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Abstract Enzyme-assisted aqueous extraction of oil from
isolated soybean oleosomes was evaluated as an alternative
to the conventional organic solvent extraction. Three dif-
ferent processes: hydrolysis of oleosomes, thermal demul-
sification of the skim or the slurry, and destabilization of
the cream by the churning butter process were examined to
enhance the release of free oil from isolated oleosomes.
The oil extraction involved incubating the oleosomes with
either 0, 2.5 or 5% protease (Protex 6L°) at 60 °C, pH 9 for
18 h, destabilizing the slurry by three thermal strategies:
freeze/thaw, freeze/thaw and heating, and destabilizing the
cream by the churning butter process without and with 5%
of phospholipase A, (Multifect L1 10L®), at 40 °C, pH 8
for 4 h. The best total free oil yield was 83-88% by
hydrolyzing oleosomes with 2.5 or 5% Protex 6L%,
destabilizing the slurries by heating and destabilizing the
resulting cream by the churning butter process. The oleo-
somes treated with 2.5 and 5% proteases generated
hydrolyzed soybean storage proteins at 18-20% degree of
hydrolysis, with all the storage proteins hydrolyzed to
peptides smaller than 6.5 kDa, compared to the oleosomes
disrupted without proteases.
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Introduction

The standard practice of oil extraction from seeds in the
industry is the organic solvent extraction leading to a cake
with residual oil content below 1%, but with inherent
disadvantages of high investment and energy requirement
[1]. Hexane, the common organic solvent used represents a
fire and explosion hazard as well as neurological and
respiratory disorders of the workers from prolonged
exposure [1, 2]. These economic, safety, environmental
and health concerns propelled the need to find an alterna-
tive safe and efficient oil extraction process from seeds.
Oleosomes or oil bodies are discrete subcellular organelles
mainly found in oilseeds, which consist of a lipid core that
is surrounded by a phospholipid monolayer in which
oleosins are embedded which are proteins that stabilize the
oleosome structure and prevent coalescence of the oil in the
cell cytoplasm [3, 4]. Oleosome purification from oilseeds
and oleosome characterization for different purposes have
been reported [5—-12]. Recently, a laboratory process for
isolating oleosomes from 25 g of soybean flour [13] was
evaluated on a mass balance basis. This successful process
was scaled up to a pilot plant scale for 75 kg of soybean
flour resulting in improvement in the oil yield, as extracted
oleosomes, to 93 + 0.88% (Towa et al. submitted). This
research provided a strategy to isolate oleosomes from
soybean flour on a large scale and suggested the feasibility
of the process for industry. Based on the structure of
oleosomes, we hypothesized that free oil could be released
from those organelles by disrupting the membrane with
specific enzymes during a new process of enzyme-assisted
aqueous extraction (EAAE). EAAE has already been
studied as an environmentally clean technology to simul-
taneously extract free oil and protein from oilseeds
including soybean [1, 14-19]. Particularly for the soybean,
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the release of oil into the aqueous medium forms a stable
oil-in-water emulsion with soy protein and lecithin acting
as surfactants [20]. Lamsal and Johnson [17], Chabrand
et al. [18], and Wu et al. [19] used different techniques
including freeze/thaw, heating and enzymatic processes to
destabilize this emulsion, but with enormous difficulties.
Since oleosomes isolated from soybean flour by an EAAE
are not a true emulsion like those obtained by these latter
authors, but actual subcellular organelles, lipid reservoir
surrounded by an intact membrane, we predicted that free
oil could be released from those organelles by degrading
the membrane. The present study using isolated oleosomes
from soybean flour focuses on developing simple and
efficient strategies to extract free oil from isolated oleo-
somes by a new process of EAAE using proteases, phos-
pholipases in combination with mechanical and thermal
destabilization processes.

Experimental Procedures

Oleosomes were isolated in the pilot plant of the Center for
Crops Utilization Research, Iowa State University, from
75 kg of soybean flour obtained in 2009 from Natural
Products Inc. (Grinnell IA, USA). Briefly, the isolation
process involved cell wall hydrolyzing enzymes, mechan-
ical disruption of cell walls through the Stephan Microcut®
mill (Stephan Machinery Corp., Columbus, OH model
MC-10), and flotation centrifugation through the Three
Phase Centrifuge (Centrysis, Model 10/4, Kenoshia,, WI)
and is reported elsewhere (Towa et al. submitted).

The enzymes used to disrupt oleosome membranes,
Protex 6L% (E.C. 3.4.21.62, alkaline serine endopeptidase,
580,000 DU/g, optimal pH 9.5, optimal temperature
60 °C), and Multifect L1 10L® (E.C. 3.1.1.4, phospho-
lipase A,, 400 U/g, optimal pH 8.5, optimal temperature
40 °C) were from Genencor (Genencor, a Danisco com-
pany Rochester, NY, USA).

Analytical grade reagents used were bought from
Fischer Scientific (Pittsburgh, PA, USA) or Sigma (St
Louis, USA).

Initial Procedure

The initial oil extraction procedure from isolated oleo-
somes started with the hydrolysis of the isolated oleo-
somes’ protein membrane in a 20-L reaction vessel (Model
CG-9253-10, Chemglass Inc., Vineland, NJ, USA) (Fig. 1).
A mass of 1.4 kg of isolated oleosomes were dispersed in
distilled water (ratio 1/6; dw/v) at 40 rpm, 60 °C. The pH
of the dispersion was adjusted to 9 with 2 N NaOH. When
optimum conditions for Protex 6L activity were reached
(60 °C, pH 9), 5% (v/d w) was added and the mixture
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Fig. 1 Initial procedure of EAAE of oil from isolated oleosomes

incubated for 18 h with constant stirring at 40 rpm. The pH
of the slurry was maintained at pH 9 by the pH-stat (702
SM Titrino, Metrohm Ltd., Herisau, Switzerland). After
18 h, free oil and skim were separated from the slurry by
centrifugation using a fixed angle rotor (Sorvall RC 5B
Plus, L.P., Newtown, USA) at 3,000, 4,000, and 10,000x g
for 15 min at 25 °C. The skim represented the aqueous
fraction that contains emulsified oil which resided below
the free oil phase. The partition was done using a glass
separatory funnel at 4 °C for 24 h as described by Lamsal
and Johnson [17].

To maximize the free oil recovery, the resulting skim
was destabilized using two thermal procedures A (freezing
at —20 °C for 24 h and thawing at room temperature for
6 h) and B [freezing, thawing and heating at 96 °C for 3 h
in the water bath Isotemp 128 (Fischer Scientific, USA)].
The resulting mixture was centrifuged as described above
to separate the free oil from the cream and final skim. The
cream represents the small middle phase residing between
the free oil and final skim fractions. Aliquots of cream were
destabilized by the churning butter process with 0 and 5%
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Multifect L1 10L (v/wet w), pH 8 at 40 °C for 4 h with,
10 g of the cream in a 25 mL glass beaker, pH 8 using the
1 N HCI, and incubation in the water bath with a constant
gentle stirring using a ThermoScientific Variomag Multi-
point inductive driver stirrer with external control (Ther-
moFischer Scientific Walther, MA, USA). When the
temperature of the preparation reached 40 °C, 5% (v/wet
wt) of Multifect L1 10 L was added and the reaction car-
ried out for 4 h. The preparation without Multifect L1 10L
represents the control. Free oil was separated from the
residual cream by centrifugation at 25 °C for 15 min as
described by Lamsal and Johnson [17]. Free oil, skim and
cream fractions were collected for analysis.

Modified Procedure

The first centrifugation step in the initial procedure was
eliminated and different concentrations of % Protex 6L
were evaluated for the quantity of free oil collected which
created a modified procedure (Fig. 2). This procedure
involved incubating the oleosomes with either 0, 2.5 or 5%
proteases (Protex 6L°) at 60 °C pH 9 for 18 h, destabi-
lizing the slurry by three thermal strategies applied in
series: freeze/thaw, freeze/thaw, and heating. Then, the
preparation was centrifuged at 10,000xg for 15 min at
25 °C, and the resulting cream was destabilized by the
churning butter process without and with 5% of phospho-
lipase A, (Multifect L1 10L®), at 40 °C, pH 8 for 4 as
described above.

Degree of Hydrolysis

The degree of hydrolysis (DH) of proteins in the suspen-
sion (oleosomes, water, and proteases) incubated at 60 °C
for 18 h, pH 9, was determined by the pH-stat method [21]
using the milliequivalents of the base consumed. The
procedure consisted of determining the %DH of protein on
the basis of the number of free titratable amino groups
produced by the hydrolysis of peptides bonds. DH was
calculated using the equation: DH = [(VNaon X Nnaon)/
(a0 X MP x hy)] x 100%, where o is the degree of dis-
sociation of x-amino groups bonds, MP is the mass of
protein (g), and Ay, is the number of peptides bonds in the
substrate (mequiv/g protein). The NaOH concentration was
2 N, and the « value was 0.98 for the hydrolysis temper-
ature of 60 °C and pH 9.0. The A, value for soy proteins
was 7.8 [21, 22].

Oil and Proteins Determinations
Oil content of different aqueous fractions was determined

by the Mojonnier method [23]. Oil recovery was expressed
as the percentage of oil in each fraction relative to the
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Fig. 2 Modified procedure of EAAE of oil from isolated oleosomes

initial amount of oil in isolated oleosomes. The total free
oil was the combination of free oil released after the
hydrolysis of oleosomes and the destabilization of the
resulting skim and cream. Protein content was evaluated
with the Dumas method using a rapid N III Nitrogen
Analyzer (Elementar Americas, Inc. Mt. Laurel, NJ), and
was calculated as total nitrogen x 6.25 [24].

Peptides Identification

Urea-SDS-PAGE was performed to determine the effects
of hydrolysis on soy protein polypeptides profiles. Soy
flour, oleosomes and aqueous samples from the EAAE
processes were prepared for the urea-SDS-PAGE accord-
ing to Beisson et al. [3]. Electrophoresis was run as sug-
gested by Lamsal et al. [25] with a SDS—tris—glycine buffer
system, 4% stacking gel and 13% resolving gel (Biorad
Mini Protean II Gel). Gels were scanned on an Amersham
Pharmacia Biotech Image Scannerflatbed scanner with
transparency module and analyzed with Kodak Molecular
Imaging (MI) Software version 4.
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Statistical Analysis

All the analyses were performed in triplicate. General
Linear Model ANOVA, Least Significant Difference and
Duncan tests in SAS System (version 9.2, SAS Institute,
Inc., Cary, NC) were used to compare data means at
p < 0.05.

Results and Discussion
Initial Procedure

This study aims to evaluate strategies to maximize the free
oil extracted from isolated oleosomes. Oleosomes isolated
from soybean flour by the procedure described by Towa
et al. (submitted) consisted of 48.30 & 0.07% dry matter,
50.07 £ 0.36% oil (d.b.), 21.05 £ 0.88% proteins (d.b.),
22.81 £ 1.23% carbohydrate (d.b.), and 5.54 & 0.02% ash
(d.b.). Electron microscopy shows that these oleosomes
isolated (Fig. 3) in the lab- or the pilot plant-scale were not
substantively different to the structure or size of seed
oleosomes, supporting the fact that isolated oleosomes used
in this study were intact organelles, not a typical emulsion
like the one obtained by Lamsal and Johnson [17], Cha-
brand et al. [18], and Wu et al. [19] after application of
EAAE process to extract free oil from soybean seed.

The degree of hydrolysis (DH) for the proteins was
20.07 £ 0.17% obtained after 18 h of incubating isolated
oleosomes with 5% Protex 6L in distilled water, pH 9 at
60 °C. The yield of free oil was significantly different
(o = 0.05) as a function of the centrifuge speeds, 3,000,
4,000 and 10,000x g (Fig. 4a). The highest amount of the
free oil (55.35 £ 1.94%) was isolated using the highest

Fig. 3 Electron micrograph of
oleosomes a in soybean flour,
b isolated using the lab process,
¢ isolated using the pilot
process. Cw Cell wall,

Lb Oleosomes, Md Membrane
or proteins debris, Pb Proteins
body
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speed of centrifugation (10,000xg). Despite the high
degree of protein hydrolysis that occurred for all centrifu-
gation speeds employed 53.51 £ 1.99-46.51 & 1.37% of
the total oil originally contained in the oleosomes was
entrapped in the skim fractions. This is due to the presence
of hydrolyzed proteins and phospholipids (mainly lecithin)
from soy flour in the skim. These proteins are known to be
good emulsifiers, and participating to the formation and
stabilization of the emulsion [19, 20]. In the food industry,
the phospholipids alone are used as emulsifiers or emulsion
stabilizer when they are complexed with proteins [26, 27].
The stirring speed of 40 rpm for the slurry during the
oleosomes’ protein membrane hydrolysis was also a suf-
ficient mechanical action to cause emulsification. This is in
accordance with the study of Sharma et al. [1] which
demonstrated that, due to the emulsification, during the
EAAE of oil from peanuts, the increase of the shaking
speed led to the decrease of oil recovery.

To enhance the quantity of free oil released from oleo-
somes, 2 thermal procedures: A (freezing and thawing), B
(freezing, thawing and heating) were applied on the skim
fractions. Figure 4b reveals that there is a significant dif-
ference at o = 0.05 between effects of these processes on
the quantity of free oil released. Independent of the speed
of centrifugation, no free oil was released from the skim
fractions after its destabilization using freezing and thaw-
ing procedure, versus 22.11 £ 0.96-23.43 + 1.02% for
the procedure B. These results are in contrast to those
reported by Lamsal and Johnson [17], Chabrand et al. [18],
and Wu et al. [19] after application of the EAAE process to
extract free oil from full fat flakes soybean. The authors
reported that freezing and thawing process leads to the
significant release of free oil from the emulsion formed in
their studies. The cited work employed oil-in-water
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Fig. 4 Partition of oil between fractions from the initial procedure of
EAAE of isolated from oleosomes. a Effect of centrifugation speed,
b Effect of thermal destabilization strategies, ¢ Effect of phospholipase
A, during the churning butter process, d Combination of different
strategies, FOI Free oil collected as function of centrifugation speed
of the slurry, SKI Skim collected as function of the centrifugation
speed of the slurry, FO2A Free oil collected by destabilizing the SK1
using the procedure A, FO2B Free oil collected by destabilizing the
SK1 using the procedure B, CRIA Cream resulting from the
destabilization of the SKI using the procedure A, CRIB Cream
resulting from the destabilization of the SK1 using the procedure B,
FSKA Final skim resulting from the destabilization of the SK1 by the

emulsions formed from soy flour or flakes. Herein, an
aqueous solution of organelles was used. In fact, the
approach employed for emulsion destabilization depends
on the emulsions properties (molecular and chemicals
properties of the emulsifier interfaces), and the environ-
mental and process conditions [28, 29]. The emulsions
investigated in the cited work contained proteins and
phospholipids as emulsifiers. Herein, the organelles con-
sisted of a fat core surrounded by a fragile membrane
(mainly phospholipids) after the hydrolysis of the proteins,
but not a true emulsion [26, 27].

The percentage of total oil in isolated oleosomes in the
cream and the final skim after the hydrolysis of oleosomes
and the thermal demulsification of the skim by procedures:
A (freezing and thawing) or B (freezing, thawing and
heating) ranged from 17.38 &£ 1.69 to 27.07 &+ 0.32%
and 3.53 £ 0.75-31.82 £ 2.42%, respectively (Fig. 4b).
Extraction of oil from the cream fractions using the
churning butter process indicated that phospholipase A, did

o
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34000 xg
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Qil recoveries (%)

o LI
TF

procedure A, FSKB Final skim resulting from the destabilization of
the SK1 by the procedure B, FO3A Free oil collected by destabilizing
the CR1A, FO3B Free oil collected by destabilizing the CR1B, ML
Phospholipase A,, TFOA Total free oil collected by combining the
hydrolysis of oleosomes, the destabilization of skim by the procedure
A and the destabilization cream by churning butter, TFOB Total free
oil collected by combining the hydrolysis of oleosomes, the destabi-
lization of skim by the procedure B and the destabilization cream by
churning butter, RCRA Residual cream resulting from the extraction of
TFOA, RCRB Residual cream resulting from the extraction of TFOB,
Means + SD for a given fraction sharing the same lettered superscript
is not significantly different at p < 0.05

not enhance the release of the free oil (Fig. 4c). In fact,
there was no significant difference between the free oil
released with 0 and 5% of Multifect L1 10L. Free oil
released from cream fractions (13.83 4+ 1.41-15.56 +
1.51% for the procedure A or 3.47 £ 0.17-5.55 £ 0.43%
for the procedure B) was the consequence of agitation,
which caused the rupture of the fragile membrane sur-
rounding the fat and thus not a true emulsion as the one
formed by Lamsal and Johnson [17], Chabrand et al. [18]
and Wu et al. [19]. This is in accordance with Avalli and
Contarini [27], who demonstrated that the agitation applied
during the churning of milk for butter production, is
responsible to the disruption of the milk fat globule
membrane, resulting in an important increase of membra-
nous material in the butter milk, and coalescence of fat
(butter).

A combination of strategies (hydrolysis of oleosomes,
destabilization of skim and cream fractions) to enhance the
release of free oil from isolated oleosomes (Fig. 4d)
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revealed that the best yield of total free oil (84-85% oil 2, 2 ”8 2
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was obtained using the highest centrifugation speed f ﬁ i =
(10,000x g) of the hydrolyzed oleosomes, the destabiliza- S = ‘%
tion of the skim by the procedure B (freezing, thawing and 2 & 2 <
heating), and the destabilization of the cream by the j : < 751
churning butter process. These results demonstrate the © o © U
necessity of demulsification treatments to the skim or mlE o s
cream fraction after hydrolysis of the olesosomes, since the ERRE SR ?;3
yield of free oil was enhanced from the range of : : : <
46.51 £ 1.37-53.51 £ 1.99% to the range of 84-85% <+ 9 g
after combination of the enzyme treatment of oleosomes, O <8 &= g
destabilization of skim by the procedure B and destabili- ot L 5 S E
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zation of cream fractions by churning butter process. As = I o
expected, the lowest yields of oil entrapped in the residual ; 2 29 S
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the control (slurry which does not receive a thermal treat- '3 g2 L. ﬁ S B g
ment). The total free oil released using the procedure A’ £ E|5 Ta3E 3 é; i 2
(freezing and thawing) was lower than those using the < i £ HHH|D 13) = % 5
procedure B’ (freezing, thawing and heating) or C’ (heat- 'i ;\z 2o E § g 8 g ; £ 5
ing) which were not different from each other. These £ . 8 § = % _;é
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Fig. 5 Urea SDS-PAGE profiles of hydrolysates of isolated oleo-
somes of soybean flour. Lane I Low molecular markers (6.5-66 kDa)
and calculated location of molecular weight of 23 kDa (oleosins
molecular weight), Lane 2 Soy flour, Lane 3 Isolated oleosomes,
Lane 4 Slurry 1 (isolated oleosomes hydrolyzed with 0% Protex 6L)
Lane 5 Slurry 2 (isolated oleosomes hydrolyzed with 2.5% Protex 6L)

and 5% Protex 6L (57.1 £ 1.5-87.7 &+ 0.8% of oil from
total in oleosomes) (p < 0.05) (Table 1). These results
indicate the necessity of the protease (Protex 6L) to
enhance the oil extractability from oleosomes by the
hydrolysis of the protein membrane [16, 30].

Overall, the greatest yield of total free oil (83—88% of
oil from total in oleosomes) released using the modified
procedure was obtained by hydrolyzing oleosomes with 2.5
and 5% Protex 6L, destabilizing the resulting slurries by
the procedure B” or C’ and destabilizing the resulting cream
by the churning butter process. As expected, the lowest
yields of oil entrapped in the residual cream (9.9 + 0.6—
17.6 & 1.2%) or skim fractions (3.4 £ 0.3-5.6 & 0.0%)
were obtained using strategies B’ and C’ (Table 1).

Effect of % Protex 6L on Protein

Figure 5 shows the peptides profiles of oleosomes hydro-
lysate prepared by incubating isolated oleosomes and O,
2.5, and 5% Protex 6L in distilled water, pH 9 at 60 °C for
18 h, and the resulting cream and skim fractions. Soy flour
and isolated oleosomes represent the controls. All the
major soybean storage proteins subunits o, o, and f sub-
units of the f-conglycinin and acidic and basic subunits of
glycinin, as well as lipoxygenase, were present in the soy
flour (Lane 2). The three high molecular weight bands

o o
A A
B
B
6 7 8 9 10

Lane 6 Slurry 3 (isolated oleosomes hydrolyzed with 5% Protex 6L)
Lane 7 Cream from slurryl, Lane 8 Cream from slurry 2, Lane 9
Cream from slurry 3, Lane 10 Skim from slurry 1, 80-85 pg protein/
lane. L Lipoxygenase, o, &, f Subunits of f-conglycinin, A Acidic
polypeptides of glycinin, B Basic polypeptides of glycinin

which migrate at higher apparent molecular weights rang-
ing between 66 and 44 kDa were identified as the o, o, and
p-subunits of f-conglycinin since they are glycopeptides.
Several band with molecular weights ranging from 40 to 27
and 18 kDa were identified as the acidic and basic poly-
peptides, respectively of glycinin. These results are con-
sistent with previous reports on structural characteristics of
soybean glycinin and f-conglycinin [31]. Surprisingly
proteins from the hydrolysate prepared with 0% Protex 6L
were hydrolyzed at 4.6 & 0.15%. The peptides profiles of
this hydrolysate (Lane 4), its resulting cream and skim
fractions (Lanes 7, 10) present hydrolyzed o, o, and f3
subunits of the -conglycinin and acidic and basic subunits
of glycinin. These results were due to the activity of the
side protease in the Multifect pectinase preparation used to
fractionate oleosomes from soy flour [32, 33]. This
explains the disappearance of the lipoxygenase and, the
partial hydrolysis of ¢’ subunits in the oleosome fraction
(Lane 3). Isolated oleosomes treated with either 2.5 or 5%
Protex 6L generated hydrolyzed soybean storage proteins
at 18.2 + 0.0.2-20.6 % 0.03% degree of hydrolysis (Lanes
5, 6, 8, 9), with all the storage proteins hydrolyzed to
peptides smaller than 6.5 kDa, compared to the oleosomes
disrupted without proteases. These results support the close
yields of free oil collected from these hydrolysates (slurries
prepared with 2.5 and 5% Protex 6L) (Table 1).
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