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Electroactive Brevundimonas diminuta
consortium mediated selenite bioreduction,
biogenesis of selenium nanoparticles and bio-
electricity generation
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Abstract

In this study, highly selenite-resistant strains belonging to Brevundimonas diminuta (OK287021, OK287022) genus
were isolated from previously operated single chamber microbial fuel cell (SCMFC). The central composite

design showed that the B. diminuta consortium could reduce selenite. Under optimum conditions, 15.38 Log

CFU mL" microbial growth, 99.08% Se(lV) reduction, and 89.94% chemical oxygen demand (COD) removal were
observed. Moreover, the UV-visible spectroscopy (UV) and Fourier transform infrared spectroscopy (FTIR) analyses
confirmed the synthesis of elemental selenium nanoparticles (SeNPs). In addition, transmission electron microscopy
(TEM) and scanning electron microscope (SEM) revealed the formation of SeNPs nano-spheres. Besides, the
bioelectrochemical performance of B. diminuta in the SCMFC illustrated that the maximum power density was
higher in the case of selenite SCMFCs than those of the sterile control SCMFCs. Additionally, the bioelectrochemical
impedance spectroscopy and cyclic voltammetry characterization illustrated the production of definite extracellular
redox mediators that might be involved in the electron transfer progression during the reduction of selenite. In
conclusion, B. diminuta whose electrochemical activity has never previously been reported could be a suitable

and robust biocatalyst for selenite bioreduction along with wastewater treatment, bioelectricity generation, and
economical synthesis of SeNPs in MFCs.
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Introduction

Chalcogenic selenium is considered a rare earth ele-
ments of the earth’s crust that are mostly found in the
environment as hazardous oxyanions. It is a necessary
micronutrient for biological systems at lower doses but
turns poisonous at higher amounts [1]. Selenium (Se) has
extensive applications in industrial fields like solar cells,
rubber vulcanization, and electrolysis [2]. Also, it con-
tributes to the health of both people and animals because
of its immunomodulatory, anti-oxidant, and anti-can-
cer properties [2—4]. The World Health Organization
(WHO) suggests the perfect consuming dose is from 40
to 400 pg of selenium per day. However, the US Environ-
mental Protection Agency (UEPA) sets the maximum
amount of Se that can be contaminate wastewater at less
than 50 pg of Se per liter in drinking water [5, 6]. Glob-
ally, Se pollution is linked to numerous human endeavors
such as refining oil, burning coal, fossil fuels, weathering
and leaching rocks, extracting and processing crude oil,
mining, landfills, and agriculture [7, 8]. There are four
main valence states for selenium: elemental selenium
(SeY), selenite (Se032_), selenide (Se?7), and selenate
(Se0,%") [9]. Se oxyanions (SeO,*~ and SeO,*") are con-
sidered as highly toxic soluble forms of Se that can have
harmful impacts on human health that leads to heart,
skin, and neurological problems [1, 10]. Conversely, Se’
is thought to be somewhat harmless because of its low
solubility and low toxicity [11].

The removal of Se from industrial wastewater by physi-
cochemical techniques is challenging and expensive [12].
Therefore, innovative and unique remediation technolo-
gies are required in order to provide a safe, affordable,
and environmentally friendly bioremediation of contami-
nated Se sites. Among these approaches are microbial
fuel cells (MFCs) that are bioelectrochemical systems
(BES) or bioelectrochemical treatment systems (BET),
they can be used for the removal and recovery of metal
ions from metallurgical wastes, process streams and
wastewaters [13—15]. They have been effectively com-
bined with cathodic reduction of metal ions to generate
electricity by the biodegradation of organic matter by
electroactive anodic biofilms [16—18]. Transforming sol-
uble and hazardous oxyanions into insoluble Se’ is a bio-
remediation strategy that aims to clean wastewater and
recover resources simultaneously [19-22]. The microbe-
electrode and metal interactions that serve as terminal
electron acceptors (TEAs) in the MFCs are essential for
recovering rare metals and preserving regulatory lev-
els [6, 23]. Few studies demonstrated how bacteria can
undergo both aerobic and anaerobic conditions to char-
acterize the selenite bioreduction that is less toxic via
anaerobic respiration and detoxification [24—26]. Catal et
al. (2009) assessed the efficacy of single-chamber MFCs
(SCMECs) using glucose or acetate as an electron donor.
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The study demonstrated that the coulombic efficiencies
of SCMFCs rose from 25 to 38% at 150 mg L™ ! of Se [22].

Some microorganisms are able to bioaccumulate, bio-
methylate, or bioconvert selenium ions [27]. The bac-
terial pure cultures, bacterial biofilms, and microbial
consortia grown in reactors with various topologies are
used for the biological reduction of selenium oxyanions
from wastewater, soils, and sediments [10].

Selenium can be reduced into elemental selenium
nanoparticles (SeNPs) biologically when a carbon source
available to act as an electron donor and the biocon-
version can occur in an anoxic environment [28, 29].
Afterward, the resulting SeNPs might be recovered as
a valuable resource to be used in semiconductors, glass
manufacturing, biomedicine, solar cells, alloys, light-
emitting diodes, and biological imaging, among other
uses [1, 10, 27]. Microorganisms are therefore appeal-
ing as potential nanofactories for the environmentally
friendly biogenic synthesis of SeNPs. As a result, there is
an immediate need for novel strains with high Se toler-
ance or quick Se metabolism.

To our knowledge, this was the first report on simul-
taneous reduction of selenite and COD by B. diminuta
in a SCMFC. The SCMFC had the scope and potential
to emerge as a green route for the simultaneous removal
and recovery of metals along with wastewater treatment
and bioelectricity generation. The objectives of this study
were demonstrated as follow, firstly, isolation and iden-
tification of selenite-reducing bacteria from previously
operated SCMEC. Secondly, optimizing the effective fac-
tors via response surface method (RSM) on the growth
biomass, bioremediation process of selenite, and organic
matter. Thirdly, characterization of resulted SeNPs using
UV, FTIR, and TEM. Finally, the bioelectrochemical per-
formance of SCMFC towards biogenesis of SeNPs was
also evaluated.

Materials and methods

Isolation of selenite reducing electroactive bacteria

After SCMFC had been operating for three months, the
bacteria were isolated from the anodic and cathodic bio-
film. The original inoculant for the previous study was
activated sludge from a Zenien wastewater treatment
plant (Bolaq Aldakrur, Giza, Egypt) [30]. Separate inocu-
lations of both electrodes (1.0x 1.0 cm) were made in 100
mL of nutrient broth media which were then allowed
to adjust to pH 7.5 at 37 °C for 48 h. After being seri-
ally diluted, the bacterial suspensions were spread out
on nutrient agar (NA) that contained 300 mg L from
Na,SeO;. To obtain pure bacterial monocultures, the
individual colonies were then streaked on fresh media.
In order to examine these isolates’ capacity to reduce
selenite to red elemental Se’, their growth tolerance was
assessed on NA media plates supplemented with varying
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concentrations of Na,SeO; (100-700 mg L!). After the
color of the culture changed to red, it was an indicator
of the selenite reduction into SeNPs. The selected colo-
nies were kept for additional trials at 4 °C on NA medium
plates enriched with Na,SeO;.

16s rRNA gene sequencing and phylogenetic analysis
DNA extraction was done at Sigma Company using the
pure colonies of the isolates that could tolerate the high-
est levels of stress on agar plates. Using the polymerase
chain (PCR) reaction, the 16 S ribosomal RNA gene was
amplified using the universal 27 forward primers (5AGA
GTT TGA TCC TGGCTC AG3’) and 1492 reverse prim-
ers (5GGY TAC CTT GTTACG ACT T3). Follow-
ing PCR, the results were purified and sequenced. The
retrieved sequences were subjected to BLAST search
and compared with closely related species’ sequences
that obtained from the GenBank database. The maxi-
mum likelihood technique was then used in MEGA 11 to
develop a phylogenetic tree. The sequences were submit-
ted to the GenBank database.
(https://www.ncbi.nlm.nih.gov/nucleotide/OK2
87021.1?report=genbank&log$=nuclalign&blast_
rank=1&RID=TWVDBTV1016;https://www.ncbi.nlm.
nih.gov/nucleotide/OK287022.1?report=genbank&log$=
nuclalign&blast_rank=1&RID=TWVNJWGHO1N).

Statistical optimization

Response surface method (RSM) contributed in optimiz-
ing the growth biomass, chemical oxygen demand (COD)
removal efficiency and selenium removal in analyzing the
relationship between these parameters. The responses
could be attributed to four independent variables: (A)
selenite concentration, (B) sodium acetate (electron
donor), (C) inoculum size of anodic bacterial isolate and
(D) inoculum size of cathodic bacterial isolate. To assess
the statistical validity of the fitted model and the mod-
el’s lack of fit, there are sufficient experimental points in
the central composite design (CCD). All variables were
examined at five levels in full factorial CCD (-a, -1, O,
+1, +a). Using four components at five levels of indepen-
dent variables and six repeating central points, thirty run
formulations were produced (Table 1). The experiments
were set up in accordance with the design and carried out
in 250 mL Erlenmeyer flasks containing 100 mL of media
for 48 h at 37 °C without agitation. The equations that
were generated provide information on the importance
of the aforementioned parameters. The design was cre-
ated and examined using the statistical software “Design-
Expert® 10” (Stat-Ease Inc., Minneapolis, USA) program.
Multiple regression analysis was used to create response
surface graphs, which show how every significant factor
interacts with the others to evaluate the optimal medium
components. The effect and regression coefficients of the
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individual linear, quadratic, and interaction factors were
determined using statistical analysis (ANOVA). Fisher’s
test was used to determine the model equations and the
model terms’ statistical significance. The coefficient of
determination (R?) was utilized to express the degree of
quality of fit for the second-order polynomial model [31].

In order to estimate biomass, the culture was inocu-
lated into NA plates using the pour method, serially
diluted with sterile saline, and then incubated at 37 °C
for 48 h. The number of growing cells was counted (Log
CFU mL™!). In order to analyze chemical oxygen demand
(COD), samples were centrifuged for 20 min at 6000 rpm.
The supernatant was then used to calculate COD using
the closed reflux colorimetric method, which is a stan-
dard process recommended by the American Public
Health Association.

For analysis of selenite concentration [32], after the lig-
uid samples were collected at the ending of the experi-
ment, they were centrifuged for 20 min at 6000 rpm to
exclude the bacterial cells and Se’. The supernatant was
then combined with 1 mL of 1 M ascorbic acid and 0.5
mL of 4 M HCL After 10 min of incubation at room tem-
perature, absorbance of the mixture was evaluated at
500 nm using a UV-Vis spectrophotometer. Selenium
removal efficiency (R) was estimated as follows: Removal
efficiency (%); R = [(C,—C,)/C,] * 100, where, C,=Initial
concentration (mg L™') and C, = Concentration at time t
(mg L™7) [33].

Characterization of SeNPs

For characterization of SeNPs produced due to sel-
enite bio-reduction, the bacterial cells were cultured
in an optimal nutrient broth fortified with 350 mg L™*
Na,SeO; for 48 h at 37 °C. The bacterial cultures were
incubated, and then the pellets were collected by centri-
fuging them for 10 min at 6,000 rpm. After two rounds of
0.9% NaCl rinsing, the pellets were again suspended in 20
mL of Tris-HCI buffer (50 mM, pH 8.2). SeNPs were then
extracted from the samples after they endured ultra-son-
ication treatment [34]. A spectrophotometer (Shimadzu
UV-1800) was used to record the UV-visible absorption
spectra of the SeNPs, covering a wavelength range of
200-600 nm. Using an FT-IR spectrophotometer (Bruker
Alpha 11), the functional groups of SeNPs were deter-
mined. In absorbance mode, mid-infrared spectroscopy
(4000-400 cm™!) was used.

Location of SeNPs within the B. diminuta cells

Through investigation utilizing transmission electron
microscopy (TEM), the location of SeNPs within the
bacterial cells was ascertained. After centrifugation at
6000 rpm for 6 min, the bacterial cultures produced in
the optimized media were collected. After collecting
the pellet, it was washed with normal saline. The cells


https://www.ncbi.nlm.nih.gov/nucleotide/OK287021.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVDBTV1016;https://www.ncbi.nlm.nih.gov/nucleotide/OK287022.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVNJWGH01N
https://www.ncbi.nlm.nih.gov/nucleotide/OK287021.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVDBTV1016;https://www.ncbi.nlm.nih.gov/nucleotide/OK287022.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVNJWGH01N
https://www.ncbi.nlm.nih.gov/nucleotide/OK287021.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVDBTV1016;https://www.ncbi.nlm.nih.gov/nucleotide/OK287022.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVNJWGH01N
https://www.ncbi.nlm.nih.gov/nucleotide/OK287021.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVDBTV1016;https://www.ncbi.nlm.nih.gov/nucleotide/OK287022.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVNJWGH01N
https://www.ncbi.nlm.nih.gov/nucleotide/OK287021.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVDBTV1016;https://www.ncbi.nlm.nih.gov/nucleotide/OK287022.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TWVNJWGH01N

Sakr et al. Journal of Nanobiotechnology (2024) 22:352

Page 4 of 18

Table 1 The experimental runs for the factors and the observed responses through CCD.

Run A: B: C:Inoculumsize  D:Inoculum size Log CFU mL™', COD removal Se removal (%),
order Selenite Sodium acetate  of anodic bacte-  of cathodic bacte- R1 (%), R2 R3

conc. (electron donor) rial isolate rial isolate Actual Pre- Actual  Pre- Actual Pre-

(mgL™") (g™ (%) (%) value dicted value  dicted value dict-

value value ed
value

1 500 5 2 2 10.81 1083 8832 8789  96.90 96.95
2 350 35 3 3 1538 1538  89.94 89.94  99.08 99.08
3 350 35 3 1 12.73 1257  85.60 86 96.53 96.55
4 500 2 4 2 13.06 13.04  79.20 79.7 96.97 97.17
5 50 35 3 3 9.01 883 8857 8898  91.05 9135
6 500 2 2 2 10.6 10.76  75.60 76.03 9773 97.66
7 350 35 3 3 1538 1538  89.94 89.94  99.08 99.08
8 350 35 3 3 1538 1538  89.94 89.94  99.08 99.08
9 350 35 3 3 15.38 1538  89.94 89.94  99.08 99.08
10 200 2 2 2 1038 1038  81.20 80.58 9434 94.06
M 350 35 3 3 15.38 1538  89.94 89.94  99.08 99.08
12 500 5 2 4 12.88 1292  88.16 8842 9735 97.42
13 500 5 4 2 11.65 1175 8944 8894  96.71 96.53
14 200 5 4 2 12.05 1213 8832 8773 9138 91.39
15 350 6.5 3 3 1142 1126 83.89 844 96.98 96.93
16 350 35 1 3 12.69 1255  85.60 8521 9396 94.09
17 350 35 3 3 15.38 1538  89.94 89.94  99.08 99.08
18 350 0.5 3 3 1.3 1119 6858 68.08 9655 96.88
19 200 2 4 4 10.57 1065 8228 8265 93.16 92.96
20 500 2 2 4 11.89 11.91 78.29 7883 9762 97.46
21 350 35 3 5 1237 1226 8857 88.18 9841 98.68
22 650 35 3 3 9.94 985  88.11 87.71 98.14 98.12
23 200 2 2 4 1045 1052  80.76 8131 9578 95.83
24 200 5 4 4 10.65 1066 8749 87.11 93.78 93.71
25 350 35 5 3 13.72 1359  87.20 87.6 90.63 90.79
26 200 5 2 2 1067 10.8 89.33 89.94 9395 94.1
27 200 2 4 2 12.92 13.06  81.20 8099 915 91.3
28 500 5 4 4 11.18 11.28  89.83 9039  96.76 96.89
29 200 5 2 4 11.76 11.88  88.96 884 96.86 96.52
30 500 2 4 4 11.59 1163  84.00 8343  97.16 96.87

were incubated at 4 °C for an entire night in phosphate
buffered saline (PBS) after being fixed with 2.5% gluter-
aldehyde in 0.1 M phosphate buffer (pH 7.4). Cells were
dehydrated in increasing grades of ethanol (70, 90, 96,
and 100%) following their embedding in agar and post-
fixation in 2% osmium tetroxide. After that, EPON 812
epoxy was used to embed the cells. Using a diamond
knife, they were thin-sliced to a maximum thickness of
80-100 nm. Both uranyl acetate and lead citrate were
used to stain the sections.

Bioelectrochemical characterization of B. diminuta
consortium

Construction and operation of single chamber MFC

Four identical SCMFCs with a working volume of 100 mL
were utilized, as previously mentioned [30]. The carbon
felt anodes were three-dimensional with an estimated

active surface area of 18.50 cm?. The cathodes were made
of a non-wet proof carbon cloth with a microporous
layer (projected active surface area was 16.6 cm?). Tita-
nium wires were employed as current collectors between
the anode and cathode electrodes. Two SCMFCs were
inoculated with isolated B. diminuta consortium and
operated separately in batch mode with synthetic media
(NB contains 3.5 g L™! sodium acetate as electron donor)
and real wastewater (Zenien wastewater treatment plant,
Bolaq Aldakrur, Giza, Egypt) both MFCs containing 350
mg L™! of Na,SeO,, respectively. To assess the Na,SeO,
reduction capability of the biomass, control experiments
were performed using synthetic media (NB contains 3.5 g
L~! sodium acetate) and real wastewater with Na,SeO,-
free medium. Once, the voltage output was reset to less
than 0.05 V, the medium solution was refreshed. At 30+2
°C, each experiment was carried out in triplicate.
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Electrochemical measurements and analysis

The potential of the SCMFCs was monitored and
recorded every 5 min, using a data acquisition system
(Lab Jack U6-PRO, USA). Using a resistor box (Voltcraft
R-BOX 01, China), the external resistors were changed
from 100 kQ to 50 Q in reducing order stepwise to
obtain power and polarization graphs. Furthermore, the
coulombic efficiency (CE), power density, and current
density were estimated in accordance with other descrip-
tions [8, 17]. In addition, the analysis of chemical oxygen
demand (COD) followed the guidelines provided in Stan-
dards Methods for Water and Wastewater Examination.
Furthermore, cyclic voltammetry (CV) was performed by
Gamry workstation (Interface 1010E, Germany) with an
electrochemical electrode placed parallel to each other.
The anode served as the working electrode, and the air
cathode and Ag/AgCl electrode as the auxiliary and ref-
erence electrodes, respectively. CV was measured in the
potential window of —0.8 to 0.8 V vs. Ag/AgCl at a scan
rate of 5 mV s~ !. Additionally, electrochemical imped-
ance spectroscopy (EIS) of the cathodes and anode was
used to perform the electrochemical analyses of the
SCMEC:s via electrochemical workstation (Gamry, Inter-
face 1010E, Germany) with a scanning frequency range
of 100-0.001 kHz and 10 points per decade at open cir-
cuit voltage.

Scanning electron microscopy-energy dispersive X-ray (SEM-
EDX) analysis

The morphology and elemental composition of the bio-
anode and biocathode were examined via SEM (SEM
Quanta FEG 250 with field emission gun, FEI Company,
Netherlands). The biofilms were fixed in 0.1 M phosphate
buffer (pH 7.0) with 2.5% (v/v) glutaraldehyde for over-
night [35]. Dehydration was induced by using ethanol
gradients of 25, 50, 70, and 100%. The biofilm compris-
ing carbon felt and carbon cloth was sputter-coated with
gold and examined at a voltage of 20 kV after being let
dry at 30 °C. Furthermore, the elemental composition
was established using EDX analysis.

Results and discussion

The simultaneous removal of Na,SeO, by B. diminuta
consortium in SCMFC treating synthetic media polluted
with Na,SeO; or real wastewater was demonstrated for
the first time in this work. Electroactive B. diminuta was
employed in the SCMFC design to accomplish the oxi-
dation of organic matter and the reduction of soluble Se
oxyanions to their corresponding elemental nanoparticle
form.

Screening and identification of selenite reducing bacteria
From SCMEFC that had previously been inoculated with
activated sludge, the electroactive B. diminuta that
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reduced selenite was isolated. Both anodic and cathodic
biofilms’” surfaces were scraped in order to isolate the
microbial communities. Using NA plates enriched with
300 mg L~! Na,SeO,, twelve distinct bacterial strains
were cultivated. These monocultures, designated bio-
anode 2 Se° (isolates #02) and biocathode 6Se’ (#06),
were selected due to their capacity to reduce selenite into
red elemental Se” and their tolerance rate towards vary-
ing doses of Na,SeO; (Fig. 1a).

16 S rRNA regions were sequenced in order to diag-
nose the strains of bioanode 2Se’ and biocathode 6Se’.
OK287021 and OK287022 were the accession numbers
for the sequences that had been deposited in the Gen-
Bank database. Using BLAST to identify regions of simi-
larity between biological sequences, it was determined
that both strains (bioanode 2Se® and biocathode 6Se?)
were most closely related to B. diminuta and should be
placed in the genus Brevundimonas. According to the
results of the phylogenetic analysis, the two isolated
strains were belonged to the Alphaproteobacteria class’s
Caulobacterales order as well. Strain bioanode 2Se° was
affiliated with the B. diminuta cluster of the phyloge-
netic tree and its closest relative was B. diminuta, which
shared 98.83% sequence similarity. Whereas, biocathode
6Se° strain was affiliated to a separate branch within the
Caulobacteraceae family, as confirmed by a bootstrap
value of 97.82% (Fig. 1b).

The B. diminuta has a wide range of biological activity
and is found in both terrestrial and aquatic habitats [4].
It was isolated from arsenic-polluted soil and eliminate
arsenic polluted soil [36]. Additionally, it could be found
in mining soils, which can be exploited to bioremediate
harmful metal contamination [37]. Furthermore, it may
function as an ammonia-oxidizing bacteria and an eco-
nomical, green copper bioremediation agent [38, 39]. B.
diminuta is also existing in mixed bacteria when study-
ing the electricity-generation performances of the mixed
bacteria microbial fuel cell [40]. This was the first time
that these electroactive B. diminuta had been isolated
and studied for their potential to reduce selenite and bio-
synthesize elemental SeNPs. Hence, these newly isolated
strains were viable candidates for application in removal
and recovery of selenium from contaminated selenium
wastewater, so as to be utilized for the bioremediation
related investigations.

Central composite design analysis

To comprehend the efficacy of the treatment, the growth,
COD, and selenite reduction were investigated. Carbon,
energy, and electron donors were needed for bacteria
to effectively remove selenite. Acetate was added to the
broth as an electron donor to aid in the reduction of sele-
nium, and additional nutrients were used to support the
development of bacteria. In this work, we optimized the
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Isolate codes BioanodeSe"2

B. diminuta strain 2Se-  B. diminuta strain

BiocathodeSe’6

I @ Brevundimonas diminuta strain 2Se-reduction
Brevundimonas faecalis strain HYN DSZ-11-§
Brevundimonas diminuta strain SI66
Brevundimonas diminuta strain CMSI 8
Brevundimonas sp. strain A3K048a
Brevundimonas diminuta strain St10
Brevundimonas diminuta strain NYYP310
Brevundimonas faecalis strain NYYP34
Brevundimonas diminuta strain NYYP310(2)
Brevundimonas diminuta strain NYYP311
Brevundimonas diminuta strain CB21
Brevundimonas sp. strain LSH-4
Brevundimonas diminuta strain PgBe304
Brevundimonas diminuta strain CMCC(B)10504
Brevundimonas diminuta strain CB21(2)
Brevundimonas sp. strain LSH-4(2)
Brevundimonas diminuta strain SI66(2)

Brevundimonas sp. strain L-2

Brevundimonas sp. strain L-1

Brevundimonas diminuta JCM 2789
Brevundimonas diminuta strain OFF8
Brevundimonas diminuta strain 3POSMD
Brevundimonas diminuta strain 1POSAC

— Achromobacter aegrifaciens strain HM13

@ Brevundimonas diminuta strain 6Se-reduction

Putative species reduction 6Se-reduction
Identity (%) 98.83 97.82
Accession No. 0OK287021 0OK287022
Query Cover (%) 100 95
oo
|
010

Fig. 1 Growth of B. diminuta in nutrient agar in the presence of selenite (a) turned to red after culturing for 48 h. (b) Neighbor-Joining (NJ) tree of two
isolated bacteria with closest relatives, inferred using MEGA software version 11. Bootstrap values expressed as percentage of 1000 replications were
given at the nodes. Bar equals 0.10% sequence variation. The newly isolated strains were in circle green

acetate concentrations and inoculum level to maximize
Na,SeO; reduction and prevent secondary contamina-
tion from excess nutrients. The most important variables
that affect bacterial biomass, selenium reduction, and
COD removal were selenite concentration (A), sodium
acetate (B), inoculum size of bioanode 2Se° strain (C),
and inoculum size of biocathode 6Se® strain (D). Using

statistically set trials, experiments were conducted for
various combinations to investigate the combined influ-
ence of these variables. The results obtained for bacterial
biomass (Y1), selenite reduction (Y2), and COD removal
(Y3) of actual and predicted values are listed in Table 1.
Analysis showed that with increasing the bacterial
inoculation percentage from 1 to 5%, acetate from 0.5
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to 6.5 g L™, and the selenite concentration from 50 to
650 mg L~!' under optimal conditions, all responses
were changed (Table 1). A simultaneous decrease in sel-
enite content indicated that selenite was converted to
elemental Se® throughout the bacterial consortium’s
development and the growth biomass of the consortium
increased to a maximum value (15.38 Log CFU mL™%)
and then decreased slightly. While the growth rate was
affected by varying acetate concentrations, a dose of
3.5 g L™ ! increased the biomass of cells. The consortium
removed selenite, in correlation with the increasing bio-
mass of the culture and COD removal. The efficiency of
selenite removal might be improved by providing smaller
amounts of electron donors. This could result in a reduc-
tion of the organic supply needed for selenite bioreme-
diation. The initial selenite concentration increased in
correlation with the decrease in selenite removal effi-
ciency. In the presence of the selenite concentration (350
mg L™'), conversion of SeO;>” to Se® was found, indicat-
ing bacterial growth and the functioning of metabolic
conversions.

The bacterial biomasses were between 9.01 and 15.38
Log CFU mL™% COD removal varied between 75.60%
and 89.94%, and selenium reduction were between
91.05% and 99.08%. The following Eqs. (1-3) represent
the quadratic equations that were obtained:

Y1 =—17.46495+ 0.047082A + 3.59046 B
+6.66875C' + 5.15208D — 0.000397AB
—0.000679AC + 0.00167LAD — 0.225417BC (1)
+0.156250BD — 0.638125C'D — 0.000067 A
—0.461713B — 0.577604C — 0.741354D

Y2 =+ 48.78048 — 0.026107A + 14.85781B
+4.83630C" + 4.24618D + 0.002778AB
+0.005442AC + 0.003450AD — 0.438333BC (2)
—0.379167BD + 0.232500C'D — 0.000018 A
—1.52241B — 0.884453C — 0.713024D?

Y3 = +69.46986 + 0.046319A + 1.62361B
+7.84625C' + 3.56208D — 0.000819AB
+0.003796AC' — 0.003262AD + 0.010417BC (3)
+0.109583BD — 0.024375C' D — 0.000048 A
—0.2412508 — 1.66031C' — 0.366562 D>

where Y1, Y2, and Y3 were the predicted responses of
Log CFU mL™!, COD removal %, and Se removal %,
respectively. A, B, C and D represented the coded test
variables for selenite concentration (mg L™!), sodium
acetate (g L™!), inoculum size of bioanode 2Se° (%), and
inoculum size of biocathode 6Se (%), respectively. In
order to investigate parameter hypotheses, the ANOVA
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statistical approach divided the total variations into
component parts linked to certain sources of varia-
tion (Table 2). The growth, COD removal, and selenium
removal were significantly correlated with selenite con-
centration, sodium acetate, inoculum size of bioanode
2Se?, inoculum size of biocathode 6Se’, quadratic coeffi-
cients (A2, B, C? and D?), and interaction coefficient (AB,
AC, AD, and BD). Large model F-values (401.12, 255.21,
and 155.21) indicated that the regression equations rep-
resented the majority of the variation in all responses,
indicating the significance of the constructed quadratic
models in predicting Log CFU mL~!, COD removal, and
selenium removal. Based on the R? value, which indicated
the relevance of the models for all responses, a well-fitted
link between the experimental and predicted response
values was established. As shown in Table 2, the adjusted
R? of 0.9948, which denoted an adequate signal, and the
Log CFU mL™"! predicted R? of 0.9847 matched reason-
ably well.

Figure 2(a-c) and Fig. S1 display 2D contour plots that
illustrated the complex relationship between different
variables on Log CFU mL~!, COD removal and selenium
removal. Two variables with fixed values at their control
level were shown interacting in the contour plots. When
the inoculation amount increased from 1 to 3%, the cell
biomass and COD and selenium removal were improved.
However, all responses were decreased when the inocu-
lation dosage was increased further to 4%. The trend in
responses variations was similar for both sodium acetate
and selenite concentration increases. This outcome might
be explained by the possibility that the growth of the con-
sortium was impeded when the inoculation level, selenite
concentration, and sodium acetate exceeded a particular
range. The reason for this was the biological molecules’
binding sites becoming saturated, which results in the
reduction of Seng_ into SeNPs [41]. When compared to
lower and medium inoculum sizes, B. diminuta produced
noticeably more SeNPs at higher inoculum sizes because
the solution contained more reducing molecules. Based
on the results of the experiments and the model analy-
sis, the maximum growth, COD and selenium removal of
the consortium (15.38 Log CFU mL™', 89.94%, 99.08%,
respectively) could be achieved under the optimal con-
ditions: 350 mg L~! selenite concentration, 3.5 g L™*
sodium acetate, 3% inoculum size of bioanode 2Se’ and
3% inoculum size of biocathode 6Se°.

It was evident that the initial selenite concentration
and/or the bacterial inoculum level were likely con-
nected to the selenite reduction rate and efficiency for
B. diminuta. It was also plausible that cellular reduc-
tases and/or reducing substances, whose synthesis and
consumption were associated with the microbe’s growth
phase, mediate selenite reduction [42]. The transporta-
tion and destiny of microbial generated nanoparticles in
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Fig.2 2D contour plots for Log CFU mL™" (a) COD removal (%), (b) and Se removal (%), (c) using data in Table 1. Inputs, 30 experimental runs carried out

under conditions established by CCD

the environment were influenced by the organic material
that surrounds them [43]. To allow biological treatment,
the inorganic wastewater could be supplemented with
carbon substrate and electron donor. Numerous forms of
carbon sources, such as acetate, have been studied [44].
The selenite’s ability to prevent bacterial growth resulted
in a decrease in selenite reduction at greater doses. Bacil-
lus paramycoides was previously found to exhibit delayed
reduction of SeO,>" in the presence of greater concentra-
tions of SeO,%" [45].

Microbial reduction is a workable method for recover-
ing Se for material sustainability, treating wastewater, and
bioremediation [27]. It takes less energy and electrons
to reduce selenite [46]. The assembly and stabilization
of SeNPs by microorganisms are controlled by a num-
ber of variables, including the concentration of biomass
and selenium oxyanion [47]. Depending on the original
wastewater, different bacterial strains would be used. If
the wastewater did not contain organic carbon sources, it
would be best to provide the treatment system with sim-
ple organic carbons like acetate, and in this case, owing
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to their greater rates of selenite reduction, B. diminuta
strain 2Se-reduction and B. diminuta strain 6Se-reduc-
tion would be the more optimal choices. Waste-based
carbon sources, including wastewater, could be inves-
tigated for use as carbon sources for microbial selenite
reduction to elemental selenium in SCMEC as a sustain-
able approach.

Analytical characterization of SeNPs produced by B.
diminuta consortium

UV-vis spectroscopy

Using a consortium of Brevundimonas, the UV-Vis spec-
trum was used to confirm the production of SeNPs, sug-
gesting that Na,SeO; might be physiologically reduced
to the elemental Se’. A bright red color was exhibited by
Bio-Se’ that resulted from SeO,”” reduction culture. The
analysis showed that SeNPs led surface plasmon reso-
nance (SPR) vibration effects around 271 nm (Fig. 3a).
The wide SPR peak clearly displays the polydispersity
of the SeNPs [48]. According to [49], if the particle size
was 100 nm or less, it demonstrated a distinct absorption
maximum in the UV range.

Our research validated the findings of Zhang et al. [50],
who found an absorption peak associated with SeNPs at
200-300 nm. Wen et al. [2] reported that a wavelength
shift suggests a larger particle size and an increase in
the absorption peak indicates a higher number of par-
ticles in the mixture. This is because, in order to induce
plasma resonance, smaller particles with higher surface
energy need more energetic light with a shorter wave-
length, whereas larger particles operate oppositely [51].
The reduction of Na,SeO; to SeNPs by biomolecules pro-
duced by the B. diminuta acted as reducing agents.

FTIR analysis

Using the infrared spectrum, the functional groups of
the bacterial biomolecules serving as capping and reduc-
ing agents during the nanoparticle synthesis were deter-
mined (Fig. 3b). Two prominent peaks were visible in the
FT-IR spectra of SeNP. The first peak, which represented
the —OH and NH, had a wide range from 3667 cm™! to
3179 cm™ L. The second peak was 1621 cm™?!, which con-
nected to —NH stretches, suggesting the presence of
carboxylic and amide groups. Because the amide I band
mostly overlapped the asymmetric counterpart, which
could be observed as a peak at 1621 cm™?, the band at
1403 cm™! might be attributed to the symmetric stretch-
ing vibrations of carboxylate (COO-) [34]. In the process
of turning Na,SeO, into Se’, these protein functional
groups enabled the reduction and stabilization of SeNDPs.
This was reported in biosynthesis of SeNPs using bacte-
ria Streptomyces minutiscleroticus [52] and Pseudomonas
alcaliphila [50]. Thus, our results not only supported the
presence of bacterial proteins in selenite reduction but
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also the synthesis and stabilization of SeNPs by these
proteins [53].

Location of SeNPs within consortium cells

The TEM analysis of the cultures cultivated with selenite
revealed additional confirmation of the spherical inter-
nal and extracellular deposits of SeNPs (Fig. 3c-e). The
spherical particles had a size range of 11.8-31.2 nm, with
an average of 21.5 nm like those identified in Duganella
sp. and Agrobacterium sp [54]. Our consortium might
be selenite-tolerant due to an internal decrease of these
Se0,*", followed by their accumulation in the cytoplasm
or periplasmic space, and finally their exudation by the
bacterial cell. Additionally, a large number of tiny par-
ticles—possibly bound by extracellular polymeric sub-
stances were gradually seen on the cell surface. There
was no indication of external membrane deformation or
cell lysis. As illustrated in Fig. 3(f), the distribution size
of SeNPs in the bacterial cells showed a size distribution
spanning between 12.5 and 27.5 nm. Furthermore, the
log normal distribution curve demonstrated that the dis-
tribution was perfectly fitted because the standard devia-
tion was nearly zero (0.36).

Anodic bioelectrogenic activity

Voltage output

Four identical air-cathode, single-chamber MFCs
(SCMECs) were used to assess the ability of B. diminuta
toward the selenite reduction to SeNPs. Two SCMFCs
were inoculated with B. diminuta consortium and oper-
ated separately in batch mode with synthetic media
(synthetic+Na,SeO;) and real wastewater (wastewa-
ter+Na,SeO,) both MFCs containing 350 mg L~! of
sodium selenite and 3.5 g L™! of Na,SeO; as electron
donor, respectively. For comparison, control experi-
ments were performed using synthetic media (syn-
thetic) or real wastewater (wastewater) without sodium
selenite. Figure (4) illustrates the change of open cir-
cuit voltages (OCVs) and close circuit voltages (CCVs)
with time as a function of increasing the biofilm elec-
trogenic performance with respect to the reducing of
selenite. It could be observed from Fig. 4 (a, b) that the
maximum and steady-state OCV in synthetic+Na,SeO4
was 0.442+0.04 mV, followed by synthetic (400+0.04
mV), wastewater+Na,SeO; (340£0.09 mV) and waste-
water (284+0.06 mV). Thus, the OCVs results might be
attributed to the successful development of B. diminuta
consortium on the surface of anodic graphite felt form-
ing active biofilm and consequently the SCMFCs takes
shorter periods to decrease the startup time for elec-
tricity generation [15]. Additionally, Fig. 4 (c, d) dem-
onstrates the effect of 1 KQ on the performance of
SCMFCs voltage outputs. For instance, the CCVs
for synthetic+Na,SeO; and synthetic SCMFCs were
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40910.006 and 275+0.001 mV, respectively, which were
significantly higher than that of other SCMECs (ie,
78+0.005 mV for wastewater+Na,SeO; and 62+0.008
mV for wastewater), confirming that the addition of
Na,SeO; had better influence on the performance
of both synthetic and wastewater SCMFCs towards

bioelectricity generation than the compared control for
each reactor.

Polarization and power density
Power and polarization curves were measured at a
steady-state OCV for all the tested SCMEFCs using
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different external loads from 100 kQ to 50 Q (Fig. 4e,
f). The maximum power density was observed in syn-
thetic+Na,SeO; (101.72 mWm™?), followed by syn-
thetic (57.18 mWm™2), wastewater +Na,SeO; (52.33
mWm~?2) and wastewater (39.85 mWm™?2) at cell cur-
rent densities of 524.32, 248.65, 237.84, and 207.57
mAm~? for synthetic+Na,SeO,, synthetic, waste-
water+Na,SeO,;, and wastewater, correspondingly
(Fig. 4e). Moreover, the cell design point for all tested
SCMECs was observed at 100 Q. Besides, the internal
resistance of all SCMFCs was estimated by perform-
ing linear regression analysis of the ohmic zone in
polarization plots (Fig. 4f). Between all SCMEFCs, the
synthetic+Na,SeO, revealed the lowest internal resis-
tance of 264 Q, followed by 337 Q, 441 Q and 530 Q
for synthetic, wastewater+Na,SeO; and wastewater.
Consequently, the addition of Na,SeO; enhance the
performance of electrogenic B. diminuta in SCMFCs
that contain synthetic or wastewater towards bioelec-
tricity generation and decreases the internal resistance
leading to a stable operating system with reducing
SCMEFCs losses [13]. The coulombic efficiencies (CE)
of all SCMFCs were estimated to be 31.7+0.064%,
19£0.043%, 7.96+0.066% and 3.84+0.024% for syn-
thetic+Na,SeO;, synthetic, wastewater+Na,SeO; and
wastewater, respectively. The CE might be attributed to
the addition of Na,SeOj [8, 22].

Cyclic voltammetry (CV)

The bioelectrocatalytic behavior of the B. diminuta
towards the selenite reduction in all SCMFCs bioreac-
tors was tested at steady state OCV and elucidated in
situ through CV over the potential window from — 1.0
to 1.0 V vs. Ag/AgCl reference electrode at a scan rate
of 5 mV s, As clarified in Fig. 5(a), there were different
patterns of CV curves, depending on the presence and
absence of Na,SeO,;. Remarkably, synthetic+Na,SeO,
revealed two oxidative peaks at -0.172 V and 0.106 V
beside one reductive peak at -0.254 V. Also, wastewa-
ter+Na,SeO; showed two oxidative peaks at -0.305 V
and 0.063 V with one reductive peak at -0.762 V
(Fig. 5b, c). Whereas, there was only one oxidative peak
at 0.623 V and 0.362 V for control SCMFCs (synthetic
and wastewater, respectively) as displayed in Fig. 5(d,
e). The existence of reduction peaks was possibly cor-
responded to the formal potential that involved in the
biological reduction of selenite to selenium under anaer-
obic condition. In addition, the lowering potential val-
ues to more negative might be related to the biological
conversion of elemental selenium to selenide that was
close to the theoretical redox potential at neutral pH
(Eq. 4) [55]. Thus, these redox peaks revealed the secre-
tion of a definite extracellular redox mediator by the
B. diminuta consortium that might be involved in the
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electron transfer progression and hence accelerated the
reduction of selenite [40, 56]. These results inferred that
the selenite was expected to be reduced intracellularly
into Se’ nanoparticles in the cell. Consequently, it was
transferred extracellularly under anaerobic conditions or
vice versa [57]. As mentioned earlier by Catal et al., the
selenite was observed to be reduced to Se’ in a SCMFC
[22]. However, this study also indicated selenite was not
a terminal electron acceptor at the cathode, but instead
may be heterotrophically reduced by anode respir-
ing bacteria. Recently, another study investigated the
non-external circuit bioelectrochemical system without
both external electrical circuit and ion exchange mem-
brane and inoculated Shewanella sp. HN-41 as anodic
strain with the lactate substrates. They showed that the
clean Se° nanoparticles were synthesized and completely
separated from bacterial cells in the bioelectrochemical
system at the more negative potentials [58]. Generally,
the biological selenite reduction by B. diminuta con-
sortium probably occurred by the preliminary reduc-
tion of SeO,> to Se” under anaerobic conditions (Eq. 4),
followed by the reduction of orange- red colored Se’
nanoparticles to Se’ (Eq. 5). Selenide is oxygen sensitive
and can be re-oxidized to elemental Se? in cathodic side
(Eq. 6) [59]:

CH;CO00™ + SeO3> — Se® + H,O + 2C0, + HT (4)
Se’ +2H" + 2¢ — HySe (5)

2H,Se + Oy — 25 | +2H,0 (6)

Electrochemical impedance

Figure 6 demonstrates the Nyquist plots and electro-
chemical impedance fitting for all tested bioanodes
and biocathodes in all SCMFCs at steady state OCV. It
could be observed that, the EIS results supported the
CV results. For all tested bioanodes, it was noticed
that the synthetic+Na,SeO; (the electron transfer
resistance (R.)=847.9+0.13 and ohmic resistance
(Rypm)=3.88+£0.11 Q) and wastewater+Na,SeO,
(32.27+0.62 Q and R, = 16.53£0.65 Q) exhibited
the lowest R, that were comparable with that of con-
trol SCMFC:s as clarified in Table (3) and Fig. 6a. More-
over, in the case of biocathodes, the R, was lowered
after the addition of Na,SeO; than the control (Tables 3
and Fig. 6b). The lower values of R, and R, were
probably due to the capability of the B. diminuta con-
sortium to produce a definite extracellular redox media-
tor that enhanced the kinetics of direct transfer of
electrons between the B. diminuta and the anode [17]
and enhanced electrical conductivity and ORR activity of
cathodic reactions [14].
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Table 3 The charge transfers resistance (R.,) and solution
resistance (R, values

Anode EIS Charge transfer resis- Solution resis-
tance (R Q tance (Rpm) Q
Synthetic +Na,SeO, 847.900+0.13 3.88+0.11
Synthetic 3885.518+0.21 3.20+£0.18
Wastewater+Na,5eO;  32.2704+0.62 16.53+0.65
Wastewater 14270.73+0.88 23.38+0.53
Cathode EIS Charge transfer resis- Solution resis-
tance (R, tance (R Q
Synthetic +Na,SeOs 74323£3.08 11836+2.12
Synthetic 17.0000+0.07 2593.982+1.03
Wastewater +Na,SeO;  235.3700+0.72 4279124061
Wastewater 23713.69+1.81 26.7234+0.12
Surface morphology
The electrodes of SCMFC enriched with syn-

thetic+Na,SeO; (Fig. 7a) were examined by SEM analy-
sis. The images revealed the bacterial cell adhesion to the
anode and cathode surfaces as well as elemental SeNPs
formed by the electrogenic consortium (Fig. 7b, c)). The
bacteria’s sizes varied from 0.714 to 1.566 nm. Aggregates
and large colonies may have contributed to the system’s
improved performance in both electrodes (Fig. 7b, c).
In addition, bacteria on the biocathode were adjacent to
some icky-like matter (Fig. 7c), which was suspected to
be extracellular polymer substances (EPS). This EPS was
associated with the exoelectrogens’ capacity to adhere to
the cathode. EDX analysis verified that the nanoparticles
were elemental selenium, produced by the bioelectro-
chemical process (Fig. 7c). The elemental microanalysis
spectrum of bioanode showed the presence of selenium
(Se; 14.19%) along with carbon (C; 29.91%), nitrogen (N;
5.35%), oxygen (O; 29.16%), and calcium (Ca; 21.39%)
(Fig. 7b). The peaks detected for the biocathode electrode

deposition of Se’ showed the presence of selenium at
20.9%, along with the presence of C (47.76%), N (9.95%),
and O (21.39%) (Fig. 7c). The presence of organic com-
ponents, such as extracellular polymeric compounds or
enzymes/molecules involved in the biogenesis of Se” par-
ticles, is indicated by the presence of C, O, N, P, and S
elements in the biofilm, which in agreement with Sudhar-
san et al. [60]. Reducing Se032_ towards Se® deposition
could illustrate the lowered toxicity. The most effective
strategy of action for recovering and repurposing these
SeNPs would be to employ this consortium for selenite
bioremediation.

Conclusion

This study was the first demonstration on electroac-
tive B. diminuta consortium for bioreduction of toxic
Se0,>” to produce biogenic non-toxic orange-red col-
ored SeNPs using SCMFC. The B. diminuta was capa-
ble of secretion a definite extracellular redox mediator
in the presence of SeO,”~ that might be involved in the
electron transfer progression and hence accelerated the
bioreduction process. Moreover, the microbe-electrode
and SeO,”” interactions had a regulatory influence on
the anodic microbial metabolism and its electrogenic
activity, regularly, evidencing an increased enzyme
activity. Thus, highly efficient transforming hazardous
oxyanions into insoluble Se® in SCMFC was a bioreme-
diation strategy that aimed to treat wastewater, generate
electricity and recovering rare metals simultaneously.
In conclusion, B. diminuta could be suitable and robust
bioelectrocatalyst for the application of MFCs in bio-
remediation plant in a highly polluted sites with oxy-
anions and accelerate the efficient and economical
synthesis of SeNPs. The recovery and acceleration pro-
duction of SeNPs rate as well as the its application in
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Fig. 7 Macroscopic view of cathode and anode of MFC after fed with selenite at the end of all experiments (a). SEM image of bioanode (b) and biocath-
ode (c) and EDX analysis of the contents of carbon, nitrogen, oxygen and selenium in the area

nanotechnology industries will be the main targets for
our future work.
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