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ARTICLE INFO ABSTRACT

Keywords: In this study, the effects of dandelion polysaccharide (DP) and its carboxymethylated derivative (CMDP) on the
Dandelion polysaccharide emulsifying characteristics and antioxidant capacities of emulsions stabilized by whey protein isolate (WPI) were
Carboxymethylation

determined. The addition of both DP and CMDP reduced the particle size and zeta potential of the emulsions.
Using 1.0 % WPI and 1.0 % CMDP as emulsifier, the emulsifying activity index (EAI) and emulsifying stability
index (ESI) were 32.61 + 0.11 m?/g and 42.58 + 0.13 min, respectively, which were higher than the corre-
sponding values of 27.19 + 0.18 m%/g and 36.17 + 0.15 min with 1.0 % WPI and 1.0 % DP. Fourier-transform
infrared spectroscopy (FT-IR), far-ultraviolet circular dichroism (Far-UV CD), and fluorescence (FS) spectra
analyses confirmed that the a-helix and fg-sheet structures in WPI-polysaccharide complexes were reduced
compared with those in pure WPI, whereas the random-coil content was enhanced by the addition of poly-
saccharides. Moreover, DP and CMDP effectively improved the antioxidant capacity and inhibited oxidation of
the emulsions during storage. Therefore, DP and its carboxymethylated derivative exhibit great potential to be

Whey protein isolate
Emulsifying property
Antioxidant capacity

applied in the emulsion-based delivery system.

Introduction

Oil-in-water (O/W) emulsions are unstable systems where oil drop-
lets are dispersed in an aqueous medium. One effective method to
improve the O/W emulsion stability is to use proteins as emulsifiers.
Whey protein isolate (WPI), as one of the most important whey protein
products, is extensively applied in food processing owing to its high
nutritional quality, comprising more than 90 % protein, and good
functional properties, including gel, foaming, and emulsifying proper-
ties (Shi, et al., 2021). However, natural WPI is sensitive to temperature
and has poor oxidative stability, and the emulsifying ability of WPI is
greatly influenced by environmental factors (particularly pH and ions)
(Bai et al., 2019; Zhang, et al., 2021). To resolve this issue, there have
been extensive research efforts toward identifying effective measures to
improve the functional properties of WPI.

Previous studies showed that the ability of WPI to stabilize O/W
emulsions can be effectively enhanced by non-covalent interactions with
polysaccharides (Sarraf, Naji-Tabasi, & Beig-babaei, 2021; Li, Geng,
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Zhen, Lv, & Liu, 2022; Hong, Xiao, Li, Li, & Xie, 2022). Wang et al.
(2020) reported that soy hull polysaccharides could delay the floccula-
tion of droplets and improve the stability of emulsions against creaming.
Nooshkam and Varidi (2021) also found that emulsions stabilized using
protein-polysaccharide complexes with a homogenous distribution had
smaller droplet sizes than those obtained using protein alone, and a
higher interfacial protein concentration and better viscosity were also
obtained with the protein-polysaccharides complex (Nooshkam & Var-
idi, 2021). Over the past five years, we have been studying various as-
pects of dandelion polysaccharide (DP), a main component of dandelion
roots. DP has a molecular weight of 10.82 kDa, comprising six mono-
saccharides: mannose, rhamnose, galacturonic acid, glucose, galactose,
and arabinose (Li et al., 2023). We previously confirmed that DP has
antioxidant activity and immune-enhancing activity (Wang et al., 2021).
We also found that DP had inhibitory effects on the pasting behaviors of
corn starch and decreased the digestibility of corn starch (Gao et al.,
2021). Importantly, DP could promote the formation of WPI gels and
improve their water holding capacity (WHC) (Li et al., 2023). These
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physicochemical properties indicated that the DP might have advan-
tages for the formation and stability of emulsions.

Carboxymethylation modification has been shown to increase the
water solubility and bioactivity of native polysaccharides (Xie, Shen,
Wang, & Xie, 2021; Zhao et al., 2022; Duan et al., 2020). Wei et al. found
that the carboxymethylation of corn fiber gums enhanced the physical
stability of pea protein dispersions (Wei, Lou, Cai, Li, & Zhang, 2022).
Wang et al. further showed that carboxymethylation could increase the
water solubility and antioxidant activity of the polysaccharide from
Tremella fuciformis (Wang, Zhang, & Zhao, 2015). Similarly, we found
that the DP derivative (CMDP) obtained after carboxymethylation
showed better thermal performance and superior gelling properties.
CMDP also showed a stronger influence on the WHC and formation of
WPI gels than that of unmodified DP (Li et al., 2023). However, the
effects of DP and CMDP on the emulsifying characteristics of O/W
emulsions stabilized by WPI have not been reported to date. Accord-
ingly, the aim of this study was to further investigate the emulsifying
properties of two polysaccharides and determine the influence of car-
boxymethylation modification on the emulsifying capacity of DP. In
addition, we compared the effects of DP and CMDP on the antioxidant
ability of O/W emulsions.

Materials and methods
Materials

WPI (purity, 99 %) was purchased from XABC Biotech Co. (Xian,
Shanxi, China). Dandelion roots (Taraxacum officinale) were purchased
from a local drugstore (Harbin, Heilongjiang, China). Soybean oil
(relative density of 0.920, iodine value of 130 g/100 g, saponification
value of 190 mg/g) was purchased from a local natural food market
(Harbin, Heilongjiang, China). Chloroacetic acid and isopropyl alcohol
were obtained from J & K Scientific Ltd. (Beijing, China). All chemicals
were of analytical grade.

Preparation of DP and CMDP

DP was obtained by ultrasonic-assisted extraction and purification
on a D4006 macroporous resin column. CMDP was prepared after car-
boxymethylation modification by a solvent method. The detailed pro-
cedure and technological conditions were described in our previous
report (Li et al., 2023).

Preparation and structure characterization of WPI-polysaccharide
complexes

Preparation of WPI-polysaccharide complexes

Deionized water was applied to prepare WPI solutions (1.0 %, w/v),
followed by magnetic stirring for 2 h, and then the polysaccharides (DP
or CMDP) were added to the WPI solution to obtain mixed solutions with
different concentrations (0 %, 0.25 %, 0.50 %, 0.75 %, and 1.0 %, w/v).
The mixtures were stirred at 400 rpm for 2 min to dissolve the poly-
saccharides completely.

FT-IR

The WPI-polysaccharide complexes with different polysaccharide
concentrations were prepared according to the method described in
Section 2.3.1. After freeze-drying, the samples were mixed with potas-
sium bromide, ground into a powder, and recorded on an FT-IR spec-
trometer (FTS135, PerkinElmer Corporation, Hopkinton, MA, USA) over
a range of 4000-400 cm™! with a resolution of 2 cm™!. The trans-
missivity of original spectra was analyzed using OMNIC software
(Version 8.0, Thermo Nicolet, New York, NY, USA).

Far-UV CD
The WPI sample (10 mg) was dissolved in 100 mL phosphate-
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buffered saline (PBS; pH 7.0, 0.01 mol/L), and DP or CMDP was
added to obtain complexes with different polysaccharide concentrations
(0 %, 0.25 %, 0.50 %, 0.75 %, and 1.0 %, w/v). The mixed solutions were
stirred at 400 rpm for 2 min using a magnet stirrer and then analyzed
using a J-815CD instrument (JASCO, Japan) at 25 °C. The test condi-
tions were as follows: wavelength range of 190-250 nm, xenon lamp
(150 W), scan rate of 100 nm/min, bandwidth of 1 nm, and cumulative
time of 3. The secondary structure of proteins was analyzed using the
CDpro program.

FS analysis

Sample solutions were prepared as described in Section 2.3.3 and
then recorded on a fluorescence spectrophotometer (HITACHI F-4700,
Osaka, Japan) with an excitation wavelength of 290 nm. The emission
wavelength ranged from 300 to 400 nm, the light source was a xenon
lamp, the excitation slit width was 5 nm, and the scan rate was 240 nm/
min.

Determination of the contact angle and surface tension

The contact angles (0, air-water) of the polysaccharide (1.0 %, w/v),
WPI (1.0 %, w/v), and WPI-polysaccharide complexes (0 %, 0.25 %,
0.50 %, 0.75 %, and 1.0 %, w/v) were measured by the sitting-drop
method using a contact-angle goniometer (Theta Lite, Biolin, Finland)
at 25 °C (Liu et al., 2024). The surface tension of the polysaccharide,
WPI, and WPI-polysaccharide complexes was measured by the hanging-
drop method according to the instrument manual.

Preparation of emulsions stabilized by WPI-polysaccharide complexes

The emulsions were prepared according to the method of Igbal et al.
(Igbal, Xu, Huang, & Chen, 2019). First, the polysaccharides (DP or
CMDP) were added to the WPI solution (1.0 %, w/v) to obtain mixed
solutions with different polysaccharide concentrations (0 %, 0.25 %,
0.50 %, 0.75 %, and 1.0 %, w/v). The mixed solutions were stirred at
400 rpm for 2 min using a magnet stirrer and then the soybean oil were
added to the mixtures to generate 30 % oil in the final emulsion at room
temperature. Lab-scale manufacturing of emulsions was carried out at
10000 rpm for 2 min using a high-speed homogenizer (FT200-SH,
Shanghai, China).

Determination of the emulsion characteristics

Emulsifying activity and stability

The EAI and ESI were calculated according to turbidimetric method
with minor modifications (Ercelebi & Ibanoglu, 2009). The newly pre-
pared emulsion (50 pL) was diluted with sodium dodecyl sulfate solution
(5 mL, 0.1 % w/v). The absorbance (Ag) of the mixture at 500 nm was
measured immediately and then measured again after 10 min. EAI and
ESI were calculated using the following formulas:

EAI (m*/g) =2 x 2.303 Ao XN M

x (1-9)

Ap
AO - A 10

ESI (min) = x 10 2)

where N is the dilution factor (N = 100), C is the protein concen-
tration (g/mL), ¢ is the proportion of the oil phase in the emulsion, and
Ap and A;( are the absorbance of the emulsion at 0 min and 10 min,
respectively.

Surface morphology

Freshly prepared emulsions were placed on slides and then covered
with coverslips. An optical microscope (XSP-19C digital microscope,
Batto Instruments Ltd., China) with a 40 x oil-immersion objective was
used to capture images of the materials.
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Particle size

Droplet sizes and the particle distribution of the fresh emulsions and
the polysaccharides (1.0 %, w/v) were measured using a laser-diffraction
particle size distribution analyzer (FJUL-1076, Batto Instruments Ltd.,
Shanghai, China). Before analysis, all the samples were diluted with
0.01 mol/L PBS and then stirred for 2 min to ensure complete dispersion.
All measurements were performed at room temperature.

Zeta potential

The zeta potential of emulsions and the polysaccharides (1.0 % w/v)
were determined by a Zetasizer Nano ZS90 instrument (Malvern In-
strument Co., Ltd., Malvern, UK) at room temperature. The samples used
for measurements were diluted with 0.01 mol/L phosphate buffer
(1:100).

Rheological property measurements of emulsions

The prepared fresh emulsions samples were placed on the bottom
plate of a rheometer (DHR-1, MAS Instruments Inc., USA); a 1-mm
parallel plate was set up with a gap of 0.5 mm at 25 °C. After 1 min of
equilibrium, the steady shear experiment was executed using the
rheometer within the range of 0.1—100 s~ 1. The following power-law
equation (Equation (3) was used to calculate the viscoelastic properties
of the samples:

T=kxy" 3

where 7, k, 7, and n denote the shear stress (Pa), consistency index (Pa-
sn), shear rate (s’l), and flow behavior index, respectively.

The linear viscoelastic region was measured with the strain ranging
from 0.1 % to 100 % at a constant frequency of 1 Hz. The result showed
1 % strain can be used as the dynamic oscillatory measurement. Then
frequency sweep experiments of emulsions at a fixed shear strain (1 %)
were performed to determine changes in elastic (G') and viscous (G")
moduli with an increasing frequency range (0.1—10 rad/s).

Determination of the influence of polysaccharides on emulsion antioxidant
capacities

Radical-scavenging activities

The 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS)-
scavenging abilities of the sample solutions (WPI-polysaccharide com-
plexes and emulsions stabilized by the WPI-polysaccharide complexes)
at different polysaccharide concentrations (0 %, 0.25 %, 0.50 %, 0.75 %,
and 1.0 %, w/v) were determined using 96-well plates. With gentle
stirring, a 7 mmol ABTS solution was added to 2.45 mmol K5S,0g so-
lution (1:1, v/v) for 16 h in the dark and then the mixture was diluted in
PBS solution until the absorbance reached 0.70 + 0.02 at 734 nm. The
absorbance of the reaction mixture comprising 100.0 pL samples and the
3 mL ABTS-PBS solution was measured at 734 nm using a microplate
reader (Multiskan FC, Thermo Fisher, USA). Vitamin C (Vc) was set as
the positive control. The ABTS radical-scavenging activity was calcu-
lated according to a previously reported method (Li et al., 2021).

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging ca-
pacities of the samples were also evaluated according to the method of a
previous study with modification (Cai, Chen, Yi, & Zou, 2019). Briefly,
100 pL of the sample solutions (WPI-polysaccharide complexes and
emulsions stabilized by the WPI-polysaccharide complexes) at different
polysaccharide concentrations (0 %, 0.25 %, 0.50 %, 0.75 %, and 1.0 %,
w/v) were prepared and mixed with DPPH-ethanol solution (0.3 mmol,
2.0 mL). The mixture was shaken vigorously and stored at 37 °C for 30
min in the dark. The absorbance of the sample was recorded at 517 nm
and Vc was used as the reference material.

Ferric-reducing antioxidant power
The ferric-reducing antioxidant power was determined according to
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a previous report with appropriate modification (Li et al., 2021). In
brief, 100 pL of sample solutions (WPI-polysaccharide complexes and
emulsions stabilized by WPI- polysaccharide) were added to 0.5 mL of
the potassium ferricyanide reagent and then incubated at 50 °C for 20
min. The reaction was terminated by adding 0.5 mL trichloroacetic acid
(10.0 %, w/v). After centrifugation, 0.5 mL of the subnatant was added
to 0.6 mL FeCls reagent (0.1 %, w/v). The absorbance value of the
filtrate was measured at 700 nm. The reduction capacity of Fe>' is
proportional to the absorbance value.

Statistical analysis

Measurements were carried out in triplicates and data are expressed
as mean =+ standard deviation. Data analysis was performed using SAS
version 9.4 software (SAS Institute Inc., Cary, NC, USA). One-way
analysis of variance was used as the statistical analysis technique. Sta-
tistical significance was established at p < 0.05.

Results
Physicochemical properties of DP and CMDP

The native polysaccharide from dandelion roots was obtained and
labeled DP. After modification, the CMDP was prepared. Both DP and
CMDP contained the same monosaccharides (p-mannose, r.-rhamnose, 1-
arabinose, p-glucose, p-galactose, and p-galacturonic acid) with different
molar ratios. The molecular weight of CMDP was 69,800 Da, which was
markedly lower than that of DP at 108,200 Da. In addition, CMDP had
better solubility (93.66 + 1.02 %) than DP (76.66 + 1.22 %). These
detailed data have been published in our previous study (Li et al., 2023).

Structure characterization of WPI-polysaccharide complexes

FT-IR analysis

The FT-IR spectra of WPI and WPI-polysaccharide complexes are
presented in Fig. 1A and Fig. 1B, respectively. WPI presented three
characteristic bands, including an amide I band at 1700-1600 cm ™}, an
amide II band at 1550-1500 cm ', and an amide ITI band at 1300-1200
cm ™! (Du, Chen, Jiang Yang, & Fu, 2022). When the polysaccharide was
added to WPI, the characteristic absorption peaks of WPI were not
changed significantly, indicating that no new covalent bonds were
produced between WPI and the polysaccharide. All samples exhibited
strong and broad bands between 3700 and 3100 cm !, which were
attributed to O—H and N—H stretching vibrations. The absorption peaks
of WPI-DP and WPI-CMDP complexes increased from 3353 cm™! to
3360 cm™! and 3368 cm™!, respectively, when the polysaccharide
concentration was 1.0 %, indicating the existence of hydrogen bonding
between WPI and the polysaccharide (Wang, Zhao, Jiang, Ban, & Wang,
2023). The interaction between CMDP and WPI was stronger due to the
introduction of carboxymethyl groups; thus, the influence of CMDP on
WPI was greater than that of DP under the same conditions. Moreover,
the amide I band changed from 1654 cm ™! to 1645 cm ™! and 1644 cm™?
after the addition of DP and CMDP, respectively. This result confirmed
that the binding of the polysaccharide to WPI caused the protein to
unscrew and transform into a random-coil structure.

Far-UV CD analysis

Far-UV (190-260 nm) CD measurement is commonly used to analyze
the changes of the secondary structure of proteins caused by combining
with other polymers (Qu et al., 2018). As shown in Fig. 2A and Fig. 2B,
the positive band within 190-200 nm and the negative band at 216 nm
confirmed the existence of the f-sheet structure. The negative bands at
208 nm and 222 nm indicated the existence of a-helix structures. The
contents of a-helices, f-sheets, and random coils in different samples
were shown in Table 1, the a-helix and p-sheet structures in WPI-
polysaccharide complexes were reduced compared with those in pure
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Fig. 2. Far-UV CD spectra of WPI-DP (A) and WPI-CMDP (B) complexes; FS spectra of WPI-DP (C) and WPI-CMDP (D) complexes.

WPI, whereas the content of random coils was enhanced. This was
consistent with the results of FT-IR spectroscopy. When the concentra-
tion of the polysaccharide was 1.0 %, the content of $-sheet structures
decreased from 31.36 &+ 0.10 % in WPI to 27.02 + 0.15 % in the WPI-DP
complex and to 27.36 £ 0.12 % in the WPI-CMDP complex. The content
of a-helix structures decreased from 18.62 + 0.02 % in WPI to 16.34 +
0.02 % in the WPI-DP complex and 15.95 + 0.11 % in the WPI-CMDP
complex. These data demonstrated that DP produced a more signifi-
cant effect on the f-sheet structure, whereas CMDP had a greater impact
on the a-helix structure at the same polysaccharide concentrations.
However, these differences were not particularly strong. It is possible
that CMDP introduced a larger amount -OH and ~COOH groups, thereby
causing a greater reduction in a-helices to unordered structures.

FS analysis
The fluorescence emission spectra of pure WPI and the
polysaccharide-WPI complexes were examined for the evaluation of

conformational changes. As shown in Fig. 2C and Fig. 2D, WPI exhibited
a fluorescence emission maximum (Ayax) at 335 nm. With the increasing
amounts of DP and CMDP from 0 to 1.0 %, the An,x of WPI-DP complexes
increased from 335 to 339 nm and that of WPI-CMDP complexes reached
340 nm. This red shift indicated that the polysaccharide changed the
molecular structure of proteins through non-covalent interactions,
which was more apparent in the WPI-CMDP complex. This was consis-
tent with the FT-IR results.

In addition, the fluorescence intensity of the WPI-DP and WPI-CMDP
complexes decreased as the polysaccharide concentration increased.
This effect was attributed to covalent grafting between the poly-
saccharide and WPI molecule, resulting in burying of the fluorophore
(Xue, Li, Zhu, Wang, & Pan, 2013). Since the molecular weight of DP is
slightly greater than that of CMDP, the longer polysaccharide chain
could produce a more obvious effect (Sheng et al., 2017).
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Table 1 surface (Jha, et al., 2022). As shown in Fig. 3A, the contact angles of
Contents of the secondary structures in WPI and WPI-polysaccharide complexes. WPI-polysaccharide complexes gradually decreased with the addition of
Sample p-sheet (%) a-helix (%) Random coil R2 polysaccharides. At the same concentrations, the contact angles of WPI-
(%) CMDP complexes were smaller than those of WPI-DP complexes. The
1.0 %WPI 31.36 4+ 18.62 + 1460 £ 005  0.99 contact angle of 1.0 % WPI was 32.65°, however, with addition of 1.0 %
0.10° 0.02° polysaccharide, the contact angles of WPI-DP and WPI-CMDP were
L0 %WPI +025%  29.67 + 1677 & 17.25 +£0.02°  0.997 9.79° and 5.93°, respectively. These data confirmed that CMDP had
Dp 0.08 0.05 . stronger ability to improve the hydrophilicity of WPI than DP.
1.0 %WPL + 0.50 % 29.45 + 15.68 + 17.26 + 0.06 0.999 S . . .
DP 0.06” 0.12° As shown in Fig. 3A, after mixing the WPI with the polysaccharide,
1.0 %WPI + 0.75 % 27.85 + 17.11 + 18.38 + 0.03°  0.996 the surface tension was reduced to a greater extent than that of the WPI
DP 0.04¢ 0.06¢ alone, and the decreasing trend showed a positive correlation with the
LOY%WPL+ 1.0 %DP  27.02 & 16.34 £ 18.34 +0.05°  0.995 polysaccharide concentration. In addition, CMDP showed a stronger
e
0.15 0.02 . effect on decreasing the surface tension than DP under the same con-
1.0 %WPI +0.25%  30.22 £ 17.32 + 16.22 + 0.12 0.998 . Lo . .
CMDP 0.13° 0.08" centrations. This indicated that the interaction between WPI and the
1.0 %WPI + 0.50 % 29.17 + 16.02 + 17.90 + 0.08¢  0.998 polysaccharide increased the exposure of hydrophobic groups, resulting
CMDP 0.09 0.05 & in the decrease of surface tension (Kato & Nakai, 1980). CMDP has
LO%WPI+075%  26.92 % 16.15 + 18.84 £ 0.10°  0.999 stronger interaction forces with amino acids for the introduction of
CMDP 008 008 ¥ hydrophilic carboxyl groups; thus, exposure of the hydrophobic groups
1.0 %WPI + 1.0 % 27.36 £ 15.95 + 18.78 £ 0.05°  0.999 TR TS . T
CMDP 0.12"h 011" of WPI after complexation with CMDP was enhanced. This effect is in

) 3 - 3 line with the finding of our previous study (Li et al., 2023).
Notes: Values with different letters represented differences (p < 0.05) in the

same column.
Effects of DP and CMDP on the emulsion characteristics

Contact angle and surface tension of WPI-polysaccharide complexes
A lower contact angle is typically associated with a better hydro-
philic characteristic and the formation of compact droplets on the liquid

Emulsifying activity and stability
EAI and ESI are important indicators of the functional characteristics
of an emulsion, which can reflect the ability of the complex to form an
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Fig. 3. (A) Contact angle and surface tension of WPI-polysaccharide complexes (a: 1.0 %WPI, b: 1.0 %WPI + 0.25 %DP, c: 1.0 %WPI + 0.50 %DP, d: 1.0 %WPI +
0.75 %DP, e: 1.0 %WPI + 1.0 %DP, f: 1.0 %WPI + 0.25 %CMDP, g: 1.0 %WPI + 0.50 %CMDP, h: 1.0 %WPI + 0.75 %CMDP, i: 1.0 %WPI + 1.0 %CMDP); (B) EAI and
ESI of emulsions after adding DP; (C) EAI and ESI of emulsions after adding CMDP.
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emulsified layer and its stability at the O/W interface (Tian et al., 2023).
As shown in Fig. 3B and Fig. 3C, both the EAI and ESI values of the
emulsions improved with an increasing concentration of the two poly-
saccharides, and the effect of CMDP was better than that of DP. With a
1.0 % polysaccharide concentration, the EAI and ESI of the WPI-CMDP
complex emulsions were 32.61 + 0.11 m?/g and 42.58 + 0.13 min,
respectively, whereas those of WPI-DP were 27.19 + 0.18 m%/g and
36.17 + 0.15 min, respectively. Therefore, CMDP was more suitable for
improvement of WPI emulsification than DP. Hong et al. reported that
WPI-dextran conjugates prepared via the Maillard reaction had better
emulsifying activity than WPI, with an EAI of 17.5 m?/g and ESI of 22.5
min obtained when using a 1.0 % (w/w) WPI-dextran concentration
(Hong, Xiao, Li, Li & Xie). This result demonstrated that the WPI-DP and
WPI-CMDP complexes have a similar function to that of these previously
reported WPI-dextran conjugates.

Particle sizes of emulsions

As shown in Fig. 4, with the addition of WPI-DP and WPI-CMDP, the
particle sizes of the emulsions were markedly decreased compared to
those of emulsions with addition of pure WPIL. Smaller and more ho-
mogeneous droplets were also observed in the emulsions containing the
polysaccharides. At the same concentration, the emulsion droplets sta-
bilized by WPI-CMDP were smaller than those of emulsions stabilized by
WPI-DP. A previous study demonstrated that a smaller particle size was
associated with better stability of emulsions (Martinez-Padilla, Sosa-
Herrera, & Osnaya-Becerril, 2021). The particle diameters and specific
surface areas of the emulsions are summarized in Table 2, clearly
demonstrating that the particle diameters were decreased and the spe-
cific surface areas were increased with the addition of polysaccharides.
The particle sizes of emulsions using WPI-CMDP were smaller than those
of emulsions prepared with the addition of WPI-DP at all tested con-
centrations, indicating that WPI-CMDP had better effects on the stabi-
lizing the emulsions. The specific surface area was inversely correlated
with the particle diameter, and particles with a smaller diameter and
higher specific surface area resulted in smaller droplets (Fig. 4). More-
over, at concentrations of 1.0 % WPI and 1.0 % polysaccharide, the
emulsions stabilized with WPI-CMDP had larger specific surface areas
(474.49 + 0.02 rnz/m3) than those obtained using WPI-DP (404.87 +
0.01 mz/me'), which were both higher than the mean surface area of
201.08 + 0.11 m?/m? obtained when using 1.0 % WPI alone. These data
showed that WPI-CMDP had a greater contribution to the formation of
the emulsions than WPI-DP.

Zeta potential of emulsions

Electrostatic repulsion can strongly affect the stability of emulsions;
when the droplet carries a more negative charge, the electrostatic
repulsion between the droplets increases and the droplet becomes more
stable (Zhong, et al., 2020). A previous study demonstrated that the
negative zeta-potential values of WPI were ascribed to carboxyl ioni-
zation (-COOH) occurring under neutral conditions (Wang, Pan, Chiou,
Li, & Ding, 2022). As illustrated in Table 2, all of the particles exhibited
negative charges and the absolute zeta potential was improved with an
increase in the concentration of the added polysaccharide. With addition
of 1.0 % polysaccharide, the zeta potentials decreased from -14.46 +
0.81 mV in the emulsion stabilized by pure WPI to -16.43 + 0.74 mV
and -17.93 + 0.36 mV in the emulsions stabilized by WPI-DP and WPI-
CMDP, respectively. Notably, the zeta potentials of 1.0 % CMDP and 1.0
% DP were —18.68 + 0.45 and -8.36 + 0.45 mV, respectively. Therefore,
CMDP was a more effective stabilizer than DP under the same condi-
tions, which may be attributed to the effects of the carboxymethyl
groups.

Rheological properties of the emulsions

Apparent viscosity
As shown in Fig. 5A, the apparent viscosities of all the emulsions

Food Chemistry: X 21 (2024) 101218

steeply decreased when the shear rate increased. This shear-thinning
behavior might indicate deformation and disruption of the emulsion
droplets with the increase of shear rate (Zhang et al., 2021). In this
process, the originally entangled macromolecules would separate,
leading to a reduction in the resistance to flow, resulting in decreased
viscosity. When the concentration of the polysaccharides increased, the
apparent viscosity also increased. On the one hand, the addition of
polysaccharides reduced the particle sizes of the emulsion and improved
the specific surface areas, thereby increasing the droplet number and
interaction between droplets to result in an improvement of the
apparent viscosity. On the other hand, the binding of polysaccharides to
WPI caused the protein to unscrew and transform into a random-coil
structure, thereby promoting the formation of larger aggregates,
which might also be responsible for the increase in apparent viscosity.
According to the power-law model, the n values of all samples were
less than one, confirming that all the emulsions were non-Newtonian
fluids. In addition, the n values were negatively correlated with the
polysaccharide concentration and the k values demonstrated an
increasing tendency with the polysaccharide concentration (data not
shown). These results confirmed that both DP and CMDP could improve
the pseudoplasticity of the emulsions. Overall, the apparent viscosities
of emulsions stabilized by WPI-polysaccharide complexes were almost
equal to those of the emulsions stabilized by WPI alone. There was no
significant difference between the effects of the two polysaccharides.

Dynamic rheology

As shown Fig. 5B and Fig. 5C, the G' and G values of all emulsions
increased with improvement of the angular frequency in the range of
0.1-10 rad/s. The G value was considerably higher than the G” value
and gradually improved with the increase of polysaccharides concen-
tration. This result confirmed that both DP and CMDP were conducive to
promote the formation of elastic gel-like emulsions and can effectively
enhance the stability of the emulsions (Wong, et al., 2021). CMDP
exhibited slightly better effects than DP at the same concentration,
although there was no significant difference between the two poly-
saccharides. A reasonable explanation might be that the introduction of
carboxymethyl groups from CMDP increased the intermolecular in-
teractions among WPI-polysaccharide complexes, which was beneficial
for the elasticity of the emulsion. However, since the molecular weight
of CMDP was lower than that of DP, it was easier for DP to form a
network structure with WPI due to the longer chain length. These
complexes would then be more likely to collide with each other,
resulting in an increase of elasticity.

Influence of polysaccharides on the antioxidant capacities of emulsions

The antioxidant activities of the emulsions were first investigated by
testing the scavenging abilities against free radicals. As shown in Fig. 6A
and Fig. 6B, the scavenging activities of all the samples on ABTS and
DPPH radicals were dose-dependent within the tested concentration
range. Emulsions stabilized by WPI-CMDP presented better scavenging
activities than those stabilized by WPI-DP under the same concentra-
tions. With the addition of 1.0 % polysaccharide, the ABTS radical-
scavenging activities of DP, the emulsion stabilized by WPI-DP, CMDP,
and the emulsion stabilized by WPI-CMDP were 45.21 + 1.91 %, 50.17
+ 1.07 %, 70.17 £+ 1.44 %, and 80.18 + 1.91 %, respectively. Similarly,
the corresponding DPPH radical-scavenging activities were 36.11 +
1.42 %, 60.17 + 1.33 %, 66.19 + 1.91 %, and 75.23 + 1.47 %,
respectively. This result confirmed that the emulsion stabilized by WPI-
CMDP exhibited better scavenging abilities against free radicals than
that stabilized by WPI-DP. The reason might be that the antioxidant
activity of the polysaccharide was significantly improved after carbox-
ymethylation modification.

In addition, the ferric-reducing antioxidant power of the WPI-
stabilized emulsions was demonstrated (Fig. 6C), with a dose-
dependent relationship between polysaccharide concentration and
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Table 2
Particle size parameters and Zeta potentials of emulsions.

Sample Particle diameter  Specific surface area Zeta potential
(pm) (m*/m?) (mv)
1.0 %DP 1.48 + 0.02° 684.06 + 0.21° —8.36 + 0.45%
1.0 %CMDP 0.95 + 0.02" 729.54 + 0.21° ~18.68 +
0.45°
1.0 %WPI 90.45 + 0.01° 201.08 + 0.11¢ —14.46 + 0.81°
1.0 %WPI + 0.25 73.67 + 0.02¢ 229.99 + 0.12¢ —~14.53 +
%DP 0.454
1.0 %WPI + 0.50  63.87 + 0.01° 270.64 + 0.11° ~15.16 +
%DP 1.05°
1.0 %WPI + 0.75 55.37 + 0.02° 323.87 + 0.02f —15.56 + 1.60°
%DP
1.0%WPI+1.0%  49.14 +0.018 404.87 +0.01 8 ~16.43 £ 0.74
DP 8
1.0 %WPI + 0.25  56.27 + 0.02 314.03 £ 0.21 " —~16.43 + 1.53
%CMDP 8
1.0 %WPI + 0.50  48.05 +0.01 " 405.33 + 0.211 ~17.03 + 0.95
%CMDP h
1.0 %WPI + 0.75 45.46 + 0.02! 427.06 + 0.07) ~17.83 + 0.47
%CMDP
1.0%WPI+1.0%  43.60 + 0.01 8 474.49 +0.02 —~17.93 + 0.36’
CMDP

Notes: Values with different letters in the same column represented differences
(p < 0.05).

reducing power observed. With addition of 1.0 % polysaccharide, the
absorbance values of DP, the emulsion stabilized by WPI-DP, CMDP, and
the emulsion stabilized by WPI-CMDP were 0.6 + 0.027, 0.65 + 0.022,
0.71 + 0.026, and 0.82 + 0.024, respectively. This result indicated that
the reducing power of CMDP was stronger than that of DP; corre-
spondingly, WPI-CMDP exhibited a better effect on stabilizing the
emulsion than WPI-DP.

Discussion

Proteins stabilize emulsions through their adsorption at the interface
to provide a combination of electrostatic and steric repulsion of the oil
droplets (Ge, Igbal, Kirk, & Chen, 2021). When proteins and poly-
saccharides are mixed in O/W emulsions, there is a possibility that the
protein-polysaccharide complex could lead to better adsorption on the
O/W interface and form a dense interfacial film to prevent the aggre-
gation of oil droplets (Shao et al., 2020). Another possibility is that the
proteins will be adsorbed on the O/W interface and the polysaccharide
molecules will be adsorbed on the surface of protein-coated droplets;
consequently, the polysaccharides will increase the viscosity of the
aqueous phase, thus preserving the desired textural properties of the
emulsion (Ercelebi & Ibanoglu, 2010). In the present study, we found
that the stability of O/W emulsions prepared using WPI-polysaccharide
complexes was better than that of emulsions obtained using pure WPI,
with the main advantages reflected in the smaller particle size and lower
zeta potential of the former emulsions. The EAI and ESI of the emulsions
increased significantly with increasing DP and CMDP concentrations.
CD, FT-IR, and FS results confirmed that the secondary structure of the
protein changed with the addition of polysaccharides. Moreover, the G’
value of the emulsion was frequency-dependent and rose with the in-
crease of polysaccharide concentration. Collectively, these results indi-
cated that the ability of WPI- polysaccharide complexes to stabilize O/W
emulsions was significantly better than that of the pure WPI. The reason
for this improvement might be that the binding between the poly-
saccharide and protein via electrostatic molecular associations increased
the exposure of hydrophobic moieties of WPI, thereby improving the
adsorption behavior of proteins at the O/W interface. Under the same
conditions, WPI-CMDP had a greater contribution to the stability of the
emulsions than WPI-DP. This effect was attributed to the introduced
carboxymethyl group, which increased electrostatic interactions and
hydrogen bonding between the polysaccharide and WPIL. Another
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possible reason is the lower molecular weight of CMDP, which caused
the exposure of more functional groups such as hydroxyl groups.
Therefore, the electrostatic repulsion between droplets was further
improved to resist the attractive interaction (Van der Waals interaction)
and prevented the formation of larger droplets (Delahaije, Hilgers,
Wierenga, & Gruppen, 2017). Our previous study also showed that these
two factors were helpful for formation of the better network structure in
the WPI-CMDP gel than in the WPI-DP gel (Li et al., 2023).

There are some limitations of this study that should be acknowl-
edged. The current results only represent preliminary evidence for the
application of DP in an emulsion system. The O/W emulsions stabilized
by the WPI-polysaccharide complex are dependent on many factors,
including pH, ionic strength, and temperature (Antonov, Moldenaers, &
Cardinaels, 2022). Therefore, the stability of emulsions at the pH
approaching the isoelectric point of the protein with high ionic strength
and under high temperature will be studied in future. In addition, the
safety of DP has not yet been confirmed, which is another aspect to be
addressed in our follow-up research.

Conclusion

In present study, the use of WPI-DP and WPI-CMDP in O/W emul-
sions narrowed the droplet size distribution and increased their stability
against aggregation.

The secondary structure of the protein was changed with addition of
polysaccharide and non-covalent interactions existed between WPI and
polysaccharide. Under the same conditions, CMDP was more helpful for
the enhancement of emulsifying properties than DP by the introduction
of carboxymethyl group because of the enhanced electrostatic in-
teractions and hydrogen bonding between polysaccharide and WPI.
Overall, this work provides valuable information for the development of
emulsions stabilized by WPI-polysaccharide complexes and expands

utilization of carboxymethylated polysaccharides in the food industry.
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