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Abstract: Oil bodies (OBs) dispersed in an aqueous medium form a natural emulsion with high
physical and microbiological stability. This work was focused on the development of a new protocol
for extracting OBs from olive paste, through the extraction of an olive oil body cream (OOBC) with
a yield of about 43% (wt/wt) in approximately 2 h. The proximate analysis revealed the presence
of moisture, lipids and proteins as well as the contents of polyphenols and flavonoids, and the
antioxidant powers were determined. The rheological and tribological performances of the OOBC
were evaluated. Moreover, we measured a size distribution in the range of 0.7–1.7 m, by using a
standard optical microscope. The results have demonstrated clearly that the OOBC extracted from
the olive paste can be used as a functional and vegan ingredient in food emulsions.

Keywords: oil bodies; extraction technique; olive paste; functional ingredient; food emulsion

1. Introduction

Oil bodies (OBs) are one of the most important organelles in a vegetal organism
and are mainly found in seeds. They are composed of a core of triacylglycerols (TAGs)
and are coated by a monolayer of phospholipids and embedded proteins called oleosins
(15–26 kDa molecular mass) [1–5] and other compounds such as tocopherol [6]. Oleosins are
composed of three different regions: an N-terminal and an amphipathic region, a central and
hydrophobic antiparallel β-strand domain and a C-terminal domain of variable length [7].
OBs have been observed to be particularly stable in cells and isolated preparations. In both
cases, the organelles appear as individual entities, and when they are pressed together
in vivo for desiccating seeds or in vitro after centrifugation, they do not aggregate or
coalesce, even if the storage is prolonged [7]. These organelles are individual entities that
do not coalesce even under external stresses.

The stability and rheology of an oil-in-water emulsion mostly depends on the droplet
interactions, which are substantially influenced by pH. In vegetable cells, the pH is near
neutral; and thus, the area is stabilised by electrostatic repulsion, and coalescence is pre-
vented [7]. Protein-stabilised emulsions are influenced by electrolyte ions in a different way,
because they interact, reducing droplets repulsion, binding to droplets emulsion, changing
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hydrophobic interactions between non-polar groups, and altering the water molecules’
structure [8,9]. The effect of different pH values and ionic strengths on protein-stabilised
emulsions have been well documented [10–13]. Other aspects affecting the emulsion stabil-
ity are the average size of the droplets and their size distribution and the volume fraction
of the dispersed phase [8]. Information about the size of the particles may be obtained
using various analytical methods including microscopy, light scattering and sedimentation
methods [8].

The pH-dependent aggregation of the OBs is well known. At the isoelectric point
(IEP), the electrostatic repulsion does not take place, and aggregation occurs, whereas
the IEP does not achieve an increment of scattered OBs, which is later attained, e.g., OBs
from olive seeds, at pH 7.5, remain as individual droplets, while at pH 6, they aggregate
due to their IEP [14]. This scenario is useful because when OBs are suspended in water,
they can be considered as a natural emulsion. Oil droplets in the form of the OBs can
ensure high physical and microbiological stability of an oil-in-water emulsion based on
OBs. The physical stability is attained due to the stabilising effect of the oleosine and the
small average droplet size.

Currently, vegetable oils have to be added to emulsion food products; hence, a highly
expensive homogenisation process is required. Conversely, the extraction of oil in the
form of an OBs may be an outstanding product which is already naturally emulsified.
Moreover, this natural emulsion is stable and highly nourishing because it does not require
any refining treatment [12]. The extraction of OBs is usually carried out from seeds such
as soybeans, sunflower seeds, pumpkin seeds, sesame seeds, rice, rapeseeds and nuts
such as almonds, peanuts and olive seeds. These are some of the raw materials where
OBs have been identified. Olives should be recognised for their great importance owing
to their beneficial properties for human health. The olive, known by the botanical name
Olea europaea, is a species of the family Oleaceae and is the only one that can produce
an edible fruit [15]. The olive has largely been used for oil production but also in the
cosmetic and pharmaceutical fields. Currently, olive cultivation and olive oil production
occur worldwide, with a global production of 17 million tons during the past 40 years.
Moreover, the approximate amount of olives produced per year in Europe is 2051 thousand
tonnes [16].

The olive is classified as a drupe [17], a fruit with a kernel, with an oval form and a
weight between 0.5 and 20 g. The olive structure is composed of an epidermis (epicarps),
pulp (mesocarp rich in oil) and a kernel (endocarp). The epicarp is commonly called the
peel or skin and represents 1–3% of drupe weight. The epicarp contains the chlorophyll
responsible for the green colour in unripe fruits, as well as carotenoids and anthocyanins
responsible for the dark violet colours in matured fruits. The mesocarp, known as pulp,
accounts for 70–80% of fresh fruits and is rich in oil. The endocarp, known as the kernel,
accounts for 18–22% of whole fruits and is composed of lignified cells with the seed
inside [18]. The chemical composition of olives varies according to the variety, growth
phase of the fruits and the weather. On average, olive mesocarp is composed of 22% oil,
50% water, 1.6% proteins, 19.1% carbohydrates, 5.8% cellulose and 1.5% minerals [19,20].
Other important compounds present in olive fruit are pectin, organic acids, pigments and
phenols [21]. These particular nutritional and functional characteristics of the olive drupe
and olive oil suggest that these OBs have great potential in food preparations. In addition
to the stabilising properties of the emulsions due to the composition of OBs, the presence
of antioxidant elements from the drupe can confer a non-negligible functionality and, at
the same time, a longer shelf-life [22].

Another relevant consideration is related to the extraction method used to obtain the
OBs. Most OBs can be extracted using an aqueous medium or an organic solvent, mainly
hexane. The key difference is that in the first case, an oil-in-water emulsion is obtained, with
intact or partially disrupted OBs, while a solution of oil in an organic solvent is produced
in the second case, with a remarkable impact on health and environment [23]. An aqueous
extraction method consists usually of a series of mechanical steps. Usually, the first step
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is the wet grinding in which the seeds are homogenised in a medium, and in a second
step, the slurry is filtered. The filtrate is centrifuged appropriately. Successively, an upper
layer called “cream” is recovered, resuspended in a fresh medium and washed by a further
centrifugation step [24].

Here, for the first time, the olive paste was used as a raw material for the extraction.
Olive paste is an intermediate in the olive oil production process obtained by milling
olive drupes. First, we performed OBs extraction using a conventional extraction aqueous
method broadly used for oleaginous seeds [24], by adapting it for our raw material. Thus,
we defined a first extraction method for the olive paste, so-called “Method 1”. Despite
the improvements applied, comparing it to the patent protocol [24], Method 1 was time-
consuming and hence not so competitive for a desirable scenario of an industrial application.
Afterwards, we were successful in defining an extremely rapid and simple protocol in order
to define an enhanced method specific for olive paste, called “Method 2”.

Plainly, we chose the faster and easier method to extract the OBs and then we made a
full characterisation and conducted a morphological analysis of its extracted cream. In other
words, our goal was to define a simple extraction method for obtaining the “cream”, which
might be adopted in the manufacture of novel food products by substituting the oil/fat
droplets of the traditionally prepared food product with oil droplets naturally emulsified.
Due to the proteins present in the OBs, it may be possible to use them as emulsifiers.
Moreover, we have re-evaluated an intermediate product (i.e., the olive paste) as a raw and
key material for an innovative process such as OBs extraction. We believe that the OBs
could be used as emulsifiers in the food emulsion industries to prepare mayonnaise and
whipping and cooking creams.

2. Materials and Methods
2.1. Extraction of Olive Oil Bodies

Olive paste (OP) from Leccino cultivar drupes, provided by the National Research
Council—Institute for Agricultural and Forest Systems in the Mediterranean (CNR-ISAFoM)
based in Perugia (Italy), was used to extract the OOBC (Olive Oil Bodies Cream) containing
OBs. The OP was delivered frozen and stored at −20 ◦C before the experiments. The
reagents used in the extraction process were: Sucrose BioUltra > 99.5%, Sodium Chlo-
ride BioUltra > 99.5%, citric acid monohydrate 99.5% and sodium hydroxide 98%. All
the reagents were purchased from Merck. First, we applied an extraction protocol with
some modifications which was borrowed from the patent WO2007115899 A1 [24] filed for
oleaginous seeds using a sucrose/sodium chloride aqueous buffer. The patented protocol
consists of four main steps. First, we performed wet grinding of the raw material by
using a solution of water and sucrose at 0.6 M (grinding medium, GM, obtained by Mixer
type XB98, Ceado, Venezia, Italy). The following three steps were carried out using three
different floating buffers, which were aqueous solutions of sucrose and sodium chloride.
Specifically, these floating buffers were FB1 (0.2 M sucrose, 1 M NaCl), FB2 (0.1 M sucrose,
1 M NaCl) and FB3 (0.2 M NaCl) [24]. Each suspension was mixed for 2 min to obtain
a homogeneous suspension (by Professional Thermal mixer HotmixPRO Combi Cold,
Combi, Italy), and then centrifuged at 3226× g for 40 min [24]. After each centrifugation,
the cream (solid layer) was separated and resuspended in the next FB. Subsequently, in the
last centrifugation step, the OOBC were extracted. Based on the patent held by Beindorff
et al. [24], a new protocol was developed for the OP, optimising the composition of the
grinding and buffer solutions and the operative steps to maximise the extraction yield. We
called this first new protocol “Method 1”. Taking into account the results of Method 1, we
defined a second novel extraction protocol, so-called “Method 2”. The protocol extractions
were repeated three times. The yield was evaluated as the ratio between the total weight of
the extracted product and the initial weight of the olive paste:

Yield, wt.% = Wf(product)/Wi(raw material) (1)
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2.2. OOBC Characterisations

The OOBC was stored at 4 ◦C for 24 h, after the following analyses in triplicate
were performed.

2.2.1. Proximate Composition

We measured the water content, oil content and protein content of the OOBC. The
water content was determined using a thermo-balance (DBS 60-3, Kern, Balingen, Germany),
setting the drying temperature at 60 ◦C. The oil content was determined using a continuous
soxhlet extractor filled with 40 g of the dried OOBC and 100 mL of n-hexane. The lipid
extraction time was 6 h [25]. The total protein content of dried and defatted OBs was
determined using the Bradford assay method [26]. The concentration of proteins was
determined using a UV–visible spectrophotometer (Cary 50, Varian, Agilent Technologies,
Santa Clara, CA, USA) at 595 nm. As the standard, we used bovine serum albumin (BSA)
in a concentration range of 0.1–1.4 mg/mL [25].

2.2.2. Concentration of Polyphenols

We diluted the OOBC (1 g) in methanol (8 mL) and gently mixed it for 12 h at 23 ◦C
in tubes sealed with paraffin to avoid evaporation then we centrifugated at 2000× g for
10 min, these steps are the “methanolic extraction” [6]. Afterwards, we followed the
method suggested by Kim et al. [27] with minor modifications. We collected 1 mL of the
supernatant and mixed it with 300 µL of Folin–Ciocalteu reagent and with 1 mL of sodium
carbonate 99% (7.5% w/v) and deionised water to reach a total volume of 10 mL [27]. We
determined the concentration of polyphenols by reading the absorbance curve with the
UV–visible spectrophotometer at 765 nm, using gallic acid as a reference in the range of
4.00–25.00 µg/mL [27]. The total concentration of polyphenols are expressed as milligrams
of gallic acid equivalent per gram of OOBC dry weight (mgGAE/gdry).

2.2.3. Concentration of Flavonoids

As for polyphenols, the first step is the “methanolic extraction” [6]. Following the
method defined by Woisky et al. [28] with minor modifications, we mixed 1 mL of the
supernatant with 0.500 µL of aluminium chloride 99.9% (2% w/v) and deionised water to
reach a total volume of 10 mL, and we incubated the solution for 30 min in a dark place and
then read the absorbance using the UV–visible spectrophotometer at 420 nm. We used the
flavonoid quantification with quercetin as the standard, with a concentration between 4.00
and 20.00 µg/mL [28]. We expressed the total concentration of flavonoids as milligrams of
quercetin equivalent per gram of OOBC dry weight (mgQE/gdry).

2.2.4. Antioxidant Power

Starting with “methanolic extraction”, the antioxidant power (AP) was determined
using the ferric reducing ability of plasma (FRAP) assay [29]. We adopted the method stated
by Benzie et al. [29] with minor modifications. We mixed 1 mL of the supernatant with 1 mL
of the FRAP reagent made as indicated in [29] and added distilled water to reach a total
volume of 10 mL. We incubated the prepared solution for 5 min and recorded the absorbance
with the UV–visible spectrophotometer at 593 nm. We measured the AP values using
two different scales: Fe (II)-sulphate heptahydrate > 99% equivalents with concentration
between 1 × 10−5 and 8 × 10−5 mmol/mL, and Trolox 97% equivalents with concentration
between 1.2 × 10−5 and 6 × 10−5 mmol/mL were used as standard [29]. The AP are
expressed as both millimoles of iron per gram of OOBC dry weight (millimolesFe/gdry)
and milligrams of Trolox equivalent per gram of OOBC dry weight (mgTroloxE/gdry).

2.2.5. Size Determination and Morphological Analysis

The shape and the size of the OBs contained in the OOBC were determined using a
Zeiss upright microscope (Axio Imager M1, Zeiss, Oberkochen, Germany) equipped with
a 40× objective and used in the reflected light configuration. Taking into account that



Appl. Sci. 2022, 12, 6019 5 of 17

the OOBC had a creamy texture, we easily streaked it by using a pipette tip on an optical
microscope slide, which was then placed on the mechanical stage of the microscope. Images
of the layer of OOBC were recorded digitally and analysed using the Software Fiji-ImageJ
(IJ2, Wayne Rasband, Bethesda, MD, USA) by adopting the “analyse particle function” and
processing them using the Nobuyuki Otsu Method [30]. The Software Fiji-ImageJ allowed
us to extrapolate the size and the shape data of the OBs, by calculating the diameter and the
“circularity”, which indicates the OBs roundness. We were able to determine the particle
size distribution of the OBs at 25 ◦C.

2.2.6. OBs Thermal Stability

The thermal stability of the OOBC containing the OBs was investigated by streak-
ing a small amount of the OOBC on a microscope slide that was quickly placed on the
temperature-controlled heating table (Hot Plate by Thermo Fisher, Waltham, MA, USA).
After reaching the set temperature (50, 100, 150, 200 ◦C), the OOBC sample was held
for about 10 min at this temperature and then placed on the microscope stage for the
size determination and morphological analysis using the same procedure as described in
Section 2.2.5 above.

2.3. Statistical Analysis

The OBs diameters recorded at the temperatures of 25, 50, 100, 150, 200 ◦C were deter-
mined as described in Sections 2.2.5 and 2.2.6. Then, they were analysed with descriptive
statistics. Thus, we evaluated the first percentiles, the third percentiles, the medians, the
means, the standard deviations, and the minimum and maximum values of the diameters,
which were recorded at the above-mentioned temperatures. Consequently, we determined
the box plots of the particle size distribution at 25, 50, 100, 150, 200 ◦C. The characteristics
of the OBs distribution were also evaluated according to the values D10, D50 and D90 (D is
OBs diameter). D50, the median, is defined as the diameter where half of the population
lies below this value. Similarly, 90% of the distribution lies below D90, and 10% of the pop-
ulation lies below D10. Additionally, we evaluated the means and the standard deviations
of the circularity values. Moreover, we performed statistical tests on the OBs diameters
collected in five groups corresponding to the five temperatures. The aims of these statistical
tests were to assess significance and to verify if there were differences among the groups.
First, the data were analysed by means of a normality test. The normality was checked
using the Shapiro–Wilk test. Taking into account the Shapiro–Wilk results, we selected the
non-parametric Kruskal–Wallis test for comparing the diameter groups obtained at each
temperature. Furthermore, to identify which groups were different, a multiple comparison
procedure with the Dunn test was applied. The tests were performed with the Bonferroni
correction and were performed with Excel (version 16.37).

2.4. OOBC Stability Assessment

We performed one cycle of centrifugation in a 15 mL Falcon tube at 2064× g and
at 25 ◦C. We measured the height of the two layers of liquid arising on top of the solid
fraction (the cream), corresponding to the oil phase (above) and the water phase (below).
The number of centrifugation steps depended on when the constancy of the stability index
was attained. This approach has been adopted by some food industries to evaluate the
stability of food emulsions (e.g., cooking cream, whipping cream). We performed this
analysis on the OOBC freshly extracted (OOBC untreated, OOBC-U) and on the OOBC
heated (OOBC-H) in a microwave oven (MWF 427 SL, Whirlpool, Benton Harbor, MI, USA)
for 20 s, reaching a temperature of 70 ◦C. Then, we cooled the sample at room temperature
before performing the stability assessment. We determined the stability index% (Si) [25] as
defined in Equation (2):

Si = Hs/Ht × 100 (2)

where Hs is the sum of the heights of the upper and lower layers measured after each
centrifugation, and Ht is the total height of the product in the container.
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2.5. Rheological Measurements

The OBs are naturally emulsified and are hence suitable for the preparation of com-
mercial food emulsions such as mayonnaise. Therefore, in order to prove that the OBs can
substitute both the oil/fat droplets of a traditionally prepared food product as well as the
emulsifier, i.e., the egg yolk in the mayonnaise, we compared the rheological behaviour of
the OOBC with that of the mayonnaise. We used a rotational rheometer (MCR 102, Anton
Paar, Graz, Austria) with a cone-plate geometry (D = 50 mm, α = 1◦). The samples were
placed on the rotational rheometer in a standardized manner and were kept standing before
measurements at the initial measurement temperatures for 1 min. To keep the samples at
the chosen temperature, we used a temperature cover which prevents evaporation. We
performed three different tests: the flow curves, the thermal flow curve ramp and the
amplitude and frequency sweep.

2.5.1. Viscosity

The flow curve is a graphical representation of fluid viscosity when it is subjected to
increasing or decreasing shear rates [31]. We tested the OOBCs’ viscosities at t0 (OOBC
freshly extracted) and at t1 (OOBC after 10 days at 4 ◦C), as well as the commercial
mayonnaise viscosity. We performed the flow curve tests using a shear rate range of
0.1–100 s−1 fixing the temperature at 25 ◦C for all tests, and then, we plotted the viscosity
trend against shear rate.

2.5.2. Thermal Flow Curve

Moreover, we investigated the OBs samples’ behaviour under an increasing tempera-
ture with the Thermal flow curve ramp within a range of 10–80 ◦C to evaluate the viscosity
change with a heating velocity of 10 ◦C/min. Additionally, these curves were performed
at 0.2% of strain and at a frequency of 1 rad/s. The stress data are collected during the
analysis of the flow curve tests. The rheometer automatically shows viscosity and stress
curves as well. According to the literature, we assumed that the yield stress is the lowest
shear-stress value above which the behaviour of a certain material resembles a fluid and
below which it resembles a solid [32].

2.5.3. Amplitude and Frequency Sweep

First, we performed the amplitude sweep test in order to evaluate the linear viscoelastic
region. Second, with the frequency sweep, we investigated the differences in viscoelasticity
by evaluating and comparing G′ (storage modulus) and G′′ (loss modulus) at a constant
strain of 1%, which was chosen because it is a value representative of the linear viscoelastic
region previously evaluated.

2.6. Tribological Measurements—Stribeck Curve

Tribological tests describe the behaviour of a certain material during the transformation
in bolus, and we used them to obtain the Stribeck Curve, giving the friction coefficient
of OBs. This curve has been measured using the tribology cell T-PTD 200 mounted on a
rotational rheometer (Anton Paar MCR 102). The probe is equipped with a glass sphere
that simulates the tongue and PDMA pins that resemble a palate in the mouth [33,34].
This curve is divided into three regions: the boundary regime, the mixed regime and the
hydrodynamic regime, which represent different friction scenarios and, in the case of oral
processing, different amounts of food sample between the tongue and palate [31].

We achieved tribological tests on the OOBC at room temperature, comparing the
behaviour of fresh and conserved OOBC (10 days at 4 ◦C) to a commercial mayonnaise.
The analyses were performed at constant pressure between the glass sphere and the pins at
a value of 1 N [33], varying the sliding velocity in the range from 1 × 10−9 to 1 × 10−1 m/s.
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3. Results and Discussion
3.1. Olive Oil Bodies Extraction

The patented protocol, mentioned above, was properly adapted to the OP by applying
some modifications described in the following. First, the raw material was stored at−20 ◦C
rather than at 25 ◦C, as suggested in the patent protocol for the oleaginous seeds [24].
This step was necessary to eliminate the issues linked to the seasonality of the product,
which could lead to excessive process stress, and to achieve a facile separation of the free
lipid fraction, here called oil, of the olive paste and water phases from the solid using
cryoconcentration. Before the extraction, we thawed and homogenised the OP (40 g) in
200 mL of the GM. We chose to reduce the wt/vol ratio of the OP/GM at 1:5 instead of at
1:10 [24], because it is more suitable for olive-based raw materials [35].

Applying the protocol stated by Beindorff et al. [24], consisting of the repeated dilution
of the cream collected in the three different liquid buffers (FB1, FB2, FB3), we obtained
no separation of the solid phase from the liquid phase. This behaviour is due to a low
difference in density between the liquid solution and solid material and an unsuitable pH.
Owing to the low extraction yield obtained, we proceeded to define a new, called Method 1,
described in the following. First, we increased the concentration of the solutes in GM, FB1,
FB2 and FB3 to improve the density difference between the solid and the liquid phases,
as suggested for the separation of liquid and solid phases in the case of olives [35,36].
Therefore, the compositions of the GM and of the FBs which we used were: GM (1.2 M
sucrose), FB1 (0.8 M sucrose, 1 M NaCl), FB2 (0.4 M sucrose, 1 M NaCl), FB3 (3.2 M NaCl).

The pH of the suspensions was almost constant at 5.4. After each dispersion step, the
suspension was centrifuged at 4 ◦C, 3226× g for 40 min [24]. The initial composition of the
olive paste was 20%. After the first extraction step, the yield was 32%, to follow, in the case
of the others extraction steps, the yields were 30%, 25%, and finally a yield of 21.4% was
measured at the end of the extraction process.

After each centrifugation step, the liquid phase, below the cream containing the
OBs, showed a cloudy appearance, highlighting small, suspended solid particles. To
eliminate this phenomenon, after each centrifugation step, we introduced a novel step in
the extraction protocol reported in the patent [24], called freezing. The container with the
partially separated suspension was frozen at −20 ◦C, thus increasing the collection of OBs
by more than two-fold. We recovered the cream and threw away the oil (i.e., the free lipid
fraction of the olive paste). Each freezing step lasted about 3 h, resulting in an almost total
recovery of solid fraction in the container. Figure 1 summarises the main steps of the new
extraction, Method 1.
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After the last step of the extraction protocol (see Figure 1), we obtained the cream here
called OOBC. As we have stated before, the extraction protocol drives the formation of an
upper layer with a creamy texture. Figure 2 illustrates the OOBC extracted.
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Although the protocol described above yields high extraction efficiencies (47.5%), it
is time-consuming (the extraction time was at least 1 week) and is therefore not ideal for
industrial applications.

Considering these limitations, efforts were expended to determine a new, easy, and
quick extraction method which we called Method 2. The outstanding novelty was that we
exclusively used one buffer solution in the whole extraction process, whereas Method 1
needs GM, FB1, FB2 and FB3. This buffer solution had suitable chemical–physical charac-
teristics such as reagents used, pH and density. Due to them, we were able to use it in the
grinding and in the subsequent centrifugation steps. The efficiency of the buffer solution
(yields and capability of separating the different phases) allowed us to reduce the phases of
the extraction processes as well as the time processes.

Since the difference in density between the phases present in the suspension [36] and
the value of pH that obtained the isoelectric point of the suspension were identified as key
elements for a high recovery of the OOBC, the composition of the buffer solution has been
chosen to obtain a pH value of 6, which is the IEP as suggested by Georgialaky et al. [14].
The composition of the buffer solution which we formulated is: sucrose 27.4%, citric acid
monohydrate 5.2%, and sodium hydroxide 2.4%. Figure 3 shows the flow chart of the new
OBs extraction method.
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We used 20 g of the OP frozen and 200 mL of the buffer solution, and we recovered
17 g of OBs equivalent to a yield of 43 wt.%. Moreover, using this method, the extraction
time was 2 h. We were successful in defining a straightforward method by adopting a
suitable extraction buffer solution which enabled us to work at the IEP. At pH 6, oil droplets
aggregated [14], and the cream layer was denser and far easier to separate as a result of the
coalescence of droplets [14,23].

Even though the Method 2 yield was slightly lower than for Method 1, it was much
faster and simpler than Method 1 for the above-mentioned reasons (the extraction time, the



Appl. Sci. 2022, 12, 6019 9 of 17

buffers number needed). Taking into account the higher performances, we chose to carry
on the subsequent analyses on the OOBC extracted from Method 2. The yields reported are
mean values, and the extractions were repeated three times.

3.2. Proximate Composition

Table 1 summarises the OOBC composition in percentage form. The standard devia-
tions are lower than 10%.

Table 1. OOBC percentage composition.

OOBC Proximate Composition, %

Water 40.00
Lipid 26.76

Protein 5.99
Other 27.25

The OOBCs are mainly composed of water and lipids, and this enables us to consider
them as O/W emulsions. The total protein is 6%, and the other compounds are mostly
fibres and ash [16].

3.3. Polyphenols, Flavonoid Contents and Antioxidant Power

Table 2 reports the values of total polyphenols, total flavonoids and FRAP (Ferric
reducing antioxidant power) power. This result suggests great potential since it reveals the
capacity of the OOBC to improve human health against the action of free radicals and to
enhance food preservation as well.

Table 2. Polyphenols, flavonoids and FRAP in OOBC.

OOBC
TP, TF and Antioxidant Power

Total polyphenols 1.11 mgGAE/gdry
Total flavonoids 0.50 mgQE/gdry

FRAP
0.08 millimoliFe/gdry
20.04 mgTroloxE/gdry

The value of total polyphenols shown in Table 2 is in line with that reported by
Ninfali et al. [37] for extra virgin olive oil, indicating a concentration of total polyphenols
for extra virgin olive oil in a range between 0.2 and 1.5 mgGAE/g. Ninfali et al. [37] and
Sanchez et al. [38] reported values of the antioxidant power for extra virgin olive oil (EVOO)
in ranges from 0.36 to 2.88 mgTroloxE/g and from 0.38 to 1.5 mgTroloxE/g, respectively.
The emulsion produced presents a much higher value of AP (antioxidant power) measured
for OOBC than for the extra virgin olive oil.

3.4. OBs Morphological Analysis and Thermal Stability

Figure 4 shows a typical optical microscope image of the OBs at room temperature in
the bright field.

The red arrow in Figure 4 indicates one of the OBs, which is clearly visible in the
image, and they appear bright compared to the surrounding area due to their far higher
capacity to diffuse the incident light of the microscope. Moreover, the OBs appear spherical,
as previously reported [5]. These microscope images represent remarkable evidence that
the olive paste contains OBs and reveals, for the first time, that they are found in this
by-product of olive oil production. Figure 5a–d shows the optical microscope images taken,
respectively, after the first, second, third and fourth thermal steps.
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The images captured using the optical microscope reveal that the OB is preserved
after the thermal steps, regardless of the temperature, as indicated by red arrows that
point to the same OB particles (see Figure 5a–d). This is a promising result because it
demonstrates that the OBs structures did not burst under thermal treatments, which is of
crucial importance for the sterilisation process. However, whereas OB structures apparently
do not change shapes, there are some points (indicated by yellow arrows in Figure 5a–d) in
the surrounding area which appear to have been dried out or burnt, probably due to the
increase in temperature during the thermal phase.

Although the streaked OOBC still keeps its state (i.e., solid), Figure 5d shows an
increment in yellow arrows, which would indicate an excessive temperature that has
resulted in the evaporation of the water, which (as is well known) occurs at 100 ◦C, and
which is at half the temperature of 200 ◦C considered in Figure 5d. Figure 6 shows the sizes
of the images as examples of the dimensions observed using the microscope.
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Figure 6. Images of optical microscope with typical measurements of sizes.

The OB dimensions are approximately within the range of 1–1.5 µm. This enables us
to extend our investigation to a wider range between 0.7 and 1.7 µm as reported below.
The box plots shown in Figure 7 report data about particle size distributions recorded for
each temperature.
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Table 3 reports the means and the standard deviations of the diameters and circularities
values after each thermal stage. The average diameters are obtained by considering around
one hundred values measured.

Table 3. Mean and standard deviation of particles diameter and circularities after each thermal stage.

25 ◦C 50 ◦C 100 ◦C 150 ◦C 200 ◦C

Mean diameters, µm ± STD 1.183 ± 0.277 1.158 ± 0.280 1.123 ± 0.270 1.078 ± 0.271 1.150 ± 0.278
Mean circularities ± STD 0.921 ± 0.103 0.712 ± 0.179 0.653 ± 0.202 0.686 ± 0.188 0.713 ± 0.179

Concerning the circularity values, as expected, they suggest that the OB shape is rather
similar to a sphere (i.e., circularity is 1 for a perfect circle) at 25 ◦C with a minimum value
at 100 ◦C as shown by the mean values in Table 3. Conversely, the mean diameters had
a minimum value at 150 ◦C. Figure 8 reports the OB parameters of D10, D50 and D90 for
each temperature corresponding to the percentages 10%, 50% and 90%, respectively.
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According to the microscope observations, the vast majority of OB sizes (90%) have
diameters shorter than 1.5 µm and larger than 0.8 µm, are spherical in shape, and the OB
structures are stable after the thermal steps. Moreover, such small sizes lead us to expect an
efficient stability of an OB-based emulsion, as it is well known [8,23]. Regarding the results
of the Shapiro–Wilk tests, we determined for the set temperatures that the p values < 0.05.
These normality tests allowed us to define that our data significantly deviate from a
normal distribution. According to these results, we chose a non-parametric statistic test
for valuating if there were differences from the diameters groups at each temperature. The
results of the Kruskal–Wallis tests have shown p values < 0.05; hence, there were differences
among the diameters recorded at set temperatures. Afterwards, the Dunn tests identified
the temperatures of 150 and 200 ◦C as the groups which have generated the differences.
Therefore, an alteration in the OBs’ diameters was evaluated between 150 and 200 ◦C; this
chance in diameter value is influenced by different water contents of the structures and
depends on the different evaporation processes used to obtain higher temperature.

3.5. OOBC Stability Assessment

Table 4 shows the Stability Index, Si, of the untreated (U) and heated (H) cream after a
sequence of six centrifugation steps.
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Table 4. Stability index of the OOBC untreated and MW treated up to 70 ◦C after 6 centrifuga-
tion steps.

Centrifugation Step Number T (min) Separation Grade %
OOBC-U

Separation Grade %
OOBC-H

1 5 1.1 0
2 10 1.1 0
3 15 2.2 3.8
4 20 3.4 4.6
5 25 4.5 5.8
6 30 4.5 6.9

The separation values do not differ greatly at the end of the centrifugation processes,
showing a high stability of both the untreated and heated cream.

3.6. Rheological Measurements
3.6.1. Flow Curve Tests and Thermal Flow Curve Ramp

Figure 9a,b, respectively, show the viscosity and the shear stress behaviour (against
shear rate) of the OOBC, tested at t0 and t1, as well as the viscosity of a commercial
mayonnaise used as a benchmark. Figure 10 shows the OOBC viscosity trends at t0 and t1
across a range of temperatures between 10 and 80 ◦C with a heating velocity of 10 ◦C/min.
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Figure 9. Oil bodies and mayo viscosity behaviour expressed as (a) flow curve and (b) yield
stress curve.
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Figure 9a shows that at the lowest shear rate (0.01 s−1), the viscosity values are
1.5 × 107 mPa·s for the OOBC at t0 and 8.2 × 106 mPa·s for the OOBC at t1, while it
is 1.6 × 106 mPa·s for the commercial mayonnaise. Even though the OOBC viscosity is
reduced after ten days, it still resembles a commercial food emulsion. The shear stress
values, in Figure 9b, at the lowest shear rate are 1.5 × 105 mPa at t0 and 8.2 × 104 mPa at t1
for the OOBC and 1.6 × 104 mPa for commercial mayonnaise.

Figure 10 illustrates that the viscosity is 3.2 × 106 mPa·s at the lowest temperature
(10 ◦C) and 4.2 × 104 at the highest temperature (80 ◦C), with a percentage variation of
86% for sample t0, while it is 1.3 × 106 mPa·s at 10◦C and 1.7 × 104 mPa·s at 80 ◦C, with a
percentage variation of 87% for sample t1. These results show encouraging signs, indicating
that at the lowest shear rate, the OOBC viscosity is approximately five-fold higher than
mayonnaise and that they have the same order of magnitude, whereas at the highest shear
rate, the viscosity trends overlap. To obtain the best flow for OBs, we need a force of at least
five-fold higher than that used for mayonnaise. The temperature is a factor considered to
reduce the force applied during flowing, as indicated from the reduced viscosity at the
highest temperature evaluated.

3.6.2. Amplitude and Frequency Sweep

Figure 11 shows G′ and G′′, respectively, of OBs and commercial mayonnaise.
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Figure 11. Oil bodies and commercial mayo moduli comparison.

Figure 11 demonstrates that G′OB is three-fold higher than G′mayo and that G′′OB is
10-fold higher than G′′mayo, and these results support that the OB viscosity is higher than
for mayonnaise, as we concluded earlier. Moreover, both cases show that G′ is an order
of magnitude higher than G′′, and this proves that the samples have an elastic behaviour
predominant in the frequency range investigated.

3.7. Tribological Measurements—Stribeck Curve

Figure 12 shows the Stribeck curves, which are the friction factor trends that serve
as functions for the sliding velocity of the OOBC at different times and for the commer-
cial mayonnaise.
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Table 5 reports the static and dynamic friction factor.

Table 5. Sample and commercial mayonnaise friction factors.

µ Static <µ Dynamic>

OOBC t0 0.2712 0.3196
OOBC t1 0.4411 0.4412

Commercial mayo 0.7753 0.7005

The static and dynamic friction factors of commercial mayonnaise are about three-fold
higher than OOBC at t0 and about 1.7-fold higher than OOBC at t1. These results suggest
that the OOBC are easier to swallow than mayonnaise.

4. Conclusions

All things considered, we presented here a protocol for extracting the OBs, for the first
time, from an intermediate product of olive oil. The OBs of olive drupes were extracted
from olive paste. The new extraction protocol enables us to recover a moist cream from
olive paste with OBs that provide a high physical and thermal stability. The protocol is
based on the use of a buffer solution, which is formulated with food grade compounds. The
entire extraction process lasts about 2 h, which together with the high extraction efficiency,
makes the process suitable for extensive use, even on a larger scale. For the first time, as
proven by the microscopic inspections, OBs were found in the olive paste. The microscope
images revealed that the OBs structures did not burst under thermal treatments; this result
is remarkable in the field of sterilization processes. In other words, in food emulsion, the
OBs replacing the emulsifiers should not burst during heating; otherwise, emulsion stability
would be compromised. Moreover, we determined the OB sizes and their distributions at
25, 50, 100, 150 and 200 ◦C. We evaluated that the OB particle size distributions were in
the range from 0.7 to 1.7 µm. Basically, we determined from the box plots the Q1, Q2, Q3,
the minimum and maximum values and that 90% of the OBs were below 1.5 and above
0.8 µm. These extremely small dimensions are certainly promising for the stability of an
OB-based emulsion [8,23]. Concerning the circularity values, they suggested that the OB
shape was rather similar to a sphere (i.e., circularity is 1 for a perfect circle) at 25 ◦C with
a minimum value of 0.653 at 100 ◦C. The Shapiro–Wilk normality tests (p < 0.05) allowed
us to determine that the size distributions at the set temperatures were not normal. The
non-parametric Kruskal–Wallis tests (p < 0.05) identified differences among the diameters
groups, which were recorded at each temperature. The multiple comparison procedure
with the Dunn test was applied, and we determined that the differences among groups
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were generated by temperatures of 150 and 200 ◦C. We might conclude that these extremely
high temperatures affected OB diameters.

The stability of the OOBC was evaluated both immediately after extraction and after
heating using a microwave oven for about 20 s, reaching a temperature of 70 ◦C. In
both cases, the separation of the liquid phase (oil + water) did not exceed 6% of the
total volume of the cream. The total content of polyphenols and flavonoids measured in
the cream was comparable to that which was reported in the scientific literature [37,38]
relating to extra virgin olive oil, while the measured antioxidant power was significantly
higher, suggesting a longer shelf life of the emulsions formulated with OOBC. Finally, the
rheological and tribological tests show that the OOBC exhibits a viscosity quite similar to
that of a commercial mayonnaise and can be swallowed in the same way as food. These
noteworthy results suggest that the OOBC containing the OBs might be used as a natural
emulsifier with a promising intrinsic property.
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