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A B S T R A C T

A physicochemically stable emulsion was developed by using a novel emulsifier, which was self-assembled
colloidal complex of gelatin (GLT) and proanthocyanidins from Chinese bayberry (Myrica rubra Sieb et Zucc.)
leaves (BLPs), with epigallocatechin-3-O-gallate (EGCG) as structure units. The GLT–BLP colloidal complexes
were spherically shaped by transmission electron microscope (TEM). The data of Fourier transform infrared
spectrum (FTIR), circular dichroism (CD), isothermal titration calorimetry (ITC) revealed that the main binding
force between GLT and BLPs of the colloidal complexes was hydrogen bond. The incorporation of BLPs to GLT
provided GLT with stronger affinity at oil-water interface and thus enhanced the physical stability of GLT-
stabilizing emulsion. In addition, the emulsions stabilized by the colloidal complexes showed higher oxidation
stability than that stabilized by free GLT only. The novel emulsifier developed in this study have potential
applications as functional emulsifiers in food-grade emulsions with high anti-oxidation activity.

1. Introduction

Proanthocyanidins (PAs), also called condensed tannins, are a class
of secondary metabolites of plants, characterized by an oligomeric or
polymeric structure based on flavan-3-ol units (Ou & Gu, 2014). They
have diverse biological properties, including antioxidant, antibacterial,
and antiviral properties (Smeriglio, Barreca, Bellocco, & Trombetta,
2017). Proanthocyanidins from Chinese bayberry (Myrica rubra Sieb. et
Zucc.) leaves (BLPs) have epigallocatechin-3-O-gallate (EGCG) as their
terminal unit and extension units (Fu et al., 2014). Compared with
other PAs (Hammerstone et al., 2004; Naczk & Shahidi, 2006) from
cranberry or grape seeds, with catechin, epicatechin, and galloatechin
as terminal and extension units, BLPs show stronger antioxidant activity
due to containing more active phenolic hydroxyl. But at the same time,
BLPs have high water solubility, which inhibits their penetration into
food oily system and thus decreases a certain degree of antioxidant
activity. Thus it is crucial to find a way to enhance the solubility of BLPs
in oily systems.

Gelatin (GLT) is one of the most traditional multifunctional food
ingredients used as a stabilizer, thickener, and texturizer. It’s a biode-
gradable protein obtained by acid- or base-catalyzed hydrolysis of
collagen. Several previous studies attempted to use GLT to prepare

physically stable emulsions, but hardly met the expected results (Surh,
Decker, & McClements, 2006; Zarai, Balti, Sila, Ali, & Gargouri, 2016).
GLT has some emulsifying ability, but it is not sufficient to form phy-
sically stable oil-in-water emulsions, which limits the use of GLT as a
protein emulsifier (Lobo, 2002). What’s more, protein-based emulsions
are prone to chemical destabilization mostly through oxidative reac-
tions that degrade protein and polyunsaturated lipids during processing
and storage (Berton & Schroen, 2015).

The polymer complexation can provide an effective way to improve
the antioxidant activity of protein and the surface activity of poly-
phenols. GLT molecules have unique triple helix structures due to their
repeating sequences of alanine, proline, and glycine, which determine
the high stability of GLT colloidal complexes. In addition, GLT, rich in
proline, has extended random coil conformation which provides more
interaction sites for self-assembly of colloidal complexes. Self-assembly
of GLT with tannin acids (Huang, Li, Qiu, Teng, & Wang, 2017), ella-
gitannins (Li & Gu, 2011), and catechins (Chen et al., 2010) has been
used to prepare GLT colloidal complexes. The affinity of polyphenols
determines the characteristics of GLT colloidal complexes. As we know,
BLPs contain oligomeric and polymeric forms. The oligomeric forms
receive attention in view of their antioxidant activity while the poly-
meric forms have stronger affinity to proteins (Zou, Li, Percival,
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Bonard, & Gu, 2012). Therefore, GLT could form highly stable colloidal
complexes with BLPs due to this high affinity. In addition, the mole-
cular backbone of BLPs consists of a chain of aromatic rings. BLPs
molecules tend to form a network between GLT colloidal complexes due
to intermolecular aromatic interactions (Waters, 2013), which could
enhance the stability of emulsions.

The objective of this study was to elucidate the potential of
GLT–BLP colloidal complexes as effective food-grade emulsion stabi-
lizers. The characteristics of GLT–BLP colloidal complexes, including
their physical properties, morphologies, and interaction forces, were
studied to provide a better understanding of the interaction between
them. Furthermore, the physicochemical stabilities of emulsions stabi-
lized by the colloidal complexes were evaluated.

2. Materials and methods

2.1. Materials

GLT (from porcine skin, type B), soybean oil, Nile red, and Nile blue
were purchased from Aladdin Bio-Chem Technology Co., Ltd (Shanghai,
China). BLPs were extracted from Chinese bayberry leaves (from
Zhejiang Cixi, China) and purified according to our previous studies (Fu
et al., 2014; Zhang et al., 2016). The composition of BLPs was shown in
Table 1. All other chemicals used were of analytical grade.

2.2. Preparation of GLT–BLP colloidal complexes

GLT–BLP colloidal complexes were prepared according to the
method described in a previous paper (Su et al., 2015). Both GLT and
BLPs stock solutions at the concentration of 1.2 wt% were prepared by
dissolving GLT and BLPs in distilled water. GLT–BLP colloidal com-
plexes were prepared using a simple, self-assembly method under
magnetic stirring (200 rpm) at room temperature (25 °C) for 30 min.
Colloidal complexes were fabricated by adding BLPs solution to GLT
solution with mass ratios of 0:10, 1:9, 2:8, 3:7, 4:6, and 5:5, respec-
tively. The final colloidal complex solutions contained 0.1, 0.2, 0.3, 0.4,
and 0.6 wt% GLT.

2.3. Physical properties and morphology of colloidal complexes

The light transmittance of the GLT–BLP solutions was measured at
ambient temperature using a UV–vis spectrophotometer (UV-2550,
Shimazu, Japan) at a wavelength of 500 nm. The mean particle sizes
and ζ-potential values of the colloidal complexes were measured with a
Zetasizer (Nano ZS90, Malvern Instruments Ltd, UK) at 25 °C. Samples
were first diluted 100 times with distilled water and stirred to induce
the breakup of large aggregates.

The morphology of the colloidal complexes was examined by
transmission electron microscopy (TEM). The sample was prepared by
placing a drop of the test suspension onto a 400 mesh, carbon–coated
copper grid. About 2 min after deposition, the grid was tapped with
filter paper to remove surface water, followed by air-drying. Then, the
dried samples were observed by TEM.

2.4. Fourier transform infrared (FTIR) spectroscopy

The chemical structures of BLPs, GLT, and GLT–BLP colloidal
complexes were analyzed with Fourier transform infrared (FTIR)
spectra. Specifically, 3 mg samples were ground together with 200 mg
of KBr and analyzed by FTIR in the frequency range of 4000–400 cm−1,
with 32 scans and a 4 cm−1 resolution. FTIR spectra were taken on a
Nicolet Avatar 370 instrument.

2.5. Circular dichroism (CD)

Circular dichroism (CD) spectrum was obtained on a Jasco 715
circular dichroism spectropolarimeter according to previous study (Su
et al., 2015), which was scanned at a speed of 50 nm/min with a slit
width of 1 nm. The spectra were recorded under a N2 atmosphere in the
far UV region (190–280 nm) to estimate the conformational change in
GLT with the BLPs solution. The samples were analyzed at 25 °C in a
0.1 mm path length quartz cell. Different volumes (20, 40, 60, and
80 μL) of BLP (0.2 wt%) solution were added to an aqueous solution of
GLT (0.03 wt%, 1 mL). After subtracting the reference spectrum (sol-
vent peak), the data were normally plotted as mean–residue–weight
ellipticity (deg cm2 dmol−1) versus wavelength in nanometers. Changes
in the conformation of GLT upon addition of various amounts of BLP
were recorded.

2.6. Isothermal titration calorimetry (ITC)

The thermodynamics of the binding of BLPs to GLT were assessed
using a isothermal titration calorimeter (ITC) (Microcal UC, USA). The
reference cell was filled with deionized water, while the sample cell was
filled with GLT solution (2 μM). The injection syringe, filled with
800 μM of BLPs solution, was titrated into the sample cell as a sequence
of 20 injections of 2 μL aliquots with 300 rpm stirring at 25 °C. Raw
data were obtained as a plot of heat against the injection number. These
raw data were then integrated to obtain a plot of the observed enthalpy
change per mole of the injection (△Hobs, kJ) against the molar ratio.

2.7. Interfacial adsorption kinetics

The interfacial force of protein and its colloidal complexes at the
oil–water interface was measured by the pendant drop technique with
an optical contact angle meter (OCA-20, Data-physics Instruments
GmbH, Germany) at ambient temperature. All aqueous solutions were
used with a GLT concentration of 0.4 wt%, and the cuvette, syringe, and
needle were cleaned intensively prior to each measurement. The in-
terfacial tension was monitored for 1 h while keeping a drop of solution
in soybean oil. The interfacial force was calculated according to the
fundamental Laplace equation.

2.8. Preparation of oil–in–water (O/W) emulsion and measurements of its
particle size and ζ-potential

Coarse emulsions were prepared by homogenizing soybean oil with
only GLT or with GLT–BLP colloidal complex solutions at different
concentrations using an FSH-2A digital homogenizer (China) for 3 min
under 12,000 rpm. The oil content was kept at 20 wt%. This coarse
emulsion was then passed through a high-pressure homogenizer
(NanoGenizer30K, Genizer, USA) 3 times at 50 Mpa. The mean droplet
sizes and ζ-potentials of the final emulsions were measured with a
Zetasizer (Nano ZS90, Malvern Instruments Ltd, UK), with a refractive
index of 1.472 and 1.330 for the dispersed phase and the continuous
phase, respectively. Samples were first diluted 100 times and stirred to
induce the breakup of large aggregates. All experiments were per-
formed three times.

Table 1
The composition of BLPs.

Compound Content (%)

Epigallocatechin 0.81
Epigallocatechin gallate 2.73
Proanthocyanidin (HPLC area) 93.46
Protein 1.76
Polysaccharide 1.31
Ash 0.13
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2.9. Confocal laser scanning microscopy (CLSM)

The confocal laser scanning microscopy (CLSM) (TCS SP8, Leica
microsystems, Germany) was used to investigate the microstructure of
the emulsion. An aliquot (1 mL) of the emulsion was dyed using 15 μL
of Nile Red solution (0.1 wt%, in isopropyl alcohol) and 15 μL of Nile
Blue A (0.1 wt%, in isopropyl alcohol). One drop of the dyed emulsion
was placed on a concave slide, followed by covering it with a coverslip.
The CLSM pictures were obtained by using a 488 nm (for Nile Red) and
633 nm (for Nile Blue A) laser to excite the samples.

2.10. Lipid oxidation in soybean oil emulsions

The soybean oil emulsions stabilized by only GLT and by GLT–BLP
colloidal complexes were prepared according to the process mentioned
above. Samples were maintained at 30 °C and were taken every two
days for the determination of the peroxide value (PV) and the quantity
of thiobarbituric acid-reactive substances (TBARS) over a 14-day sto-
rage period.

2.10.1. Peroxide value (PV)
Lipid hydroperoxide measurement of soybean oil emulsions was

performed according to a previous study (Tong, Sasaki, McClements, &
Decker, 2000), with slight modification. In brief, 0.3 mL of the emulsion
were mixed with 1.5 mL of isooctane/isopropanol (3/1, v/v) and vor-
texed three times, and the organic phase was collected by centrifuga-
tion at 5000 rpm for 2 min. About 0.2 mL of the supernatant were

added to 2.8 mL of methanol/1-butanol (2/1, v/v), followed by the
addition of 15 μL of 3.94 M NH4SCN solution and 15 μL of Fe2+ solu-
tion, which was produced by blending FeSO4 and BaCl2 to a final
concentration of 0.144 and 0.132 M, respectively. The sample was
thoroughly mixed and left at ambient temperature in the dark for
20 min. The absorbance was measured with a spectrophotometer (UV-
2550, Shimadzu, Japan) at 510 nm. Lipid hydroperoxide, expressed as
mmol hydroperoxide per kg oil, was quantified using the standard
curve established by cumene hydroperoxide standard solutions.

2.10.2. Thiobarbituric acid-reactive substances (TBARS)
TBARS values were determined according to a previous study (Qiu,

Zhao, Decker, & McClements, 2015), with slight modification. About
1 mL of the emulsion sample was mixed with 4 mL of thiobarbituric
acid (TBA) reagent, which was prepared by dissolving 0.375 g of TBA
(0.375%, w/v) and 15 g of trichloroacetic acid (TCA) (15%, w/v) in
100 mL of 0.25 M HCl. The obtained mixture was heated in a boiling
water bath for 15 min and then immediately cooled to room tempera-
ture with tap water. The resultant mixtures were then centrifuged for
15 min at 6000 rpm. The absorbance was measured at 532 nm using a
spectrophotometer (UV-2550, Shimadzu, Japan). TBARS concentra-
tions were calculated from a standard curve of 1,1,3,3-tetra-
methoxypropane.

2.11. Statistical analysis

All measurements were carried out in triplicate trails, each with a

Fig. 1. Visual appearance of colloidal complexes (1 refers to 0.6% GLT, 2 refers to 0.6% GLT–0.15% BLPs, 3 refers to 0.6% GLT–0.6% BLPs) (a), transmittance of
GLT–BLP colloidal complexes at various concentrations and mass ratios (b), and transmission electron microscope (TEM) images of GLT–BLP colloidal complexes
(0.2% GLT–0.05% BLP) (c).
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new batch of sample preparation, the statistical significance was ana-
lyzed using IBM SPSS 20.0 software. Data were subjected to analysis of
variance (ANOVA), and the Duncan’s Test was used for mean com-
parison. The level of significance was set at p< 0.05.

3. Results and discussion

3.1. Characteristics of colloidal complexes

3.1.1. Light transmittance and morphology
It is known that PAs can strongly bind to proteins, leading to the

alteration of their physicochemical properties. The visual appearance,
light transmittance (%T) values, and TEM images of colloidal com-
plexes were obtained to study the physicochemical properties of GLT
induced by BLPs addition. Aqueous solutions of both GLT and BLPs
were clear and transparent. A mixture of them formed a turbid solution
(Fig. 1a), which indicated that an interaction between GLT and BLPs
occurred. The light transmittance results from the scattering and ab-
sorption of light by dispersed colloidal complexes, which is determined
by the size and number of the colloidal complexes (Linke & Drusch,
2016). The light transmittance decreased with increasing BLPs con-
centration (Fig. 1b), which suggested that the size or number of
GLT–BLP colloidal complexes increased with increasing BLPs con-
centration. To confirm the formation of GLT–BLP colloidal complexes,
TEM was used to characterize their morphologies. As shown in Fig. 1c,
GLT–BLP colloidal complexes were spheres with smooth surfaces,
which were similar to colloidal complexes formed with GLT and PAs
from grape seed (Su et al., 2015; Huang et al., 2017). The units of PAs,
such as EGCG and catechin have also been reported to interact with
GLT to form spherical colloidal complexes (Huang et al., 2018; Chen
et al., 2010). As reported, the higher molecular weight of polyphenols,
the stronger interaction between polyphenols and protein (Le
Bourvellec & Renard, 2012). The molecular weight of BLPs was sig-
nificantly higher than simple polyphenols, including EGCG and ca-
techin, which suggested higher stability of GLT–BLP complexes than
GLT–EGCG complexes and GLT–catechin complexes.

3.1.2. Particle size and ζ-potential
The influence of GLT and BLPs concentrations on the size and ζ-

potential of the colloidal complexes was further investigated. The mean
particle size, PDI and ζ-potential of GLT–BLP colloidal complexes pre-
pared at various concentrations are shown in Fig. 2. Mean particle sizes
of the colloidal complexes generally decreased as the weight ratios of
BLP to GLT increased (Fig. 2a). Meanwhile, the sizes of the colloidal
complexes increased as the concentration of GLT increased at the same
GLT–to–BLP weight ratios. PDI of the size distribution ranged from 0.09
to 0.20, which inidicated the size distribution of the colloidal com-
plexes was uniform. However, the addition of BLPs to the GLT solution
at high concentrations led to coagulation of GLT-BLPs colloidal com-
plexes (Zhou, Yan, Yin, Tang, & Yang, 2018; Zou et al., 2012). Thus, we
chose GLT–to–BLP weight ratios of 4:1 and 8:1 for further preparation
of emulsions.

The ζ-potentials of colloidal complexes are shown in Fig. 2c. The ζ-
potentials of the colloidal complexes were negative and decreased as
GLT-to-BLP weight ratios decreased. The pH values of both BLPs and
GLT stock solution were 4.6 and 6.8 and the pH values of the GLT–BLP
colloidal solutions ranged from 6.2 to 6.5, which indicated BLPs were
the major factors that contributed to the negative ζ-potential (Huang
et al., 2017). ζ-Potential plays an important role in the physical stabi-
lities of disperse systems (Gohtani & Yoshii, 2018). High ζ-potential
helps the complexes repel each other, which avoids aggregation and
coalescence. The decreased negative ζ-potential should lead to en-
hanced stability of GLT-BLPs colloidal complexes, which would further
influence the stability of emulsion stabilized by the colloidal complexes.

3.2. The binding characteristics of GLT and BLPs

The interactions between proteins and polyphenols are usually
noncovalent and hydrophobic interactions and hydrogen bonding. To
elucidate the binding characteristics of GLT and BLPs, FTIR, CD, and
ITC analyses were carried out. Fig. 3a showed the FTIR spectra of GLT,
BLPs and their interacted colloidal complexes at different weight ratio.
The spectrum of GLT exhibited a broad peak in the region of
3700–3000 cm−1 related to the OeH and NeH stretching vibration, as
well as a group of bands in the region of 3000–2800 cm−1 assigned to
CeH stretching vibrations. The absorption peaks of GLT at about

Fig. 2. The mean particle size (a), polydispersity index (PDI) (b) and ζ-potential
(c) of GLT–BLP colloidal complexes prepared at various concentrations.
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1653 cm−1, 1540 cm−1, and 1237 cm−1 were related to amide Ⅰ, amide
Ⅱ, and amide III, respectively. The results is consistent with the report
of gelatin from skins and bones (Muyonga, Cole, & Duodu, 2004). The
chemical structure of BLPs can be characterized by the FTIR absorptions
of catechins and epicatechin and their gallic acid esters (Ricci, Olejar,
Parpinello, Kilmartin, & Versari, 2015). The broad bands observed at
around 3385 cm−1 is attributed to the vibration of the OeH linkage of
phenolic hydroxyl groups. BLPs demonstrates absorption bands at
1612, 1514, 1448, 1343, 1205, 1147, 1035, and 825–736 cm−1, which
are assigned to C]C stretch (aromatic ring), CeH stretch (alkanes),
eCeO stretch (alcohols), CeOeC stretch (ether), and ]CeH out-of-
plane bending (aromatic ring) (Liu, Li, Yang, Xiong, & Sun, 2017; Ricci
et al., 2015). The FTIR spectra of GLT–BLP colloidal complexes was
identical to that of only GLT, indicating that the interaction between
GLT and BLPs was non-covalent bonding (Ferraro et al., 2015). The
formation of GLT–BLP colloidal complexes led to several shifts in their
bands. The OeH peak of the colloidal complexes shifted from
3385 cm−1 to 3316 cm−1 and the band became wider, which indicated
that the interaction between GLT and BLPs was hydrogen bonding (Liu
et al., 2017). The band shifts were also observed at amide I (from
1653 cm−1 to 1641 cm−1) and amide II (from 1540 cm−1 to
1524 cm−1).

The CD spectra of GLT and GLT–BLP colloidal complexes performed
in the wavelength range of 190–280 nm could provide secondary
structural information on their polypeptide backbones. Changes in the
secondary structure of GLT, examined with the CD spectra, are shown
in Fig. 3b. The interaction between GLT and BLPs led to a positive el-
lipticity around 238 nm, suggesting that GLT reassembled to form the
triple helical-like structure (Su et al., 2015). Thus, interaction between

GLT and BLPs induced the alteration of intramolecular hydrogen bonds,
which formally defined the secondary structure of GLT.

A thermodynamic technique for identifying biomolecular interac-
tion, ITC, was further used to determine the binding characteristics
between GLT and BLPs. The binding isotherms were shown as a plot of
heat flow against BLP–to–GLT molar ratio, and the data for the inter-
actions were fitted to binding models to determine the thermodynamic
parameters (Fig. 3c). An exothermic interaction (ΔH = −57.27 kJ/
mol) implied that binding between BLPs and GLT was strong. In addi-
tion, the relatively low enthalpy value indicated that hydrogen bonding
played an essential role in the formation of colloidal complexes due to
the −OH groups of the polyphenol molecules. The negative value of
entropy (ΔS = −0.09 kJ/mol) implied that the interaction was driven
by enthalpy, resulting in decreased disorder, which was similar to the
interaction between sunflower proteins and phenols (Karefyllakis,
Altunkaya, Berton-Carabin, van der Goot, & Nikiforidis, 2017). The
negative value of Gibbs free energy (ΔG = −30.49 kJ/mol) indicated
that the interaction between GLT and BLPs occurred spontaneously.
The equilibrium binding constant (K) was calculated to be 2.27 × 105

M−1, suggesting that the binding between BLPs and GLT was quite
strong. The stoichiometry number (N = 18.98) suggested that BLPs
were bound to GLT at multiple sites, which was consistent with the
previous study of the interaction between tannins and GLT (Huang
et al., 2017).

In summary, hydrogen bonding plays an essential role in the
binding of GLT with BLPs to form colloidal complexes.

Fig. 3. Fourier transform infrared (FTIR) spectra of GLT, BLPs, and GLT–BLP colloidal complexes (a); Circular dichroism (CD) spectra of GLT binding with different
amounts of BLPs (b); and Isothermal titration calorimetry (ITC) binding isotherms and heat flow against time for GLT with BLPs (c).
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3.3. Interfacial behavior of the colloidal complexes

To test the potential of GLT–BLP colloidal complexes in stabilizing
oil-in-water (O/W) emulsions, the interfacial tension of the droplet
surface was determined. The absorption of the emulsifiers at the in-
terface comprises two stages. First, the amphiphilic molecules approach
and attach to the droplet surface, leading to a rapid decrease in the
interfacial tension. Second, these molecules are rearranged and the
interfacial tension decreases gradually to a balanced value (Rao, Kim, &
Thomas, 2005). As shown in Fig. 4, the interfacial tension decreased
rapidly upon adsorption of GLT–BLP colloidal complexes onto the in-
terface, followed by a slow decrease. Obviously, the interfacial tension
was decreased more by GLT–BLP colloidal complexes than by GLT or
BLPs only, which was consistent with results reported previously (Qiu,
Huang, Li, Ma, & Wang, 2018). However, the interfacial tension in-
creased as BLP–to–GLT weight ratios increased, which was probably
attributed to the reduced hydrophobic area of GLT, induced by the
interaction of GLT with excess BLPs (Chung et al., 2014). Thus, the
interfacial tension induced by colloidal complexes with high mass ratio
of BLPs to GLT reduced less severely than that with low mass ratio of
BLPs to GLT. However, the stability of colloidal complexes with high
mass ratio of BLPs to GLT would be much higher than that with low
mass ratio of BLPs to GLT. So, the mass ratio of BLPs to GLT is a pivotal
factor that balances interfacial tension and stability of colloidal com-
plexes.

3.4. Emulsion droplet size distribution, ζ-potential, and CLSM

The droplet size distribution and ζ-potential of emulsions stabilized
by GLT and GLT–BLP colloidal complexes were measured to assess their
emulsifying ability. As shown in Fig. 5a and Fig. 5b, the emulsions
stabilized by GLT–BLP colloidal complexes exhibited a narrower size
distribution and smaller size than that of GLT only. As shown in Fig. 5b,
the negative ζ-potential of the droplets decreased with the increase in
BLP–to–GLT mass ratios. Thus, the emulsions stabilized by GLT–BLP
colloidal complexes showed higher stabilities compared with the
emulsions stabilized by GLT only (Fig. 5c). It’s known that droplet size
and ζ-potential play important role in emulsion stability (Goodarzi &
Zendehboudi, 2019). The reduced size and negative ζ-potential induced
by the formation of GLT–BLP colloidal complexes were the major fac-
tors that enhanced the stability of emulsion stabilized by the colloidal
complexes. Besides, BLP molecules have a tendency to form network
due to hydrogen bond and aromatic interaction (Scott & Fernández,
2017). The network among the colloidal complexes was able to enhance

the stability of shell on the surface of lipid droplets and further improve
the stability of emulsion stabilized by the colloidal complexes. The
network formation capacity of PAs was also used to improve the me-
chanical properties and thermal stability of chitosan film (Kim, Nimni,
Yang, & Han, 2005; Bi et al., 2019).

Emulsion microstructures were characterized with CLSM. Lipid
droplets and GLT–BLP colloidal complexes were dyed with Nile Red
(green) and Nile Blue A (red), respectively. As shown in Fig. 5d, the
colloidal complex layer (red) adsorbed on the outer layer of the lipid
droplets (green), which contributed to the formation of the interfacial
framework to stabilize the emulsions.

3.5. Lipid oxidation of emulsions

Emulsion-based products with unsaturated fatty acids are suscep-
tible to oxidation. The oxidation of soybean oil-in-water emulsions was
monitored and expressed as the primary oxidation product and sec-
ondary oxidation product during the 14 days of storage.

As shown in Fig. 6a, the PV value of the emulsion stabilized with
only GLT was much higher than that of GLT–BLP colloidal complexes
after 14 days of storage. With the increase in the BLP–to–GLT mass
ratio, the PV value of the emulsion stabilized with GLT–BLP colloidal
complexes decreased. Similar results have been reported in previous
studies that assessed the anti-oxidative ability of resveratrol and protein
complexes in corn-oil emulsions (Wan, Wang, Wang, Yuan, & Yang,
2014).

Lipid oxidation of soybean oil-in-water emulsions was further as-
sessed using the TBARS assay. From Fig. 6b, TBARS showed a rapid
increase after 8 days of storage in GLT stabilized emulsions, while the
emulsions containing BLPs showed slower and lower increases, in-
dicating that the generation of secondary oxidation products could be
effectively retarded. BLPs behaved as effective antioxidants in emul-
sions because the oil droplets were surrounded by a layer of colloidal
complexes, which acted as a coating material to scavenge the oxidant at
the interface, preventing lipid oxidant of the corn material (soybean
oil). As shown in the above-mentioned assays, the efficiency of colloidal
complexes in preventing lipid oxidation improves with the increase in
BLP–to–GLT ratios, which might also be associated with the formation
of the more concentrated coating layer surrounding the lipid droplet.

It’s supposed that both free BLPs in the emulsion and bound BLPs in
the colloidal complexes contributed to the retard of lipid oxidation. As
determined with vanilla assay in the presence of sulfuric acids, only
2.6% and 2.0% of BLPs were unbound when 0.075 wt% and 0.15 wt%
of BLPs were used for emulsion preparation. The amount of free BLPs
was too low to effectively retard lipid oxidation. Thus, the bound BLPs
in the colloidal complexes played a major role in reduced lipid oxida-
tion. Besides, the colloidal complexes absorbed on the surface of lipid
droplets formed a thick shell, which generated strong steric repulsion.
The thick shell was able to reduce the exposure of lipid to oxygen,
which was another way for colloidal complexes to retard lipid oxida-
tion.

4. Conclusion

In summary, the self-assembled GLT–BLP colloidal complexes were
formed mainly by hydrogen forces and were employed as effective
emulsifiers used to develop stable O/W emulsions. The preparation
process of the colloidal complexes was energy efficient and convenient.
Compared with many other synthetic materials, the emulsion here was
based on food-grade protein and biocompatible natural resources. The
incorporation of BLPs had a significant impact on the particle size and
surface charge of the colloidal complexes. The antioxidant GLT–BLP
colloidal complexes, distributed at the water–oil interface, served as
physical barriers against lipid oxidation under storage. Based on the
above results, some hydrophobic active ingredients, such as β-carotene,
could be dissolved in the internal phase and then prepared in the

Fig. 4. Time evolution of interfacial tension affected by BLPs, GLT, and
GLT–BLP colloidal complexes.
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emulsion, forming a colloidal complex membrane around the oil phase,
which encapsulates the active ingredients and also enhance the bioa-
vailability of them, providing new opportunities for the use of
GLT–BLP–stabilized emulsions in functional food applications.
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