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The deep geological repository (DGR) system is widely accepted as the solution for the disposal of
radioactive wastes in the future. This concept is based on several natural and engineered barriers such as
bentonite clays, which will encase the metal containers holding the radioactive waste. Microorganisms
living therein can influence the mobility of the radionuclides (e.g. selenium, uranium, etc.) present in such
residues. In this work the bentonite isolate Stenotrophomonas bentonitica is shown to reduce selenite
(Se'V) to elemental Se (Se®) nanostructures (amorphous and trigonal) and to volatile methylated Se™
species. Electron microscopy (HAADF-STEM) analysis of purified Se nanostructures supported the
transformation process from amorphous to trigonal Se, proposed in previous studies. Infrared spectroscopy
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) revealed the presence of amine rich organic
matter, covering the nanostructures, suggesting the role of proteins in their synthesis and transformation.
In addition, X-ray absorption spectroscopy (XAS) of SeNPs associated to the cells confirmed the formation
of different Se° structures (amorphous and crystalline). Finally, the reduction of Se' to volatile methylated
species (DMDSe and DMSeS) was detected using a gas chromatography-mass spectrometry (GC-MS)
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indicated their lower mobility and chemo-toxicity. This study thus highlights the potential environmental

significance of microbial processes for the mobility and toxicity of selenium in future repositories, which in
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Environmental significance

The safest option for the disposal of nuclear wastes is the deep geological repository system, which includes a variety of barriers composed by bentonites
and other materials. Microorganisms can influence the mobility of radionuclides (e.g. selenium, uranium, etc.) present in such residues. The bentonite
isolate Stenotrophomonas bentonitica is demonstrated herein to reduce Se' to Se’ nanostructures (amorphous and trigonal) and volatile methylated Se™.
The identification of the oxidation state and the molecular coordination of Se in the purified Se nanostructures and the volatile Se species indicated their
lower mobility and toxicity. This study highlights the potential environmental significance of microbial processes in the mobility and toxicity of selenium
in future repositories, which in turn will help to support their implementation.

1. Introduction
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wastes is of current environmental concern. The repositories
to be constructed underground at a depth of 500-1000 m,
have been exhaustively studied from a physical, chemical,
and geological point of view. However, few investigations
have been conducted in order to study the impact of
microbial biotransformations on their safety. It is well
documented that microorganisms present in these geological

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0en00507j&domain=pdf&date_stamp=2020-07-15
http://orcid.org/0000-0001-6349-6566
http://orcid.org/0000-0002-2687-0106
http://orcid.org/0000-0003-4553-5976
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0en00507j
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN007007

Open Access Article. Published on 18 June 2020. Downloaded on 1/26/2025 9:25:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

disposal environments could play an important role in the
corrosion of metal canisters containing radioactive wastes,"
thereby giving rise to the release of radionuclides. In
addition, they can also lead to the alteration of geochemical
and mineralogical properties of clays that will surround the
containers in some DGR designs, in countries such as
France, Switzerland, or Belgium.” The gas production as a
consequence of microbial activity (e.g. H,, CO,, CH,, etc.)
could result in excess pressure build-up within the
repositories thus compromising their integrity.® Finally,
microorganisms can cause changes in the speciation and
hence the solubility of elements characteristic for these type
of wastes, such as uranium (U), selenium (Se), curium (Cm),
etc.*® Consequently, they may have a critical impact on the
safety of DGRs in the event of radionuclides escape to the
surrounding environment. The groundwater inflow has to be
considered since it will definitely affect several aspects of the
DGR system. The re-saturation of water after thousand years
will probably result in the release of chemical compounds,
including electron donors and acceptors, organic matter, and
gases from concrete and bitumen materials, that will be
employed in some repositories. Additionally, radionuclides
could be dispersed through groundwater, allowing their
mobilization.

Se is considered as an important radionuclide of interest
as it is present in radioactive wastes and spent nuclear fuel.”
Specifically, Se”® isotope formed by nuclear fission reactions
is the main radioisotope of Se found in nuclear wastes.” The
solubility and mobility of this element depends to a great
extent on its different oxidation states [selenate (Se"”), selenite
(se™), elemental selenium (Se’) and selenide (Se™)]. In
contrast to toxic and highly reactive Se oxyanions (Se'’ and
Se™), se’ and methyl selenide forms are basically insoluble
and less biologically available.® Microbial reduction of toxic
Se oxyanions to the insoluble Se’ in form of nanoparticles has
been previously described by many authors.>*'° Some studies
have demonstrated the presence of organic shells (proteins)
that have been microbiologically produced and surround the
Se nanospheres."'* The physico-chemical properties (size,
morphology, crystallinity) and hence the mobility of Se
nanospheres could be affected largely by the presence of these
bioorganic layers (proteins, polysaccharides, etc.) associated
with them.">'" Thus, microorganisms could play an
important role in the immobilization of Se within the DGR as
well as the bioremediation of Se contaminated environments
and the production of nanostructures.

The reduction of Se oxyanions (Se"" and Se™) to Se™ has not
been extensively investigated. However, Se’ can be reduced to
Se™ by the action of few microorganisms such as Veillonella
atypica and Bacillus  selenitireducens.”>'® Therefore, the
production of biogenic volatile methylated selenide compounds
is a widespread process which has to considered when bacteria
are present. Methylococcus capsulatus, Methylosinus trichosporium
OB3b, Stenotrophomonas maltophilia, and Pseudomonas stutzeri
NT-I have been shown to produce Se volatile species such as
dimethyl selenide (DMSe) or dimethyl diselenide (DMDSe) as a
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consequence of a Se methylation process.”” ™ Several possible
mechanisms for Se biomethylation have been proposed.
Chasteen®® suggested that methylation is preceded by the
formation of Se® from Se', after which, Se® is reduced to a
selenide form (H-Se-X) and subsequently methylated and
converted to methane selenol and dimethyl selenide. Recently,
Eswayah et al. 2019 (ref. 21) have proposed that methyl selenol
is the precursor for the formation of Se® and for methylated
selenium species. The proposed mechanism by Challenger,
does not proceed by the formation of Se’ suggesting that the
methylation process from selenate involves several reductive
and methylation steps leading eventually to the production of
DMSe. The most frequently detected microbiologically produced
Se methylated forms include DMSe, DMDSe and dimethyl
selenyl sulphide (DMSeS). However, less commonly methylated
forms including dimethyl selenone, dimethyl triselenide,
dimethyl selenyl disulphide, etc. have been also detected.”>** It
is noteworthy that methylation of Se inorganic forms is
considered a detoxification process, since methylated species
are less toxic compared to Se oxyanions.>

In our recent publication we describe the ability of S.
bentonitica, that has been isolated from Cabo de Gata's bentonite
(Almeria, Spain), to reduce Se" by producing amorphous and
crystalline Se nanostructures.® These bentonites are considered
natural analogues of artificial barriers for future Spanish
repositories.”” Individual amorphous Se (a-Se) nanospheres were
initially synthesized intracellularly and after a period of 48-72 h
they begin to coalesce forming aggregates within the extracellular
space. After 144 h of incubation, different trigonal Se (t-Se)
nanostructures with different morphologies (e.g. hexagons,
polygons, and nanowires) were detected in addition to a-Se
nanospheres. Therefore, a time-dependent transformation process
from a-Se nanospheres to t-Se nanostructures was proposed.
Extracellular flagella-like proteins produced by the cells could play
an important role in the transformation process since
nanospheres seem to coalesce on the axis of these proteins
forming elongated shapes. Characterization of the organic matter
surrounding the Se nanoparticles (SeNPs) produced by S.
bentonitica is certainly of interest since they may be involved in
the synthesis and transformation of the nanoparticles. However,
no structural studies have yet been conducted to determine the
local coordination of Se within the Se nanostructures. Therefore,
the main objectives of the present work are: 1) to confirm the
of organic matter (eg proteins) in the
transformation of Se nanostructures using a combination of X-ray
photoelectron spectroscopy (XPS), attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR), and scanning
transmission electron microscopy associated with a high-angle
annular field detector (STEM-HAADF), 2) to characterize the local
coordination of Se in the Se nanostructures with different
morphology produced at different incubation times by means of
X-ray absorption spectroscopy (XAS), and 3) to characterize the
methylated Se volatile compounds (DMDSe and DMDSeS)
produced by this strain using a combined thermal desorption
and GC-MS (gas chromatography-mass spectrometry) system. This
work will provide new molecular evidence on the impact of the
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bacterial strain S. bentonitica on the biotransformation of Se
species and provide that is essential in determining the safety of
future disposal of radioactive wastes.

2. Experimental
2.1. Quantification of biological Se" reduction rate

The Se"™ reduction rate of S. bentonitica was determined by
growing the cells aerobically in LB (Luria-Bertani) liquid
medium (30 ml) supplemented with different initial Se"
concentration (0.1, 0.25 and 2 mM). Se"V-treated cells were
incubated at 28 °C by shaking at 180 rpm. After different
times of incubation (0, 6, 24, 48, 120 and 144 h) 1 ml of the
samples were taken and centrifuged (10000 x g; 15 min;
room temperature) to remove the cells and other debris. The
Se™ concentration in the resultant supernatant was
determined by using a Perkin Elmer Flexar HPLC (high
performance liquid chromatography) pump attached to a
Hamilton PRP-X100 column (4.6 x 250 mm) and coupled with
a Perkin Elmer ICP-MS (inductively coupled plasma mass
spectrometry) NexION350X. Ammonium citrate (5 mM; pH
5.2) containing methanol (2% v/v) was employed as mobile
phase to achieve the separation at a flow rate of 1 ml min~".
Se™v amended-media without bacterial cells were used as
controls. All samples were prepared in triplicate. In addition,
a standard calibration curve with different solutions of
known Se™ concentrations was prepared (0.02-1 mM).

2.2. Effect of Se'" on the bacterial growth

The potential of S. bentonitica to tolerate Se' was established by
growing the cells under the same conditions described above
(section 3.1.). Cell growth was evaluated by quantifying the total
protein content in the bacterial cell extracts, using a
modification of the method described by Dhanjal and
Cameotra.”® The total protein content was correlated with the
increase in the cell growth. A 1 ml aliquot of bacterial culture
was taken at different time intervals in order to measure the
growth rate based on the protein content of the cells
determined by using Bradford reagent (Bio-Rad®). Bovine
serum albumin (BSA) was used as a standard. All measurements
were performed in triplicate.

2.3. Flow cytometry

The cell viability and the metabolic activity of S. bentonitica
in the presence of Se'¥ under oxic conditions were
determined by using flow cytometry technique. For this
purpose, the bacterial species S. bentonitica was amended
with 2 mM of Se' and incubated at 28 °C and 180 rpm on a
rotary shaker. All experiments were done in triplicate. After
24 and 144 h incubation, the cells were harvested after
centrifugation at 11000 x g and 4 °C for 10 min. The
resultant pellet was washed four times in phosphate buffered
saline (PBS) pH 7 and then, the cells were dispersed in PBS,
and the cell density was adjusted to approximately 10° cells
per ml. For cell viability test, fluorescein diacetate (FDA) and
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propidium iodide (PI) were added into each sample to a final
concentration of 20 pl ml™" and 2 ul ml™, respectively. For
the metabolic activity test, 3,30-dihexyloxacarbocyanine iodide
(DiOGCg) was employed to give a final concentration of 20 pl
ml™". Finally, the samples were analysed by Forward Scatter
using a FACSCantoll™ cytometer (Becton Dickinson). Se™-
free cultures and dead cells used as controls were obtained
by heating the biomass at 90 °C.

2.4. Bacterial synthesis, extraction, and purification of
selenium nanoparticles

SeNPs were synthesized aerobically by S. bentonitica under 2
mM Se' stress as previously described (section 3.1.). After
periods of 48 and 144 h incubation, the SeNPs were extracted
and purified following the method described by Sonkusre
et al® Finally, purified SeNPs were spread onto LB agar
plates to determine the efficiency of the extraction process in
removing the organic material surrounding the particles.

2.5. Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

The samples of bacterial cells supplemented with 2 mM Se'

were harvested after 48 and 144 h incubation and subjected
to centrifugation (11000 x g, 10 min). The precipitates were
washed 3 times with distilled water and dried at 28 °C. Then
the samples were powdered in an agate mortar and kept in a
desiccator. Finally, 1 mg of the powder was mixed with 100
mg of dried potassium bromide (KBr) and pressed forming
disks. Bacterial cells solutions without Se’ were used as a
control. In addition, purified SeNPs extracted after 48 and
144 h incubation, respectively were analysed by using the
same technique.

ATR-FTIR measurements were performed on a Perkin
Elmer Spectrum One FT-IR spectrometer, equipped with a
gate evolution ATR accessory, consisting of a
germanium crystal. A total of 200 scans for the purified
SeNPs and 32 for the other samples were collected for each
sample in wavenumber range from 4000 to 600 cm . Spectra
obtained were baseline corrected and normalised to 1.5
absorbance (arbitrary units) using the 1650 cm™ amide I
absorption band from the control sample (S. bentonitica
biomass without Se). All data acquisition and processing were
performed using the Perkin Elmer Spectrum version 3.3 to
obtain peak positions and relative peak intensities.

silver

2.6. X-ray photoelectron spectroscopy (XPS)

Both purified and cell associated SeNPs obtained as indicated
for ATR-FTIR experiments under the same conditions (2 mM
Se', 48 and 144 h of incubation) were analysed by XPS. In
addition, a cell biomass powder was used as control. The
powder samples were all mounted by pressing them into
indium foil, which was adhered using double sided carbon
tape to a paper label stuck to the XPS sample mount.

The analyses were carried out using a Kratos Supra
instrument with a monochromated aluminium source, and

This journal is © The Royal Society of Chemistry 2020
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two analysis points per sample. Survey scans were collected
between 1200 to 0 eV binding energy, at 160 eV pass energy,
1 eV intervals, and 300 seconds per sweep. High-resolution O
1s, N 1s, C 1s, S 2p, P 2p and Se 3d XPS spectra were also
collected at 20 eV pass energy and 0.1 eV intervals for each
analysis point over an appropriate energy range, with one 300
second sweep for all elements except N 1s and S 2p for which
two sweeps were used. The data collected was calibrated in
intensity using a transmission function characteristic of the
instrument (determined using software from NPL) to make
the values instrument independent. The data were analysed
using the theoretical Schofield relative sensitivity factors. All
peaks positions were calibrated with respect to the C-C/C-H
peak position at 285.0 eV.

2.7. HAADF-STEM analysis

The morphology and elemental composition analysis of the
purified SeNPs were analysed by using Transmission electron
microscopy (TEM) equipped with energy dispersive X-ray
(EDX). EDX analysis was performed at 300 kV using a spot
size of 4 A and a live counting time of 50 s. The structural
characterization of the SeNPs were analysed by using
selected-area electron diffraction (SAED).

TEM samples consisting of purified SeNPs produced by S.
bentonitica after 48 and 144 hours of incubation were
prepared using the conventional negative staining. Finally,
the samples were examined under a HAADF-STEM
microscope FEI TITAN G2 80-300. STEM specimen holders
were cleaned by plasma prior to STEM analysis in order to
minimize contamination.

2.8. X-ray absorption spectroscopy (XAS)

S. bentonitica cells were grown in LB media amended with 2
mM Se'. After 24, 72 and 144 h of incubation the cells in
contact with Se™ were harvested by centrifugation (10 000 x g;
10 min). Then, the samples were prepared as previously
described in Merroun et al. (2005)*° with some modifications.
The resultant pellets were washed twice with sterile double
distilled water to remove the cell debris and the interfering
ingredients of the growth medium before being dried at 28
°C for 24-48 h. Then the samples were powdered in an agate
mortar and kept in a desiccator. Finally, the powdered
samples were prepared by spreading and pressing them onto
10 mm x 3 mm area of Kapton tape, which was sealed
between additional layers. Selenium references (sodium
selenate, sodium selenite, Se® foil and selenium sulfide) XAS
data were collected in transmission mode. Each standard was
prepared by mixing the powder with dried cellulose and
pressed forming disks (13 mm of diameter).

Selenium K-edge X-ray absorption spectra were collected
at the MARS beamline at the SOLEIL synchrotron facility,
which is the French bending magnet beamline dedicated to
the study of radioactive materials.>" For the experiment, the
ring was operated at 2.75 GeV in 8-bunch mode (100 mA).
The optics consisted on a double-crystal monochromator
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with horizontal dynamical focusing set to the Si(220) crystals,
and -coated mirrors for vertical focusing and rejection of
higher harmonics set to the Si strips.>* Spectra were collected
in transmission mode using a 13-element Ge detector (EG &
G ORTEC, USA). Data were processed following standard
procedures by using the Athena/Artemis codes.*® Background
removal was performed by means of a pre-edge linear
function. Atomic absorption was simulated with a square-
spline function. The theoretical phase and amplitude
functions used in data analysis were calculated with FEFF8
(ref. 34) using Se foil as model. The amplitude reduction
factor (So?) was held constant at 1.0 for the FEFF8 calculation
and extended x-ray absorption fine structure (EXAFS) fits. The
shift in threshold energy, AE,, was varied as a global
parameter in the fits.

2.9. Detection and identification of volatile Se compounds

A combined thermal desorption GC-MS system was employed
for the detection and identification of Se volatile species
produced by the bacterial strain S. bentonitica. Cultures of S.
bentonitica were grown in the presence of Se'” (0.1 and 2 mM)
in 250 ml conical Quickfit® flask capped with Suba-Seals
(Sigma®) to avoid the loss of gases during gas extraction with
hypodermic syringes. Se™-free cultures (biotic) and Se™-
amended media (abiotic) were used as controls. The gaseous
samples were taken and analysed as described previously by
Eswayah et al'” after 24 and 144 h of incubation. The
National Institute of Standards and Technology (NIST) MS
search program (version 2011) was employed to identify
compounds based on their mass spectrum.

3. Results

3.1. Time course experiments for Se" reduction

The time course of Se'" reduction by the strain BII-R7 of S.
bentonitica was studied in the presence of different initial
Se" concentration. Se' was completely reduced after 24, 48
and 120 h, if the cells were incubated with 0.1, 0.25 and 2
mM, respectively (Fig. 1). Therefore, Se' removal depends on
the initial concentration, where Se' is removed faster at low
initial concentration (0.1 mM) than at high concentration (2
mM). These results clearly show the efficiency with which the
strain S. bentonitica BII-R7 reduces Se'. No variation in Se'”
concentration in the abiotic controls (Se" amended-media
without bacterial cells) confirmed that the bacterial strain is
involved in the reduction of Se' concentration (data not
shown). The results displayed in Fig. 1 also show the
decrease of the amount of Se™ per g of cell protein with time
at all that concentrations assayed, which mirror the increase
in the percentage of reduced Se'.

The decrease in the amount of Se' at a given initial
concentration matches with the growth profile of the cells as
measured by the total protein content. The presence of Se"
has an inhibitory effect at the early stage of the bacterial
growth as shown by the initial long lag phases in the first 48
h (Fig. 2). As we have previously reported, this stress is most
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Fig. 1 Time course of selenite reduction by S. bentonitica in the presence of 0.1 mM, 0.25 mM, and 2 mM as initial Se' concentration expressed

as percentage of Se' reduced (symbols: 0, ¢, ©) and amount of Se' (mg) per g of cell protein (symbols: m, 4, e). Selenite was added at zero time.
Each curve shows means based on the results of triplicates.

probably due to the presence of Se™-** The optimum growth The effect of Se™ on cell viability of S. bentonitica was
of Se™-treated cells was reached at 96 h (for 0.1 mM Se"™)  studied by the live-dead staining approach conducted with
and around 144 h (for 0.25 and 2 mM Se"") once the Se™ has  propidium iodide (PI) and fluorescein diacetate (FDA). PI
been completely reduced. enters cells with damaged membranes staining nucleic
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Fig. 2 Growth profile of S. bentonitica in the absence and the presence of 0.1, 0.25, and 2 mM Se'. Selenite was added at time zero. Each curve
shows means based on the results of triplicates.
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acids,®® while FDA stains viable cells.*® With regard to the
metabolic activity test, the fluorescent dye DiOCys was used
in order to bind polarized membranes of active cells.*” The
percentages of viable and active cells of S. bentonitica
population untreated and treated with an initial Se"
concentration of 2 mM and incubated for 24 and 144 h are
displayed in Fig. S1.f Cell viability was affected negatively by
Se™. Specifically, 46.3 and 36.4% of cell populations were
found to be viable after 24 and 144 h, respectively. In
contrast, a greater number of viable cell population (100%)
was observed in the untreated samples. On the other hand,
the metabolic activity test showed a lower oxidative response
under Se" stress. Specifically, 59 and 72.2% were found to
be active after 24 and 144 h respectively, comparing with
untreated cells (97 and 97.8% of active cells). This increase
on cell activity from 59 to 72.2% could be explained by the
fact that at 24 h cells are still in the lag phase (see Fig. 2),
probably adapting their metabolic processes to respond to
Se stress. As soon as they are able to tolerate Se they grow
as observed at 144 h. The results of the flow cytometry
measurements concur with the growth curve suggesting a
toxic effect of Se™ on S. bentonitica cells.

The reduction of Se"™ could be also observed by the
appearance of a red colour in Se™-amended cultures.
However, under 0.1 mM Se' stress, the red colour changed
to light brown colour after 48 h incubation. This observation
would suggest that other mechanisms in addition to
reduction seem to be involved. The absence of Se™ at 48 h
(Fig. 1) discards an oxidation of Se compounds as possible
mechanism. However, a volatilization process to methylated
Se products it is possible. In fact, a characteristic garlic-like
odor generated in the Se™-treated cultures suggested the
formation of volatile Se species.

3.2. Synthesis and purification of the selenium nanoparticles

The SeNPs were biogenically produced by S. bentonitica by
reducing the oxyanion Se' to non-toxic Se’ as described in
Ruiz-Fresneda et al.®® The study revealed the formation of
amorphous Se nanospheres and different crystalline Se
nanostructures were found both intracellularly and
extracellularly. The nanostructures were isolated using an
improved method reported by Sonkusre et al*® for the
recovery of the SeNPs. This procedure includes cell lysis
using lysozyme (Sigma®) and French press. After which, the
separation of the nanoparticles from the cell debris was
conducted by a two-phase water-octanol extraction (Fig. 3A).
Finally, the water phase containing the SeNPs was
subsequently washed with chloroform, absolute ethanol,
ethanol (70%) and resuspended in water, obtaining the
solution of purified SeNPs (Fig. 3B). No cell growth was
detected when the harvested and purified SeNPs were
incubated on LB agar plates, thus indicating the high
efficiency of the purification steps in removing bacterial
cells.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Separation of SeNPs from cell debris by a two-phase water-
octanol extraction system (A) and final solution of purified SeNPs in
water (B).

3.3. Microscopic characterization of the purified selenium
nanoparticles

STEM-HAADF micrographs of purified SeNPs produced by S.
bentonitica after 48 and 144 h of incubation showed the
presence of spherical electron-dense structures with sizes
ranging from 100 to 400 nm (Fig. 4A and B). These structures
frequently appeared forming aggregates (Fig. 4B). EDX
analysis and EDX elemental-distribution maps confirmed
that they consisted of Se (Fig. 4C and D). Additionally, the ED
pattern indicated their amorphous nature (Fig. 4D inset).
Changes in the spherical morphology have been shown to
occur in some Se nanospheres (Fig. 4B), probably as an
intermediate step in the transformation from amorphous
nanospheres to trigonal Se crystals as reported in Ruiz-
Fresneda et al®® The presence of Se crystals in the 144 h
sample also supports the proposed transformation process
(Fig. 4E). The HRTEM image of an individual Se
nanostructure confirmed its crystallinity as indicated by a
d-spacing of 0.38 nm (Fig. 4F). An additional d-spacing of
0.28 nm was calculated from the SAED pattern (Fig. 4F inset).
These d-spacings (0.38 and 0.28 nm) could correspond to
(100) and (101) planes of t-Se, respectively suggesting the
trigonal crystalline phase of these nanostructures.

Negative staining of the samples allowed the detection of
an organic layer coating the Se nanostructures (Fig. 5);
suggesting the presence of amine rich organic material. The
results show the efficiency of the purification method since
no cell debris was detected, and only the SeNPs was evident.

3.4. Spectroscopic characterization of biogenic purified and
cell associated Se nanostructures

3.4.1. ATR-FTIR analysis. ATR-FTIR spectroscopy was used
to determine whether the purified biogenic SeNPs are coated
by protein. ATR-FTIR spectra of the control sample (S.
bentonitica biomass), cell associated SeNPs (S. bentonitica
biomass in contact with 2 mM Se') as well as purified SeNPs
produced after 48 and 144 h of incubation are shown in

Environ. Sci.. Nano, 2020, 7, 2140-2155 | 2145


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0en00507j

Open Access Article. Published on 18 June 2020. Downloaded on 1/26/2025 9:25:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2mM Se 144h 1
MAG: 40.0kx HV: 300kV

Fig. 4 STEM-HAADF images showing Se nanospheres distributed
individually (A) and forming aggregates (B). EDX elements distribution
maps and EDX analysis indicating the Se composition of the
nanospheres (C and D). SAED pattern derived from the Se nanospheres
(panel inset in D). STEM-HAADF micrograph of a single crystalline Se
nanostructure (E) and its derived HRTEM image showing a d-spacing
of 0.38 nm (F). Panel inset in F shows the SAED pattern of the Se
crystal.

%

0.2 um
jsona}

Fig. 5 STEM-HAADF image showing an organic layer (arrow) coating
the se nanospheres.

Fig. 6A and B, respectively. No differences in the spectra were
found with increased incubation times.
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The control spectra showed the typical ATR-FTIR spectral
regions of bacterial biomass with absorption peaks within
the regions dominated by stretching vibrations of functional
groups in proteins, lipids and polysaccharides (Table S17).
The spectra of the bacterial cells grown in the presence of Se
show no remarkable shifts in the absorption bands in
comparison with controls. This suggests that the amount of
SeNPs in the bacterial culture was too low to give any
detectable spectroscopic contribution specifically from
SeNPs.'? In the purified SeNPs samples, the absorption
bands at around 1659 and 1538 cm ' mainly due to C-O
vibrations corresponding to Amide I as well as N-H and C-N
vibrations of peptide band attributed to Amide II of proteins
detected. The non-presence of complementary
absorption bands characteristic of stretching in functional
groups of proteins suggests that amide I and II bands
correspond to amino acid residues coating the SeNPs. These
results confirmed the presence of organic layers composed by
amine rich matter surrounding the SeNPs as suggested by
STEM-HAADF analysis. The detection of typical protein bands
of isolated SeNPs biogically produced by the bacteria
Azospirillum brasilense Sp7 and Stenotrophomonas maltophilia
SeITE02 have been reported in other studies.*®*°

3.4.2. XPS analysis. The composition of the surface coating
the Se reduction products was also analysed by XPS. It is
noteworthy that no differences between 48 and 144 h
samples were detected. The most immediate difference
between the purified SeNPs and the cell associated SeNPs
was the shape of the survey scans (Fig. S21). The spectrum
for the purified nanoparticles suggests a high number of
photoelectrons that have been inelastically scattered such
that the inelastic background is more pronounced than the
photoelectron peaks. The background maxima is around the
photoelectron peaks for the Se, suggesting that it consists of
Se photoelectrons that have lost only a small but variable
amount of kinetic energy. This suggests the SeNPs are
probably entirely wrapped in a very thin layer of material.
The overall surface composition determined by quantifying
the survey scans showed the presence of C, N and O
indicating that this material is most likely to be organic
(Table S21). The purified SeNPs showed much higher Se
content than the cell associated samples, but also a very high
carbon concentration consistent with the Se being wrapped
in a thin layer of organic material.

It was found that 4 peaks gave the best fit for the C 1s
spectra, most probably due to C-C and C-H bonds, C-O and
C-N which have not been resolved, C=0 and O-C=0 type
carbon environments (Fig. S31). The relative concentrations
of the different components are most similar to the biomass
control and the cell associated nanoparticles. However, the
deconvoluted carbon peak for the purified nanoparticles
showed components at different positions from the other
samples, suggesting a slightly different composition of the
organic material (Fig. S3t). The oxygen high resolution
spectra show a similar result with peak areas and binding
energies slightly different for the purified nanoparticles than

were
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Fig. 6 ATR-FTIR spectra of purified SeNPs (I), and S. bentonitica biomass in the absence (Il) and presence (Ill) of 2 mM Se'V after 48 (A) and 144 h

(B) of incubation.

the rest of the samples (Fig. S3f). The high nitrogen
concentrations recorded at a binding energy of approximately
400 eV are consistent with the high concentrations of amine
groups (Table S3; Fig. S3t). All samples appeared to show a
second much smaller component at a slightly higher binding
energy that most likely corresponds to protonated amines
(Table S3; Fig. S37).

The Se 3d peak is made up of two components: the Se
3d** and the Se 3d”2 Values from the literature (https://
xpssimplified.com/elements/selenium.php) suggest these are
separated by 0.86 eV with a fixed area ratio of 0.735:1. The
curve fits used to fit the data, have defined these two
parameters. It was found that two pairs of peaks were
necessary to fit each Se peak, and the widths of these pairs
were allowed to vary independently. From the literature

This journal is © The Royal Society of Chemistry 2020

metallic selenium Se° is expected 3d*?* at 55.1 eV, whereas
Se™ is expected at approximately 59.4 eV, Se¥' at
approximately 61 eV, Se"" at approximately 57.7 eV and Se™
at binding energies <55 eV.** It has also been seen that Se’
can be polarised leading to slightly higher binding energies.*"
The binding energy at 55.2 eV in the purified nanoparticles
(Fig. 7A) (Table S3t) confirmed the presence of Se’. Indeed,
for these samples it is suggested that all the selenium is Se®,
but approximately 50% of the signal could be due to Se
influenced by the outer organic layer wrapping the SeNPs,
which has polarised the Se atoms, while the remainder is
from a true metallic Se® core. The narrow peak width of the
metallic Se® peak is typical of a metal sample. For the cell
associated nanoparticles (Fig. 7B) it should be noted that the
intensity of the selenium signal is initially much lower, so

Environ. Sci.: Nano, 2020, 7, 2140-2155 | 2147


https://xpssimplified.com/elements/selenium.php
https://xpssimplified.com/elements/selenium.php
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0en00507j

Open Access Article. Published on 18 June 2020. Downloaded on 1/26/2025 9:25:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Environmental Science: Nano

504

45]

401

354

301

CPS x 1072

251

204

15

10

Se 3d A

56 52 48

Binding Energy (eV)

704

60

504

CPS x 102

404

304

MM,

204

Se 3d B

T 1 T

56 52 48

Binding Energy (eV)
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the data are much more noisy. It is suggested for these
samples the selenium is a mix of polarised Se® and Se"’.

The XPS results confirmed the presence of outer layer of
amine rich organic material capping the SeNPs as previously
indicated by HAADF-STEM and ATR-FTIR analysis. In
addition, the Se reduction products appear to be present in
the zero-valent state (Se’). The lack of binding energies
corresponding to Se" is consistent with the results of the
time course experiments of Se" reduction, where Se' was
completely reduced.

3.4.3. XAS analysis. X-ray absorption near-edge structure
(XANES) spectra of biogenic SeNPs samples produced by S.

2148 | Environ. Sci: Nano, 2020, 7, 2140-2155

bentonitica BII-R7 at 24, 72, and 144 h, in addition to
reference compounds representing the different Se oxidation
states; Se'v (Na,SeO;), Se° (Se foil) and Se™ (SeS,) are
presented in Fig. 8A. The results obtained showed that the
local coordination of Se is dominated by Se° which was
previously indicated by the colour change in the samples and
confirmed by STEM/HAADF and XPS analysis.

The Se K-edge EXAFS spectra of a Se foil and of biogenic
SeNPs samples produced by S. bentonitica BII-R7 at 24, 72,
and 144 h along with their corresponding Fourier transforms
(FT) are presented in Fig. 8B and C. The fit parameters of the
calculated spectra are summarized in Table 1.

This journal is © The Royal Society of Chemistry 2020
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FT peak distances are reported in units of A and are
uncorrected for scattering phase shift, i.e., R + AR. The fit of
the EXAFS spectra of the 3 experimental samples showed the
presence of one Se-Se coordination shell at a bond distance
of about 2.33-2.34 + 0.02 A. No differences were observed for
the bond distance of this shell within the 3 samples. Similar
values were reported for the Se-Se coordination shell of
SeNPs produced by M. capsulatus and M. trichosporium” and
A. brasilense,” with bond distances at 2.35 and 2.34 A,
respectively. According to these studies, the values obtained
indicated the amorphous nature of the SeNPs. The
coordination number of this coordination sphere is ranging
from 2 to 3. The Debye-Waller factor (c®) of this shell,
ranging from 0.0030 to 0.0045 A” in all samples, decrease
with reaction time, suggesting an increase of structural order
with time (see Table 1). This could explain, as reported by
Eswayah et al.,"” the biotransformation of amorphous SeNPs
(24 h) to trigonal Se nanostructures (72 h and 144 h).
Attempts to fit the second Se-Se coordination shell at about
3.63-3.70 + 0.02 A failed due to the small amplitude of this
peak in the 3 studied samples. The bond distance of this
shell would give insights on the crystalline Se, as was

Table 1 EXAFS structural parameters of the Se foil and the biogenic
SeNPs

Sample Shell ~ N* R'[A] 0™ [A?]  AE[eV]
Se foil Se-Se  3.2+02 237 0.0040 -10.1
Se'V—cells-24 h Se-Se  3.3+02 234 0.0045 -10.6
seV—cells-72 h Se-Se 2.5+ 0.1 2.33 0.0032 -12.5
SeV—cells-144h  Se-Se  2.5+0.1  2.34 0.0030 -9.47

“ Errors in coordination numbers are +25% and standard deviations
as estimated by EXAFSPAK. ” Errors in distance are +0.02 A. ¢ Debye-
Waller factor.

This journal is © The Royal Society of Chemistry 2020

indicated by Eswayah et al'’ and Scheinost and Charlet.*”

Thus, due to the fact that EXAFS is a bulk technique, no
strong structural evidence on the transformation of
amorphous Se to trigonal Se was demonstrated, as it was
suggested by STEM/HAADF analysis.

3.5. Volatilization of selenium species by S. bentonitica

The headspace gas above the cultures was sampled (200 ml)
and analyzed by GC-MS system in order to identify volatile
Se species. GC-MS extracted ion chromatograms for 80 m/z
(specific for Se) of the samples amended with 0.1 and 2 mM
Se"' concentration showed the production of dimethyl
diselenide (DMDSe) and dimethyl selenenyl sulphide
(DMSeS) after 24 and 144 h (Fig. 9A and B). No differences in
the production of volatile Se species were observed with
different initial Se™ concentration and incubation time. The
absence of Se volatile compounds in biotic and abiotic
controls (Fig. 9C and D) suggested that they are produced by
the bacterial cells. In addition, it is noteworthy that dimethyl
disulfide (DMDS) was detected in both samples and controls
since this compound could be involved in the formation of
Se volatile species.*® Chasteen® previously reported that a
disproportionation reaction between DMDSe and DMDS to
produce DMSeS is quite probable. The biotic and abiotic
production of DMDS has been previously reported in the
literature.*>**

A number of microorganisms including phylogenetically-
related species to S. bentonitica have been reported for their
ability to produce volatile Se compounds largely in form of
DMSe and DMDSe. Dungan et al and Kagami et al'®"
demonstrated the formation of DMSe, DMDSe and DMSeS by
the bacterial species Stenotrophomonas maltophilia and
Pseudomonas stutzeri NT-1, respectively. Bacteria were found to
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Fig. 9 GC-MS chromatograms of the headspace gas of S. bentonitica cultures supplemented with Se' (0.1 and 2 mM) (A and B) and without Se'V
(C), after 24 and 144 h of incubation. Se'V-amended medium (2 mM) chromatograms after 24 and 144 h of incubation were used as control (D). All
GC-MS chromatograms were obtained by selecting the 80 m/z ion specific for selenium.

mainly generate DMSe as the most common form, while
DMDSe were produced in a lesser extent.® In our case, S.
bentonitica produces DMDSe and not DMSe. Less common
methylated Se compounds such as DMSeS, dimethyl selenyl
disulphide (DMSeDS), dimethyl triselenide (DMTSe), and
dimethyl selenone [(CH3),SeO,] have also been reported to be
generated by several microbes.>*** However, the specific
mechanism involved in their production still remains unclear.

4. Discussion

Se biotransformation has been well-described as a possible
metal-microorganism  interaction  for  bioremediation
purposes.*>*® However, few studies have been conducted
about its influence in the safety of the future DGR systems.
The ability of the bacterial species S. bentonitica to reduce Se"
to Se’ forming Se nanostructures with different morphology
(e.g. nanospheres, hexagons, polygons, and nanowires) has
been described in a recently published work.”® The time-
dependent transformation of a-Se nanospheres to crystalline
t-Se nanostructures was proposed as indicated by microscopy
and spectroscopy results. Extracellular flagella-like proteins

2150 | Environ. Sci.: Nano, 2020, 7, 2140-2155

and organic matter produced by the cells seem to be involved
in the transformation process serving as template for a-Se
nanospheres aggregation.

In the present work a combination of spectroscopic (XPS,
ATR-FTIR, XAS) and microscopic (STEM-HAADF) techniques
were employed to confirm the involvement of biogenic
proteins in the transformation of Se nanostructures. The
employment of a broad range of techniques allowed us to
address this issue and to give realistic and accurate insights
into the chemical and structural properties of these
nanostructures, which would help to understand the impact
of this bacterium in the mobility of Se under DGR relevant
conditions. The STEM-HAADF results of the purified SeNPs
showed the presence of crystalline nanostructures attached
to extensive a-Se nanospheres aggregations, what is in good
agreement with the proposed transformation process from
amorphous to crystalline Se. The change in the shape of the
nanospheres also agrees with the proposed transformation
since the final crystalline products present different
morphologies (e.g. hexagonal, polygonal, and nanowires). The
conventional negative staining of these samples showed
organics layers capping the purified SeNPs suggesting the

This journal is © The Royal Society of Chemistry 2020
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existence of proteins surrounding them. Finally, the presence
of amine rich organic material coating the SeNPs was
confirmed by means of ATR-FTIR and XPS. The identification
of amine rich proteins from these organic layers in the
present study suggests the role of proteins on the
nanospheres aggregation and transformation. These results
are in agreement with the studies of Bao et al. and Debieux
et al.*”*®* who reported the critical role of proteins in the
nucleation and self-assembly of SeNPs produced by Thauera
selenatis and Bacillus oryziterrae, respectively. To the best of
our knowledge, the aggregation of Se nanospheres would
allow their precipitation and settlement and would be
beneficial for the surroundings of the repository. The
qualitative identification of proteins associated to the SeNPs
could contribute to a better understanding of the
mechanisms of their synthesis. However, the use of
quantitative proteomic analysis would further improve our
understanding about the involvement of specific proteins in
the bioreduction process (results will be published soon).
This would indeed be helpful to improve the production of
SeNPs on an industrial scale and thus enable their
applications (e.g. for bioremediation purposes). Several
studies have recently included proteomic analysis to
investigate the synthesis of SeNPs. Xu et al.*’ reported that
the organic layer of the SeNPs produced by the bacterial
strain Comamonas testosteroni S44 are composed mainly of
proteins as indicated by quantitative analysis. Minor amounts
of carbohydrates and lipids were detected, suggesting the
major role of proteins in the formation of SeNPs. They
reported that binding proteins to nanoparticles were
nonspecific and could be a result of physicochemical
processes, in contrast to previous studies indicating the role
of specific proteins such as SefA.”” However, they
demonstrated that the charged amino acid rich proteins have
a higher binding ability to the surface of the SeNPs. These
results could be useful for the production of SeNPs by
biologically produced proteins for industrial and medical
applications. Future proteomic studies on the biogenic SeNPs
produced by S. bentonitica are in progress in order to further
investigate the possible role of proteins on the synthesis of
SeNPs and hence on the mobilization of Se present within
the repository system.

The local structure of the reduced Se was characterized by
XAS. The spectrum in the XANES region identified Se’ as the
oxidation state of the Se reduction products as previously
suggested due to the colour change observed in the cultures.
On the other hand, the EXAFS region showed the presence of
two coordination shells at a bond distance of about 2.34-2.35
+0.02 A for the first Se-Se; shell and about 3.63-3.70 + 0.02
A for the second Se-Se, shell. It is well documented that the
bond distance of the first Se-Se shell (Se-Se;) is intimately
related to the structure of Se nanostructures. The shortest
bond length of this shell (2.32-2.34 + 0.02 A) is associated to
red a-Se.’® The largest Se-Se; bond distance (2.37 + 0.02 A) is
related to t-Se.”" In the case of monoclinic Se (m-Se), the Se-
Se; bond distance is calculated to be ranging from 2.32 to

This journal is © The Royal Society of Chemistry 2020
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2.34 + 0.02 A.52 Therefore, the obtained Se-Se; bond distance
for the studied samples (2.34-2.35 + 0.02 A) could correspond
to the average distance of Se-Se; shell from different Se
structures (amorphous, monoclinic and trigonal). The
identification of a-Se and t-Se nanoparticles previously
detected by STEM-HAADF and VP-FESEM”® supported this
hypothesis. The bond distances obtained for the second Se-
Se, shell correspond to crystalline Se according to Eswayah
et al.'’ They showed via EXAFS measurements of SeNPs,
produced by M. capsulatus and M. Trichosporium, a Se-Se, of
3.69 A. According to Scheinost and Charlet,** the Se-Se shell
at 3.67-3.69 A of Se reduced by Mackinawite minerals is in
line with the structure of m-Se. Definitely, EXAFS analysis
suggested that the SeNPs produced by S. bentonitica includes
amorphous, monoclinic and trigonal structures, according to
the calculated bond distance values. The higher Debye-
Waller factor (6°) of Se-Se; shell in the 24 h sample indicated
the higher structural disorder of this sample in comparison
with 72 and 144 h samples. This is observation is in good
agreement with the microscopy results obtained in Ruiz-
Fresneda et al,”® where amorphous SeNPs were
predominantly observed at 24 h and higher structurally
ordered (crystalline) Se were formed subsequently.

The Se reduction efficiency of S. bentonitica under aerobic
conditions could be tested with a HPLC system coupled to
ICP-MS. The results showed the complete Se™ reduction
under different initial concentrations assayed. The time
course of Se' reduction by S. bentonitica is similar to other
bacterial strains belonging to the same genus such as S.
maltophilia SeITE02.*° Under 2 mM Se' stress SeITE02 strain
is able to reduce up to 86% after 192 h of incubation. In this
study, S. bentonitica showed a higher reduction efficiency
with a 100% of reduced Se™ after 120 h of incubation at the
same Se' concentration. The high Se reduction efficiency of
the bentonite isolate S. bentonitica would be beneficial within
the radioactive disposal system, where Se' will be present.>®
In addition, the obtained data would be indispensable for
the geochemical models used to predict the influence of
biogeochemical processes on Se mobility within the DGR
system. Aerobic conditions are expected to dominate the
DGRs after their closure, as oxygen will enter during the
construction and operational periods. However, after that,
anoxic conditions are supposed to be established relatively
fast. These results show that S. bentonitica may maintain cell
viability and activity under Se'V stress, and are able to reduce
Se"' aerobically; similar to our results obtained under
anaerobic conditions, reported in a previous work.>* This
suggests that the reduction of Se™ could occur both
aerobically and anaerobically within the DGR system. In the
presence of oxygen, this facultative aerobic bacterium will
use oxygen rather than other electron acceptors for
respiration. Nitrate and acetate are used as electron acceptor
and donor, respectively by this bacterium under anaerobic
conditions.”® Both are compounds that will exist in the
geodisposal system mainly as degradation products from
radiolysis and chemolysis.’>>® In addition, it is assumed that
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different geochemical processes such as degradation of
cellulose, from several materials present in radioactive waste,
could lead to the generation of nutrients and growth
substrates that microbes can use to support growth.

To further investigate the reduction mechanism involved,
the production of volatile Se species was studied. The
biomethylation to volatile Se products results in the removal
of Se¥' and Se" and the transfer of Se from aquatic and
terrestrial sites to the atmosphere in form of methyl
selenides.®>”” The insolubility and limited bioavailability of
methyl selenides in contrast to the highly reactive Se
oxyanions is well known.?® For this reason, methylation is
considered one of the most important transformation
processes in relation to bioremediation of Se. Losi and
Frankenberger®  demonstrated that oxidation and
resolubilization of Se” to Se'¥ and Se"" microbially induced in
soil occurs at relatively low rates. Hence, the reduction of Se
oxyanions to Se’ could be only a temporary solution for
bioremediation of contaminated environments.>>>® This fact
makes biomethylation of Se an effective approach for the
bioremediation of contaminated environments because it
would allow the complete removal of Se from soil and
water.”>” The production of methylated Se compounds
(DMDSe and DMSeS) by S. bentonitica confirmed the
transformation to Se™ oxidation state of the Se reduction
products since methylation involve reduction to Se™ when
the initial oxidation states are Se'’, Se™ and Se®.”” Both
reduction and methylation of Se oxyanions (Se"" and Se') are
considered a detoxification process for microorganisms since
volatile compounds DMSe and DMDSe are 500 to 700 times
less toxic than Se oxyanions and other derivatives.® This fact
suggests the potential positive influence that S. bentonitica
would have in the planned repositories of radioactive wastes
by converting toxic Se oxyanions to methylated Se species
with lower toxicity. However, some Se volatile species such as
DMSe could be rapidly demethylated in anoxic sediments to
methane (CH,), carbon dioxide (CO,), and hydrogen selenide
(H,Se) by methanogens and sulphate-reducing bacteria.® It
is important to note that gas production within the DGR
system can affect the integrity and safety of clay barriers.®!
Despite the lower toxicity of the Se volatile species formed,
the risk potential associated to radioactive substances must
be considered. The isotope "°Se with a long half- life is a
significant emitter and contributes to the radioactivity
generated in the repository.

The presence of dimethyl disulphide (DMDS) in the
samples suggested its role in the formation of Se volatile
species by a disproportionation reaction between DMDSe and
DMDS to produce DMSeS as previously suggested by
Chasteen and Bentley.®> However, more studies are required
to determine the specific mechanism involved.

5. Conclusions

The results of the present study have shown the reduction of
the toxic selenium oxyanion Se' to less toxic species (Se’ and
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volatile Se™) by the bacterium S. bentonitica, isolated from
Spanish bentonites. The findings clearly demonstrated the
high efficiency and tolerance of S. bentonitica in reducing Se™
and producing SeNPs and volatile methylated Se. The STEM-
HAADF results support the transformation process from
amorphous to crystalline Se proposed in a previous work. The
local structure characterization of the Se reduction products
by means of XAS suggested the presence of amorphous,
monoclinic, and trigonal Se and evidenced the
biotransformation of amorphous Se nanospheres to trigonal Se
crystals. Additionally, the detection of volatile methylated Se
species such as DMDSe and DMSeS confirmed the ability of S.
bentonitica to reduce Se' to the chemical species Se™™ The
bioproduction of methylated Se is interesting as a promising
tool for bioremediation purposes due to its lower toxicity
comparing with Se oxyanions. Indeed, the Se reduction
products in form of Se® and Se™ may play an important role in
ensuring the safety of DGR because of the biotransformation
products are of lower solubility and toxicity.

The identification of organic layers mainly composed by
amine rich material coating the biogenic SeNPs suggested
the involvement of proteins in their synthesis and
transformation. Consequently, proteins could influence their
mobility and hence their fate in the environment. However,
additional investigations are necessary to better understand
the specific role of protein coating in the solubility and mobility
of the Se reduction products for the deep disposal of
radioactive wastes. Definitely, this investigation has provided a
new perspective on the potential impact of microorganisms on
the Se mobility through planned DGRs of radioactive wastes.
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