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interaction with (—)-epigallocatechin-3-gallatet
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and Jing Xu (2>

This study investigated the effects of covalent conjugates combined by glycosylated black bean protein
isolate (BBPI-G) and (—)-epigallocatechin-3-gallate (EGCG) on the emulsion stability. Fourier transform
infrared (FTIR) spectroscopy showed that covalent binding of EGCG with BBPI-G made the protein
molecule unfolded. Besides, the emulsifying properties of BBPI-G were increased after combined with
EGCG. BBPI-G-EGCG emulsion had lower mean particle size and higher content of interfacial protein
adsorption (AP), which resulted in thicker and more impact oil-water interface. Therefore, the stability of
emulsions was significantly improved. Furthermore, the emulsions prepared by BBPI-G-EGCG
compounds exhibited considerable stability in storage, oxidation, thermal treatments, freeze—thaw and
freeze-dried powders resolubility. This study demonstrated that the covalent bond of glycosylated
protein and polyphenols could advance the emulsifying performance of protein, and BBPI-G-EGCG

rsc.li/rsc-advances

1. Introduction

The content of black bean protein isolate (BBPI) is remarkable
in the total weight of black bean, which is higher than for
soybean and even milk.* BBPI is rich in essential amino acids
(AA), and the balance of AA is commendable.> Moreover, it has
been investigated that the solubility, emulsifying activity and
emulsion stability of BBPI are excellent because of high
amounts of hydrophobic amino acids.* Thus, BBPI has great
potential to stable emulsions in food industry. The oil-water
emulsion is kind of delivery system to encapsulate unstable
hydrophobic biological active substance (curcumin, a-tocoph-
erol, etc.), which is able to improve stability of ingredients by
reducing the exposure of hydrophobic biological active
substance to external factors, such as oxygen and light.* In the
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covalent complex was an effective emulsifier for preparing high stability emulsions.

process of emulsion preparation, the emulsifier can form an
interface layer to separate the oil-water phase. The densifica-
tion, thickness, stability and anti-oxidation of the emulsifier
layer will have an important influence on the stability of the
emulsion and the encapsulated substance. However, protein is
willing to aggregate itself and is susceptible to external envi-
ronment brought by processing conditions in food industry.
Hence, it is needed to improve the functional properties of
protein via appropriate modification methods.*

The interaction of protein and polyphenols is able to
change the structure of protein, improve its functional char-
acteristics, and increase the potential value of protein and
polyphenols in the field of food industry. Two combination
methods between protein and polyphenol are non-covalent
interaction and covalent interaction. Li et al.® reported that
non-covalent complexes of (+)-catechin and rice bran protein
had lower contents of a-helix and B-sheet in secondary struc-
ture, and formed more stable emulsions with smaller droplet
size and greater emulsifying property at additive amount of
0.15% (w/v). Su et al.® studied that the non-covalent interaction
of B-lactoglobulin nanoparticles to (—)-epigallocatechin-3-
gallate (EGCG) could increase antioxidant property of
protein. Similarly, Loc et al.” found that the thermal stability
and antioxidative capacity of covalent adducts of polyphenol
and flaxseed protein isolate were increased. Furthermore,
Zhou et al.® reported that non-covalent interaction and cova-
lent interaction could both change the secondary structure
and properties of soybean protein isolate (SPI), while SPI-
EGCG covalent complex held more stable structure, better
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thermal stability and oxidation resistance than non-covalent
complexes.

After glycosylation, the solubility, thermal stability, emulsi-
fying property, foaming property and antioxidant activity of
protein can be significantly improved.®™** Zha et al.'® reported
that pea protein isolate-gum arabic (PPI-GA) complex formed
by glycosylating reaction had higher solubility. Laura et al™
found that glycosylation of whey protein significantly improved
the solubility and thermal stability. In recent years, the research
of proteins, carbohydrates and polyphenols have all became hot
topics. Perusko et al.*® investigated the binding affinity of gly-
cosylated pB-lactoglobulin with EGCG through non-covalent
interaction and the antioxidant properties of B-lactoglobulin—-
EGCG non-covalent complex. Results showed that the binding
affinity between glycosylated B-lactoglobulin and EGCG was
similar to that between B-lactoglobulin and EGCG. However,
antioxidant capacity of glycosylated B-lactoglobulin-EGCG non-
covalent complex was higher, revealing that the combination of
carbohydrate and polyphenols significantly increased the anti-
oxidant properties of B-lactoglobulin. Meanwhile, the combi-
nation of carbohydrate and polyphenols showed synergistic and
superimposed effects. Liu et al.*® researched the application of
lactoferrin (LF), glucan and chlorogenic acid (CA) ternary
complex through covalent interaction as emulsifier in emul-
sion. The results indicated that preparative ternary complex
showed greater emulsification property and antioxidant activity
than LF or LF-CA binary complex. The reason was that LF
maintained surface activity of emulsion system as emulsifier,
and the combination of carbohydrate and polyphenols
enhanced spatial repulsive force and antioxidant capacity of
emulsion system, respectively.

Many studies have shown that proteins, carbohydrates and
polyphenols can coexist by interacting with each other in
different ways, and the formation of ternary complexes can
further advance protein functional properties.'” Nevertheless,
to the best of our knowledge, the effects of covalent interaction
between glycosylated proteins and polyphenols on the stability
of emulsion has been rarely reported, and little information is
available on the relevance between the changes of protein
structure and emulsion stability. Therefore, a better under-
standing of the interaction between glycosylated proteins—
polyphenol emulsifiers and emulsion properties would help to
optimize protein application in food products during pro-
cessing and storage. BBPI was chosen as the research subject
in this study. The effects of covalent interaction between gly-
cosylated BBPI (BBPI-G) and EGCG on the structure and
properties of protein complexes were studied on the first
aspect, comparing with the native BBPI as control. The
emulsions were then prepared by BBPI, BBPI-G, BBPI and
EGCG covalent complex (BBPI-EGCG), BBPI-G and EGCG
covalent complex (BBPI-G-EGCG). The effects of glycosylation
modification and polyphenols modification on the basic and
stability properties of emulsions were explored. The relation-
ship between protein structure and emulsion stability was
discussed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods

2.1. Materials

BBPI were purchased from Hei Long Jiang Agriculture Company
Limited (Hei Long Jiang, China). Glucose was bought from Bao-
lingbao Biology Company (Shandong, China). (—)-Epigallocatechin-
3-gallate (EGCG) was received from Yuanye Biotechnology Co. Ltd
(Shanghai, China). Soya oil of gold arowana was obtained from
Yihai Kerry Foodstuffs Marketing Company (Jiangsu, China). All
other chemical medicines were of analytical grade.

2.2. Preparation of Maillard reaction compounds

Aratio of 2 : 1 (BBPI : G, w/w) of BBPI and glucose was dissolved
in phosphate buffer (0.1 M, pH 7.0). Wet-Maillard reaction was
executed (80 °C, 4 h) and then freeze-dried. The graft degree
(DG) of 18.83% was determined by our previous study under
this condition.*®

2.3. Preparation of phenolic compounds

Freeze-dried powder of BBPI and BBPI-G was dissolved in
phosphate buffer (0.01 M, pH 9.0). The protein solution (4 mg
mL ') was mixed with EGCG and the ultimate concentration of
EGCG were (5, 25, 50, 150, 250 pmol g~ ' protein), respectively.
The mixture was incubated (25 °C, 12 h) for obtaining BBPI-
EGCG and BBPI-G-EGCG covalent compounds.” Then, the
solution pH was regulated to 7.0. The reactive complex solu-
tions were placed in 3500 kDa dialysis bag and dialysed in
phosphate buffer (0.01 M, pH 7.0) for 48 h for removing the free
polyphenols. Finally, above solutions were freeze-dried.

2.4. Measurement of polyphenol binding rate

With reference to the method of Slinkard et al.,*® the Folin—Cio-
calteu method was used to determine the polyphenol binding
rate of protein-polyphenol complex samples. 2 mL Folin-Cio-
calteu reagent (0.2 mol L™ ") was added to 0.5 mL protein-poly-
phenol complex solution at a certain concentration, and the
reaction was incubated at 25 °C for 5 min (away from light). Then,
2 mL of Na,COj; solution (7.5%, w/v) was added to the mixture.
The solution was thoroughly mixed with a vortex mixer, and
reacted at 25 °C for 2 h (dark). The absorbance of the solution was
determined at 760 nm. The standard solution of EGCG with
different concentrations was prepared to draw the standard
curve, and the polyphenol contents in the complex were calcu-
lated according to the standard curve. The polyphenol binding
rate was calculated through following formula:

Polyphenol binding rate (%) =

lyphenol tent in th d
polyphenol content in the compound .,

total polyphenol content

2.5. Fluorescence spectroscopy

The measurement of fluorescence spectroscopy was slightly
modified according to Wang et al.** Sample solutions were
diluted to 0.02 mg mL ™" with the phosphate buffer (0.01 M, pH
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7.0). Then, the emission spectrum (slit width 5) from 300 to
550 nm was scanned with excitation wavelength 290 nm using
the fluorescence spectrometer of F-4500 (Hitachi, Japan).

2.6. Fourier transform infrared (FTIR) spectroscopy

FTIR of BBPI, BBPI-EGCG, BBPI-G, BBPI-G-EGCG were
acquired with Bruker Vertex 70 FTIR spectrometer (Bruker
Optics, Ettlingen, Germany). The wavenumber was ranging
between 4000-400 cm ™ '. Spectroscopy data were the average
results of 64 scans with a resolution of 4 cm ™. Select the range
of 1600-1700 cm ™" on FTIR spectroscopy. Then, the data was fit
to receive 8 groups of area under homologous wavenumbers by
“Gaussian peak fitting” algorithm to obtain the percentage
contents of four secondary structure by the software “Peakfit
Version 4.12”.>

2.7. Emulsifying properties

The emulsifying activity index (EAI) and emulsifying stability
index (ESI) were detected by the method of Jin et al.** 3 : 1 (v/v)
ratio of sample solution (1 mg mL~ ") and soybean oil was taken,
and homogenized the mixture (10 000 rpm, 2 min). 40 pL liquid
were at once absorbed from the emulsion bottom at 0 min and
10 min, which were then added into 5 mL of SDS solution (0.1%,
w/v). Suspensions after shock blending were detected at
500 nm. Computational formula for calculating EAI and ESI
were as follows:

2T x Ag X N
EAI (m® g!) = °
(m® ) oxLxCx10000°
. A0><l
ESI (min) = ——,
( ) AO_AIO

where T was 2.303. A, and A,, were the absorbance of the
emulsion at 0 and 10 min, respectively. N was dilution factor
(125). ¢ was the oil volume fraction (0.25). L was path length of
cuvette (1 cm). C was protein concentration (g mL '), ¢t was
sampling interval (10 min).

2.8. Preparation of emulsions

400 mg sample powder was accurately weighed and dissolved
adequately in 20 mL phosphate buffer (0.02 M, pH 7.0). Soybean
oil was slowly added to the protein solution with a ratio of 3% (v/
v), stirred magnetically at 25 °C for 10 min, and sodium azide
(0.004%, w/v) was added for preventing microbial growth. The
coarse emulsion was prepared by homogeneous dispersion
machine at 10 000 rpm for 4 min. The coarse emulsion was
immediately dealed with an ultrasonic processor (titanium
probe with a diameter of 0.636 cm) at 500 W ultrasonic power
for 20 min to form emulsion. During the whole preparation
process, the temperature was kept at about 25 °C by using ice
water bath.**

2.9. Mean particle size, zeta-potential measurements

Phosphate buffer (0.01 M, pH 7.0) was used to dilute (100 times)
the emulsions for ensuring uniformity and avoiding the effects
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of multiple scattering. Dynamic light scattering instrument
(Malvern Nano-S90, Malvern Instruments, Worcestershire, UK)
was used to detect the mean particle size and polydispersity
index (PDI). Particle microelectrophoresis (Zetasizer Nano Z,
Malvern Instruments, Worcestershire, UK) was selected to
measure the zeta-potential.>

2.10. The percentage of interfacial protein adsorption (AP)
measurements

According to Chen et al.,** emulsion AP was determined with
tiny variation. The emulsion was centrifuged (10 000 rpm, 60
min). Acquired aqueous phase from the bottom was sucked
with disposable syringe and filtered it to pass 0.45 pL filter
membrane. The protein concentration was determined by
Lowry method.”” The protein dispersion was centrifuged under
the same conditions. The computational formula of AP was as
follows:

AP (%) = CC;C

L % 100%,
0
where C; was the protein concentration of filtered subnatant
from emulsion, Cg was the protein concentration of centrifugal
supernatant from protein dispersion, C, was the protein
concentration of initial protein dispersion.

2.11. Storage stability of emulsions

Different emulsion samples were stored at 4 °C for 30 days, and
the storage stability of emulsions was analyzed by measuring
the change of mean particle size of emulsions at 0, 10, 20 and 30
days.’

2.12. Oxidation stability of emulsions

Different emulsion samples were stored at 4 °C for 30 days, and
peroxide value (POV) and thiobarbituric acid
substances (TBARS) values of the emulsion were measured every
10 days. The oxidation stability of the emulsion was analyzed by
the changes of POV and TBARS values.

POV was determined according to the AOCS standard
procedure with a sodium thiosulphate (Na,S,0;) titration.>
0.2 mL emulsion samples were fully mixed by vortex for 1 min
with 1.5 mL mixed solution of isopropanol and isooctane (1 : 3,
v/v). The mixtures were centrifuged (4000 rpm, 30 min). Later,
mix 0.2 mL supernatant and 2.8 mL the mixture of methanol
and n-butyl alcohol (2 : 1, v/v). Then, 15 pL. ammonium thiocy-
anate solution (3.94 M) and 15 pL bivalent iron ion solution
were added, which was prepared by 1 mL of barium chloride
solution (0.13 M) and 1 mL of ferrous sulfate solution (0.14 M).
The mixture was centrifuged for 3 min at 3000 rpm and left for
20 minute reaction at room temperature away from light. The
absorbance of the solution was determined at 510 nm. POV
values of emulsion samples were calculated by using standard
curve of hydrogen peroxide isopropyl benzene.

According to the method described by Mei et al.,*® the
formation of TBARS was measured. TBARS value is expressed as
malondialdehyde content. 2 mL mixed solution of TCA-TBA-
HCI solution (0.92 M TCA, 0.02 M TBA and 1.8% (v/v) HCl) and

reactive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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BHT-ethanol solution (2%, v/v) (100 : 3, v/v) was added into
2 mL emulsion sample. Mixture was heated in boiling water for
15 min. After cooling to 25 °C, the supernatant was centrifuged
(4000 rpm, 10 min). The absorbance of the supernatant was
measured at 532 nm. The TBARS values of emulsion samples

were calculated by wusing the standard curve of
malondialdehyde.
2.13. Thermal stability of emulsions

Emulsion samples were disposed in the boiling water for 10 min
or 30 min, and then cooled to 25 °C. The changes of mean
particle size were investigated to analyze thermal stability of
emulsions.*

2.14. Freeze-thaw stability of emulsions

Different emulsion samples were frozen in a refrigerator
(=20 °C, 20 h), and then thawed for 2 h to analyze the freeze-
thaw stability of emulsions by measuring the changes of mean
particle size of emulsion.*

2.15. Resolubility of freeze-dried emulsion powders

The emulsion samples were freeze-dried into powder and then
dissolved back to the original volume with phosphate buffer
(0.01 M, pH 7.0). The resolubility of the powder was analyzed by
measuring the changes of mean particle size of the emulsions.**

2.16. Statistical analysis

All the tests were measured in triplicate. The results were
showed as shape of mean =+ standard deviation. ANOVA
significance analysis (p < 0.05) and independent sample T test
(T) (p < 0.05) were proceeded with statistical software (SPSS
v20.0) to display significant differences.

3. Results and discussion

3.1. Structure and functional properties

3.1.1. Polyphenol binding rate. Polyphenol binding rate
reflects to the combining quantity of polyphenol in protein-
polyphenol complexes. Fig. 1 showed a polyphenol binding rate
tendency of rising and then falling with the increase of EGCG
concentration in both BBPI group and BBPI-G group. When the
polyphenol concentration increased to 150 umol g~ protein,
the polyphenol binding rate in the BBPI-EGCG and BBPI-G-
EGCG covalent complexes reached the maximum value, which
was 93.17 £ 2.55% and 96.96 £ 1.17%, respectively. The result
indicated that a valid conjugation of BBPI and BBPI-G with
EGCG occurred. At concentration of 250 umol g~ ' protein,
polyphenol binding rate decreased, because the increasing of
binding amount was slower than the increasing of EGCG
addictive amount. Hence, the binding rate was reduced after
calculation. Sui et al.*®* showed similar conclusion by studying
covalent binding of soybean protein isolate with anthocyanin.
The higher maximum value in BBPI-G-EGCG group than BBPI-
EGCG manifested that BBPI had better reactivity with EGCG
after glycosylation. It was reported that the number and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Polyphenol binding rate of BBPI and BBPI-G samples with
different concentration of EGCG (5, 25, 50, 150 and 250 pmol gt
protein). a—c represents significant difference in BBPI with different
EGCG concentrations (p < 0.05). A-C represents significant difference
in BBPI-G with different EGCG concentrations (p < 0.05). * means
significant difference between BBPI and BBPI-G (p < 0.05).

position of hydroxyl groups in protein could possibly influence
reaction activity of oxydic polyphenol and protein.*® Therefore,
more hydroxyl groups and exposure of binding sites after
glycosylation led to an increasing reactivity of polyphenol and
glycosylated protein.

3.1.2. Fluorescence spectroscopy. Tryptophan (Trp) and
tyrosine (Tyr) in protein was used as a fluorescent probe in
fluorescence spectroscopy measurement to research tertiary
structure of protein conformation. Fig. 2 displayed curve
changes of BBPI and BBPI-G when adding various amount of
EGCG. All A,y were superior to 330 nm. Research had shown
that Trp was inside of protein molecules if A;,,.x < 330 nm and in
external polarity environment if Ay > 330 nm.** Meanwhile,
maximum values of fluorescence spectroscopy declined signif-
icantly and red-shifts phenomenon occurred by rising the
amount of EGCG in Fig. 2a and b. Decline of intensity value
confirmed that fluorescence quenching appeared as EGCG was
added to BBPI and BBPI-G. This was because polyphenols were
readily oxidized into electrophilic quinones, which interacted
more strongly with tryptophan and tyrosine residues in
proteins, binding with more hydrophobic amino acids and
resulting decline of Trp amount.**** Red-shifts meant that more
hydrophobic residues were exposed to outside surroundings or
transfer to hydrophilic environment effected by EGCG.*

Compared Fig. 2a with Fig. 2b, it was not difficult to discover
that declining degree of intensity and red-shift of BBPI-G-EGCG
surpassed BBPI-EGCG. On one side, the lower fluorescence
intensity was attributed to the fact that glycosylation was
accompanied with the shielding effect and more hydrophobic
residues were buried by the polysaccharide molecules.”®
Meanwhile, the covalent binding of polyphenols led to the
quenching of fluorescence intensity of glycosylated BBPI, which
might be related to Forster-type fluorescence resonance energy
transfer.'” On the other side, the A, values of BBPI-G-EGCG in
Fig. 2b were larger than those in Fig. 2a, showing that BBPI-G-
EGCG red-shifted more obviously compared with BBPI-EGCG,

RSC Adv, 2021, 11, 2546-2555 | 2549
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Fig. 2 Fluorescence spectroscopy curve of BBPI-EGCG (a) and BBPI-
G-EGCG (b) with EGCG amount of 5, 25, 50, 150 and 250 pmol g~*
protein.

which meant that BBPI-G-EGCG might have more incompact
structure than BBPI-EGCG.*®

3.1.3. Fourier transform infrared (FTIR) spectroscopy.
FTIR is a basic measurement in detecting characteristic func-
tional group of chemical construction. Changes of amide I band
(1600-1700 cm ™) shows the variation of the secondary struc-
ture of protein, which contains a-helix (1650-1660 cm™ "), B-
sheet (1610-1640 cm '), B-turn (1660-1700 cm ™ ') and random
coil (1640-1650 cm ™ %) after analyzed through second derivative
fitting. As shown in Table 1, the content of f-turn in BBPI-G was
higher than that in BBPI, while the other secondary structure of
BBPI-G decreased compared with BBPI. The result explained
that secondary structure of BBPI went to a disordered direction.
Destruction of secondary structure was due to the changes of
van der Waals forces and hydrogen bonding among protein
molecules influenced by glycosylation.”® Covalent binding of
EGCG made a further structure disorder of both BBPI and BBPI-
G as observed in Table 1. The a-helix and B-sheet content in
BBPI and BBPI-G both reduced with increasing content of
EGCG, while the B-turn and random coil content enlarged,
owing to the reaction of oxydic phenol product and glycinin
protein via amino, thiol groups and tryptophan.*® Similar
conclusion was reported by Wei et al.,*® which investigated the
structure and function properties of EGCG-milk conjugations.
The author explained that the change of a-helix, B-sheet, B-turn
and random coil indicated that EGCG binding made protein
secondary structure destruct.
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3.1.4. Emulsifying properties. Emulsifying property is one
of the important functional properties of protein, which affects
the application of protein in food industry. As was displayed in
Fig. 3, EAI and ESI of BBPI-EGCG and BBPI-G-EGCG covalent
complexes were higher than those of BBPI and BBPI-G. More-
over, EAI and ESI of BBPI-G-EGCG group were higher than
BBPI-EGCG group. This was due to the combination of EGCG
hydroxyl groups and the amino acid residues of proteins (BBPI
and BBPI-G), which led to the conformational stretching of
proteins. Hence, the water binding ability of modified protein
was improved, making it a better hydrophilic and hydrophobic
balance and enhancing the adsorption ability of protein onto
the oil-water interface. Therefore, the emulsifying ability of
BBPI and BBPI-G was improved.** Moreover, EAI and ESI of
BBPI-G-EGCG group were higher than BBPI-EGCG group. One
reason of the difference was that glycosylation improve the
surface property and emulsifying property of protein, which
also impacted BBPI-G-EGCG.*” The other reason might be the
higher polyphenol binding rate of BBPI-G-EGCG, which gave
BBPI-G-EGCG better emulsifying capacity.

3.2. Emulsion properties

3.2.1. Mean particle size, zeta-potential. According to
Fig. 3, it could be found that the protein-polyphenol
compounds show the best emulsifying capacity at the poly-
phenol concentration of 150 umol g~' EGCG/protein. There-
fore, BBPI-EGCG 150 and BBPI-G-EGCG 150 were chosen as the
emulsifiers to stabilize the emulsion system and compared with
BBPI and BBPI-G. Mean particle size and zeta-potential of
emulsions are common indexes to measure stability of emul-
sions. In general, small mean particle size accompanied with
better emulsion stability and properties. Zeta-potential reflected
charge quantity on the surface of protein. The higher absolute
zeta-potential value of protein, the higher electrostatic repul-
sion maintained. Thus, higher energy barrier among emulsion
droplets insisted, providing more stable emulsion.*® In Table 2,
the absolute zeta-potential value of BBPI-EGCG was 30.90 +
0.26 mV growing from 24.47 + 0.23 mV of BBPI, and value of
BBPI-G-EGCG (29.47 £ 0.61 mV) was also higher than BBPI-G
(23.20 £ 0.17 mV). The results indicated that high electro-
static repulsion observed from zeta-potential measurement led
to stable emulsion with small mean particle size. The increase
of electrostatic repulsion was attributed to EGCG covalent
bound on proteins, which promoted intermolecular repulsion
among oil droplets.*® Moreover, incompact protein complexes
provided hydrophobic group to induced better hydrophilic and
hydrophobic balance, leading to higher adsorption of protein
on interface and forming more stable layer on the surface of oil
droplets and emulsions became more stable.*® However, zeta-
potential absolute value of BBPI-G and BBPI-G-EGCG were
smaller than BBPI and BBPI-EGCG, respectively, while mean
particle size of BBPI-G and BBPI-G-EGCG were smaller. Oppo-
site result between zeta-potential and mean particle size was
due to the shielding effect of glycosylation, which was another
factor to influence emulsion stability. The shielding effect
resulted in the lower zeta-potential, but the carbohydrates

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Secondary structures of BBPI and BBPI-G with different EGCG concentrations®

a-Helix (%)

B-Sheet (%)

B-Turn (%)

Random coil (%)

BBPI 16.84 & 0.12°% 38.29 + 0.08%9* 28.74 + 0.10% 16.13 & 0.04%*
BBPI-EGCG5 16.37 + 0.119%* 38.10 + 0.08%* 28.96 =+ 0.09° 16.57 + 0.01°*
BBPI-EGCG25 16.03 & 0.15°* 38.07 £ 0.07* 29.09 + 0.13° 16.81 & 0.07°*
BBPI-EGCG50 15.32 + 0.16"* 37.30 & 0.14°* 30.30 + 0.06° 17.08 + 0.189*
BBPI-EGCG150 14.65 & 0.07° 36.94 + 0.10%* 30.52 % 0.09¢ 17.89 & 0.24°*
BBPI-EGCG250 14.53 + 0.08* 36.79 + 0.08%* 30.64 + 0.10¢ 18.04 + 0.06°*
BBPI-G 15.94 + 0.08¢ 35.99 =+ 0.06¢ 33.77 £ 0.08%* 14.30 £ 0.10%
BBPI-G-EGCGS5 15.79 & 0.07¢ 35.84 + 0.11° 33.84 + 0.10%* 14.53 & 0.06°
BBPI-G-EGCG25 15.16 & 0.11° 35.66 + 0.06" 33.93 &+ 0.07%* 15.25 & 0.10°
BBPI-G-EGCG50 14.93 + 0.14° 35.60 + 0.07° 34.19 + 0.07°* 15.28 + 0.10°¢
BBPI-G-EGCG150 14.63 & 0.10° 35.41 + 0.09% 34.44 + 0.11°* 15.52 4 0.19%¢
BBPI-G-EGCG250 14.48 + 0.13% 35.29 + 0.05% 34.55 + 0.14%* 15.68 + 0.27¢

% a—e represents significant difference in the same protein with different EGCG concentrations (p < 0.05). * means significant difference between

BBPI and BBPI-G (p < 0.05).

enhanced the steric hindrance among emulsion droplets to
possess better stability.** Hence, BBPI-G and BBPI-G-EGCG
made more stable emulsion with smaller mean particle size
than BBPI and BBPI-EGCG, respectively.

PDI value can reflect the uniformity of emulsion droplet size,
and in general, small PDI value usually means narrow droplet
size distribution.*® As shown in Table 2, PDI values of BBPI,
BBPI-EGCG, BBPI-G, BBPI-G-EGCG emulsions were 0.220 +
0.007°, 0.186 + 0.011%, 0.187 + 0.009%, 0.172 =+ 0.008°, respec-
tively. PDI values of four emulsions were all below 0.220, which
indicated that uniform emulsions with narrow droplet size
distribution were received. Besides, PDI values of BBPI-EGCG,
BBPI-G, BBPI-G-EGCG emulsions were significantly smaller
than BBPI emulsion (p < 0.05), explaining that glycosylation and
polyphenol binding could not only reduce the mean particle
size of emulsion, but also improve the droplet distribution to
achieve the more uniform emulsion with better stability.**

3.2.2. Percentage of the interfacial protein adsorption (AP).
The contents of interface protein on membrane and dissociative

35

-G-EGCG
430
120 ] Ao¢
ATk
A* iB/ B 425
100 A*/ﬁ/ b -
[ ab i R F* ¢ E
3D 80 Ao i--- i 1% E
£ cr g \\ / ; £
- i B* N 7 7 7]
F Ax \ %\ / @

Concentration of EGCG (umol/g protein)

Fig. 3 EAl and ESI of BBPI and BBPI-G compounds with different
EGCG concentration (5, 25, 50, 150 and 250 pmol g~! protein). a—e
represents significant difference in BBPI with different EGCG
concentrations (p < 0.05). A-D represents significant difference in
BBPI-G with different EGCG concentrations (p < 0.05). * means
significant difference between BBPI and BBPI-G (p < 0.05).

© 2021 The Author(s). Published by the Royal Society of Chemistry

protein in water phase could also influence thickness and
stability of emulsion interfacial membranes. AP of BBPI, BBPI-
EGCG, BBPI-G, BBPI-G-EGCG emulsions were 9.52 + 0.29%,
18.11 £ 0.57%, 10.53 £ 0.38%, 20.61 £ 0.76%, respectively, as
shown in Table 2. EGCG could increase AP due to the fact that it
modified protein structure to unfolded and disordered direc-
tion, which resulted in the fast adsorption and tight interaction
of molecules on oil-water interface to form the thicker emul-
sifiers layer.>»** Atares et al.** reported that rutin molecules layer
could assist to form thicker films of whey protein emulsion.

For the increase of AP in BBPI-G group, Maillard cross-
linking promoted molecular weight, making the thicker film.
In addition, hydrophilic group of sugar offered a better hydro-
philic and hydrophobic equilibrium, leading to a lifting
adsorption amount on oil-water membrane.'*** AP of BBPI-
EGCG and BBPI-G-EGCG emulsions was superior to BBPI and
BBPI-G emulsions, indicating that glycosylation modification
had synergistic effect with EGCG covalent binding on the
amount of protein adsorption on emulsion interface.

3.3. Emulsion stability measurements

3.3.1. Storage stability of emulsions. The storage stability
of emulsion is an important factor to determine its application
in industrial production. As displayed in Fig. 4, the mean
particle size of the emulsion prepared with BBPI increased
significantly with 10 days of storage (p < 0.05). With 20 days of
storage, the mean particle size of BBPI-G emulsion enhanced
significantly (p < 0.05). After 30 days of storage, the mean
particle size of BBPI-EGCG covalent compound emulsion
increased significantly (p < 0.05). However, the mean particle
size of BBPI-G-EGCG covalent complex emulsion had no
significantly changes during the whole storage period (p > 0.05).
There were two main reasons induced this result. Firstly, the
addition of hydrophilic glucose and polyphenols enhanced the
affinity between proteins and water molecules, making it
formed a relatively tight interface membrane on the oil drop
surface, thus effectively avoiding droplet aggregation and
enhancing the storage stability of the emulsion.>** Secondly, the

RSC Adv, 2021, 11, 2546-2555 | 2551
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Table 2 Mean particle size, PDI, zeta-potential, AP of BBPI and BBPI compounds®

Mean particle size (nm) PDI Zeta-potential (mV) AP (%)
BBPI 291.30 + 0.56¢ 0.220 + 0.007° —24.47 + 0.23° 9.52 + 0.29°
BBPI-EGCG 242,17 + 2.62° 0.186 + 0.011° —30.90 + 0.264 18.11 4 0.57¢
BBPI-G 282.73 + 0.35° 0.187 + 0.009% —23.20 £+ 0.17% 10.53 + 0.38°
BBPI-G-EGCG 229.67 + 2.87% 0.172 + 0.008* —29.47 £ 0.61° 20.61 + 0.769

% a-d represents significant difference in the same column (p < 0.05).

covalent binding of polyphenols increased the thickness of the
droplet interface film and the zeta-potential (absolute value),
thereby maintaining the stability of the emulsion by stronger
steric resistance and electrostatic repulsion.** Wang et al.*®
studied the effect of the interaction between corn proteolytic
substance (ZH) and tannic acid (TA) on the alginate emulsion
system. The results showed that the emulsion prepared by ZH-
TA composite had better storage stability.

3.3.2. Oxidation stability of emulsions. POV (primary) and
TBARS (secondary) are two products in lipid oxidation produce,
so that values of POV and TBARS are common detective
measure of lipid oxidation extent.*” Fig. 5a and b showed POV
and TBARS increased remarkably with storage time expanded,
indicating that lipid oxidation appeared and then rose during
storage. Comparing four emulsion groups stabilized by
different protein, POV value of the emulsion prepared with
BBPI-G-EGCG covalent compound did not show significant
change (p > 0.05). Regarding as POV, BBPI-G-EGCG emulsion
were from 0.56 + 0.01 meq. kg™ oil to 0.58 + 0.01 meq. kg~ " oil
and then BBPI-EGCG emulsion from 0.75 & 0.02 meq. kg™~ " oil
t0 0.94 4 0.03 meq. kg™ " oil, BBPI-G emulsion from 0.91 4 0.01
meq. kg™ oil to 1.45 4 0.02 meq. kg~ " oil, BBPI emulsion from
1.19 + 0.00 meq. kg~ oil to 1.81 & 0.01 meq. kg™ oil. It showed
simultaneously that the smallest value of POV and TBARS
belonged to BBPI-G-EGCG emulsion, and then BBPI-EGCG,
BBPI-G, BBPI emulsions. The phenomenon illustrated that
BBPI-G-EGCG emulsion had the topmost oxidation stability.

BBPI

350 4

300 4

W

by

3
1

200 4

150

Mean Particle Sizes (nm)

100 4

50 4

Storage Time (d)

Fig. 4 Mean particle size of BBPI, BBPI-EGCG, BBPI-G, BBPI-G—
EGCG emulsions in different storage time (0, 10, 20 and 30 days) at
room temperature. a—d represent the significant difference in different
storage time with same emulsion (d). A-D means the significant
difference in different emulsions with same storage time.
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Combing with EGCG, protein gained greater oxidation stability,
which was attributed to the antioxidative polyphenolic group to
scavenging free radicals.*® Glycosylation introduced hydrophilic
glucose to improve the affinity between proteins and water
molecules, forming compact film around oil droplets to
enhance oxidation stability of emulsions.* And the loose and
disordered structure of protein caused by glucose and EGCG
covalent binding consequently exposed reactive amino acid
side-chain groups to neutralizing radicals, leading to an
increase in the antioxidant protection.*® Besides, glucose and
EGCG might act as cross-linker to enhance the protein—-protein
interaction at oil-water interfacial layer.>* Therefore, glycosyla-
tion and EGCG combination could both enhance the emulsion
oxidative stability of BBPI and two different modification
methods made corporate effect in preventing emulsion

oxidation.
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Fig. 5 Oxidation degree of BBPI, BBPI-EGCG, BBPI-G, BBPI-G-
EGCG emulsions in different oxidation time (0, 10, 20 and 30 days) at
room temperature. (a) peroxide value (POV); (b) thiobarbituric acid
reactive substances (TBARS). a—d represent the significant difference
in different oxidation time (d) with same emulsion. A—-D means the
significant difference in different emulsions with same oxidation time.
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Fig. 6 Mean particle size of BBPI, BBPI-EGCG, BBPI-G, BBPI-G—
EGCG emulsions with different heating time (10 and 30 min). a—c
represent the significant difference in different heating time (min) with
same emulsion. A-D means the significant difference in different
emulsions with same heating time.

3.3.3. Thermal stability of emulsions. Many foods would
undergo heat treatment during processing, such as pasteuri-
zation and ultra-high temperature short-time sterilization.
Therefore, it is of great significance to investigate the effect of
heating on emulsion stability. As revealed in Fig. 6, the mean
particle size of the emulsion prepared with BBPI-G-EGCG
covalent compound did not change significantly during the
whole heat treatment period (p > 0.05), explaining that the
thermal stability of BBPI-G-EGCG emulsion was better than
other emulsions (BBPI, BBPI-G, BBPI-EGCG emulsion). Liu
et al.*® found that after covalently combining lactoferrin with
dextran, the thermal denaturation temperature of lactoferrin
increased, which promoted the thermal stability of glycosylated
lactoferrin emulsion. After binding with polyphenols, the
adsorption capacity of proteins at oil-water interface was
enhanced, resulting in thicker interfacial layer formed by
protein—-polyphenols complex and stronger spatial repulsive
force, which benefited the thermal stability of the emulsion.®

3.3.4. Freeze-thaw stability of emulsion. Freezing storage
of emulsion could inhibit the growth of microorganisms during

/] Before freeze-thaw Treatment
XY After freeze-thaw Treatment

450 4

3

400
350 4
300 d
250 |
200 -]

150 4

Mean Particle Sizes (nm)

100 4

BBPI BBPI-EGCG BBPI-G

Emulsions Prepared by Different Proteins

Fig.7 Mean particle size of emulsions stabilized by BBPI, BBPI-EGCG,
BBPI-G, BBPI-G-EGCG with freeze—thaw treatment or not. * repre-
sent the significant difference in processing freeze—thaw treatment or
not with same emulsion. a—d means the significant difference in
different emulsions with same treatment.
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Fig. 8 Mean particle size of BBPI, BBPI-EGCG, BBPI-G, BBPI-G-
EGCG emulsions before or after freeze-dried treatment. * represent
the significant difference in processing freeze-dried treatment or not
with same emulsion. a—d means the significant difference in different
emulsions with same treatment.

storage. Therefore, it was of practical significance to study the
freeze-thaw stability of emulsions. As shown in Fig. 7, the mean
particle size of the emulsion prepared by BBPI-G-EGCG cova-
lent compound did not change significantly (p > 0.05) after
freeze-thaw treatment. This was because the compounding of
sugar and protein generated thicker oil-water interface in
emulsion, making it difficult to penetrate and rupture oil in
water structure with the freeze-thaw treatment.” At the same
time, a large number of hydroxyl groups were introduced into
the protein molecules as the protein was combined with poly-
phenols, which promoted the increase of interfacial layer
thickness of the emulsions, thus improving the freeze-thaw
stability of the emulsions.*

3.3.5. Resolubility of freeze-dried emulsion powder.
Storage life of the emulsion could be maximized by freeze-
drying treatment. Hence, the resolubility of freeze-dried
powder of emulsions was studied in this experiment.
Different emulsion samples were freeze-dried into powder and
then redissolved. The changes of mean particle size of the
emulsions were shown in Fig. 8. The mean particle size of the
emulsion prepared by BBPI-G-EGCG covalent compound did
not change significantly (p > 0.05). This was due to the addition
of glucose, which enhanced the surface activity of BBPI, hence
increasing the thickness of interface film and the spatial
rejection. Therefore, the resolubility of freeze-dried powder of
BBPI-G-EGCG emulsion was better.*” After combining with
polyphenols, the resolubility of freeze-dried powder of the
emulsion could be improved by the increase of absolute zeta-
potential of the emulsion, which further increased the electro-
static repulsion between droplets and promoted the anti-
aggregation stability of the emulsion.”

4. Conclusions

In summary, this study provided the understanding of the
behaviors for the potential applications of BBPI as emulsifiers
in emulsions. FTIR spectroscopy showed that the structure of
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protein was unfolded and disordered with the treatment of
glycosylated and polyphenols covalent binding. The effects of
the glycosylation and polyphenols modification on the stability
of emulsions were investigated. The results showed that emul-
sions with considerable stability in storage, oxidation, thermal
treatments, freeze-thaw and freeze-dried powders resolubility
were fabricated. Small mean particle size of emulsion prepared
by BBPI-G-EGCG was one reason for high emulsion stability.
Besides, the AP and TEM measurements found that the BBPI-G-
EGCG covalent complexes had a preferably thick, continuous,
compact oil-water interface in emulsions, which was another
factor to enhance the stability of emulsion systems. The results
of this study provided new understanding with respect to using
the modified black bean proteins as natural emulsifiers.
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