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ABSTRACT 

Microbial synthesis of nanoparticles presents an eco-friendly approach for nano-fabrication. 

Numerous bacteria, fungi, yeasts, and viruses have been used for biosynthesis of 

nanomaterials. Haloarchaea, however have not yet been exploited for the same, whilst very 

few halophilic bacteria have been shown to synthesise nanoparticles. In the present work, we 

demonstrate the synthesis of various metallic and metal sulphide nanoparticles by haloarchaea 

and halophilic bacteria. The haloarchaea, Halococcus salifodinae BK3, H. salifodinae BK6, 

H. salifodinae BK7, H. salifodinae BK11 and H. salifodinae BK18 were screened for their 

ability to synthesise nanoparticles. The halophilic bacteria screened for nanoparticles synthesis 

include Halomonas aquamarina MTCC 4661, Halobacillus sp. MTCC 6516, and Idiomarina 

sp. PR58-8. The haloarchaea exhibited optimum growth in NTYE, while the medium 

supporting optimum growth for Idiomarina sp. PR58-8, Halobacillus sp. MTCC 6516 and H. 

aquamarina MTCC 4661 was ZMB, 3.5% NTYE, and NB with 2% NaCl, respectively. 

Amongst the halophilic archaea screened, H. salifodinae BK3 and H. salifodinae BK6 

exhibited the ability to synthesise silver nanoparticles (SNPs); H. salifodinae BK18 could 

synthesise selenium nanoparticles (SeNPs); and H. salifodinae BK3 could synthesise tellurium 

nanoparticles (TeNPs). Similarly, amongst the halophilic bacteria screened, only Idiomarina 

sp. PR58-8 could successfully synthesise SeNPs and lead (IV) sulphide nanoparticles 

(PbS2NPs). 

Halococcus salifodinae BK3 and H. salifodinae BK6 were found to be tolerant to silver nitrate 

and grew well up to a concentration of 0.5 mM AgNO3. Upon adaptation to silver nitrate these 

isolates exhibited growth kinetics similar to that of the control. NADH dependent nitrate 

reductase was involved in silver tolerance, reduction, synthesis of SNPs, as evident from a 

metal dependent increase in enzyme activity. Silver nanoparticles synthesised by H. 

salifodinae BK3 (SNPs-BK3) exhibited face centred cubic structure with crystallite domain 

size of 22 nm and 12 nm, in NTYE and Halophilic Nitrate Broth (HNB), respectively. 

Similarly, the SNPs synthesised by H. salifodinae BK6 (SNPs-BK6) exhibited an average 

particles size of 50.3 nm and 12 nm in NTYE and HNB, respectively. The ‘as-synthesised’ 

SNPs exhibited antimicrobial activity against both gram-positive and gram-negative bacteria. 
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The intracellular synthesis of selenium nanoparticles (SeNPs) by Halococcus salifodinae 

BK18 was observed during growth in the presence of sodium selenite. Crystallographic 

characterisation of SeNPs by XRD, SAED and TEM exhibited rod shaped nanoparticles with 

hexagonal crystal lattice, a crystallite domain size of 28 nm and an aspect ratio (length: 

diameter) of 13:1. EDAX analysis confirmed the presence of selenium in the nano-preparation. 

The nitrate reductase enzyme assay and the inhibitor studies indicated the involvement of 

NADH-dependent nitrate reductase in SeNPs synthesis and metal tolerance. The SeNPs 

exhibited good anti-proliferative properties against HeLa cell lines while being non-cytotoxic 

to normal cell line model HaCaT. Caspase-dependent apoptosis was responsible for this anti-

proliferative property, suggesting the use of these SeNPs as cancer chemotherapeutic agent. 

H. salifodinae BK3 exhibited intracellular synthesis of hexagonal needle shaped tellurium 

nanoparticles with an aspect ratio of 1:4.4. The isolate was able to tolerate up to 5.5 mM 

K2TeO3. The yield of tellurium nanoparticles was highest when the culture was exposed to 3 

mM K2TeO3, even though the isolate exhibited slightly decreased growth rate as compared to 

the culture growing in the absence of K2TeO3. The enzyme, tellurite reductase was responsible 

for tellurite resistance and nanoparticle synthesis in H. salifodinae BK3. These tellurium 

nanoparticles exhibited antibacterial activities against both gram-positive and gram-negative 

bacteria, with higher activity towards gram-negative bacteria. 

The moderate halophilic bacterium, Idiomarina sp. PR58-8 exhibited intracellular synthesis of 

SeNPs using sodium selenite as the precursor. Characterisation of SeNPs by XRD exhibited 

the characteristic Bragg’s peak of hexagonal selenium with a crystallite domain size of 34 nm. 

Morphological characterisation by TEM exhibited spherical nanoparticles with a size 

distribution of 150-350 nm. Non-protein thiols were found to be involved in 

resistance/reduction of sodium selenite. The SeNPs exhibited selectivity in exerting 

cytotoxicity towards HeLa cell line, while being non-toxic towards HaCaT cell line. The 

SeNPs induced caspase-dependent apoptosis in HeLa cell lines as evident from the ROS assay, 

apoptotic index assay, and western blot analysis. These results suggest the application of 

SeNPs synthesised by Idiomarina sp. PR58-8 as potential anti-neoplastic agents. 

Idiomarina sp. PR58-8 also exhibited the synthesis of fluorescent lead (IV) sulfide 

nanoparticles (PbS2NPs) intracelullarly. The bacterium could tolerate up to 8 mM Pb(NO3)2 
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during growth. A dose dependent increase in non-protein thiols in response to metal challenge 

suggests their involvement in growth of PbS2 crystals and lead detoxification. Characterisation 

achieved by XRD, TEM, HR-TEM and EDAX exhibited spherical β-PbS2 particles with 

tetragonal crystal lattice, a crystallite domain size of 2.38 nm, and an interplanar distance of 

0.318 nm. A narrow symmetric emission spectrum with Gaussian distribution and an emission 

maximum at 530 nm was obtained when the particles were excited at 386 nm. A large Stokes’ 

shift (7038 cm-1); a relatively high quantum yield (67%); consistent fluorescence with 

changing micro-environment; and biocompatibility makes these nanoparticles excellent 

candidate for bio-imaging. The particles were internalised by the HeLa cells and evenly 

distributed within the cytoplasm, exhibiting their potential for in-situ bio-imaging applications. 

The ‘as-synthesised’ lead (IV) sulfide nanoparticles could provide expanded opportunities for 

targeted bio-imaging by surface modification of the particles.  

This is the first study to report synthesis of nanoparticles by haloarchaea. At the same time, 

synthesis of PbS2NPs by a microorganism is also reported for the first time. This is also the 

first study to demonstrate the bio-imaging application of a microbially synthesised lead based 

nanomaterial.    
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CHAPTER 1 

Likewise, nanotechnology will, once it gets under way, depend on the tools we have then and 

our ability to use them, and not on the steps that got us there.     

          - K. Eric Drexler 

Introduction and review of literature1 

1.1 Introduction 

‘Nanotechnology’ is an interdisciplinary technology seeking to explore the unique advantages 

of manipulating the structure of materials at a scale of individual atoms, molecules, and their 

organised aggregates. It involves creation and exploitation of materials with structural features 

in between those of atoms and bulk materials (Rao and Cheetham 2001).  ‘Nano’ translates to 

a billionth of a meter (Fig. 1.1). Thus, nanotechnology encompasses materials that have at least 

one aspect in nano-range (1-100 nm). The field of ‘nanotechnology’ was ideated with the motto 

‘there’s plenty of room at the bottom’ by Richard P. Feynman in 1959 and was popularised by 

K. Eric Drexler in 1981. In his famous paper ‘Molecular engineering: An approach to the 

development of general capabilities for molecular manipulation’, Drexler suggested that 

development of the ability to design protein molecules would open a path to the fabrication of 

devices with complex atomic specifications, thereby sidestepping obstacles facing 

conventional microtechnology (Drexler, 1981). Even though Eric Drexler is hailed as the 

pioneer of this field, it was Professor Norio Taniguchi who coined the term ‘nanotechnology’ 

in 1974, during his studies on ultra-precision machining. ‘Engines of Creation’ (Drexler, 

1986), which was published in 1986, paved the path for molecular nanotechnology and so 

began the field of nanotechnology. 

Nanomaterials are the cornerstones of nanotechnology and nanoscience. Over the last three 

decades, multi-disciplinary efforts involving interaction between researchers from the fields 

                                                           
1 This review of literature is published as: 

1. Srivastava P, Kowshik M (2013) Mechanisms of metal resistance and homeostasis in 

haloarchaea. Archaea 2013:16 doi:10.1155/2013/732864 (Review article) 

2. Srivastava P, Kowshik M (2015) Biosynthesis of nanoparticles by halophiles. In. Maheshwari 

DK, Saraf M (Eds). Halophiles- Biodiversity and sustainable exploitation. pp. 145-159 (Book 

Chapter) 
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of physics, chemistry, materials science, mechanics, and biology have resulted in a substantial 

repertoire of nanoparticles and nanomaterials with applications in myriad areas. The 

preference of nanoscale materials over bulk material for various applications stems from the 

superior properties exhibited by nanoparticles. Nanofabrication results in materials with 

unique size dependent optical, physico-chemical, electronic, mechanical, magnetic, and 

biological properties. These novel properties are a result of the large surface area to volume 

ratio, large surface energy, reduced imperfections, and spatial confinement of 

carriers/electrons. Nanomaterials can either be synthesised by a top-down approach, where the 

bulk materials are gradually broken down to nano-dimensions or a bottom-up approach, where 

the atoms or molecules are assembled into nano-structures. The top-down approach is used by 

various physical methods of nanomaterial fabrication such as sputter deposition, laser ablation, 

attrition, and pyrolysis. The chemical and biological routes of nanoparticles synthesis utilise 

the bottom-up approach.  

Nanoparticles may be classified as organic (carbon based), and inorganic which include 

magnetic, metal based, and semiconductor nanoparticles. Metallic nanoparticles (MNPs) are 

characterised by the excitation of the surface plasmons that result in optical properties hardly 

achievable in other optical materials. Semiconducting nanoparticles and quantum dots (QDs) 

exhibit change in electronic properties with decrease in size due to quantum-confinement and 

increase in band gap. The magnetic moment per atom and magnetic anisotropy of the magnetic 

nanoparticles are distinct from their bulk counterparts due to finite size, and surface effects. 

Therefore, nanoparticles find application in fields such as biomedicine, bio-labelling, bio-

imaging, drug delivery, photo-voltaics, solar cells, photo-catalysis, and data storage (Bera et 

al. 2010; Garcia 2011; Issa et al. 2013). 
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Fig. 1.1 How small is nano? A comparison of various natural and man-made materials. ("The 

Scale of Things - Nanometers and More," https://nanohub.org/resources/13842; 2012) 

 

https://nanohub.org/resources/13842
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1.2 Nanobiotechnology  

‘Nanobiotechnology is creating nanofabricated materials, structures, and devices to examine 

and engage with biological systems on sub-cellular and molecular levels’ (May and Heebner, 

2005). It derives principally from nanotechnology however various other biochemical, and 

material principles such as those of mechanical, optical, electrical/electronic, thermal, and 

biological areas also contribute to this field. At the onset of nanotechnology, Feynman (1959) 

had said, ‘A biological system can be exceedingly small. Many of the cells are very tiny, but 

they are very active; they manufacture various substances; they walk around; they wiggle; and 

they do all kinds of marvellous things- all on a very small scale. Also, they store information. 

Consider the possibility that we too can make a thing very small which does what we want – 

that we can manufacture an object that manoeuvres at that level.’ Drexler drew inspiration 

from protein engineering and proposed machines that work at the molecular scale to structure 

matter from the bottom up. Thus, the foundation of nanobiotechnology may have been laid 

even before the term ‘nanotechnology’ was coined. Some of the applications in this field 

include nanoscale imaging, quantum tracking, microarray chips and membranes, cellular and 

molecular diagnostics, theranostics, drug delivery, etc. (May and Heebner, 2005).   

1.3 Properties of nanoparticles 

The ever-growing interest in nanomaterial fabrication is the result of the starkly different 

physico-chemical properties presented by nanoparticles (both organic and inorganic) as 

compared to their bulk counter-parts. This difference arises due to decreased size, increased 

surface area and surface to volume ratio, large surface atoms, quantum/spatial confinement 

and reduced imperfections. In fact, structural features of nanomaterials are intermediary to 

those of atoms and bulk materials. As the size of the bulk material decreases, the properties 

instead of being composition dependent become size dependent, because the electronic 

structure gets altered from continuous bands to discrete electronic levels (Burda et al. 2005). 

The large surface to volume ratio is responsible for the novel surface dependent properties of 

nanoparticles which include non-linear optical behaviour, increased mechanical strength, 

enhanced diffusivity, high specific heat, magnetic behaviour, electric resistivity, etc. (Gleiter, 

2000). 
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One of the important properties altered 

in the nano-regime includes the optical 

properties of the nanomaterial, which 

depends upon the size, shape, surface 

characteristics, and other variables such 

as doping, dielectric constant of the 

surrounding environment etc. The 

localised surface plasmon resonance 

(LSPR) is a characteristic of metallic 

nanoparticles and is defined as 

oscillation of electrons in the 

conduction band of metals upon 

excitation with incident radiation, resulting in sharp peaks in their spectral extinction (Hutter 

and Fendler 2004). The 3-dimensional quantum confinement of carriers in QDs gives rise to 

size dependent photo-luminescence (Fig. 1.2). The band gap in QDs further determines the 

frequency of emitted light, and is inversely proportional to size. Similarly, the mechanical, 

electrical, and magnetic properties of nanoparticles are determined by their size, and shape. 

These novel properties are responsible for the wide range of applications of nanomaterials, 

which include optical detectors, laser, sensors, imaging, phosphors, LCD display screens, solar 

cells, photo-catalysis, photo-electrochemistry, photo-voltaics, biomedicine, drug-delivery, etc.  

The surface properties of the nanoparticles further confer pliability that enables researchers to 

generate multi-functional nanomaterials (Fig. 1.3). Nanoparticles can be modularly assembled 

using various materials to develop novel nanomaterials with desired physical and chemical 

properties. These materials can further be modified by altering their surface chemistry or by 

attaching specific targeting ligands (Chou et al. 2011). The size and the shape (sphere, rods, 

cubes, triangles, etc.) of the nanoparticles can be easily manipulated by the synthesis process 

itself. Similarly, the nanoparticles of various compositions viz., metallic, dendrimers, micelle, 

liposome, nanoshell, etc. can be fabricated. Based on the application, nanoparticles may be 

tailor-made to the desired size shape, and/or composition (Chou et al. 2011; Kango et al. 2013). 

A prerequisite for all the possible applications of nanoparticles is the proper surface 

Fig. 1.2 Effect of size on photoluminescence of 

CdSe QDs. (http://www.extremetech.com/extreme/144286-

biotech-researchers-successfully-harvest-quantum-dots-from-

earthworm-poop) 
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modification and/or functionalisation 

which determine their interaction with 

the micro-environment. This 

modification may be purely chemical 

or bio-chemical that may prevent 

agglomeration, or confer polar or non-

polar properties on the nano-

preparation (Sperling and Parak, 

2010). Functionalisation of the 

nanoparticles with antibodies, nucleic 

acids, small molecules, 

proteins/peptides, polymers, etc. 

enables targeted delivery of the 

nanomaterial or drugs/fluorescent dye 

loaded nanoparticles to the desired site 

(Kango et al. 2013). 

1.4 Synthesis of inorganic nanoparticles 

Over the last three decades, 

various techniques of 

nanomaterial fabrication have 

been devised. These broadly 

fall in physical, chemical or 

bio-inspired/biogenic methods 

of nanofabrication. All of these 

methodologies essentially rely on either of the two traditional approaches: top-down and 

bottom-up (Fig.1.4). However, certain techniques devised use a combination of these two 

approaches. The precursors for these synthetic procedures may be either in solid, liquid, or 

gaseous phase. Top-down approaches seek to create nanoscale objects by using larger, 

externally-controlled microscopic devices (microfabrication techniques) to cut, mill, and shape 

materials into the desired shape and size thus, directing their assembly. Bottom-up approaches 

Fig. 1.3 Various methods for manipulation of 

surface chemistry and surface properties of 

nanoparticles to broaden the applications. 

(Reproduced from Chou et al. 2011, with permission) 

Fig. 1.4 Schematic of top down and bottom up approaches 

of MNPs synthesis. (Domènech et al. 2012; CC BY 3.0 license) 
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on the other hand adopt molecular components that are built up into more complex assemblies, 

and include chemical and biogenic methods of nanoparticle synthesis. 

1.4.1 Physical methods 

Physical methods of nanofabrication are based on top-down approach and result in generation 

of nanoparticles with good size distribution. Techniques involved in physical methods include 

electron beam lithography (Hu and Shaw, 1999), laser ablation (Mafune et al. 2001), inert gas 

condensation (Kang et al. 2011), combustion flame (Lamas et al. 2001), plasma (Rao et al. 

1997), spray pyrolysis (Messing et al. 1993), electrospray (Adhikari et al. 2006), and plasma 

spray (Mandilas et al. 2013). Some of these size reduction processes involving solid precursors 

may be inexpensive however; they do not give enough control over the size, shape, and 

chemistry of nanoparticles. On the other hand, methods employing liquid precursors are multi-

step processes, employ expensive starting materials, inadvertently use toxic precursors, and 

result in nano-preparations with undesirable surface chemistry. Similarly, gas-phase 

procedures require expensive infrastructure, and extreme conditions of temperature and 

pressure. The generation of hazardous by-products may also be one of the major deterrents for 

use of physical methods of nanofabrication (Iravani et al. 2014). 

 1.4.2 Chemical synthesis 

The process of chemical synthesis entails a reaction between a metallic ion and an anion under 

desired and controlled conditions to synthesise nanoparticles. This generates nanoparticles that 

have high surface energies due to incomplete coordination of surface atoms resulting in 

agglomeration of particles. Over time these particles dissolve and are deposited again onto 

larger crystals in the sol. This thermodynamically driven spontaneous process occurs because 

larger particles are more energetically favoured than smaller particles (Ratke and Voorhees, 

2002). Thus, all of these chemical methods involve capping of the synthesised nanoparticles 

with passivating agents such as sodium dodecyl sulphate (SDS), polyvinyl pyrrolidone (PVP), 

and tri-sodium citrate (Ghorbani et al. 2011). Some of the chemical synthesis methodologies 

include chemical reduction (Park et al. 2007), sol-gel methods (Olshavsky and Allcock, 1997), 

hydrothermal and solvothermal methods (Xin et al. 2010; Yan et al. 2008), etc. Although 

chemical synthesis yields large quantities of nanoparticles, it has numerous disadvantages. The 
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process uses hazardous chemicals, extreme conditions of temperature, and generates 

substantial environmental pollutants (Tien et al. 2008). The additional step required to 

passivate the nanoparticles employing hazardous capping agents is an added drawback which 

reduces the applicability of the nano-preparation as bio-compatibility is lost.  

1.4.3 Bio-inspired/ Biogenic synthesis of nanoparticles 

There is a rich and long history of gaining inspiration from nature for the design of practical 

materials and systems (Sarikaya et al. 2003). Biological systems comprise of structural 

components which owing to the microscale of the cells are in the nano-regime. Biological 

systems not only present inspiration for self-assembler systems, but may also be exploited for 

synthesis of nanomaterials (Mann, 1993). In addition, various biological macromolecules such 

as proteins, DNA, and viral particles have been exploited for nanoparticle synthesis. These 

efforts in using biological systems for nanofabrication are in keeping with global efforts to 

move towards green technology, to reduce generation of hazardous waste, and to develop 

energy-effective production routes.  

Proteins such as ferritin (Douglas et al. 1995; Wong and Mann, 1996), serrapeptase (Ravindra 

2009), LisDps- the ferritin like protein Dps from Listeria inocua (Allen et al. 2003), nitrate 

redutcase (Anil Kumar et al. 2007), phytochelatins and glutathiones (Brelle et al. 1999; Anil 

Kumar et al. 2007) have been used to synthesise inorganic nanoparticles by reduction and/or 

capping. These proteins may also act as templates for nanoparticles synthesis. Similarly, viral 

scaffolds of tobacco mosaic virus (TMV), cowpea mosaic virus (CMV), cowpea chlorotic 

mottle virus (CCMV), bacterial S layer, and DNA have also been used as templates for 

nucleation and assembly of inorganic materials (Shenton et al. 1999; Douglas and Young, 

1998; Douglas et al. 2002; Hall et al. 2001; Mitchell et al. 1999). By using glutamate and 

aspartate on the outer layer of virus, TMV was utilised to produce iron oxides by hydrolysis, 

for co-crystallisation of CdS and PbS, and for the sol-gel synthesis of silica (Shenton et al. 

1999). Similarly, genetically engineered Cys-TMV rods were developed that expressed 

cysteine (Cys) residue at the amino terminus of the coat protein. These cys-TMV rods have 

been successfully used for attachment of fluorescent dyes, and as bio-templates for Au, Ag, 

and Pd metal cluster depositions (Yi et al. 2005; Lee et al. 2005). Viral capsids were genetically 
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modified to express certain peptides such as A7 and J140, that act as nucleation centres for 

generation of ZnS and CdS nanocrystals (Lee et al. 2002; Mao et al. 2003). 

Besides the biological macromolecules, the entire biological entity may be used as ‘nano-

factories’ for nanomaterials synthesis. Many bacteria, yeast, fungi, algae, and viruses have 

been used for synthesis of various metallic, metal sulfide, metal oxide, and alloy nanoparticles, 

since the first report on biosynthesis of cadmium sulphide quantum dots by Candida glabrata 

and Schizosaccharomyces pombe in 1989 (Dameron et al. 1989). The process involved in 

nanoparticles synthesis by microbes is essentially bio-mineralisation and/or bio-reduction. 

These bio-nanofactories offer a better size control through compartmentalisation in the 

periplasmic space and vesicles, and the nanoparticles so obtained are stabilised as a result of 

capping by cellular metabolites. 

1.5 Nanoparticles synthesis by microorganisms    

Biological synthesis of nanoparticles using microorganisms is a clean, biocompatible, non-

toxic, and an eco-friendly method. This method of nanofabrication exploits the highly 

structured physical and biosynthetic activities of microbial cells. Microbes when exposed to 

metals, overcome the toxicity using various metal resistance mechanisms. These mechanisms 

are a result of enzymatic detoxification of the metals, and/or extrusion of the metal through the 

energy-dependent ion efflux membrane transporters present in the cell. Microorganisms 

thereby, transform toxic metals to their non-toxic nanosized form; or the soluble form to the 

insoluble nanosized form, during these detoxification processes. Interactions between metals 

and microbes are well documented and 

have been exploited for various 

applications in the fields of bio-

mineralisation, bio-leaching, and bio-

remediation (Klaus-Joerger et al. 2001). 

Many magnetotactic bacteria are known 

to naturally produce nanostructured 

mineral crystals (Fig. 1.5) that have 

properties similar to chemically 

synthesised materials (Baumgartner et 

Fig. 1.5 Magnetotactic bacteria (left) exhibiting the 

magnetosomes chain and the magnetosomes (right) 

with various morphologies. 

(http://2011.igem.org/wiki/images/5/56/Washington_iGEM20

11_magnetotatic_bacteria_picture.jpg) 
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al, 2013). Such nano-factories exercise strict control over size, shape and composition by 

maintaining stringent control over the bio-reduction/detoxification process, and/or 

compartmentalisation in the periplasmic space and vesicles. Additionally, the microbially 

synthesised nanoparticles are usually capped by stabilising cellular metabolites produced 

during the process of synthesis. The rate of synthesis and the size of the nanoparticles can be 

manipulated to an extent by controlling parameters like pH, temperature, substrate 

concentration, and time of exposure of the substrate (Gericke and Pinches, 2006; Kang et al. 

2008; Gurunathan et al. 2009). Various metallic, metal sulphides, metal oxide, and alloy 

nanoparticles have been synthesised by myriad microorganisms. The synthesis may either be 

an intracellular or an extracellular process depending upon the nature and the metabolic 

activity of the organism. Table 1.1 shows some of the organisms that have been reported for 

nanoparticles synthesis, their localization, and size. The forthcoming sections will describe the 

various halophilic organisms and their by-products that synthesise nanoparticles, the 

mechanisms involved, and applications of the synthesised nano-materials. 

   

 

 

 

 

 

 

 

 

 

 

  



  Chapter 1 
 

11 
 

Table 1.1 Various inorganic nanoparticles synthesised by some microbes 

 Organism Type Intra/Extracellular 
Size 
(nm) 

Shape Application Mechanism Reference 

B
A

C
TE

R
IA

 

Geobacillus sp. Strain 
ID17 

Au Intra 5-50 
Quasi-

hexagonal 
- 

NADH-
dependent 
reduction 

Correa-
Llanten et al. 

2013 

Serratia nematodiphilia ZnS Extra 80 Spherical Antimicrobial - 
Malakodi & 
Annadurai 

2013 

Pantoea agglomerans Se Intra/Extra 100 Spherical Antioxidant - 
Torres et al. 

2012 

Enetrobacter sp. Hg Intra 2-5 Spherical - - 
Sinha and 

Khare, 2011 

Escherichia coli CdTe Extra ~2-3 Spherical Bioimaging 
Protein 

mediated 
Bao et al. 

2010b 

Bacillus licheniformis Ag Extra 10-80 Spherical - 
NADH 

dependent NR 
mediated 

Vaidyanathan 
et al. 2010 

Rhodobacter sphaeroides CdS Extra ~6.8 Spherical - - 
Bai et al. 

2009a 

Lactobacillus sp.  TiO2 Extra ~25 ND - 
Oxido-

reductases 
Jha et al. 

2009a 

Shewanella algae Pt Intra 5 - - - 
Konishi et al. 

2007 

Shewanella oneidensis 
MR-1 

UO2 Extra 1-5 - - 
C-type 

cytochrome 
Marshall et 

al. 2006 

Desulfovibrio 
desulfuricans 

Pd Surface bound ~11.5 - Catalyst 

Formate 
dehydrogenylase 

mediated 
reduction 

Yong et al. 
2002 

         
         



  Chapter 1 
 

12 
 

Y
EA

ST
 

Rhodotorula 
mucilaginosa 

Cu Intra 10.5 Spherical - - 
Salvadori et 

al. 2014 

Saccharomyces cerevisiae TiO2 Extra ~13 - - 
Oxido-

reductase& 
Quinones 

Jha et al. 
2009a 

S. cerevisiae Sb2O3 Extra 2-10 Spherical - 
Oxido-

reductase& 
Quinones 

Jha et al. 
2009b 

Schizosaccharomyces 
pombe 

CdS Extra 1-1.5 
Wurtzite 

type 
hexagonal 

Fabrication of 
diode 

Phytochelatin 
mediated 

Kowshik et 
al. 2002a 

MKY3 Ag Extra 2-5 Hexagonal - - 
Kowshik et 
al. 2002b 

Torulopsis sp. PbS Intra 2-5 Spherical 
Quantum 

semiconductor 
- 

Kowshik et 
al. 2002c 

FU
N

G
I 

Aspergillus flavus Ag Extra 3-25 
Various 
shapes 

- 
NADH 

dependent NR 

Majunath & 
Thiagarajan, 

2014 

Fusarium acuminatum Au Extra 17 Spherical - 
NADH 

dependent NR 
Tidke et al. 

2014 

Fusarium oxysporum 
SiO2 Extra ~10 

Quasi-
spherical 

- Cationic proteins 
of 21 & 24 kDa  

Bansal et al. 
2005 

TiO2 Extra ~10 Spherical - 

Fusarium oxysporum 
Fe3O4 

Extra 20-50 
Quasi-

spherical 
- ~55 kDa 

hydrolytic 
protein 

Bharde et al. 
2006 

Verticillium sp. Extra 100-400 
Cubo-

octahedral 
- 

Fusarium oxysporum CdS Extra 5-20 - - 

NADH and ATP 
dependent 

Sulfate 
reductase 

Ahmad et al. 
2002 

(-)- Not Determined; NR- Nitrate Reductase 
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1.5.1 Nanoparticle synthesis by Haloarchaea 

Haloarchaea are members of the third 

domain of life, the Archaea, placed in 

order Halobacteriales under family 

Halobacteriaceae (Grant et al. 2001) 

within which a total of 50 genera and 213 

species have been identified to date. These 

organisms require between 10-35% salt 

for optimum growth and are the 

predominant microflora of hypersaline 

environments (both thalassohaline and 

athalassohaline) such as solar salterns, salt 

lakes, soda lakes, salt deposits etc. 

(Zafrilla et al. 2010). However, some low salt tolerant haloarchaea can be found in estuarine 

environments (Bochiwal 2009). Estuaries serve as interfacial mixing zones between rivers and 

seawaters that determine the flux of chemical species into the ocean (Shokovitz, 1976). 

Haloarchaea contribute to the red colouration of solar salt crystalliser ponds, salt lakes and 

ponds (Fig. 1.6) due to the presence of pigment α-bacterioruberin in their cell wall (Kamekura, 

1993). They maintain their osmolarity by intracellular accumulation of KCl (up to 5 M) that 

counteracts the ionic strength of the extracellular environment (Martin et al. 1999). 

Haloarchaea are known to encounter metals in their environment, but their metal tolerance has 

not been well documented. Eco-niches like estuaries (Ratheesh Kumar et al. 2010), and solar 

crystalliser ponds (Pereira et al. 2013) may contain high concentrations of metals since they 

serve as effective traps and ecological sinks for river borne metals (Chapman and Wang, 2001). 

Anthropogenic activities like urbanisation and industrialisation, including mining, agriculture, 

and waste disposal further contribute towards metal pollution at these sites (Ross, 1994; Tabak 

et al. 2005). Haloarchaea have developed various mechanisms of resistance in order to thrive 

under metal stress (Wang et al. 2004; Kaur et al. 2006; Bini, 2010). However, studies on metal 

resistance in haloarchaea are still in their infancy (Srivastava and Kowshik, 2013). 

Fig. 1.6 Pink Lake- Port Gregory, Western Australia 

appears pink due to carotenoid pigments in the cell 

membranes of the haloarchaea that inhabit it. 

(https://www.tumblr.com/search/haloarchaea) 
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Gas vesicle nanoparticles (GVNPs) with modifications have been synthesised by genetically 

manipulating Halobacterium sp. NRC-1 (DasSarma et al. 2013; 2015a,b). GVNPs that may be 

engineered for various biotechnological applications are the buoyant gas vesicles widely 

distributed among bacteria and archaea. These organelles that naturally promote floatation are 

present in abundance in haloarchaea. The gas vesicles in haloarchaea are plasmid encoded with 

the genetic cluster gvpMLKJIHGFEDACNO involved in gas vesicle formation (DasSarma 

1989; DasSarma and Arora 1997; DasSarma et al. 1987; Halladay et al. 1993). The proteins 

encoded by the gene clusters include the GvpA, J, and M of Pfam741 family, involved in gas 

vesicle membrane formation, and GvpF, and L, coiled-coil protein (Pfam 6386) involved in the 

nucleation of gas vesicles due to their self-associative properties (Jones et al. 1991; Shukla and 

DasSarma, 2004). Genes corresponding to these proteins have been found in other organisms 

as well, with the exception of gvpC gene, which is found only in haloarchaea, and cyanobacteria 

(van Keulen et al. 2005). In the haloarchaeon Halobacterium sp. NRC-1, the GvpC protein is 

hydrophilic and insertion mutations within this gene results in gas vesicles with altered shape 

and size (Fig. 1.7) (DasSarma et al. 1994). By genetic manipulation of gvpC gene, the gas 

vesicles may be made to express different proteins or display antigens, thereby enhancing their 

potential applications in the field of biotechnology. A new Halobacterium sp. NRC-1 derived 

host strain and a series of smaller, more versatile plasmid expression vectors have been 

constructed to obtain a significantly 

improved genetic system for expression 

of GvpC-fusion proteins. For example, 

active Gaussia princeps luciferase 

enzyme can be fused to GvpC that would 

result in the expression of the luciferase 

enzyme on the surface of the GVNPs 

(DasSarma et al. 2013). Similarly, 

genetically modified GVNPs have also 

been used for Salmonella antigen 

display in vaccine development 

(DasSarma et al. 2015a,b). 

 

Fig. 1.7 TEM micrographs showing thin sections of (a) 

Halobacterium sp. NRC-1 and (b) SD109 

(pFM104gvpC::κ1) mutant. Gas vesicles can be seen as 

empty oval or spindle shaped regions. SD109 

(pFM104gvpC::κ1) mutant exhibits gas vesicles with 

altered phenotypes. (Scale bar =325 nm) (DasSarma et al. 

2013; under CC BY 3.0 license)  
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1.5.2 Nanoparticles synthesis by slight and moderate halophiles 

Halophiles are salt loving organisms that flourish in saline environments and can be classified 

as slightly, moderately, or extremely halophilic, depending on their sodium chloride 

requirements (DasSarma and DasSarma, 2012). The saline environments that halophiles inhabit 

include the marine and estuarine environments, solar salterns, salt lakes, brines, and saline soils. 

Marine environments could be good source of metal tolerant microbes as most of these 

organisms exist at the bottom of the sea, and contribute towards bio-geochemical cycling of 

inorganic elements. Besides, the marine eco-niche is continuously exposed to metallic pollution 

due to volcanic eruptions, natural weathering of rocks, anthropogenic activities such as mining, 

combustion of fuels, and industrial and urban sewage. Estuaries and solar salterns may also 

contain high concentrations of metals as they serve as effective traps for river borne metals 

(Chapman and Wang 2001). Thus, halophiles are continuously exposed to metals and could be 

exploited for nanoparticle synthesis. 

Nanoparticles synthesis by halophiles is in its infancy and has been reported in few bacteria, 

yeasts, fungi, and algae. Table 1.2 gives the details of nanoparticles synthesised by few 

halophiles. The exopolysaccharides (EPS) secreted by the halophiles have also been exploited 

for synthesis of composite nanoparticles for various drug delivery applications. The 

exopolysaccharide Mauran, secreted by halophilic bacteria H. maura stabilises ZnS:Mn2+ QDs 

enhancing the biocompatibility and reducing the cytotoxicity of the QDs (Raveendran et al. 

2014). 

1.5.2.1 Halophilic bacteria and nanofabrication 

Reports on nanoparticles synthesis by halophilic bacteria, and their metabolites are mostly 

confined to metallic nanoparticles. A highly silver tolerant halophilic marine bacterium 

Idiomarina sp. PR58-8 synthesises intracellular crystalline silver nanoparticles (SNPs) with an 

average particle size of 26 nm. Non-protein thiols (NP-SH), that are known to be expressed in 
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response to metal stress, were found to be involved 

in metal tolerance (Seshadri et al. 2012). Similarly, 

a novel halophilic strain of Pseudomonas sp. 

591786 was also reported to synthesise 

polydisperse intracellular SNPs with sizes ranging 

from 20-100 nm (Muthukannan and Karuppiah, 

2011). The morphology of the gold nanoparticles 

(AuNPs) synthesised by the halophilic 

proteobacterium, Halomomas salina was found to 

be pH dependent, where alkaline pH resulted in 

spherical nanoparticles while nanoparticles with 

mixed morphology (nano-triangles and spherical) 

were obtained at acidic pH. The nanoparticle 

synthesis was extracellular and the NADH-

dependent nitrate reductase was involved in the silver reduction and nanoparticle synthesis 

(Shah et al. 2012). Similarly, two halophilic strains of Bacillus megaterium, BSB6 and BSB12, 

isolated from Bhitarkanika mangrove soils synthesise spherical selenium nanoparticles (SeNPs) 

both intracellularly and extracellularly with an average size of 200 nm (Fig. 1.8). The 

mechanism involved for the reduction of selenite to selenium however, remains unexplored 

(Mishra et al. 2011).  

Two strains of halophilic bacteria H. eurihalina ATCC 49336 and H. maura ATCC 700995 

convert graphene oxide (GO) to graphene sheet under both aerobic and anaerobic conditions. 

Reports on biological synthesis of graphene by microorganisms are rare. The microbially 

reduced GO sheet exhibited an increased conductivity as compared to chemically reduced GO, 

and was biocompatible. Such biocompatible graphene sheets may be used for green electronics, 

and biological applications such as detection of cancer biomarkers, encapsulation of enzymes 

and nanoparticles (Raveendran et al. 2013a; Myung et al. 2011).  

Bacterial metabolites or products such as polysaccharides/bio-flocculants, and enzymes (eg. 

nitrate reductase) are also being used as reducing agents to synthesise inorganic nanoparticles. 

In most cases the synthesised nanoparticles are capped by reducing agents. MBSF17, a 

Fig. 1.8 TEM image of the selenium 

nanoparticles biosynthesised by 

halophilic bacteria Bacillus 

megaterium BSB12 (reproduced from 

Mishra et al. 201 1 with permission). 
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polysaccharide bio-flocculant produced by a halophilic bacterium Bacillus subtilis MSBN17 

could reduce silver nitrate to synthesise spherical SNPs in reverse micelles. The electrostatic 

forces between the amino groups of the polysaccharide MSBF17 and the silver ions in the 

solution were proposed to be the driving force for the formation and stabilisation of the SNPs. 

The carboxyl, hydroxyl, and methoxyl groups of MSBF17 form a coating on the SNPs thereby, 

stabilising them. These nanoparticles exhibited antimicrobial activity against a host of 

pathogenic organisms (Sathiyanarayanan et al. 2013).   

Besides the various inorganic and 

organic nanoparticles, the EPS of the 

halophilic bacteria has also been utilised 

for fabrication of polymer hybrid 

nanomaterials. The highly sulphated 

anionic EPS, Mauran (MR), secreted by 

the halophilic bacterium H. maura, is 

well characterised and has been 

successfully used for generation of such 

hybrid nanomaterials. MR exhibits 

characteristic viscoelastic, 

pseudoplastic, and thixotropic 

behaviour and has an ability to 

withstand harsh conditions, which make 

it an ideal candidate for material science 

research. The high sulphate content 

imparts immune-modulating, and 

anticancer properties to MR. Thus, MR 

can be used for various biomedical applications due to their biological and physicochemical 

properties. MR-Chitosan (MR/CH) hybrid nanoparticles (Fig. 1.9) fabricated via the ionic-

gelation technique when used for encapsulation of drugs exhibited controlled and sustained 

drug release, and biocompatibility (Raveendran et al. 2013b). Similarly, electrospun MR-Poly 

Vinyl Alcohol (MR-PVA) nanofibre membranes (Fig. 1.10) could boost the cellular adhesion, 

migration, proliferation, and differentiation, properties desirable for tissue engineering 

Fig. 1.9 TEM micrographs (a-d) depicting the 

morphology of the MR-CH nanoparticles 

fabricated using the EPS mauran secreted by the 

halophilic bacteria, Halomonas maura (Reproduced 

from Raveendran et al. 2013b with permission). 

(  ) (  ) 

(  ) (  ) 
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applications (Raveendran et al. 2013c). MR may be used in augmenting the biocompatibility of 

QDs that are usually cytotoxic. MR conjugated with ZnS:Mn2+ QDs resulted in a drastic 

increase in cell viability as compared to cell viability of bare QDs (Raveendran et al. 2014). 

Therefore, in addition to fabrication of polymer based nanomaterials, MR can also be used in 

conjugation with inorganic nanoparticles for enhancing their biological applications. 

 

1.5.2.2 Nanoparticles and halophilic yeast and fungi 

A few halophilic yeasts and fungi are known to synthesise nanomaterials. Pichia capsulata, a 

mangrove derived halophilic yeast, is capable of synthesising SNPs extracellularly 

(Manivannan et al. 2011). Rhodospiridium diobovatum, a marine yeast, could synthesise lead 

sulphide nanoparticles (PbSNPs) intracellulary with the help of NP-SH (Seshadri et al. 2011). 

Similarly, the extracellular synthesis of SNPs by the marine fungus Penicillium fellutatum, 

entails a 70 kDa protein present in the cell filtrate that acts as the reducing agent (Kathiresan et 

al. 2009). SNPs have also been synthesised by the halophilic fungi Thraustochytrium sp. and 

Aspergillus niger. SNPs synthesised by Aspergillus niger exhibited antibacterial activity against 

pathogenic bacteria which could be further enhanced by passivating them with PVA 

(Kathiresan et al. 2010).  

 

Fig. 1.10 (a) SEM micrographs of the MR/PVA nanofibres fabricated using the EPS mauran (x10,000);  

(b)  Confocal microscopy images of   L292 cells attached and proliferating on MR/PVA nanofibres 

(merged microtracker green and DAPI stained images) (Reproduced from Raveendran et al. 2013c with 

permission). 
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1.5.2.3 Halophilic algae in nanoparticles synthesis 

Currently, studies on nanoparticles syntheses by halophilic algae are on extracellular synthesis 

of inorganic (metallic) nanoparticles. The marine brown algae Sargassum wightii was found to 

synthesise stable AuNPs (30-100 nm), and SNPs (8-12 nm) when its extract was exposed to 

gold chloride and silver nitrate, respectively (Singaravelu et al. 2007; Oza et al. 2012). 

Similarly, various active molecules, rich in hydroxyl, and carboxyl groups, present in the 

extracts of S. longifolium could reduce silver nitrate to spherical SNPs that exhibited excellent 

antifungal activity (Rajeshkumar et al. 2014). The water soluble EPS extracted from the marine 

algae Pterocladia capillacae, Jania rubins, Ulva faciata, and Colpmenia sinusa reduced silver 

ions to SNPs, and also served as stabilising agents. These nanoparticles have been used to make 

antibacterial cotton fabrics (El-Rafie et al. 2013). EPS-gold and silica-gold bio-nanocomposites 

have been generated using the diatoms Navicula atomus, and Diadesmis gallica. These diatoms 

when grown in presence of tetrachloroaureate, reduced it to AuNPs that were associated with 

the diatom frustules and the EPS. The gold bio-nanocomposites find applications in the field of 

catalysis (Schrofel et al. 2011).
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Table 1.2 The inorganic nanoparticles biosynthesised by various halophiles 

 

(-)- Not determined; NP-SH: Non-Protein Thiols; NADH-NR: NADH-dependent Nitrate reductase 

Halophilic Organisms Type 
Intra/Extra 
cellular 

Size (nm) Shape Application Mechanism Reference 

Bacteria 

Idiomarina sp. PR58-8 Ag Intra 26 - - NP-SH 
Seshadri et al. 
(2012) 

Pseudomonas sp. 591786 Ag Intra 20-100 Spherical - - 
Muthukannan 
and Karuppiah 
(2011) 

Halomonas salina Au Extra 30-100 
Anisotropic; 
Spherical  

- NADH-NR 
Shah et al. 
(2012) 

Bacillus megaterium BSB6 
& BSB12 

Se Intra; Extra ~200 Spherical - - 
Mishra et al. 
(2011) 

Yeast 

Pichia capsulata Ag Intra 50-100 - - - 
Manivannan et 
al. (2011) 

Rhodosporidium 
diobovatum 

PbS Intra 2-5 Spherical - NP-SH 
Seshadri et al. 
(2011) 

Fungi 

Penicillium fellutatum Ag Extra 5-25 Mostly Spherical - 70 kDa protein 
Kathiresan et 
al. (2009) 

Aspergillus niger Ag Extra 5-35 Mostly Spherical Antibacterial 70 kDa protein 
Kathiresan et 
al. (2010) 

Algae 

Sargassum wightii Ag Extra 8-12 Planar - - 
Singaravelu et 
al. (2007) 

S. wightii Au Extra 30-100 Isotropic Spheres - NADH-NR 
Oza et al. 
(2012) 

S. longifolium Ag Extra - Spherical Antifungal - 
Rajeshkumar 
et al. (2014) 

Pterocladia capillacae; 
Jania rubins; Ulva faciata; 
Colpmenia sinusa 

Ag Extra - - Antibacterial Polysaccharides 
El-Rafie et al. 
(2013) 

Navicula atomus; 
Diadesmis gallica 

Au Extra 9; 22 Spherical - - 
Schrofel et al. 
2011  
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1.6 Mechanisms of metallic nanoparticles synthesis 

Microbial synthesis of metallic nanoparticles involves exposing either the biomass or the cell 

free supernatant of the culture to metal salts. The microorganisms on encountering metal salts 

try to circumvent the toxicity by either preventing the influx or in the event of uptake convert 

the metal into a non-toxic particulate form. Owing to the size of the microbes the non-toxic 

particulate form of the metal is in nano-range. Mechanisms involved in nanoparticle synthesis 

by microorganisms may entail processes similar to metal resistance (Fig. 1.11). Metals 

constitute about 75% of the known elements and are ubiquitous in the biosphere. Some of these 

metals are directly and/or indirectly involved in all aspects of microbial growth, metabolism 

and differentiation, while others play no physiological role (Gadd, 1992). When present in the 

microenvironment, most metals exert toxicity towards microbes, which try to overcome it by 

elucidating various resistance mechanisms. These metal-microbe interactions involve either 

solubilisation or immobilisation.  

 

 

 

 

 

Fig. 1.11 General mechanisms adapted by bacteria, eukaryotes, and archaea for metal resistance. All 

the three domains exhibit sorption of metals, volatilisation, release of metal chelating compounds in 

the medium, enhanced efflux, impermeability, decreased uptake, enzymatic detoxification, and 

intracellular chelation as mechanisms for metal resistance. Organellar compartmentalisation is 

observed only in eukaryotes, with the exception of magnetosomes in magnetotactic bacteria. 

(Reproduced from Srivastava and Kowshik, 2013; under creative commons attribution license) 
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Solubilisation can occur due to: (i) chemo-lithotrophic (autotrophic) and chemo-organotrophic 

(heterotrophic) leaching; (ii) binding with siderophores and other complexing agents; (iii) redox 

reactions; (iv) methylation and demethylation; and (v) biodegradation of organo-radionuclide 

complexes (Gadd, 2007; Gadd, 2010a). 

Immobilisation can occur due to: (i) biosorption on cell walls, exo-polymers, other structural 

components, and derived/excreted products; (ii) precipitation as a result of metabolite release 

(e.g. sulphide, oxalate) or reduction; (iii) transport, accumulation, intracellular deposition, 

localisation, and sequestration; and (iv) adsorption and entrapment of colloids and particulates 

(Gadd, 2007; Gadd, 2010). 

Enzymatic detoxification leading to intracellular precipitation, intracellular sequestration by 

peptides, organellar compartmentalisation, and release of metal chelating agents in the medium 

along with sorption of metals by membrane component/ EPS usually results in the toxic form 

of the metal being converted to immobile, non-toxic nano-particulate form (Ramezani et al. 

2010). Microorganisms during the course of metabolic processes (chemo-lithotrophy), as in 

case of sulphate reducing bacteria, may precipitate metal salt as metal sulphide nanoparticles 

(Jung et al. 2002). Nanoparticles may also be synthesised by the organism for specialised 

functions such as magnetosomes in magnetotactic bacteria that enable them to navigate with 

respect to the earth’s magnetic north and south poles (Bazylinski and Frankel, 2004). Reports 

on nanoparticles synthesis by microorganisms are numerous; however, the mechanisms 

involved are not well understood. Studies so far have not been able to elucidate the entire 

pathway, from the uptake of the metal/ metal salt by the organisms to the final fate of the metal.  

The metabolic complexity of viable microorganisms complicates the analysis and identification 

of active species in the nucleation and growth of MNPs (Kitching et al. 2015). Some of the 

active species including thiol (-SH) containing molecules (such as glutathione, phytochelatin, 

etc.), and enzymes (such as oxido-reductases, NADH- dependent reductases, etc.), that have 

been implicated in microbial MNPs synthesis are described in the following sections.  

1.6.1 Glutathione and related peptides in nanomaterial synthesis 

Glutathione (GSH; non-protein thiol) and its related peptides, metallothioneins (MT; protein 

bound thiol) and phytochelatins (PC; protein bound thiol) are cysteine rich metal-binding 
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peptides that have been known to play a major role in metal resistance, and nanoparticle 

synthesis. GSH is a tri-peptide with a γ-Glu-Cys-Gly structure, and is involved in various 

metabolic processes in bacteria and yeast. MTs are small molecular weight genetically coded 

polypeptides that are classified based upon the number of cysteine residues (Cobbett and 

Goldbrough, 2002). They typically have two cysteine rich domains that bind heavy metals 

through mercaptide bonds, giving these proteins a dumbbell shaped conformation comprising 

of a N-terminal β domain that usually binds 3 metal ions, and a C-terminal α domain that binds 

4 metal ions (Cherian and Chan, 1993; Wang et al. 2006). PCs comprise of (γ-GluCys)n-Gly 

where n is usually in the range of 2 to 5. They are enzymatically synthesised by PC synthase 

using GSH as the substrate (Glaeser et al. 1991; Rauser, 1995). The thiol group of the cysteine 

residue in PCs sequesters heavy metals.  

Formation of these peptides occurs in 

response to metal stress. PC synthesis is 

induced most actively by Cd2+, followed by 

Ag+, Bi3+, Pb2+, Zn2+, Cu2+, Hg2+, and Au3+. 

In S. pombe, on exposure to Cd2+, PC 

synthases (γ-Glu-Cys dipeptidyl 

transpeptidase) are activated which results 

in synthesis of PCs (Grill et al. 1989). The 

thiol component of the cysteine group in PC 

binds to the Cd2+ in the cytosol to form a 

low molecular weight PC-Cd complex, and 

a high molecular weight PC-Cd-S2- 

complex (Reese et al. 1992; Speiser et al. 1992). These complexes are then transported across 

the vacuolar membrane by HMT1, an ATP binding cassette (ABC)-type transporter for 

accumulation within vacuoles (Fig. 1.12) (Oritz et al. 1995). Thus, the CdS nanocrystallites 

formed are capped by these peptides. Similarly, in the yeast C. glabrata, 85 units of CdS were 

proposed to form a core that possesses a coating of 30 PC peptides (Dameron and Winge, 1990). 

As GSH related peptides are involved in nanoparticle synthesis, Park et al (2010) developed a 

recombinant E. coli system expressing PCs and/or MTs for in-vivo synthesis of various MNPs, 

Fig. 1.12 Mechanism of CdS nanocrystallite 

formation in Schizosaccharomyces pombe 

involves Phytochelatins (PC). (LMW- Low 

molecular weight; HMW- High molecular 

weight) 
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including certain unique materials not reported earlier. These included Au, Ag, Fe, CdSe, CdTe, 

SrGd, FeAg, FeCo, FeMn, CdSeZn, FeCoNi, FeCoMn and AuCdSeZn. 

1.6.2 Enzymes and nanoparticles synthesis 

Numerous studies have proposed the involvement of specific enzymes in reduction of metal 

salt to metallic and/or metal sulphide nanoparticles (Ramezani et al. 2010). Although, it has 

been established that certain components involved in microbial energy metabolism (Ehrlich, 

1997), and/or detoxification mechanisms are associated with microbial nanoparticles synthesis, 

the entire pathway of nanofabrication has not been elucidated. (Gadd, 2010b). Various enzymes 

implicated in nanoparticles synthesis include oxido-reductases, NADH-dependent reductases, 

NADH-dependent nitrate reductase (NR), sulphate and sulphite reductase, hydrolases, and 

cysteine desulphhydrase (Ramezani et al. 2010). An initial challenge during intracellular 

nanoparticle synthesis is the adsorption of the metal salt onto the cell-membrane and its entry 

via membrane transporters. Following this, the enzyme reduces the metallic ions to form 

nanoparticles (Kannan et al. 2011). In case of extracellular synthesis, the microbe may secrete 

the enzyme into the medium where bio-reduction takes place (Bansal et al. 2004). 

1.7.2.1 Oxido-reductases 

Membrane bound oxido-reductases have been implicated in synthesis of TiO2 nanoparticles by 

S. cerevisiae (Jha et al. 2009a), Ti nanoparticles by Lactobacillus sp. (Prasad et al. 2007), and 

Sb2O3 nanoparticles by S. cerevisiae (Jha et al. 2009b). Oxido-reductases are pH dependent 

enzymes that behave as oxidases in acidic pH, and as reductases in alkaline pH (Nelson and 

Cox, 2005). Jha et al. (2009a) suggested the involvement of quinones as well in the process. 

They proposed that the addition of metal precursors brings about tautomerisation of quinines, 

and low pH sensitive oxidases provide the oxygen required for the transformation of the metal 

salt to oxide nanoparticles.  
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1.6.2.2 NADH-dependent reductases 

NADH-dependent reductases are a class of 

enzymes that require NADH for their 

activity. Reduction is initiated by electron 

transfer from NADH to the substrate, by the 

NADH-dependent reductases that act as 

electron carrier. AuNPs synthesis by 

Rhodopseudomonas capsulata was 

proposed to be mediated by NADH-

dependent reductases (He et al. 2007). These 

enzymes have also been implicated in Au-

Ag alloy nanoparticles synthesis by F. 

oxysporum (Senapati et al. 2005). Similarly, membrane associated NADH-dependent 

reductases were found to be involved in selenite reduction and SeNPs synthesis by 

Eneterobacter cloacae SLD1a-1, and Bacillus cereus (Losi and Frankenberger, 1997; Dhanjal 

and Cameotra, 2010). NADH dependent reductases from Thermus thermophilus HB8 exhibited 

tellurite reductase activity and tellurite resistance (Chiong et al. 1988) and may result in 

nanoparticle synthesis. More recently NADH dependent reductases were implicated in the 

extracellular synthesis of AuNPs by Botrytis cinerea (Castro et al. 2014).  

1.6.2.3 Nitrate Reductases (NR) 

Numerous studies including SNPs synthesis by Aspergillus flavus (Sangappa and Thiagarajan, 

2014), Bacillus licheniformis (Vaidyanathan et al. 2010), E. coli (Lin et al. 2014), Klebsiella 

pneumoniae (Narayanan and Sakthivel, 2010), AuNPs synthesis by H. salina (Shah et al. 2012), 

Fusarium acuminatum (Tidke et al. 2014), and UO2 nanoparticles synthesis by Shewanella 

oneidensis MR-1 (Marshall et al. 2006) have suggested the involvement of NADH-dependent 

NR in nanoparticles synthesis. The c-type cytochrome component of the NR was suggested to 

be the centre of metal reduction. In fact, more recently the role of c-type cytochromes in SNPs 

synthesis in E. coli was established by mutant studies. In mutants with cytoplasmic membrane-

anchored tetra-heme c-type cytochrome subunit of periplasmic nitrate reductase (NapC) 

deletion, nanoparticle synthesis did not occur, however re-introduction of this component 

Fig. 1.13 Possible mechanism of gold 

nanoparticles synthesis by NADH-dependent 

reductase. (http://omicsonline.org/JNMNTimages/2157-

7439-5-233-g002.html) 
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restored the synthesis (Lin et al. 2014). In case of fungal strains, naphthoquinones and 

anthroquinones act as redox centres and along with NR bring about nanoparticles synthesis 

(Duran et al. 2005). The purified NR enzyme extracted from the culture supernatant of F. 

oxysporum has been used for synthesis of SNPs, and this nano-preparation was found to be 

stabilized by the PC peptide (Anil Kumar et al. 2007).  

1.6.2.4 Enzymes of sulphate and sulphite metabolic pathway 

The enzymes of sulphur metabolism 

pathway are involved primarily in metal 

sulphide nanoaparticles synthesis. The 

mechanism involved in ZnS nanoparticle 

synthesis by immobilised Rhodobacter 

sphaeroides using ZnSO4 as the precursor 

has been elucidated, wherein it has been 

(Fig. 1.14) postulated that the sulphate 

(SO4
2-) acts as the source of S and diffuses 

into the immobilised beads. Sulphate 

permeases facilitate the entry of SO4
2- into 

the cells, which is further reduced to SO3
2- 

(sulphite) by ATP sulphurylase and 

phosphoadenosine phosphosulphate reductase. Sulphite reductase reduces the SO3
2- to sulphide 

(S2-), which reacts with O-acetylserine and assists in synthesis of cysteine via O-acetylserine 

thiolyase. In presence of Zn, the sulphide is transferred from cysteine to Zn by cysteine 

desulphhydrase to form ZnS nanoparticles. The ‘as-synthesised’ ZnS are then extruded from 

the bacterial cell to circumvent the toxicity (Bai et al. 2006). Cysteine desulphhydrase was also 

found to be involved in CdS nanocrystal formation in Rhodopseudomonas palustris in the 

presence of CdSO4 (Bai et al. 2009b). 

The extracellular synthesis of CdS nanoparticles by F. oxysporum was attributed to the sulphate 

reductase elaborated by the fungi when exposed to CdCl2 and Na2SO4. The sulphate component 

is reduced by the enzyme to S2- that reacts with Cd2+ to form the CdS nanoparticles. The enzyme 

has an absolute requirement of ATP and NADH for its activity (Ahmad et al. 2002). 

Fig. 1.14 Mechanism of ZnS nanoparticles 

synthesis by immobilized Rhodobacter 

sphaeroides. cysH- phosphoadenosine 

phosphosulphate reductase; ylnB- ATP sulphurlyase; 

cysK- O-acetylserine synthase; The trans-membrane 

sulphate transporter illustrated is the sulphate 

permease.   
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1.7 Applications of biosynthesised MNPs 

Advancements in the field of nanotechnology has the potential to revolutionise the industry, 

including electronics, medicine, environmental remediation, oil recovery, and consumer 

products (Iskandar, 2009; Kaur and Gupta, 2009; Schrofel et al. 2014; Vance et al. 2015; 

Cheraghian and Hendraningrat, 2016). Some of the commercially viable applications of 

nanoparticles include: (i) targeted drug delivery for treatment of cancers and other diseases (ii) 

diagnostic applications like imaging (MRI), tomography, magnetic resonance spectroscopy  

(iii) stain-free clothing and mattresses; (iv) polymer films as displays for laptops, cell phones, 

digital cameras; (v) water proof nano-coatings on mobile/cellular devices; (vi) sunscreens and 

cosmetics; (vii) flexible nano-lumen display; (viii) topical ointments to treat burns and wounds; 

(ix) ultra-light weight sports equipments, (x) in food industry for food packaging, food additive, 

etc. Besides these commercial applications, extensive research is being carried out to generate 

novel nanomaterials for applications in fields of tissue engineering (Rosenholm et al. 2016), 

gene delivery and therapy (Majidi et al. 2016), vaccine development (Manayani et al. 2007), 

data storage (Estrader et al. 2013). The nanomaterials used for these applications may be 

synthesised by chemical, physical, or biological methods of nanofabrication.  

Biologically synthesised MNPs find application in various fields, from biomedical, to 

environmental remediation, to other industrially relevant applications such as, electrodes and 

sensors, catalytic organic synthesis, fuel cell fabrication, etc. Biologically synthesised Ag and 

Au MNPS have been shown to have antimicrobial, antifungal, antiviral, and/or antiparasitic 

applications (Duran et al. 2007; Musarrat et al. 2010; De Gusseme et al. 2011; Rajakumar et al. 

2012). Similarly, biologically synthesised Au, Ag, Cu, Se, and Fe3O4 nanoparticles have been 

shown to have anticancer, and drug delivery applications (Sun et al. 2008; Valodkar et al. 2011; 

Amarnath et al. 2011; Luo et al. 2012). These MNPs also find applications in medical 

diagnostics and sensors. Some of the examples include: (i) AuNPs as human blood serum 

glucose sensor; (ii) SeNPs for H2O2 sensing; (iii) Au-Ag alloy nanoparticles for food quality 

evaluation sensors; (iv) AuNPs in conjugation with DNA for detection of genetic diseases 

(Miao 2013; Wang et al. 2010; Zheng et al. 2010; Yao et al. 2015).  Few MNPs like Ag, Au, 

CdTe, CdSe, and CdS have been used for bio-labelling and bio-imaging applications (Sarkar et 

al. 2010; Bao et al. 2010a; 2010b; Fayaz et al. 2011; Pandian et al. 2011). Magnetic 
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nanoparticles from magentotactic bacteria have been used in applications like magnetic solid-

phase extraction for biological, food, and environmental sample preparation (Wierucka and 

Biziuk, 2014), environmental remediation (Tang and Lo, 2013), magnetically guided drug 

delivery, systemic and local chemotherapy, magnetic fluid hyperthermia for cancer treatment, 

bio-imaging via MRI, theranostics (Reddy et al. 2012), data storage (Estrader et al. 2013), etc.  

Bio-nanofactories may be used for various bio-sorption, bio-remediation, and bio-recovery of 

metals that act as environmental pollutants (Hennebel et al. 2009). MNPs that are formed 

through this process may then be used for catalytic degradation of environmental pollutants 

such as dichlorodiphenyltrichloroethane (DDT), dieldrin and hexachlorobenzene, 

polychlorinated biphenyls, nitro-aromatic dyes etc. (Redwood et al. 2008; Gangula et al. 2011).  

MNPs may also be used for synthesis of organic compounds, to fabricate H2 fuel cells, as 

catalyst for chemical oxidation of fuel, to improve power recovery and to fabricate electrodes 

and sensors (Ogi et al. 2011; Huang et al. 2014; Bindhu and Umadevi, 2014). Thus, 

nanoparticles find applications in numerous fields, as shown in fig. 1.15. 

 

 

 

 

Fig. 1.15 Application of nanoparticles in various fields.  (http://www.prochimia.com/nanoparticles/)  
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1.9 GAPS IN EXISTING RESEARCH 

Based on the review of literature, following lacunae were found and the objectives were framed 

by taking the following gaps in account: 

1. Numerous bacteria, fungi, yeast, algae, viruses and plants have been used for synthesis 

of inorganic nanoparticles in the last two decades. However, haloarchaea, have not been 

explored for their potential in nanoparticle synthesis. This may generate nanomaterials 

with unique properties that could be exploited for novel applications. Moreover, 

synthesis of nanoparticles by these organisms will add to the biotechnological 

applications of haloarchaea. 

2. Haloarchaea are the predominant microflora of hypersaline eco-niches such as solar 

salterns, soda lakes, and estuaries. Eco-niches like estuaries, and solar crystalliser ponds 

may contain high concentrations of metals since they serve as ecological sinks, for metal 

pollution and also as effective traps for river borne metals. Although haloarchaea are 

known to encounter metals in their environment, their metal tolerance has not been well 

documented, as evident from the review of literature. Studies to further our knowledge 

and understanding of mechanisms that may be involved in metal resistance/tolerance in 

haloarchaea are essential. 

3. Similarly, studies on nanoparticle synthesis by halophilic bacteria are limited. These 

bacteria inhabit marine environments that are a good source of metal tolerant organisms 

as the marine environment is continuously exposed to metals released by volcanoes, 

natural weathering of rocks, and also by numerous anthropogenic activities, such as 

mining, combustion of fuels, industrial and urban sewage, and agricultural practices. 

These organisms may therefore show high tolerance to heavy metals and are potential 

nano-factories that need to be exploited.  

4. Even though microbial cells have shown a great potential for biosynthesis of inorganic 

nanoparticles within their orderly regulated intracellular environment, very little is 

known about the mechanism of nanoparticle biosynthesis. Therefore, it is difficult to 

control intracellular synthesis through the manipulation of biological processes, and 

studies on the mechanistic aspects of microbial nanoparticle synthesis are the need of 

the hour. 
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1.10 AIMS AND OBJECTIVES OF THE RESEARCH WORK 

Approaches to maximise environment friendly methods of nanoparticle synthesis include 

microbial synthesis. The commonly used approaches for nanomaterial synthesis include 

physical and chemical methods which involve the use of toxic precursors and extreme 

conditions of temperature and pressure for synthesis (Thakkar et al. 2010; Mallick et al. 2004). 

The use of microbes for biosynthesis of highly structured nanoparticles was proposed as a green 

approach for synthesis of metal sulphide and metallic nanoparticles (Gericke and Pinches, 2006; 

Dameron et al. 1989). Microbes transform the toxic metals to non-toxic nano-sized form, or 

soluble form to insoluble nano-sized form. Various bacteria, fungi, yeast, and algae have been 

used for nanoparticle synthesis (Thakkar et al. 2010), but halophilic archaea remain unexplored 

for the same, while very few halophilic bacteria have been used as nano-factories.  

Haloarchaea, belong to the third domain of life Archaea, and inhabit saline eco niches (solar 

salterns, estuaries) whereas, halophilic bacteria are found in solar salterns only during 

transitional state (Zafrilla et al. 2010). Halophilic bacteria may also be isolated from sea water. 

These niches especially estuaries act as sinks for various metal pollutants (Pereira et al. 2012; 

Kumar and Srikantawamy, 2012; Chapman and Wang, 2001). Thus, these organisms may 

encounter metals in their environment but their metal resistance is not well documented. The 

understanding of metal physiology in haloarchaea and halophilic bacteria needs more 

understanding and investigation.  

In view of the above, and the gaps in existing literature, work was carried out with the following 

aims and objectives: 

1. Biosynthesis and characterisation of metal sulphide and metallic nanoparticles by 

haloarchaea and halophilic bacteria  

2. Studies on mechanistic aspects of nanoparticles synthesis and metal tolerance/ 

resistance exhibited by haloarchaea and halophilic bacteria 

3. Demonstration of applications of the synthesised nanoparticles 
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CHAPTER 2 

Screening of Various Haloarchaeal and Halophilic Bacterial Cultures Capable of 

Synthesising Metallic or Metal Sulphide Nanoparticles 

2.1 Introduction 

The development of eco-friendly technologies in material synthesis is of considerable 

importance to expand their biological applications. Nanoparticle fabrication by 

microorganisms presents a green method for generation of bio-compatible nanomaterials. The 

traditional routes of nanoparticles synthesis (physical and chemical methods) employ toxic 

precursors, are energy intensive, expensive, require capping agents to prevent agglomeration, 

and produce toxic by-products (Tien et al. 2008). Besides these, the major drawback of 

physically/chemically synthesised nanoparticles is their incompatibility to biological systems. 

Thus, additional steps are required to coat the nanoparticles with bio-compatible molecules. 

Numerous bacteria, fungi, yeast, and viruses have been used for biosynthesis of nanomaterials 

(Li et al. 2011). Their cellular metabolites usually act as stabilising agents, making the 

synthesised nanoparticles bio-compatible. The presence of bacterial carrier matrix during 

microbial nanoparticles synthesis enhances the contact between the enzyme and the metal salt, 

producing particles with high catalytic reactivity, and greater specific surface area 

(Bhattacharya and Mukherjee, 2008; Simkiss and Wilbur, 1989). 

Haloarchaea, inhabitants of extremely saline environments have not been explored for their 

potential of nanoparticles synthesis. The eco-niches inhabited by these organisms often act as 

effective traps for metal pollution and thus, these halophiles are exposed to varying 

concentrations of metal. However, studies on metal resistance mechanisms in haloarchaea are 

few and very preliminary (Srivastava and Kowshik, 2013). Similarly, halophilic bacteria, 

owing to their habitat are also exposed to high concentrations of metals, and are thus, potential 

nano-factories. Studies on nanoparticles synthesis by halophilic bacteria are few and do not 

explain the mechanism behind the process. In this work, haloarchaeal and halobacterial 

cultures either previously isolated in our laboratory, or obtained from microbial type culture 

collection (MTCC), Chandigarh, were screened for their ability to synthesise various 

nanoparticles. Screening allows for detection of microorganisms of interest using highly 



  Chapter 2 

 

32 
 

selective procedures. Thus, in a few steps, screening results in selection of microbes that 

possess the desired properties while discarding all those with no value.  

As the aim of this work was to screen for microbes capable of synthesising metallic or metal 

sulphide nanoparticles, the haloarchaeal and the halobacterial isolates were first tested for their 

ability to tolerate various metal salts that would act as the precursor of the end-product. Once 

the minimum inhibitory concentrations (MICs) were established, the ability of these microbes 

to synthesise nanoparticles was tested. This was achieved by a combination of techniques such 

as observation of visual change in culture colouration during growth, UV-visible spectroscopy 

to monitor plasmon resonance peaks, and/or X-ray diffraction (XRD) to determine crystal 

structure. The selected cultures and the nanoparticle synthesised by these cultures are described 

in detail in the following chapters. 

2.2 Materials and Methods 

2.2.1 Materials 

All the chemicals and solvents utilised for the present work were of certified A.R. grade, used 

without any further purification, and were procured from Himedia (India) unless specified. All 

the glassware and accessories used were washed with distilled water, and sterilised at 15 psi, 

121°C, for 15 mins. All the solutions were prepared with deionised water unless specified. 

2.2.2 Cultures and medium optimisation 

The haloarchaeal isolates used for this study were isolated in our laboratory previously from 

the Ribandar salt pans, Goa, India (Mani et al. 2012). The isolates were Halococcus salifodinae 

BK3, H. salifodinae BK6, H. salifodinae BK7, H. salifodinae BK11 and H. salifodinae BK18. 

They were maintained on NTYE agar plates (25% NaCl, 0.5% tryptone, 0.3% yeast extract, 

2% MgSO4.7H2O and 0.5% KCl, 2% agar). They were also maintained in NTYE broth at 37°C, 

110 rpm, and sub-cultured every 5 days. The media for growth of these haloarchaeal isolates 

were also optimised. For this purpose, halophilic broth (HB; Himedia M591), SWYE (salt 

water yeast extract), and media by Popescu et al (2009), with modifications were used. Growth 

curve analysis was carried out to determine the most suitable medium for growth according to 

Berney et al. (2006), and Breidt et al. (1994). In short, an aliquot of 1 ml was withdrawn every 
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24 hrs (for 10 days), starting from 0 hrs and the optical density was measured at 600 nm on 

UV-visible double beam spectrophotometer (Shimadzu, Japan, UV-2450). The growth kinetics 

parameters such as specific growth rate (µ) and doubling time (td) were calculated as follows: 

𝜇 =
[log(𝑂𝐷2) − log(𝑂𝐷1)] × 2.303

(𝑡2 − 𝑡1)
⁄        (1) 

where, μ is the specific growth rate, OD2 is the optical density at time t2, OD1 is the optical 

density at time t1, t1 and t2 are time points at which respective optical densities are recorded. 

𝑡𝑑 = 0.693
𝜇𝑚𝑎𝑥
⁄                     (2) 

where, td is the doubling time and μmax is the maximum specific growth rate. 

Lag time (tl) was determined by the graphical method described by Breidt et al. (1994). All the 

experiments were carried out in triplicates.  

The halophilic bacteria used for this study include Idiomarina sp. PR58-8, Halomonas 

aquamarina MTCC 4661, and Halobacillus sp. MTCC 6516. Idiomarina sp. PR58-8 is a 

marine bacterium isolated previously in our laboratory from the banks of Mandovi Estuary in 

Goa, India (Seshadri et al. 2012). These bacteria were maintained on Zobell marine agar 

(ZMA) 2216 plates and sub-cultured once every 15 days. H. aquamarina MTCC 4661, and 

Halobacillus MTCC 6516 were maintained at room temperature (RT), while Idiomarina sp. 

PR58-8 was maintained at 37°C. Media for growth of these organisms were optimised by 

growing them in nutrient broth (Himedia MM244) amended with 2% NaCl (NB + 2% NaCl), 

and NTYE with 3.5% NaCl (3.5% NTYE). Growth curve analysis was carried out as described 

above, except the aliquots were withdrawn every 2 hrs (till 48 hrs), starting from 0 hrs.  All 

the experiments were carried out in triplicates.  

2.2.3 Determination of MIC of metal salt 

The MIC of silver nitrate (AgNO3), sodium selenite (Na2SeO3), potassium tellurite (K2TeO3), 

zinc sulphate (ZnSO4), and lead nitrate (Pb(NO3)2) were determined for all the haloarchaeal as 

well as halobacterial cultures. The metal salt solutions were prepared as 0.1 M stocks in 

distilled water and filter sterilised. The medium exhibiting optimal growth of the isolates was 
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used for this study. The isolates were grown in presence of varying concentrations of metal 

salts in the range of 0.05 mM to 10 mM. The various concentrations tested were, 0.05, 0.5, 1.0, 

1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9 and 10 mM. Negative controls (un-inoculated medium + 

10 mM metal salt), and positive controls (inoculated medium) were treated, same as the test. 

MIC was recorded as the lowest concentration at which no growth was observed.  

2.2.4 Screening of promising isolates synthesizing nanoparticles 

2.2.4.1 Screening based on colour change 

The isolates were grown in presence of metal salts and their ability to synthesise nanoparticles 

was determined by either visual observation in combination with UV-Visible spectroscopy 

and/or X-ray diffraction (XRD). When the cultures were grown in presence of AgNO3, 

Na2SeO3, or K2TeO3, colour change was used as an indicator of MNPs synthesis. The biomass 

was harvested (10,000 × g, RT, 30 mins) and subjected to dialysis against deionised water with 

frequent changes of water for 24 hrs and dried overnight in an oven, at 70°C. The powder 

obtained after grinding was subjected to UV-visible spectroscopy and/or XRD. For UV-visible 

spectroscopy the nanoparticles were dissolved in appropriate solvent and spectroscopy was 

performed in the range of 200-800 nm on a UV-visible double beam spectrophotometer using 

the solvent as the blank. Crystallographic characterisation was performed using the Rigaku 

Mini-Flex II powder X-ray diffractometer operated at 30 kV/15 mA with Cu Kα (1.54 Å) as 

radiation source and scanning mode of 2θ/θ continuous scanning. The crystallite domain size 

of nanoparticles was calculated by Debye-Scherrer formula: 

𝐷 = 𝑘𝜆
𝛽𝐶𝑜𝑠𝜃⁄           (3) 

where λ = wavelength of X-ray applied (1.54 Å), k = numerical constant for which the 

obtained value is 0.94, β1/2 = full width (radians) at half maximum of the major peak 

and θ = Bragg angle of the major peak.  

2.2.4.2 Screening of cultures synthesising nanoparticles with no visual colour change 

The isolates synthesising metal sulphide nanoparticles were selected by growing the cultures 

in presence of ZnSO4, PbNO3, or CdSO4. The biomass was harvested by centrifugation at 
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10,000 × g, RT, for 30 mins, followed by dialysis against deionised water, with frequent 

changes of water for 24 hrs, and dried in a hot air oven overnight at 70°C. The sample was 

obtained by grinding the powder in a mortar and pestle. The nano-powder was analysed by 

XRD and/or UV-visible spectroscopy as described in section 2.2.4.1. All the experiments were 

carried out in triplicates on different days. 

2.2.5 Statistical analysis 

All the experiments were performed in triplicates on different days and the results were 

expressed as mean (± standard error). Statistical analysis was done using the MicrosoftTM 

Excel 2007 software. The differences between the control and the individual experimental 

groups were analysed using the two-tailed Student’s t-test. One-way Analysis of Variance 

(ANOVA) test was carried out to determine any significant difference between untreated 

controls and treated groups for multiple comparisons. ‘p’ values less than 0.05 (p<0.05) were 

considered significant.  

2.3 Results and Discussions 

2.3.1 Screening of haloarchaeal isolates 

The haloarchaeal isolates used for this study include Halococcus salifodinae BK3, H. 

salifodinae BK6, H. salifodinae BK7, H. salifodinae BK11, and H. salifodinae BK18. They 

appear as orange-red colonies on NTYE plates due to the presence of α-bacterioruberin in their 

membranes (Kamekura, 1993).  

2.3.1.1 Optimisation of growth medium 

The various media tested for growth of the haloarchaeal isolates were NTYE, SWYE, 

Modified Popescu et al. and HB. Haloarcahea are extreme halophiles which grow best at high 

salinities (3.5- 5 M of NaCl = 20% - 29.22% of NaCl) (DasSarma and Arora, 2012). The 

growth media used for cultivation of these isolates thus, have high NaCl concentrations with 

25% NaCl (4.28 M) most commonly used (Schneegurt, 2012). However, the NaCl 

concentration may be lowered by substituting with other salts such as MgCl2, CaCl2, 

CH3COONa, or Na2S2O3 (Kushner, 1985). Haloarchaea also have an obligate requirement of 

Mg2+ and K+, as these ions play important roles in their physiology. Mg2+ is required by the 
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haloarchaeal enzymes for their activity (Madern et al. 2000), while K+ is internalised by the 

cells and helps in maintaining osmolarity at such high salinities (Martin et al. 1999). As the 

haloarchaeal isolates used for this work were isolated from a solar saltern, the crude salt from 

these salt pans were used as source of Na+ and Cl-. Such solar salterns also contain Mg2+ and 

K+ as a result of evaporation of sea water. Thus, all the media used for optimisation studies 

were selected such that NaCl was present at 25% unless substituted by other salts, Mg2+ was 

present at 2-5% and K+ at 0.2-2%. Yeast extract was added as the complex carbohydrate 

source.  

Table 2.1 show the various growth kinetics parameters of all five haloarchaeal isolates in four 

different media. The specific growth rate (μ) for all the five isolates in NTYE was between 

0.92 days-1 to 0.99 days-1, with a doubling time (td) of ~17 hrs and a lag time (tl) of ~12 hrs. In 

HB medium, the μ (~0.81 days-1), td (~20.6 hrs), and tl (12 hrs) were similar to that in NTYE 

and the difference was insignificant (p>0.05). Although, the five isolates exhibited slower 

growth in modified Popescu et al. medium with a μ of ~0.66 days-1, td of ~25.75 hrs, and tl of 

24 hrs, the difference when compared to that in NTYE was insignificant (p>0.05). However, 

in SWYE, growth of H. salifodinae BK11 was significantly retarded (p<0.05) as evident from 

the μ (0.39hrs-1), td (42.65 hrs), and tl (38 hrs). The other four isolates, viz., H. salifodinae BK3, 

BK6, BK7, and BK18 exhibited slower growth in SWYE (μ - ~0.65 days-1, td -~25.75 hrs, and 

tl -24 hrs) as compared to that in NTYE. Thus, the cultures exhibited optimal growth kinetics 

in NTYE or HB as compared to the other growth media. Fig. 2.1 shows the growth curves of 

the haloarchaeal isolates in various growth media. Based on these results, both NTYE and HB 

were suitable for studies on the haloarchaeal isolates. However, since the cost of preparing 1 

L of NTYE medium (Rs. 55) is lower than preparing 1 L of HB (Rs. 2650), NTYE medium 

was used for further studies.  
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Table 2.1 The growth kinetics parameters of the haloarchaea in various growth media. 

Culture Medium 
Specific Growth 

Rate (µ; days-1) 

Lag time (tl; 

hrs) 

Doubling time 

(td; hrs) 

     

H. salifodinae 

BK3 

NTYE 0.99 11.52 16.9 

SWYE 0.63 24 26.4 

HB 0.81 12 20.53 

Mod. Popescu 0.65 24 25.58 

     

H. salifodinae 

BK6 

NTYE 0.99 12 16.8 

SWYE 0.62 24 26.8 

HB 0.81 12 20.53 

Mod. Popescu 0.70 24 23.76 

     

H. salifodinae 

BK7 

NTYE 0.92 12 18.08 

SWYE 0.65 24 25.58 

HB 0.82 12 20.28 

Mod. Popescu 0.66 24 25.2 

     

H. salifodinae 

BK11 

NTYE 0.94 12 17.69 

SWYE 0.39 24 42.65 

HB 0.81 12 20.53 

Mod. Popescu 0.65 24 25.58 

     

H. salifodinae 

BK18 

NTYE 0.99 11.9 16.8 

SWYE 0.66 24 25.2 

HB 0.82 12 20.82 

Mod. Popescu 0.64 24 25.98 

     

NTYE- NaCl Tryptone Yeast Extract; SWYE- Salt Water Yeast Extract; HB- Halophilic Broth; Mod. Popescu- 
Modified Popescu et al. 2009 medium 
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Fig. 2.1 Growth profiles of (a) Halococcus salifodinae BK3, (b) H. salifodinae BK6, (c) H. salifodinae 

BK7, (d) H. salifodinae BK11, and (e) H. salifodinae BK18 in NTYE (NaCl Tryptone Yeast Extract), 

SWYE (Salt Water Yeast Extract), HB (Halophilic Broth) and Mod. Popescu (Modified Popescu et al.) 

media. Values are mean ± SD (error bars) for three experiments. 
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2.3.1.2 Determination of MIC of various metals 

Minimum inhibitory concentrations (MICs) of various metal salts towards the five 

haloarchaeal isolates were determined by growing the isolates in presence of metal salts and 

visual observation of growth and changes in the colouration of culture. The medium used for 

this study was NTYE and the metal salts used were AgNO3, Na2SeO3, K2TeO3, ZnSO4, and 

Pb(NO3)2. Table 2.2 illustrates the growth pattern of the isolates at various metal salt 

concentrations. MICs of all the metals for the five isolates are given in Table 2.3.  

MIC of AgNO3 

Addition of AgNO3 to NTYE resulted in formation of a white precipitate, which dissolved 

immediately on mixing. At high salinities, Ag exists as soluble chloro-complexes that are bio-

available for the organism (Byrne, 2002). The haloarchaeal isolates that appear orange-red 

(Fig. 2.2a), exhibited a brown black colouration when grown in presence of AgNO3 (Fig. 2.2b), 

indicating the reduction of Ag+ to Ag0. AgNO3 was found to be toxic to haloarchaeal isolates 

at concentrations higher than 0.5 mM and the MIC for all five isolates was determined to be 1 

mM. Therefore, all the five isolates exhibited a low level of resistance towards AgNO3.  

MIC of Na2SeO3 

H. salifodinae BK3, BK6 and BK7 exhibited a lower MIC value of 5 mM against Na2SeO3 as 

compared to H. salifodinae BK11 and BK18, which exhibited a MIC of 6 mM (Table 2.3). 

The addition of Na2SeO3 in NTYE did not show any precipitate formation. Growth in presence 

of Na2SeO3 was accompanied with generation of copious amounts of brick-red colouration 

(Fig. 2.2c), indicative of reduction of SeO3
2- to Se0.  Thus, all the five isolates exhibited the 

ability to tolerate Na2SeO3. 

MIC of K2TeO3 

In presence of K2TeO3, only H. salifodinae BK3 exhibited growth which was accompanied 

with the culture turning black in colour. This is indicative of TeO3
2- being reduced to Te0. MIC 

of K2TeO3 for H. salifodinae BK3 was 6 mM. The other four isolates failed to grow in presence 

of K2TeO3, even on prolonged incubation for 30 days. Therefore, only H. salifodinae BK3 
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exhibited resistance to TeO3
2- oxyanion, while it exhibited toxicity towards all the other 

haloarchaeal isolates.  

MIC of ZnSO4  

Addition of ZnSO4 to the medium resulted in generation of small amount of white precipitate, 

which dissolved upon mixing. H. salifodinae BK3 exhibited good growth at 0.05 mM ZnSO4 

and poor growth at 0.5 and 1 mM ZnSO4. MIC for this isolate was 1.5 mM ZnSO4. H. 

salifodinae BK6 exhibited poor growth at 0.05 mM ZnSO4 after a prolonged incubation period 

of 30 days, and the MIC was 1 mM ZnSO4. None of the other isolates exhibited growth in 

presence of ZnSO4 even after prolonged incubation of 30 days. The pigmentation of both the 

isolates, H. salifodinae BK3 and BK6 remained unaffected by ZnSO4 and the cultures retained 

their orange-red colour. Thus, H. salifodinae BK3 and BK6 exhibited low level of resistance 

towards ZnSO4, while H. salifodinae BK7, BK11, and BK18 were susceptible to ZnSO4. 

MIC of Pb(NO3)2 

Addition of Pb(NO3)2 in NTYE resulted in formation of white precipitate, which at lower 

concentrations (0.01, 0.05, 0.5 and 1) dissolved on mixing. However, at concentrations above 

1 mM, the precipitate failed to dissolve. Pb(NO3)2 was found to be toxic to the haloarchaeal 

isolates, and no growth was observed even at the lowest concentration of 0.01 mM.  

The cultures exhibited resistance to metal salts in the following order: 

H. salifodinae BK3: K2TeO3> Na2SeO3> >ZnSO4 > AgNO3 (least susceptible to K2TeO3 and 

most susceptible to AgNO3) 

H. salifodinae BK6: Na2SeO3 >> ZnSO4 = AgNO3 (least susceptible to Na2SeO3 and most 

susceptible to ZnSO4/ AgNO3) 

H. salifodinae BK7; BK11; BK18: Na2SeO3 >> AgNO3 (least susceptible to Na2SeO3 and most 

susceptible to AgNO3) 

 



  Chapter 2 

 

41 
 

Table 2.2 Growth of haloarchaeal isolates at various concentrations of metal salts.

 Metal salts 
(mM) 

0.05 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0 7.0 8.0 9.0 10.0 

H
. 

sa
lif

o
d

in
a

e 
B

K
3

 
AgNO3 ++ + - - - - - - - - - - - - - - 
Na2SeO +++ +++ ++ ++ ++ ++ ++ ++ ++ + - - - - - -  
K2TeO3 +++ +++ +++ ++ ++ ++ ++ + + + + - - - - - 
ZnSO4 ++ + + - - - - - - - - - - - - - 

Pb(NO3)2 - - - - - - - - - - - - - - - - 

H
. 

sa
lif

o
d

in
a

e 
B

K
6

 

AgNO3 ++ + - - - - - - - - - - - - - - 
Na2SeO3 ++ ++ + + + + - - - - - - - - - - 
K2TeO3 - - - - - - - - - - - - - - - - 
ZnSO4 + + - - - - - - - - - - - - - - 

Pb(NO3)2 - - - - - - - - - - - - - - - - 

H
. 

sa
lif

o
d

in
a

e 
B

K
7

 

AgNO3 ++ + - - - - - - - - - - - - - - 
Na2SeO3 +++ +++ ++ ++ ++ ++ ++ ++ + + - - - - - - 
K2TeO3 - - - - - - - - - - - - - - - - 
ZnSO4 - - - - - - - - - - - - - - - - 

Pb(NO3)2 - - - - - - - - - - - - - - - - 

H
. 

sa
lif

o
d

in
a

e 
B

K
1

1
 

AgNO3 ++ + - - - - - - - - - - - - - - 
Na2SeO3 +++ +++ ++ ++ ++ ++ ++ ++ ++ ++ + - - - - - 
K2TeO3 - - - - - - - - - - - - - - - - 
ZnSO4 - - - - - - - - - - - - - - - - 

Pb(NO3)2 - - - - - - - - - - - - - - - - 

H
. 

sa
lif

o
d

in
a

e 
B

K
1

8
 

AgNO3 ++ + - - - - - - - - - - - - - - 
Na2SeO3 +++ +++ ++ ++ ++ ++ ++ ++ ++ ++ + - - - - - 
K2TeO3 - - - - - - - - - - - - - - - - 
ZnSO4 - - - - - - - - - - - - - - - - 

Pb(NO3)2 - - - - - - - - - - - - - - - - 
‘+++’: Good Growth; ‘++’: Growth; ‘+’: Poor Growth; ‘-’: No Growth 
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Table 2.3 MICs of various metal salts for the five haloarchaeal isolates. 

Culture 
AgNO3 

(mM) 

Na2SeO3 

(mM) 

K2TeO3 

(mM) 

ZnSO4 

(mM) 

Pb(NO3)2 

 (mM) 

H. salifodinae BK3 1.0 5.0 6 1.5 NG 

H. salifodinae BK6 1.0 5.0 NG 1.0 NG 

H. salifodinae BK7 1.0 5.0 NG NG NG 

H. salifodinae BK11 1.0 6.0 NG NG NG 

H. salifodinae BK18 1.0 6.0 NG NG NG 

NG- No growth even at the lowest concentration tested (0.01 mM) 

 

 

2.3.1.3 Screening of promising haloarchaeal isolates for nanoparticles synthesis 

The MIC study helped in determining the metal salt concentration that could be used for 

nanoparticles synthesis. It was also helpful in screening the isolates that did not grow in 

presence of certain metal salts. As none of the isolates exhibited growth in presence of 

Pb(NO3)2, Pb based nanoparticles synthesis by haloarchaea was not attempted. Based on the 

MICs, SNPs and SeNPs synthesis was attempted using all the five isolates; and TeNPs 

synthesis was attempted with H. salifodinae BK3 only. 

 

Fig. 2.2 (a) Halococcus salifodinae BK3 appears orange red on NTYE; (b) H. salifodinae BK3 

turns brown black in presence of AgNO3; (c) H. salifodinae BK18 turns brick red in presence of 

Na2SeO3; (d) H. salifodinae BK3 turns black in presence of K2TeO3. 
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Silver nanoparticles (SNPs) synthesis 

The haloarchaeal isolates were grown in NTYE medium in presence of 0.5 mM AgNO3. At 

this concentration, due to the bio-reduction of Ag+ to Ag0, the isolates become brown-black in 

colour, indicative of SNPs synthesis (Fig. 2.2b). This colouration arises due to the 

characteristic surface plasmon resonance (SPR) of the SNPs. The biomass was harvested and 

dialysed against deionised water overnight, to remove all the excess Cl- present due to the high 

salinity of the medium. The samples on drying were subjected to UV-visible spectroscopy and 

X-ray diffractometry to determine the crystalline facets of the synthesised nanoparticles. 

Medium controls with AgNO3 did not result in reduction, and the supernatant of the culture 

also failed to reduce the Ag+ indicating that the synthesis of SNPs was a culture dependent 

phenomenon.  

Fig. 2.3 shows the UV-visible 

scans of the SNPs synthesised by 

the haloarchaaeal isolates. As is 

evident the characteristic broad 

peak arising due to the LSPR of 

SNPs was obtained at around 440 

nm. Some anisotropy in the shape 

of the nanoparticles may be 

responsible for the asymmetry of 

the peak at around 380 nm 

(Shankar et al. 2004). The powder 

obtained from H. salifodinae 

BK18 did not exhibit the 

characteristic peak thus 

suggesting that although the 

isolate could tolerate 0.5 mM 

AgNO3, it was incapable of synthesising SNPs.  

XRD analysis of the SNPs was carried out to confirm the crystalline nature of the nano-

preparation. XRD scans of SNPs synthesised by H. salifodinae BK3 and H. salifodinae BK6 

Fig. 2.3 UV-visible spectra of SNPs synthesised by the 

haloarchaeal isolates exhibiting the characteristic peak of 

Ag at around 440 nm. 
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exhibited very little background noise and sharp peaks corresponding to face centred cubic Ag 

(ICDD card/file no. 04-0783). Although H. salifodinae BK7 was able to synthesise SNPs, the 

synthesis was very slow as compared to BK3 or BK6, and was observed only after prolonged 

incubation of 30 days. Thus, H. salifodinae BK7 was not used for further studies. The SNPs 

synthesised by H. salifodinae BK11 exhibited a high background noise with attenuated and/or 

absent Bragg’s peaks of Ag. This phenomenon has been attributed to the presence of 

amorphous organic molecules arising from the microbial cell (Chatellier et al. 2001). Hence, 

this isolate was also not used for further studies. Fig. 2.4 illustrates the XRD scans of the SNPs 

synthesised by H. salifodinae BK3, BK6, BK7 and BK11. The crystallite domain sizes of the 

as-synthesised SNPs were calculated using the major peak at 2θ value of 38.115 ° 

corresponding to (1 1 1) facet of fcc structure. Based on the findings of UV-visible 

spectroscopy and XRD, isolates H. salifodinae BK3 and H. salifodinae BK6 were used for 

SNPs synthesis. 

 

 

 

Fig. 2.4 XRD scans of SNPs synthesised by (a) H. salifodinae BK3; (b) H. salifodinae BK6; (c) H. 

salifodinae BK7 and; (d) H. salifodinae BK11. The crystallite domain as calculated by Debye-

Scherrer formula for each SNPs sample is mentioned; ND- not determined as no major peak 

observed. 
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Selenium nanoparticles (SeNPs) synthesis 

SeNPs synthesis was carried out in NTYE medium in presence of 2 mM Na2SeO3. The 

haloarchaeal cultures were screened to determine the most suitable isolates for SeNPs 

synthesis. Growth of isolates was accompanied with generation of brick-red colouration 

indicative of SeNPs synthesis (Fig. 2.2c). The media controls, and culture supernatants failed 

to reduce selenite to elemental selenium, indicating that SeNPs synthesis was a culture 

mediated phenomenon. The nano-powders obtained on drying the dialysed biomass were 

subjected to XRD analysis to determine the isolates that could be used for further studies on 

SeNPs synthesis. 

Fig. 2.5 shows the XRD scans of the SeNPs synthesised by H. salifodinae BK3, BK6, BK7, 

BK11 and BK18. Characteristic Bragg’s peaks of hexagonal Se were obtained corresponding 

to the ICDD card no. 06-0362. However, the SeNPs synthesised by H. salifodinae BK18 

exhibited the sharpest peaks with least background noise. The scans of SeNPs synthesised by 

H. salifodinae BK3 and BK7 show many small peaks as background noise, indicating presence 

of organic contaminants. The material from H. salifodinae BK6 did not exhibit the 

characteristic peaks of Se. As the SeNPs obtained from H. salifodinae BK18 exhibited a scan 

with sharp peaks and smallest crystallite domain size, the isolate was used for further studies. 

Besides, among the five isolates, H. salifodinae BK18 was found to reduce SeO3
2- the fastest, 

which could be ascertained by the time required for red colour generation.  
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1 

 

Fig. 2.5 XRD scans of SeNPs synthesised by (a) H. salifodinae BK3; (b) H. salifodinae BK6; (c) H. 

salifodinae BK7; (d) H. salifodinae BK11 and; (e) H. salifodinae BK18. Crystallite domain size as 

calculated by Debye-Scherrer formula for all the SeNPs samples is mentioned; ND- not determined 

as no major peak observed. 
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Tellurium nanoparticles (TeNPs) synthesis 

Among all the haloarchaeal 

isolates tested for MIC of K2TeO3, 

H. salifodinae BK3 was the only 

haloarchaeon capable of growing 

in its presence. The culture 

exhibited a black colouration when 

grown in presence of K2TeO3 (Fig. 

2.2d) which indicates the reduction 

of TeO3
-2 to Te0 and the formation 

of Te nanocrystals. The media 

controls, and culture supernatant 

did not exhibit any change in 

colour suggesting that the 

reduction, and nanoparticles 

synthesis is a culture-mediated phenomenon. The sample obtained after dialysis and drying in 

the oven was subjected to crystallographic characterisation using X-ray diffractometry (Fig. 

2.6). The spectrum obtained corresponded to the characteristic Bragg’s peaks of hexagonal 

crystal system and was in accordance with the standard card of hexagonal tellurium (ICDD 

card no/ file no 36-1452). The crystallite domain size as calculated by Debye-Scherrer formula 

was determined to be 11.3 nm. Thus, H. salifodinae BK3 was used for further studies on TeNPs 

synthesis. 

2.3.2 Screening of halophilic bacteria  

Halophilic bacteria such as Idiomarina sp. PR58-8, Halomonas aquamarina MTCC 4661 and 

Halobacillus sp. MTCC 6516 were used for this study. Idiomarina sp. PR58-8 (henceforth 

addressed/designated as ML2) is a Gram-negative marine bacterium isolated previously in our 

laboratory from the banks of Mandovi Estuary in Goa, India (Seshadri et al. 2012). It forms 

golden yellow colonies on the plates. H. aquamarina MTCC 4661 is a Gram- negative 

halophilic bacterium procured from MTCC, with light orange pigmentation, while 

Fig. 2.6 XRD scan of TeNPs synthesised by H. 

salifodinae BK3. Crystallite domain size was calculated 

by Debye-Scherrer formula and was found to be 11.3 

nm. 
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Halobacillus sp. MTCC 6516 is a Gram-positive halophilic bacterium procured from MTCC 

with light pink pigmentation. All these cultures were stored as glycerol stocks at -80°C.  

2.3.2.1 Optimisation of growth medium 

Growth media used for optimisation studies include ZMB, NB + 2% NaCl and 3.5% NTYE. 

Zobell marine broth has nutrients and trace minerals required for growth of marine organisms 

and mimics sea water. It also has peptic digest of animal tissues and yeast extracts that act as 

nitrogen, amino acids, vitamins, and carbon source essential for growth of marine bacteria 

(Weiner et al. 1985). Similarly, nutrient broth amended with 2% NaCl provides all the essential 

nutrients in the form of peptic digest of animal tissues, yeast extract, and beef extract, and a 

salinity of 2.5% for growth of slight and moderate halophiles. NTYE amended with 3.5% NaCl 

also provides the salinity conditions essential for growth of slight and moderate halophiles. 

The halophilic bacteria were grown in these media and the growth kinetics parameters were 

evaluated.  

ML2 is a moderate halophile, with an 

obligate requirement of 1% NaCl for 

growth and can tolerate up to 15% 

salinity (Seshadri et al. 2012). The 

growth kinetics parameters for ML2 in 

all three media are given in table 2.4. 

ML2 exhibited excellent growth in 

ZMB with a μ of 1.11 hrs-1, a td of 

37.46 mins, and tl of 30 mins (Fig. 

2.7). Growth of ML2 in NB + 2% 

NaCl (μ- 0.89 hrs-1; td- 46.72 mins; tl- 

50 mins) was found to be slightly slower when compared to growth in ZMB, however, the 

difference was found to be insignificant (p>0.05). The growth of ML2 was significantly slower 

in 3.5% NTYE as compared to that in ZMB exhibiting a μ of 0.77 hrs-1, a td of 54 mins, and tl 

of 80 mins. Excellent growth of ML2 in ZMB may be attributed to the mineral content of the 

ZMB medium that mimics sea water. Thus, further studies on ML2 were carried out using 

ZMB medium. 

Fig. 2.7 Growth profile of Idiomarina sp. PR58-8 

in ZMB, NB + 2% NaCl and 3.5% NTYE. Values 

are mean ± SD (error bars) for three experiments. 
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Halomonas aquamarina MTCC 4661, 

a slight to moderate halophilic 

bacterium, can grow over a range of 

5%-25% salinity (Phillips et al. 2012). 

Table 2.4 illustrates the growth 

kinetics parameters for H. 

aquamarina MTCC 4661 in ZMB, 

NB + 2% NaCl and 3.5% NTYE. The 

growth kinetics parameters, μ and td of 

H. aquamarina MTCC 4661 in ZMB 

(μ- 1.28 hrs-1, td- 32.81 mins) and NB 

+ 2% NaCl (μ- 1.36 hrs-1, td- 22 mins) 

did not exhibit any significant difference (p>0.05). However, H. aquamarina MTCC 4661 

exhibited significantly longer lag times in ZMB (tl- 40 mins) as compared to that in NB + 2% 

NaCl (tl- 20 mins). Even though the specific growth rate (μ- 1.24 hrs-1) and doubling time (td- 

33.53 mins) of the culture in 3.5% NTYE medium remained the same, a significant increase 

(p<0.05) in lag time (tl- 80 mins) was observed in comparison to that in NB + 2% NaCl. The 

longer lag times in ZMB, and 3.5% NTYE indicates that the organism required longer time to 

adjust to the growth medium. Thus, NB + 2% NaCl was used for further studies on H. 

aquamarina MTCC 4661 (Fig 2.8). 

Halobacillus sp. MTCC 6516 is a 

slight to moderate halophile 

exhibiting light pink pigmentation 

during growth on ZMB. Growth 

kinetics parameters of Halobacillus 

sp. MTCC 6516 in three media are 

presented in table 2.4. The halophilic 

bacteria exhibited excellent growth in 

3.5% NTYE with a μ of 1.07 hrs-1, a td 

of 35 mins, and a tl of 45 mins (Fig. 

2.9). These parameters were similar to 

Fig. 2.8 Growth profile of Halomonas aquamarina 

MTCC 4661 in ZMB, NB + 2% NaCl and 3.5% 

NTYE. Values are mean ± SD (error bars) for three 

experiments. 

 

Fig. 2.9 Growth profile of Halobacillus sp. MTCC 

6516 in ZMB, NB + 2% NaCl and 3.5% NTYE. 

Values are mean ± SD (error bars) for three 

experiments. 
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those in ZMB medium (μ- 0.92 hrs-1, td- 45 mins; tl- 60 mins). However, the culture exhibited 

the longest tl of 108 mins in NB + 2% NaCl medium. Other parameters viz., μ (0.95 hrs-1), and 

td (43 mins) for Halobacillus sp. MTCC 6516 in NB + 2% NaCl medium were very similar to 

that exhibited by the culture in 3.5% NTYE (p>0.05). There was no significant difference in 

specific growth rates (p>0.05) in any of the three media evaluated. Similarly, the doubling time 

of Halobacillus sp. MTCC 6516 in ZMB, and NB + 2% NaCl did not exhibit any significant 

difference (p>0.05). Based on the growth characteristics of Halobacillus sp. MTCC 6516 in 

3.5% NTYE, this medium was used for further studies. 

Table 2.4 The growth kinetics parameters of all the halophilic bacteria in various growth media. 

Culture Medium µ (hrs-1) tl (mins) td (mins) 

     

Idiomarina sp. 

PR58-8 (ML2) 

ZMB 1.11 30 37.46 

NB + 2% NaCl 0.89 50 46.72 

3.5% NTYE 0.77 80 54 

     

Halomonas 

aquamarina 

MTCC 4661 

ZMB 1.28 40 32.81 

NB + 2% NaCl 1.36 20 22 

3.5% NTYE 1.24 80 33.53 

     

Halobacillus 

sp. MTCC 

6516 

ZMB 0.92 60 45 

NB + 2% NaCl 0.95 108 43 

3.5% NTYE 1.07 45 35 

     

ZMB- Zobell Marine Broth; NB + 2% NaCl- Nutrient Broth amended with 2% sodium chloride; 3.5% NTYE- 

3.5% NaCl Tryptone Yeast Extract; Medium highlighted in grey were used for further studies on nanoparticles 

synthesis. 

 

2.3.2.2 Determination of MIC of various metals 

The MICs of various metals against the three halophilic bacteria were determined by growing 

the isolates in presence of metal salts and visual observation of growth and changes in the 

colouration of the culture during growth. MIC against ML2 was determined in ZMB, while 
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that against H. aquamarina MTCC 4661 was determined in NB + 2% NaCl, and against 

Halobacillus sp. MTCC 6516 was determined in 3.5% NTYE medium. The growth pattern of 

the halophilic bacteria in presence of metal salts is presented in table 2.5. Table 2.6 shows the 

MICs of various metal salts against the three halophilic bacteria.  

MIC of AgNO3 

Amongst the three halophilic bacteria used for 

this study, ML2 exhibited the maximum 

resistance towards AgNO3, with a MIC of 10 

mM. The growth in presence of this metal salt 

was accompanied by the culture turning 

brown-black in colour (Fig. 2.10), indicative 

of reduction of Ag+ to Ag0. H. aquamarina 

MTCC 4661 exhibited a low level of 

resistance towards AgNO3 with a MIC of 0.5 

mM, and the growth was found to be retarded 

at 0.05 mM. AgNO3 was found to be extremely 

toxic to Halobacillus MTCC 6516 as the 

organism failed to grow at 0.05 mM AgNO3 

even after prolonged incubation of 30 days. 

The addition of AgNO3 to ZMB, NB + 2% 

NaCl, and 3.5% NTYE at higher 

concentrations (>1 mM) resulted in generation of white precipitate of chloro-complexes of 

silver (AgCl0, AgCl2-, AgCl3
2-, AgCl4

3-). At 3 mM and lower concentrations of AgNO3 the 

white precipitate dissolves on vigorous mixing, however, at concentrations above 3 mM some 

residual white precipitate was observed. Such chloro-complexes formed below 3.5% salinity 

are lipophilic and are easily transported across the cellular membranes of the microbes, making 

them bio-available (Byrne, 2002).  Thus, the high MIC value of AgNO3 obtained is not due to 

the un-availability of the metal, but is in fact the true MIC value. 

 

Fig. 2.10 (a) Idiomarina sp. PR58-8 appears 

golden yellow on ZMB (b) which turns brown-

black in presence of AgNO3; (c) Halomonas 

aquamarina MTCC 4661 appears light orange 

on NB + 2% NaCl (f) which turns brown in 

presence of AgNO3.  
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MIC of Na2SeO3 

All the three halophilic bacteria used for this study were able to tolerate Na2SeO3. Growth was 

accompanied by the culture turning brick-red in colour (Fig. 2.11). The reduction of SeO3
2- to 

Se0 is responsible for the generation of this colour. Amongst the three halophilic bacteria, ML2, 

and H. aquamarina MTCC 4661 exhibited a high level of resistance towards Na2SeO3 with a 

MIC of 10 mM, and 7 mM, respectively. MIC of Na2SeO3 against Halobacillus MTCC 6516 

was 4.5 mM. Thus, all the three halophilic bacteria were found to be resistant to Na2SeO3. 

 

MIC of K2TeO3 

ML2 and Halobacillus MTCC 6516 exhibited a 

low level of resistance towards K2TeO3, as evident 

from the MIC, which was 1 mM. The growth in 

presence of K2TeO3 was delayed and accompanied 

by the culture turning black in colour (Fig. 2.12). 

This change in colour is suggestive of the reduction 

of TeO3
2- to Te0. K2TeO3 was toxic to H. 

aquamarina MTCC 4661 and the culture failed to 

grow even at 0.01 mM K2TeO3 after prolonged 

incubation of 30 days. Thus, ML2 and 

Halobacillus MTCC 6516 were resistant to 

K2TeO3, while H. aquamarina MTCC 4661 was 

found to be susceptible to K2TeO3. 

 

Fig. 2.11 Brick red appearance during growth in presence of Na2SeO3 of (a) Idiomarina sp. PR58-8; 

(b) Halobacillus sp. MTCC 6516; (c) Halomonas aquamarina MTCC 4661.  

Fig. 2.12 (a) ML2 appears golden 

yellow on ZMB and (b) turns black in 

presence of K2TeO3; (c) H. 

aquamarina MTCC 4661 appears 

light orange on NB + 2% NaCl (d) 

which turns black in presence of 

K2TeO3.   
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MIC of ZnSO4 

The halophilic bacteria exhibited delayed growth in presence of ZnSO4. MIC of ZnSO4 against 

ML2, H. aquamarina MTCC 4661, and Halobacillus MTCC 6516 was 4.5 mM, 2 mM, and 

0.5 mM, respectively.  

MIC of Pb(NO3)2 

ML2 exhibited a high level of resistance 

against Pb(NO3)2 as was evident from the 

MIC value which was 9 mM. The growth 

in presence of Pb(NO3)2 was 

accompanied by the culture turning 

brown in colour (Fig. 2.13). MIC of 

Pb(NO3)2 for both, H. aquamarina 

MTCC 4661 and Halobacillus MTCC 

6516 was 2.5 mM, however, the growth 

was very poor and slow. Addition of Pb(NO3)2 in all the three growth media resulted in 

generation of white precipitate (PbCl2) which dissolved on vigorous mixing. The growth 

medium ZMB contains excess Cl- ions, which causes the dissolution of the PbCl2 to form lead-

chloro complexes (PbCl3
-, PbCl4

2-), which are lipophilic and thus bio-available (Byrne, 2002)  

The cultures exhibited resistance/tolerance in varying degrees to other metal salts in the 

following order:  

ML2: AgNO3 = Na2SeO3 >PbNO3 >>ZnSO4 > K2TeO3 (least susceptible to AgNO3/Na2SeO3 

and most susceptible to K2TeO3) 

H. aquamarina MTCC 4661: Na2SeO3 >> PbNO3 ~ ZnSO4 > AgNO3 (least susceptible to 

Na2SeO3 and most susceptible to AgNO3) 

Halobacillus sp. MTCC 6516: Na2SeO3 > PbNO3 >> K2TeO3 > ZnSO4 (least susceptible to 

Na2SeO3 and most susceptible to ZnSO4) 

Fig 2.13 Idiomarina sp. PR58-8 appears (a) 

golden yellow on ZMB and turns (b) brown when 

grown in presence of Pb(NO3)2. 
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Table 2.5 Growth of halophilic bacteria at various concentrations of metal salts. 

 

Table 2.6 MICs of various metal salts for the halophilic bacteria. 

Culture 
AgNO3 

(mM) 

Na2SeO3 

(mM) 

K2TeO3 

(mM) 

ZnSO4 

(mM) 

Pb(NO3)2 

(mM) 

Idiomarina sp. PR58-8 (ML2) 10 10 1 4.5 9 

Halomonas aquamarina MTCC 4661 0.05 7 NG 2 2.5 

Halobacillus sp. MTCC 6516 NG 4.5 1 0.5 2.5 

NG- No growth even at the lowest concentration tried (0.01 mM) 

 Metal salts 
(mM) 

0.05 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0 7.0 8.0 9.0 10.0 

Id
io

m
a

ri
n

a
 

sp
. P

R
5

8
-8

 
(M

L2
) 

AgNO3 +++ +++ +++ +++ ++ ++ ++ ++ ++ ++ ++ + + + + - 
Na2SeO +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ + + + -  
K2TeO3 ++ + - - - - - - - - - - - - - - 
ZnSO4 +++ +++ ++ ++ + + + + + - - - - - - - 

Pb(NO3)2 +++ +++ +++ +++ ++ ++ ++ ++ ++ ++ ++ ++ + + - - 

H
a

lo
m

o
n

a
s 

a
q

u
a

m
a

ri
n

a
 

M
TC

C
 4

6
6

1
 AgNO3 + - - - - - - - - - - - - - - - 

Na2SeO3 ++ ++ ++ ++ ++ ++ ++ ++ + + + + - - - - 
K2TeO3 - - - - - - - - - - - - - - - - 
ZnSO4 +++ ++ ++ + - - - - - - - - - - - - 

Pb(NO3)2 + + + + + - - - - - - - - - - - 

H
a

lo
b

a
ci

llu
s 

sp
. M

TC
C

 
6

5
1

6
  

AgNO3 - - - - - - - - - - - - - - - - 
Na2SeO3 ++ ++ ++ ++ ++ + + + + - - - - - - - 
K2TeO3 + + - - - - - - - - - - - - - - 
ZnSO4 + - - - - - - - - - - - - - - - 

Pb(NO3)2 + + + + + - - - - - - - - - - - 

‘+++’: Good Growth; ‘++’: Growth; ‘+’: Poor Growth; ‘-’: No Growth 
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2.3.2.3 Screening of promising halophilic bacteria for nanoparticle synthesis 

The metal salt concentration required for nanoparticle synthesis was determined by the MIC 

studies. ML2 exhibited intrinsic resistance to AgNO3, Na2SeO3, and Pb(NO3)2, and was 

therefore used for SeNPs synthesis and lead based nanoparticles synthesis. SNPs synthesis by 

this bacterium has already been reported previously (Seshadri et al. 2012).  H. aquamarina 

MTCC 4661 exhibited low resistance towards AgNO3, ZnSO4, and Pb(NO3)2. Besides, the 

growth of this halobacterium in presence of these metals was retarded, thus SNPs, Zn based, 

and Pb based nanoparticle synthesis were not attempted. Similarly, Halobacillus sp. MTCC 

6516 exhibited low resistance towards K2TeO3, ZnSO4, and Pb(NO3)2, and thus the 

corresponding nanoparticles synthesis was not carried out. SeNPs synthesis however was 

attempted with H. aquamarina MTCC 4661 and Halobacillus sp. MTCC 6516. 

SeNPs synthesis 

SeNPs synthesis by ML2 was carried out in ZMB medium in presence of 8 mM Na2SeO3. 

SeNPs synthesis by H. aquamarina MTCC 4661 was carried out in NB + 2% NaCl medium 

in presence of 6 mM Na2SeO3, while 3.5% NTYE and 4 mM Na2SeO3 were used for SeNPs 

synthesis by Halobacillus sp. MTCC 6516. Generation of brick-red colouration (Fig. 2.8) was 

used as an indicator of reduction of SeO3
2- to Se0 and SeNPs synthesis. The synthesis was 

found to be a culture dependent phenomenon as the media controls, and culture supernatants 

failed to reduce the SeO3
2- to Se0

. The biomass was harvested once the synthesis was over, and 

dialysed against deionised water overnight with frequent changes of water and dried in the 

oven. The nanoparticles thus obtained were subjected to crystallographic characterisation by 

XRD. The halophilic bacteria capable of synthesising SeNPs were selected for further studies. 

Fig. 2.14 shows the XRD scans of nanoparticles synthesised by H. aquamarina MTCC 4661, 

Halobacillus sp. MTCC 6516, and ML2. XRD analysis exhibited characteristic Bragg’s peak 

of hexagonal selenium (ICDD card no. 06-0362) with ML2. The crystallite domain size as 

calculated by Debye-Scherrer formula was found to be 34.52 nm. Even though both H. 

aquamarina MTCC 4661 and Halobacillus sp. MTCC 6516 exhibited brick red colouration, 

the characteristic peaks of selenium were absent. Thus, ML2 was used for SeNPs synthesis 

and further studies. 
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Lead (IV) sulfide nanoparticles (PbS2NPs) synthesis 

Amongst the three halophilic bacteria tested for their ability to synthesise lead based 

nanomaterials, only ML2 exhibited a high level of intrinsic resistance towards Pb(NO3)2. Pb 

based nanoparticles were synthesised by growing ML2 in ZMB medium with 5 mM Pb(NO3)2. 

In presence of Pb(NO3)2, ML2 turned brown in colour (Fig. 2.11). The biomass was harvested, 

and dialysed against deionised water overnight with frequent changes of water. The 

nanopowder was obtained by drying the dialysed biomass in a hot air oven. XRD analysis of 

the ‘as synthesised’ nanoparticles exhibited the characteristic Bragg’s peak of tetragonal lead 

(IV) sulfide (PbS2) corresponding to ICDD card No. 20-0596 (Fig. 2.15). The crystallite 

domain size was found to be 2.38 nm. Thus, ML2 was used for PbS2NPs synthesis and further 

related studies.  

Fig. 2.14 XRD scans of SeNPs synthesised by (a) Halomonas aquamarina MTCC 4661; (b) 

Halobacillus sp. MTCC 6516; and (c) Idiomarina sp. PR58-8; Only Idiomarina sp. PR58-8 was 

able to synthesise SeNPs.  
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2.4 Conclusion 

The screening of halophilic archaea and bacteria was carried out to determine the most suitable 

cultures for metal and metal sulphide nanoparticle synthesis. Halophilic archaea, Halococcus 

salifodinae BK3, H. salifodinae BK6, H. salifodinae BK7, H. salifodinae BK11, and H. 

salifodinae BK18, and halophilic bacteria, Idiomarina sp. PR58-8, Halomonas aquamarina 

MTCC 4661, and Halobacillus sp. MTCC 6516 were used for this study. First the medium for 

optimum growth for each culture was determined. All the five haloarchaea exhibited optimum 

growth in NTYE medium as was evident from their specific growth rates, doubling times, and 

lag times. The medium supporting optimum growth for Idiomarina sp. PR58-8 was ZMB, for 

Halobacillus sp. MTCC 6516 was 3.5% NTYE, while that for H. aquamarina MTCC 4661 

was NB + 2% NaCl. The MICs of various metals in the respective medium was successfully 

determined for all the haloarchaeal isolates and the halophilic bacteria. Amongst the halophilic 

archaea screened H. salifodinae BK3 and H. salifodinae BK6 exhibited the ability to synthesise 

SNPs; H. salifodinae BK18 could synthesise SeNPs; and H. salifodinae BK3 could synthesise 

TeNPs. Similarly, amongst the halophilic bacteria screened, only Idiomarina sp. PR58-8 could 

successfully synthesise SeNPs and PbS2NPs. Thus, these cultures were used for synthesis and 

applications of metal and metal sulphide nanoparticles.   

 

Fig. 2.15 XRD spectrum of PbS2NPs synthesised by Idiomarina sp. PR58-8. 
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CHAPTER 3 

Synthesis of Silver Nanoparticles by Halophilic Archaea Halococcus salifodinae BK3 

and H. salifodinae BK6 and their Application as Antimicrobial Agents1 

3.1 Introduction 

Silver (Ag) is a transition metal belonging to group 11 (IB) of the periodic table along with 

copper (Cu), gold (Au), and roentgenium (Rg). Pure silver is lustrous, soft, very ductile, 

malleable, and an excellent conductor of heat and electricity. It is present in nature as minerals 

such as argentite (Ag2S), which usually occurs associated to other sulphides of Cu or Pb; 

cerargirite (AgCl); proustite (3Ag2S.Ag2S3); pirargirite (3Ag2S.Sb2S3); stefanite 

(5Ag2S.Sb2S3) and native silver. It is present at 0.08 ppm in the earth’s crust. Unlike copper 

which is an essential trace element, silver has no known biological role. Historically, Ag was 

used for making jewellery, utensils, monetary currency, dental alloy, photography, explosives, 

etc. (Chen and Schluesener 2008). The use of silver as an antiseptic to manage open wounds 

and burns is also well known. Besides these applications, other uses of silver and its 

compounds include, brazing and soldering, catalysis to produce ethylene oxide and 

formaldehyde, in electronic industry as electrical switches, photovoltaic cells, batteries, and 

mirrors and glasses as reflective surfaces. Silver nanoparticles (SNPs) have received 

considerable attention due to their attractive physicochemical properties such as high electrical 

and thermal conductivity, surface enhanced Raman scattering, chemical stability, catalytic 

activity, and non-linear optical behaviour (Vo-Dinh, 2008; Olenin et al. 2008). The large 

effective scattering cross section of individual SNPs makes them ideal candidates for 

molecular labelling where surface-enhanced resonance Raman scattering (SERRS) or surface 

plasmon resonance imaging (SPRI) techniques may be used for detection (Graham et al. 2009; 

Paul et al. 2011).  

                                                           
1 This work is published as: (1) Srivastava P, Braganca J, Ramanan SR, Kowshik M (2013) Synthesis 

of silver nanoparticles using haloarchaeal isolate Halococcus salifodinae BK3. Extremophiles 17:821-

831; (2) Srivastava P, Braganca J, Ramanan SR, Kowshik M (2013) Green synthesis of silver 

nanoparticles by haloarchaeon Halococcus salifodinae BK6. Advanced Materials Research 938:236-

241. 
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Silver in its various chemical forms is known to be a potent antimicrobial agent (Catauro et al. 

2004) and SNPs exhibit strong toxicity against microbes (Furno et al. 2004). The decreased 

particle size and increased specific surface area enables rapid dissolution of ions than the 

equivalent bulk material, thereby enhancing toxicity of SNPs. Once the particles start to 

dissolve or degrade in situ, SNPs readily interact with bio-molecules and biological receptors 

and can reach sub-cellular locations leading to potentially higher localised concentrations of 

ions.  Further, these nanoparticles generate reactive oxygen species (ROS), and interact with, 

and potentially disturb the functioning of bio-molecules such as proteins, enzymes, and DNA 

(Hwang et al. 2008; Feng et al. 2008; Reidy et al. 2013). 

Various chemical (polyol process, precursor injection method, etc.), physical (evaporation-

condensation, thermal-decomposition, and arc discharge), and biological methods have been 

used for synthesis and fabrication of mono- and/or poly-dispersed SNPs. Chemical route of 

SNPs synthesis is the simplest, and large quantities of nanoparticles are generated. However, 

major drawbacks of chemical synthesis include the generation of hazardous by-products, and 

the requirement of capping agents like PVP, poly(N-isopropyl acrylamide) like surfactants, 

alkylthiols, and branched polyethyleneimine (BPEI) which are toxic and reduce the 

applicability of SNPs (Guo et al. 2007, Vasiliev et al. 2009). Physical methods yield large 

quantities of SNPs in a single process, however, the use of extreme conditions of temperature 

and pressure, and the overall instrumentation expenses are disadvantageous (Tran et al. 2013). 

The highly structured physical and biosynthetic activities of microbial cells present a green 

alternative for benign synthesis of SNPs (Gericke and Pinches 2006). Microbially synthesised 

SNPs are usually capped by the stabilising cellular metabolites produced during the process of 

synthesis. 

SNPs have been successfully synthesised by a plethora of microorganisms with properties 

similar to chemically synthesised nanoparticles. Various fungi (Mukherjee et al. 2003; 

Kathiresan et al. 2010), yeast (Kowshik et al. 2003; Manivannan et al. 2011), bacteria (Lengke 

et al. 2007; Shah et al. 2012), and algae (Rajeshkumar et al. 2014) have been reported to 

biologically synthesise SNPs both intracellularly and extracellularly. However, there are no 

reports on nanomaterial synthesis by haloarchaea. In this work, we report for the first time, 
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nanoparticle synthesis by halophilic archaea (haloarchaea), member of the third domain of life, 

Archaea.  

The reduction of Ag+ to colloidal silver by microorganisms in aqueous solutions is a stepwise 

process. First various complexes of Ag+ are reduced to metallic silver atoms (Ag0). This is 

followed by the agglomeration of Ag0 into oligomeric clusters (Sharma et al. 2008). It is these 

clusters that eventually lead to the formation of colloidal Ag nanoparticles (Kapoor et al 1994; 

Sharma et al. 2008). The low molecular weight peptide, GSH and proteins like 

metallothioneins and phytochelatins, enzymes such as oxidoreductases, NADH-dependent 

reductases, nitroreductases, NADH-dependent NRs, and cysteine desulphhydrases have been 

shown to be responsible for nanocrystal formation in yeast, bacteria, and fungi (Sweeney et al. 

2004; Mokhtari et al. 2008; Bai et al. 2009; Ahmad et al. 2003; Shahverdi et al. 2007; 

Ramezani et al. 2010). In this study we report the intracellular synthesis of silver nanoparticles 

by two haloarchaeal isolates, Halococcus salifodinae BK3 and H. salifodinae BK6. We 

demonstrate the involvement of NADH-dependent NRs in metal tolerance, silver reduction 

and nanoparticle synthesis.  

3.2 Materials and Methods 

3.2.1 Organism and culture maintenance 

H. salifodinae BK3 and BK6 were previously isolated and characterised in the laboratory by 

Mani et al. (2012). They were maintained on NTYE plates. They were also maintained in 

NTYE broth at 37°C, 110 rpm, and sub-cultured every 5 days. 

3.2.2 Silver resistance and growth kinetics studies 

The effect of silver on the growth of haloarchaeal isolates was determined in the presence of 

AgNO3 in the concentration range of 0.05 mM to 1 mM. Silver nitrate was prepared as 0.1 M 

stock solution and sterilised by filtration. The silver resistance studies were performed by 

growing H. salifodinae BK3 and BK6 in the presence of 0.05 mM AgNO3. The culture was 

adapted to silver in NTYE by sub-culturing it in increasing concentrations of silver salt. To 

study the effect of metal on the growth kinetics of H. salifodinae BK3, and BK6, 100 ml NTYE 

supplemented with 0.5 mM/1 mM AgNO3 was inoculated with 1% culture adapted to silver 
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and incubated at 37°C, 110 rpm. A 1 ml aliquot of culture was withdrawn at intervals of 24 hrs 

and absorbance was measured at 600 nm on UV-visible double beam spectrophotometer. 

Inoculated medium without AgNO3 served as positive control, and un-inoculated medium with 

AgNO3 served as negative control. Similarly, the growth profile of both the isolates in nitrate 

broth (0.5% peptic digest of animal tissue, 0.3% beef extract and 0.1% potassium nitrate) 

amended with 25% NaCl, 0.5% KCl and 2% MgSO4.7H2O (Halophilic Nitrate Broth; HNB) 

was also determined. Specific growth rate, doubling time and lag time were calculated as 

described in section 2.2.2.  

3.2.3 Biosynthesis of SNPs and process parameter optimisation  

H. salifodinae BK3, and H. salifodinae BK6 (2%, OD= 0.6) were inoculated in NTYE medium 

with requisite amount of AgNO3 and incubated at 37°C, 110 rpm in the dark for nanoparticle 

synthesis. The accumulation and reduction of silver was followed by visual observation of 

biomass turning brown-black, which is a convenient indication of the formation of silver 

nanoparticles. The cells were harvested by centrifugation (10,000 × g, 20 mins, RT). The pellet 

obtained was washed twice with sterile distilled water (SDW) and dialysed against deionised 

water for 24 hours, with change of water once every two hours. The sample was sonicated 

(Microson™ Sonicator) at 0°C for 15 mins each, at 3 RPS (40 W) followed by centrifugation 

at lower speed (10,000 × g, 30 mins) to separate the cell debris and then high speed (22,000 × 

g, 1 hr) to collect the nanoparticles. The nanoparticle powder was obtained by drying the pellet 

at 60°C for 12 hours. Appropriate controls (un-inoculated medium + AgNO3 and culture 

supernatant + AgNO3) were run simultaneously. Similarly, SNPs were also synthesised in 

HNB medium.  

Process parameters such as medium pH, incubation temperature and AgNO3 concentration 

were varied to determine the optimal conditions for maximum yield of SNPs. H. salifodinae 

BK3, and BK6 were grown in NTYE/HNB with varying pH, or varying AgNO3 

concentrations, or incubation temperatures and the yield of SNPs was determined as mentioned 

in section 3.2.4. The following parameters were tested for optimising the process: 

pH 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0  

AgNO3 conc. (mM) 0.05 0.1 0.15 0.2 0.3 0.4 0.5 0.6 0.7 

Temperature (°C) 20 25 30 35 37 40 45   
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3.2.4 Silver estimation and yield determination 

Flame-atomic absorption spectroscopy (FAAS), Shimadzu AA-700 was used to determine the 

silver concentration in the supernatant and the cell pellet after exposure to AgNO3. 

Instrumental conditions for FAAS measurement are summarised in Table 3.1. For process 

parameter optimisation, both the culture supernatant and the cell pellet were harvested 

followed by digestion with nitric acid. The samples were diluted appropriately and analysed 

by FAAS.  

 Table 3.1 Instrumental conditions for FAAS measurements 

 

 

 

 

 

 

SNPs synthesis was subsequently carried out at optimised conditions in both HNB and NTYE 

media in triplicates. 5 ml samples were withdrawn every 24 hrs, and the supernatant was 

separated from the cell pellet (12,000 × g; 30 mins). The supernatants, and cell pellets were 

prepared by nitric acid digestion, appropriately diluted, and analysed by FAAS. One set of the 

cell pellets was dried and weighed to determine the respective cell dry weight (CDW). The 

yield per gram of CDW was calculated as: Y = P B⁄   where, Y is the yield (mg/g CDW), P is 

the weight/mass of the product obtained and B is the CDW. The yield per mg of substrate 

added was determined as: 𝑆Y = Q S⁄  where, SY is the yield (mg/mg of Ag added), Q is the 

mass/weight of Ag taken up by the cells (mg) and S is the mass/weight of Ag (substrate) 

provided to the cells for SNPs synthesis. 

 

 

Element Silver 

BGC mode BGC-D2 

Wavelength 328.1 nm 

Lamp current 10 mA 

Slit width 0.7 nm 

Flame type Air-C2H2 

C2H2 flow rate 2.2 L/min 

Burner height 7 mm 
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3.2.5 Characterisation of silver nanoparticles 

The excitation spectra of the SNPs dried powder (prepared in NTYE, and HNB), suspended in 

distilled water was recorded in the range of 200-800 nm using UV-visible double beam 

spectrophotometer with distilled water as the blank. Crystallographic characterisation was 

performed as described in section 2.2.4.1. The lattice parameters for fcc crystal system were 

calculated according to the formula: 

  
1

𝑑2 =
(ℎ2+𝑘2+𝑙2)

𝑎2           (4) 

where (h k l) is (1 1 1).  

The morphology of the nanoparticles powder was determined using transmission electron 

microscopy (TEM). The SNPs synthesised in NTYE and HNB were dispersed in water by 

sonication at 0°C for 15 mins each, at 3 RPS (40 W). The colloidal solution of SNPs thus 

obtained, was drop-coated on carbon-coated copper TEM grids. The TEM images were 

obtained using Philips (Model- CM200) transmission electron microscope (resolution 2.4 Å), 

which was operated at an accelerating voltage of 190 keV. Selected area electron diffraction 

(SAED) studies were also carried out using the TEM. The elemental composition of the 

nanoparticles was determined by energy dispersive X-ray analysis (EDAX) using JEOL, JSM-

5800LV scanning electron microscope equipped with EDX and operated at 20 keV. The 

sample powders were deposited on a carbon tape before mounting on a sample holder and gold 

coated for EDAX. 

3.2.6 Thiol assay 

H. salifodinae BK3, and H. salifodinae BK6 cells (0.5 g wet weight) grown in presence of 0.05 

mM, and 0.5 mM AgNO3 were suspended in TN buffer (50 mM Tris, 4 M NaCl). The 

suspension was sonicated at 0°C for 5 cycles of 2 mins each, at 3 RPS (40 W). Cell debris was 

removed by centrifugation at 10,000 × g, at 4°C for 20 mins, and the supernatant (Cell free 

extract- CFE) was stored at -20°C for thiol assay. Cells grown in the absence of AgNO3 served 

as the negative control. Total thiol (T-SH), non-protein thiol (NP-SH), and protein bound thiol 

(PB-SH) were estimated using 5,5’-dithio-bis (2-nitrobenzoic acid) (DTNB; Sigma) according 

to Sedlak and Lindsay (1968). For determination of T-SH, 79% methanol (Merck), 0.03 M 
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Tris (pH 8.2) and 0.1 mM DTNB were added to 50 µl of CFE, and incubated at RT for 15 

mins. The mixture was centrifuged at 1,700 × g, for 15 mins, and absorbance was recorded at 

412 nm against a reagent blank. Reduced GSH (Sigma) was used as the standard. For 

determination of NP-SH, 500 µl of CFE, 400 µl of milli Q water and 5% TCA were gently 

mixed for 12 mins and centrifuged at 1,700 × g, for 15 mins. Tris (0.16 M; pH 8.9) and DTNB 

(0.1 mM) were added to 200 µl of the supernatant and absorbance was measured at 412 nm 

within 3 mins of addition of DTNB. PB-SH was determined by subtracting the NP-SH from 

the T-SH. Total cellular proteins were estimated by Bradford’s method (Bradford, 1976) using 

bovine serum albumin (BSA) as standard. The T-SH and PB-SH were normalised to the total 

protein content of the cells. The assay was carried out in triplicates. 

3.2.7 Nitrate reductase assay and inhibitor studies  

The cultures H. salifodinae BK3 and H. salifodinae BK6 were grown in HNB broth, with 0 

(control), 0.05 and 0.5 mM AgNO3 at 37°C, 110 rpm for 10 days. Both positive (inoculated 

medium with 0.05 and 0.5 mM KNO3), and negative (un-inoculated medium with 0.5 mM 

AgNO3) controls were run simultaneously. Culture was centrifuged at 10,000 × g, for 20 mins 

at RT. 100 µl of Griess Ilosvays reagent and 2.6 ml distilled water were added to 300 µl of 

culture supernatant, incubated at RT for 30 mins, and the absorbance of the resultant coloured 

product was recorded at 548 nm using UV-visible double beam spectrophotometer. The 

standard curve was prepared using NaNO2. The assay was performed in triplicates. 

The NR enzyme activity of H. salifodinae BK3, and H. salifodinae BK6 was measured 

according to Harley (1993) by determining the amount of nitrate reduced within 2 mins by the 

CFE, on addition of substrate mixture (25 mM potassium phosphate buffer, 10 mM KNO3, and 

0.05 mM ethylene diamine terta acetic acid (EDTA) (pH 7.3)). 100 µl CFE of H. salifodinae 

BK3, and H. salifodinae BK6, grown in presence of 0.05 and 0.5 mM AgNO3 was added to 

the substrate mixture along with 0.2 mM β-nicotinamide adenine dinucleotide (reduced form; 

β-NADH). The reaction was stopped after 2 mins by addition of 0.15 mM sulphanilamide 

solution in 3 mM HCl (Qualigens), followed by 0.19 mM N-(1-naphthyl) ethylene diamine 

hydrochloride (NED) solution, with proper mixing. Absorbance of the resultant coloured 

product was recorded at 540 nm. 0.05mM, and 0.5 mM KNO3 were used as positive controls. 

For negative control, the substrate mixture was inactivated by boiling the CFE for 10 mins, 
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and the nitrite content was subtracted from that of the test, to give total amount of nitrite 

produced by the enzyme in 2 mins. All the assays were performed in triplicates. 

Phenyl methane sulphonyl fluoride (PMSF), EDTA, sodium azide, and idoacetate (IAA) were 

used for the inhibitor study. H. salifodinae BK3, and H. salifodinae BK6 were grown in the 

absence of inhibitor (Negative control), in presence of 10 mM inhibitor, and in presence of 10 

mM inhibitor along with 0.5 mM AgNO3. Culture grown in presence of 0.5 mM AgNO3 in the 

absence of the inhibitor served as positive control. Further, the NR activity of the CFE obtained 

from cells grown in presence of 0.5 mM AgNO3 was determined in presence of 10 mM 

inhibitor. The study was carried out in triplicates for each inhibitor. The percentage of 

inhibition of NR enzyme activity was determined by the formula:  

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 −  {(𝑁𝑅𝐼 × 100)/𝑁𝑅𝐴𝐼}      (5) 

where, NRI is NR activity in the presence of the inhibitor and NRAI is the NR activity 

in the absence of the inhibitor.            

3.2.8 Antimicrobial effect of SNPs 

Disk diffusion method was employed to determine the antimicrobial activity of the SNPs 

synthesised by both H. salifodinae BK3, and H. salifodinae BK6. The test organisms used 

were gram-negative Escherichia coli ATCC 10536 and Pseudomonas aeruginosa MTCC 

2582, and gram-positive Staphylococcus aureus ATCC 6538P and Micrococcus luteus NCIM 

2170. A stock solution of 20 mg/mL SNPs synthesised in HNB was prepared in SDW, and the 

suspension was sonicated for proper dispersal. Sterile disks of 6 mm diameter were loaded 

with SNPs suspension to give a concentration of 10 and 50 μg/disc. Log phase bacterial 

cultures (~ 106 CFU/mL) were swabbed on Mueller Hinton agar, impregnated with the sample 

loaded disks and incubated at 37°C for 18 hrs. The antibacterial activity was determined by 

measuring the zone of inhibition (ZoI), which is a fast and inexpensive method. The ZoI 

obtained due to SNPs was compared to that obtained due to the antibiotic streptomycin (25 

μg/disc) and gentamicin (30 μg/disc) which served as positive controls; saline served as the 

negative control. The assay was performed in triplicates. 
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The minimum inhibitory concentration (MIC) of the SNPs synthesised by both H. salifodinae 

BK3, and BK6 was also determined according to the standard guidelines of CLSI, against E. 

coli ATCC 10536, P. aeruginosa MTCC 2582, S. aureus ATCC 6538P, and M. luteus NCIM 

2170. 100 μl/well of double strength MH broth (MHB) was added in a 96-well microtiter plate 

along with appropriate dilutions of the SNPs prepared in deionised water. 10 μl of 0.1% 

resazurin sodium salt (Sigma-Aldrich) was added to each well, followed by exponential phase 

bacterial cells (~106 CFU/ml), and the volume was made up to 200 μl using SDW. The plate 

was incubated in the dark at 37°C, for 24 hrs on a shaking incubator. The lowest concentration 

of the SNPs at which no blue to pink colour change was observed was recorded as the MIC. 

Appropriate controls were subjected to similar treatments. All experiments were carried out in 

triplicates. 

3.2.9 Statistical analysis 

The statistical analysis was carried out as described in section 2.2.5. 

3.3 Results and Discussion 

3.3.1 Studies on growth kinetics   

Silver nitrate was found to be toxic to both H. salifodinae BK3, and H. salifodinae BK6 above 

concentrations of 0.5 mM. At 0.05 mM AgNO3, both the isolates exhibited growth similar to 

the unexposed controls (Fig. 3.1 a,b). MIC of AgNO3 for both the isolates was 1 mM, as the 

cultures did not exhibit growth at this concentration (Fig 3.1). In presence of 0.5 mM AgNO3, 

both the isolates exhibited slow growth, and the pigmentation of the culture changed from 

orange-red to brown-black, indicating the reduction of Ag+ to metallic silver (Ag0) (Fig. 3.2). 

During the first contact with AgNO3, the cultures in NTYE medium exhibited a retarded 

growth (Fig. 3.3). However, on repeated growth in medium containing 0.05 mM to 0.5 mM 

AgNO3 (three subcultures) the organism adapted to growth in presence of silver. The growth 

profile of Ag adapted H. salifodinae BK3 (Fig. 3.3ic) was similar to that of control (Fig. 3.3ia). 

The specific growth rate (μ) of H. salifodinae BK3 exposed to AgNO3 for the first time was 

0.27 days-1, which increased to 0.67 days-1 (p<0.05) for cells adapted to AgNO3 (Table 3.2). 

Similarly, AgNO3 adapted H. salifodinae BK6 cells exhibited a significantly higher μ of 0.69 

days-1 (p<0.05) as compared to 0.28 days-1 for cells exposed to AgNO3 for the first time (Fig. 
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3.3ii). The lower growth rate and prolonged lag phase are indicative of longer adaptation 

periods required by the isolates encountering AgNO3 for the first time. Adaptation by repeated 

sub-culturing with increasing concentrations of AgNO3 enables the microorganism, in this case 

the haloarchaea, to adjust to the metal stress. A similar tolerance to metal toxicity and metal 

uptake by adaptation has been shown in other microorganisms i.e., bacteria (Appanna et al. 

1996; Xia et al. 2008), yeast (Domnez et al. 2001), and fungi (Ge et al. 2011).  

 

 

 

 

 

 

 

 

 

Fig. 3.1 Growth profile of (a) H. salifodinae BK3, and (b) H. salifodinae BK6 at varying 

concentrations of AgNO3. Values are mean ± SD (error bars) for three experiments. 

 

 

Fig. 3.2 (a) Halococcus salifodinae BK3 on 

NTYE plate appears orange-red; (b) BK3 

turned black in presence of 0.5 mM AgNO3 

on NTYE; Growth in halophilic nitrate 

broth (c) BK3 (d) BK3 + 0.05 mM AgNO3 

(e) BK3 + 0.5 mM AgNO3.  
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Table 3.2 Growth kinetics parameters of Halococcus salifodinae BK3 and H. salifodinae BK6.  

Medium  
μ (days-1) tl (hrs) td (hrs) 

BK3 BK6 BK3 BK6 BK3 BK6 

NTYE 

Control 0.99 0.99 11.52 12 16.9 16.8 

Silver adapted 0.67 0.69 12.48 14.4 25.1 24.02 

Silver exposed 0.27 0.28 19.2 19.2 61.9 58.97 

HNB 

Control 0.99 0.99 10.56 12 16.9 16.82 

Silver adapted 0.87 0.98 11.52 11.52 19.2 16.94 

Silver exposed 0.32 0.37 14.4 21.6 51.5 45.58 

    µ- specific growth rate; tl
 - lag time; td

 - doubling time  

 

 

 

 

Fig. 3.3 Effect of silver nitrate on growth profiles of (i) H. salifodinae BK3 and (ii) H. salifodinae 

BK6 (a) in NTYE medium without AgNO3 (control); (b) upon first exposure to AgNO3 by addition 

of 0.5 mM AgNO3 in NTYE; (c) for cells adapted to AgNO3 upon addition of 0.5 mM AgNO3 in 

NTYE; (■) OD; (▲) Growth rate; Values are mean ± SD (error bars) for three experiments. 
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The haloarchaeal isolates, H. salifodinae BK3, and H. salifodinae BK6 were capable of 

reducing toxic, colourless, soluble Ag+ to brown-black, insoluble elemental (Ag0) form as 

SNPs intracellularly. Various organisms have been shown to synthesise SNPs which is 

accompanied by the brown-black colouration of the medium (Kowshik et al. 2003; Shankar et 

al. 2004; Basavaraja et al. 2008), that arises due to the excitation of surface plasmon vibrations 

typical of SNPs (Mulvaney 1996). Media controls without the culture did not precipitate silver, 

thus confirming that synthesis of SNPs was a culture dependent phenomenon. Likewise, NP 

synthesis was not observed when AgNO3 was added to the supernatant of H. salifodinae BK3/ 

H. salifodinae BK6 grown both in the presence, and absence of AgNO3 for 72 hrs. Certain 

organisms like yeast, bacteria, and fungi have been shown to overcome metal stress and 

synthesise MNPs when the metal is introduced into the medium during the mid-log phase of 

growth (Kowshik et al. 2003; Bai et al. 2009; Hariharan et al. 2012). The AgNO3 when added 

to the mid-log phase of either H. salifodinae BK3 or H. salifodinae BK6 prevented further 

growth of the haloarchaea and did not result in SNPs synthesis. However, when these cells 

were inoculated in fresh NTYE medium, the organisms resume growth, suggesting that the 

addition of AgNO3 during mid-log phase does not kill the haloarchaeon, only inhibits their 

growth. On the other hand, addition of AgNO3 at the time of inoculation allows the 

haloarchaeal cells to adapt to the toxic Ag+, resulting in growth and synthesis of SNPs. A 

similar phenomenon has been reported in bacteria in response to metal stress, where addition 

of metal any time after lag phase is bacteriostatic, while addition at the time of inoculation 

allows the bacteria to overcome metal stress (Williams et al. 1996; Walker and Houston, 1981). 

SNPs synthesis by the marine bacterium, Idiomarina sp. PR58-8 also requires the addition of 

AgNO3 at the time of inoculation (Seshadri et al. 2012). The addition of the metal salt at the 

time of inoculation is advantageous, especially during the scale-up of the SNPs synthesis 

process, as the need for growth phase monitoring is eliminated.  

3.3.2 Mechanism of SNPs synthesis 

Organisms are known to tolerate metal stress by increasing the cellular pools of thiol 

compounds, resulting in formation of a thiolate-metal complex, which neutralises the toxicity 

of the metals and traps them inside the cells. These thiol compounds include the NP-SH 

glutathione (Avery et al. 2001), and the PB-SH MTs and PCs (Winge et al. 1985; Kneer et al. 
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1992). In certain fungi and yeast, heavy metal exposure results in an increased synthesis of 

PCs or MTs thereby exhibiting an increased PB-SH (Münger et al. 1987; Hayashi and Mutoh 

1994; Borrelly et al. 2002). However, in some fungi and bacteria, exposure to heavy metal 

causes the sulphur in the proteome to be utilised for synthesis of GSH instead of sulphur rich 

proteins (Speiser et al. 1992), thereby decreasing the levels of PB-SH and increasing the NP-

SH levels within the cell (Guimarães- Soares et al. 2007; Seshadri et al. 2011). Haloarchaea 

have γ-glutamyl cysteine (γGC) (Newton and Javor 1985; Malki et al. 2009) which is 

analogous to GSH, and is involved in maintaining a reducing environment within the cell, 

overcoming oxidative and disulphide stress, and detoxification of xenobiotics (Fahey 2001). 

However, its role in metal resistance of haloarchaea has not been investigated. To determine 

the role of thiols in conferring metal resistance in both H. salifodinae BK3, and H. salifodinae 

BK6, thiol assay was performed on cells grown in the presence, and absence of AgNO3.  

On exposure to AgNO3, both H. salifodinae BK3, and H. salifodinae BK6, exhibited a 

concentration dependent decrease in T-SH, NP-SH and PB-SH (Fig. 3.4). The thiol contents 

were normalised to the total protein content of the respective samples. In presence of 0.05 mM 

AgNO3, a 60%, 35% and 75% decrease in concentration of T-SH, NP-SH, and PB-SH, 

respectively, as compared to the control (H. salifodinae BK3 cells grown in the absence of 

AgNO3), was observed. Similarly, in case of H. salifodinae BK3 cells grown in presence of 

0.5 mM AgNO3, the concentration of T-SH, NP-SH, and PB-SH decreased by 81%, 86% and 

76%, respectively. H. salifodinae BK6 grown in presence of 0.05 and 0.5 mM AgNO3 also 

exhibited a similar decrease in T-SH, NP-SH and PB-SH as compared to unexposed controls 

(Fig. 3.4b). A similar observation of decrease in NP-SH, and PB-SH in Articulospora 

tetracladia exposed to copper was made by Miersch et al. (2001) during studies on the 

influence of Cd2+, Cu2+, and Zn2+ on growth and thiol production. Here, the reduced levels of 

GSH and PCs were attributed to the participation of Cu in Fenton reaction, resulting in the 

oxidation of the thiols accompanied with an imbalance in their synthesis/recycling and 

consumption/degradation. In haloarchaea, γGC is maintained in its reduced form by the 

enzyme bis-γ glutamyl cysteine reductase (GCR), which is analogous to glutathione reductase 

(Sundquist and Fahey 1989). Heavy metal ions of Zn2+, Cu2+, Hg2+, and arsenite have been 

shown to inhibit GCR in Halobacterium halobium (Sundquist and Fahey 1989). A similar 

inhibition of GCR by Ag+ may be responsible for a concentration dependent decrease in the 
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NP-SH and T-SH, in both H. salifodinae BK3, and H. salifodinae BK6. Thus, thiol compounds 

were not involved in SNPs synthesis and metal resistance in these organisms. 

 

 

The reduction of silver ions to its metallic form in bacterial, and fungal systems has also been 

shown to involve enzymatic detoxification by enzymes like nitrate reductase (NR), where toxic 

metal form is converted to non-toxic nano-particulate form (Ahmad et al. 2003; Durán et al. 

2005; Kalimuthu et al. 2008; Vaidyanathan et al. 2010). Both, H. salifodinae BK3, and BK6 

were found to be NR positive as indicated by the pink colour development on addition of 

Griess Ilosvays reagent. The reduction of nitrate to nitrite is catalysed by NR using NADH as 

the electron donor, however in the presence of silver the electron is shuttled from NADH to 

reduction of silver ions (Deepak et al. 2011). In case of H. salifodinae BK3, the nitrite 

concentration within the cell at the time of inoculation was 0.68 nM. On day 5, the nitrite 

concentration for cells grown in presence of 0.05 mM and 0.5 mM AgNO3 decreased by 18% 

and 49%, respectively (Fig. 3.5a), as compared to the control (cells grown in the absence of 

AgNO3). However, after complete reduction of silver (day 10), the nitrite concentration of cells 

grown in presence of 0.05 mM, and 0.5 mM AgNO3 increased by 22% and 52%, respectively, 

with respect to the control (cells grown in the absence of AgNO3). Similarly, for H. salifodinae 

BK6 grown in presence of 0.05 mM, and 0.5 mM AgNO3, a decrease in nitrite concentration 

of 17% and 46%, respectively was observed on day 5, which increased by 25% and 54% as 

Fig 3.4 Effect of silver nitrate on the concentrations of T-SH, NP-SH and PB-SH in (a) H. 

salifodinae BK3 and (b) H. salifodinae BK6 exposed to 0.05 and 0.5 mM AgNO3. Control= 0 mM 

AgNO3. Values are mean ± SD for three experiments. 
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compared to control, on day 10 (Fig. 3.5b). Thus, it may be postulated that after complete 

reduction of silver, the nitrate reduction resumes, and the NR activity increases with increase 

in the metal concentration.  

 

 

This was confirmed by estimation of NR 

enzyme activity (Fig. 3.6). H. salifodinae 

BK3 CFE exhibited a two-fold (9.6 nmols 

nitrite/min/ml) and a three-fold (13.6 nmols 

nitrite/min/ml) increase in NR enzyme 

activity at 0.05 mM, and 0.5 mM AgNO3, 

respectively, as compared to the control (0 

mM AgNO3; 5.4 nmols nitrite/min/ml). 

Likewise, H. salifodinae BK6 exhibited an 

NR enzyme activity of 5.3 nmols 

nitrite/min/ml which in presence of 0.05 

mM, and 0.5 mM AgNO3 exhibited a two-

fold (9.9 nmols nitrite/min/ml) and a threefold (14.7 nmols nitrite/min/ml) increase, 

respectively, suggesting an upregulation of NR activity in presence of AgNO3. A similar up-

regulation of NADH-dependent NR during silver nitrate treatment was reported by Babu et al. 

(2011), in a global transcriptomic study of Bacillus cereus ATCC 14579 in response to AgNO3 

stress. In order to verify whether the upregulation in the activity of NR was due to the silver 

Fig. 3.5 Effect of silver nitrate addition on the nitrite concentration of (a) H. salifodinae BK3 and 

(b) H. salifodinae BK6 during SNPs synthesis (day 5) and after completion of SNPs synthesis (day 

10). Values are mean ± SD (error bars) for three experiments. 

 

Fig. 3.6 Effect of silver nitrate addition on the 

nitrate reductase activity of H. salifodinae 

BK3 and H. salifodinae BK6 during SNPs 

synthesis. Values are mean ± SD (error bars) 

for three experiments. 
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ions or the nitrate component of AgNO3, the NR enzyme assay was performed by spiking the 

growth medium with 0.05 mM, and 0.5 mM KNO3. The NR enzyme activity of H. salifodinae 

BK3 was 1.7 times lower (5.7 nmols nitrite/min/ml, and 7.9 nmols nitrite/min/ml for 0.05 mM, 

and 0.5 mM KNO3, respectively) as compared to the activity of the cells grown in presence of 

0.05 mM, and 0.5 mM AgNO3. The enzyme activity of the cells grown in presence of 0.05 

mM KNO3 was found to be similar to that of control (cells grown in the absence of AgNO3), 

which may be explained by the negligible increase in the overall nitrate concentration of the 

medium. The higher NR enzyme activity exhibited by the cells grown in presence of 0.05 mM 

and 0.5 mM AgNO3, suggest that the upregulation is due to the silver component of AgNO3 

and not the nitrate. Likewise, the enzyme activity of H. salifodinae BK6 in presence of 0.05 

mM, and 0.5 mM KNO3 was found to be 1.06 times (5.7 nitrite/min/ml) and 1.5 times (7.9 

nmolsnitrite/min/ml) lower, respectively, as compared to the activity of the cells grown in 

presence of AgNO3 (0.05 mM and 0.5 mM). Only a negligible increase in the nitrite content 

of the cells was observed for cells grown in presence of KNO3 (Fig 3.6a, b). Thus, the 

enzymatic detoxification by NADH-dependent NR may be responsible for silver resistance 

and SNPs synthesis in both H. salifodinae BK3 and H. salifodinae BK6.  

The role of NR in metal resistance and nanoparticle synthesis was further confirmed by 

enzyme inhibitor studies using sodium azide, PMSF, EDTA and IAA. These compounds are 

well known enzyme inhibitors specific for certain enzymes. PMSF is a serine protease inhibitor 

(Michaud et al. 1993), IAA a cysteine peptidase inhibitor (Knap and Pratt, 1991), EDTA a 

metallopeptidase inhibitor (Auld, 1995) while, sodium azide is a known nitrate reductase 

inhibitor (Amy and Garrett, 1974). In the absence of any metal stress both the isolates H. 

salifodinae BK3 and H. salifodinae BK6 were able to grow in presence of 10 mM 

concentration of all the inhibitors, growth being slightly delayed only in case of IAA. In 

presence of AgNO3 and the inhibitors growth of both the isolates remained unaffected, with 

the exception of sodium azide. Sodium azide inhibited growth of BK3 and BK6 in presence of 

AgNO3. Similarly, the SNPs synthesis was significantly affected (p<0.05) during growth in 

presence of sodium azide. Although EDTA and IAA exhibited an inhibition of SNPs synthesis, 

it was found to be insignificant (p>0.05) as compared to sodium azide. In presence of metal 

stress, enzyme inhibitors affected both growth and SNPs synthesis in the following order, 

Sodium azide >> EDTA ≥ IAA >> PMSF. Similar observations were made by Vaidyanathan 
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et al. (2010) during studies on silver nanoparticle synthesis by Bacillus licheniformis. They 

postulated the involvement of enzyme NR in SNPs synthesis based upon the inhibition of 

nanoparticle synthesis exhibited by the known inhibitor of NR, sodium azide. The NR activity 

of the CFE of H. salifodinae BK3 cells in presence of 10 mM inhibitor and 0.5 mM AgNO3 

was found to be 0.3 nmols nitrite/min/ml (for sodium azide), 10.2 nmols nitrite/min/ml (for 

IAA), 13.3 nmols nitrite/min/ml (for PMSF) and 9.5 nmols nitrite/min/ml (for EDTA), as 

compared to the control (cells grown in the presence of 0.5 mM AgNO3 and with no inhibitor) 

which exhibited a NR activity of 13.6 nmols nitrite/min/ml. Similarly, H. salifodinae BK6 

grown in presence of sodium azide exhibited lowest enzyme activity (0.6 nmols nitrite/min/ml) 

as compared to the cells grown in the presence of 0.5 mM AgNO3 with no inhibitor (14.7 

nmols nitrite/min/ml). Fig. 3.7 shows the enzyme activity in the presence of inhibitor as a 

percentage of that in controls where inhibitor was not added but silver nitrate was present. The 

NR activity of CFE of cells grown in the absence of AgNO3 and any inhibitor was found to be 

5.4 and 5.3 nmols nitrite/min/ml for H. salifodinae BK3, and H. salifodinae BK6, respectively. 

Although the involvement of other factors (or enzymes etc.) cannot be ruled out, our results 

suggest the involvement of the enzyme NR in nanoparticle synthesis and silver nitrate 

tolerance. Therefore, the NR mediated tolerance and detoxification of silver in haloarchaeal 

isolates H. salifodinae BK3, and H. salifodinae BK6 may represent a metal resistance 

mechanism that has not been exhibited earlier in haloarchaea.  

 

SNPs synthesis by H. salifodinae BK3 and H. salifodinae BK6 was also obtained using nitrate 

broth amended with 25% NaCl, 0.5% KCl, and 2% MgSO4 (HNB) as the growth medium. 

Growth kinetics studies using this medium (Fig. 3.8) showed that although there was a 

decrease in the growth rate of both the isolates in presence of silver nitrate, the affect was lower 

Fig. 3.7 The effect of various inhibitors 

like PMSF, IAA, EDTA and sodium 

azide on nitrate reductase enzyme activity 

of H. salifodinae BK3 and H. salifodinae 

BK6. Values are mean ± SD (error bars) 

for three experiments. 
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as compared to growth in NTYE (Table 3.1). The doubling time of silver adapted H. 

salifodinae BK3 in presence of 0.5 mM AgNO3 in HNB was found to be 1.3 times (19.2 hrs) 

lower than the doubling time in NTYE (25.1 hrs). The specific growth rate (0.87 days-1) taken 

together with the lag phase (11.52 hrs) and doubling time of silver adapted H. salifodinae BK3 

thus indicate the HNB to be a medium for faster growth of the organism in presence of silver 

nitrate and production of SNPs. Similarly, the specific growth rate was found to be higher, and 

lag time and doubling time lower, for H. salifodinae BK6 in HNB as compared to NTYE. The 

SNPs synthesis in HNB was intracellular with brown colouration of the cells. Media controls 

without culture did not precipitate silver indicating that SNPs synthesis was a culture 

dependent phenomenon. 

 

 

Fig. 3.8 Effect of AgNO3 on growth of haloarchaeal isolates in HNB medium; (■) OD; (▲) Growth 

rate; Growth profile of H. salifodinae BK3 (a) in the absence of AgNO3 (control); (b) upon first 

exposure to 0.5 mM AgNO3; (c) for cells adapted to 0.5 mM AgNO3; Growth profile of H. 

salifodinae BK6 (d) in the absence of AgNO3 (control); (e) upon first exposure to 0.5 mM AgNO3; 

(f) for cells adapted to 0.5 mM AgNO3; Values are mean ± SD (error bars) for three experiments. 
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3.3.3 SNPs biosynthesis and its optimisation  

Growth of both H. salifodinae BK3, and BK6 in presence AgNO3 was accompanied with the 

change in culture colouration to brown black. In order to determine the optimal conditions for 

synthesis, the haloarchaeal isolates were grown at various medium pH, incubation temperature, 

and AgNO3 concentration in both NTYE, and HNB media. Following synthesis at these 

conditions, the nanoparticles were extracted and their yield determined. The SNPs synthesised 

by H. salifodinae BK3 are designated as SNPs-BK3, while that synthesised by H. salifodinae 

BK6 are designated as SNPs-BK6. 

AgNO3 concentration 

A concentration range of 0.05 mM to 0.7 mM AgNO3 was used to determine the optimum 

concentration for SNPs synthesis. The yield at all the concentrations was not affected by the 

medium used however, the synthesis occurred faster in HNB. Both the cultures exhibited a 

similar trend of SNPs synthesis at all the concentrations. Maximum SNPs synthesis was 

obtained in presence of 0.5 mM AgNO3 with a yield of ~ 3.26 mg/g CDW (Fig. 3.9a, b). The 

yield of SNPs at 0.6 mM AgNO3 was very similar to that of 0.5 mM AgNO3, with no 

significant difference (p<0.05), however the growth was slightly delayed. The yield of SNPs 

at lower concentrations of AgNO3 (0.05, 0.1, 0.15, 0.2, 0.3, and 0.4 mM) was found to be 

proportional to the substrate concentration. At 0.7 mM AgNO3, the yield was ~0.75 mg/g 

CDW, which was significantly lower (p<0.05) when compared to the yield at 0.5 mM AgNO3. 

This may be attributed to the increase in toxicity at higher concentration of AgNO3.  Although 

the organisms were able to grow and synthesise SNPs at 0.7 mM AgNO3, both growth and 

SNPs synthesis were negatively affected. Thus, a concentration of 0.5 mM AgNO3 was used 

for SNPs synthesis by H. salifodinae BK3/BK6 in NTYE/HNB.  

Medium pH 

The SNPs synthesis by H. salifodinae BK3, and BK6 was evaluated in NTYE and HNB 

between pH 4.5- pH 8.0. A similar trend of SNPs synthesis was exhibited by both the 

haloarchaea (Fig. 3.9c, d). The medium used for the optimisation did not affect the yield of the 

SNPs however the synthesis was faster in HNB. Maximum yield of ~ 3.26 mg/g CDW was 

obtained at pH 7.0. At a pH of 4.5, the haloarchaeal cultures failed to grow even in the absence 
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of AgNO3. At pH of 5.0 and 5.5, the growth of haloarchaeal cultures in the absence of AgNO3 

was very poor, therefore when grown in presence of 0.5 mM AgNO3 the yield of SNPs was 

significantly lower (p<0.05) as compared to that at pH 7.0. The pH range for growth of 

Halococcus is 6.0-9.5, with the optimum at pH 7.0 (Grant, 2015). Thus, as the pH increased 

from 6.0 to 6.5, the yield also increased. Yield of SNPs at pH 7.5 was ~ 3.15 mg/g CDW, 

which was not significantly different (p>0.05) than the yield obtained at pH 7.0. However, pH 

8.0 significantly lowered the yield of SNPs, which may be attributed to the pH changing to 

alkaline. Based on these results, SNPs synthesis was carried out at pH 7.0.    

Incubation temperature 

A temperature range of 20°C to 45°C was tested to determine the optimum temperature for 

SNPs synthesis. The yield at all the temperatures evaluated was not affected by the medium 

used however, the synthesis occurred faster in HNB. Likewise, H. salifodinae BK3 and BK6 

exhibited a similar trend of SNPs synthesis at all the temperatures. The optimum range of 

incubation temperature for growth of Halococcus is 30°C to 40°C (Grant, 2015). Maximum 

SNPs synthesis was obtained at 35°C, and 37°C with a yield of ~ 3.26 mg/g CDW (Fig. 3.9e, 

f). The haloarchaeal isolates did not exhibit growth at 20°C even in the absence of AgNO3. As 

the temperature increased from 25°C to 37°C, the yield of SNPs also increased albeit the 

difference in yield between 30°C, 35°C, and 37°C was insignificant (p>0.05). The 

haloarchaeal cultures show a slow growth at 45°C, and therefore, the yield of SNPs was also 

lower. Thus, SNPs synthesis by both the cultures in NTYE/HNB carried out at 37°C 

temperature.  

Table 3.3 Optimal parameters for maximal production of SNPs by H. salifodinae BK3 & BK6. 

Parameters HNB NTYE 

Time of AgNO3 addition T= 0 hrs T= 0 hrs 

Medium pH 7.0- 7.5 7.0- 7.5 

AgNO3 concentration 0.5 mM 0.5 mM 

Incubation temp 35- 37°C 35- 37°C 
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Based on the above results, further studies on SNPs synthesis by H. salifodinae BK3 and BK6 

were carried out at 37 °C, pH 7.0 using 0.5 mM AgNO3 as the precursor in HNB, and NTYE 

media. The time course of silver accumulation, growth, and yield of SNPs is illustrated in Fig. 

3.10. In NTYE medium, Ag accumulation for both H. salifodinae BK3, and BK6 started from 

mid-exponential phase (day 4) and continued up to late stationary phase (day 20). 

Fig. 3.9 Optimisation of process parameters for SNPs synthesis by Halococcus salifodinae BK3 (a, 

c, e) and H. salifodinae BK6 (b, d, f) in both HNB and NTYE media; (a, b) Effect of AgNO3 

concentration on SNPs synthesis at pH 7.0 and 37°C; (c, d) Effect of pH on SNPs synthesis at 37°C 

using 0.5 mM AgNO3 precursor; (e, f) Effect of temperature on SNPs synthesis at pH 7.0 using 0.5 

mM AgNO3 precursor. Values are mean ± SD (error bars) for three experiments. 
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Approximately 94.2 % Ag was taken up by both the isolates with a residual 0.313 mg/ml Ag 

in the medium (Fig. 3.11a). Beyond this incubation time no further Ag uptake was observed. 

However, HNB medium was found to be more efficient in Ag uptake. The Ag accumulation 

in this medium by both the isolates commenced from mid exponential phase (day 3) and was 

completed by the early stationary phase (day 10). In HNB medium, both the cultures 

accumulated ~95% of the Ag provided (Fig. 3.11b) by the day 10, whereas, in NTYE only 

76% was taken up by this time. 

 

 

 

 

Fig. 3.10 Growth kinetics, SNPs accumulation and yield of SNPs by (a, b) H. salifodinae BK3 

and (c, d) H. salifodinae BK6 in (a, c) NTYE medium and (b, d) HNB medium. Values are mean 

± SD (error bars) for three experiments. 
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The silver adapted H. salifodinae BK3, and BK6 were used for SNPs synthesis, as they 

exhibited a higher specific growth rate as compared to the culture exposed to AgNO3 for the 

first time. The yield with respect to substrate concentration and biomass were estimated over 

the course of SNPs synthesis. Maximum yield (3.185 mg/g CDW; 0.943 mg/mg Ag) for SNPs-

BK3 in HNB medium was obtained on day 10 exhibiting an efficiency of 94.27%. However, 

in NTYE medium BK3 exhibited the maximum yield (3.21 mg/g CDW; 0.942 mg/g Ag) of 

SNPs-BK3 on day 20 with an efficiency of 94.23%. Similarly, for BK6, in NTYE the 

maximum yield of SNPs-BK6 obtained was 3.396 mg/mg CDW or 0.943 mg/mg Ag on day 

20 and the maximum yield in HNB was 3.342 mg/mg CDW or 0.943 mg/g Ag on day 10. 

Table 3.4 summarises the various yield parameters of SNPs synthesis by H. salifodinae BK3, 

and BK6.   

Table 3.4 SNPs yield parameters 

Yield Parameters 
H. salifodinae BK3 H. salifodinae BK6 

NTYE HNB NTYE HNB 

Y (mg/g CDW) 3.210 3.185 3.342 3.396 

MY (mg/mg Ag) 0.942 0.943 0.943 0.943 

Efficiency (%) 94.23 94.27 94.24 94.36 

Fig. 3.11 Silver uptake by (a) H. salifodinae BK3, and (b) H. salifodinae BK6 in HNB and NTYE 

media. Both the isolates accumulated Ag faster in HNB as compared to NTYE medium. Values are 

mean ± SD (error bars) for three experiments. 
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3.3.4 Nanoparticle characterisation 

Silver nanoparticles exhibit LSPR at visible and near-infrared frequencies leading to sharp 

peaks in their spectral extinction (Hutter and Fendler 2004). The frequency (i.e., absorption 

maxima or colour), and intensity of the surface plasmon absorption bands are characteristic of 

the type of material and are highly sensitive to the size, shape, and size distribution of the 

nanostructures, as well as the environment that surrounds them (Underwood and Mulvaney, 

1994). The extinction is the result of collective excitation of conducting electrons due to strong 

interaction between the metallic nanoparticles and the incident electromagnetic radiation (Mie, 

1908). As illustrated in Fig. 3.12 (a,b), the UV-visible spectra of the SNPs-BK3 and SNPs-

BK6 synthesised in NTYE, and HNB exhibit a strong, but broad, surface plasmon peak at ~ 

440 nm. The absorption band was found to be slightly asymmetrical which indicates the 

presence of an additional weaker component at about 380 nm. This may be due to some 

anisotropy in the shape of the ‘as-synthesised’ SNPs.  Shankar et al. (2004) also made similar 

observations for SNPs formed on reduction with geranium root broth. A long tailing on the 

large-wavelength side may be due to small amount of particle aggregation. The SNPs 

preparations in solution were found to be stable even after 6 months of synthesis as is evident 

from the absorption profile (Fig. 3.12a,b).   

 

 

  

Fig. 3.12 UV-visible spectra of (a) SNPs-BK3 and (b) SNPs-BK6 prepared in HNB and NTYE. The 

spectra remained unaffected by storage for 6 months. 
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Powder XRD was carried out for the ‘as-synthesised’ SNPs to determine the crystalline nature 

of the particles. The XRD profiles of SNPs-BK3 and SNPs-BK6 synthesised in NTYE and 

HNB (Fig. 3.13) exhibited the characteristic Bragg’s peaks of fcc silver that could be indexed 

to ICDD (international centre for diffraction data) card no.04-0783 (fcc Silver 3C, syn). The 

2θ values corresponding to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes for SNPs-BK3 and 

SNPs-BK6 are presented in table 3.5. The crystallite domain size was calculated using line 

width of the (1 1 1) plane and was found to be 22 nm, and 12 nm for SNPs-BK3 synthesised 

in NTYE, and HNB, respectively. Similarly, the crystallite domain size of 26 nm, and 12 nm, 

was obtained for SNPs-BK6 synthesised in NTYE, and HNB, respectively. The lattice 

parameter for SNPs-BK3 and SNPs-BK6 in both NTYE and HNB was 0.216 nm. 

Table 3.5 The 2θ values corresponding to the characteristic Bragg’s diffraction planes of SNPs 

Diffraction 
plane 

SNPs-BK3 SNPs-BK6 
NTYE HNB NTYE HNB 

(1 1 1) 38.08° 38.08° 38.06° 38.08° 
(2 0 0) 44.18° 44.20° 44.20° 44.20° 
(2 2 0) 64.78° 64.38° 64.40° 64.38° 
(3 1 1) 77.44° 77.34° 77.42° 77.36° 

 

 

Fig. 3.13 XRD spectra of (a) SNPs-BK3 and (b) SNPs-BK6 prepared in NTYE and HNB. 
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TEM analysis of the SNPs synthesised by H. salifodinae BK3, and H. salifodinae BK6 in 

NTYE, and HNB was carried out to further understand the morphology and the size 

distribution. The TEM images are shown in Fig. 3.14. The SNPs were predominantly spherical 

in shape with a few being triangular, prismatic, or disc-like (Fig. 3.15a,b). Contrast was 

observed within the physical boundaries of majority of the SNPs in both cases due to twinned 

or multiply twinned nanocrystals. Multiply twinned particles (MTPs) formation is widespread 

in transition metals having fcc crystal lattice, upon size reduction in nanometer scale (Marks 

1994), and is a result of joining along twin boundaries of tetrahedral subunits sharing axis of 

five-fold symmetry (Hofmeister 1999; Nepijko et al. 2000). Presence of flat disc like particles 

may be responsible for the out-of plane SPR excitation which can be assigned to 380 nm of 

UV-visible spectra. Similar observations have been made by Shankar et al. (2004). Average 

particle size for SNPs-BK3 synthesised in NTYE was ~50.3 nm, and the range was 20 nm to 

100nm. The particle size of SNPs-BK3 synthesised in HNB was much smaller, and was in the 

size range of 2 nm to 20 nm, with an average particle size of 12nm. Very few particles of ~40 

nm were observed. The micrographs also exhibit that ‘as-synthesised’ SNPs are well dispersed 

with no copious agglomeration. SNPs-BK6 synthesised in HNB also exhibited a smaller size 

distribution between 2- 20 nm with an average particle size of 12 nm, which corresponds well 

with the XRD data. However, SNPs-BK6 synthesised in NTYE exhibited an average particle 

size of 50.3 nm. The SAED analysis further confirmed their crystalline nature and exhibited 

the diffraction rings typical of fcc crystals (Fig. 3.15c,d). The EDAX spectrum of SNPs 

synthesised in NTYE and HNB exhibited a peak corresponding to silver at around 3.4 keV 

(Fig. 3.16). The maximum peak located on the left of the spectrum at 0.2 keV corresponds to 

carbon. Besides the major component Ag, peaks of Copper (Cu) and Gold (Au) were also 

obtained which are contributions of the sample holder and gold coating, respectively.  
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Fig. 3.14 TEM micrographs of (a) SNPs-BK3 prepared in NTYE; (b) SNPs-BK3 prepared in HNB; 

(c) SNPs-BK6 prepared in NTYE; (d) SNPs-BK6 prepared in HNB.  

 

Fig. 3.15 Representative TEM micrograph showing (a) triangular morphology of SNPs-BK3; and (b) 

disc-like morphology of SNPs-BK6; SAED pattern exhibiting the characteristic diffraction rings of 

fcc crystal of the (c) SNPs-BK3; (d) SNPs-BK6. 
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3.3.5 Antimicrobial activity  

The extensive use of antibiotics as antimicrobial agents has resulted in organisms acquiring 

resistance against them, causing the clinical strains to become more potent infectious agents 

(Farrar 1985; Monroe and Polk 2000). Therefore, there is need for producing antimicrobial 

agents that overcome this obstacle and efficiently kill bacteria. SNPs have been shown to be 

more efficient than silver salts in mediating antimicrobial activity with lower propensity to 

induce microbial resistance (Kim et al. 2007; Rai et al. 2009). The exact mechanism of action 

of SNPs though is still not fully understood. Some studies suggest the nano-particulate form 

of SNPs to be responsible for the antibacterial action (Hwang et al. 2008; Sondi et al. 2004; 

Danilcauk et al. 2006; Kim et al. 2007), whilst others attribute the antimicrobial activity of the 

SNPs to the release of Ag+ ions that result in damage to DNA, and proteins (Feng et al. 2008; 

Matsumura et al. 2003; Morones et al. 2005).  

In this study, the antimicrobial effect of the SNPs synthesised in HNB by H. salifodinae BK3, 

and H. salifodinae BK6 was determined by disk diffusion method. The SNPs diffuse into the 

agar medium and are responsible for growth inhibition of the test organisms. A dose dependent 

increase in sensitivity towards SNPs synthesised by either of the haloarchaeal isolates was 

observed for all the four test organisms (Fig. 3.17). The ZoI were correlated to the antibiotic 

activity (streptomycin and gentamicin). The MIC of the SNPs was determined by the two-fold 

Fig. 3.16 EDAX spectrum of (a) SNPs-BK3 prepared in NTYE; (b) SNPs-BK3 prepared in HNB; (c) 

SNPs-BK6 prepared in NTYE; (d) SNPs-BK6 prepared in HNB. 
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serial dilution method in MH-broth (Table 3.6). The MIC of the SNPs-BK3 against E. coli 

ATCC 10536, and P. aeruginosa MTCC 2581 was 3 µg/ml, and 4.5 µg/ml, respectively. 

Similarly, the MIC for SNPs-BK6 against E. coli ATCC 10536, and P. aeruginosa MTCC 

2581 was 3.25 µg/ml, and 4.25 µg/ml, respectively. However, the MIC against gram-positive, 

S. auerus ATCC 6538P, and M. luteus NCIM 2170 were higher and exhibited a value of 7.5 

µg/ml, and 9 µg/ml, respectively for SNPs-BK3 and SNPs-BK6. Thus the ‘as-synthesised’ 

SNPs were found to have antibacterial activity against both gram-positive and gram-negative 

bacteria and therefore, are promising candidates for antimicrobial agents. Similar antimicrobial 

activity of biologically synthesised SNPs against gram-positive and gram-negative bacteria 

has been reported by Furno et al. (2004), Morones et al. (2005) and Kim et al. (2011). 

 

 

Table 3.6 MIC of SNPs against both gram-positive and gram-negative organisms. 

Organism 
MIC (µg/ml) 

SNPs-BK3 SNPs-BK6 

E. coli ATCC 10536 3 3.25 

P. aeruginosa MTCC 2581 4.5 4.25 

S. aureus ATCC 6538P 7.5 7.5 

M. luteus NCIM 2170 9 9 

 

 

Fig. 3.17 The antibacterial activity of (a) SNPs-BK3 and (b) SNPs-BK6 against gram-positive and 

gram-negative organisms. Antibiotics served as positive controls. Values are mean ± SD (error bars) 

for three experiments.   
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3.4 Conclusion 

We have successfully synthesised silver nanoparticles using haloarchaeal isolates Halococcus 

salifodinae BK3, and H. salifodinae BK6. The SNPs-BK3 were around 50 nm, and 12 nm 

when prepared in NTYE, and HNB, respectively. The average particle size of 53 nm, and 12 

nm were obtained for SNPs-BK6 synthesised in NTYE, and HNB, respectively. In both cases, 

the NPs had fcc crystalline structure with spherical morphology. The nanoparticle preparations 

were found to be stable with almost negligible aggregation even after 6 months of synthesis. 

The concentration dependent increase in NR activity in presence of silver nitrate and the 

negligible NR enzyme activity, along with inability of the haloarchaeal isolate to grow in 

presence of NR inhibitor, sodium azide, confirms the involvement of the enzyme in metal 

resistance, and silver nanoparticle synthesis. The obtained in-vivo reduction of silver ions and 

subsequent formation of silver nanoparticles speak in favour of environment friendly synthetic 

protocol for the synthesis and stabilisation of metal nanoparticles. Thus, these strains can be 

used for nanoparticle synthesis as well as bioremediation of heavy metal polluted 

environments, as the nanoparticle synthesis is intracellular.  
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CHAPTER 4 

In-vivo Synthesis of Selenium Nanoparticles by Halococcus salifodinae BK18 and their 

Anti-Proliferative Properties against HeLa Cell Line1 

4.1 Introduction 

Selenium (Se) is a chalcogen metalloid that belongs to group 16 (VIA) of the periodic table. It 

is chemically similar to sulphur, and tellurium and exists in four oxidation states, -2 (Se-2), 0 

(Se0), +4 (SeO3
2-), and +6 (SeO4

2-). Organic forms of selenium and other salts have been 

studied for their biological effects, and semi-conductor properties. Elemental selenium is 

present in various allotropic forms, viz., red amorphous, black vitreous, three (α, β, γ) of red 

crystalline forms, and grey/black crystalline hexagonal form (Cherin and Unger, 1967; 

Takahashi, 1982). The grey/black hexagonal crystal of selenium is the most stable form 

(Cherin and Unger, 1967; Takahashi, 1982). Se is present as a trace element in representative 

species from all three domains of life: Bacteria, Archaea, and Eukarya (Shisler et al. 1998; 

Hamilton, 2004). It supports expression of various seleno-proteins like glutathione peroxidase 

and thioredoxin reductases, through tRNA mediated incorporation of seleno-cysteine (Allan 

et al. 1999). At human nutritional doses, Se is essential for an optimum immune response, and 

affects both the innate and acquired immune systems (Arthur et al. 2003). It also promotes cell 

cycle progression, and prevents cell death by quenching any reactive oxygen species (ROS) 

and redox regulation at nutritional doses. However, at supra-nutritional doses Se induces cell 

cycle arrest and apoptosis (Zeng, 2009). Se and its compounds are known for 

anticarcinogenic/antitumorigenic and antimetastatic properties via differential expression of 

redox-active proteins, regulating inflammatory and immune responses, inducing cell cycle 

arrest and apoptosis, and prevent angiogenesis (Whanger, 2004; Rayman, 2005; Chen et al. 

2013). Se also exhibits chemopreventive properties at higher doses, essentially by blocking 

angiogenesis (Lu and Jian, 2001; Rayman, 2005).  

                                                           
1 This work is published as: Srivastava P, Braganca JM, Kowshik M (2014) In vivo synthesis of 

selenium nanoparticles by Halococcus salifodinae BK18 and their anti-proliferative properties against 

HeLa cell line. Biotechnology Progress 30:1480-1487 
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Elemental selenium (Se0) nanoparticles (SeNPs) have gained attention due to their unique 

biological activities and low toxicity (Chen et al. 2008). Besides, selenium of smaller 

dimensions is of interest specifically in semiconductor industry, due to their unique electrical 

and optical properties stemming from quantum confinement (Tam et al. 2010). SeNPs have 

been widely used in electrical rectifiers, photocells, photographic exposure meters, xerography 

etc., due to their high photoconductivity, excellent spectral sensitivity, and large piezoelectric, 

thermo-electric, and non-linear optical response (Greenwood and Eamshaw, 1997). It is also 

used in the glass industry to eliminate bubbles, and remove undesirable tints produced by iron 

(Johnson et al. 1999). SeNPs have been synthesised chemically by processes like solvothermal, 

sonochemical, laser ablation, and microwave enhanced reactions (Lu et al. 2002; Gedanken, 

2004; Jiang et al. 2003; Gao et al. 2008). However, these routes of synthesis are usually 

tedious; require environmentally challenging techniques, elevated temperatures, and long-

growth times; result in low yields; and invariably use toxic chemicals and radiations (Li et al. 

2007; Ingle et al. 2009).  

Even though various bacteria and archaea were reported for their capability to grow 

anaerobically, by linking the oxidation of organic substrates or H2 to the dissimilatory 

reduction of selenium oxyanions (Oremland and Stolz, 2000; Stolz and Oremland, 1999), these 

organisms were not recognised as nano-factories. Oremland et al. (2004) were the first to 

examine the selenium nanospheres formed as a result of the bio-reduction by the selenium 

respiring bacteria. They extracted the nanospheres, purified them, and characterised the SeNPs 

by UV-visible spectroscopy and XRD. Subsequently several studies have exhibited SeNPs 

synthesis by various bacteria (Shakibaie et al. 2010; Lampis et al. 2014), and fungi (Sarkar et 

al. 2011; Zare et al. 2013), both intracellularly and extracellularly. However, there have been 

no studies on SeNPs synthesis by haloarchaea. Although a novel strictly anaerobic, 

hyperthermophilic, facultative organotrophic archaeon, Pyrobaculum arsenaticum was 

reported to utilise Se oxyanion as the terminal electron acceptor during respiration, 

characterisation of the final red coloured selenium based product was not carried out (Huber 

et al. 2000).  

The knowledge on mechanisms employed by various selenite/selenate resistant 

microorganisms for respiration of Se oxyanion is cursory. Nevertheless, for a better 
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understanding attempts are being made to explore the chemical reactions occurring in these 

media. The respiratory arsenate reductase was found to be involved in selenite reduction in 

Bacillus selenitireducens strain MLS10 (Stolz, 2003). Similarly, periplasmic nitrite reductases 

were found to be essential for generation of SeNPs in Rhizobium sp. strain B1, and Azospira 

oryzae (Hunter and Kuykendall, 2007; Hunter, 2007), while hydrogenase I was found to be 

responsible for selenite reduction in Clostridium pasteurianum (Yanke et al. 1995). Nitrate 

reductase (NR) was found to confer basal resistance to selenium oxyanions in E. coli, and 

reduced selenite to non-toxic elemental selenium (Avazeri et al. 1997).   

In this study we report the biological synthesis of SeNPs by the haloarchaeon Halococcus 

salifodinae BK18. Characterisation of the SeNPs and their application as a potential 

chemotherapeutic agent has been demonstrated.  

4.2 Materials and Methods 

4.2.1 Organism and culture maintenance 

Halococcus salifodinae BK18 was maintained on NTYE plates at RT and sub-cultured every 

30-45 days. It was also maintained in NTYE broth at 37°C, 110 rpm and sub-cultured every 

five days.  

4.2.2 Growth in presence of selenite 

The isolate was grown in presence of different concentrations of sodium selenite (Na2SeO3; 

0.05 mM-10 mM with an increment of 0.5 mM) to determine the MIC. The effect of selenite 

on growth of H. salifodinae BK18 was determined in presence of 2 mM and 4 mM Na2SeO3. 

Growth was evaluated by quantifying the total protein content of the biomass grown in 

presence of different concentrations of Na2SeO3, which was prepared as 0.1 M stock solution 

in SDW, and sterilised by filtration. NTYE medium was inoculated with 1% culture and 

supplemented with respective concentrations of Na2SeO3 at zero hr. The flasks were incubated 

at 37°C, 110 rpm. A 1ml aliquot of culture was withdrawn every 24 hrs and the protein content 

of cells was determined using Bradford’s method (Bradford, 1976) with BSA as the standard. 

Protein content of culture grown in absence of Na2SeO3 (positive control) was compared with 

that of culture grown in presence of Na2SeO3 to determine the effect of selenite stress on 
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growth. Un-inoculated medium with Na2SeO3 served as the negative control. The growth 

kinetics parameters such as specific growth rate (µ; days-1), lag time (tl; hrs) and doubling time 

(td; hrs) were determined as described in section 2.2.2. The assay was performed in triplicates. 

4.2.3 Estimation of selenite content 

The ability and time course of selenite reduction in the medium by H. salifodinae BK18 was 

determined spectrophotometrically by the method described by Watkinson (1966) with some 

modifications. Briefly, NTYE medium was inoculated with 1% inoculum and different 

concentrations of Na2SeO3, viz., 2 mM, and 4 mM, were added to the respective flasks. Starting 

from 0 hr, every 24 hrs, 1 ml aliquot was withdrawn, centrifuged (10,000  g; 20 mins), and 

the supernatant was used for selenite content determination. Appropriate controls (negative 

control: un-inoculated medium with 4 mM Na2SeO3; positive control: inoculated medium) 

were similarly processed. For determination of selenite content, to 10 ml of 0.1 M HCl, 0.5 ml 

of 0.1 M EDTA, 0.5 ml of 0.1 M NaF, and 0.5 ml of 0.1 M disodium oxalate were added and 

mixed. Sample supernatant (250 μL) was subsequently added to the above mixture, followed 

by 2.5 ml of 0.1% 2,3-diaminonaphthalene (2,3-DAN). The solution was mixed and the tubes 

were incubated at 40°C for 40 mins. Following incubation, the mixture was cooled to room 

temperature, and the selenium-2,3-DAN complex was extracted with 6 ml cyclohexane by 

shaking the tubes vigorously for 1min. To further accelerate the phase separation, tubes were 

centrifuged at 3,000  g for 10 mins. Absorbance of the organic phase was measured at 377 

nm on UV-visible double beam spectrophotometer using a 1-cm-path length cuvette. All the 

experiments were carried out in triplicates. Calibration curves were obtained using 0 to 5 mM 

Na2SeO3 solution.  

4.2.4 Selenium nanoparticles synthesis and optimisation of process parameters 

In a typical synthesis of SeNPs, a requisite amount of Na2SeO3 was added to 500 ml of NTYE 

medium inoculated with 2% H. salifodinae BK18, and the flask was incubated in an incubator 

shaker at 37C, 110 rpm. The reduction and thus synthesis of SeNPs was followed by visual 

observation of medium turning brick-red, which indicates the reduction of SeO3
2- to Se0. The 

cells were harvested by centrifugation (10,000  g, 20 mins, RT). The biomass along with the 

SeNPs was washed twice with SDW and dialysed against deionised water overnight. The cells 
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were subjected to wet heat sterilisation in a laboratory autoclave at 121°C, 15 psi for 20 mins. 

The resulting solution was centrifuged at 10,000 × g, RT, for 20 mins. The pellet was re-

suspended in SDW and sonicated at 0°C for three cycles of 1 min each at three RPS (40 W). 

The solution was centrifuged (10,000  g, RT, 20 mins), and the pellet was washed with conc. 

H2SO4 to purify the SeNPs. The pellet obtained after centrifugation was subjected to drying at 

70°C for 12 hrs. To determine the yield (both per gram of cell dry weight and molar) and 

efficiency, the selenium nanoparticles were converted to selenite by oxidation according to 

Kessi and Hanselmann (2004), and the selenite was quantified according to Watkinson (1966). 

The yield per gram of cell dry weight (CDW) was determined as described in section 3.2.4. 

The molar yield was determined as: 𝑀𝑌 =
𝑄

𝑆⁄  where, MY is the molar yield (mM/mM 

selenite), Q is the moles of selenite taken up by the cells (mM) and S is the moles of Na2SeO3 

provided for the SeNPs synthesis (mM). 

Conditions such as medium pH, incubation temperature and Na2SeO3 concentration were 

varied to determine the conditions for maximum yield of SeNPs. H. salifodinae BK18 was 

grown in NTYE at following conditions and the yield of SeNPs was determined as mentioned 

above.  

pH 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

Na2SeO3 conc. (mM) 0.05 0.5 1.0 2.0 3.0 4.0 5.0 5.5 

Temperature (°C) 20 25 30 35 37 40 45  

 

4.2.5 Characterisation of SeNPs 

The excitation spectra of the SeNPs suspended in ethanol was recorded in the range of 200-

800 nm using UV-visible spectrophotometer. Ethanol was used as the blank. XRD 

measurement of the nanoparticles and calculation of the crystallite domain size by the Debye-

Scherrer formula was carried out as described in section 3.2.5. TEM, SAED, and EDAX 

analysis of the ‘as-synthesised’ SeNPs were carried out as described in section 3.2.5. The 

lattice parameters were determined using the formula for hexagonal crystal system: 

 
1

𝑑2
=

4

3
(

ℎ2+ ℎ𝑘+𝑘2

𝑎2
) +

𝑙2

𝑐2

          (6) 
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where, (h k l) are Braggs diffraction planes.  

4.2.6 Nitrate reductase assay and inhibitor studies 

H. salifodinae BK18 was grown in 10 ml HNB with 0, 2, and 4 mM Na2SeO3 at 37˚C, 110 rpm 

for 7 days. Un-inoculated medium with Na2SeO3 served as the negative control for the assay. 

After incubation, the supernatant was collected by centrifugation at 10,000  g for 20 mins, at 

RT. The nitrite concentration in the supernatant was estimated using Griess Illosvays reagent 

as described previously in section 3.2.7. The standard curve was prepared using 0-0.5 µM 

NaNO2. All the experiments were carried out in triplicates.  

The NR enzyme activity was determined using the method described by Harley (1993). The 

cells were grown in presence of 2 mM, and 4 mM Na2SeO3 and the CFE were prepared as 

described in section 3.2.6. The CFE was used to determine the NR enzyme activity as described 

in section 3.2.7. The amount of nitrite generated within 2 mins of addition of substrate mixture 

to CFE was read at 540 nm. KNO3 (2 mM, and 4 mM) was used as positive control. One set 

of reaction mix was boiled to stop the enzyme activity, and the nitrite content of these tubes 

was subtracted from the nitrite content of the test, to give total amount of nitrite produced by 

the enzyme in 2mins. Thus, the NR activity was the net increase in nitrite concentration in 

2mins, and was expressed as nM nitrite/min/ml.  

PMSF, EDTA, sodium azide, and IAA were used for the inhibitor study. H. salifodinae BK18 

was grown in the absence of the inhibitor (negative control), in presence of 10 mM inhibitor 

and in presence of 10 mM inhibitor along with 4 mM Na2SeO3. For positive control, the culture 

was grown in the presence of 4 mM Na2SeO3 alone. Further, the NR activity of the CFE 

obtained from cells grown in presence of 4 mM Na2SeO3 was determined in the presence of 

10 mM inhibitor. The study was carried out in triplicates for each inhibitor. The percentage 

inhibition of NR enzyme activity was determined using the equation (5) as mentioned in 

section 3.2.7:  

4.2.7 Mammalian cell culture  

The cell lines used for this study were the human epidermal keratinocyte (HaCaT) and the 

human epithelial cervical adenocarcinoma (HeLa). Both the cell lines were maintained in 
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Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and antibiotics (Complete media- CM). The cells were maintained at 37°C in a 

humidified 5% CO2 incubator (Sanyo, Japan) and sub-cultivated according to standard cell 

culture protocols (Freshney, 2005). 

4.2.8 MTT assay  

Cytotoxicity of the SeNPs was evaluated by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay towards HeLa, and HaCaT cell lines. The purple MTT 

dye is converted to pink formazan by actively metabolising human cells. Exponentially 

growing cells (2 × 104 cells/ well) were seeded in 24-well plates supplemented with CM. After 

24hrs of growth the cells were exposed to varying concentrations of SeNPs (10-150 µg/ml) 

dispersed in DMEM, and incubated for 24 hrs. 30 μl MTT (5 mg/ml) was added to each well 

and the plates were further incubated at 37°C for 4 hrs in the dark. The media was aspirated 

carefully without disturbing the cells after 4 hrs and the formazan crystals were dissolved by 

adding 300 µl DMSO (dimethyl sulphoxide). The absorbance was measured at 570 nm and 

630 nm using UV-visible spectrophotometer. The experiment was performed in triplicates on 

three different days. Selenium-free cell material (HSBK18) and sodium selenite (SS) were also 

evaluated for their cytotoxicity towards HeLa, and HaCaT cell lines. The cell viability (%) 

relative to cells unexposed to the SeNPs was calculated as:  

% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
(𝐴𝑡𝑒𝑠𝑡

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
⁄ × 100       (7) 

where, Atest is absorbance of the cells exposed to SeNPs, and Acontrol is the absorbance 

of cells unexposed to SeNPs. 

4.2.9 Detection of intracellular reactive oxygen species (ROS) 

Intracellular ROS was estimated using 2’,7’-dichlorofluorescein diacetate (DCFH-DA), a 

fluorescent probe that readily diffuses through the cell membrane in to the cellular cytoplasm, 

where it is enzymatically hydrolysed to non-fluorescent DCFH. The oxidation of DCFH to 

highly fluorescent 2’,7’-dichlorofluorescein provides a quantitative estimate of ROS formation 

(Kim et al. 2010; Mukherjee et al. 2012). The ROS studies were carried out in HeLa cell line 

alone as the SeNPs were found to be cytotoxic against this cell line. Exponentially growing 
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cells (5 x 104 cells/ well) were seeded in 24-well plates supplemented with CM. After 24 hrs 

of growth the cells were exposed to varying concentrations of SeNPs (10- 150 µg/ml) dispersed 

in DMEM and incubated for 24 hrs. Following exposure, the cells were washed with 500 

µl/well of PBS. DCFH-DA (20 µM) was added to all the wells and the plate was incubated in 

the dark at 37°C for 30 mins. The fluorescence was measured using a spectrofluorometer 

(JASCO FP-6300) at an excitation wavelength of 485 nm, and an emission wavelength of 530 

nm. HSBK18 and SS were also evaluated for their ability to generate ROS in HeLa cell line. 

1 µM hydrogen peroxide (H2O2) was used as a positive control. All the experiments were 

performed in triplicates on different days.  

4.2.10 Acridine orange and ethidium bromide (AO/EB) staining to determine apoptotic 

index (AI) 

Exponentially growing HeLa cells (2 × 105 cells/ well) were seeded in 6-well plates and 

allowed to grow for 24 hrs. The cells were then treated with varying concentration of SeNPs 

(10- 150 µg/ml) for a further 24 hrs. After trypsinisation the cells were washed with PBS and 

stained with AO/EB dye mixture as follows. To 25 µl of cell suspension, 1 µl dye mix 

containing 100 mg/ml of AO (Sd-fine) and 100 mg/ml EB (Sd-fine) in 1 X PBS, was added. 

Post staining, the cells were observed immediately at 40  of the epi-fluorescence microscope 

(Olympus BX41) using the FITC and TRITC filters. A minimum of 300 cells were counted 

and the apoptotic and viable cells were differentiated based on the type of fluorescence and 

state of chromatin condensation. Viable cells show uniform green nuclei with organized 

structure, while apoptotic cells may either have patchy green nuclei with condensed chromatin 

or orange to red nuclei with fragmented chromatin depending on the stage of apoptosis (Crucic 

et al. 2012). The experiments were performed in triplicates on different days. Apoptotic index 

(AI) was calculated as follows: 

𝐴𝐼 =
(𝑇𝐴

𝑇𝐶)⁄ × 100          (8) 

 where, TA is the total number of apoptotic cells; TC is the total number of cells counted 
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4.2.11 Western blot 

HeLa cells treated with various concentrations of SeNPs (0, 30, 50, 70, and 100 µg/ml) at 

37°C, for 24 hrs were washed three times in PBS (pH 7.5). The cells were trypsinised, and 

lysed by addition of 1.0 ml lysis buffer (0.1 % Triton X-100, 1 mM EDTA, 1 mM PMSF, 20 

mM Tris-HCl, pH 7.4) and incubating on ice for 25 mins. The total cellular proteins were 

obtained by centrifuging the cell lysates at 4°C (16,000  g, 20 mins). The protein 

concentrations were quantified by Lowry’s method using BSA as control (Lowry et al. 1951). 

The total cellular proteins were separated on SDS-PAGE, transferred to PVDF membranes and 

blocked with 5% non-fat milk in transfer buffer (Tris base, glycine, SDS and methanol) for 1 

hr at RT. The membranes were then incubated overnight at 4°C with the corresponding primary 

antibodies diluted in 5% non-fat milk with Tris-buffered saline containing Tween-20 (TBST). 

The following dilutions were used: anticaspase 3, 1:1000 (Biolegend), antihsp 70, 1:1000 

(Biolegend), and antiPARP, 1:1000 (BD Pharmingens). Subsequently, the membranes were 

washed with TBST, and incubated for 1 h at room temperature with horse radish peroxidase 

conjugated secondary antibody at a dilution of 1:2000, and specific proteins were visualised 

on X-ray films by enhanced chemiluminescence detection. β- Actin was used as the standard 

to check equal protein loading.  

4.2.12 Statistical analysis 

Statistical analysis was carried out as described in section 2.2.5. 

4.3 Results and Discussions 

4.3.1 Growth in presence of selenite and selenite uptake 

MIC of sodium selenite (Na2SeO3) was determined by growing BK18 in presence of 0.05 to 

10 mM Na2SeO3, at increments of 0.5 mM. The culture could tolerate up to 5.5 mM Na2SeO3 

and the MIC was 6 mM. At concentrations of up to 2 mM Na2SeO3, growth was similar to that 

of unexposed control cells (Fig. 4.1). However, at concentrations above 2 mM Na2SeO3, 

growth rate of H. salifodinae BK18 decreased with the increase in Na2SeO3 concentration, and 

ceased completely at 6 mM Na2SeO3. Growth in Na2SeO3 was accompanied with generation 

of brick-red precipitate. The growth kinetics studies performed in presence of 2 mM and 4 mM 
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Na2SeO3 exhibited good growth with brick-red colouration due to reduction of selenite to 

elemental selenium (Fig. 4.2). 

 

 

H. salifodinae BK18 grows with a lag time (tl) of 11.9 hrs, a doubling time (td) of 16.8 hrs and 

a maximum specific growth rate (μ) of 0.99 days-1. The copious amounts of brick-red 

precipitate formed in presence of Na2SeO3 interfered with the absorbance measurements at 600 

nm, giving a false positive result. Therefore, growth was evaluated by determining the total 

protein concentration of the cells with the premise that, the cell number is proportional to the 

total protein concentration. Lower concentration of Na2SeO3, i.e. 2 mM, enhanced the growth 

of H. salifodinae BK18 (Fig. 4.3a) and the lag phase reduced to 6 hrs as compared to the 11.9 

hrs for the control (without Na2SeO3). However, at 4 mM Na2SeO3, H. salifodinae BK18 

exhibited a μ of 0.94 days-1, a td of 17.68 hrs, and a tl of 12.37 hrs, which were very similar to 

the growth kinetics parameters of unexposed controls (p>0.05). H. salifodinae BK18 when 

provided with 2 mM Na2SeO3
 exhibited better growth kinetics which may be attributed to the 

element selenium being a trace element. Studies have shown that selenium exhibits varying 

Fig. 4.2 (a) H. salifodinae BK18 appears orange-red 

due to the bacterioruberin in their membrane; (b) H. 

salifodinae BK18 appears brick-red in colour due to 

the reduction of Na2SeO3 to elemental Se in the 

growth medium; Growth of (c) BK18; (d) BK18 + 2 

mM Na2SeO3; (e) BK18 + 4 mM Na2SeO3; (f) Media 

+ 4 mM Na2SeO3, in NTYE medium. 

Fig. 4.1 Growth profile of H. 

salifodinae BK18 at varying 

concentrations of Na2SeO3. MIC was 

found to be 6 mM. Values are mean ± 

SD (error bars) for three experiments. 
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effects on the growth of bacteria depending upon the species and the concentration of selenium 

used. Usually, low concentrations of selenium are known to enhance growth of bacteria and 

high concentrations are detrimental (Penas et al. 2012).  

The kinetics of selenite reduction in the medium as a result of cellular metabolism by H. 

salifodinae BK18 (Fig. 4.3b) was determined and co-related to the growth of the isolate in 

presence of selenite. At the beginning of the stationary phase, i.e. on day five, the selenite 

concentration in the medium was 0.23 mM indicating a decrease of ~90% (1.77 mM) of the 2 

mM Na2SeO3 initially added to the medium (Fig. 4.3c). For the haloarchaeal isolate grown in 

presence of 4 mM Na2SeO3, by the end of exponential phase, i.e. on day six, 2.62 mM Na2SeO3 

was taken up, leaving 1.38 mM (~36%) of selenite in the medium (Fig. 4.3d). However, by the 

end of stationary phase, only 0.042 mM and 0.476 mM Na2SeO3 remained unutilised in the 

media, during growth in presence of 2 mM, and 4 mM Na2SeO3, respectively. Thus, the 

selenite concentration was found to decrease from early exponential phase up to late stationary 

phase due to the metabolic activity of the haloarchaeal isolate. These results are in contrast to 

the findings of Kessi et al. (1999), where selenite uptake by the phototrophic bacterium 

Rhodospirillum rubrum was observed only at the beginning of stationary phase. Similarly, they 

reported the reduction of the selenite to red elemental selenium only when the cells transitioned 

from exponential to stationary phase. However, in our study the reduction of the selenite to red 

elemental selenium was observed at the beginning of the early exponential phase and continued 

up to early stationary phase, without any further reduction during the late stationary phase. A 

similar selenite uptake and reduction of selenite during early exponential phase by the 

bacterium Bacillus cereus grown in presence of Na2SeO3 was observed by Dhanjal and 

Cameotra (2010), during their study on the aerobic biogenesis of selenium nanospheres by B. 

cereus. The selenite concentration in the un-inoculated media controls with 4 mM Na2SeO3 

did not exhibit any change and remained constant throughout the experiment (Fig. 4.3b). 
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Fig. 4.3 (a) Growth of Halococcus salifodinae BK18 in the absence (control), presence of 2 mM and 4 

mM Na2SeO3; (b) Decrease in the SeO3
2- content of the medium expressed as percentage of initial 

SeO3
2- concentration indicating SeO3

2- uptake by H. salifodinae BK18; Growth of H. salifodinae BK18 

in relation to selenite decrease in the medium, when the initial SeO3
2- concentration was (c) 2 mM and 

(d) 4 mM. (■) OD (▲) Growth rate; Values are mean ± SD (error bars) for three experiments.  

4.3.2 Selenium nanoparticles biosynthesis and characterisation 

The SeNPs synthesis was found to be a culture dependent phenomenon as mentioned in 

previous sections. Growth of H. salifodinae BK18 in presence Na2SeO3 was accompanied with 

the biomass turning brick-red in colour. In order to determine the optimal conditions for 

synthesis, the haloarchaeal isolate was grown at various pH, temperature, and Na2SeO3 

concentration in NTYE media. Following synthesis at these conditions, the nanoparticles were 

extracted and their yield determined.  
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Na2SeO3 concentration 

A concentration range of 0.05 mM to 5.5 mM 

Na2SeO3 was tested to determine the 

optimum concentration needed for maximal 

SeNPs synthesis (Fig. 4.4). At concentrations 

lower than 2 mM Na2SeO3, the yield of 

SeNPs obtained was very low (~0.1 mM/mM 

selenite added). The low yield may be 

attributed to the presence of low 

concentration of Na2SeO3. Maximum yield 

of 0.697 mM/ mM Na2SeO3 was obtained at 

2 mM Na2SeO3. Although the growth of H. 

salifodinae BK18 was not affected by 

presence of 3 mM and 4 mM Na2SeO3 (Fig. 

4.1), the yield of SeNPs was affected exhibiting a molar yield of only 0.432 mM/ mM selenite 

and 0.143 mM/ mM selenite, respectively. The difference in yield of SeNPs when 2 mM and 

3 mM Na2SeO3 were added was insignificant (p>0.05), however the yields obtained at 4 mM, 

5 mM and 5.5 mM Na2SeO3 were significantly lower (p<0.05) as compared to that obtained at 

2 mM Na2SeO3. Higher concentrations of 5 mM and 5.5 mM Na2SeO3, negatively affected 

both growth rate and yield of SeNPs. This suggests that at concentrations above 4 mM 

Na2SeO3, the oxyanion exerts its toxic effects on the haloarchaeal isolates which may be 

responsible for low yields. As maximum yield of SeNPs was obtained at 2 mM Na2SeO3, this 

concentration was used for further studies on SeNPs synthesis. 

Medium pH 

The SeNPs synthesis was carried out at varying pH (4.5-8.0) to determine the optimum pH for 

maximum yield. Optimal growth and maximum yield of 0.697 mM/ mM selenite, was obtained 

at pH 7.0 (Fig. 4.5). H. salifodinae BK18 failed to grow at pH 4.5 even in the absence of 

Na2SeO3. The haloarchaeon exhibited poor growth at pH of 5.0 and 5.5 in the absence of 

Fig. 4.4 Effect of selenite concentration on 

the yield of SeNPs at pH 7.0 and 37°C. 

Values are mean ± SD (error bars) for three 

experiments. 
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Na2SeO3, therefore, when grown in presence 

of 2 mM Na2SeO3 the yield of SeNPs was 

significantly lower (p<0.05) as compared to 

that at pH 7.0. The pH range for growth of 

Halococcus is 6.0-9.5, with the optimum at 

pH 7.0 (Grant, 2015). Therefore, as the pH 

increased from 6.0 to 6.5, there was a 

corresponding increase in yield. At pH 7.5, 

yield of SeNPs was 0.583 mM/ mM Na2SeO3, 

which was not significantly different 

(p>0.05) from that at pH 7.0. However, the 

yield of SeNPs was significantly lowered at 

the alkaline pH of 8.0. Based on these results, 

SeNPs synthesis was carried out at pH 7.0. 

Incubation Temperature 

A temperature range of 20°C to 45°C was 

tested to determine the optimum temperature 

for SeNPs synthesis by H. salifodinae BK18. 

Maximum SeNPs synthesis was obtained at 

35, and 37°C with a yield of 0.673 mM/ mM 

and 0.697 mM/ mM selenite, respectively 

(Fig. 4.6). The haloarchaeal isolate did not 

grow at 20°C even in the absence of 

Na2SeO3. As the temperature increased from 

25°C to 37°C, the yield of SeNPs also 

increased, albeit the difference in yield 

between 30, 35, and 37°C was insignificant 

(p>0.05). The optimum range of temperature 

for growth of Halococcus is 30°C to 40°C 

Fig. 4.5 Effect of pH on the yield of SeNPs 

at 37°C using 2 mM Na2SeO3 precursor. 

Values are mean ± SD (error bars) for three 

experiments. 

Fig. 4.6 Effect of incubation temperature on 

the yield of SeNPs at pH 7.0 using 2 mM 

Na2SeO3 precursor. Values are mean ± SD 

(error bars) for three experiments. 
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(Grant, 2015). H. salifodinae BK18 exhibited slow growth at 45°C, and therefore, the yield of 

SeNPs was also lower. Thus, SeNPs synthesis by H. salifodinae BK18 was carried out at 37°C. 

Maximum yield of SeNPs synthesis was obtained at 2 mM Na2SeO3, pH 7.0, and temperature 

of 37°C (Table 4.1).  

The time course of SeNPs accumulation, 

selenite loss from the medium and the 

growth is shown in Fig. 4.7. As mentioned 

in section 4.3.1, H. salifodinae BK18 

exhibited an increase in µ (specific growth 

rate) to 1.21 days-1, in presence of 2 mM 

Na2SeO3 as compared to the µ of the isolate 

in the absence of Na2SeO3. Both molar yield 

and the yield with respect to the biomass 

were estimated during the synthesis. H. 

salifodinae BK18 exhibited SeNPs 

accumulation from the early exponential 

phase. The yield was initially determined by 

growing the haloarchaeal cells in presence of 2 mM Na2SeO3, and extracting the SeNPs by 

wet heat sterilisation to give a crude SeNPs preparation. The yield of crude unpurified SeNPs 

was 0.934 mM/ mM Na2SeO3. However, after purification (acid-wash), yield was 0.697 

mM/mM Na2SeO3, exhibiting a loss of 23.7% during the process of purification. Maximum 

yield (5.8 mg/g CDW; 0.697 mM/mM of Na2SeO3 added) was obtained on day 9, exhibiting 

an efficiency of 70%. Table 4.2 summarises the various kinetic and yield parameters of SeNPs 

synthesis by H. salifodinae BK18. 

Table 4.1 SeNPs synthesis kinetics and yield parameters. 

Kinetics parameters Values Yield parameters Values 

µ (days-1) 1.12 Y (mg/g CDW) 5.8 

td (hrs) 14.85 MY (mM/mM) 0.697 

tl (hrs) 8.9 Efficiency (%) 70 

Fig. 4.7 Growth kinetics, SeNPs 

accumulation and the yield of SeNPs studies 

for the haloarchaeon H. salifodinae BK18. 

Values are mean ± SD (error bars) for three 

experiments. 
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The selenium nanopowder obtained after biosynthesis was subjected to crystallographic 

characterisation by X-ray diffraction (Fig. 4.8a). Characteristic Bragg’s peaks corresponding 

to the (1 0 0), (1 0 1), and (1 0 2) facets of hexagonal selenium (ICDD card no.06-0362) were 

obtained. The crystallite domain size was found to be 28.27 nm. The lattice parameters a and 

b were calculated for hexagonal system for the plane (1 0 1) and found to be 0.436 nm and 

0.493 nm, respectively. The UV-visible spectral characterisation of the synthesised SeNPs 

revealed an absorption band between 200 to 300 nm with a maximum at around 270 nm (Fig. 

4.9b) indicating the formation of selenium nanoparticles (Praharaj et al. 2006; Fesharaki et al. 

2010). Rod shaped nanoparticles with an average length of 129 nm, average diameter of 10 

nm, and an aspect ratio of 13:1 were observed during the morphological characterisation of 

SeNPs by TEM. Some spherical SeNPs of uniform size distribution with an average diameter 

of 9 nm were also observed (Fig. 4.9c). Most studies on biological syntheses of SeNPs have 

reported spherical SeNPs (Oremland et al. 2004; Dhanjal and Cameotra, 2010; Sarkar et al. 

2011; Prasad et al. 2012). However, Srivastava and Mukhopadhyay (2013), in their study on 

selenium nanoparticle biosynthesis by the bacterium Zooglea ramigera, reported generation 

of spherical nanoparticles that acted as seed for growth of trigonal Se nanorods due to their 

high free energy. The Ostwald ripening process has been attributed to be responsible for the 

growth of SeNPs in to larger particles, which due to their in-stability dissolve and precipitate 

out as trigonal Se nanorods (Jeong and Xia, 2005; Wang et al. 2010; Srivastava and 

Mukhopadhyay, 2013). A similar phenomenon may be responsible for the presence of rod 

shaped nanoparticles with a few spherical particles. The SAED pattern of the SeNPs further 

confirmed their crystalline nature and exhibited the diffraction rings typical of hexagonal 

crystals (Fig. 4.6c inset). The elemental analysis by EDAX exhibited absorption bands at 1.5, 

11.2 and 12.5 keV, confirming the presence of elemental selenium (Fig.4.8d). Additional 

weaker peaks of S and O obtained may be attributed to the bio-molecules that may be involved 

in capping of the biogenic SeNPs.  
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4.3.3 Involvement of Nitrate Reductase enzyme in selenite reduction 

 Although microorganisms have been reported to tolerate toxic concentrations of selenate and 

selenite, the mechanism of this tolerance is poorly understood. Selenite being more toxic than 

selenate to the cells (Dong et al. 2003), the detoxification of this oxyanion is a feature of 

diverse microorganisms. Various enzymes like periplasmic nitrite reductase (Hunter and 

Kuykendall, 2007; Hunter, 2007), intracellualr nitrate reductase (Avazeri et al. 1997), 

hydrogenase I (Yanke et al. 1995), arsenate reductase (Afkar et al. 2003), oxido-reductases 

and membrane associated reductases (Dhanjal and Cameotra, 2010) have been implicated in 

the selenite reduction. Some recent studies have also suggested the presence of 

Fig. 4.8 Characterisation of the selenium nanoparticles synthesised by Halococcus salifodinae BK18. 

(a) XRD pattern exhibiting the characteristic Braggs’s peak of hexagonal selenium; (b) UV-Visible 

spectra showing an absorption maximum at around 270nm; (c) TEM micrograph exhibiting selenium 

nano-rods, with few uniformly sized selenium nanospheres; (c inset) SAED pattern of the as 

synthesised SeNPs; (d) EDAX spectrum exhibiting the characteristic absorption band of elemental 

selenium. 
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NADH/NADPH dependent selenate reductases that bring about the reduction of both selenate 

and selenite to Se0 (Hunter and Manter, 2009; Etezad et al. 2009). 

The pink colouration obtained on the addition 

of Griess-Illosvays reagent to the cell free 

medium confirmed the nitrate reductase 

activity of H. salifodinae BK18. Fig. 4.9 

shows the amount of nitrite present in the 

medium after the growth of the culture in 

presence of 2 mM and 4 mM KNO3, and 2 

mM and 4 mM Na2SeO3. The nitrite 

concentration in presence of 2 mM and 4 mM 

KNO3 was 0.07 and 0.1 μM, respectively, 

while the nitrite content of the medium after 

the growth of the culture in presence of 2 mM and 4 mM Na2SeO3 was 0.02 and 0.01 μM, 

respectively. The decrease in the nitrite concentration in presence of Na2SeO3 may be due to 

the involvement of the enzyme nitrate reductase in SeO3
2- reduction. This suggests the 

inhibition of the enzyme NR by selenite.  

To rule out the possibility of inhibition of the 

enzyme NR by Na2SeO3, nitrate reductase 

enzyme assay was performed using the CFE 

of H. salifodinae BK18 grown in presence of 

2 mM and 4 mM Na2SeO3 with 2 mM and 4 

mM KNO3 as positive control. The CFE of 

the un-induced control cells exhibited a 

specific enzyme activity of 5.5 nM 

Nitrite/min/ml. The CFE of the cells 

obtained from selenite treated haloarchaeal 

cell exhibited a dose-dependent increase in 

NR enzyme activity (Fig. 4.10). CFE of 2 mM Na2SeO3 treated cells exhibited an activity of 

9.01 nM Nitrite/min/ml, which was 64% higher than the untreated control (p< 0.05). For CFE 

Fig. 4.10 Effect of Na2SeO3 on the nitrate 

reductase enzyme activity in the presence and 

absence of selenite. Values are mean ± SD 

(error bars) for three experiments. 

 

Fig. 4.9 Effect of Na2SeO3 on nitrate 

reduction. Values are mean ± SD (error 

bars) for three experiments.        
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of 4 mM Na2SeO3 treated cells, the NR enzyme activity was 12.82 nM Nitrite/min/ml, which 

was 133% higher than the enzyme activity exhibited by the CFE of untreated cells (p<0.05). 

The enzyme activity of CFE of the cells grown in presence of 2 mM and 4 mM KNO3 was 

found to increase by 50% and 99% respectively. This increase is due to the increase in the 

substrate for the enzyme NR. The dose dependent increase in NR enzyme activity of the CFE 

of selenite treated cells indicates that selenite does not inhibit the NR enzyme, and that the 

enzyme gets diverted to reduction of selenite instead of nitrate. To further confirm the role of 

NR in selenite reduction, inhibitor studies were performed.  

Four compounds used for the inhibitor 

studies included PMSF, IAA, EDTA and 

sodium azide. These compounds are well 

known enzyme inhibitors specific for certain 

enzymes (Michaud et al. 1993; Knap and 

Pratt 1991; Auld, 1995; Amy and Garrett, 

2007). Except for IAA, the other inhibitors 

had no effect on the growth of H. salifodinae 

BK18. IAA was found to delay the growth 

slightly. Similarly, when the isolate was 

grown in the presence of 4 mM Na2SeO3 and 

either one of the inhibitors (PMSF, IAA, 

EDTA), the SeNPs synthesis remained 

unaffected. However, when the isolate was grown in presence of 10 mM Sodium azide and 4 

mM Na2SeO3 both, growth and SeNPs synthesis was negligible. The effect of inhibitors on the 

SeNPs synthesis in presence of Na2SeO3 was in the order of Sodium azide >> IAA = EDTA > 

PMSF, with sodium azide being most inhibitory and PMSF being least inhibitory. Sodium 

azide exhibited a 96.8% inhibition in enzyme activity as compared to the control (Fig. 4.11). 

Sodium azide is a known inhibitor of nitrate reductase enzyme (Amy and Garrett, 1974), 

therefore, the inability of the haloarchaeon to grow in presence of this inhibitor and selenite, 

is suggestive of the involvement of NR in selenite tolerance and nanoparticles synthesis.  

 

Fig. 4.11 Effect of various inhibitors like 

PMSF, IAA, EDTA and sodium azide on 

nitrate reductase enzyme activity of H. 

salifodinae BK18. Values are mean ± SD 

(error bars) for three experiments. 
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4.3.4 Anti-proliferative properties of SeNPs 

Selenium compounds like selenite, selenate, Se-methionine, Se-cysteine and 

methylselenocysteine are known to be anticarcinogenic and cancer-chemopreventive (Rikiishi, 

2007). Recently, elemental nano-selenium has attracted substantial attention due to its 

excellent biological activity and low toxicity, and is being touted as the new anticancer and 

chemopreventive agent (Zhang et al. 2008; Luo et al. 2012; Sun et al. 2014). Several studies 

have shown the dose-dependent cytotoxic effect of the red elemental nano-selenium towards 

various cancer cell lines like A375 (human melanoma cell line), HepG2 (hepatocellular 

carcinoma cell line), MCF-7 (breast adenocarcinoma cell line), MDA-MB-231 (human breast 

carcinoma), HeLa (human cervical carcinoma cell line), HK-2 (human kidney cell line) and 

human ileocecal adenocarcinoma, HCT-8 cells (Chen et al. 2008; Luo et al. 2012; Zheng et al. 

2010; Sun et al. 2014; Gao et al. 2014). These nanoparticles have also been shown to augment 

the anti-proliferative properties of chemotherapeutic drugs like adriamycin (Tan et al. 2009), 

doxorubicin (Ramamurthy et al. 2013) and irinotecan (Gao et al. 2014). Few reports have 

exhibited lower toxicity and selectivity of nanoselenium towards normal cells (Chen et al. 

2008; Luo et al. 2012).  

The SeNPs biosynthesised by H. salifodinae BK18 were evaluated for their anti-proliferative 

properties on HeLa and HaCaT (human epidermal keratinocyte) cell lines. The HeLa cell line 

was treated as the cancer model cell line and the HaCaT cell line as a substitute for normal 

primary cultures (Bonifas et al. 2010). HaCaT cells were immortalised by growing human 

epidermal keratinocytes at lower calcium concentration and higher temperature (Boukamp et 

al. 1988; Bonifas et al. 2010). H. salifodinae BK18 biosynthesised SeNPs were found to be 

cytotoxic towards HeLa cells in a dose-dependent manner (Fig. 4.12). However, this trend of 

dose-dependent cytotoxicity was not observed in HaCaT cells (Fig. 4.12). Even at a 

concentration of 150µg/ml SeNPs, 90% cell viability was observed for HaCaT cells. This 

difference in susceptibility of the cancer cells to SeNPs as compared to the normal cells may 

be attributed to the difference in the antioxidant enzyme regulation, particularly thioredoxin 

(TR) in cancer cells (Fang et al. 2000). TR when overexpressed (as in cancer cells) leads to 

the increase in selenide generation which causes an increase in oxidative stress due to redox 

cycling. At the same time, the increased TR also inhibits lipooxygenases thereby removing 
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essential fatty acid growth factors from cancer cells, and causing cell death (Fang et al. 2000). 

Selenium free cell material (HSBK18) and sodium selenite (SS) did not exhibit cytotoxicity 

towards both HeLa and HaCaT cell lines. Thus, the SeNPs are anti-proliferative against cancer 

cell line while being non-toxic to normal model cell line HaCaT and may be used as potential 

cancer chemotherapeutic agent. 

 

 

4.3.5 Mechanism of SeNPs cytotoxicity towards HeLa cell line 

Mechanisms involved in the anticancer activity of nanoselenium are not yet fully elucidated. 

However, there are few studies indicating apoptosis as one of the mechanisms responsible for 

the cytotoxicity of nanoselenium against cell lines such as, A357 human melanoma cells (Chen 

et al. 2008), LNCaP prostate cancer cells (Kong et al. 2011), MCF-7, and MDA-MB-231 breast 

cancer cells (Vekariya et al. 2010). Nanoselenium has also been shown to inhibit the growth 

of HeLa, human cervical cancer cells and MDA-MB-231 cells through the induction of S-

phase arrest (Luo et al. 2012). 

To understand the mechanisms involved in SeNPs cytotoxicity towards HeLa cell line, ROS 

studies were carried out using the fluorescent probe DCFH-DA. An increase in ROS 

generation is responsible for oxidative damage of mitochondria, nucleic acids, and lipids which 

results in cell death due to apoptosis (Wu et al. 2012). SeNPs treated cells exhibited a 

Fig. 4.12 SeNPs exhibited a dose dependent increase in cytotoxicity towards HeLa cells whilst 

exhibiting none towards the HaCat cells. The selenium free cell material (HSBK18) and sodium 

selenite (SS) did not exhibit cytotoxicity towards HeLa and HaCat cell lines. Values are mean ± 

SD (error bars) for three experiments. * Represents significant results (p <0.05) using ANOVA, 

when treated groups were compared with the untreated controls. 
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significant increase (p<0.05) in ROS levels 

as compared to unexposed controls. This 

increase in ROS was dose dependent (Fig. 

4.13) and maximum increase (75%) in ROS 

was observed at a concentration of 150 

µg/ml of SeNPs. This suggests that SeNPs 

cause oxidative damage in HeLa cells 

leading to apoptosis and cell death. Both 

HSBK18 and SS did not exhibit a significant 

increase (p>0.05) in ROS generation as 

compared to SeNPs, however SS resulted in 

a significant increase in ROS (p<0.05) as 

compared to unexposed control. At a 

concentration of 50 µg/ml SS exhibited 

~25% increase in ROS as compared to the 

unexposed controls. SS is a known 

chemotherapeutic agent, however the 

effective dose to achieve cell death is much higher, which is usually toxic to the normal cells 

(Rikiishi, 2007; Zhang et al. 2008; Zeng, 2009). Nano-preparations of Se offer equal efficacy 

in anticancer activity at lower doses, without eliciting any toxicity towards normal cells (Zhang 

et al. 2008).  

Apoptosis induction by SeNPs was further confirmed by acridine orange/ethidium bromide 

(AO/EB) staining. This is a quick and easy method to determine the apoptotic morphology as 

well as to estimate the apoptotic index (AI) (Ribble et al. 2005). AI is a measure of the 

percentage of apoptotic cells within the overall population of cells (Soini et al. 1998). AO 

stains live cells green, while EB stains non-viable cells red. Viable cells are stained uniformly 

green, while apoptotic cells exhibit fluorescent green patches representing chromatin 

condensation. The cells treated with SeNPs exhibited morphological characteristics of 

apoptotic cells such as cell shrinkage, chromatin condensation, nuclear fragmentation, and 

formation of apoptotic bodies (Fig. 4.14a). Apoptotic cells and the total number of cells were 

counted and AI was determined (Fig. 4.14b). A dose dependent increase in AI was observed 

Fig. 4.13 ROS generation in HeLa cell lines 

after treatment with SeNPs/ SS/ HSBK18 

represented as a percentage of ROS 

generated in untreated cells. Values are 

mean ± SD (error bars) for three 

experiments. * Represents significant results 

(p <0.05) using ANOVA, when treated 

groups were compared with the untreated 

controls. 
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on SeNPs treatment. The AI was found to be significantly higher (p<0.05) for cells treated 

with 30, 50, 70, 100, and 150 µg/ml as compared to untreated controls. Cells treated with 10 

µg/ml exhibited only 16.8% cell death.  

 

To further understand the mechanism of SeNPs cytotoxicity towards HeLa cell line, the 

expression of apoptotic markers, pro-caspase-3, poly(ADP-ribose) polymerase (PARP), and 

heat shock protein-70 (HSP-70) was determined by western blot analysis. Caspases are a group 

of intracellular proteases that exist as inactive pro-enzymes and are activated by proteolytic 

cleavage resulting in the deliberate disassembly of the cell into apoptotic bodies (Thornberry 

et al. 1998). In response to a pro-apoptotic signal, such as UV-light or chemotherapy, proteins 

upstream of pro-caspase-3 cleave it resulting in generation of active form of caspase-3. HeLa 

cells treated with SeNPs exhibited a dose dependent decrease in expression of pro-caspase 3 

as compared to untreated controls (Fig. 4.15), suggesting the activation of apoptotic pathway. 

This was confirmed by determining the expression of pro-PARP and cleaved PARP, as the 

activated form of caspase-3 catalyses the cleavage of pro-PARP. As seen in Fig. 4.15, the 

expression of pro-PARP was found to decrease with the increase in SeNPs concentration, 

Fig. 4.14 (a) Representative micrographs showing HeLa cells treated with SeNPs and stained with 

AO/EB. The morphological characteristics of apoptotic cells such as chromatin condensation 

(white arrows), nuclear fragmentation (yellow arrow); cell shrinkage (blue arrow) and formation of 

apoptotic bodies (orange arrows) were observed; (Inset) Control cells exhibiting uniform staining 

indicating intact cellular and nuclear morphology; (b) HeLa cells treated with SeNPs exhibited a 

dose dependent increase in the apoptotic index (percent of apoptotic cells) as compared to untreated 

cells. Values are mean ± SD (error bars) for three experiments. * Represents significant results (p 

<0.05) using ANOVA, when treated groups were compared with the untreated controls. 
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while the cleaved-PARP was found to be upregulated. At the same time, HSP-70 was found to 

be downregulated with the increase in SeNPs concentrations (Fig. 4.15). This further confirms 

the activation of apoptotic pathway, as HSP-70 is known to protect cells against caspase 

dependent apoptotic cell death (Sabirzhanov et al. 2012). A similar decrease in the expression 

levels of pro-caspase-3, and pro-PARP and an increased expression of cleaved PARP was 

observed in prostate cancer cell line, LNCaP, in response to chemically synthesised SeNPs 

treatment (Kong et al. 2011). Thus, the western blot analysis indicates the activation of 

caspase-dependent apoptosis in HeLa cells treated with SeNPs synthesised by H. salifodinae 

BK18.  

 

 

4.4 Conclusion 

In this study, we report the biosynthesis of selenium nanoparticles by the halophilic archeaon 

Halococcus salifodinae BK18. The selenium nanorods were found to possess hexagonal 

crystalline facets, with an aspect ratio of 13:1. In presence of 2mM Na2SeO3, the isolate 

exhibited enhanced growth, while in presence of 4mM Na2SeO3 the growth was similar to the 

control. The increase in the nitrate reductase enzyme activity in presence of Na2SeO3 and its 

Fig. 4.15 Western blot analysis of HeLa cells treated with varying concentrations of SeNPs (A- 

0 μg/ml; B- 30 μg/ml; C- 50 μg/ml; D- 70 μg/ml; E- 100 μg/ml). A dose dependent decrease in 

levels of HSP-70 and pro-caspase 3 is suggestive of activation of caspase dependent apoptosis. 

The decrease in levels of pro-PARP with a concomitant increase in levels of cleaved form of 

PARP, further confirms the involvement of caspase dependent apoptosis in the anti-neoplastic 

properties of SeNPs against HeLa cell line. β-Actin was used as a control to check equal loading 

of proteins. 
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inability to grow in the presence of the enzyme inhibitor sodium azide implies the involvement 

of nitrate reductase in detoxification of the selenite. These SeNPs exhibited cytotoxicity 

towards the human cervical cancer cell line, HeLa, while being non-cytotoxic towards the 

normal primary cell substitute, human epidermal keratinocyte cell line, HaCaT. The increase 

in ROS and AI in SeNPs treated HeLa cells suggested the induction of apoptosis resulting in 

cell death. The concomitant decrease in the expression of HSP-70, pro-caspase 3, and pro-

PARP, along with an increase in cleaved PARP expression suggests the activation of caspase 

dependent apoptotic pathway. These SeNPs may therefore be used as potential 

chemotherapeutic agents. 
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CHAPTER 5 

Biosynthesis of Antibacterial Tellurium Nanoparticles by the haloarchaeon Halococcus 

salifodinae BK31 

5.1 Introduction 

Tellurium (Te) is a metalloid that belongs to group 16 (VI A) of the periodic table, along with 

oxygen (O), sulphur (S), selenium (Se), and polonium (Po). It is a trace element present at 

0.005 ppm level in the earth’s crust. Unlike its other group members such as O, S, and Se, that 

find biological use, Te has no known biological function. However, in rare cases, fungi grown 

in presence of sodium tellurite (Na2TeO3) and in absence of S, have exhibited the formation 

of Te-containing amino acids (tellurocysteine, tellurocystine and telluromethionine) and 

proteins (Chasteen and Bentley, 2003). In nature, Te occurs in four oxidation states, partially 

soluble oxyanions Te (+VI)/TeO4
2- and Te (+IV)/TeO3

2-, elemental Te0, and the metal 

tellurides (Te2-) like CdTe. Occurrence of Te in its elemental form is rarest, and is usually 

found as telluride of gold and/or other metals. Tellurium is most commonly used in the rubber 

industry as a vulcanising agent, in the manufacture of steel as an alloying element, and along 

with selenium in electronic industry (Naumov, 2010). Prior to the advent of antibiotics, 

tellurite was used for the treatment of leprosy, tuberculosis, dermatitis, cystitis, eye infections, 

and as an antibacterial agent in growth media (Taylor, 1999, Summers and Jacoby, 1977).  

More recently, nanoparticles of tellurium have gained importance due to their unique 

properties such as photoconductivity, catalytic activity towards hydration and oxidation 

reactions, high piezoelectronic, thermoelectronic, and non-linear optical responses (Ufimtsev 

et al, 1997; Liu et al, 2003). Nano-scaled Te compounds such as CdTe/ZnTe, CdSeTe, 

CdHgTe, have been shown to have great potential for use in solar-cells, and as QDs for bio-

imaging (Tang et al, 2006; Law et al, 2009; Chen et al, 2010). Elemental tellurium 

nanoparticles (TeNPs) are fabricated majorly through chemical solution phase methods, where 

TeO4
3-/ TeO3

2- is reduced to Te0 employing reducing agents such as hydrazine, ethylene glycol, 

sodium borohydride, formamide etc. (Mayers and Xia, 2002a; Mayer and Xia, 2002b; Xi et al, 

                                                           
1 This work is published as: Srivastava P, Nikhil EV, Braganca JM, Kowshik M (2015) Anti‑bacterial TeNPs 

biosynthesized by haloarchaeon Halococcus salifodinae BK3. Extremophiles 19:875-884 
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2005). However, these procedures usually employ extreme temperatures for synthesis and 

calcination, and expensive stabilisers and capping agents (Lan et al, 2007; Lin et al, 2008; 

Kurimella et al, 2013). Therefore, biological entities may serve as substitutes for 

nanofabrication as the process would occur at ambient temperature and without the need of a 

capping agent (Shankar et al, 2004). 

Bacteria such as Bacillus selenitireducens, Bacillus Sp. BZ, Sulfurospirillum barnesii, 

Pseudomonas fluorescens K27, Rhodobacter capsulatus, and Shewanella oneidensis have 

been shown to synthesise tellurium nano-rods and irregular nanospheres (Baesman et al, 2007; 

Zare et al, 2012; Basnayake et al, 2001; Borghese et al, 2004; Klonowska et al, 2005). Studies 

on resistance to tellurates and tellurites in other bacteria such as E. coli, P. aeruginosa, 

Enterobacter sp. YSU, Roseococcus thiosulfatophilus, Erythrobacter litoralis, and 

Erythromicrobium ramosum have reported the generation of black precipitates indicative of 

nano Te0, however, none of these organisms have been exploited for TeNPs synthesis (Turner 

et al, 1999; Summers and Jacoby, 1977; Jasenec et al, 2009; Yurkov et al, 1996). Although 

there are reports on TeNPs synthesis by bacteria, TeNPs biosynthesis by haloarchaea is not yet 

reported.  

Microbial synthesis of inorganic metal based nanomaterials entails the metal 

resistance/tolerance mechanism elicited by the microorganism in response to metal stress. 

Generally, the resistance to Te oxyanion involves physical removal from the vicinity of the 

cells either through volatilisation (as dimethyl telluride) or through reductive precipitation (as 

Te0) (Basnayake et al, 2001; Borghese et al, 2004; Klonowska et al, 2005). Microorganisms 

responsible for the reduction of Te oxyanion in to Te0 in nano-dimensions may be considered 

as biological nano-factories. The mechanism of Te resistance in gram-negative bacteria has 

been shown to be plasmid mediated, while that of gram-positive is poorly understood (Turner 

et al, 1995). Activation of the plasmid mediated resistance mechanism requires an upregulation 

or a mutation, which occurs in response to the presence of TeO3
2- in the vicinity of the 

microbial cell. Thus, it may not represent the primary microbial metal resistance mechanism, 

indicating presence of other Te resistance determinants (Taylor, 1999). However, very little is 

known about how these determinants work and none of them have been clearly established as 

resistance mechanisms for bacteria. As compared to bacterial systems, there is even lesser 
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knowledge about tellurite/tellurate resistance in haloarchaea (Srivastava and Kowshik, 2013), 

or for that matter in archaea as well (Bini, 2010). Three haloalkaliphilic archaea, viz, 

Natronococcus occultus, Natronobacterium magadii and N. gregoryi have been reported to be 

resistant to high levels of TeO3
2-, but, the reduced Te was not characterised (Pearion and 

Jablonski, 1999). 

This study reports the intracellular synthesis of needle shaped TeNPs by the haloarchaeon 

Halococcus salifodinae BK3 in presence of 3 mM K2TeO3. Growth kinetics studies exhibited 

a high level of intrinsic resistance to tellurite. The nanoparticles were found to be antibacterial 

against both gram-positive and gram-negative organisms, with a better activity against gram-

negative organisms. 

5.2 Materials and Methods 

5.2.1 Determination of MIC of K2TeO3 and growth kinetic studies 

H. salifodinae BK3 was grown in presence of varying concentrations of potassium tellurite 

(K2TeO3; Molychem) to determine the minimum inhibitory concentration (MIC). A 

concentration range of 0.1-10 mM was used for this study.  

Parameters of growth kinetics like specific growth rate (µ), doubling time (td) and lag time (tl) 

were determined according to Berney et al. (2006) and Breidt et al. (1994), respectively as 

described in section 2.2.2. In brief the isolate was grown in the presence of 0.3 mM, and 3 mM 

K2TeO3, and an aliquot of 1 ml was withdrawn every 24 hrs. The absorbance was measured at 

600 nm on UV-visible double beam spectrophotometer. Inoculated medium without K2TeO3 

and un-inoculated medium with 3 mM K2TeO3 were used as positive and negative controls, 

respectively. The experiment was performed in triplicates on different days. 

5.2.2 Estimation of tellurite loss from the medium 

The tellurite loss from the medium was determined by the colorimetric method using 

diethyldithiocarbamate (DDTC) as described by Turner et al. (1992). In brief, NTYE medium 

was inoculated with 2% culture along with 0.3 mM or 3 mM K2TeO3 and incubated at 37°C, 

110 rpm for 10 days. An aliquot of 500 μl was withdrawn every 24 hrs and centrifuged at 

10,000 × g for 5 mins to pellet down the cells. To 100 μl of supernatant, 0.3 M Tris- NaCl 
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(TN) buffer (pH 7.0) and 2 mM DDTC reagent were added, and the absorbance read at 340 

nm to determine the amount of tellurite remaining in the medium. Appropriate positive and 

negative controls were analysed simultaneously. The assay was carried out in triplicates. 

5.2.3 TeNPs biosynthesis and process parameter optimisation 

The biosynthesis of TeNPs was carried out by inoculating H. salifodinae BK3 in to NTYE 

medium (2%, OD = 0.6), to which requisite amount of K2TeO3 was added at time zero. The 

culture was incubated at 37°C, 110 rpm. The reduction of TeO3
2- to Te0 and TeNPs synthesis 

was allowed for 10 days during which the biomass turned black. The biomass was harvested 

by centrifugation at 10,000 × g for 30 mins, followed by two washes with deionised water. 

Subsequently, the biomass was dialysed with frequent changes (once every two hours) of water 

overnight to remove the ions. The sample was sonicated at 0°C for 15 min, at 3 RPS (40 W). 

The cell debris was separated from the nanoparticles by first centrifuging the samples at lower 

speed (10,000 × g, 15 mins) to pellet the cell debris, followed by centrifugation at high speed 

(22,000 × g, 1 hr) that pellets the TeNPs. The suspension obtained after dialysis was dried in 

a hot air oven at 70°C, and ground in a mortar and pestle to obtain the nanopowder. Media 

controls and culture supernatant, both containing 3 mM K2TeO3 were also evaluated for TeNPs 

synthesis.  

The process parameters such as medium pH, incubation temperature, and K2TeO3 

concentration were varied to determine the conditions for maximum yield of TeNPs. H. 

salifodinae BK3 was grown in NTYE with varying conditions as mentioned below:  

pH 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

K2TeO3 conc. (mM) 0.5 1 2 3 4 5 5.5 

Temperature (°C) 25 30 35 37 40 45  

 

The yield was determined by a spectrophotometric method described by Molina et al (2010). 

A calibration curve of Te0 was prepared in the concentration range of 10 µM to 10 mM. The 

Te0 was obtained by incubating K2TeO3 (10 µM - 10 mM) with 3.5 mM NaBH4 for 10 mins at 

RT. The absorbance was recorded using a UV- visible double beam spectrophotometer at 500 

nm. H. salifodinae BK3 was allowed to synthesise TeNPs at various conditions of temperature, 

pH, or K2TeO3 concentration and the nanoparticles were extracted and purified. The TeNPs 
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were then suspended in water and their absorbance was read spectrophotometrically. The 

molar yields of TeNPs at various conditions were recorded in mM/mM K2TeO3 and calculated 

as described in section 4.2.4. The experiments were carried out in triplicates on different days.  

Biosynthesis was carried out at the optimised conditions and the molar yields and yield per 

gram of CDW were determined over the period of synthesis. TeNPs synthesis was carried out 

in 1 L medium inoculated with H. salifodinae BK3 along with the optimised concentration of 

K2TeO3. 3 ml aliquots were withdrawn every 24 hours, of which 1 ml was used for growth 

kinetic analysis, 1 ml was used for determination of CDW and 1 ml was used for yield 

determination. The molar yield (MY) was calculated as mentioned above. The yield per gram 

of CDW was calculated as described in section 3.2.4 to determine the efficiency of the process. 

The experiment was carried out in triplicates on different days. 

5.2.4 Nanoparticles characterisation 

XRD, TEM, SAED, and EDAX analysis of the ‘as-synthesised’ TeNPs were carried out as 

described in section 3.2.5. The lattice parameters were determined as described in section 

4.2.5.  

5.2.5 Effect of tellurite on pigment production 

Stationary phase H. salifodinae BK3 (8-10 days) grown in the presence of 0.3 mM, and 3 mM 

K2TeO3, and in the absence of K2TeO3 (control) were used to determine the effect of tellurite 

on pigment production. The biomass was harvested by centrifugation at 10,000 × g for 20 

mins, at RT. The pellet obtained was dispersed in acetone and the mixture was vortexed. The 

solution was sonicated at 0°C for 15 min, at 3 RPS (40 W) till the entire pigment was extracted 

in the solvent. The supernatant was separated from the colourless cell debris by centrifugation 

(10,000 × g for 20 mins). The supernatant was scanned between 350-650 nm using UV-visible 

double beam spectrophotometer. 

5.2.6 Nitrate reductase assay and inhibitor studies 

The involvement of NADH-dependent nitrate reductase (NR) in TeNPs synthesis and 

tellurium resistance was determined as described previously in section 3.2.7. Briefly, H. 

salifodinae BK3 was grown in HNB in the presence of 0.3 mM and 3 mM K2TeO3 at 37°C, 
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110 rpm for 10 days. KNO3 (0.3 and 3 mM) was used as the positive control and un-inoculated 

medium with 3 mM K2TeO3 served as negative control. The CFE of H. salifodinae BK3 was 

prepared as described in section 3.2.6. 100 µl CFE of H. salifodinae BK3 (0.5 g wet weight) 

grown in presence of 0.3 mM and 3 mM K2TeO3 was added to the substrate mixture containing 

10 mM KNO3, along with 0.2 mM β-NADH. The reaction was stopped after 2 mins by addition 

of 0.15 mM sulphanilamide solution in 3 mM HCl (Qualigens), followed by 0.19 mM NED 

solution. The solution was mixed properly and the absorbance of the coloured product was 

recorded at 540 nm. For negative control, CFE was boiled to destroy enzyme activity and the 

nitrite content was determined. The nitrite content of the negative control so obtained was 

subtracted from that of the test, to give total amount of nitrite produced by the enzyme in 2 

mins. The effect of NR inhibitor, sodium azide, on nanoparticle synthesis by H. salifodinae 

BK3 was evaluated as described in section 3.2.7. All the studies were performed in triplicates. 

5.2.7 Tellurite reductase enzyme assay 

Crude extracts (CFE) of H. salifodinae BK3 grown in presence of K2TeO3 were prepared to 

determine the tellurite reductase enzyme activity. The CFE of H. salifodinae BK3 prepared as 

described in section 3.2.6, served as the crude enzyme extract. The tellurite reductase activity 

of the crude extract was assayed according to Chiong et al. (1988). The reaction mixture (1 

ml) comprised of 10 mM Tris (pH 7.5), 1 mM K2TeO3, 1 mM NADH and the crude extract. 

The reduction of the tellurite was measured by recording an increase in absorbance at 500 nm 

(A500). Boiled crude extract served as negative control. The assay was carried out in the 

absence of NADH to determine the dependence of the enzyme on NADH. The amount of crude 

enzyme which resulted in an increase of 0.001 units of A500 min-1 ml-1 was denoted as ‘One 

unit’ of enzymatic activity. Specific activity was expressed as units/mg of protein. The total 

protein content of the cells was determined by Bradford’s method (Bradford, 1976). The 

reaction was also carried out in presence of 1% SDS, 4 mM β-mercaptoethanol, and at 

temperatures of 37°C, 70°C, and 100°C for 15 mins, independently to determine the nature of 

the reducing moiety. All the experiments were performed in triplicates.  
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5.2.8 Antimicrobial activity of the TeNPs 

The Kirby-Bauer disk susceptibility method was used to determine the antimicrobial property 

of the TeNPS. The gram-negative organisms, E. coli ATCC 10536, E. coli NCIM 2574, 

Pseudomonas aeruginosa MTCC 2581, and gram-positive Staphylococcus aureus ATCC 

6538P, and Micrococcus luteus were tested for their susceptibility to the synthesised TeNPs. 

The TeNPs were suspended in deionised water at a final concentration of 10 mg/ml, and 

appropriate volumes were loaded on the disks to give the following concentrations- 10, 50 and 

100 μg Te /disc. Log phase cultures (~106 CFU/ml) were swabbed on a Mueller-Hinton (MH) 

agar plate, and the nanoparticle impregnated sterile disks were placed on them. The plates were 

incubated at 37°C, for 18 hrs, following which the ZoI was recorded. Antibiotic discs of 

tetracycline (10 μg/disc) and ciprofloxacin (30 μg/disc) served as positive control, and the 

saline loaded disks served as negative control.  

The MIC of the TeNPs against E. coli ATCC 10536, E. coli NCIM 2574, P. aeruginosa MTCC 

2581, S. aureus ATCC 6538P and M. luteus NCIM 2170 was determined by the resazurin 

microtiter assay (REMA) (LiPuma et al, 2009), as per standard CLSI methods. 100 μl/well of 

double strength MH broth was added in a 96-well microtiter plate along with appropriate 

dilutions of the TeNPs prepared in deionised water. 10 μl of 0.1% resazurin sodium salt 

(Sigma-Aldrich) was added to each well, followed by exponential phase bacterial cells (~106 

CFU/ml), and the volume was made up to 200 μl using sterile distilled water. The plate was 

incubated in the dark at 37°C, for 24 hrs on a shaking incubator at 110 rpm. The lowest 

concentration of the TeNPs at which no blue to pink colour change was observed was recorded 

as the MIC. Appropriate controls were subjected to similar treatments. All experiments were 

carried out in triplicates. 

5.2.9 Statistical analysis 

The statistical analysis was carried out as described in section 2.2.5. 
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5.3 Results and Discussions 

5.3.1 Effect of potassium tellurite on growth 

The haloarchaeal isolate H. salifodinae BK3, during growth in presence of potassium tellurite, 

exhibited a decrease in pigmentation with the increase in TeO3
2- concentration (Fig. 5.1a). At 

concentrations above 0.2 mM K2TeO3, H. salifodinae BK3 turned black which may be 

attributed to the reduction of tellurite to elemental tellurium (Fig. 5.1b, c). The growth profiles 

of H. salifodinae BK3 exposed to 1 mM, 2mM and 3 mM K2TeO3 were similar to that of 

unexposed control (cells grown in the absence of K2TeO3; Fig. 5.2). Concentrations above 3 

mM K2TeO3 negatively affected the growth of H. salifodinae BK3, and no growth was 

observed at 6 mM or above. MIC of K2TeO3for H. salifodinae BK3 was 6 mM.  

 

 

 

 

Fig. 5.1 (a) Effect of 0.3 mM and 3 

mM K2TeO3 on pigment production 

ability of H. salifodinae BK3; (b) H. 

salifodinae BK3 appears orange-red 

(c) which turns black in presence of 

3mM K2TeO3 due to accumulation of 

reduced tellurium. 

 

Fig. 5.2 Growth profile of H. salifodinae 

BK3 at varying concentrations of K2TeO3. 

The growth was found to decrease with the 

increase in metal concentration. MIC was 

found to be 6 mM. Values are mean ± SD 

(error bars) for three experiments. 
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The effect of K2TeO3 on the growth of H. 

salifodinae BK3 was evaluated by growing 

the isolate in presence of 0.3 mM and 3 mM 

K2TeO3 (Fig. 5.3). H. salifodinae BK3 

exhibited a maximum specific growth rate 

(μ) of 0.99 days-1 and a lag time (tl) of 11.8 

hrs. In presence of 0.3 mM K2TeO3, the 

haloarchaeon exhibited growth kinetics 

parameters very similar to that of control 

(cells grown in the absence of K2TeO3; 

Table 5.1), with no significant difference 

(p>0.05). At 3 mM K2TeO3, a slight 

decrease in the μ and an increase in tl to 

14.4 hrs of H. salifodinae BK3 were 

observed, however the difference was 

insignificant (p>0.05). The blackening of 

the biomass due to intracellular 

accumulation of Te0 was more pronounced 

for the cells grown in presence of 3 mM 

K2TeO3, which could be attributed to the 

availability of higher tellurite 

concentration. A decrease in the colony size in presence of 3 mM K2TeO3 as compared to 

control was also observed (Fig. 5.4). This decrease in colony size may arise due to the toxicity 

exerted by the increased tellurite concentration.  

Table 5.1 Growth kinetics parameters of H. salifodinae BK3 at different concentrations of K2TeO3 

H. salifodinae BK3 μ (days-1) tl (hours) td (hours) 

Control (0 mM K2TeO3) 0.99 11.8 16.8 

0.3 mM K2TeO3 0.99 12 16.8 

3 mM K2TeO3 0.74 14.4 22.48 
            μ- maximum specific growth rate; tl- lag time; td- doubling time 

 

Fig. 5.3 Growth profiles of Halococcus 

salifodinae BK3 in the (a) absence of K2TeO3 

(b) presence of 0.3 mM K2TeO3 and (c) 

presence of 3 mM K2TeO3. The circles (●) 

represent growth as optical density and the 

triangles (▲) represent specific growth rates. 

Values are mean ± SD (error bars) for three 

experiments. 
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The loss of tellurite from the medium as a result of growth of H. salifodinae BK3 was co-

related to the growth of the isolate in the presence of 0.3 mM and 3 mM K2TeO3 (Fig. 5.5). 

Un-inoculated medium with 3 mM K2TeO3 exhibited negligible loss of tellurite from the 

medium. Tellurite uptake by H. salifodinae BK3 was observed from early exponential phase 

to the late stationary phase, with no effect on the growth rate at 76 µg/ml (0.3 mM) and with a 

very slight decrease in growth rate at 761 µg/ml (3 mM) K2TeO3. In case of H. salifodinae 

BK3 grown in presence of 76 µg/ml K2TeO3, at the beginning of the stationary phase, i.e. on 

day 3, the tellurite concentration in the medium was 19.03 µg/ml, indicating an uptake of ~ 

75% of the tellurite provided. Similarly, by the end of the exponential phase, i.e. on day 4, 545 

µg/ml of the 761 µg/ml tellurite provided, was taken up by the haloarchaeon leaving ~28 % in 

the medium. In both the cases the haloarchaeon was able to take up 97% of the K2TeO3 

provided by the end of the stationary phase (day 10). In a study by Borghese et al (2004), on 

the effects of the tellurite oxyanion on growth characteristics of the phototrophic bacterium 

Rhodobacter capsulatus, the tellurite uptake was observed during the exponential phase alone, 

and the oxyanion was found to negatively affect the growth rate of the culture. As H. 

salifodinae BK3 exhibited uptake of tellurite from the early exponential phase, for 

nanoparticles synthesis, tellurite was added at the time of inoculation. This eliminates the 

requirement for monitoring of growth phase of the haloarchaea which is advantageous for 

TeNPs synthesis.  

 

 

 

 

Fig. 5.4 Effect of 3 mM K2TeO3 

on the colony size of H. 

salifodinae BK3. 
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5.3.2 Tellurium nanoparticles synthesis and characterisation 

Tellurium nanoparticles synthesis has been 

studied in various bacteria (Baesman et al, 

2007; Zare et al, 2012; Basnayake et al, 

2001), however, haloarchaea have not yet 

been explored for the same. H. salifodinae 

BK3 which appears orange-red turns black 

when grown in presence of K2TeO3. The 

black colouration of the culture in presence 

of K2TeO3 is indicative of the TeO3
2- 

reduction, and TeNPs synthesis. Media 

Fig. 5.6 Growth of H. salifodinae BK3 (a) in 

presence of K2TeO3 and (b) in absence of 

K2TeO3; (c) The media components did not 

result in reduction of TeO3
2- in the absence of 

the culture. 

Fig. 5.5 Uptake of tellurite from the medium by H. salifodine BK3 (a) when grown in presence 

of 0.3 mM (76 μg/ml) and 3 mM (761.37 μg/ml) K2TeO3; (b) in relation to the growth phase at 

0.3 mM K2TeO3 and (c) 3 mM K2TeO3; Values are mean ± SD (error bars) for three experiments. 
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controls and culture supernatant did not result in reduction of tellurite, showing that the TeNPs 

synthesis is a culture-dependent phenomenon (Fig. 5.6). The TeNPs were found to be 

intracellular.  

Process parameters such as K2TeO3 concentration, medium pH, and incubation temperature 

were optimised to obtain maximum yield of TeNPs. The haloarchaeon was grown at varying 

conditions as described in section 5.2.5, and following synthesis at these conditions, the 

nanoparticles were extracted and their yield determined.  

K2TeO3 concentration 

A concentration range of 0.5 mM to 5.5 mM 

K2TeO3 was tested to determine the 

optimum concentration for TeNPs 

synthesis. H. salifodinae BK3 exhibited 

maximum TeNPs synthesis in presence of 3 

mM K2TeO3 with a yield of 0.997 mM/ mM 

K2TeO3 (Fig. 5.7a). The yield of TeNPs at 

2 mM K2TeO3 was very similar to that of 3 

mM K2TeO3, with no significant difference 

(p<0.05), although the growth at 2 mM 

K2TeO3 was better than at 3 mM K2TeO3. 

The yield of TeNPs at lower concentrations 

of K2TeO3 (0.5, and 1 mM) was found to be very similar. At concentrations of 4 mM, 5mM 

and 5.5 mM, the yield decreased with the increase in tellurite concentrations. The yields 

obtained at these concentrations were significantly lower (p>0.05) from that obtained at 3 mM 

K2TeO3 which may be attributed to the increase in toxicity at higher concentrations of K2TeO3. 

Although the organism was able to grow and synthesise TeNPs at 5 mM and 5.5 mM K2TeO3, 

both growth and TeNPs synthesis were negatively affected. Thus, a concentration of 3 mM 

K2TeO3 was used for TeNPs synthesis. 

 

 

Fig. 5.7 Effect of tellurite concentration on 

TeNPs yield at pH 7.0 and 37°C. Values are 

mean ± SD (error bars) for three experiments. 
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Medium pH 

The TeNPs synthesis by H. salifodinae BK3 

was evaluated between pH 5.0- pH 8.0. 

Maximum yield of 0.997 mM/ mM K2TeO3 

was obtained at pH 7.0 (Fig. 5.8). At pH of 

5.0 and 5.5, the growth of haloarchaeal 

cultures in the absence of K2TeO3 was very 

poor, therefore the yield of TeNPs was 

significantly lower (p<0.05) as compared to 

that at pH 7.0. The pH range for growth of 

Halococcus is 6.0-9.5, with the optimum at 

pH 7.0 (Grant, 2015). Thus, as the pH 

increased from 6.0 to 6.5, a concomitant 

increase in yield was observed. Yield of TeNPs at pH 7.5 was 0.815 mM/ mM K2TeO3, which 

was not significantly different (p>0.05) from the yield obtained at pH 7.0. However, pH 8.0 

significantly lowered the yield of TeNPs, which may be attributed to the pH changing to 

alkaline. Based on these results, TeNPs synthesis was carried out at pH 7.0. 

Incubation Temperature 

A temperature range of 25°C to 45°C was 

tested to determine the optimum 

temperature for TeNPs synthesis by H. 

salifodinae BK3. Maximum TeNPs 

synthesis was obtained at 35°C, and 37°C 

with a yield of ~ 0.98 mM/ mM K2TeO3 

(Fig. 5.9). As the temperature increased 

from 25 to 37°C, the yield of TeNPs 

increased, albeit the difference in yield 

between 30, 35, and 37°C was insignificant 

(p>0.05). The optimum range of 

temperature for growth of Halococcus is 

Fig. 5.8 Effect of pH on TeNPs yield at 37°C 

using 3 mM K2TeO3 precursor. Values are 

mean ± SD (error bars) for three experiments. 

Fig. 5.9 Effect of temperature on TeNPs yield 

at pH 7.0 using 3 mM K2TeO3. Values are 

mean ± SD (error bars) for three experiments. 
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30°C to 40°C (Grant, 2015). The haloarchaeal cultures exhibit slow growth at 45°C, and 

therefore, the yield of TeNPs was also lower. Thus, based on these results TeNPs synthesis 

was carried out at 37°C. 

A summary of optimal parameters for TeNPs synthesis is represented in table 5.2. 

Table 5.2 Summary of optimal parameters for maximal production of TeNPs 

Parameters Optimal Conditions 

Time of K2TeO3 addition T= 0 hrs 

pH 7.0 

K2TeO3 concentration 3 mM 

Incubation temp 37°C 

 

The time course of TeNPs accumulation, 

tellurite loss from the medium, and the 

growth is shown in Fig. 5.10. As 

mentioned in previous section (5.3.1), H. 

salifodinae BK3 exhibited a µ 0f 0.74 days-

1, in presence of 3 mM K2TeO3 and a 

doubling time of 22.48 hrs. H. salifodinae 

BK3 exhibited TeNPs accumulation from 

the early exponential phase. Both molar 

yield and the yield with respect to the 

biomass were estimated during the 

synthesis. Maximum yield (19.34 mg/g 

CDW; 0.97 mM/mM K2TeO3) was 

obtained on day 10, exhibiting an efficiency of 97%. The loss of 3% tellurite is attributed to 

the residual tellurite in the medium, which remained un-utilised by the haloarchaeon. Table 

5.3 summarises the various kinetic and yield parameters of TeNPs synthesis by H. salifodinae 

BK3. 

 

Fig. 5.10 Growth kinetics, TeNPs 

accumulation and the yield of TeNPs studies 

for the haloarchaeon H. salifodinae BK18. 

Values are mean ± SD (error bars) for three 

experiments. 
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Table 5.3 TeNPs synthesis kinetics and yield parameters. 

Kinetics and Yield parameters Values 

µ (days-1) 0.74 

td (hrs) 22.48 

tl (hrs) 14.4 

Y (mg/g) 19.34 

MY (mM/mM) 0.97 

Efficiency (%) 97 

 

X-Ray diffractometry was carried out to determine the crystalline nature of the ‘as-

synthesised’ TeNPs. The XRD profile of H. salifodinae BK3 synthesised TeNPs (Fig. 5.11a) 

exhibited intense peaks at 2θ values of 20.14°, 27.56°, 38.44°, and 40.62°, corresponding to (1 

0 0), (1 0 1), (1 0 2), and (1 1 0) sets of lattice planes for hexagonal tellurium (ICDD card no/ 

file no 36-1452). The crystallite domain size as calculated by Debye-Scherrer formula using 

the line width of the (1 0 1) plane was 11.3 nm. The lattice parameters a and b were calculated 

for hexagonal system for the plane (1 0 1) and found to be 0.443 nm, and 0.597 nm, 

respectively. Morphological characterisation of the ‘as-synthesised’ TeNPs using TEM 

exhibited needle shaped nanoparticles with an average diameter of 10 nm, and length of 44 nm 

(Fig. 5.11b). The aspect ratio was found to be 1:4.4. Most of the studies on the TeNPs 

biosynthesis have reported the synthesis of tellurium nano-rods and needle shaped TeNPs, with 

the exception of tellurium nanospheres synthesised by S. barnesii (Borghese et al, 2004; 

Klonowska et al, 2005; Amoozegar et al, 2008; Zare et al, 2012; Baesman et al, 2007). SAED 

analysis revealed numerous diffraction rings which may be indexed to the hexagonal tellurium 

and co-relates to the XRD data (Fig. 5.11c). Elemental analysis by EDAX exhibited a peak at 

3.6 keV corresponding to tellurium (Fig. 5.11d). The peaks due to sodium may be attributed 

to the media components, while the gold peak arises due to the gold coating.  
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5.3.3 Mechanism of TeNPs synthesis 

Nanoparticles synthesis is usually a result of the metal resistance mechanisms elucidated by 

microorganisms. The primary or the first defence against metal toxicity generally involves an 

increased efflux or a decreased influx of the metals. Tellurium resistance instead, entails either 

volatilisation or reductive precipitation of tellurite (Borghese et al, 2004; Klonowska et al, 

2005). Certain gram-positive and gram-negative bacteria have exhibited low level of intrinsic 

resistance to TeO3
2- (Turner et al, 1995). In these bacteria, various plasmid and chromosome 

mediated tellurite resistance (TeR) determinants are shown to be responsible for tellurite 

resistance (Taylor et al, 1994; Turner et al, 1995; O’Gara et al, 1997; Cournoyer et al, 1998). 

Fig. 5.11 Characterisation of the TeNPs synthesised by H. salifodinae BK3 (a) XRD spectrum 

exhibiting the characteristics Bragg’s peaks of hexagonal tellurium; (b) TEM micrograph showing 

needle shaped particles with an average diameter of 10 nm and average length of 44 nm; (c) Selected 

Area Electron Diffraction (SAED) pattern of the TeNPs exhibiting the crystalline nature of the nano-

preparation; (d) EDAX spectrum exhibiting the peak of pure tellurium. 
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According to a model proposed by Taylor et al (1999), in E. coli the TeO3
2- enters into the cell 

through the phosphate transporter, following which it is reduced by the inner membrane nitrate 

reductases (Avazeri et al, 1997). The TeO3
2- that circumvents this initial line of defence may 

then get reduced to Te0 by cellular reduced thiols or get converted enzymatically to volatile 

methyl or hydride compounds. As nitrate reductase (NR) was found to be involved in SNPs 

synthesis by H. salifodinae BK3, the role of NR in tellurite resistance and TeNPs synthesis 

was evaluated. 

The nitrite content of the medium was estimated, after the growth of H. salifodinae BK3 in the 

presence and absence of 0.3 mM and 3 mM K2TeO3 (Fig. 5.12a). The nitrite content in presence 

of K2TeO3 was found to be similar to that of the control (cells grown in the absence of 

K2TeO3/KNO3). In presence of 0.3 mM and 3 mM KNO3, the nitrite content was higher than 

the control (cells grown in the absence of K2TeO3/KNO3). This increase is attributed to the 

increase in the substrate (NO3
2-) for NR. Similarly, the NR activity (Fig. 5.12b) of the CFE of 

the cells grown in presence of 0.3 mM and 3 mM K2TeO3 was found to be 5.32 and 5.29 nM 

Nitrite/min/ml, respectively, similar to that of the control (5.40 nM Nitrite/min/ml). However, 

the activity for the CFE of the cells grown in presence of 0.3 mM and 3 mM KNO3 was found 

to be higher than the control. The nitrite content and the enzyme activity, for cells grown in 

presence of K2TeO3 were similar to that of the control, which indicates that NR may not be 

involved in tellurite reduction. To further confirm this, inhibitor study was carried out using 

specific enzyme inhibitors such as PMSF, IAA, EDTA, and nitrate reductase inhibitor, sodium 

azide (as discussed in section 3.3.2). H. salifodinae BK3 grown in presence of 10 mM inhibitor 

exhibited growth similar to positive control (haloarchaeon grown in the absence of inhibitors), 

with the exception of IAA, which delayed the growth slightly. In presence of K2TeO3 and the 

inhibitors, H. salifodinae BK3 did not exhibit any change in nanoparticles synthesis. Further 

the NR enzyme activity was estimated in presence of 10 mM inhibitor and 3 mM K2TeO3 and 

compared to that of the cells grown only in the presence of 3 mM K2TeO3. Sodium azide, a 

known inhibitor of NR, did not inhibit the enzyme and the activity was similar to that of the 

cells grown in presence of 3 mM K2TeO3 without the inhibitor (Fig. 5.12c). Thus, the enzyme 

NR was not involved in TeNPs synthesis and tellurite resistance in H. salifodinae BK3.  
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Tellurium reduction in certain bacteria such as Mycobacterium avium, Streptococcus faecalis, 

E. coli, and Thermus thermophiles HB8 is attributed to tellurite reductase activity (Cooper and 

Few, 1952; Terai et al, 1958; Thomas et al, 1963; Chiong et al, 1988a). Therefore, the tellurite 

reductase activity of the CFE of H. salifodinae BK3 was estimated by measuring the increase 

in absorbance at 500 nm, which indicates the generation of reduced tellurium, in presence and 

absence of NADH. NADH is a coenzyme that is essential for tellurite reductase activity 

(Chiong et al. 1988a; Pearion and Jablonski, 1999). The CFE of cells grown in the presence of 

0.3 mM and 3 mM K2TeO3 exhibited an increase in the absorbance at 500 nm (ΔA500 min-1), 

which was not observed when the assay was carried out in the absence of NADH (Fig. 5.13). 

Thus, the tellurite reductase activity of the CFE of H. salifodinae BK3 requires NADH for its 

function. The specific enzyme activity of the CFE for cells grown in presence of 0.3 mM and 

3 mM K2TeO3 was 4.76 units/mg of protein and 11.39 units/mg of protein, respectively. Un-

Fig. 5.12 (a) Effect of K2TeO3 on the enzyme was found to be negligible as evaluated by 

quantification of the nitrite in the medium; (b) Effect of K2TeO3 on the nitrate reductase enzyme 

activity; (c) Effect of various inhibitors like PMSF, IAA, EDTA and sodium azide on nitrate 

reductase enzyme activity of H. salifodinae BK3 in presence of K2TeO3; Values are mean ± SD 

(error bars) for three experiments. 
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induced cells (cells grown in the absence of K2TeO3) exhibited a specific activity of 0.22 

units/mg of protein. This suggests that the ability to catalyse the reduction of TeO3
2- to Te0

 is 

not a constitutive property of the haloarchaeon. Growth in presence of K2TeO3 induced the 

enzyme activity which was found to be dose-dependent, i.e., the activity increased with the 

increase in tellurite concentration. Similar inducible enzyme has been reported in T. flavus AT-

62 whereas, the enzyme of T. thermophiles was found to be constitutive, and its activity did 

not exhibit any correlation with the tellurite concentration (Chiong et al, 1988a, b). To further 

understand the nature of the reducing moiety, the reaction was also carried out in presence of 

1% SDS, β-mercaptoethanol, and after heat treatment of the CFE at 37°C, 70°C, and 100°C 

for 15 mins (Table 5.4). The tellurite reductase activity of the CFE of induced H. salifodinae 

BK3 was lost in the presence of SDS, suggesting that the reducing factor is proteinaceous. 

SDS binds to hydrophobic regions of proteins to perturb the secondary, tertiary, and quaternary 

structure producing a negatively charged linear polypeptide chain (Bhyuyan, 2009). The β-

mercaptoethanol treated CFE of the induced H. salifodinae BK3 did not exhibit a decrease in 

enzyme activity. This is indicative of absence of disulphide linkages in the reducing factor, as 

β-mercaptoethanol treatment results in the cleavage of disulphide linkages present within the 

protein, resulting in the inactivation of the enzyme (Chang, 1997). A similar characteristic of 

proteinaceous tellurite reductase lacking disulphide linkages was reported in T. flavus (Chiong 

et al, 1988). 37°C treated CFE of induced haloarchaeal cells exhibited normal tellurite 

reductase activity, which was completely lost by heat treatment at 70°C for 15 mins. This 

suggests that the enzyme is heat labile. A heat labile tellurite reductase with similar 

characteristics was reported in N. occultus (Pearion and Jablonski, 1999), while the tellurite 

reductase of T. flavus AT-62 and T. thermophiles were found to be heat-stable (Chiong et al. 

1988a,b). As T. flavus AT-62 and T. thermophiles are thermophiles, it follows that the tellurite 

reductase of these organisms’ exhibit heat stability. Thus, the tellurite reductase of H. 

salifodinae BK3 required NADH for its activity, was proteinaceous without any disulphide 

linkages, and was heat labile.  
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Table 5.4 Tellurite reductase activity of the cell free extract (CFE) of H. salifodinae BK3 at various 

conditions 

Assay Conditions Activity (U/ mg of protein) 

CFE (un-induced cells) <0.0002 
CFE0.3te 0.001 
CFE3te 0.001 
CFE (un-induced cells) + NADH  0.22 
CFE0.3te + NADH 4.76 
CFE3te + NADH 11.39 
CFE0.3te + NADH + 1% SDS <0.0001 
CFE3te + NADH + 1% SDS <0.0001 
CFE0.3te + NADH + β- mercaptoa 4.75 
CFE3te + NADH + β- mercaptoa 11.24 
CFE0.3te + NADH (37 ° C, 15 mins) 4.74 
CFE3te + NADH (37 ° C, 15 mins) 11.33 
CFE0.3te + NADH (80 ° C, 15 mins) <0.0001 
CFE3te + NADH (80 ° C, 15 mins) <0.0001 
CFE0.3te + NADH (100 ° C, 15 mins) <0.0001 
CFE3te + NADH (100 ° C, 15 mins) <0.0001 

  CFE0.3te- CFE prepared from H. salifodinae BK3 exposed to 0.3 mM K2TeO3;  
CFE3te- CFE prepared from H. salifodinae BK3 exposed to 3 mM K2TeO3; 
a- 4 mM β- mercaptoethanol 

 

 

Fig. 5.13 The tellurite reductase activity of the CFE of H. salifodinae BK3 grown in the presence of 

(a) 0.3 mM and (b) 3 mM K2TeO3. In the absence of β-NADH no reduction was observed in either 

case, thus the absorbance did not increase. Values are mean ± SD (error bars) for three experiments. 
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5.3.4 Antimicrobial activity 

The antibacterial properties of the 

biogenic TeNPs were evaluated against 

gram-negative E. coli ATCC 10536, P. 

aeruginosa MTCC 2581, and gram-

positive S. aureus ATCC 6538P, and M. 

luteus NCIM 2170. The TeNPs 

exhibited excellent antimicrobial 

activity against gram-negative 

organisms as compared to gram-

positives (Fig. 5.14; 5.15). In case of E. 

coli ATCC 10536 and P. aeruginosa 

MTCC 2581, inhibition was observed at 10 µg/ml, and the ZoI increased with increase in 

TeNPs concentration. At 10 µg/ml TeNPs, the growth of gram-positive S. aureus ATCC 

6538P, and M. luteus NCIM 2170 remained unaffected, however ZoI were observed at higher 

concentrations of 50 µg/ml, and 100 µg/ml TeNPs (Fig. 5.14). Tellurium and its compounds 

found historical applications as antimicrobial and therapeutic agents prior to the discovery of 

antibiotics (Cooper, 1971). More recently, tellurium is re-emerging as an antimicrobial agent 

and TeNPs have been reported to be better antibacterial agents as compared to sodium tellurite 

(Lin et al, 2012). The TeNPs, owing to their large surface-to volume ratio, exhibit antibacterial 

activity at lower concentrations as compared to the concentrations of sodium/potassium 

tellurite required to achieve a similar level of bactericidal effect. Similarly, the concentrations 

of SNPs required to achieve bacterial death is higher than that of TeNPs (Lin et al, 2012). At 

the same time the TeNPs were shown to be 3-4 times less toxic to human cells as compared to 

SNPs or tellurite. In order to determine whether TeNPs exhibited any strain specificity, the 

antibacterial activity of the TeNPs was evaluated against two different strains of E. coli, ATCC 

10536 and NCIM 2574. However, no difference in the activity and thus no strain specificity 

was observed. The MIC for gram-negative organisms was found to be lower than that of gram-

positive, confirming that the gram-negative organisms are more susceptible to the biogenic 

TeNPs (Table 5.5). Other studies have also reported biogenic TeNPs that exhibit better 

antibacterial activity against gram-negative bacteria at lower concentrations, as compared to 

Fig. 5.14 Antibacterial activity of the ‘as-

synthesised’ TeNPs against gram-positive & 

gram-negative bacteria. Values are mean ± SD 

(error bars) for three experiments. 
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that against gram-positive bacteria (Zare et al. 2012; Lin et al. 2012). The exact mechanism of 

antimicrobial activity of TeNPs is not known, however it was proposed that dispersion of 

TeNPs in the bacterial growth medium results in its oxidation. TeO3
2- is released that gains 

entry into the bacterial cell via the phosphate transporter, leading to generation of ROS, 

glutathione depletion, and/or damage of metabolic enzymes resulting in bacterial killing (Perez 

et al. 2007; Calderon et al. 2009; Lin et al. 2012). TeNPs have also been shown to have 

antifungal properties (Zare et al, 2013), and thus, biogenic TeNPs exhibit potential as 

antimicrobial agents.  

 

 

 

 

 

Table 5.4 MIC of the TeNPs against gram-positive and gram-negative organisms. 

Organism MIC (µg/ml) 

E. coli ATCC 10536 2.5 

E. coli NCIM 2574 2.5 

P. aeruginosa MTCC 2581 7.5 

S. aureus ATCC 6538P 20 

M. luteus NCIM 2170 17.5 

 

 

 

Fig. 5.15 Anti-bacterial activity (i) of the ‘as-synthesised’ TeNPs loaded discs; (ii) Negative 

control (saline loaded discs) and positive control (antibiotic discs) against (a) E. coli ATCC 

10536, (b) P. aeruginosa MTCC 2581, (c) S. aureus ATCC 6538P and (d) M. luteus NCIM 2170. 
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5.4 Conclusion 

In this study, Halococcus salifodinae BK3 was successfully used for the intracellular synthesis 

of tellurium nanoparticles. The needle shaped TeNPs were found to possess hexagonal 

crystalline facets, with lattice parameters a= 0.443 nm and b= 0.597 nm, a crystallite domain 

size of 11.3 nm and an aspect ratio of 1:4.4. The haloarchaeon was found to exhibit growth 

similar to that of the control in presence of 0.3 mM K2TeO3 and a slightly decreased growth 

in the presence of 3 mM K2TeO3. The NADH-dependent tellurite reductase was involved in 

the detoxification of tellurite to black tellurium, conferring tellurite resistance to H. salifodinae 

BK3 and resulting in synthesis of TeNPs. The TeNPs were found to exhibit antibacterial 

activity against both gram-negative and gram-positive bacteria, with a better activity against 

gram-negative organisms. 
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CHAPTER 6 

Biosynthesis of Antineoplastic Selenium Nanoparticles by the Moderate Halophilic 

Bacterium Idiomarina sp. PR58-81 

 

6.1 Introduction 

Selenium (Se) is an essential micronutrient, with 55 μg/day of recommended dietary allowance 

(RDA) for adults and children above 14 years of age. Se gets incorporated in various proteins 

(Allan et al. 1999) and has numerous health benefits (Fairweather-Tait et al. 2011; Rayman, 

2012) as described in section 4.1. As discussed in detail (section 4.1) elemental Se 

nanoparticles (SeNPs) present an excellent alternative to selenocompounds for cancer therapy 

and prevention. They exhibit low toxicity towards non-cancerous cell and unique biological 

activity, while being cytotoxic towards cancer cells at lower concentrations (Chen et al. 2008; 

Estevez et al. 2014).  

Although synthesis of these chemotherapeutic and/or chemopreventive SeNPs has been 

achieved by numerous physical and chemical methods (Lu et al. 2002; Jiang et al. 2003; 

Gedanken, 2004), the process is disadvantageous. Biological methods of nanofabrication 

employing microorganisms overcome these drawbacks resulting in nanoparticles capped with 

biomolecules (Mohanpuria et al. 2008). In view of this, numerous bacteria, fungi and archaea 

have been used for SeNPs synthesis (Tam et al. 2010; Sarkar et al. 2011; Srivastava et al. 

2014). Here we report the intracellular synthesis and characterisation of SeNPs by a moderate 

halophilic marine bacterium, Idiomarina sp. PR58-8. The antiproliferative properties of these 

SeNPs against human cervical cancer cell line, HeLa and its mechanism is also reported.  

6.2 Materials and Methods 

6.2.1 Organism and culture maintenance 

Idiomarina sp. PR58-8 was isolated in our laboratory previously by Seshadri et al. (2012), 

from the soil samples of the banks of Mandovi Estuary, Goa, India. The culture was stored as 

                                                           
1 This work is published as: Srivastava P, Kowshik M (2016) Anti-neoplastic selenium nanoparticles from 

Idiomarina sp. PR58-8. Enzyme and Microbial Technology 2016 doi: 10.1016/j.enzmictec.2016.08.002 
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glycerol stocks at -80°C. Zobell marine broth 2216 (ZMB) was used for revival, enrichment, 

growth and sub-culturing.  

6.2.2 MIC determination and growth kinetics studies 

Idioamrina sp. PR58-8 was grown in ZMB 2216 medium in the presence of sodium selenite 

(Na2SeO3; 0.05- 12 mM) to determine the minimum inhibitory concentration (MIC). Na2SeO3 

was prepared as a 1 M stock in SDW and filter sterilised. The cultures were incubated at 37°C, 

for 72 hrs under agitation (110 rpm). The minimum concentration of Na2SeO3 at which no 

growth was observed was designated as the MIC. Appropriate negative controls were also run 

simultaneously. Growth was indicated by brick-red colouration.  

Further, the growth kinetics of Idiomarina sp. PR58-8 was determined in presence of 4 mM 

and 8 mM Na2SeO3. In brief, ZMB 2216 was inoculated with the 1 % culture, supplemented 

with the requisite amount of Na2SeO3, and the flasks were incubated at 37°C, 110 rpm. An 

aliquot of 1 ml was withdrawn every 4 hrs, till 60th hr, and the total protein content of the cells 

was estimated by Bradford’s method using BSA as the standard (Bradford, 1976). The growth 

kinetics parameters such as specific growth rate (µ; hrs-1), lag time (tl; mins) and doubling time 

(td; mins) were determined as described in section 2.2.2 The growth kinetics parameters of 

Idiomarina sp. PR58-8 grown in presence of Na2SeO3 were compared with that of control 

(culture grown in the absence of Na2SeO3).  

6.2.3 Estimation of selenite content 

The selenite concentration of the supernatant and cell pellet of Idiomarina sp. PR58-8 grown 

in presence of Na2SeO3 was estimated to determine the selenite uptake by the cells. The 

selenite concentration in the supernatant was determined according to Watkinson (1966) using 

2,3-DAN with minor modifications. In brief, the culture was grown in the presence of 4 mM 

and 8 mM Na2SeO3 and an aliquot of 1 ml was withdrawn every 4 hrs starting from 0 hr. The 

aliquots were centrifuged and the supernatants were used for determination of selenite content, 

while the cell pellet was used to estimate the selenite uptake, as described previously in section 

4.2.4. 
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6.2.4 Selenium nanoparticles synthesis and optimisation of process parameters 

Idiomarina sp. PR58-8 was grown in ZMB 2216 in presence of requisite amounts of Na2SeO3 

at 37°C, 110 rpm for 48 hrs. The SeNPs synthesis was indicated by brick-red colouration of 

the medium. Culture supernatant and medium controls were also incubated with the same 

concentration of Na2SeO3 and acted as negative controls. The SeNPs were extracted from the 

cells by wet heat sterilisation process in a laboratory autoclave at 121°C, 15 psi for 20 mins. 

The pellet obtained on centrifugation (10,000 × g, 20 mins), was dialysed against deionised 

water for 12 hrs with change of water every 2 hrs. The dialysed samples were dried in a hot air 

oven at 70°C overnight, and the powder obtained was ground in a mortar and pestle. The 

nanopowder was used for characterisation studies. The molar yield and yield with respect to 

biomass were determined as described in section 4.2.4 and 3.2.4, respectively. 

Conditions such as medium pH, incubation temperature and Na2SeO3 concentration were 

varied to determine the conditions for maximum yield of SeNPs. Idiomarina sp. PR58-8 was 

grown in ZMB 2216 at following conditions and the yield of SeNPs was determined as 

mentioned above.  

pH 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

Na2SeO3 conc. (mM) 0.05 0.5 1.0 2.0 4.0 6.0 8.0 9.0 

Temperature (°C) 20 25 30 35 37 40 45  

 

6.2.5 Characterisation of the SeNPs 

XRD, crystallite domain size, UV-visible spectroscopic, TEM, and SAED analysis of the ‘as-

synthesised’ SeNPs were carried out as described previously in section 3.2.5. Field emission 

gun- scanning electron microscope (FEG-SEM; JSM- 7600F) equipped with energy dispersive 

spectroscope (EDS) operated at 20 keV was used for determining the elemental composition 

of the SeNPs.   

6.2.6 Thiol assay 

Idiomarina sp. PR58-8 grown in the presence of 0 mM (control), 4 mM, and 8 mM Na2SeO3 

was harvested by centrifugation at 10,000 × g for 20 mins and the cell pellet was washed twice 

with 25 mM Tris-HCl buffer (pH 7.5). The pellet obtained was re-suspended in the same buffer 



Chapter 6 

139 
 

and subjected to sonication at 0°C for three cycles of 1 min each, at three RPS (40 W). The 

resulting suspension was centrifuged (12,000 × g for 45 mins at 4°C) to remove the cellular 

debris and the supernatant obtained was used as the cell-free lysate (CFL) for thiol assay. The 

T-SH, NP-SH, and, PB-SH were estimated using DTNB (Sigma) as described previously in 

section 3.2.6.  

6.2.7 Mammalian cell culture 

Human epidermal keratinocyte, HaCaT cell line and the human epithelial cervical 

adenocarcinoma, HeLa cell line were used for this study. They were maintained as described 

previously in section 4.2.7. 

6.2.8 Cytotoxicity assay 

MTT assay was employed to determine the cytotoxicity of SeNPs synthesised by Idiomarina 

sp. PR58-8 against HeLa and HaCaT cell lines. The assay was performed as described 

previously in section 4.2.8, using the Idiomarina sp. PR58-8 synthesised SeNPs (5- 100 

µg/ml). The experiment was performed in triplicates on three different days. Selenium free cell 

material (ML2) and sodium selenite (SS) were also evaluated for their cytotoxicity towards 

HeLa and HaCaT cell lines. The cell viability (%) relative to unexposed controls was 

calculated using equation (7) given in section 4.2.8.  

6.2.9 Detection of intracellular ROS 

The ROS studies were carried out in HeLa cell line as described previously in section 4.2.9, 

with varying concentrations of SeNPs (5, 10, 15, 20, 25, 30 and 50 µg/ml). ML2 and SS were 

also evaluated for their ability to generate ROS in HeLa cell line. 1 µM hydrogen H2O2 was 

used as positive control. All the experiments were performed in triplicates on different days.  

6.2.10 Determination of AI 

Exponentially growing HeLa cells (2 x 105 cells/ well) were seeded in 6-well plates and 

allowed to grow for 24 hrs. The cells were then treated with varying concentration of SeNPs 

(0, 5, 10, 15, 20, 25, 30 and 50 µg/ml) for another 24 hrs. After trypsinisation the cells were 

washed with PBS and stained with AO/EB dye mixture as described previously in section 
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4.2.10. Post staining, the cells were observed immediately with the 40  objective of the epi-

fluorescence microscope (Olympus BX41) using the FITC and TRITC filters. A minimum of 

300 cells were counted and the apoptotic and viable cells were differentiated based on the type 

of fluorescence and state of chromatin condensation. The experiments were performed in 

triplicates on different days. Apoptotic index (AI) was calculated using equation (8) given in 

section 4.2.10. 

6.2.11 Western Blot analysis 

HeLa cells treated with various concentrations of SeNPs (0, 10, 15, 20, and 25 µg/ml) at 37°C, 

for 24 hrs were washed three times in PBS (pH 7.5). The cells were trypsinised and then lysed 

with lysis buffer (0.1 % Triton X-100, 1 mM EDTA, 1 mM PMSF, 20 mM Tris-HCl, pH 7.4) 

for 25 mins. The total cellular proteins were obtained by centrifuging the cell lysates at 4°C 

(13,000 x g, 20 mins). The protein concentrations were quantified by Lowry’s method using 

BSA as control (Lowry et al. 1951). The total cellular proteins were separated on SDS-PAGE, 

transferred to PVDF membranes and blocked with 5% non-fat milk in transfer buffer (Tris 

base, glycine, SDS and methanol) for 1 hr at RT. The membranes were then incubated 

overnight at 4°C with the corresponding primary antibodies diluted in 5% non-fat milk/ Tris-

buffered saline containing Tween-20 (TBST) as follows: anti-caspase 3, 1:1000 (Biolegend), 

anti-hsp 70, 1:1000 (Biolegend) and anti-PARP, 1:1000 (BD Pharmingens). Following this the 

membranes were washed with TBST, and incubated for 1 h at room temperature with horse 

radish peroxidase conjugated secondary antibody at 1:2000 dilution, and specific proteins were 

visualised on X-ray films by enhanced chemiluminescence detection. β- Actin was used as the 

standard to check equal protein loading.  

6.2.12. Statistical analysis 

The statistical analysis was carried out as described in section 2.2.5. 
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6.3 Results and Discussion 

6.3.1 Growth of Idiomarina sp. PR58-8 in presence of selenite oxyanion 

Idiomarina sp. PR58-8 is a moderate 

halophile, isolated from the soil on 

the banks of the Mandovi Estuary, 

Goa, India, in our laboratory 

previously by Seshadri et al. (2012). 

It has an obligate requirement of 1% 

NaCl for growth and can tolerate up 

to 15% NaCl (Seshadri et al. 2012). 

The MIC for sodium selenite 

(Na2SeO3) was determined by 

observing the growth of Idiomarina 

sp. PR58-8 in various concentrations 

of Na2SeO3. At concentrations up to 4 mM Na2SeO3, Idiomarina sp. PR58-8 exhibited growth 

similar to that of un-exposed controls (in the absence of Na2SeO3). At 6 mM and 8 mM 

Na2SeO3, the growth of the halobacteria was slightly affected (Fig. 6.1). 

MIC of Na2SeO3 against 

Idiomarina sp.PR58-8 was found 

to be 10 mM. The culture appears 

as golden-yellow on ZMB 2216 

medium containing plates, 

however in the presence of 

Na2SeO3, the culture was found to 

become brick-red in colour (Fig. 

6.2). Further, the effect of various 

concentrations of Na2SeO3 on the 

growth kinetics parameters was 

evaluated (Fig. 6.3). The growth kinetics studies were carried out by determining the total 

protein content instead of direct optical density measurements as the profuse amounts of brick 

Fig. 6.2 Idiomarina sp. PR58-8 appears golden yellow 

when grown in Zobell marine agar (a) and Zobell 

marine broth (c). In presence of sodium selenite, it 

appears brick-red in color (b; d). Media controls with 

sodium selenite did not exhibit the brick-red coloration 

(e). 

Fig. 6.1 Growth profile of Idiomarina sp.PR58-8 at 

varying concentrations of Na2SeO3. The growth was 

found to decrease with the increase in metal 

concentration. MIC was found to be 10 mM. Values 

are mean ± SD (error bars) for three experiments. 
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red precipitate interfered with the UV-visible spectroscopy measurements. The growth kinetics 

parameters of Idiomarina sp. PR58-8 remained unaffected in presence of 4 mM Na2SeO3, 

exhibiting a specific growth rate (µ) of 1.050 hrs-1 (Table 6.1). In presence of 8 mM Na2SeO3, 

the µ was 0.818 hrs-1, which is slightly lower than the control (Idiomarina sp. PR58-8 grown 

in the absence of Na2SeO3), albeit the difference was insignificant (p>0.05). The µ and the td 

in presence of 8 mM Na2SeO3 did not exhibit a significant difference (p>0.05) as compared to 

the µ and the td of the cells grown in presence of 4 mM Na2SeO3. However, in a study on 

SeNPs synthesis by Bacillus mycoides SelTE01, selenium oxyanion (SeO3
2-) negatively 

affected the growth dynamics and final cell yield at concentration as low as 2 mM SeO3
2- 

(Lampis et al. 2014). 

 

Table 6.1 Growth kinetics parameters of Idiomarina sp. PR58-8 in in presence of sodium selenite 

Parameters Control 4 mM Na2SeO3 8 mM Na2SeO3 

Specific growth rate (h-1) 1.110 1.050 0.818 

Doubling time (mins) 37.46 39.6 50.83 

Lag time (mins) 30 40 75 

 

The selenite loss from the medium and its uptake by cells was estimated in presence of 4 mM 

and 8 mM Na2SeO3. The selenite concentration of medium at 18th hour (mid-exponential 

phase) was 2.89 mM and 5.97 mM for cells grown in presence of 4 mM and 8 mM Na2SeO3, 

respectively, which decreased to 0.38 mM and 0.98 mM by the 38th hour (early stationary 

phase). Thus ~90% of selenite added in the medium was taken up by Idiomarina sp. PR58-8 

(Fig. 6.4). The selenite concentration in the medium remained constant with no uptake by cells 

Fig. 6.3 Growth of Idiomarina sp. PR58-

8 in absence (ctl), and presence of 4 mM 

and 8 mM Na2SeO3 was found to be 

similar. Na2SeO3 did not affect the 

growth negatively. Values are mean ± 

SD (error bars) for three experiments. 
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during the lag, and the early log phase of the Idiomarina sp. PR58-8. The cells during this time 

adapt to growth in presence of selenite. The selenite content of the un-inoculated media 

controls remained constant throughout the experiment. Approximately 90% selenite provided 

to Idiomarina sp.PR58-8 was taken up indicating that nearly all the selenite lost from the 

medium was taken up by the cells in both the cases. These results differ from our previous 

findings, where the selenite uptake by the haloarchaeon, H. salifodinae BK18 was observed 

from early log phase and continued up to late stationary phase (Srivastava et al. 2014). The 

selenite uptake by the phototrophic bacterium Rhodospirillum rubrum on the other hand has 

been reported to commence at the beginning of the stationary phase (Kessi et al. 1999). This 

would suggest that Na2SeO3 may be added during the mid- exponential phase, however, 

Idiomarina sp. PR58-8 failed to grow and produce the brick-red colouration when selenite was 

added at the mid log phase. This may be due to the inability of the moderate halophile to adapt 

to the metal stress when the SeO3
2- was added during active growth. Thus, for synthesis and 

further studies the Na2SeO3 was added to the medium during the time of inoculation at 0 hr. 

This is advantageous as the need of monitoring the growth phase of the culture for metal salt 

addition is circumvented.  

 

 

6.3.2 Selenium nanoparticles (SeNPs) synthesis and their characterisation 

Selenium nanoparticles synthesis by a plethora of bacteria, yeast, and fungi has been reported, 

where the toxic oxyanions of selenium are converted to non-toxic red selenium (Tam et al. 

2010; Hariharan et al. 2012; Lampis et al. 2014). Extremely halophilic bacteria Bacillus 

selenitireducens, Selenihalanaerobacter shriftii, and the slight halophile, Sulfospirillum 

barnesii were the first halophiles reported to synthesise SeNPs (Oremland et al. 2004). Here 

Fig. 6.4 Decrease in selenite concentration in 

the medium, expressed as percentage of the 

initial value, indicative of selenite uptake by 

Idiomarina sp. PR58-8. Values are mean ± 

SD (error bars) for three experiments. 
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we report the synthesis of selenium nanoparticles by moderate halophile Idiomarina sp. PR58-

8. It exhibits golden yellow pigmentation, however, in presence of SeO3
2- the culture turned 

brick-red in colour indicative of reduction of selenite to elemental selenium (Fig. 6.2). SeNPs 

synthesis was carried out at various medium pH, incubation temperature and Na2SeO3 

concentration to determine the optimum conditions for synthesis.  

Na2SeO3 concentration 

A concentration range of 0.05 mM to 9 mM 

Na2SeO3 was tested to determine the 

optimum concentration for SeNPs synthesis 

(Fig. 6.5). At concentrations lower than 2 

mM Na2SeO3, the yield of SeNPs obtained 

was very low and in the range of ~ 0.13- 1.2 

mg/g CDW. The low yield may be attributed 

to the presence of low concentration of 

Na2SeO3. At concentrations of 2 mM, and 4 

mM Na2SeO3 (Fig. 6.5), the yield of SeNPs 

was 8.95 mg/g CDW, and 15.16 mg/g CDW, 

respectively. Although the growth of 

Idiomarina sp. PR58-8 was affected at 8 mM 

Na2SeO3, maximum yield of 30.13 mg/g 

CDW was obtained at this concentration. The yields obtained at 2 mM, 4 mM, and 6 mM 

Na2SeO3 were significantly lower (p<0.05) as compared to the yield obtained at 8 mM 

Na2SeO3. 9 mM Na2SeO3 negatively affected both growth and the SeNPs yield (0.018 mg/g 

CDW). This suggests that at concentrations above 8 mM Na2SeO3, the oxyanion exerts its 

toxic effects on the moderate halophile which may be responsible for low yield. As maximum 

yield of SeNPs was obtained at 8 mM Na2SeO3, this concentration was used for further studies 

on SeNPs synthesis. 

 

 

Fig. 6.5 Effect of selenite concentration on 

the yield of SeNPs at pH 7.0 and 37°C. 

Values are mean ± SD (error bars) for three 

experiments. 
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Medium pH 

The SeNPs synthesis was carried out at 

varying medium pH (4.5-8.0) to determine 

the optimum pH for maximum yield. The pH 

range for growth of Idiomarina sp. PR58-8 is 

6.0-9.0, with the optimum at pH 7.0. At pH 

7.0, maximum yield of 30.13 mg/g CDW was 

obtained (Fig. 6.6). Idiomarina sp.PR58-8 

failed to grow at pH 4.5 even in the absence 

of Na2SeO3. The halophilic bacteria exhibited 

poor growth at pH of 5.0 and 5.5 in the 

absence of Na2SeO3, therefore, when grown 

in presence of 8 mM Na2SeO3 the yield of 

SeNPs was significantly lower (p<0.05) as 

compared to that at pH 7.0. Thus, as the pH increased from 6.0 to 6.5, the yield also increased. 

Yield of SeNPs at pH 7.5 was 28.02 mg/g CDW, which was not significantly different (p>0.05) 

than the yield obtained at pH 7.0. However, alkaline pH of 8.0 significantly lowered the yield 

of SeNPs. Based on these results, SeNPs synthesis was carried out at pH 7.0. 

Incubation Temperature 

A temperature range of 20°C to 45°C was 

tested to determine the optimum 

temperature for SeNPs synthesis by 

Idiomarina sp.PR58-8. The optimum range 

of temperature for growth of Idiomarina 

sp.PR58-8 is 30°C to 38°C. Maximum 

SeNPs synthesis was obtained at 35 and 

37°C with a yield of 29.02 mg/g CDW, and 

30.13 mg/g CDW, respectively (Fig. 6.7). 

The moderate halophile did not exhibit 

growth at 20°C even in the absence of 

Fig. 6.7 Effect of incubation temperature on 

the yield of SeNPs at pH 7.0 using 8 mM 

Na2SeO3 as the precursor. Values are mean ± SD 

(error bars) for three experiments. 

 

Fig. 6.6 Effect of pH on the yield of SeNPs 

at 37°C using 8 mM Na2SeO3 as the 

precursor. Values are mean ± SD (error bars) 

for three experiments. 
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Na2SeO3. As the temperature increased from 25°C to 37°C, the yield of SeNPs also increased 

and the difference in yield between 30 and 37°C was significant (p<0.05). The halobacterial 

isolate exhibited slow growth at 45°C, and therefore, the yield of SeNPs was also lower. Thus, 

SeNPs synthesis by Idiomarina sp.PR58-8 was carried out at 37°C.  

The SeNPs synthesis by Idiomarina sp.PR58-8 was carried out with 8 mM Na2SeO3, at pH of 

7.0 and a temperature of 37°C. 

The time course of SeNPs accumulation (yield), selenite loss from the medium and the growth 

is shown in Fig. 6.8 (a, b). Both molar yield and the yield with respect to the biomass were 

estimated during the synthesis. Maximum yield was obtained at 38th hour exhibiting an 

efficiency of ~90% for both 4 mM and 8 mM Na2SeO3. As the yield of SeNPs obtained in case 

of 8 mM Na2SeO3 was significantly higher (p<0.05) as compared to that in presence of 4 mM 

Na2SeO3, further synthesis was carried out using this concentration. Table 6.2 summarises the 

various yield parameters of SeNPs synthesis by Idiomarina sp. PR-58-8. 

 

 

 

 

Fig. 6.8 Growth kinetics, SeNPs accumulation and the yield of SeNPs studies in presence of (a) 4 

mM and (b) 8 mM Na2SeO3 for the moderate halophilic bacterium, Idiomarina sp. PR58-8. Values 

are mean ± SD (error bars) for three experiments. 
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Table 6.2 The yield parameters of SeNPs synthesised by Idiomarina sp. PR58-8 

Yield Parameters 4 mM Na2SeO3 8 mM Na2SeO3 

Yield (mg/g CDW) 15.16 30.13 

Molar Yield (mM/mM selenite) 0.907 0.902 

Efficiency (%) 90.78 90.16 

 

The crystallographic characterisation of the SeNPs was carried out using X-ray diffraction 

studies (Fig. 6.9a). The XRD spectra exhibited intense Bragg’s peak at 2θ values of 23.46°, 

29.66° and 43.72°, corresponding to the (1 0 0), (1 0 1) and (1 0 2) lattice planes of hexagonal 

selenium (ICDD- card no.06-0362). The crystallite domain size was calculated using the line 

width of (1 0 1) plane and was found to be 34.52 nm. The lattice parameters a and b, as 

calculated for hexagonal system were 4.366 Å and 4.951 Å, respectively which correspond 

well with the literature values of a = 4.360 Å and b = 4.956 Å (ICDD- card no.06-0362). The 

UV-visible spectra of the SeNPs (Fig. 6.9b) exhibited a strong peak at around 320 nm which 

may be attributed to the surface plasmon vibrations (Praharaj et al. 2004; Fesharaki et al. 2010). 

The morphological characterisation was achieved by transmission electron microscopy. Fig. 

6.9c shows the TEM micrograph of the synthesised SeNPs. The nanoparticles were primarily 

spherical in shape and exhibited a size distribution of 150- 350 nm. A similar size distribution 

of 200- 400 nm was observed by Oremland et al. (2004) during the synthesis of spherical 

SeNPs by the halophilic bacteria B. selenitireducens, S. shriftii and S. barnesii. The red Se0 

exists as α, β, or γ forms which may possess an eight-member ring structure, with Se-Se 

distance of 2.35 Å and a bond angle of 105.7°. The other structural subsets include a six-

member ring, and infinite α-helical chains with Se-Se distance of approximately 2.37 Å and a 

bond angle of 103°. Oremland et al. (2004) attributed the spherical morphology of the SeNPs 

to the presence of both chain and ring structural aspects forming an inter-connected 3-

dimensional net of Se0. This may explain the spherical morphology of the SeNPs synthesised 

by Idiomarina sp. PR58-8. The elemental analysis by EDS exhibited the presence of Se peaks 

at 1.5, 11.2 and 12.5 keV corresponding to the Lα, Kα, and Kβ families of X-Rays, respectively 

(Fig. 6.9d). Peaks due to K and Cl may be attributed to the media components and peak due to 

Au, to the gold coating. The presence of Cl at the end of the Se chains, where it acts as dopant, 
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may be attributed to confer the 3-dimensional net-like structure of Se0. These Cl atoms allow 

the interaction between the Se chains, thus resulting in a spherical morphology (Kondakova et 

al. 2001). SAED pattern of the synthesised SeNPs showed characteristic diffraction rings that 

could be indexed to the hexagonal crystal phase (Fig. 6.9c inset).   

 

 

 

 

 

Fig. 6.9 (a) XRD spectrum exhibiting the characteristic Braggs peak of hexagonal selenium; (b) UV-

visible spectra with a peak at around 320 nm; (c) TEM micrograph showing spherical nanoparticles; (c 

inset) SAED pattern of the SeNPs corresponding to the hexagonal crystal facets; (d) EDAX spectrum 

with the Lα, Kα and Kβ peaks of Se.  
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6.3.3 Mechanism of SeNPs synthesis 

Metal nanoparticles synthesis involves the metal-resistance mechanisms either inherent or 

acquired by the organism used for fabrication. Thiols, including the NP-SH like GSH, cysteine, 

and cystine; and PB-SH like PCs and MTs have been implicated in SeO3
2- reduction and 

nanoparticle synthesis (Kessi and Hanselmann, 2004; Harrison et al. 2007; Debieux et al. 

2011). GSH, the most abundant thiol in eukaryotes, cyanobacteria, and the α, β, and γ 

proteobacteria, has been proposed to be involved in Se metabolism (Kessi and Hanselmann, 

2004). The mechanism of biological reduction of selenite was proposed by Kessi and 

Hanselmann (2004) based on studies in E. coli and R. rubrum. They suggested a multistep 

process where GSH donates an electron to SeO3
2- to form seleno-diglutathione (GS-Se-SG) 

along with superoxide anion (O2
-). GS-Se-SG in presence of NADPH and glutathione 

reductase/ thioredoxin reductase forms selenopersulphide (GS-Se-) which gets converted to 

reduced GSH and elemental Se0. The O2
- formed is degraded by the enzymes involved in 

oxidative stress management. As Idiomarina sp. PR58-8 belongs to the γ- proteobacterium 

group, the involvement of thiols was investigated by determining the effect of metal on the 

thiol concentration. 

The intracellular thiol content of the bacterial cells exposed to varying concentrations of 

Na2SeO3 was determined over a period of 48 hrs. As compared to unexposed controls, the NP-

SHs in selenite exposed Idiomarina sp. PR58-8 were significantly increased in a time 

dependent as well as dose dependent manner (Fig. 6.10). The T-SH and NP-SH content of the 

cells exposed to 4 mM Na2SeO3 exhibited a ~1.7 fold and a 4-fold increase, respectively, as 

compared to unexposed controls. Similarly, a 1.8-fold increase in T-SH and a 4.5-fold increase 

in NP-SH were observed for Idiomarina sp. PR58-8 grown in presence of 8 mM Na2SeO3, as 

compared to untreated control. A similar increase in NP-SH in response to silver stress in this 

bacterium has been previously reported (Seshadri et al. 2012). Other fungi and bacteria have 

also been reported to exhibit an increase in NP-SH when exposed to metal stress (Guimaraes-

Soares et al. 2007; Pages et al. 2008). At the same time PB-SHs levels were either lower or 

same in cells exposed to Na2SeO3 when compared to unexposed Idiomarina sp. PR58-8. The 

increase in NP-SH in selenite exposed bacterial cells suggests the involvement of GSH in 

selenite resistance/reduction.  
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6.3.4 Antineoplastic properties of SeNPs and its mechanism 

Previous studies have demonstrated the antioxidant, neuroprotective, anti-inflammatory, 

hepatoprotective, and apoptotic properties along with the anticancer properties of various 

organic and inorganic selenium compounds (Seng and Tiekink, 2012). Nano-preparations of 

Se present a safer alternative as they have been shown to exhibit anticancer properties at lower 

concentration and excellent biological activity (Luo et al. 2012; Srivastava et al. 2014). Thus, 

the SeNPs synthesised by Idiomarina sp. PR58-8 were evaluated for their antiproliferative 

properties against HeLa and HaCaT cell lines, where HeLa cells were treated as cancer cell 

line. HaCaT cell line was treated as substitute for normal primary culture. SeNPs exhibited 

dose-dependent cytotoxicity towards HeLa cell line (Fig. 6.11a) with only 3% viability at 100 

µg/ml. The cytotoxicity exerted by SeNPs was significantly higher (p<0.05) in HeLa cells as 

compared to that in HaCaT. In fact, SeNPs did not exhibit the trend of dose dependent cell 

toxicity in HaCaT cell line (Fig. 6.11b). Selenium free cell material (ML2), and sodium 

selenite (SS) did not exhibit any significant cytotoxicity (p<0.05) in both HeLa and HaCaT 

cell lines at the concentrations tested. The biosynthesised SeNPs thus exhibited selectivity 

towards malignant cell line, HeLa. This difference in susceptibility of the cancer cells to SeNPs 

Fig. 6.10 Effect of sodium selenite on the intracellular levels of total thiols (T-SH), non-protein thiols 

(NP-SH), and protein bound thiols (PB-SH) with respect to time. Values are mean ± SD (error bars) for 

three experiments. 
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as compared to the normal cells may be attributed to the difference in the antioxidant enzyme 

regulation, particularly TR in cancer cells (Fang et al. 2005).  

 

 

To elucidate the mechanism of SeNPs 

toxicity towards HeLa cells, ROS 

generated by these nanoparticles at 

varying concentrations was estimated 

using the fluorescent probe, 2’, 7’- 

dichlorofluorescein diacetate (DCFH-

DA). HeLa cells treated with SeNPs 

exhibited a dose dependent increase in 

ROS production (Fig. 6.12). A significant 

increase (p<0.05) in ROS levels were 

observed in cells treated with 15, 20, 25, 

30, and 50 µg/ml SeNPs, as compared to 

untreated controls. However, neither 

ML2, nor SS exhibited any significant 

increase (p>0.05) in ROS production in 

Fig. 6.11 (a) SeNPs exhibited a dose-dependent decrease in cell viability towards HeLa cell lines 

as compared to sodium selenite (SS) and selenium free cell material (ML2); (b) SeNPs did not 

exhibit any significant cytotoxicity towards HaCat cell line at the concentrations tested; Values 

are mean ± SD (error bars) for three experiments. * Represents significant results (p<0.05) using 

ANOVA, when treated groups were compared with the untreated controls. 

. 

 

Fig. 6.12 SeNPs exhibited a dose dependent 

increase in ROS which was significantly 

higher than the control at 15 µg/ml and above. 

Values are mean ± SD (error bars) for three 

experiments. * Represents significant results 

(p<0.05) using ANOVA, when treated groups 

were compared with the untreated controls. 
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HeLa cell line, as compared to control. Increase in ROS production is an indication of 

mitochondrial dysfunction causing nucleic acid, proteins, and lipid damage, eventually leading 

to apoptotic cell death (Simon et al. 2000). To further understand the mechanism of cell death 

induced by SeNPs, the apoptotic index of the cells exposed and unexposed to nanoparticles 

was determined. SeNPs treatment exhibited a dose dependent increase in AI in HeLa cells 

(Fig. 6.13a). A significant increase (p<0.05) in AI was observed in presence of 15, 20, 25, 30, 

and 50 µg/ml SeNPs as compared to untreated controls. The cells treated with SeNPs exhibited 

morphological characteristics of apoptotic cells such as cell shrinkage, chromatin 

condensation, nuclear fragmentation, and formation of apoptotic bodies (Fig. 6.13b).  

 

 

To further understand the mechanism of SeNPs cytotoxicity towards HeLa cell line, the 

expression of apoptotic markers, pro-caspase-3, poly(ADP-ribose) polymerase (PARP), and 

HSP-70 was determined by western blot analysis. Caspases are a group of intracellular 

proteases that exist as inactive pro-enzymes and are activated by proteolytic cleavage resulting 

in the deliberate disassembly of the cell into apoptotic bodies (Thornberry and Lazebnik, 

Fig. 6.13 (a) HeLa cells treated with SeNPs exhibited a dose dependent increase in the apoptotic 

index (percent of apoptotic cells) as compared to untreated cells. Values are mean ± SD (error bars) 

for three experiments. * Represents significant results (p <0.05) using ANOVA, when treated 

groups were compared with the untreated controls; (b) Representative micrographs showing HeLa 

cells treated with SeNPs and stained with AO/EB. The morphological characteristics of apoptotic 

cells such as chromatin condensation (white arrows), nuclear fragmentation (yellow arrow); cell 

shrinkage (blue arrow) and formation of apoptotic bodies (orange arrows) were observed; (Inset) 

Control cells exhibiting uniform staining indicating intact cellular and nuclear morphology. 
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1998). In response to a pro-apoptotic signal, such as UV-light or chemotherapy, proteins 

upstream of pro-caspase-3 cleave it resulting in generation of active form of caspase-3. HeLa 

cells treated with SeNPs exhibit a dose dependent decrease in expression of pro-caspase 3 as 

compared to untreated controls (Fig. 6.11), suggesting the activation of apoptotic pathway. 

This was confirmed by determining the expression of pro-PARP and cleaved PARP, as the 

activated form of caspase-3 catalyses the cleavage of pro-PARP. As seen in Fig. 6.14, the 

expression of pro-PARP was found to decrease with the increase in SeNPs concentration, 

while the cleaved-PARP was found to be upregulated. At the same time, HSP-70 was found to 

be down-regulated with the increase in SeNPs concentrations (Fig. 6.14). This further confirms 

the activation of apoptotic pathway, as HSP-70 is known to protect cells against caspase 

dependent apoptotic cell death (Sabirzhanov et al. 2012). A similar decrease in the expression 

levels of pro-caspase-3, and pro-PARP and an increased expression of cleaved PARP was 

observed in prostate cancer cell line, LNCaP, in response to chemically synthesised SeNPs 

treatment (Kong et al. 2011). Thus, the western blot analysis indicates the activation of 

caspase-dependent apoptosis in HeLa cells treated with the Idiomarina sp. PR58-8 synthesised 

SeNPs. 

 

 

 

 

Fig. 6.14 Western blot analysis of HeLa cells treated with varying concentrations of SeNPs (A- 0 

μg/ml; B- 15 μg/ml; C- 20 μg/ml; D- 30 μg/ml; E- 50 μg/ml). β-Actin was used as control to check 

equal loading of proteins 
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6.4 Conclusion 

Selenium nanoparticles have gained attention due to their superior biocompatibility and 

activity at lower concentrations, with selectivity towards cancer cells. Such SeNPs have been 

synthesised by various chemical and biological methods. Here we report the intracellular 

synthesis of SeNPs by the moderate halophilic bacterium, Idiomarina sp PR-58-8. The 

hexagonal SeNPs exhibited a crystallite domain size of 34.52 nm, a spherical morphology with 

a size distribution of 150-350 nm and the characteristic Lα, Kα and Kβ peaks of Se. The marine 

bacterium exhibited an intrinsic resistance towards sodium selenite, as there was no significant 

effect on the growth even at a concentration of 8 mM. SeNPs synthesis at 4 mM and 8 mM 

Na2SeO3 exhibited an efficiency of 90.78% and 90.16%, respectively. Non-protein thiols were 

found to be upregulated in response to selenite stress and are indicative of their involvement 

in selenite resistance/reduction. The SeNPs were found to be cytotoxic towards HeLa (cancer) 

cell lines, whilst being non-cytotoxic towards HaCaT (model for normal cell line). SeNPs 

treatment of HeLa cells resulted in caspase mediated apoptotic cell death as evident from the 

ROS generation, apoptotic index and western blot studies. Thus, the SeNPS synthesised by 

Idiomarina sp. PR58-8 can be used as potential antineoplastic agents. 
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CHAPTER 7 

Biosynthesis of Fluorescent Lead (IV) Sulphide Nanoparticles Synthesis by the 

Moderate Halophilic Bacterium Idiomarina sp. PR58-8 

7.1 Introduction 

The IV-VI family lead based semiconductor nanoparticles have garnered great attention in the 

past decade due to their size tuneable optical and electronic properties. These intrinsic 

properties make them excellent materials for diode lasers, optical detectors, solar cells, photo-

resistors, field-effect transistors, and biological applications (imaging and labelling) (Xiao et 

al. 2013; Patil et al. 2006). The most extensively studied lead based semiconductor 

nanoparticle is lead (II) sulphide nanoparticles (PbSNPs), which possesses a cubic crystallite 

lattice, large band gap energy, and a size smaller than the large exciton Bohr radius of the bulk 

PbS (Wise, 2000). However, there are very few reports on synthesis and application of lead 

(IV) sulphide nanoparticles (PbS2NPs).  

The bulk tetragonal β-PbS2 was first synthesised by heating PbS with excess sulphur at 

temperatures above 650°C and a pressure of 30 kbars (Silvermann, 1966). The tetragonal β-

PbS2 nanoparticles were first obtained as a by-product of PbSNPs synthesis via the 

hydrothermal process using toxic precursors like thiourea, where the nanoparticles were 

embedded within the natural zeolite matrix. The formation of PbS2NPs was attributed to the 

influence of the special ordered structure of the zeolite matrix that acted as crystallisation 

media (Roman-Zamorano et al. 2009). β-PbS2 and Ga doped β-PbS2 thin films obtained by 

chemical bath deposition method at extremely alkaline pH exhibited flower like morphology, 

a higher band gap as compared to the bulk, and p-type conductivity (Geethu et al. 2012). 

Similarly, the tetragonal PbS2NPs prepared as thin films by photochemical deposition on glass 

and ITO coated glass substrates at extremely acidic pH and UV light irradiation, exhibited an 

oval morphology, and p- type conductivity (Shyju and Gopalakrishnan, 2013). Thus, the few 

studies till now on PbS2NPs synthesis have been on chemical route of fabrication, employing 

high temperature, pressure, extreme pH, and toxic precursors. Biological routes of nanoparticle 

fabrication allow the process to occur at ambient temperature and pressure. Although synthesis 

of PbSNPs by bacteria, fungi, and viruses has been reported (Singh and Nara, 2013 Seshadri 
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et al. 2011; Bai and Zhang, 2009; Kowshik et al. 2002; Shenton et al. 1999), there are no 

reports on PbS2NPs synthesis by microorganisms.  

The lead based nanoparticles with a size distribution of 2-10 nm (quantum dots) find 

application in near-infrared imaging (Walling et al. 2009; Wolfbeis, 2015; Chen et al. 2016). 

These quantum dots exhibit size tuneable optical properties stemming from quantum 

confinement, negligible photo-bleaching due to narrow emission spectra, broad emission 

spectra that allows multi-photon excitation, high quantum yields (QY), and large Stokes’ shift 

(Wegner and Hildebrandt, 2015). These properties make the QDs excellent candidates for bio-

imaging and labelling applications, as the fluorescent dyes and proteins routinely used, present 

several shortcomings like, narrow excitation band, broad emission spectra, small stoke shifts, 

low QYs, and photo bleaching. A major drawback of QDs however, is their toxicity both in-

vitro and in-vivo (Walling et al. 2009). To overcome the toxicity of the QDs and to make them 

water-soluble for biological applications, a hydrophilic coating of either thiolate ligand/silica/ 

other polymers may be applied (Bruchez et al. 1998; Chan and Nie, 1998). The microbially 

synthesised PbS2NPs quantum dots would most likely be coated with a biomolecule making 

them hydrophilic and suitable for biological applications.  

Here we report the intracellular synthesis of non-cytotoxic, biocompatible, tetragonal β-PbS2 

nanoparticles by the moderate halophile, Idiomarina sp. PR58-8. The nano-preparation was 

characterised by UV-visible spectroscopy, fluorescence spectroscopy, TEM, HR-TEM, 

SAED, and EDAX. The application of the ‘as-synthesised’ nanoparticles as bio-imaging agent 

is also demonstrated. To the best of our knowledge, this is the first report on synthesis of β-

PbS2 nanoparticles by microorganisms. 

7.2 Materials and Methods 

7.2.1 MIC determination and growth kinetics studies 

Idiomarina sp. PR58-8 was grown in ZMB 2216 with varying concentrations of Pb(NO3)2 

(0.05 mM- 10 mM) to determine the MIC. Pb(NO3)2 was prepared as a 1 M stock in SDW and 

filter sterilised. The cultures were incubated at 37°C, for 72 hrs under agitation (110 rpm).  The 

minimum concentration of Pb(NO3)2 at which no growth was observed was designated as the 

MIC. Appropriate negative controls were also run simultaneously.   
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For growth kinetic studies, the bacterium was grown in presence of Pb(NO3)2 (0.05, 0.5, 1, and 

5 mM). An aliquot of 1 ml was withdrawn every 4 hrs, till 60th hr, and the optical density was 

recorded at 600 nm on a UV-visible double beam spectrophotometer. The growth kinetics 

parameters such as specific growth rate (µ; hrs-1), lag time (tl; min), and doubling time (td; min) 

were determined according to Berney et al. (2006), and Breidt et al. (1994) as described in 

section 2.2.2. Idiomarina sp. PR58-8 grown in the absence of Pb(NO3)2 served as positive 

control.  

7.2.2 Lead uptake studies 

Lead uptake by Idiomarina sp. PR58-8 was determined using FAAS, Shimadzu AA-700. 

Instrumental conditions for FAAS measurement are summarised in Table 7.1. An aliquot of 5 

ml was withdrawn every 6 hrs from the culture grown in presence of 0.5 mM, and 5 mM 

Pb(NO3)2, up to 60th hr. The cells were separated from the supernatant, and both were digested 

in 20 ml of 50% nitric acid. Appropriate dilutions of the digested samples were prepared using 

deionised water and the samples were subjected to lead quantitation by FAAS. Appropriate 

controls were also run simultaneously.  

Table 7.1 Instrumental conditions for FAAS measurements 

Element Lead 

BGC mode BCG-D2 

Wavelength 283.3 nm 

Lamp current 10 mA 

Slit width 0.7 nm 

Flame type Air-C2H2 

C2H2 flow rate 2.0 L/min 

Burner height 7 mm 

 

7.2.3 PbS2NPs synthesis and optimisation of process parameters 

Idiomarina sp. PR58-8 was grown in ZMB 2216 with requisite amount of Pb(NO3)2 at 37°C, 

110 rpm for 54 hrs to obtain PbS2NPs. The cells were harvested by centrifugation (10,000 × 



Chapter 7 

158 
 

g, 20 mins), washed twice with deionised water and lysed by sonication (MicrosonTM 

Sonicator) at 0°C for three cycles of 1 min each at three RPS (40 W). The cellular debris was 

separated by centrifugation at 10,000 × g, 40 mins. The resulting supernatant was centrifuged 

at 22,000 × g for 1 hr to harvest the nanoparticles. The preparation was washed twice with 

deionised water and subjected to dialysis against deionised water for 12 hrs, with change of 

water every 2 hrs. The samples were dried in a hot air oven at 70°C for 24 hrs and the powder 

obtained was ground in a mortar and pestle. Appropriate controls (un-inoculated medium + 

Pb(NO3)2 and culture supernatant + Pb(NO3)2) were run simultaneously.  

For yield determination, the PbS2NPs were quantified by FAAS as described above. One set 

of cell pellets, obtained after growth in presence of Pb(NO3)2 were dried and weighed to 

determine the respective cell dry weight (CDW). The yield per gram of CDW and the yield 

per mg of substrate added were determined as described in section 3.2.4. 

Conditions such as medium pH, incubation temperature and Pb(NO3)2 concentration were 

varied to determine the conditions for maximum yield of PbS2NPs. Idiomarina sp. PR58-8 

was grown in ZMB 2216 at following conditions and the yield of PbS2NPs was determined as 

mentioned above.  

pH 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

Pb(NO3)2 conc. (mM) 0.05   0.5 1.0 3.0 5.0 7.0  

Temperature (°C) 25 30 35 37 40   

 

7.2.4 Characterisation of the PbS2NPs 

XRD, crystallite domain size, UV-visible spectroscopic, TEM, and SAED analysis of the ‘as-

synthesised’ PbS2NPs were carried out as described previously in section 3.2.5. The lattice 

parameters for the tetragonal crystal system were calculated using the formula: 

 
1

𝑑2
= (

ℎ2+𝑘2

𝑎2
) +

𝑙2

𝑐2
;           (9) 

where (h k l) are Bragg’s diffraction planes.  

The fluorescence (photoluminescence- PL) spectrum of the sample dispersed in deionised 

water, DMEM, and phosphate buffered saline (PBS; pH- 7.0) was recorded using a 
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spectrofluorimeter (Jasco FP-6300) with an excitation wavelength of 386 nm. Field emission 

gun- transmission electron microscope (FEG-TEM; Technai, G2-F30) operated at 300 kV, and 

a resolution point- 2 Å, and angstrom line- 1 Å was used to obtain high resolution TEM images 

and the SAED pattern. The nanoparticles were dispersed in deionised water by sonication and 

drop-coated on carbon-coated TEM grids for imaging. Elemental composition of the PbS2NPs 

was determined as described in section 6.2.5. The band gap energy was calculated using the 

formula:  

𝐸 =
(ℎ𝑐)

𝜆
⁄                      (10) 

where E is the band gap energy in eV, hc=1.24 eV-μm and λ is the λabs obtained by 

UV-visible spectroscopy in μm.  

The quantum yield was measured by the integrated photoluminescence intensities and 

absorbance values of the PbS2NPs using the reference dye coumarin 153 (QY= 0.58 or 58%). 

Stokes’ shift was estimated as follows:  

∆𝜈 = 𝜈𝑒𝑚 − 𝜈𝑎𝑏𝑠                    (11) 

where, Δν is Stokes’ shift in cm-1, νem is the wavenumber of the emission maxima in 

cm-1, and νabs is the wavenumber of the absorbance maxima in cm-1.   

7.2.5 Thiol assay 

The moderate halophile, Idiomarina sp. PR58-8 was grown in the absence (0 mM/ control) 

and presence of 0.5 mM, and 5 mM Pb(NO3)2. The cells were separated from the supernatant 

to prepare the cell free lysate (CFL) as described in section 6.2.6 and used for thiol assay. The 

T-SH, NP-SH and PB-SH were estimated using DTNB according to Sedlak and Lindsay 

(1968) as described in section 6.2.6. The total protein content of the CFL was determined 

according to Bradford (1976).  

7.2.6 Mammalian cell culture 

Human epithelial cervical adenocarcinoma, HeLa cell line was used for this study. They were 

maintained as described previously in section 4.2.8. 
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7.2.7 Biocompatibility studies 

MTT assay was performed as described previously in section 4.2.8, to determine the 

cytotoxicity of the PbS2NPs (10- 50 µg/ml) towards HeLa cell line. The experiment was 

performed in triplicates on three different days. Lead free cell material (ML2) and lead nitrate 

(LN) were also evaluated for their cytotoxicity towards HeLa cell line. The cell viability (%) 

relative to un-exposed controls was calculated using equation (7) given in section 4.2.8.  

The ROS studies were carried out in HeLa cell line as described previously in section 4.2.9, 

with varying concentrations of PbS2NPs (10, 20, 30, 40 and 50 µg/ml). ML2 and LN were also 

evaluated for their ability to generate ROS in HeLa cell line. 1 µM hydrogen H2O2 was used 

as positive control. All the experiments were performed in triplicates on different days.  

7.2.8 Nanoparticles internalisation and bio-imaging 

Exponentially growing HeLa cells (5 x 104 cells/well) maintained in CM were seeded onto 2 

 2 cm sterile glass slides placed in 6-well plates and supplemented with 2 ml CM. The cells 

were allowed to adhere onto the glass slides for 12 hrs, and incubated with the ‘as-synthesised’ 

nanoparticles (30 μg/ml) for another 4 hrs. Following this, the slides were washed with sterile 

PBS (pH 7.0) to remove the excess nanoparticles and other debris. The slides were then 

observed using the TRITC filter of the Olympus BX41 epi-fluorescence microscope. 

Quantitative fluorescence image analysis was carried out on the ImageJ software using the 

following formula: 

𝐶𝑇𝐶𝐹 = 𝐼𝐷 − (𝐴 − 𝐵)                   (12) 

 where, CTCF is the corrected total cell fluorescence, ID is integrated density, A is area 

of selected cell, and B is the mean fluorescence of background readings. 

7.2.9 Statistical analysis 

The statistical analysis was carried out as described in 2.2.5 
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7.3 Results and Discussions 

7.3.1 Growth of Idiomarina sp. PR58-8 in presence of lead nitrate 

Idiomarina sp. PR58-8 possesses a 

high level of intrinsic resistance to 

silver ions (Seshadri et al. 2012) and 

selenium oxyanions. This marine 

bacterium was also found to tolerate 

up to 8 mM Pb(NO3)2 in ZMB 2216 

(Fig. 7.1) with a simultaneous change 

in appearance from golden yellow to 

brown (Fig. 7.2). Growth at 0.05 and 

0.5 mM Pb(NO3)2 was very similar 

to the control (0 mM Pb(NO3)2), 

however, as the concentration of 

Pb(NO3)2 increased from 1 mM to 7 mM the growth decreased (Fig. 7.1). The MIC of 

Pb(NO3)2 was 9 mM, as the marine bacterium did not exhibit growth at this concentration. 

 

Idiomarina sp. PR58-8 was grown in presence of varying concentrations of Pb(NO3)2 to 

determine the effect of metal salt on its growth kinetics. In the absence of Pb(NO3)2, 

Idiomarina sp. PR58-8 exhibited a specific growth rate (μ) of 1.11 hrs-1, with a doubling time 

(td) of 37.46 mins, and a lag time (tl) of 30 mins. The μ of the marine bacterium in presence of 

0.05 mM and 0.5 mM Pb(NO3)2, was 1.057 hrs-1 and 0.896 hrs-1, respectively, which was not 

significantly different (p>0.05) as compared to the control. Similarly, the difference between 

the td and tl of the cells grown in the presence of 0 mM (control), 0.05 mM, 0.5 mM Pb(NO3)2 

was insignificant (Table 7.2). However, in presence of 1 mM, and 5 mM Pb(NO3)2, the specific 

Fig. 7.1 Growth profile of Idiomarina sp.PR58-8 at 

varying concentrations of Pb(NO3)2. MIC of Pb(NO3)2 

was found to be 9 mM. Values are mean ± SD (error 

bars) for three experiments. 

Fig. 7.2 Idiomarina sp. PR58-8 appears golden 

yellow when grown in ZMA (a) and ZMB (c). 

In presence of lead nitrate, it appears brown in 

colour (b; d). Media controls with lead nitrate 

did not exhibit the brown colouration (e). 
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growth rates were 0.690 hrs-1, and 0.463 hrs-1, respectively, which were significantly lower 

(p<0.05) than the control. The td and the tl for cells grown in presence of 1 mM, and 5 mM 

Pb(NO3)2 were significantly higher (p<0.05). Thus, higher concentrations of Pb(NO3)2 were 

found to negatively affect the growth of the marine bacterium (Fig. 7.3). 

 

Table 7.2 Growth kinetics parameters of Idiomarina sp. PR58-8 in absence (control) and in presence 

of lead nitrate. 

Parameters 
0 mM (ctl) 

Pb(NO3)2 

0.05 mM 

Pb(NO3)2 

0.5 mM 

Pb(NO3)2 

1 mM 

Pb(NO3)2 

5 mM 

Pb(NO3)2 

μ (hrs-1) 1.110  1.057  0.896  0.690  0.463  

td (mins) 37.46  39.34  46.41  60.26  89.81  

tl (mins) 30 30 45 60 120 

              μ- Specific growth rate; td- Doubling time; tl- Lag time 

Idiomarina sp.PR58-8 when grown in presence of Pb(NO3)2 exhibited intracellular 

accumulation of lead, and a concomitant loss from the medium, beginning from early 

exponential phase (6th hr) up to late stationary phase (42nd hr). For cells grown in presence of 

0.5 mM (103.63 μg/ml) Pb(NO3)2, the Pb concentration in the medium at the 6th hr was 87.35 

μg/ml, and only ~ 1.7% remained un-utilised in the medium by the 42nd hr. In case of cells 

grown in presence of 5 mM (1036.29 μg/ml) Pb(NO3)2, only 0.8% remained un-utilised by the 

Fig. 7.3 Growth of Idiomarina sp. 

PR58-8 in absence (ctl), and presence 

of 0.05, 0.5, 1 and 5 mM Pb(NO3)2. 

Values are mean ± SD (error bars) for 

three experiments. 



Chapter 7 

163 
 

42nd hr. In both the instances, 

Idiomarina sp. PR58-8 accumulated ~ 

91% lead by the 36th hr (Fig. 7.4). These 

findings are in contrast to the lead 

uptake exhibited by the yeasts 

associated with PbSNPs synthesis, R. 

diobovatum, and Torulopsis sp. 

(Seshadri et al. 20011; Kowshik et al. 

2002c). Lead accumulation in both 

these yeasts was observed from mid 

exponential phase up to late stationary 

phase (Seshadri et al. 20011; Kowshik 

et al. 2002c). The effect of time of 

addition of Pb(NO3)2 on the growth of Idiomarina sp. PR58-8 was determined at 0th hr (time 

of inoculation) and 6th hr (early stationary phase). The addition of Pb(NO3)2 at 0th hr did not 

affect the growth of the marine bacterium and was accompanied with the change in culture 

colouration. However, when the Pb(NO3)2 was introduced in the early exponential phase, 

growth was retarded, with no associated colour change. These cells when transferred in fresh 

ZMB 2216 without Pb(NO3)2, resumed growth suggesting that the introduction of Pb(NO3)2 

during the early exponential phase was bacteriostatic, and not bactericidal. Adaptation to 

growth in presence of Pb(NO3)2 added at the time of inoculation may be attributed to the 

intrinsic metal resistance mechanisms of the culture as well as the decreased availability of the 

Pb2+
 to the bacterial cells. Fresh ZMB medium has a pH of 7.5, which decreases to ~6.0 in the 

early exponential phase. Solubility of lead complexes is higher at pH 6.0, which corresponds 

to increased concentrations of free Pb2+, and more toxicity (Mager, 2011). Between pH 6.5 and 

7.5, lesser Pb2+ are available and therefore addition of Pb(NO3)2 at the time of inoculation may 

not hinder the growth of Idiomarina sp.PR58-8. Thus, the Pb(NO3)2 was added simultaneously 

with the inoculum. This is an advantage exhibited by the marine bacterium over the yeasts, 

Torulopsis sp. and R. diobovatum, which require the addition of Pb(NO3)2 at mid-log phase 

for PbSNPs synthesis (Seshadri et al. 20011; Kowshik et al. 2002c), thereby circumventing the 

need for growth phase monitoring. 

Fig. 7.4 Decrease in lead concentration in the 

medium, expressed as percentage of the 

initial value, indicative of lead uptake by 

Idiomarina sp. PR58-8; Values are mean ± 

SD (error bars) for three experiments. 
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 7.3.2 Lead (IV) sulphide nanoparticles (PbS2NPs) synthesis and their characterisation 

Growth of Idiomarina sp. PR58-8 in presence of Pb(NO3)2 was accompanied by the golden 

yellow culture turning brown in colour (Fig. 7.1). The culture supernatant and the media 

controls without inoculum failed to exhibit this colour change. Thus, the intracellular synthesis 

of the PbS2NPs by Idiomarina sp. PR58-8 was found to be a culture dependent phenomenon. 

Although numerous bacteria, yeast, fungi and viruses have been reported to synthesise lead 

(II) sulphide nanoparticles both intracellularly and extracellularly (Singh and Nara, 2013 

Seshadri et al. 2011; Bai and Zhang, 2009; Kowshik et al. 2002; Shenton et al. 1999), there are 

no reports on the microbial synthesis of PbS2NPs synthesis. This is the first study on the 

synthesis of PbS2NPs by a microorganism. 

PbS2NPs synthesis was carried out at various medium pH, incubation temperature and 

Na2SeO3 concentration to determine the optimum conditions for synthesis.  

Pb(NO3)2 concentration 

A concentration range of 0.05 mM to 9 mM 

Pb(NO3)2 was tested to determine the 

optimum concentration for PbS2NPs 

synthesis (Fig. 7.5). At concentrations lower 

than 3 mM Pb(NO3)2, the yield of PbS2NPs 

obtained was very low and in the range of ~ 

22.73- 121.49 μg/mg CDW. The low yield 

may be attributed to the presence of low 

concentration of Pb(NO3)2. At 

concentrations of 3 mM, and 5 mM 

Pb(NO3)2 (Fig. 7.5), the yield of PbS2NPs 

was 379.91 and 631.71 μg/mg CDW, 

respectively. Although the growth of 

Idiomarina sp. PR58-8 was affected at 5 mM 

Pb(NO3)2, maximum yield was obtained at this concentration. The yields obtained at 1 mM, 3 

mM, and 7 mM Pb(NO3)2 were significantly lower (p<0.05) as compared to the yield obtained 

Fig. 7.5 Effect of lead nitrate concentration 

on the yield of PbS2NPs at pH 7.0 and 37°C. 

Values are mean ± SD (error bars) for three 

experiments. 
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at 5 mM Pb(NO3)2. As maximum yield of PbS2NPs was obtained at 5 mM Pb(NO3)2, this 

concentration was used for further studies on PbS2NPs synthesis. 

Medium pH 

The PbS2NPs synthesis was carried out at 

varying pH (5.0-8.0) to determine the 

optimum pH for maximum yield. The pH 

range for growth of Idiomarina sp. PR58-8 is 

6.0-9.0, with the optimum at pH 7.0. At pH 

7.0, maximum yield of 631.71 μg/mg CDW 

was obtained (Fig. 7.6). The halophilic 

bacteria exhibited poor growth at pH of 5.0 

and 5.5 in the absence of Pb(NO3)2, and the 

yield of PbS2NPs was significantly lower 

(p<0.05) as compared to that at pH 7.0. Thus, 

as the pH increased from 6.0 to 6.5, a 

corresponding increase in yield was 

observed. Yield of PbS2NPs at pH 7.5 was 

598.75 μg/mg CDW, which was not significantly different (p>0.05) from the yield obtained at 

pH 7.0. However, alkaline pH of 8.0 significantly lowered the yield of PbS2NPs. Based on 

these results, PbS2NPs synthesis was carried out at pH 7.0. 

Incubation temperature 

A temperature range of 25°C to 40°C was tested to determine the optimum temperature of 

growth for efficient PbS2NPs synthesis by Idiomarina sp.PR58-8. The optimum range of 

temperature for growth of Idiomarina sp.PR58-8 is 30°C to 38°C. Maximum PbS2NPs 

synthesis was obtained at 35 and 37°C with a yield of 615.09 and 631.71 μg/mg CDW, 

respectively (Fig. 7.7). As the incubation temperature increased from 25°C to 37°C, the yield 

of PbS2NPs also increased and the difference in yield between 30° and 37°C was significant 

(p<0.05). The halobacterial isolate exhibited slow growth at 40°C, and therefore, the yield of 

Fig. 7.6 Effect of pH on the yield of PbS2NPs 

at 37°C using 5 mM Pb(NO3)2 as the 

precursor. Values are mean ± SD (error bars) 

for three experiments. 
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PbS2NPs was also lower. Thus, further studies on PbS2NPs synthesis by Idiomarina sp.PR58-

8 was carried out at 37°C.  

 

The PbS2NPs by Idiomarina sp.PR58-8 was carried out with 5 mM Pb(NO3)2, at pH of 7.0 and 

an incubation temperature of 37°C. 

Time course of lead uptake and nanoparticles yield were correlated to the growth phase of 

Idiomarina sp. PR58-8 (Fig. 7.8). Yield with respect to biomass and with respect to substrate 

added were estimated along with the efficiency of the process (Table 7.3). Maximum yield 

was obtained at 54th hr, with an efficiency of 90.3% in case of 0.5 mM Pb(NO3)2, and 96.5% 

in case of 5 mM Pb(NO3)2. The yield with respect to the biomass was 60.4 μg/mg CDW, and 

631.71 μg/mg CDW for cells grown in presence of 0.5 mM, and 5 mM Pb(NO3)2, respectively. 

As the process was found to be more efficient at 5 mM Pb(NO3)2 with a significantly higher 

yield (p<0.05) as compared to that in presence of 0.5 mM Pb(NO3)2, synthesis was carried out 

at 5 mM Pb(NO3)2. 

 

Table 7.3 The yield parameters of PbS2NPs synthesised by Idiomarina sp. PR58-8 

Yield Parameters 0.5 mM Pb(NO3)2 5 mM Pb(NO3)2 

Yield (mg/g CDW) 15.16 30.13 

Yield (mg/mg Pb) 0.907 0.965 

Efficiency (%) 90.78 96.5 

 

Fig. 7.6 Effect of incubation temperature on 

the yield of PbS2NPs at pH 7.0 using 5 mM 

Pb(NO3)2 as the precursor. Values are mean ± 

SD (error bars) for three experiments. 
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XRD spectra of the ‘as-synthesised’ 

nanoparticles exhibited characteristic 

peaks of tetragonal lead (IV) sulphide 

(PbS2) corresponding to ICDD card no. 

20-0596 (Fig. 7.9). This is the first report 

on PbS2 nanoparticles synthesis by an 

organism. The studies to date about 

microbial lead sulphide nanoparticles 

fabrication have been on synthesis of 

cubic PbSNPs (Kowshik et al. 2002; Bai 

and Zhang, 2009; Seshadri et al. 2012). In 

fact, there are very few reports on 

synthesis of tetragonal PbS2 nanoparticles by chemical routes as well (Shyju and 

Gopalakrishanan, 2013; Geethu et al. 2012; Roman-Zamorano et al. 2009; Qadri et al. 1997). 

The α (hexagonal), and the β (tetragonal) PbS2 phases are considered high pressure phases as 

their synthesis has a requirement of pressures higher than 20 Kbars and temperatures above 

600°C (Pitcher et al. 2000). Synthesis of PbS2 at atmospheric pressure using natural zeolite 

was attributed to the ability of the matrix to induce nucleation of the compressed lead sulphide 

Fig. 7.8 Growth kinetics, PbS2NPs accumulation and the yield of PbS2NPs, when Idiomarina sp. 

PR58-8 was grown in presence of 0.5 mM Pb(NO3)2 (a) and 5 mM Pb(NO3)2 (b). Values are mean 

± SD (error bars) for three experiments. 

Fig. 7.9 XRD spectrum exhibiting the 

characteristic Bragg’s peak of tetragonal PbS2. 
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phases which is a function of the rigidity and order provided by the porous mineral (Roman-

Zamorano et al. 2009). A similar nucleation, with biomolecules of bacterial origin acting as 

the centre, may be responsible for generation of β-PbS2 nanoparticles by Idiomarina sp.PR58-

8. Broadening of the peaks at the base are indicative of the particles being in nano-dimension. 

The crystallite domain size as calculated using the Debye-Scherrer formula for (2 0 2) peak 

was 2.38 nm. The formation of tetragonal lattice structure was attributed to the distortion in 

the cubic lattice of the lead sulphide nanocrystallites synthesised in the bi-continuous cubic 

phase of a lipid, when the size of the crystal decreased below 6 nm (Qadri et al. 1997). The 

lattice parameters for tetragonal system were a= 4.45 Å and c= 4.24 Å, with an a/c ratio of 

1.05, which corresponds to the a/c ratio obtained for tetragonal PbS nanocrystallites of ~3 nm 

size synthesised in the bi-continuous cubic phase of a lipid (Qadri et al. 1997) (35).  

UV-visible spectroscopy of the ‘as 

synthesised’ PbS2NPs exhibited an 

absorbance maximum (λabs) at 386 nm 

(Fig. 7.10) corresponding to an energy 

gap of ~3.22 eV. The PbS2NPs thin films 

synthesised via the chemical routes 

exhibit a similar λabs at ~400 nm (Geethu 

et al. 2012). Roman-Zamorano et al. 

(2009) have reported that heating the 

PbS2NPs at/above temperatures of 55°C, 

causes the λabs to shift from 240 nm to 

~400 nm. On the other hand, the λabs of 

the PbSNPs synthesised by Torulopsis sp. and R. diobovatum were 330 nm and 320 nm, 

respectively (Kowshik et al. 2002; Seshadri et al. 2011). The λabs of PbSNPs exhibit a blue 

shift as compared to bulk PbS, which has an absorption onset at 3020 nm, and a band gap of 

0.41 eV at 298 K. This blue shift and the increase in the energy band gap is a result of the 

particle size becoming smaller than the excitonic Bohr radius of the bulk PbS (quantum 

confinement) (Wise, 2000). A similar phenomenon may be responsible for the increase in the 

energy band gap of the PbS2NPs.  

Fig. 7.10 UV-visible spectra of the PbS2NPs 

with an absorbance maximum at 386 nm. 
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Morphological characterisation was achieved by transmission electron microscopy (TEM) and 

high resolution-TEM (HRTEM). TEM analysis indicated particles with spherical morphology 

and an average size of 6 nm (Fig. 7.11a). The HRTEM image of the PbS2NPs (Fig. 7.11b) also 

exhibited nearly spherical particles with an average size of 6 nm, and interplanar spacing (d) 

of 0.318 nm which corresponds to the d-spacing of the (2 0 0) plane (d(2 0 0)= 0.307 nm). Similar 

spherical shaped PbS2NPs with an average size of ~ 10 nm stabilised in natural zeolite have 

been reported (Roman-Zamorano et al. 2009). The SAED pattern of the PbS2NPs (Fig. 7.12a) 

can be indexed to the tetragonal PbS2 crystallite planes of (2 0 0), (1 1 1), and (2 0 4). FFT 

(fast Fourier transform) analysis of the PbS2NPs was also carried out to obtain the diffraction 

pattern and to measure the distances between the atomic planes (Fig. 7.12b). The small size 

distribution of the nano-preparation may be attributed to the kinetic constraints imposed by the 

strong binding conditions within the bacterial cells (Roman-Zamorano et al. 2009). Elemental 

composition of the PbS2NPs as determined by EDAX confirmed the presence of Pb and S (Fig. 

7.12c,d). The peaks of S overlaps with that of Pb and both the peaks appear at 2.3 KeV (Warner 

et al. 2005). Peaks due to C, O, and Cu may be attributed to the carbon coated copper grid used 

for SEM-EDS analysis.  

 

 

 

Fig. 7.11 (a) TEM micrographs of the PbS2NPs exhibiting spherical particles with an average size 

of 6 nm. (b) HR-TEM micrograph showing spherical nanoparticles with interplanar spacing of 

0.318 nm.  
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The photoluminescence spectra of the PbS2NPs are shown in Fig. 7.13a. The emission 

maximum (λem) was obtained at 530 nm. The emission spectra of the ‘as-synthesised’ PbS2NPs 

exhibited a Gaussian spectral line shape with a full width half maximum (FWHM) of 24.09 

nm. Majority of the semi-conducting QDs exhibit Gaussian emission spectra with a FWHM 

of ~30 nm that confers multiplexing capability on to the QDs (Wolfbeis, 2015). The samples 

on storage exhibited similar fluorescence spectra as that of freshly synthesised PbS2NPs (Fig. 

7.13b). The lyophilised cellular material of Idiomarina sp. PR58-8 (ML2) did not exhibit a 

λem, instead luminescence was observed over a broad range (~340 nm to 500 nm), which 

disappeared on storage for 48 hrs or more (Fig. 7.14a). This luminescence may be attributed 

Fig. 7.12 (a) SAED pattern of the PbS2NPs corresponding to the tetragonal crystal facets, where the 

three rings could be indexed to Braggs planes of (1 1 1), (2 0 4) and (2 0 0); (b) FFT of a single 

PbS2NPs obtained during HR-TEM analysis; (c) SEM micrograph of the PbS2NPs used for EDAX 

measurements; (d) EDAX spectrum with peaks of Pb. S peaks overlap with the Pb peak.  
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to the presence of biomolecules such as NADH and tryptophan (Kowshik et al. 2002). 

However, after 48 hrs of storage at room temperature as is or in water/PBS, the luminescence 

disappeared due to the degradation of these biomolecules (Friedman and Cuq, 1988; Rover 

Junior et al. 1998). This is the first microbially synthesised PbS2NPs exhibiting fluorescence 

that may have potential applications in bio-imaging. Most of the chemically synthesised PbS 

quantum dots have emissions in the near infrared region (NIR) (Truong et al. 2011; Hu et al. 

2012; Chen et al, 2016), with the exception of PbS colloids synthesised by controlled 

precipitation in water and acetonotrile solutions that exhibit λem in the visible range (Nozik et 

al. 1985). These PbS colloids were shown to have a λem of 436 nm and/or 600 nm based on 

their size, with an excitation wavelength of 355 or 410 nm (Nozik et al. 1985). Since λem of 

the PbS2NPs synthesised by Idiomarina sp. PR58-8 is in the visible range, it is advantageous 

as the routine, relatively inexpensive epi-fluorescence microscopes can be easily used for bio-

imaging. The fluorescence spectra of the PbS2NPs were also recorded in PBS (pH 7.0) and 

DMEM, where PBS was used to mimic the extracellular environment, while DMEM was used 

to mimic the in-vitro environment. Altering the solvent did not result in any change in the 

fluorescence spectra, thus, exhibiting the ability of these PbS2NPs to retain their fluorescent 

property in varying environments (Fig. 7.14b). 

 

 

Fig. 7.13 (a) The absorbance and the emission spectra of PbS2NPs exhibiting an absorbance 

maximum at 386 nm and an emission maximum at 530 nm; (b) Effect of storage on the emission 

spectra of the ‘as-synthesised’ PbS2NPs. 
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The λem of the PbS2NPs exhibited a relatively 

large Stokes’ shift of 7038 cm-1 (144 nm). 

Stokes’ shift, defined as the red shift of the 

emission spectra with respect to the 

absorption spectra, is an important quantity 

that determines the optical properties of 

semiconductor nanoparticles (Bagga et al. 

2005). Large Stokes’ shift (5000- 10000 cm-

1) is a desirable property for an efficient 

fluorescent stain (He et al. 2015). Further, the 

fluorescence quantum yield (QY), an 

intrinsic property of fluorescent probes, was 

estimated using the reference dye, coumarin 

153 (QY=0.58) which has λabs at 422 nm and λem at 531 nm (Fig. 7.15). QY is defined as the 

ratio of the number of emitted photons to the absorbed photon. The QY of the synthesised 

PbS2NPs was found to be 0.67 in all the three solvents. QY of PbS quantum dots synthesised 

by various chemical methods has been reported to be between 0.1 to 0.9 based on their size 

(Hinds et al. 2007; Spangler et al. 2016). Biological imaging requires sensitive fluorophores 

Fig. 7.14 (a) The photoluminescence spectra of the lyophilized Idiomarina sp. PR 58-8 exhibiting a 

broad peak, which disappeared on storage for 48 hrs; (b) The fluorescence spectra of PbS2NPs 

synthesised by Idiomarina sp. PR58-8 in solvents such as water, PBS (pH 7.0) and DMEM. 

 

Fig. 7.15 The absorbance and the emission 

spectra of coumarin 153 dye exhibiting an 

absorbance maximum at 422 nm and an 

emission maximum at 531 nm. 
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with relatively large Stokes’ shifts and acceptable QYs. The PbS2NPs synthesised by 

Idiomarina sp. PR58-8, exhibited narrow symmetric emission spectra with Gaussian 

distribution; λem in the visible range with a large Stokes’ shift and relatively high QY; were not 

affected by their micro-environment; and thus, present a superior fluorophore as compared to 

organic dyes, for bio-imaging applications.  

7.3.3 Mechanism of PbS2NPs synthesis 

Pb2+ offers limited beneficial functions to both eukaryotes and prokaryotes, and is therefore, 

considered a toxin (Nies, 1999). Thus, microbes have evolved numerous mechanisms to 

overcome the stress exerted by the lead cation. Microorganisms may prevent the influx of Pb2+ 

by either precipitating it as insoluble phosphates, or by adsorption on the cell wall via EPS 

and/or other cell wall components. In case the Pb2+ is taken up by the microbial cell, it may be 

sequestered as phosphates or effluxed out of the cell via transporters viz., CadA, ZntA, and 

PbrA (Jaroslawiecka and Piotrowska-Seget, 2014). Pb2+ can also be rendered inactive by thiol 

compounds that include NP-SH like GSH, cysteine, and cystine; and PB-SH like PCs and MTs 

(Harrison et al. 2007; Naik and Dubey, 2013). In presence of metal ions such as that of lead, 

bacteria and fungi increase the cellular pools of thiols, thereby sequestering the toxic ions 

(Pages et al. 2008). Idiomarina sp. RR58-8, a γ proteobacteria, has G-SH as the most abundant 

thiol (Kessi and Hanselmann, 2004) and thus, the involvement of thiols in lead resistance and 

transformation was investigated. The intracellular thiol concentrations of the cells exposed to 

varying concentrations of Pb(NO3)2 were estimated over a period of 60 hrs. In untreated 

controls, at 6th hr NP-SH accounted for 88.3% while PB-SH accounted for 11.7% of the T-SH. 

However, at the 60th hr, the PB-SH had increased to 70.9% while the NP-SH decreased to 

29.1%. Pb(NO3)2 exposed cells on the other hand exhibited a dose dependent and a time 

dependent increase in NP-SH. The NP-SH was found to be ~ 4 times higher in cells treated 

with 5 mM Pb(NO3)2 as compared to untreated controls, while the PB-SH decreased ~1.05 

times as compared to controls at the 36th hr, with a concomitant intracellular lead accumulation 

of ~91%. The increase of T-SH is a function of the increase in NP-SH as is evident in Fig. 

7.16a. A simultaneous increase in the intracellular lead and NP-SH concentration was observed 

at 18th hr suggesting a positive interdependence between the two. Although the lead uptake 

commences from early exponential phase (6th hr) during the growth of Idiomarina sp. PR58-
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8, active uptake begins only around the 18th hr, at which time the concentration of NP-SH 

within the lead exposed cells also increased (Fig. 7.16b,c). As the lead uptake was found to 

continue till the late stationary phase (42nd hr), the increase in NP-SH concentration also 

exhibited a similar trend. A similar increase in NP-SH and concomitant decrease in PB-SH has 

been reported in response to various metals in bacteria and fungi (Guimaraes-Suares et al. 

2008; Seshadri et al. 2011; Seshadri et al. 2012). The decrease in the PB-SH and the increase 

in NP-SH may be attributed to the presence of metal ions that causes the sulphur in the 

proteome to be redirected towards GSH synthesis (Fauchon et al. 2002). Our results suggest 

the involvement of NP-SH in lead resistance and synthesis of lead based nanoparticles.  

 

 

 

 

 

 

 

Fig. 7.16 (a) Effect of lead nitrate on the intracellular levels of total thiols (T-SH), non-protein 

thiols (NP-SH), and protein bound thiols (PB-SH) with respect to time. A dose dependent increase 

in NP-SH was observed in response to lead stress; The increase in NP-SH concentration 

corresponded to the lead uptake exhibited by Idiomarina sp. PR58-8 in presence of (b) 0.5 mM 

Pb(NO3)2 and (c) 5 mM Pb(NO3)2; Values are mean ± SD (error bars) for three experiments. 
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7.3.4 Biocompatibility studies and application of PbS2NPs 

Biocompatibility and non-cytotoxicity are 

the prerequisites for a fluorophore to be 

used as bio-imaging agents. The 

biocompatibility of the PbS2NPs was 

evaluated in HeLa cell line using MTT for 

24 and 48 hrs. Even at the highest 

concentration of PbS2NPs (50 μg/ml) 

tested, a viability of 90.31 %, and 88.77 

%, was obtained for cells exposed for 24 

hrs, and 48 hrs, respectively (Fig. 7.17). 

The nanoparticles exhibited no significant 

(p>0.05) difference in viability as 

compared to untreated controls at both the time points. Pb free cell material (ML2) did not 

exhibit any significant cytotoxicity at any of the concentrations tested. Pb(NO3)2, on the other 

hand exhibited a significantly higher (p<0.05) toxicity towards HeLa cells at concentrations of 

20 μg/ml and above (Fig. 7.17). Similar results have been reported for human leukemia (HI-

60) cells treated with lead nitrate (Yedjou et al. 2010). This supports the biocompatible nature 

of PbS2NPs as compared to Pb(NO3)2.   

Lead nitrate exerts its cytotoxicity by 

inducing oxidative stress through ROS 

generation followed by depletion of the 

anti-oxidative reserves (Flora et al. 2002). 

Thus, to further assess the 

biocompatibility of the PbS2NPs, ROS 

assay was carried out. The ‘as-

synthesised’ PbS2NPs did not exhibit a 

significant increase (p>0.05) in ROS 

generation up to 40 μg/ml as compared to 

the untreated controls (Fig. 7.18). At 50 μg/ml, PbS2NPs exhibited a significant increase (23%; 

Fig 7.17 Effect of PbS2NPs, lead free cell 

material (ML2) and lead nitrate (LN) on 

viability of HeLa cells. Values are mean ± SD 

(error bars) for three experiments.  

Fig 7.18 Effect of PbS2NPs, ML2 and LN on 

ROS generation. Values are mean ± SD 

(error bars) for three experiments.  
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p<0.05) in ROS generation as compared to untreated control. ML2 did not exhibit any 

significant increase (p>0.05) in ROS production as compared to untreated control or PbS2NPs 

treated cells. Pb(NO3)2 exhibited a dose-dependent increase in ROS (Fig. 7.18). At 10 μg/ml 

Pb(NO3)2 the increase in ROS was insignificant (p>0.05) as compared to untreated control, 

which reached significance (p<0.05) at concentrations of 20 μg/ml and above. Previous studies 

have shown that functionalising/capping agents play a major role in cytotoxicity of the lead 

based nanoparticles, where certain agents such as 3-mercaptopropanesulfonate and sodium 

2,3-dimercaptopropanesulfonate were found to make the particles more toxic, while others 

viz., β-lactoglobulin, glutathione, and DNA rendered them non-toxic (Levina et al. 2005; Hu 

et al. 2012; Nakane et al. 2013; Chen et al. 2016). Pb in its divalent cationic form (Pb2+) easily 

replaces the divalent cations such as Ca2+, Mg2+, Fe2+, and sometimes the monovalent cations 

like Na+, present in the biological system, thereby disrupting various physiological functions 

(Lidsky and Schneider, 2003). Capping the PbS QDs with stabilising molecules such as GSH 

or β-lactoglobulin, prevents the release of Pb2+ thereby attenuating the cytotoxicity of the QDs 

(Chen et al. 2016). Pb in the PbS2NPs synthesised by Idiomarina sp. PR58-8 is in +4 oxidation 

state (PbS2) and most likely capped by a thiol containing bio-molecule. The capping agents 

stabilising the nanoparticles prevent the Pb+4 from exposure to the reducing moieties present 

in the biological environment and its reduction to Pb2+, thereby lowering its toxicity. Thus, 

PbS2NPs synthesised by the Idiomarina sp. PR58-8 were found to be biocompatible and may 

be deemed safe for bio-imaging applications.   

The HeLa cells grown in presence of 30 μg/ml PbS2NPs were observed under the epi-

fluorescence microscope using the TRITC filter to check for internalisation of the 

nanoparticles and bio-imaging. Fig. 7.19a shows cells with internalised PbS2NPs that appear 

as red fluorescent particles. The particles were unable to penetrate the nucleus and appear 

uniformly distributed within the cytoplasm of the cell. Fig. 7.19c shows the image of the 

PbS2NPs powder exhibiting red fluorescence, while the lyophilised cellular material, ML2 

(Fig. 7.19e) did not exhibit any fluorescence. Figures 7.19b, d, and f show the phase-contrast 

images of the PbS2NPs treated cells, PbS2NPs, and ML2 respectively. Fig. 7.20 shows the 

CTCF of the cells stained with the PbS2NPs where the background fluorescence was 

subtracted. The data indicates that fluorescence intensity is directly proportional to the size of 

the cell and the uniform distribution of the particles. Therefore, the PbS2NPs synthesized by 
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Idiomarina sp. PR58-8 may be used as in-situ fluorescent probes. This is the first report on 

microbially synthesised PbS2NPs with fluorescent properties with potential applications in bio-

imaging. The ‘as-synthesised’ PbS2NPs may also be used for targeted bio-labelling, where the 

nanoparticles can be functionalised to target specific subset of cells. As the PbS2NPs 

synthesised by Idiomarina sp. PR58-8 are most likely capped with NP-SHs, the preparation 

can be suitably modified at –SH site by attaching various targeting ligands and antibodies for 

site-directed imaging. Thus, the ‘as-synthesised’ PbS2NPs are versatile fluorophores that may 

be exploited for myriad applications in imaging and analysis.  

 

 

Fig. 7.19 (a) Fluorescence micrograph of 

HeLa cells stained with 30 μg/ml 

PbS2NPs. The nanoparticles exhibited 

red fluorescence, were evenly distributed 

in the cytoplasm, and did not stain the 

nucleus; (b) Phase contrast micrograph 

of HeLa cells treated with 30 μg/ml 

PbS2NPs; (c) Fluorescence micrograph 

of the PbS2NPs powder; (d) Phase 

contrast micrograph of PbS2NPs powder. 

(e) Fluorescence micrograph of the 

lyophilised Idiomarina sp.PR58-8; (f) 

Phase contrast micrograph of the 

lyophilised Idiomarina sp.PR58-8. 

 

Fig. 7.20 Corrected total cell fluorescence of 

cells stained with PbS2NPs synthesised by 

Idiomarina sp. PR58-8, after the subtraction of 

background fluorescence. Values are mean ± 

SD (error bars) for three experiments. Int. Den- 

integrated density 
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7.4 Conclusion 

Lead based nanomaterials have been extensively reported for various optoelectronic 

applications due to their size tuneable properties. Amongst these, the studies on synthesis of 

tetragonal β-PbS2 nanoparticles are very few with all of them employing toxic precursors, and 

extreme conditions of temperature, pressure, and pH. In this study, we report the intracellular 

synthesis of tetragonal PbS2NPs by the marine bacterium Idiomarina sp. PR58-8, when grown 

in presence of 5 mM Pb(NO3)2 at ambient temperature, pressure and neutral pH. The nano-

preparation exhibited a crystallite domain size of 2.38 nm, a spherical morphology and an 

average size distribution of 6 nm. The ‘as-synthesised’ PbS2NPs exhibited an absorbance 

maximum at 386 nm and an emission maximum at 530 nm. The emission spectrum of the 

PbS2NPs was narrow, symmetric with Gaussian distribution, and the nanoparticles exhibited 

a large Stokes’ shift with relatively high QY (67%). The fluorescence spectra remained un-

affected by the micro-environment of the PbS2NPs. The particles were found to be non-

cytotoxic as evident from the MTT and ROS assay. The PbS2NPs were internalised by the 

HeLa cells and were evenly distributed within the cytoplasm of the cell without penetrating 

the nucleus. Thus, these nanoparticles can be used for bio-imaging applications.  
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SUMMARY OF RESULTS AND CONCLUSIONS 

The present work was carried out with the aim to identify and exploit haloarchaea and 

halophilic bacteria for metallic and metal sulphide nanoparticles synthesis. The haloarchaeal 

isolates Halococcus salifodinae BK3, H. salifodinae BK6, H. salifodinae BK7, H. salifodinae 

BK11, and H. salifodinae BK18, and the halophilic bacteria, Halomonas aquamarina MTCC 

4661, Halobacillus sp. MTCC 6516, and Idiomarina sp. PR58-8 were screened for their ability 

to synthesise nanoparticles. At the onset, medium for growth for all the cultures was optimised. 

NTYE, SWYE, HB and modified Popescu media were used for the haloarchaea while ZMB 

2216, NB + 2% NaCl, and 3.5% NTYE were used for halophilic bacteria. All the five 

haloarchaeal cultures exhibited optimum growth in NTYE, while optimum growth of H. 

aquamarina MTCC 4661 was obtained in NB + 2% NaCl; Halobacillus sp. MTCC 6516 in 

3.5% NTYE; and Idiomarina sp. PR58-8 in ZMB 2216. 

The cultures were exposed to increasing concentrations of metal salts to determine their 

minimum inhibitory concentration. Bio-availability of metals at high salinities is in the form 

of soluble chloro-complexes that are lipophilic. The cultures exhibited varying resistance 

towards the metal salts. H. salifodinae BK3 exhibited highest resistance towards K2TeO3 and 

Na2SeO3 as compared to ZnSO4 and AgNO3. H. salifodinae BK6 exhibited least susceptibility 

towards Na2SeO3 and most susceptibility towards ZnSO4/ AgNO3.  H. salifodinae BK7, BK11 

and BK18 were found to possess high resistance towards Na2SeO3, while AgNO3 was toxic to 

these organisms. Amongst the halophilic bacteria used for this study, Idiomarina sp. PR58-8 

exhibited a high level of intrinsic resistance towards AgNO3, Na2SeO3 and Pb(NO3)2 as 

compared to H. aquamarina MTCC 4661 and Halobacillus sp. MTCC 6516 that exhibited low 

level of resistance towards most of the metal salts evaluated. 

The MIC of each metal salt helped in determining the concentrations that could be used for 

biosynthesis of nanoparticles. The screening of the culture capable of nanoparticle synthesis 

was carried out employing UV-visible spectroscopy and/or XRD in combination with a visual 

change in culture colouration during growth in presence of metal salts. Amongst the halophilic 

archaea screened H. salifodinae BK3 exhibited the ability to synthesise SNPs, and TeNPs; H. 

salifodinae BK6 could synthesise SNPs; and H. salifodinae BK18 could synthesise SeNPs. 

Similarly, amongst the halophilic bacteria screened, only Idiomarina sp. PR58-8 could 
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successfully synthesise SeNPs and PbS2NPs. Thus, these cultures were used for synthesis of 

metal and metal sulphide nanoparticles.   

H. salifodinae BK3 and H. salifodinae BK6 synthesised SNPs when grown in presence of 

AgNO3 in NTYE and HNB medium. The cultures exhibited retarded growth on first encounter 

with silver however on adaptation the isolates exhibited growth kinetics parameters similar to 

that of controls. Silver uptake by the haloarchaeal isolates was observed from mid-exponential 

phase to late stationary phase. A concentration dependent increase in NR activity in presence 

of silver nitrate and the negligible NR enzyme activity, along with inability of the haloarchaeal 

isolate to grow in presence of NR inhibitor, sodium azide, confirms the involvement of the 

enzyme in metal resistance, and silver nanoparticle synthesis. Thus, HNB was also used for 

SNPs synthesis. The growth of the isolates and SNPs synthesis was faster in this medium as 

compared to that in NTYE. The optimum yield of SNPs (~3.25 mg/g CDW) was obtained 

when 0.5 mM AgNO3 was used as the precursor at 37°C and pH 7.0. The SNPs-BK3 and 

SNPs-BK6 exhibited the characteristic SPR at ~440 nm with an average particle size of 53 nm 

and 12 nm when synthesis was carried out using NTYE and HNB, respectively. The particles 

were predominantly spherical and exhibited fcc crystalline facet with lattice parameter of 2.16 

Å. The ‘as-synthesised’ nanoparticles exhibited antimicrobial activities against both gram-

positive and gram-negative organisms, with a better activity at lower concentrations towards 

Gram-negative bacteria. Thus, these SNPs may find applications as antibacterial agents. 

H. salifodinae BK18 when grown in presence of Na2SeO3 exhibited a brick-red colouration 

indicating the reduction of SeO3
2- to Se0, and SeNPs synthesis. At 4 mM Na2SeO3, the growth 

profile was similar to that of unexposed controls. The haloarchaeon exhibited selenite uptake 

from early exponential phase up to late stationary phase. The optimum yield of SeNPs (0.697 

mM/ mM Na2SeO3) was obtained when 4 mM Na2SeO3 was used as the precursor at 37°C and 

pH 7.0. The ‘as-synthesised’ nanorods exhibited a hexagonal crystal nature, a crystallite 

domain size of 28.27 nm, with an aspect ratio of 13:1, and lattice parameters of a=4.36 Å and 

b=4.39 Å. EDAX analysis confirmed the presence of elemental selenium. The increase in the 

nitrate reductase enzyme activity in presence of Na2SeO3 and its inability to grow in the 

presence of the enzyme inhibitor sodium azide implies the involvement of nitrate reductase in 

detoxification of the selenite. The nano-preparation exhibited toxicity towards human cervical 
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cancer cell line, HeLa, while being non-cytotoxic towards the normal primary cell substitute, 

human epidermal keratinocyte cell line, HaCaT. This indicates the ability of the SeNPs to 

select cancer cells over normal cells. ROS and AI were found to increase in a dose dependent 

manner in SeNPs treated HeLa cells, suggesting the activation of apoptosis. Western blot 

analysis of SeNPs treated HeLa cells exhibited a concomitant decrease in the expression of 

HSP-70, pro-caspase 3, and pro-PARP, along with an increase in cleaved PARP expression 

which suggests the activation of caspase-dependent apoptotic pathway. Thus, these SeNPs 

may find application as potential chemotherapeutic agents. 

H. salifodinae BK3 could synthesise TeNPs as was evident from the change in culture 

colouration to black which indicates reduction of TeO3
2- to Te0. At 0.3 mM K2TeO3, the growth 

of haloarchaeon was very similar to that of control, while at 3 mM K2TeO3 the growth was 

slightly decreased and tellurite uptake was observed from early exponential phase to late 

stationary phase. The maximum yield of TeNPs (0.997 mM/ mM K2TeO3) was obtained when 

3 mM K2TeO3 was used as the precursor at 37°C and pH 7.0. The needle shaped TeNPs 

exhibited a hexagonal crystalline structure, with lattice parameters of a= 4.43 Å and b= 5.97 

Å, a crystallite domain size of 11.3 nm and an aspect ratio of 1:4.4. The tellurite resistance and 

reduction in H. salifodinae BK3 entailed an inducible, heat labile NADH-dependent tellurite 

reductase enzyme. This enzyme was found to lack any disulphide linkages. The ‘as-

synthesised’ TeNPs exhibited antimicrobial activities against both gram-positive and gram-

negative organisms, with a better activity at lower concentrations towards gram-negative 

bacteria. The nano-preparation did not exhibit any strain specificity. Thus, these nanoparticles 

may be used as potential antibacterial agents. 

Idiomarina sp. PR58-8 exhibited brick-red colouration when grown in presence of Na2SeO3, 

indicating the reduction of SeO3
2- to Se0. Growth in presence of 4 mM Na2SeO3 was similar to 

that of control, while at 8 mM Na2SeO3 a slight decrease in growth kinetics parameters was 

observed. Selenite uptake was noted from the mid-exponential phase to the early stationary 

phase. The optimum yield of SeNPs (30.13 mg/g CDW) was obtained with 8 mM Na2SeO3, at 

37°C and pH 7.0. The spherical SeNPs exhibited a hexagonal crystal structure with lattice 

parameters of a= 4.366 Å and b= 4.951 Å, a crystallite size of 34.52 nm and an average size 

distribution of 250 nm. The up-regulation of non-protein thiols in a dose dependent manner in 
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response to selenite stress is indicative of their involvement in selenite resistance/reduction 

and SeNPs synthesis. The nano-preparation exhibited selectivity towards cancer cells exerting 

their toxicity in a dose dependent manner. The increase in ROS and AI in HeLa cells treated 

with SeNPs suggests the involvement of apoptosis in cell death. Western blot analysis 

confirmed the activation of caspase-dependent apoptotic pathway. Thus, the ‘as-synthesised’ 

SeNPs may be used as potential chemotherapeutic agents. 

Idiomarina sp. PR58-8 exhibited intracellular synthesis of PbS2NPs during growth in presence 

of Pb(NO3)2. At 0.05 mM and 0.5 mM Pb(NO3)2 the marine bacterium exhibited growth profile 

similar to that of control, whilst higher concentrations of 1 mM and 5 mM Pb(NO3)2 negatively 

affected its growth. The bacterium exhibited lead uptake from early exponential phase to late 

stationary phase. The transformation of Pb(NO3)2 to nano-particulate PbS2 entailed the non-

protein thiols. Optimum yield of PbS2NPs (631.71 μg/mg CDW) was obtained with 5 mM 

Pb(NO3)2, at 37°C, and pH 7.0. The spherical nanoparticles exhibited a tetragonal crystalline 

facet with a crystallite size of 2.38 nm, a/c ratio of 1.05, interplanar spacing d= 0.318 nm and 

an average size of 6 nm. The absorbance maximum was found at 386 nm corresponding to an 

energy band gap of ~3.22 eV, and the emission maximum was at 530 nm. The emission 

spectrum of the PbS2NPs was narrow, symmetric with Gaussian distribution, and the 

nanoparticles exhibited a large Stokes’ shift with relatively high QY (67%). Storage or change 

in the micro-environment of the nanoparticles did not alter the emission spectrum of the 

PbS2NPs. The nanoparticles were found to be bio-compatible as evident from the MTT and 

ROS assays. The PbS2NPs were internalised by the HeLa cells with even distribution within 

the cytoplasm of the cell without penetrating the nucleus, and may thus be used for bio-imaging 

applications.  

Thus, some of the important conclusions that may be drawn from the present work are as 

follows: 

1. This is the first study to demonstrate nanoparticle synthesis by haloarchaea. H. 

salifodinae BK3 and H. salifodinae BK6 exhibited synthesis of silver nanoparticles; H. 

salifodinae BK18 exhibited synthesis of selenium nanoparticles; and H. salifodinae 

BK3 exhibited synthesis of tellurium nanoparticles. In all these instances, 

nitrate/tellurite reductase enzyme was found to be responsible for metal reduction and 
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nanoparticles synthesis. This represents a metal resistance mechanism that was not 

reported earlier in haloarchaea.  

2. Amongst the three halophilic bacteria screened, only Idiomarina sp. PR58-8 exhibited 

ability to synthesise selenium and lead (IV) sulphide nanoparticles. In both the 

instances non-protein thiols were found to be responsible for nanoparticle synthesis 

and metal transformation. 

3. All the nanoparticles obtained in this study were through intra-cellular synthesis by the 

organisms.  

4. The nanoparticle synthesis was obtained only when the metal precursor was added at 

the time of inoculation. Addition of the metal salts during active growth was found to 

be bacteriostatic to the organisms used in this study. However, when these cells were 

transferred to fresh medium, growth resumed. Addition of metal salts at the time of 

inoculation eliminates the need for monitoring of growth phase during nanoparticle 

synthesis.  

5. The SNPs and TeNPs exhibited antibacterial activities against both, Gram-positive and 

Gram-negative bacteria. However, a higher activity at lower concentration was 

observed against Gram-negative bacteria, in both the cases. 

6. SeNPs synthesised by Idiomarina sp. PR58-8 and H. salifodinae BK18 exhibited cyto-

toxicity towards HeLa cells via caspase-dependent apoptotic pathway. They also 

exhibited selectivity towards cancer cell line. The SeNPs synthesised by Idiomarina 

sp. PR58-8 exhibited cyto-toxicity at lower concentration.  

7. This is the first report on the synthesis of PbS2NPs by a microorganism and also the 

first report on microbial synthesis of lead based nanoparticles exhibiting fluorescent 

properties.  

8. The PbS2NPs exhibited an emission maximum in the visible range, with a large Stokes’ 

shift and relatively high quantum yield (67%), which makes these particles excellent 

candidates for bio-imaging applications.   

It can be gleaned from the findings of the present work that the microbially synthesised metal 

sulphide and metallic nanoparticles may find application either as antibacterial, anticancer or 

bio-imaging agents. The present work tends to the advancement of knowledge and paves way 

for future research. 
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FUTURE SCOPE OF WORK 

1. This study demonstrates the various mechanisms involved in transformation of metal 

precursor to metal sulphide or metallic nanoparticles. Future work on isolation, 

extraction and purification of the NADH-dependent nitrate reductase, NADH-

dependent tellurite reductase and non-protein thiols involved in metal transformation 

would enable ex-vivo synthesis of nanoparticles. 

2. The SNPs and TeNPs obtained during the course of this work exhibited excellent anti-

bacterial activities against both gram-positive and gram-negative bacteria, with better 

activity against gram-negative bacteria. These nano-preparations may therefore find 

applications as anti-microbial agents, in textile industries to manufacture self-cleaning 

textiles, as topical creams for wound healing, and in conjugation with antibiotics 

against multidrug-resistance bacteria as the SNPs have lower propensity to induce 

resistance in microbes. However, future work on the in-vivo compatibility and toxicity, 

both short-term and long-term of these nanoparticles needs to be evaluated before any 

commercial application.  

3. The SeNPs exhibited effective anticancer activity and selectivity towards cancer cells 

in-vitro. In vivo studies using animal models would help in establishing the dosage and 

time course required for achieving anticancer activity. At the same time, the in-vivo 

studies on the chemopreventive properties would add to the future applications of the 

‘as-synthesised’ SeNPs.  

4. The PbS2NPs synthesised in this work exhibited characteristics of an excellent 

candidate for bio-imaging applications. As the nano-preparation is most likely capped 

with a NP-SH, the nanoparticles can be suitably modified at –SH site by attaching 

various targeting ligands and antibodies. These nanoparticles may then not only be 

exploited for site-directed imaging, but also for targeted drug-delivery.  

5. As the nanoparticles synthesis by the organisms used for this study is an intracellular 

phenomenon, these microbes may be exploited for remediation of metal polluted 

effluents with high salinity, arising from agro-food, petroleum, leather industries, etc.  
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Appendix I 

 

Media and Buffer composition 

Nacl Tryptone Yeast Extract 

(NTYE) 
g/L 

Solar Salt 250 

Potassium Chloride 5 

Magnesium Sulfate 20 

Yeast Extract 3 

Tryptone 5 

 

Salt Water Yeast Extract 

(SWYE) 

g/L 

Sodium Chloride 194 

Magnesium Chloride 16 

Magnesium Sulfate 24 

Calcium Chloride 1 

Potassium Chloride 5 

Sodium Bicarbonate 0.2 

Sodium Bromide 0.5 

Yeast Extract 5 

 

Halophilic Broth (Himedia 

M591) 

g/L 

Sodium Chloride 250 

Caesin acid hydrolysate 10 

Yeast Extract 10 

Proteose peptone 5 

Trisodium citrate 3 

Potassium Chloride 2 

Magnesium Sulfate 25 

  

Modified Popescu et al. 

(2009) 

g/L 

Sodium Chloride 200 

Potassium Chloride 20 

Magnesium Sulfate 10 

Magnesium Chloride 30 

Calcium Chloride 0.2 

Yeast Extract 5 

 

Zobell Marine Broth 2216 
g/L 

Peptic digest of animal tissue 5 

Yeast extract 1 

Ferric citrate 0.1 

Sodium chloride 19.45 

Magnesium chloride 8.8 

Sodium sulphate 3.24 

Calcium chloride 1.8 

Potassium chloride 0.55 

Sodium bicarbonate 0.16 

Potassium bromide 0.08 

Strontium chloride 0.034 

Boric acid 0.022 

Sodium silicate 0.004 

Sodium fluorate 0.0024 

Ammonium nitrate 0.0016 

Disodium phosphate 0.008 

 

Nutrient Broth amended 

with 2% NaCl (NB + 2% 

NaCl) 

g/L 

Peptone 10 

Beef extract 10 

Sodium chloride 5+20 

 

 

 

 

Popescu et al. (2009) g/L 

Sodium Chloride 175 

Magnesium Chloride 50 

Potassium Sulfate 5 

Calcium Chloride 0.1 

Yeast Extract 5 
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3.5% NTYE g/L 

Sodium Chloride 35 

Potassium Chloride 5 

Magnesium Sulfate 20 

Yeast Extract 3 

Tryptone 5 

 

Cell lysis buffer -/L 

0.1 % Triton X-100 0.01 ml/L 

1 mM EDTA 0.292 g/L 

1 mM PMSF 0.174 g/L 

20 mM Tris-HCl 3.152 g/L 

  

TN buffer g/L 

50 mM Tris 7.88 

4 M NaCl 233.76 

  

Transfer buffer (for WB)  g/L 

25 mM Tris-HCl 3.02 

192 mM Glycine 14.4 

10% Methanol 100 

  

TBST buffer (for WB) -/L 

Tris 2.4 g/L 

NaCl 8.8 g/L 

Tween-20 0.1 ml/L 
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Calibration curve of reduced glutathione (GSH) for estimation of thiols in Halococcus 

salifodinae BK3 and H. salifodinae BK6 

 

Values are mean ± (standard error) for three independent experiments. 

 

Calibration curve of bovine serum albumin (BSA) for estimation of proteins by Bradford’s 

method (Bradford, 1976) 

 

Values are mean ± (standard error) for three independent experiments. 
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Calibration curve of silver nitrate (AgNO3) for estimation of Ag by FAAS 

 

Values are mean ± (standard error) for three independent experiments. 

 

Calibration curve of sodium nitrite for estimation of nitrite concentration 

 

Values are mean ± (standard error) for three independent experiments. 
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Calibration curve of sodium selenite for estimation of selenite using 2,3-diaminonaphthalene 

(2,3-DAN) 

 

Values are mean ± (standard error) for three independent experiments. 

 

Calibration curve of BSA for estimation of protein concentration in cell lines by Lowry’s 

method 

 

Values are mean ± (standard error) for three independent experiments. 
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Calibration curve of potassium tellurite (K2TeO3) for estimation of tellurite using 

diethyldithiocarbamate (DDTC) 

 

Values are mean ± (standard error) for three independent experiments. 

 

Calibration curve of reduced tellurium for estimation of TeNPs yield 

 

Values are mean ± (standard error) for three independent experiments. 
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Calibration curve of reduced GSH for estimation of thiols in Idiomarina sp. PR58-8 

 

Values are mean ± (standard error) for three independent experiments. 

 

Calibration curve of lead nitrate (Pb(NO3)2) for estimation of Pb(II) by FAAS 

 

Values are mean ± (standard error) for three independent experiments. 
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