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1 Introduction
Lycium barbarum L. leaves have been widely used as functional 

tea, medicinal vegetables, and herbal drugs in China, Southeast 
Asia and North America (Feng et al., 2019). It is rich in nutrients 
such as proteins, polysaccharides, amino acids, minerals and 
other nutrients, as well as natural active ingredients such as 
flavonoids, terpenoids, betaine, atropine, etc. (Lei et al., 2022; 
Lu et al., 2019). Lycium barbarum L. leaves have a variety of 
benefits such as alleviating mineral deficiency, combating heat 
distress, quenching thirst, and enhancing eyesight, and have 
been widely used as tea, vegetables and medicines (Huang et al., 
2022; Mocan et al., 2017). Zhao et al. (2019) analyzed major 
phenolics in the Lycium barbarum L. leaves, including chlorogenic 
acid, caffeic acid, p-coumaric acid and ferulic acid (Zhao et al., 
2019). Phenolic compounds as important active ingredients 
in natural plants, have various physiological activities such as 
antioxidative activity (Shang et al., 2022), anti-obesity (Magiera 
& Zaręba, 2015; Oliveira et al., 2022), anti-hypertension, anti-
cancer and anti-inflammation (Cao et al., 2021). The functional 
stability of the flavonoids could be susceptible to environmental 
factors, for example oxygen, light, temperature and moisture 
(Hiew et al., 2022). They have poor stability in the external or 
gastrointestinal environment, resulting in low bioavailability and 
waste of resources, which hinders the high-quality development 
of the Lycium barbarum L. leaves (Lei et al., 2022). Despite the 
potential health benefits of flavonoids, their poor stability and 

insolubility are obstacles to the development of the food industry. 
Moreover, flavonoids degrade in gastric juice’s extreme acidic 
pH, resulting in low bioavailability and absorption (Yousefi et al., 
2020). Microencapsulation is a common delivery system, it 
seems that encapsulation can protect flavonoids from damage 
in vivo and in vitro (Wen et al., 2022).

In previous studies, we found flavonoids were unstable digestion 
in vivo and in vitro (Chen et al., 2020), so microencapsulation 
technology was selected to overcome these drawbacks. M-LBLF was 
created using vacuum freeze-drying technology and polyelectrolyte 
crosslinking with LBLF serving as the core material and SA and 
CS serving as the composite wall materials. Its microstructure was 
characterized, and its impact on the stability of gastrointestinal 
digestion release was compared and examined. This study 
analyzes the structure and stability of flavonoid microcapsules 
in Lycium barbarum L. leaves, which provide a solution for the 
application of flavonoids from Lycium barbarum L. leaves as a 
raw material for functional foods.

2 Materials and methods
2.1 Materials

Lycium barbarum L. leaves were purchased from Yu Xin 
Wolfberry Planting Co. LTD (Yinchuan China). SA and CS (≥ 98.0%) 
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were purchased from Ryon Biotechnology Technology Co. 
LTD (Shanghai China). Saliva amylase, pepsin, trypsin and bile 
were obtained from McLean Biotechnology Co. LTD (Shanghai, 
China). Rutin, quercetin, karmatol, chlorogenic acid, caffeic 
acid, p-coumaric acid and ferulic acid (≥ 98.0%) were obtained 
from Dalian Milano Biotechnology Co. LTD (Dalian, China).

2.2 Methods

Extraction and purification of LBLF

The extraction and purification of LBLF were consistent 
with the method in Chen et al. (2020). 

Preparation of the microencapsulated LBLF

The optimal preparation process was as follows: SA solution 
with a mass fraction of 2% was mixed with LBLF solution according 
to the core wall ratio (1:2) and stirred in the water bath at 40°C 
for 30 min. Then mix 2% CS solution with 5% CaCl2 solution, 
adjust pH to 7 and keep the volume to 50 mL; the mixture of 
the SA and LBLF was slowly dropped into the mixture of CS 
and CaCl2 (20 drops/min). The mixture was stirred at low speed 
and homogenized for 30 min, then stood for 20 min, filtered 
and separated. The filter residue was collected and M-LBLF were 
obtained through freeze-drying.

Determination of Total Flavonoid Content (TFC) and 
Encapsulation Efficiency (EE)

The TFC of LBLF and M-LBLF were measured using a 
colorimetric method at 517 nm described by Chen et al. (Chen et al., 
2020). TFC was expressed by rutin equivalent (RE) weight per 
gram of dry extract (mg RE/g DW). 1 g of M-LBLF was dissolved 
in 50% ethanol (10 mL) and treated with ultrasonic for 30 min, 
then dilute the supernatant to 25 mL to determine the content 
of flavonoids A1 (mg RE/g DE). Using 100% ethanol as solvent 
(the method was the same as above), the content of flavonoid 
A0 (mg RE/g DE) was determined. The EE was calculated by the 
following formula (Equation 1).
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Process optimization of microcapsule preparation

Based on the single factor test, the Plackett Burman test 
design was carried out using Design Expert 11 software. 
According to the Box Behnken test design principle, the factors 
that visibly affect the microencapsulation EE were selected: SA 
concentration (A), CaCl2 concentration (B), core wall ratio (C), 
pH (D) as the independent variable, with the response value of 
the EE evaluation index.

Structural characterization of microcapsules

Scanning Electron Microscope (SEM) assay

The morphology of LBLF and M-LBLF were characterized 
by SEM (JSM-7500F, JEOL, Japan). After gold sputtering under 

an argon atmosphere, the samples were analyzed at 20 kV 
acceleration voltage.

FT-IR assay

The FT-IR studied the interactions between SA, CS, LBLF and 
M-LBLF and the encapsulated bioactive substance. The spectrums 
were conducted on a Spectrum Two spectrophotometer (Perkin 
Elmer, America), in the wavelength range between 400 and 
4000 cm−1. On average, the obtained spectra for each sample 
were 32 scans at a resolution of 0.5 cm−1.

XRD assay

XRD analyses were performed to research the amorphous 
or crystalline SA, CS, CS-SA, LBLF and M-LBLF. XRD patterns 
were acquired on a Bruker AXS D8 Advance (Bruker Inc., 
Germany) at 40 kV and 30 mA. The patterns were collected at 
the angle of 5° ~ 80° with a step size of 0.02°.

DSC assay

The thermal behavior of the SA, CS, CS-SA, LBLF and 
M-LBLF physical mixture, microcapsules were carried out 
using DSC (Setaram, France). The sample was heated on an 
aluminum pan from 100°C ~ 400°C at a rate of 10 °C/min under 
the protection of a nitrogen atmosphere.

Simulated digestion and release of M-LBLF in vitro

In vitro release measurement

The stability of LBLF and M-LBLF were evaluated in 
simulated oral fluid (SOF), gastric fluid (SGF) and intestinal 
fluid (SIF) (Wang et al., 2019). The digestive juice solutions were 
prepared as follows: (1) KH2PO4 (0.038 g), Na2HPO4 (0.478 g), 
α-amylase (0.02 g) and NaCl (1.60 g) were dissolved in 200 mL 
deionized water to form SOF, and the pH was adjusted to 
6.75 with phosphate buffer (Jara-Palacios et al., 2018); (2) SGF 
was prepared by dissolving 4.375 g NaCl and 0.8 g pepsin in 
250 mL deionized water (pH=1.2) (Corrêa  et  al., 2017); (3) 
0.268 g tryptase and 1.714 g bile were dissolved in 200 mL of 
0.2 M NaHCO3 solution to obtain SIF (Bouayed et al., 2011). 
In SOF, SGF and SIF, LBLF and M-LBLF in distilled water were 
incubated at 37°C with the sample collection at 0 min, 30 min, 
60 min, 90 min, 120 min, 150 min, 180 min, 210 min, and 
240 min. The samples were centrifuged to get the supernatant 
to determine the TFC.

Releases detection of main monomers from M-LBLF during 
in vitro digestion

Preparation of standard solution

Accurately weighing rutin, caffeic acid, quercetin, p-coumarin, 
kaempferol, ferulic acid and chlorogenic acid standard samples 
were formulated into 1 mg/mL. Preparation of standard and 
mixed standard accurately absorbed the above standard to 
prepare 0.1 mg/mL, stored at 4°C and filtered by 0.22 μm filter 
membrane.
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Chromatographic condition

The separation was performed on an InertSIL-ODS-3 (C18) 
column (250 mm × 4.6 mm, particle size 5 μm). The injection 
volume of sample was 20 μL. The mobile phase consisted of 
methanol (solvent A) and 1% (v/v) acetic acid in water (solvent 
B) and flowed at a rate of 1 mL/min. The elution gradient was 
performed as follows: 0~8 min, 15~20% A; 8~18 min, 20~60% 
A; 18~25 min, 60% A; 25~30 min, 60~80% A; 30~40 min, 80% 
A; 40~50 min, 80~15% A; 50~55 min, 15% A, the column 
temperature was 30°C.

The standard curve was drawn with the mass concentration 
(mg/mL) as the abscissa and the peak area as the ordinate. 
To determine the concentration of monomers in flavonoids, 
the average peak area of each monomer was substituted into the 
regression equation (Liu et al., 2021) and the content of each 
monomer was calculated using the formula below (Equation 2):

1000X VX
M
×

= × 	 (2)

Where X is the content of flavonoids (mg/g); Y is the mass 
concentration of flavonoids in the sample calculated according 
to the standard curve equation (mg/mL); V is constant volume 
(mL); M is the sample mass (mg).

2.3 Statistical analysis methods

The results were expressed as mean ± standard deviation (SD). 
One-way significance analysis (ANOVA) and Turkey test were 
used to assess the statistical significance (SPSS 17.0 software). 
p < 0.05 was considered as a significant difference. Origin 2022 and 
Excel 2019 were used for drawing graphics. All experiments 
were performed in triplicate.

3 Results and discussion
3.1 Microencapsulation of LBLF

M-LBLF preparation

In the single factor experiments, the optimized process 
condition were SA concentration 0.02 g/mL, CS concentration 
0.02 g/mL, CaCl2 concentration 0.05 g/mL, core wall ratio 1:2, 
drying temperature of freeze-drying 30°C. Based on the single 
factor experiments and Placket Burman test, the factors that 
had an apparent influence on EE of LBLF were selected: A (SA 
concentration), B (CaCl2 concentration), C (core wall ratio) and 
D (pH) were used as independent variables and EE was used as 
the response value of the index. A four-factor and three-level 
response surface analysis were designed and the experiment 
scheme and the results were shown in Table 1. Using Design 
Expert 11 software, the simulation equations of M-LBLF EE 
and dependent variables obtained quadratic response surface 
multi-regression equation fitted according to the least square 
method (Equation 3):

2 2 2 2

90.56 0.35 0.59 0.73 0.16 0.43
0.90 0.67 0.011 0.22

0.77 2.79 2.50 2.36 2.97 
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+ × + × + × − × +

× × − × − × − × − ×

	 (3)

Where Y is the predicted EE value of M-LBLF.

As seen in Table 2, the model was highly significant (p < 0.01). 
Critically, lack-of-fit (p > 0.05) had no significance. R2 (98.10%) 
exceeded 95%, signifying that the established empirical model 
matched the experiments well and can be employed to predict the 
outcome with minimal error. According to the p-value, the order 
of factors from most impactful to least was: C> D> A> B. It was 
shown that the two linear parameters (CD) and their interaction 
were highly significant (p < 0.01) (Dahmoune et al., 2015).

The optimal process ratio obtained from the response 
surface was as follows: Concentration of SA was 0.025 g/mL, the 
concentration of CaCl2 was 0.053 g/mL, the core wall ratio was 
1:3.2, pH was 6.98, and the highest EE was 90.77% (Figure 1). 
The EE of the prepared M-LBLF was 90.22%, and the difference 
from the theoretical value predicted by the model was less than 
1%. It showed that the response surface prediction model could 
predict the EE of M-LBLF well.

Physicochemical analysis of M-LBLF

TFC of the obtained LBLF was 810.88±0.72 mg/g, and the 
EE of M-LBLF was 90.22±1.67% under the optimal embedding 
conditions. The static angle of the slug was 36.13° < 40°, indicating 
that the microcapsules had more fluidity and could meet the 

Table 1. Design and result analysis for response surface test.

Testing 
order 

number
A B C D EE (%)

1 1 0 0 0 90.51
2 1 -1 0 0 83.43
3 -1 0 -1 0 85.86
4 0 0 0 0 90.55
5 -1 -1 0 0 83.86
6 1 0 0 1 84.61
7 0 -1 1 0 84.43
8 1 0 1 0 86.26
9 1 0 -1 0 84.50

10 0 1 0 1 85.04
11 0 0 0 0 90.82
12 -1 0 1 0 83.90
13 0 0 -1 1 86.79
14 0 0 0 0 90.53
15 0 -1 0 1 85.03
16 -1 1 0 0 83.79
17 0 0 0 0 89.82
18 0 0 1 1 86.44
19 0 -1 -1 0 86.86
20 0 1 -1 0 84.19
21 0 1 0 -1 85.52
22 0 1 1 0 85.88
23 0 0 1 0 83.93
24 -1 0 0 -1 84.02
25 0 0 -1 -1 85.98
26 -1 0 0 1 83.63
27 1 1 0 0 85.86
28 1 0 0 -1 87.12
29 0 -1 0 -1 84.51
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application requirements. The microencapsulation promoted the 
dissolution of LBLF with an average particle size of 623.0±2.11 μm, 
and the solubility in water was increased nearly 40 times.

3.2 Structural characterization of M-LBLF

M-LBLF morphology analysis

SEM demonstrated that the microcapsules were almost spherical, 
and LBLF was entrapped within SA and CS polymeric matrices. 
As shown in Figure 2a, LBLF not only had a regular fragment 
crystal in micromorphology but possessed a relatively loose 
structure. The wet microcapsules prepared by the polyelectrolyte 
cross-linking method exhibited smooth and completed granules 
with uniform distribution (Figure 2b). The microcapsules were 
generally spherical but accompanied by elliptic, cylindrical, 
granulated, flocculent, and irregular shapes and showed an 
inconsistent surface morphology, smooth, folded and sunken 
(Lei et al., 2018). Moreover, the internal structure of M-LBLF 
viewed at 1 μm was a clear crystal block (Figure  2c). It was 
suggested that the M-LBLF surface was close to the spherical 
structure, and most of the surfaces were smooth with complete 
capsule walls, which displayed a closely connected rough and 
dense structure (Figure 2d). There were pores and numerous voids 
on the surface of M-LBLF, which might be caused by the water 
loss in the process of vacuum freeze-drying (Cruz et al., 2019).

FT-IR, XRD and DSC analysis

The intermolecular interactions within the microcapsules 
were observed by FT-IR (Figure 3a). The FT-IR spectrum of SA 
showed peaks at 3415 cm-1, 2931 cm-1, 1633 cm-1, 1158 cm-1 and 
884 cm-1, corresponding to the stretching vibration of O-H, 
C-H, COOH, O-H and C-O-C group. Nevertheless, the intense 
vibrational band at 2931 cm-1 and 2863 cm-1 were ascribed to the 

C-H stretching vibration (Tian et al., 2022). Symmetrical and 
asymmetrical stretching vibrations of primary amine -NH2 gave 
a signal at 1633 cm-1. For the characteristic spectrum of CS: the 
characteristic peak at 1158 cm-1 corresponded to O-C-O stretching 
vibration, and the peak at 1075 cm-1 situated the CS stretching 
vibration (Yousefi et al., 2020). The characteristic peak of LBLF was 
3415 cm-1, which could be connected to the O-H of flavonoids or 
bound water that had not been completely removed. A stretching 
vibration of the aliphatic -CH2 peak was in the 2863 cm-1. 
The stretching vibration of C=O appeared at 1633 cm-1, and 
1124 cm-1 and 652 cm-1 could be related to the stretching vibration 
of C-O in primary alcohols. In the M-LBLF spectrum, the peak 
of SA, CS and LBLF had not disappeared, indicating electrostatic 
interaction between physical electrostatic interaction and no 
new chemical bonds. Nonetheless, an extra characteristic peak 
at 1735 cm-1 might be contributed by electrostatic complexation 
between SA and CS (Li et al., 2020). FT-IR showed that LBLF 
had been successfully embedded in microcapsules, which was 
beneficial in relieving LBLF from oxidation and denaturation.

Figure 3b displayed the XRD for core and wall materials 
and M-LBLF. The XRD spectrum of the CS and SA indicated an 
amorphous polymeric structure with high crystallinity founded 
by a broad peak around 2θ of about 20°. LBLF produced a 
broad peak at 2θ = 40.6°, indicating LBLF had existence in the 
crystalline form. Compared with CS, SA and CS-SA, M-LBLF 
displayed a reduction in peak intensity and broadness to various 
degrees, suggesting the structural destruction of CS and SA 
in the microcapsules, which might be attributed to the ionic 
interaction-induced modification of the molecular arrangement 
in the crystal lattice (Tang et al., 2022). The diffraction peak 
positions of M-LBLF and LBLF were the same, but there were 
changes at 2θ = 36°, 40.6° and 51.8° due to microencapsulation 
that converts the amorphous structural part to a crystalline state 

Table 2. Coefficient significance test and variance analysis of regression equation.

Source Degree of 
freedom

Sum of squares 
of deviations Mean square F value P value Significant

Mode 41.76 1 2.98 36.53 < 0.0001 **
A: SA concentration 5.62 1 5.62 68.79 < 0.0002 **

B: CaCl2 concentration 2.12 1 2.12 25.92 0.0002 **
C: Core wall ratio 3.55 1 3.55 43.52 < 0.0001 **

D: pH 1.47 1 1.47 18.00 < 0.0001 **
AB 1.21 1 1.21 2.70 0.1226
AC 3.59 1 3.59 8.01 0.0133 *
AD 0.29 1 0.29 3.51 0.0422 *
BC 4.24 1 4.24 9.47 0.0082 **
BD 0.25 1 0.25 0.56 0.4700
CD 0.33 1 0.33 4.05 0.0339 *
A2 16.22 1 16.22 198.57 < 0.0001 **
B2 12.39 1 12.39 151.79 < 0.0001 **
C2 6.73 1 6.73 82.41 < 0.0001 **
D2 7.95 1 7.95 97.40 < 0.0001 **

Remant 1.14 14 0.08
Lack of fit 0.93 10 0.09 1.70 0.3211
Pure Error 0.22 4 0.05

Sum 42.90 28
R2 = 0.9810; R2

Ad j = 0.9620; Model precision = 24.4593
*Indicates significant p < 0.05. **Indicates significant p < 0.01. The determination coefficient R2 = 0.9810, the correction coefficient R2

Ad j= 0.9620, indicating that the regression equation 
fits well with the actual experiments, which can be used to determine the optimal preparation conditions.
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(Gavalyan, 2016; Duman & Kaya, 2016). As shown in the XRD 
pattern, a rise in the sample’s crystallinity was explained by an 
improvement in the sharpness of the diffraction peaks. It also 
proved to have good stability in the M-LBLF (Liao et al., 2017).

As shown in Figure 3c, DSC could characterize the amorphous 
properties of the sample (Gandhi et al., 2014). In this study, DSC 
was performed to examine the thermal behavior crystallization 
of CS, SA, CS-SA, LBLF and M-LBLF. All the samples displayed 
a distinct endothermic peak between 250 and 400°C, confirming 
denaturation and moisture loss (Guarienti et al., 2021). M-LBLF 

had a wider and higher exothermic peak than the SA and CS, 
ascribed to a change of energy induced by the electrostatic 
interaction between wall materials (Hu  et  al., 2018). On the 
other hand, the exothermic peak of CS at about 300.90°C 
revealed CS’s depolymerization and thermal decomposition. 
The exothermic peak of LBLF at 305.96°C was related to the 
melting of flavonoids, which corresponded to the glass transition 
temperature of LBLF (Sansone et al., 2011). The glass transition 
temperature of M-LBLF (378.44°C) was much higher than that of 
LBLF (305.96°C) because SA and CS showed preferable thermal 
stability of microencapsulation.

Figure 1. Response surface curves of the interaction effects of SA, CS, core wall ratio and pH on the encapsulation efficiency (EE) of M-LBLF. 
(a) CaCl2 and SA; (b) core wall ratio and SA; (c) core wall ratio and CaCl2; (d) pH and SA; (e) pH and CaCl2; (f) pH and core wall ratio.
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3.3 Stability of M-LBLF during the simulated digestion in vitro

As shown in Table 3, the potential ability of M-LBLF to 
control LBLF release was evaluated in the simulated SGF as 
valuable strategy to improve the bioavailability of LBLF. It could 
be seen that there were no significant differences between the 
release degrees of M-LBLF in the simulated SOF (p > 0.05). 
This demonstrated that the release of flavonoids was effectively 
controlled by the wall materials (SA and CS). After SGF for 3 h, 
the release amounts of flavonoid from LBLF and M-LBLF were 
75.74±1.08% and 44.13±0.99%. Such results manifested that 
the structural stability of the wall material protected the core 
material well under the acidic condition of simulated gastric 
juice; microencapsulation improved the flavonoid stability and 
had an excellent sustained-release effect (Kumar et al., 2017). 
It has been documented that microencapsulation modified the 
structure of the sample to change the release rate (Flores et al., 
2015). Therefore, M-LBLF showed higher resistance to the acidic 
environment, the preservation rate of flavonoid compounds 
was improved and more than 1/2 of the flavonoid compounds 
entered the intestinal environment (Hu et al., 2018).

During simulated SIF, the release of unencapsulated flavonoids 
in LBLF increased significantly within 0~3 h and tended to be 
stable, indicating that flavonoids were not fully released during 
SGF and SIF continued to promote flavonoid release. In SIF 
from 0 to 3 h, the release of flavonoids in microcapsules was 
dramatically improved (p < 0.05) with the prolongation of time 
points (p < 0.05). It was manifested that M-LBLF had good 
enteric solubility since the polyelectrolyte membrane formed by 

the electrostatic interaction of CS and SA was sensitive to the 
pH value of the environment. The release amount of wrapped 
material was different under different pH conditions, so the 
accurately targeted release of the core material could be realized by 
controlling the pH value (Ahmad et al., 2019). Microencapsulation 
could effectively prevent the release of flavonoids under gastric 
conditions and improve their bioavailability by reducing the 
chemical degradation of flavonoids in the intestinal environment. 
It shows that microencapsulation played a slow-release effect 
on flavonoids in the process of SGF and was released in large 
quantities during SIF, which was conducive to the release of 
phenolic substances.

Monomers released from M-LBLF during the simulated 
digestion in vitro

The change of main monomers in plant extracts was related to 
the change in TFC and antioxidant activity (Ambigaipalan et al., 
2017). The major monomers of M-LBLF were examined using 
High-Performance Liquid Chromatography to identify any 
alterations that occurred during in vitro digestion (Figure 4). Seven 
monomers were identified in M-LBLF, including four phenolic 
acids (chlorogenic acid, caffeic acid, p-coumaric acid and ferulic 
acid) and three flavonoids (rutin, quercetin and karmatol), which 
have been reported in Lycium barbarum L. leaves previously 
(Vinholes et al., 2018). Compared with no embedding LBLF, 
the main monomers component did not change significantly in 
SOF, composition and main monomers in SGF had a significant 
change (the SGF was on the decline, was on the rise in SIF), 
showing that most of the monomers in the process of the SGF 

Figure 2. SEM images of LBLF and M-LBLF. (a) SEM image of freeze-dried LBLF (magnification: 200×); (b) The photograph of M-LBLF in 
the wet state; (c) SEM image of M-LBLF (magnification: 15000×); (d) SEM images of M-LBLF (magnification: 100×). SEM is abbreviation of 
scanning electron microscope.
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Table 3. Flavonoids release (%) of M-LBLF during in vitro simulated digestion.

Stages Samples
Digestion time (min)

30 60 90 120 150 180 210 240

SOF M-LBLF 1.90 ± 2.50g 2.78 ± 2.16e 2.44 ± 1.25f 2.43 ± 1.66f 2.85 ± 0.49d 3.2 ± 0.45c 3.35 ± 1.66b 3.62 ± 1.33a

LBLF 1.72 ± 0.72c 3.52 ± 0.42b 4.09 ± 0.58b 6.89 ± 0.43f 7.33 ± 1.55a 7.35 ± 0.76a 7.32 ± 0.72a 7.05 ± 1.87a

SGF M-LBLF 4.23 ± 1.14e 5.49 ± 0.57e 9.85 ± 0.99d 23.5 ± 0.75f 37.31 ± 2.28b 44.13 ± 0.99a 44.29 ± 0.57a 44.31 ± 2.15a

LBLF 10.58 ± 1.08g 31.11 ± 2.15f 45.26 ± 2.85e 49.57 ± 1.87d 67.65 ± 2.85c 75.74 ± 1.08b 76.98 ± 1.87ab 77.15 ± 1.21a

SIF M-LBLF 9.33 ± 0.75f 10.57 ± 1.20f 24.26 ± 0.57e 39.8 ± 0.53d 75.87 ± 1.27c 83.33 ± 2.08b 85.90 ± 1.25a 85.88 ± 0.72a

LBLF 9.64 ± 2.85f 27.74 ± 2.85e 34.05 ± 2.85d 48.51 ± 3.73c 62.44 ± 2.85b 74.98 ± 2.85a 76.60 ± 0.75a 77.01 ± 0.36a

Different superscripts in the same row with small letters are significantly different (p < 0.05). Each value is mean ± SD of triplicate measurements.

Figure 3. FT-IR, XRD and DSC spectra of SA, CS, LBLF and M-LBLF. Characterization of structural stability of microcapsules, the stability 
of M-LBLF, LBLF, SA, CS and CS/SA were determined. (a) FT-IR analysis at the wavenumber range of 400-4000 cm-1. The five samples were 
separately grounded with potassium chloride. (b) XRD spectra at the scan range from 5° to 78°. (c) DSC analysis was performed to examine the 
thermal stability of M-LBLF between 203°C and 405°C. FT-IR is the abbreviation of transform infrared spectroscopy, XRD is the abbreviation 
of X-ray diffraction and DSC is the abbreviation of differential scanning calorimetry.
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4 Conclusion
This study used polyelectrolyte crosslinking combined 

with freeze-drying technology to LBLF in SA and CS to form 
M-LBLF. Topography observations showed that the surface of 
the microcapsules was densely porous and irregularly shaped. 
Structural characterization showed that there were characteristic 
absorption peaks in the core and the wall of the capsules. It was 
proved that the microencapsulation of M-LBLF had a specific 
influence on the crystalline properties of LBLF, and improved the 
thermal stability of LBLF. The results of simulated digestion in 
vitro showed that microencapsulation could significantly enhance 
the stability of LBLF in SIF and play a role in sustained release. 
It was conducive to the in-depth development and application 
of Lycium barbarum L. leaves.

Considering the potential healthcare benefits of LBLF, primary 
processing products such as Lycium barbarum L. leaves tea are the 

degradation or conversion (Yousefi et al., 2020). The content 
changes of main monomer substances in microcapsules were 
quantitatively analyzed, as shown in Table 4 and Figure 4. During 
SOF, the main monomers decreased by 8.50%, 6.91%, 6.70%, 
3.34%, 7.36%, 1.34% and 5.50%, respectively, phenolic acids were 
more stable than flavonoids in SOF (Zang et al., 2022). In SGF 
stage, the seven monomers’ changes were 2.6%, 34.03%, 37.21%, 
61.53%, 12.47%, 45.39% and 18.37%, respectively, and the two 
monomers with the highest content of rutin and chlorogenic 
acid were significantly decreased. The binding of flavonoids 
to pepsin reduces the concentration of flavonoids in the low-
pH solution (Liović et al., 2020). In SIF, the main contents of 
the monomer were rising. Due to the Trypsin releasing some 
protein-bound phenolic compounds, the reduction of food 
particle size also facilitates the release of phenolic compounds. 
In addition, some phenolic substances were released from the 
matrix at neutral pH conditions.

Figure 4. HPLC profiles of M-LBLF at different stages during in vitro digestion. According to the spectra of mixed standard (a), the seven 
monomers from M-LBLF correspond to 1 ~ 7, attributing to chlorogenic acid, caffeic acid, p-coumarin and ferulic acid, rutin, quercetin and 
kaempferol respectively. The main monomers were detected by HPLC in undigested M-LBLF (b), and during the simulated oral digestion (c), 
gastric digestion (d) and intestinal digestion (e). HPLC is the abbreviation of high-performance liquid chromatography.
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Bouayed, J., Hoffmann, L., & Bohn, T. (2011). Total phenolics, 
flavonoids, anthocyanins and antioxidant activity following 
simulated gastrointestinal digestion and dialysis of apple varieties: 
bioaccessibility and potential uptake. Food Chemistry, 128(1), 14-21. 
http://dx.doi.org/10.1016/j.foodchem.2011.02.052. PMid:25214323.

Cao, Y., Xie, L., Liu, K., Liang, Y., Dai, X., Wang, X., Lu, J., Zhang, X., 
& Li, X. (2021). The antihypertensive potential of flavonoids from 
Chinese herbal medicine: a review. Pharmacological Research, 174, 
105919. http://dx.doi.org/10.1016/j.phrs.2021.105919. PMid:34601080.

Chen, J. H., Kou, T. T., Fan, Y. L., & Niu, Y. H. (2020). Antioxidant 
activity and stability of the flavonoids from Lycium barbarum leaves 
during gastrointestinal digestion in vitro. International Journal 
of Food Engineering, 16(7), 20190315. http://dx.doi.org/10.1515/
ijfe-2019-0315.

Corrêa, R. C. G., Haminiuk, C. W. I., Barros, L., Dias, M. I., Calhelha, 
R. C., Kato, C. G., Correa, V. G., Peralta, R. M., & Ferreira, I. C. F. 
R. (2017). Stability and biological activity of Merlot (Vitis vinifera) 
grape pomace phytochemicals after simulated in vitro gastrointestinal 
digestion and colonic fermentation. Journal of Functional Foods, 36, 
410-417. http://dx.doi.org/10.1016/j.jff.2017.07.030.

Cruz, M. C., Dagostin, J. L., Perussello, C. A., & Masson, M. L. (2019). 
Assessment of physicochemical characteristics, thermal stability 
and release profile of ascorbic acid microcapsules obtained by 
complex coacervation. Food Hydrocolloids, 87, 71-82. http://dx.doi.
org/10.1016/j.foodhyd.2018.07.043.

common products on the market. In this paper, we extensively 
investigate the preparation of M-LBLF and the improving 
strategy for its stability. Microencapsulation can also prolong the 
validity of the active ingredients in Lycium barbarum L. leaves, 
which can lay a foundation for expanding the application of 
Lycium barbarum L. leaves and developing related healthy food.
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