleosomes

[30]-[32].

1. Soaking 2. Cell-lysis 3. S/Ij 4. L/|7
separation separation

Fig. 1.5 Oleosome aqueous extraction

Differing from the manufactured emulsions, the size of the oleosomes and
the type of materials situated at the interface can be customized depending on
the type of seed used during the extraction [33] and the extraction conditions
used during their recovery [27], [34]. Moreover, the extraction conditions also

determine the yield of extraction of these structures [35].

1.6 New approach, new challenges

This aqueous extraction yields a natural oil-in-water emulsion, without
needing a solvent extraction (i.e. hexane) and without energy-intensive
emulsification steps such as high-pressure homogenization, as it is not

necessary to re-create an emulsion from the extracted oil [36].

Since the natural oleosomes are similar to the emulsion-based foods that we
produce from the refined oils, the current route from raw seed materials to
assembled food is not completely logical. In the first stage of food processing,
energy and resources are used for disrupting the native structures into purified

oils as previously shown in Fig. 1.4; and in the second stage of food assembly,



energy and resources are again necessary to the assembly of the oil into an

emulsion that is very similar to its original state inside the seeds (Fig. 1.6).
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Fig. 1.6 Current production of emulsion-based food products (A), and proposed
route using aqueous extraction of whole oleosomes (0il bodies) (B).

The use of intact oleosomes was already suggested for dressings, sauces, dips,
beverages, and as carriers of hydrophobic compounds (i.e. flavours) [35]—[38].
Using these natural emulsions would eliminate the need for the energy
intensive emulsification step [39], but would also make the addition of
surfactants and stabilizers unnecessary as the natural phospholipid-protein
monolayer has a similar function against physical and chemical destabilization

[22], [26], [40], [41].

Even though oleosome extraction has clear advantages, it also has some
drawbacks. Especially as this extraction process has been based on a lab-scale
protocol to isolate pure oleosomes [19]. Therefore, its feasibility seems limited
(i.e. production of expensive goods such as cosmetics). Below, we explained

in more detail the challenges that oleosome aqueous extraction faces.

The oleosome extraction is generally performed at alkaline conditions [27],

[42], [43], since at this pH the oleosome-associated proteins are negatively
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charged, which increases their solubility and release [20], [27]. However, these
pH conditions intensify the process as more auxiliary chemicals are used.
Moreover, for some seeds these conditions also hinder the co-extraction of
other components in their native state (e.g. proteins), favouring the covalent
interactions between phenolic compounds and proteins [44], reducing their
functionality. This trade-off to increase the yield is neither that positive as the
achieved oil extraction yields at these conditions are still not as high as those
obtained via solvent extraction [8], [27]. In addition, the soaking step lasts up
to 24 h, which makes the process time consuming [42]. Moreover, oleosome
aqueous extraction requires copious quantities of water [45], [40], to reduce
the damage of oleosomes during their extraction. This necessity of large
volumes of water in combination with the use of a technology employed for
the extraction at lab-scale makes the up-scaling of the extraction process
difficult [47]. Overall, all these factors limit the feasibility of the process and

hence its real application at the industrial scale.

Given the drawbacks of the current aqueous extraction process, it is
important to further study the phenomena occurring during aqueous
extraction, to obtain further insight towards an aqueous extraction route that

would not be limited by the aspects discussed above.

1.7 Aim and outline of this thesis

The overall aim of this thesis is to design a sustainable and feasible process
for oleosome aqueous extraction, that yields emulsions that are in principle
suitable to use in consumer foods. To achieve this, it was chosen to (1) identify
extraction process conditions that allow efficient use of resources and
industrial application, and (2) relate those process conditions to the extraction

yield of oleosomes and to their properties. The results are then compiled into
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guidelines for designing the combination of extraction process and resulting
emulsion, since the extracted emulsions should be stable and suitable for
application into emulsion-based food products. Fig. 1.7 summarizes the
challenges of the oleosome aqueous extraction and links them with the

chapters of this thesis, where these challenges were addressed.

Integral approach of this thesis

Challenges
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Fig. 1.7 Challenges of the current oleosome extraction process and the integral
approach of this thesis, indicating where those challenges were addressed.

e

The challenges that were previously discussed are: (1) the use of alkaline
conditions to achieve high extraction yields, (2) the lack of information about
the interactions between oleosomes and the other molecules and structures
during the extraction, (3) the limited knowledge about technologies that can
be used during the extraction and that could recover intact oleosomes, (4) the
trade-off between harsh conditions and low yields, (5) the big quantities of
water required during the extraction process and finally (6) the long
processing times required for the extraction. These challenges were addressed

in the different chapters of this thesis as described below.
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Chapter 2, is aimed at the first challenge, by avoiding the alkaline conditions
typically used during oleosome extraction. As it was previously mentioned the
oleosome interface is composed of proteins and phospholipids; however,
many investigations suggest that the amphiphilic side of these interfacial
proteins is exposed to the aqueous phase. Therefore, in this chapter it was
hypothesized that oleosomes follow the rules of protein extraction. Thus, as
an alternative to pH modification, the effect of different cations (Na*, K',
Ca™, Mg™) was evaluated on the extraction yield and on the stability of the
extracted oleosomes. All the cations improved the solubilization of oleosomes
in comparison with pure water, but K* succeeded to extract the same amount
of oleosomes than alkaline conditions. Additionally, the effect of these ions
on the oleosomes interface also helped us to get more insights into the
interactions of oleosomes and co-extracted material, which addressed also the
second challenge. The effect of ions showed that the interactions between
oleosomes and between oleosomes and other co-extracted material are not

only electrostatic interactions but also hydrophobic.

The third and the fifth challenges corresponding to the limited knowledge
about technologies that could extract intact oleosomes and the large quantities
of water required by the process were addressed by studying a new technology
to perform the cell-lysis. In chapter 3, we compare the performance of the
twin-screw press technology with the existing batch-wise process. When using
a continuous twin-screw press, the oleosome extraction yields were similar to
those obtained with the blender. However, differing from the blender
extraction, these yields were unaffected by the aqueous media as water and
alkaline media resulted in similar extraction yields. Finally, when using this

technology, it was easy to increase the extraction yield up 90 wt.% while

12



reducing the water requirements seven-fold (i.e. from 1:7 to 1:1), addressing

the third, the forth and the fifth challenge.

Chapter 4, is aimed at the sixth challenge, and investigated the effect of the
soaking time on the mechanical properties of the swollen seeds, which in turn
has major influence on the oleosome extraction. Based on the results, a
shorter soaking time was proposed achieving similar oleosome extraction

yields and without affecting the stability of the obtained oleosomes.

The process configuration and conditions of the extraction process influence
the composition and properties of the final emulsion. This is investigated in
chapter 5, in which emulsions were extracted with different rheological

properties and compositions by only changing the extraction conditions.

In chapter 6 the resource use of the process of oleosome extraction is
compared to that in the conventional process of oil refining, using exergy
analysis. While the conventional process is more efficient in its use of physical
exergy (energy), the inherent degradation of the proteins in the press cake
after solvent extraction, results in a poor efficiency with respect to chemical
exergy (use of materials), which is much larger than the penalty on physical
exergy. Therefore, oleosome extraction shows to be more efficient in its use

of resources than the conventional process.

Finally, in chapter 7 the learnings from the previous chapters are summarized
and overall conclusions are discussed, relating back to the original aim and
approach. An outlook is given towards the feasibility and industrial potential
of oleosome aqueous extraction in relation to emulsion product quality.

Aspects that should receive further research are indicated as well.
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Highlights
¢ Oleosomes extraction yield at pH 7 is enhanced by the addition
of cations.
e The highest oleosome extraction yield at pH 7 (64 wt.%) was
achieved with K.
*  Monovalent cations cause minor coalescence of oleosomes.

. Divalent cations cause extensive coalescence of oleosomes.
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Abstract

Oleosomes are storage vehicles of TAGs in plant seeds. They are protected
with a phospholipid-protein monolayer and extracted with alkaline aqueous
media; however, pH adjustment intensifies the extraction process. Therefore,
the aim of this work was to investigate the extraction mechanism of rapeseed
oleosomes at pH 7 and at the presence of monovalent and divalent cations
(Na*, K+, Mg**, and Ca*?). The oleosome yield at pH 9.5 was 64 wt.%, while
the yield at pH 7 with H>O was just 43 wt.%. The presence of cations at pH
7, significantly enhanced the yield, with K" giving the highest yield (64 wt.%).
The cations affected the oleosome interface and their interactions. The
presence of monovalent cations resulted in aggregation and minor
coalescence, while divalent cations resulted in extensive coalescence. These
results help to understand the interactions of oleosomes in their native matrix

and design simple extraction processes at neutral conditions.
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2.1 Introduction

Oleosomes or oil bodies, as they are widely known, are the triacylglycerols
(TAGs) storage organelles in plants, serving as the main energy source during
seed germination. To retain the chemical quality of the TAGs against extreme
environmental stresses, plant cells are building an amphipathic phospholipid-
protein membrane around them [1]. Besides the in situ functionality of
oleosomes, plant oils (i.e. soybean oil, rapeseed oil, sunflower oil) are generally
extracted and used for numerous applications in food, pharmaceutical
products, and as biofuels [2]. However, plant oil extraction requires the
disruption of the oleosome membrane by a pressing step, followed by toxic
organic solvent extraction [3]. When plant oils are extracted, they are used as
bulk oils or as dispersed phases in oil-in-water emulsions, which requires an
emulsification step and the use of an emulsifier [4]. Nevertheless, looking back
to the oleosome physiology, all these process steps seem unnecessary, as
oleosomes, are naturally emulsified oil droplets that could readily serve as the
dispersed phase of oil-in-water emulsions. Therefore, instead of focusing only
on oil extraction, efforts should be made towards the optimization of the
oleosome extraction. For this reason, we have to deeply understand the

properties of oleosome membrane and the interactions at the molecular level.

The most abundant proteins on the oleosome membrane are oleosins, which
represent up to 75-80% of the oleosome membrane protein content [5],[6].
Oleosins are a group of proteins with a low molecular weight (14-17 kDa) and
are composed by a hydrophobic tail that is anchored in the oil core and two
short fairly hydrophilic terminals that are on the oleosome surface [7]. The
other group of proteins present on the oleosome membrane are caleosins (24-

28 kDa) and steroleosins (35-60 kDa) [7]. Similar to oleosins, these proteins
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have also a hydrophobic tail, which is smaller than the one of oleosins and a
longer domain exposed to the bulk phase [8]. Even though the exact
biological functions of the membrane proteins are still to be defined [9], [10],
it is known that caleosins have a unique Ca®" binding site on the N-terminal
of the protein that can also bind Mg”** [11], [12], while steroleosins have a
hydrophilic sterol-binding dehydrogenase domain [13]. Regarding the
phospholipids at the oleosome interface, the main type present is
phosphatidylcholine representing 65 % (wt.%) of the total phospholipids,
followed by phosphatidylserine, phosphatidylinositol and
phosphatidylethanolamine [14], [15].

The understanding of the architecture of the oleosome interface, the
molecular combination and the forces that might occur, will help towards
optimizing their extraction. Both proteins and phospholipids are charged
molecules and electrostatic forces can occur between neighbouring
oleosomes and also between oleosomes and surrounding charged material
[16]. Besides electrostatic forces, hydrophobic attractive forces might take
place as well. The domains of the oleosome proteins that are exposed to the
bulk phase are fairly hydrophilic, however, they also contain hydrophobic
patches that can attract each other and lead to aggregation of neighbouring
oleosomes [16]—[18]. Furthermore, the hydrophobic domains of extrinsic
proteins might interact with the oleosome proteins leading to bridging
flocculation [19]. Hydrophobic attractive forces can be prevented by using
surfactants, like Tween or SDS [16], [20]. Nevertheless, the addition of
surfactants may affect the oleosome membrane, therefore this research was

mostly focused on affect these interactions by electrostatic interactions.
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Oleosomes have a zero charge point between pH values of 4 and 6, therefore,
to increase electrostatic repulsion and to enhance the extraction kinetics it has
been proposed to perform the extraction at pH values above 9.0, where the
electrokinetic potential is below -40 mV [21], [22]. However, in order to
reduce the number of steps and chemicals used during the oleosome
extraction, efforts should be made towards understanding the oleosome
extraction mechanism at neutral pH values. An alternative to pH adjustment
for altering the electrostatic interactions between proteins is the addition of
cations [23]—[26]. lonic environments weaken or strengthen the protein-
protein electrostatic interactions, which can cause protein unfoldment and
affects its solubility. Therefore, the aim of this work was to investigate the
effect of monovalent (Na*, K*) and divalent (Ca**, Mg*") cations on oleosome
extraction at pH 7. The effect of the cations was evaluated by comparing the
oleosome extraction yields and the effect on the physical stability of the

obtained oleosomes.

2.2 Experimental

2.2.1 Materials

Untreated rapeseeds (Brassica napus), type Allize were kindly pursued by the
Division of Food Sciences, University of Nottingham, Sutton Bonington,
UK. Magnesium Chloride (MgCl,) was obtained from Merck (Darmstadt,
Germany). All other chemicals including the sodium chloride, potassium
chloride and calcium chloride (NaCl, KCl, CaCl,) were obtained in analytical
grade from Sigma-Aldrich (St. Louis, MO, USA). Solutions and dispersions
were made with ultrapure water (MilliQQ) obtained with a Merck Millipore

device (Darmstadt, Germany).
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2.2.2 Oleosome aqueous extraction

Rapeseed oleosomes were isolated using the extraction method proposed by
De Chirico et al. (2018), with some modifications based on the method
proposed by Nikiforidis et al. (2009). The different aqueous media were
prepared by dissolving the different salts (NaCl, KCI, MgCl,, CaCl,, 0.2
mol/L) in ultra-pute water (MilliQQ) and adjusting their pH to 7.0 with a
solution of NaOH (0.1 mol/L) or HCI (0.1 mol/L). The additional aqueous
solution made by NaCl (0.3 mol/L) was elaborated in a similar way than the
other salted-aqueous media. The alkaline aqueous media was prepared
similatly, by dissolving NaHCO; 0.1 mol/L and adjusting the pH to pH 9.5
with NaOH (1.0 mol/L). A SevenMulti™ dual meter pH/conductivity
(Mettler Toledo, Greifensee, Switzerland) was used to monitor the pH. The
seeds were soaked (1:1 w/v) in the different aqueous media for 16 h at 4 °C.
After soaking, the solid/solvent ratio was adjusted to 1:7 w/v and the
dispersion was blended for 60 s at 7200 rpm (Thermomix TM31, Utrecht,
The Netherlands). The mixture was then filtered through two layers of
cheesecloth (GEFU®, Eslohe, Germany). The first extract (filtrate) was
centrifuged at 3,000 g for 15 min at 4 °C. After the centrifugation step, three
different layers were observed: the cream, the serum and the precipitate. The
oleosome cream was manually collected, dispersed in ultra-pure water
MilliQ) (1:4 w/v) and centrifuged at 10,000 g for 30 min at 4 °C. This washing
step was repeated twice. The oleosome extraction yield was calculated based
on the difference between lipid content remaining in the cake and the initial

lipid content in the seeds.

2.2.3 Compositional analysis of all streams
The moisture content of the retentate and oleosome cream was determined

using a Moisture Analyzer (MA35M, Sartorius Géttingen, Germany). Oil
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quantification was performed on dry samples that where placed in a Soxhlet
device (Buchi extractor, Buchi, Flawil, Switzerland) for 9 h, while the oil was
extracted using petroleum ether. The protein content of the defatted samples
was calculated by determining the amount of Nitrogen in the samples using
the Dumas method and using a conversion factor of 5.5 as suggested by
Lindeboom (2007) [27] (Nitrogen analyser, FlashEA 112 series, Thermo

Scientific, Interscience, The Netherlands).

2.2.4 Determination of oleosome particle size distribution

The droplet size distribution of oleosome emulsions was determined by laser
light scattering (Malvern Mastersizer 3000, Malvern Instruments Ltd, UK).
The refractive index used was 1.47 for the dispersed phase (oleosomes) and
1.33 for the continuous phase (water). Average droplet sizes are reported
using the surface weighted (ds2) mean diameter. All measurements were

conducted on fresh oleosome creams diluted in ultrapure water (1:100 w/v).

2.2.5 Determination of oleosome zeta potential

A dynamic light scattering apparatus (DLS ZetasizerNanoZS, Malvern
Instruments Ltd, UK) was used to analyse the {-potential of the emulsions.
The creams were diluted 1000 w/v with ultra-pure water. After the dilution,
the pH of the dispersions was adjusted manually. The refractive indexes used

were 1.47 for the dispersed phase and 1.33 for the continuous phase.

2.2.6 Optical microscopy analysis of oleosome emulsions
Images of the oleosome emulsions were taken with the microscope Univision
V 4.8.3.0 (Carl Zeiss Microlmaging, GmbH) equipped with a digital camera

(Axiocam MRc 5). The oleosome cream for each treatment was diluted with
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ultrapure water (1:100 w/v) and one drop of the emulsion was added on a

glass slide and placed onto the microscope. The magnification used was 100x.

2.2.7 Statistical analysis

All the measurements and extractions were performed at least in triplicates.
One-way analysis of variance (ANOVA) test was applied to detect differences
among the extraction yields as function of the aqueous extraction media.
Analyses were performed with the IBM SPSS statistics 23 software.

Differences were considered to be significant at p<0.05.

2.3 Results & Discussion

2.3.1 Effect of cations on oleosome extraction yield and stability

To achieve high oleosome extraction yields, pH wvalues above 9.0 are
necessary, where proteins and oleosomes are soluble due to the high electro
kinetic potential [21],[28]. For example, maize oleosomes have a zero charge
point at around pH 4.5. Their extraction at pH 6.0 has a yield about 15 wt.%
while at pH 9.0 it reaches a yield of up to 90 wt.% [28]. As an effort towards
an alternative path to increase oleosome solubility without adjusting pH, we
decided to investigate oleosome extraction and stability at neutral pH (7.0)
and in the presence of monovalent or divalent cations (Na*, K, Mg*', and

Ca™).

The extraction yields of rapeseed oleosomes in the presence of cations are
shown in Table 2.1. When only ultra-pure water was used the lowest
extraction yield was achieved, which was 42.7 wt.%. At the presence of K*
(0.2 mol/L), the extraction yield was significantly enhanced and reached the
highest value, of 64.2 wt.%. In contrast, the extraction performed with Na*

(0.2 mol/L) reached a yield of 50.2 wt.%. When divalent cations were present,
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the yield was 52.5 wt.% after the extraction with Mg** (0.2 mol/L) and 55.0
wt.% with Ca** (0.2 mol/L). The minimum amount of extracted rapeseed
oleosomes was achieved when only ultra-pure water was used (42.7 wt.%),
indicating that the cations interacted with the oleosome membrane, enhancing

oleosome solubility and subsequently their extraction.

Table 2.1 Extraction yield of oleosomes recovered with different aqueous solvents.

Aqueous solvent Oleosome extraction yield Standard Deviation
(wt.%)

H20 (pH 7.0) 42.7° +19
Na* (0.2 mol/L, pH 7.0) 50.2° +20
Na* (0.3 mol/L, pH 7.0) 55.3¢ +18
K* (0.2 mol/L, pH 7.0) 64.2¢ + 06
Mg?* (0.2 mol/L, pH 7.0) 52.5¢ +49
Ca® (0.2 mol/L, pH 7.0) 55.0° +23
NaHCO, (0.1 mol/L, pH 9.5) 63.6¢ + 05

Values with different letters are significantly different with p<<0.05.

According to Hofmeister series [29], a small difference between the effect of
the two monovalent cations (Na" and K") was expected. More precisely a
slightly stronger solubilization effect from Na* than K" was expected, due to
the order of these cations in the seties, being K exactly to the left of Na* on
the series; however, the expected difference was not of this significant extent
as extraction yield at the presence of K* was higher than at the presence of
Na'. Besides the interaction with the membrane proteins, this phenomenon
could be attributed to the interaction of the cations with the other membrane
component, like the  phospholipids and more  specifically,
phosphatidylcholine [30], [31]. It has been reported that in compatison to K,
the binding capacity of Na* to phosphatidylcholine is 2.2 folds higher, most
likely due to its larger surface charge [30]. This would mean that maybe a
significant amount of Na" binds to phosphatidylcholine and is not available

for the oleosome extraction but interacting with the phospholipid oleosome
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membrane. To understand whether the available concentration of Na* had an
effect to oleosome extraction yield, a solution with higher Na™ concentration
(0.3 mol/L) was also used. The oleosome extraction yield with higher
concentration of Na™ (0.3 mol/L) slightly increased and resulted significantly
different from the obtained with Na" at 0.2 mol/L, reaching 55.3 wt.%, these
difference could mean that when increasing the excess of cations not
interacting with the phospholipid membrane could aid the extraction;
however, still this higher concentration of Na" did not reach the extraction
yield obtained when K" (0.2 mol/L) was present. Therefore, besides the
interactions with other components of the interface and the effect on
concentration, K" leaded to higher extraction yields. Furthermore, it is
important to state that the yield in the presence of K (0.2 mol/L) at pH 7
did not significantly differed from the yield obtained when NaHCO; buffer
(0.1 mol/L) at pH 9.5 was used.

With regards to the divalent cations, they interacted as expected with
oleosome interfacial proteins and significantly enhanced their extraction yield
in comparison to pure water at the same pH. Divalent cations can affect salt
bridges in proteins causing hydration and subsequent extraction [32]. This
mechanism explains the fact that divalent cations had a positive effect on
oleosome extraction in comparison to pure water, however, the formation of
new bridges resulted in a lower extraction yield in compatison to K'. Between
the effect of the two divalent cations, no significantly differences were
measured. According to Hofmeister seties, this should be expected, since their
effect on protein unfolding and solubility is similar [29]. The increase of the
oleosome extraction yield with the aid of cations at neutral pH values is an
important finding proving that high extraction yields of oleosomes cannot

only be achieved in strongly alkaline environments.
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Fig. 2.1 Particle size distribution and microscopy images of the initial extracts
obtained with (—) HO (pH 7) () Na* (0.2 mol/L, pH 7), () K* (0.2 mol/L, pH
7, (#) Me2* (0.2 mol/L, pH 7), () Ca2* (0.2 mol/L, pH 7) and () NaHCO; (0.1
mol/L, pH 9.5). The scale bar is 50 pm.

Besides the effect of the cations on extraction yield, their effect on the stability
of the extracted oleosomes was also investigated. Fig. 2.1, shows the particle
size distribution and the optical micrographs of the initially obtained
oleosome extracts. Two types of peaks are observed, the first one observed
from 0.1 to 2.0 um, corresponding to indiv