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ABSTRACT 

Zinc oxide nanoparticles are of great interest due to their versatile applications and noble 

properties such as high refractive index, high thermal conductivity, binding energy, antibacterial 

UV-protection etc. They can be synthesized by various physical and chemical methods which are 

generally toxic, need very high temperatures and release hazardous chemicals. Therefore, we 

report green approach for the synthesis of Zinc oxide (ZnO) nanoparticles (NPs) using zinc 

acetate as metal precursor from Aspergillus niger, Anabaena variabilis and Trichoderma reesei 

which were further characterised by XRD, FTIR and SEM. Sharper and stronger diffraction 

peaks of XRD analysis confirmed synthesized ZnO NPs. SEM images confirmed the size of 

nZnO synthesized from various sources. The size of nanoparticles was 64-126 nm from A. niger, 

72-74 nm from A. variabilis and the nano-structures in T. reesei remained so compactly arranged 

that their average size could not be estimated. FTIR analysis confirmed the polysaccharides 

present in the aqueous extract of A. variabilis that are involved in the formation of nZnO. 

Whereas, functional groups present in the ZnO nanoparticles synthesized from A.niger and T. 

reesei was confirmed through the peaks in the range of 3075 to 859 cm
-1

 and 1615.05 to 1099.99 

cm
-1

. In order to assess the role of these synthesized nanoparticles in the environment, effect of 

ZnO NPs and other sources of Zn (0 to 100 ppm) was studied on the growth of A. variabilis and 

N. muscorum. Biomass and chlorophyll content were studied as growth parameters, whereas NR 

activity and IAA production were studied as physiological parameters. It was found that 2 ppm 

of ZnO NPs are stimulatory and above 2 ppm were inhibitory for the growth of A. variabilis, 

whereas in N. muscorum even 2 ppm of ZnO NPs were inhibitory for growth. Effect of different 

zinc sources such as ZnCl2, ZnNO3, ZnO, Zn(CH3COO
-
)2 and ZnSO4 was studied on the growth 

of A. variabilis and Calothrix sp. The biosynthesized zinc oxide nanoparticles are expected to be 

clean, non-toxic and environmentally acceptable and can have applications in diverse fields.  
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CHAPTER 1 

INTRODUCTION 

Nanotechnology is rapidly growing interdisciplinary science that connects knowledge of biology, 

chemistry, physics, material science, engineering, pharmacology, and medicine. The products of 

nanotechnology are nanoparticles, nanotubes, nanorods, nanospheres that have a size below 100 

nm, and this is the reason they are able to gain considerable attraction because of their unusual 

and fascinating properties, with various applications, over their bulk counterparts. These nano 

size particles have attracted researchers due to their ability to withstand under harsh condition 

and out of harm's way to mankind (Fu et al., 2005).   

There are four basic categories of nanoscale materials that are available as commercial products. 

1. Metal oxides—These are the ceramics from oxides of zinc, iron, cerium, silicon and 

zirconium which are used as chemical polishing agents from semi-conductor wafers; 

scratch resistant coatings for glass and in cosmetics and sunscreens which form the 

largest part of commercial nanomaterials (Shanmugapriya et al., 2013). 

2. Nanoclays—These are naturally-occurring plate-like clay particles which are used to 

improve strength, hardness, heat resistance and flame resistivity of materials. Also they 

are used to produce barrier films in plastic beverage bottles, paper juice cartons, and 

tennis balls (Espitia et al., 2012). 

3. Nanotubes and spheres—These are particularly used in coatings to dissipate and 

minimize static electricity in fuel lines and hard disk handling trays (Sherman, 2007). It 

can also be found in electrostatically paintable car exterior components, flame-retardant 

fillers for plastics, and field emitter sources in flat panel displays. 

4. Quantum dots—These are used in exploratory medical diagnostics and therapeutics and 

self assembly of nanoelectronic structures. 

Metal oxide nanoparticles are of great importance mainly because of their distinctive optical, 

electronic and magnetic properties. These nanoparticles of transition metals are the class of 

semiconductors, which have applications in magnetic storage media, solar energy 
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transformation, electronics, gas sensors and catalysis (Ramgir et al., 2013; Jani et al., 2013; 

Shalana et al., 2013; Montferrand et al., 2013; Ahmadi et al., 2011). Although various physical 

and chemical methods have been extensively used to produce zinc oxide nanoparticles like 

mechanochemical process (Tsuzuki et al., 2001), precipitation process (Kumar et al., 2013), 

precipitation in the presence of surfactants (Li et al 2005), sol-gel (Sikora et al., 2012), 

solvothermal hydrothermal and microwave techniques (Bai et al., 2015) electrochemical 

Synthesis (Chandrappa and Venkatesha., 2012), by laser ablation in aqueous environment (Singh et 

al., 2009) etc. During their production several toxic chemicals or non-polar solvents attached on 

the surface of nanoparticles limits their applications in clinical fields. Therefore, there is an 

immediate need to develop clean, biocompatible, non-toxic and eco-friendly methods for the 

synthesis of nanoparticles. Thus the attention in this field has shifted toward ‘green’ chemistry 

and bioprocess approach where the bio-organisms are used as environment-friendly, cost 

effective and biocompatible reducing agents for synthesis of zinc oxide nanoparticles. 

Zinc oxide nanoparticles are non-toxic, II-VI semiconductor with wide band gap (3.37eV) and 

have natural n-type electrical conductivity (Wellings et al., 2007). It has many interesting 

properties such as high refractive index, high thermal conductivity, binding energy, antibacterial 

and UV-protection; thus it is widely used as an additive in numerous materials and products. 

Although it is non toxic to human beings with high biocompatibility, in fact it is taken as ZnO in 

the form of the daily supplement for zinc because it is a mineral element required to human 

health. But it is definitely lethal to the microorganisms (Jena et al., 2012, Rajeshkumar et al., 

2014). Zinc oxide nanoparticles can be effectively synthesized from various biological agents 

who secrete a large amount of enzymes, which are capable of hydrolyzing metals that bring 

about enzymatic reduction of metal ions leading to the formation of nanoparticles (Rai et al., 

2009b). They have many applications in various fields such as in agriculture where Zinc is 

reported to be required for chlorophyll production, pollen function, fertilization, biomass 

production and germination by various researchers (Pandey et al., 2010, Milani et al., 2012, 

Khan et al., 2003, Genc et al., 2006, Prasad et al., 2012). Moreover their toxicity to the 

environment can be tested out with cyanobacteria which had been previously used as a model 

alga for determining the environmental stresses (Apte et al., 1998), due to their phylogenetic 

relationship with plants (Rai et al., 1999). Thus by studying the physical and chemical factors 

that control the nanoparticle toxicity to algae will help in evaluating their ecological risk. In the 
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present work attempt has been made towards green synthesis of Zinc oxide (ZnO) nanoparticles 

(NPs) using zinc acetate as metal precursor from Aspergillus niger, Anabaena variabilis and 

Trichoderma reesei which were further characterised by XRD, FTIR and SEM. The effect of 

ZnO nano particles was studied on the growth of nitrogen fixing cyanobacteria.  
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CHAPTER 2 

REVIEW OF LITERATURE 

Nanoscience is the study of materials on the scale of 1-100 nm (nanometers). Nano-science is 

currently a rapidly evolving area that describes technology and science involving nano scale that 

increases the scope of investigating and regulating the interaction at cell level both for synthetic 

material and biological system (Du et al., 2007). These nanoparticles are the elemental building 

blocks of nanotechnology. They display completely new and improved properties with special 

characteristics such as grain size, distribution and morphology, when compared with the bulk 

material. The reason for this is that they possess a higher surface to volume ratio with their 

decreasing size (Willems et al., 2005). As surface area is relevant for catalytic reactivity and 

other related properties, so when their specific surface area is increased, their biological efficacy 

would increase, mainly due to the amplification in surface energy (Willems et al., 2005).  

 

Fig. 1. Potential health implications of Nanoparticles 
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Nanoparticles are classified into 3 broad catagories (Luther et al., 2004), which are: 

1) According to dimensions  

a) Zero dimension – e.g. uniform particles arrays (quantum dots), heterogeneous particles 

arrays, core–shell quantum dots, onions, hollow spheres and nanolenses (Kim et al., 

2010, Zhang et al., 2008, Wang et al., 2009, Lee et al., 2009). 

b)  1D <100 nm- e.g. films, coatings, multilayer etc. 

c)  2D <100 nm- e.g. tubes, fibres, wires, platelets etc. 

d)  3D <100 nm- e.g. particles, quantum dots, hollow spheres etc. 

2) According to phase composition  

a) Single-phase solids- e.g. crystalline, amorphous particles and layers etc. 

b) Multi-phase solids- e.g. matrix composites, coated particles etc. 

c) Multi-phase systems- e.g. colloids, aerogels, ferrofluids etc. 

3) According to manufacturing processes 

a) Gas phase reaction- e.g. flame synthesis, condensation, CVD etc. 

b) Liquid phase reaction- e.g. sol-gel, precipitation, hydrothermal processing etc. 

c) Mechanical phase reaction- - e.g. ball milling, plastic deformation etc. 

There are different types of nanoparticles according to their chemistry which are listed in the 

following Fig. 2.  

 

                                         Fig. 2. Different type of nanoparticles   
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2.1. Mode of synthesis of nanoparticles 

There are two broad approaches for the synthesis of nanoparticles (Fig. 3).  

 

Fig. 3. Mode of synthesis of nanoparticles 

2.1.1. Top-down approach 

It refers to slicing or successive cutting of a bulk material to get nano-sized particles. 

Here single bulk crystals are broken down in aqueous solutions to get nano sized 

particles. It involves several methods, which are discussed below. 

2.1.1.1. Mechanical milling- In this method mixtures of powders are placed in a high energy mill 

and subjected to grinding under protective environment. The main purpose of milling is 

to reduce the particle size and blending of particles in the new phase. For this purpose, a 

variety of balls like tumber mills, attrition mills, shaker mills etc have been developed to 

produce aluminium oxide nanoparticles (Koch et al., 1996). 

2.1.1.2. Etchings (chemical) – In this method, regular arrays of nano-sized structures are 

produced on the planer substrate. So silicon nano-wires are fabricated through non-

uniform etching on silicon substrates in aqueous acid solutions, which is catalyzed by 

electroless deposition of metal nanoparticles on the substrate surfaces (Peng et al., 2002).  
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2.1.1.3. Electro-explosion (thermal/chemical) - In this method, a very high current is provided 

in a short time through thin metallic wires, in inert or reactive gas to achieve very high 

temperatures making the resistivity of the metal infinite, terminating the flow of the 

current. At that point the electromagnetic field disappears and superheated metal plasma 

expands with supersonic velocity creating a shock wave in an ionised gas surrounding the 

wire. Thus metallic powders of approximately 100 nm (Luther et al., 2004). 

2.1.1.4. Sputtering (kinetic) – In this method, the impact of the atom or ion on the surface 

produces sputtering from the surface that results in the transfer of the momentum from 

the incoming particle. It is generally done on the low pressure on the cold substrate, thus 

there is no melting of the material occurs like other vapour phase techniques (Luther et 

al., 2004). For example, there are many effects of sputtering conditions on the formation 

of gold nanoparticles (Hatakeyama et al., 2011). 

2.1.1.5. Laser ablation (thermal) - In this process, pulsed light from the sharp laser beam is 

focussed onto the solid target placed inside a vacuum chamber to boil off a plume of 

energetic atoms of the target material e.g. layered zinc hydroxide/ surfactant 

nanocomposite are prepared by pulsed-laser ablation in a liquid medium (Ullamann et al., 

2002). A substrate positioned to intercept the plume will receive a thin film deposit of the 

target material. 

2.1.2. Bottom-up approach 

It refers to the make up a material from the bottom i.e. by joining atom by atom, molecule 

by molecule or cluster by cluster. It involves several methods described as follows. 

2.1.2.1. Supercritical Fluid synthesis- In this method the properties of supercritical CO2 and 

H2O are used in the preparation of a great variety of metal oxide nanomaterials (Byrappa 

et al., 2008). This method is used to produce ZnS nanocrystallites with a different 

morphology by the use zinc acetate and sodium diethyldithiocarbamite with an 

experimental temperature of 150–200 °C for 12–72 hr produces (Sapra et al., 2005). 

2.1.2.2. Spinning- It is used to produce very fine fibres by the principle of spinning dilute 

polymer solutions in a high voltage electric field from a liquid which are usually in micro 

or nano scale (Luther et al., 2004). 

2.1.2.3. Use of templates- In this methodology, a membrane with micro or nanometer pore acts 

as template for succeeding material deposition that would adopt its shape. Several natural 



9 
 

and synthetic materials with pores of nanoscale have been used as templates, from which 

Al2O3 and TiO2 templates are excellent examples (Macak et al., 2007, Azevedo et al., 

2014). 

2.1.2.4. Plasma or frame spraying synthesis- Here the suspension that uses water as solvent, is 

pumped into the plasma plume through an atomization probe to create micron-sized 

droplets comprising raw material particles. The droplets are flash dried, and the 

remaining particles are melted, vaporized, and further condensed into nanoparticles 

(Bouyer et al., 1997). For example plasma spraying was used to process atomized liquid 

droplets of precursor solutions to produce alumina, zirconia and yttria stabilized zirconia 

nanoparticles (Karthikeyan et al., 1997). 

2.1.2.5. Sol process & Sol-gel process- This method is used for the production of colloidal 

nanoparticles from liquid phase. The method is well adopted for the fabrication of metal 

oxides, especially the oxides of zinc (Sekine et al., 2009).  

2.1.2.6. Laser pyrolysis- In this method nanoparticle formation starts abruptly when a sufficient 

degree of supersaturation of condensable products is reached in the vapour phase. Once 

nucleation occurs, rapid synthesis of nanoparticle takes place by coalescence/coagulation. 

Ceramic nanoparticles synthesized by this method were tuned for the preparation of 

coolant nanofluids (Amato et al., 2013). 

2.1.2.7. Aerosol based process- Aerosols are the liquid or solid particles suspended in a gas. In 

this method spraying of the precursor chemical onto the heated surface results in the 

precursor pyrolysis and subsequently production of the nanoparticles (Luther et al., 

2004). 

2.1.2.8. Chemical vapour deposition (CVD) -CVD technique can be achieved by taking a 

carbon source in the gas phase and using an energy source, such as plasma to transfer 

energy to a gaseous carbon source at a high temperature         C) to break their 

hydrogen carbon bond, producing pure carbon molecules. It is commonly used for the 

synthesis of carbon nano-tubes (CNTs) and fullerenes (Endo et al., 1993, Dai et al., 

1996). 

2.1.2.9. Atomic or molecular condensation- In this method a bulk material is heated in vacuum 

to produce a stream of atomised and vaporised matter, which is further connected to the 

chamber containing reactive gas (like oxygen for the making of metal oxide 
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nanoparticles). This is followed by rapid cooling of the metal atoms due to their collisions 

with the gas molecules results in the condensation and formation of nanoparticles (Luther 

et al., 2004). For example, Formation of carbon nanoparticles by the condensation of 

supersaturated atomic vapour obtained by the laser photolysis of C3O2 (Gurentsov et al., 

2007). 

2.1.2.10. Green synthesis – It involve the synthesis of different metallic nanoparticles like gold, 

silver, zinc oxide, palladium, iron oxide, copper oxide from natural biomass of different 

organisms by using them as capping and reducing agent.  

2.2. Disadvantages of physical and chemical methods 

Synthesis of metal nanoparticles has been mainly confirmed by physical and chemical methods 

as they successfully produce pure and well-defined nanoparticles, (Gao et al., 2008, Rodriguez et 

al., 2000, Sailaja et al., 2011). But these methods need great expenditure and are toxic, need very 

high temperatures, release hazardous chemicals, non eco-friendly and have very low 

productivity. Moreover the nanoparticles produced are of poor morphology. These methods 

require both strong and weak chemical reducing agent and protective agents like sodium 

borohydride alcohols, phenyl hydrazine, sodium citrate etc which are highly toxic, flammable 

and cannot be directly exposed out in the environment (Rai et al., 2008). So there is a need of to 

adopt green routes for synthesis of nanoparticles.   

2.3. Green synthesis of nanoparticles 

 “Green Nanotechnology” is the new term arisen with a lot of consideration that reduces or 

eradicates toxic substances to be released into the environment (Moghaddam et al., 2010). The 

assembly of nanoparticle developed from the simple methods of green synthesis are clean, 

nontoxic, environmentally acceptable, doesn’t need high temperature or dangerous chemicals. 

Also they have high productivity as compared to physical and chemical methods (Rai et al., 

2008). Due to their compatibility to biological functionalization, these biosynthesized 

nanoparticles have important applications in the field of medicine, particularly related to the 

antimicrobial activity (Dykman et al., 2012).  
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For the green synthesis some of the points which are need to be considered for producing highly 

stable and well-characterized nanoparticles are as follows (Iravani., 2011): 

1. Selection of the best organisms: Intrinsic properties of the organisms such as enzyme 

activities and biochemical pathways are to be focused for metal nanoparticle production. 

2. Optimal conditions for cell growth and enzyme activity: Growth conditions like nutrients, 

inoculum size, light, temperature, pH, mixing speed, and buffer strength should be optimized. 

Also the presence of the substrates or related compounds in the subtoxic levels from the 

beginning of the growth would increase the activity of the enzymes. 

3. Optimal reaction conditions: The bioreduction conditions for the synthesis for 

nanoparticles in the reaction mixture are needed to be optimized for better yield and quality 

(Ahmad et al 2003, Korbekandi et al 2009). The substrate concentration, the biocatalyst 

concentration, the electron donor and its concentration, pH, exposure time, temperature, 

buffer strength, mixing speed, and light need to be controlled and optimized which could 

affect the size, morphology, and rate of reaction.  

Applying the in-vivo methods for the synthesis of nanoparticles through green nanotechnology, 

the cell itself act as living and self-reproducible bioreactor (Iravani, 2011). There are two means 

for the reduction of the metal ions to metal nanoparticles in order to convert the harmful toxic 

ions into the harmless substances that can be freely released into the environment. 

Intracellular synthesis – In this type of synthesis, the nanoparticles are formed from the enzymes 

that are present inside the cell and remain inside until they are extracted out from the cell. The 

nanoparticles produced by this method are stabilized by the cell components (mainly enzymes) 

and show characteristic morphologies at the same time. Here nanoparticles cannot exceed a 

certain size range depending on the organism, due to the spatial delimitation of the cell wall and 

the existing cell components (Deplanche et al., 2012). 

Extracellular synthesis –In this type of synthesis, the nanoparticles are formed from the enzymes 

that are present out of the cell i.e. mainly the enzymes secreted by the cell wall. Here the 

synthesis of nanoparticles involves trapping the metal ions on the surface of the cells and 

reducing ions in the presence of enzymes (Zhang et al., 2011). 
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2.3.1. Green synthesis of nanoparticles from algae 

Algae are the wide group of eukaryotic organisms that have autotrophic mode of nutrition. They 

lack many secondary cells and tissue types found in higher plants such as xylem, phloem, and 

stomata but have chloroplasts containing circular DNA and chlorophyll as their photosynthetic 

pigment. Algae perform approximately 50% of the photosynthesis on earth and thus are 

influential in supporting the biosphere. They use their chlorophyll to capture light energy to fuel 

the manufacture of sugars, but they are primarily aquatic unlike plants (Elumalai et al., 2013). 

They are chiefly rich in biologically active substances which can be used for the biosynthesis of 

nanoparticles (Ganesan et al., 2013). Dry biomass of algae is used for the synthesis of various 

nanoparticles. Also algal cell disruption is very important for reduction processes in nanoparticle 

synthesis. Some of the cell disruption methods that can be followed are shown below in the Fig. 

4. 

 

Fig. 4. Algal cell disruption methods 

Disruption  

Non- Mechanical  

Chemical 

 Antibiotics 

Chelating 
Agents 

Detergent 

Solvent 

Alkalis 

Supercritical CO2 

Physical 

Decompression 

Osmotic 
shock 

Thermolysis 
(Autoclave) 

Freeze 
drying 

Microwave 

Enzymatic  

Lytic  

Autolysis 

Phage  

Mechanical 

Bead mill Homogenizer 

High 
pressure 

High Speed 

Cavitation  

Ultrasonic 

Hydrodynamic 

Microfluidiser  



13 
 

These are categorized according to their pigmentation into green (Chlorophytes), brown 

(Phaeophytes) and red (Rhodophytes) which live either in marine or brackish water. Some of the 

algae used as biofactories for the production of metallic nanoparticles are listed in Table 1. 
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Table 1. Synthesis of metallic nanoparticles from different species of algae 

Green algae 
S.No.  Source  Nanoparticle Size Shape Use Characterisation  Reference  

1. Ulva lactuca Ag 20-56 nm Spherical Anticancer UV-VISis, XRD, FTIR, 

SEM,TEM, EDAX 

Devi et al., 2012 

2. Chlorococcum 

humicola 

Ag 16 nm Spherical Antibacterial UV-VISis, XRD, FTIR, 

SEM,TEM 

Jenaa et al., 2012 

3. Spyrogira insignis Au 30-50 nm  Sphere-shaped, 

Polygonal, Triangular, 

Hexagonal 

-  Castro et al., 2013 

4. Chlorella 

pyrenoidusa 

Au 25-30 nm Spherical - UV-VISis, XRD, TEM Oza et al., 2012 

5. Pithophora 

oedogonia 

Ag 300-700 

nm 

Cubical and hexagonal-

shaped 

Antibacterial UV-VISis, SEM, XRD, 

FTIR, SEM, EDS, DLS 

Sinha et al., 2014 

6. Caulerpa 

racemosa 

Ag 10 nm Face-centered cubic 

geometry 

Antibacterial UV-VISis, FTIR, TEM, 

XRD 

Kathiraven et al., 2014 

7. Spirogyra 

submaxima 

Au 2-50 nm Spherical, Triangular, 

Hexagonal 

Biomedical 

applications 

TEM, XRD, DLS, UV-

VISis 

Roychoudhury and Pal, 

2014 

Red algae 
1. Gracilaria edulis Ag 12.5-100 

nm 

Spherical - TEM, SEM, Electron 

diffraction 

Murugesan et al., 2011 

2. Gelidiella acerosa Ag 22 nm Spherical Antifungal  UV-VISis, XRD, TEM, 

SEM 

Vivek et al., 2011 

3. Kappaphycus 

alvarezii 

Au 10-40 nm Polydisperse Antimicrobial and 

anti-oxidant 

XRD, TEM Rajasulochana et al., 

2012 

4. Kappaphycus 

alverazii 

Ag 74 nm Face centered cubic 

silver 

- UV-VISis, XRD, FTIR, 

SEM, EDX 

Ganesan et al, 2013 

5. Kappa phycus sps Ag 52-104 

nm 

- - UV-VISIBLE 

spectroscopy, FTIR,AFM 

Baskar, 2013 

6. Gracilaria 

corticata 

Au 45-57 nm - Antimicrobial and 

antioxidant 

UV-VISIBLE 

spectrophotometry, SEM, 

FRAP assay 

Naveena and Prakash, 

2013 
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7. Galaxaura 

elongata 

Au 3.85–

77.13 nm 

Rod, Triangular, 

Truncated triangular, 

Hexagonal 

Antibacterial UV-VISis, FTIR, TEM, 

MS 

Raouf et al., 2013 

Brown algae 
1.  Turbinaria 

conoides 

Ag 96 nm Spherical Antibacterial UV-VISis, FTIR, SEM, 

XRD 

 Rajeshkumar et al., 

2012)  

2. Stoechospermum 

marginatum 

Au 18.7 to 

93.7 nm 

Spherical, Triangular, 

Hexagonal 

- photoluminescence 

spectra, FTIR, SEM, 

TEM, XRD, Wavelength 

Dispersive X-ray 

Fluorescence 

Spectrophotometer 

Rajathi et al., 2012 

3. Padina pavonica  Ag 54 nm Spherical Antifungal and 

Antibacterial 

  Sahayaraj et al., 2012 

4. Sargassum 

longifolium 

Ag 40-85 nm Spherical Antifungal  SEM, XRD, TEM, FTIR Rajeshkumar et al., 2013 

5. Sargassum 

muticum 

Ag 5-15 nm Spherical Antifungal, anti-

inflammatory, 

antiviral, anti-

angiogenesis, and 

antiplatelet  

 Azizi et al., 2013 

6. Ecklonia cava Au 20-50 nm Spherical Antimicrobial UV-VISis, XRD, FTIR, 

SEM,TEM 

Venkatesan et al., 2014 

7. Sargassum 

muticum 

ZnO 3-57 nm Hexagonal wurtzite 

structures 

- X-Ray, FTIR, FSSEM, 

UVVis 

Azizi et al., 2014 

http://www.hindawi.com/68963970/
http://www.hindawi.com/68963970/
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2.3.2. Green synthesis of nanoparticles from Bacteria 

Bacteria are the prokaryotic microorganisms which are preferred for the synthesis of metallic 

nanoparticles mainly due to their ease of multiplication. They have the tendency to produce 

nanoparticles intracellularly and are able to preserve their viability even after the crystal growth 

(Nair et al., 2002). Different species of bacteria have the potency to synthesize metal 

nanoparticles intracellularly (Table 2) and their alloys respectively (Shankar et al., 2004).  

Table 2. Synthesis of metallic nanoparticles from bacteria 

S.No.  Microorganism Type of NP Location Size range 

(nm) 

Reference  

Intracellular  

1. Pseudomonas stutzeri Ag  Intracellular 200 Klaus et al., 1999 

2. Lactobacillus strains Ag and Au Intracellular 20–30 Nair et al., 2002 

3. Rhodococcus sp Au Intracellular 5–15 Ahmad et al., 2003 

4. Escherichia coli CdS Intracellular 2–5 Sweeney et al., 2004 

5. Plectonema boryanum Ag Intracellular 1–10 Lengke et al., 2006 

6. Escherichia coli 

DH5α 

Au Intracellular 

pH = 4 

25–33 Liangwei et al., 2007 

Extracellular  

1. Thermomonospora sp Au Extracellular 8 Ahmad et al., 2003 

    2. Actinobacter sp Magnetite Extracellular 10–40 Bharde et al., 2005 

3. Rhodopseudomonas 

capsulate 

Au Extracellular, 

pH = 7 

10–20 Shiying et al., 2007 

4. Klebsiella pneumonia Ag Extracellular 5–32 Shahverdi et al.,2007 

5. Pseudomonas 

aeruginosa 

Au Extracellular 15–30 Husseiney et al., 

2007 

6. Shewanella oneidensis  Uranium 

(IV) 

Extracellular - Marshall et al., 2007 

7. Morganella sp Ag Extracellular 20-30 Parikh et al., 2008 

Intracellular and Extracellular 

1. Clostridium 

thermoaceticum 

CdS Intracellular 

and 

extracellular 

1–100 

 

Cunningham et al., 

1993 

2. Shewanella algae Au Intracellular, 

pH = 7, 

Extracellular, 

pH = 1 

10–20, 

50–500 

 

Konishi et al., 2004 

(Source- Thakkar et al., 2010) 
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2.3.3. Green synthesis of nanoparticles from Yeast 

Yeast is a unicellular fungus which had been rarely used as a reducing agent for nanoparticle 

synthesis. Yeast cells increase the cellular pools of glutathione and glutathione-like compounds 

called phytochelatins in the stress of heavy metals (Mehra et al., 1991, Vido et al., 2001). The 

resulting metal thio-late complex formation neutralizes the toxicity of heavy metal ions and traps 

them inside the cell (Li et al., 1996, 1997).  Some of the yeast species used for the biosynthesis 

of nanoparticles is listed in the Table 3. 

Table 3. Synthesis of metallic nanoparticles from yeast 

S.No.  Yeast  Type of 

NPs 

Location  Size range 

(nm) 

Reference  

1. Candida glabrata and 

Schizosaccharomyces 

pombe  

CdS Intracellular 200 Dameron et al., 1989 

2. MKY3 Ag Extracellular 2–5 Kowshik et al., 2003 

(Source- Thakkar et al., 2010) 

2.3.4. Green synthesis of nanoparticles from fungi 

Fungi are a large group of eukayotic organisms that can be used for nanoparticles synthesis with 

an advantage of their ease in the scale-up by thin solid substrate fermentation method, economic 

viability, simplicity in handling biomass, its potency as a eukaryote to overexpress specific 

enzymes (Kowshik et al., 2003). They can be used as a reducing agent for the conversion of 

metals ions into their corresponding nanometals either in intra-cellular or extracellular depending 

of the location of their reduction enzymes. In fact when the reduction enzymes responsible for 

the conversion of metals ions into their corresponding nanometals are formed extra-cellularly 

(usually secreted by the cell walls) then the synthesis of the nanoparticles takes place 

extracellularly (Mukherjee et al., 2001a, Mukherjee et al., 2001b, Mukherjee et al., 2002). Some 

of the fungi used for the biosynthesis of nanoparticles are listed in Table 4. 
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Table 4. Synthesis of metallic nanoparticles from fungi 

S.No.  Fungi  Type of NPs Location  Size range (nm) Reference  

1. Verticillium Ag Intracellular 25 ± 12 Mukherjee et al., 

2001a 

2. Phoma sp. 3.2883  Ag Extracellular 71.06–74.46 Chen et al., 2003 

3. Fusarium oxysporum Au Extracellular 20–40 Ahmad et al., 2003 

4. Aspergillus 

fumigates 

Ag Extracellular 5–25 Bhainsa et al., 2006 

5. Phaenerochaete 

chrysosporium 

Ag Extracellular 50–200 Vigneshwaran et al., 

2006 

6. Fusarium oxysporum 

and Verticillium sp. 

Magnetite Extracellular 20–50 Bharde et al., 2006 

7. Trichoderma 

asperellum 

Ag Extracellular 13–18 Mukherjee et al., 2008 

(Source- Thakkar et al., 2010) 

2.4. Mechanism of biomimetic synthesis 

The biological agents secrete a large amount of enzymes, which are capable of hydrolyzing 

metals that bring about enzymatic reduction of metals ions leading to the formation of 

nanoparticles (Rai et al., 2009b). Extracts from bio-organisms may act both as reducing and 

capping agents where the reduction of metal ions is by biomolecules found in their extracts such 

as enzymes/proteins,amino acids, polysaccharides and vitamins is environmentally benign, yet 

chemically complex. As different biological agents respond differently with metal ions, thus 

exact mechanism for the synthesis of nanoparticles using biological agents has not been 

discovered yet. Also some biological agents have the tendency of producing nanoparticles 

extracellularly, while others produce intracellularly. As in case of intracellular synthesis, cell 

walls of the microorganisms play a major role for the production of nanoparticles. As cell wall is 

negatively charged so it interacts electrostatically with the positively charged metal ions. The 

enzymes present within the cell wall bioreduce the metal ions to nanoparticles, and then these 

nanoparticles get diffused of through the cell wall due to small size.  

Mukherjee et al., (2001) reported stepwise mechanism for intracellular synthesis of nanoparticles 

using Verticillium sp. Here the fungal cell wall when comes in contact with metal ions interacts 
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electrostatically and traps the metal ions. Then the enzymes present in the cell wall bioreduce 

these metal ions. Ultimately, aggregation of particles and synthesis of nanoparticles take place. 

Howover, Nair and Pradeep (2002) reported that in case of bacteria Lactobacillus sp., the initial 

step of synthesis of nanoparticles is the nucleation of clusters of metal ions which develops an 

electrostatic interaction between the bacterial cell and metal clusters which leads to the formation 

of nanoclusters which get diffused through the bacterial cell wall due to small size.  

A number of researchers supported the enzyme nitrate reductase for extracellular synthesis of 

nanoparticles (Duran et al., 2005; Kumar et al., 2007a, b; He et al., 2007; Gade et al,. 2008; Ingle 

et al., 2008). This specific enzyme α-NADPH dependent nitrate reductase is important for the in 

the in-vitro synthesis of nanoparticles, as it would also do away with the downstream processing 

required for the use of these nanoparticles in homogeneous catalysis and other applications (Rai 

and Duran, 2011). According to them when pH increases, more competition occurs between 

protons and metal ions for negatively charged binding sites. The enzyme nitrate reductase 

secreted by the cell wall of microorganisms helps in the bioreduction of metal ions leading to the 

synthesis of nanoparticles. Duran et al., (2005) conducted the nitrate reductase assay test through 

the reaction of nitrite with 2,3-diaminophthalene. The emission spectrum demonstrated two 

major peaks of fluorescence intensity at 405 and 490 nm relating to the maximum emission of 

nitrite and 2,3-diaminonapthotriazole (DAN), respectively. The intensity of these two bands was 

increased with the addition of a 0.1% KNO3 solution, confirming the presence of nitrate 

reductase which leads to the conclusion that the enzyme reductase is responsible for the 

reduction of Ag
+
 ions and in the formation of silver nanoparticles. Moreover Ingle et al., (2008) 

reported the reduction of Ag
+
 to Ag

0
 by nitrate reductase enzyme in the case of fungi. He used 

commercially available nitrate reductase disks where the color of the disk turned reddish from 

white when it comes in contact with fungal filtrate demonstrating that C¼O bonds of carboxylate 

ions and Ag–N bonds from the free amine groups lie perpendicular to the nano silver surface and 

get directly allied with the capping of silver nanoparticles. Peptide linkages from amino acids 

undergo hydrolysis to synthesize free carboxylate ions and free amino groups which are involved 

in the encapsulation of silver nanoparticles.  

He et al., (2007) reported similar mechanism of bioreduction of gold ions using 

Rhodopseudomonas capsulata that secrete cofactor for NADH and NADH-dependent enzymes 
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which leads to the initiation of electron transfer from the NADH by NADH-dependent reductase. 

Then, the gold ions obtain electrons and are reduced to Au (0) and hence result in the formation 

of gold nanoparticles.  

Nangia et al., (2009) proposed biosynthesis of gold nanoparticles and their stabilization via 

charge capping by bacterium Stenotrophomonas maltophilia  which is involved in NADPH-

dependent reductase enzyme which converts Au
3+

 to Au
0
 through electron shuttle enzymatic 

metal reduction process. 

Kowshik et al., (2002) reported the synthesis of CdS nanoparticles using Schizosaccharomyces 

pombe dependent on a stress protein response where the enzyme phytochelatin gets activated on 

exposure of S. pombe to cadmium that chelate the cytoplasmic cadmium to phytochelatin–Cd 

complex. Next, an ATP-binding cassette-type vacuolar protein transports phytochelatin–Cd 

complex across the vacuolar membrane. Inside the vacuole sulfide gets added to the complex to 

form a high-molecular-weight phytochelatin–CdS _2 complex or CdS nanocrystal.  

Yeast cell are used as bio-factories for the production and stabilization of nanoparticles where 

the major molecules GSH with the structure g-Glu-Cys-Gly and two groups of metal-binding 

ligands: metallothioneins and phytochelatins (PC) contribute to the detoxification mechanisms in 

yeast cells (Rai and Duran, 2011). 

2.5. Importance of Zinc  

India is ranked 6 for common zinc deficiency problems including Afghanistan, Australia, 

Bangladesh, Brazil, China, Iran, Iraq, Pakistan, Philippines, Sudan, Syria, Turkey, many states in 

the USA and parts of Africa and Europe. Zinc is one of the most important minor nutrient 

sources required by the plants after N, P, K, S, Ca and Mg. It also controls the synthesis of indole 

acetic acid (IAA) which is a phytohormone to regulate the plant growth. Zinc-

dependent enzymes are found in all known classes of enzymes which may play a vital role as a 

structural constituent or regulatory co-factor for 

a) For Carbohydrate metabolism, for both photosynthesis and in the conversion of sugars to 

starch. 

b) For Protein metabolism. 

c) For Auxin (growth regulator) metabolism. 
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d) For Pollen formation. 

e) For the maintenance of the reliability of biological membranes. 

f) For the resistance to infection by certain pathogens (Alloway, 2008). 

Raliya et al., (2014) reported that zinc is essential for the plants to produce chlorophyll. Leaves 

start losing their green colour when the soil is deficient in zinc and results in stunted growth of 

the plant. This discoloration caused by zinc deficiency is called chlorosis, which causes the tissue 

between the veins to turn into yellow colour which were initially green. Chlorosis first appears 

on the lower leaves and slowly moves up the plant. In stern cases lower leaves turn brown or 

purple and die. Thus insufficiency of zinc causes reduced crop yields and quality of crop 

products is frequently impaired. Loss of zinc from biological membranes increases their 

susceptibility to oxidative damage and impairs their function. It enables the plants to tolerate the 

lower air temperatures and helps in the biosynthesis of cytochrome which is a pigment to 

maintain the plasma membrane and also helps in the synthesis of leaf cuticle (Raliya et al., 

2013). 

2.5.1. Zinc oxide nanoparticle 

It is a non-toxic, II-VI semiconductor with wide band gap (3.37eV) and natural n-type electrical 

conductivity (Wellings et al., 2007). It is called as II-VI semiconductor in materials because it 

has several distinguishing properties such as good transparency, high electron mobility, wide 

band gap, and luminescence. It looks like a white powder and is nearly insoluble in water. Due to 

noble properties such as high refractive index, high thermal conductivity, binding energy, 

antibacterial and UV-protection of ZnO, it is widely used as an additive in numerous materials 

and products such as ceramics, glass, cement, lubricants, paints, ointments, adhesives, plastics, 

sealants, pigments, foods (source of Zn nutrient), batteries, ferrites, and fire retardants. ZnO has 

best durability, greater selectivity and heat resistance than organic and inorganic materials 

(Padmavathy et al., 2008, He et al., 2011b). ZnO has high biocompatibility and fast electron 

transfer kinetics which advocate the use of this material as a bio-mimic membrane to immobilize 

and modify the bio-molecules (Kumar et al., 2008). Among the other semiconducting materials, 

ZnO is rich in nanostructures and has the ability to be converted into a number of morphologies 

(Wahab et al., 2008) such as nanowires (He et al., 2011a), nanorods (Huang et al., 2011), 

nanocombs (Fan et al., 2010), nanoflowers and nanosheet (Kou et al., 2011). Although it is non 
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toxic to human beings, in fact it is taken as ZnO in the form of the daily supplement for zinc 

because it is a mineral element required to human health. But it is definitely lethal to the 

microorganisms (Jena et al., 2012, Rajeshkumar et al., 2014). ZnO powder coated PVC films 

showed the antibacterial activity against food borne pathogen (Li et al., 2009). 

2.5.2. Application of zinc oxide nanoparticles 

Zinc oxide nanoparticles is a wide band gap semiconductor that is of great interest due to their 

versatile applications in diverse fields such as antibacterial action is much stronger than that of 

ZnO powder due to the larger surface to volume ratio (Jena et al., 2012), antifungal 

(Rajeshkumar et al., 2014), UV filtering properties (Basca et al., 2009), high catalytic and 

photochemical activity (Chandrappa et al., 2012), in biosensors (Singh et al., 2011), 

nanoelectronics (Pareek et al., 2013), solar cells (Seow et al., 2009), drug delivery and 

bioimaging probes (Espitia et al., 2012, Xiong et al., 2014), onto cotton fabrics to confer 

antimicrobial function and finally appraise the finished fabrics in terms of antibacterial, wash 

durability and topographical function (Rajendran et al., 2008), anticorrosion properties (Heinlaan 

et al., 2008), cosmetics (Smijs et al., 2011) and sunscreen industry (Shanmungapriya et al., 2013) 

due to their transparency and ability to reflect, scatter, and absorb UV radiation, and as food 

additives (Yu et al., 2011).  ZnO nanoparticles also have good biocompatibility to human cells 

(Padmavathy et al., 2008, He et al., 2011b) and documented as safe material by FDA (Food and 

Drug Administration, USA) (Emamifar et al., 2010). These compounds have been shown to have 

high Electron resonance measurements so aqueous suspension of ZnO nanoparticles generate 

amplified level of reactive oxygen species, i.e. hydroxyl radicals which lead to the oxidative 

stress which in turn increase the cellular internalization of the nanoparticles  in the bacteria 

leading to cell damage (Applerot et al., 2009, Thati et al., 2010).  

2.5.3. Application of Zinc oxide nanoparticles in Agricultural crops 

Zinc is required for chlorophyll production, pollen function, fertilization, biomass production and 

germination (Pandey et al., 2010). Among the other micronutrients required by the plants, Zn and 

Mn can affect the vulnerability of plants to drought stress (Khan et al., 2003). Zn utilization in 

tissues is called internal efficiency and Zn uptake is called external efficiency (Genc et al., 2006). 

Treatment of nanoscale zinc (25 nm mean particle size) at 1000 ppm concentarion promoted both 
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seed germination and seedling vigor and in turn showed early establishment in soil manifested by 

early flowering and higher leaf chlorophyll content. These particles proved effective in 

increasing stem and root growth (Prasad et al., 2012). ZnO-NPs have been proposed as an 

effective Zn fertilizer to alleviate Zn deficiency in soils (Milani et al., 2012). These nano 

compounds would be quickly and completely absorbed by the plant and would fix all nutritional 

needs and deficiencies. Some of the effects seen in the plants after the supply of nano zinc is 

listed in the following Table 5. 
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Table 5. Effect of Zinc oxide nanoparticles on different plant crops 

S. No.  Plant  Size Effect  Characterisation  Reference 

1.  Cicer 

Arietinum 

20–30 nm Increase in the level of IAA in roots (sprouts) i.e. increase in 

the growth rate 

XRD, FE-SEM Pandey et al., 

2010 

2.  Cucumis sativus 50 nm Increase in Biomass and root length, also there was less 

microbial activity in the soil 

DLS, TEM Kim et al., 2011 

3.  Tomato  <100 nm Improved growth and biomass HR-FE-SEM, EDX Panwar et al., 

2012 

4.  Peanuts  25 nm Improvement in the germination, root growth, shoot growth, 

dry weight and pod yield of the treated seeds 

HRTEM, SEM-

EDAX. AAS 

Prasad et al., 

2012 

5.  Zea mays 17.4 ± 4.9 nm Tunneling effect in the primary roots of the Maize Zeta potential unit, 

TEM, UV-Vis 

spectrophotometer 

Pokhrel and 

Dubey., 2012 

6.  Vigna radiate 20 nm Increase in root and shoot length as well as accumulation of 

biomass 

ICP-AES Dhoke et al., 

2013 

7.  Allium cepa ≤35 and 5  nm Dose-dependent increment in DNA damage in cells TEM, DLS, LDV Demir et al., 

2014 

8.  Wheat  - Increase in number of seeds per plant + increased yield - Afshar et al., 

2014 

9.  Groundnut 

 

35-45nm Improving germination by increased auxin production, 

induced maximum shoot length/ inhibitory effect at high 

concentrations on root and shoot growth 

SEM, TEM, XRD  Shyla, 

Natarajan, 2014 

10.  Banana 35 nm Excellent shooting, rooting and regenerated plantlets + 

accumulated more proline, chlorophyll, antioxidant enzymes 

activity and developed more dry weight accumulation + 

elimination of microbial contaminants 

- Helaly et al ., 

2014 
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2.6. Dose dependent toxicity of Zinc oxide nanoparticles on algae 

Since nowadays nanoparticles are found in many commercial products, making it more likely 

that they will also be unrestricted into the aquatic environment that may possibly occur during 

their production, use or disposal, either directly (e. g. as a result of accidents) or via wastewater. 

Although the number of engineered nanoparticles in the environment remains low when 

compared with natural particles (Kaegi et al., 2009) but still they remain harmful to the 

environment. Thus there is a need for analytical system to authorize quantification of these 

nanoparticles to understand how these nanomaterials act on organisms and the mechanisms of 

toxicity. More complications are arising due to the broad spectrum of engineered nanoparticles 

that differ in their chemical, physical and morphological properties (Behra et al., 2009).  

In assessing the risks of nanoparticles in the environment, the emerging research challenges are 

to find out if nanomaterials are more toxic than the bulk forms of the same material, and up to 

what extent its toxicity is related by particle size and reactivity. It is not necessary that 

nanoparticles entering in the aquatic environments will have the equivalent impacts on aquatic 

biota as their bulk material. Similarly, nanoparticle morphology, surface area, surface charge, 

coating, purity, and its material solubility are expected to play very important roles in the fate 

and toxicity of the nanoparticles in aquatic systems.  

 

Algae present at the bottom of the food chain are likely to be a sensitive indicator of toxic 

effects. It plays an integral role in the ecological system, producing the biomass for basic 

nourishment for food webs and oxygen for breathing. Thus if large algal population goes on 

changing due to nanoparticle toxicity then it would lead to the negative effects on the entire 

environment. Cyanobacteria perform oxygenic photosynthesis and play crucial role in primary 

production and nitrogen cycling with their ability to fix atmospheric dinitrogen into ammonia, a 

bioavailable form of nitrogen source for various organisms like plants (Tamagnini et al., 2002). 

Cyanobacteria have been previously used as a model alga for determining the environmental 

stresses (Apte et al., 1998), due to their phylogenetic relationship with plants’ chloroplasts and 

their past ecological tolerance that contributed to their survival in a wide range of unreceptive 

environments (Rai et al., 1999). The metabolic strategies used by cyanobacteria to tolerate 

unfavourable and fluctuating conditions through physiological adaptation are exceptional and 
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widely reported (Rachlin et al., 1985, Surosz et al., 2005); these strategies involve physiological, 

morphological, and ecological modifications (Mackerras et al., 1990, Kangatharalingam et al., 

2002). In addition, the accumulation and degradation of cyanobacterial intracellular inclusions 

with reserve functions has been previously reported under conditions of starvation or in exposure 

of stressors. Thus by studying the physical and chemical factors that control the nanoparticle 

toxicity to algae will help in evaluating their ecological risk (Rogers et al., 2013). 

ZnO nanoparticle has the highest toxicity followed by aluminum oxide, titanium dioxide and 

cesium oxide nanoparticles, respectively. Therefore, disposal of ZnO nanoparticles needs more 

attention and precaution and more strict laws must be regulated for disposal of ZnO 

nanoparticles in aquatic environments (Pendashte et al., 2013). 

ZnO nanoparticles as well as bulk ZnO were toxic to Pseudokirchneriella subcapitata already at 

very low concentrations (0.1 mg/l) and the total inhibition of algal growth was observed already 

at 0.16 mg Zn/l for both types of particles. Zinc oxides were equally toxic in bulk and nano 

formulations. The most toxic of the nano metal oxides was nano ZnO followed by nano CuO and 

nano TiO2 (Arnoja et al., 2009). 

Natasha et al., (2007) have studied the toxicity of ZnO nanoparticles to P. subcapitata while also 

determined the concentration of dissolved Zn ions derived from ZnO. The toxicity of ZnO 

particles as well as ZnCl2 was found due to dissolved Zn. 

Ji et al., (2011) reported that both nano- and bulk-ZnO significantly inhibited the algal growth 

with a percent survival compared to the control of 48.8±8.7% and 59.0±11.4% at 1000mgL
−1

, 

respectively. However, the final Zn
2+ 

ion concentrations released from nano-ZnO were 

significantly lower than that from bulk-ZnO in the culture media, which could possibly be due to 

the considerable aggregation of nano- ZnO as shown by the greater hydrodynamic size of nano-

ZnO than bulk-ZnO. 

Studies of the toxicity of ZnO NPs to different organisms have several mechanisms of action. 

Overproduction of reactive oxygen species (ROS) can be the major mechanism of the toxicity of 

NPs (Sharifi et al., 2012). During this process, chemical reactions occur and result in 

overproduction of the superoxide radical (O2
−
), which leads to ROS accumulation leading to the 

development of holes in the membrane and oxidative stress (De Berardis et al., 2010). Nano ZnO 
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particles are absorbed onto the cell membrane and there it dissolves into ionic zinc, or to be 

internalized as whole. This dissolution could carry on inside the cell provoking the so called 

Trojan-horse effect (Limbach et al., 2007). Algae play an important role in the aquatic 

ecosystem, not only producing biomass that forms the basic nourishment for food webs, but also 

contributing to the self-purification of polluted water. Therefore, alga is one of the normally used 

model organism for toxicity testing of toxicants and nanoparticles as well. Effect of different 

nanoparticles on growth of algae is listed in the Table 6. 
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Table 6. Effect of different nanoparticles on algae 

S.No. Microalgae Nanoparticle Size Mode of Action Reference 

1.  Chlamydomonas 

reinhardtii 

ZnO & Carbon 

fullerenes 

- Unknown Luo, 2007 

2.  Scenedesmus 

subspicatus 

Au 10 nm Strongly adsorbed by the cell walls of algae leading 

to intracellular and wall distruptions 

Renault et al., 2008 

3.  Chlamydomonas 

reinhardtii 

Ag 10 to 200 nm Inhibitory effects to photosynthesis Naverro et al., 2008 

4.  Nitellopsis  obtuse ZnO 10-30 nm Disappearance of turgor pressure Manusadzianas  et 

al., 2009 

   5. Pseudokirchneriella 

subcapitata 

ZnO, TiO2 and 

CuO 

50–70 nm, 

25–70 nm, 30 

nm  

ZnO- Dose dependent toxicity causing inhibition of 

algal growth; TiO2- reduced the light available to the 

entrapped algal cells and thus inhibited their growth; 

CuO- dose dependent inhibition of growth 

Arnoja et al., 2009 

   6. Desmodesmus 

subspicatus 

TiO2 4.5 nm Unknown Lang et al., 2010 

   7. Chlamydomonas 

reinhardtii 

Carbon 

nanotubes 

- Nanotubes affected photosynthetic membranes and 

thus decreased the electrochemical proton gradient 

on the membrane involved in the process of ATP 

synthesis. 

Matorin et al., 2010 

   8. Pseudokirchneriella 

subcapitata 

CeO2 25 nm - Manier et al., 2011 

   9. Microcystis 

aeruginosa 

CuO 68 to 36 nm Enlarge pore size of cell wall, ROS formation and 

DNA damage 

Wang et al., 2011 

  10. Chlorella sp. Al2O3, SiO2, 

ZnO, and TiO2 

5–50 nm Nano-Al2O3-suspension did not inhibit the algal 

growth, but showed growth promotion by 18.9%, No 

significant toxicity was observed for nano-SiO2, 

Nano-ZnO was toxic to the algae Nano-TiO2 

inhibited the algal growth by 70.5% 

Ji et al., 2011 

  11. Chlamydomonas 

reinhardtii 

Cd
2+

 

adsorption on 

polyacrylate-

46.6 nm Bioaccumulation of the Cd
2+

 in the algal cells Yang et al., 2012 
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coated TiO2 

  12. Ceramium 

Tenuicorne 

Ag 5 – 10 nm Alteration of water content and concentration of 

inorganic ions 

Macken et al., 2012 

   13. Chattonella marina Ag 300-500 nm Increase in membrane permeability resulting in cell 

death 

He et al., 2012 

   14. Ceramium 

tenuicorne 

PVP coated Ag >5 nm, 5-10 

nm, 100 nm, 

16.0 (>5.8) 

nm 

No toxicity, Growth rate was observed to increase 

with increasing salinity 

Macken et al., 2012 

   15. Chlorella vulgaris Fe2O3 195.9, 176.5, 

and 347.2 nm 

Deterioration of photochemical activities of 

photosynthesis, the induction of oxidative stress, and 

the inhibition of cell division rate 

Barhoumi and 

Dewez., 2013 

   16. Pseudokirchneriella 

subcapitata 

ZnO, TiO3 <100 nm, 21 

nm 

Destabilization of the cell membranes. Lee and An., 2013 

   17. Dunaliella 

tertiolecta 

ZnO 100 nm Toxicity W.R.T. peculiar physicochemical properties Manzo et al., 2013 

   18. Chlorella vulgaris ZnO - Damage of chloroplasts and membranes in algal 

cells; also cause oxidative stress 

Zhou et al., 2014 

   19. Desmodesmus 

subspicatus 

Au 5 and 58 nm Unknown Dedkova et al., 2014 

   20. Pseudokirchneriella 

subcapitata 

Ag 15 nm Limited time for algal proliferation, thus minimizing 

the amount of exudates and oxygen produced 

Sorensen and Baun., 

2014 

   21. Pseudokirchneriella 

subcapitata 

Ag 2- 18 nm Agglomerations on cell membranes Becaro, 2014 
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Chapter 3 

Materials and Methods 

3.1. Synthesis of zinc oxide nanoparticles from Aspergillus niger (Baskar 

et al., 2013, Jacob et al., 2014) 

a. A. niger was inoculated in potato dextrose broth (PDB) and incubated on or ital 

sha er at  5    C at 120 rpm for 4 days. 

b. Biomass was harvested after complete incubation and centrifuged at 4000 rpm for 10 

minutes at    C. 

c. The supernatant after the centrifugation was collected. 

d. 50 ml of the supernatant was taken and mixed with 40 ml of distilled water in 

 rlenmeyer flas  and  ept on the hot plate at the fi ed temperature of     C. 

e. When the temperature would rise and reach     C, then 10 ml of 100 mM zinc acetate 

was added dropwise. 

f. Reaction was carried on for 8-9 hrs. 

g.  fter the completion of reaction, the reaction mi ture was centrifuged at      rpm for 

   minutes at    C.  

h. Nanoparticles were washed with distilled water thrice. 

i. Then dried in o en at     C for 8 hrs. 

j. Characterisation of the nanoparticles is done by the following. 

i. XRD- Phase purity and particle size were determined by X-ray diffraction (XRD) 

analysis recorded by diffractometer (XPERT- PRO).  

ii. SEM- The shape and size of the sample were determined by Scanning electron 

microscope (Model: JEOL, JSM-6510 LV, USA).  

iii. FTIR- The chemical structure was examined by using FTIR spectro-meter (Perkin 

Elmer model RZX spectrometer). 

3.2.  Synthesis of zinc oxide nanoparticles from Anabaena variabilis (Azizi 

et al., 2014) 

a. The algal sample ARM441 was procured from National centre for conservation and 

utilization of blue green algae, Division of microbiology, IARI, New Delhi. 

b. The alga was inoculated in BG11 medium prepared from distilled water with final pH 

 . - .3 for 3  days at  5  -3    lu  of light conditions at     C. 
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c. After 30 days, alga was harvested by filtering through whatmann filter paper no. 1 and 

allowed to dry for 24 hrs. 

d. After 24 hrs, dried biomass of algae was collected. 

e.     ml of the distilled water was added to the dried  iomass and it was heated to      

C for 2 hrs by keeping on hot plate at shaking conditions. 

f. Then it was filtered using whatmann filter paper no. 1, the filterate was collected to 

synthesise ZnO NPs  

g. Then 50 ml of the algal solution was added to Erlenmeyer flas  and mi ed with    ml 

of the distilled water and  ept on the hot plate at the fi ed temperature of     C. 

h.  hen the temperature would rise and reach     C, then 10 ml of 50 mM Zinc acetate 

was added dropwise. 

i. Reaction was carried on for 6 hrs. 

j.  fter the completion of reaction, the reaction mi ture was centrifuged at      rpm for 

   minutes at    C.  

k. Nanoparticles were washed with distilled water thrice. 

l. Then dried in o en at     C for 8 hrs. 

m. Characterisation of the nanoparticles is done by the following. 

i. XRD- Phase purity and particle size were determined by X-ray diffraction (XRD)     

analysis recorded by diffractometer (XPERT- PRO).  

ii. SEM- The shape and size of the sample were determined by Scanning electron 

microscope (Model: JEOL, JSM-6510 LV, USA).  

iii. FTIR- The chemical structure was examined by using FTIR spectro-meter (Perkin 

Elmer model RZX spectrometer). 

3.3. Synthesis of zinc oxide nanoparticles from Trichoderma reesei (Baskar 

et al., 2013, Jacob et al., 2014) 

a. T. reesei was inoculated in potato dextrose medium (PDB) and incubated on or ital 

sha er at  5    C at 120 rpm for 4 days. 

b. Biomass was harvested after complete incubation and centrifuged at 4000 rpm for 10 

minutes at    C. 

c. The supernatant after the centrifugation was collected. 

d. 50 ml of the supernatant was taken and mixed with 40 ml of distilled water in 

 rlenmeyer flas  and  ept on the hot plate at the fi ed temperature of     C. 
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e. When the temperature would rise and reach     C, then 10 ml of 100 mM Zinc acetate 

was added dropwise. 

f. Reaction was carried on for 8-9 hrs. 

g.  fter the completion of reaction, the reaction mi ture was centrifuged at      rpm for 

   minutes at    C.  

h. Nanoparticles were washed with distilled water thrice. 

i. Then dried in o en at     C for 8 hrs. 

j. Characterisation of the nanoparticles is done by the following. 

i. XRD- Phase purity and particle size were determined by X-ray diffraction (XRD) 

analysis recorded by diffractometer (XPERT- PRO).  

ii. SEM- The shape and size of the sample were determined by Scanning electron 

microscope (Model: JEOL, JSM-6510 LV, USA).  

iii. FTIR- The chemical structure was examined by using FTIR spectro-meter (Perkin 

Elmer model RZX spectrometer). 

3.4. Effect of ZnO nanoparticles on the growth of Anabaena variabilis and 

Nostoc muscorum  

a. The algal sample ARM441 Anabaena variabilis  and ARM442 Nostoc muscorum 

were procured from National centre for conservation and utilization of blue green 

algae, Division of microbiology, IARI, New Delhi. 

b. Algae were inoculated in triplicates in the BG11 medium without adding ZnSO4 but 

replace it with different concentrations of ZnO nanoparticles i.e. 2, 5, 10, 20, 30, 50, 100 ppm. 

c. Alga was incubated for    days at     -     lu  of light conditions at         C. 

d. After 21 days, following tests are done for the estimation of the effects of ZnO 

nanoparticles on algae. 

i. Wet and dried biomass estimation 

ii. Chorophyll estimation 

iii. Indole acetic acid test 

iv. Nitrate reductase test 

3.4.1. Wet  and dry biomass emtimation (Richmond and Gobbelaar, 1986) 

a. The weight of dried whatmann filter paper 42 was noted as initial reading. 

b. BG11 medium was sprinkled on the whatmann filter paper 42 to make it wet. 

c. The weight of the wet filter paper was noted. 
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d. The difference between initial and final reading of the wet filter paper is the wet 

weight of the algae. 

e. The algal cultures were homogenised by vigorous shaking by adding glass beads to it. 

f. 10 ml of the culture was taken and filtered through previously dried filter paper and 

noted its wet weight. 

g.  ilter paper was  ept for drying and transferred to hot air o en maintained at     C 

overnight. 

h. The difference between initial and final reading of the dry filter paper is the dry 

weight of the algae. 

3.4.2. Chlorophyll estimation (Mckinney, 1941) 

a. 10 ml of algal suspension was taken and washed with sterile distilled water twice. 

b. 10 ml of 96% of the methanol was added and kept on the water  ath for     C for 30 

minutes. 

c. Then allowed to cool at room temperature and centrifuged at 8000 rpm for 10 minutes. 

d. OD was taken was 650 nm and 665 nm against methanol as blank. 

Total chlorophyll=2.55×10
-2

×E650 + 0.4×10
-2

×E665 mg/ml 

E650 is OD of the sample at 650 nm 

E665 is the OD of the sample at 665 nm 

3.4.3. Estimation of IAA (Glickmann and Dessaux, 1995) 

Reagents required- IAA for stock solution and salkoswski reagent 

Stock solution of IAA-Dissolve 20 mg of IAA in 20 ml of acetone i.e. concentration of 

stock solution was 1 mg/ml.  

Salkoswski reagent-Mix 2 ml of 0.5 M FeCl3 + 49 ml of water + 49 ml of 70% 

perchloric acid. 

Method- 

a.  fter    days, cyano acterial cells were remo ed  y centrifugation at      rpm for    

minutes at    C. 

b. Then salkoswoski reagent was added to the supernetent in the ratio of 1:2 (v/v) and 

incubated for 30 minutes in dark conditions at room temperature. 
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c. Concentarion of IAA was estimated by taking the absorbance at 535 nm against a 

control of 1 ml culture medium and 2 ml of salkoswski reagent.       

               

3.4.4. Nitrate reductase estimation (Lowe and Evans, 1964) 

Reagents required-Reagent A: 1% sulphanilamide in 100 ml of 1 N HCl; Reagent B: 

0.2% of NEDD (N-1-naphthyl ethylene diamine dihydrochoride) 

Procedure-  

a. 10 ml of cyanobacterial suspension was taken. 

b. Centrifuged at 4000 rpm for 10 minutes and pellet was washed with sterile water 

twice. 

c. Pellet was incubated in basal medium 47 containing 10 mM of NaNO3 to induce NR.  

d. After overnight incubation; 1 ml of sample was taken and to this added 2 ml of 

reagent A. 

e. Mixed them well and after 15 minutes added 2 ml of reagent B. 

f. Pink colour was allowed to develop for 15 minutes. 

g. Absorbance was recorded at 540 nm and values were calibrated against the standard 

curve using NaNO3. 

3.5. Effect of different zinc sources on the growth of Anabaena variabilis  

and Calothrix sp 

a. The algal sample ARM441 Anabaena variabilis was procured from IARI, New Delhi. 

b. Algae was inoculated in triplicates in the BG11 medium with different sources of Zinc 

i.e. ZnSO4, ZnCl2, ZnO and nZnO at same concentrations of 0.222 g per litre. 

c. Alga was incubated for 21 days at 7000-8000 lux of light conditions at     C. 

d. After 21 days, following tests are done for the estimation of the effects of ZnO 

nanoparticles on algae. 

i. Wet and dried biomass estimation  

ii. Chorophyll estimation 

iii. Nitrate reductase test 

iv. Indole acetic acid test 

v. Available nitrogen test 
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3.5.1. Total nitrogen estimation (Piper, 1960) 

Reagents required 

a. Catalyst mixture: for algae- 10 g anhydrous sodium sulphate + 1 g copper sulphate 

pentahydrate in the ratio 10:1 

b. Mixed indicator: Dissolve 0.5 g of bromophenol green and 0.1 g of methyl red indicator 

in 100 mL of ethanol. 

c. Boric acid solution: Dissolve 40 g H3BO3 in 1 L of distilled water; add 5 mL of 

indicator per litre of boric acid solution. 

d. NaOH solution - 40% of NaOH solution. This solution is allowed to stand for 24-48 hrs 

as to precipitate out Na2CO3 impurities. 

e. Conc. H2SO4- Specific gravity 1.84 

f. Sodium thiosulphate 

g. 0.01 N H2SO4 

Procedure  

a. Algal sample (25 mL) was placed in 500 mL kjeldahl digestion tube. 

b. Added 25 mL conc. H2SO4 and allowed to stand for 30 minutes. 

c. To the above mixture 5 g of sodium thiosuphate was added and allowed to stand for 

30 minutes. 

d. After that 2-3 g catalyst mixture was added into the flask and glass beads were added 

to prevent bumping. Digestion was continued for 1 hour until the digest get clear. 

e. Placed the flask with material in kjeldahl unit for automatic distillation. 

f. To this digest 150 mL of distilled water was added, cooled and again added 120 mL 

of 40% NaOH along the sides of kjeldahl flask and connected to the distillation 

system. 

g. Ammonia was collected in 25 mL boric acid in 250 mL flask (to which mixed 

indicator has already been added) and continued till 150 mL distillate was collected. 

h. This was followed by the titration against 0.01 N sulphuric acid. 

Calculations  

Amount (g) of N2 in samples = (mL of acid for sample – mL of acid for blank) × 

Normality of acid × 14 × 10
-3

 

% of N2 in samples = Amount of N2 in samples × 100/ sample 
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Chapter 4 

 Results and Discussion 

4.1. Synthesis of zinc oxide nanoparticles from Aspergillus niger  

A. niger was inoculated in potato de trose  roth and incu ated at  5    C on orbital shaker at 

120 rpm for 4 days. Biomass was harvested by centrifugation and the supernatant was used 

for the synthesis of zinc oxide nanoparticles. Zinc acetate was used as a metal precursor and 

the formation of ZnO NPs was confirmed through visual judgment as the colour of the 

mixture reaction changes from pale yellow to turbid white colour after 8-9 hrs indicating the 

synthesis of zinc oxide nanoparticles (Baskar et al., 2013). This colour change is an 

indication of reduction of  inc acetate ions  y the proteins present in culture filtrate and  n  

nanoparticle were synthesised   as ar et al.,    3) and  a ed at     C for 8 hrs to obtain pale 

brown powder as shown in Fig. 5.  

 

Fig. 5. ZnO NPs synthesized from A. niger 

4.1.1. Characterisation of nanoparticles 

4.1.1.1. XRD 

The  -ray diffraction patterns of  n  nanoparticles are shown in  ig.  .  harper and stronger 

diffraction pea s were o ser ed from  ig.   at 3 .   , 3 .   , 3 .   , 3 .33 ,   .5  , 5 .   , 

5 .   ,   .   ,   .   ,   ,   ,   .   ,   .   . The appearance of signals was likely due to X-ray 

emission from carbohydrates/proteins/enzymes present in the cell wall of the biomass 

 Chauhan et al.,     ). The shift in the  Ɵ pea  values of ZnO nanoparticles may be due to 

the presence of protein molecule from fungal culture filtrate (Baskar et al., 2013). The 

average crystallite size of the nZno synthesised by A. niger was 30 nm as calculated by debye 

sherrer formula (West, 1974).  
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De ye  herrer formula D = Kλ / β ½ cosƟ 

Where, K is the Sherrer constant (K=0.89 for spherical particle) 

λ is the  -ray wa elength  λ= .5     Å) 

β1/2 is the width of the XRD peak at half height 

Ɵ is the Bragg diffraction angle 

After substituting these values, 

D = 0.9 (1.54060)/ (0.451)(cos 0.3170) =  30.76 nm 

 

Fig. 6. X-ray diffraction patterns of ZnO nanoparticles synthesized from A.niger 

4.1.1.2. SEM 

Scanning Electron Microscopy was used to assess the particle size and morphology of the 

synthesized zinc oxide nanoparticles. It was concluded from Fig. 7 that the particles in the 

samples were compactly arranged and were almost spherical in shape. The size of the 

synthesized zinc oxide nanoparticles were found in range between 64-126 nm. 
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Fig. 7. SEM image of ZnO nanoparticles synthesised from A. niger 

4.1.1.3. FTIR 

The synthesized zinc oxide nanoparticles were subjected to FTIR analysis to detect the 

various characteristic functional group associated with the synthesized nanoparticles. The 

peaks indicate the characteristic functional group present in the synthesized zinc oxide 

nanoparticles. It is inferred from Fig. 8 that the samples have absorption peaks in the range of 

3075.71 cm
-1

, 1675.05 cm
-1

, 1538.30 cm
-1

, 1385.57 cm
-1

, 1051.99 cm
-1

 and 859 cm
-1

. The 

absorption peak at 568 cm
-1

 corresponds to metal-oxygen (ZnO stretching vibrations) 

vibrational mode. The peak at 1052 cm
-1

 is credited to the stretching vibration of C-N bond of 

the primary amine or to the stretching vibration of the C-O bond of the primary alcohol. The 

peak at 1269 cm
-1

and 1385 cm
-1

 are ascribed to primary, secondary alcohol in-plane bend or 

vibrational modes of aromatic primary amine and trimethyl, tertiary alcohol, organic 

sulphate. The peaks at 1538 cm
-1

and 1675 cm
-1 

are attributed to the vibrational modes of 

aromatic nitro compounds and alkyl C=C stretch, amide, open chain imino group (Baskar et 

al., 2013). The FTIR spectrum of ZnO nanoparticles showed distinct peaks at 1615 cm
-1

, 

which represent the involvement of C=N in plane vibrations of amino acids, the bands from 

1099 – 1142 cm
-1

 represent the involvement of C-N in plane vibrations of aliphatic amines. 

The above bonds commonly occur in fungal proteins indicating the presence of proteins as 

ligands for ZnO nanoparticles, which increase the stability of zinc oxide nanoparticles (Jacob 

et al., 2014). 
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Fig. 8. FTIR spectra of ZnO nanoparticles synthesized from A. niger 

4.2. Synthesis of zinc oxide nanoparticles from Anabaena variabilis 

A. variabilis was inoculated in  G   medium for 3  days at  5  -3    lu  of light intensity 

at     C. After 30 days, alga was harvested by filtering through whatmann filter paper no. 1 

and allowed to dry for 24 hrs. Then dried biomass of algae was mixed with distilled water 

and heated to      C for 2 hrs and after filtering through whatmann filter paper no. 1, the 

filterate was collected to synthesize ZnO NPs. Zinc acetate was used as metal precursor and 

formation of ZnO NPs was confirmed through visual judgment as the color of reaction 

mixture was changed from pale green to turbid white color after 6 hrs, which indicates the 

synthesis of ZnO NPs. Several functional groups exist in bioactive compounds of alga such 

as fatty acids, alkaloids, amino acids, polyketide and non-ri osomal peptide  iosynthetic 

origins   ones et al.,     ), which play an important role in the formation and sta ili ation of 

 n  N s were synthesised and  a ed at     C for 8 hrs as pale green powder (Fig. 9). 

 

Fig. 9. ZnO NPs synthesized from A.  variabilis 
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4.2.1. Characterization of zinc oxide nanoparticles 

4.2.1.1. XRD 

Fig. 10 shows the XRD pattern of the biosynthesized ZnO NPs from A. variabilis  iomass. 

 ositions and intensities of all relati e pea s of the  n  N s matched the  oint Committee on 

 owder Diffraction  tandard   C D ) card num er 3 -  5 .  harper and stronger diffraction 

pea s are o ser ed at   .   , 3 . 3 , 3 .   , 3 .5  , 3 .3  ,   .   , 5 .   ,   .   ,   .   ,   .   , 

  .   ,   .   . All peak intensitities were characteristic of the nanoparticles spherical structure. 

In addition, no diffraction peaks from other types could be detected, which illustrates that all 

the precursors have been completely decomposed and no other crystal materials have been 

maintained (Azizi et al., 2014). The distinct diffraction peaks give confirmation of well-

crystallized structure of bio-synthesized ZnO NPs. The average crystallite size of the nZno 

synthesised by A. variabilis was 50 nm as calculated by debye sherrer formula (West, 1974).  

De ye  herrer formula D = Kλ / β ½ cosƟ 

Where, K is the Sherrer constant (K=0.89 for spherical particle) 

 λ is the  -ray wa elength  λ= .5     Å) 

 β1/2 is the width of the XRD peak at half height 

Ɵ is the Bragg diffraction angle 

After substituting these values, 

D = 0.9 (1.54060)/ (0.277)(cos 0.3170) =  50.09 nm 

 

Fig. 10. XRD patterns of ZnO nanoparticles synthesised from A. variabilis 
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4.2.1.2. SEM 

Fig. 11 shows the SEM image showing the morphology and particle size of pure ZnO NPs 

which are closely agglomerated with a spherical structures and particle size ranging from 72-

74 nm with some deviations. This agglomeration is due to polarity and electrostatic attraction 

of ZnO nanoparticles (Azizi et al., 2014). 

 

Fig. 11. SEM image of ZnO nanoparticles synthesised from A. variabilis 

4.2.1.3. FTIR 

FTIR spectrum shown in the Fig. 12 confirmed the structure of zinc oxide nanoparticles 

synthesised from Anabaena variabilis with bands at 1610, 1420, 1235 and 1037 cm
-1

 (Azizi 

et al., 2014). Signal at 1235 cm
-1

 relates to the asymmetric stretching vibration of a sulphate 

group, that is now disappeared and the bands intensity around 1037–3340 cm
-1

 ascribed to the 

symmetric C–O vibration associated with a C–O–SO3 and hydroxyl groups, respectively 

which are decreased after synthesis of ZnO NPs indicated the involvement of sulphate and 

hydroxyl groups in the formation of nanoparticles. The above bonds are commonly occuring 

polysaccharide in algae indicating the participation of sulphated polysaccharides in the 

synthesis of ZnO NPs. Another band observed at 1610 cm
-1

 is attributed to the stretching 

vibration of (NH)C¼O group that are characteristic of proteins slightly shifted from 1630 cm
-

1
 and became broader, indicating a member of (NH)C¼O group within the cage of cyclic 

peptide is involved in stabilizing the nanoparticles. The signal at 441 cm
-1

 corresponded to 

the stretch band of zinc and oxygen (Azizi et al., 2014). 
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Fig. 12. FTIR spectra of ZnO nanoparticles synthesized from A. variabilis 

4.3. Synthesis of zinc oxide nanoparticles from Trichoderma reesei 

T. reesei was inoculated in potato de trose  roth and incu ated at  5    C on orbital shaker at 

120 rpm for 4 days. Biomass was harvested by centrifugation and supernatant was used for 

synthesis of zinc oxide nanoparticles. Zinc acetate was used as a metal precursor and the 

formation of ZnO NPs was confirmed through visual judgment as the colour of the mixture 

reaction changes from pale yellow to cloudy white color after 8-9 hrs indicating the synthesis 

of zinc oxide nanoparticles (Baskar et al., 2013). In the biosynthesis of metal o ide 

nanoparticle  y a fungus, en ymes are produced which reduce a salt to its metallic solid 

nanoparticles through the catalytic effect   aco  et al.,     ,) and later  n  N s were 

synthesised and  a ed at     C for 8 hrs to obtain pale brown powder as shown in the Fig. 13. 

 

Fig. 13. ZnO NPs synthesised from T.  reesei 

4.3.1. Characterisation of zinc oxide nanoparticles 

4.3.1.1. XRD  

Fig.14 shows the XRD pattern of the biosynthesized ZnO NPs from Trichoderma reesei. The 

appearance of signals was likely due to X-ray emission from carbohydrates/proteins/enzymes 
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present in the cell wall of the biomass (Chauhan et al., 2014). Positions and intensities of all 

relative peaks of the ZnO NPs matched the Joint Committee on Powder Diffraction  tandard 

  C D ) card num er 3 -  5 .  harper and stronger diffraction pea s are o ser ed at 3 . 3 , 

33.   , 33.   , 3 .3  ,   .   . The shift in the  Ɵ pea   alues of  n  nanoparticles may  e due 

to the presence of protein molecule from fungal culture filtrate. The distinct diffraction peaks 

give confirmation of well-crystallized structure of bio-synthesized spherical ZnO NPs. There 

are no other diffraction peaks detected which illustrates that all the precursors have been 

completely decomposed and other crystal materials are mixed. The mean particle sizes of the 

nanoparticles were estimated Scherrer's equation. The average crystallite size of the nZno 

synthesised by T. reesei was 37 nm as calculated by debye sherrer formula (West, 1974). 

De ye  herrer formula D = Kλ / β ½ cosƟ   est,     ) 

Where, K is the Sherrer constant (K=0.89 for spherical particle) 

λ is the  -ray wa elength  λ= .5     Å) 

β1/2 is the width of the XRD peak at half height 

Ɵ is the Bragg diffraction angle 

After substituting these values, 

D = 0.9 (1.54060)/ (0.37402)(cos 0.3163) =  37.09 nm 

 

Fig. 14. XRD patterns of ZnO nanoparticles synthesized from T.  reesei 
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4.3.1.2. SEM 

Scanning Electron Microscopy was used to estimate the particle size and morphology of the 

synthesized zinc oxide nanoparticles. It was concluded from Fig. 15 that the particles in the 

samples were too compactly arranged and were almost spherical in shape. The size of the 

synthesized zinc oxide nanoparticles could not be estimated due to their compaction in 

arrangement. 

 

Fig. 15. SEM image of ZnO nanoparticles synthesised from T. reesei 

4.3.1.3. FTIR  

The synthesized zinc nanoparticles (Fig. 16) were subjected to FT-IR analysis to detect the 

various characteristic functional group associated with the synthesized nanoparticles. The 

peaks indicate the characteristics functional group present in the synthesized zinc oxide 

nanoparticles. It is noted from Fig.15 that the samples have absorption peaks in the range of 

1615.05 cm
-1

, 1538.57 cm
-1

, 1385.57 cm
-1

 and 1052.99 cm
-1

. The peak at 1052 cm
-1

 is 

ascribed to the stretching vibration of C-N bond of the primary amine or to the stretching 

vibration of the C-O bond of the primary alcohol. The peaks at 1538 cm
-1

 are ascribed to the 

vibrational modes of aromatic nitro compounds and alkyl C=C stretch, amide, open chain 

imino group (Baskar et al., 2013). The above bonds commonly occur in fungal proteins 

indicating the presence of proteins as ligands for ZnO nanoparticles, which increase the 

stability of zinc oxide nanoparticles (Jacob et al., 2014). 
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Fig. 16. FTIR spectra of ZnO nanoparticles synthesised from T.  reesei 

 

4.4. Effect of zinc oxide nanoparticles on the growth of Anabaena variabilis 

and Nostoc muscorum 

A. variabilis and N. muscorum were grown in BG11 medium with different concentrations of 

nZnO (0-100 ppm) for 30 days. Studies on the effect of ZnO nanoparticle on the growth of N. 

muscorum and A. variabilis which reveals that N. muscorum is much more sensitive to 

nanoparticles than A. variabilis. The difference of various parameters when observed in both 

algae indicated that the extent of nanoparticle toxicity is different in different algal species. 

These metal oxide nanoparticles can have different effects on different organisms and their 

toxicity depends on their nano structures and high surface to mass ratio as well as the nature 

of their constitutive element. Based on the studies conducted on various algal species, ZnO 

nanoparticle had the maximum toxicity followed by aluminum oxide, titanium dioxide and 

cesium oxide nanoparticles, respectively (Pendashte et al., 2013). In this regard, based on our 

results N. muscorum is sensitive than A. variabilis which is visible from Fig. 17 and Fig. 18.  

Zinc oxide nanoparticles are toxic to Chlorella vulgaris as these nanostructures are adsorbed 

by cell membranes and a small amount of the NPs can enter the cells that cause damage to 

chloroplasts and membranes. Hence the toxicity of ZnO NPs was dose-dependent i.e. they 

also act as growth stimulating at some concentrations (Zhou et al., 2014). ZnO NPs and Zn 

ions caused mitochondria damage, DNA damage and generation of ROS in algal cells when 
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present in excess (Lee et al., 2013). Nitrogen fixing cyanobacteria showed inhibition of 

growth rate in the presence of heavy metals (Gupta et al., 2015). Effect of ZnO NPs and other 

sources of Zn were studied on the growth of A. variabilis and N. muscorum. Biomass and 

chlorophyll content were studied as growth parameters. Whereas their effect on the 

physiological parameters such as NR activity and IAA production by algae in presence of 

ZnO NPs was also done and compared with other sources of Zn such as ZnCl2, ZnSO4, 

ZnNO3, ZnO, Zn(CH3COO
-
)2.  
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Fig. 17. Effect of zinc oxide nanoparticles on the growth of Nostoc muscorum 
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Fig. 18. Effect of zinc oxide nanoparticles on the growth of Anabaena variabilis 
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4.4.1. Wet biomass 

The effect of ZnO NPs at different concentration (0-100 ppm) on the growth of A. variabilis 

and N. muscorum was studied (Table 7). 2 ppm concentration was found stimulating for the 

growth in A. variabilis and inhibiting at concentration above 5 ppm, Inhibition occurred at 2 

ppm in N. muscorum as compared to control (Fig. 19). 

 

Table 7. Wet biomass (g/10 ml) of A. variabilis and N. muscorum 

ZnO NPs 

(ppm) 

Wet biomass (g/10 ml) of  

A. Variabilis 

Wet biomass (g/10 ml) of  

N.  muscorum 

0 0.957±0.017 0.15±0.014 

2 0.960±0.003 0.13±0.004 

5 0.820±0.024 0.09±0.016 

10 0.716±0.002 0.07±0.012 

20 0.643±0.002 0.05±0.011 

30 0.610±0.029 0.02±0.006 

50 0.563±0.015 0.01±0.003 

100 0.473±0.027 0.001±0.002 

 

Fig. 19. Wet biomass (g/10 ml) of A. variabilis and N. muscorum 
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4.4.2. Dry biomass 

The effect of ZnO NPs at different concentration (0-100 ppm) on the growth of A. variabilis 

and N. muscorum was studied (Table 8). Growth was found stimulatory for 2 and 5 ppm 

concentration in A. variabilis  and inhibition occur above 5 ppm whereas inhibition occur at 

and above 2 ppm in N. muscorum as compared to control where no zinc oxide nanoparticles 

were provided as shown in the Fig. 20. 

Table 8. Dry biomass (g/10 ml) of Anabaena variabilis and Nostoc muscorum 

ZnO NPs (ppm) Dry biomass (g/10 ml) of  

A. variabilis 

Dry biomass (g/10 ml) 

of  N. muscorum 

0 0.0080±0.001 0.014±0.0019 

2 0.0086±0.002 0.010±0.0002 

5 0.0083±0.001 0.008±0.0005 

10 0.0023±0.000 0.005±0.0005 

20 0.0023±0.000 0.006±0.0013 

30 0.0016±0.000 0.003±0.0011 

50 0.0015±0.000 0.003±0.0012 

100 0.0010±0.000 0.001±0.0000 

 

 

Fig. 20. Dry biomass (g/10 ml) of A. variabilis and N. muscorum 
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4.4.3. Chlorophyll  

Chlorophyll in the algae relates to the photosynthetic activity. Thus if zinc oxide 

nanoparticles are sensitive to algae then less chlorophyll content relates to less photosynthetic 

activity. The effect of ZnO NPs at different concentration (0-100 ppm) on the growth of A. 

variabilis and N. muscorum was studied (Table 9). The amount of chlorophyll increased upto 

2 ppm in A. variabilis, thereafter it decreased with increasing concentration of nZnO and 

inhibition occured above 2 ppm whereas inhibition occured at and above 2 ppm in N. 

muscorum (Fig. 21).    

Table 9. Chlorophyll (mg/ml) of Anabaena variabilis and Nostoc muscorum 

ZnO NPs (ppm) Chlorophyll (mg/ml) of  

A. variabilis 

Chlorophyll (mg/ml) of  

N. muscorum 

0 0.73920×10
-4

±0.032 0.73538×10
-4

±0.027 

2 0.86435×10
-4

±0.043 0.67667×10
-4

±0.013 

5  0.60992×10
-4

±0.019  0.53173×10
-4

±0.031 

10 0.17885×10
-4

±0.007 0.21673×10
-4

±0.014 

20 0.14283×10
-4

±0.037 0.19780×10
-4

±0.006 

30 0.07195×10
-4

±0.003 0.18005×10
-4

±0.014 

50 0.03916×10
-4

±0.007 0.07300×10
-4

±0.001 

100 0.02260×10
-4

±0.003 0.05330×10
-4

±0.003 

           

Fig. 21. Chlorophyll (mg/ml) in A. variabilis and N. muscorum 



52 
 

4.4.4. Indole acetic acid  

Indole Acetic Acid (IAA) stimulates the algal growth and multiplication. Heavy metals 

stimulates the commencement of peroxidase enzyme that degrade the IAA and 

chlorophyllase activity, disorderness of membrane system and inactivation of electron 

transport functions in the photosystem which are responsible for inhibition (Gupta et al., 

2015). Effect of ZnO NPs at different concentration (0-100 ppm) was observed on IAA 

production by A. variabilis (Table 10). There was decrease in IAA production by 

cyanobacteria with increase in the concentration of nZnO as compared to control. There was 

sharp decline upto 10 ppm thereafter it was gradual upto 50 ppm. Inhibition in A. variabilis 

(Fig. 22) relates to the heavy metal stress of zinc oxide (Awasthi, 2015). In Nostoc muscorum 

there was no IAA production found as there was 0 mg/ml of IAA at 2 ppm which suggests 

that it was more sensitive to zinc. 

Table 10. IAA (mg/ml) in Anabaena variabilis 

ZnO NPs (ppm) IAA (mg/ml) in A. variabilis 

0 0.037±0.004 

2 0.027±0.001 

5 0.019±0.003 

10 0.015±0.002 

20 0.013±0.002 

30 0.012±0.001 

50 0.010±0.000 

100 0.001±0.000 

                    

Fig. 22. IAA (mg/ml) in Anabaena variabilis 
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4.4.5.  Nitrate reductase activity 

The effect of ZnO NPs at different concentration (0-100 ppm) was observed on NR activity 

of A. variabilis and N. muscorum (Table 11). Any stimulation in the ATP pool and 

accessibility to NADPH may rouse ATP dependent processes like, nitrate reductase activity. 

Thus increase in the photosynthetic activity indicates increase of the enzymatic activities 

(Awasthi, 2005). A. variabilis has higher NR activity as compared to N. muscorum. Different 

organisms have different NR activity. NR activity increases upto 2 ppm of nZnO in A. 

variabilis whereas in N. muscorum with increase in nZnO concentration, there was decline in 

NR activity (Fig. 23).  

Table 11: NR (µ mole NO2/ml) of Anabaena variabilis and Nostoc muscorum 

ZnO NPs (ppm) NR (µ mole NO2/ml) in A. variabilis NR (µ mole NO2/ml) in  N. muscorum 

0 0.401±0.012 0.017±0.0015 

2 1.067±0.419 0.006±0.0011 

5 0.207±0.034 0.006±0.0021 

10 0.077±0.002 0.006±0.0023 

20 0.039±0.006 0.001±0.0001 

30 0.016±0.001 0.001±0.0007 

50 0.014±0.003 0.000±0.0000 

100 0.012±0.004 0.000±0.0000 

 

Fig. 23. NR (µ mole NO2/ml) in A. variabilis and N. muscorum 
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4.5. Effect of different Zinc sources on the growth of A. variabilis and 

Calothrix sp. 

A. variabilis and Calothrix sp were grown in BG11 medium replacing zinc with different zinc 

sources such as ZnCl2, ZnSO4, ZnNO3, ZnO, Zn(CH3COO
-
)2 and nZnO for 21 days. Aquatic 

organisms exhibit variable sensitivities to zinc, besides zinc being an essential nutrient. This 

is due to either free hydrated zinc ion (Zn
2+

) or its labile inorganic complexes or in the form 

of strong complexes adsorbed to colloidal and particulate matter (Franklin et al., 2007). 

However a comparable toxicity between different zinc complexes can only occur from the 

dissolution of these oxides in the bulk media with the release of Zn
2+

 and subsequent 

diffusion of ions through the algal cell surfaces where it can exert its toxic action depressing 

cell-division rates, uncoupling of cell division and  photosynthesis (Franklin et al., 2007). 

Arnoja et al., (2009) reported that zinc oxides were equally toxic in bulk and nano 

formulations in case of Pseudokirchneriella subcapitata. However, it was not reported in case 

of A. variabilis where nano and bulk zinc when used as a replacement of the zinc source. 

Zhou et al., (2014) reported that inhibition of Chlorella vulgaris by ZnSO4·7H2O, used as a 

source of free zinc ions, was greater than that by the same concentration of ZnO NPs which 

suggests that Zn
2+

 is more toxic than ZnO NPs. We reported similar results in case of A. 

variabilis. 

4.5.1. Wet biomass  

Zinc is an essential nutrient for algal growth and metabolism so when A. variabilis and 

Calothrix sp were exposed to different zinc sources at concentration of 0.222 g/L (Table 12), 

then it was found that in case of A. variabilis maximum growth occurred in the medium 

supplemented with zinc oxide nanoparticles followed by bulk ZnO as shown in the Fig. 24, 

whereas ZnSO4 remains the best minor nutrient in BG11 medium in case of Calothrix sp. 

(Fig. 25). 

Table 12. Wet biomass (g/10 ml) in Calothrix sp. and A. variabilis 

Type of zinc 

source (0.222 g/lt) 

Wet biomass (g/10 ml) in 

Calothrix sp. 

Wet biomass (g/10 ml) in  

A. variabilis 

Control 0.6553±0.075 0.3700±0.020 

ZnSO4 0.8493±0.014 1.7100±0.030 

ZnNO3 0.5900±0.030 - 

ZnCl2 0.5581±0.020 1.5300±0.030 

Zn(CH3COO
-
)2 0.7172±0.090 - 

ZnO 0.3633±0.007 1.8900±0.020 

nZnO - 1.9600±0.030 



55 
 

#
(-) not done 

Fig. 24: Wet biomass (g/10ml) in A. variabilis  

 

Fig. 25. Wet biomass (g/10 ml) in Calothrix sp 

4.5.2. Chlorophyll  

Chlorophyll relates to the photosynthetic activity of the algae. When A. variabilis and 

Calothrix sp were grown  in BG11 medium supplemented with different zinc sources at 

concentration of 0.222 g/L (Table 13), then in case of A. variabilis maximum chlorophyll was 

found in presence of zinc oxide nanoparticles followed by bulk ZnO and ZnSO4 (Fig.  26), 

whereas bulk ZnO was the best zinc source in BG11 medium in case of Calothrix sp. (Fig. 

27). 
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Table 13. Chlorophyll (mg/ml) in Calothrix sp. and Anabaena variabilis 

#
(-) not done 

 

Fig. 26. Chlorophyll (mg/ml) in A. variabilis 

 

Fig. 27. Chlorophyll (mg/ml) in Calothrix sp. 
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Zinc Source 

Type of zinc source Chlorophyll (mg/ml) in 

Calothrix sp. 

Chlorophyll (mg/ml) in  

A. variabilis 

Control 1.058×10
-4

±0.080 0.528×10
-4

±0.080 

ZnSO4 1.243×10
-4

±0.038 0.880×10
-4

±0.030 

ZnNO3 1.469×10
-4

±0.075 - 

ZnCl2 1.311×10
-4

±0.054 0.541×10
-4

±0.010 

Zn(CH3COO
-
)2 1.272×10

-4
±0.064 - 

ZnO 1.522×10
-4

±0.058 0.931×10
-4

±0.020 

nZnO - 0.964×10
-4

±0.040 
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4.5.3. IAA activity 

Cyanobacteria secrete various growth promoting substances for their growth like indole 

acetic acid. A. variabilis and Calothrix sp were grown in presence of different zinc sources at 

a concentration of 0.222 g/L (Table 14). Maximum IAA production was found in A. 

variabilis in presence of nZnO (Fig. 28), whereas ZnSO4 was the best minor micronutrient in 

BG11 medium for Calothrix sp. (Fig. 29). 

                          Table 14. IAA (mg/ml) in Calothrix sp. and Anabaena variabilis 

#
(-) not done 

 

Fig. 28. IAA (mg/ml) in Anabaena variabilis 

0 

0.005 

0.01 

0.015 

0.02 

0.025 

0.03 

0.035 

0.04 

Control ZnCl₂ ZnSO₄ ZnO nZnO 

IA
A

 (
m

g
/m

l)
 

Zinc Source 

Type of zinc 

source 

IAA (mg/ml) in Calothrix sp. IAA (mg/ml) in A. variabilis 

Control 0.024±0.006 0.007±0.001 

ZnSO4 0.077±0.028 0.012±0.002 

ZnNO3 0.017±0.009 - 

ZnCl2 0.023±0.007 0.011±0.002 

Zn(CH3COO
-
)2 0.017±0.005 - 

ZnO 0.014±0.000 0.023±0.001 

nZnO - 0.034±0.003 
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Fig. 29. IAA (mg/ml) in Calothrix sp. 

4.5.4. Nitrate reductase activity 

 A. variabilis and Calothrix sp were grown in presence of different zinc sources at a 

concentration of 0.222 g/L (Table 12). In A. variabilis maximum NR activity was found in 

the medium supplemented with bulk zinc oxide followed by nano-ZnO (Fig. 30), whereas 

different zinc sources has  no negative effect on the NR activity in Calothrix sp. (Fig. 31). 

Table 15. NR (µ mole NO2/ml) in Calothrix sp. and Anabaena variabilis 

#
(-) not done 

Type of zinc source NR (µ mole NO2/ml) in 

Calothrix sp. 

NR (µ mole NO2/ml) in  

A. variabilis 

Control 0.311±0.022 0.044±0.007 

ZnSO4 0.429±0.014 0.078±0.003 

ZnNO3 0.321±0.013 - 

ZnCl2 0.408±0.034 0.037±0.001 

Zn(CH3COO
-
)2 0.294±0.031 - 

ZnO 0.381±0.045 0.117±0.008 

nZnO - 0.081±0.002 
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Fig. 30. NR (µ mole NO2/ml) in A. variabilis 

 

Fig. 31. NR (µ mole NO2/ml) in Calothrix sp. 

4.5.5. Total nitrogen estimation 

The algal biomass was harvested and total nitrogen was estimated with kjeldahl method 

(Piper, 1960) at the end of 21 days of incubation. A. variabilis was grown in the presence of 

different zinc sources and was checked for total nitrogen content. Total nitrogen content 

determines the nitrogen fixing ability. Maximum nitrogen fixing ability was reported in the 

medium supplemented with zinc oxide nanoparticles followed by bulk ZnO (Fig. 32). This 

may be due to the reason that surface area to volume ratio of zinc oxide nanoparticles makes 

it easy for algae to uptake the zinc ions in the medium and further stimulate the growth of 

cyanobacteria. However it is reported by Shukla et al. (2009) that lower concentration of 
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heavy metal can stimulate growth of cyanobacteria by acting as growth promoter and may 

increase nitrogen fixation with increase in heterocyst frequency. 

Table 16. Total Nitrogen (in %) in Anabaena variabilis 

Type of zinc source Total Nitrogen (in %) in A. variabilis 

Control 0.002±0.0005 

ZnCl2 0.003±0.0002 

ZnSO4 0.004±0.0002 

ZnO 0.004±0.0007 

nZnO 0.004±0.0003 

 

 

Fig. 32. Total nitrogen (%) in A. variabilis 
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Conclusions 

1. Zinc oxide NPs synthesized from Aspergillius niger were characterized by FTIR, XRD 

and SEM. According to the FTIR analysis functional groups present in the ZnO 

nanoparticles was confirmed through the peaks in the range of 3075 to 859 cm
-1

 and 

1615.05 to 1099.99 cm
-1

. The size of nanoparticles is 64-126 nm as observed from the 

SEM images. Sharper and stronger diffraction peaks observed in XRD analysis 

confirmed synthesized zinc oxide nanoparticles. 

2. Zinc oxide NPs synthesized from Anabaena variabilis were characterized by FTIR, XRD 

and SEM. According to the FTIR analysis the polysaccharides present in the aqueous 

extract of A. variabilis, are involved in the formation of zinc oxide NPs. The size of 

nanoparticles is 72-74 nm as observed from the SEM images. Sharper and stronger 

diffraction peaks observed in XRD analysis confirmed synthesized zinc oxide 

nanoparticles.  

3. Zinc oxide NPs synthesized from Trichoderma reesei were characterized by FTIR, XRD 

and SEM. According to the FTIR analysis functional groups present in the ZnO 

nanoparticles was confirmed through the peaks in the range of 3075 to 859 cm
-1

 and 

1615.05 to 1099.99 cm
-1

. Their average size could not be estimated as nanoparticles 

remain so compactly arranged. Sharper and stronger diffraction peaks observed in XRD 

analysis confirmed synthesized zinc oxide nanoparticles.  

4. A. variabilis and N. muscorum were supplemented with 0 to 100 ppm concentrations of 

zinc oxide nanoparticles. It was found that 2 ppm of ZnO NPs are stimulating and above 

2 ppm were found inhibitory for the growth of A. variabilis whereas in N. muscorum 

even 2 ppm of ZnO NPs were inhibitory for its growth. So it can be concluded that N. 

muscorum is far more sensitive than A. variabilis for ZnO NPs.  

5. When zinc oxide nanoparticles are provided to the A. variabilis as a replacement of the 

zinc source for its growth then the results were found stimulatory when compared to the 

positive and negative controls. Moreover ZnSO4 remains the best source for the growth 

of Calothrix when grown in the BG11 medium with different zinc sources. 

 

 

 

 

 



62 
 

References 

Afshar I., Haghighi A.R.,, Shirazi M. (2014); Comparison The Effects Of Spraying Different 

Amounts Of Nano Zinc Oxide And Zinc Oxide On, Wheat,  International Journal Of Plant, 

Animal And Environmental Sciences, 4(3): 688-693. 

Ahmad A., Mukharjee  P., Senapti S., Mandal D., Khan M.I., Kumar R., Sastry M. (2003); 

Extracellular biosynthesis of silver nanoparticles using the fungus Fusarium 

oxysporum,Colloids Surface B, 28: 313–318. 

Ahmad A., Mukherjee P., Senapati S., Mandal D., Khan M.I., Kumar R., Sastry M. (2003); 

Extracellular biosynthesis of silver nanoparticles using the fungus Fusarium oxysporum. 

Colloids and Surfaces B, 28: 313-318. 

Ahmad A., Senapati S., Khan M.I., Kumar R., Sastry M. (2003); Extracellular biosynthesis of 

monodisperse gold nanoparticles by a novel extremophilic actinomycete, 

Thermomonospora sp.. Langmuir, 19: 3550-3. 

 Ahmad A., Senapati S., Khan M.I., Ramani R., Srinivas V., Sastry M. (2003); Intracellular 

synthesis of gold nanoparticles by a novel alkalotolerant actinomycete, Rhodococcus 

species, Nanotechnology. 14: 824-8. 

Ahmadi S.J., Outokesh M., Hosseinpour M., Mousavand T. (2011); A simple granulation 

technique for preparing high-porosity nano copper oxide(II) catalyst beads, Particuology 9: 

480–485. 

Alloway B. J. (2008); Zinc in Soils and Crop Nutrition. 

Amato R., Falconieri M., Gagliardi S., Popovici E., Serra E., Terranova G., Borsella E. (2013); 

Synthesis of ceramic nanoparticles by laser pyrolysis: From research to applications, 

Journal of Analytical and Applied Pyrolysis, 104: 461–469. 

Applerot G., Lipovsky A. Dror R., Perkas N., Nitzan Y., Lubart R., Gedanken A. (2009); 

Enhanced Antibacterial Activity of Nanocrystalline ZnO Due to Increased ROS Mediated 

Cell Injury, Advanced Functional Materials, 19(6): 842-852. 

Apte S.K., Fernandes T., Badran H., Ballal A. (1998); Expression and possible role of stress-

responsive proteins in Anabaena, The Journal of Biosciences, 23 (4): 399-406. 

Apte S.K., Fernandes T., Badran H., Ballal A. (1998); Expression and possible role of stress-

responsive proteins in Anabaena, The Journal of Biosciences, 23(4): 399–406. 

Aruoja V., Dubourguier H.C., Kasemets K., Kahru A. (2009); Toxicity Of  Nanoparticles Of 

Cuo, Zno And Tio2 To Microalgae Pseudokirchneriella Subcapitata, Science of the Total 

Environment, 407: 1461-1468.  

Awasthi M. (2005); Nitrate reductase activity: A solution to nitrate problems tested in free and 

Immobilized algal cells in presence of heavy metals, International Journal of 

Environmental Science and Technology, 2(3): 201-206. 

Azevedo J., Sousa C.T., Ventura J., Apolinario A., Mendes A.,  Araujo J.P. (2014); Ultra-long 

Fe nanowires by pulsed electrodeposition with full filling of alumina templates, Materials Research 

Express, 1: 015028. 



63 
 

Azizi S., Ahmad M.B., Namvar F., Mohamad R. (2014), Green biosynthesis and characterization 

of zinc oxide nanoparticles  using  brown marine macroalga  Sargassum muticum aqueous 

extract, Materials Letters , 116: 275–277. 

Azizi S., Namvar F., Mahdavi M., Ahmad M.B., Mohamad R. (2013); Biosynthesis of Silver 

Nanoparticles Using Brown Marine Macroalga, Sargassum Muticum Aqueous Extract, 

Materials, 6(12): 5942-5950. 

 acsa R.,  ien iewic   .,  ier chała K., De pert-Ghys J., Forro L., Serp P. (2009); CVD 

Synthesis of Shape and Size Controlled ZnO Nanoparticles for Application as UV Filters, 

 Electronic clearing system Transactions, 25 (8): 1177-1183. 

Bai X., Li L., Liu H., Tan L., Liu T., Meng X. (2015); Solvothermal Synthesis of ZnO 

Nanoparticles and Anti-Infection Application in Vivo, Applied Materials & Interfaces, 7:  

1308−1317. 

Barhoumi L., Dewez D. (2013); Toxicity of Superparamagnetic Iron Oxide Nanoparticles on 

Green Alga Chlorella vulgaris, BioMed Research International, 2013: 1-11. 

Baskar B.B. (2013); Biosynthesis of silver nanoparticles using Kappa phycus species, 

International Journal of Research in Pharmacy and Science, 3(3), 55-63. 

Becaro A.A., Jonsson C.M., Puti F.C., Siqueire M.C., Mattoso L.H.C., Correaa D.S., Ferreiraa 

M.D. (2014); Toxicity of PVA-stabilized silver nanoparticles to algae and 

microcrustaceans, Environmental Nanotechnology, Monitoring & Management, 11:8. 

Behra R., Kagi R., Navarro E., Burkhardt M., Sigg L. (2009); Effects of engineered 

Nanoparticles, Eawag News 67e/October 2009, 22-24. 

Bhainsa K.C., D'Souza S.F. (2006); Extracellular biosynthesis of silver nanoparticle using the 

fungus Aspergillus fumigates, Colloids Surfaces B Biointerfaces, 47: 160-164. 

Bharde A., Rautaray D., Bansal V., Ahmad A., Sarkar I., Yusuf S.M. (2006); Extracellular 

biosynthesis of magnetite using fungi, Small, 2(1): 135-141. 

Bharde A., Wani A., Shouche Y., Pattayil A., Bhagavatula L., Sastry M. (2005); Bacterial 

aerobic synthesis of nanocrystalline magnetite, Journal of the American Chemical Society, 

127: 9326-7.  

Bouyer E., Gitzhofer F., Boulos M.I. (1997); Suspension Plasma Spraying for Hydroxyapatite 

Powder Preparation by R.F. Plasma, IEEE Transactions on Plasma Sciences, 25(5): 1066-

1072. 

Byrappa K., Ohara S.,  Adschiri T. (2008); Nanoparticles synthesis using supercritical fluid 

technology – towards biomedical applications, Advanced Drug Delivery Reviews, 60(3): 

299-327. 

Castro L., Blázquez M.L., Muñoz J.A., González F., Ballester A. (2013); Biological synthesis of 

metallic nanoparticles using algae, IET Nanobiotechnology, 7(3): 109-116. 

Chandrappa K.G., Venkatesha T.V. (2012); Electrochemical Synthesis and Photocatalytic 

Property of Zinc Oxide Nanoparticles, Nano-Micro Letters, 4(1): 14-24. 

http://www.sciencedirect.com/science/article/pii/S0169409X07002517
http://www.sciencedirect.com/science/article/pii/S0169409X07002517
http://www.sciencedirect.com/science/journal/0169409X


64 
 

Chauhan R., Reddy A., Abraham J. (2014); Biosynthesis and antimicrobial potential of silver 

and zinc oxide nanoparticles using Candida diversa strain JA1, Der Pharma Chemica, 6(3): 

39-47. 

Chen J.C., Lin Z.H., Ma X.X. (2003); Evidence of the production of silver nanoparticles via 

pretreatment of Phoma sp.3.2883 with silver nitrate, Letters Applied Microbiology, 37: 

105-108. 

Cunningham D.P., Lundie L.L. (1993); Precipitation of cadmium by Clostridium 

thermoaceticum, Applied Environmental Microbiology, 9: 7-14. 

Dai   H., Rinzler A.G., Nikolaev P., Thess A., Colbert D.T., Smalley R.E. (1996); Single-wall 

nanotubes produced by metal-catalyzed disproportionation of carbon monoxide, Chemical 

Physics Letters, 260: 471–475. 

Dameron C.T., Reese R.N., Mehra R.K., Kortan A.R., Carroll P.J., Steigerwald M.L. (1989); 

Biosynthesis of cadmium sulphide quantum semiconductor crystallites, National Academy 

Science Letters, 38: 596-7. 

De Berardis B., Civitelli G., Condello M., Lista P., Pozzi R., Arancia G., Meschini S. (2010); 

Exposure to ZnO nanoparticles induces oxidative stress and cytotoxicity in human colon 

carcinoma cells, Toxicology and Applied Pharmacology, 246:116–127. 

Dedkova K., Bures Z., Palarcik J., Vlcek M., Kukutschova J. (2014); Acute Aquatic Toxicity Of 

Gold Nanoparticles To Freshwater Green Algae, Nano-Con 2014, Nov 5th – 7th 2014, 

Brno, Czech Republic, Europe. 

Demir E., Kaya N., Kaya B, (2014); Genotoxic Effects Of Zinc Oxide And Titanium Dioxide 

Nanoparticles On Root Meristem Cells Of Allium Cepa By Comet Assay, Turkish Journal 

Of Biology, 38: 31-39. 

Deplanche K., Merroun M.L., Casadesus M., Tran D.T., Mikheenko P., Bennett J.A., Zhu J., 

Jones I.P., Attard G.A., Wood J., Selenska- Pobell S., Macaskie L.E. (2012); Microbial 

synthesis of core/shell gold/palladium nanoparticles for applications in green chemistry. 

Journal of The Royal Society Interface, 9: 1705–1712. 

Devi J.S., Bhimba B.V. (2012); Anticancer Activity of Silver Nanoparticles Synthesized by the 

Seaweed Ulva lactuca Invitro, 1(4). 

Dhoke S.K., Mahajan P., Kamble R., Khanna A. (2013); Effect Of Nanoparticles Suspension On 

The Growth Of Mung (Vigna Radiata) Seedlings By Foliar Spray Method, 

Nanotechnology Development, 3(E1): 1-5. 

Du L., Jiang H., Li X., Wang E. (2007); Biosynthesis of gold nano particles arsisted by 

Escherichia coli DH5a and its application on direct electrochemistry of hemoglobin. 

Electrochemistry Communications, 9: 1165-1170.  

Duran N., Marcato P.D., Alves O.L., DeSouza G., Esposito E. (2005); Mechanistic aspects of 

biosynthesis of silver nanoparticles by several Fusarium oxysporum strains. Journal 

of Nanobiotechnology, 3: 1–8. 

Dykman, L., & Khlebtsov, N. (2012); Gold nanoparticles in biomedical applications, Recent 

advances and perspectives. Chemical Society Reviews, 41: 2256–2282. 



65 
 

Elumalai S., Santhose I., Sundaram D. (2013); Growth kinetics of the algae Scenedesmus sp., 

and Chlorella sp. and its nanoparticle synthesis, collected from southern coasts of Chennai, 

India, Journal of microbial Biotechnology and resource,  3 (5):12-17. 

Emamifar A., Kadivar M., Shahedi M. Zad S.S. (2010); Evaluation of nanocomposite packaging 

containing Ag and ZnO on shelf life of fresh orange juice Innovative, Food Science and 

Emerging Technologies, 11: 742– 748. 

Endo   M., Takeuchi K., Igarashi S.,  Kobori K., Shiraishi M., Kroto H.W. (1993); The 

production and structure of pyrolytic carbon nanotubes, 

Journal of Physics and Chemistry of Solids, 54: 1841–1848. 

Espitia P.J.P., Soares N.D.F.F., Coimbra J.S.D.R., Andrade N.J.D., Cruz R.S., Medeiros E.A.A. 

(2012); Zinc Oxide Nanoparticles: Synthesis, Antimicrobial Activity and Food Packaging 

Applications, Food Bioprocess Technology, 5: 1447–1464 

Fan D., Zhang R. Li Y. (2010); Synthesis and optical properties of phosphorus-doped ZnO 

nanocombs, Solid State Communications, 150: 1911-1914. 

Fu L., Liu Z., Liu Y., Han B., Hu P., Cao L., Zhu D. (2005); Beaded Cobalt oxide nanoparticles 

along carbon nanotubes: towards more highly integrated electronic devices. Advanced 

Materials, 7: 217–221. 

Gade A.K., Bonde P., Ingle A.P., Marcato P.D., Duran N., Rai M.K. (2008); Exploitation of 

Aspergillus niger for synthesis of silver nanoparticles, Journal of Biobased 

Materials and Bioenergy, 2: 243–247. 

Ganesan. V, Devi. J.A., Astalakshmi A., Nima. P., Thangaraja A (2013); Eco-Friendly Synthesis 

of Silver Nanoparticles using a Sea Weed, Kappaphycus Alvarezii (Doty) Doty ex 

P.C.Silva, International Journal of Engineering and Advanced Technology, 2(5): 2249 – 

8958. 

Gao Y., Cranston, R. (2008); Recent advances in antimicrobial treatments of textiles.Textile 

Research Journal, 78(1): 68–72. 

Genc Y., McDonald G. K., Graham R. D. (2006); Contribution of different mechanisms to zinc 

efficiency in bread wheat during early vegetative stage, Plant and Soil, 281: 353–367. 

Glickmann E., Dessaux Y. (1995); A critical examination for the specificity of the salkowski 

reagent for the indolic compoundsproduced by phytopathogenic bacteria, Applied 

environmental microbiology, 61: 793-796. 

Gupta S., Singh S., Sharma S. (2015); Tolerance against heavy metal toxicity in Cyanobacteria: 

role of antioxidant defense system, International Journal of Pharmacy and Pharmaceutical 

Sciences, 7(2):  0975-1491. 

Gurentsov E.V.,  Eremin A. V.,  Schulz C. (2007); Formation of carbon nanoparticles by the 

condensation of supersaturated atomic vapor obtained by the laser photolysis of C 3 O2, 

Kinetics and Catalysis, 48: 194-203. 

Hatakeyama Y.,Onishi K.,   Nishikawa K. (2011); Effects of sputtering conditions on formation 

of gold nanoparticles insputter deposition technique, Royal Society of Chemistry, 1: 1815-

1821.  

http://pubs.rsc.org/en/results?searchtext=Author%3AYoshikiyo%20Hatakeyama
http://pubs.rsc.org/en/results?searchtext=Author%3AKei%20Onishi
http://pubs.rsc.org/en/results?searchtext=Author%3AKeiko%20Nishikawa


66 
 

He D., Aranda J.J. D., Waite T.D. (2012); Silver Nanoparticle Algae Interactions: Oxidative 

Dissolution, Reactive Oxygen Species Generation and Synergistic Toxic Effects, 

 n ironmental  cience & Technology,   :  3 −  3 . 

He H., Yang V., Wang J. Ye Z. (2011a); Layer structured ZnO nanowire arrays with dominant 

surface- and acceptor-related emissions, Materials Letters, 65: 1351–1354. 

He L., Liu Y., Mustapha A., Lin, M. (2011b); Antifungal activity of zinc oxide nanoparticles 

against Botrytis cinerea and Penicillium expansum, Microbiological Research, 166: 207—

215. 

He S., Guo Z., Zhang Y., Zhang S., Wang J., Gu N. (2007); Biosynthesis of gold nanoparticles 

using the bacteria Rhodopseudomonas capsulate, Material Letters, 61: 3984–3987. 

Heinlaan M., Ivask A., Blinova I., Dubourguier H., Kahru A. (2008): Toxicity of nanosized and 

bulk ZnO, CuO and TiO2 to bacteriaVilbrio fischeri and crustaceans Daphnia magna and 

Thamnocephalus platyurus, Chemosphere, 71: 1308–1316. 

Helaly M.N., El-Metwally M.A., El-Hoseiny H., Omar S.A., El-Sheery N.I. (2014); Effect Of 

Nanoparticles On Biological Contamination Of In Vitro Cultures And Organogenic 

Regeneration Of Banana, Australian Journal Of Crop Science, 8(4): 612-624. 

Huang N., Zhu M.W., Gao L.J., Gong J., Sun C. Jiang X. (2011); A template-free sol–gel 

technique for controlled growth of ZnO nanorod arrays, Applied Surface Science, 257: 

6026–6033. 

Husseiney M.I., Abd El-Aziz M., Badr Y., Mahmoud M.A. (2007); Biosynthesis of gold 

nanoparticles using Pseudomonas aeruginosa, Spectrochimica Acta Part A, 67: 1003-6. 

Ingle A., Gade A., Pierrat S., Sonnichsen C., Rai M.K. (2008); Mycosynthesis of silver 

nanoparticles using the fungus Fusarium acuminatum and its activity against some human 

pathogenic bacteria, Current Nanoscience, 4: 141–144. 

Iravani S. (2011); Green synthesis of metal nanoparticles using plants, Green Chemistry, 13: 

2638. 

Jacob S.J.P., Bharathkumar R., Ashwathram G. (2014); Aspergillus niger mediated synthesis of 

ZnO nanoparticles and their antimicrobial and in vitro anticancerous activity, World 

journal of pharmaceutical research, 3(2): 3044-3054.l 

Jani A.M.M., Losic D., Voelcker N.H. (2013); Nanoporous anodic aluminium oxide: advances in 

surface engineering and emerging applications, Progress in Materials Science, 58: 636–

704. 

Jena J., Pradhan N., Dash B.P., Sukla L.B., Panda P.K. (2012); Biosynthesis and characterization 

of silver nanoparticles using microalga Chlorococcum humicola and its antibacterial 

activity, International Journal of Nanomaterials and Biostructures, 3(1): 1-8. 

Ji J., Long Z., Lin D. (2011); Toxicity of oxide nanoparticles to the green algae Chlorella sp., 

Chemical Engineering Journal, 170: 525–530.  

Kaegi R., Sinnet B. (2009); Nanoparticles in drinking Water, Eawag News 66, 7–9. 



67 
 

Kangatharalingam N., Priscu J.C., Paerl H.W. (1990); Heterocyst Envelope Thickness, 

Heterocyst Frequency and Nitrogenase Activity in Anabaena Flos-Aquae - Influence of 

Exogenous Oxygen-Tension, Journal of general microbiology, 138: 2673–2678. 

Karthikeyan J., Berndt C., Tikkanen  J., Reddy I.S., Herman H. (1997); Plasma spray synthesis 

of nanomaterial powders and deposits, Materials Science and Engineering , 238: 275-286. 

Khan H.R., McDonald G.K., Rengel Z. (2003); Zn fertilization improves water use efficiency, 

grain yield and seed Zn content in chickpea, Plant Soil, 249: 389–400. 

Kim S., Kim J., Lee I. (2011); Effects Of Zn And Zno Nanoparticles And Zn2+ On Soil Enzyme 

Activity And Bioaccumulation Of Zn In Cucumis Sativus, Chemistry And Ecology,  27(1): 

49–55. 

Kim Y.T., Han J.H., Hong B.H., Kwon Y.U. (2010); Electrochemical Synthesis of CdSe 

Quantum-Dot Arrays on a Graphene Basal Plane Using Mesoporous Silica Thin-Film 

Templates, Advance Materials, 22: 515.  

Klaus T., Joerger R., Olsson E., Granqvist C.G. (1999); Silver-based crystallinenanoparticles, 

microbially fabricated, Proceedings of the National Academy of Sciences U S A, 96: 

13611-4. 

Koch C., and Whittenberge J. D. (1996);Mechanical milling/alloying of intermetallics, 

Intermetallics, 4: 339. 

Konishi Y., Ohno K., Saitoh N., Nomura T., Nagamine S. (2004); Microbial synthesis of gold 

nanoparticles by metal reducing bacterium, Journal of the Magnetics Society of Japan, 29: 

2341-3. 

Korbekandi H., Iravani S. Abbasi S. (2009); Optimization of Biological Synthesis of Silver 

Nanoparticles using Fusarium oxysporum, Critical Reviews in Biotechnology, 29: 279–

306. 

Kou H., Zhang X., Du Y., Ye W., Lin S. Wang C.(2011); Electrochemical synthesis of ZnO 

nanoflowers and nanosheets on porous Si as photoelectric materials, Applied Surface 

Science 257: 4643–4649. 

Kowshik M., Ashtaputre S., Kharrazi S., Vogel W., Urban J., Kulkarni S.K., Paknikar K.M. 

(2003); Extracellular synthesis of silver nanoparticles by a silver-tolerant yeast strain 

MKY3, Nanotechnology, 14: 95. 

Kowshik M., Deshmukh N., Kulkarni S.K., Paknikar K.M., Vogel W., Urban J. (2002); 

Microbial synthesis of Semiconductor CdS nanoparticles, their characterization, and their 

use in fabrication of an ideal diode, Biotechnology and Bioengineering, 78(5): 583–588. 

Kumar A.S., Ansary A.A., Ahmad A., Khan M.I. (2007a); Extracellular biosynthesis of CdSe 

quantum dots by the fungus, Fusarium Oxysporum, Journal of Biomedical 

Nanotechnology, 3: 190–194. 

Kumar K.M., Mandal, B.K., Naidu, E.A., Sinha, M., Kumar, K.S., Reddy, P.S.(2013);   

Synthesis and characterization of flower shaped zinc oxide nanostructures and its 

antimicrobial activity, Spectrochimica Acta Part A: Molecular and 

BiomolecularSpectroscopy,   :    ‒   .  



68 
 

Kumar S.A. and Chen S.M. (2008); Nanostructured Zinc Oxide Particles in Chemically 

Modified Electrodes for Biosensor Applications, Analytical Letters, 41(2):141 – 158. 

Lang J., Kalbacova J., Matejka V.,Kukutschova J. (2010), Preparation, Characterization And 

Phytotoxicity Of  Tio2 Nanoparticles, Nano-Con 2010, 12 October 2010 – 14 October 

2010, Olomouc, Czech Republic, Europe. 

Lee W.M., An Y.J. (2013); Effects of zinc oxide and titanium dioxide nanoparticles on green 

algae under visible, UVA, and UVB irradiations: No evidence of enhanced algal toxicity 

under UV pre-irradiation, Chemosphere, 91: 536–544. 

Lee W.M., An Y.J. (2013); Effects of zinc oxide and titanium dioxide nanoparticles on green 

algae under visible, UVA, and UVB irradiations: No evidence of enhanced algal toxicity 

under UV pre-irradiation, Chemosphere, 91: 536–544. 

Lengke M., Fleet M., Southam G. (2006); Biosynthesis of silver nanoparticles by filamentous 

cyanobacteria from a silver(I) nitrate complex, Langmuir, 10: 1021-30. 

Li P., Wei Y., Liu H., Wang X.K. (2005); Growth of well-defined ZnO microparticles with 

additives from aqueous solution, Journal of Solid State Chemistry, 178:  55‒   .  

Li X., Xing Y., Jiang Y., Ding Y. and Li W. (2009); Antimicrobial activities of ZnO powder-

coated PVC film to inactivate food pathogens, International Journal of Food Science and 

Technology, 44: 2161–2168. 

Li Z.S., Lu Y.P., Zhen R.G., Szczypka M., Thiele D.J., and Rea P.A. (1997); A new pathway for 

vacuolar cadmium seques-tration in Saccharomyces cerevisiae: YCF1-catalyzed transport 

of bis(glutathionato)cadmium, Proceedings of the National Academy of Sciences USA , 

94: 42–47. 

Li Z.S., Szczypka M., Lu Y.P., Thiele D.J., Rea P.A. (1996); 40–46. The yeast cadmium factor 

protein (YCF1) is a vacuolar glutathi-one S-conjugate pump, Journal of Biological 

Chemistry, 271: 6509–6517. 

Liangwei D., Hong J., Xiaohua L., Erkang W. (2007); Biosynthesis of gold nanoparticles 

assisted by Escherichia coli DH5α and its application on direct electrochemistry of 

haemoglobin, Electrochemical Communication, 9: 1165-70. 

Limbach L.K., Wick P., Manser P., Grass R.N., Bruinink A., Stark W.J. (2007); Exposure of 

engineered nanoparticles to human lung epithelial cells: influence of chemical composition 

and catalytic activity on oxidative stress, Environmental Science & Technology, 41:4158–

63. 

Lowe R. H., Evans H. J. (1964); Preparation and some properties of a soluble nitrate reductase 

from Rhizobium japonicum, Biochimica et Biophysica Acta, 85: 377-389. 

Luo J. (2007), Toxicity and Bioaccumulation of Nanomaterial in Aquatic Species, Journal of 

U.S. Stockholm Junior Water Prize, 1-15. 

Luther W., Nass R., Campbell R., Dellwo U., Schuster F., Tanegal F., Kallio M., Lintunen P., 

Salata O., Ramskar M., Zumer M., Hoet P., Hohlfold I.B., Lipscomb S. (2004); Industrial 

applications of nanomaterials-chances and risks editions, technology analysis, Wolfgang 

Luther editions. 



69 
 

Macak J.M., Gong B.G., Hueppe M., Schmuki P. (2007); Filling of TiO2 Nanotubes by Self-

Doping and Electrodeposition, Advanced Materials, 18 (19): 302-3031. 

Macken A., Byrne H.J., Thomas K.V. (2012) ; Effects of Salinity on the Toxicity of Ionic Silver 

and Ag-PVP Nanoparticles to Tisbe Battagliai and Ceramium Tenuicorne, Ecotoxicology 

and Environmental Safety, 86:101-110. 

Mackerras A.H., De Chazal N.M., Geoffrey D.S. (1990); Transient accumulations of 

cyanophycin in Anabaena cylindrica and Synechocystis 6308, Journal of general 

microbiology, 136: 2057–2065. 

Manier N., Garaud M., Delalain P., Chariol O.A., Pandard P. (2011); Behaviour of ceria 

nanoparticles in standardized test media –influence on the results of ecotoxicological tests, 

nanosafe 2010: International Conference on Safe Production and Use of Nanomaterials, 

304 : 012058. 

Manusadzianas L., Grigutyt R., Jurkonien  S., Karitonas R., Sadauskas K., Ferard J.F., Cotelle S. 

& Foucaud L. (2009) ; Toxicity of zinc oxide nanoparticle Suspensions to aquatic biota, 

International Seed Testing Association-14, Meteorologische Zeitschrift 2009 VIII 30 – IX 

04. 

Manzo S., Miglietta M.L., Rametta G., Buono S., Francia G.D. (2013); Toxic effects of ZnO 

nanoparticles towards marine algae Dunaliella tertiolecta, Science of the Total 

Environment 445–446 (2013) 371–376. 

Marshall M., Beliaev A., Dohnalkova A., David W., Shi L., Wang Z. (2007), c-Type 

cytochrome-dependent formation of U(IV) nanoparticles by Shewanella oneidensis, PLoS 

Biology, 4(8): 1324-33. 

Matorin D.N., Karateyeva A.V., Osipov V.A., Lukashev E.P., Seifullina N.K., Rubin A.B. 

(2010); Influence of Carbon Nanotubes on Chlorophyll Fluorescence Parameters of Green 

algae Chlamydomonas reinhardtii, Rossiiskie nanotekhnologii, 5: 5–6. 

McKinney J. (1941); Absorption of light by chlorophyll, Journal of Biological Chemistry, 140: 

315- 322. 

Mehra R.K., and Winge D.R. (1991); Metal ion resistance in fungi: molecular mechanisms and 

their regulated expression, Journal of Cell Biochemistry, 45: 30–40. 

Milani N., McLaughlin M. J.; Stacey S. P.; Kirby J. K., Hettiarachchi G. M., Beak D. G., 

Cornelis G. (2012); Dissolution kinetics of macronutrient fertilizers coated with 

manufactured zinc oxide nanoparticles, Journal of Agricultural and Food Chemistry, 

60(16): 3991-3998. 

Montferrand C.D., Huc L., Milosevic I., Russier V., Bonnin D., Motte L., Brioude A., Lalatonne 

Y. (2013); Iron oxide nanoparticles with sizes, shapes and compositions resulting in 

different magnetization signatures as potential labels for multiparametric detection, Acta 

Biomaterialia, 9: 6150–6157. 

Mukherjee P., Ahmad A., Mandal D., Senapati S., Sainkar S.R., Khan M.I, Parischa R.,. 

Ajayakumar P.V, Alam M., Kumar R., Sastry M. (2001a); Fungus-mediated synthesis of 

silver nanoparticles and their immobilization in the mycelial matrix: A novel biological 

approach to nanoparticle synthesis, Nano-letters, 1: 515-519. 



70 
 

Mukherjee P., Ahmad A., Mandal D., Senapati S., Sainkar S.R., Khan M.I., Ramani R., Parischa 

R., Ajaykumar P.V., Alam M., Sastry M., Kumar R. (2001b); Bioreduction of AuCl
4- 

ions 

by the fungus,Verticillium sp. and surface trapping of the gold nanoparticles formed, 

Angewandte Chemie International Edition, 40: 3585-3588. 

Mukherjee P., Ahmad A., Mandal D., Senapati S., Sainkar S.R., Khan M.I., Ramani R., Parischa 

R., Ajayakumar P.V., Alam M., Sastry M., Kumar R. (2001); Bioreduction of AuCl4 ions 

by the fungus Verticillium sp and surface trapping of the gold nanoparticles formed. 

Angewandte Chemie International Edition, 40(19): 3585–3588. 

Mukherjee P., Roy M., Mandal B., Dey G., Mukherjee P., Ghatak J. (2008); Green synthesis of 

highly stabilized nanocrystalline silver particles by a non-pathogenic and agriculturally 

important fungus T. asperellum, Nanotechnology, 9: 75103-75110.  

Mukherjee P., Senapati S., Mandal D., Ahmad A., Khan M.I., Kumar R., Sastry 

M.(2002); Extracellular synthesis of gold nanoparticles by the fungus Fusarium 

oxysporum, The Chemical Engineering Journal and the Biochemical Engineering 

Journal , 3: 461-463.  

Murugesan S., Elumalai M., Dhamotharan R. (2011); Green synthesis  of silver nano particles 

from  marine algae Gracilaria edulis, Bioscience Biotechnology Research 
Communications, 4(1): 105-110. 

Nair B., Pradeep T. (2002); Coalescence of nanoclusters and formation of submicron crystallites 

assisted by Lactobacillius strains, Crystal growth and design, 2: 293-8. 

Nair B., Pradeep T. (2002); Coalescence of nanoclusters and formation of submicron crystallites 

assisted by Lactobacillus strains, Crystal Growth and Design, 2:293–298. 

Nangia Y., Wangoo N., Goyal N., Shekhawat G., Suri C.R. (2009); A novel bacterial isolate 

Stenotrophomonas maltophilia as living factory for synthesis of gold nanoparticles, 

Microbial Cell Factories, doi:101186/1475-2859-8-39 

Natasha M.F., Nicola J.R., Simon C.A., Graeme E.B., Gerald E.G., Philip S. Casey (2007; 

Comparative Toxicity of NanoparticulateZnO Bulk ZnO and ZnCl to a Freshwater 

Microalga (Pseudokirchneriella subcapitata): The Importance of Particle Solubility, 

Environmental Science and Technology, 41(24): 8484-8490. 

Naveena BE, Prakash S. (2013). Biological synthesis of gold nanoparticles using marine algae 

Gracilaria corticata and its application as a potent antimicrobial and antioxidant agent,  

Asian Journal of Pharmaceutical and Clinical Research,6:179-182. 

Naverro E., Piccapietra F., Wagner B., Marconi F., Kaegi R., Odzak N., Sigg L., Behra A. 

(2008); Toxicity of Silver Nanoparticles to Chlamydomonas reinhardtii, Environmental 

Science & Technology, 42: 8959–8964. 

Oza G, Pandey S, Mewada A, Kalita G, Sharon M, (2012). Facile biosynthesis of gold 

nanoparticles exploiting optimum pH and temperature of fresh water algae Chlorella 

pyrenoidusa, Applied Science Research, 3 (3):1405-1412. 

Padmavathy N. and Vijayaraghavan R. (2008); Enhanced bioactivity of ZnO nanoparticles — an 

antimicrobial study. Science and Technology, Advanced Materials, 9: 1- 7. 

http://www.jnanobiotechnology.com/sfx_links?ui=1477-3155-3-8&bibl=B16


71 
 

Pandey A.C., Sanjay S.S., Yadav R.S. (2010); Application Of Zno Nanoparticles In Influencing 

The Growth Rate Of Cicer Arietinum, Journal Of Experimental Nanoscience, 5(6): 488–

497.  

Panwar J., Jain N., Bhargaya A., Akthtar M.S., Yun Y.S. (2012); Positive Effects Of Zinc Oxide 

Nanoparticles  n Tomato  lants:    tep Towards De eloping “Nano- ertili ers”, 

 International Conference On Environmental Research And Technology, June 2012. 

Pareek S.S., Pareek K. (2013); An Empirical Study on Structural, Optical and Electronic 

Properties of ZnO Nanoparticles, International Organization of Scientific Research-

Journal of Applied Physics, 3(2): 16-24. 

Parikh R.P., Singh S., Prasad B.L.V., Patole M.S., Sastry M., Shouche Y.S. (2008); Extracellular 

synthesis of crystalline silver nanoparticles and molecular evidence of silver resistance 

from Morganella sp.: towards understanding biochemical synthesis mechanism, European 

journal of chemical biology, 9(9): 1415-22. 

Pendashte H., Shariati F., Keshavarz A., Ramzanpour Z. (2013); Toxicity of Zinc Oxide 

Nanoparticles to Chlorella vulgaris and Scenedesmus dimorphus Algae Species, World 

Journal of Fish and Marine Sciences, 5 (5): 563-570. 

Pendashte H., Shariati F., Keshavarz A., Ramzanpour Z. (2013); Toxicity of Zinc Oxide 

Nanoparticles to Chlorella vulgaris and Scenedesmus dimorphus Algae Species, World 

Journal of Fish and Marine Sciences, 5 (5): 563-570. 

Peng K.Q., Yan Y.J.,. Gao S.P., Zhu J. (2002); Synthesis of large-area silicon nanowire arrays 

via self assembling nanoelectrochemistry, Advanced Materials, 14: 1164 – 67. 

Piper C.S. (1960); Soil and plant analysis, Hans publishers, Bombay. 

Pokhrel L., Dubey B. (2012); Silver and Zinc oxide nanoparticles cause developmental toxicity 

to the terrestrial plants, TN International Conference, 13 march 2012. 

Prasad T. N. V. K. V., Sudhakar P., Sreenivasulu Y., Latha P., Munaswamy V., Reddy K.R., 

Sreeprasad T.S., Sajanlal P.R., Pradeep T.(2012); Effect Of Nanoscale Zinc Oxide 

Particles On The Germination, Growth And Yield Of Peanut, Journal Of Plant Nutrition, 

35: 905–92. 

Rachlin J.W., Jensen T.E., Warkentine, B. (1985);. Morphometric analysis of the response of 

Anabaena flos-aquae and Anabaena variabilis (Cyanophyceae) to selected concentrations 

of zinc, Archives of Environmental Contamination and Toxicology, 4 (14): 395–402. 

Rai A.K., Tiwari S.P. (1999); NO3- nutrition and salt tolerance in the cyanobacterium Anabaena 

sp PCC 7120 and mutant strains, Journal of Applied Microbiology, 86 (6): 991–998. 

Rai M., Duran N. (2011); Metal Nanoparticles in Microbiology, ISBN 978-3-642-18311-9, DOI 

10.1007/978-3-642-18312-6. 

Rai M., Gade A., Yadav A. (2009), Chapter 1: Biogenic nanoparticles: an introduction to what 

they are, how they are synthesised and their applications, M Rai and N. Duran (eds.), 

Metals in Microbiology. 

Rai M., Yadav A., Bridge P., Gade A. (2009); Myconanotechnology: a new and emerging 

science; Applied mycology, 14: 258–267. 



72 
 

Rai M., Yadav A., Gade A. (2008); Current trends in phytosynthesis of metal nanoparticles. 

CCritical Reviews in Biotechnology, 28(4):277–284. 

Rajasulochana P., Krishnamoorthy P., Dhamotharan R. (2012); Potential Application of 

Kappaphycus alvarezii in Agricultural and Pharmaceutical Industry, Journal of Chemical 

and Pharmaceutical Research, 4(1):33-37. 

Rajathi FAA, Parthiban C, Kumar VG, Anantharaman P, (2012). Biosynthesis of antibacterial 

gold nanoparticles using brown alga, Stoechospermum marginatum (kützing), 

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 99:166–173. 

Rajendran R., Balakumar C., Mohammed H.A., Jayakumar S., Vaideki K., Rajesh E.M. (2010); 

Use of zinc oxide nano particles for production of antimicrobial textiles, International  

Journal of Engineering Science and Technology, 2: 202–208. 

Rajeshkumar S., Kannan C.,Anadurai G. (2012); Green synthesis of silver nanoparticles using 

marine brown algae Turbinaria conoides and its antibacterial activity, International Journal 

of Pharma and Bio Sciences, 3(4): 502 – 510. 

Rajeshkumar S., Malarkodi C., Paulkumar K., Vanaja M., Gnanajobitha G., Annadurai G. 

(2014); Algae Mediated Green Fabrication of Silver Nanoparticles and Examination of Its 

Antifungal Activity against Clinical Pathogens, International Journal of Metals, 

2014 (2014): 1-8.  

Rajeshkumar S., Malarkodi C., Vanaja M., Gnanajobitha G., Paulkumar K., Kannan C., 

Annadurai G. (2013) ; Antibacterial activity of algae mediated synthesis of gold 

nanoparticles from Turbinaria conoides, Der Pharma Chemica,  5(2):224-229. 

Rajeshkumar S., Malarkodi C., Vanaja M., Paulkumar K. (2014); Green-chemical Fabrication of 

Silver Nanoparticles by Marine macro Algae and its Fungicidal Activity, International 

Research Journal of Pharmaceutical and Biosciences, 1 (1) : 01-07. 

Raliya R., Tarafdar J.C. (2012); ZnO Nanoparticle Biosynthesis and Its Effect on Phosphorous-

Mobilizing Enzyme Secretion and Gum Contents in Clusterbean (Cyamopsis 

tetragonoloba L.), Agricultural Research, 2(1): 48–57. 

Ramgir N., Datta N., Kaur M., Kailasaganapathi S., Debnath A.K., Aswal D.K., Gupta S.K. 

(2013); Metal oxide nanowires for chemiresistive gas sensors: issues, challenges and 

prospects.Colloids and Surfaces A: Physicochemical and Engineering Aspects. 

doi:10.1016/j.colsurfa.2013.02.029 

Raouf N., Al-Enazi N.M., Ibraheem I.B.M. (2013); Green biosynthesis of gold nanoparticles 

using Galaxaura elongata and characterization of their antibacterial activity, Arabian 

Journal of Chemistry 

Renault S., Baudrimont M., Dudons M.M., Gonzalez P., Mornet S., Brisson A. (2008) ; impacts 

of gold nanoparticles exposure  on 2 freshwater species; a phytoplanktonic alga 

(Scenedesmus subspicatus) and a benthic bivalve (Corbicula fluminea), Gold bulletin , 

41(2): 116-126. 

Richmond A., Grobbelaar J.U. (1986); Factors affecting the output rate of Spirulina platensis 

with reference to mass cultivation, Biomass, (10): 253–264.of 



73 
 

Rodriguez-Sanchez, L., Blanco, M. C., Lopez-Quinetela, M. A. (2000); Electrochemical 

synthesis of silver nanoparticles, The Journal of Physical Chemistry B, 104: 9683. 

Rogers N.J., Franklin N.M., Apte S.C., Batley G.E., Angel B.M., Lead J.R., Baalousha M. (); 

Physico-chemical behaviour and algal toxicity of nanoparticulate CeO2 in freshwater, 

Environmental chemistry, 7(1). 

Roychoudhury P., Pal R. (2014); Spirogyra submaxima-A Green Alga for Nanogold Production, 

Journal of algal biomass utilization, 5 (1): 15–19. 

Sahayaraj K., Rajesh S., Rathi J.M. (2012); Silver Nanoparticles Biosynthesis Using Marine 

Alga Padina Pavonica (Linn.) And Its Microbicidal Activity, Digest Journal of 

Nanomaterials and Biostructures, 7(4): 1557-1567. 

Sailaja A. K., Amareshwar, P., & Chakravarty, P. (2011); Different techniques used for the 

preparation of nanoparticles using natural polymers and their application, International 

Journal of Pharmacy and Pharmaceutical Sciences, 3(2): 45–50. 

Sapra S., Prakash A.,  Ghangrekar A., PeriasamyN., Sarma D.D. (2005);  Emission Properties of 

Manganese-Doped ZnS Nanocrystals, The Journal of Physical Chemistry B , 109 (5): 

1663–1668. 

Sekine N., Chou C.H., Kwan W.L., Yang Y. (2009); ZnO nano-ridge structure and its 

application in inverted polymer solar cell, Organic Electronics, 10: 1473–1477. 

Seow Z.L.S., Wong A.S.W., Thavasi V., Jose R., Ramakrishna S., Ho G.W. (2009); Controlled 

synthesis and application of ZnO nanoparticles, nanorods and nanospheres in dye-

sensitized solar cells, Nanotechnology, 20: 045604. 

Shahverdi A.R., Fakhimi A., Shahverdi H.R., Minaian S. (2007); Synthesis and effect of silver 

nanoparticles on the antibacterial activity of different antibiotics against Staphylococcus 

aureus and Escherichia coli, Nanomedicine, 3: 168-71. 

Shalana A.E., Rashada M.M., Yu Y., Cantub M.L., Abdel-Mottaleb M.S.A. (2013); Controlling 

the microstructure and properties of titania nanopowders for high efficiency dye sensitized 

solar cells. Electrochimica Acta, 89:469–478. 

Shankar S. S., Rai A., Ahmad A., Sastry M. (2004); Rapid synthesis of Au, Ag, and bimetallic 

Au core–Ag shell nanoparticles using Neem (Azadirachta indica) leaf broth, Journal of 

Colloid and Interface Science, 275: 496–502. 

Shanmugapriya P., Thanuja M.Y., Anusuya T., Pandiyarasan P. (2013),  Biologically Prepared 

ZnO Nanoparticles for Effective Transparent Sunscreen Applications, Asian Journal of 

Chemistry, 25: S225-S257. 

Sharifi S., Behzadi S., Laurent S., Laird Forrest M., Stroeve P., Mahmoudi M. (2012); Toxicity 

of nanomaterials, Chemical Society Reviews, 41:2323–2343. 

Shiying H., Zhirui G., Zhanga Y., Zhanga S., Wanga J., Ning G. (2007); Biosynthesis of gold 

nanoparticles using the bacteria Rhodopseudomonas capsulate, Material Letters, 61(18): 

3984-7. 



74 
 

Shyla K.K., Natarajan N. (2014); Customizing Zinc Oxide, Silver And Titanium Dioxide 

Nanoparticles For Enhancing Groundnut Seed Quality, Indian Journal Of Science And 

Technology, 7(9):  1376–1381. 

Sikora B., Fronc K., Kaminska I., Koper K., Stepien N., Elbaum D. (2012);  Luminescence of 

colloidal ZnO nanoparticles synthesized in alcohols and biological  Application of ZnO 

passivated by MgO, Journal of Physics: Condensed Matter, 25:194104. 

Singh R.P., Shukla V.K., Yadav R.S., Sharma P.K., Singh P.K., Pandey A.C. (2011); Biological 

approach of zinc oxide Nanoparticles formation and its Characterization, Advanced 

materials, 2(4): 313-317. 

Singh S.C., Swarnkar R.K., Gopal R. (2009); Zn/ZnO core/shell  anoparticles synthesized by 

laser ablation in aqueous Environment: (ptical and structural characterizations, Bulletin of 

Materials Science, 33(1): 21–26. 

Sinha S.N., Paul D., Halder N., Sengupta D., Patra S.K. (2014); Green synthesis of silver 

nanoparticles using fresh water green alga Pithophora oedogonia (Mont.) Wittrock and 

evaluation of their antibacterial activity, Applied nanoscience, DOI 10.1007/s13204-014-

0366-6. 

Smijs T.G., Pavel S. (2011); Titanium dioxide and zinc oxide nanoparticles in sunscreens: focus 

on their safety and effectiveness, Nanotechnology, Science and Applications, 4: 95–112. 

Sorensen S.N., Baun A. (2014); Controlling silver nanoparticle exposure in algal toxicity testing 

–A matter of timing, Nanotoxicology, PP-1-7, ISSN: 1743-5390 (print), 1743-5404 

(electronic). 

Surosz W., Palinska K.A. (2005); Effects of heavy-metal stress on cyanobacterium Anabaena 

flos-aquae, Archives of Environmental Contamination and Toxicology, 48 (1): 40–48. 

Sweeney R.Y., Mao C., Gao X., Burt J.L., Belcher A.M., Georgiou G. (2004); Bacterial 

biosynthesis of cadmium sulfide nanocrystals, Chemistry & Biology, 11: 1553-9. 

Tamagnini P., Axelsson R., Lindberg P., Oxelfelt F., Wunschiers R., Lindblad P. (2002); 

Hydrogenases and hydrogen metabolism of cyanobacteria, Microbiology and Molecular 

Biology Reviews, 66 (1):1. 

Thakkar K.N., Mhatre S.S., Parikh R.Y. (2010); Biological synthesis of metallic nanoparticles, 

Nanomedicine: Nanotechnology, Biology, and Medicine, 6: 257–262. 

Thati V., Roy A.S., Prasad A.M.V.N., Shivannavar C. T., Gaddad, S.M. (2010); Nanostructured 

Zinc Oxide Enhances the Activity of Antibiotics against Staphylococcus aureus, Journal of 

Bioscience and Technology, 1(2): 64-69. 

Tsuzuki T., McCormick P.G. (2001); ZnO nanoparticles synthesis by mechanochemical 

processing, Scripta Materialia, 44: 1731–1734. 

Ullamann M., Friedlander S.K., Schmidt-ott A. (2002); Nanoparticle formation by laser ablation, 

Journal of Nanoparticle Research, 4(6): 499-509.  

Venkatesan J, Manivasagan P, Kim SK, Kirthi AV, Marimuthu S, Rahuman AA, (2014). Marine 

algae-mediated synthesis of gold nanoparticles using a novel Ecklonia cava, Bioprocess 

and Biosystems Engineering, 37(8):1591-7. 



75 
 

Vido K., Spector D., Lagniel G., Lopez S., Toledano M.B., Labarre J. (2001), A proteome 

analysis of the cadmium response in Saccharomyces cerevisiae, Journal of Biological 

Chemistry, 276: 8469–8474.  

Vigneshwaran N., Kathe A.A., Varadarajan P.V., Nachane R.P., Balasubramanya R.H. (2006); 

Biomimetics of silver nanoparticles by white rot fungus, Phaenerochaete chrysosporium, 

Colloids Surfaces B Biointerfaces, 53: 55-59.  

Vivek M., Kumar P.S., Steffi S., Sudha S. (2011); Biogenic Silver Nanoparticles by Gelidiella 

acerosa Extract and their Antifungal Effects, Avicenna Journal of Medical Biotechnology, 

3(3): 143-148. 

Wahab R., Ansari S.G., Kim Y. S., Dar M.A., Shin H.S. (2008); Synthesis and characterization 

of hydrozincite and its conversion into zinc oxide nanoparticles, Journal of Alloys and 

Compounds , 461: 66-71. 

Wang P. Menzies N.W., Lombi E., Mckenna B.A., Johannessen B., Glover C.J., Kappen P., 

Kopittke P.M. (2013); Fate Of Zno Nanoparticles In Soils And Cowpea (Vigna 

Unguiculata), International Journal Of Environmental Science And Technology, 47:  

 3   − 3 3 . 

Wang Z., Li J., Zhao J., Xing B. (2011); Toxicity and Internalization of CuO Nanoparticles to 

Prokaryotic Alga Microcystis aeruginosa as Affected by Dissolved Organic Matter, 

Environmental Science & Technology, 45:6032–6040. 

Wellings J.S., Chaure N.B., Heavens S.N., Dharmadasa I.M. (2007); Growth and 

characterization of electrodeposited ZnO thin films, Thin Solid Films, 516: 3893-3898. 

West A.R. (1974); Solid State Chemistry and Its Applications, Wiley, New York. 

Willems, W., Roadmap Report on Nanoparticles, W&WE spana sl, Barcelona, Spain (2005). 

Xiong (2014); ZnO Nanoparticles Applied to Bioimaging and Drug Delivery, Applied materials, 

25: 5329–5335 

Yang W.W., Miao A.J., Yang L.Y. (2012); Cd
2+

 Toxicity to a Green Alga Chlamydomonas 

reinhardtii as Influenced by Its Adsorption on TiO2 Engineered Nanoparticles, PLOS-

ONE, 7(3): e32300. 

Yu J.X., Li T.H. (2011); distinct biological effects of different nanoparticles commonly used in 

cosmetics and medicine coatings, cell bioscience, 1: 19. 

 Zhang G., Wang D. (2008); Fabrication of Heterogeneous Binary Arrays of Nanoparticles via 

Colloidal Lithography, Journal of the American Chemical Society, 130: 5616. 

Zhang X., Yan S., Tyagi R.D., Surampalli R.Y.(2011); Synthesis of nanoparticles by 

microorganisms and their application in enhancing microbiological reaction 

rates, Chemosphere, 82(4): 489–494. 

Zhou H.,Wang X., Zhou Y., Yao H., Ahmad F. (2014); Evaluation of the toxicity of ZnO 

nanoparticles to Chlorella vulgaris by use of the chiral perturbation approach, Analytical 

and Bioanalytical Chemistry, 406(15):3689-95. 



76 
 

Zhou H., Wang X., Zhou Y., Yao H., Ahmad F. (2014); Evaluation of the toxicity of ZnO 

nanoparticles to Chlorella vulgaris by use of the chiral perturbation approach, Analytical 

and Bioanalytical Chemistry, 406(15):3689-95. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



77 
 

Appendix I 

Table 17. BG11 Medium composition 

 

Table 18. Trace metal mix composition 

Constituents Quantity (gm/l) 

H3BO3 2.86 

MnCl2.4H2O 1.81 

ZnSO4.7H2O 0.222 

NaMoO4.2H2O 0.390 

CuSO4.5H2O 0.079 

Co(NO3)2.6H2O 0.0494 

 

Table 18. Composition for potato dextrose broth 

Constituents Quantity (gm/l) 

Potato  4 

Dextrose  20 

               

  

Constituents Quantity (gm/l) 

NaNO3 1.5 

K2HPO4 0.04 

MgSO4 0.075 

CaCl2.H2O 0.036 

Citric acid 0.006 

Ferric ammonium citrate 0.006 

EDTA (Disodium magnesium salt) 0.001 

Sodium carbonate 0.02 

Trace metal 1 ml 
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Appendix II 

A. Standard curve for IAA 

IAA activity was measured by using indole acetic acid as standard (Glickmann and Dessaux, 

1995) 

Materials required-  

Stock solution: 1 mg/ml IAA 

Acetone  

Table 19. Composition of stock solution for IAA 

IAA 20 mg 

Acetone  20 ml 

 

 

Fig. 33. Standard curve for IAA 

B. Standard curve for Nitrate reductase 

Standard curve of NR was made by using NaNO3 as standard (Lowe and Evans, 1964). 

Materials required- 

Stock – 1 mg/ml of 10 mM NaNO3  
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Table 20. Composition of stock solution for NR 

Distilled water 10 ml 

Sodium nitrate  0.0089 gm 

 

 

                        

Fig. 34. Standard curve for Sodium nitrate 

 

y = 7.184x - 0.1453 

R² = 0.9757 

-0.4 

-0.2 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

1.6 

0 0.05 0.1 0.15 0.2 0.25 

C
o

n
ce

n
tr

a
ti

o
n

 o
f 

N
a

N
o

3
 

OD (540 nm) 


