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ABSTRACT: To strengthen the effectiveness of resveratrol (RES) as a natural antioxidant in food systems, this work attempted
to enhance the water solubility of RES by utilizing the solubilizing properties of stevioside (STE) and investigated the effect of
STE-solubilized RES (STE−RES) incorporation on the stability of soy protein isolate (SPI)-based emulsions. The physical
properties and oxidative stability of SPI emulsions with STE/STE−RES were evaluated. The water solubility of RES increased
with the increase of STE concentration up to its critical micelle concentration, suggesting the solubilization of hydrophobic RES
in STE self-assembled micelles. STE micelles competitively adsorbed at the oil−water interface with SPI, forming a mixed SPI
and STE interfacial layer, thus resulting in a decrease in particle size and evident enhancement in the physical stability of SPI-
based emulsions. After the incorporation of STE−RES, SPI emulsions showed an enhanced oxidative stability with reduced lipid
hydroperoxides and volatile hexanal. This improvement was believed to be mainly attributed to the targeted migration of RES to
the interface during the adsorption of the STE−RES complex, as evidenced by high interfacial accumulation of RES.
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■ INTRODUCTION

Lipid oxidation in foods and biological systems has been a
major cause for both food-quality deterioration and health
complications. The oxidative degradation of lipids causes
unpleasant quality changes in food, such as the development
of unpalatable flavors and odors, loss of nutritional values, color
changes, and even formation of potentially toxic reaction
products.1,2 Lipids in the oil-in-water (O/W) emulsions are
believed to be highly susceptible to oxidation because the
higher interfacial area of emulsions may promote interactions
between lipids and pro-oxidants in the aqueous phase.1,3

Therefore, exogenous antioxidants are usually incorporated into
O/W emulsions to enhance their oxidative stability. Moreover,
the accumulation of antioxidants at the oil−water interface is
expected to promote their antioxidant effectiveness in emulsion
systems.1,4 Currently, special attention is focused on the use of
natural polyphenolic compounds to retard lipid oxidation due
to their safety as food ingredients and remarkable antioxidant
activity.5

Resveratrol (trans-3,5,4′-trihydroxystilbene, RES; Figure S1
in the Supporting Information) is a natural polyphenol
compound found in red grapes and peanuts, as well as a
variety of other plant sources. Clinical studies have demon-
strated that RES exerts many different health-promoting effects,
including antioxidant, anti-inflammatory, anticancer, antiplatelet
aggregation, cardioprotective, and antiobesity effects.6 The high
antioxidant capacity of RES has been verified by inhibition of
lipid peroxidation induced by different systems, such as ADP
and NADPH in rat liver microsomes,7 the ferric thiocyanate
(FTC) method,8 the Rancimat method,9 and other in vitro
assays.10,11 Medina et al.12 reported that resveratrol as a food

antioxidant showed good antioxidant activity in fish oil-in-water
emulsions and fish muscle, as good as the potent antioxidant
hydroxytyrosol. However, RES behaved as a weak antioxidant
against oxidation of rapeseed and sunflower oils and also had a
low efficiency in margarine (water-in-oil emulsion).13 Medina
et al.12 speculated that this discrepancy in antioxidant
effectiveness of RES in emulsions may be attributed to the
difference in the quantity of its incorporation in oil droplets’
surface. In fact, the poor solubility of RES in aqueous and lipid
phases limits its application in the field of functional foods as an
antioxidant, especially in the emulsified systems, due partly to
the unpredictable physical location of RES.14,15

In recent years, several strategies have been attempted to
improve the water solubility and bioavailability of RES, such as
complexation with cyclodextrin and its derivatives or using bile
acid micelle, nanoemulsion, microemulsion, and nanoparticle
delivery systems.14,16−18 However, significant improvement of
RES water solubility remains an elusive goal, although each has
made advancements. Recently, Liu et al.19 reported that natural
steviol glycosides, such as rubusoside, could effectively enhance
the solubility of various bioactive compounds with poor water
solubility by the formation of nanoparticles, including
curcumin, paclitaxel, capsaicin, cyclosporine, nystatin, and
erythromycin.
Stevioside (STE; Figure S1 in the Supporting Information),

the most abundant component of steviol glycosides, probably
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can display a similar solubilizing effectiveness for water-
insoluble RES. To date, STE has been mainly used as a
noncaloric natural sweetener in food products due to its intense
sweetness (250−300 times sweeter than sucrose).20 STE also
exhibits many biological effects on humans, such as
antihyperglycemic, antihypertensive, antitumor progression,
and immunomodulatory activities.21−24 However, there is
very little information on the solubilization for water-insoluble
polyphenols by using STE. On the other hand, it is very
important to note that the amphiphilic structure of STE
molecules, similar to that of triterpenoid saponins, may
determine their potential capability as natural surface-active
substances (biosurfactants) to adsorb at the oil−water interface.
Considering the potential surface activity of STE, we thus
postulated that the incorporation of STE-solubilized RES
(STE−RES) in an O/W emulsion system may result in the
targeted accumulation of RES at the oil−water interface owing
to the simultaneous adsorption with STE at the droplet surface
during the homogenization process. This speculation would
lead to an increase in the interfacial resistance to lipid oxidation
of emulsions.1,4

In this study, soy protein isolates (SPI) were first selected as
effective emulsifiers and stabilizers due to their high nutritional
value and excellent functional properties. To strengthen the
effectiveness of RES as an antioxidant in protein-based O/W
emulsion, we attempted to enhance the water solubility of RES
and to purposefully accumulate RES at the oil−water interface
in emulsions by uniquely utilizing the solubilizing properties of
STE and its surface activity. The effect of STE on the water
solubility of RES was investigated, and the underlying
solubilization mechanism for RES was also proposed. The
physical properties (particle size distribution, physical stability,
and interfacial adsorption fraction) and oxidative stability of
emulsions stabilized by SPI and STE/STE−RES were evaluated
using lipid hydroperoxide measurement and headspace hexanal
analysis. In addition, the interactions between SPI and STE/
STE−RES in aqueous solutions were investigated using
fluorescence quenching studies to understand the enhancement
mechanism of emulsion stability.

■ MATERIALS AND METHODS
Materials. RES (purity > 98%) was purchased from Shanxi

Tianrun Phytochemical Co., Ltd., China. STE (purity > 95%) was
purchased from Jining Aoxing Stevia Products Co., Ltd., China. Pyrene
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Defatted
soy flour was provided by Shandong Yuwang Industrial and
Commercial Co., Ltd., China. SPI was prepared as described by
Wang et al.25 The protein content of SPI was 88.79%, determined by
using the Dumas method (N × 5.71, wet basis) in a Rapid N Cube
(Elementar France, Villeurbanne, France). Corn oil was purchased
from a local supermarket and used without further purification. All
other chemicals used were of analytical grade.
Preparation of Water-Soluble RES with STE. Appropriate

amounts of RES and STE were mixed in water to make a dispersion in
which the concentration of RES was kept constant at 1 mg/mL. The
dispersion was stirred gently for 1 h at room temperature (22 °C), to
dissolve the mixture. The resulting mixture was incubated at 60 °C in a
water bath (TW12; Julabo, Seelbach, Germany) for 30 min. After
incubation, all of the samples were protected from light and kept at
room temperature (22 °C) for 24 h to equilibrate. Each sample was
filtered through a 0.45 μm filter (Millipore, Billerica, MA, USA) prior
to HPLC determination. Quantitative analysis of RES was performed
with a reversed-phase Symmetry C18 HPLC column (5 μm, 3.9 × 150
mm) using an HPLC system (Waters, Milford, MA, USA) equipped
with a Waters 1525 pump and Waters 2487 UV detector. The

separation was done using an isocratic flow of acetonitrile and water
(40:60, v/v) at room temperature (22 °C). The flow rate was 0.6 mL/
min, and the injection volume was 10 μL. The UV−visible detector
was set at 306 nm for RES detection. The concentration of RES was
calculated using a standard curve made from RES dissolved in mobile
phase solution.

Critical Micelle Concentration (CMC) Measurement of STE.
The CMC of STE was determined by using the fluorescence probe
technique with pyrene as a fluorescence probe.26,27 Aliquots of pyrene
solution (6.0 × 10−6 M in acetone, 1 mL) were added to vials, and the
acetone was allowed to evaporate under a stream of nitrogen. STE
solutions (10 mL) at varied concentrations were added into the vials
and left to equilibrate overnight at room temperature (22 °C). The
final concentration of pyrene in each sample was 6.0 × 10−7 M. The
excitation wavelength was 335 nm, and the emission spectrum
between 350 and 500 nm was recorded. The excitation and emission
slit widths were set at 5 and 2.5 nm, respectively. The intensity ratios
of I373 to I385 were plotted as a function of logarithm of the STE
concentrations. The data were fitted using the nonlinear fitting with
Boltzman’s curve. The CMC was obtained from the inflection point of
the nonlinear fitting.

Fluorescence Spectroscopy Measurement. The fluorescence
spectra were recorded using an F7000 fluorescence spectrophotometer
(Hitachi Co., Japan). Protein intrinsic fluorescence was measured at
constant SPI concentration (0.5 mg/mL) and different STE/STE−
RES concentrations in 10 mM phosphate buffer (pH 7.0). Emission
spectra were recorded from 300 to 500 nm at an excitation wavelength
of 280 nm. Both the excitation and emission slit widths were set at 5
nm. The fluorescence spectra of the phosphate buffer were subtracted
from the respective spectra of the samples. Fluorescence quenching is
described according to the Stern−Volmer equation (eq 1):28

τ= + = +F F k k K/ 1 [Q] 1 [Q]0 0 q 0 SV (1)

In this equation F0 and F are the fluorescence intensities in the absence
and presence of a quencher, respectively, [Q] is the quencher
concentration, KSV is the Stern−Volmer quenching constant, kq is the
bimolecular quenching rate constant, and τ0 is the lifetime of
fluorescence in the absence of a quencher. Hence, eq 1 was applied
to determine KSV by linear regression of a plot of F0/F versus [Q].

Emulsion Preparation. O/W emulsion was prepared by
dispersing 10 wt % corn oil in a 10 mM phosphate buffer (pH 7.0)
containing 0.5% (w/v) SPI. STE−RES and STE alone were added into
the SPI/phosphate buffer aqueous phase prior to homogenization,
respectively. In all of the emulsions containing STE−RES (0.005−
0.02%, w/v), STE concentration was constant at 0.8% (w/v), which
was sufficient to solubilize RES and also above its CMC. Emulsions
without the addition of STE−RES and STE were used as control
samples. Coarse emulsions were prepared using an Ultra-Turrax T25
(IKA-Werke GmbH & Co., Germany) at 6000 rpm for 2 min. Fine
emulsions were prepared by passing coarse emulsions twice through
an M-110EH-30 microfludizer processor (Microfluidics, Newton, MA,
USA) at 400 bar. After the emulsification process, the pH of each
prepared emulsion was measured and adjusted to pH 7.0 with 0.1 or 1
M HCl or NaOH. Sodium azide (0.02 wt %) was then added to the
emulsions to prevent microbial growth. Emulsions were placed in
lightly sealed screw-cap vials and stored in a dark oven at 37 °C for 21
days.

Mean Particle Size and Microstructure of Emulsions. The
mean particle size and size distribution of emulsions were measured by
a Mastersizer 2000 (Malvern Instruments Co. Ltd., Worcestershire,
UK) at 25 °C. The refractive indices of corn oil and phosphate buffer
were taken as 1.467 and 1.330, respectively. The absorption index was
0.001. The particle sizes measured are reported as the volume-
weighted mean diameter d43 = ∑nidi

4/∑nidi
3, where ni is the number

of particles with diameter di. The microstructure of emulsions was
studied using a confocal laser scanning microscope (CLSM, Leica
Microsystems Inc., Heidelberg, Germany) with a 100× oil immersion
objective lens. Aliquots (1 mL) of emulsion were mixed with 40 μL of
staining solution containing 0.1% (w/v) Nile Red (fluorescent dye).
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The stained emulsions (50 μL) were placed on concave confocal
microscope slides and examined using an argon krypton laser (ArKr,
488 nm).
Determination of Protein and RES at the Oil−Water

Interface. The concentration of protein adsorbed at the oil−water
interface was determined according to the method described by Akhtar
et al.29 with some modifications. Freshly prepared emulsions were
centrifuged at 15000g for 2 h at 20 °C using a himac CS150NX micro
ultracentrifuge with an S140AT rotor (Hitachi Koki Co. Ltd., Tokyo,
Japan). After centrifugation, the subnatants were carefully removed
using a syringe and filtered through a 0.45 μm filter (Millipore). The
amount of unadsorbed protein remaining in subnatants was
determined according to the micro-Kjeldahl method (N × 5.71).
The interfacial protein proportion was calculated from the difference
between the amount of protein used to prepare the emulsion and that
measured in the subnatants after centrifugation. Determination of the
distribution of RES in the emulsions was performed according to the
procedure described by Panya et al.30 The emulsions were centrifuged
as above, and the amounts of RES in subnatants were determined by
HPLC system (Waters).
Lipid Hydroperoxide and Hexanal Measurements. Lipid

hydroperoxide was measured according to the method described by
Tong et al.31 with some modifications. Emulsion (0.2 mL) was mixed
with 1.5 mL of isooctane/2-propanol (3:1, v/v) and vortexed (10 s,
three times). After centrifugation at 1000g for 2 min, the organic
solvent phase (200 μL) was added to 2.8 mL of methanol/1-butanol
(2:1, v/v), followed by 15 μL of 3.94 M ammonium thiocyanate and
15 μL of ferrous iron solution (prepared by mixing 0.132 M BaCl2 and
0.144 M FeSO4). Twenty minutes later, the absorbance was measured
at 510 nm using a UV−vis spectrophotometer (Genesys 10, Thermo
Scientific, USA). Hydroperoxide concentrations were determined
using a standard curve made from hydrogen peroxide.
Fresh emulsion samples (8 mL) were transferred into special 10 mL

headspace vials and sealed with silicone rubber Teflon caps with a
crimper. After storage in a dark oven at 37 °C for 21 days, headspace
hexanal was measured using a Trace DSQ II GC/MS (Thermo-Fisher
Scientific, USA) according to the method of Panya et al.30 with some
modifications. A 75 μm carboxen/polydimethylsiloxane (Carboxen/
PDMS) stable flex solid phase microextraction (SPME) fiber (Supelco,
Bellefonte, PA, USA) was inserted through the vial septum and
exposed to the sample headspace for 10 min at 55 °C. The SPME fiber
was desorbed at 250 °C for 3 min in the GC detector at a split ratio of
1:10. The chromatographic separation was performed using a TR-5MS
capillary column (30 m; 0.25 mm i.d.; 0.25 μm film thickness). The
temperatures of the oven, injector, and flame ionization detector were
60, 250, and 250 °C, respectively. Sample run time was 15 min. The
analysis was carried out on the basis of the results obtained from three
replicates of each emulsion sample.
Statistical Analysis. All measurements were carried out in

triplicate. An analysis of variance (ANOVA) of the data was performed
using the SPSS 13.0 statistical analysis system. Treatments were
considered to be significantly different at p < 0.05.

■ RESULTS AND DISCUSSION

Water Solubility Enhancement of RES in STE Micelles.
Figure 1 shows the image of RES dispersions and RES solubility
in aqueous solution as a function of STE concentration. RES
dispersion appeared very turbid without STE (Figure 1, inset).
More RES was dissolved into the water solution and the RES
dispersion became more transparent with increasing STE
concentration, indicating the solubilization of hydrophobic RES
(Figure 1, inset). The solubility of RES quantitatively supported
this observation (Figure 1). The solubility of RES in water
without STE was only about 22.9 μg/mL. There is no
significant increase (p > 0.05) in RES solubility until the STE
concentration was increased to 0.5% (w/v). With further
increasing STE concentration, a linear enhancement of RES
solubility was observed. In the presence of 4% STE (w/v), RES

was solubilized in water to about 1028.4 μg/mL, representing
an evident increase in water solubility of RES of about 45 times
compared with that of RES without STE. Additional experi-
ments were performed, and a clear aqueous solution of as high
as 14 mg/mL RES in 50% STE solution (w/v) (data not
shown) was obtained. This high solubility displayed by STE
may be comparable with or exceed most cyclodextrins and
cyclodextrin derivatives commonly used for the solubilization of
RES.32 In addition, dynamic light scattering (DLS) and atomic
force microscopy (AFM) analyses demonstrated that the
morphology of STE-solubilized RES (STE−RES) was primarily
spherical particles with a hydrodynamic diameter of 4.70 nm
(data not shown).
STE is a diterpene ent-kaurene glycoside possessing both a

hydrophobic steviol backbone and hydrophilic glucosyl and
sophorosyl residues (Supporting Information, Figure S1). The
amphiphilic structure of STE could make it capable of forming
micelles in water. The STE molecule has the shape of a
bolaform amphiphile-hydrophobic ring in the center with two
hydroxyl groups on each end (Figure S1 in the Supporting
Information). Thus, it is reasonable to speculate that the STE
molecules can self-assemble to minimize the exposure of their
central groups to water, as in other bolaform amphiphiles.33

Herein, on the basis of the obviously increased water solubility
of STE−RES (Figure 1), it is proposed that hydrophobic RES
is encapsulated in the self-assembled STE micelles in water to
avoid aqueous environments. Moreover, the formed nano-
particles evidenced by DLS and AFM analyses (data not
shown) were also believed to be nanomicelles. To further
explore if the micelle formation of STE plays a key role in the
solubilization of RES, the CMC of STE in water was
determined by the pyrene fluorescent method. The fluorescent
spectrum of pyrene is sensitive to its microenvironmental
polarity. Upon micellization, pyrene molecules preferably locate
inside or close to the hydrophobic core of micelles, and
consequently the intensity ratio I373/I385 is changed.26,27 The
results are shown in Figure S2 in the Supporting Information.
The CMC value of STE was determined from the threshold
concentration, where the pyrene I373/I385 begins to change
markedly.26,27 Therefore, the CMC of STE was determined as
4.94 mg/mL (Supporting Information, Figure S2). Compared
with other surfactants and synthetic amphiphilic polymer
micelles, STE has a relatively high CMC, which should be
attributed to its big portion of hydrophilic sugar units attached
to steviol structure.

Figure 1. Water solubility profiles of RES with increasing STE
concentrations. (Inset) Images of RES dispersion with different STE
concentrations.
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As expected above, the initial improvement of RES solubility
in water solution appeared at above the CMC of STE, as
evidenced by RES solubility data (Figure 1). With the above
results taken into consideration, it could be speculated that the
solubilization of RES in STE solutions should be mainly
attributed to the formation of self-assembled STE micelles in
water. STE micelles can encapsulate RES by the formation of a
water-soluble complex derived from the interaction between
hydrophobic cores of STE micelles and the hydrophobic group
of RES, resulting in the solubilization of RES in water (Figure
1). A similar finding was described by Zhang et al.,34 who
reported that hydrophobic curcumin was solubilized in
rubusoside, another kind of steviol glycoside, by the formation
of a curcumin−rubusoside nanoparticle.
Interactions between SPI and STE/STE−RES in

Aqueous Solution. In this study, we attempted to investigate
the effect of STE/STE−RES on the physical properties and
oxidative stability of protein-based emulsions. The interactions
between protein and other surface active components of the
system are usually believed to influence their interfacial
adsorption and the formation of viscoelastic films around oil
droplets to stabilize the droplets against flocculation and
coalescence. Herein, the interactions between SPI and STE/
STE−RES in aqueous phase were thus studied to understand
the underlying mechanism of emulsion stability. The
fluorescence quenching method was used to study the binding
reaction between small molecules and proteins. Fluorescence
quenching refers to any process that decreases the fluorescence
intensity of a sample. A variety of mechanisms can cause
quenching, such as excited state reaction, molecular rearrange-
ment, energy transfer, ground state complex formation, and
collision quenching. Figure 2A shows the fluorescence emission
spectra of SPI with different concentrations of STE. For STE
concentrations below 0.8 mg/mL, no obvious changes in the
fluorescence intensity of SPI were observed, suggesting that no
interaction between SPI and STE occurred. As the concen-
tration of STE was increased from 2 to 20 mg/mL, the addition
of STE gave rise to a progressive quenching of the fluorescence
of SPI, suggesting that there was interaction between SPI and
STE. To further discern the fluorescence quenching mecha-
nism, the Stern−Volmer eq 1 was used for the fluorescence
data analysis. As shown in the inset of Figure 2A, the value of kq
is much lower than the maximal dynamic quenching constant
(2.0 × 1010 M−1 s−1), indicating that the fluorescence
quenching induced by STE is dynamic collision quenching.28,35

Figure 2B shows the steady state fluorescence for quenching
of SPI in the presence of STE−RES. SPI exhibited a strong
fluorescence emission with a peak at around 335 nm. With the
increment of STE−RES, a gradual attenuation of the
fluorescence intensity of SPI along with a red shift of the
maximum emission from 335.2 to 376.6 nm was observed,
suggesting that there was strong interaction between SPI and
STE−RES complex. Data fitted from Stern−Volmer plots is
given in the inset of Figure 2B. It can be seen that the value of
kq is much higher than the maximal dynamic quenching
constant (2.0 × 1010 M−1 s−1), signifying that the probable
quenching mechanism for SPI fluorescence by STE−RES is a
static type.26,33 These results indicated that STE−RES may
bind with aromatic amino acid residues of SPI, forming a SPI−
STE−RES ternary complex. This is in agreement with previous
studies,36,37 which have reported that RES interacts with
protein to form a RES−protein complex.

Physical Characterization of Emulsions. Particle Size
Distribution and Physical Stability. The particle size
distributions and changes in the mean droplet diameter (d43)
for emulsions stabilized by SPI and STE−RES were used to
assess emulsifying ability and physical stability, as shown in
Figure 3. The fresh emulsion stabilized by SPI only (control)
exhibited a large particle size with d43 at 1.28 μm. Compared to
the control, the emulsions in the presence of STE were fine,
with a narrow and uniform size distribution (Figure 3A). With
increasing STE concentration from 0.4 to 0.8%, a gradual
reduction in the d43 was observed, suggesting the improvement
of emulsifying ability. Moreover, there were no significant
differences (p > 0.05) in the particle size distributions or d43 of
emulsions with the addition of RES (between 0.8% STE and
0.8% STE + 0.005−0.02% RES) (Figure 3A). These results
indicated that the initial particle properties of SPI-based
emulsions were mainly improved due to the presence of STE.
The existence of RES in the STE−RES complex could not
influence the adsorption of STE at the oil−water interface.
These results are in accordance with CLSM observations
(Figure 3A, inset).
To evaluate the physical stability of emulsions stabilized by

SPI and STE/STE−RES, the changes in the d43 of emulsions
were followed during storage (Figure 3B). As shown in Figure
3B, a marked increase in d43 was observed for the control
emulsion with increasing storage time, reaching values of 5.98
μm at day 21. Compared to the control, the physical stability of

Figure 2. Fluorescence emission spectra of SPI with various amounts
of STE (A) and STE−RES (B) in 10 mM phosphate buffer at pH 7.0:
(a, a′) 0.5 mg/mL SPI alone; (b−l) 0.5 mg/mL SPI with 0.05, 0.1, 0.2,
0.4, 0.8, 2, 4, 6, 8, 10, and 20 mg/mL STE, respectively; (b′−g′) 0.5
mg/mL SPI with 0.5, 1, 2, 5, 10, and 20 μg/mL STE−RES,
respectively. (Insets) Stern−Volmer plots describing fluorescence
quenching of SPI in the presence of STE (A) and STE−RES (B).
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emulsions in the presence of STE were obviously improved
(Figure 3B). With increasing STE concentration to 0.8% (w/v),
the d43 showed a slight increase to 0.384 μm after 21 days. In
addition, no obvious differences were found in the d43 of
emulsions with the addition of RES (between 0.8% STE and
0.8% STE + 0.005−0.02% RES) during storage (Figure 3B).
These results are in good agreement with particle size
distributions analysis, indicating that the improvement of
physical stability of emulsions should be mainly due to the
presence of STE.
Interfacial Protein Adsorption Fraction (Fads) and RES

Concentration. Effects of STE and STE−RES on interfacial
protein adsorption fraction (Fads) and RES concentration of
emulsions are shown in Figure 4. The amphiphilic structure of
STE molecules endowed STE with potential capability as
natural small surface-active substances, which can rapidly
adsorb at the oil−water interface.38 As shown in Figure 4, the
control emulsion had a maximum Fads of 39.3%. With
increasing STE concentration, the Fads was obviously decreased.
Compared to the control (39.3%), the Fads of emulsion
stabilized by SPI and STE was 12.2% when STE concentration
was increased to 0.8%, representing that more than about 70%
of the initial interfacial protein was displaced. These results
suggested that the decrease in the amount of SPI adsorbed at
the oil−water interface was attributed to the competition for
surface space of oil droplets with the more surface-active STE.

Moreover, there were no significant differences (p > 0.05) in
the Fads of emulsions in the presence of RES (between 0.8%
STE and 0.8% STE + 0.005−0.02% RES) (Figure 4),
suggesting that the addition of RES had no effect on the Fads.
These results further indicated that the interfacial protein
displacement was attributed to the addition of STE, consistent
with the analysis of particle size distribution and physical
stability (Figure 3).
In addition, an increase in concentration of STE−RES

resulted in an increase in interfacial RES concentration (Figure
4). All of emulsions containing STE−RES exhibited a high
accumulation of RES (around 60% of added RES) at the oil−
water interface, which is thought to contribute to improve the
antioxidant efficiency of RES in O/W emulsions.1,4 As
mentioned above, STE can adsorb competitively with SPI
into the oil−water interface. Therefore, it is speculated that
STE−RES may migrate to the interface, a process that is
simultaneously accompanied by the adsorption of STE micelles
at the oil−water interface, thus increasing the concentration of
RES at the interface. In addition, the ability of STE−RES to
bind to interfacial SPI may also have resulted in increased
accumulation of RES at the oil droplet surface (Figure 2B).

Enhanced Oxidative Stability of Emulsions. With the
fact of increasing RES adsorption at the oil−water interface
taken into consideration, the oxidative stability of emulsions
stabilized by SPI and STE/STE−RES was further studied, as
shown in Figure 5. Lipid hydroperoxides, generally accepted as
the first oxidation products, were measured to observe the
initial oxidation rate of emulsions. Compared to hydro-
peroxides of SPI emulsion (control), it is interesting to note
that the 0.8% STE emulsion showed a lower level of
hydroperoxides during storage (Figure 5A). For emulsions
containing STE−RES, lipid hydroperoxides were markedly
lower compared to the control and 0.8% STE emulsion.
Furthermore, higher STE−RES concentrations led to lower
hydroperoxides, indicating higher oxidative stability of
emulsions. Compared with the control (109.9 mmol/kg oil)
and 0.8% STE emulsion (75.9 mmol/kg oil), the highest
concentration of STE−RES (0.02%) led to the lowest level of
hydroperoxides (40.9 mmol/kg oil). These results indicated
that STE−RES displayed an effective inhibition in the
formation of lipid hydroperoxides.

Figure 3. (A) Particle size distributions of fresh emulsions stabilized
by SPI and STE/STE−RES complex. (B) Changes in mean particle
diameter d43 of emulsions during storage for 21 days. Control: SPI-
based emulsion. 0.4% STE and 0.8% STE designate SPI-based
emulsions with 0.4 and 0.8% STE (w/v), respectively. 0.8% STE +
0.005% RES, 0.8% STE + 0.01% RES, and 0.8% STE + 0.02% RES
designate emulsions with 0.8% STE and 0, 0.005, 0.01, and 0.02% (w/
v) of RES, respectively.

Figure 4. Interfacial protein adsorption fraction (Fads) and RES
concentration in aqueous phase of emulsions stabilized by SPI and
STE−RES complex. Control, SPI-based emulsion. 0.4% STE and 0.8%
STE designate SPI-based emulsions with 0.4 and 0.8% STE (w/v),
respectively. 0.8% STE + 0.005% RES, 0.8% STE + 0.01% RES, and
0.8% STE + 0.02% RES designate emulsions with 0.8% STE and 0,
0.005, 0.01, and 0.02% (w/v) of RES, respectively.
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Furthermore, the volatile compounds produced after 21 days
were analyzed by headspace analysis (Figure 5B). There was a
complex mixture of secondary oxidation products formed
during lipid oxidation, and hexanal is a major secondary
oxidation product of corn oil. The whole chromatograms are
shown with one identified peak for hexanal and other peaks
corresponding to the unidentified oxidation products. After 21
days of storage, SPI emulsion (control) exhibited a large peak
area of hexanal (1.3 × 109). The presence of 0.8% STE reduced
the hexanal peak area of emulsion to 5.3 × 108 when compared
with the control (Figure 5B). For emulsions containing STE−
RES, with increasing STE−RES concentrations, a gradual
decrease was found for the peak area of hexanal in emulsions.
The peak area of hexanal for 0.8% STE + 0.02% RES emulsion
was 1.48 × 108, which was markedly lower than that of the
control (1.3 × 109) and 0.8% STE emulsion (5.3 × 108). These
results were in good agreement with those obtained from lipid
hydroperoxides results (Figure 5A) and provided further
evidence that STE−RES effectively improved the oxidative
stability of emulsions. A similar finding was obtained by Medina
et al.,12 who found that around 0.005−0.01% RES had a
significant effect of improving oxidative stability in fish oil-based
emulsion prepared with lecithin as an emulsifier.
General Discussion. In this work, compared to control

emulsion, the addition of STE distinctly improved the stability
of SPI-based emulsion, especially the physical stability (Figure
3). Moreover, the incorporation of STE−RES in protein

emulsion could also lead to further obvious enhancement of
emulsion oxidative stability (Figures 3 and 5). To clarify a
reasonable understanding of enhanced physical and oxidative
stabilities, a schematic illustration of the formation of SPI-based
emulsion with STE−RES is proposed and shown in Figure 6.

RES, the stilbenoid that shows a resonance structure, has
poor solubility in aqueous and lipid phases (Figure S1 in the
Supporting Information). STE is an amphiphilic compound
possessing both a hydrophobic steviol backbone and hydro-
philic glucosyl and sophorosyl residues (Figure S1 in the
Supporting Information). The STE molecule has the shape of
bolaamphiphiles that have hydrophobic rings in the center with
hydrophilic hydroxyl groups on each end (Figure S1 in the
Supporting Information). The shape of the STE molecule can
drive it to self-assemble, minimizing the exposure of its central
groups to water. Thus, hydrophobic RES might be encapsulated
in the self-assembled STE micelles (∼4.70 nm) to avoid
aqueous environments when the STE concentration is above its
CMC (Figures 1 and 6). During the homogenizing process, SPI
and STE/STE−RES in the aqueous phase would competitively
adsorb into the oil−water interface of emulsions. This behavior
was supported by the determination of a protein adsorption
fraction (Fads), where about 70% of the initial interfacial SPI
was displaced by the addition of 0.8% STE (Figures 4 and 6).
The existence of RES did not influence the adsorption amount
of SPI and STE (Figure 4). These results indicated that STE
probably played a predominant role in the improvement of
emulsion physical stability. The fast adsorption of STE at the
oil−water interface endowed the emulsion with a smaller oil
droplet size (∼220 nm) and a higher physical stability (Figures
3 and 6). These phenomena may be attributed to the formation
of a compact mixed SPI−STE interface membrane around the
oil droplets.
It is generally considered that lipid oxidation in O/W

emulsion systems is thought to occur at the oil−water interface
because the oxidation substrate, lipid hydroperoxides, are
surface active and therefore accumulate at the oil−water
interface.1,3 Lipid hydroperoxides can be decomposed into free
radicals by pro-oxidants such as transition metals.1,3 On the
basis of these understandings, how to inhibit interfacial
oxidation may mainly determine the oxidative stability of
emulsions. Generally, the phenolic antioxidants could capture
free radicals by donation of phenolic hydrogen atoms to block
the lipid radical reactions. This may be one of the dominant

Figure 5. Changes in lipid hydroperoxides (A) and headspace hexanal
(B) of emulsions stabilized by SPI and STE−RES complex during
storage at 37 °C for 21 days. Control, SPI-based emulsion. 0.8% STE
designates SPI-based emulsion with 0.8% STE (w/v). 0.8% STE +
0.005% RES, 0.8% STE + 0.01% RES, and 0.8% STE + 0.02% RES
designate emulsions with 0.8% STE and 0, 0.005, 0.01, and 0.02% (w/
v) of RES, respectively.

Figure 6. Schematic illustration of the formation of O/W emulsion
stabilized by SPI and STE-RES.
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antioxidation mechanisms of RES in emulsion systems. In the
case of mixed emulsion systems, STE−RES may migrate to the
interface during the adsorption of STE micelles at the oil−
water interface, thus resulting in a high interfacial RES
concentration (Figures 4 and 6). In addition, the binding of
STE−RES with interfacial SPI may also contribute to the
increase in interfacial RES concentration (Figure 2). The high
accumulation of RES at the interface would increase the ability
of RES to scavenge free radicals produced from the
decomposition of interfacial lipid hydroperoxides.1,3

It is notable that STE could improve the oxidation stability of
protein emulsions to some extent (Figure 5). However, this
information appears to be contradictory to the fact that STE
has a limited antioxidant capacity according to the ORAC assay
(data not shown). Because the 0.8% STE in emulsions was
above its CMC, it is possible that the presence of STE micelles
in emulsions could contribute to the inhibition of lipid
oxidation. Cho et al.39 found that the presence of surfactant
micelles could solubilize iron and remove it from emulsion
droplets, thus inhibiting the lipid oxidation. Moreover,
surfactant micelles can also solublize lipid hydroperoxides out
of emulsions droplets, which can decrease free radicals in the oil
droplets due to hydroperoxide decomposition.40 In addition, a
mixed SPI−STE interface membrane around the oil droplets, as
speculated in the improvement of physical stability (Figures 3
and 4), may be another possible reason for enhanced oxidation
stability of SPI-based emulsions in the presence of STE. It is
speculated that such a compact interfacial membrane may act as
an effective barrier to the diffusion of lipid oxidation initiators
into the oil droplets and then inhibit the formation of lipid
radicals by limiting the interaction between transition metals in
the aqueous phase and the oil phase.1,3

In conclusion, a water-soluble RES was fabricated by the
encapsulation of RES in STE self-assembled micelles. The
physical properties and oxidative stability of SPI-based O/W
emulsion systems were enhanced by the incorporation of STE-
RES. The enhanced physical properties of emulsions were
mainly related to the formation of mixed interfacial layers
caused by competitive interfacial adsorption between SPI and
STE. Meanwhile, higher interfacial accumulation of RES was
mainly responsible for enhanced antioxidant efficiency of RES
in emulsions. These findings revealed that hydrophobic
polyphenols, such as RES, could be used as efficient
antioxidants in O/W emulsions by the utilization of solubilizing
properties and notable surface activity of STE. This would
provide a good model for designing stable emulsified food
systems with enhanced physical and oxidative stabilities.
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