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A B S T R A C T

Selenium is an essential trace element for human health. To date, a hotspot of functional foods is strengthening 
the content of organic Se in food using biological Se enrichment. Herein, Se-enriched rice pancakes were pro-
duced by directly adding different sodium selenite concentrations into the fermentation process. The effects of 
sodium selenite addition on the texture properties, structure, and Se species of rice pancakes were investigated. 
Meanwhile, the bioaccessibility of Se and the changes of Se species in Se-enriched rice pancakes were determined 
by digestion experiments in vitro. The results showed significant differences in hardness, adhesiveness, chewi-
ness, porosity, and flavor substances of Se-enriched rice pancakes after adding sodium selenite (p < 0.05). In Se- 
enriched rice pancakes, selenocystine (SeCys2) and methylselenocysteine (MeSeCys) are the main Se species. 
When sodium selenite was added at 3.3 μg/mL, the maximum values of SeCys2 and MeSeCys were 328.35 ±
33.43 and 311.11 ± 49.48 μg/kg, respectively. Se bioaccessibility was negatively correlated with sodium selenite 
content. The electronic nose results of Se-enriched rice pancakes showed that the sulfur compounds, nitrogen 
substances, alcohol substances, alkane substances, alcohols, aldehydes, and ketones in rice pancakes significantly 
increased following sodium selenite addition. The results can provide a significant basis for developing high 
efficiency Se-enriched fermented food and the processing of Se-enriched rice pancakes.

1. Introduction

Selenium is an indispensable trace element for humans, animals, and 
plants. As the active center of various selenoproteins and sele-
noenzymes, Se plays a significant role in maintaining oxida-
tion–reduction homeostasis (Zhang et al., 2020), cardiovascular and 
cerebrovascular disease prevention (Grosicka-Maciąg et al., 2012), and 
thyroid hormone metabolism regulation (Feng et al., 2021). Previous 
research has confirmed that Se intake can reduce a range of cancers due 
to the antioxidant role of Se in the very early preneoplastic onset (Tian 
et al., 2020). Human Se intake is derived from the daily diet, which is 
mainly provided by the soil through the food chain (Emmanuelle et al., 
2012). However, among the residents in China, 39 %–61 % have a daily 
Se intake lower than the level recommended by the World Health 

Organization (WHO) (55 μg/day), and the upper limit that humans can 
tolerate is 400 μg/day (Dong et al., 2021). Therefore, seeking suitable 
sources of dietary Se supplementation and developing various Se- 
enriched functional foods on this basis to meet the daily Se intake 
needs of Chinese residents are significant.

The nutritional value of Se largely depends on the speciation and 
concentration of Se present or supplemented in food (Kieliszek & Bła-
żejak, 2013). Se mainly exists in two forms, including inorganic and 
organic Se, among which inorganic Se has high toxicity and low 
bioavailability (Souza et al., 2022). The organic Se can be combined 
with functional macromolecules, which can produce a synergistic effect 
in antioxidant, antitumor, and other bioactivities, and has a high 
bioavailability (Nie et al., 2023). Converting inorganic Se into organic 
Se is performed using the following three methods: plant 
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transformation, animal transformation, and microbial transformation 
(D’Amato et al., 2020). Compared with plant and animal conversion 
methods, microbial transformation is unaffected by seasonal and cli-
matic factors, and is characterized by fast reproduction, short produc-
tion cycle, high adaptability, and metabolic capacity (Eswayah et al., 
2017). Alzate et al. (Alzate et al., 2008) investigated the preparation of 
Se-enriched food products through a fermentation process, showing that 
yeasts and lactic acid bacteria can accumulate inorganic Se and convert 
it into organic Se compounds. In Hubei Province, China, rice pancakes 
are a kind of food with a long history and strong local characteristics. 
They are made from rice flour and yeast by fermenting and steaming 
roast. The fermentation process of yeast in rice pancakes is an effective 
way for converting exogenous inorganic Se into bioavailable and easily 
absorbed organic Se.

Currently, there is limited research on the preparation of Se-enriched 
rice products through the direct addition of inorganic selenium during 
the fermentation process. Mainly focus on flour products. Nunzio et al. 
(di Nunzio et al., 2018) and Sanchez-Martinez et al. (Sánchez-Martínez 
et al., 2015) reported that selenium amino acids in yeast fermented 
bread after adding high concentrations of sodium selenite accounted for 
more than 80 % of the total selenium content. Nunzio et al. (di Nunzio 
et al., 2018) made Italian flatbread (piadina) by adding 5.66 mg of so-
dium selenite per kilogram of dough. The total content of bioaccessible 
selenium in organic form in piadina was increased, and led to protective 
effects counteracting oxidative damage in cultured cells. Sanchez- 
Martinez et al. (Sánchez-Martínez et al., 2015) added selenite directly 
to dough to prepare white and whole wheat bread with 100 % and 40 % 
selenium bioaccessibility, respectively. SeMet is the main selenium 
species found in Se-enriched bread. Lazo-Vélez et al. (Lazo-Vélez et al., 
2013) reported that there were not statistical differences (p < 0.05) in 
yeast CO2 production and dough pH during the fermentation of sponge 
bread treated with different concentrations of sodium selenite (4.33, 
7.83 and 23.8 mg Se/g)，but the density of bread increased and the 
height is significantly reduced. Du et al. (Du et al., 2023) added 0–80 mg 
Se/kg sodium selenite to flour to prepare steamed breads, As the Se 
content increased, the steamed bread showed a more homogeneous 
crumb structure with an improved number and area of stomata cells. 
Although yeast fermentation can effectively transform inorganic sele-
nium into organic selenium, the effect of exogenous selenium on the 
quality of fermented rice products is still inconclusive. Wang et al. 
(Wang et al., 2021) directly added sodium selenite in the fermentation 
process of Pleurotus eryngii, and found that the contents of alcohols, al-
dehydes and ketones flavor compounds in Se-enriched Pleurotus eryngii 
decreased, while the contents of esters and furans increased signifi-
cantly. The results indicated that the addition of sodium selenite would 
have a certain effect on the flavor characteristics of fermented food.

This study designed three sodium selenite addition amounts (1.1, 
2.2, and 3.3 μg/mL) based on the daily safe range of selenium. Se- 
enriched rice pancakes were obtained by adding sodium selenite to 
the rice slurry before fermentation. To investigate the effects of different 
concentrations of sodium selenite treatment on the structural charac-
teristics and volatile flavor components of rice pancakes, the texture 
characteristics, microstructure, and electronic nose of Se-enriched rice 
pancakes were analyzed. Meanwhile, exploring the effects of sodium 
selenite treatment on the total Se content, Se species, and bio-
accessibility in Se-enriched rice pancakes through in vitro gastrointes-
tinal simulation tests. This study comprehensively evaluated the effect 
of sodium selenite on the quality of Se-enriched rice pancake, and pro-
vided a basis for developing Se-enriched fermented rice products.

2. Methods

2.1. Materials and reagents

Rice flour (Erawan brand, Cho Heng Rice Vermicelli Factory Co., 
Ltd.) and Saf-instant dry yeast (Lesaffre) were purchased from local 

supermarkets in Hubei Province, China; sodium selenite, nitric acid, 
hydrochloric acid, artificial saliva, artificial gastric juice, artificial in-
testinal juice, alpha-amylase, pepsin, pancreatic enzyme, protease E, 
and protease K were all purchased from Shanghai Yuanye Biotechnology 
Co., Ltd. (Shanghai, China); and standards used in the analysis of Se 
species, including Se (IV), Se (VI), SeMet, SeCys2, and SeMeCys, were 
obtained from the National Institute of Metrology (Beijing, China).

2.2. Preparation of Se-enriched rice pancakes

First, prepare 1.1, 2.2, and 3.3 μg/mL sodium selenite solutions and 
subsequently mix with rice flour at a material–liquid ratio of 1:1 to 
prepare rice slurry. After adding 1 % yeast and 5 % sugar, fermentation 
was performed in a constant temperature incubator at 30 ◦C for 6 h. 
After fermentation, 10 % white sugar and 0.2 % baking soda were added 
to the rice slurry, which was poured into the film and baked in a pan for 
7 min to produce Se-enriched rice pancakes. FX-1, FX-2, and FX-3 
represent Se-enriched rice pancakes with the addition of sodium sele-
nite at 1.1, 2.2, and 3.3 μg/mL concentrations, respectively. Meanwhile, 
rice pancakes without sodium selenite were prepared as a blank control 
group.

2.3. Texture analysis of Se-enriched rice pancakes

The method of (Dou et al., 2023) was followed, with some modifi-
cations. The TPA of rice pancake samples was performed using a texture 
analyzer (Rapid TA; Shanghai Tengba Instrument Technology Co., Ltd., 
Shanghai, China), and the samples (Φ 7 mm)were evaluated using a 
cylindrical probe (P/36R). During each test, the samples were directly 
placed under the probe and were successively examined by two 50 % 
deformation compression tests. The following were the detecting pa-
rameters: Pretest speed, 2.0 mm/s; test speed, 1.0 mm/s; posttest speed, 
1.0 mm/s; compression height, 20 mm; trigger force, 5.0 g; and interval 
between two compressions, 5 s.

2.4. X-ray computed tomography

The method of (Ghodki et al., 2019) was followed, with some mod-
ifications. The microstructure of rice pancake samples was analyzed 
using an X-ray CT system (NAOMI-CT 002 L, RF Co., Nagano, Japan). 
The following were the scanning parameters: imaging area, Φ146 ×
153–185 mm; voxel number, 900 × 900 × 1100; gray scale range, 
approximately − 32,768 to 32,767 (16 bits); and scanning time, 120 s.

2.5. Determination of the total colony count

Collect samples at 0, 3, and 6-h intervals and prepare diluted sample 
suspensions of 10− 2, 10− 3, and 10− 4. Transfer 1 mL of the sample sus-
pension to sterile petri dishes and simultaneously transfer 1 mL of blank 
diluted solution to two other sterile petri dishes as a blank control. 
Immediately pour 15–20 mL of plate counting agar culture medium into 
the dishes and rotate them to ensure even mixing. Allow the agar to 
solidify horizontally by leveling the dishes before inverting them for 
incubation at 36 ◦C for a period of 48 h.

2.6. Electronic nose analysis

cNose-18 electronic nose (Shanghai Baosheng Industrial Develop-
ment Co., Ltd.) was used to analyze the overall odor characteristics of 
the rice pancake samples (Jeong et al., 2022). The 3.0 g Se-enriched rice 
pancake sample was put into a headspace bottle and heated in a metal 
bath at 50 ◦C for 10 min. The electronic nose probe was inserted into the 
headspace bottle, and volatile substances were analyzed and determined 
by suction of the top gas. The following were the parameters used: 
cleaning duration, 120 s; injection time, 150 s; and injection speed, 0.4 
L/min.
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2.7. Total Se content determination

The determination of total Se content followed the method of (Huang 
et al., 2022), with slight modifications. Here, 0.1 g of the lyophilized 
sample and 7 mL of HNO3 were added to the digestion tank, which was 
subsequently put into the microwave digestion instrument (W-8000, 
Shanghai Yiyao Instrument Technology Development Co., Ltd., 
Shanghai, China). After digestion, the digestion tank was transferred to 
the 180 ◦C acid drive instrument to drive the solution to 1 mL. After the 
digestion tank was cooled to room temperature, to reduce Se (VI) to Se 
(IV), 5 ml 50 % HCL was added and gently shaken until the hydrochloric 
acid and digestion solution were fully mixed. Subsequently, it was 
transferred to the acid drive instrument and heated for approximately 
50 min. After the reduction was completed and cooled to room tem-
perature, the dissolved sample solution was diluted to 10 mL with 10 % 
HCL. The total Se content was determined using hydride atomic fluo-
rescence spectrometry. The working conditions of atomic fluorescence 
spectrum were set as follows: negative high voltage, 300 V; atomizer 
height, 8 mm; lamp current, 80 mA; carrier gas, high purity argon; 
reading time, 16 s; and delay time, 5 s.

2.8. Determination of Se species

The determination of Se species content followed the method of 
(Dong et al., 2021), with slight modifications. The 0.5 g lyophilized 
sample was weighed and added with 5 mL Tris-HCl buffer (75 mmol/L, 
pH 7.5, containing 10-mg protease E and 10 mg protease K), and 
oscillated at 37 ◦C at 200 rpm for 24 h. Subsequently, the mixture was 
centrifuged at 5000 r/min at 4 ◦C for 10 min. The supernatant was 
collected and filtered through a 0.22 μm hydrophilic filter membrane. 
The filtered samples were injected into high performance liquid chro-
matography–inductively coupled plasma mass spectrometry 
(HPLC–ICP–MS), and 20 mmol of citric acid (pH 4, pH 6, and pH 
adjusted by ammonia) was used as the mobile phase for gradient elution 
at a flow rate of 1 mL/min. The sample injection volume was 10 μL. A 
Hamilton PRP-X100 (250 mm × 4.1 mm, 10 μm) anion exchange col-
umn was used for separation using HPLC, and the Se retention time was 
monitored using ICP–MS.

2.9. In vitro-simulated gastrointestinal digestion test

The method described by (Yang et al., 2023) was followed, with 
some modifications. At a material–liquid ratio of 1:1 (m/v), 10 mL of 
oral digestive juice was added to 10 g of lyophilized sample, and 0.3 g of 
α-amylase (>5 U/mg) was added after mixing and stirred in a 37 ◦C 
water bath for 2 min away from light. After simulated oral digestion, 20 
mL of gastric digestive juice and 0.025 g of pepsin (>500 U/mg) were 
added to the sample, and the samples were stirred in a 37 ◦C water bath 
for 2 h in the dark, and the pH was maintained at 3.0 with 1 mol/L HCL. 
Following simulated stomach digestion, 40 mL of intestinal digestive 
juice, 0.3 g of pancreatic enzyme, and 0.32 g of bile salt were added to 
the sample. The samples were stirred in a 37 ◦C water bath for 2 h in the 
dark, and the pH was maintained at 7.0 with 1 mol/L NaOH. After 
sampling, the digestion was centrifuged at 6000 rpm at 4 ◦C for 10 min. 
The supernatant was used for the determination of total Se and Se 
species.

The Se bioaccessibility in Se-enriched rice pancakes was expressed as 
BA%, and the following was the calculation formula used: 

BA(%) =
Se inGI

Se in samlpe
× 100 (1) 

where Se in GI is the Se contents (μg/kg) in Se-enriched rice pancakes in 
vitro gastrointestinal digestive juice.

2.10. Statistical analysis

Microsoft Excel 2016 was used for data processing, and the experi-
mental results were expressed as “average ± standard deviation” (n =
3). IBM SPSS Statistics Version 19 (SPSS Inc., Chicago, IL, USA) was used 
for the significance test (one-way analysis of variance), and differences 
among mean values of each treatment were compared using Duncan’s 
test. Statistical significance was determined at a p value of less than 0.05. 
Origin 2021 (OriginLab Corporation, MA, USA) was used for diagram 
plotting.

3. Results and discussion

3.1. Texture characteristics of Se-enriched rice pancakes

TPA can obtain more intuitive and quantifiable parameters than 
human sensory evaluation (Nishinari & Fang, 2018). Hardness refers to 
the force necessary for the sample to reach a certain deformation; in 
sensory sense, it refers to the force used to break the sample using the 
teeth. Springiness indicates the ratio of a deformed sample to its height 
or volume before deformation after recovering the deformation force. 
Chewiness indicates the energy required to chew the sample into a 
swallowing state and is numerically equal to hardness × chewiness ×
springiness (Paula & Conti-Silva, 2014). Based on the texture charac-
teristics of rice pancakes (Table 1 and Figs. 1a, b, and c), FX-1, FX-2, and 
FX-3 had lower springiness and cohesiveness than the control group; 
however, no significant difference was noted among the three samples 
(p > 0.05). Compared with the control, the hardness, adhesiveness and 
chewiness of rice pancake significantly increased (p < 0.05) after adding 
sodium selenite. Moreover, the hardness, adhesiveness and chewiness 
increased with the increase in sodium selenite concentration. These re-
sults shown that adding sodium selenite has a certain effect on the 
texture properties of rice pancakes. However, no significant difference in 
the specific volume of rice pancakes after adding sodium selenite was 
noted (Table 1). Therefore, further analysis will be conducted on the 
basis of the microstructure parameters.

3.2. Microstructure analysis of Se-enriched rice pancakes

To analyze the microstructure of rice pancake samples, X-ray CT was 
employed. The decrease in springiness and increase in hardness of baked 
products (e.g., muffins and bread) were correlated with the decrease in 
pore number (Baixauli et al., 2008), which was also observed in this 
study. The greater the hardness of Se-enriched rice pancakes, the smaller 
the number of pores (Table 1). As shown in Fig. 1d, the porosity of rice 
pancakes precipitously decreases after adding sodium selenite. The 
hardness of rice pancakes in the control group was the lowest, whereas 
the porosity was the largest, reaching 8.86 %. The difference in porosity 
between FX-1, FX-2, and FX-3 was not significant. Compared with the 
control, adding sodium selenite reduced the porosity by 50.11 %, 60.38 
%, and 63.43 %, respectively. Additionally, the average pore volume of 
FX-1, FX-2, and FX-3 was significantly decreased (p < 0.05) by 25.53 %, 
59.57 %, and 51.066 %, and the average pore surface area was 
decreased by 16.36 %, 45 %, and 40.45 %, respectively (Table 1).

The pore structure inside the rice pancakes can be more intuitively 
observed from the X-ray CT scanned image (Fig. 2). Based on the three- 
dimensional images, the appearance of the rice pancakes was not very 
different. Therefore, a top view (XY1 and XY2) in the XY axis direction 
was taken at the positions with the number of slice layers of 20 and 60, 
respectively, and the center front view in the direction of XZ axis to 
observe the pore structure of the sample. The colorful images in XY1 and 
XY2 were two-dimensional slice images of separated pores. The pores 
were evenly distributed in the bottom layer and large pores in the top 
layer. With increased sodium selenite concentration, the colorful area 
gradually decreased, indicating the gradual decrease in the number of 
pores in rice pancakes. Moreover, it can be more clearly observed from 
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the section diagram of XY2 and XZ that the large pores were evenly 
distributed in the upper layer of the rice pancake in a cylindrical form. In 
the control, upper layers exhibited the highest number of large pores, 
predominantly consisting of open pores that were fractured. This can be 
attributed to the thermal expansion of gas in the rice pancake during 
steaming roast, causing some large pores in the upper layer to rupture. 
Consequently, despite an increased pore count in the control group, 
there would be no significant elevation in rice pancake height. This 

observed phenomenon can indicate that although there was no statis-
tically significant difference (p > 0.05) in specific volume between the 
control and experimental groups, there was a noticeable downward 
trend in porosity and average pore volume within the experimental 
group compared to the control group. A positive correlation was 
observed between the number of pores and the gas production capacity 
of yeast (Sun et al., 2023). Du et al. (Du et al., 2024) reported that the 
yeast gas production rate changed, the time to reach the maximum gas 

Table 1 
Texture and microstructure analysis of Se-enriched rice pancakes.

Sample Specific 
volume(ml/ 
g)

Texture Microstructure parameters

Hardness 
(N)

Adhesiveness 
(N)

Cohesiveness 
\

Springiness 
\

Chewiness \ Porosity 
(%)

Mean cell 
volume 
(mm3)

Mean cell 
area(mm2)

Cell number

Control 1.37 ±
0.12ab

111.44 ±
2.93a 1.29 ± 0.26a 0.83 ± 0.03c 10 ± 0.00a 924.34 ±

10.48a
8.86 % ±
0.02b 0.47 ± 0.13c 2.20 ±

0.39b
10,017.33 ±
2938.1a

FX-1 1.45 ± 0.02b 146.30 ±
6.49b 1.54 ± 0.49ab 0.7 ± 0.00a 9.63 ±

0.57a
971.08 ±
87.52a

4.42 % ±
0.003a

0.35 ±
0.05bc

1.84 ±
0.14b

9892.67 ±
1242.21a

FX-2
1.39 ±
0.01ab

171.73 ±
7.18bc 1.67 ± 0.22ab 0.77 ± 0.01b 9.17 ±

1.41a
1209.87 ±
166.90b

3.51 % ±
0.003a 0.19 ± 0.02a 1.21 ±

0.07a
9451 ±
830.14a

FX-3 1.30 ± 0.01a 185.62 ±
25.45c 2.01 ± 0.21b 0.75 ± 0.01b 9.82 ±

1.41a
1370.07 ±
139.22b

3.24 % ±
0.003a

0.23 ±
0.02ab

1.31 ±
0.10a

7437.33 ±
93.55a

Note: Results are presented as means ± standard deviation (n = 3). Values with different letters within each column are significantly different at a significance level of 
p < 0.05.

Fig. 1. Structural characteristics of Se-enriched rice pancakes: (a) hardness; (b) adhesiveness; (c) chewiness; (d) porosity. Different lowercase letters indicate sig-
nificant differences between samples treated with different concentrations of sodium selenite (p < 0.05).
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production rate was delayed, and the yeast gas production capacity was 
inhibited owing to the increase in Se concentrations. Therefore, the 
number of pores will gradually decrease with the increase in sodium 
selenite concentrations.

3.3. Effect of sodium selenite on the total colony count during 
fermentation

The fermentation of rice slurry was achieved through the addition of 
active dry yeast in this study. The change in total colony count serves as 

an indicator of microbial growth and reproduction during rice slurry 
fermentation. As depicted in Fig. 3, there was a rapid increase in total 
colony count at 3 h compared to 0 h for both the control group and all 
experimental groups, indicating vigorous microbial growth and favor-
able fermentation progress during the early stage. Towards the end of 
fermentation (6 h), the accumulation of metabolites, particularly 
ethanol, led to inhibition of microbial growth and a significant reduction 
in total colony count (Tofalo et al., 2020). There were no significant 
differences in total colonies among all groups at 0-h fermentation (p >
0.05). At 3-h fermentation, the control exhibited the highest total col-
onies at 2.7 × 106 CFU/mL. The FX-1, FX-2, and FX-3 had significantly 
lower total colonies than the control at this time point, showing a slight 
decreasing trend with increasing sodium selenite concentration. When 
the fermentation period was 6 h, there was a decrease in the total col-
onies. The control still exhibited a higher total colonies compared to all 
experimental groups, with no significant difference between FX-1 and 
FX-2 when compared to the control (p > 0.05). However, the total col-
onies in FX-3 significantly decreased (p < 0.05) to only 1.0 × 106 CFU/ 
mL.

These results indicate that the addition of sodium selenite can inhibit 
the growth of microorganisms, which is consistent with findings re-
ported by Kieliszek et al. (Kieliszek et al., 2019), suggesting that an in-
crease in selenium levels can have a certain effect on yeast growth and 
metabolic activity. Du et al. (Du et al., 2024) found that when the Se 
level was increased, the yeast gas production rate changed. Further-
more, there was a delay in reaching the maximum gas production rate. 
Se-enriched yeast could reduce the elasticity and viscosity modulus of 
dough. It could also prolong the time for the dough to reach its 
maximum height. It was mainly attributed to the fact that Se altered the 
yeast metabolic activity. In this study, the total number of colonies in 
rice slurry was inhibited by sodium selenite, indicating that sodium 
selenite inhibited the growth and gas production capacity of yeast in rice 
slurry. This result can further prove the phenomenon described in sec-
tion 3.2 that with the increase of selenium level, the gas production 
capacity of yeast is inhibited, thus reducing the porosity and pore 

Fig. 2. Comparison of 3D and 2D (XY-top view and XZ-Center front view) images of Se-enriched rice pancakes treated with different concentrations of sodium 
selenite. XY1 represents the top view taken at 20 slice layers；XY2 represents the top view taken at 60 slice layers.

Fig. 3. Effect of sodium selenite addition on the total colony count during rice 
slurry fermentation. Different lowercase letters indicate significant differences 
between samples treated with different concentrations of sodium selenite (p 
< 0.05).
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number of Se-enriched rice pancakes. Meanwhile, the texture charac-
teristics of rice pancake were further affected.

3.4. Total se content and se species of Se-enriched rice pancakes

The total Se contents of FX-1, FX-2, and FX-3 were 371.08, 921.94, 
and 1409.05 μg/kg, respectively (Fig. 4a). It increased by 2.16 fold, 6.85 
fold, and 11.00 fold compared with the control group, respectively. 
SeCys2, MeSeCys, SeMet, Se(IV) and Se(VI) in Se-enriched rice pancakes 
were qualitatively and quantitatively analyzed using ICP-MS, and the 
difference of Se species in rice pancakes at different sodium selenite 
concentrations was analyzed. The Se species in Se-enriched rice pan-
cakes is shown in Fig. 4b, wherein SeCys2 and MeSeCys show an 
increasing trend with increased sodium selenite concentrations. The 
maximum values of SeCys2 and MeSeCys in FX-3 were 328.35 μg/kg and 
311.11 μg/kg, which were 11.12 fold and 16.00 fold of the control 
group, respectively. The SeMet content was small, with a maximum of 
34.76 μg/kg (FX-3). Additionally, the inorganic Se content in the Se- 
enriched rice pancakes was very low. The Se(VI) content is signifi-
cantly decreased with the increase in sodium selenite addition. Se- 
enriched food can be divided into natural and artificially Se-enriched 
food (Chen et al., 2023). Se in artificially enriched food is frequently 
present in the form of organic Se compounds, including selenocysteine 
(SeCys2), selenomethionine (SeMet), and methylselenocysteine 

(MeSeCys) (Han & Liu, 2022). However, Selenomethionine (SeMet) is 
the main form of Se in natural Se-enriched agricultural products (e.g., 
Se-enriched tea and Se-enriched rice) (Tangjaidee et al., 2022).

The relative proportion of the five Se forms in Se-enriched rice 
pancakes treated with different sodium selenite concentrations is shown 
in Fig. 4c. After adding sodium selenite, the total relative proportion of 
the three seleno-amino acids in the sample was significantly increased. 
Compared with the control group, the SeCys2 relative proportion of FX-1 
was not significantly different; however, the MeSeCys relative propor-
tion was significantly increased. The relative proportion of seleno-amino 
acids of FX-3 was the largest, reaching 91.67 %. The proportions of Se 
(IV) and Se(VI) in FX-1, FX-2, and FX-3 were lower than those in the 
control, and the relative proportions of Se(IV) in FX-1, FX-2, and FX-3 
gradually decreased to 3.85 %, 2.74 %, and 0.74 %, respectively. The 
results showed that exogenous inorganic Se could be fully transformed 
into available organic Se with high safety during rice pancake 
fermentation.

3.5. Bioaccessibility and species of Se following in vitro digestion

According to formula (1), the bioaccessibility of total Se and three 
seleno-amino acids in Se-enriched rice pancakes was calculated. As 
shown in Fig. 5, the bioaccessibility of total Se in FX-1, FX-2, and FX-3 
was 58.72 %, 45.23 %, and 46.98 %, respectively. The bioaccessibility 

Fig. 4. Concentrations of total selenium (a) and main selenium species (b) in rice pancakes with different concentration of sodium selenite. (c) The proportion of 
seleno-amino acids in Se-enriched rice pancakes treated with different concentrations of sodium selenite. Different lowercase letters indicate significant differences 
between samples treated with different concentrations of sodium selenite (p < 0.05).
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of three seleno-amino acids in FX-1 was the highest, particularly SeCyS2 
(84.73 %), MeSeCys (64.16 %), and SeMet (64.49 %), respectively. The 
bioaccessibility of total Se and three seleno-amino acids decreased with 
the increase in sodium selenite addition. This is similar to the findings of 
Wang et al. (Wang et al., 2022), where the bioaccessibility of Se in wheat 
flour treated with high sodium selenite concentrations decreased 
compared with that treated with low sodium selenite concentrations. In 
vivo human tests show that Se levels in plasma or whole blood increased 
significantly after supplementation with Se-fortified wheat (Kirby et al., 
2008). This indicates that Se-enriched foods can be absorbed by the 
human body after digestion.

The bioaccessibility of Se pertains to the portion released from the 
food matrix within the gastrointestinal tract (Jian et al., 2023), 
Bioavailable Se refers to the portion that reaches the blood further 
through effective absorption of the mucosa of the small intestine 
(Bodnar et al., 2016). In research conducted by Thiry et al. (Thiry, 
Ruttens, et al., 2013), the relationship between the bioaccessibility of Se 
in three Se-enriched food supplements after in vitro digestion and the 
bioavailability of Se following translocation through a monolayer of 
Caco-2 cells was examined. The findings indicated that the bioavailable 
fraction of Se constitutes a subpart of the bioaccessible Se, and the de-
gree of Se absorption through the Caco-2 monolayer was strongly 
species-dependent, with seleno-amino acids demonstrating higher 
bioavailability. In rats, Se concentrations in blood and liver were re-
ported to be up to four times higher following SeMet supplementation 
compared with selenite (Se(IV)) supplementation (Thiry, Schneider, 
et al., 2013). It shows that seleno-amino acids are more easily absorbed. 
These studies imply that the bioaccessibility of Se can be employed to 
initially characterize the digestion and absorption of Se in Se-enriched 
foods.

Although the bioaccessibility of Se decreased with the increase in 
sodium selenite concentrations, the content of bioavailable Se in the 
digestive supernatant of FX-1, FX-2, and FX-3 was significantly higher 
than that in the control group (p < 0.05). The contents of total Se and 
different Se species following simulated in vitro digestion are presented 
in Table 2. Compared with the control group, the total Se content 
following digestion in FX-1, FX-2, and FX-3 gradually increased, and the 
total Se content in the in vitro digestive supernatant of FX-3 reached 
661.99 μg/kg. The bioavailable SeCys2 and MeSeCys in FX-3 reached 
182.5 and 162.42 μg/kg, respectively. Furthermore, no seleno-amino 
acids were detected in the digestive supernatant in vitro owing to the 
low Se content in the control group. In all three experimental groups, the 
SeMet content following in vitro digestion was relatively low, and no 
significant difference was noted (10.1–21.45 μg/kg).

3.6. Analysis of electronic nose results of Se-enriched rice pancakes

The whole odor analysis of Se-enriched rice pancakes was based on 
the electronic nose sensor array technology, with each sensor having 
different sensitivity to the measured gas. The response values of 28 
electronic nose sensors to the volatile flavor substances of Se-enriched 
rice pancakes treated with different sodium selenite concentrations 
were presented in the form of a radar map. The greater the response 
value obtained by the sensor, the more flavor components were pro-
duced. As shown in Fig. 6a, samples corresponding to different sodium 
selenite concentrations show differences in flavor substances; however, 
no significant difference is noted in the overall radar profile, and the 
difference characterization of flavor substances among samples is not 
obvious. Therefore, all response values are normalized to obtain Fig. 6b, 
which demonstrates that with the increase in sodium selenite addition, 
20 sensors (S4–S8, S10–S14, S18–S22, and S24–S28) show significant 
differences in the response values of volatile flavor substances of Se- 
enriched rice pancakes added with different sodium selenite concen-
trations. According to the electronic nose sensor performance in 
Table S1, the types of volatile flavor substances changing in Se-enriched 
rice pancakes are mainly concentrated in sulfides, nitrogen substances, 
alcohol substances, alkane substances, alcohols, aldehydes, and ketones, 
and they increase with increased sodium selenite concentrations.

The results of the electronic nose were further analyzed using prin-
cipal component analysis (PCA). The PCA score graph of flavor sub-
stances in Se-enriched rice pancakes treated with different sodium 
selenite concentrations is depicted in Fig. 6c, showing that the cumu-
lative contribution rate of the two principal components, PC1 and PC2, 
reaches 90.7 %, indicating that the established PCA model can more 
completely reflect the flavor information of the sample. The control 
group and FX-1 are in the same quadrant, and some overlap is observed, 
indicating that the volatile flavor substances in these two groups of 
samples are similar, and the difference in volatile flavors is small. FX-2 
and FX-3 are in different quadrants and far away from the other groups, 
indicating that FX-2 and FX-3 are significantly different from the other 
groups in terms of volatile flavor components. The contribution of vol-
atile flavor substances to the flavor in Se-enriched rice pancakes can be 
effectively measured using the loading values shown in the PCA loading 
diagram (Fig. 6d). As shown in the figure, the flavor substances 

Fig. 5. Selenium bioaccessibility (%) of total selenium and main selenium 
species. Different lowercase letters indicate significant differences between 
samples treated with different concentrations of sodium selenite (p < 0.05).

Table 2 
Concentrations of total selenium and main selenium species in Se-enriched rice pancakes and digestive supernatant.

Sample Se-enriched rice pancakes Supernatant after digestion in vitro

Total Se (μg/kg) SeCyS2 (μg/kg) MeSeCys (μg/kg) SeMet (μg/kg) Total Se (μg/kg) SeCyS2 (μg/kg) MeSeCys (μg/kg) SeMet (μg/kg)

Control 117.43 ± 3.66a 27.100 ± 0.00a 18.300 ± 0.00a 12.20 ± 0.99a 71.20 ± 0.61a ND ND ND
FX-1 371.08 ± 25.96b 63.29 ± 28.17ab 104.68 ± 1.92b 33.26 ± 2.42c 217.91 ± 14.46b 53.62 ± 3.64a 67.17 ± 7.56a 21.45 ± 6.59a

FX-2 921.94 ± 3.76c 107.29 ± 22.98b 119.82 ± 22.72b 25.08 ± 0.73b 416.97 ± 7.82c 64.51 ± 3.27a 67.35 ± 3.96a 10.1 ± 4.67a

FX-3 1409.05 ± 118.28d 328.35 ± 33.43c 311.11 ± 49.48c 34.76 ± 5.11c 661.99 ± 16.53d 182.5 ± 60.97b 162.42 ± 41.52b 13.78 ± 1.53a

Note: Results are presented as means ± standard deviation (n = 3). Values with different letters within each column are significantly different at a significance level of 
p < 0.05.
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represented by S4, S13, S20, S25, and S28 have the largest contribution, 
including sulfides, alkanes, alcohols, ketones, and aldehydes, which are 
consistent with the results of electronic nose normalization.

4. Conclusion

Se-enriched rice pancakes had three main species of organic Se, 
among which SeCys2 and MeSeCys contents were positively correlated 
with sodium selenite addition. In FX-3, the contents of SeCys2 and 
MeSeCys reached 328.35 and 311.11 μg/kg, respectively. Rice pancake 
fermentation effectively transformed inorganic Se into organic Se, 
which was available to the body. The bioavailability of Se in Se-enriched 
rice pancakes treated with different sodium selenite concentrations was 
high; however, it tended to decrease with the increase in sodium selenite 
concentrations. Additionally, after adding sodium selenite, the struc-
tural characteristics and flavor substances of rice pancakes showed 
significant differences. The porosity and total colony count of rice 
pancakes gradually decreased with the increase in sodium selenite 
concentrations, and the hardness, adhesiveness, chewiness increased. 
Moreover, the flavor substances such as nitrogen, alcohols, aldehydes 
and ketones significantly enriched with the increase in sodium selenite 
concentrations. In summary, Se-enriched rice pancakes are a good 
source of dietary Se, which is expected to provide a new way to sup-
plement Se for Se-deficient individuals.
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