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ABSTRACT

Background: Synthesis of selenium nanoparticles from selenite by Shewanella sp. HN-41 demonstrated
that particle size depended on the reaction time and biomass of cells. The slow reaction and low biomass
tended to form small particles. In this study, Shewanella sp. HN-41 was introduced into the anode of a
nonexternal circuit bioelectrochemical system (nec_BES) to convert chemical energy from lactate to
low electron current to the cathode, where selenite was reduced.

Results: Our experiment with two systems, one bioelectrochemical system with a cathode flushed with
nitrogen and the other with a no-nitrogen-flushing cathode, showed that the former could not produce Se
nanoparticles after 21 d, but the latter formed them with an average size of 37.7 nm. The SEM and TEM
images demonstrated that the particle size of 10 nm occupied over 10% and most of the particles were in
the range of 30-60 nm. The XRD result and SAED image demonstrated no clear peaks of crystal and
proved that the Se nanoparticles are amorphous.

Conclusions: The clean Se nanoparticles were synthesized and completely separated from bacterial cells
in the bioelectrochemical system. This study opened a new approach for the biological synthesis of metal
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nanoparticles. Finally, the Se products in the range of 30-60 nm can be tested for antimicrobial activities

in medical applications.
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1. Introduction

Elemental selenium (Se) is a semisolid metal that belongs to
Group 6 of the periodic table with an atomic number of 34; and its
nanoparticles have been shown as a potential material in different
fields including agricultural, biomedical, environmental, and indus-
trial fields [1]. Se element played an important role in the industry
because of its several important chemical and physical properties,
including the following: a relatively low melting point (490 K), pho-
tovoltaic properties, high piezoelectricity, high photoconductivity
(8104 S cm™1), superconductivity, thermoelectric properties, linear
and nonlinear optical properties, and high reactivity toward a variety
of chemicals that are useful for the conversion of selenium into other
functional materials [2]. Se nanoparticles were applied in the produc-
tion of solar cells, rectifiers, photographic exposure meters, xerogra-
phy, pigments, glasses, and steel. The biological function of Se
nanoparticles has recently been reviewed thoroughly [1] and demon-
strated that selenium nanoparticles could be applied as anticancer
[3,4] and antioxidant [5], antibacterial, and antibiofilm [6] reagents.
The remarkable antimicrobial activity of these nanoparticles has
been tested in biomedical studies against pathogenic bacteria, fungi,
and yeasts [7,8,9].

Stable manufacture of nanosized selenium materials has been
achieved by many processes, including chemical, physical and bio-
logical processes. It was reported that selenium nanoparticles were
synthesized by solvothermal, sonochemical, laser ablation, and
microwave-enhanced reactions [10,11,12,13,14]. Many biological
species are capable of reducing selenite and selenate [15,16,17].
Diverse selenium-respiring bacteria from various environments
have been isolated and identified from selenite-contaminated agri-
cultural drainage pond sediment, and deep ocean hydrothermal
steam vents to plants that are capable of growing in selenite con-
taminating soils. Nanoparticles of selenium have been formed by
diverse phylogenetic genera including Rhizobiumselenireducens
sp., Dechlorosoma sp., Pseudomonas sp., Sulfurospirilium sp., Desul-
fovibrio sp., and Shewanella sp. [15,17,18,19]. Recently, biogenic
routes for the formation of Se nanoparticles have been found in
green chemistry in which plants [3], flower broth [20], and fruit
juice [9] have been used. However, those chemical, physical, and
biological methods for the syntheses of selenium nanoparticles
posed several limiting factors. The chemical and physical methods
were probably costly and environmentally harmful. The biological
route provided a cost-effective method, but the produced nanopar-
ticles were difficult or costly to remove from cells.

Recently, new platform biotechnology, bioelectrochemical system
(BES), has been investigated to employ microorganisms to convert
the chemical energy from organic materials to electric current. A
BES consists of an optional separator and two compartments; one
is the anode containing the medium and microbes for electron gen-
eration, and the other is the cathode containing solution flushed with
oxygen (or other oxidizers) as electron acceptor. BES configuration
has been investigated to improve energy efficiency and its applica-
tions. In the BES, the chemical energy from organic matter is con-
verted to generate electron flow from anode to cathode through an
external circuit, wherein the cathode chamber, the electrons can be
used for direct electricity production (microbial fuel cells, MFCs), or

the reduction of water or oxidized chemicals, such as metal ions,
CO,, or organic chemicals (microbial electrolysis cells, MECs, or
microbial electro-synthesis, MES) [21,22,23]. Most of the BES config-
urations were attempted to overcome the internal resistance and
increase the electron current. However, the application of BESs with
low power and continuous and low electron current has not yet been
exploited.

In this study, the synthesis of Se nanoparticles was investigated
in the nonexternal circuit bioelectrochemical system (nec_BES) to
separate the particles from cells and biological substances, for fur-
ther applications. Conventionally, MFC includes an external electri-
cal circuit by the copper wire connecting the cathode and anode,
and proton exchanged from anode to cathode, through an ion-
exchange membrane. In our study, the nec_BES without both exter-
nal electrical circuit and ion exchange membrane were applied for
the synthesis of Se nanoparticles. The Shewanella sp., HN-41 cells
were inoculated into the anode with the lactate substrates, the
cells were hypothesized to donate low electron current to one gra-
phite electrode (that connects anode and cathode directly without
the external circuit of copper wire), and then, the low electron cur-
rent reduced selenite directly or indirectly into selenium. The
products in the cathode were collected and characterized by
SEM, TEM, SAED, and XRD.

2. Materials and method
2.1. nec_BES construction

Two types of nec_BESs were designed; both included two separate
anodic and cathodic chambers that were directly connected to each
other by the charcoal rod of the electrode perforating through the sil-
icon membrane. The two types of nec_BESs were different from each
other in the cathodic chamber condition. One type had a cathodic
chamber bubbled with nitrogen to remove oxygen and the other
was bubbled neither with nitrogen nor oxygen to maintain atmo-
spheric oxygen condition in the cathodic chamber (Fig. 1).

2.2. Preparation for the anode chamber

The anodic chambers were filled with 100 ml of sterilized min-
eral medium and bubbled with filtered nitrogen gas in a clean
bench for 5 min, as reported previously, to maintain the dissolved
oxygen level at 0.24 mg/L [18]. The fresh cells of Shewanella sp.,
HN-41 cultured in the LB agar medium were harvested after two
days of incubation at room temperature, and inoculated into the
anodic chamber by injecting 1 ml of fresh cells suspended in ster-
ilized sodium chloride solution (0.9%). Then, the filtered sodium
lactate was added into the anodic chamber at the final concentra-
tion of 10 mM by a 1 ml sterilized syringe.

The mineral media were prepared with distilled water which
was bubbled with nitrogen using the following components
(g/L): NaHCOs: 2.5, CaCly: 0.06, NH4CI: 1, MgCl,-H,0: 0.2, KCI:
0.1, beta-glycerophosphoric acid disodium salt: 0.06, NaCl: 10,
HEPES (N-(2-hydroxyethyl)piperazine-N’-2-ethanesulphonic
acid): 7.2, yeast extract: 0.1, and 10 ml of mineral micronutrients
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Fig. 1. The configuration for the nec_BES with the anaerobic (A) and aerobic (B)
cathode.

including nitriloacetic acid, FeCl,, Na,WO,4, MnCl,, CoCl,, ZnCl,,
CuCl,, boric acid, Na;MoQ,4, Na,SeOs, and NiCl,. The pH of the
media solution was adjusted to pH 7.6 using 10 N NaOH solution
as prepared in the previous report [24]. All chemicals were
purchased from Fisher Scientific (Loughborough, UK) or Merck
(Damstadt, Germany) and Shewanella sp., HN-41 cells were pro-
vided by the Lab of Applied and Environmental Microbiology,
School of Earth Science and Environmental Engineering, Gwangju
Institute of Science and Technology.

2.3. Preparation of the cathodic chambers

1) For the anaerobic cathodic chamber, 1 mM Selenite solution
was used as catholyte and added into the cathodic chamber
(silicon rubber -capturing Pyrex bottle (Fig. 1). Then the
anaerobic cathode was bubbled with purified nitrogen gas
for 5 min to remove the air and oxygen in the catholyte,
and the dissolved oxygen level reached 0.24 mg/L [18].

2) For the aerobic cathodic chamber, 1 mM Selenite solution
was also used as catholyte and added into the cathodic
chamber without bubbling nitrogen (glass beaker (Fig. 1)).

All the catholytes were prepared with distilled and deionized
water.

The control experiment was prepared as in the nec_BES with
aerobic cathode, except for the anodic chamber. The anode of the
control nec_BES was not inoculated with fresh cells but was added
with sodium lactate at the final concentration of 10 mM.

2.4. Operation and sampling of nec_BESs

All sampling and monitoring of solutions were performed at
both cathode and anode chambers. The cathodic solutions were
sampled at days 0, 2, 4, 6, 14, and 21 for selenite concentration.
The anodic solutions were sampled at days 0, 2, 4, and 6 for the lac-
tate. For monitoring of the cell growth, 2 ml of anodic solution
were measured at the wavelength of 600 nm for optical density
and the pH of anodic solutions was monitored at days O, 2, 4, 6,
14, and 21. The lactate was continuously added to the final concen-
tration of 10 mM after 7 d of incubation to provide the substrate
sources with bacterial cells. The products in the cathode were col-
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lected on day 21 and washed with distilled water twice by cen-
trifugation at 12 000 rpm for 5 min. Collected products were
characterized by SEM, TEM, and XRD.

2.5. Analysis of the samples and products

The anodic samples (1 mL) were filtered through a 0.2 um What-
man syringe filter (GE Healthcare, UK). Ten microliters of the filtrate
were injected into the high-performance liquid chromatography
(HPLC), which was equipped with a photodiode array (PDA) detector
(Varian, Walnut Creek, CA) and an Aminex HPX-87H ion exclusion
column (Bio-Rad, Hercules, CA) for the quantification of lactate. The
HPLC was run in the isocratic flow mode at the flow rate of
0.6 mL min~! for 30 min and the mobile phase of 5 mM sulfuric acid.
The lactate was detected at 210 nm with the UV detector. The con-
centration of lactate was calculated based on the standard curve of
lactate in the same condition of the mobile phase.

Selenite concentration in the cathode was analyzed by atomic
absorption spectrometry (AAS) method on a Perkin Elmer 3300
instrument (Perkin Elmer, Shelton, CT). Briefly, 1 ml of cathodic sam-
ple was centrifuged at 12 000 rpm and the supernatant of the sample
was injected into the AAS. The concentration of selenite was calcu-
lated based on the prepared standard curve of selenite in the AAS.

The washed samples of cathode products were analyzed by EDS,
SEM, TEM, and XRD. SEM images were recorded with a Hitachi
S4800 (Japan). The samples (100 pL) were dropped and dried on
a carbon tape in a specimen holder. Energy dispersive X-ray spec-
troscopy (EDS) was also performed to analyze the elemental com-
position of the samples. For TEM analysis, ten microliters of the
washed sample were dropped on the copper grid and dried at room
temperature. TEM images were obtained at JEOL JEM-1010 (Tokyo,
Japan) and HR-TEM images were obtained using a JEM-2100
(Tokyo, Japan). The particles size was calculated based on the anal-
ysis of the TEM image using the software Image]. For XRD analysis,
the measurement was conducted by using a D/max Ultima III
diffractometer (Rigaku, Tokyo, Japan), equipped with monochro-
matic high-intensity Cu Ka radiation (1 = 1.5406 A).

3. Results
3.1. Selenium nanoparticles syntheses in the cathode

In our investigation, the color of the cathodic solution changed
from colorless to pinkish in the nec_BES with aerobic cathode, after
21 d of incubation at room temperature. The cathodic solution was
centrifuged to collect the precipitant and the washed precipitant
was observed at SEM (Fig. 2) and TEM (Fig. 3). The SEM image
described clear spherical nanoparticles formed from the aerobic
cathodic solution of nec_BES. The EDS data showed the peak of
the Se element in the SEM image (Fig. 2B), confirming that the pre-
cipitant was selenium. For the samples from the anaerobic cath-
ode, the cathodic solution did not show the change of color and
the particles were not observed by SEM images (data not shown).

The collected Se products were mounted for XRD analysis. The
data obtained showed no major peak of crystals Fig. 4). Further
analysis by TEM showed that the precipitant was spherical with
a size range from several nanometers to 80 nm, with an average
size of 37.7 nm (Fig. 3). The size of the particle was distributed into
two main groups under 10 nm and around 50 nm (Fig. 3B). The
small dot of selenium nanoparticles is depicted in Fig. 4A along
with the aggregate of large particles. The inserted image of a
selected area electron diffraction image showed the reflection of
an electron beam with a large hollow hole at the center without
the ring of an electron beam, confirming that the crystallinity of
Se particles was amorphous.
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Fig. 2. SEM (A) images and EDS (B) data of Se(0) nanoparticles formed in the aerobic cathode of the nec_BES inoculated with Shewanella sp. HN-41, scale bar of 500 nm.
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Fig. 3. XRD pattern of the Se nanoparticles produced in the cathodic solution.

The selenite concentration in the aqueous solution of the cath-
ode was monitored to observe the reduction of selenite. The results
of the AAS analysis demonstrated that the selenite at the aerobic

cathode was reduced, but not at the anaerobic cathode (Fig. 5).
The rate of selenite reduction was slow in the nec_BES with an aer-
obic cathode. The selenite concentration at the aerobic cathode
reduced approximately about 6% after 21 incubation days,
whereas, the negligible amount of selenite (0.7%) in the anaerobic
cathode was lost. In the control, the concentration of selenite at the
cathode changed about 1.1% (Fig. 5), which is the amount of the
CCV sample (1.5%, data not shown).

3.2. Variation of cell, pH, and substrate in the anode

The reaction in the anode is observed as given in Fig. 6, describ-
ing the consumption of lactate substrate in both types of nec_BESs.
The lactate concentration decreased from 10 mM to 6 and 1 mM in
the nec_BES with aerobic cathode after 2 and 4 d, respectively. In
the nec_BES with an anaerobic cathode, the rate of lactate con-
sumption was slower and the lactate concentration reduced from
10 mM to c.a. 6 mM on the fourth day. In the control without She-
wanella cells, the lactate concentration did not change from day 0
to 6. On the sixth day, the lactate was not observed in both types of
nec_BESs by HPLC, confirming that bacterial cells consumed all the
substrates, and thereby, the lactate was added into the anodes up
to 10 mM after every six days to supplement the substrate for the
cells.
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Fig. 4. TEM (A) image and size distribution (B) of the Se(0) nanoparticles formed in the aerobic cathode of the nec_BES inoculated with Shewanella sp. HN4, inserted image

SAED of a Se particle, scale bar of 100 nm.
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Fig. 5. Selenite concentration in the aqueous phase of the cathode solution of
different nec_BESs.

In addition to lactate reduction, the pH of the medium in the
anode of both nec_BESs was changed from 7.7 to 7.5 after two days
of incubation (Fig. 7). Then the pH remained stable at 7.4 in both
nec_BESs, and pH in the control nec_BES was stable at approximately
7.7 from day O to 21. It indirectly confirmed that bacterial cells con-
sumed the lactate and produced an acidic environment in the anode.

In this study, the growth of bacterial cells was measured
through the optical density of cells at the wavelength of 600 nm
in UV-VIS spectrometry. The result in Fig. 8 showed no increase
in the OD of cells in both experimental anodes of nec_BESs.
However, at the end of the experiment, the silicon membranes of
the anodes were observed with a layer of pink-colored cells, form-
ing a biofilm in the silicon membranes (Fig. S1).

4. Discussion
4.1. BES current with single strain Shewanella

BESs, typically microbial fuel cells (MFCs), uses current-
generating microorganisms as biocatalysts to convert organic sub-
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Fig. 6. Lactate concentration in the filtered aqueous medium from the anode of
different nec_BESs.
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Fig. 7. pH values of the aqueous medium from the anode of different nec_BESs.
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Fig. 8. The optical density of suspended cells in the aqueous medium from the
anode of different nec_BESs.

stances into electricity [25]. These microorganisms include mem-
bers of the Geobacter family, Shewanella putrefaciens and She-
wanella oneidensis, Rhodoferax ferrireducens, Pseudomonas
aeruginosa, Clostridium butyrium, and Aeromonas hydrophila— that
have been reported to oxidize organic matter at the anode to com-
plete their metabolism process [26]. Among these bacteria, She-
wanella and Geobacter genera are the most frequently used
model organisms in the studies of BESs. Whereas, many MFCs
operations were reported with Shewanella sp. as a model organism
[27,28], which is a facultative anaerobic bacteria [29]. In this study,
the cells of anaerobically grown Shewanella sp., HN-41 are electro-
chemically active and can use lactate as an electron donor source
as in stoichiometric Equation 1 and donate the electron to its ter-
minal electron acceptor [18,24,30].

In our system, the electron and proton produced were donated to
the electrode of the anode and HEPES buffer, respectively. The pH of
the nec_BES anode was decreased and stabilized at pH 7.4 as a con-
sequence of the lactate oxidation to release H* and buffering of
HEPES in the medium. The electron current could not be measured
because of the difficult setup of our bottle configuration, where the
graphite electrode worked as an electron wire to the terminal elec-
tron acceptor in the cathode. A previous study [31] with different
bottle configurations of MFC showed that Shewanella oneidensis
MRT1 single-strain MFC showed higher internal resistance and lower
maximum power density than MFC with mixed cultures in all config-
urations. It also reported that the MFC with a higher number of bot-
tles had higher internal resistance and lower power density.

CH3CH,0C00~ + H,0 — CH3CO0~ + CO,7 + 4e + 4H*
Equation1

The anode performance in Shewanella inoculated MFC is influ-
enced largely by such factors as anolyte pH, inoculum age, the con-
centration of electron donor, calcium chloride, and riboflavin
[27,32]. Shewanella sp. were reported to secrete riboflavin that
facilitates electron transfer to both insoluble metals and anodes.
The removal of accumulated soluble flavins decreases the rate of
electron transfer by Shewanella biofilm to electrodes over 70%
[33]. In this study, we have controlled only the first three parame-
ters, but not calcium chloride and riboflavin, to reduce the electron
current to cathode. This hypothesizes that slow reaction will result
in small-sized Se nanoparticles [24]. The HEPES buffer maintained
pH stable until 21 d of the experiment, although the oxidation of
lactate continuously released protons during the experiment.
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4.2. Chemical reaction and selenium nanoparticle formation in the
cathode

The fact that the lactate was consumed and pH dropped in the
anode in both nec_BESs but no Se nanoparticles were formed (or
no selenite reduction occurred) in the anaerobic cathode of nec_BESs,
can be explained by the configuration of air-cathode. The single-
chamber MFC with an air-carbon electrode with/without proton
exchange membrane (PEM) was able to transfer electrons to dis-
solved oxygen and generate the electron current [34]. In our nec_-
BESs, there was an air gap between two chambers; thereby, the
electron from the anode probably got transferred to dissolved oxygen
from the air at the air-open end of the electrode. The difference
between the two types of nec_BESs was that there exited dissolved
oxygen in the aerobic cathode, which acted as an electron acceptor
in the aerobic cathode. As the redox potential of the Se(IV)/Se(0) cou-
ple is —0.366 V (vs SHE at 25°C) in Equation 2 [35,36], oxygen/H,0
couple with redox potential of +1.22 V (vs SHE at 25°C) in Equation
3 [36,37] will be preferred to selenite as terminal electron acceptor.
The dissolved oxygen was hypothesized to act as electron with-
drawer to the cathode; thereby, the electron current was possible
to reduce both selenites according to Equation 2 and oxygen accord-
ing to Equation 3, competitively. The reaction of selenite reduction
into selenium (Se nanoparticle) that occurs at a slow rate in our
experiment, may be because of the competitiveness of the two chem-
icals. The important role of oxygen in the cathode reaction as a ter-
minal electron acceptor was observed in the study of selenite
removal in a single-chamber air-cathode MFC [38].

Se03%~ + 3H,0 + 4e~ « Se + 60H -0.366 V Equation2

Oyq + 4H'(oq) + 4e~ « 2H,0+1.22 V Equation3

Selenium possesses multiple oxidation states and can engage in
numerous self-exchange reactions: Se(VI)/Se(IV), Se(IV)/Se(0), Se(IV)/
Se(-II), and Se(0)/Se(-II). In this study, selenite was used as an electrolyte
in the cathode and could be reduced to Se(0) and Se(-II). Previous
voltammetric studies of Se have shown that two steps of the selenite
reduction included the first one from Se(IV) to Se(0) and the second
one from Se(0) to Se(-II) scheme, where the reduction of Se(0) took
place at the more negative potentials [36]. The species Se(-II) exists at
lower than —0.7 V and Se(0) occurs in the range of —0.4 to 0.3 V at
PH 6 ~ 8 based on the potential-pH equilibrium diagram for the system
selenium-water, at 25°C [35]. Therefore, the species Se(-II) could not
exist in the solution, because the reduction potential at the cathode
after the experiment was approximately 0.15 (V) at pH 7.

Amorphous selenium nanoparticles formed in the cathodic
solution were similar to that of other studies [2,18,24]. The catho-
dic solution contained only ions, dissolved oxygen, and water as a
solvent; it lacked catalysts for the crystallization process of sele-
nium. Ho et al. [38] suggested applying the DMSO as a solvent
for the crystallization of Se produced Shewanella spp. It also sug-
gested that there was a clear relationship between the type of crys-
tal grown and the dielectric constants of the solvents [39]. Crystal
selenium was also formed in the environment with stabilized
chemicals and reducing agents [3,40]. In this study, benign envi-
ronment conditions were applied; therefore, the amorphous Se
nanoparticles were formed slowly with small-sized particles.

5. Conclusions

The successful synthesis of Se nanoparticles from selenite by
nec_BES has proposed a new method for the formation of Se
nanoparticles, in which the particle size is smaller and completely
separated from the biological cells and materials. In this study, the
Shewanella sp., HN-41 was introduced in the anode of nec_BES to
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use the substrate and generate a low electron current to the cath-
ode. The clean and amorphous Se(0) nanoparticles formed with an
average size of 37.7 nm in our experiment after 21 d, were
expected to have better application in the material and biomedical
sciences. The configuration of nec_BES allowed to extract energy
from organic matters such as organic wastes for the synthesis of
Se nanoparticles in the other clean medium at the cathode, imply-
ing the combination of wastewater treatment and Se(0) synthesis.
Finally, the independent solution in the cathode can be modified
for the synthesis of stable and functional Se nanoparticles that
can be tested for antimicrobial activities in the future.
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