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摘   要：【目的】硒(Se)是人体必需的微量元素，在维持人体生理代谢中起着至关重要的作用。

在硒的各种形态中，纳米硒颗粒(selenium nanoparticles, SeNPs)被发现具有较高的生物利用度和较

低的毒性。本研究拟筛选一株能将亚硒酸盐高效合成纳米硒颗粒的益生菌菌株。【方法】从 14 株

潜在益生菌中筛选出一株能有效将亚硒酸钠转化为 SeNPs 的耐硒菌株副干酪乳酪杆菌 SCFF20。
利用扫 描 电子显 微 镜 X 射 线能量 色 散谱仪 (scanning electron microscopy coupled with 
energy-dispersive X-ray, SEM-EDX)、动态光散射(dynamic light scattering, DLS)、X 射线衍射仪

(X-ray diffractometer, XRD)、拉曼光谱 (Raman spectroscopy)和傅里叶变换红外光谱 (Fourier 
transform infrared spectroscopy, FTIR)对副干酪乳酪杆菌 SCFF20 产生的 SeNPs 进行纯化、冷冻干

燥和系统表征。【结果】SEM-EDX 分析表明，Se 是生物纳米硒颗粒的主要成分。合成的 SeNPs
呈球形、多分散、平均粒径约为 500.62 nm。XRD 图谱和拉曼光谱证实所制备纳米硒颗粒的生物

无定形性质。FTIR 分析证明蛋白质、胞外多糖和脂质包覆在 SeNPs 表面。电感耦合等离子体发

射光谱(inductively coupled plasma-optical emission spectroscopy, ICP-OES)测得 SeNPs 的还原率为

91.42%。【结论】本研究证实了副干酪乳酪杆菌 SCFF20 作为纳米硒生产益生菌的潜力，可作为
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安全生产生物源纳米硒的生物工厂以便用于营养补充剂和功能食品。 

关键词：细菌还原作用；益生菌；副干酪乳酪杆菌；纳米硒颗粒 
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Abstract: [Objective] Selenium (Se) is an essential trace element playing a critical role in 
maintaining the physiological metabolism of humans. Among its various forms, selenium 
nanoparticles (SeNPs) possess higher bioavailability and lower toxicity. The study aims to screen a 
probiotic strain that can efficiently synthesize SeNPs from selenite. [Methods] Lacticaseibacillus 
paracasei SCFF20 capable of converting sodium selenite to SeNPs was screened out from      
14 strains of probiotics. The SeNPs produced by L. paracasei SCFF20 were purified, freeze-dried, 
and systematically characterized by scanning electron microscopy coupled with energy-dispersive 
X-ray (SEM-EDX), dynamic light scattering (DLS), X-ray diffractometer (XRD), Raman 
spectroscopy, and Fourier transform infrared spectroscopy (FTIR). [Results] SEM-EDX results 
revealed that Se was the primary constituent of SeNPs. The synthesized SeNPs were spherical and 
polydisperse, with an average particle size of 500.62 nm. XRD and Raman spectroscopy confirmed 
that the SeNPs were amorphous. Additionally, FTIR demonstrated the presence of proteins, 
exopolysaccharides, and lipids coating the surface of the SeNPs. Moreover, the reduction rate of 
SeNPs was determined to be 91.42% by inductively coupled plasma-optical emission spectroscopy 
(ICP-OES). [Conclusion] The findings of this study highlight the potential of L. paracasei 
SCFF20 as a probiotic strain capable of producing SeNPs. The strain can be used as a cell factory 
for the safe production of biogenic SeNPs as nutritional supplements and functional food. 
Keywords: bacterial reduction; probiotic; Lacticaseibacillus paracasei; selenium nanoparticles (SeNPs) 
 
 

Selenium (Se), an essential trace element, 
exerts significant effects on antioxidant defense, 
immune regulatory function, antitumor activity, 
and redox homeostasis in human health[1-2]. The 
beneficial effects of Se on human health can be 
attributed to its presence in many selenoproteins 

such as iodothyronine deiodinases, glutathione 
peroxidase, selenoprotein W, selenoprotein P, and 
thioredoxin reductase[3]. Selenium deficiency has 
been associated with neurodegeneration, cancer, 
immune dysfunction, cardiovascular diseases, 
hypothyroidism, and male sterility[4-5]. It affects an 
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approximately one billion people worldwide[6]. 
Diet plays a crucial role in the elemental Se intake, 
which depends on its concentration and speciation[7]. 
However, Se has a very narrow margin of safety 
between beneficial and toxic effects, which is closely 
related to its speciation[8]. Both the toxicity and 
bioavailability of Se are primarily determined by its 
speciation[9]. The recommended selenium intake for 
humans is 55 μg/d, and a level of about 40 μg/d is 
suggested as the minimum requirement to avoid 
deficiency. However, the tolerable upper limit for Se 
intake is 400 μg/d[10-11]. 

In nature, Se exists in various redox states, 
including selenate (SeO4

2−, VI), selenite (SeO3
2−, 

IV), elemental selenium (Se0), and selenide 
(Se2−)[12]. Selenite (IV) and selenate (VI) are 
highly water-soluble and toxic to the human body. 
Additionally, research studies have indicated that 
selenite (IV) is the most toxic among all valence 
states, affecting cell respiration, enzyme activity, 
the cell antioxidant system, and DNA repair[13]. On 
the other hand, the reduction of soluble Se(IV) and 
Se(VI) oxyanions to insoluble Se(0) potentially 
serves as a detoxification strategy, due to its 
biocompatible and low or no cytotoxicity[14]. 
Selenium nanoparticles (SeNPs), representing a 
new form of Se(0), have emerged as a promising 
candidate because of their low toxicity and 
enhanced biological activities. Husen and Siddiqi 
demonstrated that SeNPs exhibited good 
biocompatibility and can serve as supplements to 
for individuals with Se deficiency[15]. 
Consequently, SeNPs are considered a novel and 
promising nutritional additive for humans. 

The conventional methods used to produce 
SeNPs involve high temperatures and pressures. In 
recent years, the biosynthesis of SeNPs using 
microorganisms, particularly probiotics, has 
become a realistic approach[16]. The biosynthesis 
of SeNPs by probiotics is considered as a green 
manufacturing process due to eco-friendly, safe, 
and cost-effective nature[17-18]. Probiotics, which 
are generally recognized as safe microorganisms 
commonly used in food processing, have attracted 
attention for synthesizing SeNPs[19-20]. 

Moreover, the SeNPs synthesized by 
probiotics do not require extensive purification 
since the probiotics and culture medium used can 
be suitable as food supplements in human diets[21]. 
Furthermore, many probiotics can survive the 
gastrointestinal tract and thus serve as means to 
deliver beneficial and biologically active 
molecules such as SeNPs, to the human body[22]. 
Probiotics are commonly employed as starter 
cultures for food fermentations due to their 
fermenting ability, which contribute to food safety, 
sensorial characteristics, and health benefits[23].  

In the present study, Lacticaseibacillus 
paracasei SCFF20, which exhibits high Se 
tolerance and biotransformation capacity, was 
selected from 14 well-known potential probiotics 
through primary screening, Se-tolerance domestication, 
and optimization of fermentation conditions. The 
biogenic SeNPs synthesized by L. paracasei 
SCFF20 were characterized using scanning 
electron microscopy coupled with energy-dispersive 
X-ray (SEM-EDX), dynamic light scattering (DLS), 
X-ray diffractometer (XRD), Raman spectroscopy, 
and Fourier transform infrared spectroscopy 
(FTIR). Additionally, Se(0) concentrations were 
determined using inductively coupled plasma 
optical emission spectroscopy (ICP-OES). 

1  Materials and Methods 
1.1  Bacterial strains  

Fourteen potential probiotic strains containing 
Lactiplantibacillus plantarum (SCFF13, SCFF109, 
SCFF134, SCFF180, SCFF193, SCFF195), Pediococcus 
pentosaceus (SCFF18, SCFF125), Lacticaseibacillus 
paracasei (SCFF15, SCFF20), Levilactobacillus 
brevis (SCFF104), Lentilactobacillus buchneri 
(SCFF127), Limosilactobacillus fermentum (SCFF220), 
and Lactococcus lactis (SCFF240) in this study 
were obtained from the Culture Collection of Food 
Microorganisms of Sichuan University of Science 
and Engineering (Yibin, China). Cultivation of 
these bacteria was carried out using a de Man, 
Rogosa and Sharpe (MRS) medium at a 
temperature of 37 ℃.  
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1.2  Se-tolerance and Se-reduction 
enhancement of strains 

To obtain strains with high selenium tolerance 
and reduction capabilities, 14 strains underwent a 
domestication process in which they cultured in an 
MRS medium supplemented with increasing 
concentrations of Na2SeO3, following a previously 
established protocol[24]. A series of MRS culture 
media containing Na2SeO3 at concentrations 
ranging from 0 to 120 μg/mL, with an increment of 
20 μg/mL, were prepared. The mixture cultures 
were incubated at 37 ℃ for 48 h. The strains were 
sequentially inoculated into these cultures starting 
from the lowest concentration of Na2SeO3 and 
processing to higher concentrations, with each 
concentration cultured for two generations. 
Selection criteria were viable bacterial and ability 
of the cells to convert sodium selenite to elemental 
Se[25-26]. The Se-tolerance capacity of these strains 
was assessed by determining viable bacterial counts 
using a protocol based on a previously published 
method[27], while the reducing power of the strains 
on Na2SeO3 was measured by a color change using 
a colorimeter (UltraScan VIS, HunterLab) to 
determine the shade of red in the culture.  
1.3  Single-factor optimization experiments  

The conditions for Se-enrichment were 
optimized, taking into account temperature, 
shaking speed, Se(IV) exposure time, inoculation 
volume, and Se(IV) concentration. The 
determination of the amount of Se(0) was 
conducted according to the methodology outlined 
in a previous study by Biswas et al.[28]. A black 
powdered Se metal (Shanghai Maclin Biochemical 
Technology Co., Ltd.) was employed as a standard 
for elemental selenium. Following incubation, the 
bacterial culture, along with the Se(0), was 
collected through centrifugation at 8 000 r/min for 
10 min. The resulting pellets were then subjected 
to two washes with a sodium chloride solution   
(1 mol/L). The red colloidal selenium present in 
the pellet was dissolved in 15 mL Na2S (1 mol/L). 
Subsequently, bacterial cells were removed by 
centrifugation, and the absorbance of the resulting 
red-brown solution was measured at a wavelength 

of 500 nm using a spectrophotometer. 
1.3.1  Preparation of inoculum of L. paracasei 
SCFF20 

A 500 μL aliquot of L. paracasei SCFF20 
culture was streaked onto a MRS agar plate and 
incubated at 37 ℃ for 24 h to allow growth. A 
single colony was then inoculated into a tube and 
incubated at 37 ℃ for 24 h in a shaking incubator 
at a speed of 120 r/min, and the optical density at 
600 nm (OD600) of L. paracasei SCFF20 culture 
was approximately 5.73. Subsequently, a 2 mL 
volume of the inoculum was transferred to a 100 mL 
of MRS culture medium allowed to continue 
growing for another 24 h at 37 ℃ at a shaking 
speed of 120 r/min, resulting in the culture 
undergoing two generations of growth.  
1.3.2  Effect of temperature on the selenate 
reduction  

To examine the impact of temperature, a 100 mL 
MRS culture medium with 100 μg/mL Na2SeO3 
was prepared in a shaking tube. A 2 mL inoculum 
was added to the medium, and the tube was 
incubated at temperatures of 28, 31, 34, 37, 40, 
and 43 ℃ with a shaking speed of 120 r/min for a 
duration of 24 h. The amount of Se(0) was determined 
by measuring the optical density at 500 nm (OD500) 
of the bacterial cultures, employing the previously 
mentioned methodology.  
1.3.3  Effect of shaking speed on the selenate 
reduction 

To investigate the impact of shaking, a 2 mL 
of inoculum was added to 100 mL of MRS culture 
medium supplemented with 100 μg/mL Na2SeO3. 
Each experimental set was incubated at a 
temperature of 37 ℃ for a duration of 24 h, 
employing different shaking speeds of 90, 120, 
150, 180, 210, and 240 r/min. The amount of Se(0) 
was determined by measuring the optical density 
at 500 nm (OD500) of the bacterial cultures, 
utilizing the previously described methodology. 
1.3.4  Effect of Se(IV) exposure time on the 
selenate reduction 

For investigating the influence of Se(IV) 
exposure time on the growth L. paracasei SCFF20, 
a shaking tube containing 100 mL of MRS 
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medium supplemented with 100 μg/mL Na2SeO3 
was prepared. A 2 mL volume of inoculum was 
added to the medium and subjected to incubation 
at a shaking speed of 180 r/min. The incubation 
period varied and included durations of 8, 12, 16, 
20, 24, 28, 32, 36, 40, 44, 48, and 52 h. The 
amount of Se(0) was quantified by measuring the 
optical density at 500 nm (OD500) of the bacterial 
cultures using the aforementioned methodology. 
1.3.5  Effect of inoculum volume on the selenate 
reduction 

For investigate the impact of inoculum 
volume on the system, different of inoculum, 
including 0.5, 1, 2, 3, 4 and 5 mL, were separately 
added to volumes of MRS medium supplemented 
with 100 μg/mL Na2SeO3, namely 99.5, 99, 98, 97, 
96, and 95 mL, respectively. Each experimental set 
was incubated for a duration of 24 h at a 
temperature of 37 ℃, employing a shaking speed 
of 180 r/min. The amount of Se(0) was determined 
by measuring the optical density at 500 nm 
(OD500) of the bacterial cultures using the 
above-mentioned methodology. 
1.3.6  Effect of the selenium concentration on 
the selenate reduction 

To perform the Se tolerance test, a 2 mL 
bacterial culture was aseptically added to 100 mL 
of MRS liquid medium supplemented not added 
yet Na2SeO3. Subsequently, sterilized Na2SeO3 
solution was introduced to achieve final 
concentrations of 40, 60, 80, 100, 120 and 140 
μg/mL in the system. The amount of Se(0) was 
determined by measuring the optical density at  
500 nm (OD500) of the bacterial cultures, 
employing the previously described methodology. 
1.4  Synthesis of biogenic SeNPs 

SeNPs were synthesized by L. paracasei 
SCFF20 under the aforementioned optimized 
Se-enrichment conditions. The synthesis procedure 
performed by L. paracasei SCFF20 was based on 
the established protocol outlined by Sonkusre[29] 
with certain modifications. Se-enriched L. 
paracasei SCFF20 cells were collected via 
centrifugation at a speed of 12 000×g for 20 min. 
The resulting pellet was washed with phosphate 

buffer solution (PBS, pH 7.0) and subsequently 
resuspended in 20 mL of sterile water. A lysozyme 
solution (100 mg/mL) at a volume of 120 µL was 
added, and the culture was kept at a temperature of 
37 ℃ for a duration of 3 h. The culture was then 
subjected to ultrasonic treatment on ice for 25 min, 
employing a power setting of 300 W with intervals 
of 5 s/5 s. The resultant slurry, comprising both 
SeNPs and cell fraction, was subjected to three 
washes with Tris-HCl solution (1.5 mol/L) 
containing 1% sodium dodecyl sulfate (SDS). 
Following this, centrifugation at 14 000×g for  
10 min was conducted. The resulting pellet, 
containing both SeNPs and cell debris, was 
washed and resuspended in sterile water. After the 
addition of 1-octanol, the solution was mixed 
thoroughly mixed, then centrifuged at 2 000×g for 
5 min at a temperature of 4 ℃, and left 
undisturbed for 24 h. The upper phase and 
interface, which contained insoluble cell debris, 
were discarded, while the bottom water phase was 
successively washed with chloroform, absolute 
ethanol, 70% ethanol, and sterile water. 
Centrifugation at 15 000×g for 10 min was 
performed after each washing step. The resulting 
precipitation was washed with sterile water and 
subjected to freeze-drying using a lyophilizer. This 
sample was then used for subsequent 
characterization and Se(0) content. 
1.5  Characterization of the biogenic SeNPs 

The biogenic SeNPs synthesized by L. 
paracasei SCFF20 were subjected to 
characterization using various techniques, 
including scanning electron microscopy coupled 
with energy-dispersive X-ray (SEM-EDX), 
dynamic light scattering (DLS), X-ray 
diffractometer (XRD), Raman spectroscopy, 
Fourier transform infrared spectroscopy (FTIR), 
and inductively coupled plasma-optical emission 
spectroscopy (ICP-OES). The characterization 
procedures followed the protocols described in 
previous studies[19,30]. 
1.5.1  SEM-EDX 

The morphological characteristics and 
elemental composition of the SeNPs were 
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investigated using scanning electron microscopy 
coupled with energy-dispersive X-ray 
(SEM-EDX). Following the growth of L. 
paracasei SCFF20, the cells were harvested by 
centrifugation at a speed of 6 000 r/min for 10 min 
at a temperature of 4 ℃. Subsequently, the cells 
were fixed with 2.5% glutaraldehyde at 4 ℃ for a 
duration of 24 h. After undergoing three washes 
with 0.1 mol/L phosphate-buffered saline (PBS), 
the cells underwent a gradual dehydration process 
using a series of increasing concentrations of 
alcohol (30%, 50%, 70%, 80%, 90%, and 100%). 
The dehydrated samples were then freeze-dried, 
sputter coated on the copper sheet at room 
temperature, and subjected to SEM analysis 
(Tesan) at an accelerating voltage of 200 kV. 
Concurrently, the EDX analysis (Bruker) was 
conducted to analyze the extracted SeNPs. 
1.5.2  DLS 

The size distribution of the SeNPs was 
determined using dynamic light scattering (DLS) 
analysis performed with a Zetasizer Nano ZS90 
instrument (Malvern). The SeNPs were dispersed 
in anhydrous ethanol and subjected to sonication 
for a duration of 20 min to ensure proper 
dispersion. An aliquot of the sample was then 
transferred into a quartz cuvette for measurement, 
and the data was recorded at a temperature of 
25 ℃. 
1.5.3  XRD 

The synthesized SeNPs were analyzed for 
their crystalline structure using an X-ray 
diffractometer (AXS). The specimens were 
carefully positioned on the X-ray diffractometer 
plate using the press-and-pull technique. The 
diffractogram was then obtained utilizing the Breg 
Brentano method with Cu Kα radiation. The 
scanning conditions for the samples were as 
follows: a 2θ range of 5°–90°, with a step size of 
0.03° and an exposition time of 2 s per step. 
1.5.4  Raman spectroscopy 

The Raman spectroscopy analysis of the 
synthesized SeNPs was performed using a 
LabRam HR Raman spectrometer (Thermo) with 
514 nm excitation (30 mW) and a spectral range of 

0–3 500 cm−1. To obtain the spectra, an aqueous 
suspension of the synthesized SeNPs was prepared 
and transformed into a thin film on a small piece 
of aluminum foil, which was subsequently 
air-dried at room temperature. The Raman spectra 
were recorded to determine the characteristics of 
the synthesized SeNPs. Each spectrum was 
collected with a 20 s interval, and the results were 
averaged of 10 independent runs. 
1.5.5  FTIR 

The characterization of functional groups 
present in the synthesized SeNPs’ biological 
macromolecules was conducted using Fourier 
transform infrared spectroscopy (FTIR) with a 
Nicolet 6700 FTIR instrument (ThermoFisher 
Scientific Inc., Waltham). The analysis was 
performed using the potassium bromide (KBr) 
pellet technique, which enabled spectroscopy in 
the frequency range of 4 000−400 cm−1. 
1.6  Se nanoparticles content analysis  

The determination of Se(0) concentrations in 
the synthesized nano-selenium powder was 
performed according to the established protocol in 
a previous study[31]. The nano-selenium powder 
obtained was subjected to acid digestion in a 
crucible reaction vessel, utilizing closed vessels 
containing 2 mL of concentrated HNO3 and 1 mL 
of 30% (V/V) H2O2. After cooling, the resulting 
solutions were diluted to a final volume of 100 mL 
with Milli-Q water, and Se(0) concentrations were 
quantitatively analyzed using inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) 
with a PerkinElmer Optima 8000 instrument. A 
control group of bacteria that were not exposed to 
Na2SeO3 was included for comparison. A blank 
consisting of the reaction mixture without the cell 
pellets was also prepared and accounted for in the 
final results. The Se reduction rate was calculated 
using the following formulas:  

Se reduction rate=(elemental Se content in 
SeNPs/elemental Se content in Na2SeO3)×100%. 
1.7  Statistical analysis 

Each experiment procedure was conducted in 
a minimum of three independent replicates, and 
the obtained data were subjected to statistical 
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analysis using either one-way analysis of variance 
(ANOVA) or Student’s t-test, depending on the 
experimental design, with the aid of SPSS version 
19.0 software Statistical significance was 
determined at a significance of P≤0.05. The results 
were presented as means ± standard deviation (SD).  

2  Results and Discussion 
2.1  Analysis of Se-tolerance and 
Se-reduction enhancement  

The Se-tolerance and Se-reduction capability 
of the selected 14 strains were assessed by 
cultivating them in an MRS liquid medium 
supplemented with increasing concentrations of 
Na2SeO3, ranging from 0 to 120 µg/mL (0, 20, 40, 
60, 80, 100, and 120 µg/mL). The Se-tolerance of 
the strains was evaluated by monitoring their 
viability after acclimation. As demonstrated in 
Table 1, the viable count of most strains exhibited 
a substantial decrease with increasing Na2SeO3 
concentration, particularly at higher concentrations, 
suggesting that Se exerted a growth-inhibitory 
effect on these stains. The growth inhibition 
observed among the strains at different 
concentrations of Na2SeO3 could be attributed to 
the unique species and the antioxidant system of 
the strains, as indicated by previous studies[32]. The 
possible reason was that the increased 
concentrations of Na2SeO3 can lead to greater 
toxicity and inhibit the growth of organisms 
through the production of reactive oxygen 
species, lipid peroxidation and decreased sulfur 
metabolism[24]. 

However, it was observed that these strains 
were not completely inhibited even at higher 
concentrations of Na2SeO3, indicating their strong 
tolerance to Na2SeO3. Similar findings have been 
reported for Lactobacillus paralimentarius[19] and 
Lactobacillus sp.[22]. Among the viable bacterial 
counts of the 14 strains, L. paracasei SCFF20 
exhibited higher viable bacterial counts  
(3.8×108 CFU/mL) at the concentration of    
100 µg/mL Na2SeO3, and even at the concentration 
of 120 µg/mL Na2SeO3, suggesting that its 
elevated Se-tolerance.  

Moreover, the Se-reduction capability of 
these strains was evaluated by analyzing color 
characteristics quantified in terms of values (Table 
2), where values run from negative (green) to 
positive (red)[33-34]. The red/green values (a*) were 
found to increase with increasing Na2SeO3 
concentration, indicating a shift towards a deeper 
red color resulting from the reduction of Na2SeO3 
to SeNPs[35]. Studies have shown that when levels 
of Na2SeO3 in the environment reach a certain 
threshold, toxic Na2SeO3 is reduced to produce 
non-toxic SeNPs, which forms part of their 
detoxification mechanism[36]. Ullah et al. found 
that Bacillus subtilis BSN313 reduced the soluble, 
toxic, colorless selenium ions to the insoluble, 
non-toxic, red elemental SeNPs[18]. In the study of 
Bacillus megaterium[37], Lactobacillus reuteri[26] 
and Duganella sp.[38], it was proved that the 
amount of Se(0) was accumulating with the 
formation of red colonies. 

As shown in Table 2, each strain exhibited the 
highest value at specific Na2SeO3 concentrations. 
Figure 1. visually illustrates the color of the    
14 strains at their highest values. Among these 
strains, the culture of L. paracasei SCFF20 
showed the deepest red color and had the highest 
value at a concentration of 100 µg/mL Na2SeO3, 
suggesting its stronger ability to reduce Na2SeO3 
into SeNPs. Based on aforementioned analysis of 
Se-tolerance and Se-reduction capabilities,      
L. paracasei SCFF20 was selected for further 
single-factor optimization to maximize the 
biotransformation of selenium. 
2.2  Analysis of single factor optimization 
experiment results 

The establishment of the Se(0) standard curve 
was based on the correlation between the quantity 
of black powdered selenium and absorption 
(Figure S1, the data has been submitted to the 
National Microbial Science Data Center, number: 
NMDCX0000262). The selenate reduction by L. 
paracasei SCFF20 is depicted in Figure 2. The 
optimal temperature for the selenate reduction by 
L. paracasei SCFF20 was determined to be 37 ℃, 
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Figure 1  The color comparison between (A) the control group (without SeO3
2−) and (B) the treatment group 

(with SeO3
2−) at the highest a* values for 14 bacterial cultures. SCFF13: Lactiplantibacillus plantarum 

SCFF13; SCFF15: Lacticaseibacillus paracasei SCFF15; SCFF18: Pediococcus pentosaceus SCFF18; 
SCFF20: Lacticaseibacillus paracasei SCFF20; SCFF104: Levilactobacillus brevis SCFF104; SCFF109: 
Lactiplantibacillus plantarum SCFF109; SCFF125: Pediococcus pentosaceus SCFF125; SCFF127: 
Lentilactobacillus buchneri SCFF127; SCFF134: Lactiplantibacillus plantarum SCFF134; SCFF180: 
Lactiplantibacillus plantarum SCFF180; SCFF193: Lactiplantibacillus plantarum SCFF193; SCFF195: 
Lactiplantibacillus plantarum SCFF195; SCFF220: Limosilactobacillus fermentum SCFF220; SCFF240: 
Lactococcus lactis SCFF240. 
 

as shown in Figure 2A. As the shaking speed 
increased, the amount of Se(0) progressively 
increased up to a rotation of 180 r/min. However, 
when the shaking speed continued to increase to 
240 r/min, the amount of Se(0) tended to be stable 
and did not increase significantly. Consequently, 
the optimal shaking speed for the selenate reduction 
was determined to be 180 r/min (Figure 2B).  

The amount of Se(0) was observed to be low 
when the Se(IV) exposure time was either longer 
or shorter than 24 h. Hence, the optimum Se(IV) 
exposure time for the selenate reduction was 
determined to be 24 h (Figure 2C). The amount of 
Se(0) increased with the inoculum volume of L. 
paracasei SCFF20 up to an inoculum volume of 
3%. However, when the inoculum volume 
exceeded 3%, the amount of Se(0) started to 

decrease. Therefore, the optimum inoculum 
volume of L. paracasei SCFF20 was determined to 
be 3% (Figure 2D).  

The results of varying the Se(IV) concentration 
in the medium on the growth of L. paracasei 
SCFF20 are presented in Figure 2E. With the 
increase in the concentration of Na2SeO3 in the 
medium, the amount of Se(0) exhibited an upward 
trend. Furthermore, at Se(IV) concentrations ranging 
from 120 to 140 μg/mL, the amount of Se(0) reached 
its maximum capacity, and there was no significant 
difference between these two concentrations. Therefore, 
120 μg/mL was selected as the optimum Se(IV) 
concentration for Se-reduction. Finally, L. paracasei 
SCFF20 was subjected to reduction of Na2SeO3 into 
SeNPs under the optimized conditions for the 
characterization and determination of SeNPs content. 
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Figure 2  The impact of temperature (A), shaking speed (B), Se(IV) exposure time (C), inoculation amount 
(D), and Se(IV) concentration (E) on the Se-reduction capability of Lacticaseibacillus paracasei SCFF20. 
 

2.3  SEM-EDX analysis of SeNPs 
The surface morphologies of SeNPs extracted 

from L. paracasei SCFF20 cultured in an MRS 
medium with and without Na2SeO3 were 
visualized in Figure 3. The analysis revealed the 
presence of numerous spherical-shaped 
nanoparticles distributed around the rod-shaped 
bacteria (Figure 3B). In contrast, no particles were 
observed in the control group without the addition 
of Na2SeO3 (Figure 3A), providing evidence the 
biogenesis of SeNPs from sodium selenite. 

Additionally, SEM images showed that isolated 
SeNPs presented particles (Figure 3C). 

To determine the elemental composition of 
the SeNPs, EDX spectrum analysis was carried out 
(Figure 3D). When cultured in the presence of 
Na2SeO3, the EDX spectrum exhibited signals 
corresponding to carbon (C), oxygen (O), and 
selenium (Se). The atomic percentages of these 
elements in the biomass of L. paracasei SCFF20 
were determined to be 46.16% for C, 8.87% for O, 
and 44.97% for Se. 
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Figure 3  Scanning electron microscopy (SEM) images of extracted SeNPs synthesized by Lacticaseibacillus 
paracasei SCFF20 under two different culture conditions, namely (A) in the absence of SeO3

2− and (B) in the 
presence of SeO3

2−. The SEM micrographs (C) showcased the purified SeNPs, while the energy-dispersive 
X-ray (EDX) spectroscopy (EDX) analysis (D) provided the corresponding elemental spectrum of the purified 
SeNPs. Scanning electron microscopy (SEM) images of extracted SeNPs synthesized (A, B). The SEM 
micrographs (C) showcased the purified SeNPs, while the energy-dispersive X-ray (EDX) spectroscopy 
analysis (D) provided the corresponding elemental spectrum of the purified SeNPs. Note: (A) in the absence 
of SeO3

2− and (B) in the presence of SeO3
2−. 

 

Notably, the strong peaks at 1.35 kV and 
11.25 kV were attributed to the characteristic 
absorption signals from elemental Se. This 
observation aligns with previous studies[39]. The 
EDX spectrum confirmed the exclusive presence 
of elemental Se within the nanoparticles. It is 
worth mentioning that additional peaks of carbon 
and oxygen can be attributed to the surface 
plasmon resonance originating from the protein 
molecules, which likely participate in capping the 
nanoparticles produced by bacteria, as discussed 
by Kora et al.[40] These findings are consistent with 
earlier investigations conducted on SeNPs 
synthesized by Pseudomonas aeruginosa[40] and 

Streptomyces minutiscleroticus[41]. 
2.4  DLS analysis 

Figure 4 illustrates the utilization of dynamic 
light scattering (DLS) analysis to determine the 
average diameter of SeNPs. The DLS measurement 
revealed that the size of the SeNPs ranged from 295 
to 955 nm, with an average hydrodynamic size of 
500.62 nm and a polydispersity index (Pdl) of 0.216. 
It should be noted that a Pdl value smaller than 0.300 
is considered necessary for reliable measurement[42]. 
This finding suggests that the biogenic SeNPs 
produced by L. paracasei SCFF20 are predominantly 
dispersed and exhibit minimal aggregation. The 
particle size results obtained in this study are 
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Figure 4  The size distribution of SeNPs synthesized. 
Three lines of different colors represent three 
parallel measurements of SeNPs size. 
 

consistent with those reported in the literature for 
biologically synthesized SeNPs using probiotic 
Bacillus subtilis[18]. However, the size distribution 
of SeNPs synthesized by some lactic acid bacteria 
(LAB, such as Lactobacillus acidophilus, Lactobacillus 
delbrueckii subsp. bulgaricus, and Lactobacillus 
reuteri) provided an average size of 247 nm[43]. 
2.5  Raman spectroscopy and XRD analysis 

To investigate the phase and composition of 
the synthesized SeNPs, X-ray diffraction (XRD) 
and Raman spectroscopy were employed for 
characterization purpose (Figure 5). The crystal 
structure of the SeNPs was analyzed using XRD 
(Figure 5A). The XRD results indicated the 
absence of well-defined Bragg reflections, apart 
from a broad peak at the 2θ angles of 15°–30°, 
similar to the control. This observation confirms 

the amorphous nature of the synthesized 
SeNPs[15,40]. The XRD findings were substantiated 
by the Raman spectroscopy results.  

In the Raman spectra of SeNPs (Figure 5B), a 
single strong band appeared at 250 cm−1, which 
corresponds to the A1 stretching Se−Se mode and 
is specifically associated with intrachain stretching 
of amorphous selenium. Compared to the control 
group without adding Na2SeO3, the increased 
half-width of this band (b) (approximately 30 cm–1) 
further supports the presence of amorphous 
selenium[44]. The absence of other distinguishable 
lower-frequency bands, except for the peak at  
250 cm−1, provides additional evidence for the 
amorphous structure of the SeNPs derived from 
biological sources. It is worth noting that other 
studies have reported peaks at 251 cm−1 and 252 cm−1 
in the Raman spectra of amorphous SeNPs[45]. 
Furthermore, according to Vineeth Kumar et al.[46], 
in the Raman spectra of SeNPs obtained from 
non-biological sources through the chemical 
reduction of Na2SeO3 with cysteine, a strong and 
narrow characteristic peaks at 236 cm–1, along with a 
weak shoulder peak at 254 cm–1, are typically 
observed, in addition to the peak at 250 cm−1. 
2.6  FTIR analysis 

The cellular functional groups involved in the 
response to Se(IV) were characterized through 
Fourier transform infrared spectroscopy (FTIR), 
and the relevant peaks in the FTIR spectra are 
depicted in Figure 6. The FTIR spectrum of the 
synthesized SeNPs exhibited distinct peaks, indicating  

 

 
Figure 5  The X-ray diffraction (XRD) patterns (A) and Raman spectra (B) of the SeNPs synthesized by 
Lacticaseibacillus paracasei SCFF20 under two different culture conditions, namely (a) in the absence of 
SeO3

2− and (b) in the presence of SeO3
2−. 
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Figure 6  The Fourier transform infrared (FTIR) 
spectral analysis on the SeNPs synthesized by 
Lacticaseibacillus paracasei SCFF20 under two 
different culture conditions, namely (a) in the 
absence of SeO3

2− and (b) in the presence of SeO3
2−. 

 
the presence of various capped biomacromolecules 
on the surface of nanoparticle. The SeNPs 
displayed prominent peaks at 3 431 cm−1, which 
can be attributed to the O–H stretching in 
molecular water and the N–H stretching in 
proteins[47]. Notably, compared to that of pure cell 
culture without adding SeO3

2− (1 652 cm–1), the 
amide I band (1 636 cm–1) of the proteins capping 
the SeNPs displayed the lower frequency, 
suggesting that the secondary structure of the 
proteins in the bacterial cells represented by 
dominating α-helix evidently differs from the 
disordered secondary structure of the proteins 
capping the surface of SeNPs[48]. 

Furthermore, the characteristic bands of 
proteins, including amide II at 1 542 cm–1 and 
amide III at 1 240 cm−1, were evident. These aligns 
with the previous finding[49], indicating that 
nanoparticles bond with proteins improved their 
stabilization and biological activity. The 
absorption characteristics of the typical vibrational 
region of polysaccharides (within 1 200–950 cm–1) 
were also observed[48]. The presence of carboxylate 
groups in the produced SeNPs indicated by the 
spectrum band at 1 392 cm−1, corresponding to the 
symmetric stretching υs. (COO−) group. The 
stretching vibration of the carboxyl group (C=O) 

was reflected by the peaks at 1 024 cm−1. The 
spectrum band at 2 926 cm−1 represented the 
asymmetric stretching vibrations of methylene 
groups in SeNPs[39,50], while the peak at 655 cm−1 
could be attributed to the C−X stretching of alkyl 
halides[30]. Collectively, these data suggest that the 
SeNPs produced by L. paracasei SCFF20 were 
capped with proteins, exopolysaccharides, and lipids. 
2.7  SeNPs content determination 

The content of SeNPs synthesized by L. 
paracasei SCFF20 in the presence of SeO3

2− was 
determined using ICP-OES. The analysis revealed 
that under optimized conditions, the content of 
SeNPs reached (6.67±0.07) mg/L, indicating a 
reduction ability of Na2SeO3 into SeNPs of 
91.42%, compared to the control samples with a 
content of <0.05 mg/L. These findings indicate the 
efficient capability of L. paracasei SCCF19 in 
reducing Na2SeO3 into SeNPs. 

3  Conclusion 
In this study, a Se-resistant strain of L. 

paracasei SCFF20 was selected from a total of 14 
potential probiotics, through a series of screening 
processes including Se-tolerance domestication, 
and optimization of the fermentation conditions. L. 
paracasei SCFF20 exhibited a noteworthy ability 
in the biotransformation of toxic soluble selenite 
into insoluble SeNPs, which possessed an average 
size of 500.62 nm.  

Furthermore, the biogenic SeNPs displayed 
amorphous morphology, and spherical shape, and 
were enveloped by proteins, exopolysaccharides, 
and lipids. As a result, L. paracasei SCFF20 holds 
a great potential as a probiotic strain for SeNP 
synthesis, thereby serving as a promising vehicle 
for the delivery of biologically active selenium 
molecules to the host. The innovative approach of 
biosynthesizing SeNPs using L. paracasei SCFF20 
offers a novel strategy for the development of a 
micro-ecological selenium supplement, exhibiting 
superior efficacy and enhanced bioavailability. 
Additionally, the environmentally friendly 
protocol for scaling up the production of SeNPs 
using L. paracasei SCFF20 can be effectively 
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employed in commercial applications aimed at 
enhancing nutritional status. 
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