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Abstract

Oil bodies are micron-or submicron-sized organelles found mainly in parts of
plants such as seeds, nuts or some fruits and their main role is to function as energy
stores. Their structure is made up of a core of triglycerides covered by a
proteins/phospholipids layer which protects the oil bodies against external
chemical/mechanical stresses. Following treatment with aqueous media of the rich-in-
oil raw materials, an extract of oil bodies, dispersed in a solution of exogenous plant
proteins, is obtained. Effective recovery of oil droplets from the initial extract, which
is in effect a relatively dilute natural emulsion, leads to the preparation of either a
more concentrated natural emulsion with a composition in terms of oil and protein
close to that of animal milk or, alternatively, to a concentrated oil droplets-based
“cream”. Both the natural emulsion and the “cream” can be exploited in the
development of a number of novel food products by suitably substituting the oil/fat

droplets of the traditionally-prepared food product with natural oil droplets.

Key words: oil body, oil-in-water, natural emulsions, physical stability, extraction
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1. Introduction

Oleaginous plants store energy in the form of triacylglycerols mainly in their
seeds or nuts. Triacylglycerols in the cells of the plant energy reserves are found in
the core of organelles called oil bodies, oleosomes or spherosomes,1 along with the
smaller in size protein bodies.”> Oil bodies exhibit unique physical and chemical
stability due to the presence at their surface of a mixed layer of phospholipids and
hydrophobic proteins such as oleosin, despite the stressful environmental conditions
to which they are usually exposed, protecting thus the triacylglycerols until the time
of germination comes.'

The oil bodies found in the various plant materials present more or less similar
structural characteristics, irrespective of their origin. Soybean,' maize germ,"* wheat
germ,1 oat,* sunflower seed,’ pumpkin seed,® sesame seed,’ rice,' rapeseed1 and nuts
like almond,® hazelnut,’ pistachio,9 peanut,7 adlay10 and brassica napus11 are some of
the materials where oil bodies have been identified and studied due to their
technological importance for the food or other industries.

Oil bodies can be extracted from plant materials by using aqueous media in the
place of the conventional oil-extracting organic solvents, mainly hexane.'” The key
difference between the novel aqueous extraction of oil bodies and the conventional
one is that in the case of the first approach an oil-in-water emulsion, based on intact or
partially disrupted oil bodies, and not a solution of oil in an organic solvent is
obtained. As a result, aqueous extraction presents a number of significant advantages
compared to the conventional extraction method. First, there are some important
benefits from expunging organic solvents from the vegetable oil extraction process,
connected with technical issues relevant to environmental safety and health concerns.
US National Institute for Occupational Safety and Health (NIOSH) has classified
hexane as a flammable and, under given circumstances, as an explosive solvent.

14, 15
and

There have been numerous incidents of fire or explosion in soybean factories
special precautions, concerning hexane management to ensure employees labor safety,
must be taken. Also, long time occupational exposure to hexane may affect the human
nervous sys‘[em13 and the European Union has established maximum hexane residue
limits for various food products.'® Secondly, since very often the vegetable oils have
to be incorporated into emulsion food products, an energy consuming and highly

expensive homogenization process has to be performed prior to their incorporation.

Extraction of oil in the form of an oil bodies’ emulsion has the advantage of obtaining

3
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a product that is already naturally emulsified. Moreover, this natural emulsion
may exhibit a remarkable stability and high nutritional value because it does
not have to be subjected to any refining treatment. Finally, when aqueous
extraction of oil bodies is applied to the raw material a simultaneous protein
co-extraction also takes place. The extracted protein can be then exploited in
the preparation of protein isolates or concentrates and the same holds for the
solid residue of the extraction. These advantages of aqueous extraction of oil
bodies from plant materials reveal the emerging opportunities for the industry
to expand into new markets and benefit financially.

This review first concentrates on the description of the role of oil
bodies in the plant cells and provides a general description of their structure
and composition. What follows is the investigation of the possible
mechanisms behind aqueous oil body extraction and the processes available to
achieve optimized extraction and oil body recovery. Next, emphasis is given
on the physical and chemical properties of oil droplets in their aqueous
extracts that may affect the preparation of possible food or other products. The
review is concluded with a discussion on the potential of exploiting the
recovered oil bodies-based preparations as ingredients in the development of

novel food products.

2. Role, morphological characteristics and composition of oil bodies

2.1 Role in plants and morphological characteristics

The oil bodies were first described by Hiibener'” in his description for a leafy
liverwort as transparent droplets with a shining, membranous texture. The nature of
these bodies could not be recognized, but it was suggested by the author that they
were diluted starch. They were later named cell bodies (Zellen Kérper),' and
afterwards'’ cell vesicles. In 1874, the spherical structures that could be viewed in
liverworts were named oil bodies (Olkdper) due mainly to their fatty nature. A
genuine membrane surrounding the oil bodies was recognized by some earlier
workers. Their structure was confirmed by electron microscope studies but there were
a lot of differing opinions concerning the nature of the membrane.”’ A number of

19, 20, 22

researchers suggested that the membrane surrounding the bodies was a genuine

23-25

one, while some others assumed that it was an artifact produced by fixatives. On

the other hand, Garjeanne®® claimed that the visible ring around the oil is tanninized

4
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protein. Later studies and observations of oil bodies with electron microscopy,
indicated that the membrane was a monomolecular layer of phospholipids, arranged in
such a way as to prevent adjacent bodies from coalescing.?”** It was only a couple of
years later that researchers found out that isolated oil bodies were comprised of
triglycerides, phospholipids and proteins which were completely bonded on the
particles.”” It was also reported that the ratio between triglycerides, phospholipids and
proteins in the oil bodies varied quite widely among different oleaginous seeds.

Later studies on plant oil bodies provided evidence that the proteins were
integral constituents of the particles, probably localized entirely at the surface.*
These proteins may be connected with the oil bodies’ physical and chemical stability,
or become involved in interactions with other organelles.*" * Intracellular oil bodies,
were assumed to serve as energy storage reserves to support periods of active
metabolism such as seedling growth during germination.”® Since, however, they cover
up to 75% of the seed’s volume and are present in almost all plant cells and not just in
storage tissues, they may also have other intracellular functionalities.”* Earlier studies,
proved that oil bodies are dynamic organelles® that are actively involved in cellular
lipid homeostasis and energy metabolism,® so they are important in many
physiological or pathological situations.”’

Oil bodies vary in size from nanoscale to a few pm.** * Environmental
factors, along with the surface protein content, play an important role in determining
their initial shape and size. According to cryo-SEM analysis, the oil bodies in seeds
with a high moisture content, like sunflower seeds (>14.0 wt%), appear to have a
spherical shape, in contrast to seeds with low moisture, like maize germ (<7.0 wt%),
where the oil bodies have irregular shapes, depending on the available space (Fig.
1).40 These findings indicate that the protein membrane that covers and stabilizes the
particles is very elastic. As mentioned above, apart from environmental factors, the
size of the particles is mainly dictated by the ratio between the oil and the interfacial
protein content.*' In general, oleaginous seeds with relatively small-sized oil particles
appear to exhibit a rather low ratio of triglycerides to interfacial proteins as compared
to seeds with oil bodies of a large size.*” Oil bodies from olives and avocados, which
have very low surface protein contents, exhibit poor physical stability.** **

Apart from their important biological role the interfacial proteins, together
with the phospholipids, contribute to the physicochemical stability of the oil droplet

surface.” * Treatment of oil bodies with trypsin may lead to the complete rupture of

5



167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

RSC Advances

the surface membrane, while treatment with phospholipase A2 or C does not appear to
induce any changes.*® These findings indicate that the phospholipids at the oil bodies
‘surface are probably entangled with the surface protein molecules with the latter
forming a layer upon the phospholipids which does not allow the enzymes to have
access to their hydrophilic head.

Oil bodies in the cells are remarkably stable against aggregation and
coalescence. In this way, the seeds can withstand environmental stresses for long
periods without the appearance of large physical or chemical changes in their oil
bodies.*” This stability could be attributed to the relatively high negative charge of the
oil bodies’ surface or to steric repulsions that prevent the oil bodies from coming too
close and aggregate or coalesce. On the other hand, an additional factor that is also
likely to prevent oil-body coalescence is the high viscosity of the environment in the

dry seed (cytoplasm).*

2.2 Composition

As has been previously mentioned, the oil bodies have a triglyceride core that
is covered with a mixed membrane of proteins and phospholipids. Depending on the
source, the triglycerides content of the oil bodies is around 94.0 — 98.0 wt% while the
phospholipids and proteins content is 0.6 — 2.0 wt% and 0.6 — 3.0 wt%, respectively.
Oil bodies’ proteins have long been characterized either as structural proteins or
enzymes. However, recent research studies identified other groups of proteins
associated with oil bodies.*” The oil body surface proteins are distinguished from
other proteins by their extended central hydrophobic domain. They are categorized
into oleosins, caleosins and steroleosins, with oleosins being the dominant surface
proteins.** >

Oleosins are hydrophobic proteins with a molecular mass of about 15 to 26
kDa and a molecule that has an uninterrupted central hydrophobic domain of about 70
amino acid residues.’’ Oleosins probably adopt a unique conformation at the oil body
surface, creating a membrane where a large hydrophobic domain is flanked by two
hydrophilic domains. The hydrophobic domain is assumed to be buried within the
triacylglycerol core. The C-terminal domain is located on the oil body surface while
the N-terminal domain may contain a mixture of structures and is located in the

cytoplasm that faces the cytosol.™
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Caleosin (25-35 kDa) and steroleosin (40-55 kDa) molecules have a similar
but shorter hydrophobic sequence and longer hydrophilic domains that are located on
the oil body surface or oriented towards the cytosol.”* >

Oil bodies have very interesting and useful characteristics for a wide range of
applications in colloid science. Their extraction, therefore, as well as the physical and

chemical properties of their extract is a topic of increasing interest.

3. Aqueous extraction of oil bodies

Investigation of the mechanisms of aqueous oil body extraction from plant raw
materials and the development of optimized methods and procedures for their
extraction/recovery is a relatively recent area of research, prompted by technological
and economic needs mainly of the food industry. Since, however, this extraction
approach is a novel one, for the industry to invest in this new technology extensive
and, probably, costly adjustment of its infrastructure may be needed. Hence,
technological implementation of the procedure, high efficiency, quality and the
possibility of finally extracted products exploitation are extremely important
parameters for the viability of such a project and have to be thoroughly investigated.

Several studies have focused on explaining the mechanisms behind aqueous
extraction of oil bodies and also on developing extraction processes and optimizing
the parameters of aqueous extraction and recovery of oil bodies from their initial
aqueous extract. Tzen and Huang1 put forward a method of isolating oil bodies from
plant seeds in the form of a natural emulsion, to study the oil droplet surface layer
composition and structure. However, the first attempt to extract oil bodies with the use

] 5

of aqueous means was described by Rhee ef al. > who studied the effect of extraction

process parameters on oil yield.

3.1 Aqueous extraction mechanisms

As was previously described, oil bodies, which contain the oil in seeds, beans
or nuts, fill the space between protein bodies, which occupy most of the cell space and
they are both embedded into the cytoplasmic network. Plant cell walls consist of
cellulose, hemicelluloses, lignin and pectin (Fig. 2).”> The wall allows mass transfer
through plasmodesmata, which are openings of 20 to 80 nm in diameter, allowing

molecules of a mass of up to 9 kDa to pass through.”® As a result, extraction of
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vegetable oils is based on the diffusion of oil constituents to the solvent, when
the rich-in-oil material, usually in the ground or flaked form to maximize the
exposure of oil to the solvent, is brought into contact with the extraction
medium.”” In addition to mechanical means, cell wall disruption is also
possible by using enzyme mixtures, consisting of cellulases, hemicellulases,
pectinases, and even proteases.’

During conventional organic solvent extraction, oil dissolves into the
solvent, following the disruption of the cell walls, while the proteins remain in
the meal along with the carbohydrates and the fiber. Aqueous extraction, on
the other hand, is a quite different mechanism as simultaneous extraction of
both the oil and the water-soluble proteins takes place.”® Oil bodies are
released into the aqueous medium, as soon as the proteins diffuse first,
provided that there is an adequate amount of solvent. Since the protein body
aggregates are easily disrupted and removed by the water, extensive damage
of the cellular consistency may take place leaving behind a wide path for the
oil bodies to pass through.*’

Agitation, according to Campbell and Glatz,? apart from its role in the
disruption of the cellular barriers, may also lead to the disruption of oil bodies
aggregates easing in this way their escape during the course of extraction.
These authors, however, reported that during extraction of soybean oil,
coalescence between the small-sized oil bodies into larger ones may take
place, to such a size that makes it difficult for them to diffuse. Hence, agitation
has to provide enough energy to effect the reduction of the size of larger
droplets and increase their mobility. In addition, in the case of application of
extrusion, heat and pressure are exercised upon the soybeans resulting in a
decrease of the protein solubility to such an extend as to block the release of
the oil from the extracellular protein matrix, even though there is much more
extended cellular disruption compared to that of soy flour. In case of applying
extrusion to soybeans, protease could play an important role in increasing the
yield of oil extraction, since proteolysis dissolves insoluble denatured proteins
2

The oil extracted with an aqueous solvent is recovered either as a
creamed, separated phase or in a form of an oil-in-water emulsion, both made

up of intact or partially disrupted oil bodies, unlike the product resulting from
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conventional extraction.” Given the above, although oil extractability with the aid of
aqueous media depends on parameters, such as the degree of raw material
comminution, solid-to-solvent ratio, extraction time and temperature, which are also
critical parameters for conventional oil extraction, it may also depend on parameters
which relate directly to protein extractability. These parameters are protein solubility,

pH value and salt concentration.

3.2 Process steps

Most workers involved in research of aqueous oil extraction follow more or
less the same process steps to recover the oil either in the form of oil droplets or pure
oil. This review mainly focuses on the description of the process of aqueous oil
extraction in the form of intact or partially dusrupted oil bodies, displayed in Fig. 3."*
59 Conventional solvent extraction of rich-in-oil plant materials usually involves the
application of successive washing steps with hexane after subjecting the raw material
to some type of mechanical treatment to reduce the particle size. The solvent is finally
recovered from the extracted oil and reused. On the other hand, the aqueous oil body
extraction process includes the steps of raw material mechanical pretreatment,
extraction, filtration and centrifugation.

Pretreatment of plant material (Fig. 3), before the main stage of aqueous
extraction, usually involves grinding followed by water soaking of the comminuted

. 11,3, 54, 58
raw plant material.” > *™

Grinding provides better exposure of oil bodies to the
water as a result of cell structure rupture and hence improved extractability.
Moreover, hydration allows the water molecules, especially in materials of a low
moisture content, like maize germ, to penetrate into the cell network, allowing more
efficient extraction.” Hydration may last several hours. The importance of solid to
water ratio applied was stressed by Campbell and Glatz?, de Moura and Johnson®' and
Rhee et al.>* Their work showed that increasing solid to water ratio may lead to
substantial improvement of the extraction yield.

The main extraction stage which follows mechanical pretreatment of the raw

. . . . 1. 12 . . 3 . . 62. 63
material, involves homogenization, * "~ agitation,” grinding ~~

163

or treating the wet
slurry in a colloid mill.** Rosenthal et al. *® reported that an increase in the agitation
rate caused an initial increase in the yield of soybean oil extraction, before most of the

oil-bearing cells were ruptured. After that point, further increase in agitation rate had a
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limited effect on the yield value. Similarly, long time duration of the
extraction step led to higher extraction yield values.”

As has been previously mentioned, during the extraction stage protein
diffusion into the water takes place, with the simultaneous liberation of the oil
bodies. As a result, the solubility of the plant material proteins plays a key role
for effective oil body extraction. Therefore, parameters such as the presence or
absence of salt, pH value and temperature, are very important in determining
the yield of extraction.

Sodium chloride addition may be needed in order to effect the
solubilization of the proteins and thus aid in the release of the oil bodies from
the cell network.' In addition, the structural damage of the cells, due to the
increased osmotic pressure of the sodium chloride solution, may lead to
increased solid particle surface in contact with the solvent, resulting in higher
extraction efficiency.** The extraction yield is also maximized when the
extraction is performed under alkaline conditions due to the increased
solubility of the vegetable proteins.” °* © When aqueous extraction of peanut
oil bodies was performed at pH 4.0, partial destabilization of their structure
took place leading to the appearance of a clear oil phase at the top of the
extract.”® On the other hand, Nikiforidis and Kiosseoglou® reported that the
higher than expected dispersibility and extractability of maize germ oil bodies
at pH 6.0, which is a value very close to that of the isoelectric point of the
maize germ oleosomes, should be attributed to the presence of storage proteins
at the surface of oil bodies along with oleosins. Storage proteins have more
acidic character compared to the latter. The presence of these proteins may
have altered the surface charge of the oil bodies, thus changing the oil body
dispersibility-dependence on pH. Regarding the influence of extraction
temperature, the reduced yield of soybean oil extraction, when the temperature
was over 50°C, was attributed to denaturation of the proteins, leading to the
decrease of their solubility and hence extractability.”® In straight contrast to the
above, Rhee et al. ** concluded that a temperature of 60 — 64 °C is required to
maximize extraction of peanut oil.

The crude product of extraction is a mixture of solid residue particles
and oil droplets dispersed in a protein solution (Fig. 3) which has to be filtered

through multiple layers of cheesecloth in order to remove the dispersed solid

10
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particles.1 The solid residue of the extraction, consisting mainly of cellulose, insoluble
proteins and non-extracted oil bodies, may have to be subjected to further extraction
treatment in order to increase the yield of extraction.” >* - The extraction yield can
also be improved with the aid of enzymes. During the process of aqueous enzymatic
extraction, a step of treatment for enzyme activation, involving pH adjustment and
thermal incubation (Fig. 3) according to optimum standards of each enzyme used, is

applied to facilitate cell lyses.®

The enzyme level, time and liquid to solid ratio
were found to affect to a significant extent the extraction yield of oil from bayberry
kernels.*’ Similar findings were reported by Xie et al. ® for the aqueous enzymatic
extraction of wheat germ oil. Finally, Kapchie e al. * suggested that a mixture of
cellulose, pectinase and hemi-cellulolytic enzymes, was the most effective in

hydrolyzing the cell walls of soybean.

3.3 Yield of extraction process

The most frequently mentioned drawback of applying aqueous oil extraction
to plant materials is the low yield of the process when compared with the yield of the
processes based on the use of an organic solvent. A review of the available literature,
however, revealed that a sufficiently high yield can be reached at when the aqueous
extraction parameters are suitably manipulated.

Rhee et al. ** was the first to our knowledge who succeeded in achieving an
almost complete aqueous extraction of peanut oil in the form of oil bodies (98.7 + 0.7
wt%) by careful manipulation of critical extraction parameters such as the degree of
grinding, solid to solvent ratio value, extraction time and extraction temperature. As
was concluded, extraction of finely ground peanuts for 30 min at a solid to solvent
ratio of 1:6 and a temperature of 60-64 °C, resulted in an oil yield of approximately
96%. An extraction yield of 95.3 wt% for maize germ oil was achieved by Nikiforidis
and Kiosseoglou3 following the application of three repeated extraction cycles to a
finely comminuted maize germ material at pH 9.0. De Moura et al. ® reached at a
very high yield (93-97 wt%) following extraction of oil from full-fat soybean flakes
by implementing an enzyme-assisted aqueous extraction method using endoproteases.
In another parameter-optimization study, Li ef al. * reported that a yield of 87% of
wheat germ oil extraction can be achieved by applying an enzymatic aqueous
extraction method at a water to wheat germ ratio of 3.5 (v/w, ml/g), a pH value 5.0, a

temperature of 48.5 °C and an extraction time of 6 h. The use of a mixture of

11
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pectinase, cellulase and f-gluconase brought about an increase of the yield of
soybean oleosomes extraction to a value as high as 63.23 wt%. Furthermore
the application to the residue of three successive extraction cycles increased
the oil yield up to a maximum of 84.65 wt% of the total soybean oil recovered
in the form of intact oleosomes.®® In an atwttempt to minimize waste, Kapchie
et al. "' studied the possibility of reusing the resulting aqueous supernatant,
which may be rich in sodium chloride and saccharose, for performing aqueous
enzymatic or non-enzymatic extraction of oleosomes from fresh soybean flour.
Although the yield of oleosome extraction was significantly higher in the first
enzymatic extraction (81.41+£2.24 wt%), the extraction yield (73.09+3.39
wt%) when the supernatant was reused with no additional enzymes was also
satisfactory. Soybean oleosomes were recovered by applying an enzyme-
assisted aqueous extraction method in a pilot plant exhibiting a very high yield
(up to 93.40 wt%) which was significantly higher than the yield of the
laboratory scale extraction (76.83 wt%). This was an indication that the

application of a large scale oil body isolation process is possible.”

3.4. Recovery of extracted oil bodies

The recovery of oil bodies from their aqueous extract has been the
objective of a number of research studies, aiming at reducing the storage
and/or transport volume and extending the range of potential applications of
oil bodies in the preparation of novel, end food or other products. A very rich-
in-oil droplets cream, practically free from extraneous plant protein impurities,
may be obtained from the initial extract by gravitational creaming '* and then
washing the cream with a saccharose water solution."” ”* Chen et al. showed
that the yield of oil recovery can be improved by increasing the centrifugation
speed up to 30,000 rpm.65 Another method that has been described by
Nikiforidis and Kiosseoglou73 is isoelectric aggregation which involves
centrifugation of oil bodies extract after adjusting the pH of the extract to a
value close to 5.0 in order to bring about the aggregation of the oil droplets
and aid their rise to the top. As reported by the authors, the overall yield of the
combined extraction and recovery steps was close to 75.5 wt%, indicating that
a significant loss of oil during the application of the recovery step took place,

probably because of the inability of all the oil droplets in the extract to

12
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aggregate and cream to the top. In addition, the recovered cream was richer in
extraneous proteins than the cream obtained by the previous method, probably due to
co-aggregation of the oil droplets with a fraction of the exogenous proteins of the
extract.

The product of oil droplet recovery from their initial extract by employing
techniques based on the principle of gravitational aggregation is always a cream with
a degree of concentration in terms of oil content depending on the method applied. In
the case of the cream obtained by centrifugation in the presence of saccharose the oil
content of the final cream may reach values as high as 90 wt% on a total weight basis,
depending on the centrifugation speed while when isoelectric aggregation of oil
bodies is applied the yield value cannot exceed the limit of 40 % (unpublished data).
In a completely different approach, concentration of the initially dilute oil body
extract by ultrafiltration may be applied, leading not to a rich in-oil cream as the
application of the previously described methods, but instead, to a natural emulsion
derived from oil bodies with a composition close to that of the commercially available
soymilk.” 7 Nikiforidis e al. *® applied this method to a dilute (0.1 % in oil) extract
of maize germ oil droplets and exogenous proteins and obtained a much more
concentrated emulsion with an oil content close to 5 wt% which practically

represented almost 100% of the initially extracted oil mass.

4. Physical and chemical properties oil body-based natural emulsions
Initial oil body extracts from various plant sources contain both the
endogenous proteins adsorbed at the oil body surface as well as co-extracted with the

oil body seed storage proteins, mainly dispersed in the water.”® "’

However, the final
materials, obtained by applying the recovery methods described above may differ
considerably both in their oil as well as in protein content and composition. These
differences are expected to affect their physical and chemical properties and also
determine their usefulness in the development of end food products. Irrespective,
however, of their composition, the three oil body preparations (the two types of cream
and the emulsion) are all in effect dispersions of intact or disrupted oil bodies in a
protein solution. These materials may become physically and/or chemically
destabilized during further treatment and/or storage. Aggregation of oil droplets into

large aggregates or, what is even more important, coalescence into droplets of a larger

size, leading to oil separation at the top of the container, are undesirable changes that

13
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have to be halted or at least slowed down when considering the physical stability of
food emulsions. The oil droplets may also suffer chemical and, possibly, enzymatic
changes during storage and/or processing with the lipid autoxidation reactions being
the best well known.

As the presence of exogenous seed proteins may play a key role in
determining the stability of oil bodies, a number of researchers have included in their
publications analytical data regarding the presence of exogenous proteins in the rich-
in-oil preparations recovered from various raw materials. SDS-PAGE is a useful
analytical tool to discriminate between the exogenous proteins and those of the oil
body surface. As it is clearly presented in Fig. 4 maize germ oil droplets recovered
from the initial extract by the method of isoelectric aggregation may contain proteins
of a wide variety of sizes, ranging from 15 up to 60 kDa.” On the other hand, as it
may be seen in lane 4, where the electrophoregram of oil droplets recovered from
their extract by gravitational creaming in presence of sucrose is illustrated, the surface
of the oil bodies consists almost entirely of oleosins of a molecular size between 15
and 16 kDa. Caleosins (~25 kDa) and steroleosins (~50 kDa) are also present but at a

much lower concentration.

4.1 Physical stability

Since the oil droplets recovered from their initial extract by the method of
extensive washing contain practically no exogenous plant proteins at all, the only
factors that may affect their physical stability in model oil-in-water emulsions is their
size and surface protein content. In general, there is a wide range of sizes found in oil
bodies originating from various oleaginous raw materials, related to some extent to
the seed oil and oleosin concentration.”® ™ For example, purified oil droplets
recovered from maize germ,* sunflower seeds*” and sesame seeds (unpublished data),
were reported to have ds, values around 0.4, 1.0 and 0.7 respectively. In general,
emulsions of oil droplets with a larger size are less stable during storage than those
with a smaller size.®'®*. In addition, natural oil-in-water emulsions obtained from
sources like soybean12 or maize germ,73 with relatively small sizes are more stable
than the ones originating from sesame seed with a larger size.***’

Highly purified oil droplets in oil body-based emulsions, irrespective of their
origin, are prone to aggregate relatively easily, probably because of the relatively

weak electrostatic repulsion forces operating between the droplets.*® Aggregation of
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droplets and coalescence that follows, may then limit their potential for application in
foods. Long term stability can be enhanced by applying emulsification,®” ¥ ** which
is not a cost-efficient approach for industrial purposes, or by addition of surfactants
and/or biopolymers.73 - 80. 88, 91, 92 Improvement of physical stability of oil droplets may
also result from the application of heat treatment (90 °C, 30 min) to the initial oil
body extract.”® The improvement of the long-term stability was attributed to the
deactivation of endogenous enzymes such as lipase and lipoxygenase.

Recovery of oil from the initial aqueous extract by isoelectric aggregation is
expected to lead to the recovery of oil droplets in the form of a cream enriched in seed
storage proteins.3’ & Exogenous proteins remain at the oil body surface even after re-
dispersion of the cream in aqueous solutions and the formation of oil-in-water
emulsions (Fig. 4).° These proteins may provide additional stability to the oil droplets
which is attributed to a secondary layer that forms at their surface, enhancing thus the
strength of the repulsive steric forces operating between neighbouring droplets. The
emulsions also exhibit high stability against coalescence, even after storage for long
time periods.”

A natural emulsion obtained from oil body extraction with an oil content of 5
wt% may be obtained following recovery of the initial extracted oil by applying
ultrafiltration to the initial maize germ oil body extract.’® The mean surface-volume
diameter of this emulsion was 155 nm. This natural nanoemulsion, apart from the
interfacial proteins, contained also all the exogenous storage proteins of the extract

(Fig. 5) and exhibited a remarkable physical stability even after heating at 90 °C.

4.2. Physical stability in presence of surfactants or biopolymers

Since the physical stability of some of the oil bodies-based emulsions may be
relatively low, the idea of incorporating surfactants or biopolymeric molecules into
their water phase was put forward by a number of investigators. The stability of a
natural emulsion based on maize germ oil bodies is enhanced following addition of
Tween 80, especially at a concentration level of 0.75%.”" The improvement in
emulsion stability was attributed by the authors to the alteration of the composition of
the oil body surface since the addition of the surfactant resulted in the development at
the surface of an adsorbed film of a mixed nature, made up of surfactant- and
phospholipid-rich domains, with the non-displaced surfactant protein molecules,

mainly oleosins, remaining embedded in the latter (Fig. 6).”"
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Surface active biopolymers such as proteins may also be considered as
potential oil droplet stabilizers. However, in straight contrast to the surfactants which
may competitively adsorb to the oil droplet surface, due to their small size, the
problem with the proteins is that even the ones with a very flexible molecular
structure may find it hard to displace the natural emulsifiers of the oil bodies and
adsorb in their place. For example it was recently reported that in spite of their high
surface activity, yolk lipoproteins are not able to penetrate and adsorb to the highly
cohesive and hydrophobic mixed phospholipids-protein surface membrane of the
maize germ oil bodies.** However, the presence of egg yolk constituents in the
emulsion continuous phase led to a marked enhancement of its stability against
coalescence. As was suggested by the authors, the presence in the emulsion water
phase of non-adsorbed yolk protein particles resulted in the intensification of
interdroplet interaction, due to depletion events. Therefore, as it is illustrated in Fig. 7
they might have had an indirect but still strong influence on emulsion structure and
physical stability.

In contrast to egg yolk lipoproteins, caseinate molecules can adsorb to the
surface of oil droplets of natural emulsions based on isolated maize germ oil bodies
and offer extra protection against coalescence. The adsorption takes place when the
oil droplets are equilibrated against a caseinate solution under agitation.”* According
to the SDS-PAGE analysis, the f- and x-caseins, were the caseins that mainly
adsorbed to the surface.”

Other additives that could be useful in offering additional protection to natural
emulsions are charged polysaccharides such as pectin or xanthan gum. According to

recent findings ** **

, pectin is a polysaccharide that enhances the creaming stability of
purified oil droplets extracted from soybeans, something that was attributed to the
formation of a secondary layer of polysaccharide molecules at the oil droplet surface
through electrostatic interaction with the protein constituents of the primary surface
layer.

Enhancement of the physical stability of oil bodies can also be achieved with
the use of xanthan gum.73 Xanthan gum addition at a concentration of 0.1 wt% was
found to bring about a significant enhancement in the creaming stability of purified oil

droplets obtained from maize germ by aqueous extraction. The improvement against

creaming was again attributed to the appearance of electrostatic interactions between
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xanthan gum and the proteins of the oil droplet surface that led to the diminution of

depletion flocculation effects and to enhancement of the steric repulsive forces.

4.3. Chemical stability

In addition to their physical stability, oil bodies in the rich-in oil plant raw
materials may also exhibit remarkable stability against lipid oxidation. This is
apparently connected with the presence both inside the oil bodies as well as in their
perimeter of bioactive phytochemicals with antioxidant activity.”® There are also
recent research findings suggesting that a number of oil body-based natural emulsions
obtained with the use of aqueous media may also exhibit considerable oxidative
stability.* > ** °"1% Even artificially-prepared oil bodies turned out to be more
resistant to lipid oxidation when compared with technically-prepared emulsions
formulated with surfactants or proteins.'”' This is of great importance for the
development of chemically-stable novel food products based on oil bodies

The stability of oil against oxidation in natural oil body emulsions derived
from oil body aqueous extraction seems to be the result of the presence in the
emulsion continuous phase of both the residual seed proteins, along with those present
in the mixed phospholipids/proteins surface membrane. It has also been proposed that
the presence of antioxidants, like E-vitamers, associated with oat oil body surface may
contribute to their oxidative stability.* Moreover, since the initial oil body size is
inextricably tied to the size of the surface area, it may also play an important role in
the oxidative stability of oil, but it is a factor that is hard to fully control.”” On the
other hand, extensive heat treatment of the oil droplet suspensions immediately after
their extraction of oil bodies from soybean was found to significantly improve their
chemical stability. This is attributed to the deactivation of endogenous enzymes such
as lipase and lipoxygenase.”

Since the method applied for the recovery of oil droplets from the initial oil
body extract may have an effect on droplet size and also on the exogenous proteins
content of their surface, it is reasonable to assume that the method of recovery is
highly crucial in determining the chemical stability of the recovered oil bodies.” As an
example, natural emulsions based on oil bodies recovered from a maize germ extract
by applying the technique of gravitational creaming in presence of sucrose, exhibited
a relatively low stability to lipid oxidation. On the other hand, recovery of oil droplets

by isoelectric aggregation produced emulsions exhibiting a much higher stability
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against oil oxidation.” Moreover, a natural emulsion based on maize germ oil
bodies obtained from the initial extract by applying ultrafiltration, exhibited an
even higher chemical stability. It seems that the presence of exogenous seed
protein molecules in the emulsion continuous phase was the reason for the

remarkable oxidative stability of the natural emulsion.

5. Main potential food applications

The final preparations obtained by aqueous extraction of oil from oil-
rich materials followed by recovery of the extracted oil droplets, may have the
form of either a liquid o/w natural emulsion or a semi-liquid cream, depending
on the recovery method applied. In both the emulsion and the cream the oil is
found in the form of relatively small-sized oil bodies dispersed in a plant
protein solution The considerable difference in the oil content between the two
types of oil body-based preparations is bound to determine their future
exploitation as ingredients in the development of a number of food or other
products. With regard to foods, a number of potential applications could be the
development of imitation milk beverages and other dairy-like products.'*> '
In addition, many other liquid, semi liquid or solid foods, appearing in the
form of an oil-in-water emulsion (e.g. sauces, mayonnaise and salad dressings)
or incorporating emulsified oil/fat droplets into a protein and/or
polysaccharide-based matrix (e.g. meat, pastry or baked products), constitute
another group of interest for potential applications.

The technological/economic advantages of replacing in the various
food formulae of technically-emulsified oil/fat with oil bodies are more than
obvious and have already been discussed in the introductory section.
Incorporation, however, of oil bodies into the structure of a food material is
not always as easy as it may sound. In fact, a number of problems may be
faced by food technologists involved in product development when attempting
to prepare homogeneous mixtures of naturally-emulsified oil droplets with the
rest of product ingredients. These problems are mainly connected with
possible incompatibility effects between the oil body surface constituents and
biopolymeric food ingredients, namely proteins and/or polysaccharides. As a

result of such effects, the food structure may differ from that of a traditionally-
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prepared food product and the novel food may exhibit inferior sensory characteristics
and poor quality. Furthermore, following long time product storage, incompatibility
phenomena may lead to oil separation.

The stability against coalescence of natural emulsion obtained from oil body
aqueous extraction is another crucial parameter that may determine their applicability
in the preparation of novel food or other products. The coalescence of oil droplets into
larger ones, eventually leading to appearance of undesirable oiling-off at the product
surface, depends on their initial droplet size and the composition of their surface
membrane. In addition, the intensity of thermal treatment, e.g. heat treatment of the
oil body-based emulsion or “cream” for pasteurization/sterilization purposes, may
also have an effect on the rate of droplet coalescence and the final droplet size.
Considering that the heat-treated oil body-based emulsion or “cream” may again
suffer further thermal treatment, following incorporation into the initial product mix,
the heat stability of the oil droplets against coalescence could be an important
parameter that may determine their suitability for certain applications. The same
should hold for applications where the end product is stored under freezing
conditions, leading to disruption of the stabilizing surface layer and, therefore, droplet
coalescence and oil leakage from the food structure. The stability against coalescence
of the naturally emulsified oil droplets incorporated into the food structure, may also
depend on the extent of phenomena of depletion flocculation and creaming and also
on the presence of low molecular weight emulsifiers that antagonize the proteins of
the oil droplet surface leading to their desorption and hence to the weakening of the
strength of the surface membrane.”'

A final important parameter that has to be taken into account when
contemplating the application of oil bodies in the preparation of foods and possibly
other products is the presence of off-flavors, connected with volatile compounds that
appear as a result of lipid oxidation. Hexanal, for example, which is a secondary
product of lipid oxidation, is one of the compounds responsible for the unpleasant
beany flavor of soymilk and has to be masked by incorporating flavouring additives,
such as vanillin. Apart from the off-flavours connected with lipid oxidation,
unpleasant volatiles may also originate from the oil of the natural emulsion when their
initial mix with other product ingredients is subjected to fermentation for the
preparation of dairy-like products. As both the oil and the protein constituents of oil

droplets are completely different from those of the animal milk, their fermentation
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with microorganisms to prepare products such as yogurt or probiotic
beverages may lead to the appearance of unusual volatiles, possibly

unacceptable by the consumer.

5.1 Dairy-like foods and beverages

This is one of the main areas of potential applications of natural
emulsions and creams based on oil bodies. Products belonging to this category
are imitation milk and other beverages, yogurt, cheese, cream, ice cream etc.
The process of preparation of a number of products such as yogurt or kefir,
always involves fermentation of the mix with the use of microorganisms. The
final fermented products are expected to contain viable probiotic
microorganisms and may, therefore, be characterized as probiotic foods and
beverages, providing that the viable probiotic cell count exceeds a level.

The most widely known imitation dairy product is soymilk prepared by
mixing a thermally-treated aqueous extract of soybeans with sugar (sweet
soymilk) and flavouring additives. Jacques et al.'® described a process of
preparing a vegetable milk-like beverage based on a water extract of oil bodies
from almond. A similar product, also based on naturally emulsified oil from
pistachio nuts paste, was recently developed by Shakerardekani et al.*’ In this
study a series of beverages were prepared by mixing the initial oil body
pistachio nut extract with additives such as vanillin, sugar and salt at various
concentrations. As reported by the authors the most preferred beverage of the
series as assessed by a group of untrained taste panelists was the one
containing 5% sugar, 0.02% vanillin and 0% salt.

Development of probiotic non-dairy yogurt and beverages by
fermenting water extracts of oil bodies from soybean or other sources, with the
use of various probiotic Lactobaccilus strains has been the subject of a number
of papers.'”"”” In a relatively recent publication, Mishra and Mishra '*®
reported that yogurt-like probiotic products with improved textural and flavour
characteristics can be produced by fermentation of soymilk, containing the
prebiotic fructo-oligosaccharide, with binary combinations of a number of
Lactobaccilus strains. The best results with regard to acidification profile,
product flavour and textural/rheological characteristics were obtained by the

combination of L. acidophilus-L.plantarum. In addition to soybean, the
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aqueous extract of the walnut kernel has also been subjected to fermentation with
lactic acid bacteria in an attempt to prepare beverages with probiotic properties.'® '
Jing "' reported that the viable counts of the probiotic lactococci and lactobacilli in
the fermented wall nut extract beverage were around 7.9x10" CFU/ml. In a more
recent paper,'” walnut milk containing 6-12 wt% (w/v) sucrose was fermented with
the use of kefir grains and a probiotic beverage was obtained. Based on sensory
analysis data it was concluded that the most acceptable product was obtained at a
sucrose concentration of 8 wt% and a fermentation temperature and time of 30 °C and
12 h, respectively. The viable cell counts surviving in the fermented beverage for
lactococci, lactobacilli and yeast were 8.2x107, 1.1x10* and 1.0x10° CFU/ml,

respectively, suggesting thus that the kefir grains can be used as a starter culture in the

preparation of a walnut milk-based probiotic beverage.

5.2 Salad dressings and sauces

This group of food products includes a number of semisolid, oil-in-water
emulsions based usually on egg yolk as their main emulsifier and with an oil volume
fraction that in salad dressing products such as mayonnaise may reach a value as high
as 0.8 or even higher. On the other hand, the oil content of products such as light salad
dressings is much lower and incorporation of a polysaccharide at a relatively low
concentration is needed to physically stabilize the emulsion and thicken its texture.
Irrespective, however, of the oil content, the successful incorporation of oil into the
structure of such products is expected to depend on the behaviour of the egg yolk
constituents towards the naturally emulsified droplets of the extract since the oil
droplets of a traditionally-prepared yolk stabilized-dressing emulsion are covered by a
membrane with a composition completely different from that of the oil body surface
layer.

Considering that the main proteins of the oil body surface, the oleosins, are
highly hydrophobic proteins, it is of interest to know how the relatively hydrophobic
apo-lipoproteins of the yolk will behave when coming into contact with the natural oil
droplet surface layer. According to the conclusions of a recently published study on
model salad dressing emulsions, based on maize germ oil body extracts, with an oil
volume fraction of 0.45 or 0.2,''* the hydrophobic and highly flexible yolk apo-
lipovitellenin molecules were not able to competitively displace the oleosins of the oil

bodies from the surface film and adsorb in their place. Since, however, both the
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mechanical properties of the emulsions and their physical stability were
positively affected by the presence of egg yolk constituents, it was
hypothesized by the authors that such effects were connected with the
appearance of depletion flocculation phenomena, resulting from the presence
of the yolk particles in the emulsion continuous phase. As a result of droplet
flocculation, the weak gel structure of salad dressing emulsion was further
reinforced. At the same time, oil droplet reorientation lead to a more compact
structure and oil droplet coalescence was halted. This study showed that stable
dressing-type emulsions with improved rheological properties and physical
stability can be prepared even though the main emulsifier of the mixture, the
egg yolk lipoproteins, are not able to penetrate the natural surface layer of the
extracted oil bodies and become adsorbed at the expense of the oleosins.
However, it should be born in mind that the droplets of naturally emulsified
maize germ oil were of a very small size and may, therefore, have exhibited
high coalescence stability when they flocculated with other neighboring oil
droplets. Large-sized and hence less stable oil body-based natural emulsions of
an origin other than the droplets of naturally emulsified maize germ may not
be able to resist the mechanical stresses arising from depletion flocculation,

leading thus to emulsion destabilization.

5.3 Edible films and coatings

Incorporation of emulsified oil droplets into the structure of edible
films, based on proteins or polysaccharides, is a relatively new area of
research aiming at developing food packaging films and coatings with
improved water barrier properties and possibly acting as carriers of bioactive
hydrophobic compounds, such as antioxidants. The successful incorporation of
oil droplets into the film matrix depends on the close interaction of the film-
forming biopolymer with the oil droplet surface. Therefore, substitution of oil
bodies for technically-emulsified oil droplets may result in films exhibiting
inferior mechanical properties and appearance due to incompatibility between
the film-forming polymer molecules and those of the oil body’ surface.

An extensive study, where oil body aqueous extracts originating from
soybean were applied for developing filled with oil bodies edible films, was

conducted by Wang'"? without much success since the mechanical properties
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of the prepared films were very poor. However, when the oil droplets of a soybean
aqueous extract were incorporated into the structure of polysaccharide-based films the
outcome was more satisfactory.

Matsakidou, et. al.,94

also succeeded in preparing sodium caseinate-based
composite films, filled with naturally emulsified maize germ oil. The films exhibited a
milky appearance which could be useful in certain applications, an improved
resistance to water vapour permeability and higher surface hydrophobicity when
compared with the control films not containing oil bodies. Although some
irregularities, attributed to the presence of flocculated oil droplets, were spotted at the
film surface the physical properties of the composite films was very satisfactory. The
interaction between the protein matrix and the oil droplet surface layer, where a

number of the flexible sodium caseinate molecules were adsorbed, was according to

the authors the reason for the homogeneity of the composite films.

6. Conclusion and Future Perspectives

Oil body-based preparations in the form of a natural emulsion or a
concentrated “cream” may be obtained from rich-in-oil plant materials by subjecting
the comminuted raw material to aqueous extraction and then recovering the extracted
naturally emulsified oil by applying a number of different recovery methods. The
finally recovered oil body-based preparation may exhibit totally different
compositions in terms of oil and proteins as well as in their physical and/or chemical
stability. As a result, incorporation of such preparations into the structure of novel
food products has to take into account both their stability properties as well as
possible phase separation phenomena appearing between the surface of the extracted
oil droplets and the rest of product ingredients, namely the proteins and/or
polysaccharides. Finding ways to overcome such obstacles is a prerequisite for the
successful development of novel food products based on natural emulsions with
accepted by the consumer structural and nutritional properties. To achieve this goal a
thorough investigation of both the chemical as well the structural characteristics of oil

body-based natural emulsions recovered from different oil-rich sources is needed.
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Captions

Figure 1.

Cryo-SEM images of maize germ hydrated for 1 day (a) and 2 days (b) and of
sunflower seeds hydrated for 1 h and magnified 7000 (c) or 16,000 (d) times.
Reprinted from Nikiforidis ez. al.*

Figure 2.
TEM of soybean cotyledon cell cross-section.PB, protein body; CW, cell wall; N, cell

nucleous; OB, oil body. Reprinted with permission from Campbell et. al.”

Figure 3.

Process diagram of aqueous extraction of oil bodies.

Figure 4.
SDS-PAGE profiles of molecular marker (lane 1), maize germ (lane 2), cream
recovered with isoelectric aggregation (lane 3), and washed oil body-based cream

(lane 4) proteins. Reprinted with permission from Nikiforidis ez. al”

Figure 5.
SDS-PAGE of proteins of oil-body nanoemulsion (lane 1), of the washed oil body-
based cream (lane 2) and of the molecular marker (lane 3). Reprinted from Nikiforidis

et. al’®

Figure 6.
Schematic representation of the potential changes in oil body surface structure

resulting from Tween addition. Reprinted from Nikiforidis ez. al’!

Figure 7.
Schematic representation of structure development with ageing of interactions of
purified natural emulsified oil droplets and egg yolk. Reprinted from Nikiforidis

et.al®
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