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Abstract: In this study, virgin coconut oil (VCO) nanoemulsions were prepared by ultrasonication
using a sodium caseinate (SC) and xanthan gum (XG) complex as an emulsifier. The stability and
digestion characteristics of SC/XG-VCO emulsions formed by co-adsorption and SC-VCO-XG
emulsions formed by layer adsorption were compared. The stability of the two emulsions was
studied under different pH, ionic strength, heat treatment, freeze—-thaw cycles, and storage conditions,
and the droplet size and zeta potential were used as indicators to assess the stability. In addition, the
stability of oxidation and the digestive properties of both emulsions were studied. It was found that
the SC-VCO-XG emulsions had better environmental stability, oxidative stability, storage stability,
and digestibility compared to SC/XG-VCO emulsions. This study has shown that the formation
method of protein—polysaccharide stabilized emulsions has an impact on the stability and digestibility
properties of the emulsions, and that the emulsion carriers constructed by layer adsorption are more
suitable for subsequent industrial production and development.
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1. Introduction

A nanoemulsion consists of an oil phase, an aqueous phase and a surfactant (emulsi-
fier) with droplet sizes of between 10 and 1000 nm [1]. Recently, nanoemulsions have been
widely used in food, cosmetic and pharmaceutical applications [2]. However, nanoemul-
sions are thermodynamically unstable, and stabilizers such as emulsifiers and thickeners
promote their kinetic stability [3]. At present, most of the emulsifiers used are active surface
molecules that are attracted to the surfaces of oil droplets during homogenization and
inhibit their aggregation by reducing interfacial tension and the resulting formation of
a protective film on their surfaces [4]. Many techniques have been used to homogenize
emulsions, such as ultrasound, high-pressure homogenization, microjet, etc. [5]. The main
principle of the emulsification process is the continuous fragmentation of the dispersed
phase droplets until a steady state is reached [6,7].

Natural emulsifiers that are commonly used are proteins and polysaccharides. Proteins
could be adsorbed to the oil-water interface and prevent aggregation and agglomeration
of droplets through electrostatic repulsive forces and the spatial site resistance effect, thus
stabilizing the emulsion [4]. However, protein stabilized emulsions are relatively less stable
under various external environments (pH, ionic strength, heat treatment, freeze-thawing,
etc.). To improve stability, it is possible to add polysaccharides to increase the viscosity of
the continuous phase and to increase the thickness of the interfacial layer by adsorption
on the surface of the protein-coated droplets [8,9]. For example, Xu et al. [10] found that
the pH, salt and thermal stability of rice gluten (HRG) emulsions could be improved by

Molecules 2023, 28, 5460. https:/ /doi.org/10.3390/molecules28145460 https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules28145460
https://doi.org/10.3390/molecules28145460
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules28145460
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28145460?type=check_update&version=3

Molecules 2023, 28, 5460

2 of 14

the addition of xanthan gum. Cabezas et al. [11] found that the freeze-thaw stability of
whey protein isolate—soluble soy polysaccharide mixtures stabilized emulsions was better
than that of whey isolate protein alone. Sodium caseinate (SC) is the sodium salt of casein,
which has better emulsifying activity than vegetable proteins such as soy and pea proteins.
For example, Ho et al. [12] found that lycopene emulsions stabilized by sodium caseinate
had better physicochemical stability than soybean isolate protein or pea isolate protein.
Xanthan gum (XG) is a polysaccharide, commonly used as a stabilizer, with high viscosity
and strong shear-thinning properties, which can be used in combination with protein to
improve the stability of emulsions. For instance, Sun et al.’s study [13] found that the
oxidative stability of protein emulsion systems was improved with the addition of xanthan.

Protein—polysaccharide complexes stabilized emulsions are formed by co-adsorption
or layer adsorption. During co-adsorption, protein and polysaccharide are simultaneously
adsorbed onto the oil-water interface to stabilize the emulsion. During layer adsorption,
the protein is adsorbed onto the oil-water interface, and then the polysaccharide adsorbed
onto the protein layer is added to form a bilayer, and the increase in the thickness of
the interfacial layer stabilizes the emulsion by increasing the electrostatic repulsive force,
to inhibit droplet aggregation [14]. Currently, many studies have focused on the effects
on emulsion stability of protein—polysaccharide interactions and their adsorption onto
the interfaces. It has been found that the p-lactoglobulin—pectin complexes stabilized
emulsions prepared by layer adsorption exhibited good stability against ionic strength
and pH treatment [15,16]. Ray et al. [17] found that soy whey protein-soluble soybean
polysaccharides co-adsorbed on the surface of oil droplets to form an interfacial adsorption
layer to improve emulsion stability. However, less information is available on comparative
studies of the stability and digestive properties of emulsions prepared by co-adsorption or
layer adsorption.

In this study, the emulsions were prepared by two methods (co-adsorption and layer
adsorption) using sodium caseinate (SC)-xanthan gum (XG) complexes as emulsifiers.
The emulsions’ stability against external environments (pH, ionic strength, heat treatment,
freeze—thawing, and storage, etc.) and digestibility properties of emulsions were charac-
terized. This study investigated the influence of the adsorption strategy of emulsifiers on
emulsification stability and emulsion digestion characteristics and provided a theoretical
basis for preparing a stable emulsification system.

2. Results and Discussion
2.1. pH Stability

The droplet sizes of both emulsions decreased significantly with increasing pH. Under
low pH conditions, the electrostatic repulsion between emulsion droplets was less, resulting
in droplet aggregation, and thus presenting a larger droplet size. Yan et al. [18] also found
that soy protein—chasaponin stabilized emulsions increased in droplet size under low
pH conditions, due to weakened electrostatic repulsion. Meanwhile, it can be seen from
Figure 1a that the emulsions formed by SC-XG layer adsorption had smaller droplet sizes,
indicating that layer adsorption was more favorable to improve the emulsifying activity of
protein—polysaccharide, and therefore formed a smaller droplet size emulsion. This was
due to the added polysaccharide providing sufficient spatial site resistance and electrostatic
repulsion to prevent the emulsion from aggregating into large particles. It has been shown
that smaller droplet sizes facilitate to the maintenance of stability in emulsions. Therefore,
it was hypothesized that the emulsions formed by protein-polysaccharide layer adsorption
could exhibit better stability, especially in neutral environments. Wei et al. [19] found
that the complex formed by sodium caseinate and chitosan increased the stability of the
emulsion for heat treatment situations by increasing the thickness of the adsorption film
through layer-wise adsorption on the surface of oil droplets.
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Figure 1. Effect of pH on the droplet size (a) and zeta potential (b) of coconut oil nanoemulsions
(different lowercase letters represent significance within the group; different capital letters represent
significance between the groups).

As shown in Figure 1, the net charge of the emulsion showed a gradual increase
with increasing pH. It was shown that the higher net charge of the emulsion provided
electrostatic repulsion, that facilitates its stability. Therefore, it was presumed that the
emulsion was more stable in a neutral environment. Zhao et al. [20] found that lactoferrin—
beet pectin stabilized emulsions were stable under neutral conditions because of increased
electrostatic repulsion between droplets due to the adsorption of anionic polysaccharides.

2.2. Ionic Strength Stability

From Figure 2a, it can be seen that the droplet sizes of both emulsions showed an
increasing trend with the increase in ion concentration. This may be because the addition
of salt weakened the electrostatic attraction between protein and polysaccharide, and some
of the polysaccharides were desorbed from the surface of the droplet, leading to the aggre-
gation of the emulsions, hence the trend of increasing droplet sizes. Zhao et al. [20] found
that the droplet sizes of lactoferrin—soybean soluble polysaccharide stabilized emulsions
increased with increasing ionic strength due to the desorption of polysaccharides from the
emulsion droplet’s surface, leading to the emulsions’ aggregation. Also, the droplet sizes of
SC-VCO-XG emulsions were significantly smaller than those of SC/XG-VCO emulsions
over the entire NaCl concentration range. The added polysaccharide provided sufficient
spatial site resistance and reduced the van der Waals attraction between emulsion droplets,
slowing down the rate of emulsion aggregation. Zhao et al. [20] found that the complex
formed by lactoferrin and beet pectin increased the thickness of the interfacial layer by
layer-wise adsorption on the surface of oil droplets, improving the stability of emulsion to
ionic strength.

The absolute zeta potential values of both emulsions showed a decreasing trend with
increasing salt ion concentrations (Figure 2b). This was due to the electrostatic screening
effect triggered by adding NaCl. Azarikia et al. [21] found that the absolute value of zeta
potential of whey protein-astragalus gum stabilized emulsions increased with increasing
NaCl concentration due to the electrostatic screening effect.

2.3. Thermal Stability

From Figure 3a, it can be seen that the droplet sizes of the emulsion showed a gradual
increase with increasing heating temperature. A similar phenomenon was found by Chen
etal. [22] when they investigated the effect of heating treatment on the droplet sizes of whey
protein—xanthan gum stabilized emulsions. Also, emulsions formed by layer adsorption
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had smaller droplet sizes under heat treatment conditions. Polysaccharide incorporation
into protein stabilized emulsions protected the protein from heat and provided sufficient
electrostatic repulsion and spatial site resistance to avoid aggregation of the emulsions.
When Azarikia et al. [21] investigated the thermal stability of whey protein-xanthan gum
stabilized emulsions, it was found that the emulsions formed by layer adsorption had
improved stability under a heated environment due to the polysaccharides adsorbed in the
outer layer protecting the protein from heat.
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Figure 2. Effect of NaCl concentration on the droplet size (a) and zeta potential (b) of coconut oil
nanoemulsions (different lowercase letters represent significance within the group; different capital
letters represent significance between the groups).
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Figure 3. Effect of heat treatment temperature on the droplet size (a) and zeta potential (b) of coconut
oil nanoemulsions (different lowercase letters represent significance within the group; different
capital letters represent significance between the groups).

The absolute value of the zeta potential of the emulsions tended to decrease gradually
with increasing heating temperature, and the degree of potential change was smaller for
SC-VCO-XG emulsions (Figure 3b). The decrease in the absolute value of the zeta potential
weakened the electrostatic repulsion between the emulsion droplets, which was detrimental
to the stability of the emulsions. Therefore, it was hypothesized that emulsions formed by
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protein—polysaccharide layer adsorption presented better stability under heat treatment
conditions. Zang et al. [23] found that pectin adsorbed on the surface of rice bran protein-
coated droplets increased the electrostatic repulsion between droplets, leading to improved
stability of emulsions under heat treatment conditions.

2.4. Freeze-Thaw Stability

The droplet sizes of the emulsions increased with the number of freeze-thaw cy-
cles (Figure 4a). A similar trend was found by Donsi et al. [24] when they studied the
freeze-thaw stability of emulsions stabilized by lecithin and modified starch. Also, the
droplet sizes of SC-VCO-XG emulsions were smaller than those of SC/XG-VCO emulsions.
The smaller the droplet sizes, the better the stability of the emulsions, so we speculated
that the freeze—thaw stability of SC-VCO-XG emulsions was better. This was due to the
increased thickness of the interfacial layer of the emulsion formed by layer adsorption,
which avoids agglomeration of the droplets. Donsi et al. [24] found that lactoferrin and beet
pectin increased the thickness of the interfacial layer by layer adsorption on the surface of
the oil droplets, which improved the stability of the emulsion during freeze-thaw.
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Figure 4. Effect of freeze-thaw cycles on the droplet size (a) and zeta potential (b) of coconut oil
nanoemulsions (different lowercase letters represent significance within the group; different capital
letters represent significance between the groups).

As shown in Figure 4b, the absolute value of the zeta potential of both emulsions
decreased with the increase in the number of freeze-thaw cycles, which may be due to
the partial oil-water separation of the emulsions during the freeze-thaw process and the
decrease in the concentration of the emulsion layer, resulting in a reduction of the number
of charges they carry [25]. A similar phenomenon was found by Hou [25].

2.5. Oxidative Stability

As shown in Figure 5a, the hydroperoxide content of both emulsions increased with
storage time. After 18 days of storage, the hydroperoxide content was SC/XG-VCO
emulsion > SC-VCO-XG emulsion, which was similar to the results of Liao et al. [26];
these authors found that the hydrogen peroxide value of the perilla oil emulsion formed by
layer adsorption was lower than that of the emulsion formed by co-adsorption because the
increased thickness of the interfacial layer of the emulsion reduced the contact between the
oil and the pro-oxidants in the air, resulting in a slower rate of oxidation of the oil.

As shown in Figure 5b, the trend of the TBARS value was consistent with the direction
of the hydroperoxide value. The antioxidant effect of the SC-VCO-XG emulsion was better
than that of the SC/XG-VCO emulsion, which may be due to the increased thickness of the
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interfacial layer of the SC-VCO-XG emulsion, which reduced the contact between coconut
oil and the pro-oxidant and slowed down the oxidation of coconut oil [26].

2.6. Storage Stability

As shown in Figure 6a, the droplet sizes of both emulsions increased with time, and
the droplet sizes measured at 15 days of storage were significantly larger for both emulsions.
This occurred because, when the emulsions were at low temperatures, the encapsulated
coconut oil crystallized and large droplets appeared, increasing the droplet sizes of the
emulsions [24]. A similar trend was found when Sun [27] studied the droplet size variation
of soybean isolate and tea saponin stabilized emulsions at 4 °C. From Figure 6b, it can be
seen that the net charge of the emulsions decreased with increasing storage time, but the
absolute value of SC-VCO-XG emulsions decreased less. The decrease in the absolute
value of the zeta potential made the emulsions less stable [28], which indicated that the
storage stability of SC-VCO-XG emulsions at 4 °C was better.
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Figure 5. Hydroperoxides (a) and TBARS (b) of coconut o0il nanoemulsion stored at 60 °C in the dark
for up to 18 days (different lowercase letters represent significance within the group; different capital
letters represent significance between the groups).

As shown in Figure 6¢, the droplet sizes of the emulsions increased significantly with
the storage time. This may be attributed to the flocculation and coalescence of emulsion
droplets that occurred during storage [29]. The droplet size of the SC/XG-VCO emulsion
increased by 255.64 nm, and the droplet size of the SC-VCO-XG emulsion increased by
249.04 nm, indicating that the storage stability of the SC-VCO-XG emulsion was better than
that of the SC/XG-VCO emulsion. This was due to the xanthan gum in the SC-VCO-XG
emulsion, that can provide sufficient electrostatic repulsion and spatial site resistance and
also increase the viscosity of the emulsion; this could reduce the probability of aggregation
of the emulsion droplets due to collision during the movement of the emulsion droplets
in the storage period, thus reducing the rate of droplet size increase [29]. Zhang [29] also
found that emulsions formed from egg white protein—chitosan complexes by layer-by-layer
adsorption had better storage stability. As shown in Figure 6d, the absolute value of the
zeta potential of the emulsions showed a decreasing trend, which was consistent with the
trends of the droplet sizes, and the total value of the zeta potential of the SC-VCO-XG
emulsion decreased less. This further indicated that the room temperature storage stability
of the SC-VCO-XG emulsion was better. Overall, the storage stability of the emulsions
formed by layer adsorption was better.
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Figure 6. Changes in droplet size and zeta potential of emulsions during storage at 4 °C (a,b) and
room temperature (c,d) (different lowercase letters represent significance within the group; different
capital letters represent significance between the groups).

2.7. Digestive Properties
2.7.1. Changes in Droplet Size and Zeta Potential during In Vitro Digestion

During in vitro digestion, the droplet size and zeta potential of the emulsions were
determined after each digestion stage (Figure 7). Initially, the droplet size of the SC-VCO-
XG emulsion was smaller compared to the SC/XG-VCO emulsion (p < 0.05), which may be
attributed to the aggregation of sodium caseinate and xanthan gum and formation of larger
droplets under electrostatic or hydrophobic action before homogenization. The droplet
size and potential of the two emulsions did not change significantly after oral digestion
(p > 0.05); this may be because of the absence of surface-active ingredients to replace the
emulsifier in the simulated saliva, the short duration of the simulated oral digestion and
the lack of enzymes to break down the emulsions. The structure of the emulsions was not
damaged and, in turn, the aggregation of emulsion droplets did not occur.

After stomach digestion, the droplet size and potential fluctuations of the SC-VCO-XG
emulsion were smaller than those of the SC/XG-VCO emulsion (Figure 7), indicating that
emulsions formed by layer adsorption were more stable under gastric digestion conditions.
The increase in droplet size was attributed to the presence of pepsin in the simulated gastric
juice, which hydrolyzed the proteins at the emulsion interface and disrupted the droplet
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structure, increasing the droplet size of the emulsion [30]. The reduction in potential can
be attributed to the low pH of the simulated gastric juice, as the electrostatic repulsion
between the emulsion’s droplets weakens under low pH conditions, reducing the absolute
value of the zeta potential [31].
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Figure 7. Changes in droplet size (a) and zeta potential (b) of coconut oil nanoemulsion during

simulated digestion (different lowercase letters represent significance within the group; different
capital letters represent significance between the groups).

After digestion in the small intestine, the droplet sizes of emulsions formed by layer ad-
sorption were significantly smaller than those emulsions formed by co-adsorption (p < 0.05)
(Figure 7a), indicating that emulsions formed by layer adsorption were more stable under
enteric digestion conditions. The smaller droplet size was due to a change in the ionic
composition of the digestive fluid when moving from the gastric to the enteric digestion
phase, where the bile salts had an emulsifying effect on the oils and fats, resulting in smaller
droplet sizes of the emulsion [32]. During the intestinal digestion phase, the absolute value
of the emulsion potential decreased significantly (Figure 7b), which was due to the pH of
the system being around 7.0 during the simulated intestinal digestion phase. This facilitated
the adsorption of negatively charged lipids and bile salts on the surface of the oil droplets or
micelles, leading to an increase in anions in the system after simulated intestinal digestion.

2.7.2. Digestibility

The free fatty acid release rates of two emulsions were compared during gastrointesti-
nal digestion, and the results are shown in Figure 8. The free fatty acid release rates of the
two emulsions during simulated gastric digestion were relatively low for the transition to
the simulated intestinal digestion phase, after which the release rates of free fatty acids
increased rapidly (Figure 8). Liu et al. [33] found a similar trend when they studied the re-
lease rates of free fatty acids from oils and fats during gastrointestinal digestion. Moreover,
it can be seen from the graph that the release rate of free fatty acids in the simulated gastric
digestion phase was much lower than that in the intestinal digestion phase, indicating that
digestion was mainly carried out in the small intestine. Also, it can be seen that the free fatty
acid release rate of the SC-VCO-XG emulsion was higher than that of the SC/XG-VCO
emulsion, which may be because the droplet size of the SC-VCO-XG emulsion was smaller
than that of the SC/XG-VCO emulsion; digestibility of lipids, in turn, increases due to the
decrease in the droplet size [34].
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3. Materials and Methods
3.1. Materials

Virgin coconut oil (VCO) was generously provided by Haikou Zhisu Biological Re-
sources Research Institute Co., Ltd. (Haikou, China). Sodium caseinate (SC, food grade)
was purchased from Henan Wanbang Industrial Co., Ltd. (Shangqiu, China). Xanthan
gum (XG, food grade) was obtained from Henan Wanbang Industrial Co., Ltd. (Shangqiu,
China). All other reagents were of analytical grade, and deionized water was used in
all assays.

3.2. Preparation of the Coconut Oil Nanoemulsion

Stock SC solution: The SC solution was obtained by dissolving 2 g of sodium caseinate
(SC) in 100 mL of phosphate-buffered solution (PBS, pH 7.2-7.4) with continuous stirring
for 2 h, then hydrated overnight in the refrigerator at 4 °C, followed by removal of insoluble
material by centrifugation (6000 r/min, 15 min). Thimerosal (<0.2 mg/mL) was added
as a bacterial inhibitor. Stock XG solution: Xanthan gum (1 g) was dissolved in 100 mL
of pH 7.2~7.4 PBS buffer, stirred at medium-high speed for 1.5 h, and then placed in a
refrigerator at 4 °C.

In this study, two methods were used to prepare emulsions co-stabilized by SC and
XG. The detailed preparation method was as follows:

SC/XG-VCO nanoemulsion: Stock SC and XG solutions were mixed (1:1 v/v), then
the pH was adjusted to 7 with 0.1 mol/L HCl. Then, oil (15.0% w/w) was added to
prepare coarse emulsions, using a high-speed shear emulsion homogenizer (Shanghai Huxi
Industrial Co., Ltd., Shanghai, China) at 20,000 r/min for 3 min. Finally, nanoemulsions
were obtained by treatment of coarse emulsion with an ultrasonic bath processor (Kunshan
Ultrasonic Instruments Co., Ltd., Kunshan, China) at an output power of 480 W for 18 min.
All nanoemulsions were cooled using an ice bath during homogenization to prevent
excessive heating caused by ultrasonic treatment.

SC-VCO-XG nanoemulsion: SC solution was first mixed with coconut oil, homog-
enized at 20,000/min for 3 min using a high-speed shear emulsification homogenizer,
sonicated at 480 W for 18 min, and then xanthan gum was added, using a high-speed shear
emulsification homogenizer, for 1 min to obtain the SC-VCO-XG nanoemulsion.
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3.3. Stability Experiments
3.3.1. pH Stability

The newly prepared emulsions were placed in sample bottles, and the emulsions’” pH
was titrated to 3~9 by adding 0.1 mol/L HCl or 0.1 mol/L NaOH; the droplet size and zeta
potential were determined after standing for 24 h [35].

3.3.2. Ionic Strength Stability

Using the method described by Jiang et al. [36], with suitable modifications, 0.1~0.5 mol/L
NaCl solutions were configured, the emulsions were diluted to twice the original volume
with different concentrations of NaCl solutions, and the droplet size and zeta potential
were determined after standing for 24 h.

3.3.3. Thermal Stability

The two newly prepared emulsions were put into sample bottles, heated in a water
bath at 40~90 °C for 30 min, then removed and cooled to room temperature. The droplet
size and zeta potential were measured after 24 h at room temperature [37].

3.3.4. Freeze-Thaw Stability

The fresh emulsion was placed in a sample bottle, stored in a refrigerator at —20 °C
for 24 h, then removed and kept at room temperature for 30 min. The freeze-thaw cycle
was repeated three times and, after each cycle, the droplet size and zeta potential were
measured [38].

3.3.5. Oxidation Stability

The emulsions were kept at 60 °C for 18 d, and the amount of primary oxidation
products (hydroperoxides) and secondary oxidation products (thiobarbituric acid reactive
substances, TBARS) produced by the samples was measured every 3 d to determine
the oxidative stability of the emulsions. The hydroperoxide content was determined by
reference to Liao et al. [26]; the procedure was as follows: 0.3 mL of the emulsion was
mixed with 15 mL of isooctane—isopropanol (3:1, v/v) mixture, vortexed for 20 s, and
shaken 3 times with 20 s intervals between each shaking, followed by centrifugation at
5500 r/min for 10 min to obtain the oil phase. The upper organic phase was transferred into
a 10 mL centrifuge tube, and 2.8 mL of methanol-butanol (2:1, v/v) mixture was added,
followed by 15 uL of 0.144 mol/L ferrous solution and 15 pL of 3.14 mol/L ammonium
thiocyanate solution, shaken well, placed in the dark for 20 min and the absorbance value
was measured at 510 nm. The standard curve was plotted using a standard solution
prepared from hydrogen peroxide. The standard curve equation was y = 0.0721x — 0.0156,
R? = 0.991, where y was the absorbance value, and x was a hydrogen peroxide concentration.

TBARS values were determined by referring to Zhang et al. [39], as follows: 1.0 mL of
the emulsion was mixed with 2.0 mL of thiobarbituric acid test solution (consisting of 15.0 g
trichloroacetic acid, 0.375 g thiobarbituric acid, 1.76 mL of 12 mol/L hydrochloric acid and
82.9 mL of ultrapure water), vortexed and mixed well. The absorbance value was measured
at 532 nm, and the standard curve was plotted using a standard solution prepared from
1,1,3,3-tetra ethoxy propane. The standard curve equation was y = 0.2452x + 0.056 and
R? = 0.9958, where y was the absorbance and x was the TBARS value.

3.3.6. Storage Stability

Fresh emulsion (10 g) was stored in sample bottles at 4 °C and room temperature, and
the droplet size and zeta potential were measured every 15 days [40,41].

3.3.7. Determination of Droplet Size and Zeta Potential

The droplet size was obtained using a Mastersizer 3000 (Malvern Instruments, Ltd.,
Malvern, UK). Wet dispersion was used, with PBS buffer (pH 7.2~7.4) as the dispersant.
The specimens, including emulsion and dispersant, were put into the sample cell, and
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the shading rate of the specimens was measured at 10% or more (including 10%) by the
principle of laser light scattering. The results were processed to obtain the particle size using
Mastersizer 3000 software. The zeta potential of the nanoemulsions was determined using
a Zetasizer Nano Z5S90 analyzer (Zetasizer Nano Z590, Malvern Instruments, Ltd., Great
Malvern, UK). The refractive index of coconut oil was set to 1.46 and that of phosphate
buffer to 1.33. The zeta potential was determined by diluting the emulsions 50 times with
PBS buffer (pH 7.2~7.4) before the analysis, to avoid multiple scattering effects [41].

3.4. In Vitro Digestion Analysis
3.4.1. Construction of In Vitro Digestion Model

The external digestion model was constructed with reference to Brodkorb et al. [42],
consisting of three parts: mouth, stomach, and intestine. In vitro digestion experiments
were conducted under light-proof conditions.

Simulated mouth digestion stage: A volume of 5 mL of the emulsion was taken to be
digested, and 4 mL of SSF stock solution and 25 pL of 0.3 mol/LCaCl, were added to it in
turn. Then the pH was adjusted to 7 with 1 mol/L HCl or 1 mol/L NaOH, and distilled
water was added to make the total volume of 10 mL. Finally, mucin was added to make the
final concentration of mucin 3 mg/mL, and the mixture was stirred well and then shaken
in a water bath at 37 °C for 10 min.

Simulated gastric digestion stage: SGF stock solution (8 mL), 5 uL of 0.3 mol/L CaCl,,
and 1 mol/L HCl were added to the sample solution after oral digestion to adjust the pH
to 3, and then distilled water was added to make the volume 20 mL, followed by lipase to a
concentration of 4 mg/mL and pepsin to a concentration of 3.2 mg/mL, This mixture was
stirred well and shaken in a water bath at 37 °C for 120 min.

Simulated intestinal digestion stage: SIF stock solution (16 mL), 40 pL of 0.3 mol/L
CaCly, and 1 mol/L NaOH were added to the sample solution after gastric digestion to
adjust the pH to 7, and then distilled water was added to make the total volume 40 mL.
Porcine bile salt and pancreatic enzyme were added to make the final concentrations of
5 mg/mL and 3.2 mg/mL, respectively, and then the mixture was stirred well and placed
in a water bath at 37 °C for 120 min.

3.4.2. Changes in Droplet Size and Potential during In Vitro Digestion

The different digestion stages were measured with their corresponding pH bulffers, as
described in Section 3.3.7.

3.4.3. Determination of Free Fatty Acids

The degree of digestion of fats and oils was studied at different periods throughout
the simulated digestion process. The release rate of free fatty acids (FFA) was measured
at 0, 30, 60, 90, and 120 min of shaking after adding pepsin and pancreatic enzymes in
the gastrointestinal phase. The method of FFA release rate was determined by using the
method of Liu et al. [33]. Digested sample (1 mL) was added to 25 mL of ether/ethanol
solution (ether: ethanol, 1:1, vol/vol), and several drops of phenolphthalein were added
and titrated with 0.01 mol/L KOH solution to the endpoint.

0.01V1 Mjipig

FFAs(%) = ——
ipi

% 100% 1)

where FFAs: free fatty acid release rate, %; Myjpid: the total mass of fat in the emulsion, g; V;:
volume of KOH solution consumed, L; My;,;4: average molecular weight of fat molecules,
g/mol, which was obtained by measuring the average molecular weight of coconut oil of
648 g/mol by saponification of coconut oil.
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3.5. Data Processing and Analysis

All experiments were repeated three times, and the results are shown as mean =+ standard
deviation. Analysis of variance was performed using IBM SPSS Statistics 23, to determine
the significance of differences. Tukey’s test was used to determine significant differences
between samples at the 5% level of significance (p < 0.05), and graphs were prepared using
Origin 2021 software.

4. Conclusions

In this study, sodium caseinate and xanthan gum were compounded as emulsifiers
and coconut oil emulsions were prepared by ultrasonication. The stability and digestibility
of SC-VCO-XG emulsions were higher than those of SC/XG-VCO. This study has shown
that the formation method of protein-polysaccharide stabilized emulsions has an impact
on the stability and digestibility properties of the emulsions, and that the emulsion carriers
constructed by layer adsorption are more suitable for subsequent industrial production
and development. There are still some areas that need to be further evaluated in this study,
such as interface rheology experiments.
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