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Graphical abstract 

 

Highlights  

- A. brasilense is able to efficiently reduce toxic selenite to Se0S0-nanoparticles 

- Reduction was also possible in environmental waters supplemented with 

selenite 

- Biogenic nanoparticles are Se8-nSn structured spheres, most likely Se6S2 

- Se0S0- nanoparticles occur extracellularly with an average size of 400 nm 

- Se0S0-nanoparticles form a (destabilized) colloidal suspension (ζ-potential –

18 mV) 
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Abstract  

This study combines the interaction between the toxic oxyanions selenite and selenate 

and the plant growth promoting bacterium Azospirillum brasilense with a 

comprehensive characterization of the formed selenium particles. As selenium is an 

essential trace element, but also toxic in high concentrations, its state of occurrence in 

nature is of major concern. Growth of the bacterium was affected by selenite (1 – 

5 mM) only, observable as a prolonged growth lag-phase of 3 days. Subsequently, 

selenite reduction occurred under aerobic conditions resulting in extracellularly 

formed insoluble Se0 particles. Complementary studies by microscopic and 

spectroscopic techniques revealed the particles to be homogeneous and stable Se8-nSn 

structured spheres with an average size of 400 nm and highly negative surface charge 

of -18 mV in the neutral pH range. As this is the first study showing Azospirillum 

brasilense being able to biotransform selenite to selenium particles containing a 

certain amount of sulfur, even if environmental waters supplemented with selenite 

were used, they may significantly contribute to the biogeochemical cycling of both 

elements in soil as well as to their soil-plant transfer. Therefore, microbial 

biotransformation of selenite under certain circumstances may be used for various 

bio-remediation and bio-technological applications. 

 

Keywords: 

biogenic selenium nanoparticles, Azospirillum brasilense, selenite reduction, 

bioremediation, sulfur nanoparticles 
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1. Introduction 

In the present time, water contamination by substances such as heavy metals, toxic 

organics, radionuclides or nanoparticles poses an increasing problem of global 

concern, especially in drinking water treatment and in the purification of process 

water from many industrial applications [1]. For the improvement of water quality in 

the contaminated streams, detailed knowledge on chemical, biological and physical 

interaction of these noxious chemicals are mandatory. With respect to synthetic 

submicron- or nanoparticles in water matrices, respective knowledge is still limited. 

In this context, selenium with its ambivalent biologic characteristics is an especially 

challenging case. For living organisms, selenium is a key trace element, but the 

healthy level between selenium deficiency (< 40 µg/day) and acute selenium 

poisoning (> 400 µg/day) is rather narrow [2].  

Selenium can exist in different oxidation states. The oxyanions selenate [SeO4
2−] and 

selenite [SeO3
2−] represent soluble species in aqueous media, whereas the reduced 

species Se0 and Se2– form mainly colloidal particles or hardly soluble precipitates [3]. 

Chemical equilibrium speciation information on selenium oxidation state are 

challenging, discussed and summarized in “Chemical Thermodynamics of Selenium.” 

by OECD Nuclear Energy Agency [4]. The standard electrode potential of the redox 

couples are given in the supplementary information. Selenium is ubiquitous in natural 

environments (e.g. associated with various sulfide ores of copper, silver, lead, 

mercury and uranium) and has also anthropogenic origins, e.g. coal burning for power 

generation, agricultural irrigation of seleniferous soils [1, 5-8]. Besides the potential 

chemotoxicity, the isotope 79Se as a fission product with a long half-life (~3.27 × 105 

years [9]) is present in spent nuclear fuel. Several national reports for the long-term 
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safety assessment of high-level nuclear waste disposals show that 79Se is one of the 

radionuclides that dominate the long-term dose rate [10, 11].  

These days, selenium becomes more and more important for technological 

applications, in consequence of its photoelectric and semiconducting properties [5]. 

Respective releases from industrial process waters and wastes have to be considered, 

too. Eventually, to understand the cycling of selenium in the environment is of great 

importance for the well-being of humans as well as for saving resources. 

One possible way to address these hazards is to transform toxic soluble selenium 

species into insoluble selenium species like nanoparticles promoting their 

technological separation by sedimentation, coagulation and filtration. 

Reactions between selenium and microorganisms can significantly influence the 

selenium oxidation state and therefore the transport through geological environment. 

Recently, many investigations have shown that bacteria are able to form Se0 particles 

under anaerobic as well as aerobic conditions (e.g. Geobacter sulfurreducens, 

Veillonella atypical, Bacillus subtilis, Bacillus cereus, Shewanella putrefaciens, 

Agrobacterium sp., Pseudomonas aeruginosa, Stenotrophomonas maltophilia) [12-

19].  

In addition to the better separation of particulate selenium from water, nanoparticles 

attract special interest since their properties usually differ significantly from those of 

the bulk material. Especially Se0 nanoparticles have various attractive features, like 

higher biological activity [20], lower toxicity [21, 22] and larger surface area [23]. 

They have novel in vitro and in vivo antioxidant activities and provide new pathways 

for medical application like cancer treatment as well as anti-bacterial coating material 

[24-28]. In the photovoltaic and semiconductor industry Se0 nanoparticles are used 

because of their high particle dispersion and unique electrical and optical properties. 
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Other practical applications in the field of nanotechnology are under development [23, 

27, 29] Finally, recent studies have shown Se0 nanoparticles being good adsorbents 

for heavy metals such as Zn, Hg or Cu [29-31]  

In the present study, the interaction of SeO3
2− and SeO4

2ˉ with the plant growth 

promoting rhizobacterium Azospirillum brasilense was investigated, which were 

reported to have the ability to form Se0 nanoparticles [32, 33] earlier. As this 

bacterium might be used for biological fertilization also in regions with heavily 

selenite-loaded soils, its influence on the transfer of the toxic selenium oxyanion as 

well as the reduction potential needs to be further elucidated. As it was reported that 

Azospirillum forms the Se0 particles mainly inside the cells [32, 33], this bacteria 

might be helpful to prevent migration of (radio)toxic selenium through soil and water, 

as the selenium remains entrapped inside the biomass [34, 35]. Kamnev et al. [36] 

used A. brasilense to obtain extracellular Se nanoparticles, which were than further 

characterized by infrared spectroscopy and electron microscopy. In this study, after 

comparable growth experiments to Tugarova et al. [32, 33] special focus was set on  

the physico-chemical and structural characterization of the formed Se0 particles, 

confirming results already reported, but revealing also some more profound and 

interesting new structural aspects on the Se particles. The formation of hardly soluble 

Se(0) particles during reduction of selenium oxyanions might be of interest for an 

industrial application. Moreover, if the Se0 particles will be released from the biomass 

(e.g. cell death), the mobility of the selenium particles in the environment will be 

governed by their physico-chemical properties. 

So in this study, the elemental selenium particles for further investigation were 

produced by Azospirillum brasilense. The process of microbial selenium reduction 

was tracked by inductively coupled plasma mass spectrometry (ICP-MS), hydride 
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generation atomic absorption spectrometry (HG-AAS) and light microscopy. 

Scanning and transmission electron microscopy (SEM and TEM) with energy 

dispersive X-ray (EDX) microanalysis, Raman spectroscopy, X-ray absorption 

spectroscopy (XAS) and UV/Vis spectroscopy (UV/Vis) as well as zeta potential 

measurements and photon correlation spectroscopy (PCS) were used to characterize 

the formed selenium particles. 

2. Material and methods 

2.1 Medium and growth conditions 

Growth medium for Azospirillum brasilense (DSMZ 1843) was a malate-containing 

Azo-medium (DSMZ 2007). Medium components (yeast extract 0.05 g, 

K2HPO4 0.25 g, FeSO4 · 7 H2O 0.01 g, Na2MoO4 · 2 H2O 1.00 mg, 

MnSO4 · H2O 2.00 mg, MgSO4 · 7 H2O 0.20 g NaCl 0.10 g, CaCl2 · 2 H2O 0.02 g, 

(NH4)2SO4 1.00 g, Biotin 0.10 mg) were solved in 950 ml distilled water and pH was 

adjusted to 7.1 before autoclaving. After sterilization 25 ml each of filter-sterilized 

20% glucose and 20% Na-malate were added. 

Cells were grown under aerobic conditions in liquid medium in flasks on a rotary 

shaker at 100 rpm at 30 °C. 

2.2 Incubation with selenate and selenite 

For growth experiments in the presence of selenate and selenite, pre-cultured cells 

were inoculated into 250 mL flasks containing 150 mL of Azo-medium reaching a 

starting optical density at 600 nm (OD600) of 0.25. The different concentrations of 

selenite (1 mM to 5  mM) or selenate (1 mM) in the assay were obtained by addition 

of the required volume of stock solutions of 0.1 M Na2SeO3 · 5 H2O or 0.1 M 

Na2SeO4. Two replicates of each concentration were incubated as described above 
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and sampled at intervals. Samples were assayed for bacterial density, whole cell 

protein concentration, selenite and selenate. 

 

2.3 Analysis 

The optical density of the cell suspension was measured at 600 nm with a UV/Vis-

spectrophotometer (Ultrospec 1000, Pharmacia Biotech). Additionally, cell growth 

was monitored by determination of whole cell protein concentration to overcome 

interference from Se particles in spectrophotometric measurement of optical cell 

density. Therefore, 2 mL of bacterial suspension were centrifuged first slowly for 

10 min at 1000xg, to separate most of Se particles from bacterial cells, and then for 

10 min at 10,000×g and washed twice with 0.1 M NaCl. The cell pellet was then 

suspended in 500 µL cell lysis buffer (NaCl 9 g/L, NaOH 12 g/L) and incubated for 

10 min at 90 °C. Afterwards the suspension was cooled in an ice bath and centrifuged 

again. From the supernatant 50 µL were used for bicinchoninic acid (BCA) protein 

assay. 

Selenite concentrations were determined using hydride generation atomic absorption 

spectrometry (HG-AAS) and total selenium concentration was measured by 

inductively coupled plasma mass spectrometry (ICP-MS). For this, bacteria and other 

particles were separated from medium by centrifugation at 10,000×g for 10 min. 

Cells were separated from the Se particles by a modified protocol according to 

Oremland et al. [37]. Therefore the cell suspension was ultrasonicated at 100 W for 

2 min and centrifuged at 1500×g for 30 min. The sediment was resuspended, 

ultrasonicated and centrifuged sequentially in 0.5 M NaCl, 0.5 M sucrose and in salt 

solution with pH 7.5 (NaCl 17.5 g/L, KCl 0.74 g/L, MgSO4 · 7 H2O 12.3 g/L, Tris 

base 0.15 g/L). Cells were then lysed in 35 mL salt solution by the addition of 0.02 g 
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lysozyme and incubation for 19 h at room temperature. The lysed cells were washed 

away from the Se0 particles by sequential centrifugation (9000×g, 15 min), 

resuspension, ultrasonication and incubation (2 h) in salt solution, 0.25 M NaOH, 

0.1 M NaOH, 10 mM Na2HPO4 (pH 7.3) and deionized water. For characterization 

the cleaned Se0-nanoparticles were resuspended in deionized water. 

 

2.4 Electron microscopy with energy dispersive X-ray analysis  

Samples for scanning electron microscopy (SEM) were either washed with PBS 

(NaCl 8 g/L, KCl 0.2 g/L, NaHCO3 · 2 H2O 1,8 g/L, KH2PO4 0.24 g/L, pH 7.4), fixed 

with 2% glutaraldehyde for 1 h and washed with deionized water or just washed two 

times with deionized water before mounting aliquots of 5 µL on silicon wafers. The 

fixation procedure was carried out for a better visualization of the bacteria in presence 

of the formed nanoparticles. For transmission electron microscopy (TEM) of the Se0 

particle suspension, carbon-formvar-coated copper grids (Plano, Wetzlar, Germany) 

were used as sample support. 

Scanning electron microscopy was performed using a S-4800 microscope (Hitachi) 

operated at an accelerating voltage of 10 kV. For qualitative chemical analysis of the 

Se nanoparticles, energy dispersive X-ray spectroscopy analysis was carried out by 

means of a conventional Si(Li) detector with S-UTW window (Oxford Instruments) 

attached to the SEM. Transmission electron microscopy investigations were 

performed with an image Cs-corrected Titan 80-300 microscope (FEI) at an 

accelerating voltage of 300 kV. Employing a Li-drifted silicon detector (EDAX) in 

STEM mode, EDX measurements were performed for qualitative chemical analysis. 
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2.5 Raman spectroscopy 

Raman spectroscopic measurements of the Se0 particle suspensions were carried out 

with a Raman microscope (HORIBA Jobin Yvon LabRAM Aramis Vis) using a 

HeNe-Laser (633 nm) with an output energy of 0.17 mW as light source. 

2.6 Photon correlation spectroscopy 

Photon correlation spectroscopy was carried out by a Nano Zetasizer (Malvern 

Instruments) with a laser beam of 633 nm, a scattering angle of 173°, and at 22°C. 

The ζ-potential and hydrodynamic diameter (HDD) were calculated by DTS software 

(Malvern Instrument) using electrophoretic mobility. The general purpose algorithm 

in the DTS software was used for calculating the size distribution. 

2.7 X-ray absorption spectroscopy 

For complementary chemical characterization of the formed selenium particles X-ray 

absorption spectroscopy (XAS) was applied. Selenium K-edge XANES (X-ray 

Absorption Near-Edge Structure) and EXAFS spectra were collected at the 

Rossendorf Beamline at ESRF (Grenoble, France). Further details on the sample 

preparation, experimental XAS setup and data analysis are compiled in 

Jordan et al. (2014) [38]. The XAS data were analyzed using the SIXpack [39] and 

WinXAS [40] program as application software and the theoretical phase and 

amplitude functions of the spectra were calculated with the FEFF 8.20 code [41] 

based on a references selenium red (nanoparticulate) (AcReDaS 00000059). 
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3. Results and discussion 

3.1 Evaluation of reducing ability and growth of Azospirillum brasilense on 

selenite and selenate  

To determine the reducing ability of A. brasilense for selenate and selenite, the 

bacterium was grown in the presence of 1 mM sodium selenate and sodium selenite, 

respectively. As shown in Figure 1A, selenate was not reduced by A. brasilense. The 

slight increase of selenate concentration over time can be attributed to evaporation of 

medium during incubation. The growth behavior of the cells in presence of toxic 

selenate was similar to control cell suspensions without selenium oxyanions in the 

medium (data not shown). As the growth of the bacterium at this selenate 

concentration was not affected it can be considered being non-toxic.   

 

In contrast, toxic selenite was reduced by A. brasilense under aerobic conditions to 

non-toxic elemental red selenium particles which was indicated by a change in color 

of the cell suspension to orange-red compared to the slightly red of the control cell 

suspension. That the reduction of selenite is due to bacterial activity is concluded 

from results shown in Figure 1 and from control experiments with selenite in medium 

lacking bacteria (data not shown). Because of the selenite toxicity, growth of the 

bacteria was inhibited for two days. During this prolonged lag-phase, no selenite 

reduction or oxidation occurred. Shortly after the start of cell growth, selenite was 

reduced continuously. The higher biomass content at the end of the incubation 

compared to selenate sample can be explained by the increased production of proteins 

necessary for selenite reduction and nanoparticle stabilization. 

In addition, the selenite toxicity was tested by adding different selenite concentrations 

(1 mM, 2.5 mM, 5 mM) to the bacterial suspension and monitoring of their influence 
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on cell growth. Results indicate that an increase of selenite concentration further 

prolonged the lag-phase of growth: from 2 days for 1 mM selenite to 6 days for 

2.5 mM and 5 mM selenite (data not shown). Afterwards, selenite reduction started 

slowly which could be seen by a change of culture color and determination of selenite 

concentration by HG-AAS. However, a definite lethal selenite concentration was not 

determined within the investigated concentration and time range. In general, results 

agree well with literature data from Tugarova et al. [32, 33] who described growth 

inhibition of A. brasilense up to 42 h of cultivation in presence of selenite 

concentrations up to 1 mM followed by a bacterial selenite reduction to elemental red 

selenium nanoparticles. For a concentration of 10 mM no growth was observed [32, 

33]. Compared to other bacteria [17, 42] which tolerate higher selenite concentrations, 

A. brasilense is more sensitive to Se-toxicity and consequently exhibits a lower 

reduction rate. 

In an additional experiment (supplementary data), the selenite reduction capability of 

A. brasilense in the two environmentally occurring waters Spree river water (SW; 

Sohland, Saxony, Germany) and mine water of Königstein (KW; Königstein, Saxony, 

Germany) supplemented with 1 mM selenite were investigated. The bacteria grew in 

both waters (Figure S 1) and were able to reduce selenite to 20% and 55% of the 

initial concentration within 9.5 days (Figure S 2) accompanied by the formation of 

selenium particles (Figure 3). The differences in the selenite reduction capability 

within these two waters can be attributed to the prolonged lag-phase in KW compared 

to SW which might be due to the higher heavy metal load in KW (e.g. U 13 mg/L, Pb 

0.6 mg/L, Zn 4 mg/L). This first experiment shows the potential of microbial 

biotransformation of selenite for bio-remediation purpose.  

 



 - 13 - 

3.2 Localization and structural characterization of the microbial formed 

selenium particles 

Light microscopic observations of A. brasilense cultured in presence of selenate and 

selenite indicated that reduction of selenite leads to production of red selenium 

particles in the growth medium, whereas selenate had no visible effect on the cultures. 

A closer look on both bacterial suspensions with SEM (Figure2 A & B) confirmed the 

first impression, as no morphological changes of the bacteria in the presence of 

selenate or selenite were observed. However, the micrographs of the cultures grown in 

the presence of selenite demonstrate the formation of spherical extracellular particles 

(Figure 2B). This observation is in contrast to the mainly intracellular Se0 particles 

seen by Tugarova et al. [32, 33] after the reduction of selenite by Azospirillum 

brasilense. Cell lysis can be an explanation for occurrence of extracellular particles 

[33]. In this study particles were never seen inside the cells and the observed number 

of extracellular particles and intact cells gives rise to the assumption that enzymatic 

reactions occurring next to the cell surface or in the surrounding medium are 

responsible for the selenite reduction. However, it cannot be ruled out that selenite 

reduction starts inside the cells followed by secretion of small particles (< 100 nm) 

which grow further outside the cells as described for S. maltophilia [19]. 

To minimize the biological interference for the chemical microanalysis by EDX, the 

formed particles were isolated from the biomass using a modified procedure 

following Oremland et al. [37]. Electron microscopy of the isolated particles (Figure 

2C & D) confirmed the spherical shape in the nano-size range with a high 

morphological homogeneity.  

EDX spectra of the spherical particles (Figure 2E) display the characteristic X-ray 

emission lines for selenium with peaks at 1.4 keV (Lα), 11.2 keV (Kα) and 12.5 keV 

(Kβ) [37]. Furthermore, signals for silicon, oxygen, copper and sulfur were detected. 
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While the silicon signal is caused by the substrate used for SEM sample preparation, 

the copper signal can be explained by fluorescence excitation of the TEM support 

grid. For TEM, silicon and oxygen are also detected next to the Se particles. The 

detection of sulfur indicates an involvement of sulfur into the formation of selenium 

particles. The majority of investigations concerning the microbial reduction of 

selenite to particular Se0 postulated biologically formed pure Se nanospheres [17], 

which were structurally unique compared to elemental selenium formed by chemical 

synthesis [37]. However, globules with a mixed sulfur–selenium content have been 

described by Nelson et al. [43] for sulfur-accumulating bacterium Chromatium 

vinsosum.  

Raman spectroscopy was used to verify a possible formation of selenium–sulfur 

particles by A. brasilense. Spectra recorded at wavenumbers from 200 to 550 cm−1 

provided a direct characterization of the structure of the molecular unit in Se8-nSn 

mixed crystals [44]. The Raman spectrum of the isolated particles is characterized by 

two bands, where the band at 257 cm−1 can be assigned to the symmetric bond-

stretching mode of a Se chain [45] and the second band at 356 cm−1 to S–Se stretching 

vibrations [44]. In comparison with the Raman spectra published by Eysel and Sunder 

[44], who studied a homologous series of various SenS8-n mixed crystal compounds, 

this data corresponds excellently to the spectrum of the Se6S2 species. Similar to 

literature, the spectrum is only characterized by the stretching vibration of Se–Se and 

S–Se interactions. Furthermore, the typical S-S stretching band (≈ 450 cm−1) is 

missing in the Raman spectrum, which would be correlated with high sulfur content in 

the mixed crystals. In addition to the results from EDX microanalysis, the Raman data 

clearly confirm the biogenesis of selenium–sulfur particles by A. brasilense.  
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The selenite reduction experiments conducted in two environmental waters 

(supplementary data) and the characterization of the formed isolated spheres with 

STEM-EDX (Figure 3) suggest that the formation of the nanoparticles with mixed 

selenium-sulfur content strongly depends on the available sulfur concentration. In 

case of low sulfate concentration (≤ 300 mg/L) in Spree river water (SW), the EDX 

spectrum (Figure 3D) of the biogenically formed spheres displays the characteristic 

X-ray emission lines for selenium suggesting pure selenium nanoparticles. In contrast, 

at high sulfate concentration (850 mg/L) in mine water of Königstein (KW), the 

additional presence of the sulfur emission line at 2.3 keV (Kα) in the EDX spectrum 

of Figure 3C suggests mixed selenium-sulfur particles. These results in natural waters 

are in good agreement with the formation of selenium–sulfur particles in the Azo-

Medium with a sulfate concentration of 800 mg/L.  

To clarify the oxidation state of the Se particles formed by microbial reduction of 

selenite in the growth medium and for verification of sulfur contribution to the 

particle formation, XAS was performed. An X-ray Absorption Near Edge Structure 

(XANES) edge energy of 12656 eV as well as the overall shape of the white line and 

post-white line features confirm the zero-valent oxidation state of the A. brasilense Se 

nanoparticle sample (NP) (Figure 4A, Table 1) [46].  

The Fourier transform magnitude (Figure 4B) shows the typical strong backscattering 

peak from the two coordinating Se neighbors of the 8-rings typical for red 

(amorphous) Se0. In comparison to a red Se0 standard, the peak is shifted to slightly 

lower R and has a lower amplitude. This is reflected (cf. Table 1) by the fitted Se-Se 

distance of 2.34 Å, i.e. 0.02 Å shorter than the reference, and a higher static disorder 

(σ2 of 0.0035 Å2 in comparison to 0.0025 Å2 for the reference). Both features are in 



 - 16 - 

line with a partial S-for-Se substitution in the 8-rings. A fit with an additional Se-S 

shell, however, failed. 

Table 1: Se-K edge XANES edge energies and EXAFS fit data. 

Sample E/eV Path CN R/Å 2/Å2 ∆E0/eV %R 

A. brasilense NP’s 12655.9 Se-Se 2.2 2.34 0.0036 7.7 2.9 

Red Se0 12656.1 Se-Se 2.2 2.36 0.0025 12.6 0.8 

 

 

3.3 Size and physical properties of the microbial formed Se8-nSn structured 

particles 

The size of the isolated particles could be estimated from the electron micrographs, 

but for a statistically significant determination of the particle size distribution PCS 

measurements were conducted. Isolated particles formed by A. brasilense within two 

experiments showed a particle size ranging from 200 to 800 nm. The majority of the 

particles have a diameter of around 400 nm (Figure 5).  

So, the observed particle size range in our study was larger than the one reported for 

various other microorganisms [17, 18, 32, 33, 37] typically ranging from 150 nm to 

400 nm. If the definition of nanoparticle is adhered strictly, particle size would be 

limited to 100 nm or smaller [47]. Hence, the microbially produced selenium-sulfur 

particles in this study are better classified as submicron particles. 

In another experiment, mean particle size in dependence on cultivation time was 

investigated. Therefore, during two cultivations of A. brasilense with selenite, 

samples were taken after different time intervals, particles were subsequently isolated 

and afterwards investigated by PCS. As shown in Figure 6, at the 3rd day of 

cultivation, the particles had a smaller mean diameter with 200 nm compared to the 



 - 17 - 

particles formed for the rest of the investigated time characterized by a size of 

330 nm.  

So, particle growth under the investigated conditions is limited somehow, although 

the availability of selenite was still given with around 60% of initial amount left after 

6 days of A. brasilense cultivation (Figure 1). The limitation in particle size might be 

due to presence of extra polymeric substances (EPS), capping the Se-S particles [36, 

48]. Jain et al. [48] suggested that a larger size of some EPS-capped Se particles 

might be due to sub-optimal EPS-to-elemental Se ratio during formation of Se 

nanoparticles. The increase in particle size up to day 6 could be explained by a non-

sufficient amount of potential capping polymers. Than with further increase in 

biomass (Figure 1) the amount of available capping polymers increased to a sufficient 

quantity compared to existing elemental selenium particles which lead to stopping 

growth of Se particles. 

Further characterization of the Se-S particles was done by zeta potential 

measurements over a pH-range from 1 to 7. Figure 7 shows that the surface charge of 

the Se-S particles is negative over the whole investigated pH range. Starting with 

­3 mV at pH 1, the zeta potential decreased down to -18 mV at pH 7. 

As the microbial reduction of selenite occurred while the pH shifted from 7.5 to 9.5, it 

is obvious that the Se-S particle formation and stabilization was favored by the high 

negative surface charge [17]. The negative surface charge can be attributed to 

organics (e.g. proteins, carbohydrates, extracellular polymeric substances – EPS) [48] 

covering the selenium particles. The recently published study of Kamnev et al [36] 

proofed biopolymers like proteins, polysaccharides and lipids to be associated with Se 

particles formed by Azospirillum brasilense. Additionally, a negative zeta-potential of 

-21 to -24 mV for another A. brasilense strain was mentioned in this study. The 
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negative ζ-potential value of the Se-S nanoparticles at pH values below 5.5 indicates a 

contribution of a large number of carboxylic acid groups to the covering organic layer 

[48]. This organic cover is clearly a result of bacterial metabolism as chemically 

formed Se0, e.g. by reduction of selenite with hydroxylamine in the used A. brasilense 

medium without bacteria, tends to form amorphous aggregates with a rapid 

sedimentation [37]. However, the Se8-nSn containing spheres showed long-time 

stability of some months in Milli-Q water and slow sedimentation as they repel each 

other as a result of the highly negative surface charge [17, 49]. The colloidal 

properties of selenium nanoparticle suspensions will also influence their 

environmental fate and the bioremediation effectiveness. Regarding the colloidal 

stability, the particles described in this study with a maximum ζ-potential of -18 mV 

are in between the colloidal stable (< -30 mV) and destabilized (< -15 mV) state [49]. 

This might be due to the presence of a monovalent counter cation, Na+ (0.1 M NaCl), 

during the ζ-potential measurement and is in good agreement with values reported in 

literature under those conditions [48, 49]. So, for bioremediation purpose and 

modelling of migration behavior of Se0 particles in natural waters, the pH as well as 

presence of counter cations and dissolved organic matter have to be taken into 

account for a reliable prediction of colloidal stability and settling behavior caused by 

particle agglomeration [49]. 

4. Conclusions  

Azospirillum brasilense belongs to the group of bacteria able to reduce selenite under 

aerobic conditions to extracellular spherical Se8-nSn structured particles in the 

submicron range. These results suggest that Azospirillum as a plant growth promoting 

rhizobacterium may help to prevent accumulation of selenium in crops cultivated on 

selenium-contaminated soils. Nevertheless, the cells are sensitive to the toxicity of 
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selenite as indicated by the growth profiles showing a prolonged growth lag-phase in 

presence of selenium. Because of this, an application of Azospirillum for remediation 

of selenium-contaminated water and soil in general is possible, but other bacterial 

strains, less sensitive to selenite and also able to reduce selenate, might be more 

useful.  

The structure of the formed spherical particles is to our knowledge unique as there are 

no reports about bacteria forming Se particles containing a certain amount of sulfur. 

Comparison with Raman literature data suggests the formation of Se6S2 containing 

particles, but the amount of incorporated sulfur might vary depending on the 

cultivation conditions (e.g. sulfate concentration in medium or environmental water). 

Once formed, the Se8-nSn structured particles are stable over several months as 

(destabilized) colloidal suspension because of the negative surface charge. For 

treatment of selenium-contaminated wastewater and migration behavior of selenium 

in the environment, this colloidal stability is unfavorable. As the particles occur 

extracellularly, they will not be entrapped in the biomass, do not settle fast enough as 

the surface charge leads to repulsion of the particles, and by this, selenium remains 

mobile to a certain amount although being less toxic.  

Future studies are required to investigate the mechanism of aerobic microbial selenite 

reduction by Azospirillum. This is important to gain control over the biosynthesis, 

size, structure and stability of the particles considering their applications in 

nanobiotechnology, medicine as well as for the estimation of the migration of 

selenium through the environment in the context of risk assessment for the final 

disposals of nuclear waste.   
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Figure 1: Growth profiles of A. brasilense and corresponding selenate (A) and selenite 

(B) concentration in percent of initial applied 1 mM. Average values of 

four selenate and three selenite experiments and corresponding standard 

error are given. 
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Figure 2: : Micrographs of Azospirillum brasilense and Se particles (A-D) with 

corresponding EDX (E) and Raman spectra of isolated Se particles (F). 

SEM image of A. brasilense with 1 mM selenate (A) and 1 mM selenite 

(B), SEM and TEM image of isolated Se particles (C & D). 
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Figure 3: High-angle annular dark-field scanning TEM micrographs of isolated Se 

particles (A-B) with corresponding EDX spectra (C-D) obtained from the 

regions marked with a black square. Particles were biogenically formed by 

A. brasilense in environmental waters with differing sulfate concentrations 

supplemented with 1 mM selenite. A & C: mine water from Königstein 

(KW) with 850 mg/L sulfate; B & D Spree river water (SW) with ≤ 300 

mg/L sulfate. 
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Figure 3: Se-K XAS spectra of microbially formed Se-S-particles. A: XANES, B: 

EXAFS Fourier Transform magnitude and k3-weighted EXAFS spectra as 

insert. 
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Figure 4: Se8-nSn containing particle size distribution of two selenite reduction 

experiments determined with PCS. 
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Figure 5: Mean Se8-nSn particle size at different time points of bacterial growth in two 

identical selenite reduction experiments (1 mM). 
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Figure 6: Zeta potential of Se8-nSn particles (200 nm at pH 7.1) of two identical 

selenite reduction experiments (1 mM) as function of pH in 0.1 M NaCl 

solution. 

 


