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A B S T R A C T   

In this study, ω-3 medium- and long-chain triacylglycerols (MLCTs) microcapsules with excellent performance 
were obtained using soy protein as the wall component to address the oxidation-related problems of MLCTs. 
Additionally, the effect of soy, whey, or pea proteins on microcapsules in terms of the changes in their structure 
and physicochemical properties was investigated. The results showed that the small particle size, low PDI 
(polydispersity index) and zeta potential, fast adsorption rate, and low interfacial tension of these protein-based 
samples fabricated through the O/W template method were conducive to maintaining the integrity of micro-
capsules during spray-drying. The microcapsules, characterized by a spherical shape, exhibited superior 
encapsulation efficiency of 94.56%, surpassing the findings of previous investigations. Overall, these micro-
capsules exhibited long-term storage stability and low controllable release rates, which could be utilized as 
carriers for liposoluble actives.   

1. Introduction 

As modified fat, structured lipids (SLs) have garnered widespread 
attention due to their excellent functional properties in the food field (Li 
& Hui, 2021). Typically, fatty acids are classified as short-chain fatty 
acids (SCFAs), medium-chain fatty acids (MCFAs), and long-chain fatty 
acids (LCFAs) based on the number of carbons in their molecules. Me-
dium- and long-chain triacylglycerols (MLCTs), a combination of the 
medium- and long-chain fatty acids, are novel SLs with unique functions 
(Huang et al., 2020). The peculiar structure of MLCTs endows them with 
essential properties that differ from the medium-chain triacylglycerols 
(MCTs) and long-chain triacylglycerols (LCTs). As such, they are often 
used as an adequate energy source, offering essential properties for the 
body (Lai et al., 2023), such as reducing blood lipid levels (Lee, Tang, 
Chan, Phuah, & Tan, 2021), and improving the weak-side of the MCTs 
and LCTs by balancing lipid metabolism and decreasing body fat accu-
mulation (Du et al., 2020). The type of oil absorbed and unitized by the 
human body mainly includes ω-6 lipids, with only a small amount of ω-3 

lipids being absorbed and accumulate into the body. In this context, the 
optimization of absorption can be achieved through deliberate synthesis 
and intake of ω-3 MLCTs. Nevertheless, addressing the susceptibility of 
ω-3 lipids to oxidation is imperative to enhance their storage stability. 

Recently, the current application forms of MLCTs in medicine and 
food have attracted widespread attention. Based on the distinctness of 
liquid state and solid state, the application forms of SLs are divided into 
emulsion and microcapsule. Lipid microcapsules of solid power state can 
be obtained by the microencapsulation of emulsion with a diverse ratio 
of oil to water phase using an emulsifier and the composition of the wall 
material (Cheng et al., 2024). Several parameters of emulsion states can 
have a significant impact on their microcapsule properties. Among 
them, particle size and size distribution of emulsion droplets are the 
most significant parameters to be controlled before microencapsulation, 
as the higher encapsulation efficiency of microcapsules is directly 
associated with the small and monodisperse emulsion droplets. Some 
studies have shown that the small droplet size is positively correlated 
with the high encapsulation efficiency (Ramakrishnan et al., 2013). 
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Vega et al. found that a decreased droplet size of emulsion could result in 
encapsulated microcapsule powders with lower content of unencapsu-
lated oil at the particle surface and higher volatile retention (Vega, Kim, 
Chen, & Roos, 2005). Viscosity is regarded as another important 
parameter of emulsion, as high viscosity interferes with atomization 
during microencapsulation, such as spray-drying, leading to the 
formulation of large elongated droplets (Gharsallaoui, Roudaut, Cham-
bin, Voilley, & Saurel, 2007). In addition, other parameters of emulsion, 
such as the stability and composition of emulsion, could also affect the 
properties of microcapsules powders, including the morphology, 
encapsulation efficiency, surface free oil content, and oxidation stability 
of microcapsules (Ramakrishnan et al., 2013). 

Microencapsulation of MLCTs is the common method for the high- 
value application of this SLs emulsion. In the microencapsulation pro-
cess, the SLs emulsions are converted into micro/nano-particles to pre-
serve the initial status of unsaturated fatty acids and encapsulated 
bioactive during exposure to various ambient conditions (Korma, Wei, 
Ali, Abed, & Wang, 2018). The stability and bioavailability of the 
microcapsule depend on its wall material. So far, many materials from 
different sources have been obtained and utilized as the wall composi-
tion of SLs-based microcapsules, mainly including carbohydrates and 
proteins. Proteins can sustain at the O/W interfaces, stabilizing the 
emulsion through electrostatic stabilization and forming a thick pro-
tective film with good viscoelasticity, which provides protection to the 
emulsion droplet (Khem, Bansal, Small, & May, 2016). Recently, the 
application source of proteins for the wall materials of the microcapsule 
system is focused on single, composite, and modified proteins, including 
single type (soy protein, pea protein, faba bean protein, casein, gelatin, 
etc.), composite type (protein/polysaccharides, protein/protein, ternary 
systems), and modified type (physical, Maillard reaction, cross-linking). 
Among various protein-based materials, whey protein, a known encap-
sulating agent for the targeted delivery of bioactive compounds, has 
attracted immense attention in the food industry (Khem et al., 2016). 
The amphiphilic characteristic of whey protein is contributed to its fast 
adsorption at the surface of the droplet and the formulation of a pro-
tective layer (Korma et al., 2018). In a previous study, the encapsulation 
efficiency of microcapsules fabricated with whey protein isolate/inulin 
reached up to 89.10% (Korma et al., 2018). Additionally, zein could be 
utilized to prepare the microcapsules for encapsulating the Zataria 
multiflora essential oil (Rasteh, Pirnia, Miri, & Sarani, 2024). Soy pro-
teins exhibit excellent emulsifying ability, solubility, film-forming at the 
oil-water interface, and gelation properties (Yu et al., 2021). In recent 
years, there has been a growing interest in the utilization of pea proteins 
due to their low cost, low allergenicity, and potential health profits 
(Wang et al., 2022). As one of the most widely applied microencapsu-
lation techniques, spray-drying has the potential to improve the 
bioavailability of ω-3 fatty acids and the stability of microcapsules 
(Bakry et al., 2015). Thus, the present study aimed to synthesize ω-3 
MLCTs-based microcapsules with optimal characteristics, such as low 
free oil content, high solubility, and exceptional encapsulation effi-
ciency, through spray-drying using soy, whey, or pea proteins as the wall 
materials. 

Additionally, the effect of three different proteins on ω-3 MLCTs- 
based microcapsules was investigated to explore their contribution to 
the overall attributes and functionalities of the microcapsules. Overall, 
the ω-3 MLCTs-based microcapsules exhibited increased stability and 
encapsulation efficiency by reducing surface tension at the O/W inter-
face. Moreover, the encapsulation method proved versatile, extending to 
low-viscosity oils such as citrus essential oil. 

2. Materials and methods 

2.1. Materials 

Soy proteins (≥88% protein), whey proteins (≥90% protein), and 
pea proteins (≥86% protein) were purchased from Shandong Yuwang 

Industry Co., Ltd. Soy lecithin was provided by Donghai Grain and Oil 
Industry Co., Ltd. Other reagents were provided by Sigma-Alrich 
Chemicals (Shanghai, China). 

2.2. Preparation of ω-3 MLCTs-based emulsions 

The ω-3 MLCTs-based emulsions were prepared by the O/W template 
method with some modifications (Su et al., 2022). The ω-3 MLCTs used 
in the study were developed according to the previously reported 
method (Huang et al., 2020). Briefly, soy protein was dissolved in water 
to form a protein solution with a concentration of 7% w/v. Soy lecithin 
with 10 wt% was added to ω-3 MLCTs and mixed for 1 min using a high- 
speed disperser (T-18 digital ULTRA TURRAX, IKA) at a string speed of 
12,000 r/min to form the emulsions. Then, 15 mL of the oil mixture was 
poured into a protein solution of 35 mL at an oil-to-protein mass ratio of 
3:7. The suspensions obtained were stirred for 3 min using the high- 
speed disperser at the rate of 12,000 r/min to form an initial emul-
sion. Then, the initial emulsion was homogenized using high-pressure 
homogenization (80 Mpa, 8 min, and 25 ◦C) to attain an emulsion 
with uniform emulsification. Similarly, whey and pea proteins were 
incubated, and the MLCTs-based emulsions were developed. 

2.3. Synthesis of microcapsules 

Microencapsulation of MLCTs-based emulsions was achieved ac-
cording to the previously reported method with minor modifications 
(Korma et al., 2018). The emulsions were incubated by spray-drying at a 
feed flow rate of 907 mL/h in a spray dryer (TriowinSD-1500, Shanghai, 
China), including a 120 kHz ultrasonic atomizing nozzle with two liquid 
channels. Nitrogen gas was used as the desiccant medium during spray- 
drying to keep the nozzle cool. Additionally, the contact between the 
liquid and gaseous phases was parallel current. The outlet and inlet 
temperatures of the spray dryer were set at 80 ◦C and 180 ◦C, respec-
tively. The power obtained was collected for further analysis. 

2.4. Droplet size properties 

The average droplet size, size distribution, and polydispersity index 
(PDI) of the emulsions were measured using a dynamic light scattering 
instrument (Zatasizer Nano ZS90, Malvern Instruments Ltd., UK), ac-
cording to the previously reported method with minor modifications 
(Guo et al., 2021). The emulsions were diluted by 100-fold with 
deionized water for shaking to form a uniform state and avoid the 
multiple light scattering effects. All measurements were carried out in 
the dispersion medium of deionized water using a refractive index of 
1.33. The refractive and absorption indexes of the droplet were set as 
1.46 and 0.1, respectively. The droplet size distribution was described 
using the PDI value of the droplet. All measurements were operated in 
triplicate at room temperature of 25 ◦C. 

The particle size distributions of MLCTs microcapsules were deter-
mined by subjecting them to a drying process at 150 ◦C for 1 h, followed 
by ultrasonic dispersion in deionized water. Subsequently, ultrasoni-
cally treated HAMS microcapsules were subjected to analysis using the 
wet method with a refractive index of 1.548 (Tao & Xu, 2023). 

2.5. Zeta-potential measurement 

The electrical charges on the surface of the emulsion were deter-
mined using a Zetasizer Nano Z90 (Malvern Instruments Ltd., U⋅K) with 
a refractive index of 1.45 (Guo et al., 2021). The emulsions were diluted 
to a concentration of 0.01% (w/v) using a phosphate buffer solution of 
10 mM at pH 7.0. After uniform mixing, 1 mL of the solution was poured 
into a sealed container and placed in a determination slot. All mea-
surements were balanced at room temperature of 25 ◦C for 2 min. 
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2.6. CLSM 

The microstructure and morphologies of the MLCTs-based emulsions 
were assessed using a confocal laser scanning microscope (LSM880, Carl 
Zeiss, Germany) (Hu et al., 2022). Each 1.0 mL of the protein-based 
sample was simply dyed with a 40 μL mixture of Nile Blue and Nile 
Red. Later, the stained sample between the cover glass and the slide was 
observed using a 40-power microscope with a pore size of 1.25 at 25 ◦C. 
The observation was operated at the excitation wavelengths of 633 nm 
and 480 nm, and the images were obtained at a scanning frequency of 
100 Hz and fixed pixels of 1024 × 1024. 

2.7. Desorption of adsorbed proteins at the interface 

The proteins were desorbed according to the method of Lian et al. 
(Lian et al., 2022) with minor modifications. The fresh emulsions were 
centrifuged for 1 h (16,000 g, 4 ◦C) to separate the cream phase from the 
aspirated aqueous phase using a syringe. The aqueous phase was filtered 
through a 0.45 μm aqueous filter to remove the redundant lipid droplets 
and then freeze-dried to obtain the unabsorbed proteins at the interface. 
The cream phase was mixed with acetone at a ratio of 1:20 (v/v) and −
20 ◦C, and then the mixture was stirred for 3 h. The lipid droplets on the 
surface of the precipitate were washed twice with cold acetone before 
removal. Finally, the precipitate was solubilized and freeze-dried to 
obtain the interfacial absorbed proteins. 

2.8. Interfacial tension 

The interfacial tension of the sample was determined according to 
the method of Lian et al. (Lian et al., 2022), with minor modifications. 
The emulsion interfacial state was continuously monitored via a DSA25 
contact angle meter and the interfacial tension of the sample was 
calculated according to the Yang-Laplace capillary equation. 

2.9. Rheology measurement 

The steady-state rheology of different protein-based emulsions was 
assessed using a Modular Compact Rheometer (MCR302, Anton Paar, 
Austria). The shear rate or emulsion apparent viscosity was recorded at 
the range of 0.1–100 s− 1. The experiment was carried out at 25 ◦C, with 
a 0.5 mm slit distance and a 60 mm parallel plate clamp (Lian et al., 
2022). The shear rate and apparent viscosity were fitted to the consis-
tency coefficient and flow characteristic index using the Ostwald- 
Dewaele model. The formula was as follows: 

η = Κ× γn− 1 (1)  

where η is the apparent viscosity (Pa⋅s), Κ is the consistency coefficient 
(Pa⋅sn), γ is the shear rate (s− 1), and n is the flow characteristic index (n 
< 1 indicates that the sample under investigation is a pseudoplastic non- 
Newtonian fluid, while n = 1 indicates that the sample is a Newtonian 
fluid). 

2.10. Determination of surface oil and microencapsulation efficiency 

The surface oil (SO) content and microencapsulation efficiency were 
determined according to the method described by Guo et al. (Guo et al., 
2021), with some modifications. Briefly, 3.0 g of the microcapsule 
powder was mixed with 30 mL petroleum ether at a boiling range of 
30–60 ◦C, followed by shaking and extracting for 2 min, and then 
filtered through a filter paper. The residues obtained were washed with 
20 mL of petroleum ether and filtered using the same procedure. After 
filtering, the extracts were concentrated to remove petroleum ether and 
then dried until constant weight in an oven of 60 ◦C to obtain the 
microcapsule SO. The SO content of the microcapsule was calculated 
using the following Eq.: 

A(%) =
m2

m1
× 100 (2)  

where: m1 is the mass of microcapsule sample; m2 represents the mass of 
SO of the microcapsules; A is the SO content of the microcapsules. 

The total oil (TO) content of the microcapsules was determined by 
dispersing 3.0 g of microcapsule power in a Soxhlet extractor. Encap-
sulation Efficiency of the microcapsules refers to the oil encapsulated in 
the microcapsules to the TO content. Combined with the determination 
method of SO content, the microencapsulation efficiency was calculated 
using the following Eq.: 

B(%) =
m3 − m2

m3
× 100 (3)  

where m3 represents the TO content of the microcapsules and B is the 
encapsulation efficiency of the microcapsules. 

2.11. Solubility and moisture content analysis 

The solubility index of different protein-based microcapsules was 
determined according to the method of Walker et al. (Walker Rebecca, 
McClements David, Decker Eric, & Cansu, 2017) with some modifica-
tions. Briefly, 3 g of protein-based microcapsule sample was added into 
100 mL Milli-Q water and then stirred at 1000 r/min for maximum 
dissolving at room temperature of 25 ◦C. After mixing, the suspension 
was filtered through a quantitative filter paper. The filter paper obtained 
was dried until constant weight in an oven at 60 ◦C. The solubility index 
of the microcapsules was calculated using the following equation: 

C(%) =

(

1 −
m5 − m4

m1

)

× 100 (4)  

where m1 is the mass of the microcapsule sample; m4 is the mass of the 
quantitative filter paper; m5 is the mass of the filer paper and undis-
solved sample; C is the water solubility index of the microcapsules. 

The moisture content of different microcapsules was determined 
according to the method of (Su et al., 2022) with minor modifications. 
The protein-based microcapsule samples were dried until constant 
weight in an oven at 105 ◦C in the bottle. The difference in the mass 
value between prior- and after-direct drying was calculated using the 
following Eq.: 

D(%) =
m6 − m7

m6 − m8
× 100 (5)  

where m6 represents the mass of the microcapsule samples and bottle, 
m7 represents the mass of the microcapsule samples dried and bottle, m8 
represents the mass of the bottle used, and D is the moisture content of 
the microcapsules. 

2.12. SEM 

The morphology of different microcapsules was observed using SEM 
(JSM840, Jeol, Japan). The samples obtained were attached to an SEM 
stub with double-sided sticky tape. The sample and stub were coated 
with gold‑palladium, and then the morphologies of three protein-based 
samples were photographed. 

2.13. Storage stability 

The storage stability of the spray-dried microcapsule was determined 
using the peroxide value (POV) during different incubation times. 
Briefly, the stability test was operated according to the method of Liu, 
with slight modifications (Liu, Zhang, Cui, Wang, & Wang, 2021). Liquid 
MLCTs and MLCTs-based microcapsule powers were sealed in oxygen- 
permeable plastic containers, which were then placed in an oven at 
20 ◦C and 60 ◦C and stored for 10 weeks. The POV of the bulk MLCTs and 
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the microcapsules were determined every week. Prior to the determi-
nation of the peroxide index of the microcapsule power, the oil was 
extracted using a Soxhlet extractor. Data from samples were collected 
through titration using a sodium thiosulfate solution. 

2.14. In vitro simulated digestion 

The in vitro simulated digestion model was carried out according to 
the method described by Hu et al., with slight modifications (Hu, Dong, 
Hu, & Liu, 2023). Briefly, the MLCTs and MLCTs-based microcapsules 
were dissolved in diluted water, and then the pH of the solution obtained 
was adjusted to 2.0. Approximately 3.2 g of pepsin was added into 1 mL 
simulated gastric fluid, followed by addition of this fluid to the sus-
pension. The measurement time points of simulated gastric digestion 
experiments were set as 5, 10, 20, 30, and 60 min during the 1-h 
digestion process. A part solution of the simulated fluid was taken out 
for ceasing enzymatic reaction, and the pH was adjusted to 6.5 by adding 
NaHCO3 at a concentration of 1.5 mol/L. Another part of the solution 
was used for simulated intestinal digestion. Similarly, the pH value of 
this part fluid was adjusted to 7.5 using NaOH at a concentration of 0.2 
mol/L. The measurement time point of stimulated intestinal digestion 
was set at 90 min and 120 min during the 1-h digestion process. After 
each stage of simulated conditions, the digesta was sampled to deter-
mine the amount of oil released from the microcapsules. During this 
digestion process, the pH of the solution was maintained at 7.5 using 
NaOH at a concentration of 0.2 mol/L, and NaOH consumption was 
recorded accurately. 

The free fatty acid content in the in vitro digestion process was 
calculated using the following equation: 

free fatty acids (%) =
VNaOH × CNaOH × Moil

2 × Woil
× 100% (6)  

where VNaOH is the volume of NaOH utilized, CNaOH is the concentration 
of NaOH, Moil is the molecular weight of MLCT, Woil is the total weight of 
MLCT in the microcapsule samples added. 

2.15. Statistical analysis 

Analytical determinations were carried out in duplicate for each 
replicate (three fresh replicates were obtained for each experimental 
condition). The results were calculated as mean ± standard deviations. 
All data were subjected to analysis of variance (ANOVA) assessed by 
Tukey's test using the SPSS 10.0 Statistical Software Program (SPSS Inc., 
Chicago, IL, USA) with a significance level of 5% (p<0.05). 

3. Results and discussion 

3.1. Droplet size analysis 

Generally, the particle size and size distribution of emulsion droplets 
have a significant impact on the properties of microcapsules fabricated 
through the corresponding emulsion. Therefore, ascertaining the size 
distribution, average particle size, and PDI of different protein-based 
MLCTs emulsions is imperative to ensure the preparation of microcap-
sules with desirable characteristics. In this study, these parameters were 
determined and are shown in Fig. 1 and Table 1. The introduction of 
external mechanical forces, such as high homogenization pressure, has 
high significance for the successful formulation of optimal MLCTs 
emulsions due to the inability of various proteins and soy lecithin to 
independently form and stabilize emulsions. 

As shown in Fig. 1, the droplet size of MLCTs emulsions fabricated 
with three different proteins had unimodal size distribution ranging 
from 100 to 600 nm. Generally, the droplets with unimodal size distri-
butions are small with uniform size (Vidallon et al., 2022). Among the 
protein-based emulsions, the peak shape and peak area of the droplet 

size of soy protein-based MLCTs emulsions exhibited a narrow range 
compared to the size distribution of emulsion droplets fabricated with 
whey or pea proteins. This result demonstrated that the MLCTs-based 
emulsions fabricated with soy proteins had higher size uniformity 
following emulsification, with a more uniform particle distribution. 

As shown in Table 1, the average particle size (295.12 ± 11.65 nm) 
of soy protein-based MLCTs emulsion was significantly smaller than that 
of whey or pea protein samples. This observation suggests that soy 
proteins play a crucial role in controlling the aggregation of ω-3 MLCTs 
droplets in the emulsion by forming an adsorption layer. This phe-
nomenon contributes to the overall stability of the emulsions. Moreover, 
the PDI value of soy or whey protein samples was lower than that (0.35) 
of the pea protein samples (Table 1), which was consistent with the 
previous results of size distribution. Generally, a low PDI value of 0.3 
and below is considered an acceptable carrier with a homogenous state 
in the drug delivery systems (Danaei et al., 2018). In this study, the low 
PDI value of soy protein (0.24) or whey protein (0.26) sample indicates 
that these two protein-based emulsion particles can be used in the car-
rier delivery field. Overall, all three proteins have the potential to form 
the oil-water interface mask with MLCTs through emulsification reac-
tion due to their well emulsification characteristics. Additionally, the 
emulsions with unimodal size distribution and a narrow peak shape, 
small particle size, and low PDI value have a better uniform droplet 
distribution and stability (Primozic, Duchek, Nickerson, & Ghosh, 
2017). Consequently, soy protein is more suitable for fabricating MLCTs 
emulsions compared with pea or whey protein. 

Table S1 shows the cumulative particle size distributions of MLCTs 
microcapsules. Dx represents the cumulative particle size distribution 
percentage corresponding to a particle size reaching x%. D10, D50, and 
D90 represent the cumulative particle size distributions at 10%, 50%, 
and 90%, respectively. As shown in Table 1, the particle size distribu-
tions of MLCTs microcapsules with soy protein in D10, D50, and D90 were 
smaller than that of the whey or pea protein samples, which was 

Fig. 1. Droplet size distribution of different protein-based MLCTs emulsions.  

Table 1 
The average particle size, PDI, and zeta-potential of different protein-based 
MLCTs emulsions.  

Protein type Particle size (nm) PDI ζ-potential(mV) 

Whey protein 348.97 ± 10.26b1) 0.26 ± 0.02b − 31.28 ± 0.44b 

Soy protein 295.12 ± 11.65c 0.24 ± 0.02b − 32.65 ± 0.51a 

Pea protein 484.69 ± 13.54a 0.35 ± 0.04a − 28.17 ± 0.58c 

Data are expressed as mean ± SD (n = 3). 
1) Values are means ± standard deviations of three replications. Different letters 
in the same column represent significant differences (p < 0.05). 
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consistent with the SEM observations. 

3.2. Zeta-potential analysis 

In protein-based emulsions, the electrostatic repulsion force among 
protein-coated lipid droplets depends on the number of surface charges, 
which is detected by zeta-potential. Reflecting the stability of protein 
emulsion to some extent (Walker Rebecca et al., 2017). In this study, the 
zeta-potential of different MLCTs emulsions was detected, and the 
values are shown in Table 1. The zeta-potential values of all samples 
were negative, probably because the pH of the solution prepared was 
greater than the isoelectric point of the proteins used, resulting in many 
negative charges on the protein surface. Additionally, the absolute zeta- 
potential value of the emulsion fabricated with soy protein was signifi-
cantly higher than that of the emulsion prepared with pea or whey 
proteins. The surface charges of the emulsions are mainly affected by the 
spatial conformation of proteins, the structural relaxation post- 
adsorption, and the rearrangement of proteins at the interface. 
Compared with the pea or whey protein samples, the soy protein sam-
ples exhibited greater relaxation and rearrangement at the MLCTs- 
aqueous phase interface, leading to the exposure of predominantly hy-
drophilic and hydrophobic groups of soy protein interior, which 

increased the number of charged amino acids on the interface proteins, 
the content of interface proteins, and the number of charges on the 
surface of droplet (Zhu, Xu, Liu, Xu, & Liu, 2019). Generally, the zeta- 
potential values of > ± 30 mV, ±20–30 mV, and ± 10–20 mV have 
high stability, moderate stability, and relative stability for microcap-
sules, respectively (Su et al., 2022). The zeta potential values of soy or 
whey protein samples (− 32.65 mV or − 31.28 mV) indicated their good 
stability and minimal dependence on the pH of different environments. 
The negative zeta-potential of soy lecithin aided in stabilizing the 
emulsion droplets during the emulsification process. 

3.3. CLSM analysis 

The images of the fabricated MLCTs emulsions were obtained using 
CLSM to explore the effect of different proteins on the microstructure of 
ω-3 MLCTs emulsions. Proteins were dyed with Nile blue, and oil 
droplets were dyed with Nile red. The CLSM images of the samples were 
used to clarify the interaction between the oil phase and aqueous phase 
at the interface of emulsion droplets. As shown in Fig. 2, the three 
protein-based MLCTs samples exhibited cores with red fluorescence and 
layer outsides with green fluorescence, which was consistent with the 
previous study, reporting a protein dyed green at the edge of the oil- 

Fig. 2. CLSM images of whey protein, soy protein, or pea protein stabilized MLCTs emulsions. (a) protein phase containing Nile-blue dye (b) oil phase containing 
Nile-red dye (c) composite phase of protein and oil phase overlap. The scare bar in the image is 30 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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water droplets (Hu et al., 2022). The results indicated that three proteins 
were fully absorbed into the interface of the oil droplets, and the lipid 
phase was strongly coated into the emulsion droplets. Notably, the 
average droplet size distribution of the samples fabricated with soy 
protein was more uniform compared with the whey or pea protein 
samples. Additionally, the red image area of soy protein-based samples 
was comparatively smaller, suggesting a uniform distribution of the 
more oil phases in the soy protein matrixes. This result was consistent 
with the trend observed in Fig. 1. Compared with the whey or pea 
protein samples, the smaller size and uniform distribution of soy protein 
samples suggest a faster folding of soy protein onto the surface of oil 
droplets, thereby forming closer interfacial film with the protective on 
core materials. This phenomenon could be attributed to the higher 
protein absorption of soy protein (62.17%) at the interface of O/W, 
which prohibits aggregation of droplets, phase separation, or other un-
stable mechanisms of emulsion. Furthermore, the enhanced stability of 
MLCTs emulsion could be attributed to the increased amount of soy 
proteins absorbed at the interface of oil droplets, potentially leading to 
increased electrostatic repulsion between the emulsion droplets with 
negative charges from proteins. The absorbed proteins at the oil-water 
interface enhanced the stability of MLCTs emulsion droplets, facili-
tating the transformation of emulsion droplets into the protein-oil 
complexes (Hu et al., 2022). Overall, the outer protein layer surround-
ing the inner core material hinders oil droplets from aggregation and 
prevents particle deformation during the spray drying process. 

3.4. Characterization of interface properties 

In the food industry, proteins play a significant role in influencing the 
dispersibility and stability of emulsions, primarily due to their natural 
amphiphilic properties and the ability to reduce interfacial tension 
(Grasberger, Sunds, Sanggaard, Hammershøj, & Corredig, 2022). In this 
study, the interfacial protein concentration, interfacial tension, and 
apparent viscosity of various protein-based samples were measured to 
investigate the effect of different protein types on the interface of ω-3 
MLCTs emulsions, and the results are presented in Table 2 and Fig. 3. As 
shown in Table 2, the soy protein-based emulsion showed a higher 
protein absorption of 62.17% at the O/W interface compared with the 
whey or pea protein samples. The adsorption of protein to the interface 
can be generally distilled to these steps: (1) the diffusion of protein 
between oil droplets and liquid phase; (2) the position of protein on the 
oil-water interface; (3) the formation of interfacial protein film based on 
the rearrangement or cross-link interaction of protein on the droplets 
surface; (4) the saturate adsorption of protein on the oil-water interface 
(Beverung, Radke, & Blanch, 1999). Furthermore, the physicochemical 
properties of different protein-based droplets influence protein adsorp-
tion at the interface (Grasberger et al., 2022). These results demon-
strated that the smaller particle size, greater electrostatic repulsion 
between droplets, easier film-forming ability at the interface, and higher 
interface flexibility of soy protein samples contributed to their more 
rapid adsorption at the interface of the droplets compared with the whey 
or pea protein samples. This finding indicated that soy protein had a 
stronger affinity to the droplet of ω-3 MLCTs emulsion than the whey 
and pea protein samples. After adsorption, proteins tend to maintain 

their natural conformation at the interface, with more flexible proteins 
undergoing rapid rearrangement (Shen et al., 2023). Moreover, native 
whey and pea proteins predominantly possess globular structures, con-
sisting mainly of globular β–lactoglobulin and globulins, respectively 
(D'Alessio et al., 2023). Herein, the surface tension of ω-3 MLCTs 
emulsions was notably lower than 30 mN/m (Korma et al., 2018), 
suggesting higher surface activity at the air-water interface. 

The soy protein samples demonstrated more rapid adsorption at the 
emulsion interface and contributed to a faster decrease in interfacial 
tension. As shown in Table 2, the soy protein samples showed a lower 
interfacial tension of 21.36 mN/m compared with the whey or pea 
protein samples. The lower interfacial tension of soy protein indicated 
more flexible stretching and sustained adsorption at the O/W interface, 
which was consistent with another finding of CLSM. This result confirms 
that soy protein is more suitable for adsorbing at the interface of O/W 
and improving the stability of ω-3 MLCTs-based emulsions. Based on the 
comparison of tension, it was speculated that the soy protein emulsions 
could increase the adsorption efficiency. 

3.5. Rheological properties analysis 

The steady-state rheological behavior directly reflects the changes in 
the dispersive motion speed, providing insights into the microstructural 
mechanical properties, which are essential parameters (Lian et al., 
2022). Fig. 3 and Table 3 illustrate the apparent viscosity of different 
protein-based samples ranging from 1 to 100 s− 1 and the steady shear 
rheological parameters based on the Ostwald-Dewaele model, respec-
tively. At the initial state of the steady-state rheology test, the apparent 
viscosity of the whey protein sample was slightly higher than that of soy 
and pea protein samples, which might be ascribed to the differences in 
protein adsorption at the interface. However, as the shear rate increased 
to 100 s− 1, all three protein samples exhibited low apparent viscosity 

Table 2 
The interfacial protein content and interfacial tension of different protein-based 
MLCTs emulsions.  

Protein type Interfacial protein content (%) Interfacial tension (mN/m) 

Whey protein 58.65 ± 1.24b1) 24.29 ± 0.81b 

Soy protein 62.17 ± 0.88a 21.36 ± 0.65c 

Pea protein 49.84 ± 1.16c 29.14 ± 1.12a 

Data are expressed as mean ± SD (n = 3). 
1) Values are means ± standard deviations of three replications. Different letters 
in the same column represent significant differences (p < 0.05). 

Fig. 3. The apparent viscosity of different protein-based MLCTs microcapsules 
at 25 ◦C. 

Table 3 
The steady-state rheology indicators of MLCTs emulsions stabilized by different 
protein.  

Protein 
type 

Consistency 
coefficient (Pa⋅sn) 

Flow characteristic 
index/n 

Correlation 
coefficient/R2 

Whey 
protein 

0.213 0.107 0.99 

Soy 
protein 

0.347 0.088 0.99 

Pea 
protein 

0.163 0.113 0.98  
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with no significant differences. Fig. 3 exhibits a typical shear-thinning 
behavior for all protein-based samples, indicating that the MLCTs 
emulsions fabricated using different proteins are non-Newtonian fluids. 
This behavior can be attributed to the gradual dispersion of the MLCTs 
emulsion network structure with increased shear rate (Feng et al., 2022). 
The shear-thinning behavior of MLCTs emulsions is beneficial for pre-
venting droplets from creaming and facilitating the flow of food-grade 
emulsion during the microencapsulation process. Additionally, the vis-
cosity curve shows a good correlation with the Ostwald-Dewaele model, 
with a correlation coefficient (R2) close to 1.0 (Table 3). Notably, the 
flow characteristic index (n) was significantly <1.0 (0.088–0.113), 
confirming the non-Newtonian shear-thinning performance of the 
emulsions. This result could be attributed to the fracture and distraction 
of the droplets or emulsion network (Horozov, Binks, & Gottschalk- 
Gaudig, 2007). Among all samples, the soy protein samples showed 
the highest K value, indicating that the soy protein-based emulsion has 
excellent stability. These observations suggest that the addition of soy 
protein enhances the stability of ω-3 MLCTs emulsions. Furthermore, the 
viscosity of ω-3 MLCTs emulsion was lower, reaching below 0.2 Pas. This 
characteristic is conducive to atomization during the spray-drying pro-
cess, distinguishing it from the reported study on MLCTs (Korma et al., 
2018). This reduced viscosity could enhance the feasibility of spray- 
drying, highlighting the potential applicability and efficiency of ω-3 
MLCTs emulsion in contrast to previous research (Korma et al., 2018). 

3.6. Physicochemical properties of microcapsules 

The SO content, encapsulation efficiency, solubility, and moisture 
content of microcapsules are important indicators for further application 
in the food industry (Jamshidi, Cao, Xiao, & Simal-Gándara, 2020). 
After spray-drying of protein-based MLCTs emulsions, the physico-
chemical characteristics of the obtained MLCTs microcapsules were 
examined, and the results are shown in Table S2. As shown in Table S2, 
the MLCTs microcapsules fabricated with soy protein had a lower SO 
content of 0.75% and a higher encapsulation efficiency of 94.56%, 
suggesting better protection of soy protein on core MLCTs and making it 
less prone to oxidation when exposed to external conditions. This might 
be attributed to the good encapsulation efficiency of soy protein, facil-
itated by faster adsorption, stronger electrostatic repulsion, and a larger 
interfacial area of the small-sized soy protein samples onto the interface 
of droplets during emulsification. Additionally, the smooth and com-
plete spherical structure with a thick outer layer of soy protein micro-
capsules during drying contributed to their enhanced protection. In 
contrast to the antecedent study on MLCTs (Korma et al., 2018), this 
study revealed a substantial reduction in the SO content within the 
microcapsules. The observed decrease in SO content underscores the 
potential impact of formulation nuances on the composition of micro-
capsules. The decreased SO content in all samples was consistent with 
the previous study results of Jamshidi et al., suggesting that a lower SO 
content in the surface or inner part of microcapsules makes them less 
prone to oxidation, enhancing the dispersibility and wettability of their 
efficiency (Jamshidi et al., 2020). They also found that the SO content in 
the spray-dried microcapsules, consisting of different polysaccharides or 
proteins, was much dependent on the wall material, core/wall ratio, and 
manufacturing operations (Jamshidi et al., 2020). Herein, under the 
same oil-water ratio and treatment conditions, soy protein maintained 
the stability of microcapsules better, especially in terms of the differ-
ences in SO content and encapsulation efficiency. Furthermore, the 
encapsulation efficiency of MLCTs microcapsules exhibited a note-
worthy elevation compared to that reported in a previous investigation 
(89.10%) (Korma et al., 2018). 

As shown in Table S2, the soy, whey, or pea protein-based micro-
capsules showed no significant differences in their solubility, which is 
beneficial for further applications of microcapsules. Among these sam-
ples, the solubility of soy protein microcapsules was the highest at 
96.12%, due to the lower SO content loading of the powder (Guo, Fan, 

Zhou, & Li, 2023). Compared with the solubility of other studies on 
protein-based microcapsules (Guo et al., 2023), the values of the three 
protein-based microcapsules in this study were higher, above 92%, 
indicating that the hydrophobic groups of soy, whey, or pea proteins are 
closely associated with the fat-soluble core. Additionally, there were no 
remarkable differences in the moisture content among the three protein 
samples. All samples showed low moisture values of about 4.0%, which 
is commonly considered a desirable characteristic of dried power used in 
the food industry (Yildiz, Ding, Gaur, Andrade, & Feng, 2018). The low 
moisture content of microcapsules is conducive to enhancing the storage 
stability of MLCTs microcapsules. The alteration in the structural state of 
the wall material, transitioning from a glassy state to an amorphous 
state, might be attributed to the high moisture level within the system, 
leading to the release and degradation of the core component during the 
storage period. The slight difference in the moisture content among the 
samples might be attributed to the diffusion coefficients of water 
through different protein wall materials or the difference in affinity of 
proteins to water. 

3.7. Morphology of proteins microcapsules 

The microstructures of different protein-based microcapsules after 
spray-drying were obtained by SEM, and the results are shown in Fig. 4. 
Generally, the size of microcapsules obtained through spray-drying 
treatment ranges from 1 to 50 μm (Nesterenko, Alric, Silvestre, & Dur-
rieu, 2013). Herein, a high dispersibility of different protein-based mi-
crocapsules was observed due to the formation of droplets with different 
sizes during the emulsification process. Among all samples, the size of 
most microcapsules ranged from 1.0 to 9.5 μm, which was consistent 
with the result of fish oil microcapsules stabilized by whey, soy, and 
potato proteins (Hadnađev et al., 2023) and the predicted result of 
Fig. 1. As for the whey and pea protein-based samples, some wrinkles 
and dents with an irregular state were observed on the surface of the 
microcapsules. This might be attributed to the formation of an uneven 
film on the microcapsule surfaces due to the dynamical dehydration of 
liquid drops during spray-drying. Similar characters were also reported 
by Hadanadev et al., who fabricated fish oil microcapsules stabilized by 
whey protein (Hadnađev et al., 2023). Notably, these two protein-based 
samples exhibited a central hollow structural characteristic, probably 
due to the rapid expansion of the particles at the final stage of spray 
drying (Su et al., 2022). After the addition of soy protein to the wall 
material, the MLCTs microcapsules exhibited a nearly spherical, smooth 
surface, and regular shape (Fig. 4B). This could be attributed to the 
smaller particle size of the fed emulsion, higher elasticity, and higher 
solution viscosity of soy protein (Hadnađev et al., 2023). This smooth 
surface of soy protein-based microcapsules could provide good protec-
tion for encapsulated oil, maintain low permeability, and reduce the 
intervention of external factors such as oxygen and heat during storage 
(Su et al., 2022). 

3.8. Storage stability of microcapsules 

High storage stability can significantly maintain the quality of 
MLCTs microcapsules in the food industry. Typically, the α-linolenic 
acid in MLCTs is sensitive to heat, light, oxygen, and metal ions, making 
it prone to oxidation. Oxidation products of oils may not be beneficial to 
the human body. As one of the most crucial factors for preserving heat- 
sensitive materials, including flavors, nutrients, and microorganisms, 
storage temperature is conducive to evaluating the stability of ω-3 
MLCTs microcapsules during storage (Hadnađev et al., 2023). In this 
study, the oxidative stability of protein-based microcapsules during 
storage was studied, and the results are shown in Fig. 5. With a rapid 
increase in the speed of oil oxidation, the ω-3 MLCTs became highly 
oxidable. After ten weeks of storage at 20 ◦C or 60 ◦C, the POV content of 
the control samples increased from 0.4 and 0.6 mmol/kg initially to 
15.18 and 49.36 mmol/kg, respectively. However, these protein-based 
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microcapsule powers exhibited lower POV at different incubation tem-
peratures compared with the samples without treatment. This demon-
strated that the microencapsulation of proteins significantly enhanced 
the antioxidant stability of ω-3 MLCTs. After being stored at 20 ◦C or 
60 ◦C for 10 weeks, the POV of the soy protein sample reached the lowest 
at 0.77 or 5.13 mmol/kg. This phenomenon indicated that soy protein 
had a better protective action on easily oxidizable fatty acids of MLCTs 
compared with whey or pea proteins. The superior antioxidant stability 
might be attributed to the oxygen barrier effect of the soy protein mi-
crocapsules in the form of strong surface films at the interface of oil 
droplets, which could effectively separate the direct contact between 

core oil and external environments such as light and heat. The result was 
consistent with the findings of Fig. 1&3 and Table 1. The smaller particle 
size and spherical shape of soy protein samples could prevent the coa-
lescence of droplets during the spray-drying process and make the mi-
crocapsules more complete, leading to an enhanced oxidation stability 
of MLCTs microcapsules through soy protein treatment. Furthermore, a 
positive correlation was observed between the SO content and POV due 
to the direct contact between exposed oil and oxygen (Castro, Cespedes, 
Carballo, Bergenstahl, & Tornberg, 2013). The lowest SO content of soy 
protein samples among the three protein samples contributes to veri-
fying their low POV in Fig. 5. This phenomenon could also be explained 

Fig. 4. The microstructures of whey protein (A), soy protein (B), or pea protein (C) MLCTs microcapsules at magnification of × 5000 and the morphology of the 
microcapsule fabricated with the whey protein (a), soy protein (b), or pea protein (c) observed by SEM at high magnification. 
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by the treatment of high temperature and pressure, leading to the stretch 
of the protein structure and providing more hydrophobic amino acids to 
bind SO (Castro et al., 2013). 

3.9. In vitro simulation of gastrointestinal digestion 

The release profiles of different protein-based MLCTs microcapsules 
and MLCTs under consecutive simulated gastric and intestinal digestion 
are presented in Fig. S1. A slow release of MLCTs without treatment 
occurred during gastric and intestinal digestion, and the release rate 
increased from 68.23% initially to 97.49%, which was significantly 
higher than the microcapsule samples. After microencapsulation, the 
release rate of pea protein-based microcapsules was higher than that of 
the whey or soy protein samples during the first 60 min of gastric 
digestion. This phenomenon might be ascribed to the dents and cracks 
on the microcapsule surface caused by the dehydration shrinkage of 
microcapsules during the spray-drying process, thus making the pea 
protein microcapsules more prone to exposure to gastric juice than other 
types of protein-based samples. This finding was consistent with the 
SEM results in Fig. 4. Additionally, a low release of whey protein sam-
ples was observed (Fig. S1), which was consistent with the findings of 
Mohammadian, reporting whey protein microgels with slow release 
during simulated gastrointestinal digestion (Mohammadian, Salami, 
Momen, Alavi, & Emam-Djomeh, 2019). Among these samples, the 
release rate of soy protein samples during the simulation phase was the 
lowest, which might be due to the spherical shape of soy protein 

microcapsule after spray-drying, the well-buffering effect of soy protein 
consisting of amino groups, and carboxyl groups (Liu et al., 2021), and 
the strong intermolecular forces between soy protein and MLCTs 
droplets. 

4. Conclusion 

In this study, novel ω-3 MLCTs microcapsules were fabricated using 
soy, whey, or pea proteins in conjunction with a spray-dried treatment. 
Additionally, the impact of various proteins on the properties of these SL 
microcapsules was investigated through a series of assessments. The ω-3 
MLCTs emulsions fabricated with soy protein as the wall material 
showed the most ideal state, with a particle size of 295.12 nm, zeta- 
potential of − 32.65 mV, and PDI value of 0.24. Additionally, the 
emulsion characteristics of the soy protein-based samples were condu-
cive to reserving more protein and maintaining less interfacial tension at 
the interface of droplets. These emulsion properties also contributed to 
the formation of complete and spherical microcapsules after spray- 
drying treatment. Furthermore, the soy protein-based microcapsules 
exhibited lower SO content and higher encapsulation efficiency. 
Consequently, these soy protein-based microcapsules demonstrated a 
more intensive protective effect on core actives compared with the whey 
or pea protein samples. Moreover, these proteins demonstrated an 
effective enhancement in the storage stability of ω-3 MLCTs microcap-
sules, serving as efficient encapsulating agents. This improvement is 
conducive to the vivo application of ω-3 MLCTs microcapsules. Overall, 
this research presents a pivotal advancement with far-reaching impli-
cations for the utilization of ω-3 MLCTs microcapsules formulated from 
diverse proteins across various industries, paving the way for extensive 
possibilities in the food, biomedical, and cosmetic sectors. 
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