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Abstract
A facile one-pot and effective green process for biogenic selenium nanoparticles (SeNPs) was obtained using the cell-
free extracts of a novel yeast Magnusiomyces ingens LH-F1. The corresponding absorption peak of SeNPs was observed 
at ~ 560 nm by UV–vis spectrophotometer. In the present study, SeO2 2 mM, protein 500 mg L−1 and pH 7 were preferable 
to the biosynthesis of SeNPs. The effects of pH, SeO2 concentration and protein concentration on the synthesis process were 
different. Transmission electron microscopy image exhibited that all the SeNPs were spherical and quasi-spherical with the 
diameters mainly distributed in 70–90 nm (average particles size was 87.82 ± 2.71 nm). X-ray diffraction suggested that the 
nanoparticles were composed of standard hexagonal crystalline Se with high purity. Fourier transform infrared spectros-
copy indicated that some biomolecules such as hydroxyl, carboxyl and amino groups in the yeast cell-free extracts might be 
involved in the formation of SeNPs. Analyses of sodium dodecyl sulfate–polyacrylamide gel electrophoresis revealed that 
two proteins with low molecular weight approximately ~ 16 and ~ 21 kDa were detected on the surface of SeNPs and in the 
extracts, which could play the role of natural stabilizers and confer stability to synthesized SeNPs; whereas, unbound proteins 
on the SeNPs surface could act as reducing agents. Antibacterial analysis showed that the SeNPs could inhibit Arthrobacter 
sp. W1 (Gram positive) but not E. coli BL21 (Gram negative), which could provide reference for antimicrobial application 
of biogenic SeNPs.
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Introduction

Selenium (Se) is a key microelement for creatures, which 
is closely related to a series of major metabolic pathways 
such as anti-oxidant systems, thyroid hormone metabolism, 

growth modulation and immune function (Stranges et al. 
2006; Kumar et al. 2018; Xia et al. 2018). It has also been 
reported that Se deficiency (< 40 μg/day) can lead to many 
diseases, while excessive intake will cause Se poison-
ing (> 400 μg/day) (Gore et al. 2010; Vogel et al. 2018). 
In natural environments, Se is unevenly distributed in the 
aquatic, terrestrial and atmospheric compartments, which 
often exists in one or more of the four oxidation states, i.e., 
selenate (Se-VI); selenite (Se-IV); selenium elemental (Se-0) 
and selenide (Se-II) (Gore et al. 2010). Selenite (Se-IV) is 
soluble and highly toxic toward biota, while Se-0 is insolu-
ble with low toxicity (Lampis et al. 2017; Xia et al. 2018). 
From the above mentioned, it seems to be beneficial for the 
ecological environment and human beings to convert Se-IV 
into element Se-0.

Recently, the conversion of inorganic ions into inor-
ganic nanoparticles using microorganism (viruses, bac-
teria, yeast and fungi either in intracellular or extracel-
lular) has become a matter of great concern owing to its 
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advantages of environmental friendliness and cost effec-
tive (Park et al. 2016; Singh et al. 2016). Many researches 
have indicated that bacteria can form zero-valent Se parti-
cles under aerobic or anaerobic conditions (e.g. Veillonella 
atypical, Geobacter sulfurreducens, Bacillus cereus, Agro-
bacterium sp., Bacillus subtilis, Shewanella putrefaciens, 
Stenotrophomonas maltophilia, Pseudomonas aeruginosa) 
(Vogel et al. 2018). Various types of biomolecules may 
serve as reducing agents and stabilizers in the formation of 
inorganic nanoparticles (Moghaddam et al. 2015). There-
fore, microorganisms can produce the nanoparticles with 
good bio-compatibility and dispersion without additional 
chemical reagents.

Selenium nanoparticles (SeNPs) have excellent photo-
electric, semiconductor properties, physical and chemical 
properties, which make them unique from bulk materials 
(Zhang et al. 2004; Tugarova and Kamnev 2017). Not only 
have SeNPs been widely used in solar cells, rectifiers, sen-
sors and other optoelectronic components, but also they 
have shown great potential applications in various fields of 
biotechnology, medicine and environmental remediation 
(Zhang et al. 2004; Dykman and Khlebtsov 2012; Chaud-
hary et al. 2014; Schröfel et al. 2014; Khiralla and El-Deeb 
2015; Kumar et al. 2015; Sonkusre and Singh Cameotra 
2015; Eswayah et al. 2016; Vera et al. 2016). The biosynthe-
sis of SeNPs by living microorganisms is widely distributed 
in nature, which has drawn attentions over the last 10 years 
(Wadhwani et al. 2016; Lampis et al. 2017; Tugarova and 
Kamnev 2017). From one point of view, SeNPs formed by 
biological sources possess momentous antimicrobial activity 
to pathogenic fungi, yeast and bacteria (Fernández-Llamosas 
et al. 2016). However, few reports have described fungal 
mediation up to now (Wadhwani et al. 2016). Meanwhile, 
researches have already speculated the mechanism of the 
SeNPs formation in the bacteria through strain Thauera 
selenatis (Butler et al. 2012), but the universal biochemi-
cal and molecular mechanism of reducing Se-IV to element 
Se-0 in the fungus is still unknown. Therefore, it is necessary 
for us to explore the SeNPs synthesis ability of novel yeast 
LH-F1 isolated from marine mud (Tan et al. 2014; Zhang 
et al. 2016) and the application of as-synthesized SeNPs.

In this study, the Selenium dioxide (SeO2) concentra-
tion, initial pH and cell-free extracts (proteins) concentra-
tion of SeNPs biosynthesis were discussed in details. Then, 
the SeNPs were characterized by transmission electron 
microscopy (TEM), X-ray diffraction (XRD) and UV–vis 
spectroscopy. Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and Fourier transform infrared 
(FTIR) spectroscopy were used to further explore the bio-
synthesis mechanism of SeNPs. E. coli BL21 (Gram nega-
tive) and Arthrobacter sp. W1 (Gram positive) were used to 
investigate the antibacterial property of the biosynthesized 
SeNPs.

Materials and methods

Materials

SeO2 was obtained from Chinese Sinopharm Chemical 
Regent Beijing Co., Ltd. Other chemical reagents were ana-
lytically pure.

The yeast LH-F1 (CGMCC No. 10367) was previously 
isolated and purified from the marine mud of Dalian in 
China, which was routinely cultivated with the modified 
martin medium (1.0 g L−1 NH4SO4, 1.0 g L−1 glucose, 
0.5 g L−1 MgSO4·7H2O and 1.0 g L−1 KH2PO4) (Tan et al. 
2014; Zhang et al. 2016).

Biosynthesis of SeNPs by yeast LH‑F1 cell‑free 
extracts

One milliliter of yeast LH-F1 at the end of logarithmic 
growth was added to 99-mL cultivation medium with contin-
uous shaking for 24 h (30 °C) under aerobic condition. Yeast 
LH-F1 cells were collected through centrifuge (12,000g, 
10 min, 4 °C), washed three times with 50-mM phosphate 
buffer saline (PBS), and resuspended with PBS. The resus-
pended yeast LH-F1 cell was broken by ultrasound (Ultra-
sonic Processor CPX 750, USA) for 60 min. The cell lysate 
was centrifuged (12,000g, 30 min) and then filtered through 
syringe Millipore filter (pore size: 0.45 μm, inner filtra-
tion membrane: PES, dia.: φ 13 mm) to obtain the cell-free 
extracts. The concentration of protein was tested by Bradford 
assays, which was used to indicate the concentration of yeast 
LH-F1 cell-free extracts (Qu et al. 2018). To biosynthesize 
SeNPs, 2-mM SeO2 was added to the 300 mg L−1 of protein 
(pH 7), and then the reaction was carried out under sustained 
shaking (30 °C) until a plateau was reached.

The influence of initial Se ion concentration on SeNPs 
synthesis was investigated using different concentrations 
of SeO2 with 0.5, 1.0, 2.0, 3.0 and 5.0 mM. As for the pH 
effects, the pH of PBS was adjusted to 5, 6, 7, 8 and 9. To 
investigate the effects of protein concentration on SeNPs 
synthesis, protein with different concentrations of 100, 200, 
300, 400 and 500 mg L−1 was prepared.

Characterization

SeNPs were characterized by several methods. The synthesis 
of SeNPs was demonstrated using Metash UV-9000 UV–vis 
spectrophotometer (Shanghai, China). TEM (FEI Tecnai 
G220 S-Twin, USA) was used to investigate the morphology 
and distribution of SeNPs. The D/max-2400 diffractometer 
(Rigaku, Japan) was used to analyze the crystalline structure. 
FTIR spectra of SeNPs and yeast LH-F1 cell-free extracts 
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were obtained using a FTIR spectrophotometer (Shimadzu 
IRPrestige-21, Japan). The inductively coupled plasma opti-
cal emission spectrometer (ICP-OES, Perkin-Elmer Optima 
2000 DV, USA) was applied to measure the concentration 
of SeNPs.

SDS‑PAGE analysis

SDS-PAGE was performed to assess the protein associated 
with the formation of SeNPs. The modified methods of the 
experiment were carried out according to Das et al. (2012). 
Briefly, SeNPs were synthesized by cell-free extracts, 
the unbound proteins were removed by centrifugation at 
14,000g for 20 min, and then washed three times with ster-
ile ultrapure water before resuspended in sterile ultrapure 
water. The resuspended SeNPs and original yeast LH-F1 
cell-free extracts would be used for SDS-PAGE analysis. 
Perform SDS-PAGE experiment with acrylamide gels (12%) 
as described by Laemmli (1970).

Antibacterial analysis of SeNPs

The antibacterial activity of SeNPs was performed using 
the modified disc method (Jayaramudu et al. 2013, 2017). 
First, Luria-Bertani (LB) medium was prepared by mixing 
10 g of sodium chloride, 10 g of peptone and 5 g of yeast 
extract powder in 1 L ultrapure water, then the pH of the 
medium was adjusted to 7. The last step was to mix 20 g 
of agar with the medium. The prepared agar medium was 
sterilized by autoclave (121 °C, 20 min) and poured into 
germfree glass petri dishes at room temperature. Further-
more, when the agar media solidified, 200 μL of E. coli 
BL21 (Gram negative) and 200 μL of Arthrobacter sp. W1 
(a Gram-positive bacterium that can reduce phenol hydroly-
sis in high-salt environment previously screened by our labo-
ratory) were spread on the surface of the media, respectively. 
Finally, different volumes (10 μL, 20 μL) of the SeNPs 
solution (6.232 mg L−1) were added to the inoculated glass 
petri dishes, and cultivated for 24 h at 37 °C with sterilized 
ultrapure water and PBS as control. During this period, the 
growth of bacterial colonies was observed and recorded.

Results and discussion

Effects of SeO2 concentration on SeNPs biosynthesis

Different concentrations of SeO2 (0.5–5 mM) were used to 
study the effects of SeO2 concentrations on SeNPs biosyn-
thesis. UV–vis spectra showed a characteristic absorption 
peak at around 560 nm, due to the surface plasmon reso-
nance (SPR) of SeNPs (Fig. 1, Table S1). The intensity of 
SPR peak increased with the incubation time, which was 

depending on the SeNP concentrations (Table S1) (Gates 
et al. 2002; Lin and Wang 2005; Qu et al. 2018). The stabi-
lization time of SeNPs synthesis was 84 h (0.5 mM), 120 h 
(1 mM), 132 h (2 mM), 132 h (3 mM) and 96 h (5 mM), 
respectively. With the SeO2 concentration increasing, the 
intensity of SPR peak tended to be stronger (0.5–2 mM) and 
then to be weaker (2–5 mM). Meanwhile, the solution color 
changed gradually with the incubation time, and the darkest 
color was obtained with 2-mM SeO2. The above-mentioned 
phenomenon could be related to the relative concentrations 
of the biomolecules and precursor in the reaction solution, 
which affected the processes of the selenium ions (Se-IV) 
reduction and Se-0 capping further (Lin and Wang 2005; 
Zhang et al. 2010). First, Se-IV was reduced to unstable 
Se-0 using cell-free extracts. And then some biomolecules 
could stabilize the Se nanocrystals and prevent the agglom-
eration of SeNPs (Lin and Wang 2005; Debieux et al. 2011). 
Therefore, it was possible to speculate that the amount of 
SeNPs synthesis decreased with the relatively high or low 
SeO2 concentration; thus, 2-mM SeO2 was considered as the 
optimal concentration in the present study. In summary, it 
could be inferred that SeO2 concentration had a significant 
effect on the formation of SeNPs.

Effects of protein concentration on SeNPs 
biosynthesis

To research the effects of protein concentration on SeNPs 
biosynthesis, yeast LH-F1 cell-free extracts with differ-
ent initial protein concentration (100–500 mg L−1) were 
used in the experiment. As shown in Fig. 2 and Table S2, 
as the protein concentration raised, the intensity of SeNPs 
SPR peak increased, and the color changed from yellowish 

Fig. 1   UV–vis spectra of stable SeNPs under different SeO2 concen-
trations (mM): 0.5 (84 h), 1 (120 h), 2 (132 h), 3 (132 h), 5 (96 h). 
The illustration exhibited the solution color at different SeO2 concen-
trations
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orange to deep red, indicating that the amount of SeNPs 
increased. Meanwhile, the stabilization time of SeNPs syn-
thesis became shorter (120–96 h), since the initial protein 
concentrations changed from 100 to 200 mg L−1. Similarly, 
as the initial protein concentrations continued increasing 
(300–500 mg L−1), the stabilization time of SeNPs syn-
thesis changed from 132 to 108 h (Table S2). The changes 
of SeNPs stabilization time could be related to the process 
of reduction and stabilization of Se-IV, which followed a 
sequential series of redox step ultimately leading to the syn-
thesis of SeNPs (Debieux et al. 2011). Butler et al. (2012) 
suggested that bacterial protein could function as stabilizing 
agents of SeNPs, which possibly provided reaction sites for 
SeNPs biosynthesis or a shell to prevent subsequent SeNPs 
aggregation (Butler et al. 2012). Due to low protein concen-
tration, it could be surmised that the reducing agents were 
not enough to reduce more Se-IV to the final step and the 
capping agents were relatively sufficient, leading to acceler-
ating of stabilization time. However, as the protein concen-
tration gradually increased, the reducing agents were enough 
to reduce more Se-IV to SeNPs, making the stabilization 
time of SeNPs synthesis get longer. Dobias et al. (2011) 
revealed that bacterial protein might become an important 
tool in the formation of SeNPs (Dobias et al. 2011). Simi-
larly, the present study indicated that protein concentration 
could distinctly influence both formation and stabilization 
processes of SeNPs.

Effects of pH on SeNPs biosynthesis

The relationship between SeNPs biosynthesis and initial 
pH was examined through the change of UV–vis spectra 

and solution color. As shown in Table S3 and Fig. 3, the 
SPR peak intensity and color depth of solution had obvi-
ous change with different pH (5–9). With low pH (5) or 
high pH (9), the solution had light color with weak SPR 
peaks. Among these different experiment groups, the SPR 
peak intensity was the highest when pH was 7. In UV–vis 
spectra, most of the corresponding SPR peaks of SeNPs 
were at about 560 nm with undetected difference, and the 
solution colors were yellowish orange (Table S3 and Fig. 3). 
However, when pH was 8, the corresponding peak had a 
significant red shift from 560 to 580 nm, and solution color 
turned to dark red, which could be directly attributed to 
the formation of big-size particles (Lin and Wang 2005). 
Besides, while the initial solution pH changed from 5 to 9, 
the stabilization time of SeNPs synthesis were all almost 
132 h except for 120 h at pH 9. It could be inferred that 
pH had a relatively small effect on the stabilization time of 
selenium synthesis. Che et al. (2017) revealed that bacterium 
Lysinibacillus sp. ZYM-1 could reduce Se-IV to Se nanoma-
terials at pH from 5 to 9, and the optimal pH was 7, which 
was similar to our results (Che et al. 2017).

Characterization of SeNPs

The TEM image showed that the SeNPs were almost quasi-
spherical and spherical with a good size distribution, while 
a small number of irregular SeNPs had also been obtained 
(Fig. 4). From TEM image, the edge length of the biogenic 
SeNPs ranged from 8.12 to 198.85 nm. The diameter was 
mainly distributed in 70–90 nm (the average particles size 
was 87.82 ± 2.71 nm). Shakibaie et al. (2010) demonstrated 
that most of SeNPs synthesized by bacteria isolated from the 

Fig. 2   UV–vis spectra of stable SeNPs under different protein con-
centrations (mg  L−1): 100 (120  h), 200 (96  h), 300 (132  h), 400 
(132 h), 500 (108 h). The illustration exhibited the solution color at 
different protein concentrations

Fig. 3   UV–vis spectra of stable SeNPs under different pH: 5 (132 h), 
6 (132 h), 7 (132 h), 8 (132 h), 9 (120 h). The illustration exhibited 
the solution color at different pHs
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sea were 80–220 nm in diameter, which was a bigger range 
than our results (Shakibaie et al. 2010).

A typical XRD pattern of SeNPs is displayed in Fig. 5. 
Eleven prominent peaks were obtained at 2θ values of 
71.54°, 65.21°, 61.62°, 55.94°, 51.56°, 47.84°, 45.20°, 
43.50°, 41.14°, 29.52° and 23.12°, corresponding to (113), 
(210), (202), (112), (201), (200), (111), (102), (110), 
(101) and (100) planes of the standard hexagonal phase of 
crystalline Se with average grain size of 13.7 nm (JCPDS 
No. 06-0362). The lattice constants were calculated as 
a (4.3745 Å) and c (4.95452 Å) (JCPDS No. 06-0362), 
which was corresponded to the hexagonal phase selenium 
(a = 4.366 Å, c = 4.9536 Å) (Srivastava and Mukhopadhyay 
2013). The peak signal corresponding to (101) plane was 

stronger than the others, suggesting that (101) plane was 
the primary orientation. The results revealed that the syn-
thesized SeNPs were composed of crystalline Se with high 
purity.

The functional groups in the yeast LH-F1 cell-free 
extracts might be responsible for the reduction of SeO2 to 
Se-0 and act as stabilizer to prevent biosynthesized SeNPs 
aggregation. From Fig. 6, the FTIR spectrum of SeNPs was 
very similar to the one of yeast LH-F1 cell-free extracts, 

Fig. 4   TEM image of SeNPs. The insert exhibited particle size distri-
bution histograms

Fig. 5   XRD analysis of SeNPs

Fig. 6   FTIR analysis of SeNPs and yeast LH-F1 cell-free extracts

Fig. 7   SDS-PAGE analysis of SeNPs and yeast LH-F1 cell-free 
extracts. Lane 2, bound proteins absorbed on SeNPs; lane 1, proteins 
of yeast LH-F1 cell-free extracts; lane M, standard protein molecular 
weight marker. Arrows indicated ~ 16 and ~ 21 kDa proteins
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showing absorption bands at ~ 3400, ~ 3300, ~ 2930, ~ 165
0, ~ 1540, ~ 1450, ~ 1390, ~ 1230, ~ 1150 and ~ 1070 cm−1. 
The bands at ~ 3400 cm−1 and ~ 3300 cm−1 were owed to 
the amide (–NH) groups or hydroxide (–OH) stretching 
vibration (Mishra et al. 2011; Zhang et al. 2016). The band 
at ~ 2930 cm−1 was the characteristic of stretching vibration 
of saturated aliphatic group (Ahmed et al. 2014). The weaker 
peaks at ~ 1740 cm−1 and ~ 1450 cm−1 were probably related 
to carboxyl groups (–COOH) (Ahmed et al. 2014; Tugarova 
et al. 2018). The bands at ~ 1450 cm−1, ~ 1540 cm−1and ~ 16
50 cm−1 should be related to amide III, amide II and amide 
I, respectively (Tugarova et al. 2018; Xia et al. 2018). The 
peaks appeared in finger print region (1200–900 cm−1) were 
probably corresponding to stretching vibration of C–OH 
or C–O–C groups (Ahmed et al. 2014; Shen et al. 2017). 
In addition, the peaks at ~ 2450 cm−1 and ~ 950 cm−1 did 
not appear in the FTIR spectra of SeNPs, but a new peak 
at ~ 1740 cm−1 appeared; it was speculated that some triple 
bands or double bonds in the yeast LH-F1 cell-free extracts 
were involved in the forming of SeNPs, and –COOH or 
–COOR might be the oxidation products. FTIR data indi-
cated that hydroxyl, carboxyl groups and amine might play 

a significant role in the SeNPs synthesis process. Tugarova 
et al. (2018) reported that polysaccharides and proteins in 
the biomacromolecules were coated on the SeNPs surface 
(Tugarova et al. 2018). Xia et al. (2018) demonstrated that 
SeNPs might contain organic substances, some lipids, pro-
teins and inorganic ions, which act as stabilizing agents to 
stabilize SeNPs (Xia et al. 2018). These reports were con-
sistent with our analysis results.

The results of SDS-PAGE showed that some protein 
bands were predominantly observed in yeast LH-F1 cell-
free extracts (Fig. 7, lane 1), but only two proteins with low 
molecular weight approximately ~ 16 and ~ 21 kDa were 
bounded on the surface of SeNPs (Fig. 7, lane 2). The pro-
teins detected on SeNPs were also presented in extracts, 
which could play the role of natural stabilizers and confer 
stability to synthesize SeNPs, while unbound proteins on 
the SeNPs surface could act as reducing agents (Fig. 7) (Das 
et al. 2012; Tugarova and Kamnev 2017). Malhotra et al. 
(2013) reported that certain small proteins were likely to 
play a significant role in the formation of metal nanopar-
ticles, and eventually converting them into nano-structure 
should be attributed to their presence or absence (Malhotra 

Fig. 8   Antibacterial activ-
ity of: a water (10 μL), PBS 
(10 μL) and SeNPs (10 μL); 
b water (20 μL), PBS (20 μL) 
and SeNPs (20 μL) on E. coli 
BL21 and c water (10 μL), PBS 
(10 μL) and SeNPs (10 μL); d 
water (20 μL), PBS (20 μL) and 
SeNPs (20 μL) on Arthrobacter 
sp. W1
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et al. 2013). Thus, it could be proposed that a variety of 
proteins from the surface of SeNPs were associated with 
the reduction and stabilization of SeNPs. However, the spe-
cific mechanism was not yet clear, and further studies were 
needed to understand the actual underlying mechanism of 
the metal nanoparticles synthesis.

Antibacterial activity

The antibacterial properties of SeNPs synthesized using 
yeast LH-F1 cell-free extracts were investigated on agar 
medium by detecting their ability of inhibiting the growth 
of Gram-positive bacteria Arthrobacter sp. W1 and Gram-
negative bacteria E. coli BL21. After 24-h incubation, 
results showed that inhibition zone of SeNPs was only 
found in Arthrobacter sp. W1 (Fig. 8c and d). The diam-
eters of antibacterial region were 0.05 mm and 1.2 mm 
by adding 10 uL and 20 uL SeNPs, respectively. Accord-
ing to previous literatures and the Standard Antibacterial 
methods (SNV 195920-1992), samples exhibiting more 
than 1-mm microbial inhibition zone can be considered to 
have a good antibacterial effect (Raghavendra et al. 2013; 
Jayaramudu et al. 2017). Therefore, the biosynthesized 
SeNPs could be effective in destroying the Gram-positive 
bacteria such as Arthrobacter sp. W1, which was also con-
sidered to have the excellent antibacterial activity. Singh 
et al. (2015) reported that the biosynthetic SeNPs showed 
good antibacterial activity against Bacillus sp., but not 
against E. coli (Singh et al. 2015). This result tallied well 
with ours.

Conclusion

A facile one-pot and effective green process for biogenic 
SeNPs was obtained using the yeast Magnusiomyces 
ingens LH-F1 cell-free extracts for the first time. In the 
present study, SeO2 2 mM, protein 500 mg L−1 and pH 
7 were preferable to the biosynthesis of SeNPs, and the 
effects of pH, SeO2 concentration and protein concentra-
tion on the synthesis process were different. The diam-
eter of spherical and quasi-spherical SeNPs was mainly 
distributed in 70–90 nm (the average particles size was 
87.82 ± 2.71 nm). The synthesized SeNPs were composed 
of standard hexagonal crystalline Se with high purity. 
Some biomolecules could play significant roles in SeNPs 
synthesis, which probably acted as reducing agents and 
capping agents. This research provides a novel path to 
identify the specific protein responsible for nanoparticles 
biosynthesis in potential yeast. Furthermore, the SeNPs 
exhibited an obvious antibacterial activity to Arthrobacter 

sp. W1, which provided reference for antimicrobial appli-
cation of biogenic SeNPs.
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