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ABSTRACT 

Egg yolk immunoglobulin (IgY) is valuable against intestinal infections, however, its activity will be affected by the 
gastrointestinal fluid of livestock and poultry and the storage environment. Therefore, we prepared IgY-loaded sodium 
alginate/chitosan/sodium alginate microcapsules (IgY-loaded SA/CS/SA MCs), aiming to improve the poor tolerance of 
IgY in the gastrointestinal tract of livestock and poultry as well as the instability of its storage performance, so as to 
improve the performance of its application. In this experiment, IgY was used as the core material, and sodium alginate 
and chitosan were used as the wall material, and the preparation was carried out by the extrusion method. The results 
showed that the encapsulation efficiency of the prepared IgY-loaded SA/CS/SA MCs was highest (94.84%) when the 
IgY concentration was 200 mg/mL, the CS concentration was 0.8%, and the CS solution pH value was 5.0 (P<0.05). 
After freeze-drying, the shape of the MCs in group T1 was more regular, with an average particle size of 2.159 mm and 
the highest compressive strength (P<0.05). The stability of the T1 group in simulated gastric fluid (pH 2.0) was 
significantly enhanced compared to that of the NC, T2, and T3 groups (P<0.05), and the T3 group showed significantly 
improved antibacterial properties and increased alkalinephosphatase content compared to the T1 and T2 groups 
(P<0.05). In addition, IgY-loaded SA/CS/SA MCs were stored at room temperature (23±2°C) for 8 weeks, and the IgY 
activity in the T1 group was maintained at >70% (P<0.05). Therefore, the IgY-loaded SA/CS/SA MCs enhanced the 
tolerance and storage stability of IgY in simulated gastrointestinal fluids and showed significant inhibition of E. coli and 
SG in vitro. 

Keywords: Egg yolk immunoglobulin; sodium alginate/chitosan/sodium alginate microcapsules ; preparation process; in 
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INTRODUCTION 

 The unregulated use antibiotics leads to drug 
accumulation, bacterial resistance and other side effects, 
and many countries have implemented measures to 
restrict the use of antibiotics (Kovacs-Nolan et al., 2012; 
Stanton, 2013). Egg yolk immunoglobulin (IgY) is an 
antigen-specific antibody present in the egg yolk of birds 
and produced by B lymphocytes. It has been widely used 
as a substitute for antibiotics. It has advantages over other 
mammalian antibodies such as IgG in terms of ease of 
preparation, high production efficiency, and cost-
effectiveness (Carlander et al., 2000). Jin et al. showed 
that IgY can effectively inhibit the colonization of 

pathogens such as Escherichia coli and Salmonella in the 
intestine, thereby playing a role in the prevention and 
treatment of intestinal diseases (Jin et al., 2023). Several 
in vivo studies have shown that IgY improves productive 
performance in animals (Li et al., 2009a; Xu et al., 2020). 
 The application of IgY is influenced by gastric 
acidic environments, and the activity of IgY is reduced in 
animals because of the presence of pepsin in the gastric 
juice as well as the lower pH environment (Shimizu et 

al., 1992; Chang et al., 2010). However, IgY performs its 
biological activity better in the intestinal fluid (Wang et 

al., 2021). To ensure that orally administered IgY 
efficiently reaches the small intestine and enhances its 
biological activity, it is important to consider how IgY 
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copes with lower gastric acidic environments, trypsin, 
and other factors that affect its stability during production 
(Alustiza et al., 2016). Therefore, effective methods are 
required to protect IgY activity (Zhang et al., 2020d).  
 Microcapsules (MCs) can maintain the 
biological activity of a delivered substance in a complex 
gastrointestinal (GI) environment and efficiently deliver 
it to a target site (Li et al., 2019). Based on this, 
microcapsule technology has become a research hotspot 
in food, medicine, biology and other fields. Studies have 
shown that microencapsulation protects various 
biologically active immunoglobulins from passing 
smoothly through the GI tract and maintains high activity 
(Li et al., 2022). Owing to the differences in the pH of 
the GI tract and the enzymatic environment, the wall 
material application of MCs is pH-sensitive and can 
control the release of core materials (Ren et al., 2016). 
 Sodium alginate (SA), a natural polysaccharide, 
is an ideal wall material that can make crosslink with 
Ca2+ at room temperature (RT; 23±2°C) (Mostafa et al., 
2017; Jeong et al., 2020), which to some extent can 
protect bioactive substances from adverse environmental 
interference. Due to the SA concentration as well as the 
interaction between ions, the structure of MCs after 
freeze-drying was thin and loose which can break in a 
complex gastric acidic environment, resulting in the loss 
of encapsulated organisms during delivery (Zhang et al., 
2020c). Therefore, it is necessary using another wall 
material in combination with SA to further improve MC 
performance. Chitosan (CS) is the only naturally 
occurring cationic polysaccharide that has a positive 
effect on immune stimulation (Silva et al., 2021). The 
cation-rich CS attached to the anion-rich SA gel under 
the electrostatic reaction between ions and formed a 
membrane structure through self-assembly, and the 
combination of the two forms a tighter and less porous 
network structure. This makes SA/CS MCs more 
protective and stable than single SA MCs in terms of 
release through the gastric acid environment and the 
intestine (Thu et al., 1996). 
 SA/CS-based MCs can be used for the 
protection and release of bioactive substances such as 
proteins and probiotics, however, the process of SA/CS 
MC formation leaves unreacted cations on the MC 
surface. Some scholars have continued to add SA and CS 
to a solution with a low concentration of SA to form 
SA/CS/SA coated MCs and improve their stability (Jiang 
et al., 2014; Cui et al., 2018). However, studies on the 
preparation process of IgY-loaded SA/CS/SA MCs have 
not been reported. The aim of this study was to prepare 
IgY-loaded SA/CS/SA MCs by extrusion and to evaluate 
their properties by characterization and in vitro 
performance verification. In this study, we further 
improved the embedding efficiency of IgY on the basis of 
SA/CS MCs by the creation of SA/CS/SA triple-layer 
MCs, which provided a new preparation scheme to 

protect the bioactivity of IgY in the gastrointestinal tract 
and storage environment. 

MATERIALS AND METHODS 

Materials: Escherichia coli K99 (E.coli) and Salmonella 

Gallinarum KCTC2931 (SG) were provided by the 
Functional Feed Additives Research Laboratory, College 
of Agriculture, Yanbian University, China. SA 
(Analytical Reagent, 90%), glycerol, CS (Viscosity 
100~200 mpa.s; Deacetylation degree≥95%), Bile salt, 
CaCl2, NaCl, KCl, Metaphosphate, Pepsin, KH2PO4 were 
purchased from Macklin (Shanghai, China). Korma 
Brilliant Blue G-250,, de Man, Rogosa, and Sharpe 
(MRS) broth, MacConkey agar, Bovine Serum Albumin 
(BSA) and Mucin were purchased from SolarBio 
(Beijing, China). 

Preparation of IgY: This experiment was conducted in 
the Laboratory of Functional Feed Additives, College of 
Agriculture, Yanbian University, China in May 2023. 
IgY was prepared as follows (Hansen, 1998; Tufarelli et 

al., 2020). First, eggs with yolk content >100 mg were 
selected for the experiment, and IgY was purified from 
the yolk by aqueous dilution technique after precipitation 
of the yolk with 40% ammonium sulfate. IgY was 
purified with precooled ethanol after precipitation from 
egg yolks, where the purified IgY was placed at -20℃ 
and excess ethanol was removed. IgY was obtained after 
precipitation by salting and was heated to yield IgY 
powder to improve its stability, which was stored at -20℃ 
until use. 

Measurement of IgY purity: IgY concentrations were 
determined as follows (Deng et al., 2011). Dissolve 1 g 
BSA in 1 L of sterile distilled water and set aside for use. 
100 mg of Kaumas Brilliant Blue G-250 was weighed 
and dissolved in 90% ethanol, subsequently, 100 mL of 
85% phosphoric acid was added. The total volume was 
then brought to 1 L and store at 4℃. BSA standard 
solutions of 0, 200, 400, 600, 800, and 1000 μg/mL were 
prepared, and 0.1 mL of each the standard solution was 
pipetted, 5 mL of Kaumas Brilliant Blue G-250 was 
added and mixed, and the OD595 was measured after 2 
min.The regression equation: A=0.0007X+1.3947 
(R2=0.9997) (X: Protein content; A: Absorbance). Using 
this equation, the purity of IgY was calculated to be 
91.52%. 

Microencapsulation of IgY by SA/CS/SA: Referring to 
the method by Cui et al. (Cui et al., 2018) with slight 
modifications (Figure 1). Firstly, the prepared IgY and 
glycerol were mixed with a high concentration of SA, and 
then microcapsule preparation was carried out. The IgY 
solution was dropped into 0.1 M calcium chloride 
solution by extrusion and subsequently SA MCs were 
formed. Subsequently, SA MCs were stirred thoroughly 
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in CS solution to form SA/CS MCs. Finally, SA/CS MCs 
were immersed in 0.1% (w/v) SA solution, and after 
sufficient reaction, SA/CS/SA MCs were prepared. 
Lyophilized at 0.06 mbar for 48 h (Alpha 2-4 LSC basic; 
Christ, Germany). 
 In this study, the IgY concentration, CS 
concentration, and pH of the CS solution were the key 

factors affecting the IgY encapsulation rate. Therefore, 
different concentrations of materials (IgY concentration: 
200 mg/mL, 300 mg/mL, and 400 mg/mL; CS 
concentration: 0.7, 0.8, and 0.9%; CS solution pH: 5.0, 
5.4, and 5.8) were tested in the MC formulation. 

 

Figure 1 Procedure for preparation of IgY-loaded SA/CS/SA MCs 

 

Encapsulation efficiency and loading content: A 
quantitative amount of the lyophilized post-MCs (100 
mg) was weighed, transferred to 5 mL of a decapsulated 
solution containing 1 mol/L sodium citrate. The samples 
were incubated in an oscillating incubator at 170 rpm at 
37°C until the MCs were completely dissolved, and then 
centrifuged at 4000 rpm for 10 min (centrifuge 5910R; 
Eppendorf, Germany). The supernatant was collected and 
OD595 was measured using a UV spectrophotometer (UV-
2450; Shimadzu, Japan). The supernatant of the empty 
MCs was used as a blank control (De Temmerman et al., 
2011; Wu et al., 2014).The EE (encapsulation efficiency) 
and LC (loading content) are calculated as follows: 
EE=CV/M1×100% (1) 
LC=CV/M2×100% (2) 
 Notes: (1) C: Concentration of IgY in solution 
(g/mL), V: Total volume of solution (10ml), M1: Total 
amount of IgY added (g); (2) M2: Total mass of MCs 
(100mg). 

Morphological characterization: The external 
morphology of the MCs was observed using a body 
microscope (S8APO; Leica, Germany). Those with full 
moistening and regular spherical shape were regarded as 
qualified; those with irregular morphology accompanied 
by severe trailing were regarded as unqualified; 10 MCs 
were randomly selected, and their particle size 
dimensions were measured using Vernier calipers. 
Characterization analysis of MCs was performed by 
scanning electron microscopy (SU8010; Hitachi, Japan) 

(Zhang et al., 2020a; Zhang et al., 2020b). The 
observation parameters were 3 kv and 5000 ×. 
Compressive strength: The maximum pressure that the 
front side of IgY-loaded SA/CS/SA MCs could withstand 
was used as compressive strength. Twenty MCs from 
each of the T1, T2, and T3 groups of SA/CS/SA IgY 
MCs were randomly selected, glass pieces were placed 
on top of them, weights were placed on top of the glass 
pieces, the weight of was increased, the weight was 
recorded when the capsules ruptured exactly, and the 
average value was taken. 

Simulated gastric fluid and simulated intestinal fluid: 

The simulated gastric juice was made of sodium chloride 
(2.0 g/L), calcium chloride (0.11 g/L), potassium chloride 
(1.12 g/L), metaphoric acid (0.4 g/L), mucin (3.5 g/L), 
pepsin (0.26 g/L), and the pH was adjusted to 2.0 with 
hydrochloric acid (Sultana et al., 2000). For each group, 
100 mg of lyophilized MCs was added to 30 mL of 
artificial gastric juice in a shaking incubator (ZHTY50N, 
Zhichu, China) at 37°C with stirring at 170 rpm for 0, 10, 
30, 60, and 120 min.  
 The simulated intestinal fluid was prepared as 
follows: 0.5 mmol KH2PO4 solution was mixed with 100 
mg pepsin and 1 mol/L NaOH was used to adjust the pH 
to 7.0(Ren et al., 2016). In each group, 100 mg MCs was 
added to the simulated intestinal fluid (30 mL), and the 
IgY concentration was measured after incubation for 0, 2, 
4, 6, and 8 h at 37℃ and 170 rpm. 
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Bacteriostatic test in vitro: The effective IgY content 
was weighed as 0.3 g of IgY powder and different 
microencapsulated IgY treatments. Escherichia coli K99 

(E. coli) and Salmonella gallinarium (SG) diluted to 
1×105 CFU/mL was added to MRS Broth medium and 
co-cultured with IgY treatment group at 37℃ for 9 h. The 
number of pathogenic bacteria cells (lg CFU/mL) was 
determined by plate counting method. (Xu et al., 2020). 
 The above culture solution was centrifuged at 
4000 rpm for 10 min. Alkaline phosphatase (AKP) 
activity in each supernatant was determined using an 
AKP assay kit (Jiancheng Biological Engineering 
Company, Nanjing, China). 

Storage performance: The method described by Nilsson 
et al. (Nilsson et al., 2012) was used with slight 
modifications. Briefly, IgY was dispensed into 50 mL 
centrifuge tubes and placed in at 4℃ and 23±2℃ where 
samples (2 g) were taken at 1, 2, 4, and 8 weeks. MCs 
were dissolved with 10 mL of 1 mol/L sodium citrate and 
the concentration of IgY was measured using a UV 
spectrophotometer (UV-2450; Shimadzu). 

Statistical analysis: IBM SPSS Statistics software 
(version 21.0; IBM Corp., Armonk, NY, USA) performed 
data analysis. One-way ANOVA was used with Tukey's 
test to compare significant differences between 
treatments. All results are expressed as mean±SEM, and 
P<0.05 was considered statistically significant, and data 

were processed using GraphPad Prism 7 (GraphPad 
Software Inc., San Diego, CA, USA). 

RESULTS 

Optimization of microencapsulated formulations: The 
effect of the IgY concentration on the EE of the IgY MCs 
is shown in Figure 2A. When the concentration was 200 
mg/mL, the EE was significantly increased to 94.17% 
(P<0.05). Therefore, an IgY concentration of 200 mg/mL 
was considered optimal in this study. 
 The effect of CS concentration on the EE of the 
IgY MCs is shown in Figure 2B. When the CS 
concentration was 0.8%, the EE of IgY was significantly 
increased to 87.35 % (P<0.05). These results suggest that 
the CS concentration significantly affects the 
microencapsulation of IgY. Therefore, a CS 
concentration of 0.8% was considered as the optimal CS 
concentration in this study. 
 The effect of the pH values of the CS solution 
on the EE of the IgY MCs is shown in Figure 2C. When 
the solution pH was 5.0, the EE of IgY increased 
significantly to 94.84% (P<0.05). We observed a drug 
loading of 23.11~24.44% for IgY (Figure 2D); however, 
no significant effect on LC was seen (P>0.05). As shown 
in Figure 2E, the highest mechanical strength of the MCs 
was observed when the solution pH was 5.0 (P<0.05), the 
results show that the mechanical strength is best when the 
pH of CS solution is 5.0.  

 

 
Figure 2 Effect of IgY concentration, chitosan concentration and pH of chitosan solution on IgY-loaded 

SA/CS/SA MCs preparation 

T1：pH=5.0；T2：pH=5.4；T3：pH=5.8 
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 A-C indicates the effect of IgY concentration, 
chitosan concentration and pH of chitosan solution on the 
EE; D indicates the effect of pH of chitosan solution on 
LC; E indicates the effect of pH of chitosan solution on 
the compressive strength.  
 The bars indicate the standard deviation and the 
different letters above the columns indicate significant 
differences at the a-cP<0.05 (Mean ± SEM, n=10). 

Morphological characterization: The particle size and 
external morphology of the IgY-loaded SA/CS/SA MCs 
formed at different pH values are shown in Table 1 and 
Figure 3. The MCs in all groups appeared smooth and 
spherical to the naked eye, and there was no significant 

difference in the size distribution of the wet MCs 
(P>0.05). The differences in external morphology (Figure 
4) and particle size (Table 1) of the freeze-dried 
microcapsules were significant (P<0.05) when observed 
using combined body microscopy and SEM. The 
different pH values of the CS solution changed the 
surface microstructure of the IgY-loaded SA/CS/SA MCs 
to some extent. When the pH was 5.0, the surface of the 
MCs was tight and regularly arranged; when the pH was 
5.4, fine voids began to appear on the surface of the MCs; 
and when the pH was 5.8, cracks and irregular voids 
appeared on the surface of the MCs. 

 

 
Figure 3 IgY-loaded SA/CS/SA MCs prepared with different pH of chitosan solution 

T1：pH=5.0；T2：pH=5.4；T3：pH=5.8 
 
Table 1 IgY-loaded SA/CS/SA MCs particle size before and after freeze-drying. 
 

Groups 
Size (mm) 

Before freeze-drying after freeze-drying 

T1 2.159±0.016 2.009±0.030a 
T2 2.109±0.027 1.848±0.026b 
T3 2.112±0.025 1.657±0.020c 

T1：pH=5.0；T2：pH=5.4；T3：pH=5.8 
a-c Different letters with same time are significantly different（Mean ± SEM, n=10, P<0.05）. 

 

Simulated GI release: The effects of IgY release from 
the MCs in simulated GI fluids are shown in Figure 5. As 
shown in Figure 5A, in simulated gastric fluid, the 
immunoreactivity of non-microencapsulated IgY powder 
was only 0.49% of the IgY remaining after 2 h of 
combined action of low pH and pepsin enzymatic 
digestion. In contrast, the rate of IgY release was 
significantly different between MCs formed at different 
CS solution pH values. As the pH increased, the 
protection rate of microencapsulated IgY gradually 
decreased. After 2 h, the activity of IgY in MCs formed 
at pH 5.0 was 72.20%, which was approximately 16% 
and 22% higher than the protection rate of MCs prepared 
under other pH conditions, respectively (P<0.05). The 

release effect of MCs in simulated intestinal fluid is 
shown in Figure 5B, and all of them reached 
approximately 90% (P>0.05) at 8 h. The results showed 
that IgY-loaded SA/CS/SA MCs could control the release 
of IgY in the gastric fluid and were immediately released 
to exert activity in artificial intestinal fluid. 

Bacteriostatic activity in vitro: Microencapsulated IgY 
prepared under different CS solution pH conditions 
exhibited inhibitory activities against both SG and E. coli. 
As shown in Figure 6A-B, the inhibitory effect of IgY 
MCs against E. coli and SG was significantly higher than 
that of the other pH solutions when the pH was 5.0 
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(P<0.05) but significantly lower than that of non-
microencapsulated IgY (P<0.05). 
 The integrity of the cell wall of the pathogen can 
be analyzed by measuring AKP activity in the culture 
medium.As shown in Figure 6C-D , AKP activity was 
significantly higher in both the microencapsulated and 

non-microencapsulated IgY-treated supernatants at 9 h 
than in the NC group (P<0.05). At pH 5.0, the AKP 
content of the microencapsulated IgY bacteriostatic 
supernatant was significantly higher than that of the T2 
and T3 groups (P<0.05). 

 

 
Figure 4 SEM observation of IgY-loaded SA/CS/SA MCs microstructure 

NC: IgY powder; T1：pH=5.0；T2：pH=5.4；T3：pH=5.8 
A-C: shows the morphological appearance under the observation of body microscope, scale bar: 1 mm. D-F: shows the microstructure 
under SEM observation, scale bar: 10 μm.  
 

 
Figure 5 Effect of IgY-loaded SA/CS/SA MCs release in simulated gastric and simulated intestinal fluids 

NC: IgY powder；T1：pH=5.0；T2：pH=5.4；T3：pH=5.8 



Jin et al.,  J. Anim. Plant Sci., 34 (3) 2024 

 702 

Viability represents the percentage of IgY remaining or released from the microcapsules relative to the initial content. (Mean ± SEM, 
n=10, *P<0.05；** P<0.01). 

 
Figure 6 In vitro bacteriostatic properties of IgY-loaded SA/CS/SA MCs 

NC: Untreated pathogenic bacteria；PC：IgY powder；T1：pH=5.0；T2：pH=5.4；T3：pH=5.8;  (A-B) The number of 
Escherichia coli and Salmonella gallinarium in the supernatant. (C-D) Alkaline phosphatase (AKP) activity in the supernatant. 
The bars indicate the standard deviation and the different letters above the columns indicate significant differences at the a-e P<0.05 
(Mean ± SEM, n=10); 
 
Storage stability: The protection rate of IgY in MCs 
during storage was mainly affected by the microcapsule 
material and storage temperature. Considering the actual 
temperatures during production, transportation, and 
storage, the storage stability of IgY MCs was further 
evaluated at 1, 2, 4, and 8 weeks of storage at both 4℃ 
and 23 ± 2℃. The survival of probiotics in different MCs 

at 4℃ and RT storage conditions is shown in Table 2, and 
the best storage effect of IgY microencapsulation was 
formed under the condition of pH 5.0 (P<0.05), and the 
storage performance was gradually reduced with 
increasing solution pH values. 
 

Table 2 Storage performance at 4°C and room 

temperature. 
 

Times 
Storage performance 

NC T1 T2 T3 

4℃     
1wee

k 
89.02±0.5

0c 
93.24±0.2

9a 
92.35±0.3

9ab 
91.38±0.4

7b 
2wee

k 
81.60±0.5

7c 
88.62±0.3

9a 
86.88±0.2

8b 
82.30±0.4

8c 
4wee

k 
72.91±0.7

5d 
86.35±0.3

4a 
84.68±0.3

5b 
80.18±0.3

6c 
8wee

k 
54.16±1.7

8c 
86.13±0.5

0a 
83.96±0.2

6a 
80.27±0.4

8b 
23±2
℃ 

    

1wee 84.31±0.6 91.75±0.4 91.38±0.3 89.71±0.2

k 8c 8a 3a 2b 
2wee

k 
65.39±1.1

3c 
86.34±0.4

4a 
85.83±0.3

0a 
81.71±0.4

3b 
4wee

k 
39.24±1.4

1d 
80.88±0.2

8a 
74.67±0.3

4b 
70.56±0.3

0c 
8wee

k 
12.52±0.5

9d 
74.71±0.3

4a 
63.93±0.2

7b 
59.84±0.4

0c 
NC: IgY powder；T1：pH=5.0；T2：pH=5.4；T3：pH=5.8. a-d 
Different letters with same time are significantly different（
Mean ± SEM, n=10, P<0.05) 

 
 

DISCUSSION 

 IgY has been shown to be effective in the 
prevention and treatment of bacterial enteritis (Han et al., 
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2021). However, IgY is poorly tolerated in gastric acidic 
environments, which greatly reduces IgY activity. 
Through microencapsulation, the loss of IgY in gastric 
juice can be reduced and efficiently released into the 
small intestine, which improves the therapeutic effect 
(Zhang et al., 2020c). In this study, the preparation 
process of IgY-loaded SA/CS/SA MCs was optimized, 
and their in vitro effect was evaluated based on three 
aspects: the concentrations of IgY and CS as well as the 
pH of the CS solution. 
 The EE and LC of the MCs were significantly 
affected by the core material, CS concentration, and pH 
of the media solution. It has been shown that the addition 
of a reasonable amount of core material can improve the 
EE, which may be because an excessive amount of core 
material may cause the microcapsule voids to become 
larger, resulting in spillage of the core material (Lai et al., 
2021). In our study, the best encapsulation effect was 
achieved when the IgY concentration was increased to 
200 mg/mL, and both 100 mg/mL and 300 mg/mL IgY 
decreased the encapsulation rate. This was most likely 
due to a gradual increase in the concentration of the core 
material in the solution causing the contact between the 
core material and wall material to increase, leading to an 
increased encapsulation rate of the MCs. However, the 
core material concentration is too high, which causes the 
pores of the membrane structure formed by the carboxyl 
group in SA and calcium ions to become larger, resulting 
in the core material overflow and resulting in the 
decrease of EE. 
 CS can improve the drug-carrying properties of 
the MCs. This may be attributed to the fact that CS can 
be stabilized by electrostatic interactions between the 
positively charged CS (NH3+) and negatively charged SA 
(COO-) to form polyelectrolyte complexes, leading to the 
formation of a more stable network on the surface of the 
sample (Li et al., 2009b). In our study, as the CS 
concentration increased, the optimal EE was observed 
when the CS concentration was 0.8% (w/v), and a 
decreasing trend was observed when the concentration 
exceeded this concentration. The reason may be that the 
CS is enlarged, then the formed SA/CS/SA can fully 
utilize NH3+ in solution, and with the addition of a low 
concentration of SA, it further strengthens the ionic gel 
network, limits the diffusive loss of proteins during MC 
formation, and reduces the outward diffusion of IgY 
(Meera et al., 2006). However, the study showed that 
when the CS concentration exceeded the reasonable 
range, the polyelectrolyte complexation reaction between 
IgY and SA and CS increased, resulting in more freeIgY 
and causing a decrease in EE. 
 The prepared MCs were subjected to 
morphological observation and SEM analysis. We found 
that the MCs before freeze-drying had similar 
morphological appearances and no significant differences 
in particle size dimensions. After freeze-drying, the two 

groups of MCs underwent crumpling, except for those 
MCs formed at pH 5.0. It was further observed by SEM 
that the surface of MCs formed at pH 5.0 formed a dense 
and ordered membrane structure, and voids and cracks 
gradually appeared with an increase in pH. This may be 
one of the reasons for the decrease in EE, which caused 
the loss of core material due to the appearance of voids 
and cracks, which may be one of the reasons for the 
decrease in compressive strength. 
 Many previous studies have shown that the 
activity of IgY is inhibited by pepsin and gastric acid 
(pH<3.5), resulting in reduced utility of IgY (Li et al., 
2022; Hatta et al., 1993a; Lee et al., 2002). Dusso et al. 
showed that the encapsulation efficiency of Lactococcus 

lactis reached more than 90% by preparing 
alginate/chitosan microcapsules and protected its activity 
and storage stability in simulated gastric and simulated 
intestinal fluids (Dusso et al., 2023).In this study, IgY 
activity was measured by measuring incubation in 
simulated gastric juice for 2 h, and the activity of non-
microencapsulated IgY powder decreased rapidly in 
simulated gastric juice, with only 0.49% antibody activity 
remaining after 2 h. However, there was a significant 
improvement in the stability of IgY after SA/CS/SA 
encapsulation, and the activity could still reach more than 
50%~70%. In simulated intestinal fluid, we found that 
IgY-loaded SA/CS/SA MCs showed a rapid release trend 
that was different from that in simulated gastric fluid. It is 
reported that Cui et al. used CS and SA as pH-sensitive 
wall materials to prepare probiotic-loaded SA/CS/SA 
MCs to improve the tolerance of probiotics in 
gastrointestinal fluid (Cui et al., 2018). It is also reported 
that Jiang et al. prepared vaccin-loaded SA/CS/SA MCs, 
which significantly increased the vaccine activity in 
simulated gastric fluid (pH 2.0) and simulated small 
intestinal fluid (pH 7.2) by more than 65% and 75%, 
respectively (Jiang et al., 2014). We found that the 
protection rate of the MCs decreased with increasing pH 
of the CS solution. The degree of ionization of the two 
polyelectrolytes could reach approximately 70%~80% at 
pH 5.0, at which point the two polysaccharides could be 
fully combined. With the addition of low concentrations 
of SA, the residual CS cations on the surface of the MCs 
could be further utilized, resulting in the formation of 
dense SA/CS/SA membrane structures. However, at a CS 
solution pH>5.0, the degree of CS ionization is inhibited 
and CS can form other types of structures (Wang et 

al.,2023). The formation of such structures makes the 
CS-SA membrane less dense, which increases core loss 
and decreases simulated gastric fluid protection. The 
conformations of the membrane structures formed by the 
different CS solution pH can be observed more visually 
using SEM. 
 We found that IgY-loaded SA/CS/SA MCs were 
rapidly released into artificial intestinal fluid. The 
disintegration of CS/SA MCs has been reported to be 
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affected by solution pH (Asadi et al., 2023; Anal and 
Stevens, 2005), where the ability of the MCs to bind to 
water and undergo swelling is low in a highly acidic 
environment (pH 1.2), however, In the neutral 
environment of intestinal fluid (pH 6.8), the anion 
alginate in the Ca/SA/CS complex could be replaced by 
hydroxyl ions, leading to the rupture of MCs (Ren et al., 
2016). The three-layer membrane structure of SA/CS/SA 
not only strengthens tolerance in the simulated gastric 
fluid but also provides a slow-release effect. 
 IgY can effectively inhibit the colonization of 
pathogens in the intestine (Xu et al., 2020; Bustos et al., 
2021). Studies have shown that IgY can decrease the 
mobility of pathogens and reduce their ability to freely 
access nutrients, thus exerting antimicrobial effects 
(Sunwoo et al., 2002). In this study, non-
microencapsulated IgY had the most significant 
antibacterial effect in the in vitro antibacterial culture, 
which was due to the direct contact of non-
microencapsulated IgY with pathogenic bacteria. In 
addition, we found that MCs prepared at different CS 
solution pH showed different antibacterial effects, which 
may be due to the synergistic effect of IgY diffusion and 
mural enzyme degradation (Vueba et al., 2004). The best 
bacteriostatic effect of the IgY MCs was observed at a pH 
of 5.0, which emphasizes the importance of the solution 
pH for the preparation of MCs. Many previous studies 
have shown that CS itself has natural antibacterial effects 
(Shirui et al., 2014; Luo et al., 2020). As a wall material, 
CS has antibacterial properties, which is related to the 
cations carried by the CS group, which can attach to the 
surface of pathogenic bacteria, leading to the damage of 
the cell membrane structure of pathogenic bacteria 
(Benltoufa et al., 2020). Because of the different pH 
values of the SA/CS/SA microencapsulation preparation 
solution in this study, the number of free CS ions 
increases when the CS solution pH is 5.0, and the 
increase in the free number of amino groups, which is the 
group that exerts the bacterial inhibitory efficacy of CS, 
inevitably leads to an enhancement of the inhibitory 
performance, resulting in differences in the inhibitory 
performance. More detailed studies and clearer results are 
required to demonstrate how SA/CS/SA-
microencapsulated IgY affects bacterial biological 
functions. In addition, the breakage of the cell wall of the 
pathogen prevents it from colonizing in the intestine and 
blocks its nutrient exchange pathway, thereby reducing 
its pathogenicity (Liu et al., 2023; Dykes et al., 2003). 
 AKP can be used to reflect the integrity of the 
bacterial cell wall because it is present between the cell 
wall and the cell membrane and is released in large 
amounts when the cell wall is damaged (Gu et al., 2023). 
In this study, different treatments with IgY inhibited both 
SG and E. coli. A significant increase in extracellular 
AKP activity was also observed, suggesting that IgY can 
disrupt the structure of the bacterial cell wall. Lipid 

bilayer lipopolysaccharides (LPS) and outer membrane 
proteins (OMPs) are the main components of the cell wall 
of Gram-negative bacteria. When pathogenic bacteria 
invade, the immune system will recognize and respond, 
thereby inhibiting the activity of pathogenic bacteria 
(Maiti et al., 2011). 
 The storage stability of IgY-loaded SA/CS/SA 
MCs was determined by the results showing that there 
was a significant difference in the IgY protection rate 
with an increase in the CS solution pH values at the same 
storage time, indicating that the CS solution pH plays a 
role in the storage stability of the MCs. At too high and 
too low an encapsulation pH, the degree of CS ionization 
was affected, and the degree of binding with SA was 
reduced, resulting in the formation of a flimsy and fragile 
membrane structure, which not only resulted in poor EE 
and compressive strength, but also had a certain impact 
on storage performance (Li et al., 2007). At week 8, the 
protection rate of microencapsulated IgY was maintained 
above 80% in all groups at 4°C, and above 60% in all 
groups at RT. This is similar to previous studies, where 
Nilsson et al. found that IgY could be stored for up to one 
month at RT and up to 6 months at 4°C (Nilsson et al., 
2012). Similarly, the microencapsulated IgY prepared by 
Tai et al. showed improved stability (Tai et al., 2020). As 
the SA/CS/SA microencapsulation of IgY reduced the 
contact with the external environment, the properties of 
IgY remained stable. In this experiment, after the 
stabilized structure was formed by SA/CS/SA, a low 
concentration of SA was used to further crosslink the 
residual cationic CS to form a more compact structure.  

Conclusions: The present study showed that optimal in 
vitro performance was obtained with the following: the 
IgY-loaded SA/CS/SA MCs prepared at a concentration 
of 200 mg/mL of IgY, a high concentration (1.5%) of SA, 
0.1 M CaCl2, 0.8% CS, a CS pH of 5.0, and a low 
concentration (0.1%) of SA. The IgY-loaded SA/CS/SA 
MCs enhanced the tolerance and storage stability of IgY 
in simulated gastrointestinal fluids and showed 
significant inhibition of E. coli and SG in vitro. 
Therefore, we prepared them as a novel antibiotic 
alternative with the aim of providing benefits for 
livestock performance and intestinal health. 
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