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Abstract: Immunoglobulin Y (IgY) is an effective orally administered antibody used to protect against various intestinal 
pathogens, but which cannot tolerate the acidic gastric environment. In this study, IgY was microencapsulated by 
alginate (ALG) and coated with chitooligosaccharide (COS). A response surface methodology was used to optimize 
the formulation, and a simulated gastrointestinal (GI) digestion (SGID) system to evaluate the controlled release of 
microencapsulated IgY. The microcapsule formulation was optimized as an ALG concentration of 1.56% (15.6 g/L), 
COS level of 0.61% (6.1 g/L), and IgY/ALG ratio of 62.44% (mass ratio). The microcapsules prepared following this 
formulation had an encapsulation efficiency of 65.19%, a loading capacity of 33.75%, and an average particle size of 
588.75 μm. Under this optimum formulation, the coating of COS provided a less porous and more continuous micro-
structure by filling the cracks on the surface, and thus the GI release rate of encapsulated IgY was significantly reduced. 
The release of encapsulated IgY during simulated gastric and intestinal digestion well fitted the zero-order and 
first-order kinetics functions, respectively. The microcapsule also allowed the IgY to retain 84.37% immune-activity 
after 4 h simulated GI digestion, significantly higher than that for unprotected IgY (5.33%). This approach could provide 
an efficient way to preserve IgY and improve its performance in the GI tract. 
 
Key words: Immunoglobulin Y (IgY); Microencapsulation; Chitooligosaccharide (COS); Response surface methodology 

(RSM); Controlled release; Simulated gastrointestinal digestion (SGID) 
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1  Introduction 
 

Immunoglobulin Y (IgY) is a special antibody 
extracted from chicken egg yolks which contain about 
6 g per egg (Pauly et al., 2011). Chicken IgY is con-
sidered a functional equivalent of IgG due to its same 
origin and similar structure (Kovacs-Nolan and Mine, 
2012). However, it is reported to have a variety of 
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advantages compared with mammalian IgG, includ-
ing a higher yield, lower cost, stronger specificity, 
higher hydrophobicity, and more convenience (Car-
lander et al., 2000; Dávalos-Pantoja et al., 2000; 
Kovacs-Nolan and Mine, 2012). Hence, IgY has been 
widely applied in human and veterinary health as the 
functional food component (Xu et al., 2012), animal 
dietary ingredient (Scheraiber et al., 2019), diagnostic 
reagent (Cai et al., 2012), immuno-therapeutic anti-
body (Rahman et al., 2013), and toxin neutralizer 
(Xing et al., 2017). One of the most effective appli-
cations of IgY is, via oral delivery, to protect the 
intestinal tract from enterotoxigenic Escherichia coli, 
Salmonella typhimurium, Clostridium difficile, Heli-
cobacter pylori, and other foodborne pathogens (Pe-
reira et al., 2019). However, as a protein-based sub-
stance, IgY is sensitive and prone to lose its bioac-
tivity in the gastric tract which has a very low pH and 
contains large amounts of proteinases (Bakhshi et al., 
2017; Ren et al., 2017). Consequently, a protective 
strategy against the acidic gastric environment is 
needed to maximize retention of the bioactivity of 
orally administered IgY. 

Microencapsulation is a promising protection 
strategy for orally delivered substances, to maintain 
their bioactivity in harsh environments and sustain 
their release to target sites (Anal et al., 2003; Li et al., 
2019). Hence, it is widely used in food processing, 
pharmaceutical engineering, and bio-manufacturing. 
It has been reported that microencapsulation is a 
useful technology for the delivery of various bioac-
tive immunoglobulins through the gastrointestinal 
(GI) tract (Lee et al., 2012). Since the pH values and 
enzymolysis environments in the stomach and intes-
tine are very different, the wall material of the mi-
crocapsule should have pH-sensitive and swelling 
properties for the controlled release of core material 
(Bakhshi et al., 2017; Ren et al., 2017). Alginate 
(ALG), a natural polysaccharide composed of β-D- 
mannuronic acid and α-L-guluronic acid, is consid-
ered a satisfactory wall material with these properties 
(Bakhshi et al., 2017). It is also easy for ALG to form 
gels under normal conditions provided with only 
multivalent cations such as Ca2+ (Kumar Giri et al., 
2012; Jeong et al., 2020), which is beneficial for 
preserving the activity of immunoglobulins. However, 
its loose network is an important drawback of ALG 
gel, which would cause the leakage of inclusions at 

low pH (Zhang et al., 2011). As a result, it is neces-
sary to coat the ALG with another wall material to 
enhance the performance of microcapsules. 

Chitooligosaccharide (COS) is a cationic poly-
mer obtained from the hydrolysis of another natural 
polysaccharide, chitosan. Compared with chitosan, 
COS has a lower molecular weight (normally ≤10 kDa), 
a higher water solubility, and stronger versatile bio-
activity (Ha et al., 2013; Liu et al., 2018), which 
makes it easier to form stable, elastic, and sustained- 
release capsules (Wang and He, 2010). Thus, as an 
efficient encapsulation material or drug carrier, COS 
is attracting increasing attention for the oral delivery 
of bioactive substances (Liu et al., 2018). Moreover, 
polycationic COS can attach to the polyanionic ALG 
gel and form a coating via electrostatic interaction- 
induced self-assembly (Wang and He, 2010; Chan-
dika et al., 2015). In this way, a more stable and less 
porous network can be generated on the surface, al-
lowing the COS-coated microcapsules to perform 
better in oral administration and GI release than many 
other encapsulation systems (Liu et al., 2018). Re-
cently, COS-coated encapsulation has been widely 
applied in the controlled release of diverse bioactive 
inclusions, such as quercetin (Ha et al., 2013), astaxan-
thin (Liu et al., 2018), and genistein (Wang et al., 
2019). However, its application in the microencap-
sulation and sustained release of antibodies such as 
IgY has rarely been reported. 

The objective of this work was to prepare, op-
timize, characterize, and evaluate in vitro, the IgY- 
containing ALG microcapsules coated with COS. A 
two-step ionic gelation method was used to prepare 
the microcapsules. Response surface methodology 
(RSM) was conducted to optimize their formulation 
with the encapsulation efficiency (EE), loading ca-
pacity (LC), and average particle size (APS) as de-
pendent variables. A scanning electron microscope 
(SEM) was used to observe the surface morphology, 
an optical microscope and a chromameter to detect 
the physical properties, and enzyme-linked im-
munosorbent assay (ELISA) to determine the IgY 
immune-activity of the microcapsules. The controlled 
release of microencapsulated IgY was evaluated us-
ing a simulated GI digestion (SGID) system and re-
lease kinetics analysis. The information obtained 
from this study could provide practical support for the 
preservation of bioactivity of IgY and improve its 
performance in the GI environment. 
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2  Materials and methods 

2.1  Materials 

IgY powders were obtained from Zhejiang AGS 
Biotech Co., Ltd. (Huzhou, Zhejiang, China; reten-
tion rate of immune-activity ≥96%). Sodium ALG 
(50–800 cps, 1 cps=1 mPa·s) and COS (molecular 
weight ≤2000 Da) were bought from the Sangon Bi-
otech Co., Ltd. (Shanghai, China) and the Golden 
Shell Pharmaceutical Co., Ltd. (Taizhou, Zhejiang, 
China), respectively. The ELISA kit for chicken IgY 
was purchased from Sigma-Aldrich Co., Ltd. (St. 
Louis, MO, USA). All other reagents were of ana-
lytical grade, including pepsin (1:3000) and trypsin 
(1:250), which were both purchased from Yuanye 
Biotechnology Co., Ltd. (Shanghai, China). 

2.2  Preparation of microcapsules 

The IgY-loaded microcapsules were prepared by 
a two-step ionic gelation method according to Gan-
domi et al. (2016) and Liu et al. (2018) with some 
modifications. In particular, the aqueous ALG solu-
tion was prepared by stirring at 60 °C using a water 
bath, and then cooling to room temperature prior to 
use. The IgY was suspended in 1.0%–1.8% (1%= 
10 g/L) aqueous ALG solution at an IgY/ALG ratio of 
12.5%–87.5% (mass ratio). Subsequently, the mix-
ture was extruded dropwise at a height of 10 cm into a 
1% (10 g/L) CaCl2 solution through a syringe filter 
with a 0.2-mm flat needle. After gelation for 30 min 
in the CaCl2 solution, the beads were washed with 
deionized water and then immersed in 0.5%–2.5% 
(1%=10 g/L) aqueous COS solution for 40 min. 
Subsequently, the COS-coated beads were rinsed 
several times using distilled water and freeze- 
dried at −60 °C prior to use (ALPHA 1-4 LD, Martin 
Christ, Osterode, Germany). 

2.3  Experimental design, optimization, and 
modelling 

According to the methods of Zimet et al. (2018) 
and He et al. (2019) with some modifications, a 
three-factor and three-level Box-Behnken experi-
mental design was applied to optimize the micro-
capsule formulation by RSM. The experimental de-
sign matrix is shown in Table 1. The ALG concen-
tration (A), COS concentration (B), and IgY/ALG 
ratio (C) were studied as independent variables, while 

the EE, LC, and APS were selected as response var-
iables. Three uncoded levels corresponding to the 
codes (−1, 0, 1) for each independent variable were 
chosen based on the one-factor-at-a-time experiment 
results. The Box-Behnken design matrix consisted of 
17 experimental runs in random order, including 12 
factorial points and 5 replicates at the center point, 
which allowed the estimation of a pure error sum  
of squares (Mohammadi et al., 2016). All response 
values of EE, LC, and APS were explained by multi-
ple regressions to fit the second-order polynomial 
equation as follows: 
 

2 2
0 1 2 3 11 22

2
33 12 13 23

=β +β +β +β +β +β
     +β +β +β +β ,
Y A B C A B

C AB AC BC
          (1) 

 
where Y is the measured response value, EE (%), LC 
(%), or APS (μm); A, B, and C represent the inde-
pendent variables, the ALG concentration (%, 1%= 
10 g/L), COS concentration (%, 1%=10 g/L), and 
IgY/ALG mass ratio (%), respectively; β0 is the ver-
tical intercept; β1, β2, and β3 are the linear coefficients; 
β11, β22, and β33 represent the quadratic coefficients; 
β12, β13, and β23 represent the interaction coefficients. 

Assessments of the regression models were 
based on the P-values and R2 values from analysis of 
variance (ANOVA). Statistical significance was con-
firmed when the P-value was of <0.05, while an ex-
treme significance was established when the P-value 
was of <0.01. Three dimensional (3D) response sur-
faces were generated from the regression models and 
used for the determination of optimum conditions and 
the visualization of relationships between independ-
ent and response variables (Lu et al., 2008; Zimet et al., 
2018). 

2.4  Evaluation of EE and LC 

The EE and LC of the microcapsules were de-
tected according to the methods of Lian et al. (2016) 
and Bakhshi et al. (2017) with some modifications. 
Specifically, 0.2 g freeze-dried microcapsules were 
ground in a mortar using a pestle to destroy the wall 
material, and transferred into 10 mL 1 mol/L sodium 
citrate solution. Afterwards, samples were heated in a 
shaking water bath at 150 r/min for 2 h (COS-100B, 
Bilon Instruments Co., Ltd., China) until the IgY was 
fully released, followed by centrifugation at 4000 r/min  
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for 20 min (TGL-16GA, Xingkekeji Instruments  
Co., Ltd., Changsha, China). After filtration, the IgY 
concentration in the supernatant was determined by a 
protein content assay at 280 nm using an ultraviolet 
(UV)-1750 spectrophotometer (Shimadzu, Kyoto, 
Japan). The supernatant of the IgY-unloaded micro-
capsule was adopted as the blank to correct the ab-
sorbance. The EE and LC values were calculated 
based on the following equations: 

 
EE=CIgYV/MIgY×100%,                       (2) 
LC=CIgYV/M×100%,                           (3) 

 
where CIgY is the concentration of IgY in supernatant 
(g/mL), V is the volume of the sample solution  
(10 mL), MIgY is the total mass of the IgY powders used 
for the microcapsule preparation (g), and M is the total 
mass of IgY-loaded microcapsules used for the de-
termination (0.2 g). 

2.5  Measurement of APS, density, and sphericity 

The APS of the samples was measured using a 
machine version method based on the studies of 
Igathinathane and Ulusoy (2016) and Wei et al. (2014) 
with slight modifications. Briefly, the samples were 
scattered on a glass plate and observed by an optical 
microscope coupled with an imaging system (BA410, 
Motic China Group Co., Ltd., Xiamen, China). 
Photographs of 10−15 particles were taken for each 
sample under the optical microscope, and then 
transformed first into grayscale and then into binary 
images by the ImageJ software V1.52s (NIH, Be-
thesda, MD, USA) using suitable threshold values. 
The Heywood diameter (equivalent circle diameter of 
projection) of the particles was calculated and the 
APS was determined by the following equation:  
 

2

APS= ,
d
d




                            (4) 

 
 
 
 
 
 
 
 
 
where d is the Heywood diameter of each particle (μm) 
and ∑ means the summation of all particles of the 
same sample. 

The density and sphericity of microcapsules 
were determined according to the method of Jeong  
et al. (2020) with slight modifications. Briefly, the 
density of a microcapsule was expressed as the ratio 
of weight to volume. The weight was the mean mass 
of 100–150 particles for each sample, while the 
volume was the equivalent sphere volume calculated 
based on the Heywood diameter. The sphericity was 
calculated as the ratio of the short-axis diameter to the 
long-axis diameter. 

2.6  Color measurement 

The color of the samples was measured using a 
chromameter (CR-400, Konica Minolta, Tokyo, Japan). 
The Commission Internationale de l'Eclairage (CIE) 
lightness, redness/greenness, and yellowness/blueness 
scales were directly detected, while the whiteness 
index was calculated following the method of Rosa- 
Sibakov et al. (2015) by the following equation:  
 

2 2 2=100 (100 ) * * ,W L a b                (5) 
 
where W is the whiteness; L is the lightness, ranging 
from 0 to 100; a* is the redness/greenness (a*>0 
represents red, whereas a*<0 means green); b* is the 
yellowness/blueness (b*>0 represents yellow, whereas 
b*<0 means blue). 

2.7  SEM 

The microstructure and surface morphology of 
samples were detected under a field emission SEM 
(FE-SEM; Regulus 8100, Hitachi Ltd., Tokyo, Japan). 
The freeze-dried samples were mounted on a bronze 
stub and then sputter-coated with gold before obser-
vation. The observations were made at an accelerating 
voltage of 3.0 kV and a magnification of 5000. 

Table 1  Independent and response variables in the Box-Behnken design for the optimization of the formulation of  
microcapsules 

Independent variable 
Level Response 

variable Constraint 
Low (−1) Medium (0) High (1) 

A=ALG concentration (%, 1%=10 g/L) 1.4 1.6 1.8 EE (%) Maximize 
B=COS concentration (%, 1%=10 g/L) 0.0 0.5 1.0 LC (%) Maximize 
C=IgY/ALG ratio (%, mass ratio) 31.25 50.00 68.75 APS (μm) Minimize 
ALG: alginate; COS: chitooligosaccharide; IgY: immunoglobulin Y; EE: encapsulation efficiency; LC: loading capacity; APS: average particle size 
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2.8  Release behavior during simulated digestion 

2.8.1  Simulated gastric digestion 

Simulated gastric digestion (SGD) of samples 
was conducted according to the method of Bakhshi  
et al. (2017) with some modifications. A mount of  
100 mg samples were dispersed in 10 mL distilled 
water and mixed with 0.3 mmol NaCl. After adjusting 
the pH to 1.2 with 1 mol/L HCl, 32 mg pepsin was 
added to the mixtures which were then incubated at 
37 °C for 0, 0.5, 1, 2, 3, or 4 h, at a shaking speed of 
150 r/min. Afterwards, the samples were centrifuged at 
5000 r/min for 20 min and the IgY released in the 
supernatant was determined by UV spectroscopy, as 
described in Section 2.4. 

2.8.2  Simulated intestinal digestion 

Simulated intestinal digestion (SID) of samples 
was conducted according to the method of Ren et al. 
(2017) with some modifications. Briefly, 100 mg 
samples were dispersed in 10 mL distilled water and 
mixed with 0.5 mmol KH2PO4. The mixtures were 
adjusted to pH 6.8 with 1 mol/L HCl and/or 1 mol/L 
NaOH, and then 100 mg pepsin was added. Finally, 
the samples were incubated and centrifuged as de-
scribed in Section 2.8.1, followed by IgY release 
measurement using the method described in Section 2.4. 

2.8.3  SGID 

The SGID of samples was conducted according 
to the method of Zhang et al. (2020) with minor 
modifications. Briefly, 100 mg samples were dis-
persed in 10 mL distilled water and mixed with  
0.3 mmol NaCl. After adjusting the pH to 1.2 with  
1 mol/L HCl, 32 mg pepsin was added to the mixtures 
which were then incubated at 37 °C for 0–2 h, with 
shaking at 150 r/min. Then, 0.5 mmol KH2PO4 was 
added to the samples which were then adjusted to  
pH 6.8 with 1 mol/L NaOH. After adding 100 mg 
pepsin, the mixtures were then incubated at 37 °C  
for another 0–2 h at a shaking speed of 150 r/min. 
Finally, the samples were centrifuged and assayed 
using the procedures described in Sections 2.8.1 and 
2.4, respectively. 

2.8.4  Release kinetics analysis 

According to our previous studies (Zhang et al., 
2016, 2017), four mathematical models were used to 

describe the release kinetics of IgY from microcap-
sules under different digestion conditions. These 
models include the zero-order kinetics function  
(Eq. (6)) (Eltayeb et al., 2015), Higuchi function  
(Eq. (7)) (Higuchi, 1963), Hixson-Crowell function 
(Eq. (8)) (Otsuka and Matsuda, 1996), and first-order 
kinetics function (Eq. (9)) (Mahasukhonthachat et al., 
2010) as follows: 

 

0( ) k ,R t t                                 (6) 
1/2

H( ) k ,R t t                             (7) 
1/3 1/3

T T HC( ( )) k ,R R t R t                       (8) 
1k

lim( ) (1 e ),tR t R                   (9) 
 

where t is the digestion time (h); R(t) is the IgY re-
lease from microcapsules after digestion for time t, 
(mg/g); RT is the LC of microcapsules (mg/g); Rlim is 
the limiting IgY release, 0<Rlim≤LC (mg/g); k0, kH, 
kHC, and k1 are IgY release constants, which can be 
determined by analysis of the regression between R(t) 
and t, mg/(g∙h) for k0, mg/(g∙h1/2) for kH, (mg/g)1/3∙h−1 
for kHC, and h−1 for k1. A higher k0, kH, kHC, or  
k1 corresponds to a higher IgY release rate during 
digestion. 
2.9  Detection of the relative immune-activity of IgY 

The relative activity of the encapsulated IgY 
subjected to simulated digestion was detected by 
indirect ELISA following the methods of Bakhshi  
et al. (2017) and Ren et al. (2017) with slight modi-
fications. The 96-well plates were coated with rabbit 
anti-chicken IgY, incubated overnight at 4 °C, and 
then blocked with 5% skim milk in phosphate- 
buffered saline (PBS; pH=7.4, 0.01 mol/L). After 
being washed with PBS with Tween 20 (PBST) three 
times, testing samples or untreated IgY (the control) 
was added to plates, followed by incubation at 37 °C 
for 2 h in PBS. Afterward, plates were rinsed again 
and incubated with horseradish peroxidase-conjugated 
rabbit anti-chicken IgY (1:2000) at 37 °C for another 
2 h. The plates were then washed again with PBST 
several times and developed with o-phenylenediamine, 
followed by the detection of absorbance at 495 nm 
using a microplate reader (Type-190, Yaxu Biotech-
nology Co., Ltd., Hangzhou, Zhejiang, China). The 
immune-activity was expressed as a proportion of the 
activity of untreated IgY. 
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2.10  Statistical analysis 

All experiments were performed in triplicate. 
Tables were made using Microsoft Excel 2016, while 
figures were drawn using Origin V8.0 (Origin-Lab, 
Northampton, MA, USA). One-way ANOVA and 
regression analysis were conducted using the SAS 
program V9.2 (SAS Institute Inc., Carry, NC, USA), 
while the RSM was performed using Design-Expert 
software V11 (Stat-Ease Inc., Minneapolis, MN, 
USA). Differences among mean values were estab-
lished using Duncan’s multiple range test. A signifi-
cant difference was confirmed when P<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  Results 

3.1  Optimization of microcapsule formulation 

3.1.1  Single-factor results 

The effects of ALG concentration on the EE, LC, 
and APS of IgY-loaded microcapsules are shown in 
Figs. 1a–1c). The concentration of ALG had a marked 
effect on the microencapsulation of IgY. As the ALG 
concentration was increased from 1.0% to 1.8%, the 
EE improved significantly from (31.11±1.11)% to 
(68.79±4.18)% (P<0.05; Fig. 1a), and the LC slowly 
improved from (22.18±0.79)% to (30.07±1.04)%  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Effects of ALG, COS, and IgY/ALG ratio on the EE, LC, and APS of IgY-loaded microcapsules 
(a–c), (d–f), and (g–i) represent the alginate (ALG) concentration, chitooligosaccharide (COS) concentration, and immuno-
globulin Y (IgY)/ALG ratio, respectively. (a), (d), and (g) represent the encapsulation efficiency (EE); (b), (e), and (h) represent 
the loading capacity (LC); (c), (f), and (i) represent the average particle size (APS). Data are expressed as mean±standard de-
viation (SD), n=3. Different lowercase letters above the error bar denote significant differences among the EE, LC, or APS as 
affected by different ALG concentrations, COS concentrations, or IgY/ALG ratios (P<0.05) 
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(P<0.05), followed by a fall back to (23.44±1.42)% 
(P<0.05; Fig. 1b). The samples attained the highest 
EE and LC (P<0.05) as well as a relatively low APS 
(P<0.05) at an ALG concentration of 1.6%. Therefore, 
1.6% (16 g/L) was considered the preliminary opti-
mum ALG level. 

The effects of COS concentration on the EE, LC, 
and APS of IgY-loaded microcapsules are shown  
in Figs. 1d–1f. Briefly, during the increase of COS 
concentration from 0.5% to 2.5%, the EE decreased 
significantly from (74.65±2.12)% to (40.98±3.65)% 
(P<0.05), the LC was reduced dramatically by 42.30% 
(from (33.47±0.95)% to (19.33±1.72)%, P<0.05), and 
the APS increased markedly from (565.50±31.89) μm 
to (693.75±16.28) μm (P<0.05). These results indi-
cated that the microencapsulation of IgY was signif-
icantly affected by the COS concentration. Hence, the 
lowest level used herein (0.5%, 5 g/L) was selected as 
the preliminary optimum COS concentration. 

The effects of the IgY/ALG mass ratio on the 
microencapsulation parameters are presented in 
Figs. 1g–1i. As revealed in Fig. 1g, the EE was dra-
matically reduced from (76.04±2.43)% to (35.16± 
2.32)% (P<0.05) as the IgY/ALG ratio increased  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

from 12.5% to 87.5%. However, the LC was re-
markably increased from (8.87±0.28)% to (33.47± 
0.95)% (P<0.05) as the IgY/ALG ratio improved 
from 12.5% to 50.0%, but showed a significant re-
duction (P<0.05) at higher IgY/ALG ratios (Fig. 1h). 
The maximal EE and LC as well as the minimal APS 
were obtained at an IgY/ALG level of 50.0% (P<0.05), 
indicating that this ratio would be another optimum 
condition for the microencapsulation of IgY. 

3.1.2  RSM and model conformation 

The EE (response 1), LC (response 2), and APS 
(response 3) are three important parameters of the 
microencapsulation quality of IgY. Table 2 shows the 
response values obtained under different conditions 
based on the Box-Behnken design (Table 1), and the 
corresponding predicted values obtained via RSM. 
The EE of the IgY-loaded microcapsules ranged from 
(38.83±2.02)% to (79.84±3.59)% (P<0.05), the LC 
ranged from (12.56±0.28)% to (35.80±1.61)% (P< 
0.05), and the APS ranged from (543.50±15.26) μm 
to (684.25±12.04) μm (P<0.05). Furthermore, most 
of the relative deviations (RD) between observed and 
fitted values were between −10% and 10%, except for  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Experimental design, observed responses, and predicted values of IgY-loaded microcapsules 

Run 
order 

Independent 
variable 

EE (%) LC (%) APS (μm) 
Experimental Predicted RD (%) Experimental Predicted RD (%) Experimental Predicted RD (%)

1 A−1B1C0 47.38±3.57f 46.65 1.54 22.97±1.73e 23.71 −3.22 644.00±7.07bc 630.74 2.06
2 A1B0C−1 63.83±1.31d 64.95 −1.75 16.09±0.33h 17.28 −7.40 632.00±10.13bc 606.52 4.03
3 A0B0C0 78.67±0.77a 76.78 2.40 35.28±0.35a 34.43 2.41 578.00±38.24g 574.88 0.54
4 A1B0C1 46.33±0.05f 45.25 2.33 25.40±0.03d 24.61 3.11 627.25±10.47bcd 606.52 3.30
5 A0B0C0 78.89±2.94a 76.78 2.67 35.38±1.32a 34.43 2.69 589.25±18.10efg 574.88 2.44
6 A0B0C0 73.26±3.26b 76.78 −4.80 32.85±1.46b 34.43 −4.81 568.50±45.97gh 574.88 −1.12
7 A0B0C0 73.22±0.35b 76.78 −4.86 32.84±0.16b 34.43 −4.84 581.00±35.11fg 574.88 1.05
8 A0B1C−1 69.52±1.97c 65.43 5.88 19.27±0.55g 17.43 9.55 684.25±12.04a 689.95 −0.83
9 A0B1C1 45.87±1.05f 45.73 0.31 32.62±0.74b 32.75 −0.40 643.00±16.43bc 634.82 1.27

10 A0B−1C−1 68.81±2.77c 65.43 4.91 18.20±0.73g 18.07 0.71 586.75±17.95efg 602.01 −2.60
11 A1B−1C0 61.05±0.51de 59.45 2.62 21.17±0.18f 20.30 4.11 617.75±17.46cde 597.93 3.21
12 A−1B−1C0 45.89±2.56f 46.65 −1.66 21.14±1.18f 20.30 3.97 594.75±9.54defg 597.93 −0.53
13 A−1B0C1 38.83±2.02g 32.45 16.43 29.73±1.54c 28.54 4.00 616.75±36.40cde 606.52 1.66
14 A−1B0C−1 45.80±1.00f 52.15 −13.86 12.56±0.28i 13.35 −6.29 564.25±13.40gh 606.52 −7.49
15 A0B0C0 79.84±3.59a 76.78 3.83 35.80±1.61a 34.43 3.83 543.50±15.26h 574.88 −5.77
16 A1B1C0 57.89±0.57e 59.45 −2.69 22.74±0.22ef 23.71 −4.27 615.00±13.11cdef 630.74 −2.56
17 A0B−1C1 48.13±1.38f 45.73 4.99 23.43±0.85e 25.28 −7.90 655.75±12.26ab 657.13 −0.21

Relative deviation (RD)=(experimental value–predicted value)/experimental value×100%. Experimental data are expressed as mean±standard 
deviation (SD), n=3. Different superscript letters in the same column denote significant differences among experimental responses as affected 
by different independent variables (P<0.05). In the independent variable column, A means the alginate (ALG) concentration, B represents the 
chitooligosaccharide (COS) concentration, and C is immunoglobulin Y (IgY)/ALG ratio; different subscript numbers indicate different levels 
of concentration listed in Table 1. EE: encapsulation efficiency; LC: loading capacity; APS: average particle size 
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two of the total 51 EE values, suggesting that the 
models fitted by RSM were appropriate to describe all 
three response variables. 

Regression analysis and ANOVA were conducted 
on the responses (EE, LC, and APS), linear effects (A, 
B, and C), quadratic effects (A2, B2, and C2), and in-
teractive effects (AB, BC, and AC) to obtain the re-
sponse surface models and determine their signifi-
cance (Zimet et al., 2018; He et al., 2019). The results 
are shown in Table 3, and the equations fitted by RSM 
with only the statistically significant terms (P<0.05) 
are expressed as follows: 
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EE= 1050.37 1289.22 3.23
392.88 2.42 0.04 ,
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B BC
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  
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                        (12) 

 
The ANOVA data shown in Table 3 revealed 

that the model fitting results for all three responses 
were extremely significant (P<0.01), whereas the 
lack-of-fit values were not significant (P>0.05). This  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Regression coefficients and analysis of variance (ANOVA) for response surface models 

Source Coefficient estimate Sum of squares df Mean square F-value P-value 
Response 1: EE (%) 

Model  3290.36 5 658.07 33.23 <0.0001 
Intercept 76.78      

A 6.40 327.51 1 327.51 16.54 0.0019 
C −9.85 776.13 1 776.13 39.19 <0.0001 
A² −15.30 986.14 1 986.14 49.79 <0.0001 
B² −8.42 298.65 1 298.65 15.08 0.0025 
C² −12.77 687.05 1 687.05 34.69 0.0001 

Residual  217.85 11 19.80 
Lack of fit  175.41 7 25.06 2.36 0.2122 
Pure error  42.45 4 10.61 

Response 2: LC (%) 
Model  856.45 7 122.35 49.12 <0.0001 
Intercept 34.43      

B 1.71 23.32 1 23.32 9.36 0.0136 
C 5.63 253.72 1 253.72 101.86 <0.0001 
AC −1.97 15.48 1 15.48 6.21 0.0343 
BC 2.03 16.47 1 16.47 6.61 0.0301 
A² −7.43 232.48 1 232.48 93.33 <0.0001 
B² −4.99 104.98 1 104.98 42.14 0.0001 
C² −6.05 154.27 1 154.27 61.93 <0.0001 

Residual  22.42 9 2.49   
Lack of fit  13.88 5 2.78 1.30 0.4110 
Pure error  8.54 4 2.13   

Response 3: APS (μm) 
Model  16 612.57 4 4153.14 9.21 0.0012 
Intercept 574.88      

B 16.41 2153.32 1 2153.32 4.78 0.0494 
BC −27.56 3038.77 1 3038.77 6.74 0.0234 
B² 39.45 6572.37 1 6572.37 14.58 0.0024 
C² 31.64 4227.21 1 4227.21 9.38 0.0099 

Residual  5410.04 12 450.84   
Lack of fit  4170.99 8 521.37 1.68 0.3230 
Pure error  1239.05 4 309.76   

A, B, and C are the ALG concentration (%), chitooligosaccharide (COS) concentration (%), and IgY/ALG ratio (%), respectively. Response 
1: R2=0.9379, adjusted (Adj) R2=0.9097, predicted (Pred) R2=0.8189, adequacy of equation (Adeq) precision=16.7657. Response 2: 
R2=0.9745, Adj R2=0.9547, Pred R2=0.8186, Adeq precision=19.4726. Response 3: R2=0.7543, Adj R2=0.6725, Pred R2=0.5587, Adeq 
precision=9.9924. df: degrees of freedom; EE: encapsulation efficiency; LC: loading capacity; APS: average particle size 
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was in accordance with the RD results (Table 2), 
indicating that the second-order polynomial models 
(Eqs. (10)–(12)) could fit the response data of EE, LC, 
and APS very well. The differential between R2 and 
adjusted R2 can be used to represent the prediction 
adequacy of equations (Zimet et al., 2018). As shown 
in Table 3, the model R2 and adjusted R2 for EE  
(Eq. (10)) and LC (Eq. (11)) were both higher than 
0.90, with the difference between them being less 
than 0.30. However, the R2 and adjusted R2 for APS 
(Eq. (12)) were 0.7543 and 0.6725, respectively, with 
a deviation of about 0.08. These results suggest that 
the second-order polynomial models had higher pre-
diction accuracy for EE and LC than for APS. The 
absolute values of coded coefficient estimates (>1) 
also denote the significance of coefficients, including 
the intercept, linear, quadratic and interactive coeffi-
cients, since coded units allow the comparison of coef-
ficients on a common scale (Marcet et al., 2018). The 
precision of all the models surpassed 4, demonstrating 
that the resulting signal-to-noise ratios were extremely 
low and all the fitting models were good enough to 
navigate the design space (Zimet et al., 2018). 

3.1.3  Estimation of interactive effects and determi-
nation of the optimum formulation 

The interactive effects of independent variables 
on EE, LC, and APS were estimated by allowing two 
of the variables to vary while the other one was fixed. 
The results are shown as a series of 3D response plots 
(Fig. 2). As shown in Figs. 2a–2c and Eq. (10), the 
principal influence on the response EE was attributed 
to the linear and quadratic effects of the ALG con-
centration (A), COS concentration (B), and IgY/ALG 
ratio (C) (P<0.01), rather than their interactions 
(P>0.05). Specifically, a combination of relatively 
high ALG concentration (A), low IgY/ALG mass 
ratio (C), and a COS level (B) trend to 0.60 led to a 
high EE value. Figs. 2d–2f and Eq. (11) showed that 
the LC was significantly affected by the linear, 
quadratic and interactive effects of the ALG concen-
tration (A), COS concentration (B), and IgY/ALG 
ratio (C) (P<0.05). The highest LC levels were ob-
served when the ALG level (A) was about 1.5%–1.6%, 
the concentration of COS (B) was near 0.60% and the 
IgY/ALG ratio (C) was relatively high. However, the 
APS was determined only by the COS concentration 
(B), IgY/ALG ratio (C), and their interactive effects 

(P<0.05; Figs. 2g–2i and Eq. (12)). The smallest APS 
resulted from a COS concentration (B) under 0.5% 
combined with an IgY/ALG mass ratio (C) near 50%. 

As mentioned in Table 1, some constraints were 
set to optimize the formulation of the microcapsules. 
Various solutions for the optimum formulation can be 
obtained using the desirability function method in the 
Design-Expert software (Jain and Anal, 2016). Using 
a desirability value of 1, the resulting optimized mi-
crocapsule had an ALG concentration of 1.56%  
(15.6 g/L), a COS concentration of 0.61% (6.1 g/L), 
and an IgY/ALG ratio of 62.44% (mass ratio). Under 
these conditions, the predicted EE, LC, and APS were 
62.28%, 35.88%, and 590.17 μm, respectively. 

3.2  Surface morphology and microstructure 

The microstructure and surface morphology of 
the optimized microcapsules are shown in Fig. 3, with 
the unprotected IgY and COS-uncoated microcap-
sules as controls. The unprotected IgY powders had a 
milky white color, while the IgY-loaded microcap-
sules were slightly yellow whether COS coated or not 
(Figs. 3a, 3d, and 3g), suggesting that the application 
of ALG and/or COS affected the color of the samples. 
Figs. 3e and 3h show that both COS-coated and un-
coated microcapsules had a similar spheroidal and 
slightly cracked shape with a diameter of about 500– 
700 μm. However, the COS-coated samples had a 
smoother and more continuous surface (Fig. 3i), 
whereas more small cracks (usually 1–5 μm long and 
less than 0.3 μm wide) were found on the surface of 
microcapsules not coated with COS (Fig. 3f). 

3.3  Microencapsulation parameters and physical 
properties 

The microencapsulation parameters and physical 
properties of optimized microcapsules are shown in 
Table 4 in comparison to unprotected IgY powders 
and COS-uncoated microcapsules. Microcapsules 
optimized by RSM had an EE of (65.19±2.27)%, LC 
of (33.75±0.97)%, and APS of (588.75±19.82) μm. 
These experimental data were similar to the predicted 
values as shown in Section 3.1, which further con-
firmed the validity and accuracy of the response 
models (Eqs. (10)–(12)). The microcapsules coated or 
uncoated with COS showed no significant differences 
in microencapsulation parameters (EE, LC, and APS) 
and physical properties (density, sphericity, and color) 
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(P>0.05). This was in accordance with the micro-
structure observations as shown in Figs. 3d, 3e, 3g, 
and 3h, and suggested that the COS concentration of 
0.61% (6.1 g/L) applied herein for coating was not 
high enough to affect the microcapsule quality. Fur-
thermore, the microcapsules, whether coated or not 
with COS, were less red- and yellow-colored (P< 
0.05), but much darker and blacker (P<0.05) than the  
unprotected IgY. These results were also in agree-
ment with Figs. 3d and 3g, indicating that both mi-
croencapsulation with ALG and coating with COS 
had significant effects on the color of the samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4  Simulated GI release of microencapsulated IgY 

3.4.1  Release behavior 

The optimized microcapsules were digested  
in vitro under SGD, SID, and SGID conditions. The 
cumulative releases of IgY from microcapsules under 
the different simulated digestion conditions are shown 
in Figs. 4a–4c. The results showed a significantly 
different IgY release rate during simulated digestion 
between the COS-coated and uncoated microcap-
sules. The cumulative releases of IgY from the COS- 
coated microcapsules after 4 h reached (11.94±0.08)% 

Fig. 2  Three dimensional (3D) response surface plots showing the interactive effects among ALG concentration (A), 
COS concentration (B), and IgY/ALG ratio (C) on EE, LC, and APS 
(a), (d), and (g) represent the interactive effects between ALG concentration and COS concentration with an IgY/ALG ratio of 
50% (mass ratio). (b), (e), and (h) represent the interactive effects between COS concentration and IgY/ALG ratio with an ALG 
concentration of 1.6% (16 g/L). (c), (f), and (i) represent the interactive effects between IgY/ALG ratio and ALG concentration 
with a COS concentration of 0.5% (5 g/L). ALG: alginate; COS: chitooligosaccharide; IgY: immunoglobulin Y; EE: encapsu-
lation efficiency; LC: loading capacity; APS: average particle size 
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Table 4  Microencapsulation parameters and physical properties of formulation-optimized microcapsules 
Encapsulation 

type EE (%) LC (%) APS (μm) Long-axis 
length (μm) 

Short-axis 
length (μm) 

Sphericity 
(%) 

IgY  151.75±28.93b  
ALG+IgY 67.12±3.39a 31.12±1.30a 563.25±12.91a 614.68±55.57a 457.08±52.71a 74.32±4.46a 
COS+ALG+IgY 65.19±2.27a 33.75±0.97a 588.75±19.82a 627.24±42.45a 487.41±86.66a 77.41±9.87a 

Encapsulation 
type 

Average 
weight (mg) 

Density 
(g/cm3) 

Color 
L a* b* W 

IgY   81.70±0.60a 3.68±0.86a 10.68±0.85a 78.47±0.66a 
ALG+IgY 0.22±0.02a 2.36±0.31a 36.01±3.16b 1.51±0.34b 6.05±0.93b 35.70±3.06b 
COS+ALG+IgY 0.21±0.01a 2.01±0.16a 38.36±4.50b 1.44±0.22b 6.29±0.40b 38.02±4.49b 
COS+ALG+IgY and ALG+IgY represent the optimized IgY-loaded microcapsule coated with and without COS, respectively. Microcapsule 
formulation: ALG concentration, 1.56% (15.6 g/L); COS concentration, 0 or 0.61% (6.1 g/L); IgY/ALG ratio, 62.44% (mass ratio). Data are 
expressed as mean±standard deviation (SD), n=3. Different lowercase letters in the same column denote significant differences among 
diverse samples (P<0.05). IgY: immunoglobulin Y; ALG: alginate; COS: chitooligosaccharide; EE: encapsulation efficiency; LC: loading 
capacity; APS: average particle size; L: lightness; a*: redness/greenness; b*: yellowness/blueness; W: whiteness 

Fig. 3  Surface morphology and microstructures of IgY-loaded microcapsules optimized by RSM 
(a–c), (d–f), and (g–i) represent the unprotected IgY powders, ALG microcapsules containing IgY, and COS-coated ALG mi-
crocapsules containing IgY, respectively. (a), (d), and (g) show the appearance of samples; (b), (e), and (h) show the micro-
structure (30×, observed by SEM) of samples; (c), (f), and (i) show the surface morphology (5000×, observed by SEM) of 
samples. Microcapsule formulation: ALG concentration, 1.56% (15.6 g/L); COS concentration, 0 or 0.61% (6.1 g/L); IgY/ALG 
ratio, 62.44% (mass ratio). IgY: immunoglobulin Y; RSM: response surface methodology; SEM: scanning electron microscope; 
ALG: alginate; COS: chitooligosaccharide 



Zhang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2020 21(8):611-627 622

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
under SGD and (73.90±1.66)% under SGID, about 
6% and 16% lower, respectively, than those re-
leased from the COS-uncoated microcapsules un-
der the same conditions (P<0.05). For the micro-
capsules under SID, most of the microencapsulated 
IgY (93%–96%, P>0.05) was released after 4 h, 
whether the samples were COS-coated or not. How-
ever, the COS-uncoated sample showed a signifi-
cantly higher release rate than the coated sample 
(P<0.05). The microencapsulated IgY showed di-
verse release behaviors under different digestion con-
ditions. The IgY released much faster in the SID phase 
than in the SGD phase for both kinds of microcap-
sules (P<0.05; Figs. 4a–4c). This was considered an 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
advantage for the GI release of IgY, since it needs to 
be released immediately and perform immune-activity 
in the intestines rather than in the stomach (Bakhshi  
et al., 2017). 

3.4.2  Kinetics analysis 

The release kinetics analysis was performed by 
fitting the release data of the microcapsules during 
SGD and SID into different equations (Eqs. (6)–(9)). 
The results are shown in Table 5. Most of the kinetics 
models had an R2 value larger than 0.99, indicating 
that the IgY release process during SGD or SID was 
described very well by the fitted models. The zero- 
order kinetics function had the best fitting precision 

Fig. 4  Release behaviors and relative activity of the microencapsulated IgY during simulated digestions 
(a), (b), and (c) represent the release behaviors of simulated gastric digestion (SGD), simulated intestinal digestion (SID), and 
simulated gastrointestinal (GI) digestion (SGID), respectively, and (d) shows the relative activity. Data are expressed as 
mean±standard deviation (SD), n=3. Different lowercase letters above the error bar denote significant differences among di-
verse samples as affected by different digestion conditions (P<0.05). COS+ALG+IgY and ALG+IgY represent the optimized 
IgY-loaded ALG microcapsules coated with and without COS, respectively. Microcapsule formulation: ALG concentration, 
1.56% (15.6 g/L); COS concentration, 0 or 0.61% (6.1 g/L); IgY/ALG ratio, 62.44% (mass ratio). IgY: immunoglobulin Y; 
COS: chitooligosaccharide; ALG: alginate 
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for microcapsules subjected to SGD (R2=0.9973 for 
ALG+IgY and R2=0.9983 for ALG+IgY+COS), while 
the first-order kinetics equation was the most suitable 
model to describe the release behavior during SID 
(R2=0.9996 for ALG+IgY and R2=0.9969 for ALG+ 
IgY+COS). The COS-coated microcapsules had a 
lower k0 during SGD as well as a lower k1 and a 
similar Rlim during SID compared with the uncoated 
samples. This demonstrated that the release of en-
capsulated IgY was sustained by the COS coating in 
the GI tract, which agreed with the results as shown in 
Figs. 4a–4c. 

3.4.3  Changes in immune-activity 

The changes in the relative immune-activity of 
microencapsulated IgY during simulated digestions 
are illustrated in Fig. 4d. About 96% of the immune- 
activity of unprotected IgY was lost within 4 h under 
the combined action of low pH and pepsin enzymol-
ysis (Fig. 4d). After 4 h SGD, the amount of immune- 
activity preserved was (73.18±4.81)% for the COS- 
coated and (46.41±5.74)% for the uncoated micro-
capsules, much higher than that for the unprotected 
IgY (P<0.05). This suggests that IgY can be effec-
tively protected against SGD by both kinds of mi-
croencapsulation and that the protective effect could 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 

 
be significantly enhanced by the COS coating (P< 
0.05). Although most of the IgY was released from 
microcapsules after 4 h SID (Fig. 4b), the remaining 
immuno-activity of IgY microencapsulated with or 
without COS coating was similar to that of unpro-
tected IgY (87.79%–95.41%, P<0.05; Fig. 4d). This 
was mainly because the IgY structure was relatively 
stable under the conditions of pH 4–11 and intestinal 
proteolysis (Kovacs-Nolan and Mine, 2012; Pereira  
et al., 2019). Hence, due to the combined effects of 
SGD and SID, the amount of immune-activity of IgY 
retained after 4 h SGID was (84.37±4.39)% for the 
COS-coated and (76.20±3.92)% for the uncoated 
microcapsules, much higher than that for the unpro-
tected IgY ((5.33±2.37)%, P<0.05). 
 
 
4  Discussion 
 

The encapsulation parameters of the microcap-
sules were significantly affected by the ALG con-
centration, COS concentration, and IgY/ALG ratio 
(Fig. 1). The EE and LC could be improved by in-
creasing the ALG concentration (Figs. 1a–1c), prob-
ably because the loss of encapsulated IgY was re-
duced by the increased porosity of the microcapsules 

Table 5  Release kinetics parameters of the microencapsulated IgY during simulated digestion by fitting into dif-
ferent kinetics models 
Encapsulation type Mathematical model Digestion condition Fitted model R2 

ALG+IgY Zero-order (Eq. (6)) SGD R(t)=13.84t 0.9973
SID R(t)=94.31t 0.8953

Higuchi (Eq. (7)) SGD R(t)=22.93t1/2 0.9503
SID R(t)=168.11t1/2 0.9874

Hixson-Crowell (Eq. (8)) SGD (311.20−R(t))1/3=6.78−0.11t 0.9969
SID (311.20−R(t))1/3=6.78−1.92t 0.9944

First-order (Eq. (9)) SGD R(t)=311.20(1−e−0.05t) 0.9966
SID R(t)=297.70(1−e−1.15t) 0.9996

COS+ALG+IgY Zero-order (Eq. (6)) SGD R(t)=10.35t 0.9983
SID R(t)=90.17t 0.9656

Higuchi (Eq. (7)) SGD R(t)=17.18t1/2 0.9539
SID R(t)=155.30t1/2 0.9942

Hixson-Crowell (Eq. (8)) SGD (337.49−R(t))1/3=6.96−0.07t 0.9982
SID (337.49−R(t))1/3=6.96−1.08t 0.9969

First-order (Eq. (9)) SGD R(t)=275.08(1−e−0.04t) 0.9979
SID R(t)=337.49(1−e−0.57t) 0.9969

COS+ALG+IgY and ALG+IgY represent the optimized IgY-loaded ALG microcapsules coated with and without COS, respectively. Mi-
crocapsule formulation: ALG concentration, 1.56% (15.6 g/L); COS concentration, 0 or 0.61% (6.1 g/L); IgY/ALG ratio, 62.44% (mass 
ratio). IgY: immunoglobulin Y; ALG: alginate; COS: chitooligosaccharide; SGD: simulated gastric digestion; SID: simulated intestinal 
digestion 
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(Gåserød et al., 1998). However, coating with COS 
usually led to lower EE and LC and a higher APS 
(Figs. 1d–1f). Liu et al. (2018) found that the COS 
coating could significantly reduce the EE and LC as 
well as increase the size of astaxanthin-β-lactoglobulin 
nanoparticles, which is in accordance with our results. 
Moreover, the improved ratio of IgY/ALG would re-
sult in an increased LC but a reduced EE, since EE 
and LC are usually in opposition (Lian et al., 2016). 

Although the COS concentration used in the 
optimized formulation was very low, the micro-
structure of microcapsules was significantly influ-
enced by the COS coating (Figs. 3d–3f). This can be 
attributed to the electrostatic interaction-induced self- 
assembly of the chain-like COS onto the ALG, re-
sulting in the formation of a more stable network on 
the sample surface (Wang and He, 2010; Chandika  
et al., 2015). Because of the improvement of surface 
morphology by COS coating, the release of IgY was 
sustained (Figs. 4a–4c), the release mechanism of IgY 
was changed (Table 5), and the preservation of the 
immune-activity of IgY was enhanced (Fig. 4c). The 
release of microencapsulated IgY during simulated 
digestion could be significantly sustained by the COS 
coating (Figs. 4a–4c). It may be that the electrostatic 
interactions between –NH3+ of COS and –COO− of 
ALG allowed the surface to be more stable and less 
cracked (Figs. 3f and 3i), resulting in a reduction of 
IgY release (Wang and He, 2010; Chandika et al., 
2015). Another reason may be that the bio-adhesive 
ability of the microcapsules was improved by the 
COS coating (Gåserød et al., 1998; Liu et al., 2018).  

On the other hand, the IgY release during SID 
from both COS-coated and uncoated microcapsules 
was higher than that during SGD (Figs. 3f and 3i). 
The pH-sensitive property of the COS-ALG interac-
tive wall of the microcapsules can partially explain 
this result. COS-ALG rarely has swelling or water- 
binding capacity in the acidic gastric environment 
(pH=1.2), but can swell significantly and bind to 
water molecules in the neutral intestinal environment 
(pH=6.8) (Bakhshi et al., 2017; Ren et al., 2017). The 
disintegration of the electrostatic interaction-induced 
COS-ALG-Ca2+ network could be another important 
explanation, since the positive charges from COS 
would disappear at neutral pH (Bakhshi et al., 2017; 
Ren et al., 2017). Therefore, different release kinetics 
were shown for microencapsulated IgY during SGD 

and SID (Table 5), representing two kinds of release 
mechanisms. The IgY release was through enzymatic 
degradation of the microcapsule wall during SGD 
(Ritger and Peppas, 1987; Eltayeb et al., 2015). 
However, during SID, it could be attributed to the 
synergistic effects of IgY diffusion and enzymatic 
degradation of wall material (Vueba et al., 2004; 
Mahasukhonthachat et al., 2010). The physical barrier 
enhanced by COS coating (Figs. 3f and 3i) and the 
electrostatic interaction between COS and ALG could 
also be responsible for the immune-activity results 
(Fig. 4d). This barrier could effectively protect the 
microencapsulated IgY from exposure to the severe 
gastric environment, thereby significantly reducing 
the release of IgY (Fig. 4a) and maintaining its in-
tegrity (Wang and He, 2010; Zhang et al., 2011; 
Chandika et al., 2015; Liu et al., 2018). 

 
 

5  Conclusions 
 
In the present study, ALG microcapsules coated 

with COS were prepared for the controlled release of 
IgY in the GI tract. Single-factor results showed that 
the EE, LC, and APS of the microcapsules were sig-
nificantly affected by the ALG concentration, COS 
concentration, and IgY/ALG ratio (P<0.05). The 
formulation of the IgY-loaded microcapsules was 
optimized by RSM, and the models showed good 
fitting accuracies for all response variables (EE, LC, 
and APS; all P<0.01). The optimum formulation was 
determined as an ALG level of 1.56% (15.6 g/L), 
COS level of 0.61% (6.1 g/L), and IgY/ALG ratio  
of 62.44% (mass ratio). The EE, LC, and APS of  
formulation-optimized microcapsules were 65.19%, 
33.75%, and 588.75 μm, respectively, which agreed 
satisfactorily with the predictions by RSM (P>0.05). 
Under the optimized formulation, the coating of COS 
(0.61%, 6.1 g/L) created a smoother and more con-
tinuous microstructure by filling the cracks on the 
surface, and hence significantly reduced the release 
rate of microencapsulated IgY during SGID (P<0.05). 
The IgY release from microcapsules was well de-
scribed by the zero-order and first-order kinetics 
functions during SGD and SID, respectively (R2>0.99). 
The IgY of COS-coated and uncoated microcapsules 
retained 84.37% and 76.20% immune-activity after 4 h 
of SGID, respectively, significantly higher than that 
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for the unprotected IgY (5.33%, P<0.05). The opti-
mized microencapsulation method described in this 
study could be an efficient way of enabling IgY to 
tolerate the gastric environment and retain immune- 
activity in the intestinal tract. 
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中文概要 
 

题 目：免疫球蛋白 Y 的微胶囊化：响应面法优化及其模

拟胃肠道控释 
目 的：制备、优化、表征和体外评价包埋免疫球蛋白 Y

（IgY）的壳寡糖-海藻酸盐微胶囊，以实现 IgY

的胃肠道控释，提高 IgY 胃肠道消化过程中的活

性保持率。 
创新点：以壳寡糖为涂层，采用两步法制备包埋 IgY 的微

胶囊；采用响应面法全面优化了微胶囊的配方工

艺；对 IgY 的体外控释进行了系统的评价。 
方 法：通过两步离子凝胶法制备包埋 IgY 的微胶囊，采

用响应面法优化微胶囊配方工艺，通过包埋率、

负载率、平均粒径、微观形貌、色度和球形度等

指标表征微胶囊，采用模拟胃肠道消化体系体外

评价 IgY 的释放动力学和免疫活性保持率。 
结 论：采用响应面法优化的微胶囊配方工艺为海藻酸钠

浓度 1.56%（15.6 g/L）、壳寡糖浓度 0.61%（6.1 g/L）
和 IgY/海藻酸钠比率 62.44%（质量比），由此制

备的微胶囊包埋率达 65.19%，负载率达 33.75%，

平均粒径为 588.75 μm。壳寡糖涂层通过填充效

应和静电相互作用使微胶囊表面更加光滑和连

续，从而显著降低了模拟胃肠道消化过程中 IgY
的释放速率。微胶囊中 IgY 的模拟胃部控释和模

拟肠道控释分别符合零级动力学方程和一级动

力学方程（R2>0.99）。微胶囊在模拟胃肠道消化

4 h 后的 IgY 免疫活性保持率达 84.37%，远高于

未进行微胶囊化保护的 IgY（5.33%）。 
关键词：免疫球蛋白 Y；微胶囊化；壳寡糖；响应面法；

控释；模拟胃肠道消化 
 


