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Abstract: Selenium nanoparticles (SeNPs) has higher bioavailability and safety than inorganic 
selenium, and was widely used in medical, agricultural, nutritional supplements, and antibacterial 
fields. The present study screened a strain L11 producing SeNPs from a selenium rich dairy cow 
breeding base in Hubei Province, China. The strain was identified as Bacillus subtilis through 
physiological, biochemical, and molecular biology analysis. Through optimization of cultivation 
conditions, the optimal cultivation parameters for L11 to produce SeNPs were pH=6, cultivation 
temperature of 37 °C, 4 mmol/L Na2SeO3, and cultivation for 48 hours. XPS, SEM-EDS, and TEM 
were used to verify that the Se particles produced by L11 are SeNPs with diameters ranging from 
50 to 200 nm. The combination of protein analysis of different cell components and TEM analysis 
showed that L11 mainly produces SeNPs through the transformation of the cell's periplasmic space, 
cell membrane, and cell wall. Adding L11 SeNPs complex to sheep feed can significantly enhance 
the antioxidant activity and immunity of sheep, and increase the Se content in the neck muscles, 
liver, and spleen tissues. 

Keywords: Bacillus subtilis; SeNPs; Subcellular localization; Biological activity; Immunity 
 

1. Introduction 

Selenium (Se) was a metalloid element discovered by a Swedish chemist Jacob Berzelius in 1818. 
Its name comes from the Greek meaning of "Selene" for the goddess of the moon [1]. Se was 
considered an essential element for plants and mammals. This non-metallic element plays an 
important role in improving human function and preventing cell damage by producing selenoprotein 
[2]. Se compounds also participate in the neutralization of heavy metals by directly or indirectly 
binding to ions, preventing them from causing damage to healthy cells [3]. The inorganic states of Se 
commonly present in nature include selenides (Se2-), selenite (SeO32-), and selenate (SeO42-), and its 
two main organic forms are selenocysteine (SeCys) and selenomethylamine (SeMet), which form 
various Se proteins. In a reducing environment, the oxygen anion of Se is converted into a typical red 
elemental state, which significantly reduces its toxicity. The elemental form can be further reduced 
to organic selenides [1,4]. Although Se is essential to the human body, on the other hand, excessive 
intake can increase its accumulation in tissues and exhibit toxicity. Because its inorganic ions in 
tissues can cause oxidative stress. Organic components such as SeCys or SeMet may be mismatched 
during translation, leading to disordered protein synthesis [5].  

The margin between Se deficiency and its toxicity is very thin. The ideal intake of Se 
recommended by the WHO in 2009 was 50-55 μg per day in a human diet based on individual weight 
[6]. Some reports also indicated that the minimum intake of dietary Se was 55 μg per day and the 
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maximum limit was 400 μg. Excessive intake of Se by adults can lead to severe Se poisoning [1]. Se 
oxide anions are the most active form of Se in nature, which are easily ingested by animals and 
humans from contaminated water streams, and even indirectly ingested by plants irrigated with Se-
rich water, leading to many health hazards [7]. On the contrary, SeNPs exhibit high biological activity 
and adsorption potential due to their interactions with protein chemical groups. Therefore, SeNPs 
were widely used in medical diagnosis, dietary supplements, cancer treatment, and environmental 
biotechnology [8,9]. SeNPs can be generated through chemical, physical, or biological methods, and 
their physicochemical properties depend on the conversion method [10]. The use of physical and 
chemical methods to produce nanoparticles releases toxic and dangerous chemicals, which have low 
biocompatibility and limit their application [11]. From previous research results, it can be seen that 
synthesizing SeNPs using biological methods is safe, inexpensive, and simple. B. subtilis is a probiotic 
that does not pose any environmental safety risks during the Se (IV) reduction process. According to 
reports, this bacterium can convert Se into SeNPs by inducing detoxification systems rather than 
alienating electron transfer. [11,12].  

Se, as an essential trace element in the human body, is closely related to human health and 
diseases. Organic Se is much higher in terms of bioavailability and safety than inorganic Se, and 
SeNPs has advantages in toxicity and reactivity compared to other forms of organic Se. This study 
used high concentration Na2SeO3 stress and pathogenic microbial confrontation culture to screen and 
isolate Se rich probiotics from fermented mature forage samples from a Se rich dairy cow breeding 
base in Hong'an County, Hubei Province; One Se rich B. subtilis strain was screened by combining 
morphology, physiology, biochemistry, and 16S rDNA sequence analysis. Optimization of the 
growth conditions for the production of SeNPs by modified Bacillus through biosynthesis methods, 
and systematic characterization and analysis of SeNPs using XPS, SEM-EDS, and TEM. Furthermore, 
B. subtilis containing SeNPs was added as probiotics to sheep feed to preliminarily explore the effects 
of SeNPs on physiological and biochemical indicators and Se content in various tissues of sheep. 

2. Materials and Methods 

2.1. Bacterial Strains and Culture Conditions 

Se rich probiotics were isolated from forage samples from the Se rich dairy cow breeding base 
in Hong'an County (latitude 31°13′ N, longitude 114°48′ E), Hubei Province, China, using dual 
screening of high concentration Na2SeO3 stress and pathogenic microbial confrontation culture. And 
combined with morphology, physiology, biochemistry, and 16S rDNA sequence to identify Se rich 
probiotic strain L11. LB medium: Tryptone 10 g/L, Yeast extract 5 g/L, Sodium chloride 10g/L, adjust 
the pH of the medium to 7.2. B. subtilis universal culture medium: 20 g/L glucose, 15 g/L peptone, 5 
g/L NaCl, 0.5 g/L beef extract. Na2SeO3 was purchased from Sigma (Darmstadt, Germany) in the 
experiment.  

2.2. Identification of Se Tolerant Strains 

To characterize the colony morphology, strain L11 was cultured in LB for 48 hours, and the 
crystal violet staining of the strain was observed under a 100x optical microscope for microscopic 
observation of cell morphology. Physiological and biochemical testing shall be carried out in 
accordance with the Bergey Bacteriological Testing Manual [13] (Table S1).  

Using 16S rDNA gene for molecular biology identification of L11 strain, the PCR amplification 
primers were L11F (5 '- AGAGTTTGATCCTGGCTCAG-3')/L11R (5 '- 
TACGACTTAACCCCAATCGC-3') [14]. The PCR amplification conditions are as follows: 94 °C for 5 
minutes, 94 °C for 1 minute, 56 °C for 20 seconds, 72 °C for 60 seconds, 30 cycles, and finally extended 
at 72 °C for 10 minutes. The 16S rDNA gene sequence of L11 strain was obtained through PCR 
amplification and compared with the sequences obtained in the NCBI database [15].  
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2.3. Determination of L11 Reducing Na2SeO3 Activity and Culture Conditions 

To determine the tolerance of L11 to selenite, strain L11 was inoculated into fresh LB medium 
containing 0 mM, 2 mM, 5 mM, 10 mM, and 15 mM Na2SeO3 (1% v/v). Monitor the light absorption 
value of the culture at 600 nm using a microbial growth analyzer (Bioscreen CMBR., Turku, Finland). 
Incubate the plate at 37 °C for 72 hours while continuously shaking (200 rpm), and measure the 
absorbance every 1 hour [16].  

Optimize and screen the reduction conditions of L11 strain through response surface analysis. 
Three single factors, temperature, pH, and rotational speed, were set as independent variables, and 
the reduction rate of Na2SeO3 was used as the response value. The final processing software of the 
experiment was Design Expert version 12 (Stat-Ease, Jinshan District, ShangHai, China), and Box 
Behnken single factor data and quadratic regression equation were used for analysis. The results of 
ANOVA analysis for data extraction showed significant differences in p<0.01 and significant 
differences in 0.01<p<0.05. The optimal cultivation conditions are selected by observing the 
interaction of various factors on the reduction rate of Na2SeO3. 

2.4. Preliminary Cell Localization of SeNPs 

L11 strain was cultured until the exponential growth stage, and the bacterial solution was 
centrifuged for 10 minutes (4 °C, 12000 × g) to collect cell culture. The precipitate was washed twice 
with 0.9% NaCl and wash it again before protein extraction. Finally, the corresponding periplasmic, 
cytoplasmic, membrane, and cell wall components were extracted using the method described by 
Lampis et al [17]. 

2.5. Preparation of SeNPs 

To obtain SeNPs, the L11 strain was cultured overnight in LB medium containing 4.0 mM 
selenite (180 rpm, 37 °C). After incubation, the L11 culture was centrifuge at 12000 g for 10 min and 
collect sediment. The precipitate was rinsed twice with 0.9% NaCl, and then resuspended in 20 mL 
of Tris-Cl buffer (50 mM, pH 8.2). Then, the sample was subjected to ultrasonic treatment and SeNPs 
was harvested as described by Wang et al [18]. 

2.6. Characterization and Analysis of L11 Produced SeNPs 

Scanning electron microscopy (SEM) analysis. Incubate the L11 strain culture in LB medium 
containing 4 mM Na2SeO3 at 37 °C for 24 hours and wash it three times with 0.9% NaCl. The 
precipitate was embedded in a precooled fixed solution and fixed overnight at 4 °C. The Hitachi SU 
8010 microscope was used for observing strain L11 and the distribution of SeNPs. 

Transmission electron microscopy (TEM) analysis. L11 strain grown for 24 hours in LB medium 
with or without Na2SeO3 was subjected to mild centrifugation (5000×g, 5 minutes) to collect the 
culture. Mix the precipitate with pre cooled fixed solution (0.1 M phosphate buffer (PBS), 2% 
glutaraldehyde, pH 7.4) and fix at 4 °C for 10 minutes; Subsequently, L11 strain was centrifuged for 
3 minutes (5000 × g). The supernatant was fixed overnight at 4 °C and examined using Hitachi HT-
7700 (Tokyo, Japan) TEM at 80.0 KV.  

The morphology and chemical elements that constitute SeNPs were identified through SEM and 
EDS analysis. Before analysis, the SeNPs suspension was dried using a vacuum freeze-drying system 
(SJIA-10N, Ningbo Yinzhou Sjia Laboratory Equipment Co., Ltd., Yinzhou, China). Then, dry SeNPs 
were examined using SEM and energy dispersive X-ray spectroscopy (Hitachi S4800, Tokyo, Japan).  

The separated SeNPs was analyzed using Zeta potential (ZP) and size distribution [2]. SeNPs 
were dispersed in deionized water, sonicated for 10 minutes, and then approximately 0.5 mL of 
suspension was transferred to a colorimetric dish impregnated with a cell kit for particle size 
distribution ZP analysis. 
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2.7. Sheep Feeding Experiment 

The experimental sheep were divided into a control group and an experimental group, with 3 
parallel replicates in each group, and 10 sheep were selected for each replicate. The specific operation 
is as follows: Based on the principle of consistency in breed, parity, age, and physical condition, select 
healthy sheep (without special requirements for sheep breeds) for the experiment. The feeding 
method is consistent with the routine, with the only difference being that the experimental group's 
feed is supplemented with SeNPs solid bacterial agents at a concentration of 2 g/25 kg. After 40 days, 
the serum immune indicators and Se content in various tissues of the control and experimental 
groups were measured. 

2.8. Determination of Physiological and Biochemical Indicators in Sheep Blood 

On the 40th day of the experiment, EDTA-K2 anticoagulant tubes were used to collect jugular 
vein blood from the experimental group and the control group of sheep, and the cell contents were 
quickly measured using a fully automated blood analyzer. The content of red blood cells (RBC), white 
blood cells (WBC), and lymphocytes in sheep jugular vein blood was determined according to the 
method of Alagawan et al [19] 

Part of the blood was centrifuged for 10 minutes (3000g), and the supernatant was frozen to -20 
°C. The antioxidant indicators of sheep serum are operated according to the instructions on the IgG, 
SOD, MDA, T-AOC, GSH-Px detection kit. The above test kits were all purchased from Wuhan 
Leibelide Technology Co., Ltd (Wuhan, Hubei, China), including blood IgG antibody test kits (batch 
number 201809), SOD (superoxide dismutase) kit (batch number 201809), MDA (malondialdehyde) 
kit (batch number 201809), T-AOC (total antioxidant capacity) kit (batch number 201809), GSH-Px 
(glutathione peroxidase) kit (batch number 201809). 

2.9. Statistic Analysis 

Excel 2021 v2212 (Microsoft, Raymond, WA, USA) and SPSS v22.0 (IBM, Amonk, NY, USA) were 
used for the processing and analysis of all data. The data between treatment groups were compared 
using Duncan’s test, with p< 0.05 indicating statistical significance. Three biological replicates were 
measured for each group of processed data. The data analysis results were plotted using Origin 2019 
software (Microcal Software，Northamptonshire，MA，USA). The phylogenetic tree of L11 strain 
16S rDNA was constructed by MEGA version 7.0 with a neighbor-joining (NJ) method and measured 
by bootstrap analysis with 1000 replicates. 

3. Results and Discussion 

3.1. Isolation and Identification of Strain L11 

The individual cell of L11 is rod-shaped, and the two ends of the cell are relatively flat (Figure 
1a). The colony of L11 is circular, with irregular edges and a smooth and moist surface. The colony is 
opaque and slightly grayish white, with a diameter of about 1-2 mm. It is Gram positive and produces 
spores, with spores growing in the middle (Figure 1b). Table S1 shows the Biolog GENIII 
identification of L11 strain, which was compared with the data in the Biolog strain database. The 
results showed that after 16 hours of cultivation, the SIM (Similarity) value between L11 and B. subtilis 
was 0.921, and the DIS was 4.246. The likelihood of L11 being identified as B. subtilis was 100%. 

After sequencing, the 16S rDNA of L11 strain was submitted to the GenBank database for BLAST 
analysis. The results showed that the genus Bacillus had the highest homology with L11. The 16S 
rDNA sequence of L11 was compared with several strains with higher homology in the database, 
and multiple sequence alignments were performed using ClusterX. A phylogenetic tree was 
constructed using the Neighbour Joining method in MEGA 7.0 software (Figure 1c). From the 
phylogenetic tree, it can be seen that L11 is clustered in a branch with B. subtilis JCM1465T, and its 
16S rDNA sequence shares 98% homology with JCM1465T. This result supports the preliminary 
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identification results mentioned above. Based on the morphological, physiological and biochemical 
characteristics of L11 and the sequence analysis of 16S rDNA, L11 was identified as B. subtilis. 

 

Figure 1. Morphological, physiological, and molecular biological identification of L11 strain. (a) 
Identification of colony morphology and optical microscopy observation of L11; (b) Scanning electron 
microscopy observation of L11 colony; (c) Phylogenetic tree analysis of 16s DNA sequences between 
L11 strain and other related species. The phylogenetic tree was constructed using the neighboring 
connection method of MEGA5.1 software and subjected to 1000 repeated similarity calculations. The 
nodes of the phylogenetic tree in the figure only display values with Bootstrap values greater than 
50%, and the superscript "T" represents the mode strain. 

3.2. Optimization of Growth Conditions for L11 Strain 

In the universal culture medium of Bacillus, L11 reached its maximum bacterial concentration 
at 25-26 hours, and after 30 hours, it showed a slow downward trend. In LB medium, the growth rate 
of L11 showed a rapid growth trend from 0 to 40 hours, and after 40 hours, the growth rate of L11 
slowed down. Overall, the growth status of L11 in LB medium is better than that in Bacillus universal 
medium (Figure 2a). Under the conditions of 30-37 °C, the growth concentration of L11 strain showed 
an upward trend. Among them, L11 has the best growth state at 37 °C (Figure 2b). In 37 °C, 120 rpm, 
and LB media, the growth concentration of L11 was maintained within a stable range when the pH 
value was between 5-9, and the growth status of L11 was optimal at pH=6 (Figure 2c). Under the 
optimal cultivation conditions mentioned above, the faster the shaking culture speed, the higher the 
growth concentration of L11 strain. When the shaking speed was 200 rpm, the concentration of L11 
solution reaches its maximum (Figure 2d). Therefore, the optimal growth conditions for L11 strain 
can be set as LB medium, oscillating culture at 37 °C, pH=6, and 200 rpm. 
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Figure 2. Analysis of the growth conditions of strain L11. (a) The growth status of L11 in two different 
media; (b) The effect of temperature on the growth of B. subtilis L11. (c) The effect of pH value on the 
growth of L11 strain. (d) The effect of cultivation speed on the growth of L11 strain. 

3.3. Optimization of Synthesis Conditions for SeNPs by L11  

In order to determine the Na2SeO3 concentration and maximum reduction rate that L11 strain 
can tolerate, different concentrations of Na2SeO3 cultivation conditions were designed under the 
optimal growth conditions of L11. The results showed that when the final concentration of Na2SeO3 
was 5-15 mmol/L, the Se content and Se reduction rate in the culture medium rapidly decreased with 
the increase of concentration. When the concentration was 10 and 15mmol/L, strain L11 hardly 
produces SeNPs, and the growth of L11 is also inhibited. It can be seen that the optimal cultivation 
concentration of Na2SeO3 is not within the range of 5-15 mmol/L (Table S2). When the concentration 
of Na2SeO3 was 4 mmol/L and the cultivation time was 48 hours, the Se reduction rate of strain L11 
reached 72%. When the cultivation time was 72 hours, the reduction rate reached 73.5%. It indicates 
that only 1.5% of Na2SeO3 was reduced within 48-72 hours, so the optimal cultivation time was 
selected as 48 hours (Table S3). When the Se concentration in the culture medium is high, the 
detoxification process of microorganisms is activated, producing reduced Se0. By changing the color, 
it is possible to preliminarily determine the reduced Se produced by microorganisms. When 
amorphous Se0 is formed, the cell color is red; When crystalline Se0 forms, the cell color turns gray, 
indicating that toxic and colorless selenite has been converted into non-toxic SeNPs [20].  

The cultivation at different temperatures affects the efficiency of L11 in converting SeNPs (Figure 
3a). When the temperature is within the range of 20-37 °C, the amount of SeNPs transformed by strain 
L11 increases with increasing temperature. When the temperature is within the range of 37-42 °C, the 
conversion rate of SeNPs begins to decrease with increasing temperature. Therefore, the most suitable 
temperature for strain L11 to convert SeNPs is 30-37 °C, which is consistent with the optimal 
temperature for L11 growth. The concentration of strain L11 at 42 °C was higher than that at 20 °C, 
indicating that the addition of Na2SeO3 to the culture medium improved the strain's high-
temperature resistance to a certain extent, but the production of SeNPs decreased. When the 
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cultivation temperature is significantly higher than the optimal growth temperature, bacterial growth 
is inhibited. When the cultivation temperature is lower than the optimal growth temperature of 
bacteria, their metabolic activity is inhibited [21].  

 

Figure 3. Optimization of conditions for L11 reduction of Na2SeO3 to SeNPs. (a) The effect of 
cultivation temperature on the production of SeNPs by strain L11. (b) The effect of cultivation speed 
on the production of SeNPs by L11; (c) The effect of pH value of culture medium on the production 
of SeNPs by L11. (d) Response surface analysis of the effects of temperature, rotational speed, and pH 
on the production of SeNPs by L11 strain. 

As the oscillation speed of the culture medium increases, the conversion rate of SeNPs shows a 
trend of first increasing and then decreasing; When the rotational speed is 100 rpm, the conversion 
rate of SeNPs reaches its maximum value, and then the conversion rate begins to decrease as the 
rotational speed increases (Figure 3b). Therefore, a culture medium speed of 100 rpm is more 
conducive to the reduction of selenite by L11 strain. 

The results in Figure 3c indicate that as the initial pH value of the culture medium increases, the 
conversion rate of strain L11 reducing selenite shows a trend of first increasing and then decreasing. 
When the initial pH of the culture medium is 6.0, the conversion rate reaches its maximum value, 
which may be related to the optimal growth pH of L11 being 6.0.  

In order to further analyze the comprehensive effects of three factors on the biosynthesis of 
SeNPs in L11, a three factor and three level response surface analysis was set up in the experiment, 
and 17 sets of experiments were designed. The experimental results showed that when the pH of the 
culture medium was 6, the temperature was set at 37 °C, and the rotational speed was 150 rpm, strain 
L11 had the highest reduction rate of Na2SeO3. 

3.4. L11 Subcellular Localization Analysis of SeNPs 

To analyze the localization of SeNPs produced by L11 strain in cells, proteins from different 
parts of L11 cells were isolated and their content in different protein components was displayed. As 
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shown in Figure 4, with the addition of Na2SeO3 in the culture medium, the periplasmic space 
proteins of L11 cells showed a light red color, while the crude extract of cell membrane and cell wall 
proteins showed a red color, while the control group showed colorless secretion proteins, cell 
membrane and cell wall proteins. The results indicate that the reduction of Na2SeO3 by B. subtilis L11 
to produce red SeNPs mainly occurs in the periplasmic space, cell membrane, and cell wall. 
Microorganisms will utilize high valence Se (Se4+or Se6+) in the environment as electron acceptors to 
convert it into SeNPs. Some microorganisms convert high valence Se into elemental Se particles 
outside the cell, while others convert sodium selenate or Na2SeO3 into elemental SeNPs within the 
cell, and then use special mechanisms to expel intracellular SeNPs out of the cell [22]. 

 

Figure 4. Subcellular localization of SeNPs transformed by B. subtilis L11. (a) Extracellular secreted 
proteins in L11 culture (a. Exocrine proteins without Na2SeO3 added to the culture medium; a’. The 
exocrine protein of Na2SeO3 was added to the culture medium). (b) Periplasmic space proteins of L11 
culture (b. Periplasmic Space Proteins of L11 Cells without Na2SeO3 Added to the Culture Medium; 
b’. Periplasmic space proteins with Na2SeO3 added to the culture medium). (c) Cytoplasmic protein 
extract of L11 culture (c. Cytoplasmic proteins without Na2SeO3 added to the culture; c’. Cytoplasmic 
protein with added Na2SeO3). (d) Extracts of cell membrane and cell wall proteins from L11 culture 
(d. Cell membrane and cell wall proteins without Na2SeO3 added to the culture medium; d’. Cell 
membrane and cell wall proteins with added Na2SeO3). 

3.5. Analysis of SEM and EDS Spectra of L11 Strain Producing SeNPs 

Inoculate strain L11 into LB medium without or with Na2SeO3 added for cultivation. After 48 
hours, centrifuge and collect the precipitates to obtain the culture. After immobilization, the culture 
was observed by SEM and EDS analysis. The biosynthesis results of SeNPs are shown in Figure 5. 
Figures 5a to 5f show the SEM observation results and EDS test results of the culture without adding 
Na2SeO3, while Figures 5g to 5l show the corresponding experimental group test results. Comparing 
the scanning electron microscopy images of cultures in Figure 5a and Figure 5g, it can be seen that 
there is a large amount of spherical particulate matter clustered around the L11 cells of the 
experimental group, while there is no particulate matter around the cells of the control group. 
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EDS analysis of the elemental composition of the samples in Figures 5a and 5g showed that the 
experimental group culture contained Se, while the control group did not; The mass fraction and 
atomic number fraction of some elements in this area are shown in Table 1. In the control group, the 
mass fraction and atomic number fraction of Se element are both 0, while in the experimental group, 
the mass fraction and atomic number fraction of Se element are 0.47% and 0.07%, respectively. The 
elemental distribution analysis results (Figure 5c-f and Figure 5i-l) further confirmed that Se only 
existed in the experimental group, and the scanning electron microscopy (Figure 5g) was consistent 
with the EDS (Figure 5l) results of Se distribution. The above results confirm that the particles 
gathered around cells contain Se, and the particle size ranges from 50 to 200 nm. Some studies have 
shown that the size of SeNPs plays a major role in their biological activity. Usually, smaller particles 
are more effective than larger particles [23,24]. Smeller SeNPs increase their biological activity by 
enhancing the action of thioredoxin reductase and selenidase peroxidase [25]. In addition, the toxicity 
of smaller SeNPs is much lower than that of larger ones [26]. 

Table 1. Mass fraction and atomic number fraction of some elements in the growth area of strain L11 

Element 

Control Experimental group 

Element mass 

fraction 

Atomic 

fraction 

Element mass 

fraction 

Atomic 

fraction 

C 79.55 83.15 83.26 86.70 

N 7.95 7.13 5.71 5.10 

O 12.29 9.64 10.23 8.00 

Al 0.14 0.06 0.24 0.11 

Cu 0.04 0.01 0.03 0.01 

Zn 0.03 0.01 0.06 0.01 

Se 0.00 0.00 0.47 0.07 

Au 0.00 0.00 0.00 0.00 
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Figure 5. SEM and EDS spectra analysis of SeNPs as a reducing product of L11. (a) SEM image of 
culture without added Na2SeO3; (b) EDS diagram of some elements in culture without adding 
Na2SeO3; (c) Distribution of carbon elements in the control group; (d) Distribution of oxygen elements 
in the control group; (e) Distribution of aluminum elements in the control group; (f) Se distribution 
in the control group; (g) SEM image of adding Na2SeO3 culture; (h) EDS diagram of some elements in 
the culture with added Na2SeO3; (i) Carbon element distribution in the experimental group; (j) 
Distribution of oxygen elements in the experimental group; (k) Distribution of aluminum elements in 
the experimental group; (l) Distribution of Se elements in the experimental group. 

3.6. XPS Analysis of SeNPs as a Reduction Product of L11 

The L11 culture containing Na2SeO3 was centrifuged, PBS rinsed, and centrifuged to precipitate. 
After freeze-drying, the reduced products were analyzed by XPS scanning. In order to accurately 
verify the valence state of Se obtained by L11 reduction of Na2SeO3, XPS Peak software was used to 
fit the Se 3d peak. The results showed that the peak of Se 3d5 was at 55.49 eV, while the peak of Se 
3d3 was at 56.24 eV (Figure 6). According to the report by Han et al. [27], the Se 3d peak binding 
energy of Se (IV) was greater than 58.0 eV, with elemental Se ranging from 54.6 to 57.5 eV, and Se 
compounds ranging from 52.8 to 55.7 eV; In present study, the binding energies of Se 3d5 and Se 3d3 
were between 54.6 and 57.5 eV reported by Han [27], indicating that the particulate matter in this 
study was elemental Se. Based on the above EDS analysis results, the particulate matter gathered 
around L11 cells is biological SeNPs, which is reduced by B. subtilis L11 to elemental Se. 
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Figure 6. XPS Peak software performed Se 3D peak fitting on the reduction products of Na2SeO3 
transformed by L11 strain. The energy absorption peak of Se 3d5 is 55.1 eV, while the energy 
absorption peak of Se 3d3 is 56 At eV. 

3.7. TEM Characterization and Particle Size Analysis of SeNPs Produced by L11 

The TEM observation results indicate that L11 produces spherical nanoparticles of Se (Figure 7), 
with particle sizes mainly distributed between 100-200 nm. In the ultra-thin sections of B. subtilis L11 
cultured without adding Na2SeO3, no significant SeNPs particles were observed both intracellular 
and extracellular (Figure 7a, c). In the ultra-thin section of L11 culture with Na2SeO3 added, both 
intracellular and extracellular SeNPs are present (Figure 7b, d), and extracellular SeNPs are also 
expelled from the field of view (Figure 7b, e). In the cell localization experiment of L11 transformation 
to produce SeNPs mentioned above, it was found that red substances were present in both the 
periplasmic space proteins and the rough extract of the cell membrane cytoplasm (Figure 4). Electron 
microscopy analysis of the reduced product confirmed that this product was SeNPs, which indicates 
that L11 produces SeNPs synthesized within L11 cells and then released into the extracellular space 
(Figure 7d, e). The size of SeNPs produced by L11 was slightly smaller than that in B. niabensis [28], 
and the shape of the SeNPs obtained by reducing selenite by the A. brasilense strain is basically the 
same [29]. The smaller the size of SeNPs, the higher its inhibitory effect on E. coli, P. aeruginosa, and 
S. aureus [1].  

Some bacteria rely on the non-specific selenite reductase system in the periplasmic space to 
reduce selenite to elemental Se. The red SeNPs generated during the reduction process accumulates 
in the cytoplasm and extracellular space to form SeNPs [22]. The preliminary cell localization and 
TEM images of L11 transformation to produce SeNPs can confirm that the reduction of Na2SeO3 by 
L11 strain to generate SeNPs is synthesized within the cytoplasm and transported to the extracellular 
space. This is consistent with the synthesis of SeNPs by Ochrobactrum sp. MPV1, but different from 
the way Thauera selenati synthesizes SeNPs in the cytoplasm and transports it out of the cell [22,30,31]. 
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Figure 7. TEM characterization analysis of L11 reduction product SeNPs. (a) TEM characterization of 
culture without Na2SeO3 addition. (b) TEM Characterization of SeNPs as a reduction product of 
Na2SeO3. (c) Culture bacteria without added Na2SeO3. (d) SeNPs distributed within the cell of L11. (e) 
Simultaneous distribution of SeNPs in both intracellular and extracellular regions of L11. (f) Particle 
size analysis of the reduction product SeNPs produced by L11. 

3.8. Preliminary Study on the Application of L11 to Produce SeNPs 

In order to preliminarily analyze the application of L11 strain in livestock and poultry, this study 
added SeNPs rich L11 solid bacterial agent to the conventional feed of sheep, and fed it according to 
the conventional feeding method of sheep. The experimental results showed that the IgG content, T-
AOC (total antioxidant capacity), GSH-Px (glutathione peroxidase), and SOD (superoxide dismutase) 
content of the experimental group were significantly higher than those of the control group (P<0.01), 
while the white blood cell and lymphocyte content, MDA (malondialdehyde) content were 
significantly lower (P<0.01) than those of the control group, and the difference in red blood cell 
content was not significant (P>0.05) (Table 2). The experimental results indicate that adding SeNPs 
rich L11 bacterial agent to feed can significantly improve the immunity of sheep. Compared with the 
control group, broilers supplemented with selenium rich B. subtilis not only gained weight, but also 
increased enzyme activities such as GPx, CAT, POD, and plasma levels of IL-2, IL-4, and IgG, while 
plasma MDA levels decreased [32]. After oral administration, some B. subtilis strains can colonize the 
intestinal mucosa of animals, optimize the composition of intestinal microbiota, and effectively 
stimulate immunity and metabolism. These can enhance the animal's resistance to intestinal diseases, 
stress, and clearance of pathogens [33]. Supplementing a certain amount of Se can regulate 
gastrointestinal metabolism and antioxidant performance. In addition, Se can enhance immune cell 
defense against pathogens that cause infection [34]. In addition, supplementing Se can regulate the 
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bacterial composition in the gastrointestinal tract, thereby promoting physical health [35,36]. Yang et 
al. prepared a Se rich B. subtilis strain and added it to the diet of broilers. By colonizing and regulating 
the gut microbiota population, the production performance and immunity of broilers were improved 
[37].  

Table 2. The effect of L11 rich SeNPs bacterial agent on sheep immunity 

Test items Control Experimental group 

RBC (1012/L) 5.53±0.12 5.61±0.12 
WBC (109/L) 152.34±39.46 9.56±4.11** 

Lymphocyte count 
(109/L) 

137.51±32.73 7.38±0.89** 

IgG (μg/ml) 896.46±79.66 1637.13±39.75** 
SOD (U/ml) 268.97±24.24 392.28±10.19** 

MDA (nmol/ml) 172.54±11.08 149.59±12.33** 
T-AOC (U/ml) 47.46±1.98 56.22±1.91** 
GSH-Px (U/ml) 784.25±28.37 1163.74±18.68** 

Note: * indicates significant differences (0.01<P<0.05), ** indicates extremely significant differences (P<0.01), and 
the results are expressed as mean ± standard error. 

The results in Table 3 indicate that the Se content in the neck muscles, liver, and spleen tissues 
of sheep in the experimental group supplemented with L11 Se rich nanobacteria in the feed was 
significantly higher than that in the control group (0.01<P<0.05), and the Se content in the lungs did 
not reach a significant level (P>0.05). Therefore, adding SeNPs rich L11 bacterial agent to feed can 
increase the total Se content in livestock muscles and viscera. 

Table 3. The effect of feeding L11 enriched SeNPs bacteria on Se content in sheep tissues 

Test items Control Experimental group 

Neck muscles (mg/kg) 0.07±0.02 0.13±0.008* 
Liver (mg/kg) 0.36±0.05 0.96±0.13* 
Lungs (mg/kg) 0.29±0.04 0.41±0.05 
Spleen (mg/kg) 0.31±0.03 0.62±0.07** 

Note: * indicates significant differences (0.01<P<0.05), ** indicates extremely significant differences (P<0.01), and 
the results are expressed as mean ± standard error. 

4. Conclusions 

SeNPs, as an essential micronutrient for the human body, are becoming increasingly important 
in treatment, agriculture, nutritional supplements, and antibacterial drugs. This study screened a 
strain L11 that produces SeNPs, and screened and optimized its optimal culture conditions and 
Na2SeO3 concentration for producing SeNPs. Subcellular component analysis shows that L11 mainly 
produces SeNPs through transformation in the periplasmic space, cell membrane, and cell wall of 
cells. XPS, SEM-EDS, and TEM analysis were used to demonstrate that the particles produced by L11 
are SeNPs with a diameter of 50 to 200 nm. The chemical properties and composition of the particle 
surface were determined. The application of L11 SeNPs complex in sheep feed can significantly 
enhance the antioxidant enzyme activity and immunity of sheep, and increase the Se content in the 
neck muscles, liver, and spleen tissues of sheep. The safety of Bacillus and the characteristics of L11 
make it possible for future use in fields such as food nutrition supplementation, medical treatment, 
selenium biofortification, agriculture, and biological antibacterial agents. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Table S1: The identification results of endophytic bacteria L11; Table S2: The first 
step screening of Na2SeO3 culture concentration for L11 strain; Table S3: The second step screening of Na2SeO3 
culture concentration for L11 strain. 
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