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1.1. Introduction 

 Design and control of matter at nanometer dimension for the formulation, 

creation and utilization of materials for novel applications is the basic principle of 

nanotechnology. The “Nano” word is originated from the Greek word “Nanos”, 

which means extremely small or dwarf. Nanotechnology has many definitions but 

primarily it is defined as, “the interdisciplinary science involving synthesis, 

designing, characterization and application of novel nanomaterials which are in the 

nanometer scale at least in one dimension” [1, 2]. In nanotechnology novel 

material development takes place at the scale from individual atom or molecule to 

few nanometers scale. In many applications, nanotechnology is deals with the 

integration of different nanostructures into larger nanosystems, for example, the 

development of multifunctional nanoparticles for biomedical applications. 

Nanotechnology and nanoscience are showing widespread applications in 

scientific research. Nowadays, the field of nanotechnology and nanoscience are 

rapidly developing. Nanotechnology and nanoscience are continuously evolving 

science where new, improved and higher potential technologies are developed, 

which replaces the older technologies. In recent time nanotechnology has attracted 

the tremendous interest of the scientific community since materials and tools 

developed by nanotechnology have many imminent applications in diverse fields 

[3, 4].  

Surface chemical and physical properties of nanoparticles are the most 

significant factors responsible for the determination of their applications in 

different fields. In some cases, the atom concentration on the nanostructure surface 

makes up to 90% of their mass and resulted in enhanced activity or different 

physical and chemical properties than their bulk counterparts. In this sense, surface 

modifications of nanomaterials in different ways can produce materials with 

distinct physical, chemical and biological properties [5]. In recent decades, 

nanotechnology rapidly developed at the material, device and system levels. 

Initially, nanoparticles of different materials were studied because of their size-

dependent physical and chemical properties but now they have entered a 

commercial exploration phase in most of their applications [6]. 
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Figure.1.1. Comparison of different biological entities with physical entities and 

nanomaterials [7]. 

 

All biological and physical systems are originated by orderly organizing the 

different nanoscale building blocks. In both biological and physical systems nature 

assembles objects by orderly arranging the nanoscale atoms or molecules into 

larger entities or systems. These nanoscale building blocks of biological and 

physical origin can be compared in size with each other [8]. In figure 1.1, 

nanoscale entities of nanotechnology and nanoscience are compared with 

nanoscale functional units of biology to understand the rational picture of nano-

forms present in the physical and biological world. Figure 1.1 summarizes several 

such examples including quantum dots, Viruses, proteins, bacterial cells, carbon 

nanotube and ribosomes of a eukaryotic cell. The average diameter of human hair 

is around 50,000 nm and the glucose molecule has a dimension less than 1nm. 

From this comparison, it is interesting to know that a molecule of size 1nm, 50,000 

times smaller than hair, provided the energy to most of the animal and microbial 

species through metabolic activities. The nanoworld and biological world are 

organized on the same principles at the nanometer scale and these findings leads to 

the creation of scope for the researcher to explore the interaction between them [9, 

10]. 
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Figure.1.2. Applications of nanotechnology in different disciplines.  

 

Nanotechnology is an interdisciplinary science and numerous basic and 

applied scientific fields holed punctually within the pragmatic discipline of 

nanotechnology. Recently it has become one of the most fundamental areas having 

the potential to aid better outcomes and more efficiency in existing technologies. 

There is an increasing scope of generating new knowledge, which clarifies the 

size-dependent changes in the physical properties of nanomaterials and previously 

unnoticed principles [11]. Nanoscience and nanotechnology display great potential 

for providing us in the future with novel discoveries that will change the progress 

of technological achievements in many fields, primarily in biomedical sciences. 

Improved and more desirable products can be made by using nanoscience. 

Nanotechnology is certainly going to have a key impact in areas such as 

communication, electronics, medicine, medical device, architecture, cosmetics, 

agricultural, textile, food metallurgy, industry, security and defense, and many 

more [12]. Figure 1.2 summarizes the applications of nanotechnology in different 

disciplines. Nanoparticles of different materials were synthesized by chemical, 

physical or biological methods. Physical and chemical methods are the most 

favorable methods due to their fine control over the reaction and final product. 
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However in recent time due to the growing importance of the green chemistry 

approach to synthesize the nanomaterials, biosynthesis of nanomaterials by 

different biological resources became the thrust area of research [13, 14]. 

1.2. Fundamental principles of Nanobiotechnology 

Nanobiotechnology is a branch of nanotechnology that deals with 

biochemical and biological uses or applications of nanomaterials. 

Nanobiotechnology obtained most of its fundamentals from biotechnology and 

nanotechnology. Nanobiotechnology frequently studies existing fundamental 

functional elements present in a living world and uses its components, in 

innovative proportions, to construct new nano-devices. Nanobiotechnology is an 

interface between nanotechnology and biotechnology as presented in figure 1.3. It 

applies the tools of nanotechnology to the models of the biological system and vice 

versa. In other words, products of nanotechnology are becoming progressively 

beneficial in biomedical applications and are responsible for the development of 

hybrid science termed as Nanobiotechnology. The driving force for the 

development and advancement in the field of Nanobiotechnology is primarily 

based on the understanding of biological procedures at the nanoscale level [15-18].  

 

 

Figure.1.3. Origin of Nanobiotechnology; Interphase between nanotechnology and 

biotechnology is responsible for origin and development of Nanobiotechnology. 
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The cell is a fundamental unit of life and building block for living 

organisms. The dimension of a typical prokaryotic and eukaryotic cell is in the 

range of 1000 and 5000 nm scale. Within the cell, the cell components are much 

smaller and are in the 200-500 nm size range [19]. The molecular behavior at 

nanometer scale manages and maintains the living systems, where the fundamental 

principles of physics, chemistry and biology are converged. For the development 

of Nanobiotechnology this kind of multidisciplinary approach is required. The 

various nanosystems present in biological world are complex in nature and 

involved the precise interaction between unique nano-materials.  Fine regulation 

and precision of biological systems occur at the nanoscale level through the 

interactions of biomolecules. The molecular building blocks of cells, such as 

proteins, lipids and carbohydrates are examples of nanoscale materials having 

specific properties primarily due to their size and arrangement of atoms at 

nanometer scale. In recent time, many nanotechnologists are developing new 

materials and principles by getting inspired by highly precise and efficient 

nanosystems present in biological systems [20, 21]. 

Among the new technologies, Nanobiotechnology has emerged as a key 

discipline for different biomedical applications. The most important contribution 

of Nanobiotechnology is in the areas of drug development, drug discovery and 

drug delivery. All these applications are collectively referred as 

nanopharmaceuticals [23]. Nanobiotechnology has an important role in the 

discovery of biomarkers of various diseases. Currently available molecular 

diagnostic technologies are used for identification of the biological markers 

associated with numerous diseases such as metabolic disorders, cancer, central 

nervous system (CNS) diseases, and microbial and viral infections. 

Nanobiotechnology has further refined and increases the sensitivity of these 

biomarker detection techniques [24]. Numerous methods based on 

Nanobiotechnology are contributed significantly in the advancement of present 

therapeutics in the biomedical field and many such methods are in development 

stages with a promising future. These include cell therapy, gene therapy, vaccine 

developments, antisense therapeutics and RNA interference (RNAi). An important 
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aspect in all these biological therapies is the delivery of biologically active 

molecules at a precise location with minimum side effects. Nanobiotechnology 

through the development of the novel nano-biomaterial plays an important role in 

the delivery systems of biological therapies [25,26]. Different configurations and 

conjugation approaches for the development of these nano-biomaterials are 

summarized in figure 1.4. 

 

Figure.1.4. Different principles of conjugations and configurations of nano-

biomaterials applied in biomedical problems [22]. 

1.3. Role of nanoparticles in biomedical applications 

Materials in the nanometer scale often have unique optical, physical, 

biological and electronic properties compared to their bulk counterparts. For 

example strength of graphene, the electronic properties of carbon nanotubes 

(CNTs), the antibacterial activity of silver nanoparticles and the optical properties 

of quantum dots (QDs) [27]. The exceptionally large surface area of nanoparticles 

leads to the strong adsorption of numerous biomolecules on their surface to reduce 

the nanoparticle‟s surface energy. Surface chemistry, composition, topography, 

roughness, thermodynamics and their toxicological effects determine the specific 

biomedical application of nanomaterial. In addition, by using physical or chemical 

methods it is possible to attach biomolecules to the surface of the nanoparticle. 
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Biomolecules, which have precise biological interactions, such as antibody-antigen 

interaction, receptor-ligand interaction and DNA-DNA or DNA–RNA 

hybridization, were used to surface functionalization of nanoparticles. [28,29].  

Due to readily adaptive size, shape, composition and big surface area to 

volume ratios, nanoparticles are progressively predominant in biomedical 

applications. In recent period, there is a progressively growing interest of 

researcher in using these nanomaterials in various biomedical applications; such as 

hyperthermia, targeted drug delivery, biosensors, bioimaging, etc. These 

increasing biomedical applications of nanoparticles are due to the exclusive 

capabilities of nanoparticles for in vivo diagnosis, in vitro detection, theranostics 

abilities and multimodal imaging [30, 31].  

 

Figure.1.5. Interactions of nanoparticles with biological systems at systematic, 

tissue, cell and molecular level [32]. 

Preferably, nanoparticles developed for use in biomedical applications must 

have low cytotoxicity, long-term colloidal stability and high cargo loading 

capacity. In drug delivery applications the effectiveness of nanomaterials is 

dependent on their capacity to penetrate the cells envelop, plasma membrane and 

internalization in target cells following the systematic administration. However, 
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due to the heterogeneous and complex design of functionalized nanoparticles, it is 

difficult to predict the behavior of these nanoparticles in vivo. Nevertheless, 

overwhelming opportunities for precise nanoparticle engineering and the renewed 

drive towards functionalized nanoparticles have made landmark achievements in 

biotechnological and biomedical research [33, 34]. 

  

Figure.1.6. Factors influencing nanoparticle-biomolecule interactions [32]. 

Interactions between biological systems and nanoparticles (Nanoparticle-

bio interactions) are operated at different levels; at system, cell and molecular level 

as shown in figure 1.5.  The nature of the interaction between nanoparticles and 

biological systems is primarily determined by the intrinsic properties of 

nanoparticles, such as their shape, size, hydrophobicity and surface charge. These 

Nano-bio interactions are also influenza by the microenvironment surrounding the 

nanoparticles; including pH, ionic strength, viscosity, polarity and temperature. 

Properties of biomolecules, such as its size, shape, surface hydrophobicity and 

surface charge have a considerable effect on Nano-bio interactions. All the factors 

affecting the Nano-bio interactions are summarized in figure 1.6 [35, 36]. 
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1.4. Selenium: an essential micronutrient 

 Selenium is a trace mineral which is a vital nutrient for proper health and 

has central importance to human health. As selenocysteine, the 21
st
 amino acid, 

selenium is a component of selenoproteins, most of which have important 

enzymatic functions [37]. Recently it is recognized that all these selenoproteins 

have selenocysteine at their active site and therefore the activity of these enzymes 

depends on the selenium. At the active site of these enzymes selenium functions as 

a redox center. A well-known example of such a redox reaction is the reduction of 

lipid hydroperoxides and hydrogen peroxide to harmless products by the array of 

selenium-dependent glutathione peroxidases. Around 35 selenoproteins are 

identified from the human body but the functional roles of many of these 

selenoproteins are still not fully understood. Recently, many reports confirm the 

important role of selenium in the reproductive system, endocrine system, 

maintenance of immunity, maintenance of cellular and metabolic homeostasis in 

the human body [38, 39]. Table 1.1 summarizes the selenoproteins with their 

known functions. 

Table.1.1. Functions of selenoproteins present in Human [40-50].  

 

Selenoprotein 

 

 

Abbreviation 

 

Function 

1. Glutathione peroxidases GPx Reduction of hydroperoxidases 

(i) Cytosolic or classical GPx cGPx, GPx1 Antioxidant 

(ii) Phospholipid 

hydroperoxidase GPx 

PHGPx, GPx4 Building of the mitochondrial 

capsule of spermatids, Male 

fertility 

(iii) Plasma GPx pGPx, GPx-3 Reduction of H2O2 in thyroid 

gland 

(iv) Gastrointestinal GPx Gi-GPx, Gpx-2  Anti-inflammatory. 

(v) GPx3 Homolog GPx-6 Role in olfactory system 

2. Iodothyronine deiodinases TR Metabolism of thyroid hormones 

(i) 5‟- deiodinases -1 5‟DI-1 Activation of T4 to T3 enzymes 
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(ii) 5‟- deiodinases -2 5‟DI-2 Activation of thyroid hormones 

(iii) 5‟- deiodinases -3 5‟DI-3 Inactivation of thyroid hormones 

3. Thioredoxin reductase TrxR Regulation of cellular redox state 

 (i) Thioredoxin reductases-1 TrxR-1 Regulation of cytosolic redox 

state 

(ii) Mitochondrial TrxR TrxR-2 Regulation of mitochondrial redox 

state 

(iii) Thioredoxin / Glutathion 

reductase 

TGR Regulation of redox state in testis 

4. Selenophosphate 

synthetase -2 

SPS-2 Selenophosphate synthesis 

5.Selenoprotein in T cells  Sel15 Protein folding. 

6. Selenoprotein-P SelP Selenium transport and 

distribution 

7. Selenoprotein-R MsrB1 Reduction of methionine 

sulfoxide  

8. Selenoprotein-S SelS Elimination of misfolded proteins 

9. Selenoprotein-N SelN Role in muscle development 

10. Selenoprotein- W SelW Muscle development and function 

11. Selenoprotein-H SelH DNA binding protein 

12. Selenoprotein-T SelT Present in Golgi complex,  

13. Selenoprotein-V SelV Testis variant of SelW 

14. Selenoprotein-M SelM Role in protein folding 

 

The total selenium content in human displays varied variations depending 

on the diet, population studied and geographical area. On the other hand, the form 

of selenium taken in the diet varies with the composition of the soil. Human 

dietary intakes range from low to high according to a geographical area and 

selenium content in the soil.  Selenium deficiency diseases in human have been 

recognized in certain regions where the soil is deficient in selenium; for example 

endemic cardiomyopathy, Keshan disease, deforming arthritis and Kashin-Beck 

disease. In addition, both of these conditions have other significant causative 

cofactors too. The daily selenium intake recommended for adults by the World 
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Health Organization (WHO)  and Agricultural Organization of the United Nations 

is 55 g per day (table 1.2) [51-53]. 

Table.1.2. The dietary requirement of selenium recommended by WHO and 

Agricultural and Food Organization of the United Nations [53]. 

 

Life Stage 

 

Age 

Recommended 

Dietary Allowance 

(g /day) 

Tolerable Upper 

Intake Level 

(g /day) 

Infants 7-12 months 20 60 

Children 1-13 years 30 280 

Adult Older than19 

years 

55 400 

Pregnancy -- 60 400 

Breast-feeding -- 70 400 

1.4.1. Importance of selenium in human health 

 As an integral part of selenoproteins enzymes, selenium has enzymatic and 

structural roles. The synthesis of active thyroid hormones T3 and T4 is an 

important example of the catalytic activity of the selenium. For the proper 

maintenance of the immune organs and immune system selenium is the most 

important element. Selenium plays important role in viral infections in humans as 

it is required for countering the virulence development in many viral infections, for 

example, adequate dilatory selenium intake may prevent the Human 

Immunodeficiency Virus (HIV) development to Acquired Immunodeficiency 

Syndrome (AIDS). Selenium has a crucial role in human reproductive health, 

selenium may decrease the risk of miscarriage and it is a key nutrient required for 

spermatogenesis and sperm development. Deficiency of selenium is linked to 

adverse mood states in a patient having low selenium uptake. Many studies 

confirmed that higher dietary selenium intake is related with reduced cancer risk. 

Clinical trials are now planned to check this anticancer role of selenium [54, 55]. 

The importance of selenium in human health is summarized in figure 1.7. and 

discussed briefly below; 
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Viral infection 

Selenium is the most important antiviral micronutrient; deficiency of selenium is 

associated with virulence, occurrence and progression of disease in many viral 

infections. Recent studies demonstrated that non-virulent viruses may develop 

virulence if the dietary selenium intake is low or the geographical area with the 

low selenium content. This selenium-dependent virulence is evident in occurrence 

of Keshan disease in selenium-deficient areas. If the same association of selenium 

deficiency and virulence is applied to the other widespread RNA viruses such as 

hepatitis, influenza, poliovirus and HIV, there are significant public health 

implications of selenium-deficiency. This correlation explained the emergence of 

new influenza virus strains in selenium-deficient regions in China and the first 

appearance of HIV in humans in the selenium-deficient population in Africa. 

Selenium seems to be a crucial nutrient for Human Immunodeficiency Virus (HIV) 

infected individuals [56, 57]. 

Immune function 

Several studies suggest that selenium deficiency is associated with loss of 

immunocompetence, primarily due to the vital role of selenium in the immune 

system and in different immune organs in humans. This is the reason why 

selenium is found in substantial amounts in immune organs such as lymph nodes, 

spleen and liver. Both cell-mediated immunity and B- lymphocytes functions are 

impaired in selenium deficiency. Supplementation with selenium has marked 

immunostimulant effects, including enhancement of proliferation of activated T 

lymphocytes. In clinical trials, it was found that individuals supplemented with 

200 g of selenium per day exhibited an increased response to epitope stimulation 

and also demonstrated a higher ability in the development of cytotoxic 

lymphocytes. In such experiment selenium intake also stimulate the natural-killer-

cell activity [58, 59]. 

Reproduction 

Selenium is an essential nutrient for male and female fertility. It is required for 

testosterone biosynthesis and for the formation and normal development of 
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spermatozoa. Recent studies report that the concentration of selenium in seminal 

plasma connected with the concentration of spermatozoa in subfertile men. 

Selenoprotein enzyme glutathione peroxidase (GPx4) play important role in the 

protection of developing spermatozoa from oxidative stress and damage. In mature 

spermatozoa, GPx4 enzyme polymerizes and converted into a structural protein of 

mitochondrial capsule present in the midpiece region of spermatozoa. This GPx4 

constitutes about 50% of the mitochondrial capsule and polymerization of GPx4 

into a structural protein provides structural integrity in the midpiece region of 

spermatozoa. This structural integrity is vital for sperm structural and motility 

stability. This role of selenium in sperm structural integrity is confirmed by the 

clinical trials where subfertile individuals were supplemented with 100 g dilatory 

selenium per day for three months, resulted in a significant increase in their sperm 

motility [60, 61]. 

Thyroid function 

Selenium concentration is higher in the thyroid gland compared to other organs; 

the range of selenium concentration in thyroid tissue is 0.2–2l mg/g of thyroid 

tissue. During thyroid hormone synthesis, Cytosolic Glutathione peroxidases 

(GPx1), plasma Glutathione peroxidases (GPx-3) and iodothyronine deiodinases 

(TR) enzyme expression is up-regulated. These enzymes act as antioxidants and 

adapting redox status in the thyroid gland. This leads to the protection of the 

thyroid gland from peroxidative damage. Therefore low selenium concentration is 

related with various thyroid disorders. In this way selenium, in the form of 

selenoproteins, play a vital role in the biosynthesis of thyroid hormones and 

protecting the thyrocytes from oxidative stress and therefore maintaining the 

integrity of thyroid gland [63].  

Cardiovascular disease 

Many studies confirmed that selenium has a protective role against cardiovascular 

diseases. This protective role of selenium is due to the presence of the selenium-

dependent glutathione peroxidases (GPx) group of enzymes to combat the 

oxidative modifications of lipids and to reduce platelet aggregation in 
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cardiovascular tissues. These GPx enzymes prevented the hydroperoxidation of 

cholesteryl esters and phospholipids, therefore reduces the low-density 

lipoproteins accumulation on the artery wall. These GPx enzymes also metabolize 

the hydroperoxides synthesized as byproduct in eicosanoid synthesis by different 

pathways [64]. 

 

Figure.1.7. Importance of selenium in human health [62]. 

Other health benefits  

As antioxidant agent selenium is responsible for maintaining genetic stability in 

mammals. This activity is due to preserving DNA integrity by removing free 

radicals and reduced mitochondrial oxidative stress. Selenium also acts as an anti-

aging micronutrient and this activity is mainly due to the protection of 

chromosome‟s telomere from oxidative damage which may lead to slowing down 

the aging process [65]. 
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1.4.2. Selenium cycle 

 The global selenium cycle is primarily determined by selenium transport 

processes and natural sources as illustrated in figure 1.8. Soil contains highly 

variable selenium contents changing from lowered than 0.01 mg per kg in 

selenium-deficient soils, to 1200 mg per kg in selenium-rich soils. Seleniferous 

soils (soil rich in selenium) are frequently located in somewhat small hotspots 

derived from selenium-rich rocks, such as black shale, carbonaceous limestone, 

carbonaceous chert, mudstones and seleniferous coal or result from irrigation with 

selenium-rich water [66]. Apart from terrestrial environments, marine 

environments are important source of selenium. This marine selenium is 

transferred to the atmosphere by various means and the atmosphere is, in turn, 

became a significant source of selenium for the terrestrial environment. Areas with 

adequate or deficient selenium soils are existed in much larger scales than areas 

where selenium excess prevails. Selenium exists in the environment in five 

oxidation states: (−II), (−I), (0), (+IV) and (+VI) [67].  

Selenium present in the soil enters into food chains by plants; they absorb 

various forms of selenium available in the soil. Therefore, geographical areas with 

low soil selenium content are associated with the selenium deficiency in humans, 

for example, regions of a volcanic eruption. In many parts of Europe, acidic nature 

of soil and complexation of soil selenium with iron or aluminum reduce selenium 

uptake by the plants leading to selenium deficiency [68]. Selenium deficiency-

diseases in animals have been known since the 1950s on a varied scale in livestock 

in different European countries, including the UK. These selenium deficiency 

symptoms include reproductive impairment, growth depression (ill-thrift), white-

muscle disease, skeletal muscles and myopathy of heart. These disorders had 

profound economic consequences, therefore different measures to increase dilatory 

selenium intake in livestock are now implicated in Se-deficient areas [69, 70]. 

1.4.3. Bioavailability of selenium 

It is not primarily the selenium content in the soils that is responsible for 

selenium uptake in plants and animals, but rather the bioavailability of selenium to 
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plants, which dictates the entrance of selenium in terrestrial food chains. In 

selenium deficient areas, selenium deficiency is thus rather caused by 

immobilization of selenium by soil organic matter (via adsorption or biochemical 

reduction) than by low total selenium levels in soil [72, 73]. Therefore selenium 

bioavailability is an outcome of the interaction among various geochemical 

parameters, soil properties and selenium speciation. These factors also include pH 

and redox conditions in the soil, organic carbon in the soil, iron hydroxide in soil 

and clay contents [74, 75]. 

 

Figure.1.8. Selenium cycle present in nature [71]. 

1.4.4. Selenium toxicity 

 Selenium toxicity is also called selenosis and it can be chronic or acute 

depending on route and form of selenium administration. The earlier reports of 

selenium toxicity were reported in livestock animals due to the consumption of 

poisonous plant that stores toxic amounts of selenium [76]. Dominant chronic 

selenium toxicity symptoms in these animals like cattle, swine and horses were 

loss of body hair especially long hair from the tail and mane, hoof lesions, 

emaciation, etc. If the exposure to higher selenium concentration continues, 

developments of severe symptoms were noticed including anemia, atrophy of the 

heart and liver cirrhosis [77]. In the case of humans, symptoms of selenium 
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toxicity include vomiting, nausea, diarrhea, hair loss, abdominal pain and brittle 

nails. Areas with active coal mines or coal-based power plants are the prominent 

source of selenosis in animals and humans because burning of coal releases 

selenium which enters the food chain through assimilation by the plant. Such 

reports of high selenium content in plants in selenium-rich soils located near coal 

mines were described in 1980 in China. These studies recorded the average daily 

intake of selenium in selenosis patients was more than 500 mg per day [78-80]. 

1.5. Forms of selenium in biomedical applications 

1.5.1. Organic 

 The principal cellular metabolite of selenium, the thioselenide 

selenodiglutathione (SDG), was first time tested in the 90‟s for its potential as an 

anticancer molecule. Notably, different studies carried out in a various types of 

cancer cells in vitro established that it is a more potent inhibitor of in vitro cancer 

cell growth than selenite [81]. Interestingly, cancer cells were considerably more 

sensitive to the anti-proliferative action of SDG compared to the normal cells, 

therefore confirmed the preferential activity of SDG against cancer cells. Despite 

these promising results, SDG was not explored further for its possible application 

as an anticancer drug, due to the consideration that SDG and selenite exert their 

anti-proliferative effect through identical molecular mechanisms, thus containing 

parallel adverse side effects, [82]. 

Another well-known anti-proliferative organic form of selenium is an 

amino acid derivative selenomethionine (SeMet). Despite that the cancer-

preventive actions of the SeMet have been studied fairly, little work has been 

performed to evaluate its effectiveness as an anti-proliferative agent. In recent 

reports, SeMet was found to inhibit tumor growth in lung, colorectal, prostate 

cancer and breast, and SeMet reported for inhibition of the melanoma cells.  

However, the SeMet exercised its antitumor activity at a considerable higher 

concentration. Recent studies show promising outcomes in potential use of SeMet 

in amalgamation with ionizing radiation for the treatment of certain lung cancer. 

Biological active other organic selenium forms include Methylseleninic acid 
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derivatives, selenides and diselenides compounds, selenocyanates and a range of 

selenium-containing heterocyclic compounds [83-88]. 

1.5.2. Inorganic 

 The most prominent example of an inorganic selenium compound assessed 

as a therapeutic agent for the cancer treatment is selenite (SeO3
2-

). In many studies, 

it showed significant cytotoxicity, at low concentrations, against different 

malignant cells, such as cervical, prostate lung, colon and ovarian cancer cells [89-

91]. Interestingly, diverse reports showed that drug-resistant cancer cells were 

extra sensitive to selenite compound compared to their drug-sensitive equivalents.  

In combination therapy, selenite increased the effects of chemotherapeutic drugs 

against cancer cells.  In addition, selenite compounds significantly enhance the 

consequence of radiation on hormone-independent prostate tumors.  In several of 

these studies, selenite was found to have selective activity towards drug-resistant 

cancer cells and neoplastic cells rather than benign cells. Many in vivo experiments 

confirmed the therapeutic effectiveness of selenite on lymphoproliferative and 

solid models. However, the effectiveness of selenite is drastically hampered by its 

organ-specific, systemic and genotoxic effects. Amongst the other inorganic 

selenium forms, selenium dioxide (SeO2) was found to exercise in vitro anticancer 

activity, while compounds containing higher selenium oxidation state, such 

selenate (SeO4
2-

), were hardly effective against mammalian cancer cells. A recent 

study showed that both selenium dioxide and selenite prompted cancer cell death 

in oral squamous carcinoma cells in human [92]. 

1.5.3. Selenium in nano-form  

 Selenium nanoparticles (SeNPs) are recently recognized as an important 

therapeutic agent in variety of biomedical applications due to low toxicity and 

outstanding biological activities. Abundant evidences support the better 

biocompatibility and bio-efficacy of SeNPs compared to inorganic and organic 

selenium compounds. In the last decade different forms of SeNPs were developed 

for therapeutics and theranostics applications [93]. Most importantly, bare and 

non-functionalized SeNPs synthesized by different biological, chemical and 
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physical procedures showed anticancer activity against number of cancer cells in a 

time and dose -dependent manner. Though, beyond the encouraging antitumor 

activity caused by non-functionalized, bare SeNPs, recently greater attention is 

given to the development of multifunctionalized SeNPs with chemotherapeutic 

drugs and targeting ligands. In a colloidal system, SeNPs offer the diverse 

opportunity of surface functionalization of nanoparticles with different 

chemotherapeutic agents which synergistically enhanced the anticancer potential 

of these SeNPs. This potential is important in the applications of SeNPs in in vivo 

pharmacokinetics and maintaining bio-distribution profiles [94]. Conjugation with 

functional ligands not only prevents the colloidal aggregation of nanoparticles 

through charge interactions but also enhances the bioactivity of SeNPs. On this 

basis, SeNPs surface-decorated with amino acids, polysaccharides, transferrin, 

salicylic acid, chitosan and foliate has been developed.  The basis behind this 

nanoparticle conjugation is the ability of decorated ligand to target multifunctional 

SeNPs to receptors present on cell membrane that are overexpressed on the cancer 

cell. Nearly all of the tried surface-functionalized SeNPs are capable with an 

improved antiproliferative efficacy and greater cancer cell uptake with respect to 

non-functionalized SeNPs. Based on these facts, some reports suggest that 

conjugated SeNPs might have potential applications as chemotherapeutic agent for 

the management of range of human cancers. However, at present there is no in vivo 

human trials were performed for assessment of the effective pharmacodynamics 

and bioavailability profile of these multi-functionalized SeNPs systems that have 

concretely prove their efficacy in animal cancer models [95-97]. 

1.5.4. Advantages of SeNPs over other selenium forms  

 SeNPs at present have become an important candidate in field of 

biomedical applications due to their exclusive properties compared to other bulk 

selenium compounds. They are moderately better as an anticancer agent, 

biocompatible and non- toxic than selenate (SeO4
−2

) and selenite (SeO3
−2

) 

compounds (figure 1.9). The mechanism behind the anticancer property of SeNPs 

is primarily due to the induction of apoptotic pathways in cancer cells leading to 
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the cell cycle arrest, which finally resulted into cell death. Conjugation or surface 

modification of SeNPs by antibiotics, biomolecules or chemotherapeutic 

compounds enhances its potential in biomedical applications [98]. SeNPs can open 

ways to new strategies for treating many illnesses, primarily malignancy. 

Following are some advantages of SeNPs over other selenium forms. 

Biocompatibility 

Various scientific reports clearly demonstrated that the SeNPs are more 

biocompatible than other anticancer selenium forms. SeNPs also demonstrated 

good colloidal dispersibility, colloidal stability and superior biocompatibility. This 

low cytotoxicity of SeNPs against the normal cells compared to other selenium 

forms make them ideal candidate in many biomedical applications [99]. 

 

Figure.1.9. Functions of selenium across size scales, from molecular to 

functionalized nanoparticles. An increase in size of selenium form is associated 

with a reduction in cytotoxicity without compromising beneficial bioactivity [100].  

 

Selectivity towards cancer cells 

Specifically, disease-focused targeting ligands can be conjugated to the surface of 

SeNPs, which could give particular aggregation of SeNPs in the tumor containing 

organ and improve the selective killing of cancerous cells and simultaneously 

reduces the toxicities toward normal cells. In addition bare non-functionalized 

SeNPs itself have selective cytotoxicity against cancer cells than normal cells 

[101]. 
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Synergistic anticancer activity with chemotherapeutic drug 

Surface functionalization of SeNPs with different biomolecules, chemical 

compounds, anti-cancer drugs and with targeting ligands which deliver them to the 

specific site resulted into overall enhancement of anticancer activity of SeNPs. In 

this approach synergistically combining the effects of the SeNPs with anticancer 

compounds tailored to the nanoparticle surface is achieved. For e.g. SeNPs 

combined with the 5-fluorouracil enhanced anti-tumor outcome on various cancer 

cell lines [102]. 

1.6. Role of SeNPs in biomedical applications  

 Multifunctionalized SeNPs have increased bioavailability of 

chemotherapeutic drugs leading to the enhanced therapeutic effects of these drugs. 

Attachments of targeting ligands to the nanoparticle surface are responsible for the 

targeting multifunctionalized SeNPs to their particular site. Surface 

functionalization and modification of SeNPs are possible due to the high surface 

reactivity of the nano-form selenium and advantage associated with the nano-size 

effect of SeNPs. It has been experimentally proved that multifunctionalized SeNPs 

showed unique characteristics of uptake, transport and elevated absorption 

efficiencies compared to bare SeNPs. It is well documented that unique properties 

of elemental selenium make it a favorite option compared to other metalloids and 

metals for biomedical applications [103]. For several reasons, researchers chose 

selenium because of its application in medicine, theranostics, ecological, 

ecotoxicological and radioecological sciences. Selenium may exert diverse 

beneficial effects at low concentrations. Different selenium forms including 

organic and inorganic were tested for its biological effects, while recently, 

selenium in nano-form has gained attention as an optimum source of this beneficial 

element. SeNPs are highly stable in colloidal solutions and, have been synthesized 

for use in biomedical applications and as nutritional supplements [104]. It is 

reported that SeNPs of 20-60 nm size had a similar bioavailability as selenium salt 

sodium selenite. It was suggested that the biological activities of SeNPs derived 

from the distinct properties associated with the nano-form of the selenium. It is 
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also evident that SeNPs have comparable efficacy in up-regulating selenoenzymes 

and selenium levels in immune tissue with low cytotoxicity [105-107].  

1.7. Statement of the problem 

 Various chemical and physical protocols, such as electrochemical reduction, 

chemical reduction, heat evaporation photochemical reduction and many more, 

were developed to prepare SeNPs. Most of these synthesis methods involved the 

use of surface passivator reagents to prevent the aggregation of nanoparticles. 

Inappropriately, many of these organic passivator compounds such as thiourea, 

mercapto acetate, thiophenol, etc. are toxic in nature and potent environmental 

pollutants [108]. Uses of these toxic chemicals in nanoparticle synthesis hinder 

their use in biomedical applications. Due to the increasing awareness of the green 

chemistry approach, it was important to develop eco-friendly and sustainable 

procedures as an efficient alternative to physical or chemical methods. The 

development of biomaterial based experimental processes for the biosynthesis of 

various nanoparticles is considered as an emerging branch of nanotechnology with 

many advantages over conventional physical and chemical methods [109]. 

 Selenium is a key nutrient for the proper and normal working of the 

immune system and therefore acts as an important nutrient in counteracting the 

virulence development. The presence of suitable selenium in the male reproductive 

tract is indispensable for normal spermatogenesis. Selenium has a central role in 

mammalian sperm maturation, sperm motility and function. Studies have 

demonstrated that seminal oxidative stress negatively affects sperm motility, 

function and number, ultimately lowering sperm fertility. The principal 

selenoprotein present in testis is glutathione peroxidase (GPx4), expressed 

principally in sperm. In addition, two enzymes provide antioxidant capacity in the 

semen: superoxide dismutase and catalase [110].  

Selenium compounds have many biomedical applications such as 

anticancer, antioxidant and antibacterial. In antimicrobial applications selenium 

disulfide is used as an antifungal compound in shampoos and other medications for 

the treatment of seborrheic dermatitis and dandruff associated with the Malassezia 
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genus of fungi. Selenium is used as a food supplement and antioxidant agent in 

many food formulations.  Since surface area to volume ratio increases with 

decreasing particle size, SeNPs have high biological activity compared to their 

bulk counterparts. Many reports also confirmed the less toxicity of SeNPs than 

other selenium forms. SeNPs, like selenium species, have the same beneficial 

properties as other selenium forms. These SeNPs were reported for their 

biocompatible nature and were used for the various cargo delivery applications as 

well as an experimental tool in a range of biomedical applications. In addition, 

multifunctional SeNPs represent promising candidate as a carrier for the various 

cargo deliveries in biomedical applications [111]. 

Various biological synthesis methods were reported for SeNPs synthesis 

including the formation of amorphous selenium/protein composites by Capsicum 

annuum leaf extract [112], an approach to synthesize and stabilize SeNPs by Gum 

Arabic [113] and many more. Various bacterial strains, including Bacillus subtilis, 

have been reported for the biosynthesis of SeNPs [114]. To date, diverse species of 

bacteria and archaea were discovered to reduce selenium oxyanions to SeNPs. In 

this way, plenty of biological methods have been explored but no method is 

reported for size-controlled and rapid biosynthesis of SeNPs. Similarly, varieties of 

microorganisms are attempted for the biosynthesis of intracellular and extracellular 

SeNPs, but much scope is left to demonstrate the mechanism of biosynthesis of 

these SeNPs [115]. 

 The present work aimed to develop green, rapid and eco-friendly methods 

using biological components for the biosynthesis of SeNPs. These biosynthesized 

SeNPs were studied for their in-vitro cytotoxicity, antimicrobial activity, 

anticancer activity and their potential in protecting the mammalian sperm from 

oxidative stress.  

Based on the above considerations, the objectives of the present thesis were 

designed as follows and presented in figure 1.10.   

 

 To synthesize SeNPs by using different bacterial strains, cell-free extract of 

microbial growth and different plant part extracts. 
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 To standardize and optimize the biosynthesis process of SeNPs by changing 

the experimental parameters like pH, temperature, growth media 

composition, precursor concentration and microbial growth phase. 

 

 To characterize the synthesized SeNPs with respect to particle size, 

structure, morphology, surface charge, hydrodynamic diameter, etc using 

different experimental tools and techniques. 

 

 To study the stability of the colloidal solution of biosynthesized SeNPs with 

respect to ionic strength, pH and temperature.  

 To evaluate the in-vitro antibacterial activity of biosynthesized SeNPs 

against selected bacterial strains by „well diffusion‟ assay. 

 

 To evaluate the in-vitro anticancer activity of biosynthesized SeNPs against 

cancer cell lines. 

 

 To estimate the in-vitro cytotoxicity of biosynthesized SeNPs against 

mammalian cell lines. 

 

 To evaluate the potential of biosynthesized SeNPs in protecting the bovine 

sperms from oxidative stress in vitro by analyzing sperm motility, sperm 

viability and acrosome morphology. 
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Figure.1.10. Objectives of the thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

•To synthesize SeNPs using different biological 
materials like bacterial strains, cell free extract of 

microbial growth and different plant extracts. 
GREEN 

SYNTHESIS 

•To standardize and optimize the biosynthesis 
process of SeNPs by changing the reaction 

conditions including pH, temperature, microbial 
growth phase, precursor concentration and carbon 

source. 

OPTIMIZATION 

•To study the stability of colloidal solution of SeNPs 
with respect to ionic strength, pH and temperature 
and prove the role of biomolecules in stability of 

nanoparticles 

STABILITY 

 STUDIES 

•To estimate the cytotoxicity of biogenic SeNPs by 
in-vitro cytotoxicity assays on cell line. 

CYTOTOXICITY 
STUDIES 

•To evaluate In-vitro  antimicrobial  activity of 
SeNPs against selected bacterial and fungal 

strains, to evaluate the in vitro anticancer 
activity  of SeNPs on cell lines , and to 

evaluate  effect of  SeNPs  on  mammalian 
sperm In –vitro. 

BIOMEDICAL 
APPLICATIONS 
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2.1. Introduction 

Due to the unique properties of selenium nanoparticles (SeNPs), there is an 

interest in their synthesis for different nanotechnology applications. Most 

commonly SeNPs were synthesized by traditional physical or chemical methods. 

Different physical methods such as hydrothermal method, UV radiation method 

and laser ablation method were reported for the SeNPs synthesis. While chemical 

synthesis of SeNPs was achieved by precipitation, acid decomposition and 

catalytic reduction method. However, these methods require extreme reaction 

conditions and use of hazardous chemicals. These chemicals may get attach to the 

surface of synthesized SeNPs and render the use of such SeNPs in biomedical 

applications [1-3].  

     

 

Figure.2.1. Biosynthesis of SeNPs by different biological methods and various 

biomedical applications of these biogenic SeNPs [4].  

On the other hand, biosynthesis of SeNPs is inexpensive, safe, and use non-

toxic and eco-friendly materials in the synthesis process. Further, most of 
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biosynthesized SeNPs are not aggregate in colloidal solution with time and are 

colloidally stable due to natural coating of the organic biomolecules on their 

surface, where external addition of stabilizing agents is required in chemically or 

physically synthesized SeNPs. There are many species of bacteria, archaea and 

plant were used to biosynthesize SeNPs by reducing selenium oxyanions, i.e. 

selenate and selenite (figure 2.1.) [4]. 

SeNPs synthesized by chemical and physical method have diverse 

applications in many fields. SeNPs nanowires were reported for novel 

photoconductivity properties while amorphous SeNPs were reported for unique 

photoelectric, semiconducting and X-ray-sensing properties. Therefor these SeNPs 

have a potential to be exploited in nanowire electronics, sensors and more efficient 

solar cells [5]. From an environmental perspective, SeNPs were reported for 

capture of mercury from the gaseous phase and precipitate on nanoparticle’s 

surface as HgSe [6]. In recent decades, the most important development regarding 

the application of SeNPs is their increasing importance in biomedical applications 

and medical research .many studies were carried out to use SeNPs for different 

biomedical applications such as antioxidant, antimicrobial, anti-cancer and 

treatment of different malignant cancers. SeNPs were extensively studied in the 

drug delivery applications in chemotherapy. Considering all these facts, this 

chapter deals with the summary of various plants, microbes, fungus and yeast used 

for the biosynthesis of SeNPs and covers the recent trends in biomedical 

applications of these biosynthesized SeNPs [7, 8]. 

2.2. Synthesis routes of SeNPs 

 The properties of SeNPs are solely dependent on the size and shape of the 

nanoparticle. This fact gives the tremendous importance to the SeNPs synthesis 

method in the nanotechnology research where the size and shape of the SeNPs can 

be controlled and altered [9]. As per the requirement there were various methods 

used for the synthesis of SeNPs. All these SeNPs synthesis methods are ultimately 

come under two synthesis approaches; “top-down” and “bottom-up” synthesis 

approach. In “top-down” approach, bulk materials were broken down to sub 
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nanometer dimension. This nanoparticle synthesis approach was simple and was 

used for several years at early stages of nanotechnology development. The 

nanoparticle synthesis methods based on this approach have limitation as these 

methods create imperfection in the surface of the nanoparticles, restricting their 

applications in many fields. Sometime methods depending on this approach are 

expensive and time consuming [10]. On the other hand, when the nanoparticles are 

constructed and formulated from the smaller entities, the synthesis approach is 

called as “bottom up” approach. In this approach nanoparticles are synthesized 

from the smaller entities like atoms and molecules. First the building blocks 

required for the nanoparticle synthesis are formed and then assembled to produce 

the final nanoparticles [11]. Both of these SeNPs synthesis approaches with 

different physical, chemical and biological methods involved in it are presented in 

figure 2.2. 

 

Figure.2.2. “Top down” and “Bottom up” approach for SeNPs synthesis with 

chemical, physical and biological methods [12]. 

The SeNPs synthesis methods are generally divided into chemical, physical 

and biological synthesis methods. Biological methods are further classified as 

microbial synthesis, plant mediated synthesis, fungal mediated synthesis and 
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biomolecule mediated synthesis [13]. Figure 2.3 gives the outline of the various 

routes of the SeNPs synthesis methods. 

 

Figure.2.3. Classification of different SeNPs synthesis methods. 

2.2.1. Physical methods 

 Different physical methods were employed for the synthesis of SeNPs. In 

the laser ablation method the precursor salts were immersed in solvent containing 

surfactant and irradiated by the intense laser pulses, [14]. In sonochemical method, 

the gas bubbles were oscillated in given liquid medium under acoustic field created 

by ultrasonic waves. It leads to growth and collapsing of bubbles followed by 

generation of micro streaming in the liquid. High temperature was generated due 

to collapse of bubbles causing local heating. Due to extreme conditions, solvent 

and solute molecules were decomposed into reactive radicals and these radicals 

were used for the reduction reaction. In radiolytic method, free radicals produced 

by radiolysis reduce the ions to nanoparticles in the presence of donor ligands. 

Chemical vapor deposition (CVD) and Physical vapor deposition (PVD) are 

widely used vapor deposition methods for the synthesis of SeNPs. Using an 

electrical heating vessel under high vacuum, thin films are produced on glass 

substrate. The major drawback of the most of physical methods is the high cost of 
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the nanoparticle synthesis process which makes them unsuitable for the large scale 

productions of SeNPs [15, 16]. 

2.2.2. Chemical methods 

 Chemical means for the synthesis of SeNPs were demonstrated as easiest 

and well known routes. Here in this method, the precursor salts were reduced by 

the suitable reducing agents to form SeNPs. Shape and size of synthesized SeNPs 

are controlled in chemical synthesis method by varying the concentration of 

precursor salt and reducing agents like, trisodium citrate, sodium borohydride, 

amino acids, etc. Major advantages of the chemical routes are easy manipulation in 

chemical reactions, better control over reaction conditions during nanoparticle 

synthesis and reaction simplicity in surface functionalization of nanoparticles. 

Different solvent mediums such as organic medium, ionic liquids aqueous medium 

and supercritical fluids were used for the synthesis of SeNPs [17]. The assembly of 

nanoparticles at various interfaces is possible using chemical routes; such as at air-

water interfaces and liquid-liquid interface. This allowed controlled growth of 

SeNPs and facilitated two dimensional arrangements of nanoparticles. The main 

feature of chemical methods is the choice of the reducing agent depending upon 

the application of SeNPs. The large scale synthesis of the nanoparticles with 

controlled size and shape is possible using chemical routes. Since different 

approaches were employed in the chemical synthesis method, chemical route of 

nanoparticle synthesis was widely used and showed promising outputs in 

nanotechnology arena. Major drawback of chemical synthesis is use of hazardous 

chemicals in nanoparticle synthesis. This chemicals may remained attached to the 

surface of nanoparticle after synthesis and render their use in biomedical 

applications [18, 19]. 

2.2.3. Biosynthesis methods  

 Traditional physical and chemical methods of SeNPs synthesis release 

dangerous byproducts to the environment use expensive chemicals and employed 

toxic and harmful reagents. In contrast, biosynthesis of SeNPs by microorganisms, 

plants part extracts and other biological routes are considered interesting green 
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alternative in the fabrication of nanoparticles and is an innovative approach for 

environmentally friendly nanomaterials synthesis [20]. 

 

Figure.2.4. Different biological macromolecules and compounds present in 

biological sources (bacteria, fungus, yeast, plant and algae) are responsible for 

biosynthesis and colloidal stabilization of SeNPs [22]. 

Nanoparticles of selenium, silver, gold and many other metals and 

nonmetals were synthesized by using different plant extracts. Microbial synthesis 

of SeNPs is one of the thrust areas in the biosynthesis of nanomaterial where 

researchers working on numerous microbial sources for the biosynthesis of 

nanoparticles. Microorganisms like bacteria, fungi, algae, actinomycetes were 

successfully used for the biosynthesis of nanoparticles. Similarly plant extract 

mediated biosynthesis of nanomaterial has emerged as a cost-effective, eco-

friendly and simple system for biosynthesize SeNPs. Most of the biosynthesis 

methods were operated at room temperature, ambient pressure and at physiological 

pH. Time required for the biosynthesis of SeNPs by plant extract was law 

compared to bacterial biosynthesis of SeNPs. In biosynthesis of SeNPs, different 

biological macromolecules and compounds acted as reducing agents as well as 

capping agent responsible for stabilization of nanoparticles (Figure.2.4.) [21].  
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2.3. Significance of biosynthesis methods 

In near future, it is a desperate need of nanotechnology to develop non-

toxic, reliable, eco-friendly and clean experimental designs for the metal and 

nonmetal nanoparticles synthesis. It is also important that such green methods also 

have control on nanoparticles shape, size and colloidal stability. In the present 

scenario, increasing importance is given to development of environmentally  

benevolent  technologies  in nanomaterial  synthesis  for  the fabrication  of  a  

range  of nanomaterials. The importance of biosynthesis methods for 

nanomaterials synthesis is being stressed worldwide. In biosynthesis methods by 

varying the pH, temperature and substrate concentration, indirectly or directly, the 

rate of nanoparticles biosynthesis, and nanoparticle size and shape can be 

controlled [26]. Purification of biosynthesized nanoparticles is also simple process. 

In case of bacterial biosynthesis of nanoparticle, the synthesis of materials may 

occur either extracellularly or intracellularly and in both of these cases 

nanoparticles is purified by simple downstream process. Development of different 

biologically based experimental processes for the synthesis of various 

nanoparticles is now become an important branch of nanotechnology [23-25].  

2.4. Biosynthesis of SeNPs 

 Biosynthesis method is a safe, biocompatible, facile, recyclable and eco-

friendly approach for SeNPs synthesis. The properties of biosynthesized SeNPs, 

including morphology, size and shape, can be controlled by changing the reaction 

conditions; incubation temperature, pH, reaction time and precursor 

concentrations. Presently, several microorganisms, such as yeast, fungi, bacteria, 

and plant mediated synthesis of SeNPs have been considered as eco-friendly green 

synthesis approach [26]. Selenium occurs in multiple oxidation states and the 

toxicity of respective selenium state depends on the rate of solubility in water and 

their bio-accessibility. Selenate and selenite ions possess remarkably high water 

solubility. Amongst the different selenium species, selenite reduction was proved 

to be the most important approach for SeNPs biosynthesis [27].  
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2.4.1. Plant mediated biosynthesis 

 Plant resources play an important role in the biosynthesis of SeNPs (Table 

2.1). In a first study, pea (Trigonella foenum) [61] chloroplast was used to light 

dependent reduction of SeO3
2- 

to elemental selenium (Se
0
). Purified glutathione 

reductase enzyme from peas was also used for SeNPs synthesis. Thiol group of 

this enzyme reacted with SeO3
-2

 to form selenodiglutathione, which then 

breakdown to elemental selenium. SeNPs were synthesized by callus cultures and 

root extract of Citrus limon [63]. Amorphous selenium-protein composites were 

rapidly biosynthesized at room temperature by using Capsicum annuum leaf 

extract for reduction of selenium ions (SeO3
2-

) to SeNPs. The presence of proteins, 

molecular weight around 30 kDa, in this nanoparticles-protein composite suggests 

that these proteins were responsible for the nucleation and growth of SeNPs. It was 

also found that a high concentration of Capsicum annuum extracts resulted into 

increase in the shell size and thickness of the selenium/protein composites. On the 

other hand, lowering the pH resulted in reduced the size and change the structure 

of the composites. Gallic acid (GA) is well known for its anti-inflammatory and 

antioxidant properties. It is plant polyphenol usually found in different common 

plant part such as leaves and fruits. It was demonstrated that selenite is reduced 

with gallic acid (GA) and GA-selenium nanocomposites was formed [62].  

Dried fruit extract of Vitis vinifera was successfully used for the synthesis 

of spherical SeNPs in the size range of 3 – 18 nm [65]. Polysaccharides extracted 

from Undaria pinnatifida, edible seaweed, was responsible for enhanced colloidal 

stability of SeNPs [77]. By definition, particles having one dimension lower than 

100 nm should be called as nanoparticles. However, SeNPs of size more than 100 

nm were also reported as SeNPs in literature. Withania somnifera [67] and 

Diospyros montana [66] reduce selenite to elemental selenium of size 45 to 90 nm 

and 4 to 16 nm respectively. However, by changing and optimizing the 

physicochemical parameters for the biosynthesis reaction, the size of nanoparticles 

can be controlled 
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Table.2.1. Bacterial, plants and fungus species reported for the biosynthesis of 

SeNPs 

Name of Species Size 

(nm) 

Shape Location/ Part 

Used 

Ref. 

Bacterial  species 

Pseudomonas aeruginosa 140 Spherical Extracellular [28] 

Klebsiella pneumonia 90-320 Spherical Intracellular [29] 

Microbacterium sp.  30-150 Spherical Extracellular [30] 

Pantoea agglomerans 30-300 Spherical Intracellular [31] 

Pseudomonas alcaliphila 50-500 Spherical Intracellular [32] 

Escherichia coli  24-122 Spherical Extracellular [33] 

Shewanella sp. 51-60 Spherical Intracellular [34] 

Thauera selenatis 150 Spherical Intracellular [35] 

Duganella sp. 140-200 Spherical Extracellular  [36] 

Agrobacterium sp. 185-190 Spherical Extracellular [36] 

Zooglea ramigera 30-150 Spherical Extracellular [37] 

Rhodospirillum rubrum 80-240 Spherical Intracellular [38]  

Sulfurospirillum barnesii 300 Spherical Extracellular  [39] 

Selenihalanaerobacter 

shriftii 

300 Spherical Extracellular  [89] 

Geobacter sulfurreducens 40-700 Spherical Intracellular  [40] 

Shewanella oneidensis  100 Spherical Intracellular  [41] 

Rhizobium sp.  35-120 Spherical Intracellular  [42] 

Moraxella bovis 80-130 Spherical Intracellular  [43] 

Enterobacter cloacae  100 Spherical Near cell surface  [44] 

seudomonas stutzeri 60-140 Spherical Extracellular  [45] 

Pseudomonas fluorescens 50-150 Spherical Intracellular  [46] 

Stenotrophomonas 

maltophilia 

≤ 270 Spherical Near periphery 

of cell wall 

 [47] 

Synechococcus 220 Spherical On cell surface  [48] 
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leopoliensis 

Bacillus sp.  80-220 Spherical Intracellular  [49] 

Bacillus cereus 150-200 Spherical Intracellular   [50] 

Bacillus subtilis 50-400 Spherical Extracellular  [51] 

Bacillus mycoides 50-400 Spherical Extracellular  [52] 

Bacillus selenitireducens 300 Spherical Extracellular  [39] 

Lactobacillus acidophilus 140 Spherical Intracellular  [53] 

Lactobacillus plantarum > 250 Spherical Intracellular  [54] 

Veillonella atypica 150-350 Spherical Extracellular [70] 

Enterococcus faecalis 29-175 Spherical Extracellular [72] 

Fungal species 

Saccharomyces cerevisiae 30-100 Non-

uniform 

Extracellular  [55] 

Aspergillus terreus 47 Spherical Extracellular  [56] 

Alternaria alternate 30-150 Spherical Extracellular  [57] 

Fusarium sp Polydi-

sperse 

Non-

uniform 

On the surfaces 

of hyphae and 

conidia 

 [58] 

Streptomyces microflavus 28-123 Non- 

uniform 

Extracellular  [59] 

Streptomyces bikiniensis 17 Rods Extracellular  [60] 

Saccharomyces uvarum 100-250 Spherical Extracellular [73] 

Plant species 

Trigonella foenum 50-150 Spherical Seed extract  [61] 

Capsicum annuum 200-500 Polygonal Leaves extract  [62] 

Citrus limon 60-80 Non 

uniform 

Leaves extract  [63] 

Terminalia arjuna 10-80 Non 

uniform 

Leaf extract [64] 

Vitis vinifera 3-18 Spherical Fruit extract  [65] 

Diospyros montana 4 to 16  Spherical Leaves extract [66] 

Withania somnifera 45 to 90 Spherical Leaves extract [67] 
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2.4.2. Microbial biosynthesis  

Among the different types and forms of microorganisms, prokaryotes were 

most studied for the biosynthesis of SeNPs. Important reason for the extensive 

utilization of bacterial species to the biosynthesize SeNPs, is that bacteria have 

diverse metabolic activities in different types environments [80]. In one of the 

earliest studies [46], bacterial strain SES-3 of Pseudomonas fluorescens (an 

obligatory anaerobic, selenate-respirating bacterium) was isolated, which has 

ability to reduce reduction of selenate to elemental selenium. Bacteria like Bacillus 

selenitireducens and Sulfurospirillum barnesii were reported for the biosynthesis 

of stable, uniform SeNPs of 300 nm [39]. In similar research, the divers population 

of anaerobic selenate-respiring bacteria were isolated from the different types of 

aquatic sediments having capacity to form elemental selenium by using selenate as 

a terminal electron acceptor [69]. In another study it was found that bacterium 

Thauera selenatis reduceed the selenite to elemental selenium and responsible for 

the formation of intracellular SeNPs of approximately 150 nm in diameter. It was 

also observed that SeNPs were associated with a protein selenium factor A (SefA), 

which appears to be regulated in response to increase in selenite concentrations 

[35]. Strain of Bacillus cereus was able to synthesize SeNPs by biotransformation 

of toxic selenite anion to red elemental selenium under aerobic condition. In 

altered concentrations of sodium selenite, ranging from 0.5 to 10 mM, the average 

size of SeNPs was between 150 to 200 nm in diameter [50]. In addition to the 

amount of electron acceptor, biomass concentration used also had effects on the 

SeNPs size distribution and reduction rate. At a low initial biomass concentration 

of Shewanella sp., obtained SeNPs were of 11–20 nm in size after 2 h of reduction 

reaction. Higher biomass of this bacterial biomass produced 51–60 nm range 

nanoparticle after 24–72 h of reduction reaction [34].  

 In an analogous study, SeNPs and selenium nanorods were biosynthesized 

by bacterium Pseudomonas alcaliphila having size of 50 to 500 nm during 24 h 

incubation. However, when 5 % poly vinyl pyrrolidone (PVP) (w/v) was added in 

aqueous reaction mixture, synthesis of selenium nanorods was terminated and 

formation of stable spherical SeNPs with diameter of 200 nm was obtained [32]. 
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Another study reported the synthesis of stable and spherical SeNPs by bacterium 

Veillonella atypical by reduction of selenium oxyanions to elemental selenium 

[70]. In a distinct report of SeNPs biosynthesis by bacterial species, two strains of 

Duganella sp. and the two strains of Agrobacterium sp. were isolated from 

selenium-contaminated agricultural soils of Punjab state in India. In this study two 

Duganella sp. bacterial strains had enhanced selenite reduction efficiency than the 

reported two strains of Agrobacterium sp. The size range of SeNPs synthesized by 

Duganella sp. was higher than Agrobacterium sp. mediated synthesized SeNPs 

(185–190 nm compared to 140–200 nm in diameter) [36]. Sulphate reducing 

bacterial, in the presence of an electron donor, was able to synthesis spherical 

SeNPs. In addition, photosynthetic bacteria such as Stenotrophomonas maltophilia 

have a tendency to reduce selenite into element selenium responsible for 

accumulation of SeNPs either in the extracellular space or in cytoplasm of 

bacterial cell. Selenite reduction in this bacterium strain was coupled with 

photosynthesis reaction and L-malic acid was used as an indirect electron donor 

for this reduction reaction [47]. 

 Different downstream processes were required to recover SeNPs from the 

cell mass for the intracellular SeNPs synthesis bacteria. The wet heat sterilization 

procedure was used effectively to recover SeNPs from bacterial cells. In one of the 

study a strain of Klebsiella pneumonia was used to synthesize SeNPs from 

selenium chloride. Culture medium, with bacteria cells containing SeNPs, was 

sterilized at 121
o
C and 17 psi for 20 min, releasing SeNPs of 245 nm in diameter 

[29]. In an elegant study, SeNPs of 140 nm size were synthesized by using 

common probiotic bacterial strains present in yoghurt, such as Lactobacillus 

acidophilus. In these studies, sodium hydrogen selenite was utilized as precursor 

for the SeNPs biosynthesis. Many studies demonstrated the important role of 

different selenium forms in metabolism in lactic acid bacteria [71]. Selenium has 

an important role in the protection of bacterial cells against oxidative stress, 

therefore methyl-selenocysteine was found as predominant form of selenium 

compound in lactic acid bacteria including Lactobacillus acidophilus [53]. 

Recently, successful biosynthesis of SeNPs was reported from the bacterium 
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Enterococcus faecalis with 29–195 nm size range. In this study, low 

concentrations of sodium selenite, up to 0.95 mM, lead to synthesis of greater 

amount of SeNPs compared with higher concentration of it (such as 1.42 mM or 

2.97 mM) [72].  

Many bacteria were known to exhibit selenium resistance and synthesize 

SeNPs mainly as the mechanisms of selenium detoxification. Synthesis of these 

SeNPs can be extracellular, intracellular or membrane bound (Table 2.1). One of 

such selenium resistance report observed the selenium deposited on the cell 

membrane and cell wall of bacterium Escherichia coli. This report confirms the 

ability of bacterial strains to reduce salts of selenium to elemental selenium as 

defense against the selenium toxicity. [33]. After such studies, many gram-

negative and gram-positive bacterial strains were reported to reduce selenate and 

selenite to elemental selenium.  

2.4.3. Fungal and yeast mediated biosynthesis  

 Selenium compounds are antifungal in nature since most fungi are sensitive 

to selenium concentration. Higher levels of selenium would increase the damage to 

cellular structure and therefore required mechanisms for detoxification or 

elimination of higher selenium levels. However, majority of the rhizosphere fungi 

have selenium resistance. This selenium resistance ability in some rhizosphere 

fungi, like Alternaria alternate, is developed by the continual and long-term 

exposure of high selenium concentrations in environment and habitat [57]. 

Different types of fungal strains belonging to diverse taxonomic groups, like 

Aspergillus terreus, Fusarium sp, Streptomyces microflavus, and Streptomyces 

bikiniensis were successfully cultivated on culture media containing higher 

concentrations of selenium compounds [56, 58, 59, 60]. In these experiments, it 

was observed that, the elemental selenium was deposited on the fungal mycelium 

after 72 h fungus growth. A first report of extracellular biosynthesis of SeNPs by 

fungal strain was demonstrated by the fungus Aspergillus terreus. When this 

fungus was incubated with organic selenium compound, spherical SeNPs of 

average diameter of 47 nm were spontaneously formed after 1 h reaction mixture 
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incubation [56]. In alternative study, fungal strain Alternaria alternate 

biosynthesized uniform and stable SeNPs. In this study it was observed that, 

protein presence on the outer shell of SeNPs acts as stabilizing agent and provided 

colloidal stability to biosynthesized nanoparticle make possible to keep this SeNPs 

in the suspension for a long time [57]. Table 2.1 shows a complete list of fungus 

species which were reported for the biosynthesized SeNPs.  

Yeasts cells were reported for their capacity to accumulate higher 

concentrations of trace elements, including selenium, during their growth phase. 

Most studies were performed on various species of saccharomyces. For example, 

biosynthesis of SeNPs was carried out with Saccharomyces cerevisiaein in 

selenium rich media [55]. In this study the effects of various parameters, such as 

temperature, fermentation time, initial pH value and shaking speed were optimized 

and it was found that 25 g/mL concentration of selenium precursor, addition of 

precursor at 9 h after growth, 130 rpm agitation, 48-h fermentation time, 28
o
C 

incubation temperature and pH 5.8. were optimum conditions to synthesized 

SeNPs. In another report from the same yeast species, it was observed that 

biosynthesis of selenium nanocomposites were occur in aerobic conditions with 

sodium selenite solution as a precursor. Selenium nanomaterials were 

biosynthesized in the size range of 30–100 nm diameters. Subsequently, 

synthesized selenium nanocomposites exhibited substantial antimicrobial activity 

against human pathogenic two gram-positive bacterial strains and two gram-

negative bacterial strains. These findings demonstrated that biosynthesized 

selenium nanocomposites by the fungal strain have potential to be used to lower 

the contamination rates in hospital settings [104]. 

 In another report, the synthesis of selenium- nanocomposite by fungal 

strains Saccharomyces uvarum, commonly called spent brewer’s yeast, 

demonstrated the optimal sodium selenite concentration for selenium-

nanocomposite synthesis was 3g/mL. Because selenium toxicity has comparatively 

little effect on the grown of yeast cells, selenium-enriched yeasts were used as 

antimicrobial agent in different contaminated settings. This selenium enrich yeast 

cells also play important role in the pharmaceutical and food processing industries. 



Chapter 2 

 Biosynthesis of Selenium Nanoparticles (SeNPs) and their Biomedical Applications: An Overview. 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.  49 
 

Till date, total five studied were reported for the biosynthesis of SeNPs by the 

different fungal strains [73]. Among these studies, extracellular biosynthesis of 

monodispersed spherical SeNPs was reported in fungal strain Alternaria alternate 

isolated from leaf spot from plant Stevia rebaudiana and fungus Aspergillus 

terreus isolated from soil samples [56, 57]. 

2.5. Mechanism of SeNPs biosynthesis 

Few of the biosynthesis studies reported the mechanism of the SeNPs 

biosynthesis and explained the role of biomolecules in the SeNPs formation. Most 

common hypothetical mechanism for the biosynthesis of SeNPs consist reduction 

of selenium salt to elemental selenium via membrane-bound reductase enzymes.  

In bacterium strain Bacillus mycoides three SeNPs synthesizing reductase 

enzymes, having different molecular weights, were identified. This three reductase 

enzymes were nitrite reductase, selenate and selenite reductase [52]. In another 

study biosynthesis of SeNPs by bacterium Zooglea ramigera demonstrated the role 

of bacterial proteins in reduction and long term colloidal stabilization of 

biosynthesized SeNPs [37]. These selenium resistance bacterial strains were also 

reported for the bioremediation of different selenium compound from effluents and 

soils. 

Bacterial strains Thauera selenatis, Escherichia coli and Enterobacter 

cloacae were expansively evaluated for selenium salt reduction to SeNPs. This 

detail investigation leads to elucidation of SeNPs biosynthesis mechanism by 

enzyme system present in these three bacterial strains. Bacteria utilize selenate and 

convert it into red elemental selenium
 

that is observed as SeNPs either 

accumulated in the bacterial cell itself or formed in the surrounding culture 

medium. In all these three bacterial species, selenate reduction was a two-step 

reduction process: first step was conversion of selenite (SeO4
−2

) to selenite 

(SeO3
−2

) by the enzyme selenate reductase. In second step this selenite was 

transformed to elemental selenium form which was insoluble in nature. This 

second step was catalyzed by the nonspecific selenate reductase enzymes present 

in these three bacterial strains. These reduction reactions are elucidated in figure 
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2.5. Such selenite reduction reactions were observed under aerobic and anaerobic 

conditions [33, 35, 44]. 

 

Figure .2.5. Proposed mechanism for selenate and selenite reduction to elemental 

selenium by bacterial strains; (a) selenite reduction pathway in bacterium Thauera 

selenatis (b), reduction of selenite in bacterium Enterobacter cloacae and 

Escherichia coli by enzymatic pathway [33, 35, 44]. 

 Selenate reductase is the important enzyme in the selenate reduction 

reaction and can exist in membrane-bound forms or in soluble form in cytoplasm. 

Membrane-bound form of selenate reductase enzyme is associated with twin-

arginine translocation translocase (TAT) apparatus and is embedded in the inner 

bacterial cell membrane. It is trimeric complex in nature, like soluble form, and its 

100 kDa active subunit is oriented towards periplasmic space of bacterial cell. 

Selenite is released in the periplasm compartment after reduction by membrane 

bound enzyme [33, 35, 44]. None of the bacterial strain utilizes the selenite as the 

only electron acceptor. It is also necessary to reduce this selenite to elemental 

selenium further by nonspecific periplasmic selenite reductase enzymes. These 

nonspecific selenite reductase enzymes include enzyme systems, like sulfite 
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reductase, glutathione reductase and nitrite reductase. Depending on the bacterial 

strain these enzyme systems may interact with each other or act independently as 

separate unit. For example, in bacterium Rhodospirillum rubrum and 

Selenihalanaerobacter shriftii selenite metabolism enzymes were expressed 

constitutively. In bacterial strains Selenihalanaerobacter shriftii there is strong 

interaction and exchange of metabolites between selenite reduction pathway and in 

nitrite reduction pathway. On the other hand, these pathways operate 

independently in bacterium Rhodospirillum rubrum [38, 89,]. 

In metal reducing bacterial strain Shewanella oneidensis selenite reduction 

occur simultaneously with the occurrence of the anaerobic respiration in 

bacterium. Enzyme fumarate reductase was present in periplasm of this bacterium 

and was considered responsible for reduction of selenite. Electrons required for 

this reduction reaction was supply continuously by the cytochrome C in electron 

transport chain and enzyme NADH dehydrogenase [41]. Along with these 

enzymes NADH-dependent reductase enzyme, phenazine-1-carboxylic acid, 

NADH and disulfide reductase enzyme were suggested to play significant roles in 

selenite reduction. TAT translocase apparatus and other accessory proteins were 

essential for complete reduction of selenate to elemental selenium in most of the 

bacterial species [41]. 

Selenite can also be reduced to elemental selenium
 

by glutathione, a 

reduced form thiol. It was reported that, glutathione by donating electrons converts 

selenite to selenodiglutathione. Selenodiglutathione was additionally reduced by 

enzyme thioredoxin reductase or glutathione reductase leads to the synthesis of 

selenopersulfide of glutathione, which dismutate into reduced glutathione and 

elemental selenium [81]. Expression of these enzymes, glutathione reductase and 

thioredoxin reductase, in many bacterial species lead to the formation of SeNPs. 

This kind of SeNPs synthesis is occurring intracellularly. In one study role of 

extracellular proteins in Bacillus subtilis suspension culture was illustrates (figure 

2.6). Negative charged Se
-
 ions get attached to the positively charged amino acids 

side chain and reduced to elemental selenium. This positive charged amino acid 

side chain was act as nucleation centers for the SeNPs biosynthesis [51]. 
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Figure.2.6. Schematic illustration of the formation of spherical SeNPs on surface 

of proteins secreted by bacterium Bacillus subtitles (1-5) and plausible mechanism 

for its transformation to selenium nanowires (6 and 7) [51]. 

Synthesis of nanocomposite consisting spherical SeNPs and hyper-branched 

polysaccharide (HBP) from Rhizoma panacis was reported earlier. In this study, it 

was evident that HBP polymers extracted from the Rhizoma panacis control the 

morphology of and stabilized the nanocomposite, as illustrated in figure 2.7. 

Isolated HBP polymers act as template for biosynthesis of water-dispersible 

SeNPs. The active sites available on the HBP surfaces provide the site for the 

reduction of selenium salts to elemental selenium. This method was successful in 

generation of inorganic-organic hybrid nanocomposites with ability to control their 

morphology and structure. These nanocomposites are bio-degradable in nature [82, 

83]. 

These SeNPs biosynthesis mechanisms are few proposed procedure that 

explain hypothetically formation of SeNPs by the biological systems. In most of 

these SeNPs biosynthesis mechanisms, proteins and enzymes of biological source 

have the important roles in the reduction reactions and synthesis of SeNPs. While 

many living organisms, bacteria, fungus and plants, were successful in SeNPs 

biosynthesis through presence of reductive proteins, peptides and enzymes. 

However the exact complete biochemical pathways responsible for these SeNPs 
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biosynthesis are still not fully understood. Recently, many research group were 

successful in identifying the enzymes involved in the selenium salt reduction, 

however more detailed investigations are required for identification of actual bio-

chemical mechanisms  responsible for the biosynthesis of SeNPs[85, 86]. 

 

Figure .2.7. Formation of selenium-HBP nanocomposites (HBP: hyper-branched 

polysaccharide from Rizoma panacis) [84]. 

2.6. Advantages of biosynthesis 

Different  types  of  chemical  and  physical  methods  were  employed  for  

the synthesis  of  nanoparticles.  For both of this nanoparticle synthesis method, 

use of weak and strong reducing agents in reaction is required. Along with this a 

protective substances, like sodium citrate, different alcohols and sodium 

borohydride were also required to stabilize the synthesized nanoparticles. In 

seeded growth method for nanoparticle synthesis, sodium borohydride and sodium 

citrate were used as reducing agents, while in polyol nanoparticle synthesizing 

method ethanol and methanol were used [87]. These chemical agents are mostly 

inflammable, toxic and dangerous to environmental and ecosystem. Moreover, 

these were capital intensive and were inefficient in materials and energy use in 

most of the synthesis processes. In addition, in many cases, nanoparticle synthesis 

required elevated temperatures which release large amount of heat and required 

large amount of energy input, for example thermal decomposition method [88]. On 

the other hand, the biosynthesis methods of nanoparticles synthesis use diverse 

biological entities like fungi, bacteria, yeast, plants and actinomycetes [68, 75, 76]. 
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Therefore, biosynthesis methods for nanoparticle synthesis provide extensive 

range of resources for the nanoparticles synthesis of different types. In some study 

it was found that reduction rate of metal ions during biosynthesis method was 

faster in some cases and also operated at ambient temperature and pressure. For 

example, in SeNPs biosynthesis by fungus Aspergillus terreus, reduction reaction 

was completed within  12  h  of treatment  of  fungal  filtrate  with  selenium  salt  

solution  [56].  Thus, the biological method requires minimum and ecofriendly 

resources for synthesis of nanoparticles. 

Shape  and  size  controlled  biosynthesis of various nanoparticles  could  be  

achieved  by modulating  pH  or  temperature  or precursor concentration of  the  

reaction  mixture.  In one such kind of study, nanoparticles of different shapes 

(hexagons, triangle, rods and  spheres) were obtained by changing the pH  of  

reaction  mixture,  at pH  3,  5,  7  and  9  [90]. Another study showed the effect of 

temperature wherein demonstrated that at 65
ο
C temperature, less quantity of 

nanoparticles were biosynthesized, whereas at 35
ο
C temperature more amount of 

nanoparticles were synthesized [91].  The  biological  agents  secrets  a  varieties 

of  peptide, proteins and enzymes,  which  have the capacity  to  hydrolyzing  

metals salts  and  therefore  responsible for enzymatic  reduction  of  metals  ions  

[92, 79].  In case of fungi, the enzyme nitrate  reductase  was  found  to  be  most 

important enzyme responsible  for  the  nanoparticles biosynthesis  [93]. 

Biosynthesis of SeNPs was also achieved by the biomass. Such a  biomass  used  

for  the  synthesis  of  nanoparticles  was  easily  to  handle, simpler  to disposed  

of and were   environment friendly. In some cases of biosynthesis methods 

downstream purification of nanoparticles was also much easier compared to other 

methods. Biosynthesis of nanoparticles can be achieved at atmospheric pressure 

condition and at ambient temperature which require less amounts of energy and 

chemicals [94, 78]. These biosynthesis methods have lower cost, nontoxic in 

nature, less labor-intensive and implement greener approach. Therefore 

considering these facts the biosynthesis methods for nanoparticle synthesis are 

superior to conventional chemical and physical methods of nanoparticle synthesis. 
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2.7. Biomedical applications of SeNPs 

Addition of selenium as food supplement in traditional organic and 

inorganic form was reported for low absorption in gastro-intestinal track and was 

showed considerable toxicity in some cases. Therefore, it was imperative to 

develop innovative selenium compounds that raise the bioavailability of selenium 

in humans and ensure the controlled systematic selenium release for sustainable 

human metabolism. Selenium in nano-form as SeNPs was reported as safe and 

food grade additive in food possessing industry, especially in selenium deficiency 

areas. SeNPs and other selenium nano-forms were also reported as an important 

therapeutic agent with significant impact of drug delivery applications. Recent 

reports confirm the application of SeNPs in nutritional supplements, diagnostics, 

drug delivery in chemotherapy and antimicrobial coatings [95, 96]. 

Functionalization is a prerequisite condition in rendering SeNPs suitable for 

biomedical applications, as it modulates physicochemical properties and enhances 

bioavailability of SeNPs. SeNPs were prone to aggregation in aqueous medium; 

hence, functionalization with suitable stabilizing agents promoted dispersity while 

reducing nonspecific interactions between the SeNPs and other components in 

physiological media [97]. Functionalization also reduced the toxicity of selenium 

while facilitating cellular uptake and reducing clearance of nanoparticles from the 

blood circulation. Different functionalization strategies of SeNPs with organic and 

inorganic materials for use in biomedical applications are summarized in figure 

2.8. Various properties can be added to SeNPs according to the specific 

requirements through functionalization, for example polymer, PEG, allowing 

evasion of SeNPs from the immune system and accumulation in the liver and 

spleen. For targeting applications, attachment of suitable targeting biological 

molecules such as antibodies, ligands and peptides to the SeNPs surface is 

essential, and it is possible with the flexible surface chemistry provided by 

functionalization [98-100].  



Chapter 2 

 Biosynthesis of Selenium Nanoparticles (SeNPs) and their Biomedical Applications: An Overview. 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.  56 
 

 

Figure.2.8. Strategies of SeNPs functionalization with biomolecules [99]. 

Biomedical application of selenium has been increased radically in recent 

decades due to its role in metabolism as essential micronutrient and lower 

cytotoxicity to normal cells (figure 2.9.).  Selenium is required in all important 

functions of human body, but most basic and general function of selenium is 

protecting the human body against the oxidative damages through the activity of 

selenoproteins. Considering this important role, different forms of selenium 

compounds were designed for their application as immunomodulatory agents, 

antioxidants, anti-infective and antitumor agents. Developments in nanomedicine 

based on Nanobiotechnology have opened promising and innovative ways for the 

synthesis of more safer and efficient nano-form of selenium to be used in the 

biomedical applications [101]. Similar to other metallic and nonmetallic 

nanoparticles, SeNPs has an enormous potential to advance the field of diagnosis, 

disease prevention, disease control and treatment. Many reports confirm the higher 

bioavailability, less toxicity and efficient biological activities of SeNPs over 

organic or inorganic compounds of selenium. All These characteristics of SeNPs 

lead to the successful emergence of SeNPs as promising candidate in different 

biomedical applications. [102].  
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Figure.2.9. Diverse applications of biosynthesized SeNPs [13]. 

2.7.1. Anticancer 

 In recent developments in field of chemotherapeutic drug delivery, SeNPs 

were emerge successfully as key tool for dealing with the drug resistance in tumors 

and toxicities related to chemotherapeutic drugs. SeNPs offer an excellent platform 

to carry chemotherapeutic agent to the target tumor site with minimum damage to 

the normal cells. Bare SeNPs, without any surface functionalization, were reported 

for their tendency to show differentiate activity against normal cells and malignant 

cells. The accepted mechanism behind this differentiate activity of SeNPs is 

summarized in figure 2.10. SeNPs were reported for anticancer activity against 

cancers cells in different tissues such as kidney, breast, lung, and osteosarcoma 

[102] and, therefore, have a potential to be used as chemotherapeutic and 

chemopreventive agent. Mechanisms of anticancer action of SeNPs are not fully 

understood; however, several hypotheses were proposed as: (i) enhanced 

carcinogen detoxification potential, reduced overall oxidative stress and increase 
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immune surveillance; (ii) stimulation of mitochondria and cellular-mediated 

apoptosis in malignant cells; (iii) inhibition of malignant cell angiogenesis and 

invasion; (iv) arrest of cell cycle at S phase; (v) prevention of metastasis by 

inhibition  of matrix metalloproteinases gene expression; and (vi) endogenous 

copper mobilization which indirectly prevent the malignancy[103]. 

 Biosynthesized SeNPs were well reported for the various anticancer 

activities and prevention of metastasis. Risk of cancer developments increases 

many fold due to high arsenic level in drinking water and such cases were reported 

from the many northern states of India. To counter this arsenic associated risk of 

cancer, one study reported the SeNPs biosynthesized from aqueous leaves extract 

of plant Terminalia arjuna provided protection against arsenic induced DNA 

damage and cell death by reducing the synthesis of arsenic induced reactive 

oxygen species [64]. In another study it was reported that, the oral administration 

of Lactobacillus brevis along with SeNPs synthesized by this bacterium in a mice 

model possessing metastatic breast cancer activate the immune response in these 

mice by delayed-type hypersensitivity response and increased interferon synthesis 

against malignance cells [105].The mechanism by which biosynthesized SeNPs 

shows such anticancer activity was majorly remained unknown. 

 Conjugation of SeNPs with organic molecules and anticancer drugs 

enhances their anticancer efficacy, and minimized the toxic effects of these drugs 

to normal cells [107]. In such kind of study, SeNPs surface decorated by 

polysaccharides derived from Spirulina prevented the growth of tumor in animal 

models by increasing cell population in sub G1 cell phase and therefore induction 

of apoptosis. These polysaccharide conjugates also help in targeted delivery of 

SeNPs to cancer cells through specific interactions between lectins molecules 

present on cancer cell surface and Spirulina derived polysaccharides [108].In 

another study SeNPs were conjugated with the anticancer drug doxorubicin and 

this SeNP-doxorubicin conjugates enable the cellular uptake of the drug 

doxorubicin, thereby supplementing its cytotoxic activity against cancer cells. It 

was observed through activity of lactate dehydrogenase enzyme and cell viability 

assay that, only doxorubicin drug causes 20 % cancer cell death and on the other 
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hand SeNPs-doxorubicin conjugate induced the cell death in more than 50 % 

cancer cells [109].  

 

 

Figure.2.10. Differential effects of SeNPs on normal cell and cancer cell [106]. 

 Cisplatin is well known and widely used an alkylating anticancer 

drug, it has reported side effect due to DNA cross-linking and generation of 

oxidative stress in non-cancer cells, which lead to spermatotoxicity and 

nephrotoxicity in animal models. However, SeNPs functionalized with 11-

mercapto-1-undecanol reduce nephrotoxicity by inhibiting reactive oxygen species 

(ROS)-mediated apoptosis. Owing to antioxidant potentials, SeNPs were reported 

for improving the process of spermatogenesis and sperm quality when 

administered along with drug cisplatin [110]. Anastrozole is another chemotherapy 

drug, aromatase inhibitor, used primarily for breast cancer treatment and was 

reported for side effects, such as osteoporosis and bone fractures. However, after 

conjugation with SeNPs, bone toxicity and osteoporosis were lowered and 

prevented in some cases [111]. 



Chapter 2 

 Biosynthesis of Selenium Nanoparticles (SeNPs) and their Biomedical Applications: An Overview. 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.  60 
 

2.7.2. Antimicrobial 

 SeNPs synthesized by physical, chemical and biological source were 

reported for antimicrobial activity against various pathogenic yeast, fungi and 

bacteria. Study also showed that these reported antimicrobial activities of SeNPs 

were size and concentration dependent against the many microorganisms tested. In 

case of bacteria, SeNPs were reported to prevent the growth of gram- negative and 

gram- positive bacteria with same efficacy [112]. Further, SeNPs were reported for 

the capability to inhibit the microbial biofilms by disrupting them [113]. SeNPs 

were also reported for their ability to inhibit the germination of fungal spore of 

many fungal species, therefore acts as antifungal agent against dermatophytes like 

Malassezia furfur and Malassezia sympodialis [114]. However, unlike most of 

antibiotics, SeNPs synthesized by different methods did not possess the post 

antibiotic effect (PAE). PAE is ability of antimicrobial substances to inhibit or 

delay the regrowth of microorganism after brief treatment and removal of that 

antimicrobial substance. In a conflicting study it was found that pretreatment of 

fungus Aspergillus niger with SeNPs resulted into the decreased lag phase of 

fungus in its growth cycle and therefore promoting the growth of fungus instead of 

growth inhibition [115]. This might be due to the ability of Aspergillus niger to 

utilize SeNPs as a source of selenium for its growth. Another study reported the 

potential of SeNPs as therapeutic agents against visceral and cutaneous 

leishmaniasis, as these SeNPs were reported to kill amastigotes and promastigotes 

of Leishmania major and Leishmania infantum with IC
50

 values in range of 1 to 25 

μg/mL. Moreover, these SeNPs were cytocompatible with uninfected macrophages 

and were successful in curing lesions of cutaneous leishmaniasis within 14 days in 

mice model. Biosynthesized SeNPs were also reported for scolicidal activity 

against parasitic platyhelminthes Echinococcus granulosus causing cystic hydatid 

disease [116]. Antibacterial potential of biosynthesized SeNPs from aqueous 

leaves extract of Azadirachta indica were reported in recent study. These 

biosynthesized SeNPs shows promising antibacterial activity against two gram-

negative bacteria Proteus vulgaris (NCIM- 2027) and Pseudomonas aeruginosa 

(NCIM- 2036), and two gram-positive bacteria Staphylococcus aureus (NCIM- 
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2079) and Bacillus cereus (NCIM-2217). These biosynthesized SeNPs were 

cytocompatible in nature and there was no toxic effect of SeNPs on L929 cells in-

vitro [117]. 

2.7.3. Antioxidant and anti-inflammatory 

Inflammation is most important and primary reaction against majority of 

pathogenic infectious disease. Limiting and reducing the parallel damage caused 

by the inflammation reaction by navel approaches is one of the key area of 

research [118]. Many research reports show the promising antioxidant activity of 

SeNPs. This antioxidant activity of SeNPs is responsible for its anti-inflammatory 

activity. In one of such study SeNPs surface decorated with the polysaccharide 

derived from the Ulva lactuca possesses prolonged residence and enhanced 

stability, and were able to inhibit the pro-inflammatory cytokines including IL-6 

and TNF-α, and NFκB signaling [119]. In another report, SeNPs showed anti-

inflammatory activity in multiple models including paw edema in rats induced by 

carrageenan. It was reported that 0.5, 1, and 2.55 mg/kg concentrations of SeNPs 

could effectively reduce paw edema of irradiated and non-irradiated rats (with 

gamma rays) in a dose dependent manner [120]. But, detailed mechanistic studies 

are required along with comprehensive toxicological profiling for ascertaining the 

clinical utility of SeNPs. 

One report suggests that anti-inflammatory activity of SeNPs is due to the 

inhibition of NF-κB pathway, key pathway for inflammation, through inhibitory 

protein subunit Iκ-B. This study reported that SeNPs similarly inhibit the 

phosphorylation of key proteins in inflammation reaction, including p38 and 

JNK1/2 [121]. In another approach, SeNPs coated with macrophage-targeting lipid 

bilayers showed moderating effect in macrophage mediated inflammation which 

are main phagocytic cells involved in chronic and acute inflammation. Similarly, 

dual coating of thiolated chitosan and photosensitizer on SeNPs was reported as 

promising platforms for treatment of macrophage induced inflammation [122]. In 

another study, SeNPs conjugated with melatonin showed protective effect against 

liver injury induced in mice models by lipopolysaccharides (LPS). In this study, 



Chapter 2 

 Biosynthesis of Selenium Nanoparticles (SeNPs) and their Biomedical Applications: An Overview. 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.  62 
 

melatonin and SeNPs acts as a novel complex having synergistic antioxidant 

activity of both and lowered the oxidative stress induced by BCG and LPS. 

Melatonin is reported for protecting the liver injury by its immunoregulatory and 

antioxidant activity [123, 124].  

2.7.4. Nanobiosensors 

 There are few reports on development of electrochemical nanobiosensors 

based on the SeNPs. Most important example is development of nanobiosensor by 

using biosynthesized SeNPs for the detection of the hydrogen peroxide (H2O2). For 

construction of this nanobiosensor SeNPs were first deposited on carbon electrode 

and then horseradish peroxidase (HRP) enzyme was immobilization on layer these 

SeNPs. This nanobiosensor has high sensitivity and biosynthesized SeNPs used in 

this sensor were reported to provide optimum conditions for the retention of 

activity and native structure of the enzyme [125]. It was reported that SeNPs 

coated carbon electrodes showed good electrocatalytic activity for H2O2 compared 

to uncoated electrodes. This study also demonstrated the importance of 

biosynthesized SeNPs over chemically synthesized SeNPs, as biosensors 

developed by biosynthesized SeNPs of size 50-400 nm have a detection limit of 8 

× 10
−8

 M where biosensors developed with chemically synthesized SeNPs has 

comparatively lowered detection limit of 9.2 × 10
−7

 M [126]. Basic components of 

this SeNPs based biosensor in shown in figure 2.11. 

 

 

Figure.2.11. Components of nanobiosensors based on biosynthesized SeNPs for 

the detection of H2O2 [127]. 
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2.8. Summary 

The present chapter briefly summarized the advantages of biosynthesized 

SeNPs over the physically and chemically synthesized SeNPs, and explains the 

applicability of these biosynthesized SeNPs in variety of biomedical applications. 

Different biological sources including bacteria, plant extracts and fungus used for 

biosynthesis of SeNPs is discussed briefly. This chapter explains the simple, 

robust, rapid, eco-friendly, inexpensive and green chemistry approach of the 

biosynthesis method. In some examples, size and shape of biosynthesized SeNPs 

were controlled by modulating the physicochemical parameters, such as 

temperature, precursor salt concentration, aeration, pH, time of reaction, etc., 

during nanoparticle synthesis. Biosynthesis of SeNPs in most of bacterial species 

was studied in a detail which explains the role of reductase enzymes and multiple 

electron transport pathways in selenite reduction reaction. Comparatively, SeNPs 

biosynthesis mechanism by plant extracts and fungi is poorly understood. This 

chapter summarized the biomedical applications of these biosynthesis SeNPs. 

Most prominent area of SeNPs applications is cancer therapy and associated 

chemotherapy applications, antimicrobial applications, and antioxidant and anti-

inflammatory applications. This chapter emphasizes on detail investigation of 

mechanism of action of these biosynthesized SeNPs, and comparative studies 

between biological SeNPs and chemically synthesized SeNPs with respect to the 

biomedical applications. 
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3.1. Introduction 

 In this thesis bacterial and plant based methods are explained for the 

biosynthesis of selenium nanoparticles (SeNPs). After biosynthesis, these SeNPs 

were purified and characterized for optical properties, compositional analysis, 

phase analysis, structural analysis, surface characterization and presence of 

biomolecules o their surface. In addition, biological activity of these 

biosynthesized SeNPs were tested included in vitro cytotoxicity towards 

mammalian cells, their antibacterial potential against gram-positive and gram-

negative bacterial strains and their in vitro anticancer activity. For this purpose 

different physio-chemical characterization techniques were used; viz  UV-visible  

(UV-Vis) spectroscopy, X-ray diffraction (XRD), Scanning Electron Microscopy  

(SEM), Energy dispersive microanalysis (EDAX), Fourier Transform Infra-Red  

(FTIR) spectroscopy, Confocal Laser Scanning Microscopy (CLSM), Dynamic 

Light Scattering (DLS) and zeta  potential analysis.  This chapter is dedicated to 

explain the basic principle of these techniques used in characterization of 

biosynthesized SeNPs. 

3.2. Structural characterization techniques 

3.2.1. X-Ray Diffraction (XRD) 

 X-ray  diffraction  is  an  essential  and  powerful  analytic technique  used 

for  the thin  films characterization  and  materials  analysis.  This method is non-

contact and non-destructive, and provides valuable information, including grain 

orientation and size, phase composition, thickness of film, and state of strain 

[1].This technique primarily based on the diffraction of x-ray radiation which 

occurs only when the wavelength of the wave motion is in the similar order of 

magnitude as the repeat distance between scattering centers. This diffraction 

condition is known as Bragg’s law. Bragg studied the X-ray diffraction from 

crystalline material and framed the mathematical expression which is represented 

in equation 3.1, 
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2𝑑 s𝑖𝑛θ = nλ                              3.1 

where,  

d = Interplanar spacing  

θ =diffraction angle  

λ = wavelength of X-ray  

n = order of diffraction 

 

 An X-ray diffractometer contains a source of X-ray and diffracted X-rays 

from the material is detected by the detector. Design of common diffractometer is 

prepared on the basis of Bragg-Brentano geometry. Basic schematics design of the 

X-ray Diffractometer is represented in figure 3.1. A crystalline solid is represented 

as a unit cell where atoms are arranged in a particular repeated pattern referred 

with its inter-atomic spacing analogous to wave length of X-rays (0.5 to 2.5Å). 

Hence crystals are the best lattices for the diffraction of X-rays. The directions of 

diffracted X-rays offer information about the atomic arrangements in the crystal 

lattice and therefore crystal structure and the phase formation can be confirmed by 

x-ray diffraction studies. 

 

 

Figure.3.1. Schematic illustration of working principle of XRD and image of 

Rigaku Miniflex 600 diffractometer [2]. 
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The  way  of  satisfying  Bragg’s  condition  is  framed  and  can  be  done  by 

continuously varying either θ or λ during the measurements. The way, in which 

these quantities are varied, distinguish the three main diffraction method; rotating 

crystal method, Laue method, and powder method [3]. 

 

3.2.2. Scanning Electron Microscopy (SEM) 

 

 

Figure.3.2. Schematic illustration of working principle of Scanning Electron 

Microscope (a) and SEM image of biosynthesized SeNPs (b) [5].  

 

 Scanning Electron Microcopy is more powerful tool than optical 

microscopy for surface observation of the materials and nanoparticles as they 

provide higher resolution. In SEM secondary electrons that are released from the 

surface of the sample by the electron beam impinging are recorded and therefor 

SEM provides three dimensional images of the objects. Electron beam is generated 

at the top of the instrument and magnetic lenses are used to focus the electrons to a 

very fine area on the specimen surface as electron beam travels downward. At the 

bottom of the SEM instrument a number of scanning coils moves the focused 

electron beam forth and back across the specimen. The secondary electrons are 

produced from the surface of specimen as electron beam strikes each spot on the 
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specimen. These secondary electrons are detected and counted by the detector and 

transmitted to the amplifier. The final images are constructed by counting the 

electrons emitted from each spot on the specimen. The illustrative diagram of SEM 

and recorded SEM image of biosynthesized SeNPs is represented in figure. 3.2. 

The SEM images of biosynthesized nanoparticles are taken on JEOL JSM 6360, 

having resolution of 3 nm, maximum magnification up to 3,00,000 and 

acceleration voltage of 0.5KV to 30 KV [4]. 

3.3. Spectroscopic characterization techniques 

3.3.1. Ultra-Violet and Visible (UV-Visible) Spectroscopy 

 UV-Visible spectroscopy consists of reflectance spectroscopy or 

absorption spectroscopy in the ultraviolet-visible spectra of light. UV-Visible 

spectroscopy technique has been used regularly in analytical chemistry for the 

quantitative estimation of various analytes and compounds including transition 

metal ions, highly conjugated organic compounds and macromolecules originated 

from the biological sources. In addition, in recent decade high-energy and high-

precision spectrophotometers are used extensively owing to the speedy increase in 

absorption and reflection measurements on solid samples, including films, 

semiconductors glass and various absorbing materials. UV-Visible spectroscopy 

utilized the electromagnetic radiations between 800 nm to 190 nm, and it is 

divided into the visible (400-800 nm) and ultraviolet (190-400 nm) regions. UV-

visible spectroscopy is based on the Beer Lambert’s law which states that when the 

beam of monochromatic light is transferred through the solution containing light 

absorbing substance, the decreasing rate of the light intensity along with the path 

of the absorbing solution is directly proportional to the concentration of the solute 

in the solution and intensity of incident radiation [6]. 

Beer Lambert’s law is expressed as: 

                                            A =log (I
0
/I) = ECL                   3.2 

Where, 

I
0 
= Intensity of incident light upon a sample cell, 

I = Intensity of light departing the sample cell, 
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C = Concentration of the solute, 

L = Length of the sample cell  

E = Molar absorptivity 

 

 

Figure.3.3. Schematic representation working principle of UV-visible 

spectroscopy [7].  

 

 Hydrogen-Deuterium lamps and tungsten filament lamps are the most 

widely used and suitable sources of light in UV-Visible spectroscopy because 

these light cover the entire UV region. In UV-visible spectrophotometers 

instrument the monochromator are used in the form of slits and prisms. Nowadays, 

the spectrophotometers instruments are typically double beam spectrophotometers. 

Rotating prisms in spectrophotometers dispersed the radiations emitted by primary 

source. The required specific wavelengths of the radiation that are separated by the 

prisms are additionally selected by the slits in such way that rotation of the prism 

resulted into a series of continuously increasing wavelength. The radiation beam 

selected by the series of slits is monochromatic in nature and this beam further 

divided into two beams with the help of prism. One of the beams is permitted to 

pass through the sample solution and the second beam is allowed to pass through 
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the reference solution as illustrated in figure 3.3. The reference and sample 

solution is poured into the specialized cuvette. These cuvettes are made of either 

quartz or silica. Glass cuvette is not used in UV-visible spectrophotometers as 

glass also absorbs the radiation in UV region. Typically, two photocells are used as 

a detector in UV-visible spectrophotometers; one detector receives the radiation 

beam from the sample solution cuvette and other receives the radiation from the 

reference cuvette. The intensity of the beam from the reference cuvette is stronger 

compared to radiation of the sample cuvette. This difference in intensity results in 

the creating alternating currents in the photocells. This current is further amplified 

by amplifier which is coupled with recorder connected to the computer to gain the 

desired spectrum [8]. 

 

3.3.2. Fourier Transform Infra-Red (FTIR) Spectroscopy 

 FTIR is the analytical technique developed to quantify and qualify 

compounds containing infrared absorption of molecules. Absorption of infrared 

radiation occurs when the energy in beam of light (photons) are transferred to the 

specific molecule. After absorption of radiation the excitation of molecules is 

occurred which results into transfer of molecule to higher energy state. This energy 

transfer happens in different forms including electron ring shifts, molecular bond 

vibrations, translations and rotations. Out of these energy transfer processes FTIR 

is primarily concerned with stretching and vibrations energy transfer. On 

absorbing infrared radiation the various bonds between atoms in the molecule bend 

and stretch consequently generating the infrared spectrum. 

 All the basic components of FTIR instrumentation are represented 

schematically in figure 3.4. Source of the infrared radiation emits a broad band of 

diverse wavelength of infrared radiation. This infrared radiation is allowed to pass 

through an interferometer which modulates the infrared radiation. This 

interferometer carries out optical inverse Fourier transform on the entering infrared 

radiation. 
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Figure.3.4. Schematic representation of basic principle of FTIR spectrometer and 

image of Alpha Bruker FTIR [10]. 

 

 The altered infrared beam allowed passing through the gas sample where it 

get absorbed to various extents by the various molecules present at different 

wavelengths. The altered infrared radiation allowed passing through the gas 

sample where it get absorbed to several extents at diverse wavelengths by the 

different molecules present. Finally liquid-nitrogen cooled Mercury-Cadmium-

Telluride (MCT) detector detects the intensity of the infrared beam. The detected 

signal is Fourier transformed and digitized with the help of computer to get the 

infrared spectrum of the sample gas. The main and unique part of an FTIR 

spectrometer is the interferometer. Figure 3.4 is represents a Michelson type plane 

mirror interferometer. Infrared radiation emitted from the source is collected and 

made parallel before it interacts with the beam splitter. Half of this radiation is 

transmitted by the beam splitter preferably and remaining half is reflected. These 

reflected and transmitted infrared beams strike series mirrors, reflecting these two 

beams back to the beam splitter. Thus, first half of the infrared beam that passes 

through the sample gas has been reflected first to the moving mirror from the beam 

splitter and then back to the beam splitter again. The remaining half of the infrared 

beam going to the sample solution has first gone through the beam splitter and then 
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reflected from the fixed mirror back to the beam splitter. The interference happens 

when these two optical tracks are reunited at the beam splitter due to the optical 

path difference produced by the moving mirror [9]. 

 

3.4. Size distribution and colloidal stability characterization techniques 

3.4.1. Dynamic Light Scattering (DLS) 

 When a light beam is directed towards the particles present in a suspension, 

light beam will scatter in a way proportional to the particle shape, size, refractive 

index, light wavelength and beam angle. Usually, such techniques are non-

destructive in nature. There are numerous different kinds of light scattering 

techniques were developed to obtained the particle size including static light 

scattering technique, which is normally used for the larger particles. On the other 

hand Dynamic Light Scattering (DLS) technique is an important instrument for 

characterization of the size of nanoparticles. DLS technique is also known as 

quasi-elastic light scattering (QELS) or photon correlation spectroscopy (PCS) 

technique. The colloidally suspended nanoparticles are in Brownian motion 

primarily due to random collisions with molecules of solvent system. In DLS 

technique light scattered from a laser passing through a colloidal solution were 

measures and analyzing the modulation of the scattered light intensity as a function 

of time. Therefore, smaller nanoparticles fluctuate rapidly while the larger 

nanoparticles fluctuate slowly. These fluctuations of the scattered light are 

recorded and analyzed by applying the autocorrelation function to give the 

hydrodynamic size of the nanoparticles. In the DLS technique hydrodynamic 

diameter (HDD) of the nanoparticles are determines, also known as strokes 

diameter which has the same translational diffusion coefficient as the nanoparticle 

being measured assuming a hydration layer surrounding it. Hence, hydrodynamic 

diameter size is slightly higher compared to TEM and SEM size of nanoparticles 

as DLS measured the diameter including solvent layer attached to surface of 

particles while TEM of SEM provides size without this solvent layer. The 

instrument used in the present investigation is PSS/NICOMP 380 ZLS particle 

sizing system (Santa Barbara, USA) with a red He–Ne laser diode at 632.8 Å in a 
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fixed angle 90° plastic cell. All measurements were performed at 25.0 ºC using a 

circulating water bath. Ten mm diameter cylindrical cells were used in all of the 

light scattering experiments. Figure 3.5 represent the illustrative diagram of typical 

DLS instrument [11].  

 

 

Figure.3.5. Schematic illustration of working principle of Dynamic Light 

Scattering (DLS) instrument [12]. 

 

3.4.2. Zeta potential 

 All colloidal dispersion of nanoparticles will finally get aggregated, except 

when there are adequate repulsive forces between nanoparticles which repel the 

particles away from each other. The magnitude of repulsion or attraction between 

nanoparticles is determined by the phenomenon called zeta potential. Higher 

values of the zeta potential specify more stable nanoparticle dispersion and lower 

zeta potential values represent colloidal instability of nanoparticles which lead to 

the particle aggregation. The zeta potential is the extent of repulsion or attraction 

between nanoparticles in colloidal solution. A separating line between unstable 

and stable colloidal solution is usually considered as either - 30 or +30 mV. The 

nanoparticles having zeta potential more negative than -30 mV or more positive 

than +30 mV are generally considered as colloidally stable. Diverse devices are 
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available which measure the zeta potential of the colloidal solution such as 

dynamic electrophoretic mobility or electrophoretic mobility. Since importance 

zeta potential and limitation of existing methods to calculate seta potential become 

recognized, newer instrumentation and technology available for zeta potential 

measurement has improved significantly. In the present thesis, zeta potential was 

measured using a PSS/NICOMP 380 ZLS particles sizing system (Santa Barbara, 

USA) with a red He–Ne laser diode at 632.8 Å in a static angle 90° plastic cell. 

Zeta potential measurements were performed at 25°C after temperature 

homogenization time of 5 min [13]. Figure 3.6 (a) represent the illustrative ray 

diagram and figure 3.6 (b) shows the zeta potential and particle size analyzer 

instrument. 

 

 

Figure.3.6. Schematic representation of optical configurations of zeta potential    

(a), and the zeta potential and particle size analyzer instrument image [14]. 

 

3.5. Biological characterization techniques 

3.5.1. Confocal Laser Scanning Microscopy (CLSM) 

 Confocal microscopy is a special technique in optical imaging that utilizes 

point illumination source via a spatial pinhole to remove out-of-focus signals 

during image formation. To create high intensities of reflectance or fluorescence 
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from the focal spot frequently a laser beam is used for the excitation of light. This 

microscope is a vital tool for a wide range of investigations in medical science and 

biology including imaging thin sections of living and fixed specimens that cannot 

performed in traditional optical microscopy. Basic concept of confocal microscopy 

was originally developed by Marvin Minsky In mid-1950s and patented in 1961. 

Confocal microscopy able to provide the very high quality images containing more 

contrast and fine detail than traditional microscopy. In addition, confocal 

microscopy facilitates construction of 3-dimensional images of the tissue when 

multiple sections of tissues are combined. Figure 3.7 represents an illustrative 

diagram of the principal components and optical pathway present in laser scanning 

confocal microscope. Through light emitted by the laser system (excitation source) 

is allowed to pass is situated in a conjugate plane (confocal) with a scanning point 

on the specimen. The second pinhole aperture is positioned in front of the detector, 

generally a photomultiplier tube. A dichromatic mirror reflects the laser, which is 

then passes through the screen that allows only the light emitting from the desired 

focal spot to pass through the dichromatic. The screen blocks the scattered light, 

light outside of the focal plane. The small portion of the out of focus fluorescence 

emission is carried through the pinhole aperture. The photomultiplier cannot detect 

maximum of this unnecessary light, and does not contribute to the formation of 

resulting image. In the X–Y plane, the focal spot is serially and rapidly scanned to 

generate an clear image of the specimen, therefore this microscopy produce 

horizontal virtual sectioned images. The signal collected by the detector is fed to a 

computer, as the scanning progresses that collect all the “point images” of the 

sample, which serially constructs the image, one pixel at a time. It is possible to 

image a stack of virtual, confocal image planes, since the sample is not actually 

sectioned [15]. Here in this study CLSM was used for the visualization of the in 

vitro anticancer effect of selenium nanoparticles on mammalian cells stained with 

multiple staining methods. All the confocal images were captured on a LSM 510 

Zeiss workstation (Carl Zeiss Meditec AG, Germany) [15]. 
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Figure.3.7. Schematic representation of working principle of Confocal Laser 

Scanning Microscope (CLSM) [16]. 

 

3.5.2. Fluorescence Microscopy 

 In fluorescence microscopy imagining of cell membranes and cell 

components is accomplished by labeling the specimen with specific fluorescent 

molecules or by utilizing the natural fluorescent properties present in the 

molecules already present in the biological specimen or by using fluorophore such 

as green fluorescent protein. After illuminating a fluorescent molecule with a 

specific wavelength of light, it gets absorbed by the fluorescent molecule and light 

having a longer wavelength is emitted from the sample, termed as fluorescence. A 

typical fluorescence microscope contained a suitable light source e.g. a mercury-

vapor lamp or xenon arc lamp having capacity to produce different wavelengths 

required for excitation as fluorescent molecules absorb only specific wavelengths 

of light. A special excitation filter, special optical filter, removes any other 

wavelength of light other than the required wavelength used to excite the 

fluorescent molecule. A special mirror called dichroic mirror have a potential to 

reflect certain wavelengths of light and let other wavelengths pass through. This 



Chapter 3 

 Experimental Techniques.   

 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.  

  85 

 

filtered wavelength exits from excitation filter and gets reflected onto the specimen 

containing the fluorescent compound. The absorption of photons of longer 

wavelength and the emission of photons of a shorter wavelength occur 

subsequently.  The specific design of the  dichroic  mirror  allows  them  to  pass  

through  the  dichroic  mirror  onto  the ocular  or  detector  of  the  microscope  as  

the  emitted  photons  have  a  shorter wavelength than the absorbed photons 

(figure 3.8) [17]. In  this  thesis,  fluorescence  microscopy  used  for the  

visualization of the  in vitro anticancer  effect  of  selenium nanoparticles  on  

mammalian  cells  stained  with  different strains.  The fluorescence microscope 

used for the study is model Leica DM6000FS.  

 

 

Figure.3.8. Schematic representation of the components and working principle of 

the fluorescence microscope [18]. 
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4.1. Introduction 

Nanoparticles synthesis by bacteria is a green chemistry approach that 

involves the intersection of microbiology and nanotechnology. Biosynthesis of 

different nanoparticles like gold, silver, selenium, platinum, tellurium, palladium, 

silica, titanium, zirconia and many more by bacterial growth systems was 

successfully achieved [1-4]. Bacterial biosynthesis of nanoparticles is a method of 

choice in green synthesis of nanoparticles due to fast growth rate and ease in 

handling of bacterial cultures high efficiency and lowest cost in most of the 

biosynthesis reactions. Many bacterial strains used in nanoparticle biosynthesis can 

utilize the different carbon sources for growth, and survive and grow in high metal 

concentrations in culture media [5]. In addition, bacterial strains have ability to 

convert different precursor salts and ions into stable elemental nanoparticles. 

Bacteria secrets a large number of biomolecules, primary proteins (carbohydrates 

and lipids are secreted in small amounts), which act as multiple nucleation centers 

for nanoparticle biosynthesis [6]. Nanoparticle biosynthesis by bacteria occurred 

extracellularly or extracellularly depending on the bacterial strain, nanoparticle 

size and properties of precursor used for nanoparticle biosynthesis [7]. Many 

reports suggest that the biosynthesized nanoparticles by bacteria are colloidally 

stable due to in situ coating of the biomolecules on the nanoparticle surface. This 

coating of biomolecules on the surface of nanoparticles provides a unique charge 

on the nanoparticle surface. All these facts suggest that bacterial mediated 

nanoparticle biosynthesis has many advantages. However, slow rate of 

nanoparticle biosynthesis, low yield and polydisperse nature of synthesized 

nanoparticles are some of the disadvantages associated with the bacterial 

biosynthesis of nanoparticles [8]. In recent studies, to overcome these problems, 

different factors such as bacterial cultivation methods, precursor concentration and 

nanoparticle extraction techniques were optimized and the combinatorial 

approaches were used. In addition, molecular, biochemical and cellular 

mechanisms associated with the bacterial mediated biosynthesis of nanoparticles 

should be studied in detail to maximize the nanoparticle yield, increase the rate of 

nanoparticle biosynthesis and improve desirable properties of nanoparticles [9,10]. 
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Due to the diverse metabolic activity, quick adaptation capacity and rich 

biodiversity of bacterial stains, their potential in the biosynthesis of nanomaterial is 

yet to be explored.  

Higher selenium and selenium salts concentrations are known for their 

toxicity to most bacterial strains. However, many bacterial strains are reported to 

have resistance against selenium toxicity. This resistance to selenium toxicity is 

due to the reduction of toxic selenite and selenate oxyanions to the water-insoluble 

and nontoxic elemental selenium leading to the formation of SeNPs. In this way, 

biosynthesis of SeNPs by bacteria is due to the development of different 

mechanisms of detoxification of selenium salt present in nature [11]. It is a simple 

detoxification process of selenites or selenates to elemental selenium, that is, 

SeNPs. This detoxification reaction is irreversible at ambient temperature and 

pressure as a reverse reaction from elemental selenium to oxyanions is very slow 

to operate leading to the formation of stable SeNPs [12]. Considering all these 

facts biosynthesis of SeNPs by different bacterial strains is a promising field in 

nanoparticle research. This chapter deals with the biosynthesis of SeNPs by using 

two different bacterial strains, optimization of biosynthesis reaction, nanoparticle 

purification and characterization by different physico-chemical techniques. 

4.2. Bacterial strains tested for SeNPs biosynthesis 

All the bacterial strains tested for the biosynthesis of SeNPs were procured 

from National Center for Industrial Microorganism (NCIM), National Chemical 

Laboratory (NCl), Pune, India. Both gram-positive and gram-negative bacterial 

strains were tested for the SeNPs biosynthesis study. All the bacterial strains used 

for biosynthesis were nonpathogenic and aerobic. All bacterial strains have simple 

culture requirements for growth. These bacterial strains required ambient 

temperature in a range of 15 to 40 
o
C and ambient pH in the range of 5 to 9. 

Bacterial strains having a fast growth rate were preferred for the SeNPs 

biosynthesis study; all the tested bacterial strains reached their log phase of growth 

within 24 h of incubation. Bacterial strains with easy downstream processing for 

the purification of biosynthesized SeNPs were selected. Table 4.1 represents the 
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bacterial strains tested for the SeNPs biosynthesis study. Total six bacterial strains 

were tested for the biosynthesis of SeNPs, out of which three were gram-positive 

and three were gram-negative. Out of these six bacterial strains two, Rhodococcus 

erythropolis and Lactobacillus paracasei, were able to biosynthesize SeNPs at 

ambient temperature, pH and pressure. Both of these bacterial strains were gram-

positive and biosynthesis of SeNPs by these bacterial strains was studied in detail.  

Table.4.1. Bacterial strains tested for the biosynthesis of SeNPs. 

 

Bacterial Strain 

 

 

SeNPs 

Biosynthesis 

(A) Gram-positive bacterial strain 

Rhodococcus erythropolis 

 (NCIM 5228) 

+ 

Staphylococcus epidermidis  

(NCIM 2493) 

- 

Lactobacillus paracasei 

(NCIM 5445) 

+ 

(B) Gram-negative bacterial strain 

Bacteroides fragilis 

(NCIM 5273) 

- 

Acinetobacter baumanii  

(NCIM 5152) 

- 

Enterobacter cloacae 

 (NCIM 2014) 

- 

4.3. SeNPs biosynthesis by Rhodococcus erythropolis 

The bacterial genus Rhodococcus belongs to the order Actinomycetales and 

family Nocardiaceae. Species of this genus are gram-positive, aerobic, partially 

acid-fast and have coccoid to rod-shaped body. Different types of Rhodococcus 

species have been isolated and purified from a variety of sources. Most 

Rhodococcus strains are nonpathogenic but few are responsible for human 

infections, for example, Rhodococcus equi bacterial strain is responsible for the 

infections in humans and development of pneumonia-like conditions. A 

Rhodococcus erythropolis, bacterial strain used for SeNPs biosynthesis in this 
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study, is nonpathogenic and usually considered to have low virulence. 

Rhodococcus erythropolis is found in normal soil flora and in few cases it has been 

detected on the healthy human eye surface [13, 14]. Colonies of the Rhodococcus 

erythropolis are characteristically orange to red in color and rough in texture 

(erythropolis means red city). Due to easy culture requirements, many 

Rhodococcus spp. were successfully employed for the biosynthesis of different 

kinds of metal and nonmetal nanoparticles, including SeNPs. For example, 

bacterial strain Rhodococcus aetherivorans were successfully employed for the 

biosynthesis of the SeNPs and selenium nanorods through bioconversion of 

selenite [15].  

Table.4.2: Taxonomical classification of bacterium Rhodococcus erythropolis. 

Domain Bacteria 

Phylum Actinobacteria 

Class Actinobacteria 

Order Mycobacteriales 

Family Nocardiaceae 

Genus Rhodococcus  

Species erythropolis 

4.3.1. Experimental details 

4.3.1.1. Rhodococcus erythropolis culture and chemicals 

Rhodococcus erythropolis (NCIM 5228) strain was procured from the 

National Collection of Industrial Microorganism (NCIM), National Chemical 

Laboratory (NCL), Pune, India. As per the instructions from the supplier, the stock 

culture of bacteria was maintained at 4
o
C on a nutrient agar slant. For the synthesis 

of SeNPs in suspension culture, nutrient broth media was used. The composition of 

nutrient broth used for the biosynthesis of SeNPs was; peptone (1%), beef extract 

(1%), sodium chloride (0.5%) and pH after sterilization were maintained at 7.4. 

For the preparation of nutrient agar, 2% agar was used as a solidifying agent. 

Chemicals required for the experiments were procured from Sigma-Aldrich and 
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bacterial culture media chemicals were procured from Himedia Laboratories Pvt. 

Ltd.  All these chemicals were 100 % soluble in distilled water and used without 

additional purification. 

4.3.1.2. Biosynthesis, optimization and purification of SeNPs 

 Stock Rhodococcus erythropolis culture, maintained at 4 
0
C on nutrient agar 

slant, was activated by incubating loopful of bacteria in 5mL nutrient broth in test 

tube maintained at 100 rpm and at 37 
0
C, till the optical density (OD) of the culture 

at 600 nm reaches one Mcfarland unit. This bacterial activation step was necessary 

to avoid the lag phase in the bacterial growth during nanoparticle biosynthesis and 

to maintain uniform experimental conditions. Two mL of this activated seed 

culture was then transferred to the 100 mL nutrient broth in 250 mL conical flask 

and different concentrations (2 to 10 mM) of sodium selenite, a precursor for 

SeNPs, were added (in different sets of experiment). This reaction mixture was 

incubated on a rotary shaker at rpm of 100 and for different temperatures (20 to 50 

0
C). The formation of SeNPs was visually detected by a change in color of the 

reaction mixture from yellow to faint pink to dark pink and finally to brown. This 

color change was a visual confirmation for the formation of SeNPs. For the 

optimization of SeNPs biosynthesis process, all the parameters affecting the SeNPs 

biosynthesis were varied; such as pH of media (from 6 to 8), temperature (from 20 

to 50 
0
C) and sodium selenite concentration (from 2 to 10 mM). The reaction 

mixture of bacterial culture and sodium selenite was maintained up to 72 h 

incubation and small allocates were purified at time intervals of 24, 48 and 72h. 

Biosynthesized SeNPs were purified by a simple two-step centrifugation 

process. After biosynthesis of SeNPs, culture media was sonicated at a frequency 

of 20 kHz for 2 min to detach the nanoparticles from the surface of Rhodococcus 

erythropolis cells. The mixture of bacterial cells and SeNPs was first centrifuged 

for 5 min at 3000 rpm to settle down the bacterial cells. At this low centrifugation, 

SeNPs remained in the suspension. The supernatant was then transferred to a new 

centrifugation tube and centrifuged at 12000 rpm for 10 min to settle down the 

SeNPs. The supernatant was discarded and SeNPs were re-suspended in phosphate 
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buffer (pH 7.4, 0.1 mM), followed by centrifugation at 12000 rpm for 10 min. This 

step was repeated three times to remove all loosely bound extracellular bacterial 

proteins and other biological macromolecules from the surface of the SeNPs. 

These purified SeNPs were stored at 4
0
 C and were used for the various 

characterizations. All these procedures of biosynthesis, optimization and 

purification of SeNPs are summarized in figure 4.1.   

 

Figure.4.1. Schematic representation of biosynthesis, optimization and 

purification of SeNPs by bacterium Rhodococcus erythropolis. 

4.3.1.3. Characterization of SeNPs 

The optical characteristics of the biosynthesized SeNPs by bacterium 

Rhodococcus erythropolis were measured by using a UV–Visible double beam 

spectrophotometer (model UV-2700, Shimadzu, Japan), operated at a wavelength 

range of 200 to 800 nm at a resolution of 2 nm. Phase identification and structural 

analysis of biosynthesized SeNPs were studied using XRD (Rigaku Miniflex 600) 

with Cu-Kα radiation (λ=1.5418 Å) for the 2θ range of 10° to 90°. X-pert 

highscore software was used for the evaluation of the XRD patterns and compared 

the same with the database of Joint Committee on Powder Diffraction Standards 

Rhodococcus erythropolis culture was activated by 
incubating in 5mL nutrient broth at 100 rpm and at 370C. 

Two mL of this activated seed culture was then 
transferred to the 100 mL nutrient broth and sodium 

selenite salt was added. 

Reaction mixture was incubated at 100 rpm and at 37 
0C. Biosynthesis of SeNPs was visually observed by  

appearance of pink coloration. 

Optimization of temperature (37oC), pH (7) and sodium 
selenite concentration (6 mM) was done. 

Biosynthesized SeNPs were purified (at different time 
intervals) by a simple two-step centrifugation; first 
3000 rpm for 5 min and then 12000 rpm for 10 min.  
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(JCPDS). The crystallite size of nanoparticles was calculated after the full width at 

half maximum (FWHM) of the maximum intensity diffraction peak based on the 

Scherrer equation. Zeta potential and hydrodynamic diameter (HDD) 

measurements of biosynthesized SeNPs were carried out by Dynamic Light 

Scattering (DLS) analysis on PSS/NICOMP 380 ZLS nanoparticle sizing system 

(Santa Barbara, USA) consists of red diode laser at 632.8 Å in a static angle of 90° 

in a plastic cell in water. A Perkin-Elmer spectrometer (USA) was used to obtained 

FTIR spectra of biosynthesized SeNPs in the range of 450-4000 cm
─1

 using KBr 

pellets to evaluate the interaction of SeNPs with functional groups of biomolecules 

secreted by the bacterium. The size and morphology of the synthesized SeNPs 

were analyzed using Scanning Electron Microscopy (SEM) (Model JEOL-JSM-

6510) at an accelerating voltage of 20 kV on a glass substrate. For the SEM 

analysis, bacterial cells with biosynthesized SeNPs were initially fixed by the 

treatment with glutaraldehyde. In brief, purified Rhodococcus erythropolis cells 

and SeNPs were treated overnight with 2.5 % glutaraldehyde. After 24 h, bacterial 

cells and SeNPs were washed three times with saline solution to remove the excess 

glutaraldehyde. Samples were air-dried and heat-fixed on the glass slide. Samples 

were then dehydrated by alcohol treatment with gradients from 10% to pure 

alcohol. These dehydrated samples were analyzed by the SEM. The spectra of the 

energy dispersive X-ray spectroscopy (EDS) of the samples were carried out using 

an Oxford IE150 instrument. 

4.3.1.4. Quantification of SeNPs  

To assess the magnitude and rate of Rhodococcus erythropolis mediated 

reduction of selenite to the SeNPs, quantification of elemental selenium (Se
0
) 

formed in the culture media was required. Previously reported reliable and rapid 

spectrophotometric method was employed for measurement of Se
0 

reduced by 

bacterial culture. In brief, standards for Se
0 

were prepared by reduction of selenite 

by hydroxylamine [16]. Hydroxylamine was used as a reducing agent because the 

final product of hydroxylamine oxidation has no interference with the 

spectroscopic measurement of Se
0 

concentration. For the preparation of standard 
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Se
0
, 1 to 20 mM aqueous solution of sodium selenite was prepared in test tubes. To 

each test tube, containing sodium selenite, 25mM of hydroxylamine hydrochloride 

(HN2OH·HCl) was added. This concentration of hydroxylamine was sufficient for 

the quantitative reduction of sodium selenite to the Se
0
. After the completion of the 

reaction, contents in the test tubes were dried by passing the stream of nitrogen and 

then 1 mL of a 1 M sodium sulfide (Na2S) solution was added to each tube, mixed 

gently and incubated at room temperature for 1 h. After completion of the reaction, 

red-brown colored selenium sulfide was formed which was quantified by 

measuring the intensity of absorption of solution at 500 nm wavelength. For the 

quantification, 500 nm wavelength was used because at this wavelength minimal 

interference was occurred due to biological material. This experiment was repeated 

three times and an average value of triplicates was used to establish the standard 

Se
0
 concentrations. From these standard values of elemental selenium straight line 

was drawn and concentration of actual SeNPs in bacterial culture media during 

biosynthesis was calculated [17].  

4.3.1.5. Quantification of selenite (SeO3
2−

) 

The concentration of selenite in bacterial culture media was measured by a 

simple and reliable spectrometric method. First, for the preparation of standards, 

10 mL of 0.1 M hydrochloric acid (HCL), 0.5 mL of 0.1 M sodium fluoride (NaF), 

0.5 mL of 0.1 M disodium oxalate (Na2C2O4) and 0.5 mL 0.1 M 

Ethylenediaminetetraacetic acid (EDTA) were mixed together in 50 mL conical 

flask. Different concentrations of selenite, from 1 to 20 mM, were added 

separately into this solution mixture and then 3 mL of 0.2% 2, 3-

diaminonaphthalene in 0.1 M HCl was added to each reaction mixture. These 

conical flasks were incubated for 40 min at 40°C and then cooled down to room 

temperature. This reaction leads to the formation of the selenium-2,3-

diaminonaphthalene complex and this was extracted from the reaction mixture 

with 6 mL of cyclohexane by vigorously shaking the conical flasks for 1 min. The 

absorbance at wavelength 377 nm of this extracted selenium-2,3-

diaminonaphthalene complex was recorded on the spectrophotometer. From these 
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standard values of selenite straight line was drawn and concentrations of actual 

selenite in experimental culture during SeNPs biosynthesis were calculated [18]. 

4.3.2. Results and discussion 

4.3.2.1. Biosynthesis of SeNPs  

The time and sodium selenite concentration-dependent biosynthesis of 

SeNPs was studied in detail. When the activated bacterium Rhodococcus 

erythropolis and precursor of SeNPs, sodium selenite, were added in a culture 

media and incubated for 72 h at 37
o
 C on a rotary shaker, the reaction solution 

display a time-dependent change in color, as shown in figure 4.2. It was seen that 

at starting of the reaction, solution color was clear light-yellow, became light pink 

after 24 h, changed gradually into pink in a course of 48 h, and finally became 

brownish pink after 72 h of reaction. This brownish-pink color did not change 

further with increasing incubation time and it indicates the completion of the 

reaction.  

 

Figure.4.2. Time-dependent color changes during biosynthesis of SeNPs through 

reduction of sodium selenite by bacterium Rhodococcus erythropolis in suspension 

culture; at time zero h (a), 24 h (b), 48 h (c) and 72 h (d) of incubation of reaction 

mixture. 

The characteristic pink color of the reaction mixture was owing to the 

excitation of the surface plasmon vibrations of the SeNPs and provided a 

convenient visual and spectroscopic signature of their formation [19]. Along with 

this, a control experiment was conducted in which the Rhodococcus erythropolis 

bacterial culture was heat-inactivated before the addition of precursor sodium 

selenite. There was no biosynthesis of SeNPs in this control experiment. This 
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clearly showed that the living bacterial actions and, reducing environment in 

culture media generated and maintained by the living bacteria were necessary for 

the reduction of selenite ions to the elemental selenium and the formation of 

SeNPs. 

4.3.2.2. Optimization of the biosynthesis process 

 Factors affecting the SeNPs biosynthesis process, including sodium selenite 

concentration, pH and temperature of culture media, were studied in detail and 

optimized. These optimized results are shown in figure 4.3 and 4.4. Initially, three 

different culture media; Enrichment media, Nutrient broth media and Luria Bertani 

media were tested for comparative Rhodococcus erythropolis growth rate and 

SeNPs biosynthesis. Out of these three media, Nutrient broth media showed the 

higher growth rate of Rhodococcus erythropolis and SeNPs biosynthesis. 

Therefore only nutrient broth media was selected for optimization study and its 

composition was varied for optimum SeNPs biosynthesis. After selection of 

culture media, concentration of sodium selenite was varied from 2 to 10 mM, the 

temperature was varied from 20 to 50
o
 C and pH was varied from 6 to 8. 

Biosynthesis of SeNPs was recorded with visual observations in color change and 

UV-Visible absorption measurements. The temperature of 37 
0
C (figure 4.3-b), pH 

of 7 (figure 4.3-a and 4.4-b) and sodium selenite concentration of 6 mM (figure 

4.4-a, and 4.4-c) were found to be optimum conditions for the SeNPs biosynthesis. 

These results showed that the conditions that were optimum for the active growth 

of the Rhodococcus erythropolis were also favorable for the optimum biosynthesis 

of SeNPs. In this experiment, it was found that different concentrations of sodium 

selenite affect the SeNPs biosynthesis and the size of SeNPs depends on the 

incubation time of reduction reaction (figure 4.9.) 

Bacterial growth curve analysis and SeNPs biosynthesis kinetics studies 

showed that bacteria-induced selenite reduction was started in the log phase of 

bacterial growth and it was continued up to the initial stages of the stationary phase 

(figure 4.5). Comparison of the normal growth curve of bacteria with growth curve 

during the selenite reduction revealed that the growth of bacteria was retarded 
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compared to normal growth during SeNPs biosynthesis (figure 4.5). This is 

attributed to the general toxicity of selenite ions to bacterial cells [20]. 

 

Figure.4.3. Effect of pH (a) and temperature (b) of culture media on the 

biosynthesis of SeNPs by bacterium Rhodococcus erythropolis. (Optimum pH is 7 

and optimum temperature is 37
0
 C for SeNPs biosynthesis).  

 

Figure.4.4. Optimization of precursor (sodium selenite) concentration for 

Rhodococcus erythropolis mediated SeNPs biosynthesis (a), effect of pH on 

Na2SeO3transformation (b) and transformation percentage of Na2SeO3 at different 

concentrations (c). 
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Figure.4.5. Growth curve studies of bacterium Rhodococcus erythropolis during 

SeNPs biosynthesis and reaction kinetics of SeNPs formation. 

4.3.2.3. UV-Visible spectroscopy study 

 

Figure.4.6. UV-Visible absorption spectra of SeNPs biosynthesized by bacterium 

Rhodococcus erythropolis after 24, 48 and 72 h of the reduction reaction. 

Figure 4.6 represents the UV-Visible absorption spectra of SeNPs 

biosynthesized by Rhodococcus erythropolis at different time intervals (at 24, 48 

and 72 h). This UV-Visible spectroscopy data clearly shows that the absorption 

behaviors of three different sized SeNPs are different and dependent on the size of 
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nanoparticles. As the size of SeNPs increases, the values of absorption maxima (λ 

max) of SeNPs are also changed. Absorption maxima (λ max) of SeNPs purified 

after 24 h (average diameter 103 nm) is at 330 nm wavelength, after 48 h (average 

diameter 140 nm) at 570 nm wavelength and after 72 h (average diameter 288 nm)  

at 570 nm and 660 nm wavelength respectively. This size-dependent absorption 

behavior of these biosynthesized SeNPs is identical with the chemically 

synthesized SeNPs [21]. UV-Visible spectra of all three type SeNPs also shows the 

significant absorption at wavelength 260 to 280 nm. This absorption was attributed 

to the extracellular proteins secreted by the bacterium Rhodococcus erythropolis 

during biosynthesis of SeNPs. 

4.3.2.4. Crystallography study 

 

Figure.4.7: XRD pattern of biosynthesized SeNPs by bacterium Rhodococcus 

erythropolis after 24 h reduction reaction.  

The composition and phase of the biosynthesized SeNPs were examined by 

XRD analysis. Figure 4.7 represents the XRD pattern (10-90
0
) of the SeNPs 

biosynthesized by bacterium Rhodococcus erythropolis after 24 h of reduction 

reaction. XRD pattern of the biosynthesized SeNPs shows major diffraction peaks 

at 23.5
o
, 29.6

o
, 41.3

o
 and 43.6

o
 2θ values. These peaks are assigned to (100), (101), 
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(110) and (012) crystallographic planes of a hexagonal crystal and matched with 

the JCPDS card no.73-0465. No precursor peaks are observed in the XRD pattern 

and intensity of peaks confirm the high degree crystallinity of biosynthesized 

SeNPs.  The crystallite size of the biosynthesized SeNPs was formulated from the 

full-width at half maximum (FWHM) of the maximum intense peak (101) using 

the Scherrer formula; D = 0.9 cos where D is crystalline size, is 

wavelength of X-ray, θ is diffraction angle and is FWHM of diffraction peak. 

The calculated crystalline size of biosynthesized SeNPs after 24 h of incubation 

was found to be 77.9 nm. 

4.3.2.5. FTIR analysis 

FTIR analysis was performed to identify the bacterial biomolecules 

interacting with the SeNPs surface. These extracellular biomolecules secreted by 

the bacteria during the SeNPs biosynthesis were responsible for the formation and 

stabilization of SeNPs. The FTIR analysis results of biosynthesized SeNPs by 

bacterium Rhodococcus erythropolis are presented in figure 4.8. FTIR spectra of 

the extracellular proteins of bacteria in the log phase of growth (Figure 4.8 (I)) 

shows the peaks at 3317, 2915, 1675 and 1407 cm
-1

. The peak at the 3317 cm
-1

 

corresponds to stretching and bending vibrations of the O-H bond of the structural 

water. The peak at 1675 cm
-1 

corresponds to the bending vibrations of the amide 

group present in the proteins and peak at 2915 cm
-1 

represents the stretching 

vibrations of this amide group. The peak observed at 1407 can be assigned to the 

stretching vibrations of the C-N bond present in aromatic amines. Each of these 

peaks in the purified SeNPs FTIR spectra (Figure 4.8 (II)) have lower values, like 

3284, 2860, 1644 and 1375 cm
-1

 suggesting that all these groups are interact with 

SeNPs. The peak at 590 cm
-1

 is due to selenium-oxygen stretching vibrations. 

These findings suggest that the biosynthesized SeNPs are capped with the 

extracellular proteins secreted by the bacterium Rhodococcus erythropolis. Most 

probably the proteins may act as nucleation centers as previously reported [22]. 

This report suggests that the negatively charged selenite ions may get attached to 

the opposite, positively, charged amino acid side chain in the protein molecule and 
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get reduced. Therefore, these positive charged amino acid sites become nucleation 

centers on which further addition of selenite ions leads to the increase in the size. 

  

Figure.4.8: FTIR spectra of extracellular proteins of bacterium Rhodococcus 

erythropolis (I) and purified SeNPs (II). 

4.3.2.6. Morphological analysis by SEM 

SEM characterizations were performed to examine the location, 

morphology and dimensions of the biosynthesized SeNPs. Figure 4.9-a, 4.9-b and 

4.9-c represents the SEM images of the bacterium Rhodococcus erythropolis and 

biosynthesized SeNPs after 24, 48 and 72 h of reduction reaction respectively. 

These SEM images were processed by the Image-J software for the detailed 

statistical analysis, including the measurement of SeNPs diameter, standard 

deviation, lowest value, highest value, etc, and respective histograms indicating the 

distribution of SeNPs diameter were drawn (Figure 4.9-d, 4.9-e and 4.9-f).  

SEM images revealed that biosynthesized SeNPs were spherical in shape, 

have a smooth surface and are synthesized extracellularly outside the bacterium 

cell. From the SEM images and respective histograms it is clear that the SeNPs of 

an average diameter of 103 nm (minimum size 86 nm, maximum size 123 nm and 
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standard deviation 8 nm), 140 nm (minimum size 120 nm, maximum size 152 nm 

and standard deviation 8 nm) and 288 nm (minimum size 258 nm, maximum size 

321 nm and standard deviation 14 nm) are biosynthesized after 24, 48 and 72 h of 

incubation respectively. These measurements revealed that during the biosynthesis 

of SeNPs by bacterium Rhodococcus erythropolis, new molecules of elemental 

selenium formed by the reduction of selenite were deposited on the pre-formed 

nucleation center leading to the increase in the SeNPs size. The size and diameter 

of the biosynthesized SeNPs was increases but their shape remains spherical. 

 

Figure.4.9. SEM images of SeNPs biosynthesized by bacterium Rhodococcus 

erythropolis after 24 h (a), 48 h (b) and 72 h (c) of the reduction reaction. 

Respective histograms of 24 h (d), 48 h (e) and 72 h (f) are drawn from statistical 

analysis of SEM images. 

4.3.2.7. DLS and Zeta potential analysis 

Hydrodynamic Diameter (HDD) distribution of biosynthesized SeNPs in 

colloidal solution was measured by the Dynamic Light Scattering (DLS) analysis 
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and obtained results are shown in figure 4.10. It was observed that the SeNPs 

biosynthesized by bacterium Rhodococcus erythropolis after 24 h reduction 

reaction have HDD distribution range of 100 nm to 200 nm with an average 

diameter of 145 nm. On the other hand, SeNPs biosynthesized after 72 h reduction 

reaction by the bacteria have HDD distribution range of 260 to 450 nm with an 

average diameter of 320 nm. These average HDD distribution values of 

biosynthesized SeNPs are greater than their corresponding diameter observed in 

SEM graphs (figure 4.9). This increased diameter was attributed to the formation 

of the hydration layer around the nanoparticle. These HDD data also confirm the 

colloidal stability of biosynthesized SeNPs in suspension. 

 

Figure.4.10. Hydrodynamic diameter distribution of biosynthesized SeNPs after 

24 h (average diameter 145 nm) (a) and after 72 h (average diameter 320 nm) (b) 

of reduction reaction by bacterium Rhodococcus erythropolis. 

All three sized biosynthesized SeNPs were evaluated for their surface 

charge by Zeta potential analysis. During the biosynthesis of SeNPs, biomolecules 

secreted by the bacteria, primarily proteins, get attached to the surface of the 

nanoparticles (figure 4.8). These surface biomolecules give the characteristic 

charge to the nanoparticles. It was observed that all three sized SeNPs have a 

negative charge on their surface, but there was variation in charge value with size 

of nanoparticle; more the size more negative charge on nanoparticle. SeNPs 

biosynthesized after 24 h (~103 nm), 48 h (~140 nm) and 72 h (~288 nm) have 
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zeta potential value of -28, -39 and -49 mV respectively (figure 4.11). These 

observations clearly show that as the size of the SeNPs increases the negative 

charge on the nanoparticles also increases.  This may be due to the fact that as 

nanoparticle size increases the more protein molecules (figure 4.8) get attached to 

the surface of nanoparticles and impart more negative charge on it. This is an 

important aspect regarding the biomedical applications of nanoparticles as surface 

charge greatly influences the interaction between nanoparticle and biological 

microenvironments. This negative charge on SeNPs was probably responsible for 

the colloidal stability of SeNPs by avoiding the formation of aggregates in 

suspension through electrostatic repulsion. 

 

Figure.4.11: Zeta potential analysis of SeNPs biosynthesized after 24 h (zeta 

potential -28 mV) (a), 48 h (zeta potential -39 mV) (b) and after 72 h (zeta 

potential – 49 mV) (c) of reduction reaction by bacterium Rhodococcus 

erythropolis.  

4.3.2.8. Elemental analysis by EDS  

The EDS spectra is used for quantitative elemental analysis of the 

biosynthesized SeNPs and it is represented in figure 4.12. The spectra indicate that 

the sample is consistent with their elemental stoichiometry as expected and 

characteristic signal of crystalline SeNPs is observed around 1.3 keV. Peaks of 

other elements like oxygen, carbon, phosphorus, sodium and sulfur were appeared 
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in the analysis and can be attributed to the bacterial biosynthesis of the SeNPs. 

Various biomolecules, primary proteins, of the extracellular secretion of bacterium 

Rhodococcus erythropolis, were attached to the surface of nanoparticles and these 

biomolecules were responsible for the observed elemental composition of SeNPs.  

 

Figure.4.12: Elemental analysis of SeNPs biosynthesized after 24 h of reduction 

reaction by bacterium Rhodococcus erythropolis. 

4.4. SeNPs biosynthesis by Lactobacillus paracasei 

Lactobacillus paracasei is a common gram-positive bacteria found in many 

fermentative dairy products. This bacterium belongs to the family 

Lactobacillaceae and order Lactobacillales. They are non-spore forming bacteria 

and are facultative anaerobic in nature.  It has a rod-shaped (bacillus shape) body 

with dimension of 2.0 to 4.0 μm width and of 0.8 to 1.0 μm length. Lactobacillus 

paracasei belongs to the lactic acid bacteria family due to its facultative 

heterofermentative nature. This bacterium forms white milky colored colonies 

around 1 mm in diameter. These colonies have a smooth margin, round shape and 

are non-transparent in nature. Lactobacillus strains are commonly used in 

probiotics applications. These bacterial strains are nonpathogenic and exhibit 

commensalism with the human body. Therefore, it is most commonly found in 

https://en.wikipedia.org/wiki/Gram-positive
https://en.wikipedia.org/wiki/Bacillus
https://en.wikipedia.org/wiki/Facultative
https://en.wikipedia.org/wiki/Heterofermentative
https://en.wikipedia.org/wiki/Commensalism
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many habitats in the human body, specifically human mouth and throughout the 

intestinal tract. It is also found in silages, sewages and previously mentioned 

fermentative dairy products. So far, total thirty four diverse strains of 

Lactobacillus genus have been isolated from diverse environments. Out of total 

thirty four strains, sixteen strains of this bacterial have been isolated from 

fermented dairy products, ten bacterial strains from plants and, eight bacterial 

strains from animal and human gastrointestinal tracts [23]. Due to its 

nonpathogenic nature and easy culturing conditions, many strains of Lactobacillus 

genus were successfully employed for the biosynthesis of SeNPs; for example, 

Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus plantarum and 

Lactobacillus rhamnosus [24-27]. 

Table.4.3: Taxonomical classification of bacterium Lactobacillus paracasei. 

Domain Bacteria 

Phylum Firmicutes 

Class Bacilli 

Order Lactobacillales 

Family Lactobacillaceae 

Genus Lactobacillus 

Species paracasei 

 

4.4.1. Experimental details 

4.4.1.1. Lactobacillus paracasei culture and chemicals 

Lactobacillus paracasei (NCIM 5445) bacterial strain was procured from 

the National Collection of Industrial Microorganism (NCIM), National Chemical 

Laboratory (NCL), Pune, India. The culture was maintained at 4 
0
C in enrichment 

medium as per the instructions of supplier. Enrichment medium was used for the 

culture maintenance and SeNPs biosynthesis. Concentration of different salts and 

components in the enrichment media were; glucose (0.5%), lactose (0.5%), sodium 

acetate (0.6%), yeast extract (0.5%), liver extract (1%), salt A solution 5 % and 

salt B solution 5 %; salt A solution composition was KH2PO4 (10 gm), K2HPO4 

https://en.wikipedia.org/wiki/Gastrointestinal
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(10 gm) and distilled water 100 mL; salt B solution composition was MgSO4.7H2O 

(4 gm), NaCl (0.2 gm), MnSO4.4H2O (0.2 gm), FeSO4.7H2O (0.2 gm) and distilled 

water 100 mL. After sterilization, pH of the media was adjusted at 7. Agar (2%) 

was used as a solidifying agent for the slant preparation. Double distilled water 

was used for all experiments. Chemicals were purchased from Sigma-Aldrich, and 

culture media chemicals were procured from Himedia Laboratories Pvt. Ltd.  All 

these chemicals were 100 % soluble in distilled water and used without additional 

purifications. 

4.4.1.2. Biosynthesis, optimization and purification of SeNPs 

 Stack Lactobacillus paracasei culture was maintained at 4 
0
C in enrichment 

media slant. Lactobacillus paracasei bacterial cells were activated by incubating a 

loopful of it in 5mL enrichment broth in the test tube maintained at 100 rpm and 

37 
0
C, till the optical density (OD) of bacterial culture at 600 nm reaches one 

Mcfarland unit. This bacterial activation step was necessary to avoid the lag phase 

in the bacterial growth cycle during nanoparticle biosynthesis and to maintain the 

uniform experimental conditions. Two mL of this activated seed culture was then 

transferred to the 100 mL enrichment broth in 250 mL conical flask and different 

concentrations (1 to 5 mM) of sodium selenite, a precursor for SeNPs, were added. 

This reaction mixture was incubated on a rotary shaker at 100 rpm and for 

different temperatures (20 to 50 
0
C).  The formation of SeNPs was visually 

observed by a change in color from yellow to dark pink. This color change was a 

visual confirmation for the formation of SeNPs. For the optimization of SeNPs 

biosynthesis, parameters affecting the SeNPs biosynthesis were varied and 

optimized. The temperature of the media was varied from 20 to 50 
0
C, pH of the 

media was varied from 6 to 8 and sodium selenite concentration was varied from 

to 1 to 5 mM. This reaction mixture is maintained up to 24 h and small allocates 

were purified at different time intervals. 

 Biosynthesized SeNPs were purified by a two-step centrifugation process. 

After synthesis of SeNPs, liquid media was sonicated at a frequency of 20 KHz for 

2 min to detach the nanoparticles from the surface of Lactobacillus paracasei 
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cells. The mixture of bacterial cells and SeNPs were first centrifuged at 3000 rpm 

for 5 min to settle down the bacterial cells. At this low centrifugation, SeNPs 

remained in the suspension. The supernatant was then transferred to a new 

centrifugation tube and again centrifuged at 12000 rpm for 10 min. SeNPs were 

settled down at this high centrifugation force. The supernatant was discarded and 

SeNPs were resuspended in phosphate buffer (pH 7.4, 0.1 mM), followed by 

centrifugation at 12000 rpm for 10 min. This step was repeated three times to 

remove all loosely bound extracellular bacterial proteins and other biological 

macromolecules from the surface of the nanoparticles. These purified SeNPs were 

stored at 4
0
 C and were used for the various characterizations. All these procedures 

of optimization and purification of SeNPs are summarized in figure 4.13.   

 

Figure.4.13. Schematic representation of biosynthesis, optimization and 

purification of SeNPs by bacterium Lactobacillus paracasei. 

4.4.1.3. Characterization of SeNPs 

Purified SeNPs were characterized by UV-Visible spectroscopy, Fourier 

transform infrared spectroscopy (FTIR), Scanning Electron Microscope (SEM), 

Dynamic Light Scattering (DLS), Zeta potential analysis and X-ray Diffractometer 

(XRD) as described in the section 4.3.1.3. of this chapter. 

Lactobacillus paracasei culture was activated by incubating 
in 5 mL enrichment media at 100 rpm and 37 0C. 

Two ml of this activated seed culture was then 
transferred to the 100 mL enrichment media and 

sodium selenite was added. 

Reaction mixture was incubated at 100 rpm and 37 0C, 
biosynthesis of SeNPs was visually observed by  

appearance of pink coloration. 

Optimization of temperature (37 oC), pH (6.5) and 
sodium selenite concentration (3 mM) were done. 

Biosynthesized SeNPs was purified (at different time 
intervals) by a simple two-step centrifugation; first 
3000 rpm for 5 min and then 12000 rpm for 10 min.  
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4.4.1.4. Quantification of SeNPs 

 Quantitative estimation of elemental selenium (Se
0
) was performed 

spectrophotometrically by measuring the absorption of the reaction mixture at 

wavelength 500 nm as described in detail in section 4.3.1.4. of this chapter. 

4.4.1.5. Quantification of selenite (SeO3
2−

) 

 Selenite in the bacteria culture media during the SeNPs biosynthesis was 

estimated spectrophotometrically by measuring the absorption of the reaction 

mixture at 377 nm wavelength as described in section 4.3.1.5. of this chapter. 

4.4.2. Results and discussion 

4.4.2.1. Biosynthesis of SeNPs 

The time and sodium selenite concentration-dependent biosynthesis of 

SeNPs was studied in detail. When the activated bacterium Lactobacillus 

paracasei and precursor of SeNPs, sodium selenite, were added in a culture media 

and incubated for 24 h at 37
o
 C on a rotary shaker at 100rpm, the reaction solution 

display a time-dependent change in coloration, as shown in figure 4.14. It was seen 

that at the starting of reduction reaction solution color was clear light-yellow, 

became pink after 24 h of reduction reaction. 

 

Figure.4.14. Time-dependent color change during biosynthesis of SeNPs through 

reduction of sodium selenite by bacterium Lactobacillus paracasei in suspension 

culture; at time zero h (a) and 24 h (b) of incubation of reaction mixture. 

 This pink color did not change further with increasing incubation time, 

confirming the completion of the reaction. The characteristic pink color of the 
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reaction solution was due to the surface plasma resonance of SeNPs and provided 

a convenient visual and spectroscopic signature of their formation [19]. Along with 

this, a control experiment was conducted in which the bacterial culture was heat-

inactivated before the addition of sodium selenite. There was no biosynthesis of 

SeNPs in this control experiment. This clearly showed that the living bacterial 

actions were necessary for the reduction of selenite ions and the biosynthesis of 

SeNPs. 

4.4.2.2. Optimization of the biosynthesis process 

The various parameters affecting the SeNPs biosynthesis process including 

temperature and pH of the culture media, and concentration of sodium selenite 

were studied in detail and optimized. These optimization results are shown in 

figures 4.15 and 4.16. Initially, two different culture media; enrichment media and 

nutrient broth media were tested for comparative Lactobacillus paracasei growth 

rate and SeNPs biosynthesis. Out of these two media, enrichment media showed 

the higher growth rate of Lactobacillus paracasei and SeNPs biosynthesis. 

Therefore, enrichment media was selected for optimization study and its 

composition was varied for optimum SeNPs biosynthesis. After selection of 

culture media, the concentration of sodium selenite was varied from 1 to 5 mM, 

the temperature was varied from 20 to 50
o
 C and pH was varied from 6 to 8. 

Biosynthesis of SeNPs was recorded with visual observations in color change and 

UV-Visible absorption measurements. The temperature of 37 
0
C (figure 4.15-b), 

pH of 6.5 (figure 4.15-a and 4.16-b) and sodium selenite concentration of 3 mM 

(figure 4.16-a, and 4.16-c) were found to be optimum conditions for the SeNPs 

biosynthesis. These results showed that the conditions that were optimum for the 

active growth of the Lactobacillus paracasei were also favorable for the optimum 

biosynthesis of SeNPs. In this experiment, it was found that only one sized SeNPs 

were biosynthesized by the bacterium Lactobacillus paracasei (figure 4.21). 

Bacterial growth curve analysis and SeNPs biosynthesis kinetics study 

showed that bacteria-induced selenite reduction was started in the log phase of 

growth and it was continued up to the initial stages of the stationary phase (figure 
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4.17). Comparison of the normal growth curve of bacteria with its growth curve 

during the selenite reduction and SeNPs biosynthesis revealed that the growth of 

bacteria was retarded compared to normal growth during SeNPs biosynthesis. This 

is attributed to the general toxicity of selenite ions to bacterial cells [20] 

 

Figure.4.15. Effect of pH (a) and temperature (b) of culture media on the 

biosynthesis of SeNPs by bacterium Lactobacillus paracasei. (Optimum pH is 6.5 

and optimum temperature is 37
0
 C for SeNPs biosynthesis). 

 

Figure.4.16. Optimization of precursor (sodium selenite) concentration for 

Lactobacillus paracasei mediated SeNPs biosynthesis (a), effect of pH on 

Na2SeO3 transformation (b) and transformation percentage of Na2SeO3 at different 

concentrations (c). 
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Figure.4.17. Growth curve studies of bacterium Lactobacillus paracasei during 

SeNPs biosynthesis and reaction kinetics of SeNPs formation. 

4.4.2.3. UV-Visible spectroscopy study 

 

Figure.4.18. UV-Visible absorption spectra of SeNPs biosynthesized by bacterium 

Lactobacillus paracasei after 24 of the reduction reaction. 

The optical properties of biosynthesized SeNPs were studied by the UV- 

Visible spectroscopy. Figure 4.18 represents the UV-Visible absorption spectra of 

SeNPs biosynthesized by bacterium Lactobacillus paracasei after 24 h of 

reduction reaction. Absorption maxima (λ max) of SeNPs purified after 24 h 
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(average diameter 90.3 nm) is at 340 nm wavelength. This UV-Visible absorption 

behavior of biosynthesized SeNPs was identical with the chemically synthesized 

SeNPs [21]. Absorption at wavelength 260 to 280 nm was also significant and this 

was attributed to the increase in the protein concentration as bacterial culture 

passes from the log phase to the stationary phase of growth. 

4.4.2.4. Crystallography study 

 

Figure.4.19. XRD pattern of biosynthesized SeNPs by bacterium Lactobacillus 

paracasei after 24 h of reduction reaction.  

The composition and phase of the biosynthesized SeNPs were examined by 

XRD analysis. XRD pattern (10 -90
0
) of the SeNPs biosynthesized by bacterium 

Lactobacillus paracasei after 24 h of reduction reaction is presented in figure 4.19. 

XRD pattern of the biosynthesized SeNPs shows major diffraction peaks at 21.7
o
, 

31.1
o
, 41.7

o
, 47.5

o
 and 53.2

o 
2θ values. These peaks are assigned to (101), (211), 

(012), (122) and (312) crystallographic planes of a Rhombohedral crystal and 

matched with the JCPDS card no.32-0992. No precursor peaks are observed in the 

XRD pattern and the intensity of peaks confirmed the high degree of crystallinity 

of biosynthesized SeNPs.  The crystallite size of the biosynthesized SeNPs was 

formulated from the full-width at half maximum (FWHM) of the maximum 

intense peak (211) using the Scherrer formula; D = 0.9 cos where D is 

crystalline size, is the wavelength of X-ray, θ is diffraction angle and is 
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FWHM of diffraction peak. The calculated crystalline size of biosynthesized 

SeNPs was found to be 68.9 nm.  

4.4.2.5. FTIR analysis 

 FTIR analysis was performed out to identify the bacterial 

biomolecules interacting with the SeNPs. These extracellular biomolecules 

secreted by the bacteria during the SeNPs biosynthesis were responsible for the 

formation and stabilization of SeNPs. The FTIR analysis results of biosynthesized 

SeNPs by bacterium Lactobacillus paracasei are presented in figure 4.20. FTIR 

spectra of the extracellular proteins of bacteria in log phase (Figure 4.20 (I)) shows 

the peaks at 3315, 2918, 1659 and 1392 cm
-1

. The peak at the 3315 cm
-1

 

corresponds to stretching and bending vibrations of the O-H bond of the structural 

water. The peak at 1659 cm
-1 

corresponds to the bending vibrations of the amide 

group present in the proteins and peak at 2918 cm
-1 

represents the stretching 

vibrations of this amide group. The peak observed at 1392 can be assigned to the 

stretching vibrations of the C-N bond present in aromatic amines. Each of these 

peaks in the purified SeNPs FTIR spectra (Figure 4.20 (II)) have lower values, like 

3299, 2889, 1635 and 1367 cm
-1

 suggesting that all these groups interact with 

SeNPs. The peak at 588 cm
-1

 is due to selenium-oxygen stretching vibrations.  

 

Figure.4.20. FTIR spectra of extracellular proteins of bacteria Lactobacillus 

paracasei (I) and purified SeNPs (II). 
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These findings suggest that the biosynthesized SeNPs are capped with the 

extracellular proteins secreted by the bacterium Lactobacillus paracasei. Most 

probably the proteins may act as nucleation centers as previously reported [22].  

The mechanism of SeNPs biosynthesis is similar to that of the Rhodococcus 

erythropolis bacterial strain as discussed previously. Therefore, positive charged 

amino acid sites become nucleation centers on which further addition of selenite 

ions leads to the increase in the size of SeNPs. 

4.4.2.6. Morphological analysis by SEM 

  

Figure.4.21. SEM image of SeNPs biosynthesized by bacterium Lactobacillus 

paracasei after 24 h of reduction reaction (a). Respective histogram is drawn for 

statistical analysis of SEM image (b). 

SEM characterizations were performed to examine the location, morphology and 

dimension of the biosynthesized SeNPs. Figure 4.21-a represents the SEM images 

of the Lactobacillus paracasei and biosynthesized SeNPs after 24 h of reduction 

reaction. This SEM image was processed by the Image-J software for the detailed 

statistical analysis, including the measurement of SeNPs diameter, standard 

deviation, lowest value, highest value, etc., and histogram indicating the 

distribution of SeNPs diameter was drawn (Figure 4.21-b).The SEM image 

revealed that SeNPs were synthesized extracellularly outside the bacterial cell and 

they were spherical in shape and have a smooth surface. From the SEM image and 

respective histogram, it is clear that the SeNPs of an average diameter of 90.3 nm 
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with minimum size 80.6 nm, maximum size 98.5 nm and standard deviation of 4.9 

nm, were synthesized after 24 h of reduction reaction. 

4.4.2.7. DLS and Zeta potential analysis 

Hydrodynamic Diameter (HDD) distribution of biosynthesized SeNPs in 

colloidal solution was measured by the Dynamic Light Scattering (DLS) analysis 

and obtained results are presented in figure 4.22. It was observed that the SeNPs 

biosynthesized by bacteria Lactobacillus paracasei after 24 h reduction reaction 

have HDD distribution range of 120 nm to 220 nm with an average diameter of 

135 nm. This average HDD distribution value of biosynthesized SeNPs is greater 

than their corresponding diameter observed in the SEM graph (figure 4.21). This 

increased diameter was due to the formation of hydration layer around the 

nanoparticles. These HDD data also confirms the colloidal stability of 

biosynthesized SeNPs in suspension. 

 

Figure.4.22. Hydrodynamic diameter distribution of biosynthesized SeNPs after 

24 h (average diameter 135 nm) of reduction reaction by bacterium Lactobacillus 

paracasei. 

SeNPs were evaluated for their surface charge by Zeta potential analysis. 

During the biosynthesis of SeNPs, biomolecules secreted by the bacteria, primarily 

proteins, get attached to the surface of the nanoparticles (figure 4.20). These 

surface biomolecules give the characteristic charge to the nanoparticle. It was 

observed that SeNPs biosynthesized by bacterium Lactobacillus paracasei has a 
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negative charge, -6 mV, on their surface (figure 4.23). This is an important aspect 

regarding the biomedical applications of nanoparticles as surface charge greatly 

influences the interaction between nanoparticle and biological environments. This 

negative charge on SeNPs was probably responsible for the colloidal stability of 

SeNPs and avoids the formation of aggregates. 

 

Figure.4.23. Zeta potential analysis (Zeta potential -6 mV) of SeNPs 

biosynthesized after 24 h reduction reaction by bacteria Lactobacillus paracasei. 

4.5. Conclusions 

 Spherical, crystalline and smooth-surfaced SeNPs were successfully 

biosynthesized in suspension culture by two gram-positive bacterial strains; 

Rhodococcus erythropolis and Lactobacillus paracasei. Reduction of the selenite 

ions was carried out by the reducing environment in the culture media generated 

and facilitated by the biomolecules excreted from these bacteria and reduction 

potential of bacterial growth systems. These reduction reactions were operated 

under ambient temperatures, pressures and at neutral pH. All the parameters 

affecting the biosynthesis process, including temperature, pH and sodium selenite 

concentration, were optimized (Table 4.4). The synthesis methods are green, cost-

effective and easy to scale up. Spherical and smooth surface SeNPs of three 

different sizes (~ 103 nm, ~ 140 nm and ~ 288 nm) were synthesized by a reaction 

mixture of Rhodococcus erythropolis suspension culture and sodium selenite. 

Spherical SeNPs of (~90.3 nm were synthesized by reaction mixture of 
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Lactobacillus paracasei suspension culture and sodium selenite. These synthesized 

SeNPs were well characterized for their physic-chemical properties. These 

findings are summarized in table 4.4. 

Table. 4.4: Summary of bacterial biosynthesized SeNPs. 

 

Bacterial 

Strain 

 

Optimum Conditions 

 

 

Shape of  

SeNPs 

 

Average 

Diameter of 

SeNPs 

(nm) 

 

Time 

Required 

Con. of 

Na2Se3  

(mM) 

 

pH 

 

Tem. 

(
o 
C) 

 

Rhodococcus 

erythropolis 

 

 

6 

 

 

7 

 

 

37 

 

 

Spherical 

 

103, 140  

and 288  

24h (103 nm), 

48h (140  nm)  

and 72 h (288 

nm) 

 

Lactobacillus 

paracasei 

 

 

3 

 

6.5 

 

37 

 

Spherical 

 

90.3  

 

24 h 
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5.1. Introduction  

Nanoparticles and other nanomaterials are increasingly used in different 

biomedical applications like drug delivery, chemotherapy, imaging and 

hyperthermia therapies. Recent advances made in nanomedicine have resulted in 

the development of novel nanoparticle based delivery systems for drug delivery, 

luminescent nanoparticles for multiple molecular diagnosis and specific 

nanocrystals for magnetic resonance imaging (MRI). There are various types of 

nanoparticles, ranging from bare nanoparticle to polymeric nanoparticles, carbon 

nanotubes, liposomes, functionalized metal and nonmetal nanoparticles (selenium, 

gold, iron oxide, silver, titanium dioxide, silica, etc.) and quantum dots which have 

wide applications in medicine [1-3].  

 

Figure.5.1. Different types of interactions between nanoparticle and biological 

environment [4]. 

Therefore, understanding the nanomaterial‟s interaction with various 

biological systems is essential for the development of efficient and safe 
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nanomaterials for biomedical applications. The distribution of nanomaterials after 

their administration in the biological environment, their metabolism, excretion and 

overall pharmacokinetics are complex phenomenon and these studies are essential 

for the development of nanomaterial based biomedical drug system. Interaction 

between nanoparticles and biological systems are complex and involved number of 

factors [5, 6]. Figure 5.1 represents the different types of interactions between 

biological system and nanoparticles. These interactions involve surface 

reconstruction, steric hindrance on the surface of nanoparticles, dissolution and 

degradation of nanoparticles, adsorption of different biomolecules and ions, and 

most importantly competitive binding of proteins and formation of „Protein 

Corona‟ around the nanoparticles [7]. 

 

Figure.5.2. Alteration in the biological identity of nanoparticles by formation of 

protein corona around them and resulted changes in the interaction with immune 

system and targeted cells [8].  

 It is established fact that after entry of nanoparticle in the biological 

medium, proteins present in the surrounding environment get attached to the 

surface of nanoparticles and form a layer around the nanoparticles called „Protein 

Corona‟. The dominant properties of a nanoparticle that determine the formation of    

protein corona are shape and size, surface structure and functionalization, 

crystallinity, porosity, hydrophobicity and surface roughness [9]. After formation 

of Protein Corona around the nanoparticles, biological medium recognized the 

modified surface of nanoparticles and therefore further tissue or cellular responses 

to nanoparticles depend on the composition of this corona, as illustrated in figure 
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5.2. In this chapter, we describe the nature of „Protein Corona‟ formed around the 

SeNPs biosynthesized by bacterium Lactobacillus paracasei in suspension culture. 

This „Protein Corona‟ was analyzed by SDS-PAGE protein electrophoresis. 

Different steps involved in the analysis of „Protein Corona‟ are summarized in 

figure 5.3. 

 

Figure.5.3.Outline of the study of protein corona formed around the SeNPs 

biosynthesized by bacterium Lactobacillus paracasei in suspension culture. 

5.2. Nature and types of Protein Corona 

A layer of proteins adsorb on the surfaces of nanoparticle when they come 

in contact with biomolecules in the biological fluid system is called as „Protein 

Corona‟. After administration of nanoparticles in biological systems, blood is the 

principal physiological microenvironment that interacts with nanomaterial. Blood 

plasma consists of several different types of proteins with different molecular 

weights and concentrations [10]. Along with the proteins, lipids are major 

constitutes of the blood plasma. Therefore, after nanoparticle administration within 

the body, there is a competition between different protein and lipid molecules to 

adhere on nanoparticle‟s surface. In the initial course of corona formation, most 

abundant proteins are adsorbed on the nanoparticle‟s surface. This interaction 

between the nanoparticles and proteins depends on the association and dissociation 
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constants of these proteins for nanoparticles. Therefore, after considerable time all 

lower affinity proteins are replaced by the higher affinity proteins present in 

biological environment [11, 12]. The composition and nature of the „Protein 

Corona‟ is mainly depend on the three factors, physicochemical properties of the 

nanoparticles (shape, size, surface charges, composition and surface 

functionalization), the properties of the biological environment (blood 

composition, interstitial fluid, composition of cell cytoplasm, etc.) and the duration 

of interaction between nanoparticles and biological environment [13].  

 

Figure.5.4. Changes in the protein structures during corona formation on the 

nanoparticle‟s surface leading to the alternation in immune response towards these 

proteins and alternation in the function of proteins [14]. 

After the formation of „Protein Corona‟ it alters the hydrodynamic size of 

the nanoparticle and changes the interfacial composition between nanoparticle and 

surrounding environment. In this way „Protein Corona‟ gives nanoparticle a new 

biological identity which is recognized by cells. This biological identity of 

nanoparticles decides the all physiological responses, including circulation lifetime 

of nanoparticle, transport and cellular uptake, accumulation of nanoparticles in 

tissue and nanoparticle toxicity [15]. On the other hand during corona formation, 

change in native structure of proteins occurred leading to the unfolding of native 
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protein structure. These changes in protein structure lead to the alternation in the 

functions of proteins and also change their immunological behavior, as illustrated 

in figure 5.4. 

 

Figure.5.5. Schematic illustration of differences in soft and hard protein corona; 

these differences are due to the rate of adsorption and desorption of individual 

protein which determines its exchange time in the protein corona. [16]. 

 The nature of „Protein Corona‟ is not static but dynamic and evolved continuously 

along the path of nanoparticles in a biological system. The composition and nature 

of „Protein Corona‟ formed on the nanoparticle‟s surface are determined by 

nanoparticle-protein binding affinities and interactions between different proteins 

[17]. Proteins that have high affinity towards the nanoparticles are tightly bounded 

to the nanoparticle‟s surface and responsible for the formation of “hard” corona, as 
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illustrated in figure 5.5. These proteins in hard corona directly interact with 

nanoparticle‟s surface, remained on the nanoparticle surface for longer duration 

and are not readily desorb, i.e. their dissociation rate is slow. On the other hand, 

proteins that have low affinity towards the nanoparticle are loosely associated with 

the nanoparticle surface and responsible for the formation of “soft” corona. 

Portions in the soft corona are indirectly associated with the nanoparticle; they 

interact with proteins in the hard corona via weak protein-protein interactions. Soft 

corona proteins remained on the nanoparticle surface for less duration and are 

readily desorb, i.e. their dissociation rate is high as illustrated in figure 5.5. 

Proteins in hard and soft corona have different exchange times; while soft corona 

proteins have lower exchange times, hard corona proteins usually have much 

larger exchange times, in order of several hours [18]. The time required for the 

formation of hard and soft corona is also different. The formation of hard corona is 

rapid and quick, formed within seconds or a minute. On the other hand formation 

of the soft corona may require hours or even days. In summary formation and 

dynamics of „Protein Corona‟ depend on the composition and concentrations of 

various proteins in the biological environment [19]. 

5.3. Colloidal Stabilization of biosynthesized SeNPs by Protein Corona 

For the biomedical applications of SeNPs their colloidal stabilization in 

suspension was important. Many post nanoparticle synthesis methods are available 

for the surface modification of nanoparticles which avoids nanoparticle 

aggregation. This colloidal stabilization is mainly due to imparting unique charge 

on the nanoparticle, therefore nanoparticles repel each other in colloidal solution. 

Another approach to stabilize the nanoparticles is coating of biological 

macromolecules on nanoparticle‟s surface during the nanoparticle biosynthesis. 

This coating of biological molecules also imparts unique charge on the 

nanoparticles and avoids their aggregation. In this study role of protein corona 

formed around the SeNPs, biosynthesis by bacterium Lactobacillus paracasei, in 

colloidal stabilization were studied in detail and reported. 
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5. 3.1. Experimental details 

5. 3.1.1. Biosynthesis and purification of protein coated SeNPs. 

 For the studies of the composition analysis of „Protein Corona‟ formed 

around the nanoparticles, SeNPs biosynthesized by bacterium Lactobacillus 

paracasei in suspension culture were used. Detailed procedure for biosynthesis, 

optimization and purification of SeNPs is mentioned in chapter 4, in section 

4.5.1.2. 

5.3.1.2. Chemical synthesis of SeNPs 

 The cytocompatible activity of biosynthesized SeNPs was compared with 

the chemically synthesized SeNPs. For this comparison study, SeNPs were 

synthesized chemically as reported previously by reducing sodium selenite salt 

with amino acid L-cysteine [20]. This method was selected because of easy and 

quick reaction set up, and control on the diameter and morphology of the 

synthesized SeNPs. In brief, 0.1 M sodium selenite stock solution was prepared by 

dissolving 0.34 gm sodium selenite powder in 20 mL double distilled water (DW). 

L-cysteine solution of concentration 50 mM were prepared separately and was 

added drop wise into 25 mL 0.1 M sodium selenite solution under magnetic 

stirring. Volume of L- cysteine solution was adjusted in such a way that the ratio 

between L- cysteine and sodium selenite was maintained at 4:1. This reaction 

mixture was stirred for 30 min at 37 
o
C and then synthesized SeNPs were purified 

by the centrifugation at 15,000 rpm for 10 min.  

5.3.1.3. Estimation of extracellular protein concentration 

     Estimation of extracellular proteins in the culture media was carried out 

by the Lowry‟s method by folin reaction [21]. In this method unknown samples of 

protein was treated with the copper ions in alkali solution and then aromatic amino 

acids in the protein sample were allowed to reduce the phosphotungstic acid 

present in the folin reagent. This reduction reaction leads to the formation of blue 

coloration in the reaction solution which was quantified spectrometrically by 

measuring the absorption at 750 nm wavelength. In brief 2.5 mL of extracellular 

protein fraction was taken as a sample for the protein estimation. Lowry solution 
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was prepared freshly by mixing the three solution, solution A, B and C, in 

proportion of 100:1:1(Solution A: 2.8 g NaOH and 14.3 g Na2CO3 in 500 mL of 

DW, Solution B:  1.42 g of CuSO4.5(H2O) in 100 mL DW and  Solution C: 2.85 g 

Na2 Tartrat.2 (H2O) in 100 mL of DW). Folin reagent was prepared freshly by 

addition of 6 mL of 2 N folin and Ciocalteu‟s phenol reagent in 6 mL of DW. 

Bovine serum albumin was used as a standard protein. For preparation of standard 

stock solution of 100 mg BSA/mL, 0.05g of BSA was dissolved in 500 mL of DW. 

From this stock solution 0, 20, 40, 60, 80 and 100 mg/mL BSA standard solutions 

were prepared to obtain the standard protein concentration plot. For the reaction, 

take 0.5 mL of protein solution (protein fraction or BSA) and add 0.7 mL Lowry 

solution, vertex the reaction mixture and incubated for in the dark for 20 min. 

After incubation 0.1 mL folin reagent was added and incubated in dark for further 

30 min. After incubation, UV-Visible spectrometric measurements at 750 nm 

wavelength were taken. Readings of standard BSA solutions were used for the 

plotting the graph of BSA concentration against the absorbance at 750 nm and 

from this graph protein concentrations in the culture media were calculated.  

5.3.1.4. SDS-PAGE analysis of proteins attached to SeNPs 

„Protein Corona‟ formed around the SeNPs was separated and analyzed by 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) as 

reported earlier [22]. In brief, the purified SeNPs were pelleted by centrifugation at 

15,000 rpm for 10 min and then washed 3 times with 1 mL of 10 mM phosphate 

buffer, pH 7.5. The vials were changed after each washing. Proteins bound to 

surface of SeNPs were removed from the particles by treatment with SDS-PAGE 

loading buffer. Solubilized proteins were subjected to SDS–PAGE as described by 

Laemmli [22] in gel slabs 0.80 mm thick and 16 cm long (1.4 cm of 4% stacking 

gel and 13.5 cm of 10% resolving gel). Electrophoresis was performed with a 

continuous buffer system. The gel was run at 40 mA until the marker, 

bromophenol blue, had reached the bottom of the gel. Gels were then stained with 

Coomassie Brilliant Blue R-250. Along with the protein samples standard 

molecular weight ladder of 10 to 225 kD was run on the gel. 
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5.3.1.5. MTT assay  

MTT (3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyltetrazolium bromide) assay 

is based on the metabolic activity of living cells, therefore this assay was used to 

confirm the cell viability. MTT is freely permeable through cell membrane, and 

enters into cells and passes into the mitochondria. Metabolic activity in the 

mitochondria reduces the yellow colored tetrazolium salt MTT into insoluble, dark 

purple colored formazan [23]. In this study, the  MTT  assay  was  performed  by  

the  procedure  reported  by Goodman et al  [24]. In brief, required concentration 

of cells was incubated in respective medium in a 96-well micro titer plate for 24 h 

in a 5% CO2 atmosphere at 37 °C. After incubation of 24 h, media was replaced 

and cells were treated with biosynthesized SeNPs and further incubated for 

required period of experiment. After completion of an incubation 10 μL solution of 

MTT was added into each well including control wells. Then, the plates were 

incubated in a 5% CO2 atmosphere at 37° C for 3 h for the metabolization of MTT 

by cells. Then the cells were washed with phosphate buffer solution and formazan 

formed in reaction was extracted by dissolving in 200 μL acidic isopropanol 

solution. Finally to quantify the formazan absorbance at 570 nm wavelength was 

measured and percent relative cell viability compared to control cells was 

calculated by the following equation,  

 

                    
                           

                            
                  (5.1) 

5.3.1.6. Sulforhodamine B (SRB) assay 

In SRB assay the total protein content of the cells is determined which is 

based on the cell viability and cell density. This assay is based on the specificity of 

sulforhodamine B dye toward the protein molecule [25]. In this study, SRB assay 

was performed as reported previously by Vichai et al.  [26]. In brief, required 

concentration of cells was incubated in respective medium in a 96-well micro titer 

plate for 24 h at 37 °C temperature in a 5% CO2 atmosphere. After 24 h of 

incubation, media was changed and cells were treated with biosynthesized SeNPs 

and further incubated for required period of experiment. After completion of an 
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incubation period, cell monolayers were formed inside the wells. This cell 

monolayer was fixed by the treatment of 10 % (W/V) trichloroacetic acid and then 

stained with SRB for 30 min. After staining, excess SRB dye was removed by 

washing with 1 % acetic acid solution. Then, protein-bound SRB dye was 

dissolved in 10 mM Tris solution. Optical density was recorded at 510 nm in 

microplate reader. The relative cell viability (%) related to the control cells were 

evaluated by the equation 5.1. 

5.3.1.7. Cytocompatibility study 

 Cytotoxicity of the biosynthesized SeNPs (size ~90 nm) and 

chemically synthesized SeNPs (~100 nm), was tested in vitro on the L929 cell line 

(murine fibroblast) by MTT and SRB assay. L929 cell line was obtained from 

National Centre for Cell Sciences (NCCS), Pune, Maharashtra, India. This cell line 

was cultured in Dulbecco‟s Modified Eagle Medium (DMEM) supplemented with 

kanamycin (0.1 mg.mL-1), 10 % v/v fetal bovine serum (FBM), sodium 

bicarbonate (1.5 mg.mL-1) and penicillin G (100 U/mL).This cell line was 

incubated at 37 ºC temperature in a 5 % CO2 atmosphere for proper growth. 

Concentration of 2 × 10
5
 L929 cells/mL was incubated in DMEM media in a 96-

well micro titer plates for 24 h at 37 °C temperature in a 5% CO2 atmosphere. 

After incubation of 24 h, the media was changed with fresh media and various 

concentrations (2.0, 1.5, 1.0, and 0.5, mg mL
−1

 of media) of SeNPs were added. 

These treated L929 cells were then incubated in a 5% CO2 atmosphere at 37 °C for 

24 and 48 h, and were analyzed by MTT and SRB assay. This experiment was 

repeated three times and the mean values were considered for the calculation of 

cell viability. The relative L929 cell viability (%) compared with control cells was 

calculated by the equation 5.1.  

5.3.2. Results and discussion 

5.3.2.1. Estimation of extracellular protein  

Protein concentration in the culture supernatant was determined from time 

to time after the addition of sodium selenite salt. This observation showed that 

there was a gradual increase in the protein concentration along with the bacterial 
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growth phase, from lag phase to the stationary phase (as represented in figure 5.6). 

From the figure it is clear that, the protein concentration in all the growth phases 

during the SeNPs biosynthesis was lower than the control experiment (without 

SeNPs biosynthesis). This was maybe due to the lower growth rate of 

Lactobacillus paracasei owing to the toxicity of the selenite ions as previously 

reported [27]. As the growth progresses, the Lactobacillus paracasei cells reduce 

the selenite ions present in the culture media to elemental selenium and neutralize 

its toxicity. It indicates that the protective mechanism of bacteria against the toxic 

nature of selenite was responsible for the formation of SeNPs. Protein 

concentration was highest at stationary phase of bacterial growth in both control 

experiment and during the SeNPs biosynthesis. 

 

Figure.5.6. Measurement of extracellular protein concentration during the 

biosynthesis of SeNPs by bacterium Lactobacillus paracasei; protein 

concentration in all growth phases is higher in control experiment compared to 

biosynthesis reaction. 

FTIR analysis was carried out to confirm the presence of proteins on the 

nanoparticle‟s surface. These protein molecules were responsible for the formation 

and stabilization of SeNPs.  The result of the FTIR analysis of biosynthesized 

SeNPs is presented in figure 5.7. The appearances of the peaks at 1392 cm
-1

, 1659 

cm
-1

 , 2384 cm
-1

 and 3315 cm
-1

 correspond to NH2 scissoring, C–N stretching and 
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N–H stretching, respectively [28]. This observation confirms the existence of 

protein molecules on the surface of SeNPs. According to the reported mechanism 

[29], nucleation for the biosynthesis of SeNPs occurred on the protein molecule 

secreted by the Lactobacillus paracasei. According to this hypothesis, after 

solubilization of sodium selenite salt into culture media, it gets dissociated into the 

positive charge sodium ions and negatively charged selenite ions. Then negatively 

charged selenite ions get attached to the positively, charged amino acid side chain 

in the protein molecules and get reduced. Therefore, these positively charged 

amino acid sites in the protein molecules act as nucleation centers on which further 

addition of selenite ions leads to the increase in the size of the SeNPs. 

 

 

Figure.5.7. FTIR analysis of proteins purified from the surface of the SeNPs 

biosynthesized by bacterium Lactobacillus paracasei after 24 h reduction reaction. 

5.3.2.2. Characterization of protein Corona 

 As soon SeNPs were synthesized in the culture media the extracellular 

proteins secreted by the bacterium Lactobacillus paracasei get attached to their 

surface and form a „Protein Corona‟. This protein-nanoparticle interaction was 

mediated by hydrophobic interactions between the nanoparticle and hydrophobic 

patches present on the protein molecules. These proteins in the corona were 

detached from the nanoparticle‟s surface and were separated by the SDS-PAGE 
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analysis as presented in figure 5.8. Hydrodynamic diameter of the SeNPs was 

increases due to the presence of the proteins on their surface (figure 4.22, chapter 

4). It is clear that the corona is not static but dynamic in nature. Proteins are 

associated and dissociated from the surface of nanoparticles allowing the time 

intervals for selenite ions to get reduced and deposited on the preform nucleation 

centers to increase the size of SeNPs. 

 

Figure.5.8. SDS-PAGE analysis of the protein corona formed around the 

biosynthesized SeNPs and extracellular proteins secreted in culture media by 

bacterium Lactobacillus paracasei after 24 h incubation.(M: Molecular weight 

ladder, C extracellular proteins, 24h: protein corona formed on SeNPs after 24 h 

reduction reaction) 

After the nucleation, as the size of SeNPs increases the amount of proteins 

present in corona was also increases accordingly. From SDS-PAGE analysis it is 

evident that these proteins have a molecular weight in a range of 15 kD to 225 kD 

(figure5.8). These results confirm that the divers rang and combination of various 

proteins, and not a single type of protein, forms the corona around the SeNPs. 

These proteins were isolated from the surface of SeNPs by sample buffer of SDS-

PAGE which denatures the three dimensional structure of proteins. This indicates 
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that, the tertiary or may be quaternary structure and not the primary or secondary 

structure of the protein is essential for the interaction between the nanoparticles 

and proteins. In other words to form a corona three-dimensional structure of the 

proteins must be preserved. These protein-coated biosynthesized SeNPs were 

stable for 30 days at 4
0
 C, however, when the corona was removed from the 

nanoparticles they were not able to maintain their colloidal stability during the 

storage at 4
0
 C for a week. They get aggregated and forms clumps. This may be 

due to the fact that proteins put a homogeneous charge on the SeNPs surface which 

repels each other and maintained the colloidal stability. These observations 

confirm the role of „Protein Corona‟ in the colloidal stabilization of the 

biosynthesized SeNPs and ultimately determine their biomedical applications. 

5.3.2.3. Cytocompatibility of biosynthesized SeNPs 

Biosynthesized and chemically synthesized SeNPs were tested for their in 

vitro cytocompatibility against the L929 cell line by SRB assay and MTT assay. 

Effect of biosynthesized SeNPs (size ~90 nm) on cell line was tested for 24 and 48 

h exposure of nanoparticles in liquid media and for SeNPs concentration of 0.2, 

0.4, 0.6, 0.8 and 1 mg/mL. L929 cells without any SeNPs treatment were used as 

control in this experiment. Simultaneously, for comparative study, chemically 

synthesized SeNPs (size ~100 nm), using L-cysteine as reducing agent [20], were 

also tested for the cytocompatibility study against the L929 cell line by SRB and 

MTT assay. 
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Figure.5.9. In vitro cytocompatibility evaluation of SeNPs biosynthesized by 

bacterium Lactobacillus paracasei (size ~90.3 nm) (a) and chemically synthesized 

SeNPs (size ~100 nm) (b) against the L929 cell line for 24 and 48 h by SRB assay.  

 

 

Figure.5.10. In vitro cytocompatibility evaluation of SeNPs biosynthesized by 

bacterium Lactobacillus paracasei (size ~90.3 nm) (a) and chemically synthesized 

SeNPs (size ~100nm) (b) against the L929 cell line for 24 and 48 h by MTT assay. 
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Table.5.1. Cytocompatibility data of biosynthesized (size ~ 90.3 nm) and 

chemically synthesized (size ~100 nm) SeNPs against L929 cells in vitro by SRB 

assay. 

 

SeNPs 

concentration 

(mg/mL) 

% L929 Cell viability 

SeNPs biosynthesized by 

Lactobacillus paracasei 

Chemically synthesized 

SeNPs 

24 h 48h 24h 48h 

Control 98.2 98.2 98.2 98.2 

0.2 94.7 87.2 91.2 85.2 

0.4 89.4 84.5 85.6 81.3 

0.6 88.5 82.1 79.5 78.7 

0.8 85.1 80.3 77.8 75.5 

1 81.0 79.2 75.3 73.2 

 

Table.5.2. Cytocompatibility data of biosynthesized (size ~ 90.3 nm) and 

chemically synthesized (size ~100 nm) SeNPs against L929 cells in vitro by MTT 

assay 

 

SeNPs 

concentration 

(mg/mL) 

% L929 Cell viability 

SeNPs biosynthesized by 

Lactobacillus paracasei 

Chemically synthesized 

SeNPs 

24 h 48h 24h 48h 

Control 94.6 94.6 94.6 94.6 

0.2 90.1 83.9 89.2 85.0 

0.4 84.5 78.6 82.8 79.2 

0.6 81.2 75.2 76.9 75.4 

0.8 78.6 70.8 74.1 71.3 

1 74.2 68.0 71.3 62.2 

 

The results of this study are shown in figures 5.9 and 5.10, and in tables 5.1 

and 5.2. It is clearly seen that both types of SeNPs, chemically synthesized and 
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biosynthesized, does not have any significant cytotoxic effects (lower than 62.2 % 

cell survival percentage by MTT assay) on the L929 cell line in vitro for all the 

concentrations tested. However, biosynthesized SeNPs have lower cytotoxicity, for 

all concentration tested, than chemically synthesized SeNPs; in MTT assay for 1 

mg/mL concentration of biosynthesized SeNPs and 48 h incubation, 68.0 % cell 

were survived, while for 1 mg/mL concentration of chemically synthesized SeNPs 

and 48 h incubation, 62.2 % cells were survived. These results clearly indicates 

that the biosynthesized SeNPs, coated with extracellular proteins of bacterium 

Lactobacillus paracasei were more cytocompatible in nature against the L929 cells 

compared to the chemically synthesized SeNPs. For the biosynthesized SeNPs 

there was a slight decrease in cell survival percentage as the concentration of 

SeNPs increases, but this reduction in cell survival percentage is not less than the 

68.0 % at 1 mg/mL concentration and after 48 h of exposure.  
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5.4. Conclusions 

This biosynthesis study demonstrated that the secreted proteins of 

bacterium Lactobacillus paracasei formed a stable „Protein Corona‟ around the 

SeNPs. Formation of this „Protein Corona‟ imparted the uniform negative charge 

on the nanoparticles which leads to the post synthesis colloidal stabilization of 

nanoparticles; these protein coated SeNPs are colloidally stable for 30 days at 4
o 
C. 

„Protein Corona‟ formed around the nanoparticles was composed of proteins of 

molecular weight between 15 kD to 225 kD. In addition, this coating of proteins 

around the SeNPs makes biosynthesized nanoparticles more cytocompatible in 

nature against L929 cells in vitro compared to the chemically synthesized SeNPs 

of approximately same size. Understanding the nature of „Protein Corona‟ formed 

around the biosynthesized SeNPs was helpful for their biomedical applications as 

this corona ultimately determines the stability of nanoparticles in a biological 

system and assist in immunological behavior.  
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6.1. Introduction 

 Cancer development is a multistep process involving genetic aberrations 

that lead to uncontrolled cell division, tumor development, invasion and 

metastasis. Over the last decades, although great efforts have been taken to 

overcome various types of cancer, yet it is a difficult and complex disease to treat 

[1, 2]. Chemotherapy remained a backbone of cancer treatment due to the 

availability of a vast array of drugs and flexibility in their different formulations 

and combinations [3]. The most basic limitation for malignancy chemotherapy is 

the inadequate availability of operative delivery systems for hydrophobic 

anticancer molecules. This is due to the low solvency in polar medium of these 

hydrophobic drugs eventually limits their intravenous administration. Therefore, 

there is an urgent need to improve current methodologies in chemotherapy and 

search for alternative complementary methods and material to the present drug 

administrative practices [4-6]. 

 Selenium is one of the extensively studied trace mineral due to its excellent 

nutrient and antineoplastic properties. In recent years, abundant evidence in animal 

models has indicated that the supplementation of selenium could prevent cancer 

and reduce cancer incidence [7, 8]. Further studies demonstrated that apoptosis is 

an important cellular event in cancer chemotherapy and chemoprevention which is 

in many time stimulated by selenocompounds. Selenium could inhibit the 

induction of cancer by carcinogenic compounds as it decreases the rate of tumor 

proliferation and increases the rate of apoptosis in cancer cells [9, 10]. It is an 

established fact that most organic and inorganic forms of selenium are beneficial at 

lower concentrations, on other hand at higher concentrations it is toxic in nature. 

As the dose and chemical form are the factors which determine the 

selenocompounds physiological functions, searching for novel selenium species 

that are less toxic to normal cells, and more effective in cancer chemoprevention 

and have profound effect on cancer chemotherapy [11, 12]. Nanotechnology has 

become an emerging tool in cancer treatment through exploiting properties of 

materials at nano level and through various anticancer drug nanoformulations [13]. 

SeNPs, a novel selenium species have been confirmed by many reports to be less 
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toxic compared to organic selenocompounds and other inorganic selenium forms. 

In addition, it has an inherent anticancer activity that aroused great attention [14]. 

Recent reports demonstrated that the bare SeNPs, without any chemotherapy drug 

or surface functionalization, possess promising anticancer activity. These SeNPs 

also reported for low cytotoxicity compared to other selenium forms having 

anticancer potential [15]. Considering these facts, the present chapter deals with 

anticancer evaluation of three different sized SeNPs biosynthesized by bacterium 

Rhodococcus erythropolis in suspension culture in vitro (chapter 4), against the 

MCF-7 cell line. Simultaneously, these biosynthesized SeNPs were tested by their 

cytocompatibility against the L929 cell in vitro. 

6.2. In-vitro anticancer activity of biosynthesized SeNPs 

6. 2.1. Experimental details 

6. 2.1.1. Biosynthesis and purification of SeNPs 

 For the anticancer activity three different sized SeNPs 

biosynthesized by bacterium Rhodococcus erythropolis in suspension culture were 

used. Detailed Procedure for biosynthesis, optimization and purification of SeNPs 

is mentioned in chapter 4, in section 4.3.1.2. 

6.2.1.2. Chemical synthesis of SeNPs 

 The cytocompatible activity of biosynthesized SeNPs was compared with 

the chemically synthesized SeNPs. For this comparison study SeNPs were 

synthesized chemically as reported previously by reducing sodium selenite salt 

with amino acid L-cysteine [16]. This method was used because of easy and quick 

reaction set up, and control on the diameter and morphology of the synthesized 

SeNPs. Detailed procedure for chemical SeNPs synthesized is described in section 

5.3.1.2. in chapter 5. 

6.2.1.3. MTT assay 

 Detail procedure for the MTT assay is described in section 5.3.1.5. in 

chapter 5.  
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6.2.1.4. Anticancer activity  

The comparative in vitro anticancer study of three different sized SeNPs 

was done on the MCF7 cell line by MTT assay. MCF-7 cells was cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) which was supplemented with 

kanamycin (0.1 mg mL−1), 10% v/v fetal bovine serum, sodium bicarbonate (1.5 

mg mL−1) and penicillin-G (100 U mL−1). For proper growth these cells were 

incubated at 37 °C temperature in a 5% CO2 atmosphere. Cytocompatibility 

studies of SeNPs were carried on L929 cells grown on Keratinocyte Serum-Free 

medium which was supplemented with EGF (human recombinant epidermal 

growth factor) and BPE (bovine pituitary extract).  

6.2.1.5. Multi-staining and confocal Microscopy study  

For confocal microscopy 2 ×10
5 

cells mL−1 concentration of MCF-7 cells 

were grown separately in DMEM and then were shifted to the petri plates 

containing 4 mL of DMEM. These cells were kept for 24 h in petri dishes for 

proper growth. After 24 h media was replaced with fresh media and various 

concentrations 0.2, 0.4, 0.6, 0.8 and 1 mg mL−1 of biosynthesized SeNPs were 

added to cell culture. These nanoparticles treated and control (non-treated) MCF-7 

cells were further incubated in a CO2 incubator for 24 h. After incubation, culture 

media was removed and cells were washed four times with phosphate buffer 

solution (pH 7.4). Subsequently, the cells were stained with propidium iodide (PI), 

fluorescein isothiocyanate (FITC) and 4,6- diamidino-2-phenylindole (DAPI) 

stains. Excess stain was washed with phosphate buffer solution. Finally, MCF-7 

cells were overlaid with 500 µL phosphate buffer solution and observed directly, 

without cell fixation, under a confocal microscope. Red, Green and blue 

fluorescent MCF-7 cells were observed by excitation and emission wavelengths; 

PI (λ emission 617 nm, λ excitation 535 nm), FITC (λ emission 519 nm,  λ 

excitation 495 nm) and DAPI (λ emission 461 nm λ, excitation 358 nm), and 

detected with a band-pass filter. The final images were generated by 

superimposing the red, blue and green image as reported previously [17-18] 

 



Chapter 6: 

Size Dependent Anticancer Activity of SeNPs Biosynthesized by Bacterium Rhodococcus erythropolis. 

 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur   144 

6.2.1.6. Cytocompatibility study. 

Cytotoxicity of the biosynthesized SeNPs (size ~103 nm, ~140nm and ~288 

nm) and chemically synthesized SeNPs (size ~150 nm), was tested in vitro on the 

L929 cell line (murine fibroblast) by MTT assay. L929 cell line was procured from 

National Centre for Cell Sciences (NCCS), Pune, India. This cell line was grown 

in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with kanamycin 

(0.1 mg.mL-1), 10 % v/v fetal bovine serum (FBM), penicillin G (100 U/mL) and 

sodium bicarbonate (1.5 mg.mL-1).This cell line was incubated at 37 ºC 

temperature in a 5 % CO2 atmosphere for proper growth. Concentration of 2 × 10
5
 

L929 cells/mL was incubated in DMEM media in a 96-well micro titer plate for 24 

h at 37 °C temperature in a 5% CO2 atmosphere. After 24 h of incubation of cells, 

the culture media was replaced with fresh media and different concentrations (2.0, 

1.5, 1.0, and 0.5 mg mL
−1

 of culture media) of SeNPs were added. These treated 

L929 cells with different concentrations of SeNPs were further incubated at 37°C 

temperature in a 5% CO2 atmosphere for 24 h and 48 h, and were subjected to 

MTT assay. This experiment was repeated three times and the mean values were 

considered for the calculation of cell viability. The relative L929 cell viability (%) 

compared with control cells was calculated by the equation 6.1.  

                    
                           

                           
     ……….. (6.1) 

6.2.2. Results and discussion 

6.2.2.1. Size dependent anticancer activity of biosynthesized SeNPs 

Biosynthesized SeNPs were tested for the anticancer activity against the 

MCF-7 cell line by MTT assay. It is found that all three sized SeNPs show the 

promising anticancer activity as presented in figure 6.1. However this anticancer 

activity of three sized SeNPs was not uniform, smallest sized SeNPs of ~103 nm 

showed highest in vitro anticancer activity (39 % MCF-7 cell viability at 1 mg/mL 

concentration for 42 h) followed by the ~140 nm sized SeNPs (48 % MCF-7 cell 

viability at 1 mg/mL concentration for 42 h). SeNPs of ~288 nm size showed least 
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in vitro anticancer activity (71 % MCF-7 cell viability at 1 mg/mL concentration 

for 42 h).  

 

Figure.6.1. Anticancer activity of three different sized SeNPs biosynthesized by 

bacterium Rhodococcus erythropolis against MCF-7 cell line; ~ 103 nm (a), ~ 140 

nm (b) and ~ 288 nm (c) by MTT assay.  

To evaluate the mechanism of the anticancer activity and the nature of 

nanoparticle cell interaction multi-staining confocal studies were carried out 

(figure 6.2). It is found that SeNPs kills the cancer cells without disturbing the 

nuclear structure and alternating the cell morphology. This finding suggested that 

the anticancer activity of SeNPs is due to the inducing Reactive Oxygen species 

(ROS) inside the cell cytoplasm leading to cell death.  
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Figure.6.2. Confocal microscopic images of MCF-7 cells treated with 

biosynthesized SeNPs of  size ~103 nm and ~288 nm, stained with DAPI, PI and 

FITC stains. 

6.2.2.2. Cytocompatibility of biosynthesized SeNPs 

 Biosynthesized and chemically synthesized SeNPs were tested for 

their in vitro cytocompatibility against the L929 cell line by MTT assay. Effect of 

biosynthesized SeNPs (size ~103 nm, ~140 nm and ~278 nm) on cell line was 

tested for 24 and 48 h exposure of nanoparticles in liquid media and for SeNPs 

concentration of 0.2, 0.4, 0.6, 0.8 and 1 mg/mL. Cells without any SeNPs 

treatment were used as control in this experiment. Simultaneously chemically 

synthesized SeNPs (size ~150 nm), by L-cysteine as reducing agent [16], were also 

tested for the cytocompatibility study against the L929 cell line by MTT assay. 

 The results of this study are presented in figure 6.3. It was clearly seen that 

both types of SeNPs, chemically synthesized and biosynthesized, does not have 

any significant cytotoxic effects (lower than 67.5 % cell survival percentage) on 

the L929 cells in vitro for all the concentrations tested. However, biosynthesized 

SeNPs have lower cytotoxicity, for all concentration tested, than chemically 

synthesized SeNPs; for 1 mg/mL concentration of biosynthesized SeNPs  (for both 
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~153 and ~287 nm) and 48 h incubation, minimum 79.3 % cell were survived, 

while for 1 mg/mL concentration of chemically synthesized SeNPs and 48 h 

incubation, 67.5 % cells were survived. These results clearly indicate that the 

biosynthesized SeNPs coated with biomolecules secreted by Rhodococcus 

erythropolis were more cytocompatible in nature against the L929 cells compared 

to the chemically synthesized SeNPs. For the biosynthesized SeNPs there was a 

slight decrease in cell survival percentage as the concentration of SeNPs increases, 

but this reduction in cell survival percentage is not less than the 79 .3% at 1 

mg/mL concentration and after 48 h of exposure. 

 

Figure.6.3. Cytocompatibility studies of three different sized biosynthesized 

SeNPs by bacterium Rhodococcus erythropolis against L929 cell line; ~ 103 nm 

(a), ~ 140 nm (b) and ~ 288 nm (c), and chemically synthesized SeNPs of size ~ 

150 nm (d) by MTT assay.  
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6.3. Conclusions 

 Spherical and smooth surfaced SeNPs of three different sizes (~ 103 nm, ~ 

140 nm and ~ 288 nm) biosynthesized by Rhodococcus erythropolis show size 

dependent anticancer activity. When tested in vitro against MCF-7 cell line these 

SeNPs show prominent size dependent anticancer activity; the smallest SeNPs of ~ 

103 nm show the highest anticancer activity. Further evaluation by confocal multi-

staining study reveals that the anticancer activity of SeNPs is due to the generation 

of ROS inside the cytoplasm of MCF-7 cells. In addition, biosynthesized SeNPs of 

all three sizes show good in vitro cytocompatibility against the L929 cells 

compared to chemically synthesized SeNPs. 
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7.1. Introduction 

 Numerous reports in the last decade clearly demonstrated the 

advantages of biogenic selenium nanoparticles (SeNPs) over physically and 

chemically synthesized SeNPs due to biocompatibility, nontoxic nature, colloidal 

stability, ease of synthesis and avoidance of extreme temperature and pressure [1]. 

Among the different biosynthesis routes available, plant mediated SeNPs synthesis 

has gained significant attraction due to simplicity of reaction, ease of product 

purification and higher yield in many reports [2]. Therefore, plant extract mediated 

biosynthesis of metal and nonmetal nanoparticles has emerged successfully as an 

alternative „green chemistry‟ approach to the chemical and physical methods. In 

addition, plants have a very diverse group of primary and secondary metabolites, 

and various studies suggest that these „stacks of biomolecules‟ have a crucial role 

in biosynthesis and post synthesis stabilization of nanoparticles [3, 4]. Recent 

research in nanoparticle biosynthesis witnesses the significant contribution of 

plant-mediated biosynthesis of SeNPs and post synthesis colloidal stabilization of 

SeNPs by plant biomolecules. In addition, various plant sources and plant 

materials were successfully employed for the biosynthesis of SeNPs [5]. However, 

none of these studies presented rapid biosynthesis of SeNPs, most plant mediated 

biosynthesis reactions required up to 12 h to synthesize the SeNPs. All these 

reported methods also lack the ability to control the size of the SeNPs during 

biosynthesis reaction [6, 7]. Therefore, it was important to develop rapid plant 

mediated SeNPs synthesis method offering considerable control over the size of 

synthesized nanoparticles.  

The present chapter deals with the development of rapid and size controlled 

biosynthesis of SeNPs by using different plant extracts. For these purpose different 

plant species and plant parts were screened for the biosynthesis of SeNPs. For the 

selection of plant species and plant parts, various inclusion and exclusion 

parameters were applied. If the SeNPs were synthesized by any plant species, 

optimization of the biosynthesis process was carried out regarding the reaction 

condition and precursor concentration. Finally, these biosynthesized SeNPs were 

purified and characterized thoroughly with different physico-chemical techniques. 
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7.2. Inclusion and exclusion criteria applied for plant material 

 In medical studies, implication of inclusion and exclusion parameters to the 

biological specimen is an important requirement. Therefore, for the biosynthesis of 

SeNPs from plant part extract, different inclusion and exclusion criteria were 

applied in the selection of plant species and plant material. These parameters are 

summarized in table 7.1. Accordingly, plant species with reported toxicity, with 

toxic molecules and with phytochemicals that have adverse biological activities 

were excluded from the study. Annual and biannual plants were excluded from the 

study. 

Table.7.1. Inclusion and exclusion parameters considered for the selection of plant 

material for the biosynthesis of SeNPs.  

  

Parameter 

 

 

Inclusion Parameter 

 

Exclusion Parameter 

 

 

Chemical nature 

1. Medicinal plant 1. Reported toxicity 

2. Biologically active 

molecules 

2. Toxic molecules 

3. Used in Phytotherapy 

or in Ayurveda 

3. Adverse biological 

actives 

Life  cycle Perennial plant  Annual and biannual 

plant 

Nature Tree and shrub Herbaceous plant 

Growth stage Reproductive stage Pre-reproductive stage 

Nutritional 

requirements 

Autotrophic plants  Weeds and Parasitic 

plants 

Infection Healthy Infected plant 

 

Plant part 

Leaves Roots, stem and bark 

Healthy, fresh, green, 

metabolically active, 

intact and disease free 

Yellow, infected, 

metabolically inactive 

and non-intact. 
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Herbaceous plants, weeds and parasitic plants were excluded from the 

study. Infected plants or undergrowth and stunted plants were not tested for SeNPs 

biosynthesis. Medicinal plants and plants containing biological active molecules, 

which were used in phytotherapy or in Ayurveda, were included in the study. Trees 

and shrubs and perennial plants were selected for the SeNPs biosynthesis study. 

Healthy, disease free and fully grown plant parts were tested in the study. 

Regarding the plant part used in SeNPs biosynthesis study, only aqueous leaves 

extract was tested for SeNPs biosynthesis and all other plant parts were excluded.  

7.3. Plant species tested for SeNPs biosynthesis 

 Considering the inclusion and exclusion parameters mentioned above, in 

this study aqueous leaves extract of eight different plant species were tested for the 

biosynthesis of SeNPs (table 7.2). All plant materials were collected from the 

Kolhapur district region, Maharashtra, India. These collected plant samples were 

authenticated from the Botany Department, Shivaji University, Kolhapur. Out of 

eight plant species collected, aqueous leaves extract of two plant species, 

Azadirachta indica and Acacia arabica, were able to biosynthesize SeNPs at 

ambient temperature and pH. These two biosynthesis methods were studied in 

detail, optimized and SeNPs were purified and characterized.  

Table.7. 2. Plant species tested for the biosynthesis of SeNPs. 

 

Plant Name 

SeNPs 

Biosynthesis 

Azadirachta indica + 

Ocimum tenuiflorum - 

Phyllanthus emblica - 

Mangifera indica - 

Acacia arabica + 

Terminalia chebula - 

Terminalia bellirica - 

Tamarindus indica - 
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7.4. SeNPs biosynthesis by Azadirachta indica leaves extract 

Azadirachta indica is an indigenous plant of the Indian subcontinent 

commonly known as Neem. This plant is a member of the Meliaceae family (Table 

7.3). Azadirachta indica is adapted to environmental conditions of subtropical and 

tropical areas, and sub-humid and sub-arid areas, therefore wildly distributed in the 

Indian subcontinent. Numerous medicinal properties of Azadirachta indica were 

mentioned in the Indian ancient texts of Ayurveda. In past decades it becomes well 

known medicinal plant worldwide for its insecticide and medicinal properties. 

Various studies have confirmed the potential of Azadirachta indica in various 

medical applications including antimalarial, antipyretic, anti-inflammatory, 

insecticidal activity, anticancer and antitumor activity, antimalarial, antiviral 

activity and so on. Azadirachta indica also have important applications in 

environmental protection and pest management. Phytochemical analysis of this 

plant confirms the presence of many active natural compounds in various plant 

parts including leaves, seeds, bark extract, etc. Among the natural chemicals 

present in the Azadirachta indica, nimbidin, nimbin, gedunin and azadirachtin 

were some of the active phytochemicals which were purified and evaluated for 

various biological activities. In recent years, aqueous extract of Azadirachta indica 

was successfully employed for the biosynthesis of various types of metal and non-

metal nanoparticles [8]. 

Table.7. 3. Taxonomical classification of Azadirachta indica. 

7.4.1. Experimental details 

7.4.1.1. Preparation and phytochemical analysis of leaves extract 

 Fresh and healthy leaves of plant Azadirachta indica were collected from 

the Kolhapur district, Maharashtra, India. This plant sample was authenticated 

Kingdom Plantae Subclass   Rosidae 

Sub-kingdom   Tracheobionta Order   Sapindales 

Super division   Spermatophyta Family   Meliaceae 

Division   Magnoliophyta Genus   Azadirachta 

Class   Magnoliopsida Species indica 
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from the Botany Department, Shivaji University, Kolhapur, Maharashtra, India. 

Ten grams of fresh leaves of Azadirachta indica were washed with double distilled 

water (DW) and aqueous extract was prepared in DW by crushing the leaves in 

mortar and pestle. Then the extract was filtered and centrifuged for 5 min at 5000 

rpm to eliminate any suspended plant particulates. The final volume of extract was 

adjusted to 100 mL with DW and stored at 4 ⁰C for further experiments. 

 Quantitative phytochemical analysis of prepared aqueous plant leaves 

extract was conducted by the standard colorimetric methods prior to the 

biosynthesis of SeNPs. These phytochemical analyses were essential to identify 

the secondary metabolites present in the plant extract. Quantitative estimation of 

flavonoid content in the leaves extract of Azadirachta indica was evaluated by the 

by aluminum chloride method reported by Chang et al [9]. Briefly, 1.25 mL 

distilled DW was added in 0.25 mL freshly prepared leaves extract and then 75 μl 

of 5% sodium nitrite was added. After completion of 6 min, 0.15 mL solution of 

aluminum chloride was added followed by addition of 0.5 mL of 0.1M NaOH was 

added after completion of further 5 min. Adjust the reaction volume to 2.5 mL by 

using DW and the absorbance was recorded at 510 nm wavelength. Phenol content 

in the aqueous leaves extract of Azadirachta indica was determined by folin-

ciocalteu method as reported by Slinkard et al [10]. Briefly, 0.1 mL of freshly 

prepared leaves extract, 1 mL of Folin- Ciocalteu‟s reagent and 1.9 mL double DW 

were added and mixed well. Then 1 mL sodium carbonate solution was added. 

This reaction mixture was incubated for 2 h at 25 °C and absorbance of reaction 

mixture was recorded at 765 nm wavelength. Quantitative estimation of alkaloids 

was performed by harborne method [11]. Briefly, 5 gm of fresh leaves were taken 

and 200 mL of 10% acetic acid in ethanol was added and incubated in close 

container for 4 h. After incubation reaction mixture was filtered and concentrated 

up to 25% of volume in a water bath. Then concentrated ammonium hydroxide 

was added until the precipitation reaction was completed. This precipitate was 

collected and washed with ammonium hydroxide solution and filtered again. This 

filtrate residue was alkaloid, which was dried and weighed. Proteins present in the 

leaves extract were of Azadirachta indica was estimated by the lowery method 
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[12]. In brief 2.5 mL of leaves extract was taken as a sample for the protein 

estimation. Lowry solution was prepared freshly by mixing the three solution, 

solution A, B and C, in proportion of 100:1:1(Solution A: 2.8 g NaOH and 14.3 g 

Na2CO3 in 500 mL of DW, Solution B:  1.42 g of CuSO4.5(H2O) in 100 mL DW 

and  Solution C: 2.85 g Na2 Tartrat.2 (H2O) in 100 mL of DW). Folin reagent was 

freshly prepared by mixing 6 mL of 2 N folin and Ciocalteu‟s phenol reagent in 6 

mL of DW. Bovine serum albumin (BSA) was used as a standard protein and 100 

mg/mL BSA was prepared as standard protein solution. From this stock solution 0, 

20, 40, 60, 80 and 100 mg/mL BSA standard solutions were prepared to obtain the 

standard protein concentration plot. For the reaction, take 0.5 mL of protein 

solution (leaves extract or BSA) and add 0.7 mL Lowry solution, vertex the 

reaction mixture and incubated in the dark for 20 min. After incubation add 0.1 mL 

folin reagent and incubated in dark for further 30 min. After incubation take UV- 

Visible spectrometric measurements were carried out at 750 nm wavelength. 

Readings of standard BSA solutions were used for the plotting the graph of BSA 

concentration against the absorbance at 750 nm and from this graph protein 

concentration in the culture media was calculated.  

7.4.1.2. Biosynthesis, optimization and purification of SeNPs 

 For the biosynthesis of SeNPs, sodium selenite salt was added in the 100 

mL of aqueous leaves extract of Azadirachta indica and incubated the reaction 

mixture at 37
o
 C on a rotary shaker (100 rpm). The formation of SeNPs was 

observed visually by color change in reaction mixture from light green to pink and 

finally to reddish pink. This color change was visual confirmation for the 

formation of SeNPs. All the parameters affecting the biosynthesis were varied and 

optimized. For these optimizations, different concentrations (5, 7.5, 10, 12.5 and 

15 mM) of sodium selenite were tested, pH was varied from 6 to 8.5 and 

temperature was varied from 20 to 50
o 

C.  This reaction mixture of plant leaves 

extract and sodium selenite was maintained up to 10 min incubation and small 

aliquots were purified at different time intervals (5 and 10 min). Biosynthesized 

SeNPs were purified by centrifugation of reaction mixture at 10,000 rpm for 10 
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min and were washed 3 times with DW to remove loosely attached plant 

biomolecules. All these procedures of biosynthesis optimization and purification of 

SeNPs are summarized in figure 7.1.   

       

Figure.7.1. Schematic representation of biosynthesis, optimization and 

purification of SeNPs by aqueous leaves extract of Azadirachta indica.   

7.4.1.3. Characterization of SeNPs 

 The optical characteristics of the biosynthesized SeNPs by aqueous 

leaves extract of Azadirachta indica were measured by using a UV–Visible double 

beam spectrophotometer (model UV-2700, Shimadzu, Japan) operated at a 

wavelength range of 200 to 800 nm at a resolution of 2 nm. Phase identification 

and structural analysis of biosynthesized SeNPs were studied using XRD (Rigaku 

Miniflex 600) with Cu-Kα radiation (λ=1.5418 Å) for 2θ range of 10° to 90°. X-

pert highscore software was used for the evaluation of the XRD patterns and 

compared same with the database of Joint Committee on Powder Diffraction 

Standards (JCPDS). The crystallite size of the nanoparticles was formulated from 

the full width at half maximum (FWHM) of the diffraction peak of highest 

Ten grams of fresh leaves of Azadirachta indica were 
crushed in mortar and pestle with 50 mL DW. 

This extract was filtered and centrifuged at 5000 
rpm for 5 min, final volume adjusted to 100 mL 

withDW. 

Sodium selenite salt was added in the 100 mL of 
aqueous leaves extract and incubated the reaction 

mixture at 37o C and 100 rpm. 

Optimization of temperature (35o C), pH (7.5) and 
sodium selenite concentration (10 mM) was done. 

Biosynthesized SeNPs were purified by 
centrifugation of reaction mixture at 10,000 rpm 

for 10 min and were washed three times with 
DW to remove loosely attached plant 

biomolecules. 
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intensity based on the Scherrer equation. Zeta potential and hydrodynamic 

diameter (HDD) measurements were carried out by Dynamic Light Scattering 

(DLS) analysis on PSS/NICOMP 380 ZLS particles sizing system (Santa Barbara, 

USA) containing a red diode laser at frequency 632.8 Å at fixed angle 90° plastic 

cell in water. A Perkin-Elmer spectrometer (USA) was used to obtained FTIR 

spectra of biosynthesized SeNPs in the range of 450-4000 cm
─1

 using pellets of 

KBr to evaluate the interaction of SeNPs with functional groups of plant 

biomolecules. The size and morphology of the synthesized SeNPs were analyzed 

using Scanning Electron Microscopy (SEM) (Model JEOL-JSM-6510) at an 

accelerating voltage of 20 kV on a glass substrate. The energy dispersive X-ray 

spectroscopy (EDS) spectra of the nanoparticles were carried out using an Oxford 

IE150 instrument. 

7.4.1.4. Quantification of SeNPs 

Quantitative estimation of elemental selenium (Se
0
) was performed 

spectrophotometrically by measuring the absorption of reaction mixture at 

wavelength 500 nm as described in detail in chapter 4, in section 4.3.1.4.  

7.4.1.5. Quantification of selenite (SeO3
2−

) 

 Selenite in the reaction mixture during the SeNPs biosynthesis was 

estimated spectrophotometrically by measuring the absorption of reaction mixture 

at 377 nm wavelength as described in detail in chapter 4, in section 4.3.1.5. 

7.4.2. Results and discussion 

7.4.2.1. Phytochemical analysis of leaves extract 

 In aqueous leaves extract of Azadirachta indica, all the phytochemicals 

tested were found in different concentrations. These concentrations of different 

phytochemicals are presented in table 7.4. These phytochemical analyses 

confirmed the presence of phenols, alkaloids, flavonoids and proteins in aqueous 

leaves extract of Azadirachta indica. After the FTIR analysis of biosynthesized 

SeNPs all these compounds were found on the surface of SeNPs (figure 7.8). 

Amongst the different phytochemicals tested proteins were found in highest 
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concentration of 9.37 mg/mL followed by phenols (9.15 mg/mL) and flavonoids 

(7.84 mg/mL). In this leaves extract, alkaloids were found in least concentration of 

2.76 mg/mL among all phytochemicals. This unique combination of different 

phytochemicals present in aqueous leaves extract of Azadirachta indica was 

responsible for formation and colloidal stabilization of SeNPs. 

Table.7.4. Phytochemical analysis of Azadirachta indica aqueous leaves extract.  

Sr. No. Phytochemical 

constituents 

Concentration in Aqueous 

leaves extract mg/mL 

1 Flavonoids 7.84 

2 Phenols 9.15 

3 Alkaloids 2.76 

4 Proteins 9.37  

 

7.4.2.2. Biosynthesis of SeNPs 

The effect of sodium selenite concentration and time of reduction reaction 

on SeNPs biosynthesis were studied in detail. When sodium selenite salt was 

added into the 100 mL aqueous leaves extract of Azadirachta indica and incubated 

of this reaction mixture at 37
o
C and 100 rpm, there was a time dependent color 

change in the reaction mixture from light green to pink and finally to reddish pink, 

shown in figure 7.2.  

 

Figure.7.2. Time dependent color change during biosynthesis of SeNPs through 

reduction of sodium selenite by aqueous leaves extract of Azadirachta indica after 

5 min (a) and 10 min (b) of reduction reaction. 



Chapter 7 

Biosynthesis of SeNPs by Plant Extracts. 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.  160 
 

This characteristic change in coloration from pink to reddish pink was 

attributed to a difference in the size of biosynthesized SeNPs as a reaction 

progresses and it was due to surface plasma resonance of SeNPs. This pink 

coloration provided a convenient visual and spectroscopic signature of SeNPs 

formation [13]. After 10 min of incubation, no further change in the coloration was 

observed, suggesting completion of reduction reaction. 

7.4.2.3. Optimization of the biosynthesis process 

The various parameters affecting the SeNPs biosynthesis process including 

temperature, pH and concentration of sodium selenite were studied and optimized. 

These optimization results are shown in figure 7.3 and 7.4. The concentration of 

sodium selenite was varied from 5 to 15 mM (5, 7.5, 10, 12.5 and 15 mM), the 

temperature was varied from 20 to 50
o
C and pH was varied from 6 to 8.5. 

Biosynthesis of SeNPs was recorded with visual observations in color change and 

UV-Visible absorption measurements. The temperature of 35
0
C (figure 7.3-b), pH 

of 7.5 (figure 7.3-a and 7.4-b) and sodium selenite concentration of 10 mM (figure 

7.5-a, and 7.5-c) were found to be optimum conditions for the SeNPs biosynthesis. 

In this experiment, it was found that different concentrations of sodium selenite 

affect the size and shape of the nanoparticles (figure 7.9 and 7.10.).  

 

Figure.7.3. Effect of pH (a) and temperature (b) on the biosynthesis of SeNPs by 

aqueous leaves extract of Azadirachta indica. [Optimum pH is 7.5 and optimum 

temperature is 35 
0
C for SeNPs biosynthesis]. 
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Effect of sodium selenite concentration on shape and size of SeNPs was 

observed where 10 mM concentration of sodium selenite led to the formation of 

spherical and smooth SeNPs (figure 7.9), which was not observed for any other 

sodium selenite concentration in the range 5 to 10 mM (figure 7.10). SeNPs 

biosynthesis kinetics study, presented in figure 7.5, shows that Azadirachta indica 

aqueous leaves extract induced selenite reduction was started 1 min after the 

addition of sodium selenite salt and it was continued up to 12 min. It was revealed 

that concentration of sodium selenite in reaction mixture was lowered from 10 mM 

to approximately 0.5 mM. Initially the rate of SeNPs biosynthesis in reduction 

reaction was observed to be slow, but after 2 min reaction is rapid and completed 

in 6 min.   

 

Figure.7.4. Optimization of precursor (sodium selenite) concentration for SeNPs 

biosynthesis by aqueous leaves extract of Azadirachta indica (a), effect of pH on 

Na2SeO3 transformation (b) and transformation percentage of Na2SeO3 at different 

concentration (c). (optimum concentration of sodium selenite is 10mM) 
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Figure.7.5. Reaction kinetics of SeNPs biosynthesis by aqueous leaves extract of 

Azadirachta indica. 

7.4.2.4. UV-Visible spectroscopy study 

 Figure 7.6 represents the UV-Visible absorption spectra of SeNPs 

biosynthesized by aqueous leaves extract of Azadirachta indica at time intervals of 

5 and 10 min. This UV-Visible spectroscopy data clearly shows that the absorption 

behaviors of two different sized SeNPs are different and dependent on size of 

nanoparticles.  

 

 

Figure.7.6. UV-Visible absorption spectra of SeNPs biosynthesized by aqueous 

leaves extract of Azadirachta indica after 5 and 10 min of reduction a reaction. 
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As the size of SeNPs increases the values of absorption maxima (λ max) of 

SeNPs also change. Absorption maxima (λ max) of SeNPs purified after 5 min 

(~153 nm) is at 560 nm wavelength and purified after 10 min (~278 nm) λ max is 

at 580 and 670 nm wavelength. This size dependent absorption behavior of these 

biosynthesized SeNPs is identical with the chemically synthesized SeNPs [13]. 

UV-Visible spectrum SeNPs also shows the significant absorption at wavelength 

260 to 280 nm. This absorption is attributed to the proteins present in the aqueous 

leaves extract. 

7.4.2.5. Crystallography study 

 

Figure.7.7. XRD pattern of SeNPs biosynthesized by aqueous leaves extract of 

Azadirachta indica after 10 min of reduction reaction. 

The composition and phase of the biosynthesized SeNPs were examined by 

XRD analysis. Figure 7.7 represents the XRD pattern (10 -90
0
) of the SeNPs 

biosynthesized by aqueous leaves extract of Azadirachta indica after 10 min of 

reduction reaction. XRD pattern of the biosynthesized SeNPs shows major 

diffraction peaks at 26.2
o
, 31.7

o
, 44.5

o
 and 46.4

o
 2θ values. These peaks are 

assigned to (100), (101), (012) and (110) crystallographic planes of a hexagonal 

crystal and matched with the JCPDS card no.83-2439. No precursor‟s peaks are 

observed in the XRD pattern and intensity of peaks confirms the higher degree 

crystallinity of biosynthesized SeNPs.  The crystallite size of the biosynthesized 
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SeNPs was formulated from the full-width at half maximum (FWHM) of the most 

intense peak (101) using the Scherrer formula; D = 0.9 cos where D is 

crystalline size, is wavelength of X ray, θ is diffraction angle and  is FWHM 

of diffraction peak    and. Calculated crystalline size of biosynthesized SeNPs after 

10 min of reduction reaction was found to be 82.3 nm.   

 

7.4.2.6. FTIR analysis 

FTIR analysis was performed out to identify the plant biomolecules 

interacting with the SeNPs. These plant biomolecules were responsible for the 

formation and stabilization of SeNPs. The FTIR analysis results of biosynthesized 

SeNPs by aqueous leaves extract of Azadirachta indica are presented in figure 7.8. 

FTIR spectra of the Azadirachta indica leaves extract without SeNPs (Figure 7.8 

(I)) shows the peaks at 3452, 2921, 1631, 1467 and 1106 cm
-1

.The peak at the 

3452 cm
-1

 corresponds to stretching and binding vibrations of O-H bond of the 

structural water. The peak at 1631 cm
-1 

corresponds to the bending vibrations of 

the amide group in the proteins. The peaks at 2921, 1467 and 1106 cm
-1 

represent 

the
 
C-H stretching, bending vibrations of O-H and stretching vibrations of C-N 

bond, respectively. Each of these peaks in the purified SeNPs FTIR spectra (Figure 

7.8 (II)) have lower values, like 3401, 2919, 1614, 1456, and 1058 cm
-1

, 

suggesting that all these groups are interacting with SeNPs. The only peak at 588 

cm
-1

 is due to selenium-oxygen stretching vibrations. These findings suggest that 

the biosynthesized SeNPs were capped with a mixture of polyphenols, flavonoids 

and proteins of the Azadirachta indica leaves extract [14, 15]. These FTIR results 

match with the phytochemical analysis results presented in table 7.4.  
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Figure.7.8. FTIR spectra of aqueous leaves extract of Azadirachta indica (I) and 

purified SeNPs (II).  

 

7.4.2.7. Morphological analysis by SEM 

SEM characterizations were performed to examine the morphology and 

dimensions of the biosynthesized SeNPs. Figure 7.9-a and 7.9-b represent the SEM 

images of the biosynthesized SeNPs after 5 min and 10min of reduction reaction 

with aqueous leaves extract of Azadirachta indica at sodium selenite concentration 

of 10 mM. These SEM images were processed by the Image-J software for the 

detailed statistical analysis, including the diameter of SeNPs, standard deviation, 

lowest value, highest value, etc., and respective histograms indicating the 

distribution of SeNPs diameter were drawn (Figure 7.9-c and 7.9-d). From SEM 

images and respective histograms, it is observed that the SeNPs purified after 5 

min of reduction reaction by aqueous leaves extract of Azadirachta indica have a 

size range from 142 nm to 168 nm with an average diameter of 153 nm (standard 

deviation 6.4 nm). On the other hand, SeNPs formed after 10 min of reduction 

reaction have a size range of 221 nm to 328 nm with an average diameter of 278 

nm (standard deviation 27.6 nm). The obtained SeNPs from both conditions were 

spherical in shape with a smooth surface. Therefore, it was evident that with the 

varying time of reduction reaction the different sized SeNPs were biosynthesized 
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using aqueous leaves extract Azadirachta indica as reducing agent. On the other 

hand, SeNPs biosynthesized at sodium selenite concentration other than 10 mM, 

(5, 7.5, 12.5 and 15 mM), were purified after 10 min of reduction reaction and 

were represented in figure 7.10. These all SeNPs were non-spherical and non-

uniform in size and shape, confirms the impact of sodium selenite concentration of 

SeNPs shape and size. 

 

 

Figure. 7.9. SEM images of spherical SeNPs biosynthesized at 10 mM sodium 

selenite concentration after 5 min (a) and 10 min (b) of reduction reaction by 

aqueous leaves extract of Azadirachta indica. Respective histograms of 5 min (c) 

and 10 min  (d) are drawn from statistical analysis of these SEM images.  
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Figure.7.10. Biosynthesis of non-spherical and non-uniform SeNPs at 5 mM (a), 

7.5 mM (b), 12.5 mM (c) and 15 mM (d) concentrations of sodium selenite by 

aqueous leaves extract of Azadirachta indica after 10 min of reduction reaction. 

 

7.4.2.8. DLS and Zeta potential analysis  

 Hydrodynamic diameter (HDD) distribution of biosynthesized SeNPs in 

colloidal solution was measured by the Dynamic light scattering (DLS) analysis 

and obtained results are presented in figure 7.11.  It was observed that the SeNPs 

biosynthesized by aqueous leaves extract of Azadirachta indica after 5 min of 

reduction reaction have HDD distribution range of 140 nm to 240 nm with average 

diameter of 200 nm. On the other hand, SeNPs biosynthesized after 10 min of 

reduction reaction have HDD distribution range of 240 to 460 nm with average 

diameter of 353 nm. These average HDD distribution values of biosynthesized 

SeNPs were greater than their corresponding diameter observed in SEM graphs 

(figure 7.9). This increased diameter was attributed to the development of 

hydration layer around the nanoparticles. These HDD data also confirm the 

colloidal stability of biosynthesized SeNPs in suspension. 
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Figure.7.11. Hydrodynamic diameter distribution of biosynthesized SeNPs after 5 

min (average diameter 200 nm) (a) and 10 min (average diameter 353 nm) (b) of 

reduction reaction by aqueous leaves extract of Azadirachta indica.  

 

These two deferent sized biosynthesized SeNPs were evaluated for their 

surface charge by Zeta potential analysis. During the biosynthesis of SeNPs, plant 

biomolecules get attached to the nanoparticle‟s surface (figure 7.8). These surface 

biomolecules give the characteristic charge to the nanoparticles. It was observed 

that both types of SeNPs have a negative charge on their surface, but there was 

variation in charge value with nanoparticle size. SeNPs biosynthesized after 5 min 

((~ 153 nm) and 10 min ((~ 278 nm) have zeta potential value of -46 and -47 mV 

respectively (figure 7.12). These observations clearly showed that the polyphenols, 

flavonoids and proteins from the leaves extract impart a negative charge on SeNPs. 

This is an important aspect regarding the biomedical applications of nanoparticle 

as surface charge greatly influences the interaction between nanoparticle and 

biological microenvironments. This negative charge on SeNPs was probably 

responsible for the colloidal stability of SeNPs and avoids the formation of 

aggregates. 
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Figure.7.12. Zeta potentials analysis of SeNPs biosynthesized after 5 min (a) (zeta 

potential – 46 mV) and 10 min (zeta potential – 47 mV) of reduction reaction by 

aqueous leaves extract of Azadirachta indica.  

  

7.4.2.9. Elemental analysis by EDS 

 

Figure.7.13. Elemental analysis of biosynthesized SeNPs after 10 min of reduction 

reaction by aqueous leaves extract of Azardiracha indica.  

The EDS spectra is used for quantitative elemental analysis of the 

biosynthesized SeNPs and it is represented in figure 7.13. The EDS spectra 

indicate the sample is consistent with their elemental stoichiometry as expected 

and characteristic signal of crystalline SeNPs is observed around 1.3 keV. Peaks of 

other elements like oxygen, carbon, phosphorus, sodium and sulfur were appeared 
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in the analysis and can be attributed to the plant mediated biosynthesis of the 

SeNPs. Various biomolecules, primarily polyphenols, flavonoids and proteins 

were attached to nanoparticle surface and were responsible for the observed 

elemental composition of SeNPs. 

 

7.5. SeNPs biosynthesis by Acacia arabica leaves extract 

Acacia arabica belongs to the family Fabaceae and it is native to the Indian 

subcontinent, the Middle East and Africa. In India, Acacia arabica is commonly 

known as „Babool’ and in ancient Indian system of medicine it was used for the 

treatment and prevention of various health illnesses. In India and South-east Africa 

its tender twig is used as a toothbrush for its antimicrobial properties. Various 

active phytochemicals were extracted from this plant and utilized for different 

medical applications. The „gum‟ extracted from the bark of this plant is called 

gum-arabic and was used for the manufacture of various dyes, medicines and 

paints. Among different plant part, bark of Acacia arabica was reported for its 

biological activities in different diseases, because of its high concentrations of 

Tannin (12-20%). Numerous active polyphenolic compounds were isolated from 

the plant part of Acacia arabica including alkaloids, terpenoids, glycosides and 

saponins. In recent decade, different types of metal and nonmetal nanoparticles 

were biosynthesized successfully from the aqueous extract of Acacia arabica [16]. 

Table 7. 5. Taxonomical classification of Acacia arabica 

 

 

 

 

 

 

7.5.1. Experimental details 

7.5.1.1. Preparation and phytochemical analysis of leaves extract 

Fresh and healthy leaves of plant Acacia arabica were collected from the 

Kolhapur district. This plant sample was authenticated from the Department of 

Kingdom Plantae Subclass   Rosidae 

Sub-kingdom   Tracheobionta Order   Fabales 

Superdivision   Spermatophyta Family   Fabaceae 

Division   Magnoliophyta Genus   Acacia 

Class   Magnoliopsida Species arabica 
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Botany, Shivaji University, Kolhapur, Maharashtra, India. Twenty grams of fresh 

and young leaves were washed thoroughly with DW and cut into fine pieces with 

scissors.  Leaves were subsequently macerated in 50 mL of DW with the help of 

mortar and pestle. The thick slurry of leaves thus recovered was subjected to 

filtration and then centrifugation at 5,000 rpm for 5 min to remove any suspended 

plant particulates. The final volume of extract was adjusted to 100 mL with DW 

and stored at 4 ⁰C for further experiments. 

 Quantitative phytochemical analysis of prepared plant leaves extract was 

conducted by the standard colorimetric methods prior to the biosynthesis of 

SeNPs. These phytochemical analyses were essential to identify the secondary 

metabolites present in the plant extract. Quantitative estimation of flavonoid, 

Phenol, Alkaloids and protein content in the leaves extract of Acacia arabica was 

evaluated by the aluminium chloride method [9], folin-ciocalteu method [10], 

harborne method [11] and lowery method [12] respectively. The brief procedure of 

all these assays is described in the section 7.4.1.1. of this chapter. 

 

7.5.1.2. Biosynthesis, optimization and purification of SeNPs 

 Sodium selenite salt, precursor for the SeNPs, was added in the 100 mL of 

aqueous leaves extract of Acacia arabica and incubated the reaction mixture at 37
o
 

C on a rotary shaker (100 rpm). The formation of SeNPs was visually observed by 

a color change of reaction mixture from light green to pink. This color change was 

a visual confirmation for the formation of SeNPs. All the parameters affecting the 

biosynthesis were varied and optimized. For these optimizations, sodium selenite 

concentration was varied from 4 to 12 mM, pH was varied from 6.5 to 9 and 

temperature was varied from 20 to 50
o 

C. This reaction mixture of plant leaves 

extract and sodium selenite was maintained up to 6 h and small aliquots were 

purified at different time intervals to observe the biosynthesis of SeNPs. 

Biosynthesized SeNPs were purified by centrifugation of reaction mixture at 

10,000 rpm for 10 min and were washed 3 times with DW to remove loosely 

attached plant biomolecules. All these procedures of biosynthesis optimization and 

purification of SeNPs are summarized in figure 7.14.   
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Figure.7.14. Schematic representation of biosynthesis, optimization and 

purification of SeNPs by aqueous leaves extract of Acacia arabica. 

7.5.1.3. Characterization of SeNPs 

 Purified SeNPs were characterized by the UV-Visible spectroscopy, 

Fourier transform infrared spectroscopy (FTIR), Scanning Electron Microscope 

(SEM), Dynamic Light Scattering (DLS), Zeta potential analysis and X-ray 

Diffractometer (XRD) as described in the section 7.4.1.3. of this chapter. 

7.5.1.4. Quantification of SeNPs 

Quantitative estimation of elemental selenium (Se
0
) was performed 

spectrophotometrically by measuring the absorption of reaction mixture at 

wavelength 500 nm as described in detail in chapter 4, in section 4.3.1.4.  

7.5.1.5. Quantification of selenite (SeO3
2−

) 

Selenite in the reaction mixture during the SeNPs biosynthesis was 

estimated spectrophotometrically by measuring the absorption of reaction mixture 

at 377 nm wavelength as described in detail in chapter 4, in section 4.3.1.5.  

Twenty grams of fresh leaves of Acacia Arabica were 
crushed in mortar and pestle with 50 mL DW. 

This extract was filtered and centrifuged at 5,000rpm 
for 5 min, final volume adjusted to 100 mL with DW. 

Sodium selenite salt was added in the 100 mL of 
aqueous leaves extract and incubated the reaction 

mixture at 37o C and 100 rpm. 

Optimization of temperature (35o C), pH (7.5) and 
sodium selenite concentration (8 mM) was done. 

Biosynthesized SeNPs were purified by 
centrifugation of reaction mixture at 10,000 rpm 
for 10 min and were washed three times with DW 
to remove loosely attached plant biomolecules. 
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7.5.2. Results and discussion 

7.5.2.1. Phytochemical analysis of leaves extract 

In aqueous leaves extract of Acacia arabica all the phytochemicals tested were 

found in different concentrations. These concentrations of different 

phytochemicals are presented in table 7.4. This phytochemical analysis confirmed 

the presence of phenols, alkaloids, flavonoids and proteins in aqueous leaves 

extract of Acacia arabica. After the FTIR analysis of these biosynthesized SeNPs 

all these types of compounds were found on the surface of SeNPs (figure 7.21). 

Amongst the different phytochemicals tested proteins found in the highest 

concentration of 9.86 mg/mL followed by phenols (8.72 mg/mL) and flavonoids 

(7.19 mg/mL). In this leaves extract, alkaloids were found in least concentration of 

2.93 mg/mL among all phytochemicals. This unique combination of different 

phytochemicals present in aqueous leaves extract of Acacia arabica was 

responsible formation and colloidal stabilization of SeNPs. 

 

Table.7.6. Phytochemical analysis of Acacia arabica aqueous leaves extract.  

Sr. No. Phytochemical 

constituents 

Concentration in Aqueous 

leaves extract mg/mL 

1 Flavonoids 7.19 

2 Phenols 8.72 

3 Alkaloids 2.93 

4 Proteins 9.86 

 

7.5.2.2. Biosynthesis of SeNPs 

 The effects of sodium selenite concentration, pH, temperature and 

time of reduction reaction on SeNPs biosynthesis were studied in detail. When 

sodium selenite salt was added into the 100 mL aqueous leaves extract of Acacia 

arabica and incubation of this reaction mixture at 37
o
C and 100 rpm, there was a 

time dependent color change in the reaction mixture from light green to reddish 

pink, shown in figure 7.15. This characteristic appearance of pink coloration was 

due to surface plasma resonance of SeNPs and provided a convenient visual and 
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spectroscopic signature of their formation [13]. After 6 h of incubation, no further 

change in the coloration was observed, suggesting the completion of reduction 

reaction. 

 

Figure.7.15. Time dependent color changes during biosynthesis of SeNPs through 

reduction of sodium selenite by aqueous leaves extract of Acacia arabica at time 

zero h (a) and after 6 h of reduction reaction (b). 

 

7.5.2.3. Optimization of the biosynthesis process 

 The various parameters affecting the SeNPs biosynthesis process including 

temperature, pH and concentration of sodium selenite were studied and optimized. 

These optimization results are revealed in figures 7.16, and 7.17. For the 

optimization study concentration of sodium selenite was varied from 4 to 12 mM 

(4,6,8,10 and 12 mM) the temperature was varied from 20 to 50
o
C and pH was 

varied from 6.5 to 9. Biosynthesis of SeNPs was recorded with visual observations 

in color change and UV-Visible absorption measurements. The temperature of 

35
0
C (figure 7.16-b), pH of 7.5 (figure 7.16-a and 7.17-b) and sodium selenite 

concentration of 8 mM (figure 7.17-a, and 7.17-c) were found to be optimum 

conditions for the SeNPs biosynthesis. In this experiment, it was found that 

spherical and smooth surfaced SeNPs were biosynthesized only at 8 mM 

concentration of sodium selenite, at all other concentrations tested SeNPs 

synthesized were non spherical and non-uniform. SeNPs biosynthesis kinetics 

study, presented in figure 7.18, shows that Acacia arabica aqueous leaves extract 

induced selenite reduction was started 1 h after the addition of sodium selenite salt  
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Figure.7.16. Effect of pH (a) and temperature (b) on the biosynthesis of SeNPs by 

aqueous leaves extract of Acacia arabica (Optimum pH is 7.5 and optimum 

temperature is 35
0
 C for SeNPs biosynthesis). 

 

 

Figure.7.17. Optimization of precursor (sodium selenite) concentration for SeNPs 

biosynthesis by aqueous leaves extract of Acacia arabica (a), effect of pH on 

Na2SeO3transformation (b) and transformation percentage of Na2SeO3 at different 

concentration (c).  
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and it was continued up to 6 h. It was revealed that concentration of sodium 

selenite in reaction mixture was lowered from 8 mM to approximately 0.5 mM. 

Initially the rate of SeNPs biosynthesis in reduction reaction was observed to be 

slow, but after 2 h reaction was rapid and reaction was completed in 6 h.   

 

 

Figure.7.18. Reaction kinetics of SeNPs biosynthesis by aqueous leaves extract of 

Acacia arabica. 

 

7.5.2.4. UV-Visible spectroscopy study 

The optical properties of biosynthesized SeNPs were studied by the UV- 

Visible spectroscopy. Figure 7.19 represents the UV-Visible absorption spectra of 

SeNPs biosynthesized by aqueous leaves extract of Acacia arabica after 6 h of 

reduction reaction. Absorption maxima (λ max) of SeNPs purified after 6 h 

(average diameter 313.4 nm) is at 575 and 664 nm wavelength. This UV-Visible 

absorption behavior of biosynthesized SeNPs was identical with the chemically 

synthesized SeNPs [13]. Absorption at wavelength 260 to 280 nm was also 

significant and this was attributed to the presence of protein and other 

biomolecules in the leaves extract. 
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Figure.7.19. UV-Visible absorption spectra of SeNPs biosynthesized by aqueous 

leaves extract of Acacia arabica after 6 h of reduction reaction. 

7.5.2.5. Crystallography study 

The composition and phase of the biosynthesized SeNPs were examined by 

XRD analysis. XRD pattern (10-90
0
) of the SeNPs biosynthesized after 6 h of 

reduction reaction by aqueous leaves extract of Acacia Arabica is presented in 

figure 7.20. XRD pattern of the biosynthesized SeNPs shows major diffraction 

peaks at 25.9
o
, 31.4

o
, 44.4

o
 and 45.8

o
 2θ values. These peaks are assigned to (100), 

(101), (012) and (110) crystallographic planes of a hexagonal crystal and matched 

with the JCPDS Card no.83-2438. No peaks or precursors are observed in the 

XRD pattern and intensity of peaks confirms the high degree crystallinity of 

biosynthesized SeNPs. The crystallite size of the biosynthesized SeNPs was  

formulated by the full-width at half maximum (FWHM) of the greatest intense 

peak (101) using  the scherrer formula, D = 0.9 cos where D is crystalline 

size, is wavelength of X ray, θ is diffraction angle andis FWHM of diffraction 

peak. Calculated crystalline size of biosynthesized SeNPs was found to be 120 nm.  
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Figure.7.20. XRD pattern of SeNPs biosynthesized by aqueous leaves extract of 

Acacia arabica after 6 h of reduction reaction. 

 

7.5.2.6. FTIR analysis 

To identify the plant biomolecules interacting with the SeNPs, FTIR 

analysis was carried out. These plant biomolecules were responsible for the 

formation and stabilization of SeNPs. The FTIR analysis results of biosynthesized 

SeNPs by aqueous leaves extract of Acacia arabica are presented in figure 7.21. 

FTIR spectra of the Acacia arabica leaves extract without SeNPs (figure 7.21 (I)) 

show the peaks at 3448, 2940, 1642, 1467 and 1090 cm
-1

.The peak at the 3448 cm
-

1
 corresponds to stretching and binding vibrations of O-H bond of the structural 

water. The peak at 1642 cm
-1 

corresponds to the bending vibrations of the amide 

group in the proteins. The peaks at 2940, 1467 and 1090 cm
-1 

represents the
 
C-H 

stretching, bending vibrations of O-H and stretching vibrations of C-N bond 

respectively. Each of these peaks in the purified SeNPs FTIR spectra (figure 7.21 

(II)) have lower values, like 3407, 2915, 1626, 1456, and 1063 cm
-1

, suggesting 

that all these groups were interacting with SeNPs. The only peak at 588 cm
-1

 is due 

to selenium-oxygen stretching vibrations. These findings suggest that the 

biosynthesized SeNPs were capped with a mixture of polyphenols, flavonoids and 

proteins of the Acacia arabica leaves extract [14, 15]. This FTIR result matches 
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with the phytochemical analysis results of aqueous leaves extract as presented in 

table 7.6. 

 

Figure.7.21. FTIR spectra of aqueous leaves extract of Acacia arabica (I) and 

purified SeNPs (II). 

 

7.5.2.7. Morphological analysis by SEM 

 SEM characterizations were performed to examine the morphology 

and dimensions of the biosynthesized SeNPs. Figure 7.22-a represents the SEM 

image of the biosynthesized SeNPs after 6 h reduction reaction with aqueous 

leaves extract of Acacia arabica. This SEM image was processed by the Image-J 

software for the detailed statistical analysis, including the diameter of SeNPs, 

standard deviation, lowest value, highest value, etc., and respective histogram 

indicating the distribution of SeNPs diameter was drawn (Figure 7.22-b). The 

SEM image revealed that SeNPs formed at 8mM sodium selenite concentrations 

were spherical in shape and has a smooth surface. From SEM images and 

respective histograms, it was observed that the SeNPs purified after 6 h of 

reduction reaction with aqueous leaves extract of Acacia arabica have a size range 

from 251 nm to 398 nm with an average diameter of 313 nm (standard deviation 

39.3 nm).  At other sodium selenite concentration (4, 6, 10 and 12 mM) SeNPs 

biosynthesized were non spherical in shape and non-uniform.  
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Figure.7.22. SEM images of biosynthesized SeNPs after 6 h (a) of reduction 

reaction by aqueous leaves extract of Acacia arabica at sodium selenite 

concentration of 8 mM. Respective histogram (b) is drawn from the SEM image.  

7.5.2.8. DLS and Zeta potential analysis  

 

Figure.7.23. Hydrodynamic diameter distribution of SeNPs biosynthesized after 6 

h (average diameter 340 nm) of reduction reaction by aqueous leaves extract of 

Acacia arabica.  

Hydrodynamic diameter (HDD) distribution of biosynthesized SeNPs in 

colloidal solution was measured by the Dynamic Light Scattering (DLS) analysis 

and obtained results are presented in figure 7.23.  It was observed that the SeNPs 

biosynthesized by aqueous leaves extract of Acacia arabica after 6 h of reduction 
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reaction has HDD distribution range of 240 nm to 480 nm with an average 

diameter of 340 nm. This average HDD distribution value of biosynthesized 

SeNPs is greater than their corresponding diameter observed in SEM graphs 

(figure 7.22). This increased diameter was attributed to the formation of hydration 

layer around the nanoparticles. These HDD data also confirmed the colloidal 

stability of biosynthesized SeNPs in suspension. 

 

 

Figure.7.24. Zeta potential analysis (zeta potential –35 mV) of SeNPs 

biosynthesized after 6 h of reduction reaction by aqueous leaves extract of Acacia 

arabica. 

These biosynthesized SeNPs were evaluated for their surface charge by 

Zeta potential analysis. During the biosynthesis of SeNPs, biomolecules from the 

aqueous leaves extract (polyphenols, flavonoids and proteins) get attached to the 

surface of the nanoparticles. These surface biomolecules give the characteristic 

charge to the nanoparticles. It was observed that SeNPs biosynthesized after 6 h of 

reduction reaction have zeta potential value of –35 mV (figure 7.24). This was an 

important aspect regarding the biomedical applications of nanoparticle as surface 

charge greatly influences the interaction between nanoparticle and biological 

microenvironments. This negative charge on SeNPs was probably responsible for 

the colloidal stability of SeNPs and avoids the formation of nanoparticle 

aggregates. 
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7.6. Conclusions 

Spherical, Crystalline and smooth surfaced SeNPs were successfully 

synthesized by leaves extract of two plant species Azadirachta indica and Acacia 

arabica. Two different sizes of SeNPs, ~153 nm and ~278 nm were biosynthesized 

after 5 and 10 min of reduction reaction with aqueous leaves extract Azadirachta 

indica. Factors affecting the biosynthesis process were optimized and it was found 

that 10 mM sodium selenite concentration, pH 7.5 and temperature 35 
o
C were 

found to be optimum conditions for SeNPs synthesis. Alternatively, SeNPs of sizes 

~313 nm were synthesized by aqueous leaves extract of Acacia arabica leaves 

extract and 8 mM sodium selenite concentration, pH 7.5 and temperature 35 
o
C 

were found to be optimum conditions for SeNPs synthesis. Phytochemical analysis 

of both plant extracts confirms the presence of proteins, phenols, flavonoids and 

alkaloids in these extract which were responsible for the SeNPs biosynthesis. 
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Table. 7.6. Summary of SeNPs biosynthesized by plant leaves extract 

 

Plant 

Species 

 

Optimum Conditions 

 

 

Shape 

of 

SeNPs 

 

Size of 

SeNPs 

(nm) 

 

Time 

Required 

Conc. of 

Na2SeO3 

(mM) 

 

pH 

 

Temp. 

(
o 
C) 

 

Azadirach

ta indica 

 

10 

 

7.5 

 

35 

 

Spherica

l 

 

153 and 

278 

5 min (153 

nm) and 10 

min (278 nm) 

 

Acacia 

arabica 

 

8 

 

7.5 

 

35 

 

Spherica

l 

 

313 

 

6 h 
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8.1. Introduction 

Nanotechnology has allowed researchers to synthesize and optimize nano-

sized particles and facilitates their use in a wide range of biomedical applications. 

Compared with bulk material nanoparticles have increased surface areas and 

therefore have amplified interactions with different biological targets, for example, 

bacteria in antibacterial properties of nanoparticles. As a result, nanoparticles exert 

stronger antibacterial effects on bacterial cells than their bulk counterparts. 

Selenium shows antibacterial activity as probiotics enriched with selenium were 

described for strong inhibition of pathogenic strain of bacterium Escherichia coli 

in-vitro and in-vivo [1-3].  

 

Figure.8.1. Proposed mechanisms of antibacterial activity of SeNPs and selenium 

ions [6]. 

In all antibacterial studies, selenium was provided as selenite form and 

however, the effects of elemental in the form of SeNPs on different 

microorganisms remain largely unknown. In recent reports, SeNPs were reported 

for antibacterial and antifungal activity. In these studies, SeNPs were reported as 

an antibacterial agent against gram-positive and gram-negative bacteria [4-7]. In 

addition, SeNPs were reported for their anti-biofilm activity against clinical 

isolates, Pseudomonas aeruginosa, Staphylococcus aureus and Proteus mirabilis 

[8]. SeNPs were reported for inhibitory activity against Leishmania major [9]. In 
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biomedical applications, SeNPs were successfully employed for the antimicrobial 

coating on the medical devices [10, 11]. Considering these facts, this chapter deals 

with the screening of antibacterial activity of SeNPs biosynthesized by aqueous 

leaves extract of Azadirachta indica. The antimicrobial potential of SeNPs was 

evaluated by the measurement of zone of inhibition (ZOI) by the well diffusion 

method. In addition, killing kinetics of biosynthesized SeNPs against four bacterial 

strains were reported. 

8.2. In-vitro antibacterial activity of biosynthesized SeNPs 

8.2.1. Experimental details 

8.2.1.1. Biosynthesis and purification of SeNPs 

  SeNPs for the antimicrobial studies were biosynthesized by the Azadirachta 

indica leaves extract. The detailed procedure for the biosynthesis and purification 

of SeNPs is provided in Chapter 7, Section 7.4.1.2. 

8.2.1.2. Chemical synthesis of SeNPs 

 The cytocompatible activity of biosynthesized SeNPs was compared with 

the chemically synthesized SeNPs. For this comparison study SeNPs were 

synthesized chemically as reported previously by reducing sodium selenite salt 

with amino acid L-cysteine [12]. This method was selected because of easy and 

quick reaction set up, and control on the diameter and morphology of the 

synthesized SeNPs. The detailed procedure for SeNPs synthesized is described in 

section 5.3.1.2., in chapter 5. 

8.2.1.3. MTT assay 

Detail procedure for the MTT assay is described in section 5.3.1.5. ,chapter 5,  

8.2.1.4. Cytocompatibility study  

 Cytotoxicity of the biosynthesized SeNPs (size ~153 nm and ~278nm) and 

chemically synthesized SeNPs (size ~150 nm and ~280nm) was tested in vitro on 

the L929 cell line by MTT assay. L929 cell line was procured from National 

Centre for Cell Sciences (NCCS), Pune, India. This cell line was grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with kanamycin (0.1 
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mg.mL-1), 10 % v/v fetal bovine serum (FBM), penicillin G (100 U/mL) and 

sodium bicarbonate (1.5 mg.mL-1). Detailed procedure is explained in chapter 5 

section 5.3.1.7.  

8.2.1.5. Bacterial strain maintenance 

Biosynthesized SeNPs were tested for antibacterial activity against two 

gram-negative bacteria Proteus vulgaris (NCIM- 2027) and Pseudomonas 

aeruginosa (NCIM- 2036), and two gram-positive bacteria Staphylococcus aureus 

(NCIM- 2079) and Bacillus cereus (NCIM-2217). All bacterial strains were 

procured from the National Center for Industrial Microorganisms (NCIM), 

National Chemical Laboratory (NCl), Pune, Maharashtra, India. Nutrient agar was 

used for bacterial culture maintenance at 4
0
C and testing antimicrobial activity by 

well diffusion assay. Composition of nutrient broth used for the bacterial culture 

was; peptone (1 %), beef extract (1 %), sodium chloride (0.5 %) and pH after 

sterilization was maintained at 7.4. For the nutrient agar, 2 % agar was used as a 

solidifying agent. The stock culture of bacteria is maintained at 4
o 

C on nutrient 

agar slant. Chemicals of GR grade were purchased from Sigma Aldrich Pvt. Ltd. 

and components required for media preparation were procured from Himedia 

Laboratories Pvt. Ltd. All chemicals were used without further purifications and 

100 % soluble in water. 

 

8.2.1.6. Testing of antibacterial activity 

 Antibacterial activity of biosynthesized SeNPs, at two different 

concentrations, was evaluated by measuring the zone of inhibition (ZOI) by the 

well diffusion assay. The experiment was performed as reported earlier [13]. First, 

the petri dishes, containing 20 ml nutrient agars in each, were prepared and 2 mm 

diameter wells were created by using sterilized stainless steel border. Stock 

bacterial cultures, maintained at 4 
0
C on nutrient agar slant, were activated by 

incubating a loopful of bacteria in 5mL nutrient broth in test tube maintained at 

100 rpm and 37 
0
C, till the optical density (OD) of the culture at 600 nm reaches 

one Mcfarland unit. After activation, 50 L broth of each bacterial strain was 
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spread on the media surface in a petri dish with the help of a cotton spreader. 

Finally, 40 g/mL and 20 g/mL SeNPs were loaded in the separate wells by 

using phosphate buffer (pH 7.4). Along with the SeNPs, 15 g/mL ampicillin and 

50 L aqueous leaves extract of Azadirachta indica were added in separate well. 

Ampicillin was used as a standard drug in this study as positive control and 

aqueous leaves extract of Azadirachta indica was tested as negative control in this 

experiment. These petri dishes were incubated for 24 h at 37 
o
C and zone of 

inhibition was measured in millimeter. The killing kinetics of SeNPs, at 20 and 40 

g/mL concentrations, against all four bacterial strains were studied as reported 

previously [14].  

 

8.2.2. Results and discussion 

8.2.2.1. Antibacterial activity of biosynthesized SeNPs  

The biosynthesized SeNPs by aqueous leaves extract of Azadirachta indica 

showed concentration dependent antibacterial activity against all tested bacterial 

species (Figure 8.2 and Table 8.1). This antibacterial activity of SeNPs was 

slightly lower than standard drug ampicillin and was not dependent on the size of 

the nanoparticles i.e. both ~153 nm (synthesized after 5 min) and ~278 nm 

(synthesized after 10 min) sized SeNPs showed same level of antibacterial activity 

against bacterial strain tested in this study. The highest antibacterial activity of 

biosynthesized SeNPs was observed against gram-negative bacterium 

Pseudomonas aeruginosa with Zone of Inhibition (ZOI) of 14 and 17 mm for 20 

and 40 g/mL concentrations respectively. The lowest antibacterial activity of 

biosynthesized SeNPs was observed against gram-positive bacterium Bacillus 

cereus with Zone of Inhibition (ZOI) of 9 and 11 mm for 20 and 40 g/mL 

concentrations respectively. For the other two bacterial strains, ZOI of 12 and 13 

mm and 14 to 15 mm for 20 and 40 g/mL of SeNPs concentrations respectively.  

Bacteria killing kinetics study (Figure 8.3) revealed the antibacterial activity 

of SeNPs was dependent on the concentration of SeNPs used, and the time of 

interaction between the bacterial cells and SeNPs. Bacterial survival percentage for 
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all strains was reduced drastically for the first 40 min interaction of bacterial cells 

with biosynthesized SeNPs (for both 20 and 40 g/mL concentrations). As a time 

of interaction increases, bacterial survival percentage lowered further but with 

slower rates.  More than 80% and 90% bacterial cells (all four bacterial strains) 

were killed within 80 min interaction of 20 and 40 g/ml SeNPs respectively. This 

clearly showed that the interaction of 80 min with 20 g/ml SeNPs was sufficient 

for bacterial growth inhibition. In this experiment negative control, aqueous leaves 

extract of Azadirachta indica, did not show any antibacterial activity against all 

bacterial strains for concentration of 50 l. This confirms that observed 

antibacterial activity was due to the biosynthesized SeNPs. 

 

 

Figure.8.2. Zone of inhibition (ZOI) of SeNPs against gram- negative bacteria 

Proteus vulgaris (a) and Pseudomonas aeruginosa (b), and gram –positive bacteria 

Staphylococcus aureus (c) and Bacillus cereus (d); (Am- Ampicillin, P- 

Azadirachta indica leaves extract, S1- 40 g/mL SeNPs and S2- 20 g/mL 

SeNPs). 
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Table.8.1: Zone of inhibition (ZOI) of SeNPs against selected bacterial  

                  species. 

 

 

 

Bacterial Species 

 (ZOI)
a
 (mm) 

P
b
 SeNPs Ampicillin 

(15 

g/mL) 

20 g/mL 40g/m

L 

 

Proteus vulgaris * 14 15 18 

Pseudomonas aeruginosa * 12 17 20 

Staphylococcus aureus * 13 14 17 

Bacillus cereus * 09 11 12 

 

a 
Values are average of three readings 

b 
Azadirachta indica leaves extract 

* Activity is not observed 

 

 

Figure.8.3. Killing kinetics of SeNPs against all four bacterial strains at 

concentration of 20 g/mL (a) and 40g/mL (b); (P.v.-Proteus vulgaris, P.a.- 

Pseudomonas aeruginosa, S.a.- Staphylococcus aureus, B.c.-Bacillus cereus, Cn- 

untreated bacteria (control), Se+ - bacteria treated with SeNPs and Am+ - bacteria 

treated with 15 g/mL ampicillin). 
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8.2.2.2. Cytocompatibility of biosynthesized SeNPs 

Biosynthesized and chemically synthesized SeNPs were tested for their in 

vitro cytocompatibility against the L929 cell line by MTT assay. Effect of 

biosynthesized SeNPs (size ~153 nm and ~278 nm) on cell line was tested for 24 

and 48 h exposure of nanoparticles in liquid media and for SeNPs concentration of 

0.2, 0.4, 0.6, 0.8 and 1 mg/mL. Cells without any SeNPs treatment were used as 

control in this experiment. Simultaneously chemically synthesized SeNPs (size 

~150 nm and ~280 nm), by using L-cysteine as reducing agent [12], were also 

tested for the cytocompatibility study against the L929 cell line by MTT assay. 

 

 

Figure.8.4. In vitro cytocompatibility evaluation of SeNPs biosynthesized by 

Azadirachta indica of size ~153nm (a) and ~278 nm (b), and chemically 

synthesized SeNPs of size ~150 nm (c) and~ 280nm (d) against the L929 cell line 

for 24 and 48 h by MTT assay. 



Chapter 8:  

Antibacterial Activity of SeNPs Biosynthesized by Aqueous Leaves Extract of Azadirachta indica. 

 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.   192 

 

 The results of this study are presented in figure 8.4 and in table 8.2. It was 

clearly seen that both types of SeNPs, chemically synthesized and biosynthesized, 

do not have any significant cytotoxic affects (lower than 65 % cell survival 

percentage) on the L929 cells in vitro for all the concentrations tested. However, 

biosynthesized SeNPs have lower cytotoxicity, for all concentration tested, than 

chemically synthesized SeNPs; for 1 mg/mL concentration of biosynthesized 

SeNPs  (for both ~153 and ~287 nm) and 48 h incubation, minimum 76.3 % cell 

were survived, while for 1 mg/mL concentration of chemically synthesized SeNPs 

and 48 h incubation, 65.2 % cells were survived. These results clearly indicate that 

the biosynthesized SeNPs coated with phytochemicals from Azadirachta indica 

were more cytocompatible in nature against the L929 cells compared to the 

chemically synthesized SeNPs. In addition, for the biosynthesized SeNPs there 

was a slight decrease in cell survival percentage as the concentration of SeNPs 

increases, but this reduction in cell survival percentage is not less than the 76 .3% 

at 1 mg/mL concentration and after 48 h of exposure. 

Table.8.2. Cytocompatibility data of biosynthesized (size ~ 153 nm and ~278 nm) 

and chemically synthesized (size ~150 nm and ~280nm) SeNPs against L929 cells 

in vitro by MTT assay. 

 

SeNPs 

(mg/mL) 

% L929 Cell viability 

SeNPs biosynthesized by 

Azadirachta indica 

Chemically synthesized 

SeNPs 

~ 153 nm ~ 278 nm ~ 150 nm ~ 278 nm 

24 h 48h 24h 48h 24h 48h 24h 48h 

Control 98.4 98.4 98.4 98.4 98.4 98.4 98.4 98.4 

0.2 91.2 85.4 92.8 85.2 87.2 82.2 85.9 78.6 

0.4 89.6 84.1 88.5 83.1 84.4 80.8 82.2 75.9 

0.6 88.9 82.8 87.3 81.3 82.3 78.0 79.7 71.2 

0.8 87.4 80.3 86.0 79.4 81.1 74.2 76.0 69.4 

1 81.0 79.4 82.2 76.3 75.2 71.5 73.2 65.2 
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8.3. Conclusions 

SeNPs showed promising antibacterial activity against gram- negative and 

gram-positive bacterial strains. This antibacterial activity of SeNPs is not 

dependent on its size; both sized SeNPs showed nearly equal antibacterial activity. 

The highest antibacterial activity of biosynthesized SeNPs was observed against 

gram-negative bacterium Pseudomonas aeruginosa. Bacteria killing kinetics study 

revealed the antibacterial activity of SeNPs is dependent on the concentration of 

SeNPs used, and the time of interaction between the bacterial cells and SeNPs. 

More than 90% bacterial cells (all strains) are killed within 80 min interaction of 

40 g/mL SeNPs. This killing rate of SeNPs is slightly lowered than standard drug 

ampicillin. These biosynthesized SeNPs are found to be cytocompatible, compared 

to the chemically synthesized SeNPs, when tested in vitro against the L929 cells 

by MTT assay. 
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9.1. Introduction  

Globally, infertility problem affects 8 to 12% of couples of reproductive age 

group. Approximately half of these infertility cases are due to the male factor 

infertility and affect about 5 % men in the reproductive age. Recent evidence 

suggests that Reactive Oxygen species (ROS) mediated damage to spermatozoa is 

a major contributor to infertility in 30–80% of infertile men [1]. Oxidative stress is 

a primary cause of sperm dysfunction and a main contributor to the development 

of male infertility due to impairment the functional and structural integrity of 

spermatozoa. Low ROS levels are mandatory for numerous redox-sensitive 

physiological processes, including sperm development and maturation, though 

higher ROS levels hamper sperm membrane fluidity and permeability. The precise 

mechanism of oxidative-stress-induced reduction in sperm function remains 

unidentified but is largely attributed to the fragmentation of mitochondrial and 

nuclear DNA and oxidative damage of cell membrane components. [2,3]. 

Spermatozoa containing damaged DNA have little potential for natural 

fertilization and containing high degree of DNA damage in human sperm were 

correlated with different adverse clinical outcomes like recurrent pregnancy loss, 

high rates of morbidity in the offspring, male factor infertility, complex polygenic 

disorders, various genetic disorders and childhood cancers [4,5]. DNA 

fragmentation index (DFI) represent the integrity of spermatozoa DNA and it is 

evaluated by the sperm chromatin structure assay (SCSA). DFI provides the 

information regarding capacity of spermatozoa for successful fertilization and 

likely reproductive outcomes [6]. 

Nanoparticle mediated cargo delivery represents a extremely promising 

technique in reproductive biology. The specialized functional and structural role of 

reproductive gametes and tissues necessitates the use of minimally-invasive tools 

that do not affect the fertility or affect the development in offspring [7]. 

Nanotechnology has a potential to improve the biological efficacy and safety of 

many existing experimental methodologies [8]. Therefore there is a need to 

develop a nontoxic nanomaterial that can be used in various applications in 

reproductive gametes. SeNPs were reported for antioxidant activity and they are 
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cytocompatible with many types of somatic cells. However, so far there is no 

report SeNPs used reproductive health applications. Considering these facts 

present chapter deals with in vitro testing the toxicity of biosynthesized SeNPs on 

bovine sperms and, assessment of antioxidant activity of these SeNPs and efficacy 

in the protection of bovine sperm from in-vitro oxidative stress. 

 

Figure.9.1. Deferent stages of spermatogenesis in humans [11]. 

 

9.2. Selenium in reproductive health 

Selenium is critical for the biosynthesis of male reproductive hormone 

testosterone and for the normal development and functioning of spermatozoa. The 

spermatogenesis process in humans is illustrated in figure 9.1. Testicular tissues 

comprise higher selenium concentrations, primarily as glutathione peroxidase 4 

(GPx4). This higher selenium concentration in reproductive tissue provides the 

relation between selenium concentration, sperm quality and fertility in male 

because GPx4 is a fundamental factor in the architecture of the midpiece of 

spermatozoa and is considered to protect the developing spermatozoa from 

oxidative DNA damage. The basic structure of human sperm is illustrated in figure 

9.2. Reactive oxygen species (ROS) have been concerned in many cases of male 

infertility due to attack on the spermatozoa membrane, resulting in reduction of 
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sperm viability [9]. Some studies suggest that increase in dietary selenium intake 

resulted in corresponding increases in GPx4antioxidant activity, thus increasing 

male fertility. In one such kind of study, it was found that selenium concentration 

between 50 to 60 mg/mL in semen has a positive correlation with sperm count 

[10]. 

 

Figure.9.2. Structure of human sperm [12]. 

 Selenium is known to influence the histological and gross morphology of 

the testis. In one such kind of study rams supplemented with 0.1 ppm sodium 

selenite were associated with a substantial increase in scrotal circumference and 

length [13]. In another report, it was found that the male offspring of mice fed with 

a low quantity of dietary selenium exhibited delayed testis growth and puberty. 

However, this effect was small in comparison with that in successive generations 

in which selenium deficiency affected testicular morphology to a greater extent.   

 

Table.9. 1. Selenoprotein associated with the male reproductive system [19-21].  

 

Sr. 

No. 

 

Selenoprotein 

 

Nomenclature 

 

Location 

 

Function 

 

1 

 

Glutathione  

peroxidase 4 

 

GPx4 

Intracellular 

membranes, 

particularly 

testis 

Intracellular  

antioxidant 
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2 

Sperm nucleus  

GPx4 

snGPx4 Sperm  

nucleus 

Condensation  of  

chromatin  during 

spermatogenesis 

 

3 

 

Mitochondrial  

GPx4 

 

mGPx4 

 

Mitochondrial  

capsule 

at  midpiece 

Antioxidative  

defense  during 

spermatogenesis;  

structural 

component  of  

mature  spermatozoa 

 

4 

 

Cytosolic 

GPx4 

 

cGPx4 

Testis;  

epididymal 

epithelium 

 

Antioxidant 

 

5 

Secreted  

enzyme  (GPx) 

GPx5 Epididymal  

lumen 

H2O2 scavenger 

 

6 

 

Cytosolic  GPx 

 

GPx3 

Epididymal  

epithelial 

cells 

Protects  epithelium 

 

7 

Cytosolic  GPx GPx1 Epididymal  

epithelium 

Antioxidant  

properties 

 

8 

Plasma  

selenoprotein  

P 

Selenoprotein  

P 

 

Blood 

Transport  of  

selenium  to the 

testis 

 

9 

Apolipoprotein  

E  receptor-2 

ApoER2 Sertoli  cells  

of  testis 

Uptakes  

selenoprotein  P  in  

testis 

within  the  sertoli  

cells 

 

In the fourth generation, testis size is less than half of the progeny of those 

mice consuming adequate selenium (250–300 mg/kg sodium selenite); there was 

no mitotic activity in spermatogonia and testis was bilaterally atrophied. In 

addition, the diameter of the seminiferous tubules was reduced, lined by few stem 

cells or sertoli cells. In male Baladi goats, supplemented with 0.15 ppm selenium 

resulted in a substantial increase in secretion of testosterone hormone compared to 

control group fed with basal diet only. Selenium deficiency was related to a 

substantial reduction in testicular weight in rats lead to impairing reproductive 

performance [14]. Bulls injected with 50 mg selenium and a following 30 mg after 

three weeks, exhibited elevated selenium concentration in seminal vesicles and 

testis and not in epididymis [15]. A study in broiler breeder roosters showed that 
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selenium at a concentration of 0.2 mg/kg in feed in the form of sodium selenite 

was a major reason in male sexual maturation. The roosters fed with selenium 

supplementation formed semen after 19 weeks, whereas those fed non-selenium 

supplemented diet formed semen after 26 weeks. The roosters fed organic 

selenium showed a well-definite hierarchy of spermatogenic cells in testis 

comprising spermatozoa, spermatids, spermatogonia and spermatocytes [16]. 

However, in one report there is no substantial effect on the circumference of testes 

of rams supplemented with selenium at 0.2 and 0.5 ppm concentration [17]. 

Elemental nanoform-selenium was reported for their effect on the ultrastructural 

morphology of testes in male goats [18]. Many selenoproteins are found in the 

human reproductive systems which have important role in the development of 

spermatozoa. These selenoproteins are summarized in table 9.1. 

 

9.3. In-vitro testing of SeNPs as antioxidant for bovine sperm 

9.3.1. Experimental details 

9.3.1.1. Biosynthesis and purification of SeNPs 

SeNPs for the antimicrobial studies were biosynthesized by the aqueous 

leaves extract Acacia arabica. The detailed procedure for the biosynthesis and 

purification of SeNPs is provided in section 7.5.1.2., Chapter 7. 

9.3.1.2. Chemical synthesis of SeNPs 

 The cytocompatible activity of biosynthesized SeNPs were compared with 

the chemically synthesized SeNPs. For this comparison study, SeNPs were 

synthesized chemically as reported previously by reducing sodium selenite salt 

with amino acid L-cysteine [22]. This method was selected because of easy and 

quick reaction set up, and control on the diameter and morphology of the 

synthesized SeNPs. Detailed procedure for SeNPs synthesized as described in 

section 5.3.1.2., chapter 5,  

9.3.1.3. MTT assay 

 Detail procedure for the MTT assay is described in chapter 5, section 

5.3.1.5. 
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9.3.1.4. Sulforhodamine B (SRB) assay 

Detail procedure for the SRB assay is described in section 5.3.1.6., chapter 5. 

9.3.1.5. Cytocompatibility study 

 Cytotoxicity of the biosynthesized SeNPs (size ~313 nm) and chemically 

synthesized SeNPs (size ~300 nm) was tested in vitro on the L929 cell line by 

SRB and MTT assay. L929 cell line was procured from National Centre for Cell 

Sciences (NCCS), Pune, India. This cell line was grown in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with kanamycin (0.1 mg.mL-1), 10 % v/v 

fetal bovine serum (FBM), penicillin G (100 U/mL) and sodium bicarbonate (1.5 

mg.mL-1). The detailed procedure is explained in chapter 5 section 5.3.1.7.  

9.3.1.6. Semen preparation and treatment with SeNPs 

All experiments were carried out on the bovine sperm, which represents a 

common prototype for human sperm in reproductive biology experiments due to 

the similarities in physiology, morphology and overall sturdiness. All the bovine 

sperm samples required for the study were procured from the BAIF, Pune, 

Maharashtra, India. Sperms were activated by incubating them in phosphate buffer 

solution (pH 7.4) for 20 min at room temperature. Sperm concentration and count 

were assessed in a Bürker-Turk hemocytometer at magnification of 200× by using 

a positive contrast phase objective (Nikon). After activation, 1 ml sperm aliquot 

were withdrawn, centrifuged at 5000 RPM for 10 min and washed with phosphate 

buffer solution. Washed sperms were then subject to treatment with SeNPs and 

ascorbic acid (1 mg/mL each). Each experiment was repeated three times. 

Hydrogen peroxide was used to induce oxidative stress in the bovine semen. 

9.3.1.7. Sperm motility assessment 

 Sperm motility assessment was conducted by using a computer assisted 

sperm analysis system (CASA). In this study, different sperm parameters were 

analyzed including progressive motility (%), total motility (%),straight line 

velocity (VSL, μm/s), smoothed path velocity (VAP, μm/s), straightness (STR: 

ratio of VSL/VAP), track velocity (VCL, μm/s), lateral head displacement (ALH, 
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μm), linearity (LIN: ratio of VSL/VCL) and beat cross frequency (BCF, Hz). A 

minimum of 3 fields containing at least 200 sperms were evaluated in a sample. 

9.3.1.8. Sperm viability assessment 

 Eosin Y dye was used for the viability evaluation of sperm samples. On a 

microscope slide 10 μl solution of sperm sample was mixed with 10 μl eosin Y dye 

solution and equilibrated for 60 s. The number of unstained (live sperms) and 

stained (red colored, dead) were counted in a minimum of 300 sperm count. 

9.3.1.9. Study of sperm acrosome morphology 

 Acrosome morphology was assessed by investigating the integrity of the 

acrosomal apical ridge in unstained (by eosin Y stain) sperm samples. To perform 

the assessment, sperm were fixed with 4.5% phosphate buffer formalin solution by 

incubation for 10 min. A ‘wet drop’ required for analysis was prepared by placing 

20 μl of the sperm sample on a microscope slide. These slides were examined at 

magnification of 1000× using a positive contrast phase oil-immersion objective. A 

minimum of 300 sperms were evaluated for acrosome morphology and were 

classified into 3 categories accordingly; missing apical ridge (MAR), damaged 

apical ridge (DAR)and normal apical ridge (NAR),  

9.3.2. Results and discussions 

9.3.2.1. Protection of Bovine sperm from oxidative damage 

Inverted microscope images of the SeNPs treated and not treated bovine 

sperm are presented in figure 9.3. From the results, it is clear that, in the non-

treated group, without SeNPs treatment of the sperm, hydrogen peroxide (H2O2) 

generated oxidative stress causes the loss of sperm structural integrity (figure 9.3-b 

and c). This damage to the sperm structure is due to the rupture of the plasma 

membrane of sperm by the free radicals generated by H2O2. While sperms treated 

with biosynthesized SeNPs (figure 9.3-a) the structural intigrity remains intact 

with no signs of plasma membrane damage. This evidence clearly demonstrates 

the efficacy of SeNPs in protecting the sperm from membrane damage by free 

radicals. 
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Figure.9.3.Protection of bovine sperm structural integrity by SeNPs against 

oxidative stress generated by hydrogen peroxide; inverted microscope images of 

bovine sperms treated with 1 mM hydrogen peroxide for 15 min (b) and (c) and 

bovine sperms treated with 1 mM hydrogen peroxide and 1 mg/mL SeNPs (as 

antioxidant) for 15 min (a).  

 

Figure.9.4. Proportions of motile, progressively motile and viable bovine sperms 

in control group (bovine sperms incubated for 15 min in 1 mM H2O2), SeNPs 

treated and Ascorbic acid treated (1 mg/mL each) sperm group.  
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9.3.2.2. Motility and viability assessment of sperm 

Viability and motility of sperms were evaluated after 2, 4 and 6h of 

incubation with SeNPs to evaluate the toxic effects of SeNPs on sperms. Results 

showed that there was no toxic effect of the SeNPs on the sperm even after 6 h 

incubation. Exposure of sperm to SeNPs did not cause a significant harmful effect 

on the mean proportions of progressively motile, motile and viable sperm assessed. 

Moreover, there was no significant effect of duration of incubation of sperm with 

SeNPs upon total and progressive sperm motility and viability as represented in 

figure 9.4. All motility parameters, after incubation with biosynthesized SeNPs, 

complied with the necessities for mammalian sperm used in in vitro fertilization 

(IVF), as shown in table 9.2.  

 

Table.9.2. Motility in sperm after 15 min of exposure to 1mM H2O2 with 1 mg/mL 

SeNPs or 1 mg/mL ascorbic acid.  

Motility 

parameters 
 

H2O2 H2O2  +  SeNPs 

treated 

 

H2O2  + 

Ascorbic acid 

treated 

Control 

(Untreated) 

 

VAP (μm/s) 48.9 79.2 78.3 85.3 

VSL (μm/s) 34.3 52.9 58.2 68.7 

VCL (μm/s) 99.6 157.7 154.9 162.3 

ALH (μm) 4.0 10.2 11.93 15.5 

BCF (Hz) 14.5 26.6 28.4 34.2 

STR (%) 36.1 64.0 66.0 78.5 

LIN (%) 25.9 34.0 36.0 45.8 

9.3.2.3. Cytocompatibility of biosynthesized SeNPs 

Biosynthesized and chemically SeNPs were tested for their in vitro 

cytocompatibility against the L929 cell line by SRB and MTT assay. Effect of 

biosynthesized SeNPs (size ~313 nm) on cell line was tested for 24 and 48 h 

exposure of nanoparticles in liquid media and for SeNPs concentrations of 0.2, 0.4, 

0.6, 0.8 and 1 mg/mL. Cells without any SeNPs treatment were used as control in 



Chapter 9: Protection of Bovine Sperm from In-vitro Oxidative Stress by SeNPs Biosynthesized by 

Aqueous Leaves Extract of Acacia arabica. 

 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.   204 
 

 

Figure 9.5. In vitro cytocompatibility evaluation of SeNPs biosynthesized by the 

aqueous leaves extract of Acacia arabica (a) and chemically synthesized SeNPs 

(b) against the L929 cell line for 24 and 48 h by SRB assay.  

this experiment. Simultaneously chemically synthesized SeNPs (size ~300 nm), by 

reported method of using L-cysteine as reducing agent [22], were also tested for 

the cytocompatibility study against the L929 cell line by SRB and MTT assay. 

 

 

Figure 9.6. In vitro cytocompatibility evaluation of SeNPs biosynthesized by the 

aqueous leaves extract of Acacia arabica (a) and chemically synthesized SeNPs 

(b) against the L929 cell line for 24 and 48 h by MTT assay. 
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Table.9.3. Cytocompatibility data of biosynthesized (size ~ 313 nm) and 

chemically synthesized (size ~300 nm) SeNPs against L929 cells in vitro by SRB 

assay 

 

SeNPs 

concentration 

(mg/mL) 

% L929 Cell viability 

SeNPs biosynthesized by 

Lactobacillus paracasei 

Chemically synthesized 

SeNPs 

24 h 48h 24h 48h 

Control 98.3 98.3 98.3 98.3 

0.2 95.2 88.4 92.4 86.7 

0.4 90.6 85.4 86.7 82.8 

0.6 89.1 83.3 80.6 79.4 

0.8 86.5 81.6 78.5 76.5 

1 82.3 80.2 76.1 74.3 

 

 

Table.9.4. Cytocompatibility data of biosynthesized (size ~313 nm) and 

chemically synthesized (size ~300 nm) SeNPs against L929 cells in vitro by MTT 

assay 

 

SeNPs 

concentration 

(mg/mL) 

% L929 Cell viability 

SeNPs biosynthesized by 

Lactobacillus paracasei 

Chemically synthesized 

SeNPs 

24 h 48h 24h 48h 

Control 95.4 95.4 95.4 95.4 

0.2 91.1 84.1 90.4 86.6 

0.4 85.3 79.5 83.3 80.2 

0.6 82.2 76.4 77.9 76.4 

0.8 79.5 71.6 75.2 72.5 

1 75.8 69.4 72.0 67.6 

 

The results of this study are represented in figures 9.5 and 9.6, and in tables 

9.3 and 9.4. It was clearly seen that both types of SeNPs, chemically synthesized 
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and biosynthesized, do not have any significant cytotoxic effects on the L929 cell 

line in vitro for all the concentrations tested. However, biosynthesized SeNPs have 

lower cytotoxicity, for all concentration tested, than chemically synthesized 

SeNPs; in MTT assay for 1 mg/mL concentration of biosynthesized SeNPs and 48 

h incubation, 69.4 % cell were survived, while for 1 mg/mL concentration of 

chemically synthesized SeNPs and 48 h incubation, 67.4 % cells were survived. 

These results clearly indicate that the biosynthesized SeNPs coated 

phytochemicals of Acacia arebica were more cytocompatible in nature against the 

L929 cell line compared to the chemically synthesized SeNPs. In addition, for the 

biosynthesized SeNPs there was a slight decrease in cell survival percentage as the 

concentration of SeNPs increases, but this reduction in cell survival percentage is 

not less than the 69.4 % at 1 mg/mL concentration and after 48 h of exposure.  

9.4. Conclusions 

 Biosynthesized SeNPs by aqueous leaves extract of Acacia arebica were 

nontoxic to the bovine sperm when incubated up to 6 h. These biosynthesized 

SeNPs were efficient in protecting the bovine sperm from hydrogen peroxidase 

induced reactive oxygen species (ROS). These biosynthesized SeNPs were 

responsible for the maintenance structural integrity of bovine sperm after hydrogen 

peroxidase treatment. Biosynthesized SeNPs also improves the motility and 

viability of bovine sperms against the ROS generated by hydrogen peroxidase. In 

addition these biosynthesized SeNPs were cytocompatible compared to chemically 

synthesized SeNPs. Therefore, biosynthesized SeNPs by Acacia arebica symbolize 

a versatile and robust constituent in the battery of nanoparticle based candidates 

for usage in reproductive health research. 
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10.1. Introduction 

 Bare and surface-modified SeNPs are now widely used in biomedical 

applications ranging from antimicrobial, anticancer, drug delivery to 

chemotherapy. For these biomedical applications, SeNPs of specific size, shape 

and surface chemistry are required. This increasing demand for specific SeNPs is 

achieved by the physical and chemical synthesis of nanoparticles wherein the size 

and shape of nanoparticles can be controlled. However, these physical and 

chemical methods for SeNPs synthesis are associates with the use of biologically 

hazardous chemicals.  The use of these hazardous chemicals in the nanoparticle 

synthesis process limits the use of synthesized SeNPs for biomedical applications 

as these nanoparticles are directly interacting with the biological systems. On the 

other hand, SeNPs synthesized by biological methods are free from toxic 

chemicals and are biocompatible in nature. Therefore biosynthesis of SeNPs is a 

nontoxic, eco-friendly and greener alternative to the physical and chemical 

synthesis of SeNPs. Responding to these facts, attempts to identify new biological 

synthesis methods and materials for SeNPs are tested and presented in this thesis. 

In addition, the potentials of these biosynthesized SeNPs in different biomedical 

applications, antioxidant, antimicrobial and anticancer, are tested and discussed.  

10.2. Competent components of the thesis 

 The present thesis has two major objectives; first to develop and 

optimize the biosynthesis methods for the nontoxic and biocompatible SeNPs, and 

second to test these biosynthesized SeNPs for different biomedical applications 

including antibacterial, anticancer and antioxidant activity. These biosynthesized 

SeNPs were also tested for in vitro cytocompatibility. Different biological sources 

including gram-positive and gram-negative bacterial strains and medicinal plant 

leave extracts were tested for the SeNPs biosynthesis. In this study, SeNPs were 

biosynthesized by two bacterial strains and by aqueous leaves extract of two 

medicinal plants. The first bacterial strain used for the biosynthesis of SeNPs was 

gram-positive bacterium Lactobacillus paracasei. This bacterial strain synthesized 

the spherical and smooth-surfaced SeNPs of size ~ 90.3 nm extracellularly in 
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suspension culture. SeNPs biosynthesis process was optimized with respect to the 

pH and temperature of the reaction mixture, the growth phase of bacteria and 

precursor concentration. It was found that for the synthesis of smooth surfaced and 

spherical SeNPs using Lactobacillus paracasei, 3 mM sodium selenite precursor 

was required. Log phase culture of microorganism, slightly alkaline pH condition 

and 37
o
C temperature were ideal conditions for the SeNPs biosynthesis. SEM 

micrographs of Lactobacillus paracasei and SeNPs confirmed the synthesis of 

SeNPs occurred extracellularly. Extracellular proteins secreted by bacteria formed 

“Protein Corona” around the SeNPs. The nature and components of this “Protein 

Corona” were identified and the role of this corona in colloidal stabilization of 

SeNPs was discussed.  

The second bacterium used for the SeNPs biosynthesis was gram-positive 

Rhodococcus erythropolis. Spherical and smooth-surfaced SeNPs of three different 

sizes (~ 103 nm, ~ 140 nm and ~ 288 nm) were synthesized by a reaction mixture 

of Rhodococcus erythropolis suspension culture and sodium selenite under 

ambient temperatures, pressures and at neutral pH. It was found that the pH 7.0, 

37
o
C temperature, sodium selenite concentration of 6 mM and log phase of 

bacterial growth culture were optimum conditions for the biosynthesized SeNPs. 

Reduction of the selenite ions was carried out by the reducing environment in the 

culture media generated and facilitated by the biomolecules excreted from 

Rhodococcus erythropolis and reduction potential of bacterial growth system. The 

synthesis method was green, cost-effective and easy to scale up.  

The first plant material used for the biosynthesis of SeNPs was aqueous 

leaves extract of medicinal plant Azadirachta indica. Size control biosynthesis of 

SeNPs from the Azadirachta indica leaves extract was a simple, robust, eco-

friendly, inexpensive and quick method. Two different sized, ~153 and ~287 nm, 

spherical and smooth surface SeNPs were biosynthesized by varying the 

incubation time of the reaction mixture. It was observed that the pH 7.5, 35
o
C 

temperature and sodium selenite concentration of 10 mM were the optimum 

conditions for the SeNPs biosynthesis. Polyphenol, flavonoids and proteins in the 

leaves extract acted as capping molecules on the surface of these SeNPs. The 
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second plant material used for the SeNPs biosynthesis was aqueous leaves extract 

of medicinal plant Acacia arabica. Biosynthesis of SeNPs from the Acacia arabica 

leaves extract was a simple, robust, eco-friendly and inexpensive method. SeNPs 

biosynthesized by this method have a size of ~313 nm. It was found that the pH 

7.5, 35
o
C temperature and sodium selenite concentration of 8 mM were the 

optimum conditions for the SeNPs biosynthesis. These biosynthesized SeNPs were 

coated with polyphenol, flavonoids and proteins in the leaves extract, and these 

biomolecules provided the colloidal stability to nanoparticles.  

All the biosynthesized SeNPs were tested for their biomedical applications; 

antibacterial, anticancer and antioxidant in protecting the bovine sperm against in 

vitro oxidative damage. The in situ stabilization of SeNPs by the extracellular 

proteins secreted by the bacterium Lactobacillus paracasei was studied in detail. 

This biosynthesis study demonstrated that the extracellular secreted proteins of 

bacterium Lactobacillus paracasei form the stable „Protein Corona‟ around the 

SeNPs, which play an important role in the post-synthesis stabilization of 

nanoparticles.  In addition, this coating of proteins around the SeNPs makes them 

cytocompatible in nature compared to chemically synthesized SeNPs. The nature 

of inbuilt „Protein Corona‟ around the biosynthesized SeNPs was helpful for their 

biomedical applications, as this corona ultimately determines the stability of 

nanoparticles in a biological system and assists in the immunological behavior of 

nanoparticles. 

Size-dependent anticancer activity of SeNPs biosynthesized by the 

bacterium Rhodococcus erythropolis was studied. Biosynthesized SeNPs showed 

excellent cytocompatibility against L929 cells in vitro compared to chemically 

synthesized SeNPs. When tested in-vitro against MCF-7 cell line these SeNPs 

showed prominent, size-dependent anticancer activity, smallest SeNPs showed the 

highest anticancer activity. Further evaluation by a confocal multi-staining study 

reveals that the anticancer activity of SeNPs was due to the induction of apoptosis 

in cancer cells. 

Antibacterial activity of SeNPs biosynthesized by Azadirachta indica leaves 

extracts was studied in detail. These biosynthesized SeNPs showed promising 
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broad-spectrum antibacterial activity against selected gram-positive and gram-

negative bacterial strains. Further, these SeNPs were cytocompatible in nature 

against the L929 cell line in vitro compared to chemically synthesized SeNPs. 

Bacterium Proteus vulgaris and Pseudomonas aeruginosa are the gram-negative 

bacteria, and Staphylococcus aureus and Bacillus cereus were the gram-positive 

bacterial strains tested for antibacterial activity in this study. 

 Finally, protection of bovine sperm from in-vitro oxidative stress 

with SeNPs biosynthesized by aqueous leaves extract of Acacia arabica was 

tested. It was found that biosynthesized SeNPs were nontoxic to the bovine sperm 

when incubated up to 6 h and these SeNPs were efficient in protecting the plasma 

membrane of bovine sperm from H2O2 induced reactive oxygen species (ROS). 

Biosynthesized SeNPs also improves the motility and viability of bovine sperms 

against the ROS generated by H2O2 and were more cytocompatible than 

chemically synthesized SeNPs. Therefore, biosynthesized SeNPs representing a 

versatile and robust constituent in the arsenal of nanomaterial-based candidates for 

use in reproductive research. 

10.3. Summary of the thesis 

The present thesis is divided into 10 chapters.  The summary of each 

chapter is mentioned below. 

Chapter 1: Introduction 

This chapter introduces briefly the basics in Nanotechnology, 

Nanobiotechnology and interface between these two. It defines 

Nanobiotechnology with emphasis on interactions and developments of 

nanotechnology and biotechnology. It demonstrates how to adopt nano-scaling 

laws and develop strategies to design nanoparticles for various biomedical 

applications. In this chapter, the choice of SeNPs for their biosynthesis and 

biomedical applications over other selenium compounds is explained in detail. The 

importance of selenium in human health and different forms of selenium in 

biomedical applications is discussed briefly. Finally, the role of SeNPs in different 

biomedical applications and its current trends is discussed briefly.  
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Chapter 2: Biosynthesis of Selenium Nanoparticles (SeNPs) and their 

Biomedical Applications: An Overview. 

This chapter includes theoretical background regarding plant, microbial, 

fungal and yeast mediated biosynthesis of SeNPs. It includes the applications of 

these biosynthesized SeNPs for anticancer activity, antimicrobial activity, 

development of nanobiosensor and antioxidant activity. Major emphasis is given to 

the significance and advantages of biosynthesis method over chemically and 

physically synthesis methods. Finally, reported mechanisms for SeNPs 

biosynthesis are discussed briefly. 

Chapter 3: Experimental Tools and Techniques 

This chapter deals with the experimental tools and techniques used to 

characterize the biosynthesized SeNPs. The working principle of each technique 

used is discussed briefly. The characterization techniques used to analyze the 

SeNPs are categorized in physical, chemical and biological methods. 

Chapter 4: Biosynthesis of SeNPs by Bacteria. 

 This chapter deals with the biosynthesis of SeNPs by two bacterial strains 

Rhodococcus erythropolis and Lactobacillus paracasei. These bacterial strains 

were selected because of their non-pathogenic nature, easy handling and simple 

culturing requirements. Both biosynthesized methods were optimized and the 

exclusivity of each method was discussed. SeNPs biosynthesized by the 

Lactobacillus paracasei were colloidally stable due to the coating of proteins on 

their surface. While three different sized SeNPs were biosynthesized by the 

Rhodococcus erythropolis in single reaction by controlling the time of reduction 

reaction. 

Chapter 5: Studies on Stabilization and Biocompatibility of SeNPs 

This chapter deals with detailed investigation of “Protein Corona” formed 

around the SeNPs biosynthesized by the bacterium Lactobacillus paracasei in 

suspension culture. These proteins were purified and resolved by SDS-PAGE 

analysis. In vitro cytocompatibility of these SeNPs was tested by MTT and SRB 



Chapter 10.  

Summary and Conclusions. 

 

Center for Interdisciplinary Research, D. Y. Patil Education Society, Kolhapur.                                   214 
  

assay against the L929 cell line, and compared with the activity of chemically 

synthesized SeNPs. 

Chapter 6: Size Dependent Anticancer Activity of Biogenic SeNPs. 

This chapter deals with anticancer activity of three different sized SeNPs 

biosynthesized by bacterium Rhodococcus erythropolis in suspension culture. 

Anticancer activity of these SeNPs was evaluated by MTT assay and multi-

staining confocal study against MCF- 7 cell line. The effect of the size of SeNPs 

on its anticancer activity was discussed in detail. In vitro cytocompatibility of 

these SeNPs was tested by MTT and SRB assay against L929 cell line, and 

compared with the activity of chemically synthesized SeNPs. 

Chapter 7: Biosynthesis of SeNPs by Plant Extract. 

This chapter deals with the biosynthesis of SeNPs by aqueous leaves extract 

of two plants; Azadirachta indica and Acacia arebica. These plants were selected 

because of their medical importance and their phytochemical contains. Two 

different sized SeNPs were biosynthesized by aqueous leaves extract of 

Azadirachta indica and this method was rapid and size-controlled, and these 

biosynthesized SeNPs showed antibacterial activity. On the other hand, one sized 

SeNPs were biosynthesized by aqueous leaves extract of Acacia arebica, showed 

antioxidant activity and they were tested for the protection of bovine sperm against 

in-vitro oxidative stress. 

Chapter 8: Antibacterial Activity of Biogenic SeNPs 

This chapter deals with the antibacterial activity of two different sized 

SeNPs biosynthesized by aqueous leaves extract of Azadirachta indica. Bacterial 

strains Proteus vulgaris and Pseudomonas aeruginosa were the gram-negative 

bacteria, and Staphylococcus aureus and Bacillus cereus were the gram-positive 

bacterial tested for antibacterial activity. The well diffusion method was used for 

antibacterial activity testing. Zone of inhibition (ZOI) of biosynthesized SeNPs 

was measured. In vitro cytocompatibility of these SeNPs was tested by MTT and 
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SRB assay against L929 cell line and compared with the activity of chemically 

synthesized SeNPs. 

Chapter 9: Protection of Bovine Sperm from In-vitro Oxidative Stress by 

Biogenic SeNPs. 

This chapter deals with the role of biosynthesized SeNPs in protecting the 

bovine sperm for in vitro induced oxidative stress. SeNPs biosynthesized by 

aqueous leaves extract of Acacia arabica were used in this study. Oxidative stress 

was induced by hydrogen peroxide and bovine sperm physiological and anatomical 

parameters were observed in SeNPs treated group. In vitro cytocompatibility of 

these SeNPs is tested by MTT and SRB assay against the L929 cell line and 

compared with the activity of chemically synthesized SeNPs. 

10.4. Major conclusions 

 Development of newer biological routes of SeNPs biosynthesis using 

bacterial strains and plant materials were successfully achieved. 

 

 Two bacterial strains Rhodococcus erythropolis and, Lactobacillus 

paracasei, and two plant leaves extract Azadirachta indica and Acacia 

arebica were successfully utilized for SeNPs biosynthesis. 

 

 SeNPs synthesized by four biological methods are crystalline, spherical and 

have a smooth surface. 

 

 All the biosynthesis processes were optimized and stability studies of the 

SeNPs in colloidal solution were demonstrated.  

 

 SeNPs biosynthesized by all four methods were more cytocompatible 

compared to chemically synthesized SeNPs. 
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 Biosynthesized SeNPs from Lactobacillus paracasei was colloidally 

stabilized by the formation of “Protein Corona” around the nanoparticles by 

extracellular bacterial proteins. 

 

 Size controlled and rapid biosynthesized SeNPs from Azadirachta indica 

leaves extract showed antimicrobial activity against gram-positive and 

gram-negative bacterial strains. 

 

 Biosynthesized SeNPs from Rhodococcus erythropolis showed size 

depending in-vitro anticancer activity. 

 

 Biological synthesized SeNPs from Acacia arebica were nontoxic to the 

bovine sperm and they are protecting the sperm from induced in-vitro 

oxidative stress. 

 

10.5. Future scope of the thesis 

Different biological methods to biosynthesize SeNPs have been described 

in this thesis. As-prepared SeNPs showed size-dependent anticancer, antioxidant 

activity and antimicrobial activity, and they were nontoxic to the bovine sperm 

with a protective role against oxidative stress. In-depth studies of these biomedical 

activities of biosynthesized SeNPs should be carried out to understand the 

mechanism behind these activities. Detailed biocompatibility study of these 

biosynthesized SeNPs is required, including animal model studies, before their use 

in human trials. 
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