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Abstract
Marine environment is in constant threat due to anthropogenic activities which are involved in disturbing
the aquatic �ora and fauna due to accumulation of toxic metals and metalloids. The current study
involves the use of microbial remediation strategy for reduction of toxic sodium selenite (Na2SeO3) into

less toxic elemental Se (Se0) with concurrent synthesis of Se nanoparticles (SeNPs) possessing several
biomedical potential. Selenite reducing bacterial strain isolated from Mandovi estuary of Goa, India was
identi�ed as Halomonas venusta based on 16S rRNA gene sequence analysis and designated as strain
GUSDM4. It's maximum tolerance level for Na2SeO3 was 100 mM. The 2, 3-diaminonaphthalene based

spectroscopic analysis clearly demonstrated 93% reduction of 4 mM Na2SeO3 to Se0 during late
stationary growth phase of Halomonas venusta. Biosynthesis of SeNPs commenced within 4 h during
log phase which was clearly evident from red colour in the growth medium and a characteristic peak at
265 nm revealed by UV-Vis spectrophotometry. The intracellular synthesis of SeNPs was con�rmed by
transmission electron microscopy (TEM) of these bacterial cells. Characterization of SeNPs by X-ray
crystallography, TEM and energy dispersive X-ray analysis clearly demonstrated spherical SeNPs of 20-80
nm diameter with hexagonal crystal lattice. These SeNPs at 50 µg/mL exhibited 90% free radical
scavenging activity and also demonstrated anti-bio�lm activity at 20 µg/mL against common human
pathogens which was evident by SEM analysis. These SeNPs interestingly revealed excellent dose-
dependent and selective anti-proliferative activity against A549 cancer cell line and mosquito larvicidal
activity against Aedes aegypti, Culex quinquefasciatus and Anopheles stephensi. Therefore, these studies
have demonstrated amazing potential of marine bacterium, Halomonas venusta in bioremediation along
with biosynthesis of SeNPs and their applications as free radical scavenger, anti-bio�lm, chemo-
therapeutic and larvicidal agents which is the �rst report of its kind.

Introduction
The extensive industrialization and various anthropogenic activities have signi�cantly contaminated the
estuarine environment with several metalloid pollutants viz. arsenic, tellurium and selenium over past
several decades disturbing its ecological balance. Environmental protection from toxic metal and
metalloid pollutants released in the aquatic and terrestrial environment requires speci�c strategies to
protect and restore these contaminated environments. Therefore, extensive broadening of research
spectrum for bioremediation of these pollutants by diverse group of microorganisms is of great concern
for environmental microbiologists.

Selenium (Se) is widely distributed metalloid of Group XVI of periodic table, sharing structural and
chemical similarities with sulphur and tellurium. It occurs in the environment as inorganic, unstable
selenide (Se2), water soluble selenite (SeO3

2-), selenate (SeO4
2-) and water insoluble elemental selenium

(Se0). Organic forms include selenocysteine and selenomethionine. Interestingly Se is a signi�cant trace



Page 3/26

element in all domains of life, and it forms an important structural component of various selenoproteins
viz. thioredoxin reductase and glutathione peroxidase (Allan et al. 1999). It is commonly referred as
‘double-edged sword’ since in human beings the nutritional dose of Se (i.e. 200-400 µg/day) boosts
immunity and also promotes cell death (Arthur et al. 2003; Zeng et al. 2008). Moreover, its de�ciency
leads to ‘Keshan disease’ and excess of Se (<400 µg/mL) causes selenosis (Chen 2012; Morris and Crane
2013).

Selenite is introduced into the environment mainly due to weathering of rocks, coal carbonization,
seleniferous agricultural drainage, sewage and e�uents from various industries viz. glass, plastic, paint,
pigments, oil and tanneries (Javed et al. 2015). Selenite contamination of water bodies and apparently
drinking water adversely affects human health due to its biomagni�cation (Ouédraogo et al. 2015). Being
highly bioavailable selenite is taken up easily by the majority of plants and animals present in the aquatic
environment and ultimately enters the human food chain posing a serious threat to the health of all the
components of the food chain. These alarming conditions provoked environmental microbiologists to
explore and design biological systems and tools to detoxify and bioremediate selenite from marine
polluted sites which are eco-friendly and cost-effective (Higashi et al. 2005; Soda et al. 2012; Eswayah et
al. 2016).

Although selenium is toxic to various life forms, microorganisms including bacteria can tolerate and
survive very high concentrations of selenite without any adverse effects on their cellular metabolism
(Ghosh et al. 2008). Reduction of selenite to elemental selenium and methylation to volatile forms such
as dimethyl selenide are widely studied mechanisms involved in selenite biotransformation (Ranjard et al.
2002; Hunter and Manter 2009). However, there are very few reports on selenite resistant marine bacteria
(Siddique et al. 2006; Narasingarao and Häggblom 2007; Mishra et al. 2011; Rauschenbach et al. 2011;
Forootanfar et al. 2014; Srivastava et al. 2014; Samant et al. 2018).

Selenite bioreduction to insoluble elemental selenium by bacteria can be nanostructured since the
process of bioreduction and nanoparticle synthesis takes place simultaneously (Tan et al. 2016).
Therefore, the use of estuarine bacteria for simultaneous selenite reduction and biosynthesis of
nanomaterials will certainly be highly favourable, environmental friendly and economically viable. Since
other chemical and physical processes involve environmentally hazardous techniques along with the use
of toxic materials and radiations (Velmurugan et al. 2014; Presentato et al. 2018).

Selenium in nano-dimensions has gained tremendous attention and are high in demand due to its
extensive applications in electronics, agriculture, food, feed and environmental bioremediation along with
a special emphasis in the �eld of medicine due to its crucial biological role even at low concentration
(Shirsat et al. 2015). The speci�city, selectivity, bioavailability and low toxicity of SeNPs make them one
of the most promising candidate to be used for biomedical applications. The antioxidant activity of
SeNPs has gained tremendous attention worldwide; on the other hand, developing an antioxidant with
low cost and toxicity remains a challenging task. Thus, development of a novel nontoxic, nano-Se
antioxidant is desirable and imperative.
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Se is also known as anti-microbial and anti-bio�lm agent against diverse microbial pathogens. Due to the
increasing drug resistance worldwide, scientists are now looking out for alternative antimicrobials to treat
microbial infections. The problem is severe while handling bio�lm-associated microbial infections. Under
such circumstance’s development of a novel, antibio�lm material in nano-forms is mandatory. SeNPs
have also been studied widely for their anti-cancer activity against various cancer cell lines (Chen et al.
2008; Zheng et al. 2011; Luo et al. 2012). Several concerns and complications in current anti-cancer
therapy including non-speci�city, non-selectivity, rapid drug deactivation, reduced pharmacokinetics,
restricted bio-distribution, side effects and cost-effectiveness of anti-cancer drugs have severely
hampered the effectiveness of treatments. However, SeNPs address all the above concerns making them
ideal and most demanding novel anti-cancer drug.

It’s worth mentioning that every year 70 million people are affected due to mosquito-borne diseases
globally, among which 4 million is Indian population (Ghosh et al. 2012). Mosquito acts as an important
vector for most of the fatal and life-threatening vector borne diseases viz. malaria, dengue, yellow fever,
�lariasis, zika and chikungunya. These diseases pose a serious threat to both developing and developed
countries across the globe due to their re-emergence and tendency to spread outside the known
geographic regions causing epidemics. Nanoparticle-based approach to control this vector would be very
promising due to its speci�city. In the present study, we have reported Halomonas venusta mediated
detoxi�cation and biotransformation of selenite into selenium nanoparticles exhibiting anti-oxidant, anti-
bio�lm, anticancer, and mosquito larvicidal activity.

Materials And Methods
Isolation of selenite reducing estuarine bacteria

The surface water sample from Mandovi estuary Goa, India was collected using sterile polycarbonate
bottle (Latitude: 15030’ 4.36’’N, Longitude: 73049’46.17’’E and temperature 25 °C). Water sample (1 mL)
was added to 50 mL Zobell Marine Broth (ZMB) supplemented with 0.5 mM sodium selenite (Na2SeO3)
and was incubated at 25 °C ± 2 with constant shaking (150 rpm) for 48 h. Dilution plating of the enriched
sample was carried out on Zobell marine agar (ZMA) plates containing 2 mM sodium selenite to isolate
selenite reducing bacteria. Discrete brick red coloured colonies obtained were re-streaked on ZMA (0, 2
mM Na2Se03) to screen morphologically distinct selenite reducing bacteria which were considered for
further studies.

 Determination of Minimum inhibitory concentration (MIC) for selenite

To determine the MIC for Na2Se03, the selected bacterial isolates were spot inoculated on ZMA plates
with increasing concentrations of Na2Se03 (0-120 mM). The plates were incubated at 25 °C ± 2 for 24 h
and were checked for appearance of brick red coloured colonies. The minimum concentration at which no
visible colonies obtained was designated as MIC. Bacterial isolates with the highest MIC on solid media
were selected for determining their MIC in the liquid medium. The strains were grown in the presence of
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various concentrations of sodium selenite (0-120 mM) and were checked for absorbance at 600 nm after
24 h of incubation.

 Identi�cation of selenite reducing bacterial strain GUSDM4

DNA extraction of the selenite reducing bacterial strain GUSDM4 was carried out using Dneasy® Blood &
Tissue Kit (Qiagen, Hilden, Germany). Universal eubacterial primers: 27F (5'-
AGAGTTTGATCMTGGCTCAG-3') and 1492R(5’-TACGGYTACCTTGTTACGACTT-3’) were used to amplify
16S ribosomal RNA gene (16S rRNA) using Nexus Gradient Mastercycler (Eppendorf, Germany). The PCR
amplicon was analysed on 1% agarose gel followed by puri�cation using Wizard SVGel and PCR clean-up
system (Promega, USA). The puri�ed 16S rRNA gene was sequenced at Euro�ns Genomics, Bangalore,
India followed by BLAST analysis and the DNA sequence was submitted to Genbank (Altschul et al.
1990). The Phylogenetic dendrogram was constructed by the Neighbor-joining method using MEGA 7
software (Tamura et al. 2013).

Selenite uptake by bacterial strain GUSDM4

Time course study of selenite uptake was done using a modi�ed spectrophotometric method as
described by Watkinson (1996). Brie�y, H. venusta GUSDM4 was grown in the presence of 2 and 4 mM
Na2SeO3 and every 4 h, 0.5 mL aliquot was centrifuged at 9727 X g for 10 min. The supernatant (100 µL)
was used to determine the selenite content. Appropriate controls such as un-inoculated medium with
Na2SeO3 and inoculated medium without metal were kept and processed under similar conditions. For
selenite estimation, 0.1 M HCl (5 mL), 0.1M NaF (0.25 mL) and 1M disodium oxalate (0.25 mL) were
added and mixed in a test tube. Subsequently, 0.25 mL culture supernatant, 1.25 mL of 0.1% 2,3 DAN
(2,3-diaminonaphthalene) was added, mixed and incubated at 60 °C for 15 min. The above mixture was
cooled at room temperature and 3 mL of cyclohexane was added to extract selenium - 2,3 DAN complex
with vigorous shaking. The solution was then centrifuged at 3000 X g for 12 min and absorbance at 377
nm of the organic phase was determined using UV-Vis spectrophotometer (Shimadzu -1601, Japan). The
experiments were performed in triplicates and the standard error was determined.

 Biosynthesis and localization of SeNPs by Halomonas venusta strain GUSDM4

The bacterial strain GUSDM4 was inoculated in ZMB supplemented with 2 mM Na2SeO3, incubated at 25
°C ± 2 at 150 rpm for 24 h and observed for colour change. Un-inoculated medium and previously grown
culture supernatant with 2 mM of Na2SeO3 under similar conditions were kept as controls. The selenite
reducing strain of H. venusta was grown without and with 4 mM Na2SeO3. The cells were harvested at
6225 X g, followed by washing in 0.1 M phosphate buffered saline (PBS, pH 7.4) and were �xed with 2%
para-formaldehyde and 2.5% glutaraldehyde prepared in PBS for 4 h at 4 °C. The supernatant obtained
after centrifugation was discarded and 0.1 M PBS was added. The samples were sectioned and analysed
using TEM (Moragani 268D, Fei Electron Optics, USA).

 Optimization and time course study of SeNPs biosynthesis
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Optimization of SeNPs biosynthesis was carried out under different growth conditions viz. pH: 5, 6, 7, 8, 9
and 10; temperature: 18, 22, 25, 28, 30, 35, 37 and 40 °C; sodium selenite concentration: 1, 2, 3, 4, 5 and 6
mM. The culture was inoculated in ZMB �asks with varying pH, temperature and sodium selenite
concentrations respectively. The nanoparticle biosynthesis was monitored at 265 nm using UV-Vis
spectrophotometer which is characteristic for elemental selenium. Time course study for the biosynthesis
of SeNPs was also carried out under optimized conditions. The SeNPs were obtained by the protocol
described by Vaigankar et al. (2018).

 Characterization of biosynthesized nanoparticles

Biosynthesized SeNPs were suspended in methanol: chloroform (2:1 v/v) and analysed for their
characteristic optical properties by scanning between 190 to 800 nm using UV-Vis spectrophotometer
(Shimadzu-2450, Japan). X-ray diffraction pattern for biosynthesized SeNPs was obtained using X-ray
diffractometer (Rigaku Mini�ex). The Scherrer’s equation was used to calculate the crystal size of the
nanoparticles: where D is the mean grain size, k is constant, λ is the X-ray wavelength for CuKa radiation,
β is the FWHM of the diffraction peak in radians and θ is the Braggs angle. The TEM analysis of the
SeNPs was carried out to determine the morphology of the nanoparticles. SeNPs powder was dispersed
in methanol and mounted on a carbon-coated copper TEM grid (Philips, model- CM200). The size of the
SeNPs was calculated using Image J software. Energy dispersive X-ray analysis was also carried out to
determine the elemental composition of the biogenic nanoparticles. SeNPs were coated with a thin �lm of
carbon and analysed for energy dispersive X-ray analysis using a scanning electron microscope along
with EDS (JSM 5800 LV, model-JOEL, Japan).

 Applications of biogenic SeNPs

Anti-oxidant activity

DPPH (1,1-diphenyl-2-picryllhydrazly) free radical scavenging activity of biogenic SeNPs was investigated
using a method described by Turlo et al. (2010) with minor modi�cations. In the presence of antioxidant
purple DPPH changes into yellow stable compound and hydrogen donating capacity of antioxidant
determines the extent of reaction (Niki 2010). Different concentrations of biogenic SeNPs were mixed
with 1 mL of freshly prepared 0.2 mM DPPH. These tubes were incubated in the dark for 30 min and
absorbance of the samples was recorded at 570 nm spectroscopically using ascorbic acid as a standard
and methanol as blank. The % free radical scavenging activity is expressed as follows:

Anti-bio�lm potential of SeNPs
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The anti-bio�lm activity of biogenic SeNPs against potential human pathogens procured from Goa
Medical College, Goa, India viz. Streptococcus pyogenes, Staphylococcus aureus, Klebsiella pneumoniae
and Escherichia coli was studied using modi�ed crystal violet assay in a 96 well sterile polystyrene
microtiter plate as described previously (Vaigankar et al. 2018). Percent antibio�lm was calculated using
the following formula:

where Absorbance of control corresponds to the bacterial cells grown in nutrient broth without NPs. The
anti-bio�lm assay was carried out in triplicate and the standard deviation was determined. To further
con�rm this SEM analysis of the bacterial pathogens grown in the presence of (0, 20, 25 and 50µg/mL
SeNPs) were carried out as per the protocol described in Mujawar et al. (2019).

 Anti-cancer activity (MTT assay)

Biogenic SeNPs were evaluated for their cytotoxicity against cancer cells by MTT (3-(4, 5- dimethylthiazol-
2-yl) -2, 5-diphenyltetrazolium bromide) assay. The dye is reduced by metabolically active human cells
due to the action of various dehydrogenase enzymes to pink formazan dye. The
adenocarcinomic human alveolar basal epithelial and normal human bronchial epithelial cell lines were
used for this study. The cell lines were cultured in Dulbecco's modi�ed Eagle medium with high glucose
(DMEM-HG, DMEM-F12) supplemented with 10% Foetal Bovine Serum (FBS). The cells cultured in T-25
�asks were trypsinized and aspirated into 5 mL centrifuge tubes. Subsequently, the cell pellet was
obtained by harvesting cells at 300 X g and the cell suspension exhibiting a cell count of 2 X 10 4 was
used for the assay. The 200 μL cell suspension was added to a 96 well microtitre plate and the plates
were incubated in 5% CO2 incubator at 37 oC for 24 h. The cells were incubated with different
concentrations of SeNPs for 24 h, followed by addition of MTT reagent (10%) for 4 h. The media was
aspirated without disturbing the formazan crystals formed. Consequently, 100 µL of DMSO was added to
the plate and absorbance at 570 nm and 630 nm was measured using UV-Visible spectrophotometer.
Sodium selenite and positive control with cisplatin was also evaluated for their cytotoxicity. The
experiment was carried out in triplicates and cell viability relative to unexposed cells (control) was
calculated as follows:
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Where (Atest) is absorbance of the cells treated with SeNPs and (Acontrol) is absorbance of the cells
without SeNPs treatment.

Larvicidal activity of biogenic SeNPs

 Source of mosquito immatures

The larvae of Anopheles stephensi, Culex quinquefasciatus and Aedes aegypti were obtained from ICMR-
National Institute of Malaria Research, Field Unit, Goa, insectary. The cyclic colonies of these mosquito
species were maintained at a temperature of 27±2 °C with a relative humidity of 70 ± 5% and a
photoperiod: scotoperiod of 12:12 h (light: dark). Healthy 3rd instar larvae were used to conduct the
bioassay.

 Bioassay

All the three larvae of Anopheles stephensi, Culex quinquefasciatus and Aedes aegypti were used to carry
out preliminary bioassay. SeNPs were dissolved in methanol and dilutions were made to attain an
appropriate range of dosage. Third instar larvae (25) were transferred to autoclaved plastic containers in
250 mL of distilled water. These were exposed to various concentrations of SeNPs ranging from 10 to
100 ppm for 24 and 48 h along with methanol control without addition of NPs suspension. After 24 and
48 h post-treatment, the number of dead larvae was counted and percent mortality was calculated for
each time interval. Abbott’s formula was applied to calculate corrected mortality if the control mortality
(%) was between 5 and 20. Probit analysis with SPSS PASW 18.0 was used to determine LC50, mean and
standard errors. Abbott’s formula for calculating corrected mortality is as follows:

Results And Discussion
Isolation of selenite reducing estuarine bacteria and it’s MIC for selenite

Morphologically distinct 50 discrete brick red bacterial colonies were obtained after plating the samples
on ZMA with 2mM Na2SeO3 which were considered for further studies (Supplementary Fig. 1). These
selected bacterial isolates did not show any brick red pigmentation upon streaking on ZMA plates without
Na2SeO3 (Supplementary Fig. 2). The Mandovi estuary of Goa is contaminated with various metals and
metalloids including selenium due to numerous anthropogenic and industrial activities such as shipping,
tourism, mining and construction. It has already been reported that various bacterial isolates from
Mandovi estuary possess resistance as well as cross-resistance to iron, manganese, cobalt, copper, zinc,
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lead, chromium, mercury, tributyltin and selenite (Khanolkar et al. 2015; Sunitha et al. 2015; Srivastava
and Kowshik 2016; Naik and Dubey 2017; Samant et al. 2018).

Out of �fty, 20 bacterial colonies exhibiting MIC greater than 100 mM Na2SeO3 were selected for further
studies. Estuarine bacterial strain GUSDM4 showing highest MIC of 101 mM in liquid medium for
Na2SeO3 was selected for further characterization. Selenite reducing strain GUSDM4 showed
exceptionally highest MIC of 101 mM for Na2SeO3 as compared to previously reported strains of bacteria.
For instance, Idiomarina sp. isolated from the banks of Mandovi estuary, Goa, India showed a MIC of 10
mM for selenite (Srivastava and Kowshik 2016) which is 10 times lower than the present study.

Identi�cation of selenite reducing bacterial strain GUSDM4

The bacterial strain GUSDM4 was found to be Gram-negative, motile, rod-shaped, catalase, nitrate and
oxidase positive aerobic bacteria. 16S rRNA gene sequencing and sequence comparison against
GenBank database using NCBI-BLAST search, strain GUSDM4 was identi�ed as Halomonas venusta
(accession number: MG430411). The dendrogram analysis revealed phylogenetic relatedness with other
species of Halomonas (Fig. 1).

Strain GUSDM4 was identi�ed as Halomonas venusta. Interestingly, members belonging to family
Halomonadaceae are characterized by high salt tolerance (5-25% NaCl) and survival at low to high
temperatures (4-40 °C). These characteristics make it a remarkable candidate for selenite bioremediation
in various habitats ranging from estuaries to saline lakes and oceans. There are very few reports on
selenite reduction by genus Halomonas and this is the �rst detailed study on selenite reduction by
Halomonas venusta isolated from Mandovi estuary showing the highest level of selenite resistance.

Selenite uptake studies using bacterial strain GUSDM4

Selenite uptake by Halomonas venusta strain GUSDM4 grown in ZMB with 2 and 4mM Na2SeO3 was
observed during the early log phase of growth (2 h) with a steady increase during the mid-log phase. At
mid log phase (26 h), a 50% reduction of selenite was observed. However, 93% and 96% utilization of
selenite was achieved at the end of the stationary growth phase for 4 mM and 2 mM respectively (Fig. 2).
The uptake studies also revealed signi�cant ability of the strain GUSDM4 to reduce 93% of selenite to
elemental selenium during the late stationary phase (58 h) of growth. It's worth mentioning that the
previous study on Rhodospirillum rubrum showed selenite reduction at the commencement of the
stationary phase which is non-favaourable and also contradictory to the current study (Kessi et al. 1999).
Thus, further strengthening its potential to be used for various biotechnological applications including
nanoparticle biosynthesis.

 

Biosynthesis and localization of SeNPs by Halomonas venusta strain GUSDM4
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Selenite reduction to elemental Se using strain GUSDM4 was evident by the colour change in the medium
from yellow to brick red in the �ask with 2 mM Na2SeO3. Whereas, control �ask without Na2SeO3 and cell
free supernatant with 2 mM Na2SeO3 did not show any brick red colouration thus, con�rming intracellular
synthesis of SeNPs (Supplementary Fig. 3). It was found that in the presence of selenite H. Venusta strain
GUSDM4 demonstrated electron dense deposits throughout the periplasm which was distinctly absent in
the control cells. Moreover, intracellular spherical deposits of SeNPs were also visible within the bacterial
periplasm (Fig. 3 a, b). Halomonas venusta strain GUSDM4 successfully synthesized Se nanoparticles
intracellularly which was initiated within 4 h of the growth phase and was con�rmed from a characteristic
at 265 nm using UV-Vis spectrophotometry.

The intracellular periplasmic nanoparticle synthesis was further con�rmed using TEM analysis which
exclusively demonstrated biosynthesis in exposed bacterial cells. Previously, halophilic bacteria namely
Bacillus selenitireducens, Selenihalanaerobacter shriftii, Sulfospirillum barnesii, Bacillus megaterium,
Bacillus cereus and Idiomarina sp. PR58-8 have been reported for SeNPs biosynthesis (Dhanjal and
Cameotra 2010; Forootanfar et al. 2014; Srivastava and Kowshik 2016; Samant et al. 2018). Moreover,
similar observation of periplasmic spherical nano-Se biosynthesis has also been reported in strain Se-1-1
belonging to Pseudoalteromonas sp. (Rathgeber et al. 2002). We have reported for the �rst time
intracellular biosynthesis of SeNPs by the marine bacterium Halomonas venusta.

 Optimization and time course study of SeNPs biosynthesis

Optimization of SeNPs biosynthesis with respect to pH, temperature and Na2SeO3 was studied during
intracellular synthesis. The optimum pH, temperature and Na2SeO3 for SeNPs biosynthesis were 7, 25 °C
and 4 mM respectively (Fig. 4 a, b, c). Time course study of SeNPs further revealed that the biosynthesis
was initiated during early log phase (i.e. 4 h) which was evident from the colour change in the media and
a distinctly sharp peak at 265 nm. Biosynthesis of SeNPs was time-dependent reaching maxima at 34 h
of bacterial growth (Fig. 4d). 

It was interesting to note that the estuarine strain GUSDM4 could synthesize SeNPs within a broad range
of temperature (i.e. 18 to 40 °C) and pH (i.e. 5 to 10). Although MTC for the strain GUSDM4 was recorded
to be 100 mM the nanoparticle synthesis was not carried at such a high concentration since it is a well-
known fact that nanoparticles at high salt concentrations tend to aggregate forming particles with a
larger diameter which is undesirable (Stoeva et al. 2002). Earlier studies on SeNPs biosynthesis by
marine Bacillus sp. MSh-1 demonstrated that biosynthesis was initiated after 14 h of incubation
(Forootanfar et al. 2014). Therefore, our strain GUSDM4 is very e�cient in the biosynthesis of SeNPs.

 Characterization of biosynthesized nanoparticles

The UV-Vis spectrophotometry analysis clearly revealed an absorbance peak of brick red colloidal
solution at 265 nm due to surface plasmon resonance indicating the presence of SeNPs (Fig. 5a). The
XRD analysis revealed characteristic Bragg’s peaks at 23.46, 29.76 and 43.72, corresponding to [100],
[101] and [110] lattices of hexagonal Se respectively (ICDD-card no.06-0362). The average size of the
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crystal domain was calculated to be 37.27 nm (Fig. 5b). TEM micrographs of SeNPs revealed spherical
morphology with size ranging from 20 to 80 nm (Fig. 5d). The EDAX analysis demonstrated the
absorption peaks at 1.5, 11.2 and 12.5 KeV thus, further reiterating presence of elemental Se (Fig. 5c).

The characterization of SeNPs using XRD, TEM and EDAX analysis con�rmed the presence of pure
spherical SeNPs exhibiting hexagonal crystal lattice with a diameter in the range of 20-80 nm. Previously,
Zooglea ramigera has been reported to biosynthesize spherical SeNPs with diameter ranging from 30 to
130 nm (Srivastava and Mukhopadhyay 2013). Similarly, in another study size distribution of 200-400
nm was observed using the halophilic bacteria B. selenitriducens, S. shriftii and S. barnesii (Oremland et
al. 2007). Size of NPs plays a major role in determining the functions of nanoparticles, smaller the size
greater are the chances of enhancing its functionality and e�ciency.

Applications of biogenic SeNPs

 Anti-oxidant activity

Biogenic SeNPs exhibited excellent dose-dependent anti-oxidant activity. An increasing percent free
radical scavenging activity with increasing concentrations of SeNPs was recorded (Fig. 6). For instance,
the percent scavenging activity at 25 µg/mL of biogenic SeNPs was recorded 50% while 90% at 50
µg/mL.

The biogenic SeNPs interestingly demonstrated 90% free radical scavenging activity at 50 µg/mL. Higher
antioxidant activity of SeNPs is mainly due to the presence of seleno-enzymes viz. glutathione
peroxidase and thioredoxin reductase, which are known to play a pivotal role in preventing the free
radicals. Previous �ndings on anti-oxidant activity by biogenic SeNPs also showed a similar dose-
dependent trend but at higher concentrations i.e. 100 to 1000 µg/mL. In this case, the percent scavenging
activity at 100 µg/mL was 80%, while at 1000 µg/mL the activity was 100% (Ramya et al. 2015).
However, the current study demonstrated approximately 90% free radical scavenging activity at 50 µg/mL
SeNPs which is highly signi�cant. Moreover, another study demonstrated 23.1 ± 3.4 % free radical
scavenging activity at 200 µg/mL SeNPs (Forootanfar et al. 2014). Differences in the % free radical
scavenging activity may be attributed to the difference in the size of biosynthesized nanoparticles with
the fact that smaller particles are known to exhibit greater free radical scavenging activity as compared to
larger aggregates (Torres et al. 2012).

Anti-bio�lm activity

 SeNPs demonstrated dose-dependent anti-bio�lm activity against Gram-positive and Gram-negative
bacterial pathogens (Fig. 7a). Highest anti-bio�lm activity was recorded against K. pneumonia at 20
(39.45 %), 25 (55.89 %) and 50 (90.96 %) µg/mL. This was followed by E. coli in which 38.56, 48.58 and
78.26 % inhibition of bio�lm was observed. Whereas, in Gram-positive, S. aureus 18.89, 35.89 and 60.89
% inhibition was observed while in S. pyogenes inhibition was 9.58, 18.56 and 55.89 % at 20, 25 and 50
µg/mL respectively. Further, SEM images clearly revealed dislodging of bacterial bio�lms along with
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morphological alterations in the form of surface depressions with increasing concentrations of SeNPs
(Fig. 7b). SeNPs also exhibited excellent anti-bio�lm activity against four potential bio�lm forming
bacterial strains. The highest anti-bio�lm activity was observed against K. pneumoniae followed by E.
coli, S. aureus and S. pyogenes. Previously, a similar % reduction of S. aureus, P. aeruginosa and P.
Mirabilis bio�lms were reported (Shakibaie et al. 2015). These results also corroborated with the SEM
analysis demonstrating the dislodging of bacterial bio�lms. This opens a new arena of applications for
SeNPs as coating agents in medical and health-related devices in order to prevent bacterial infections
caused by bio�lm forming bacteria. Likewise, these SeNPs may also have promising applications in
industrial sectors as potential tools to combat biofouling. In addition, they can also serve as excellent
candidates to eradicate bio�lm formation in sewage tanks and other sewerage systems.

Anti-cancer activity

Dose-dependent toxicity of SeNPs towards cancer cells was very much evident. SeNPs were very effective
in inhibiting the A549 cell lines at concentrations as low as 10 µg/mL while at 70 µg/mL complete
mortality was observed (Fig. 8a). Interestingly, SeNPs were ineffective against normal human bronchial
epithelial cells (BEAS-2B) as no mortality was observed. We have also clearly observed effect of SeNPs
on cancer cell line using electron microscopy (Fig. 8 b, c, d, e). The untreated A549 cells were highly
dense, con�uent and abundant. However, after treatment with SeNPs large cells have circularized and
shrunk showing decrease in density and adherence of cells.

Biogenic SeNPs exhibited excellent dose-dependent anti-cell proliferative characteristics at low doses. At
70 µg/mL complete mortality of A549 human lung cancer cell line was observed. Although, selenium
compounds viz. selenite, selenate, selenomethionine, selenocysteine and methyl-selenocysteine are
known to be anti-carcinogenic the concentrations at which these compounds are effective is very high
and toxic (Zhang et al. 2007; Seng and Tiekink 2012). SeNPs have attracted considerable attention due to
its exceptional biological potential and reduced toxicity (Luo et al. 2012). Biogenic SeNPs have been
reported for its anticancer activity and are found to be effective against various cancer cell lines viz. MCF-
7/breast adenocarcinoma, MDA-MB-231/human breast carcinoma, A375/ human melanoma,
LNcaP/prostrate, HK-2/human kidney, HepG2/liver hepatocellular carcinoma cell lines and HeLa/human
cervical carcinoma (Chen et al. 2008; Kong et al. 2011; Zheng et al. 2011; Luo et al. 2012; Ramya et al.
2015). The high speci�city of SeNPs to the cancer cells may be due to the difference in anti-oxidant
enzyme regulations which are over-expressed in case of cancer cells (Fang et al. 2005). Morphological
alterations in SeNPs treated cells were also eveident of its anti-cell proliferative activity. Similar
morphological alterations in Hela cells and MDA-MB-231 cells have been reported earlier in the presence
of selenium nanoparticles by Luo et al. (2012). Keeping in view the nonspeci�city and adverse effects of
present chemotherapeutic treatments, use of these highly speci�c Se-nano-therapeutics would be the best
alternative.

Mosquito larvicidal activity
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SeNPs exhibited larvicidal activity against all three tested spp. of mosquito as evident from LC50 and
LC90 values of SeNPs against laboratory-reared larvae of An. stephensi, Cx. quinquefasciatus and Ae.
Aegypti (Table 1). Among all the mosquito spp. tested, highest larval mortality (after 24 and 48 h of post-
treatment) was recorded for Cx. quinquefasciatus with LC50 of 29.92 and 24.8 ppm respectively, trailed by
Ae. aegypti with LC50 of 50.37 and 44.5 ppm and An. stephensi with LC50 of 59.18 and 58.41 ppm
respectively.

SeNPs also revealed the dose dependent larvicidal potential against mosquito spp. SeNPs were most
effective against Cx. quinquefasciatus followed by Ae. Aegypti and An. stephensi. Previously, SeNPs
synthesized from leaf extract of C. dentata was reported to exhibit LC50 of 240.714 ppm, 104.13 ppm and
99.602 ppm for An. stephensi, Ae. Aegypti and Cx. quinquefasciatus respectively (Sowndarya et al. 2017).
However, the reported doses have LC50 values at much higher concentrations than the current study,
which is almost 4.1, 2.34 and 4 fold higher for An. stephensi, Ae. Aegypti and Cx. quinquefasciatus
respectively. The microscopic images of the test and control larvae revealed that SeNPs are showing
toxicity once the nanoparticles are internalised by the larvae (Supplementary Fig. 4).

The vector control strategies mainly target adults or larvae and largely involve the use of chemical
insecticides. The repetitive use of these hazardous insecticides foster various complications which
mainly include development of insecticide-resistance, natural biological control system disruption,
outburst of other insects and undesired effect on non-target insect spp. (Yang et al. 2002). The
advantages associated with larval control include low mortalities and effective coverage due to
behavioural responses of immature mosquito. Nanoparticle-based approach can be most desired due to
its speci�city and effectiveness at low concentrations. Thus, the use of biogenic SeNPs as a mosquito
larvicidal agent would be much favourable.

Table 1: Larvicidal activity of  biogenic SeNPs  against An. stephensi, Ae. Aegypti   and  Cx.
quinquefasciatus.
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Mosquito spp.

24 h 48 h

LC50

(lower and upper
limit)

LC90

(lower and upper
limit)

LC50

(lower and upper
limit)

LC90

(lower and upper
limit)

Anopheles
stephensi

59.189

(44.753-78.282)

141.163

(106.734-
186.699)

58.410

(44.156-77.265)

140.500

(106.500-
185.856)

Aedes aegypti 50.378

(35.081-72.345)

159.076

(110.773-
228.441)

44.506

(32.004-61.892)

129.488

(93.114-180.079)

Culex
quinquefasciatus

29.925

(20.838-42.977)

87.734

(61.091-125.997)

24.800

(16.678-36.8790)

82.383

(558.401-
122.505)

 

Conclusions
Selenite reducing Halomonas venusta strain GUSDM4 isolated from Mandovi estuary of Goa, India
showed MIC of 101 mM for Na2SeO3. This bacterial strain demonstrated a 93% reduction of selenite to
elemental selenium during the late stationary phase (58 h) of growth. It showed intracellular periplasmic
SeNPs synthesis within 4 h of the growth phase and was con�rmed from a characteristic peak at 265 nm
using UV-Vis spectrophotometry. XRD, TEM, and EDAX analysis further con�rmed the presence of pure
spherical SeNPs exhibiting hexagonal crystal lattice with a diameter in the range of 20-80 nm. The
biogenic SeNPs interestingly demonstrated 90% free radical scavenging activity at 50µg/mL and also
exhibited excellent dose dependent anti-cell proliferative characteristics. Additionally these SeNPs also
revealed the larvicidal potential against mosquito spp. Thus, a biotechnologically potent estuarine
Halomonas venusta strain GUSDM4 can be utilized simultaneously for bioremediation of toxic selenite to
elemental selenium and biosynthesis of SeNPs with value added characteristics. In the present
investigation, we have reported for the �rst time biosynthesis of SeNPs using estuarine bacterial strain
Halomonas venusta which showed anti-oxidant, anti-cancer and mosquito larvicidal potential.

Abbreviations
% ]: Percentage, °C: Degree centigrade, µg: Microgram, µl: Microlitre, 2, 3-DAN: 2, 3-diaminonaphthalene,
BLAST: Basic local alignment search tool, DMEM-HG: Dulbecco's modi�ed Eagle medium with high
glucose, DPPH: 1,1-diphenyl-2-picryllhydrazly, EDS: Energy dispersive spectroscopy, FBS: Foetal Bovine
Serum, h: hour, LC: lethal concentration, MIC: minimum inhibitory concentration,mM: mill molar, MTC:
maximum tolerance concentration, MTT: 3-(4, 5- dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide,
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NaCl: sodium chloride, Na2SeO3: sodium selenite, nm: nanometer, Se: selenium, Se0: elemental Se, Se2:

selenide, SEM: Scanning electron microscope, SeNPs: Se nanoparticles, SeO4
2- : selenite, TEM:

transmission electron microscope, XRD: X-ray diffraction , ZMA: Zobell marine agar and ZMB: Zobell
marine broth.
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Figure 1

Phylogenetic relatedness of Halomonas venusta strain GUSDM4 with other Halomonas spp. (Bootstrap
values include 1000 replicates).

Figure 2
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Growth pattern and selenite uptake by strain GUSDM4 in the presence of 2 mM and 4 mM Na2SeO3.

Figure 3

Transmission electron micrographs of cells of Halomonas venusta strain GUSDM4: Bacterial cells
without sodium selenite exposure showing clear periplasm (magni�cation from left: 7000X, 7000X,
15000X and 15000X) a); Bacterial cells exposed to 4 mM Na2SeO3 showing periplasm with dark
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granules of SeNPs. Red arrows indicate localization of Se nanospheres (Magni�cation from left: 7000 X,
7000X, 9900X and 9900X) b).

Figure 4

Biosynthesis of SeNPs at: different pH a), different Na2SeO3 concentration b), different temperature c),
time course study of SeNPs biosynthesis under optimized conditions d).
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Figure 5

Characterization of biogenic SeNPs: Absorbance maxima for biosynthesized SeNPs at 265 nm a), XRD
pattern for biosynthesized SeNPs exhibiting characteristics Bragg’s peaks b), EDAX spectrum exhibiting
characteristic peaks of elemental Se c), TEM micrograph of biogenic SeNPs d).
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Figure 6

Free radical scavenging activity of biogenic SeNPs. Ascorbic acid (Aa) served as a standard.
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Figure 7

% Anti-bio�lm activity of SeNPs against human bacterial pathogens a), SEM images of human
pathogens at various SeNPs concentrations: 0 µg/mL b), 20 µg/mL c), 25 µg/mL d), 50 µg/mL e).
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Figure 8

Dose dependent anti-proliferative activity of biogenic SeNPs a), Microscopic images of A549 cells:
control cells without NPs treatment b), Cells treated with 30 µg/mL of cisplatin c), Cells treated with 30
µg/L SeNPs d), Cells treated with 70 µg/mL SeNPs e).
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