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Abstract 

Background:  An attempt was made to isolate selenite-reducing bacteria from a contaminated lake that receives 
industrial effluents and domestic sewage. The isolated dominant bacterial strain AJK3 was identified as Bacillus cereus, 
based on biochemical characterization and 16S rDNA sequencing. The time dependent selenium removal at different 
selenite concentrations monitored with ICP-AES indicates the substantial selenite reduction capability of the isolated 
strain. The selenium nanoparticles produced during the bacterial reduction of selenite were analyzed with UV–vis-
ible spectroscopy, X-ray diffraction, transmission electron microscopy, zeta potential measurement, Fourier transform 
infrared spectroscopy and Raman spectroscopy.

Results:  The nanoparticle synthesis was confirmed from the red colour emergence in culture broth and wide UV–vis 
peaks. The produced nanoparticles were polydisperse, spherical, size varied from 50 to 150 nm and the mean par-
ticle size was about 93 nm. The amorphous nature of the generated nanoparticles was confirmed from the Raman 
spectroscopy, XRD and SAED patterns. The IR data and zeta potential values substantiated the protein capping of the 
produced nanoparticles.

Conclusions:  Thus, the present study suggests that the isolated bacterial strain can be exploited as a prospective, 
renewable, natural, nanofactory for the bacteriogenic synthesis of nanoparticles. Also, the study has application in 
bioremediation of selenite from the contaminated environment. 
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Background
Various anthropogenic activities are causing disturbances 
to many ecological systems leading to serious ecological 
imbalance. This is mainly resulting from the contami-
nation of the environment with toxic heavy metals and 
metalloids. The microbes surviving in the contaminated 
sites naturally adapt themselves and such habitats act as 
potential reservoirs for the competent microorganisms 

(Ghosh et al. 2008). Bacteria which are exposed to metals 
and metalloid pollutants in the environment demonstrate 
a significant resistance towards metal stress by different 
mechanisms (Dhanjal and Cameotra 2010). Selenium, a 
metalloid stands at a special position by being an essen-
tial trace nutrient at low levels and a toxin at higher con-
centrations both for the humans and animals. The major 
sources for the toxic species of selenium: selenate (Se6+), 
selenite (Se4+), and selenide (Se2−) are industrial effluents, 
sewage sludges, and agricultural drainage (Ghosh et  al. 
2008; Husen and Siddiqi 2014). The bacterial reduction of 
selenium oxyanions such as selenite to elemental selenium 
is one of the major biogeochemical processes involved in 
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selenium removal from the agricultural drainage water 
and sediments. Thus, the bacteria play a key role in the 
biogeochemical cycling of selenium (Bajaj et al. 2012).

Selenite-reducing bacteria have been isolated from a 
variety of environments including Mono Lake of Califor-
nia (Oremland et al. 2004), Dead sea, a salt lake (Orem-
land et  al. 2004), Caspian sea of Iran (Shakibaie et  al. 
2015), sediments of Cama-rones river from Atacama 
desert, Northern Chile (Torres et  al. 2012), activated 
sludge (Srivastava and Mukhopadhyay 2013), sludge of 
Taiyuan sewage plant, China (Li et  al. 2014), drainage 
slough from Nevada (Oremland et al. 2004), and anaero-
bic granules from paper mill wastewater treating reactor 
(Jain et al. 2015). In addition, from the soil of a antimony 
mine from Lengshuijiang, southern China (Zheng et  al. 
2014), soil of a magnesite mine from Salem, India (Ramya 
et  al. 2015), soil of a coal mine from West Bengal, India 
(Dhanjal and Cameotra 2010), selenium laden agricultural 
soil of North-East Punjab, India (Bajaj et al. 2012), soil of 
mangrove forest from Bhitarkanika, Orissa, India (Mishra 
et al. 2011), rhizosphere soil of a selenium hyperaccumu-
lator legume grown in seleniferous mine from Sardina, 
Italy (Lampis et al. 2014), rhizosphere of wheat grown in 
herbicide contaminated soil (Dwivedi et  al. 2013), and 
rhizosphere of cereal plants grown in ash-derived volcanic 
soil of southern Chile (Durán et al. 2015). Others include 
rock fragments of black oil shale from Haenam, Korea 
(Tam et al. 2010), food wastes collected from local mar-
ket of Giza, Egypt (Khiralla and El-Deeb 2015), sub gin-
gival dental plaque (Pearce et al. 2008) etc. Thus, a large 
number of selenite-reducing bacteria have been known to 
produce selenium nanoparticles under both aerobic and 
anaerobic conditions (Husen and Siddiqi 2014).

The selenium nanoparticles are bestowed with mul-
tifaceted biological properties mainly due its high bio-
availability and biocompatibility; and low cytotoxicity 
(Shakibaie et  al. 2010; Wang et  al. 2010, 2013). A wide 
variety of properties shown by selenium nanoparticles 
are free radical scavenging (Huang et  al. 2003), anti-
oxidant (Forootanfar et  al. 2014; Kong et  al. 2014; Mit-
tal et  al. 2014; Ramya et  al. 2015; Rezvanfar et  al. 2013; 
Torres et  al. 2012; Wang et  al. 2013), chemoprotection 
against chemotherapy-induced reproductive toxicity 
(Rezvanfar et  al. 2013) and UV-induced DNA damage 
(Prasad et al. 2013), immunomodulatory, anti-inflamma-
tory (Wang et al. 2014), nanomedicinal (Shen et al. 2008), 
chemotherapeutic and chemoprevention against human 
melanoma and hepatoma cancers (Chen et al. 2008; Este-
vez et al. 2014; Peng et al. 2007), biofortification (Durán 
et  al. 2015), and antitumor and anticancer (Jia et  al. 
2015; Kumar et  al. 2015; Mittal et  al. 2014; Ren et  al. 
2013) activities. Other applications include antibacterial, 
antibiofilm (Bartůněk et  al. 2015; Hariharan et  al. 2012; 

Huang et al. 2016; Mittal et al. 2014; Ramya et al. 2015; 
Shakibaie et al. 2015; Tran and Webster 2011; Wang and 
Webster 2013), antifungal, antiprotozoan, antitapeworm 
(Bartůněk et  al. 2015), antiviral, wound healing (Ramya 
et al. 2015), and cytotoxic (Forootanfar et al. 2014; Ramya 
et al. 2015) activities. Other non-biological activities such 
as zinc adsorption (Jain et al. 2015), mercury sequestra-
tion (Fellowes et  al. 2011; Jiang et  al. 2012), biosensing 
of H2O2 (Wang et al. 2010), solar cell (Panahi-Kalamuei 
et al. 2014), and photocatalysis (Triantis et al. 2009; Yang 
et al. 2008) are also reported.

In this scenario, we have tried to isolate selenite-
reducing bacteria in water samples collected from Pedda 
cheruvu, a contaminated lake that receives industrial 
effluents and domestic sewage. Furthermore, the isolated 
dominant bacterial strain AJK3 was identified based on 
biochemical characterization and 16S rDNA sequenc-
ing. The time-dependent selenite removal capability of 
the isolated strain at different selenite concentrations was 
monitored with inductively coupled plasma optical emis-
sion spectrometry. The selenium nanoparticles produced 
during bacterial reduction of selenite were studied using 
different techniques such as UV–visible spectroscopy 
(UV–Vis), X-ray diffraction (XRD), transmission electron 
microscopy (TEM), zeta potential measurement, Fou-
rier transform infrared spectroscopy (FTIR), and Raman 
spectroscopy.

Methods
Materials
Sodium selenite pentahydrate 99% (Sigma-Aldrich, Ben-
galuru, India), hexamethyldisilazane (Merck, Mumbai, 
India), nutrient broth and Muller Hinton agar (HiMe-
dia Chemicals Pvt. Ltd., Mumbai, India) were used. At 
121 °C for 20 min, all the used glassware, plasticware, and 
media in the present study were sterilized in Obromax 
vertical autoclave (Delhi, India). The medium nutrient 
broth made up of sodium chloride (5 g/L), yeast extract 
(1.5 g/L), peptone (5 g/L), and beef extract (1.5 g/L). The 
Mueller–Hinton agar (pH 7.4 ± 0.2) composed of starch 
(1.5  g/L), beef extract (2  g/L), casein acid hydrolysate 
(17.5 g/L), and agar (20 g/L). All the solutions were pre-
pared in distilled water. Antibiotic impregnated discs of 
6 mm diameter (HiMedia Chemicals Pvt. Ltd,, Mumbai, 
India) were used for antibiotic susceptibility studies.

Sample collection and bacterial isolation
Surface water samples from Pedda cheruvu located 
at Nacharam, Hyderabad, India (GPS coordinates: 
17°25′17.0004″N and 78°33′16.3800″E) were collected in 
sterile containers. For enumeration and isolation of het-
erotrophic and selenite-reducing bacteria, the collected 
water samples were serially diluted in sterile saline and 
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pour plated on nutrient agar and nutrient agar comple-
mented with 1  mM concentration of sodium selenite, 
respectively. Petri plates were incubated for 48 h at 37 °C 
in a Remi CIS-24 Plus orbital shaking incubator (Mum-
bai, India) and counted for total number of heterotrophic 
and selenite-reducing bacteria. Among the selenite-
reducing bacteria, single colonies were isolated, purified 
by sub-culturing, and maintained in nutrient broth at 
37 °C.

Identification and biochemical characterization
Among the bacterial isolates, the bacterial culture (AJK3) 
that produced intense red colouration on selenite-supple-
mented nutrient agar was selected for further characteri-
zation. This strain was inoculated in nutrient broth and 
grown overnight under static conditions at 37  °C. The 
bacterial suspension was prepared from the overnight 
grown culture by turbidity adjustment to 0.5 McFarland 
standard, and the prepared suspension was utilized for 
carrying out the required biochemical and antibiotic 
susceptibility tests. The following biochemical tests were 
carried out: motility, catalase, glucose, and mannitol fer-
mentation; nitrate reduction, lecithinase production, 
indole production, Voges Proskauer’s test, and Gram 
staining in accordance with Bergey’s manual of determi-
native bacteriology (Claus and Berkeley 1986).

The disc diffusion method was used to study the sus-
ceptibility of this bacterial strain to various antibiot-
ics. The selected concentrations of antibiotics were 
gentamicin (10  µg), amikacin (30  µg), streptomycin 
(10  µg), kanamycin (30  µg), vancomycin (30  µg), eryth-
romycin (15  µg), methicillin (5  µg), chlortetracycline 
(30  µg), tetracycline (30  µg), ampicillin (10  µg), penicil-
lin G (10 µg), amoxicillin (30 µg), polymyxin B (100 IU), 
and nalidixic acid (30  µg), respectively. Mueller–Hinton 
agar plates were inoculated with bacterial suspension 
and the antibiotic impregnated discs were placed on the 
medium surface. The sterile empty discs were maintained 
as negative controls. These petri plates were incubated 
for 24 h at 37 °C and the inhibition zone was calculated 
by deducting the diameter of the disc from the diameter 
of total inhibition zone. The average of three independent 
experiments was collected.

The size and morphology of the bacterial cells were 
visualized with scanning electron microscopy technique. 
The overnight grown bacterial culture was separated 
from the broth by centrifuging for 10 min at 10,000 rpm. 
The obtained cell pellet was overnight fixed in glutaralde-
hyde (2.5%) prepared with phosphate buffer (50 mM, pH 
7.2) at 4 °C. The cells were dried serially in graded etha-
nol solutions of 25, 50, 75 and 100% for 10 min each; sus-
pended in hexamethyldisilazane, and preserved at 4  °C. 

The obtained suspension was gold sputter coated, after 
drop coating and air dying on double sided carbon tape. 
At an accelerating voltage of 20  kV, the samples were 
observed under Zeiss EVO 18 scanning electron micro-
scope (SEM) (Jena, Germany).

Genomic DNA isolation, amplification, and sequencing 
of 16S rDNA
Based on the manufacturer’s protocol, the genomic DNA 
from the overnight grown pure culture was isolated with 
HiPurA bacterial and yeast genomic DNA purification 
spin kit (HiMedia Chemicals Pvt. Ltd., Mumbai, India). 
The yield and quality of the isolated DNA was checked 
on 1% (w/v) agarose gel. The universal primers of E. coli 
16S rDNA, forward primer (5′-AGA​GTT​TGA​TCC​TGG​
CTC​AG-3′) and reverse primer (5′-GGT​TAC​CTT​GTT​
ACG​ACT​T-3′), were used to amplify the 16S rRNA gene 
sequence from the extracted genomic DNA. Eppendorf 
Mastercycler Pro S (Hamburg, Germany) was employed 
for carrying out the polymerase chain reaction (PCR), in 
25 µL reaction volume containing template DNA (10 ng), 
Taq DNA polymerase (2.5 units), primers (0.5  µM), 1× 
buffer containing dNTP (200 µM each) (Bangalore Genei 
Pvt. Ltd., Bengaluru, India), and MgCl2 (1.5 mM). In each 
set of experiments, the negative controls were maintained 
with reaction mix without template DNA. After the ini-
tial denaturation (95 °C, 3 min), the 25 PCR cycles were 
performed for respective time periods at denaturation 
(95 °C, 1 min), annealing (57 °C, 1 min), extension (72 °C, 
2 min), and final extension (72 °C, 5 min) temperatures. 
The amplified product of ~ 1500 bp was checked on aga-
rose gel (1.5%) containing ethidium bromide (0.5 µg/mL) 
with 0.5× TBE buffer, using a low-range 100  bp DNA 
ruler (Bangalore Genei Pvt. Ltd, Bengaluru, India). As 
per the manufacturer’s guidelines, the amplified products 
were purified and eluted with HiPurA PCR product puri-
fication spin kit (HiMedia Chemicals Pvt. Ltd., Mumbai, 
India). The sequencing of the purified PCR product was 
carried out with Applied Biosystems 3730XL genetic 
Analyzer (Foster City, USA). The obtained 16S rRNA 
gene sequence of the bacterial strain was compared with 
the database of GenBank exploiting nucleotide blast 
search option and the matched sequences were down-
loaded. Based on the scoring index, using CLUSTAL 
W, a multiple sequence alignment program, the most 
similar sequences were organized. The software version 
Molecular Evolutionary Genetics Analysis (MEGA) 5.1 
was utilized for constructing the phylogenetic tree by 
the neighbor-joining method for showing the relation-
ship between isolated strain (AJK3) and the other bacte-
rial species (Joshi et al. 2011). The 16S rDNA sequence of 
AJK3 was deposited in GenBank.
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Reduction of selenite and synthesis of selenium 
nanoparticles
The medium nutrient broth complemented with vari-
ous sodium selenite concentrations was inoculated with 
bacterial suspension (100 µL of 107 CFU/mL) and grown 
under static conditions at 37 °C in Remi CIS-24 Plus bac-
teriological incubator (Mumbai, India). The synthesis 
was inspected by recording the culture broth’s UV–Vis 
absorption spectra and for visual colour change at speci-
fied time periods. The role of metalloid concentration 
(0.25–1.0  mM) and incubation duration (24–72  h) on 
reductive nanoparticle production was monitored. The 
culture medium was separated from the bacterial cells 
and the nanoparticles by centrifugation at 16,750×g for 
10  min. With Horiba Jobin–Yvon JY-2000 inductively 
coupled plasma optical emission spectrometry (ICP-
OES) (Longjumeau, France), the selenium metal concen-
tration in the culture supernatants was quantified.

Selenium nanoparticle characterization
The UV–visible absorption spectra of the selenium 
nanoparticle containing culture broth were recorded 
periodically at regular intervals (24, 48 and 72  h) using 
a Analytic Jena AG Specord 200 Plus UV–visible spec-
trophotometer (Jena, Germany), at a wavelength range 
of 350–900 nm. The 72 h-grown bacterial cells in 1 mM 
selenite enriched nutrient broth which contain the nan-
oparticles were separated from the culture medium by 
centrifugation (16,750×g, 10  min) in Remi R-24 labora-
tory centrifuge (Mumbai, India). The washed cell pel-
lets were suspended in chilled sodium phosphate buffer 
(100 mM, pH 7.4). The cell suspension was disrupted by 
ice sonication with Sonics Vibra Cell VC 750 ultrasonica-
tor (Newtown, USA) for 4 min (4 s pulse, 2 s pause), at an 
amplitude of 40%. The obtained slurry was washed and 
stored in sterile water. At 40  kV and 30  mA, the X-ray 
diffraction study was carried out with a Rigaku, Ultima 
IV diffractometer (Tokyo, Japan) using monochromatic 
Cu Kα radiation (λ = 1.5406 Å). At a scan rate of 1°/min, 
the intensity data were collected in the range of 20–100° 
2θ, for the nanocolloid solution drop coated on a glass 
slide. At 633 nm excitation wavelength, the Raman spec-
trum of the nanoparticles under room temperature was 
collected with a Horiba Jobin–Yvon LabRAM HR 800 
micro-Raman spectrometer (Longjumeau, France). At 
200 kV, the morphology of the nanoparticles drop coated 
on carbon-coated copper grids was obtained with FEI 
Tecnai 20 G2 S-Twin (Eindhoven, The Netherlands) 
transmission electron microscope (TEM) coupled to 
INCAx-act Oxford Instruments Energy-Dispersive X-ray 
(EDX) (High Wycombe, UK). The zeta potential of the 
nanoparticles suspended in ultra pure water was evalu-
ated by a Malvern Zetasizer Nano ZS90 (Malvern, UK). 

Using an FTS Systems Dura-Dry™ MP freeze dryer (New 
York, USA), the nanoparticle solutions were made into 
powders. Using Bruker Optics TENSOR 27 FTIR spec-
trometer (Ettlingen, Germany), the IR spectra of the lyo-
philized powders were noted at a wave number range of 
1000–4000 cm−1.

The selenite reduction activity of the strain was studied 
for different cellular fractions (cytosolic and membrane), 
along with the culture supernatant. The cell pellet and 
supernatant were obtained by centrifuging the nutrient 
broth grown overnight culture. The washed cell pellet 
suspended in chilled phosphate buffer was disrupted by 
ice sonication. The obtained cell lysate was centrifuged to 
separate the soluble and membrane fractions. The total 
protein content was quantified by Bradford method using 
BSA as standard. The selenite reductase activity was car-
ried out at 37  °C for 24  h in 400  μL of supernatant or 
nutrient broth containing 100  μg of protein and 1  mM 
sodium selenite. The reaction mixtures without superna-
tant or protein fractions served as controls (Dhanjal and 
Cameotra 2010; Lampis et al. 2014).

Results and discussion
Characterization and identification of selenite‑reducing 
bacterial strain
It is well documented that the contaminated sites are 
the potent sources for competent bacteria that are nat-
urally adapted to the local environment (Ghosh et  al. 
2008). Thus, an effort has been made to isolate selenite-
reducing bacteria from Pedda Cheruvu, a contaminated 
lake located at Nacharam, Hyderabad, India. The lake 
receives effluents from the manufacturing industries 
such as steel, chemicals, paints, rubber, plastics, brewer-
ies, and food products located at industrial development 
area (IDA) of Nacharam; agricultural wastes and domes-
tic sewage. In addition, contamination of the ground 
and surface waters, soil, and sediments of the lake with 
heavy metals has been reported (Govil et al. 1999; Uday-
alaxmi et  al. 2010; Venkateswara Rao et  al. 2016). The 
collected water samples were analyzed for heterotrophic 
and selenite-reducing bacteria, and the respective counts 
were 9.1 × 106 and 8.2 × 105  CFU/mL. Among the puri-
fied bacterial isolates from surface waters of the lake, a 
dominant bacterial strain (AJK3) that produced intense 
red colouration on selenite-supplemented nutrient agar 
was selected for further characterization. For identify-
ing the phenotypical characteristics of this strain, various 
biochemical tests were performed. The strain AJK3 was 
Gram-positive, motile, and produced large, white col-
oured granular colonies of 2–5 mm diameter on nutrient 
agar. The colonies were dark red in colour on selenite-
supplemented nutrient agar medium. In addition, the 
selenite-supplemented broth’s colour changed from dull 
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yellow to red (Fig.  1a–c). Similarly, the size and mor-
phological features of the isolated bacterial strain AJK3 
were visualized with SEM technique (Fig. 1d). From the 
micrograph, it is evident that the bacterial strain is rod 
shaped and the size is 1.3 (L) × 0.6 (W) µm. The strain 
showed positive result for key characteristics such as 
catalase production, glucose fermentation, nitrate reduc-
tion, lecithinase production, polymyxin resistance, Voges 
Proskauer’s test, and inability to ferment mannitol and 
produce indole. Depended on the morphological, bio-
chemical, and physiological characteristics, the strain 
AJK3 was tentatively recognized as Bacillus sp. Further 
confirmation was obtained from the comparative analy-
sis of the 16S rDNA sequence. Under the accession No 
MF187726, a 1010 nucleotide long 16S rDNA sequence 

from AJK3 was deposited in NCBI database. The 16S 
rRNA gene sequence analysis revealed highest sequence 
similarity (98%) with B. cereus strains. Based on the 
results, the bacterial strain AJK3 has been classified as B. 
cereus and the phylogenetic tree is depicted in Fig. 2. The 
occurrence of B. cereus in surface waters, faecal polluted 
rivers, sewage, and diary industry waste is reported in the 
literature (Østensvik et al. 2004).

The sensitivity of the isolate towards various amino-
glycosidic (amikacin, gentamicin, kanamycin, and 
streptomycin), beta-lactam (amoxicillin, methicillin, 
ampicillin, and penicillin G), macrolide (erythromycin), 
polyketide (tetracycline and chlortetracycline), cationic 
peptide (polymyxin B), glycopeptides (vancomycin), and 
quinolone (nalidixic acid) antibiotics was tested (Fig. 3). 

Fig. 1  Bacterial culture plates showing single colonies of AJK3 strain on a nutrient agar and b nutrient agar supplemented with 1 mM selenite. c 
Colour of the bacterial culture broth (i) without and (ii) with selenite supplementation and d SEM image of bacterial cells
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The strain showed resistance to gentamicin, kanamycin, 
methicillin, erythromycin, polymyxin B, and intermedi-
ate sensitivity to amikacin, streptomycin, amoxicillin, 
vancomycin, and high sensitivity to ampicillin, penicillin, 
tetracycline, chlortetracycline, and nalidixic acid antibi-
otics (Table 1).

Selenite reduction and biogenesis of selenium 
nanoparticles
The selenite reduction capability of the strain AJK3 was 
determined by quantifying the selenium content in the 
culture supernatants at different concentrations (Table 2). 
At a lower concentration of 0.25  mM selenite, 51% of 
selenium removal was noted within 48 h with further no 
increase from 48 to 72 h. At 48 h, the selenium removal 

(%) was increased from 35.15 to 78.5 and reached satu-
ration (67.56) at 72  h at 0.5  mM selenite. The selenium 
removal (%) was only 3.69 at 24 h, increased to 82.73 at 
48 h, and remained more or less same (84.23) at 72 h, at 
a higher concentration of 1  mM selenite. This could be 
due to a lag in detoxifying enzyme induction which is 

Fig. 2  Dendrogram showing the phylogenetic relationship between the partial 16S rRNA gene sequences of the isolate AJK3 and related bacterial 
species. The scale bar indicates the sequence divergence. The strain Pseudomonas aeruginosa N146 was used as an outgroup

Fig. 3  Bacterial culture plate of AJK3 strain showing the inhibition 
zones around the discs loaded with 30 µg of antibiotics

Table 1  Antibiotic sensitivity of AJK3 strain

Antibiotic (µg/disc) ZOI (mm)

Amikacin (30) 10.5 ± 0.5

Gentamicin (10) 8.6 ± 0.5

Kanamycin (30) 9.2 ± 0.4

Streptomycin (10) 12.4 ± 0.5

Vancomycin (30) 13.6 ± 0.5

Polymyxin B (100) 0 ± 0

Erythromycin (15) 9.0 ± 0.0

Tetracycline (30) 26.6 ± 1.5

Chlortetracycline (30) 26.0 ± 1.6

Methicillin (5) 8.2 ± 1.3

Ampicillin (10) 19.8 ± 2.0

Penicillin G (10) 18.6 ± 0.8

Amoxicillin (30) 14.4 ± 0.5

Nalidixic acid (30) 20.7 ± 0.9

Table 2  Time-dependent selenium removal (%) by  AJK3 
at different selenite concentrations

Selenite 
concentration 
(mM)

Selenium removal (%)

Time (h)

24 48 72

0.25 31.72 ± 0.25 50.97 ± 1.20 43.86 ± 1.12

0.5 35.15 ± 2.49 78.50 ± 2.50 67.56 ± 2.15

1.0 3.69 ± 1.87 82.73 ± 2.87 84.23 ± 1.86
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required for selenite tolerance at higher concentrations. 
The selenium nanoparticle formation in the culture broth 
was observed visually and by UV–Vis. With increase in 
time, the colour of the selenite-supplemented culture 
broth changed from pale yellow to red, a signature for the 
reduction of selenite to elemental selenium (Fig. 1c). The 
characteristic red colour could be accounted for the sur-
face plasmon resonance of selenium nanoparticles. The 
time-dependent nanoparticle synthesis was measured 
with UV–Vis at various selenium oxyanion concentra-
tions (0.25, 0.5, and 1.0 mM) (Fig. 4). The culture broths 
showed broad absorption bands at all the tested concen-
trations in the range of 350–900 nm. At a concentration 
of 0.25 mM selenite, the absorption band increased from 
48 to 72 h. In the case of higher concentrations (0.5 and 
1  mM selenite), the intensities of the absorption bands 
increased from 24 to 48  h and remained more or less 
same at 72  h. In addition, the observed time-depend-
ent increase in absorption was in concomitance with 
enhanced red hue of the culture broth. However, no col-
our change was observed in control experiment carried 

out with selenite-supplemented nutrient broth without 
bacterial inoculation. Thus, the selenium nanoparticle 
synthesis is attributed to bacterial reduction of selenite 
only. It is reported in the literature that the biogenic 
selenium nanoparticles exhibit different spectroscopic 
characteristics in comparison with chemogenic selenium 
nanoparticles due to unique internal structural arrange-
ments of the selenium atoms (Oremland et  al. 2004). 
Thus, the bacterial strain used in the current study can be 
utilized as a nanofactory for large-scale commercial pro-
duction of selenium nanoparticles.

It is significant to note that, in the literature, selenium 
nanoparticle producing bacteria are reported in wide 
range of environments under aerobic and anaerobic con-
ditions including in sludge and sewerage (Mishra et  al. 
2011). The anaerobic/anoxic bacteria include strains such 
as Selenihalanaerobacter shriftii DSSE1, Sulfurospiril-
lum barnesii (Oremland et al. 2004), Rhodopseudomonas 
palustris N (Li et  al. 2014), Veillonella atypica (Pearce 
et  al. 2008), Shewanella putrefaciens 200 (Jiang et  al. 
2012), Shewanella sp. HN-41 (Lee et  al. 2007), etc. In 

Fig. 4  Time-dependent UV–Vis absorption spectra of selenium nanoparticles synthesized by strain AJK3 at various selenite concentrations: a 
0.25 mM, b 0.5 mM, and c 1.0 mM
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comparison with the anaerobic bacteria, the phenome-
non is mostly cited in aerobic, Gram +ve Bacillus species 
such as B. cereus (Dhanjal and Cameotra 2010), Bacillus 
sp. MSh-1 (Shakibaie et al. 2015), B. megaterium (Mishra 
et  al. 2011), B. mycoides SeITE01 (Lampis et  al. 2014), 
Bacillus sp. E5 (Durán et al. 2015), B. licheniformis (Khi-
ralla and El-Deeb 2015), B. subtilis (Wang et  al. 2010), 
etc. Other reported aerobic strains are Pseudomonas 
agglomerans, (Torres et  al. 2012), P. aeruginosa JS-11 
(Dwivedi et  al. 2013), P. stutzeri (Lortie et  al. 1992), P. 
alcaliphila (Zhang et al. 2011), Duganella sp., Agrobacte-
rium sp. (Bajaj et al. 2012), Zooglea ramigera (Srivastava 
and Mukhopadhyay 2013), Streptomyces minutiscleroti-
cus M10A62 (Ramya et al. 2015), Acinetobacter sp. E6.2 
(Durán et al. 2015), Comamonas testosteroni S44 (Zheng 
et al. 2014), Klebsiella pneumonia (Fesharaki et al. 2010), 
Lactobacillus sp, Bifidobacter sp., and Streptococcus ther-
mophilus (Eszenyi et al. 2011).

Crystallographic structure of selenium nanoparticles
The crystallographic structure of the generated nano-
particles was established from the XRD. The XRD 
pattern was broader with no sharp Bragg reflections 
(Fig.  5a). Hence, the red-coloured selenium nanopar-
ticles produced by bacterial reduction are amorphous 
in structure. Furthermore, the recorded Raman spec-
trum of the nanoparticles is given in Fig.  5b. The spec-
trum showed two characteristic resonance peaks at 234 
and 254 cm−1, which could be attributed to amorphous 
(Van Overschelde et al. 2013) and trigonal selenium (Liu 
et  al. 2008), respectively. The trigonal selenium could 
have formed via phase transformation of amorphous 
selenium to trigonal selenium by powerful Raman laser 
beam during measurement (Liu et al. 2008). Besides, the 

broadened Raman bands also explain the nanosize effect 
of the produced nanoparticles (Shikuo et al. 2007). Thus, 
the Raman data validate the amorphous crystal struc-
ture of the nanoparticles obtained from the XRD pattern. 
The present study on amorphous state of synthesized 
nanoparticles is in agreement with the previous studies 
carried out on bacterial biosynthesis of selenium nano-
particles with Shewanella sp. HN-41 (Tam et  al. 2010), 
Bacillus sp. (Shakibaie et al. 2010), Escherichia coli K-12 
(Dobias et al. 2011), P. alcaliphila (Zhang et al. 2011), and 
Pantoea agglomerans (Torres et al. 2012). It is well known 
that the selenium nanoparticles generated by biological 
reduction are, indeed, characteristically amorphous in 
nature (Torres et al. 2012).

Morphology and size of selenium nanoparticles
The TEM images of nanoparticles synthesized with 
1  mM selenite-supplemented nutrient broth at 72  h of 
time is given in Fig. 6. The produced nanoparticles were 
sphere shaped and polydisperse. The size of the particles 
varied from 50 to 150 nm and the mean particle size was 
about 92.6 ± 20.6 nm, obtained from the respective diam-
eter distribution (Fig.  6b). These results are compared 
with earlier study carried out on biosynthesis of sele-
nium nanoparticles with marine bacterial strain Bacillus 
sp. MSh-1, in which nanoparticles in size range of about 
80–220  nm were obtained (Forootanfar et  al. 2014), 
while the probiotic lactic acid bacteria such as Lactoba-
cillus and Bifidobacter produced selenium nanoparticles 
in the size ranges of 100–200 and 400–500 nm, respec-
tively (Eszenyi et  al. 2011). From the data, it is evident 
that the strain B. cereus is able to produce selenium nano-
particles with smaller average nanoparticle size and nar-
row particle size distribution. The shown selected area 

Fig. 5  a X-ray diffraction pattern and b Raman spectrum of selenium nanoparticles
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electron diffraction (SAED) pattern is diffused (Fig.  6c) 
and also confirms the amorphous character of the bac-
teriogenic nanoparticles supported from the Raman 
spectroscopy and XRD. In addition, the EDX spectrum 
corroborates the selenium presence in the nanoparticles 
(inset of Fig.  6c). The nanoparticles exhibit absorption 
peak at 1.37  keV, attribute to the characteristic absorp-
tion of SeLα. The extra peaks of carbon and oxygen can 
be pointed to the protein molecules. The zeta potential 
of the synthesized selenium nanoparticles suspended 
in ultrapure water was found to be − 31.1 ± 4.9 mV. The 
higher negative charge on the nanoparticle surface is due 
to capping and stabilization of nanoparticles by bacterial 
proteins (Dhanjal and Cameotra 2010).

Involvement of biomolecules in synthesis and stabilization 
of nanoparticles
The functional groups of the bacterial biomolecules act-
ing as reducing and capping agents during the nanopar-
ticle production were identified from the IR spectrum 
(Fig.  7). The major absorbance bands in the nanoparti-
cle spectrum were at 3273, 2953, 1740, 1626, 1531, 1454, 
1381, 1229, and 1049  cm−1. The stretching vibrations 
of O–H groups could be assigned to broad band noted 
at 3273  cm−1. The band at 2953  cm−1 corresponds to 
asymmetric stretches of methylene groups. The car-
bonyl-stretching vibrations in aldehydes, ketones, and 
carboxylic acids could be assigned to sharp band found 
at 1740 cm−1. The amide I and amide II linkages can be 
recognized at observed bands at 1626 and 1531  cm−1. 
They correspond to the vibrations of carbonyl and 
N–H stretches in the amide linkages of the proteins, 
respectively. The symmetrical stretch of carboxylate 
group can be attributed to the bands observed at 1454 
and 1381  cm−1. The C–O stretch of carboxylic acids 

corresponds to peak at 1229 cm−1. The C–O stretches of 
ether groups were noted at 1049 cm−1. The involvement 
of proteins in the reduction and stabilization of selenium 
nanoparticles was reported in biosynthesis of selenium 
nanoparticles using bacteria Streptomyces minutiscle-
roticus M10A62 (Ramya et  al. 2015) and P. alcaliphila 
(Zhang et al. 2011).

The localization of selenite reductase activity was 
determined using selenite-amended culture superna-
tant, soluble, and membrane protein fractions (Fig.  8a). 
In the current study, the selenite reduction was noted 
only in the membrane protein fraction and supernatant. 
Thus, the results confirm that the extracellular proteins 
released by the bacterial cells and the proteins associated 
with membrane/cell wall are involved in the metalloid 
reduction (Lampis et  al. 2014). These proteins prob-
ably act as oxidation–reduction enzymes or proton anti-
transporters (Zhang et  al. 2011). It is also evident from 

Fig. 6  a TEM image of selenium nanoparticles synthesized with 1 mM selenite at 72 h, b histogram showing the particle size distribution, and c 
corresponding SAED pattern

Fig. 7  FTIR spectrum of freeze-dried selenium nanoparticles
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the scanning electron micrograph, in which the bacterial 
cells are adhered by the selenium nanospheres (Fig. 8b).

Conclusions
In the current investigation, selenite-reducing bacte-
rial strain AJK3 was isolated from the native bacterial 
population of a polluted lake. Based on biochemical 
characterization and 16S rDNA sequencing, the strain 
was identified as B. cereus. The method of bacteriogenic 
synthesis of selenium nanoparticle was studied at dif-
ferent selenite concentrations with time. The strain 
was able to produce amorphous, spherical nanoparti-
cles of 93 nm. Thus, the isolated bacterial strain can be 
exploited as a prospective, renewable, natural, nanofac-
tory for the bacteriogenic synthesis of nanoparticles, 
in addition to the detoxification of selenite from the 
contaminated environment. Further detailed studies 
are envisaged on enzymatic detoxification mechanisms 
of metalloid reduction, other products of selenite bio-
transformation such as seleno-amino acids and volatile 
alkyl selenides; scale up for commercial production; 
biological activities of the produced selenium nano-
particles (Eswayah et  al. 2016; Nancharaiah and Lens 
2015).
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