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In this work, the influence of an anionic polysaccharide, sodium alginate (ALG), on the stability of soybean oil

body (OB) emulsions under different environmental conditions, including NaCl, pH and freeze–thaw

cycling, was studied by analyzing the particle electric charge, particle size and distribution, and using

optical and fluorescence microscopy. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) showed that the proteins on the surface of oil bodies were mainly oleosins. It was found that ALG

can be adsorbed to the surface of oil bodies by strong electrostatic interactions at pH 4.5 and the

optimal concentration of ALG was 0.35 wt% for 1 wt% OB emulsions. At pH 4–8, ALG-coated OB

emulsions were more stable than uncoated OB emulsions with smaller particle size and more uniform

size distribution due to the interaction between OB and ALG. The ALG-coated OB emulsions were also

all stable against NaCl within the concentration range of 0–250 mM at pH 7 while uncoated OB

emulsions aggregated gradually with the increase of NaCl concentration. For OB emulsions with higher

concentration of 10–40 wt% which are frequently used in the food industry, the minimal concentration

of ALG required to make stable emulsions was found to be 0.5–1 wt%, correspondingly. Coating oil

bodies with ALG also significantly improved the stability of natural oil body emulsions against freeze–

thaw cycling, which is of great significance to the further development of natural oil body-based

products in food industry.
1. Introduction

Oil bodies are micron- or submicron-sized organelles found
mainly in plant seeds, and nuts, as well as other parts such as
leaves, bulbs and fruits.1,2 They are natural oil droplets with an
internal core of liquid triglycerides, covered with an embedded
monolayer membrane of phospholipids and oil body proteins
(mainly oleosins, caleosins and steroleosins).3–6 The oil bodies
serve as the food energy reserves for germination and plant
growth and the coating of phospholipids and amphiphilic
proteins provides the oil bodies with physical and chemical
stability against environmental perturbation, such as moisture,
temperature uctuations and the presence of oxidative
reagents.4,6,7 Oil bodies have recently gained much attention for
their potential applications in foods, cosmetics, and pharma-
ceuticals, due to their nutritive value and in particular their
natural emulsication properties.8–10 Soybean oil bodies could
be utilized in food products as ingredients in place of
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emulsied soybean oil, for example, in dressings, sauces, dips,
beverages, and desserts, with the advantage that neither emul-
siers nor homogenization procedures are required. However,
in the course of food processing, emulsions are oen affected by
the addition of mineral elements, thermal cycling, and acid
adjustment, which may reduce the stability of the emulsion
system, via occulation, aggregation, creaming, or even
demulsication. Iwanaga et al. previously investigated the
inuence of pH, ionic strength, and thermal processing on the
properties and stability of oil bodies extracted from soybeans.11

They showed that oil bodies were stable to aggregation and
creaming at low (pH ¼ 2) and high (pHS 6) pH values but were
unstable at intermediate values (3 & pH & 5), which was
attributed to their relatively low z-potential. And the oil bodies
were stable to aggregation and creaming at relatively low salt
concentrations (NaCl < 50 mM, pH 7) but were unstable at
higher values as a result of electrostatic screening effects. The
relatively poor physical stability of oil bodies to aggregation
severely limits the range of products in which they could be
utilized in the food, health care, and pharmaceutical industries.
Therefore, the successful utilization of soybean oil bodies in
food products requires a thorough understanding of their
functional performance under different environmental
conditions.
RSC Adv., 2018, 8, 4731–4741 | 4731
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Researchers recently attempted to use polysaccharides to
improve the stability of emulsion droplets by modifying the
interfacial composition of droplets with polysaccharides. Beni-
chou et al. have reported that the molecules of xanthan may
interact with those of whey protein and produce hybrids
conjugates with improved surface activity.12 Wang et al. re-
ported that the gum arabic adsorbed at soybean protein
concentrate can stabilize oil-in-water interface at different NaCl
concentrations and high temperature.13 It was also reported
that gum arabic can decrease interfacial tension via attractive
electrostatic interactions with b-lactoglobulin.14 It has been
proved that the method is feasible to improve the stability of
emulsion droplets in environmental perturbation, which may
be attributed to the effect of electrostatic deposition and steric
repulsion of polysaccharides between emulsion droplets.

Sodium alginate (ALG) is a linear anionic natural poly-
saccharide present in brown algae marine organisms. ALG is
a biodegradable polymer used extensively in food, medical and
pharmaceutical industries due to thickening, emulsifying and
gelling properties.15,16 ALG also is related to reduction of serum
cholesterol, triglyceride and blood glucose, and thus can
prevent hypertension, diabetes, obesity and other life-style
related diseases. It is composed of glucosidic bonds polymer-
ized by 1,4(a or b)glycosylation of an a-L-guluronic acid (G) and
a b-D-mannuronate acid (M).17 G andMmonomers are arranged
alternately to form three different structural segments:
a continuously distributed M-block region (–M–M–M–M–),
a continuously distributed G-block region (–G–G–G–G–), and
two monomer-alternating GM block region (–M–G–M–G–). And
there are continuously distributed negatively charged carboxyl
groups on the molecular chain of ALG. Previous studies found
that ALG was the most effective at creating highly charged
interfacial membrane around droplets because of its highly
charged linear structure, thereby reducing the occulation of
emulsion droplets through the electrostatic repulsion.18 Fior-
amonti et al. found that ALG can interact with whey protein
isolate (WPI) at pH values below the isoelectric point (IEP) of
WPI, to improve the stability of WPI stabilized oil-in-water
emulsions.18,19 However, no work has been reported about the
effect of ALG on the stability of soybean oil bodies.

Although some researchers have reported the similar work
about using polysaccharides to stabilize oil bodies before, there
are still many limits, etc. the stability of oil body emulsions
stabilized by i-carrageenan in freeze–thaw cycle was partly
unsatisfactory, and carrageenan couldn't disperse the oil bodies
very well at pH 7.20 Besides, a high concentration of oil phase is
usually used in the real food emulsion products, which was not
studied and presented in previous works. In this study, we
extracted soybean oil bodies by aqueous method and then
coated them with ALG. We investigated the interactions
between ALG and oil bodies, and the impact of ALG on the
physicochemical stability of soybean oil body (OB) emulsions
over a range of pH values (3–8), ionic strength (0–250mMNaCl),
and freeze–thaw cycling (�20 �C, 22 h/40 �C, 2 h). The
concentration upper limit of oil body emulsions which can be
stabilized by ALG was also studied. This study aims to improve
the stability of the OB emulsions and thus soybean oil bodies by
4732 | RSC Adv., 2018, 8, 4731–4741
applying ALG, and to further broaden the scope of application
of soybean oil bodies in food industry.

2. Materials and methods
2.1 Materials

Soybeans were purchased from the local food company, Yi hai
Co., Ltd. ALG were kindly provided by FMC BioPolymer (Nor-
way). The composition and properties of the ALG were as
follows: molecular weight (Mw), 111 kg mol�1; polydispersity
index: 1.44; a-L-guluronate: 74.1%; b-D-mannuronate: 25.9%.
The uorescent dyes of Nile red and isothiocyanate rhodamine
B (RBITC) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Other chemicals were of analytical grade and
purchased from Sinopharm Chemical Reagent Co. Ltd. (China).
Ultra-pure water (Direct Q3, Merck Millipore, USA) was used to
prepare all solutions and emulsions.

2.2 Extraction of soybean oil bodies

Oil bodies were extracted from a homogenate of mature
soybeans according to the method of Wu et al. with slight
modications.21 Soybeans were soaked in distilled water (1 : 5,
w/v) for 18–20 h at 4–6 �C. The soaked soybeans were then
blended in grinding buffer solution (50 mM Tris–HCl, pH 7.5)
containing 0.4 M sucrose and 0.5 M NaCl for 180 s by
a commercial food processor (KS-520, Guangzhou City Electric
Appliance Co., Ltd., China) to obtain a homogenate of soybeans.
The homogenate was ltered through three layers of cheese-
cloth to remove the bean dregs, and the ltrate was centrifuged
at 10 000 � g, 4 �C for 30 min (Heraeus Multifuge X1/X1R,
Thermo Fisher Scientic, USA). The upper creamy layer of the
centrifugate which contained the crude oil bodies, were
collected with a spoon and re-dispersed in the grinding buffer
solution and centrifuged again as above. Then the collected
product was dispersed in 8 M urea solution (1 : 5, w/v) at 22 �
2 �C with magnetic stirring for 1 h. The mixture was then
washed with the buffer solution again (50 mM Tris–HCl buffer,
pH 7.5) for another three times. The composition of the nal oil
body creams was determined according to AOAC method.22 It
was found that their moisture is 53.6 � 2.3 wt%, fat content is
29.4 � 1.0 wt% (wet weight basis, hereaer wb), and protein
content is 3.0 � 0.2 wt% (wb).

2.3 Protein characterization by electrophoresis

The composition of proteins on the surface of the extracted oil
bodies was determined by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE).23 Sample prepara-
tion: soybean oil bodies were dispersed in buffer A (500 mM
Tris–HCl, pH 6.8) with a volume ratio of 1 : 7, and magnetically
stirred to obtain oil body suspensions. Aer mixing with SDS
buffer (500 mM Tris–HCl, 1 mg ml�1 glycerol, 2.20% SDS (w/v),
pH 6.8) with a volume ratio of 1 : 1, suspensions were vortexed
for 2 min at 22 � 2 �C and diluted with buffer B (1 : 0.815, v/v,
500 mM Tris–HCl, 1 mg ml�1 glycerol, pH 6.8) to a protein
concentration of 2 mg ml�1. And then one volume of an elec-
trophoresis sample buffer (125 mM Tris–HCl, 1% SDS (w/v),
This journal is © The Royal Society of Chemistry 2018
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20% (v/v) glycerol and 2% (v/v) 2-mercaptoethanol, 0.025%
bromophenol blue (w/v)) was added. Aer boiled for 5 min and
centrifuged at 10 000 � g for 10 min, the subnatant containing
the solubilized proteins was removed with the aid of a syringe
and analyzed by SDS-PAGE.24 The concentrations of the stacking
and separating gels were 4.5 wt% and 12.5 wt%, respectively.
The samples were electrophoresed at a constant current of 18
mA until all samples entered into the stacking gel and then at
a constant voltage of 36 mA until the end. Aer electrophoresis,
the gel was stained with 0.025% (w/v) Coomassie blue G-250 in
10% (v/v) acetic acid for 2 h, and destained by acetic acid
solution with a high methanol content. The ratio of methanol,
acetic acid and deionized water was 3 : 1 : 6 (v/v/v).
2.4 Emulsion preparation

The oil body (OB) emulsions were prepared by dispersing the oil
bodies into sodium phosphate buffer solution (50 mM, pH 7)
and then sonicated for 3 min (frequency, 20 kHz; amplitude,
40%; duty cycle, 1 s) using a high intensity ultrasonic probe
device (VCX800, 53 Church Hill Rd. Newtown, CT, USA).

In order to make the ALG-coated OB emulsions, rst ALG
solution (pH 7) was prepared by dispersing weighed amounts of
the powdered material into sodium phosphate buffer solution
(50 mM, pH 7) and mixed completely using a roller (SRT-202,
Jiangsu Haimen Lindberg Instrument Manufacturing Co Ltd.,
China) for 24 h. Then the OB emulsions were diluted with
different ratios of sodium phosphate buffer (50 mM, pH 7) and
ALG solutions to make samples with the same oil body
concentration and different ALG concentrations. The mixture
wasmagnetically stirred for 2 h, and adjusted to pH 4.5 with 1M
HCl to trigger ALG adsorption, and then stirring for another
30 min. The samples prepared in this way were stored at 22 �
2 �C for 24 h before being analyzed. The concentration of oil
bodies in the OB emulsions in this paper was reported on a wet
weight basis (wb).
2.5 Particle size analysis

Droplet size and size distribution of pure OB emulsions and OB
emulsions with ALG was determined with the aid of a laser light
scattering instrument (Malvern Mastersizer 2000, UK).
Measurements were performed at 22 � 2 �C following sample
dilution with deionized water to an oil content of approximately
0.006%. The refractive index of dispersed phase and continuous
phase was 1.08 and 1.33, respectively. Measurements are re-
ported as the volume-weighted mean particle diameter d43.
2.6 z-Potential measurements

The electric charge (z-potential) of the particles in the emul-
sions was calculated by measuring the electrophoretic mobility
of the droplets using a capillary electrophoresis cell (Zetasizer
Nano ZS series, Malvern Instruments, Worcestershire, UK). Oil
bodies were diluted to an oil content of approximately
0.005 wt% using a deionized water to avoid multiple scattering
effects.
This journal is © The Royal Society of Chemistry 2018
2.7 Structure observation

In order to characterize the microscopic structure of the emul-
sions, an optical microscope (Nikon YS100) and a CCD camera
(HV2001UC) with an image particle size analyzer (BT-1600,
Dandong Bettersize Instrument Ltd., China) were employed. A
small drop of each emulsion sample was placed on a slide and
covered with a microscope slip. Images were taken at a magni-
cation of 10 times.
2.8 Location of ALG in oil body emulsion

In order to determine the interaction of ALG with oil bodies in
the emulsion, RBITC was used to label ALG, and Nile red was
used to label the oil bodies.

The oil body suspensions were mixed with Nile red solution
(20 ml of a 0.2 wt% solution per ml sample), magnetically stirred
overnight.

The well dissolved ALG solution (2 wt%) was adjusted to pH
8.0 by NaOH (1 M). RBITC solution with a concentration of 1 mg
ml�1 dissolved in DMSO was added to the ALG polymer solution
and stirred for 1 h at 40 �C. The reaction of ALG and RBITC was
stopped by adding NH4Cl.25 The nal solutions were dialyzed
(MW 8000–10 000 spectra) against distilled water with the
dialysis medium changed every 12 h, until the deionized water
was colorless and then freeze-dried. Then the dyed ALG was
used to coat the oil bodies as described in Section 2.3.

Uncoated (1 wt% oil bodies, 0 wt% ALG) and coated (1 wt%
oil bodies, 0.35 wt% ALG) OB emulsions were characterized by
uorescence microscopy at 22 � 2 �C using a uorescence
microscope (IX 73, Olympus, Japan). A drop of the stained
solution was placed on a microscope slide. Images were rst
captured in bright eld, then adjusted to the uorescence mode
with excitation/emission wavelengths of 488/538 nm for Nile
red and 543/572 nm for RBITC, respectively. All the images were
taken with 40� lens.
2.9 Inuence of pH, ionic strength and freeze–thaw cycling

The inuence of pH and ionic strength on the properties of
uncoated and ALG-coated OB emulsions was examined. The
nal as-prepared uncoated (1 wt% oil bodies, 0 wt% ALG) and
coated (1 wt% oil bodies, 0.35 wt% ALG) OB emulsions as
introduced in Section 2.4 were used. Aer 24 h of storage at 22�
2 �C, the emulsions were adjusted back to pH 7.0 with 1 M
NaOH, then NaCl (0–250 mM) was added to the emulsions. And
aer 24 h of storage at 22� 2 �C, the emulsions were adjusted to
pH 3, 4, 5, 6, 7 and 8 by the addition of 1 M HCl or 1 M NaOH.
The OB emulsions were then stored at 22� 2 �C for 24 h prior to
z-potential, particle size and microscopic structure character-
ization and creaming stability analysis (visual observation) aer
7 days storage.

The inuence of repeated freeze–thaw cycling on the prop-
erties and stability of uncoated (1 wt% oil bodies, 0 wt% ALG)
and coated (1 wt% oil bodies, 0.35 wt% ALG) OB emulsions at
pH 7 was nally examined. The as-prepared uncoated and
coated OB emulsions (10 g) were transferred into a transparent
glass bottle with lid, and were incubated in a �20 �C freezer for
RSC Adv., 2018, 8, 4731–4741 | 4733
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22 h. Aer incubation, the emulsion samples were thawed by
incubating them in a water bath at 40 �C for 2 h. This freeze–
thaw cycle was repeated up to three times, and its inuence on
the OB emulsion properties was observed aer each cycle.
2.10 Statistical analysis

All the measurements were performed at least twice using
freshly prepared samples. Average and standard deviations were
calculated from these duplicate measurements. Microso Excel
2007 and Microso Word 2007 soware were used for data
processing and to create charts.
3. Results and discussion
3.1 Protein compositions of the extracted oil bodies

Fig. 1 shows the SDS-PAGE prole of the protein molecular
masses in soybean oil bodies. Proteins in crude soybean oil
bodies without wash (Lane 1, Fig. 1) include not only the
important component of soybean oleosin proteins (24, 18, 17
kDa), but also include b-conglycinin (a, a0, and b), soybean
globulin (acidic and basic subunits) and some storage proteins
(34 kDa).26–28 The proteins with a molecular weight of 17 kDa, 18
kDa and 24 kDa are the soybean oleosin proteins, while the
protein with a molecular weight of 34 kDa is present in the
vacuoles of the plant seed storage protein because it can be
tightly integrated with the soybean oil body and is initially
considered to be a soybean oil body protein.27,28 Aer the
soybean oil bodies were washed with Tris–HCl buffer solution,
background proteins were partially removed (b-conglycinin,
glycinin, etc.) (Lane 2, Fig. 1). And then, aer washed with urea
solution, only four proteins with molecular masses of 17, 18, 24,
and 34 kDa remained in soybean oil bodies (Lane 3–5, Fig. 1).
Therefore, although the extraction method of soybean oil
bodies could not remove the protein of molecular mass 34 kDa,
it removed much of the background proteins (b-conglycinin,
glycinin, etc.).
Fig. 1 SDS-PAGE profile of proteins in soybean oil bodies extracted by
aqueous extraction. Lane M, relative molecular mass markers; Lane 1,
proteins extracted from crude soybean oil bodies without wash; Lane
2, proteins (mainly oleosins) in soybean oil bodies washed once with
buffer solution; Lane 3–5, protein (oleosins) in soybean oil bodies after
treatment with urea and washed 1–3 times with buffer solutions,
respectively.

4734 | RSC Adv., 2018, 8, 4731–4741
3.2 Inuence of ALG on oil body emulsion properties

The interaction between the ALG and the oil bodies was studied
and the optimal concentration of ALG to produce stable ALG-
coated OB emulsions was determined by measuring the electric
charge (Fig. 2a and b), mean particle diameter (Fig. 2c) and
microscopic structure (Fig. 2d) of 1 wt% OB emulsions con-
taining ALG with different concentrations (0–1.0 wt%).

The z-potential of pure ALG solution and oil body emulsions
as a function of pH is displayed in Fig. 2a. When the pH
changed from 8 to 3, the z-potential of ALG solution was always
negative, but the z-potential of the OB emulsions increased
from �35.3 mV to 25.5 mV, with the point of zero charge being
around pH 5.1 (the isoelectric point). These results were
consistent with the properties of protein stabilized oil/water
emulsions.29,30 For the OB emulsions, oleosin proteins and
other proteins (such as storage proteins) remained around the
oil bodies aer the aqueous extraction procedure. Other studies
have reported that the isoelectric point of oil bodies extracted
from various plant sources was around pH 5–6,31 similar to the
isoelectric point of the soybean oil body measured in this study.
The soybean OB emulsions were highly unstable near the
isoelectric point, especially at the low pH values.

As shown in Fig. 2b, the z-potential of the uncoated oil
bodies was around +4.74 mV at pH 4.5, where the pH of the oil
bodies was little below their isoelectric point. Measurements of
the mean particle diameter, and microscopic structure of the
OB emulsions showed that they were highly unstable to aggre-
gation at this pH value (Fig. 2c and d (0 wt% ALG)). This
aggregation is due to the fact that the z-potential of the oil
bodies was relatively small, and hence the electrostatic repul-
sion between them was insufficient to overcome the various
attractive interactions, e.g., van der Waals and hydrophobic
interactions.32 Therefore, we utilized ALG to interact electro-
statically with oil bodies at low pH values, e.g., pH 4.5, in order
to improve the stability of the OB emulsions.

As shown in Fig. 2b, with the addition of ALG, the electric
charge of the OB emulsions at pH 4.5 changed from positive to
negative. The negative charge of the oil bodies reached a rela-
tively constant value of �(46 � 3) mV when the ALG concen-
tration was above 0.25 wt%. These results indicate that anionic
ALG molecules neutralized the positive charge on the surface of
the oil bodies and eventually became saturated with ALG.

When ALG concentrations increases from 0.075 wt% to
0.225 wt%, themean particle diameter of OB emulsions is much
reduced (Fig. 2c), although the microscopic structure images
show that there is still a certain degree of aggregation (Fig. 2d).
This type of aggregation may be attributed to the relatively low
z-potential and weak electrostatic repulsion of the oil bodies, as
well as the linking together of the oil bodies by inadequate
anionic ALG molecules (bridging occulation) that occurs when
the ALG concentration is below saturation coverage.33 At ALG
concentrations from 0.25 wt% to 0.35 wt%, the particle diam-
eter of OB emulsions were reduced (Fig. 2c), and no obvious
aggregation phenomenon was observed (Fig. 2d). At ALG
concentrations of 0.35 wt%, the emulsion was best dispersed
with the smallest mean particle diameter. The good dispersion
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The z-potential of pure OB emulsions and pure ALG solution (a); z-potential (b), mean particle diameter (d43) (c) and the microscopic
structure (d) of OB emulsions each with 1.0 wt% oil bodies and different concentrations of ALG. The continuous phase of the emulsions is 50mM
sodium phosphate and pH is 4.5.
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of the OB emulsions can be attributed to the ability of the ALG
molecules to completely cover the oil body surfaces and form
a relatively thick electrically charged coating. The adsorption
process of ALG to oil bodies was schematically indicated in
Fig. 3. ALG coating increases the electrostatic and steric repul-
sion between the oil bodies, as well as decreases the van der
Waals attraction, thereby increasing their stability to aggrega-
tion.32 When the concentration of ALG exceeds 0.35 wt%, the
mean particle diameter increased again with the increase of
ALG concentration (Fig. 2c). The same results can be seen from
the microscopic structure, and aggregates were formed
Fig. 3 Schematic description of coating ALG on oil bodies.

This journal is © The Royal Society of Chemistry 2018
(Fig. 2d). The decrease in stability of the OB emulsions at high
ALG concentrations can be attributed to depletion occulation
induced by the high levels of non-adsorbed ALG in the contin-
uous phase.33,34 Consequently, we used ALG concentration of
0.35 wt% to prepare ALG-coated oil bodies for the subsequent
stability studies.

3.3 Location of ALG in oil body emulsion

Fluorescent micrographs of uncoated oil bodies (1 wt% oil
bodies, 0 wt% ALG) (a1, b1 and c1) and coated oil bodies (1 wt%
oil bodies, 0.35 wt% ALG) (a2, b2 and c2) are shown in Fig. 4. For
RSC Adv., 2018, 8, 4731–4741 | 4735
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Fig. 4 Fluorescent micrographs of uncoated oil bodies (1 wt% oil bodies, 0 wt% ALG) (a1, b1 and c1) and oil bodies coated by ALG (1 wt% oil bodies
and 0.35 wt% ALG) (a2, b2 and c2): (a) is the fluorescent micrographs emitted at the wavelength of 538 nm when excited by blue laser of 488 nm;
(b) is the fluorescent micrographs emitted at the wavelength of 572 nm when exited by green laser of 543 nm; (c) is the superposition of (a) and
(b), respectively. The continuous phase of the emulsions is 50 mM sodium phosphate and pH is 4.5. Each scale bar represents 50 mm.
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the uncoated OB emulsions, aer the superposition, we can see
that the uncoated oil bodies in the emulsions were yellow
uorescent as indicated in Fig. 4(c1). In contrast, in Fig. 4(c2),
for the coated OB emulsions, oil body cores were yellow uo-
rescent, while the outer layers were red uorescent, which were
formed by the ALG molecules. These results demonstrate the
location of the ALG adsorbed on the oil bodies, and further
conrm that ALG coating increases the electrostatic and steric
repulsion between the oil bodies, concurrently decreases the
van der Waals attraction, thereby increasing their stability to
aggregation.
Fig. 5 pH effect on z-potential (a); mean particle diameter (d43) (b); the
(1 wt% oil bodies, 0 wt% ALG) and coated (1 wt% oil bodies, 0.35 wt%
phosphate buffer solution. The creaming observation was made after st

4736 | RSC Adv., 2018, 8, 4731–4741
3.4 Inuence of pH on the stabilities of oil body emulsions

As shown in Fig. 5, at pH 4–5, the z-potential of OB emulsions
with ALG were negative and the absolute value was signicantly
higher than that of uncoated oil bodies (Fig. 5a). This difference
can be attributed to the adsorption of anionic ALG molecules to
the surfaces of the oil bodies and the neutralization of positive
charge. The mean particle diameter of the uncoated OB emul-
sions increased signicantly (Fig. 5b), large size aggregation
appeared in the microscopic structure (Fig. 5c), and rapid
creaming in the OB emulsions was observed with increasing pH
microscopic structure (c) and the creaming stability (d) of uncoated
ALG) OB emulsions. The oil bodies were dispersed in 50 mM sodium
orage at 22 � 2 �C for 7 days.

This journal is © The Royal Society of Chemistry 2018
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(Fig. 5d). These were because that the electrostatic repulsive
force between the oil bodies is weak when the pH is near the
isoelectric point, which leads to the instability of the OB emul-
sions.29,35,36 But for coated OB emulsions, the mean particle
diameter were relatively small (Fig. 5b), oil bodies were well
dispersed (Fig. 5c), and there was no evidence of creaming
instability aer 7 days of storage (Fig. 5d). The relatively thick
charged polysaccharide layers surrounding the oil bodies, which
increase the electrostatic and steric repulsion between the oil
bodies, concurrently decrease the van der Waals attraction.

At pH 3 and pH 6, the oil body emulsions were slightly stable,
as the mean particle diameter was relatively small (Fig. 5b), and
the microscopic structure was slightly aggregated (Fig. 5c), but
the creaming was very obvious aer 7 days of storage (Fig. 5d).
This was probably because the energy barrier of the interaction
potential versus droplet separation was not sufficiently high to
prevent completely droplet aggregation (Fig. 5a).34 At pH 3, the
mean particle diameter of the coated OB emulsions increased
dramatically (Fig. 5b), and the large size of the aggregation
appeared in themicroscopic structure (Fig. 5c), but there was no
evidence of creaming instability aer 7 days storage (Fig. 5d). It
was reported that under the condition of strong acid and high
temperature, the molecular chain of ALG breaks into G block, M
block and GM block with different lengths.37,38 The solubility of
these blocks is different under different pH conditions. At pH 3,
the M block and part of the GM block dissolved, G block will
precipitate. Therefore, the mean particle diameter was
increased dramatically. At pH 6, the mean particle diameter of
the coated OB emulsions was relatively small (Fig. 5b), the
dispersion of the oil bodies was better (Fig. 5c). There was no
evidence of creaming instability aer 7 days of storage (Fig. 5d).
Fig. 6 Salt effect on z-potential (a); mean particle diameter (d43) (b); th
(1 wt% oil bodies, 0 wt% ALG) and coated (1 wt% oil bodies, 0.35 wt% ALG)
phosphate buffer solution. The creaming observation was made after st

This journal is © The Royal Society of Chemistry 2018
The mean particle diameter of the uncoated OB emulsions,
as shown in Fig. 5b and 6b, were relatively small at pH 7–8, and
the dispersion property was good with no evidence of creaming
aer 7 days of storage (Fig. 5d). These results can be attributed
to the relatively strong electrostatic repulsion between the oil
bodies that prevent their aggregation (Fig. 5a).34 The mean
particle diameter of the coated OB emulsions was relatively
small (Fig. 5b), and the dispersion of the oil bodies was better
(Fig. 5d). However, at pH 8, creaming phenomenon was
observed aer 7 days storage. Wu et al. had reported the similar
work about using carrageenan to stabilize oil bodies.21 However,
at pH 7, even the i-carrageenan, which has a high charge density
and a helical conformation, could not disperse the oil bodies
well, resulting in large droplet sizes and aggregation due to
depletion occulation.21 It is obvious that our ALG can better
stabilize and disperse oil bodies at pH 7 at the optimized
conditions, probably due to the higher charge density and
conguration of ALG.

Overall, these results clearly show that coating the soybean
oil bodies with ALG layer can greatly extend the range of pH
values at which they remain stable to aggregation.
3.5 Inuence of ionic strength on the stabilities of oil body
emulsions

As shown in Fig. 6a, the absolute value of the z-potential of
uncoated OB emulsions decreased with the increase of NaCl
concentration, changing from around �45.5 mV at a concen-
tration of 0 mM NaCl to around �38.9 mV at a concentration of
250 mM NaCl. This is probably due to the electrostatic
screening effects of sodium ions.34 The z-potential of the coated
e microscopic structure (c) and the creaming stability (d) of uncoated
OB emulsions at pH 7. The oil bodies were dispersed in 50 mM sodium
orage at 22 � 2 �C for 7 days.

RSC Adv., 2018, 8, 4731–4741 | 4737
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Table 1 Stability of different high OB concentration emulsions with
different concentration of ALGa

ALG (wt%)

OB (wt%)

10 20 30 40

0.2 � � � �
0.3 � � � �
0.4 � � � �
0.5 + � � �
0.6 + + � �
0.7 + + � �
0.8 + + + �
0.9 + + + �
1.0 + + + +

a “+” stable; “�” unstable.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 9

:0
1:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
OB emulsions showed the same trend with the concentration of
NaCl, but was more negative than that of the uncoated OB
emulsions due to the presence of the anionic ALG layer.

As shown in Fig. 6b, the mean particle diameter of uncoated
OB emulsions increased with the increase of NaCl concentra-
tion. From the microscopic structure change in Fig. 6c, it means
the aggregation phenomenon of the oil bodies becomes more
and more serious. Creaming was also observed aer 7 days
storage as shown in Fig. 6d. These results can be attributed to
the relatively low electrostatic repulsion between the oil bodies
at this moment. This indicates that the presence of a small
amount of NaCl will make the OB emulsions unstable to
aggregation. However, the mean particle diameter of coated OB
emulsions were almost unchanged at all salt concentrations
examined, the microscopic structure is consistent with the
mean particle diameter, and there was no evidence of creaming
instability aer 7 days storage.

These results show that the ALG coating greatly improves the
salt stability of OB emulsions, which may have important
implications for their utilization in food products.
3.6 Inuence of freeze–thaw cycling on the stabilities of oil
body emulsions

As shown in Fig. 7a, aer three freeze–thaw cycles, the z-
potential of the uncoated oil bodies decreased slightly with
increasing number of freeze–thaw cycles, from �(45 � 1.4) mV
at zero cycles to �(37 � 1.6) mV aer three cycles, which can be
attributed to the large change in droplet size due to their
Fig. 7 Effect of freezing–thawing cycling on z-potential (a); mean parti
stability (d) of uncoated (1 wt% oil bodies, 0 wt% ALG) and coated (1 wt%
dispersed in 50 mM sodium phosphate buffer solution. The creaming o
represents the number of the freezing–thawing cycles.

4738 | RSC Adv., 2018, 8, 4731–4741
coalescence aer freezing. The z-potential of the coated OB
emulsions was changed only slightly with increasing number of
freeze–thaw cycles, from �(67.0 � 0.9) mV at zero cycles to
�(69.4� 1.2) mV aer three cycles. This was probably caused by
the aggregations of oil bodies due to depletion occulation in
the presence of ALG.

From Fig. 7b–d, there was an increase in the mean particle
diameter, and creaming instability of uncoated oil bodies aer
three freeze–thaw cycles. It can also be seen from the micro-
scopic structure in Fig. 7c that the oil bodies coalesce into large
oil droplets, which is consistent with the mean particle
cle diameter (d43) (b); the microscopic structure (c) and the creaming
oil bodies, 0.35 wt% ALG) OB emulsions at pH 7. The oil bodies were
bservation was made after storage at 22 � 2 �C for 7 days.“0, 1, 2, 3”

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Effect of ALG on the size distribution and microscopic structure of high concentration OB emulsions. The OB emulsion was prepared
using 50 mM sodium phosphate, and the pH is 4.5.
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diameter change and conrmed the observed changes in z-
potential. On the other hand, the mean particle diameter of the
coated OB emulsions was slightly increased, the microscopic
structure showed that only smaller aggregates appeared with
the increase in the number of thermal cycles, and the creaming
instability was not obvious. In previous studies, carrageenan
alone cannot play a stabilizing role on the oil bodies at pH 3 and
at pH 7 the carrageenan-coated oil bodies were stable aer 3
cycles with the addition of sucrose, but not stable aer fewer
cycles.20 The ALG-stabilized oil bodies reported in our work are
stable under thermal cycling all the time at pH 7 with no need of
addition of any sucrose.

These results indicate that the ALG coating protects the oil
bodies during the freeze–thaw cycle and improves the stability
of the OB emulsion.
3.7 Stabilization of high concentration oil body emulsions
by ALG

In the real food emulsion products, a high concentration of oil
phase is usually used.34 Therefore, the effect of ALG (0.2–
1.0 wt%) on the properties of OB emulsions with high concen-
tration (10, 20, 30, and 40 wt%) oil bodies was investigated in
order to nd the minimum amount of ALG needed to stabilize
high concentration OB emulsions. By measuring the size
distribution and microscopic structure of OB emulsions at pH
4.5, the stability of different high concentration oil body
emulsions with different concentration of ALG were shown in
This journal is © The Royal Society of Chemistry 2018
Table 1. It indicates that the minimum concentrations of ALG
required for stabilizing OB emulsions with concentration of 10,
20, 30 and 40% are 0.5, 0.6, 0.8 and 1.0%, respectively. The size
distribution and microscopic structure of these OB emulsions
with minimum ALG was presented in Fig. 8. The stability of the
high concentration oil body emulsions against salt, pH and
thermal-cycling was also improved by interacting with ALG
(data was not shown here). The high concentration oil bodies
stabilized with low concentration ALG in the emulsions, would
provide more close to the practical application insights into
further application of soybean oil bodies in food industry.

4. Conclusions

This study showed that ALG can be adsorbed to the surface of
oil bodies by electrostatic interaction at pH 4.5, with an optimal
concentration of 0.35 wt% to stabilize 1 wt% OB emulsion. At
pH 4–8, ALG-coated OB emulsions were more stable than the
uncoated OB emulsions, indicating that ALG can greatly extend
the range of pH values at which oil bodies remain stable to
aggregation. Under different concentrations of NaCl and three
freeze–thaw cycles, the ALG-coated OB emulsions were more
stable than uncoated OB emulsions. With the increase of NaCl
concentration and the number of freeze–thaw cycles, the
uncoated soybean oil body emulsions were prone to droplet
aggregation and creaming, but the ALG-coated OB emulsions
were stable at all NaCl concentrations examined (&250 mM)
and aer all freeze–thaw cycles. Compared with previous
RSC Adv., 2018, 8, 4731–4741 | 4739
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studies on other polysaccharides, ALG-coated oil body emul-
sions showed better stabilities against aggregation and cream-
ing under the conditions studied. These experiments clearly
show that coating ALG layers on the soybean oil bodies has
improved their emulsion stability to environmental conditions,
including pH, ionic strength and temperature, and can be
utilized in the food product development. Finally, it was found
that low concentrations of ALG can stabilize high concentration
OB emulsions, which is more practical for the application of
soybean oil bodies in food industry.
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