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Effects of phospholipid type and concentration on the emulsion stability and in vitro
digestion behaviors of fish oil-loaded emulsions
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Abstract

Phospholipid (PL) have favorable emulsification ability. The simultaneous application of PL and protein is one of the research
hotspots. In this work, the impact of egg yolk PL (EPL), soyabean PL (SPL) and their concentrations on the fish oil-loaded
PL/gelatin (GTN)-stabilized emulsions were studied. The results suggested that SPL/GTN-stabilized emulsions comprised
bimodal of droplets, and monomodal was observed in EPL/GTN, and GTN-stabilized emulsions. The related droplet sizes
were as follows: 1.5% EPL/GTN < 1.0% EPL/GTN < 0.5% EPL/GTN < 2.0% GTN < 0.5% SPL/GTN < 1.0% SPL/GTN < 1.5%
SPL/GTN.; and (4) Conclusion: The concentration of PL had significant effect on the droplet size and emulsion stability of the
emulsions. The 1.0% SPL/GTN-stabilized emulsions demonstrated the optimal stability and droplet size when stored at room
temperature for 15 days than emulsion contained PL. The addition of PL inhibited lipid oxidation and increased the rate of fatty
acid release in vitro digestion. This work illustrated that PL/GTN-stabilized emulsions could potentially be a targeted delivery
medium for nutrients or drugs.

Keywords: phospholipids; emulsification; stability; lipid oxidation; vitro digestion.
Practical Application: New technology for high quality fish oil processing.
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1 Introduction

Fish oil (FO) has become the new consumer product
of the 21st century and is increasingly popular worldwide
(Hashim et al., 2021). The FO, unlike other animal fats, is rich
in polyunsaturated fatty acids, such as eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), arachidonic acid
(ARA), linoleic acid (LA), and linolenic acids, which are the
main components of FO (Nikonova et al., 2020). High quality
or refined FO is primarily used in food, health products and
pharmaceuticals (Ashfaq et al., 2020; Malinowski et al., 2019).
FO has a fishy odor (Giiner et al., 2019) and is susceptible to

oxidation (Ramos et al.,, 2021; Shehzad et al., 2021), thus limiting
its application to some extent. Recently, these limitations have
been overcome by microencapsulation (Encina et al., 2016),
emulsification, and addition of masking agents (Wardhani et al.,
2021).

Phospholipids (PL) are a special class of natural small molecule
surfactants, usually derived from the cell membranes of plant,
animals or microbial tissues, and are composed of glycerol and
phosphate groups (Yin et al., 2021). Phosphate groups are usually
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Phospholipid stabilized fish oil emulsion

in stereo specifically numbering (Sn)-3 position and two fatty acid
chains in Sn-1 and Sn-2 positions, respectively. The differences
in the relative position, chain length and unsaturation of the
fatty acid chains are determined by the biological origin of the
PL. Previous studies have shown that soy bean PL (SPL) could
chelate metals to protect oils from oxidation (Cengiz et al.,
2019). PL liposomes are easier to digested and absorbed in
the gastrointestinal tract (Jiang et al., 2020). The addition of
phospholipids in the avocado pulp promotes the emulsion
to display a gel-like consistency and strong intermolecular
forces (Ziige et al., 2017). As surfactants, PL have potential and
protective effect to fish oils. The hydrophobic part of a surfactant
usually consists of a hydrocarbon group and the hydrophilic
partis called the head group. The electrostatic and hydrophobic
interactions between surfactants and proteins significantly change
the nature of the adsorption layer between the interfaces of the
two molecules, affecting the stability of dispersion systems such
as emulsions and foams.

Gelatin, a natural amphiphilic macromolecule, has been
widely used as a foam stabilizer, emulsifier (Chen et al., 2020)
and wetting agent (Casoli et al., 2014). Protein and surfactants
are physically blended to improve emulsion stability. Synergistic
interfacial adsorption of caseinate and sodium stearoyl lactate
(Chambi & Grosso, 2011), phospholipids and sucrose esters
(Johnson et al., 2014) have been reported.

Understanding the digestion of these bioactive lipids throughout
the gastrointestinal tract (GIT) and the release of free fatty acids
(FFA) therein has become a research hotspot (Cheng et al., 2022;
Lietal., 2022b; Huang et al., 2020). When the emulsion is ingested,
it is exposed to the digestive liquid and enzymes present in the
GIT, resulting in physicochemical changes. The bioavailability of
omega-3 PUFAs may be affected by the type and concentration
of emulsifiers (Infantes-Garcia et al., 2022; Udomrati et al.,
2020). Therefore, the bioavailability of fish oil can be improved
by using reasonable concentrations of emulsifiers. In this study,
fish oil-loaded PL/gelatin (GTN)-stabilized emulsions were made
and the effects of PL concentration and type on the emulsion
droplets and stability of emulsions under 15 days storage, and
in vitro fatty acid released ratio were investigated.

2 Materials and methods

2.1 Materials

EPLs (purity 99.69%, 63.21% Phosphatidylcholine, 12.11%
Phosphatidylethanolamine) was presented by Kewpie Co., Ltd.
(Tokyo, Japan). SPLs (purity 97.32%,42.19% Phosphatidylcholine,
19.27% Phosphatidylethanolamine) was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). The specific
composition of the two PLs was shown in Table S1. GTN granules
from bovine skin (type B, ~225 g bloom, Solarbio. Industrial
Corp., Shanghai, China) were stored at 4 °C. And other common
chemicals (analytical reagent grade) were purchased from
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China and
were stored at room temperature. Deep sea fish oils (FO, food
grade, DHA + EPA > 70%, Xi’an LvTeng Biological Technology
Co., Ltd, Shaanxi Province, China) were stored at —40 °C.
Deionized water was prepared by Milli,Q Reference system in

this work. GTN pellets in bovine skin (type B, approx. 225 g)
was purchased in Solarbio. Industrie (Shanghai, China). Fish
oil (FO, n-3 polyunsaturated fatty acid > 72.0%) was got from
Xian Green Vine Biotechnology company (Shaanxi Province,
China). Deionised water in this work was prepared by the Milli,Q
reference system.

2.2 Fish oil-loaded PL/GTN-stabilized emulsions
preparation

The 4.0% GTN solution was prepared by incubating the
GTN in deionized water at room temperature for 30 minutes.
Then the solution was incubated for 30 minutes by shaking
(180 rpm), constant temperature (45 °C) water bath (model
SW22, Julabo, Germany). The GTN solution was diluted, EPL and
SPL were added to prepare PL/GTN solutions with phospholipid
concentrations of 0.5%, 1.0%, and 1.5%, respectively, with a total
emulsifier concentration of 2.0%. Due to the amphiphilic nature of
phospholipids, when the phospholipids were added to the gelatin
solution, the solution was incubated at 40 °C for 20 minutes,
and then homogenized for 15 minutes at 1000 rpm. The pH
was adjusted to 7.0 by 6 mol/L HCl solution or 6 mol/L NaOH
solution. Then, the 5 mL FO was added into the 5 mL PL/GTN
solutions. The 10 mL solution was homogenized (homogenization
time 60 s, repeated twice; homogenization speed 1.0 x 10* r/min;
room temperature (20 °C + 2 °C). The obtained FO-loaded PL/
GTN stabilized emulsion was photographed using a camera.

2.3 Optical microscopy measurements

The 4.0 uL FO-loaded PL/GTN-stabilized emulsions were
added onto glass microslides, and then square cover glasses (22 x
22 mm) were covered to the emulsions. The inverted optical
MS 600F microscope (Minz Precision Instruments Co. Ltd.,
Shanghai, China) was used to observed the samples.

2.4 Gaussian fitting

An optical microscope was used to observe the microscopic
state of each sample. The droplet size was measured by Meizsmcs
6.0 software (Shanghai, China). The size of the droplets in the
images were measured for subsequent analysis. For each emulsion,
approximately 800-3000 droplets of size were obtained from
three different images. Later, statistical analysis of the droplet
size frequency distribution was performed. Bin sizes were
chosen based on the distribution of droplet sizes and adjusted
to ensure that the number of bins was 10-30, showing sufficient
distribution for further analysis. Linear equation fit was applied
to fit the curves of the peak values vs PL concentration.

2.5 The Creaming Index (CI)

The images of FO-loaded PL/GTN-stabilized emulsions
were obtained by a digital camera. The creaming index (CI)
was calculated as follows (Equation 1)

CI (%) = Hs/ Ht x 100% (D
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Where Hs is the height of the serum layer (the sum of the
transparent and/or the turbid layers at the bottom of the vials
and Ht is the total height of the FO-loaded PL/GTN-stabilized
emulsions).

2.6 Determination of lipid oxidation in emulsions

Based on a previous work (Xu et al., 2022), The concentration
of lipid hydrogen peroxide in the emulsion was measured during
a 15-day storage period to reflect the extent of lipid oxidation.
Briefly, 1.0 mL of the sample to be tested was mixed with the lipid
extract solution (CH,OH:CHCL,; 2:1, V/V), pipetted repeatedly
and left to stand for 10 min. The 0.2 mL CHCI, layer liquid was
mixed with 2.8 mL of CH,OH/n-C,H.CH,OH (2:1, V/V. 15 uL of
3.94 MNH SCN and 15 pL of working liquid (0.144M FeSO, and
0.132 M BaCl,) were added to the assay system solution.

2.7 Free fatty acid release ratio of emulsions

The amount of free fatty acids (FFA) released from the
emulsion during digestion was measured titrimetric ally, following
the INFOGEST vitro digestion method (Beltran et al., 2019).
Briefly, Briefly, 0.5 mL of sample was diluted 10-fold using
ultrapure water, then 5 mL of simulated saliva (SSF) was added.
The pH was adjusted to 7.0 with 1 M NaOH and 1 M HCl and
shaken at a constant temperature of 37 °C (180 r/min, 2 min).
The above digest was mixed with 10 mL of simulated gastric
fluid (SGF) and then the pH was adjusted to 3.0, shaken at 37 °C
(180 r/min, 120 min) and the acidity values were corrected every
8 minutes (pH 3.00 + 0.04). Simulated intestinal fluid (SIF) 20 mL
was mixed with the upper post-digestion fluid, pH adjusted to
7.0 and shaken at 37 °C (180 r/min, 120 min). SSE, SGF and SIF
formulations refer to previous methods (Beltran et al., 2019),
and all solutions must be pre-warmed at 37 °C before use.

The pH of the mixture was monitored during the 2 h small
intestine digestion and the volume of NaoH consumed to stabilise
pH 7.0 was recorded. The decrease in pH during digestion is due
to the release of fatty acids in the free state. At this point the FFA
content can be converted by recording the amount of NaOH
consumed through the principle of acid-base neutralisation
according to the formula. Assuming that each triacylglycerol

A GTN EPL SPL B 2.0% GTN 0.5% EPL+1.5% GTN

20% 0.5% 1.0% 15% 05% 1.0% 1.5%Kgs

5% 0.5% 1.0% 1.5%

1.0% EPL+1.0% GTN

produces two molecules of FFA, which was calculated according
to the following Equation 2:

% FFA= (100 “VNaOH * MNaOH * M Lipid ) / (2 *Weipid ) @
Where V., is the volume of NaOH required to neutralize
the produced FFA, m s the molar concentration of NaOH
used (mol/L), WLipi 4 is the total weight of fish oil, and MLipi s
the molecular weight of fish oil (868 g/mol).

2.8 Statistical analysis

Statistical analysis was performed using software SPSS
statistics 26.0 (IBM, USA). Differences were tested by using one-
way ANOVA followed by Duncan’s test. A value of P < 0.05 was
considered to be statistically significant. The figures were drawn
using Prism 8.0 (GraphPad, CA).

3 Results and discussion

3.1 Effect of PL type and concentration on the initial
droplet microstructure of fish oil-loaded PL/GTN-stabilized
emulsion

The FO-loaded PL/GTN-stabilized emulsions were
photographed by digital camera and optical microscopy (Figure 1).
The macro electron graph (Figure 1A) and the microscope image
(Figure 1B) showed that the emulsion could be formed with
different concentrations (0.5%, 1.0%, 1.5%) of EPL and SPL.

This also accorded with earlier observations, which showed
that the minimum amount of PL for stable emulsion formation
was 0.8%~1.3% (Luetal., 2012). The emulsions formed by PL with
different concentrations were milky white. It could be observed
that the emulsion became slightly yellow, as the concentration
of SPL increased. Figure 2B showed that solutions consisted of
droplets, whose shape resembled a spherical shape. The droplets
in the 1.0% EPL/GTN-stabilized, 0.5%, 1.0% SPL/GTN-stabilized
emulsions were regular spherical shapes. In the 1.5% EPL/
GTN-stabilized and 1.5% SPL/GTN-stabilized emulsions, the
large droplets were irregularly spherical and the small droplets
were regular spherical.

1.5% EPL+1.5% GTN 0.5% SPL+1.5% GTN 1.0% SPL+1.0% GTN 1.5% SPL+0.5% GTN

Figure 1. Stability of freshly prepared fish oil PL/GTN-stabilized emulsions and storage at room temperature for one day with different PL
concentrations (0%, 0.5%, 1.0% and 1.5%). (A) Photograph; (B) Optical microscope image. Scale bars indicate 50 pum. EPL: egg yolk phospholipid;

SPL: soy bean phospholipid; GTN: gelatin.
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Figure 2. Representative droplet size distributions of freshly prepared fish oil-loaded EPL/GTN-stabilized emulsions at different PL concentrations.
(A) 0%; (B) 0.5%; (C) 1.0%; (D) 1.5%. Red (peak 1); (E) Dynamic droplet size spectra of the most probable sizes as a function at different EPL
concentrations. The data points for peak 1 were fitted to a linear equation and were shown in the upper right.

The initial droplet size distribution of the FO-loaded PL/
GTN-stabilized emulsions at different PL concentrations were
analyzed (Figures 2-3). EPL and SPL had a significant effect
on the initial droplet microstructure of the emulsion. The FO-
loaded GTN-stabilized and EPL/GTN-stabilized emulsions only
consisted of monomodal (peak 1 in Figure 2), whereas SPL/
GTN-stabilized emulsions were composed of bimodal droplets
with different sizes (peak 1 and peak 2 in Figure 3), indicating
the coexistence of EPL and GTN reduced the droplet size.
In addition, the optical microscope image of the freshly prepared
emulsion (Figure 2E) showed that the droplet size decreased
with the increase of the EPL concentration. Unlike EPL, the
droplet size of the emulsion increased as the concentration of
SPL increased, showing a positive correlation. The quantitative
analysis of the droplet size distribution as a function of the PL
concentration (Figures 2-3) suggested that the fish oil-loaded
EPL/GTN-stabilized emulsion was mainly composed of droplets
of one size, and the size decreased from 3.72 + 0.02 um to 1.50 £
0.75 pum linearly with the increase of the EPL concentration of
the solution; the fish oil-loaded SPL/GTN-stabilized emulsion
was mainly composed of 2 types, and the peak 2 droplet mean
size decreased from 6.21 + 2.14 pm to 3.53 £ 0.56 pm linearly
with the increase of the SPL concentration of the solution.
The droplets were in regular spherical shapes when its sizes were
lower than 8.43 + 1.35 um. It might be ascribed to the stronger
motility of fish oil (than water in O/W solution), the larger the
size of the droplet, the less likely the droplet maintain a regular
shape (Gao et al., 2019).

The initial droplet size produced by homogenization
depends mainly on the properties of the emulsifier used for
stabilizing the emulsion (GTN and PL in this work) and pH
value (Hoffmann & Reger, 2014). Our lab previous studies have
found that coexistence of GTN and SPL had synergistic effect on
the stability of emulsion (Zhang et al., 2020a, b). The interaction
between GTN and PL of different concentration and type affected
the droplet size of emulsion. In this study, the homogenization
conditions, added fish oil amount and the preparation of pH were
the same. The difference of droplet size in PL/GTN-stabilized
emulsion might depend on the nature of phospholipids in
different concentrations of emulsion (steric properties) (Lam &
Nickerson, 2013). As a small molecule surface active substance,
PL has a much higher ability to adsorb at the oil-water interface to
reduce interfacial tension than larger protein emulsifiers. there is
adifference in the fatty acyl groups (hydrophobic groups) attached
to the glycerol backbone between SPL and EPL. Therefore, when
mixed with GTN, there are different interfacial effects. PL had
a phosphate group (hydrophilic structure) and two fatty acid
chains (hydrophobic structure) (Li et al., 2020). PL and GTN
might have different electrical and steric properties at the water/
oil interface: the hydrophobic part of PL and GTN enters the
fish oil core, and the fatty acid chain of PL may be located on
the surface of the fish oil; the phosphoric acid group in the
phospholipid is hydrophilic and distributed on the water surface
to form a relatively stable O/W structure. As the carbon content
of fatty acids increases, the hydrophobic effect of PL increases
(Hubbe et al., 2020; Mezzetta et al., 2019). The content of LA in
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Figure 3. Representative droplet size distribution of freshly prepared SPL/GTN-stabilized emulsions loaded with fish oil at different PL
concentrations. (A) 0%; (B) 0.5%; (C) 1.0%; (D) 1.0%; (E) 1.5%. Red (peak 1), green (peak 2). (E) Dynamic droplet size spectrum as a function
of the most probable size at different SPL concentrations. The data points for peak 1, peak 2 were fitted as a linear equation and were shown on

the upper right.

SPL (54.55 + 0.06%) was significantly higher than that of EPL
(15.14 £ 0.42%) (P < 0.01), and the content of palmitic acid in
SPL (15.46 + 0.71%) was significantly lower than EPL (29.87
0.20) %) (P < 0.01). The initial particle size of the emulsion
stabilized by PL/GTN was: SPL/GTN-stabilized emulsion >
EPL/GTN-stabilized emulsion under the same PL concentration.

3.2 Effect of PL type and concentration on the
microstructure of droplets of fish oil PL/GTN stabilized
emulsion storage

The freshly prepared FO-loaded PL/GTN-stabilized
emulsions were stored at room temperature, photographed
and analyzed by optical microscope (0 h,3h,1d,5d, 10d and
15 d). Different levels of emulsion were observed during the
storage of 15 d. According to Figures 1, 4, the freshly prepared
fish oil-loaded contained 1.5% SPL/GTN-stabilized emulsions
came emulsification. 0.5% EPL/GTN-stabilized emulsion
showed a slight milking phenomenon at 24 h, while 1.0% and
1.5% EPL/GTN-stabilized emulsions appeared creaming at 3 h
and occurred grease precipitation at 24 h. The 0.5% and 1.0%
SPL/GTN-stabilized emulsions appeared slight creaming at
24 h. EPL/GTN-stabilized and SPL/GTN-stabilized emulsions
remained liquid even after 1 days of storage (Figure 2A).
As shown in Figure 4A, the 1.5% SPL/GTN-stabilized emulsion
showed the presence of a dark brown layer on the 5th day and
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turned into an emulsion gel, which was a soft solid material,
both an emulsion and a gel (Nasirpour-Tabrizi et al., 2020).
The droplets of the 1.5% SPL/GTN-stabilized emulsion and the
0.5% EP/GTN-stabilized emulsion showed shape deformation
on the 15th day, and the increase of droplet size might be due
to the aggregation of droplets. As illustrated in Figure 5, 1.0%
EPL/GTN stabilized, (CI: 28.58 + 0.03%) and 1.0% SPL/GTN-
stabilized emulsions (CI: 24.98 + 0.02%) showed emulsion
layering on the 5th day. It further confirmed the co-adsorption
of PLand GTN. The results were consistent with previous study
(Zhang et al., 20204a).

The previous analysis results showed that during the
preparation of fish oil emulsion, cooperative adsorption (PL/
GTN) occurred at the oil/water interface, and the adsorption
capacity increased or decreased respectively. The moving speed
of an isolated spherical drop in an ideal liquid is formulated by
Stokes’ law (Equation 3):

Vstokes =281 (pl - P2 ) /9m (3)

Where g is the acceleration of gravity, r is the droplet radius,
p2 is the density of the dispersed phase (fish oil droplets in
this study), p1 is the density of the continuous phase (water in
this study), and n1 is the shear viscosity. According to Stokes’
law, as the droplet size and density contrast increased, and the
continuous phase viscosity decreased, as well as the speed of
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0.5% SPL+1.5% GTN 1.0% SPL+1.0% GTN 1.5% SPL+0.5% GTN

Figure 4. Stability of freshly prepared fish oil PL/GTN-stabilized emulsions and storage at room temperature for 15 days with different PL
concentrations (0%, 0.5%, 1.0% and 1.5%). (A) Photograph; (B): Optical microscope image. Other emulsions are in liquid form. Scale bars
indicate 50 um. EPL: egg yolk phospholipid; SPL: soy bean phospholipid; GTN: gelatin.
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Figure 5. Creaming stability of fish oil-loaded PL/GTN-stabilized
emulsions. EPL: egg yolk phospholipid; SPL: soy bean phospholipid;
GTN: gelatin; CI: Creaminess index.

creaming increased. The radius of small size droplet of the SPL/
GTN-stabilized emulsion was similar to that of the EPL/GTN-
stabilized emulsion under same concentration; the radius of large
droplet in the SPL/GTN-stabilized emulsion was 2~3 times than
that of EPL/GTN-stabilized emulsion. The number of droplets
increased with the increase of concentration. Therefore, the
size of these droplets depended on the type and concentration
of PL. As the droplet size increased, their motion accelerated,
forming larger droplets, thus reducing the stability of emulsion.

The CI of SPL/GTN-stabilized emulsion was generally
less than that of EPL/GTN-stabilized emulsion. Meanwhile, as
the storage time went on, the CI of various products declined
gradually: 1.5% SPL/GTN > 0.5% EPL/GTN > 1.5% EPL/GTN >
1.0% EPL/GTN >1.0% SPL/GTN > 0.5% SPL/GTN >2.0% GTN.
It could be concluded that the stability of SPL/GTN-stabilized

emulsion with appropriate concentration was higher than that
of SPL/GTN-stabilized emulsion at the same concentration.

3.3 Lipid oxidation in emulsions

Lipid hydroperoxide is the main oxidation product of lipid
oxidation (Rontani & Belt, 2020). Therefore, changes in lipid
hydrogen peroxide can reflect the lipid oxidation behavior of
emulsions. Lipid oxidation of the emulsion was monitored by
measuring the lipid hydrogen peroxide content during the storage
of the emulsion for 15 days (Figure 6). Compared with pure fish
oil, gelatin and phospholipid stabilized emulsion reduced lipid
peroxidation value. This suggested that the emulsion form can
delay the oxidation of oils, which is consistent with previous
work (Shen et al., 2014). The effect of lipid hydrogen peroxide
content during storage of emulsion at room temperature was
as follows: 1.5% EPL/GTN < 1.5% SPL/GTN < 1.0% EPL/GTN
< 1.0% SPL/GTN < 0.5% EPL/GTN < 0.5% SPL/GTN < 2.0%
GTN < pure oil. Therefore, EPL had higher antioxidant capacity
for emulsions than SPL and gelatin at room temperature.
Furthermore, lipid hydrogen peroxide content decreased with
increasing PL concentration.

PL is an important emulsifier in food development, PL also
has antioxidant activity (Rokosik et al., 2020; Biswas et al., 2021).
Recent studies have found that the synergistic phenomenon
of PL and tocopherol at the micellar interface layer can
eliminate the detrimental effect of auto-oxidative products on
antioxidant effectiveness (Biswas et al., 2021). Therefore, PL
might act as an antioxidant in GTN-stabilized emulsions (in
this work). Antioxidant effect was positively correlated with the
concentration of phospholipids. It was reasonably proposed that
the hydrophilic part of the emulsion interfacial layer was larger
than the hydrophobic part due to the relative hydrophilicity of
the gelatin molecules. Therefore, the gelatin molecules in the
hydrophilic part of the emulsion interface layer might be much
lower than the phospholipid molecules. Considering that the
antioxidant capacity depended not only on the phospholipid
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molecules of the interface layer, but also on the unsaturation of
the phospholipid molecules (Li et al., 2022a),
pay attention to explore the phospholipid molecular structure
and oxidation kinetics in the follow-up research. It was worth
noting that even a low concentration of EPL could achieve a lipid
oxidation inhibition rate of more than 50.0%, suggesting that
EPL might be a suitable antioxidant choice for GTN-stabilized
emulsions stored at room temperature to achieve a low-carbon

economy.

3.4 In vitro digestion of emulsions

Lipid digestion is an interfacial process because lipases, bile
acids, microorganisms, etc. must be adsorbed on the surface
of oil droplets to catalyze lipid hydrolysis (Cheng et al., 2022;
Li et al., 2022b; Huang et al., 2020). Therefore, the size and
aggregation state of the droplets are important factors that have
a great influence on the bioacceptability of omega-3 PUFAs
(Infantes-Garcia et al., 2022; Udomrati et al.,
release from GTN-stabilized emulsions was analyzed by PL
type and concentration in digestive systems (SSE, simulated
gastric fluid (SGF), and simulated intestine fluid (SIF) that
simulate the human gastrointestinal tract. The FFA released
time, which was
consistent with GTN-stabilized emulsions (Xu et al., 2022).
80.3%-82.3% of free fatty acids were released from PL-GTN-
stabilized emulsions after 120 min of the SIF process (Figure 7).
2.0% GTN-stabilized emulsions had a lower fatty acid release rate
(P>0.05). The results suggested that PL-GTN might be an ideal
choice for effective delivery of fish oil to the intestine compared
to gelatin. EPL and SPL increased the release of FFA from the
emulsions. At the process of SIF, the effect was enhanced by an
increase in PL concentration after 120 min of action. Based on
the above analysis, the stability of the emulsion droplets in the
SIF phase might be the main factor influencing the release of
FFA (Figure 8). This also suggested that phospholipids may be
an effective measure to load fish oil and improve its fatty acid

ratio during the SIF process increased with

release rate and bioaccessibility.

it is necessary to

2020). Fatty acid

@ Droplet size became larger with increasing
storage time;

@ EPL and SPL prevented phase separation;

@ PL decreased CI: EPL > SPL.

A

4

/0 Both gelatin and PL have some antioxidant

effect(EPL > SPL > Gelatin);
@ Positive correlation between antioxidant
effect and concentration;

\0 Storage time accelerates lipid oxidation. 0
@ FFA release in the intestinal fluid; )
@ PL has the potential to promote the release of

FFA. )

from in vitro digestion. EPL: egg yolk phospholipid; SPL: soy bean phospholipid; GTN: gelatin.
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4 Conclusion

In this study, the effects of different concentrations of EPL and
SPL on the droplets and emulsion stability of fish oil-loaded PL/
GTN-stabilized emulsions were studied under room temperature
storage. These results indicated that the fish oil-loaded PL/
GTN-stabilized emulsion exhibited different emulsification,
liquid-gel phase transition, droplet coalescence behaviors and
lipid oxidation during storage for 15 days at room temperature.
These differences the way they coexisted with GTN at the oil/water
interface (synergistic or competitive adsorption). In addition,
the same 1.0% PL/GTN-stabilized emulsions had more stable
emulsion droplets than the 0.5% and 1.5% PL/GTN-stabilized
emulsions. PL/GTN-stabilized emulsions reduced lipid oxidation
and increased the rate of fatty acid release. The droplets of the
SPL/GTN-stabilized emulsions of the same concentration were
more diverse than those of the EPL/GTN-stabilized emulsions.
This study provided ideas for the preparation and industrialization
of stabilized functionalized emulsions.
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