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Abstract

In many plants, unsaturated fatty acids are naturally stored in organelles that are named as oil bodies (OB). Wheat germ is
a by-product of wheat flour manufacture that is generated in high tonnage globally. Here, an attempt was made to valorize
wheat germ through the generation of natural OB emulsions and their extraction was based on an aqueous method. The
natural stability limits for OB emulsions were investigated primarily using FT-IR spectroscopy as influenced by processing
treatments such as lyophilization, heating and acidification. Differential scanning calorimetry (DSC) and particle size analysis
were carried out to complement the FT-IR data. While freeze-drying seemed to have minimal influence on the structural
attributes of OB systems, varying pH and extended heating induced destabilization at varying extents. The mean size values
for the unprocessed samples were <8 um in the first 15 days of refrigerated storage, which was characterized by significant
increases in size (ds;, >9 um) after 15 days. For the reconstituted samples, while the mean size values were <6 um in the
first 21 days of storage, d;, > 8 um was observed after 21 days. The location and magnitude of DSC peaks were significantly
different between unprocessed vs. lyophilized and reconstituted samples implying processing induced changes in protein
structure. At neutral pH, thermal sensitivity of OB emulsions were more pronounced compared to their pH 3 or 9 coun-
terparts. The findings were interpreted primarily in regards to oleosin denaturation and oleosin-oil interactions. Although
utilization of hydrocolloids and/or emulsifiers and further homogenization might be necessary to enhance the stability of
the current samples, the global capacity in wheat germ generation could justify utilization of wheat germ OB emulsions in
food formulations.
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Introduction

Encapsulation of polyunsaturated fatty acid bearing veg-
etable oils impart oxidative stability to food emulsions and
emulsion-based delivery systems [1]. Natural protective
mechanisms have been utilized as an alternative method
to stabilize unsaturated fatty acids against oxidation [2]. In
some plants, these fatty acids are naturally stored in small
spherical organelles called "oil bodies" (OB), which are
used as an energy source for seed germination and seedling
growth in plants [3].

Oil bodies obtained from vegetable sources such as corn,
soybean, rapeseed, sunflower, and wheat have attracted the
attention of many researchers due to their interesting proper-
ties [4]. Oleosin proteins, which are hydrophobic and have
relatively low molecular weights (15-20 kDa), have been
thought to naturally stabilize OB [5, 6]. Their concentra-
tion could account for up to 2-8% of the total seed protein
[7]. Apart from oleosins, two different types of proteins,
namely caleocins (27 kDa) and steroleosins (39-40 kDa)
with higher molecular weights surrounding OB have been
identified [8-10].

According to the study by Huang [7], oleosins formed
the surface of almost the entire OB. Thus, they played a
fundamental role on the stability of the OB emulsions by

providing electrostatic and steric repulsion between the oil
droplets. In addition, Fisk et al. [11] have shown that OB
were stable against oxidation and the extent of oxidation was
significantly lower in OB emulsions compared to emulsions
formulated with other surfactants.

Various aqueous methods of obtaining naturally emul-
sified OB from plant materials have been proposed as an
alternative to oil extraction based on organic solvents (for
example, see Nikiforidis et al. [12]). Solvents used in tradi-
tional oil extraction technologies could pose safety problems
due to their highly flammable nature and cause environmen-
tal pollution. In addition, solvent extraction could induce
detrimental effects on the functionality of the seed proteins
rendering them solely instrumental in animal feed [13, 14].

However, solvent extraction methods are characterized
by their high efficiency and low cost characteristics [15],
while aqueous extraction potentially lowers efficiency [12].
In some studies, oil yield significantly increased when aque-
ous extraction methods were combined with enzymatic treat-
ments [16]. Since aqueous extraction of OB generated a pre-
emulsified formulation, thus generated samples were utilized
in the preparation of emulsion-based products such as may-
onnaise, cream liqueurs, salad dressings and creams [15,
17]. OB systems have enjoyed increasing extent of interest in
both food applications and emulsion based delivery systems,
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all of which have been thoroughly reviewed [18-20]. For
example, oil bodies have been incorporated into various for-
mulations including protein gel matrices [21]. While homog-
enization reduced the mean diameter of oil bodies in peanut
milk, roasting of the peanuts stabilized the oil bodies during
the sterilization treatments [22].

Due to its rich nutritional content, wheat germ is a highly
nutritious food ingredient and serves as a good source of
proteins, B vitamins (thiamine, riboflavin and niacin), vita-
min E, unsaturated fatty acids and minerals. Wheat germ
has an oil content of 8-14%, and approximately 55% of that
is linoleic acid. Wheat germ oil is particularly rich in its
a-tocopherol and B-tocopherol content [23]. Since wheat
germ is a typical by-product of wheat flour production in
large quantities worldwide, rational approaches to valorize
its nutritional and economical potential are highly sought
after.

As far as we know, there are no studies on wheat germ
OB emulsions and their stability in the literature, while the
fundamental data on wheat oleosins can be located in pro-
tein databases such as UniProt. In the seminal work of Tzen
and Huang [24], wheat oil bodies were reconstituted and
their structural attributes were investigated. Consequently,
in this study, manufacture and stability of OB emulsions
were investigated.

In this context, we made a first attempt to isolate OB from
industrially generated wheat germ samples. OB emulsions
were investigated for their stability limits in the absence of
any further homogenization or added emulsifiers. In that
respect, FT-IR spectroscopy was utilized along with the
other complementary tools, since FT-IR spectroscopy is a
commonly utilized tool (see for example, [25-27]) in the
analysis of both organic and inorganic nanomaterials.

Materials and methods

Materials

Industrial wheat germ samples were donated by a local man-
ufacturer (Sinangil Flour Company, Turkey). All chemicals
were purchased from Sigma-Aldrich Corp (Schnelldorf,
Germany) including NaOH (06203), HC1 (07102) and
sodium azide (71290).

Methods

Preparation of natural wheat germ OB emulsions
Preparation of wheat germ OB emulsions was carried out
based on the methodology published by Nikiforidis et al.

[12] with minimal modifications. No further homogeniza-
tion have been administered and no further inclusion of
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emulsifiers or organic solvents have been carried out. First of
all, the industrial wheat germ samples were ground using a
laboratory mill (KINEMATICA POLYMIX PX-MFC 90D)
and particle size was brought to the level of approx. 0.8 mm.
Ground samples were mixed with water at a ratio of 1:5, and
medium pH was immediately brought to pH 9 using 1 M
NaOH. The mixture was kept stirred (1500 rpm) for 1 h, and
the mixture was passed through three layers of cheesecloth,
which yielded the raw OB emulsion. If necessary, insolu-
ble solids were separated from the samples utilizing a brief
centrifugation process (3500xg, 15 min). When necessary,
OB emulsions were concentrated using a lab-scale ultrafil-
tration unit (Sartorius Stedim Vivaflow 200 Ultrafiltration
Unit) using an ultrafiltration of a molecular weight cutoff
(MWCO) value of 10 kDa (Sartorius VF20P0). In all cases,
a small amount of sodium azide (0.02%) was added to sam-
ples and buffer solutions as a bacteriostatic.

Particle size distribution

Particle size distributions of the OB emulsions were deter-
mined using a SALD-2300 system (Shimadzu). All particle
size distributions were reported on % volume frequency
basis. The refractive indices of water and oil phases were
taken as 1.33 and 1.45, respectively [28].

Lyophilization of OB emulsions

Freeze-drying of OB emulsions was carried out using a TRS
2/2V freeze-drier (Teknosem, Istanbul, Turkey). For analyti-
cal purposes, samples were stored at 4 °C for up to 4 weeks
and periodic analyses were performed. When reconstitution
was necessary, freeze-dried samples were brought back to
their original volume using water.

Heating and acidification protocols

The heating of OB emulsions was carried out using a water-
bath set to 80 °C. The sample tubes (15 ml) were placed in
the water-bath and aliquots were withdrawn at pre-deter-
mined intervals (i.e., minute 0, 10, 20 and 30). Sample pH
was adjusted to pH 3 or 7, using small quantities of 1 M HCl
or 1 M NaOH as necessary.

Fourier transform infrared (FTIR) spectroscopy analysis

FT-IR spectroscopic analysis of the samples was carried out
using an IRTracer-100 FT-IR spectrophotometer (Shimadzu,
Japan) equipped with a DLATGS detector system, and MIR-
acle ATR module with a resolution of 2 cm™! (Pike Tech-
nologies, USA). FT-IR absorption spectra were collected
from 4000 to 650 cm™" [29].
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Differential scanning calorimetry (DSC)

Thermal behaviour of OB emulsions was analyzed using a
differential scanning calorimeter system (DSC 60 Plus, Shi-
madzu Instruments, Japan). Approx. 20 mg of samples were
placed into aluminum pans and heated from 30 to 125 °C at

a heating rate of 10 °C min™".

Statistical analysis

In all cases, at least three replicates were analyzed for each
sample. The sample mean and its corresponding standard
deviation were reported. When necessary, a representative
run was shown.

Results and discussion
The influence of freeze-drying and reconstitution

Firstly, natural oil body (OB) emulsions or their freeze-
dried and reconstituted counterparts were studied using
FT-IR spectroscopy. The whole wavenumber range
(500-4000 cm™!) was plotted on Fig. 1. While the spectra
for both samples were quite similar (Fig. 1a), slight differ-
ences were observed, especially in the range of 1600-1700
and 3200-3400 cm™".

Between 1600-1700 cm™, the signals mostly correspond
to Amide I band (Fig. 1b) [29]. Amide I band is repre-
sented by C = O stretching (approx. 80%) and N-H bending
(<20%) vibrations, which in turn represent the amide (i.e.,

peptide) bonds generated by the binding of amino acids in
proteins. Based on these findings, native OB proteins were
minimally affected by freeze-drying and reconstitution
processes, which in turn could imply the potential stability
of and ease of utilization for freeze-dried OB emulsions.
The peak between 3200-3400 cm™! is related to the O-H
stretching vibrations, which are generated by the water
molecules in the system (Fig. 1c) (see for example, Del-
motte et al. [30]). Once again, peak intensities (for example
at 3337.30 cm™!) were reasonably comparable between the
two samples, which indicated the interactions of water with
the other components were minimally affected due to lyophi-
lization. These findings indicated that freeze-drying could
offer a simple stabilization and long-term storage method
for natural OB emulsions generated from industrial wheat
germ streams.

To test this hypothesis, particle size distribution of natural
or freeze-dried and reconstituted OB emulsions were moni-
tored for 4 weeks during 4 °C storage and Sauter mean diam-
eter (ds,) was periodically analyzed (Fig. 2). Pronounced
changes were observed in mean particle sizes, especially
beyond 15 days of storage. For the unprocessed samples,
the mean size values were <8 um in the first 15 days of
storage, which was characterized by significant increases in
size (d;,>9 um) after 15 days (Fig. 2a). This finding dem-
onstrated that aggregation and growth of the emulsion drop-
lets took place over extended storage. It is noteworthy that
these samples were prepared on as is basis and no extraneous
emulsifiers were added. Furthermore, no additional homog-
enization was administered. For the reconstituted samples,
while the mean size values represented by d;, were <6 um
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Fig.2 Mean particle size (d3,) for a natural OB emulsions, or b
freeze-dried and reconstituted OB emulsions. Samples were stored at
4 °C for 4 weeks immediately after preparation. Standard deviation
values were < 5% of the sample mean in all cases (n=3)
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Fig.3 DSC thermograms for natural OB emulsion (solid line) or
freeze-dried and reconstituted OB emulsion (dashed line) samples.
Representative runs

in the first 21 days of storage, d5, > 8 um was observed after
21 days (Fig. 2b). Since oil bodies tend to range between 0.5
to 2.5 pm in diameter [24], both unprocessed and processed
oil bodies could be hypothesized to undergo a certain extent
of aggregation as shown by the particle size measurements.

Although some differences existed in IR spectra or par-
ticle size data, the storage stability of lyophilized samples
were comparable to the unprocessed samples. Consequently,
lyophilized OB emulsions can be stored under refrigerated
conditions, and may reduce the storage space requirements.

Finally, thermal analysis of the samples was carried out
using differential scanning calorimetry (DSC) (Fig. 3). The
trends in the thermograms were comparable although the
location and magnitude of DSC peaks were significantly
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different. Most importantly denaturation point of the pro-
teins shifted by approx. 5 °C after processing. Since only
liquid oil was present in the system, no phase transition
related to melting of oil was anticipated. Consequently, OB
proteins were the primary set of molecules at a relatively
high concentration level that could undergo significant ther-
mal transitions and DSC peaks were attributed to protein
denaturation. In addition, denaturation took place over a
large temperature range for both samples possibly owing to
the presence of multiple oleosins in the system [24]. As also
observed by the slight changes in IR spectra, the structure of
proteins and their interactions with water might have been
slightly altered due to the freeze-drying and reconstitution.
Furthermore, the presence and interactions of phospholipids
are critical for OB stability [22]. The altered interactions
of phospholipids with water or oleosins could also have
a bearing on the stability of emulsions. Consequently, the
interactions of olesins with water, phospholipids and compo-
nents of the oil phases could have a bearing on their thermal
stability. Potentially freeze-drying caused alterations on the
intensity of oil-protein interactions (i.e., reduced water and
comparatively increased oil content during freeze-drying)
which could lead to altered thermal stability of oleosins.
Thus, a slight shift in the denaturation point was monitored
(Fig. 3). However, these changes potentially lead to reduced
emulsion stability upon reconstitution causing changes in
particle size spectrum (Fig. 2).

The influence of combined heating
and freeze-drying treatments

In the previous section, the influence of freeze-drying was
found to be relatively small on OB stability. Consequently,
the influence of a combined heating and lyophilization treat-
ment was carried out. Firstly, the unprocessed emulsions
were heated in a water-bath, aliquots were periodically
removed and lyophilized immediately afterwards. FT-IR
spectroscopic analyses were carried out for all samples
(Fig. 4).

The IR spectrum for the heated and lyophilized sam-
ples was significantly altered by heating treatments and
the extent of change was clearly a function of the heat-
ing duration (Fig. 4a). The changes demonstrated by C-O
bending (900-1150 cm™!) (Fig. 4b), or C-H stretch vibra-
tions, around 2920-2930 cm™! accounted for changes in
triacylglyceride (TAG) related signals [31]. Similarly,
potential changes in protein structure such as Amide II
related secondary structural changes (Fig. 4c), Amide |
related (Fig. 4d) or Amide A related changes (especially
around 3295 cm™!) have been observed [31]. Since the
signal intensity increased with the intensity of the heat-
ing processes, gradual denaturation of the native OB pro-
teins can be hypothesized. In addition, increasing signal
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Fig.4 FT-IR spectra and their
corresponding details for heated 100
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intensity around 1650 cm™! could possibly be attributed to
the increases in the abundance of random coils [31]. Fur-
thermore, around 3286 cm™!, the amplification of amide
(i.e., N-H stretching) bands were also coupled to the dena-
turation of oleosins [32] (Fig. 4f). In digestion studies, loss
of secondary structural attributes were shown to reduce the

3000 3100 3200 3300 3400 3500

stability of oleosomes [33]. Current findings were coherent
with these observations.

Potentially the peptide bonds were increasingly more
exposed upon heating treatments. The changes in pro-
tein structure lead to increases in the intensities of TAG
related signals, which implied partial destabilization of OB
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emulsions due to the “undesirable” changes in protein struc-
ture. Consequently, unlike the findings on freeze-drying,
heating experiments caused net changes in the stability of
OB emulsion systems.

The influence of combined acidification,
freeze-drying and heating treatments

In this section, combination of acidification treatments with
immediate freeze-drying was utilized in the processing of
OB emulsions. While acidification increased the magnitude
of all TAG and protein related peaks mentioned in the pre-
vious sections, the extent of magnitude change was a func-
tion of pH reduction in all cases (Fig. Sa—e). In the case
of soybean oleosomes, acidification was characterized by
decreasing stability of the system as well [34], which was
coherent with the current findings. Once again, the signals
corresponding to random coils and amide stretching were
also found to increase with the current treatments (Fig. 5).

Finally, when the acidified systems were heated for
30 min in a water-bath (Fig. 6a—e), although the trends
and the changes in structural attributes were comparable to
Fig. 5, the behavior of pH 7 samples significantly differed.
Consequently, it was clear that the structural attributes
attained at pH 7 reduced the thermal sensitivity of OB
emulsions, although unprocessed samples (Fig. 1) repre-
sented the most stable system. The relative stability of pH
7 samples could be attributed in part to the changes in pro-
tein structure as well as to their electrostatic charges. Fur-
ther DSC and particle size data were not included here for
brevity as various extents of destabilization promptly took
place. Essentially an attempt was made here to investigate
the stability limits for wheat germ OB emulsions, while
further processing could significantly enhance such limits.
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ent conditions. a Full FT-IR
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range, f 3000-3600 cm~! wave- 50
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Fig.6 FT-IR spectra and their
corresponding details for
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Conclusions

Wheat germ is a highly nutritive natural material that is being
increasingly utilized in functional food formulations. Here, we
present a simple extraction scheme where natural OB emul-
sions could be generated from wheat germ. Wheat germ OB
emulsions were resistant to refrigerated storage and freeze-
drying, which extend their utilization potential. Meanwhile
acidification and heating operations rapidly alter the structural
attributes of native OB proteins and TAGs, which could limit
their utilization. To further exploit this technology in food pro-
cessing, simple precautions might need to be taken such as the
usage of other hydrocolloids and/or emulsifiers and further
homogenization. Based on these enhancements, wheat germ
could potentially be utilized in functional food formulations
along with other commercial products that can exploit the
nutrient-dense nature of wheat germ OB emulsions. While
the stability limits for a simple aqueous extraction scheme was
investigated here, the global capacity in wheat germ generation
could justify utilization of wheat germ OB emulsions. In our

future studies, our group will make an effort to further stabilize
OB systems and analyze their performance in model products
and in simulated gastrointestinal digestion studies.
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