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A B S T R A C T   

Sodium caseinate (SC) is widely used as a biological macromolecular emulsifier in oil-in-water (O/W) emulsions. 
However, the SC-stabilized emulsions were unstable. High-acyl gellan gum (HA) is an anionic macromolecular 
polysaccharide that improves emulsion stability. This study aimed to investigate the effects of HA addition on the 
stability and rheological properties of SC-stabilized emulsions. Study results revealed that HA concentrations 
>0.1 % could increase Turbiscan stability, reduce the volume average particle size, and increase the zeta- 
potential absolute value of the SC-stabilized emulsions. In addition, HA increased the triple-phase contact 
angle of SC, transformed SC-stabilized emulsions into non-Newtonian fluids, and effectively inhibited the 
movement of emulsion droplets. The effect of 0.125 % HA concentration was the most effective, allowing SC- 
stabilized emulsions to maintain good kinetic stability over a 30-d period. NaCl destabilized SC-stabilized 
emulsions but had no significant effect on HA-SC emulsions. In summary, HA concentration had a significant 
effect on the stability of SC-stabilized emulsions. HA altered the rheological properties and reduced creaming and 
coalescence by forming a three-dimensional network structure, increasing the electrostatic repulsion of the 
emulsion and the adsorption capacity of SC at the oil-water interface, and thereby improving the stability of SC- 
stabilized emulsions during storage and in the presence of NaCl.   

1. Introduction 

The emulsions exhibit thermodynamic instability. During processing 
and storage, food emulsions destabilise owing to factors such as gravity, 
composition, and emulsifiers, resulting in phase separation phenomena 
such as creaming and precipitation of the aqueous phase [1,2]. There
fore, emulsifiers are widely used in food emulsification systems to 
improve the kinetic stability of the emulsions. On the one hand, an 
emulsifier can be rapidly adsorbed to the oil-water interface, thereby 
reducing the interfacial tension and accelerating the splitting of drop
lets. On the other hand, it can form a resistant interfacial film to produce 
electrostatic or spatial repulsion, thereby preventing system destabili
zation due to droplet aggregation [3]. Two major classes of emulsifiers 
are used in food processing: synthetic emulsifiers (monoacylglycerides, 
polysorbates, lecithin, etc.) and natural emulsifiers (usually proteins and 
polysaccharides) [4–7]. Natural food ingredients are in high demand 
because of the importance of a healthy diet and environmental 

sustainability [8]. Consequently, natural emulsifiers, such as proteins 
and polysaccharides of biological macromolecular polymers, have 
replaced synthetic chemical emulsifiers in increasing numbers. 

Proteins contain hydrophobic and hydrophilic groups that can be 
quickly adsorbed onto the oil-water interface as emulsifiers to increase 
the stability of the emulsion [8]. Sodium caseinate (SC) has been widely 
used as an emulsifier for various O/W emulsions [9]. However, SC- 
stabilized emulsions are prone to destabilization, such as flocculation, 
when subjected to high temperatures and high ionic strengths [5]. 
Several studies have investigated the effects of Ca2+ and Na+ on the 
stability of SC-stabilized emulsions. The binding of casein to divalent 
Ca2+ results in droplet aggregation and flocculation. Aggregate forma
tion induced by Ca2+ affects the stability and adsorption of protein- 
coated oil-in-water emulsions [12]. NaCl significantly reduced the sta
bility of lemon oil nanoemulsions prepared using SC and Tween 20 [10]. 
With increasing salt concentration, the zeta potential values of the SC 
and β-carotene composite emulsions decreased, as did the emulsion 
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stability [11]. NaCl is widely used in the preparation of emulsions. 
Therefore, NaCl was selected to investigate the effect of ionic strength on 
the stability of SC-stabilized emulsions in our study. Because of the 
destabilization of SC single emulsions, SC is typically combined with 
other emulsion stabilisers to improve emulsion stability in the food in
dustry [13]. Recent studies have shown that polysaccharides such as 
sodium alginate [14], chitosan [15], pectin [16], and λ-carrageenan 
[17] can improve the stability of SC emulsions at different ionic 
strengths and pH values. Polysaccharides are added to the emulsion 
system to prevent emulsion stratification caused by phase separation or 
gravity by increasing the viscosity of the continuous phase, slowing the 
speed of droplet movement, and forming a network structure to fix the 
oil droplets [18,19]. 

High-acyl gellan gum (HA) is a novel polysaccharide produced by 
Sphingomonas elodea. Its main chain structure is composed of repeating 
units of four monosaccharides and two substituents: acetyl and glyceroyl 
[20]. Recently, HA has been gradually studied as an emulsion stabiliser 
owing to its low concentration (0.05–0.2 % w/w), low viscosity, high 
stability, and good biocompatibility [3,21,22]. Studies have shown that 
HA concentrations higher than 0.05 % (w/w) can maintain the stability 
of the O/W emulsions, and its zeta potential ranges from − 50 to − 59 
mV. This stable state is unaffected by system pH or ionic strength, 
whereas low-acyl gellan gum (LA) prepared under the same conditions 
cannot stabilise the emulsion [3]. In addition, high-acyl gellan gum 
significantly improved the stability of the Flos Sophorae Immaturus 
beverage system by modifying the interface properties [23]. 

Although HA has been increasingly applied to the stabilization 
emulsion systems, the effects of different HA concentrations on the 
properties of SC-stabilized emulsions and the mechanism of emulsion 
stability from the perspectives of macro-rheology, micro-rheology, 
interface characteristics, and kinetic destabilization have not been re
ported. In addition, the effect of HA addition on the rheological prop
erties and stability of SC-stabilized emulsions in the presence of varying 
NaCl concentrations remains unclear. Therefore, this study aimed to (1) 
explore the effect of HA on the macro-rheological and micro-rheological 
properties of SC-stabilized emulsions, (2) screen the optimal HA con
centration to improve the stability of SC-stabilized emulsions, (3) 
determine the kinetic destabilization and storage stability of emulsions, 
(4) analyse the changes in zeta potential, particle size, and interfacial 
properties of colloidal materials in emulsions, (5) ascertain the effect of 
HA on the interfacial microstructure of SC-stabilized emulsions and the 
emulsification mechanism, and (6) evaluate the effects of different 
concentrations of NaCl on the rheology and stability of the emulsions. 
This study will generate new insights for improving the stability of SC- 
based food emulsion systems and provide technical support and theo
retical guidance for the use of HA in emulsification. 

2. Materials and methods 

2.1. Materials 

HA (LT100-P) (weight-average molecular weight: 244,129 Da) was 
supplied by CP Kelco Inc. (Shanghai, China). SC (weight-average mo
lecular weight: 920782 Da), Oil Red O, Nile red, fluorescein isothiocy
anate (FITC), and sodium azide were purchased from Sigma-Aldrich 
Corp. (St. Louis, MO, USA). Sodium chloride (NaCl; analytical grade), 
1,2-propanediol solution (analytical grade), and dimethyl sulfoxide 
(HPLC grade) were purchased from Macklin Biochemical Co., Ltd. 
(Shanghai, China). Sunflower oil was purchased from a local super
market (Zhejiang, China). 

2.2. Preparation of SC and HA solutions 

SC was dissolved in phosphate buffer solution (0.01 M, pH 7.0) and 
magnetically stirred at room temperature (25 ± 1 ◦C) for 2 h until 
completely dissolved. A 2.0 % (w/w) protein solution was obtained by 

diluting to 100 mL with phosphate buffer (0.01 M, pH 7.0) and incu
bating overnight at 4 ◦C to ensure complete hydration of the protein. HA 
was mixed with phosphate buffer solution (0.01 M, pH 7.0) and dis
solved overnight at 25 ◦C to obtain a 0.35 % (w/w) HA solution. The 
following day, it was fully swollen by magnetic stirring at 90 ◦C for 0.5 h 
(water evaporation loss was compensated for by adding purified water) 
and cooled to room temperature (25 ± 1 ◦C) for later use. The prepared 
HA solution was diluted with purified water to different concentrations, 
mixed with the SC solution, and stirred magnetically at room tempera
ture (25 ± 1 ◦C) for 2 h until complete mixing. The final SC concen
tration in the prepared HA-SC mixture was 0.25 % (w/w), and the HA 
concentrations were 0, 0.0125, 0.025, 0.05, 0.1, 0.125, 0.15, and 0.175 
% (w/w), respectively. The concentrations of HA and SC were fixed at 
0.125 % and 0.25 % (w/w), respectively. The samples for salt stability 
were prepared by adding different amounts of NaCl (0, 50, 100, 150, and 
300 mM). 

2.3. Preparation of emulsion 

The emulsions were prepared according to the method described by 
Cui et al. [24]. Oil Red O (0.5 %) was dissolved in sunflower seed oil and 
stirred in darkness to completely dissolve it in the oil phase. An HA-SC 
mixed solution containing different concentrations of HA was used as 
the aqueous phase. The water and oil phases were mixed at a volume 
ratio of 9:1 and pre-emulsified with high-speed shear (FA25, FLUKO, 
Shanghai, China) at 10,000 rpm for 2 min to prepare a crude emulsion. 
The crude emulsion was then homogenised at 200 bar for 3 min using a 
high-pressure homogeniser (APV-1000, Homotech, Beijing, China) to 
form a fresh emulsion. Approximately 15 mL of fresh emulsion was put 
into a glass bottle, placed in a constant temperature and humidity 
incubator (50 % RH, 25.0 ± 0.5 ◦C), and stored under normal lighting 
for subsequent testing. 

2.4. Rheological measurement 

The macro-rheological properties of the emulsions were measured at 
25 ◦C according to a previously described method [25] using a stress- 
controlled rheometer (AR-G2, TA Instruments, New Castle, Delaware, 
USA) equipped with a parallel plate (40 mm diameter, 1 mm gap be
tween two plates). The steady-state flow test parameters were set as 
follows: the shear rate was 0.1–10 s− 1, and the number of points per 
order of magnitude was 10. In addition, the frequency scan test pa
rameters were set as follows: a frequency of 0.1–10 rad/s, logarithmic 
mode, 10 points per order of magnitude, and 1 % strain. Dynamic stress 
scanning measurements were used to determine a linear viscoelastic 
region for the process. 

2.5. Diffusing wave spectroscopy (DWS) 

The micro-rheological properties of the emulsion were measured in a 
DWS research laboratory (LS Instruments Inc., Fribourg, Switzerland) 
equipped with a red laser source (λ = 685 nm, 45 mW), according to the 
previously described method [26]. The parameters were set as follows: 
the acquisition and echo durations were both 30 s, the temperature was 
25 ◦C, a cuvette with an optical length of 2 mm was used, and all samples 
were balanced in a measuring chamber for 60 s before measurement. 
Data processing software was provided by LS Instruments, Inc. (Fri
bourg, Switzerland). 

2.6. Determination of particle size 

According to the previously described method, emulsion particle size 
and distribution were measured using a laser diffraction particle ana
lyser (Mastersizer 2000, Malvern Instruments, Malvern, UK) [23]. The 
analysis was performed at room temperature (25 ◦C). Pure water was 
used as the dispersant, and the following parameters were set: particle 
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refractive index of 1.461; particle absorption rate of 0.000, and disper
sant refractive index of dispersant 1.330. D[4, 3], or the volume-weighted 
mean diameter, was used uniformly as a characterisation parameter. 

2.7. Triple-phase contact angle measurement 

The triple-phase contact angles of the SC and HA-SC complexes were 
evaluated using the pendent drop method (LSA-100, LAUDA Scientific 
GmbH, Lauda-Königshofen, Germany). Small amounts of SC and freeze- 
dried HA-SC composite powders were weighed, and the samples were 
cut into circular slices with a thickness of 2 mm and a diameter of 13 mm 
using a tableting machine. The method for obtaining HA-SC composite 
powders was as follows: the HA-SC mixed solution was prepared as 
described in Section 2.2 and the mass ratio of HA to SC in the mixed 
solution was 1:2. The mixture was then freeze-dried for 48 h to obtain 
HA-SC composite powders. The round flakes were placed in a glass dish 
containing 15 mL of sunflower oil. Pure water (2 μL) was gently dripped 
through a high-precision syringe while paying careful attention to 
removing any air bubbles. The contact angle (θ) was calculated by 
automatically fitting the profile data of the droplets using OCA 20 
software [27]. 

2.8. Turbiscan test 

The Raikos method was used to determine the storage stability of 
emulsions [28]. Turbiscan Lab (Formulation, Lab expert, France) pa
rameters were set to 25 ± 0.5 ◦C, scan mode: interval 3 h, and scan 
duration: five days. The parameters of stability against salt were set as 
follows: temperature: 25 ± 0.5 ◦C; scan mode: interval 0.5 h; scan 
duration: 12 h. To ensure the validity of the data, the emulsion was 
allowed to stand for 1 h after preparation before data collection began. 
Approximately 15 mL of the freshly prepared emulsion was put into a 
transparent glass bottle with a lid and placed in a constant temperature 
and humidity incubator (SPX-150B-Z, Boxun, China, 50 % RH, 25.0 ±
0.5 ◦C). The emulsions were left under normal lighting for 30 days, and 
their stability was observed with a digital camera (Leica, D-LUX7, Ger
many) and photographed at days 0, 5, 10, 15, 20, and 30. 

2.9. Microstructure observation of emulsion 

According to the previously described method, the microstructure of 
the emulsion was observed using an optical microscope (Eclipse E100, 
Nikon, Minato City, Japan) equipped with a digital camera (KUY NICE, 
CECCD 01400KPA, China), software (EZ-MET), and a laser confocal 
microscope (LSM880, Zeiss, Jena, Germany) [29]. First, 1 mL of emul
sion was added to 10 μL of Nile red (10 ppm 1,2-propanediol solution) 
and 10 μL of FITC (10 ppm DMSO solution), vortexed for 5 s, and then 
incubated for 0.5 h at 30 ◦C in the dark. The oil and water phases were 
stained with Nile red and FITC, respectively. Then, 10 μL of the emulsion 
was dropped onto a 24 × 24 mm cover glass, and Nile red was excited by 
a 514 nm laser in the range of 549–753 nm. FITC was excited by a 488 
nm laser with a receiving range of 490–561 nm. 

2.10. Cryogenic-scanning electron microscopy (Cryo-SEM) 

A scanning electron microscope (SEM, SU8100, Hitachi High Tech
nologies Corporation, Tokyo, Japan) equipped with cryogenic devices 
(Alto2500, Gatan UK, Abingdon, Oxfordshire, UK) was used to observe 
the interfacial microstructure of the emulsion according to the previ
ously described method [30]. First, the emulsion was filled into a metal 
rivet and quickly frozen in liquid nitrogen (− 210 ◦C). The emulsion was 
then transferred to a low-temperature preparation chamber for subli
mation (− 95 ◦C for 15 min). The inside of the frozen droplets was 
exposed by slicing them and ejecting them with platinum for 60 s using a 
5 mA current. The emulsion was scanned at a temperature of − 140 ◦C 
and an accelerating voltage of 3 kV. 

2.11. Measurement of zeta-potential 

The zeta potential of the emulsion was measured using a Zetasizer 
potentiometer (Nano-ZS, Malvern Instruments, Malvern, UK) according 
to the method described by Xu et al. [31] with slight modifications. 
Using the Smoluschwsky function, the instrument software converts 
electrophoretic mobility measurements of the sample into zeta potential 
values. Measurement conditions: 633 nm He–Ne laser source, temper
ature of 25 ◦C, angle of 173◦, and sample refractive index of 1.460. 

2.12. Measurement of creaming index 

The freshly prepared emulsion (15 mL) was immediately transferred 
to a transparent glass vial with a diameter of 15 mm and a height of 100 
mm. The solution was sealed immediately to prevent evaporation. It was 
kept in a constant temperature and humidity incubator (50 % RH, 25.0 

± 0.5 ◦C) under normal lighting for 30 days. The change in the creaming 
index of the emulsion over 30 days was recorded using a digital Vernier 
calliper (MNT929310; Minette Industrial, China) [32]. The creaming 
index (CI) was calculated as follows: 

CI
/

% =
HS

HT
× 100 (1)  

where, HS is the serum layer height (mm) and HT is the total emulsion 
height (mm). 

2.13. Statistical analysis 

All experiments were performed in triplicate, and the results are 
expressed as mean ± standard deviation (SD). The results were analysed 
by one-way ANOVA using SPSS (version 17.0; SPSS Inc., Chicago, IL, 
USA). Statistical significance was set at a p-value < 0.05. Additional 
calculations for the analysis of measured data were performed using 
Origin 2021, the student version (Microcal, Piscataway, NJ, USA). 

3. Results and discussion 

3.1. Effect of HA on the creaming index of SC-stabilized emulsions 

The stability of an emulsion system can be directly assessed by 
observing and recording its images during storage. By observing the 
changes in the emulsion's appearance over the course of seven days, it 
was found that for samples with a HA concentration exceeding 0.1 %, 
the emulsion system always maintained good stability, with no strati
fication or sedimentation. After one day of storage, the emulsions with 
HA concentrations of 0.0125 %, 0.025 %, and 0.05 % began to exhibit 
slight stratification. The stratification was aggravated on day seven. The 
emulsion without HA demonstrated obvious stratification and oil 
floating after one day of storage (Fig. 1A). Previous studies have shown 
that, at a lower concentration of Na-caseinate (0.1–0.4 wt%), a clear oil- 
off layer was observed in the o/w primary emulsions [33]. This phe
nomenon was quantified. The results demonstrated that the creaming 
index of the emulsion without HA increased gradually with storage time, 
reaching a maximum after seven days. The creaming index was signif
icantly reduced when 0.1 % or more HA was added, and the creaming 
index of the emulsion was always 0 within seven days. However, adding 
0.0125 %, 0.025 %, and 0.05 % HA increased the creaming index, with 
the maximum value reaching 50.12 % when HA was added at a con
centration of 0.05 % (Fig. 1B). Previous studies have revealed that 
adding a low concentration of kappa-carrageenan (0.05 % to 0.1 %) 
destabilizes SC-stabilized emulsions and causes the phenomenon of 
creaming. Furthermore, it has been reported that carrageenan can form 
covalent or noncovalent complexes with NaCas to improve emulsion 
stability [17]. Carrageenan and high-acyl gellan gum are similar anionic 
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polysaccharides. In addition, this phenomenon was prevented by the 
addition of HA at the optimal concentration. However, the mechanism 
underlying these phenomena requires further investigation. 

3.2. Effect of HA concentration on the stability of emulsions 

The reference spectra of backscattered light produced by the Tur
biscan Lab are often used to measure the stability of emulsion systems 
[34]. There was no significant change in the ΔBS of HA-SC emulsions 

when HA concentrations >0.05 % were added (Fig. 2A). The ΔBS of the 
emulsions was further analysed to determine their Turbiscan stability 
index (TSI). The smaller the TSI, the more stable the emulsion [35]. 
When the HA concentration exceeded 0.1 %, the TSI values of the entire, 
top, and bottom regions of the emulsions were significantly reduced 
(Fig. 2B). Furthermore, the slope of the kinetic destabilization curve was 
significantly lower for emulsions with HA concentrations >0.1 % 
(Fig. 2C). Similar results were obtained by Kartal et al. [33] in their 
study of the effect of pectin concentration on the stability of SC- 
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stabilized emulsions, i.e., higher concentrations of pectin improved 
emulsion stability, whereas substantial bridging flocculation and 
emulsification of droplets were observed when the pectin concentration 
was below 0.5 %. This is due to the fact that, at medium concentrations, 
increasing the effective volume of the particles through droplet floccu
lation is greater than increasing the viscosity of the continuous phase, 
which leads to a creaming phenomenon in the system. At pH 7.0, due to 
the negative charges of HA and SC, repulsive interactions developed 
between HA and SC, and little HA adsorbed on the droplet surface; 
hence, unabsorbed HA might induce depletion flocculation at lower HA 
concentrations (0.01 %–0.05 %). At higher polysaccharide concentra
tions, droplet movement was blocked, and creaming was inhibited 
owing to the increase in viscosity and formation of the gel network 
structure. This demonstrates that creaming varied when the HA con
centration was <0.1 %. When the concentration of HA was greater than 
or equal to 0.1 %, creaming was effectively inhibited, and emulsion 
stability was significantly increased. The emulsion stability was highest 
at a 0.125 % concentration. 

3.3. Effect of HA on particle size, zeta-potential and interfacial properties 
of emulsions 

The particle size of an emulsion is an important index for evaluating 
its stability. The smaller the particle size, the more uniform the distri
bution, and the better the emulsion stability. When the particle size and 
variation increase, the stability of the emulsion system decreases, 
making it more prone to flocculation, creaming, and other unstable 
phenomena [36]. The particle size distributions of the SC-stabilized and 
HA-SC emulsions were bimodal. In addition, compared with the SC- 
stabilized emulsions, except for the HA emulsion with a concentration 
of 0.05 %, the peak particle size distribution of the HA-SC emulsion 
shifted to the left (Fig. 3A). In addition, the D[4, 3] of the SC-stabilized 
emulsions was 1.93 μm. When the addition of HA was >0.1 %, the 
emulsion particle size decreased significantly. When the amount of HA 
added was 0.125 %, the D[4, 3] of the emulsion decreased to a minimum 
of 1.00 μm, which was significantly lower than that of the control group 
48.19 % (P < 0.05) (Fig. 3B). This result is similar to that of emulsions 
formed by welan gum polymers [37]. Previous studies have shown that 
the average particle size of the prepared SC-stabilized emulsions 

gradually decreases as the concentration of xanthan gum increases in the 
medium. However, as the pectin concentration increased from 0.1 % to 
0.5 %, the average size of SC-stabilized emulsions increased slightly, 
which could be attributed to the slight flocculation that occurred in the 
original samples [38]. These contradictory results may be related to the 
emulsifier used, polysaccharide type, formulation, and emulsion prep
aration method. Therefore, HA is preferred over pectin for improving 
the stability of SC emulsions under neutral conditions. This study also 
found that HA addition inhibited the aggregation and sedimentation of 
droplets by increasing the viscosity of the emulsion and promoting the 
formation of a gel network structure, which helped increase the pro
portion of small droplets in the emulsion. 

The zeta potential is a vital index for characterising the stability of an 
emulsion system. The results revealed that the absolute value of the zeta 
potential of the HA-SC emulsion increased with increasing HA concen
tration. For example, when the additional amount of HA was 0.175 %, 
the maximum value was 47.93 mV, which was significantly higher than 
the 18.21 % of SC-stabilized emulsions (Fig. 3C). This result is similar to 
the previous anionic polysaccharide alginate increase in emulsion zeta 
potential [18]. In addition, the addition of gellan gum increased the zeta 
potential of soy protein isolate, mung bean protein isolate, and pea 
protein isolate-stabilized emulsions [39]. The emulsion stability against 
creaming depends on the strength of the interaction between the drop
lets, which is determined by the charge on their surface. Previous studies 
have shown that the smaller the molecules or dispersed particles in an 
emulsion system, the more charge the molecules carry on the surface, 
the greater the repulsive force between the particles, and the more stable 
the system [40]. In this study, we also found that the addition of HA 
significantly decreased the average particle size of the emulsion, which 
helped increase the repulsive force between the molecular particles. 
Furthermore, at high HA concentrations, the net charge on the pro
tein–polysaccharide complexes becomes sufficiently large such that 
electrostatic repulsion between the adsorbed complexes stabilises the 
emulsion system. The results indicated that the addition of HA increased 
the zeta potential of SC-stabilized emulsions and improved their 
stability. 

The wettability of the hydrocolloid material at the oil-water inter
face, that is, the triple-phase contact angle, has a significant effect on the 
stability of the emulsion. In this study, we found that the triple-phase 
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contact angle of SC was 81.83◦, whereas that of HA-SC complex was 
87.13◦, significantly higher than that of SC by 6.5 % (Fig. 3D). These 
results are similar to those of previous studies on the effect of gum 
Arabic on the triple-phase contact angle of corn gluten [41]. According 
to previous studies, the closer the triple-phase contact angle is to 90◦, the 
stronger is the particle adsorption, which can effectively prevent the 
aggregation of oil droplets and stabilise the prepared emulsion [30]. 
Moreover, HA is a hydrocolloid that regulates the wettability of HA-SC 
colloidal materials via electrostatic interactions [42]. Therefore, the 
results indicate that the addition of HA facilitates the adsorption of SC to 
the water-oil interface. The high contact angle of HA-SC endowed it with 
a balanced amphiphilicity. 

3.4. Rheological properties of emulsions 

3.4.1. Effect of HA on the macro-rheological properties of emulsions 
The rheological behaviour of emulsions significantly affects their 

physicochemical properties, processing, and utilisation. The macro- 
rheological properties of SC-stabilized emulsions demonstrated that 
the viscosity of SC-stabilized emulsions hardly changed with shear rate 
and was always close to zero. However, after the addition of HA, the 
viscosity of the HA-SC emulsions gradually decreased with increasing 
shear rates (Fig. 4A). As the shear rate increased sufficiently to overcome 
Brownian motion, the emulsion droplets were arranged in an orderly 
manner along the flow field, resulting in less resistance to the flow and a 
lower viscosity. However, with an increasing shear rate, the decrease in 
viscosity could indicate floc disruption. Additionally, it has been re
ported that droplet deformation or deflocculation on the dispersed 
phase, as well as non-Newtonian behaviour of the continuous phase, can 
cause shear-thinning behaviour in emulsions [43]. Small and uniform 
droplets in emulsions with higher HA concentrations resulted in a more 
structured system, which increased consistency and shear-sensitive 
behaviour. Previous studies have shown that in the absence of xan
than, SC-stabilized emulsions exhibit Newtonian-like behaviour with 
low apparent viscosities as a function of shear rate, indicating that the 
SC single emulsion is a Newtonian fluid, whereas the HA-SC emulsion is 
a non-Newtonian fluid [44]. In addition, at a relatively high shear rate, 
the emulsion polymer network disentangled and individual macromol
ecules aligned in the direction of shear occurred, resulting in a decrease 
in emulsion viscosity, which increased with increasing HA concentration 
(Fig. 4A). This indicates that the HA concentration significantly affects 
the viscosity of the continuous phase. Previous studies have shown that 
the protein on the surface of the oil droplets interacts with the poly
saccharide in the continuous phase, increasing the viscosity of the 
emulsion. In addition, our study found that the mobility of HA-SC 
emulsion droplets was significantly reduced and that they were more 
densely distributed, resulting in greater deformation resistance and 
increased viscosity [15]. 

The emulsion modulus results demonstrated that the storage 

modulus (G′) of all samples was higher than the loss modulus (G′) in the 
frequency range of 0.1–10 rad/s, and the G′ and G′′ of the emulsion 
increased with increasing HA concentration (Fig. 4B and C). This in
dicates that adding HA forms a gel-like network structure in the emul
sion, and the solid-like elastic behaviour dominates the emulsion rather 
than the liquid-like viscous behaviour. Liu et al. [45] also observed this 
viscoelastic property when studying the effects of flaxseed gum and NaCl 
concentration on the stability of O/W emulsions. Previous studies have 
shown that polysaccharides can reduce the mobility of macromolecules 
in networks [46]. In addition, anionic polysaccharides can promote 
continuous adsorption of protein molecules at the oil-water interface by 
increasing negative charge repulsive interactions and forming more 
rigid elastic interfacial films [47]. Therefore, we speculated that the 
addition of HA may help form a stronger emulsion network against 
coalescence and flocculation. In summary, the increase in HA concen
tration enhanced the gel-like network structure and increased the 
emulsion viscosity. 

3.4.2. Effect of HA on the micro-rheological properties of emulsions 
Diffusion-wave spectroscopy (DWS) fills the gap in macro-rheology 

by preserving the fine structure of the emulsion [48]. This study found 
that the addition of HA shifted the correlation function to shift to the 
right, and the higher the HA concentration, the longer the decay time 
(Fig. 5A). This corresponded to the shift in the correlation function of the 
whey protein emulsion after the addition of flaxseed gum [49]. This 
shows that an increase in HA concentration decreases the diffusion of 
droplets in an emulsion. Previous studies have shown that an increase in 
the continuous phase viscosity causes a rightward shift in the emulsion 
correlation function and a prolongation of the decay time [50]. 
Considering the above macroscopic rheological findings, we believe that 
HA inhibits droplet diffusion in emulsions by increasing the viscosity of 
the continuous phase. The mean square displacement (MSD) of the 
sample during the lag time can be used to characterise the Brownian 
motion of the particles within the sample [51]. The results demonstrated 
that the MSD of all samples increased with the decay time and demon
strated a linear relationship with time (Fig. 5B).Furthermore, the MSD 
curve of the emulsion gradually decreased from 0.99 to 0.52 with the 
increase in HA concentration (Table S1). Previous studies on the effect of 
preparation methods on the micro-rheological properties of ovalbumin/ 
carboxymethyl cellulose composite emulsions found that when the slope 
of the MSD curve was <1, the emulsion droplets exhibited sub-diffusion 
behaviour in the system and their Brownian motion was inhibited [26]. 
Therefore, we believe that HA effectively suppresses the Brownian 
motion of emulsion droplets. 

DWS was used to measure the viscosity of the emulsion in the dy
namic mode. The results showed that the viscosity of the HA-SC emul
sion decreased with increasing frequency, whereas that of the SC- 
stabilized emulsions remained unchanged. In addition, the HA concen
tration increased the viscosity of the emulsion (Fig. 5C). This is 

A CB

10-1 100 101
10-4

10-3

10-2

10-1

100

101

102

103

0% 0.0125%

0.025% 0.05%

0.1% 0.125%

0.15% 0.175%)s .aP (
yti so csi

V
g l

lg Shear rate (1/s) 10-1 100 101
10-2

10-1

100

101
0%G' 0%G''

0.0125%G' 0.0125%G''

0.025%G' 0.025%G''

0.05%G' 0.05%G''

)a P(' '
G /'

G
gl

lg Frequency (rad/s)
10-1 100 101

10-1

100

101

102

0.1%G' 0.1%G''

0.125%G' 0.125%G''

0.15%G' 0.15%G''

0.175%G' 0.175%G'')aP(''
G/'

G
gl

lg Frequency (rad/s)

Fig. 4. Effect of HA concentration on (A, B) viscosity and (C, D) modulus of SC emulsion.  

X. He et al.                                                                                                                                                                                                                                       



International Journal of Biological Macromolecules 234 (2023) 123675

7

consistent with the macro-rheological results. The SC-stabilized emul
sions are Newtonian fluids, whereas the HA-SC emulsions are non- 
Newtonian fluids [52]. Furthermore, when the amount of HA added 
was <0.1 %, the G′′ of the emulsion was always greater than G′, and 
there was no crossover. When the added amounts of HA were 0.1 %, 
0.125 %, 0.155 %, and 0.175 %, the two moduli of the emulsion crossed 
at a high frequency (>103), and G′ was always greater than G′′ after the 
crossing point (Fig. 5D). When DWS was used to characterise an O/W 
emulsion stabilized by sodium dodecyl sulphate (SDS), it was discovered 
that the emulsion exhibited elastic properties (G′ > G′′) when the 
angular frequency was <10 rad/s. In contrast, above the threshold 

frequency, the emulsion exhibited viscous behaviour (G′′ > G′) [53]. 
This finding differs from the results of the present study. This could be 
because the emulsion with <0.1 % HA is flocculated inside, resulting in 
viscous behaviour at high frequencies. It was concluded that adding HA 
below 0.1 % was insufficient to stabilise the HA-SC emulsion. In order to 
stabilise the HA-SC emulsion, it was determined that adding <0.1 % HA 
was insufficient. 

3.5. Effect of HA on the interfacial microstructure of emulsions 

Based on the above results and the fact that 0.125 % HA stabilized 
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the emulsion, this concentration was chosen for further research. The 
distribution of emulsifiers on the surfaces of emulsion droplets was 
observed using cryo-SEM [54]. This study demonstrated that the drop
lets of SC and HA-SC emulsions containing 0.125 % HA were approxi
mately smooth spheres, but that there were significant differences in 
their sizes and interfacial structures. The SC-stabilized emulsion droplets 
were significantly larger than the HA-SC emulsion droplets, and there 
was no distinct network structure around the droplets. However, in the 
HA-SC emulsion, the sugar chains of HA were tightly adsorbed on the 
surface film of the emulsion droplets, and the adjacent droplets formed a 
dense three-dimensional (3D) network structure around the droplets 
(Fig. 6A, B). Previous studies have shown that the stabilization mecha
nism in oil-in-water emulsions prepared with SC/gellan gum mixtures is 
attributed to the three-dimensional network formed by the poly
saccharide in the aqueous phase, which is sufficient to trap oil particles, 
thus avoiding particle aggregation [55]. The three-dimensional network 
structure of HA prevented the adjacent emulsion droplets from floccu
lating and coalescing by acting as a space barrier. 

3.6. Effect of HA on the storage stability of emulsions 

Storage stability is an important factor that affects the shelf life of 
emulsified foods. Changes in the appearance of emulsions were recorded 
during the 30 days of storage. The results showed that the creaming and 
water layers appeared on the fifth day of storage for SC-stabilized 
emulsions, and they were aggravated by prolonged storage time. Dur
ing the 30-day storage period, however, the HA-SC emulsion maintained 
excellent stability, with no stratification, creaming, or sedimentation 
occurring (Fig. 7A). The microscopic morphology of the emulsions was 
observed. On day 0, the droplets of the SC-stabilized emulsions were 
unevenly distributed and varied in size, whereas those of the HA-SC 
emulsions were uniformly distributed and evenly sized. After 30 days 
of storage, the droplet distribution of the SC-stabilized emulsions 
became more uneven and increased significantly, whereas the droplet 
distribution of the HA-SC emulsion remained uniform and increased 
slightly, but by a far lesser amount than that of SC (Fig. 7B). This is 
probably because protein molecules are large and have a complex 
structure, their hydrophobic amino acids are locally unfolded and 
rearranged, and the exposure of protein hydrophobic groups is increased 
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by the synergistic effect of the protein with the polysaccharide, thereby 
increasing the storage time. The creaming, damping, and aggregation of 
the emulsion led to an increase in particle size. 

Sunflower oil was stained with Nile red, and visible red droplets were 
observed using confocal laser scanning microscopy (CLSM) (Fig. 6C1). 
SC was dissolved in the aqueous phase and stained green by FITC 
(Fig. 7C2). These results illustrated that the prepared emulsions were 
typical O/W emulsions [56]. All the emulsion droplets remained 
spherical throughout the storage period. In the SC-stabilized emulsions, 
the oil droplets were relatively large and unevenly distributed, and their 
size increased significantly after 15 days of storage. However, the oil 
droplets of the HA-SC fresh emulsion and the emulsion stored for 15 
days were evenly distributed, and the size of the oil droplets was 
significantly smaller than that of the SC-stabilized emulsions (Fig. 7C3). 
In addition, there were obvious black irregular areas in the HA-SC 
emulsion, which may have been caused by the presence of sugar 
chains that led to the flocculation of droplets by bridging [57]. These 
results indicate that the addition of HA significantly affects droplet 
distribution and size. 

The storage stability of the emulsions was evaluated using a Tur
biscan. During a five-day storage period, a concave peak appeared at the 
bottom of the ΔBS spectrum of the SC-stabilized emulsions, a convex 
peak appeared at the top, and the ΔBS value in the middle region 
decreased with time. The ΔBS spectrum of the HA-SC emulsion showed 
no obvious fluctuations, and the ΔBS value decreased slightly with time. 
The TSI values for the top, middle, bottom, and all HA-SC emulsions 
during the five-day storage period were significantly lower than those of 
the SC-stabilized emulsions, as calculated from the BS values (Fig. 7D). 
This indicated that the addition of HA significantly improved the 30-day 
storage stability of the SC-stabilized emulsions. It has been demon
strated that the electrostatic adsorption of colloids onto SC can form a 
thick layer, resulting in spatial/electrostatic repulsion and an increase in 
emulsion viscosity, thereby improving emulsion stability [5]. 

The emulsion particle size is also a key factor affecting emulsion 
stability [58]. During the 30-day storage period, the particle size dis
tribution of both SC and HA-SC emulsions shifted to the right, but the 

right shift of the HA-SC emulsion was significantly smaller than that of 
the SC-stabilized emulsions. During the 30-day storage period, the D[4, 3] 
of SC-stabilized emulsions increased by 27.1 times, from 1.93 μm to 
54.25 μm. However, the D[4, 3] of HA-SC emulsion increased from 1.0 μm 
to 8.94 μm, only increasing by 7.94 times (Fig. 7E). This indicated that 
the addition of HA effectively inhibited the increase in particle size of 
the SC-based emulsion over a 30-day storage period. Previous studies 
have demonstrated that the formation of protective coatings by anionic 
polysaccharides can increase the aggregation stability of protein-coated 
oil droplets [59]. Under neutral pH conditions, both HA and SC were 
negatively charged, generating electrostatic repulsion. As a thickener, 
HA can increase the viscosity of the continuous phase and form a weak 
gel structure, thereby reducing the flocculation of droplets and effec
tively reducing the increase in the particle size of the emulsion over a 
long storage period [17]. Therefore, we speculate that HA's inhibition of 
the emulsion particle size increase during storage is related to the 
electrostatic repulsion between HA and SC, and the gel structure formed. 

3.7. Effect of NaCl on the stability and rheological properties of emulsions 

3.7.1. Effect of NaCl on the creaming index and zeta-potential of emulsions 
SC-stabilized emulsions are susceptible to NaCl, resulting in unstable 

phenomena such as creaming and flocculation [5]. As illustrated in 
Fig. 8A, the SC emulsion exhibited an obvious creaming phenomenon 
during the storage period of 30 days. A distinct separation of the cream 
layer at the top and a transparent serum layer at the bottom was 
observed in the SC-stabilized emulsions. The occurrence of creaming 
was exacerbated by the addition of NaCl, and the severity increased with 
increasing NaCl concentration. On the 20th day of storage, the emul
sions containing NaCl completely separated the oil and water phases. 
However, in the presence of 0.125 % HA, different NaCl concentrations 
did not cause creaming of the emulsion during the 30-day storage 
period. The results demonstrated that adding NaCl increased the 
creaming index of SC-stabilized emulsions in the first 10 days of storage 
and then gradually stabilized. Different NaCl concentrations signifi
cantly affected the creaming index (P < 0.05). The SC-stabilized 
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emulsions without NaCl had the lowest creaming index, while 300 mM 
NaCl had the highest creaming index. The creaming index of HA-SC 
emulsion remained low regardless of the concentrations of NaCl 
(Fig. 8B). The results demonstrated that the NaCl concentration had a 
significant effect on the stability of SC-stabilized emulsions, and the 
addition of HA mitigated this effect. The translucent phase was attrib
uted to the rapid creaming of flocculated droplets, resulting in a serum- 
depleted phase of the oil [60]. Liao et al. [38] also reported that adding 
pectin can improve the properties of SC-stabilized emulsions against 
0–200 mM ionic strengths at neutral pH; however, when the salinity was 
higher than 200 mM NaCl, the particle size of the SC-stabilized emul
sions increased significantly. Previous studies have shown that differ
ences in gravity and density are important factors in creaming, causing 
oil droplets to move upward and form a cream layer at the top of the 
emulsion [61]. The addition of HA can result in the formation of a weak 
network structure in the emulsion, impeding the movement and ag
gregation of droplets and thereby inhibiting the occurrence of creaming. 

Furthermore, the absolute value of the zeta potential of SC-stabilized 

emulsions decreased gradually with the NaCl concentration, with the 
lowest value being 1.06 mV at a concentration of 300 mM NaCl. The 
absolute value of the zeta-potential of the emulsion after adding 0.125 % 
HA was at a high level, between 51.03 and 54.43 mV, and was not 
significantly affected by the NaCl concentration (Fig. 8C). The results 
demonstrated that the addition of HA to the emulsion maintained the 
high absolute value of the zeta potential. Previous studies have shown 
that when the absolute value of the zeta potential of the emulsion is >30 
mV, emulsion droplets can be prevented from aggregating and their 
stability can be increased through electrostatic repulsion [62]. The SC- 
stabilized emulsion was destroyed by 50 mM NaCl. However, the HA- 
SC emulsion remained stable in the presence of high NaCl concentra
tions, probably because of the adsorption of Na+ onto the negatively 
charged polysaccharide rather than the protein layer [63]. In summary, 
we believe that the addition of HA increases the stability of SC-stabilized 
emulsions in the presence of NaCl by inhibiting droplet movement and 
maintaining a high zeta potential absolute value. 
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Fig. 9. Effect of NaCl on (A) ΔBS, (B) kinetic instability curves, and (C) TSI of HA-SC emulsion. Bars indicate standard error. Different letters indicate significant 
differences (P < 0.05). 
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3.7.2. Effects of NaCl on emulsion stability 
The change in ΔBS reflects the homogeneity of the emulsion, droplet 

size, and concentration, and is therefore used to determine the stability 
of the emulsion system [64]. The ΔBS spectra of the SC-stabilized 
emulsions exhibited a concave peak in the bottom region and a 
convex peak in the top region, and the peak value increased with 
increasing NaCl concentration. However, there were no concave or 
convex peaks in the entire test area of the HA-SC emulsions, and the ΔBS 
curve almost overlapped and was not affected by the NaCl concentration 
(Fig. 9A). Moreover, the TSI values of SC-stabilized emulsions gradually 
increased as NaCl concentration increased. However, at the same NaCl 
concentration, the TSI of the HA-SC emulsion was significantly lower 
than that of the SC-stabilized emulsion. When NaCl concentration was 
300 mM, the TSI values of all, bottom, middle, and top of the HA-SC 
emulsion were 1.47, 1.51, 1.14, and 1.77, respectively, which were 
significantly lower than those of SC-stabilized emulsions 89.66 %, 94.07 
%, 90.82 %, and 62.74 % (P < 0.05) (Fig. 9B). Similar results were 
obtained for the dynamic destabilization curves (Fig. 9C). The influence 
of salt addition on the compatibility of macromolecules in emulsions can 
be explained by the effects of “salting out” events. Salting out occurs at 
higher salt concentrations, resulting in a decrease in protein solubility 
owing to protein and salt ion competition for water molecules. As a 
result, water in the continuous phase becomes a poor solvent for pro
teins, leading to protein–protein associations. Consequently, the elec
trostatic interactions are weakened, and steric repulsion alone is 
insufficient to prevent the emulsion droplets from coming into close 
proximity [65]. Previous studies have found that when the TSI is >3.0, 
emulsion creaming occurs due to emulsion precipitation [66]. At 
different NaCl concentrations, the TSI value of the SC-stabilized emul
sions increased significantly and was always >3, but the TSI value of the 
HA-SC emulsion was always lower than 3. The results revealed that the 
concentration of NaCl had a significant effect on the ΔBS and TSI values 
of SC-stabilized emulsions, while the addition of HA significantly 
inhibited the fluctuation of ΔBS and the increase in TSI value of SC- 
stabilized emulsions, maintaining them at stable and low levels, 

respectively. 

3.7.3. Effect of NaCl on the macro-rheological properties of emulsions 
The rheological properties of the emulsions affected their stability, 

and the viscosity of the SC-stabilized emulsions remained close to zero, 
independent of the NaCl concentration and shear rate [67] (Fig. 10A). 
The HA-SC emulsion had a higher viscosity than the SC-stabilized 
emulsions, and the addition of NaCl increased the viscosity of the HA- 
SC emulsion (Fig. 10B).These results indicate that different concentra
tions of NaCl can improve the viscosity of the HA-SC emulsions. This 
finding was similar to that reported by Wei et al. [68]. Increasing the 
ionic strength also reduces the electrostatic repulsion and space repul
sion between droplets, thereby increasing viscosity. 

The modulus effectively measured the emulsifying properties of the 
emulsion systems [39]. At low frequencies (>1 rad/s), G′ of the SC- 
stabilized emulsions was always greater than G′′. When the NaCl con
centration was >150 mM, G′ and G′′ crossed at a high frequency 
(Fig. 10C). The results showed that the SC-stabilized emulsions exhibi
ted elastic behaviour when the NaCl concentration was <150 mM. When 
the NaCl concentration exceeded 150 mM, the SC-stabilized emulsions 
exhibited liquid-like properties and better fluidity. The modulus of the 
HA-SC emulsion increased with increasing frequency. G′ was always 
greater than G′′ across the entire frequency range of the test, and there 
was no crossover point. The addition of NaCl resulted in a significant 
increase in the G′ of the HA-SC emulsion (Fig. 10D). These results 
indicated that the addition of NaCl enhanced the gel-like behaviour of 
the HA-SC emulsion. This may be the result of a flocculated droplet 
network structure forming at the emulsion interface [52]. In summary, 
we speculate that, in the presence of NaCl, the HA-SC emulsion forms a 
denser structure with a 3D network, thereby exhibiting higher 
viscoelasticity. 

3.7.4. Effect of NaCl on micro-rheological properties of emulsions 
NaCl increased the lag time of SC-stabilized emulsions, and this 

increased with increasing NaCl concentration (Fig. 11A). However, the 
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lag time of the HA-SC emulsion almost did not change with the change in 
NaCl concentration (Fig. 11E). This shows that NaCl had no obvious 
effect on droplet movement in the HA-SC emulsion [49]. The MSD of the 
SC-stabilized emulsions changed significantly after the addition of NaCl 
(Fig. 11B). However, the change and slope of the MSD of the HA-SC 
emulsion after NaCl addition were smaller than those of the SC- 
stabilized emulsions (Fig. 11F, Table S2). According to previous 
research, a small MSD slope improves the emulsion stability by forming 
an elastic interface film that allows the prepared emulsion droplets to 
move freely in the presence of NaCl without flocculation [51]. The 
viscosity of SC-stabilized emulsions almost did not change with 
increasing frequency, but increased with increasing NaCl concentration 
(Fig. 11C). The viscosity of the HA-SC emulsions decreased with 
increasing frequency. The addition of NaCl increased the viscosity of the 
emulsion; however, the concentration of NaCl had no effect on its vis
cosity (Fig. 11G). This demonstrates that NaCl had no effect on the HA- 
SC emulsion's non-Newtonian fluid properties [52]. G′ of the SC- 
stabilized emulsions was greater than G′′ in the measuring frequency 
range, and the two curves did not intersect. In addition, G′′ showed 
strong frequency and NaCl dependence (Fig. 11D). The G′ of the HA-SC 
emulsion was strongly frequency dependent, with a crossover point at a 
high frequency (>103). Before the crossover point, G′ >G′′, and after the 
crossover point, G′′ > G′ (Fig. 11H). These results indicate that the HA- 
SC emulsion exhibited liquid-like viscosity behaviour at high fre
quencies [69]. The macro-rheology of the HA-SC emulsion showed that 
there was no crossing point at a low frequency, and it was always G′ >

G′′. The results show that DWS can detect higher frequency regions and 
that macro-rheology and micro-rheology can work effectively together 
to study the viscoelasticity of a HA-SC emulsion. 

4. Conclusion 

The addition of HA significantly affected the stability of the SC- 
stabilized emulsions. Low HA concentrations reduced the emulsions 
stability, but >0.1 % HA significantly improved emulsion stability. 
Among them, 0.125 % HA had the largest effect and maintained good 
emulsion stability during the storage period of 30 days. HA improved the 
stability of SC-stabilized emulsions and reduced the creaming index by 
decreasing the average particle size and increasing the zeta-potential 
and triple-phase contact angle. Furthermore, the addition of HA 

formed a “3D network” structure in the emulsion, inhibiting droplet 
movement and increasing emulsion viscosity, improving the stability of 
the SC-stabilized emulsions. The emulsions used in this study were 
typical O/W emulsions. NaCl degraded the stability of SC-stabilized 
emulsions in a concentration-dependent manner. However, the effect 
of NaCl on the stability of SC-stabilized emulsions was significantly 
reduced after the addition of HA. 

Our study demonstrated that the addition of HA is an important 
factor in improving the stability of SC-stabilized emulsions during 
storage and in the presence of NaCl. HA changed the rheological prop
erties of SC-stabilized emulsions and reduced creaming and coalescence 
by forming a “3D network” structure between droplets, increasing the 
electrostatic repulsion and steric hindrance between droplets, and ulti
mately improving the stability of SC-stabilized emulsions. This study 
provides a theoretical basis for illustrating the effect of HA on the sta
bility and rheological properties of SC-stabilized emulsions. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2023.123675. 
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