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1. Materials and Methods 

1.1. Materials and reagents 
Dextran was purchased from Adama Reagent Co., Ltd. (Shanghai, China). Whey pro-

tein isolation was purchased from Hilmar Indegrents Co., Ltd. Selenium-enriched peptide 
from Cardamine violifolia is a kind of semi purified powder, and it was provided by Enshi 
Se-Run Material Engineering Technology Co., Ltd. (Enshi, China). The total Se content 
was determined to be 1143.65 ± 64.27 μg/g. 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 
2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid ammonium salt (ABTS) were pur-
chased from Aladdin Reagent Co., Ltd. (Shanghai, China). Anhydrous ethanol, phos-
phoric acid, hydrochloric acid, nitric acid, disodium hydrogen phosphate dodecahydrate, 
and sodium dihydrogen phosphate dihydrate were obtained from Sinopharm Chemical 
Reagent Co., Ltd. Alpha-amylase, pepsin, and trypsin were purchased from McLean Bio-
chemical Technology Co., Ltd. (Shanghai, China). CCK-8 cell proliferation and cytotoxi-
city assay kit were obtained from Biyuntian Biotechnology Co., Ltd. (Shanghai, China). 
Caco-2 cell line was obtained from Procell Life Science & Technology Co., Ltd. (Wuhan, 
China). Dulbecco's Modified Eagle Medium (DMEM)/high glucose cell culture medium 
was purchased from Cytiva Ltd. (Washington, USA). All the above reagents were analyt-
ical grade or premium pure grade, and they are used as obtained.  

1.2. Characterizations 
Optical images were captured by a CX40 optical microscope (Sunny Group, China). 

Scanning electron microscope (SEM) images were collected by a SU8000 field-emission 
electron microscope (Hitachi, Japan) with the acceleration voltage of 15 kV. The size dis-
tributions of particles and average diameters were obtained from the image analysis of 
the optical images via Image J software. The identification of crystal structure changes 
was recorded by an Empyrean X-ray diffractometer (XRD) (Malvern Panalytical, Hol-
land), using Cu-Kα radiation within the 2θ range of 4°-40°. Fourier-transform infrared 
(FTIR) curves were obtained with a Nicolet iS50 infrared spectrometer (Thermo Scientific, 
USA) from 400 cm-1 to 4000 cm-1 at a resolution of 2 cm-1. Thermal stability was analyzed 
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using a Q600 thermogravimetric analyzer (TA Instruments, USA) at a heating rate of 10 ℃/min under a nitrogen atmosphere. UV-Vis spectra were measured by a UV-1000 ultra-
violet-visible spectrophotometer (Aoyi Instruments, China). These structural and func-
tional characterizations also referred to the reported works [1-2]. 

The total selenium content in these optimized three DX-WPI-SP microcapsules was 
determined by a LC-AFS6500 atomic fluorescence spectrometer (Haiguang Instrument, 
China), referring to the work performed by Ye et al. [3]. Specifically, 0.1 g of SP was placed 
in a digestion tube, and 7 mL of acid was added. After microwave digestion, 10% (w/v) of 
the hydrochloric acid solution was used to dilute the solution to 10 mL, and the atomic 
fluorescence spectrometer was applied to determine the total selenium content. A stand-
ard curve was gathered with selenium standard solutions with different concentrations. 

The formula used to determine the loading rate was as follows: 

Loading rate (%) = (W2/W1) × 100 (1) 

Where W1 is the total mass weight of the DX-WPI-SP microcapsules, and W2 is the 
mass weight of the SP loaded in the DX-WPI-SP microcapsules. 

1.3. Antioxidant activity evaluation 
1.3.1. DPPH radical scavenging assay 

The DPPH radical scavenging ability was calculated by the following formula: 

DPPH radical scavenging rate (%) = (1 - (A1 – A2)/A0)) × 100 (2) 

Where A0 is the absorbance of the control (deionized water) group; A1 is the absorb-
ance of the sample group mixed with DPPH; A2 is the absorbance of the blank (sample 
without DPPH) group. 
1.3.2. ABTS radical scavenging ability assay 

The ABTS radical scavenging ability was calculated by the following formula: 

ABTS radical scavenging rate (%) = (1 - (A1 – A2)/A0)) × 100 (3) 

Where A0 is absorbance value of the control group (DI water); A1 is the absorbance of 
the mixture (The sample in ABTS work solution); A2 is the absorbance value of the sample 
without ABTS. 

1.4. Stability of DX-WPI-SP microcapsules against pH changes 
Kinetic equation of release: 

Zero order: Q = Q0-k0t (4) 

First order: Q = Q∞[1-exp(-k1t)] (5) 

Higuchi: Q = kHt1/2 (6) 

Korsmeyer-Peppas: Qt/Q∞ = kKPtn (7) 

Where Q is the cumulative amount of SP released at time t, Q0 is the initial SP amount 
(t = 0); Q∞ is the final amount of SP; Qt represents the amount of released SP at time t. n is 
the diffusion index of the release mechanism of SP. k0, k1, kH, and kKP are release rate con-
stants for zero order, first order, Higuchi, and Korsmeyer-Peppas kinetic models, respec-
tively. 

1.5. Cell culture and vitality assay in vitro 
Cell viability was calculated according to the following formula: 
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Cell viability (%) = ((A2 – A0)/(A1 – A0)) × 100 (8) 

Where A0 is the absorbance in the well with medium and CCK-8 solution without 
cells; A1 is the absorbance in the well with cells and CCK-8 solution, and without sample; 
A2 is the absorbance in the well with cells, CCK-8 solution, and samples. 

2. Results and Discussion 

2.1. Preparation of DX-WPI-SP microcapsules 
The process optimization for the preparation of DX-WPI-SP microcapsules: 
To study the effects of the electrospraying parameters on the preparation of DX-WPI-

SP microcapsules, these parameters (raw material concentration, feeding rate, voltage, 
and receiving distance) were accordingly adjusted and analyzed. Based on the micro-
scopic morphology and particle size of the microcapsules, the preparation process of dex-
tran (DX) microcapsules was optimized by changing the concentrations of dextran (C, 3-
15%, w/v), feeding rates (Q, 0.1-2.0 mL/h), voltages (U, 5-25 kV), and receiving distances 
(H, 5-25 cm). In Table 1, different concentrations of whey protein isolation (WPI) were 
introduced into the dextran microcapsules after the treatment optimization, and three rep-
resentative groups of dextran-whey protein isolation (DX-WPI) microcapsules were 
screened out. Finally, based on the selected DX-WPI microcapsules, a certain concentra-
tion of SP was added. 

Therefore, to investigate the effects of fabrication parameters on morphology of the 
DX-WPI-SP microcapsules via high-voltage electrostatic spray, a series of fabrication pa-
rameters were performed and optimized. Figure S1 showed the optical images and parti-
cle size distributions of DX microcapsules with the increasing concentration of dextran. 
Microcapsules with the higher dextran content are more sperm-like or fibrous (Figure 
S1e), which was attributed to the increased viscosity in the solution having the higher 
concentration of DX. Figure S1f showed that the average diameter of DX microcapsules 
gradually increased as the more introduction of DX. When C = 6% (w/v), the obtained 
microtopography and average diameter of DX microcapsules are appropriate, and they 
showed a stable yield. As shown in Figure S2, with the increase of the feeding rate for the 
DX solution, the particle size of the DX microcapsules gradually increases. The excessive 
feeding rate can promote the formation of droplets. The Taylor cone under a higher feed-
ing rate can form larger droplets, which may make the jetting process of the droplets un-
stable and form microcapsules with larger particle size [4]. When Q = 1.0 mL/h, the yield 
of DX microcapsules is acceptable, and showing the relatively small diameter. Figure S3 
revealed that the DX microcapsules collected at the U = 5 kV or 25 kV appeared fibrous 
appearance accompanied by larger particle size. While at 10-20 kV, the DX microcapsules 
were spherical, and the particle size gradually decreases at a higher voltage. Under a quite 
low voltage, the electrical potential difference was not enough to overcome the surface 
tension function of the solution, resulting in the failure to form a stable Taylor cone and 
the jet-flow. Under a relatively high voltage, the accumulated free electrons were enough 
upon the jet to make the solution split into micro-scale droplets, where the solvent in these 
droplets was quickly evaporated, resulting in the formation of fibrous microcapsules [5]. 
Thus, both too low and too high voltages are not beneficial for the formation of microcap-
sules. When U = 15 kV, it was occurred that relatively small diameter and relatively low 
energy consumption. Electrons within the different receiving distance can affect the evap-
oration efficiency of the solvent during the spray. Figure S4 showed that the particle size 
of DX microcapsules obviously decreased with the receiving distance enlarged from 5 cm 
to 15 cm, and then remained stable. When H = 15 cm, the microtopography and average 
diameter of DX microcapsules can be approbatory. Figure S5 revealed the viscosity of the 
electrospraying solution increased with the more addition of WPI, resulting in the increas-
ing particle size of DX-WPI microcapsules. 
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Figure S1. (a-e) Optical images and particle size distribution of dextran microcapsules with different 
concentrations of dextran (a-3 wt %, b-6 wt %, c-9 wt %, d-12 wt %, and e-15 wt %); (f) The average 
particle sizes of these dextran microcapsules with different concentrations of dextran at 3-15 wt %. 
Different labels represent significant differences between groups by Duncan's test (p < 0.05). 
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Figure S2. (a-e) Optical images and particle size distribution of dextran microcapsules with different 
feeding rates (a-0.1 mL/h, b-0.5 mL /h, c-1.0 mL/h, d-1.5 mL/h, and e-2.0 mL/h); (f) The average par-
ticle sizes of these dextran microcapsules with different feeding rates at 0.1-2.0 mL/h. Different labels 
represent significant differences between groups by Duncan's test (p < 0.05). 
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Figure S3. (a-e) Optical images and particle size distribution of dextran microcapsules with different 
voltage electrostatic spraying (a-5 kV, b-10 kV, c-15 kV, d-20 kV, and e-25 kV); (f) The average par-
ticle size of these dextran microcapsules with the different voltage of electrostatic spraying from 5-
25 kV. Different labels represent significant differences between groups by Duncan's test (p < 0.05). 
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Figure S4. (a-e) Optical images and particle size distribution of dextran microcapsules with different 
receiving distances (a-5 cm, b-10 cm, c-15 cm, d-20 cm, and e-25 cm); (f) The average particle sizes 
of these dextran microcapsules with different receiving distances from 5 to 25. Different labels rep-
resent significant differences between groups by Duncan's test (p < 0.05). 
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Figure S5. (a-e) Optical images and particle size distribution of DX-WPI microcapsules with differ-
ent DX/WPI mass ratios (a-3:1, b-3:2, c-1:1, d-3:4, and e-3:5); (f) The average particle sizes of these 
DX-WPI microcapsules with different DX/WPI mass ratios from 3:1 to 3:5. Different labels represent 
significant differences between groups by Duncan's test (p < 0.05). 

 

2.2. Controlled release properties evaluation results 
Results of fitting of release kinetics: 
According to the controlled release profiles recorded at various pH values, four 

mathematical models (zero order, first order, Higuchi, and Korsmeyer-Peppas) were ap-
plied to explain the release mechanism (Table S1) [6-8]. The correlation coefficient values 
of these models are shown in Table S1, where the first-level dynamic release model was 
more suitable to explain the release behavior of the DX-WPI-SP microcapsules under 
strongly acidic conditions (pH 2.0) with the determination coefficient (r²) of 0.8611. 
Korsmeyer-Peppas dynamic model was more appropriate to monitor the release behavior 
of SP from DX-WPI-SP microcapsules under neutral and strong alkaline surroundings 
(pH 7.0 and pH 12.0). The certain value of the diffusion index (n) represents a typical de-
sorption mechanism. When 0 < n < 0.45, the diffusion model of the active substance be-
longs to Fick's diffusion law; when 0.45 < n < 0.89, it is coincident with the non-Fick diffu-
sion or abnormal release model; When n > 0.89, it is in accord with the skeleton dissolution 
mechanism [7]. As shown in Table S1, the n values (pH 7.0 and pH 12.0) were less than 
0.45, which belongs to Fick's diffusion model. 
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Table S1. Kinetic parameters for the release process of SP from DX-WPI-SP microcapsules in differ-
ent pH values. 

 
Zero-order First-order Higuchi 

 
Korsmeyer-Peppas 

r2 r2 r2 r2 n 
pH 2.0 0.2770 0.8611 0.3827  0.5347 0.019 
pH 7.0 0.4117 0.6926 0.5892  0.7451 0.032 
pH 12.0 0.7419 0.6655 0.8485  0.9052 0.063 

Note: r2 represents the determination coefficient, and n is the diffusion index. 

 

 
Figure S6. Standard curve for the determination of total selenium content. 
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