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Abstract

BACKGROUND: Common oil-in-water plant-based emulsions are allergenic and unstable to environmental stress, leading to
increased consumer concerns about the food industry. To solve the problem of safety and instability, we investigated the
influence of environmental stress on the stability of emulsions containing various rice protein hydrolysates, and compared the
performance to whey protein, a common food emulsifier.

RESULTS: Rice protein hydrolysates were obtained by enzymatic hydrolysis with different proteases (neutrase, trypsin and
alcalase). We evaluated the stability of emulsions produced with different hydrolysates according to storage, pH, ionic strength
and thermal processing. Trypsin hydrolysates formed emulsion as stable as emulsion containing whey protein against a range
of environmental stress containing pH (pH 6 to 7), salt (< 150 mmol L~ NaCl) and temperature (30-90 °C). Moreover, a higher
partition coefficient of protein in emulsion showed that the trypsin hydrolysates were easy to adsorb at the oil-water droplet
interface, indicating its higher stability.

CONCLUSION: The results obtained in the present study suggest that trypsin hydrolysates could be utilized as natural
emulsifiers to stabilize emulsion instead of traditional animal-based emulsifiers, opening many opportunities with respect to
hypoallergenic emulsion systems in the food industry.
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INTRODUCTION

There is increasing interest in using plant-based ingredients as
natural emulsifiers instead of their synthetic counterparts, such
as Tweens or Spans, and animal proteins, such as caseinate or
whey protein, as a result of consumer concerns.! Proteins have
native structural advantages in terms of their emulsifying capacity
compared to other natural emulsifiers (e.g. quillaja saponin, and

been applied to modify the molecular properties and improve
the emulsifying capacity of proteins as a result of mild reaction
conditions.'>™3

Recent studies concerning emulsions prepared with rice pro-
tein hydrolsates have focused on physical stability during storage.
Cheetangdee' found that the alcalase hydrolysates of rice bran
protein had a pronounced effect on improving emulsion forma-

lecithin) as a result of the presence of hydrophobic and hydrophilic
amino acids along with their polypeptide chains.? However, food
allergens may exist in potential industrial emulsifiers obtained
from plant-based proteins, including pea proteins, soy proteins*
and wheat proteins.> Rice protein, with few known allergens
reported in the existing databases,® may be a potential alternative
to other protein emulsifiers of plant origin.

In recent years, rice protein has been considered to be useful in
food applications as a result of some bioactivities, such as an anti-
carcinogenic capability and an anti-allergic ability.” However, the
poor solubility and instability of rice proteins under neutral con-
ditions hampers their wide application as emulsifiers in the food
industry.® Thus, increasing treatments, such as freeze-milling,’
glycosylation'® and enzyme treatments,’’ have been used to
enhance the emulsifying abilities of rice proteins by modifica-
tion of their structure. Accordingly, enzymatic modification has

bility and long-term dispersibility. Tween 20 combined with rice
protein hydrolysates systems can improve the storage stability
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and inhibit the lipid oxidation of a oil-in-water emulsion for
long storage.' Furthermore, Xu etal.'® investigated the effect
of limited trypsin hydrolysis on rice glutelin and found that
rice glutelin hydrolysates at a degree of hydrolysis (DH) of 2%
were most resistant to salt addition and thermal processing.
Nevertheless, enzymes with specific cut sites led to a change
in the exposed hydrophobic area in the protein, affecting their
functional properties, especially the emulsifying property. There-
fore, it was necessary to investigate the effect of enzyme cut-
ting sites on the stability of the emulsions produced with rice
protein hydrolysate with respect to constructing hypoallergenic
emulsion systems.

The present study aimed to investigate the effect of hydroly-
sis treated with different enzymes on the surface hydrophobicity
of rice proteins, as well as to evaluate the stability of the emul-
sions formed with rice protein hydrolysate exposed to environ-
mental stress (e.g. pH, ionic strength and temperature) and its
performance was compared with whey protein. Moreover, interfa-
cial hydrolysate partitioning was measured to further explore the
mechanism of stability.

MATERIALS AND METHODS

Materials

Rice protein (90%, w/w, dry basis) from rice endosperm was
purchased from Pioneer Biotech Co., Ltd (Xi‘an, Shanxi Province,
China). Neutrase (>6000Umg~"), trypsin (>2500Umg~") and
8-anilino-1-naphthalenesulfonic acid (ANS) were purchased
from Sigma (St Louis, MO, USA). Alcalase 2.4L FG (24 AUg™";
alkaline protease) was purchased from Novo (Novo Nordisk,
Bagsvaerd, Denmark). Whey protein isolate (90%, w/w, dry basis)
was purchased from Henan Qinuo Food Ingredients Co., Ltd
(Zhengzhou, He’nan Province, China). Food grade soybean oil
(Luhua, Shandong, China) was purchased from a local market. All
other chemicals used were of analytical grade and were obtained
from Sigma.

Preparation of rice protein hydrolysates

Rice proteins were hydrolyzed by different proteases in accor-
dance with the method of Phoon and Narsimhan.!” Rice proteins
(10 g) were dissolved in 150 mL of distilled water and stirred for
0.5 h. The mass ratio of enzyme to substrate was 1:250 and rice
proteins were hydrolyzed by neutrase at 50 °C and pH 7.0, as
well as by other proteases (trypsin and alcalase) at 50 °C and
pH 8.0. During the enzymatic hydrolysis process, the pH was kept
stable by the addition of 0.5 molL~" NaOH. After 4 h of hydrol-
ysis, the mixtures were heated to 90 °C for 10 min to inacti-
vate the enzyme and cooled promptly to ambient temperature.
Finally, the pH of mixture was monitored to pH7.0 and cen-
trifuged at 12000 x g for 15 min, followed by the freeze-drying
of supernatant.

Determination of the DH

DH was defined as the number of hydrolyzed peptide bonds
(h) relative to the number of peptide bonds per unit weight
(hy) expressed as a percentage, and determined by the pH-stat
method,'® according to:

BN
x 100 = b

Dot aMphtot

DH (%) = x 100

where B is the base (NaOH) consumption in mL, N, is the nor-
mality of the base, M, is the mass of hydrolyzed protein (g),
h. is the total number of peptide bonds in the protein sub-
strate (7.40mEqg~" rice protein) and « is the average degree
of dissociation of the a-NH, groups released during hydrolysis,

expressed as:

L —qopkpi 1
a

where pH and pK are the values at which proteolysis is conducted.

Surface hydrophobicity

The surface hydrophobicity of rice protein hydrolysates was
examined using the method of Kato and Nakai.”® Rice pro-
tein and hydrolysates were dissolved with phosphate buffer
(10mmolL™", pH7.0) to obtain densities at a range from
0.01mgmL~" to 0.1 mgmL-". Then, 25 pL of ANS (8.0 mmol L")
was added to protein solution (5mL), followed by incubation
for 10 min at room temperature. The fluorescence intensity
was determined using a fluorescence spectrophotometer
(F-7000; Hitachi, Tokyo, Japan), utilizing excitation and emis-
sion wavelengths of 390 and 470 nm. The slope of the relative
fluorescent intensity sample concentration curves, as the sur-
face hydrophobicity index, was calculated according to linear
regression analysis.

Protein solubility

Solubility of rice protein and hydrolysates were determined by
the method of Lowry etal.?® with some modifications. The pH
of hydrolysates solution at a concentration of 10 mgmL~" was
adjusted from 3.0 to 9.0 using 0.5 mol L= HCI or NaOH. The solu-
tions were centrifuged at 5000 x g for 15 min, and the supernatant
was taken for protein content analysis. The solubility of the pro-
tein was calculated as the percentage of protein in the supernatant
with respect to total protein content.

Circular dichroism studies

The secondary structure of rice protein hydrolysates was mea-
sured by far-UV circular dichroism (Model MOS-450; French
Biologic Company, Grenoble, France). The protein samples (1 mg)
were dissolved in 10mL of phosphate buffer (10 mmolL",
pH 7.0). Then, the solutions were poured into a 1T mm quartz
cuvette. The circular dichroism spectra in the range (190 nm to
250 nm) were recorded at a nitrogen flow rate of 100 nmmin-'.
The protein secondary structure content was obtained online
using the SELCON3 method in DICHROWEB (http://dichroweb.
cryst.bbk.ac.uk).

Preparation of emulsions

Emulsions were produced using the method of Niu etal?'
Hydrolysates samples were dissolved in phosphate buffer
(10ommolL™", pH 7.0) to obtain a concentration of 20mgmL~',
followed by stirring for 1 h. A mixture with 10% (v/v) soybean
oil and 90% (v/v) hydrolysates solution was homogenized by
a shear mixer (T18; IKA, Staufen, Germany) at 10000x g for
2 min. Fine emulsions were prepared by a high-pressure homog-
enizer (DSJ-20L; ATS Engineek Inc.,, Milan, Italy) at a pressure
of 60 MPa for three cycles. The positive control emulsion con-
taining 20mgmL-" of whey protein isolate was prepared.
The pH of freshly prepared emulsions was adjusted to 7
using 0.5 molL~" NaOH or HCl to obtain initial emulsions, and
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0.1 mgmL~" sodium azide was added into emulsions to prevent
microbial growth.

Emulsion characterization

Droplet size and particle charge measurements

The droplet mean particle diameter and {-potential of the
emulsions were determined using a MasterSizer 3000 (Malvern
Instruments Ltd, Malvern, Worcestershire, UK). The phosphate
buffer (10 mmolL=!, pH 7.0) was added into the emulsions to
avoid multiple scattering before measurement. The refractive
indices used were 1.33 for buffer. All of the measurements were
performed in triplicate.

Microstructure of emulsions

The microstructure of the emulsions was observed after 1 day
of storage at ambient temperature. The micrographs were taken
with a microscope at 400x magnification (Zeiss Axio Scope
A1; Carl Zeiss, Oberkochen, Germany). One drop of sample
was placed on a microscope slide and covered with a glass
cover slip.

Emulsion stability

The stability of the initial emulsions was tested under storage and
environmental stress. To test the effect of storage, size distribution
and microstructure were used to characterize the stability of
the emulsions during 7 days storage. To test the effect of pH,
emulsions were adjusted to pH from 3 to 7 with 0.5 mol L~! HCI
or 0.5 mol L=" NaOH. To test the effect of ionic strength, emulsions
containing NaCl from 0 to 200 mmol L~ were prepared by mixing
the original emulsions with NaCl. To test the effect of temperature,
emulsions were heated to temperature ranging from 30 to 90
°C for 30 min and promptly cooled to room temperature. The
emulsions treated with environmental stress were storaged at
room temperature for 24 h before the measurement of particle size
and ¢-potential.

Partition of protein in emulsions

The partition of protein in emulsions was determined using the
method described in our previous study.?? The serum and cream
layer of emulsions were obtained by centrifuging at 15000 x g for
30 min, followed by filtering of the serum layer using a 0.22-mm
syringe filter. The protein concentration in the water phase was
measured by the procedure described by Lowry etal?® Then,
the partition coefficient (PC) for hydrolysates in the continu-
ous phase was determined by the method of Huang et al.® and

calculated as:
VW Wt
PC=—x(—-1
v, W,

w

where V, is the volume of hydrolysates solution, V, is the volume
of oil, W, is the total amount of protein (mgmL~") and W,, is
the protein concentration of the aqueous phase (mgmL"). The
percentage of protein in the aqueous phase was calculated as
(W,,/W,) X 100%.

Statistical analysis

Analysis of variance was performed using SAS, version 9.4 (SAS
Institute, Cary, NC, USA). Means were compared by Duncan’s test.
P < 0.05 was considered statistically different.
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Figure 1. DH of rice protein hydrolysates digested by different enzymes.

RESULTS

Characterization of rice protein hydrolysates

Degree of hydrolysis

The DH of protein hydrolysates digested by different enzymes
under different hydrolysis time is shown in Fig. 1. When the
hydrolysis reaction progressed, DH of enzymes-treated protein
rose continuously. However, the increasing rate of DH slowed
down at a hydrolysis of 150 min. Then, the DH reached gentle val-
ues after a period of hydrolysis. Moreover, alcalase hydrolysates
always exhibited a significantly (P <0.05) higher DH compared
to the other hydrolysates. After 4 h of hydrolysis, DH reached
stable values: 4.23% for neutrase hydrolysates, 6.36% for trypsin
hydrolysates and 9.81% for alcalase hydrolysates.

Effect of enzymatic hydrolysis on the surface hydrophobicity of rice
protein

Figure 2 shows the effect of DH on the surface hydrophobic-
ity of rice protein hydrolysates. With an increase in DH, the sur-
face hydrophobicity index of trypsin hydrolysates and alcalase
hydrolysates increased markedly, reaching significantly (P < 0.05)
high values (333.43 and 439.06) at moderate hydrolysis. Then,
the surface hydrophobicity index decreased greatly with a higher
DH. However, the highest DH of neutrase hydrolysates showed
the highest surface hydrophobicity index (359.21), and differed
significantly (P <0.05) comparted to the other DH. The surface
hydrophobicity of the hydrolysates varied with enzyme type and
DH. However, all protein hydrolysates at a DH of 4% had the high-
est surface hydrophobicity index compared to the other DH under
same enzyme treatments. To investigate the effect of enzyme cites
on the stability of emulsions prepared with hydrolysates, all subse-
quent experiments were controlled with a DH of 4%.

Effect of enzymatic hydrolysis on the secondary structure of rice
protein

As shown in Table 1, enzymatic hydrolysis changed the secondary
structure of rice proteins. The p-sheet and p-turn contents of rice
protein were decreased from 29.8% to 20.9% and from 22.0% to
16.9% by alcalase hydrolysis. However, the p-sheet contents of
trypsin hydrolysates and neutrase hydrolysates were 22.3% and
24.6%, and the values were higher than alcalase hydrolysates.
Additionally, the a-helix and random coils contents in alcalase
hydrolysates were increased to 23.1% and 39.1%.
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Table 1. Secondary structure content of rice protein hydrolysates
determined by circular dichroism

(A) 400 Secondary structures (%)

% Samples a-helix p-sheet p-turn Random coils

300 —F RP 16.9 29.8 22.0 31.3
RPH-A 23.1 209 16.9 39.1
e {» RPH-N 19.7 24.6 20.1 35.6
+ RPH-T 224 223 18.1 37.2

9}

=

(=]
|

Results are the average of triplicate determinations. RP, rice protein;
RPH-A, rice protein alcalase hydrolysates; RPH-N, rice protein neutrase
hydrolysates; RPH-T, rice protein trypsin hydrolysates.
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Surface Hydrophobicity Index
)

Table 2. Change of particle sizes in rice protein hydrolysates

0 T T T T T T emulsions during storage and partitioning of peptides in
RP DHO05% DH2% DH4% DH6% DH8% continuous phase (serum)

RPH-A

Mean particle Proteins Partition
(B) 400 - a size (um) in the coefficient

a
+ aqueous (aqueous
I Sample Day 1 Day 7 phase (%) phase)
4 b I
300 I RPH-A 034+007a 0.45 +0.04 a* 73.79+3.01b 3.19
RPH-N 0.27 +£0.04 b 0.47 £0.05 a* 76.38 +2.28b 2.78

c RPH-T 0.27 +0.01b 0.31 +£0.02 b* 68.58 +3.13¢ 4.12
WPI 0.24+0.03b 0.30 +0.02 b* 82.57+2.08a 1.90

[

(=

(=]
1

Results are the mean of triplicate determinations + standard deviation. Different
lowercase letters indicate significant differences (P < 0.05) among the emulsions
prepared with different protein, whereas as asterisk (*) indicates a significant
difference (P < 0.05) between days 1 and 7 for each sample. RPH-A, emulsion
formed with rice protein alcalase hydrolysates; RPH-N, emulsion formed with rice
protein neutrase hydrolysates; RPH-T, emulsion formed with rice protein trypsin
hydrolysates, WPI, emulsions formed with whey protein isolate.

Surface Hydrophobicity Index
)
S
1
(=%

T T T T T
RP DHO05% DH1% DH2% DH3% DH4%

RPH.N Effect of enzyme types on the stability of emulsions prepared

with rice protein hydrolysates
(©) 500 a Storage time
ﬂ[» a Table 2 shows the change in particle sizes in emulsions dur-
% ing 7days of storage. The initial size of the emulsions stabi-
lized with alcalase hydrolysates was 0.34pum and differed sig-
b nificantly (P <0.05) compared to the other emulsions. In Fig. 3,
% mainly smaller droplets from emulsions produced with trypsin
hydrolysates and whey protein isolate can been seen. Other
% emulsions possessed some obvious droplet aggregation after
1 day of storage. During storage, the droplet sizes of emulsions
d were increased, and emulsions prepared with trypsin hydrolysates
exhibited the lowest change in droplet sizes (0.04 pm), followed by
100 emulsion produced with whey protein isolate (0.06 pm). To further
investigate the size distributions during stoarge, the multimodal
distribution of emulsions prepared with alcalase hydrolysates and
whey protein isolate was observed in Fig. 4 during storage. The
size distribution of emulsion stabilized with trypsin hydrolysate
RPH-T was monomodal, and the rightshift was less than that of the other
emulsions.

400 -

w
=
S
|
o

Surface Hydrophobicity Index
[\
S
S
1

0 T T T T T
RP DH 0.5% DH 2% DH 4% DH 6%

Figure 2. The surface hydrophobicity of RPH-A (A), RPH-N (B) and RPH-T
(C) at different DH. Results are the mean +SD of triplicate determina-
tions. Different lowercase letters indicate a significant difference (P < 0.05). pH
RPH-A, rice protein alcalase hydrolysates; RPH-N, rice protein neutrase

hydrolysates; RPH-T, rice protein trypsin hydrolysates. As shown in Fig. 5(A), the particle size of the emulsions exhib-

ited similar trends as the size of droplet increased first and
then decreased from pH3.0 to 7.0. The emulsion containing
alcalase hydrolysates exhibited the highest size at a pH of 4.0

wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric 2019; 99: 6731-6740
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Figure 3. Microscopy images of emulsions formed with RPH-A (A), RPH-N (B), RPH-N (C) and WPI (D) observed at 400x magnification. Red arrows indicate
large oil droplets of the emulsion. RPH-A, emulsion formed with rice protein alcalase hydrolysates; RPH-N, emulsion formed with rice protein neutrase
hydrolysates; RPH-T, emulsion formed with rice protein trypsin hydrolysates; WPI, emulsions formed with whey protein isolate).
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Figure 4. Size distribution of emulsions formed with RPH-A (A), RPH-N (B), RPH-T (C) and WPI (D), after room temperature storage for 1 and 7 days. RPH-A,
emulsion formed with rice protein alcalase hydrolysates; RPH-N, emulsion formed with rice protein neutrase hydrolysates; RPH-T, emulsion formed with
rice protein trypsin hydrolysates.
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Figure 5. Influence of pH on the mean particle size (A), {-potential (B) and photographs (C) of oil-in-water emulsions formed with rice protein hydrolysates
and whey protein isolate during storage for 1 days. Results are the mean = SD (n = 3); different lowercase letters indicate a statistically significant difference
(P < 0.05) among the same samples treated with different pH. RPH-A, emulsion formed with rice protein alcalase hydrolysates; RPH-N, emulsion formed
with rice protein neutrase hydrolysates; RPH-T, emulsion formed with rice protein trypsin hydrolysates; WPI, emulsions formed with whey protein isolate.

(1.81+0.09 pm), followed by emulsion formed with neutrase
hydrolysates (1.67 + 0.06 pm) and emulsion produced with trypsin
hydrolysate (1.49 + 0.13 pm), which differed significantly (P < 0.05)
compared to the size of the emulsions at other pH values. Similarly,
the size of emulsion prepared with whey protein increased greatly
at pH4.0 (1.04 pm) and pH 5.0 (1.73 pm) around the isoelectric
point, and the emulsion maintained relative stability at other pH
values.

To explore the mechanism of emulsion instability, the electrical
characteristics of the protein-coated droplets were measured at
different pH values (Fig.5B). Correspondingly, the ¢-potentials
of emulsion containing whey protein isolate were +23.29 mV
at pH 3.0 and —=37.46 mV at pH 7.0 and the magnitude charges
were higher than for the other emulsions (+19.45mV at pH 3.0,
—33.60 mV at pH 7.0). In addition, the charges of emulsions near a
pH in the range 4.0-5.0 were zero. Moreover, a visual observation
of the emulsions is shown in Fig. 5(C), supporting the particle size

measurements. The emulsions containing trypsin hydrolysates
and whey protein isolate, which exhibited less phase separation,
were more stable to creaming than the other hydrolysates at
low pH.

Nacl

As shown in Fig.6(A), there was no significant difference
(P>0.05) in the particle size of the emulsions containing
trypsin hydrolysates with an increased NaCl ranging from 50
to 150 mmol L~'. Moreover, the size of the emulsions prepared
with alcalase hydrolysates reached maximum values (1.01 pm) at
a concentration of 200 mmol L=' NaCl. The addition of NaCl desta-
bilized the emulsions and decreased the absolute value of charge
on the droplets (Fig.6B). The emulsions prepared with whey
protein isolate exhibited the highest change in ¢-potential, from
—37.56 mV at 0 mmol L~ NaCl to —23.36 mV at 200 mmol L=" NaCl.
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Figure 6. Influence of ionic strength on the mean particle size (A) and
¢-potential (B) of the oil-in-water emulsions formed with rice protein
hydrolysates and whey protein isolate. Results are the mean + SD (n = 3);
different lowercase letters indicate a statistically significant difference
(P < 0.05) among the same samples treated with different NaCl concen-
trations. RPH-A, emulsion formed with rice protein alcalase hydrolysates;
RPH-N, emulsion formed with rice protein neutrase hydrolysates; RPH-T,
emulsion formed with rice protein trypsin hydrolysates; WPI, emulsions
formed with whey protein isolate.

Thermal treatment

Figure 7 shows the influence of temperatures on the particle size
of the emulsions. The emulsions containing trypsin hydrolysates
and whey protein isolate had the lowest variation in mean size,
from 30 °C (263.7 nm and 256.5 nm) to 90 °C (281.4 nm and
274.5 nm). However, the thermal treatments obviously increased
the size of the emulsions containing alcalase hydrolysates
from 3748 nm (30 °C) to 522.3nm (70 °C) and little change
in ¢-potential of the emulsion under heat treatment was observed
(data not shown).

Effect of enzyme type on the partition of protein in emulsions
The distribution of proteins at the oil -water interface versus in the
continuous phase was measured to further evaluate the stability
in individual groups of emulsions. Table 2 shows the protein in the
aqueous phase of emulsion prepared with different enzymes. The
protein in the aqueous phase of emulsions formed with trypsin

600

[ JRPH-A
RPH-N a
= KXY RPH-T b T
2 500 |
£ Ewrl {,
8
£
S 4004 ¢ ¢ a
% _} = b %
e 11 |4 ¢ %
E 300 || P 7 a
% a a a a % a % a
- 5 N
200 -

30 50 70 90
Temperature  (°C)

Figure 7. Influence of thermal processing on the mean particle size of
the oil-in-water emulsions formed with rice protein hydrolysates and whey
protein isolate. Results are the means and standard deviation (n=3);
different lowercase letters indicate a statistically significant difference
(P < 0.05) among the same samples treated with different temperatures.
RPH-A, emulsion formed with rice protein alcalase hydrolysates; RPH-N,
emulsion formed with rice protein neutrase hydrolysates; RPH-T, emulsion
formed with rice protein trypsin hydrolysates; WPI, emulsions formed with
whey protein isolate.

hydrolysates was 68.58% and this differed significantly (P < 0.05)
compared to the other emulsions. In addition, the partition coef-
ficient (4.12) in emulsions produced with trypsin hydrolysates was
also higher compared to that of the other emulsions. Interestingly,
the emulsions containing whey protein isolate showed larger per-
centages of protein in the continuous phase and smaller partition
coefficients.

DISCUSSION

Generally, rice protein can be used as a food additive in the food
industry as a result of its high bioactivity and abundant amino
acids. However, the poor solubility of rice protein has limited its
application as an emulsifier. In the present study, enzymes treat-
ments were used to modify the protein structure and improve the
solubility of rice protein. As shown in Fig. 1, hydrolysates obtained
by different enzyme treatments had different DH and this might
be attributed to specific enzyme cutting sites. Alcalase possessed
a broad specificity for releasing peptides, including end aromatic
(Phe, Trp, and Tyr), acidic (Glu), sulfur-containing (Met), aliphatic
(Leu and Ala) and basic (Lys) residues,?* leading to its higher DH
compared to other enzyme treatments. With the hydrolysis time
increasing, the reduction of substrate molecules could decrease
the increasing rate of DH.? Then, the DH values of hydrolysates
can be kept stable after a period of hydrolysis (Fig. 1). Moreover,
the rice protein structure was destroyed and partly unfolded dur-
ing the progression of hydrolysis.2® The hydrophobic amino acids
buried within the interior of protein were exposed and rice pro-
tein aggregation was reduced, leading to an improvement of sur-
face hydrophobicity index?” (Fig. 2) and solubility (see Supporting
information, Fig. S1).

The hydrophobic effect is considered as the main force that
maintains the tertiary structure of the protein. It is important to
investigate surface hydrophobicity to further reveal the spatial
structure and functional characteristics of the protein.?® The
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increase in surface hydrophobicity in the protein enhanced its
affinity for the droplet surface, and this led to a stronger binding
ability of the protein and oil droplet.’ Hence, surface hydropho-
bicity plays an important role in determining the emulsifying
properties of proteins and peptides.?® The different protein
hydrolysates at a DH of 4% in Fig. 2 were considered to exhibit
better emulsion stability; therefore, all subsequent experiments
were controlled with a DH of 4%. Evangelho et al.>° have reported
that the surface hydrophobicity of the alcalase hydrolysates of
black bean protein was higher, and the emulsion prepared with
these hydrolysates showed a better storage stability. Nevertheless,
the surface hydrophobicity index began to decrease with a higher
DH, which might be a result of the decrease in peptide size in
hydrolysates affecting the affinity of the ANS probe toward the
protein.3' In addition, during the analysis of the secondary struc-
ture, f-sheets as protein structure (“trains”) are relatively stable,
whereas the a-helix, f-turn and random coils are relatively flexible
and open.'® In Table 1, enzymatic hydrolysis decreased the f-sheet
regions and increased the a-helix, g-turn and random coil regions,
indicating that the secondary structure in the protein attains a
more flexible and extended form after enzyme treatment.3? These
changes in surface hydrophobicity and secondary structure in the
protein showed that the protein hydrolysates had more flexible
structures than the native protein. Accordingly, the hydrolysates
might be adsorbed more easily to oil-water interfaces and could
be utilized as excellent emulsifiers.>

When selecting a natural emulsifier for a specific use, stabil-
ity is an important criterion for consideration under conditions
of practical application in food products (e.g. pH, ionic strength
and temperature).3* As shown in Fig.5(A), the sizes of emul-
sions containing hydrolysates near pH 4 were higher compared to
the others and this might be because all protein emulsions are
unsteady with respect to aggregating near the isoelectric point of
the proteins.3> As shown in Fig. 5(B), the {-potential of hydrolysate
emulsions was from —40 mV to 30 mV at a pH from 7.0 to 3.0. Xu
et al.3 have reported that the carboxyl groups and amino groups
are negatively or positively charged at different pH values, result-
ing in a variation in the number of anionic and cationic groups.
Additonally, zero values of {-potential occurred between pH 4.0
and pH 5.0, implying that rice protein hydrolysates stabilize emul-
sions by electrostatic repulsion rather than by steric repulsion.?”
Then, the net droplet charge was too low to prevent van der Waals
attraction near the isoelectric point, leading to an increase in size
as a result of droplet aggregation.3® However, the magnitude of
&-potential of the emulsion prepared with whey protein isolate
was highest at pH 5 and its size was also higher compared to the
other emulsions. Wang et al.3® have reported emulsions with a
&-potential in the range —30 to 30 mV are instable and tend to
coagulate or flocculate. Thus, the diffusion rate of the interface
protein in emulsion was slower as a result of the large repulsive
force between the droplets. Similarly, the interaction between the
protein molecules in the interface layer became weak, and the oil
droplets might not be well wrapped, resulting in a higher size of
emulsion.3* Accordingly, the hydrolysate emulsions exhibited their
highest sizes at pH 4 rather than at other pH values as a result of
a higher absolute value of &-potential (Fig. 5B) compared to that
at pH 5.0. Moreover, this could be because protein hydrolysis can
change the type and number of dotted groups in the protein,
resulting in the isoelectric point of the rice protein shifting from
5 to 4.4

Accordingly, Fig.6 shows the effect of NaCl on the stability
of emulsions. In Fig. 6(A), the sizes of emulsions prepared with

protein hydrolysates are increased with a higher concentration
of NaCl. This might be a result of the addition of Na* into the
emulsions screening the electrostatic repulsion between the
negatively charged droplets, resulting in the aggregation of the
droplet. The size of emulsions produced with trypsin hydrolysates
and alcalase hydrolysates did not change significantly (P> 0.05)
at a concentration of NaCl of less than 100 mmolL™". At a low
concentration of NaCl, the electrostatic repulsive forces acting
between the droplets are sufficient to prevent any attractions (e.g.
van der Waals and hydrogen bonds) and this could inhibit droplet
aggregation.3® Nevertheless, the size of the emulsion containing
neutrase hydrolysates was markedly and significantly increased,
which might be linked to the content of anionic proteins after
enzyme treatment. When the addition of NaCl concentration was
above a critical level, the attractive forces were stronger than the
electrostatic repulsive forces, resulting in droplet aggregation and
an increase in size (Fig. 5B).*" Similarly, NaCl added into emulsions
can interact with the -COO~ on the surface of the droplet and
lead to an increase in the magnitude of the {-potential by the
electrostatic effect.*> Moreover, Fig. 6 shows the effect of thermal
treatments on the size of emulsions and found that emulsions
produced with trypsin hydrolysates and whey protein isolate
were stable to thermal processing. However, the thermal treat-
ments obviously increased the size of neutrase hydrolysates, and
droplet aggregation might be the result of a reduction in the
electrostatic repulsion or a change in structures (e.g. non-polar or
sulfhydryl groups).'®

To better understand the mechanism of stabilizing hydrolysate
emulsions, we investigated the interfacial peptide partitioning.
As shown in Table 2, we found that emulsions containing whey
protein isolated with the lowest partition coefficient showed
better stability compared to hydrolysate emulsions. In general,
the interface distribution of protein in emulsions was affected
by the physicochemical properties of protein hydrolysates (i.e.
size, molecular weight distribution, charge).*® The hydrolysis
can decrease the molecular weight and increase the amount of
charged groups of the intact polypeptides. Then, the increas-
ing charges in peptides (i.e. the charge:mass ratio) strengthens
their association with the oil phase. The trypsin hydrolysates
emulsions exhibited better stability as a result of the increas-
ing surface charges in hydrolysates against their hydrophobic
interaction. Zhao and Xiong** have reported a mechanism of
stabilizing emulsion by surface hydrolysates via the forma-
tion of a flexible membrane around the oil droplet, providing
physical protection of the emulsion. In the present study,
electrostatic interaction, as well as the flexibility of peptide
chains, can play an important role in stable surface membrane
formation.

CONCLUSIONS

In summary, the results of the present study show that enzyme
hydrolysis could improve the surface hydrophobicity and flexi-
bility of rice protein. Moreover, trypsin hydrolysates at moder-
ate DH could be used as plant-based emulsifiers (comparable
to whey protein isolate) against environmental stress, containing
ionic strength at low levels and temperatures. However, trypsin
hydrolysate emulsions were mainly dominated by the electrostatic
interactions against aggregation and this led to poor pH stability.
Therefore, further studies are required to modify hydrolysate emul-
sions and improve the stability of the emulsions over a wide range
of environmental conditions.
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