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Nano impact 

Selenium is an important element for dietary needs and technological applications, 

however, it is toxic to aquatic ecosystem at 5 µg L–1. Both biogenic elemental 

selenium nanospheres and nanorods are formed during the biological treatment of 

selenium-laden wastewaters and thus, are present in the effluent of the bioreactor. 

This study, for the first time, demonstrated that the colloidal stability of the selenium 

nanomaterials is dependent on their shape and consequently affecting their fate in 

the environment and bioremediation effectiveness. This study also highlights the role 

of extracellular polymeric substances in providing different colloidal stability to 

differently shaped selenium nanomaterials and thus threw light on the complexity of 

the interaction of large biomolecules with differently shaped nanomaterials. 
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Abstract 

Selenium is an important element for technology and dietary supplements but it is toxic at 

slightly higher concentration. Thus, its removal from the wastewaters is important. 

Microbial reduction of selenium oxyanions in thermophilic bioreactor (55 oC) removed 

higher selenium when compared to the control mesophilic bioreactor (30 oC). This study 

demonstrated that the better performance of the thermophilic bioreactor was due to the 

better settling properties of biogenic elemental selenium nanorods (BioSe-Nanorods) 

produced in thermophilic conditions compared to biogenic elemental selenium 

nanospheres (BioSe-Nanospheres) produced in mesophilic conditions. The BioSe-

Nanorods were less colloidally stable than the extracellular polymeric substances (EPS) 

capped BioSe-Nanospheres as demonstrated by the former's lesser negative zeta 

potential values when exposed to elevated concentrations of NaCl and CaCl2 as well as 

better settling in different lake waters. The lower colloidal stability was due to a lesser 

negative surface charge density of BioSe-Nanorods compared to BioSe-Nanospheres. 

This study also argued that the EPS were the corona of BioSe-Nanorods as well. Further, 

this study observed that the formation of BioSe-Nanorods proceeds via BioSe-

Nanospheres. This study demonstrates the importance of the shape of nanoparticles in 

determining their bioremediation effectiveness and the fate in the environment. 

Keywords: Surface charge density, ζ-potential, microbial reduction, selenium nanorods, 

DFT 
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INTRODUCTION 

Selenium is a double-edged sword element: on one hand it is essential for human health 

(40 µg day–1)1, but at a 10 times higher concentration it is toxic (400 µg day–1)2. For 

aquatic organisms and birds, selenium concentrations of as low as 5 µg L–1 in the water 

phase lead to adverse effects on their health including mortality due to bioaccummulation.3 

Therefore, the United States Environmental Protection Agency has the recommended 

discharge limit of 5 µg L–1 for selenium laden wastewaters.4 Microbial reduction of 

selenium oxyanions to biogenic elemental selenium is a promising technology for 

treatment of selenium laden wastewaters prior to their discharge.5–7  

The biological reduction of selenium oxyanions in the mesophilic (temperature range of 25 

- 37 oC) leads to the formation of red, (mostly) amorphous and always spherical biogenic 

elemental selenium nanoparticles (BioSe-Nanospheres) with a diameter of 50-300 nm8–11. 

These BioSe-Nanospheres are colloidally stable owning to a corona of extracellular 

polymeric substances (EPS) coating the elemental selenium particles.8 The presence of 

this EPS corona leads to a higher mobility of the BioSe-Nanospheres, thus resulting in a 

higher total selenium concentration in the effluent of the bioreactor.9 On the contrary, 

Dessí et al (2016)12 showed that the reduction of selenate in a thermophilic bioreactor at 

55 oC resulted in a lower total selenium concentration in the effluent compared to control 

bioreactor operated at 30 oC under similar conditions. Further, the study observed the 

formation of biogenic elemental selenium nanorods (BioSe-Nanorods) in the thermophilic 

bioreactor (55 oC), while BioSe-Nanospheres were formed in the control mesophilic 

bioreactor (30 oC). However, this study could not identify the reasons for the lower total 

selenium concentrations in the effluent of thermophilic bioreactor. The identification of this 

reason is important not only to improve the remediation effectiveness of the biological 
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treatment technology for selenium removal from wastewaters, but also to understand the 

fate of selenium nanomaterials in the environment.  

This study hypothesized that the change in the shape of the biogenic elemental selenium 

nanomaterials from spheres to nanorods led to the change in their colloidal stability 

leading to their different settling properties. The shapes of the nanomaterials affects their 

interaction with the biomolecules including proteins, lipid bilayers and EPS13–15, especially 

when the nanomaterials are in higher aspect shapes such as nanorods16. The differences 

in these interactions of biomolecules with nanomaterials (electrostatic, steric, and other 

forces) due to their shape affect the properties of the interacting biomolecule.17 The 

changes in the structure and composition of the biomolecules upon interaction with the 

nanomaterials affect the properties of the corona present on the nanomaterials and 

consequently the properties of nanomaterials18 leading to possibly different surface charge 

density and colloidal stability. 

However, there are no different studies comparing the colloidal properties of BioSe-

Nanospheres and BioSe-Nanorods. Further, the BioSe-Nanorods formation and their 

characterization was never carried out. Thus, prior to comparing the colloidal properties of 

BioSe-Nanorods and BioSe-Nanospheres, this study described the formation of BioSe-

Nanorods as well as their surface characterization. The formation of BioSe-Nanorods 

during the microbial reduction of selenite by anaerobic granular sludge at 55 oC was 

studied by means of Scanning Electron Microscopy coupled with Energy-Disperse X-ray 

Spectroscopy (SEM-EDXS), Raman Spectroscopy and Infrared Spectroscopy (FT-IR). 

The surface charge of BioSe-Nanorods was studied by acid-base titration and zetametry. 

Settling experiments and ζ-potential measurements were carried out for both BioSe-
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Nanorods and BioSe-Nanospheres. To gain insights into the interaction between 

biomolecules and nano-selenium, density functional theory (DFT) calculations were 

performed on clusters of Se8 ring proxies for BioSe-Nanospheres and Se8 helical selenium 

chains as proxies for BioSe-Nanorods to determine the charge distribution on selenium 

clusters. 

EXPERIMENTAL 

BioSe-Nanospheres and BioSe-Nanorods production and purification 

BioSe-Nanospheres and BioSe-Nanorods were produced by the reduction of selenite in 

the presence of anaerobic granular sludge under anaerobic conditions at, respectively, 308 

and 55 oC. The produced nanomaterials were purified as follow: the biomass was 

separated from the nanomaterials by decanting and centrifugation at 3,000 g for 15 

minutes. The collected supernatant was concentrated by centrifugation at 37,000 g 

followed by sonication and hexane separation.8 The selenium concentration in the BioSe-

Nanospheres and BioSe-Nanorods was measured by ICP-MS as described in Jain et al. 

(2015).8  

Characterization of BioSe-Nanorods 

Transmission electron microscopy (TEM) analyses and IR spectroscopy measurements 

were carried out after the purification of BioSe-Nanorods. After 4 times concentrating the 

selenium nanomaterial present in the incubation bottles without purification (Figure 1a - 

1f), time-dependent SEM-EDXS and Raman spectroscopy measurements were carried 

out. XRD of BioSe-Nanorods was carried out by drying the purified BioSe-Nanorods at 

room temperature and grinding the powder before the measurements. ζ-potential versus 
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pH profiles and acid-base titrations of BioSe-Nanorods were carried out at selenium 

concentrations of 16.5 mg L－1 and 163.4 mg L－1, respectively. 

Experiments on the colloidal stability of BioSe-Nanospheres and BioSe-Nanorods 

The final concentration of BioSe-Nanospheres and BioSe-Nanorods used for the 

measurement of the ζ-potential when exposed to the increasing NaCl and CaCl2 

concentrations was 10 mg L－1. The starting pH of both the BioSe-Nanospheres and 

BioSe-Nanorods was 7.3 (± 0.2). 2.5 mL of selenium nanomaterial was mixed with 

different concentrations and volumes of NaCl and CaCl2 to achieve the desired salt 

concentrations. The final volume was made to 3.0 mL after adding MQ water, if required. 

The equilibrium pH was not controlled so as not to interfere in the reaction between the 

selenium nanomaterials and the salts. 

Settling experiments of BioSe-Nanospheres and BioSe-Nanorods 

The neutral lake water, acidic lake water and seawater were artificially prepared by mixing 

different salts at different concentrations as described in earlier studies.19–21 The pH of 

acidic lake water, neutral lake water and sea water was, respectively, 5.0, 8.6 and 7.9. 5 

mL of BioSe-Nanospheres and BioSe-Nanorods solution was prepared and the pH was 

adjusted to 7.3 (± 0.2), if required. These 5 mL selenium nanomaterial suspension were 

mixed with 55 mL of artificial waters so that the final concentration of selenium in the 

waters was 10 mg L－1. The mixture of selenium nanomaterial and artificial waters was 

sonicated (5 min at 23 kHz). The mixture was then poured in 25 mL identical glass 

cylinders. The settling experiments were carried out for 24 h. At the end of 24 h, 0.5 mL of 

the sample was collected from the top 1 cm layer of the suspension. The experiment was 
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carried out in duplicates and if the difference was higher than 10%, then the whole 

experiment was repeated. The ζ-potential of the mixture was also measured. 

DFT calculations 

The calculations were performed with the Gaussian 09 suite of programs22 at the B3LYP 

level23 using double-zeta all-electron basis sets on Se24. Calculations were performed in 

the gas phase and the NBO version 3.1 in Gaussian 09 was used for natural bond orbital 

analysis, which include 4s 4p in the valence. 

Analytics 

SEM-EDXS, Infrared spectroscopy, ICP-MS, ζ-potential measurements and acid-base 

titrations were performed as described previously.8,25 Raman measurements were 

performed at room temperature with a HORIBA LabRam ARAMIS Raman spectrometer 

equipped with a CCD detector (Nd-YAG laser, excitation wavelength 532 nm, P = 50 mW). 

Spectra were averaged out of 256 scans. TEM investigations were performed using an 

image-corrected Titan 80-300 microscope (FEI). To reveal the phase information of the 

selenium nanoparticles, selected SAED patterns were recorded and modeled with the 

software package JEMS. Prior to each TEM analysis, the specimen mounted in a double-

tilt analytical holder was placed for 10 s into a Model 1020 Plasma Cleaner (Fischione). 

XRD analysis was carried out on a Bruker D8 Advance diffractometer as described in an 

earlier study.26 

RESULTS 

Formation of BioSe-Nanorods 
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SEM images obtained during the course of the reduction of selenite to elemental selenium 

by anaerobic granular sludge at 55 oC show that the formation of BioSe-Nanorods is 

mediated through elemental selenium nanospheres which were observed transiently after 

18 h of incubation. Their sizes varied between 50 and 300 nm in diameter (Figure 1a). 

After 24 h and 39 h of incubation, a growing number of BioSe-Nanorods was detected 

(Figures 1a), while at 48 h and 120 h of incubation, mainly BioSe-Nanorods were present 

(Figures 1a). The SEM and transmission electron microscopy (TEM) analyses showed that 

the length to diameter ratio of the purified BioSe-Nanorods exceeds 20: they have 

diameters between 20 and 50 nm and lengths between 300 and 700 nm with a median of 

570 nm (Figures S1a, S1b and S1f). EDXS analyses in the SEM confirmed that the BioSe-

Nanorods are mainly composed of selenium (Figure S2). In addition, carbon, oxygen, 

sulfur, and phosphorous are present (Figure S2). The detection of iron can be attributed to 

remnants of the inoculum anaerobic granular sludge. The produced BioSe-Nanorods were 

similar to chemically synthesized selenium nanorods (CheSe-Nanorods) regarding their 

size distribution (Figure 1a). 
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Figure 1. (a) SEM images of BioSe-Nanorods formed by biological reduction of selenite at 

55 oC and recorded after 18 h, 24 h, 39 h, 48 h and 120 h of incubation as well as SEM 

image of chemically synthesized selenium nanorods (CheSe-Nanorods) formed by the 

reduction of selenite by glutathione (reduced) in the absence of EPS. (b) Raman spectra 

and (c) corresponding IR spectra of the BioSe-Nanorods samples after different hours of 

incubation and Raman spectra of the CheSe-Nanorods. Note that the IR spectrum of 

CheSe-Nanorods was not recorded as no capping agent is added to this reaction. 

Characteristics of BioSe-Nanorods 

Selected area electron diffraction (SAED) in the TEM confirms the crystalline nature of the 

BioSe-Nanorods (Figure S1c). In particular, the single-crystalline diffraction pattern of the 

large BioSe-Nanorod shown in the inset of Figure S1c can be modeled using the trigonal 

phase of selenium (space group P3121), with the c-axis of the hexagonal setting pointing 

in axial rod direction. CheSe-Nanorods have the same structure. Besides a few weak 

reflections of a secondary phase, the ring-type SAED pattern of an ensemble of CheSe-

Nanorods is also described by trigonal selenium (Figure S1d). The BioSe-Nanorods and 

CheSe-Nanorods show comparable XRD patterns (Figure S1e). All diffraction maxima can 

be indexed with the trigonal phase of selenium.27  

The Raman spectra of the 18 h incubated samples showed a feature at 253 cm－1, which is 

a characteristic peak of amorphous selenium arising from intrachain bond-stretching 

vibrational mode, attributed to the disordered selenium chains with a minor contribution of 

the Se8 rings28–30 (Figure 1b).30,31 Note that the minor contribution of Se8 rings was 

attributed as a low intensity shoulder at ~260 cm－1. 30,31  The shoulder at ~235 cm－1 

already present after 18h of incubation and clearly visible after 24h is due to the intrachain 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

Page 18 of 36Environmental Science: Nano

bond-stretching vibrational mode of the chains having a trigonal selenium like 

conformation.29–31 After 48 and 120 h of incubation, the Raman spectra of the BioSe-

Nanorods as well as of the CheSe-Nanorods showed the main feature at 237 cm−1, 

characteristic of the trigonal allotropic form of elemental selenium arising from the vibration 

of Se-helical chains (Figure 1b).32 The peak observed at 237 cm−1 is in fact made of two 

Raman modes, namely the A1 mode and the E’’ mode, corresponding to symmetric and 

asymmetric breathing motion, respectively.33 The increased feature of the band at 237 cm

－1 (Figure 1b) with the incubation time from 18 h to 39 h reflects the crystallization of 

amorphous selenium to trigonal selenium. 

IR spectra of the purified elemental selenium nanomaterials sampled after 18, 24, 39, 48 

and 120 h of incubation at 55 oC show the presence of organic material mainly consist of 

proteins and carbohydrates (Figure 1c). The spectra confirmed the presence of O-H (3425 

cm−1) and N-H (3270 cm−1) stretching vibrations from carboxylic and amine groups, 

respectively. The presence of aliphatic carbon chains (2962, 2925 and 2854 cm−1) was 

confirmed by C-H vibrations. The small feature at 1735 cm−1 was attributed to the 

carboxylic groups. The presence of proteins was suggested by stretching vibrations of 

C=O (1646 cm−1, amide I) and N-H (1519 cm−1, amide II). Consequently, the band at 1236 

cm−1 was attributed to stretching vibrations of C-N and bending N-H vibrations of the 

groups present in the proteins. The band at 1436 cm−1 can be attributed to carboxylic 

and/or methyl groups. A very small feature at 1315 cm−1 can be attributed to S-O 

stretching. The presence of carbohydrates was observed by the C-O-C and C-H (1073 - 

1038 cm−1) stretching vibrations. The presence of P=O was not observed. The features at 

1646 cm−1 and broad feature between 1073 - 1038 cm−1 suggests the presence of 

proteins and carbohydrates on the BioSe-Nanorods, respectively. 
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Figure 2. Derivative of acid-base titration data to identify the functional groups present on 

the surface of BioSe-Nanorods 

The attached organics, forming the corona of the BioSe-Nanorods, provide them colloidal 

stability, as observed for the BioSe-Nanospheres as well.8,9 The produced BioSe-

Nanorods have a ζ-potential of －30.6 (± 0.8) mV and －21.9 (± 0.9) mV, respectively, at 1 

mM and 10 mM NaCl, and at pH 7.3 (± 0.2) (Figure 3). The isoelectric point of the BioSe-

Nanorods was observed at pH 3.2 and 2.8, respectively, for 1 mM and 10 mM NaCl. Note 

that the selenium concentration in the BioSe-Nanorods was 16.0 mg L－1 for ζ-potential 

measurements. 
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Acid-base titrations were carried out to determine the pKa values of various functional 

groups present on the surface of BioSe-Nanorods. The local minima in the derivative of 

the acid-base titration versus pH gives pKa values of the various functional groups present 

on the surface of the BioSe-Nanorods (Figure 2), as described in an earlier study8. The 

local minima for the BioSe-Nanorods were observed at pH 7.4, 7.2, 5.4 and 3.3. The pKa 

values observed at 7.4 and 7.2 can be attributed to sulfonic, sulfinic or thiol groups (Figure 

2). The pKa values at 5.4 and 3.3 can be assigned to phosphoric or carboxylic acid groups 

and to carboxylic acid groups, respectively. 
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Figure 3. ζ-potential versus pH plot of BioSe-Nanorods at 1mM and 10 mM background 

NaCl concentration. 

Comparing properties of BioSe-Nanorods with those of BioSe-Nanospheres 

The colloidal stability of the BioSe-Nanorods (formed at 55 oC) and BioSe-Nanospheres 

(formed at 30 oC) was compared by means of ζ-potential measurements after dosing of 

equal amounts of NaCl and CaCl2 in a 10 mg L－1 selenium concentration of BioSe-

Nanospheres or BioSe-Nanorods. The addition of both NaCl and CaCl2 led to a decrease 

of the ζ-potential of BioSe-Nanospheres and BioSe-Nanorods (Figure 4a and 4b). At 10 

mM NaCl, the ζ-potential of the BioSe-Nanospheres changed from －34.2 (± 0.4) mV to －

32.7 (± 1.5) mV, while that of the BioSe-Nanorods changed from －31.1 (± 0.7) mV to －

17.0 (± 0.8) mV suggesting poorer colloidal stability of the BioSe-Nanorods with increasing 

ionic strength. Further, when the NaCl concentration was increased to 100 mM, the ζ-

potential of the BioSe-Nanospheres and BioSe-Nanorods changed to, respectively, －17.9 

(± 1.0) mV and －7.9 (± 0.9) mV. Similarly, at 10 mM CaCl2, the ζ-potential of the BioSe-

Nanospheres and BioSe-Nanorods, respectively, changed from －32.1 (± 0.5) mV to -10.2 

(± 0.2) mV and －29.0 (± 1.5) to －6.4 (± 0.5) mV (Figure 4b). 
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.  

Figure 4. Variation in the ζ-potential of BioSe-Nanospheres (△) and BioSe-Nanorods (○) 

with the addition of (a) NaCl and (b) CaCl2. (c) Settling efficiencies of BioSe-Nanospheres 

(■) and BioSe-Nanorods (□) in artificial lake water, acidic lake water and sea water. Ci and

Co denotes, respectively, the Se concentration in the top 1 cm layer of the settling cylinder 

at t = 24 h and initial Se concentration. 
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The BioSe-Nanospheres showed a 91.6 (± 0.5)% and 91.4 (± 0.2)% settling efficiency, 

respectively, in neutral lake water and acidic lake water after 24 h (Figure 4c). On the 

other hand, BioSe-Nanorods displayed a 97.1 (± 0.5)% and 98.0 (± 0.1)% settling 

efficiency, respectively, in neutral and acidic lake water. In the seawater, both BioSe-

Nanospheres 97.8 (± 0.2)% and BioSe-Nanorods 98.5 (± 0.1)% revealed a similar settling 

efficiency (Figure 4c). The differences in settling efficiency of the BioSe-Nanospheres and 

BioSe-Nanorods in artificial acidic lake water and neutral lake water were also reflected in 

their ζ-potential values. In particular, the ζ-potential of BioSe-Nanospheres and BioSe-

Nanorods in neutral lake water (Ionic strength: 3.6 mM, pH: 8.6 and divalent cations 

concentration: 0.4 mM) was, respectively, －21.9 (± 0.6) mV and －16.3 (± 0.4) mV. 

Similarly, the ζ-potential of the BioSe-Nanospheres and BioSe-Nanorods in acidic lake 

water (Ionic strength: 10.5 mM, pH: 5.0 and divalent cations concentration: 0.07 mM) was, 

respectively, －23.4 (± 0.5) mV and －17.5 (± 0.7) mV. In the artificial seawater, the ζ-

potential of BioSe-Nanospheres and BioSe-Nanorods could not be recorded as the 

nanoparticles were settling too fast. 

The surface charge density of BioSe-Nanospheres and BioSe-Nanorods was compared to 

explain the different colloidal stability of the BioSe-Nanospheres and BioSe-Nanorods. 

The number of H+ moles adsorbed during the acid-base titration is an indirect, but 

accurate, comparison of the surface charge of the BioSe-Nanospheres and BioSe-

Nanorods. Figure 5a shows the moles of H+ adsorbed per g of selenium in the BioSe-

Nanospheres were 7 times higher than those absorbed by the BioSe-Nanorods at pH 7.2. 

BioSe-Nanospheres consistently showed a higher H+ adsorption capacity than BioSe-

Nanorods throughout the tested pH range of 3.2 to 9.2 (Figure 5a). The adsorption of H+ 

onto BioSe-Nanospheres decreases with increase of the pH in the bulk solution. The 
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Figure 5. (a) Moles of H+ adsorbed per unit Se mass in BioSe-Nanospheres (△) and 

BioSe-Nanorods (○) and (b) their corresponding derivative with respect to pH. Please note 

that the raw acid-base titration data of the BioSe-Nanospheres has been sourced from 

Jain et al. (2015).8  

The different surface charge density of BioSe-Nanospheres and BioSe-Nanorods is also 

due to the differences in the interaction of biomolecules with elemental selenium, i.e. 

electrostatic and steric forces acting at different intensity on the nano-biomolecule 

interface. The electrostatic interaction of elemental selenium nanomaterials of different 

shapes and organics, such as EPS, depends on the charge distribution on the selenium 

clusters forming elemental selenium nanomaterials. The charge distribution on the 

selenium atoms in the selenium cluster depends on the structure of the selenium units 

forming the selenium cluster. The trigonal BioSe-Nanorods consist of Sen helical chains 

arranged in P3121 space groups (Figure 1b, Figure S1c, Figure S1e).34 In contrast, the 
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derivative of H+ moles adsorbed per g of adsorbent gives the buffering capacity of the 

adsorbent. As observed in Figure 5b, the BioSe-Nanospheres displayed a higher buffering 

capacity than BioSe-Nanorods between pH 3 and 10.  

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

Page 24 of 36Environmental Science: Nano

forming units of amorphous BioSe-Nanospheres are not yet fully known34 but are claimed 

to consist of disordered selenium chains with a minor contribution of Se8 rings. On the 

other hand, chemically synthesized selenium nanospheres (CheSe-Nanospheres) in the 

presence of the capping agents are spherical in shape, monoclinic in structure and their 

forming units are Se8 rings.34,35 Further, Oremland et al. (2004)36 have reported the 

formation of monoclinic spherical selenium nanoparticles after biological reduction of 

selenium oxyanions by Sulfurospirillum barnesii, Bacillus selenitireducens, and 

Selenihalanaerobacter shriftii.36 Thus, Se8 rings of selenium arranged in P121 space 

groups34 were used as a proxy for the forming units of the amorphous BioSe-

Nanospheres. 

To validate the hypothesis of a different charge distribution on selenium atoms due to 

different forming units, DFT calculations and natural bond orbital (NBO) analysis of 96 

selenium atoms arranged as Se8 rings and Se8 helical chains were carried out (Figure 6). 

The charge distribution in the helical selenium chains varied from -0.275 to 0.185 e (Figure 

6a), while in the Se8 rings, the charge distribution varied from -0.046 to 0.021 e (Figure 

6b). The edge selenium atoms in the helical chains displayed the highest positive charge 

and the immediate neighboring atom to the edge was most negative. Since the selenium 

edge atoms are deficient in bonds, there is less localization of electrons thereby 4p 

occupation is slightly deficient (~ 3.8) than its formal configuration of 4p4, whereas the 

neighboring atoms have excess 4p electrons (~ 4.3) (Figure 6a). The charge on the 

central selenium atoms in the chain varied between -0.050 and 0.050 e, which is slightly 

higher than the one observed in the Se8 rings. Thus, as observed in Figure 6, the edge 

charge on the helical chain is 5 times higher than that on the Se8 rings. 
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Figure 6. Natural atomic charge distribution on the 96 selenium atoms arranged as (a) Se8 

helical chains and (b) Se8 rings. Se8 helical chains are the forming units of the BioSe-

Nanorods, while the Se8 rings are used as the proxy for the forming units of BioSe-

Nanospheres. 96 selenium atoms is a reasonable sized cluster for determining charge 

distribution without exceeding computing limits.37 

DISCUSSION 

BioSe-Nanorods are colloidally less stable than the BioSe-Nanospheres 

This is the first study that demonstrates that a change in shape of biogenic selenium 

nanomaterials from nanospheres to nanorods decreases their colloidal stability (Figure 4). 

The poorer colloidal stability of BioSe-Nanorods when compared to BioSe-Nanospheres is 

evident from the BioSe-Nanorods' less negative ζ-potential values when exposed to equal 

concentrations of NaCl and CaCl2 (Figure 4a, 4b) or when mixed with acidic and neutral 

lake water (Neutral lake water: BioSe-Nanospheres －21.9 ± 0.6 mV and BioSe-Nanorods 

－16.3 ± 0.4 mV; Acidic lake water: BioSe-Nanospheres －23.4 ± 0.5 mV and BioSe-

Nanorods －17.5 ± 0.7). The poorer stability was further evidenced by a better settling 

efficiency of the BioSe-Nanorods in acidic and neutral lake water (~97% compared to 

~91% of BioSe-Nanospheres) (Figure 4c). It is interesting to note that the biogenic 

elemental selenium nanomaterials lost their colloidal stability at much lower divalent cation 

concentrations compared to monovalent cation concentrations. This was due to higher 

charge screening by divalent cations (Figure 4c). Similar phenomenon was also observed 

for the reduced graphene oxide nanoparticles.38   

The lower colloidal stability of BioSe-Nanorods compared to BioSe-Nanospheres 

enhances the bioremediation effectiveness of bioreactors treating selenium containing 
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wastewater by skipping or minimizing the secondary treatment required for removal of 

colloidal elemental selenium.9 Indeed, Dessi et al. (2016)12 demonstrated that a 

thermophilic upflow anaerobic sludge blanket reactor operating at 55 oC had a lower total 

selenium effluent concentration compared to a control mesophilic upflow anaerobic sludge 

blanket reactor operating at 30 oC, even when the selenate reduction and selenium 

volatilization rates were similar. The present study demonstrated the better settling of such 

BioSe-Nanorods as one of the reasons for the better selenium removal performance of the 

thermophilic bioreactor. 

This lower colloidal stability of BioSe-Nanorods than BioSe-Nanospheres implies that the 

former are less mobile in the environment. The difference of 6% in the settling efficiency, 

though small, corresponds to 600 µg L–1 more selenium in the top layer of the water 

column when the starting selenium concentration is 10 mg L–1, typically found in surface 

water (CA, USA), gold-mines and lead mine wastewater, and Flue gas desulfurization 

process water7. Even if the starting selenium concentration is reduced to 500 µg L–1 (found 

in agricultural drainage wastewater)7, this still correspond to a difference of 30 µg L–1, 

which is 6 times the recommended discharge criterium of United States Environmental 

Protection Agency4 and high enough for causing mortality of aquatic organisms39. 

The lower mobility of BioSe-Nanorods compared to BioSe-Nanospheres will also affect the 

environmental partitioning factor (Kd) determining the selenium distribution between the 

water (mobile) and sediment (stationary) phase.40 This study threw light on the mobility of 

the biogenic elemental selenium nanomaterials in the environment and pinpointed the role 

of temperature in accurately determining Kd values to improve the accuracy of the 

biogeochemical models of selenium. 
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EPS is the corona of the BioSe-Nanorods 

BioSe-Nanospheres are colloidally stabilized by a corona of EPS consisting mainly of 

proteins and carbohydrates.8,9,41 It is also known that the EPS governs the surface 

properties of BioSe-Nanospheres.8 This study demonstrated for the first time that the 

BioSe-Nanorods produced by anaerobic granular sludge were also colloidally stable due 

to a corona of organics containing both proteins and carbohydrates (Figure 1c). The 

organics attached to the BioSe-Nanorods originate from the EPS produced by the 

anaerobic granules. The ζ-potential versus pH profiles of EPS, EPS-capped chemically 

synthesized selenium nanospheres (EPS-capped CheSe-Nanospheres), and BioSe-

Nanospheres with isoelectric points at 2.3, 2.8 and 3.28 are very similar to that (2.8 at 10 

mM NaCl, Figure 3) of the  BioSe-Nanorods. Further, features of the IR spectra of EPS, 

EPS-capped CheSe-Nanospheres and BioSe-Nanospheres are similar to that of BioSe-

Nanorods (Figure 1c)8. The functional groups, determined by acid-base titration, present 

on the BioSe-Nanorods (Figure 2) are again very similar to the BioSe-Nanospheres 

produced by the same anaerobic granular sludge.8 All the above confirms that the corona 

on BioSe-Nanorods is composed of EPS as well and determines their surface properties. 

BioSe-Nanorods are colloidally stable due to the presence of EPS (Figure 3). This is in 

contrast to the CheSe-Nanorods produced by the reaction of selenite and glutathione 

(reduced) at ambient temperature (~25 oC) in the absence of EPS.8 The same chemical 

reaction when carried out in the presence of EPS leads to the formation of colloidally 

stable CheSe-Nanospheres.8 Thus, EPS is providing colloidal stability to BioSe-

Nanospheres, BioSe-Nanorods and EPS-capped CheSe-Nanospheres.  
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The corona on the BioSe-Nanospheres8 and BioSe-Nanorods (Figure 1c, Figure 2 and 

Figure 3) consist of EPS, but their colloidal stability differs (Figure 4). This is due to the 

higher negative surface charge density of BioSe-Nanospheres compared to BioSe-

Nanorods, indicated by a smaller amount of moles of H+ adsorbed per unit mass of the 

selenium in the BioSe-Nanorods (Figure 5). The less negative ζ-potential of BioSe-

Nanorods compared to BioSe-Nanospheres when exposed to NaCl and CaCl2 (Figure 4a 

and 4b) is the result of the BioSe-Nanorods' lower surface charge density (Figure 5). The 

differences in the surface charge density of BioSe-Nanospheres and BioSe-Nanorods are 

also due to the differences in the interaction of nanorods and nanospheres with the EPS. 

The shape of the nanoparticles can change the properties of biomolecules upon their 

interaction13 as observed during the interaction of BSA with nanorods and nanospheres of 

Au17. Indeed, the IR spectra of the BioSe-Nanospheres showed two features at 1460 and 

1394 cm−1, corresponding to carboxylic groups and/or methly groups, while the BioSe-

Nanorods showed a single feature at 1436 cm−1 suggesting the variations in the 

interaction of carboxyl groups with BioSe-Nanospheres and BioSe-Nanorods. Moreover, 

different components of EPS at different scales interact with nanospheres and nanorods13, 

thus affecting their surface properties. Further, the composition of EPS produced by 

anaerobic granules at 30 and 55 oC can vary42, which further contributes to the different 

surface charge density of the BioSe-Nanospheres and BioSe-Nanorods.  

The interaction of the EPS with the bare nano-selenium surface is mediated by different 

forces including electrostatic and steric forces.14  The differences in the charge distribution 

of the helical chains (forming BioSe-Nanorods) and Se8 ring clusters (proxy to BioSe-

Nanospheres) (Figure 6), particularly at the edges of the helical chains, provide the 

fundamental basis of the electrostatic effect of the shape on the differences in the 
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interaction of the nano-selenium with the EPS. The lower radius of curvature of BioSe-

Nanorods (12.5 nm orthogonal to the longitudinal axis) compared to BioSe-Nanospheres 

(median radius: 90 nm) leads to higher steric hindrance to the approaching EPS, thus 

leading to differences in the steric forces acting at the EPS and the bare nano-selenium 

interface. Thus, both electrostatic and steric forces, at different scales, are acting during 

the interaction of EPS and selenium nanospheres or nanorods, resulting in their different 

composition and properties of the corona and ultimately leading to a different surface 

charge density.  

The reduction of selenite by glutathione (reduced) at ambient temperature (~25 oC) in the 

absence of EPS not only produces colloidally unstable selenium nanomaterials, but also 

produces a different phase of them when compared to selenite reduction in presence of 

EPS. Similarly, the reduction of selenite at 30 oC by anaerobic granular sludge produced 

BioSe-Nanospheres which are both colloidally stable as well as remain amorphous for 

more than 8 weeks.36 This demonstrates that the EPS also provide phase stability at 30 

oC.  However, it is observed that at 55 oC, BioSe-Nanospheres capped with EPS (Figure 

1a and 1c) were transformed to BioSe-Nanorods. This illustrates the limitation of EPS as 

stabilizing agent for the preservation of the spherical shape of the amorphous selenium 

nanoparticles at 55 oC. However, it continued to provide colloidal stability to the BioSe-

Nanorods, albeit to a lower extent.  

CONCLUSIONS 

This study has demonstrated that the bioremediation effectiveness and the fate of 

selenium nanomaterials in the environment is strongly dependent on their shape. 

Furthermore, this study highlighted the effect of the nanomaterial shape on their 
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interaction with complex biomolecules such as EPS. These findings are even more 

interesting as the core (selenium in elemental form) and the corona (EPS) of BioSe-

Nanospheres and BioSe-Nanorods are similar, but lead to a very different colloidal 

stability. These results suggest that the shape of the nanomaterials intrinsically affects 

their colloidal stability, which impacts their fate in the environment and bioremediation 

effectiveness.  
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Figure S1. (a) SEM and (b) TEM of purified BioSe-Nanorods after 120 h of incubation. 

SAED patterns of the purified, (c) single-crystalline BioSe-Nanorod (inset) and (d) multiple 

CheSe-Nanorods (inset) and their corresponding (e) XRD patterns. (f) Diameter 

distribution of BioSe-Nanorods based on SEM images. 
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Figure S2. Energy-disperse X-ray spectra obtained in the SEM during the formation of 

BioSe-Nanorods after incubation of 18 h, 24 h, 39 h, 48 h and 120 as well as of CheSe-

Nanorods. 
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