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ABSTRACT 

Nanotechnology has endorsed enormous development in material science to formulate 

innovative products by manipulating matter at nano-scale (1-100 nm). Due to certain 

limitations associated with conventional physico-chemical synthesis protocols, novel 

techniques are still being pursued for fabrication of nanoparticles. In them biological 

synthesis of nanoparticles using different microorganisms has been considered 

comparatively novel, eco-friendly safe and cost-effective. However, this technique is 

still immature in terms of fabricating nanoparticles with high quality [size and shape 

(monodispersity)] and quantity in limited time scale in order to cater real benefits. So, 

the current research work has investigated the ability of different fungi in synthesizing 

nanoparticles (NPs) of different metals under varying conditions. Besides, it evaluated 

the nature and scope of nanoparticles in different applications. 

The first phase of the study assessed NPs synthesis ability of different fungi for 

different metals under varying operational conditions. Primarily, NPs synthesis ability 

of a metal tolerant fungus species Fusarium oxysporum was screened out by reacting 

its biomass (10 g/50 ml) (Age = 6 days) with salts of different metals on shaker (150 

rpm) incubator (28 °C). The results indicated synthesis of only silver (Ag), gold (Au) 

and platinum (Pt) NPs as evident from change in coloration patterns correspond to 

transformation in surface plasmon resonance of the colloidal suspensions at their 

respective wavelengths of 420, 530 and 230 nm under UV-Vis spectroscopy. Based 

upon these preliminary observations, metal tolerant fungal species including 

Fusarium oxysporum, Aspergillus fumigatus, Aspergillus niger, Aspergillus flavus and 

Aspergillus terreus were separately investigated for AgNPs synthesis in two separate 

strategies using; fungal biomass and their culture filtrates. The UV-Vis spectroscopic 

analysis exhibited AgNPs peak around 400-420 nm in all cases. Overall, NPs 

synthesis increased with time from 2-96 hr. Its rate was comparatively higher with A. 

fumigatus during 2-4 hr. While, in case of A. niger and A. flavus, it was more 

noticeable at 24 hr. The culture filtrate from A. flavus proved to be most efficient in 

term of producing AgNPs with less polydispersity (5-30 nm). XRD crystallography 

and Debye-Scherrer formulae demonstrated that AgNPs produced by fungi were 
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crystalline in nature and in acceptable nanometer range in both the strategies. TEM 

further confirmed the size range of AgNPs varying from 3-80 nm and mostly they 

were spherical in shape. Comparatively, synthesis of NPs by using fungal cultural 

filtrate was more effective as it avoided any reaction artifact related to directly 

exposing the biomass with metal salts, besides; NPs were easily purified in this 

procedure. Furthermore, production of culture filtrate of A. niger under varying pH 

revealed pH 5.8 as most suitable for fabrication of high quality AgNPs with less 

polydispersity (7-27 nm) and at other optimum reaction conditions i.e., temperature 

30 oC, precursor salt conc. 0.1M, in 96 hr incubation. Moreover, agitated (150 rpm) 

reaction condition proved to be more effective for the fabrication of NPs than static 

condition. In similar reaction conditions, the sizes of Au and Pt NPs varied from 10-

35 and 10-20 respectively. Zetasizer nano ZS (Malvern) further revealed maximum 

colloidal stability and mobility in Au, followed by Pt and least in case of Ag NPs.  

In terms of applications, biologically (B) synthesized AgNPs were evaluated as an 

antibacterial, antifungal agent. Individual and combined antibacterial activities of the 

five traditional antibiotics and B AgNPs were checked against eight different multi 

drug resistant bacterial pathogens utilizing Kirby-Bauer disc-diffusion technique. The 

decreasing order of antibacterial activity (zone of inhibition in mm) of antibiotics, 

AgNPs and their conjugates against bacterial isolates (group, average) found to be; 

ciprofloxacin + AgNPs (23) > imipenem + AgNPs (21) > gentamycin + AgNPs (18.5) 

> vancomycin + AgNPs (15.5) > AgNPs (14.75) > imipenem (13.66) > trimethoprim 

+ AgNPs (13.5) > ciprofloxacin (12.5) > gentamycin (11) > vancomycin (4) > 

trimethoprim (0). Generally, synergistic outcome of nanoparticles and antibiotics 

ensued a 0.2-7 (average = 2.8) fold upsurge in antibacterial action. Similarly, AgNPs 

showed antifungal activities and were slightly higher with B AgNPs (13-15) than C 

AgNPs (8-12) against four different fungi.  

AgNPs showed varying anti-oxidant, cytotoxic and phytotoxic activities. Antioxidant 

activities in terms of free radical (DPPH) scavenging (%) rates per 30 min were; 19.8 

and 17.9 at 1000 ppm and were significantly reduced to 5.79 and 5.3 at 100 ppm with 

biologically (B) synthesized and commercial (C) AgNPs respectively. Brine shrimp 

assay revealed AgNPs cytotoxicity which increased with increase in conc. of NPs (10-
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1000 ppm) and time (0-72 hr). Comparatively, the mortality rate of nauplii (larvae) (n 

=10) was slightly higher with C AgNPs (90 %) than B AgNPs (80 %) after 72 hr.  In 

phytotoxicity assays, AgNPs at varying conc. i.e., 10, 100 & 1000 ppm showed 35-55 

% inhibition in radish seed germination. It was relatively higher at 100 ppm AgNPs 

after 5 days and the results were non-significantly differed in B AgNPs and C AgNPs. 

Nevertheless, increase in conc. of AgNPs helped stimulating roots and shoots lengths. 

In tissue engineering perspective and for stimulation of stem cells growth, NIH3T3 

fibroblast cells were incorporated in methacrylated gelatin hydrogels containing 

AuNPs. Water retension, mechanical, degradation and microscopic analysis of this 

Au-GelMA hydrogels were measured and proved to be bio-compatible. Au-GelMA 

nanocomposite material hydrogels provided better environment and significantly 

triggered cellular viability and growth compared to simple GelMA hydrogels without 

AuNPs (control).   

Both B AgNPs and C AgNPs played role in the transformation of recalcitrant 

aromatic compounds i.e. azo dyes (100 ppm concentration) Acid red 151 and Orange 

II when treated separately and in combination with fungus (A. niger) under shaking 

conditions (150 rpm) at 30 oC. UV-visible spectroscopy and FTIR determined 75-95 

% reduction or transformation of dyes in 96 to 120 hr reaction time. It was maximum 

with A. niger + B AgNPs, followed by B AgNPs & C AgNPs and least in case of A. 

niger. Finally, the anti-biofouling ability of the AgNPs was determined in ultra-

filtration polysulfone (Psf) membranes by incubating them with sludge for 45 days. 

Scanning electron microscopy exhibited considerably less biofilm development on 

AgNPs incorporated Psf membrane than normal Psf membrane used as control. 

Moreover, these results were supported by less bacterial growth (36: 288 CFU) and 

corresponding variations in FTIR spectra of the biofilm covered Psf membranes.   
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1 INTRODUCTION  

Nanotechnology is an emerging discipline in the material science with tremendous 

scope in development of innovative materials in manufacturing sectors thus 

creating a major shift in technological development. Primarily, it deals with almost all 

materials types including ceramics, metals, polymers and biomaterials. In this 

reference, it has already contributed a great deal in development and improvement of 

certain product like sunscreens, sports goods, clothing and cell phones, food and 

agricultural products etc. Yet it is expanding in devising innovative drug therapies, 

water filters, fuel cells, power lines, computer and electronics (Bankinter, 2006). One 

significant feature of nanotechnology deals with the consistent progress in 

experimental procedures for the manufacturing of nano-sized materials with a wide 

variety of chemical configurations, dimensions, high monodispersity and controlled 

morphologies. Moreover, the consumption or release of hazardous compounds and 

large amounts of energy in conventional synthesis procedures encouraging 

researchers to focus and develop new enabling green technologies in material 

production (Li et al., 2011; Zhang et al., 2011). In this perspective, environmental 

friendly synthesis procedures have been given special emphasis for sustainable 

development of nanomaterials (Sastry et al., 2003). Subsequently, scientists in the 

field of nano-scale material designing and assembly have been keenly considering 

living entities for innovation. Recently, the employment of biotic systems especially 

the microorganisms has evolved as an innovative scheme for the fabrication of 

nanomaterials (NMs) (Ahmad et al., 2003; Li et al., 2011). 

1.1 History 

The prefix nano is taken from Greek word “Nanos” meaning dwarf. One nanometer is 

10-9m or one billionth of a meter. Primarily, the idea of nanotechnology was given by 

Richard P. Feynman in his famous talk at Caltech in 1959 entitled “There is plenty of 

room at the bottom”. In 1974, a Japanese material scientist Norio Taniguchi coined 

the term “nanotechnology”. In 1980s Kim Eric Drexler an American scientist from 

MIT, conceptually explored the idea of nanotechnology for the first time (Drexler, 

1986). Nanotechnology may be defined as “Manipulation of matter at atomic or 

molecular scales (nanometer scales i.e. 1-100nm) to build up novel structures, devices 
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and systems”. Nanoscience and nanotechnology is a provision in the field of materials 

science in concurrence with physical sciences, chemical and mechanical engineering, 

biology and environmental engineering (Awade, 2010). Nanotechnology also 

endeavor to progress devices that can probe and to handle objects close  to atomic 

scale, such as the scanning and transmission electron microscopes, the atomic force 

microscope, scanning tunneling microscopic devices etc. (Kubik et al., 2005). 

1.2 Properties of NMs 

The nano-scale is distinctive because no solid can be prepared smaller than it. It is 

also exceptional because most of the mechanisms of the physico-chemical and 

biological world function on measurement scales ranging from 0.1 to 100 nm. 

Generally, the decrease in size of the particles increases their surface to volume ratio 

which thereby increases their reactivity. At nano-scale, particles of different elements 

exhibit remarkable physical, chemical and biological properties (Buzea et al., 2007) 

In comparison to conventional coarse grained counterparts, NPs display lower melting 

point, enhanced light absorption, electrical resistivity, specific heat, diffusivity, 

plasticity and mechanical strength along with changes in their electromagnetic and 

catalytic properties (Gleiter, 2000; Kvitek et al., 2005). Scientists are trying to 

translate these properties associated with NPs in various technologies 

(http://www.thinknext.net/archives/2507).  

1.3 Synthesis of NMs 

The synthesis of NMs can be separated in the top-down or bottom-up procedures. The 

top-down approach involves the disintegration of the bulk material into small parts by 

physical or chemical means, while, the bottom-up methodology entails the formation 

of larger pieces by the chemical reactions between atomic or molecular compounds. 

Both these procedures can be persued in solids, liquid and gas phases or in vacuum 

and supercritical fluids (Luther, 2004). Broadly, the NM synthesis involves physical, 

chemical and biological methods. Still, certain biological procedures are in the stage 

of development. Huge to fabricate diverse varieties of NMs (Liu et al., 2011; 

Luechinger et al., 2010; Mohanpuria et al., 2008). The details are mentioned in 

following text. 

  

http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Mechanical_engineering
http://en.wikipedia.org/wiki/Bioengineering
http://www.thinknext.net/archives/2507
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1.3.1  Physico-chemical synthesis  

Physical ways of synthesizing NPs involve grinding, physical vapor deposition 

(PVD), ball milling, lithography, pyrolysis etc (Kruis et al., 2000). Among these, 

grinding and pyrolysis have been used most frequently (Raffi, 2007). While, in case 

of chemical procedures including, sputtering, chemical vapor deposition (CVD), 

electrolysis, sol gel synthesis and inert gas condensation have been more popular 

(Raffi, 2007). Among these physico-chemical procedures, grinding, ball milling, 

electrolysis and pyrolysis procedures are comparatively cost effective. However, inert 

gas condensation and sol gel synthesis are more efficient in terms of quantitative 

production of NMs of desired morphology under optimized reaction conditions (Raffi, 

2007). Even though the physico-chemical procedures are efficient, yet they are 

hazardous in terms of release of certain by-products which are of hazardous nature. 

This creates a serious concern in the environmental perspective. Specifically, the use 

of noxious chemicals considerably restricts their biomedical applications, especially 

in clinical procedures. Moreover, some of these procedures are very costly (Li et al., 

2011). Currently, cost-effective, sustainable and efficiency yielding techniques for 

NMs with considerable purity are being critically persuaded in the scientific circles 

(Conde et al., 2012). 

1.3.2 Biological Synthesis  

Various biological sources including plants and microbes (fungi, bacteria and 

actinomycetes) have been found up-taking and reducing metal ions from the aqueous 

material and the soil. These findings helped elucidating the role of biological sources 

in transformation of metal ions into nanocomposites intra as well as extra-cellularly. 

Typically, this process is being facilitated through various biotic enzymes and the 

procedure found to be considerably safe compared to other physico-chemical 

procedures. Moreover, it is less energy intensive approach (Li et al., 2011). This 

“enzymatic” scheme is more sustainable by the fact that most of the microbes grow at 

ambient conditions of pH and temperature (Zhang et al., 2011). The NMs produced 

by these procedures have been found reactive with high surface to volume ratio (Li et 

al., 2011). 
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1.3.2.1 Microbial synthesis 

A number of bio-technological procedures such as bioremediation, biosorption, and 

biotransformation have been established using microbial resources (bacteria, fungi 

and actinomycetes) for treatment of various pollutants such as heavy metals from soil 

and water. Currently, material scientists are envisaging these microbes as promising 

green nano-factories for synthesis of NPs (Bhawana and Fulekar, 2012). Employment 

of microbes for NMs’ synthesis is an attractive alternative as they can keep fairly high 

amount of metals by bioaccumulation or biosorption (Gupta et al., 2011). Besides, 

they have been proved transforming these metals into valuable nanocomposites of 

immense importance in the material science. Comparatively, applications of fungi 

have been considered more feasible compared to other microbial sources (Li et al., 

2011; Bhainsa et al., 2006). 

1.3.2.1.1 Mycological synthesis 

The fungi proved to be the most effective biological source for the synthesis of 

metallic NMs owing to their high resistance, bioaccumulation and biotransformation 

capabilities for metal ions (Sastry et al., 2003). Moreover, they are easy to cultivate 

and handle in the laboratory setups. NMs can be formed, either intracellularly or 

extracellularly depending upon the location of the reductase enzymes (Li et al., 2011, 

Bhainsa et al., 2006). Relatively, extracellular production is more advantageous for 

large amounts of NPs in pure form in moderately less time using nominal expenses 

than intracellular synthesis. Intracellular synthesis requires some additional 

procedures to procure the NPs from cells (Gade et al., 2010 and Narayanan et al., 

2010) and it creates a barrier in exploiting this procedure for large scale production of 

NPs. 

1.3.2.1.2 Proposed Mechanisms 

Generally, fungi are actively secreting various secondary metabolites exogenously for 

their personal existence under varying environmental conditions. However, the fungal 

metabolism responds differently against unwanted compounds and pollutants like 

metals (Mehra and Winge, 1991). At times, they secrete certain catalytic protein 

(enzymes) (e.g. NADH-dependent reductases), cellular components (shuttle quinones) 

and others metabolites which reduce the perilous metallic ions into the non-hazardous 
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metallic NPs (Lee et al., 2007; Zhang et al., 2011). Similar mechanism is followed in 

intracellular synthesis where metal ions absorbed in the cytoplasmic milieu are 

reduced to form NMs (Mukherjee et al., 2001). This enzymatic reduction scheme 

appears to be commenced by shift of electrons from NADH to metal ions by NADH-

dependent enzyme (reductase) which serves as an electron transporter (Duran et al., 

2005). The probable scheme that may comprise the reduction of Ag+ ions is the 

presence of electron shuttling (enzymatic) metal reduction procedure (Kalimuthu et 

al., 2008). In the second stage, these NPs are entrapped and stabilized by different 

proteins acting as capping agents (Jain et al., 2011) {figure. 1.3}. 

 

Figure. 1.3i: Proposed mechanisms for the synthesis of NPs by microorganisms 

(retrieved from Kalimuthu et al., 2008 and Jain et al., 2010). 

1.4 Types of NMs 

NMs may be of organic, inorganic and composite nature (Sadjadi et al., 2011). 

Organic NMs include nanosized proteins, nucleic acids, polymers, carbon nanotubes 

etc. whereas; inorganic NMs comprise metallic NPs, compounds, and bulk nano-

structured materials (Sadjadi et al., 2011). These metallic NMs encompass nano-

crystals of noble metals i.e. Ag (Ahmad et al., 2003; Meenupriya et al., 2011; Prabhu 
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and Poulose, 2012; Devi et al., 2012 & 2013, Naqvi et al., 2013a & b), Au (Agnihotri 

et al., 2009), Pd (Windt et al., 2005) and Pt (Govender et al., 2010). Besides, it 

includes bimetallic (alloys) nanoparticles like Ag-Pt (Temgire et al., 2011), Ag-Au 

(Ahmad et al., 2005; Raveendran et al., 2006; Mahl et al., 2012), Pd-Au 

(Hosseinkhani et al., 2012), oxides of  Fe [Fe2O3-magnetite (Lovley et al., 1987), 

Fe3O4-magnetite (Mann et al., 1990; Mahdavi et al., 2013)], Zn [ZnO (Govender et 

al., 2010), Ti [TiO2 (Bansal et al., 2005)], Si [SiO2 (Bansal et al., 2005)] as well as 

sulphides of different metals [CdS (Sweeney et al., 2004), FeS (Mann et al., 1990), 

ZnS (Bai et al., 2006; Li et al., 2011)]. Other NMs include bulk nano-structured 

metals, crystals and powders of Te (Baesman et al., 2007), Se (Zare et al., 2013), Ti 

(Prasad et al., 2007), Al (Mukherjee et al., 2011), and transition metals e.g. Ni (Libor 

and Zhang, 2009), Co (Nam et al., 2006), Cu (Phong et al., 2011; Majumder, 2012), 

Cr (Sawrnkar et al., 2009), Zr (Bansal et al., 2004) and Pb (Pavani et al., 2012). On 

the other hand, nano-composite materials entail quantum dots, carbon nanotubes 

(fullerenes) (Cai et al., 2003; Oberdörster, 2004), nano-shells, nano-rods, nano-wires, 

nano-gels and nano-emulsions etc. NPs can be categorized into several groups 

attributed to their dimensions; for instance three-dimensional NPs, two-dimensional, 

ultra-fine grained over layers, one-dimensional modulated multilayered and zero-

dimensional atom clusters (Hofmann, 2011).  

1.5 Applications of NMs 

Nanotechnology is multidisciplinary in nature in terms of exploration and applications 

(Bankinter, 2006). In last few decades, researches in engineering, physical chemistry, 

biochemistry and microscopy have led to marvelous gains of concern in 

characterization tiny particles and their promising implications in different areas of 

material science (Gupta et al., 2011). In order to improve the diagnostic and treatment 

procedures in biomedical science, extensive research has been carried out (Fadeel and 

Garcia-Bennett, 2010). Discrete NMs are usually applied in nano-biomedicine as 

fluorescent biological tags (Chan and Nie, 1998; Tian et al., 2008) and mediators for 

drug as well as gene deliverance (Cui et al., 2007; Pantarotto et al., 2003). In addition 

to this they can also be used for detection of pathogens (Edelstein et al., 2000), tissue 

engineering (Isla et al., 2003; Ma et al., 2003), tumor eradication (Shinkai et al., 

1999), contrast improvement in magnetic resonance imaging (MRI) (Weissleder et 
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al., 1990), and phagokinetic investigations (Parak et al., 2002).  

Amongst different metal NPs, AgNPs have been extensively studied (Kaler et al., 

2011; Meenupriya et al., 2011; Prabhu and Poulose, 2012; Devi et al., 2012 & 2013). 

Their utilization is very vast as antimicrobial for textiles, automotive interiors, 

furniture, household products such as towels, sponges, kitchen cloths, patient dresses, 

reusable surgical gloves and masks, antibacterial wound dressings, bed lines etc. (Lee 

et al., 2007). They also have numerous applications in the fields of electronics, 

catalysis and diagnostic therapeutics (Awade, 2010; Jin, 2012). Likewise gold 

nanoparticles (AuNPs) are also utilized for different purposes e.g. as tags for 

biosensors, for cure of hyperthermia and being capable of delivering large sized 

biomolecules, provide non-hazardous means for gene and drug release to the target 

sites (Pissuwan et al., 2006; Ghosh et al., 2008). Platinum nanoparticles (PtNPs) are 

also employed for the treatment of different ailments such as cancer and oxidative 

stress disorders; moreover, they are used in electronics for designing of a novel 

memory element (Govender et al., 2010).  

Nowadays in the clinical operations, in vivo manifestation of NPs in therapeutic 

functions is an emerging discipline. However, there are still some ambiguities 

regarding their design and implications of NMs such as their pharmacokinetics, 

distribution in the body, toxicity and safety evaluation prior and subsequent to their 

conjugation in medical procedures (Baptista, 2009). Thus, the bio-compatibility of 

these NMs is still questionable and different designing trials are underway to avoid 

these deleterious effects. Still, owing to the nontoxic nature, AuNPs are widely used 

in therapeutic and imaging operations. Although, it is not possible to make NMs that 

are nonhazardous to all living cells, as there is no universal mechanism for this 

purpose, yet some important investigations have been carried out in order to make 

them more biocompatible and alleviate their cytotoxic effects both in vitro and in vivo 

conditions. Attainment of desired response with the application of lowest possible 

dose is usually deemed as an attractive solution for biocompatibility problems 

(Allahverdiyev et al., 2011). Moreover, the coating of NMs is also very important as 

discontinuous, cracked or rough casing could trigger the immune response, thereby 

reducing their bioavailability to the desired target sites (Bellucci, 2009). Although 

noble metal NMs have emerged as promising tools against one of the most 
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challenging human disease i.e. cancer, but their ultimate fate in the body is still 

unclear in order to decipher their overall therapeutic potential (Conde et al., 2012).  

1.6 Overview 

Although it has been more than a decade when scientists started evaluating the 

abilities of different microbes for NPs synthesis but still this technique having certain 

drawbacks in terms of optimized upstream and down-stream procedures for synthesis 

and procurement of NPs. Search for effective microbes with desired efficiencies is 

one of the major factors in biological synthesis of NPs. Besides, microbial synthesis 

of NPs proved to be fairly slow (several hours) in comparison to conventional 

physico-chemical methods. A reasonable control on the morphology and 

monodispersity of NMs in these procedures has yet to be achieved by controlling 

reaction conditions and related metabolic expression of the microbes (Zhang et al., 

2011). Furthermore, the mechanistic details related to expression of catalytic proteins, 

their stepwise involvement and expressions against different metals in fabrication of 

NPs under varying conditions have to be explored for promoting and up-scaling 

biological procedures in future (Mohanpuria et al., 2008; Prabhu and Poulose, 2012). 

 
Aims and Objectives 
The present study was designed to screen out the varying abilities of different fungi 

towards synthesis of NPs of different metals under controlled laboratory conditions. 

During experiments, different operational conditions were used in order to check their 

effects on the quality (size & shape) and rate of NPs synthesis. In the second phase, 

the nature of the NPs was predicted as an antimicrobial (in synergism with antibiotics) 

and antifouling agent (in water filtration membranes). Besides, they were evaluated 

for transformation of aromatic compounds (pollutant) and as a cell growth promoting 

agent (in tissue engineering). The detailed objectives of the present study were; 

1. To screen out the ability of a metal resistant fungal strain Fusarium oxysporum 

for synthesis of NPs of different metals (Ag, Au, Pt and etc) tested against 

seven different heavy metal salts.  
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2. To evaluate the relative ability of different fungal isolates (including Fusarium 

oxysporum, different Aspergillus species like A. fumigatus, A. niger, A. flavus 

and A. terreus) for the fabrication of AgNPs.     

3. To investigate the role of different operational conditions (pH, temperature, 

conc. of precursor salt, growth medium, agitation, cellular content, and 

incubation time) for the optimized production of AgNPs by selected fungal 

species.  

4. To fabricate the Au & Pt NPs from their corresponding salts, i.e. gold chloride 

trihydrate and platinum chloride, respectively, using extracellular culture 

filtrate of Aspergillus niger. 

5. To detect the myco-genized noble metal NPs’ concentration, crystalline 

nature, size, morphology and colloidal stability by employing characterization 

techniques like UV-Visible spectrophotometery, X-Ray Diffraction 

Crystallography (XRD), scattered area electron diffraction analysis (SAED), 

Scanning electron microscopy (SEM), Transmission electron microscopy 

(TEM), Dynamic Light Scattering (DLS), Zeta Potentials and mobility 

measurements. 

6. To assess the biological activities of AgNPs using cytotoxicity (against Brine 

shrimp larvae) and phytotoxicity (against wild radish seeds) assays. 

7. To study the role of myco-genized NPs in:  

(a) Nanomedicine; as antimicrobial agents against multi drug resistant (MDR) 

bacterial and fungal species; and in cell cultures for triggering the cellular 

growth and enabling tissue engineering. 

(b) Environmental remediation; for transformation of aromatic 

compounds/dyes as pollutants to their less toxic forms; and as anti-

biofouling agents in water purification filters. 

 

 

 



 

 
 
 
 
 
 
 
 
 
 

 
 

 Review of Literature
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2                                                                                         Review of literature 

 

 10 

2 REVIEW OF LITERATURE 

2.1 General scope of nanoscience 

Nanotechnology is an extremely important emerging domain in material science 

which holds promises to generate entirely new products by manipulation of 

particulate matter at nanoscale (1-100 nm). Various types of nanomaterials include 

metallic and non-metallic nanoparticles e.g. silver, gold, platinum, palladium, silica, 

zirconia, zinc oxide, magnetite, iron, aluminum, carbide, bimetallic composites, 

carbon nanotubes etc. The particular size, shape and crystal structures of 

nanomaterials give them distinct physical, chemical, electronic and magnetic 

properties. Various fields in which nanotechnology has increased its importance 

include biomedical field, drug delivery (Awade, 2010), mechanics, optics, electronics, 

space technology, energy efficient instruments (Wang et al., 2012), cosmetics (Raj et 

al., 2012), food (Sonkaria et al., 2012), environmental issues (Bhawana and Fulekar, 

2012), catalysis (Jin, 2012) etc. Many physico-chemical procedures including 

irradiation, sol gel, chemical vapor deposition, sono-chemical method, laser ablation, 

co-precipitation techniques etc. are employed for synthesis of nanoparticles (NPs) but 

these methods are costly and utilize or release harmful substances. Thus, mostly the 

synthesis of nanoparticles is followed through methods like sol-gel synthesis, inert gas 

condensation and use of radiations or certain chemicals but the synthesis of 

nanoparticle through these conventional methods mentioned above contain serious 

drawbacks in terms of cost effectiveness, hazardous chemicals and complex 

procedures to handle due to which development of novel techniques like biological 

synthesis are being pursued for fabrication of nano-scale products. Furthermore, 

fabrication of high quality monodisperse nanoparticles is another important aspect 

toward manufacturing of high quality products (Bhainsa and D’Souza, 2006; Ahmad 

et al., 2005; Vigneshwaran et al., 2007). This review comprehensively highlights 

various physico-chemical, and green and biological procedures along with 

mechanistic aspects and their limitations in fabrication. Furthermore, It elucidates 

various analytical techniques and their comparative efficacies in characterize 

nanoparticles.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Sonkaria%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22316269
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Bionanosynthesis of metal nanoparticles (e.g. silver, gold, platinum, palladium, 

magnetite, silica, quantum dots, titania nanoparticles etc.) by exploiting 

microorganisms (e.g. viruses, yeasts, actinomycetes, bacteria and fungi) is a novel 

green technology that interlinks microbial biotechnology and nanotechnology. 

Besides other noble metal nanoparticles, due to applications in vast areas of biology 

and industry, AgNPs are considered central to nanoscience research. AgNPs are of 

significant consideration for scientists due to their unique physico-chemical 

properties. Due to non-toxicity to animal cells, silver is believed to be benign and 

useful anti-microbial metal. AgNPs are of interest due to various properties including 

shape and size which depend upon optical, magnetic, catalytic and electrical 

properties. Applications of AgNPs include antimicrobials, biosensors, composite 

fibers, superconductors, electronic components and cosmetic items. Various physico-

chemical processes can be utilized for producing and obtaining stabilized AgNPs 

(Joerger et al., 2001; Ahmad et al., 2005). The most common chemical methods 

include reduction employing electrochemical techniques, inorganic and organic 

reducing mediators, radiolysis and physico-chemical reduction. Currently, NPs 

synthesis is a very fascinating area for scientific research, and there is rising concerns 

to synthesize NPs utilizing eco-benign procedures. Green fabrication schemes include 

Tollen’s method, use of polysaccharides, polyoxometalates, biological, and irradiation 

methods which have benefits over orthodox procedures including chemical mediators 

accompanying the environmental noxiousness (Korbekandi and Iravani, 2012). This 

chapter depicts an overview of metal nanoparticles fabrication by physico-chemical, 

and green procedures. Despite the stability, bio-mediated nanoparticles are 

synthesized slowly with less monodispersity. To reduce these defects, many factors 

including culturing of microbes and removal of nanoparticles, should be optimized 

necessarily and other useful methods such as photobiological approach can also be 

helpful (Mohammadian et al., 2007). A better understanding of cell’s biomolecular 

mechanisms which determine the biosynthesis of nanoparticles can be helpful in 

enhancing biosynthesis rate of nanoparticles as well as in improving the quality of 

nanoparticles. Microbes have a rich biodiversity so their potential to act as 

bionanofactories is yet not fully understood. The present review discusses briefly 

about physical and chemical and detailed biological and microbiological procedure 

for synthesis and of NPs. It comprehensively highlights the techniques used to 

characterize the NPs besides, it demonstrations a detailed scope of NPs with reference 
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to their application in different areas of interest. 

2.2 Synthesis of nanomaterials 

Generally, two approaches are utilized for nanomaterial synthesis; bottom up and top 

down approaches. Bottom-up approach deals with the materials which are built from 

chemical assembly of molecules by following molecular recognition principles 

(Drexler, 1981) whereas top-down approach involves the breakdown of large size 

material into nanoscale materials (Feynman, 1961; Rodgers, 2006). 

 

Figure. 2.2i: Nanoparticle synthesis; bottom-up approach (from Naka and Chujo, 

2009). 

For synthesis and stabilizing nanomaterials many physical and chemical methods are 

being employed (Joerger et al., 2001; Ahmad et al, 2005). Some important physico-

chemical methods include; chemical reduction (Nikhil et al., 2000), electrochemical 

techniques (Mott et al., 2007), sol gel (Shukla and Seal, 1999), microemulsion 

(Panigrahi et al., 2006), hydrothermal technique (Huang et al., 1997) , sono-chemical 

method (Song et al., 2004), irradiation (Mafuné et al., 2001; Eustis et al., 2005; Zhu 
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et al., 2001; Temgire et al., 2011) are chemical methods whereas laser ablation (Zhou 

et al., 2008), vacuum vapor deposition (Lisiecki and Pileni, 1993), pulsed wire 

discharge (Tanori and Pileni, 1997) and grinding (Wu and Chen, 2004) are physical 

methods. Currently, the focus is towards developing innovative eco-friendly methods 

for synthesis of nano-biosynthesis. Benign and green procedures involve the use of 

polysaccharides (Raveendran et al., 2003), heparin (Huang and Yang 2004; Kim et 

al., 2013) polyoxometalates (Mitchell and Fuente, 2012), along with irradiation 

(Mafuné et al., 2001), Tollen’s method (Kvítek et al., 2005) and bio-mediated 

fabrication of materials (Shankar et al., 2003; Narayanan and Sakthivel, 2010). 

Compared to conventional techniques, these methods are more appreciated due to 

their less toxic nature and oppose toxic effects of nanoparticles for biomedical uses. 

Hence, there is a growing demand to develop biocompatible and non-toxic procedures 

for synthesis of nanoparticles. Despite the advantages of being benign, cheaper and 

ecofriendly, biological methods yet exhibit some disadvantages. They are time 

consuming as they require significant cultivation of microbes in order to initiation 

synthesis procedures. The reaction time for synthesis is generally slower. Moreover, 

these methods still need to be optimized in order manufacture high quality stable NPs 

with less heterogeneity in size and shape. Considering the huge microbial diversity, 

selection of suitable microbes and optimization of laboratory conditions are supposed 

to prevent aforesaid drawbacks which can then help in increasing the yield of NPs as 

well. In this reference, use of genetically engineered microbes may also play a pivotal 

role in synthesis of NPs.  

2.2.1 Conventional routes 

2.2.1.1 Physico-chemical routes 

Commonly used physical methods for nanosynthesis involve spray pyrolysis, sol gel 

(Shukla and Seal, 1999), photochemical, laser ablation (Mafuné et al., 2001), and 

sonochemical techniques. These methods have been used to synthesize different types 

of metal NPs including gold, silver, lead, cadmium and fullerene etc. The physical 

methods have advantage over chemical methods as solvent contamination is absent in 

the nano-films and NPs exhibit uniform distribution (Tsuji et al., 2002). Physical 

methods have some disadvantages too for example the instruments occupy large 

space, consume great amount of energy and takes much time to make thermally stable 
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NPs (Magnusson et al., 1999; Kruis et al., 2000).  

Chemically, nanomaterials are synthesized by various methods in which the most 

important is chemical reduction method (Chaki, 2002) which involves the use of 

organic and inorganic reducing agents through co-precipitation, chemical vapor 

deposition, hydrothermal technique etc. These methods involve the use of various 

reducing agents; examples include tri-sodium citrate (Guzman et al., 2009), elemental 

hydrogen, polyvinyl pyrrolidone, collagen, poly acrylic acid, ascorbic acid, sodium 

borohydride, N, N-dimethylformamide (DMF), and copolymers (Sakai 

and Alexandridis, 2005), After reduction by these reducing agents, metallic ions are 

transformed into metallic form which aggregate into clusters (Merga et al., 2007). 

Later on, it leads to the formation of metallic nanoparticles (David et al., 2004; Wiley 

et al., 2005). While preparing NPs, protective agents such as surfactants like thiols, 

polyphenyl pyrrole, poly vinyl alcohol amines, sodium dodecyl benzene sulfonate 

(Ma et al., 2004), acids, and polymeric compounds (e.g. poly methacrylic acid, poly 

ethylene glycol, polymethyl methacrylate etc.) can be used to avoid re-aggregation of 

dispersed NPs (Oliveira et al., 2005). Such compounds possess ability to stabilize and 

protect surface properties of particles and avoid sedimentation and agglomeration. 

Micro-emulsion techniques can also be used to synthesize uniform and size controlled 

AgNPs. Other methods of metal NPs synthesis include, UV-initiated photo-reduction 

(Zhou et al., 1999), sono-electrochemistry (alternating ultrasonic and electric waves) 

(Socol et al., 2002), photo-induced method (Jin et al., 2003) and electrochemical 

procedures (Johans et al., 2002). 

Physical and chemical methods of NP synthesis are hazardous, eco-unfriendly, 

cumbersome (not easily managed), yield big particles, un-economic, high energy 

requirement, difficult to control reaction conditions (Dahl et al., 2007; Krutyakov et 

al., 2008; Vigneshwaran et al., 2007; Li et al., 2011). So, if we re-investigate the 

manufacturing processes and adopt more benign processes then we can get more 

benefits of nanotechnology in daily life. 

2.2.2 Non-biological green synthesis procedures 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sakai%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16851902
http://www.ncbi.nlm.nih.gov/pubmed?term=Sakai%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16851902
http://www.ncbi.nlm.nih.gov/pubmed?term=Alexandridis%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16851902
http://en.wiktionary.org/wiki/managed
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2.2.2.1 Polysaccharide usage 

A green method to synthesize metal NPs is the use of polysaccharide which employs 

polysaccharides including; reducing and capping agent) and water as eco-friendly 

universal solvent. Examples include synthesis of starch-coated metal NPs involving 

D-glucose as reducing agent (Raveendran et al., 2003) or synthesis of metal NPs by 

the reducing the metallic ions inside nanoscale starch templates (Raveendran et al., 

2006; da Silva et al., 2012; Saravanakumar et al., 2012). Significance of these starch-

protected nanoparticles lies in their easy detachment from NPs (weak hydrogen 

binding) before any application for biological and pharmaceutical purposes. 

2.2.2.2 Tollen’s method 

It is a green, simple method which is employed for the synthesis of AgNPs of regular 

size, involving an aldehyde to reduce the Tollen’s reagent i.e., Ag (NH3)2+ (Yin et 

al., 2002). By the action of saccharides and ammonia, metallic ions get reduced and 

transformed into metallic NPs of varying size and shapes. Nature of reducing agent 

and ammonia concentration play significant job to control size and shape of NPs 

(Kvítek et al., 2005). In this  case, various types of reducing agents include galactose, 

glucose, lactose, and maltose and capping agents include sodium dodecyl sulfate, 

polyoxyethylene sorbitane, Tween 80, polyvinylpyrrolidone (Soukupova et al., 2008; 

Panacek et al., 2006; Kvitek et al., 2008). In one study, very smaller metallic NPs 

with a size of less than 10 nm were prepared by combining NaOH solution as 

reducing factor) and AgNO3 solution with starch as capping factor using a rotating 

reactor over a period of 10 minutes (Tai et al., 2008).  

2.2.2.3 Irradiation method 

Different types of irradiation techniques have been used for metal NPs synthesis; 

examples include laser irradiation (Mafuné et al., 2001), photo-sensitization (mercury 

lamp) (Eustis et al., 2005), microwave irradiation (Zhu et al., 2001), gamma 

radiolysis (Temgire et al., 2011). Use of stabilizers such as oligo-chitosan increases 

the efficiency of this method. 
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2.2.2.4 Heparin usage  

The synthesis of metal nanoparticles involves another green procedure in which the 

stabilizing agent heparin is used to stabilize the NPs, that also serves as nucleation 

and reducing agent (Huang and Yang 2004; Kim et al., 2013). Change in 

concentration of heparin directly influences the morphology of NPs. The natural 

occurring anticoagulant heparin is naturally occurring anticoagulant carbohydrate 

(Vismara et al., 2013). Heparin coated metal nanoparticles have been used in cancer 

theranostics (Lee et al., 2010; Nurunnabi et al., 2012) 

2.2.2.5 Polyoxometalates usage 

Ions of noble metals such as gold, platinum, silver, palladium etc. can be transformed 

into NPs at room temperature if mixed with reducing and stabilizing agents as well as 

photocatalyst such as polyoxometalates (POMs). Due to solubility in water and 

exhibiting redox reactions with undisturbed structure, polyoxometalates show high 

potential for metal NPs synthesis (Mitchell and Fuente, 2012).  

2.2.3 Biological routes 

It is well know that living systems play a significant role in remediation and uptake of 

metal ions and compounds and convert them into their less toxic forms. Based upon 

this strategy; a range of microbes has been studied for the production of metal 

nanoparticles (Li et al., 2012) of different nature and shapes from plants and 

microorganisms including bacteria, fungi, actinomycetes, yeast, algae and viruses 

(Kannan and Subbalaxmi, 2011). Use of plants and fungi are the current areas where 

bio-nanotechnology is focusing for fabrication of metal NPs. 

2.2.3.1 Bionanosynthesis by plants 

Biosynthesis of metallic NPs by reducing metallic ions has been reported using 

geranium (Pelargonium graveolens) leaves extract (Shankar et al., 2003). In a recent 

study, reducing agents for bioreduction of silver ions were extracted from Rumex 

hymenosepalus (Leon et al., 2013). By comparing bacteria, fungi or chemical 

methods, plant extract cause bio-reduction of metallic ions quickly. In another study, 

triangular gold nanocrystals were synthesized by using extract of lemongrass 
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(Cymbopogon flexuosus). Oat (Avena sativa) has also been used for biosynthesis of 

metallic nanoparticles (Armendariz et al., 2004). Metallic nanoparticles of noble 

metals Au, Ag, Pt metals of size range 1-15 nm were formed using plants extracts of 

Allium sativum (White II et al., 2012), Astragalus gummifer (Kora et al., 2012), 

Carica papaya (Jain et al., 2009), Chenopodium album (Dwivedi and Gopal, 2011), 

Cinnamomum camphora (Xin et al., 2010), Diopyros kaki (Song et al., 2010), 

Dioscorea oppositifolia (Maheswari et al., 2012), Gardenia jasminoides (Jia et al., 

2009), Hibiscus cannabinus (Bindhu and Umadevi, 2012), Jatropha curcas (Hudlikar 

et al., 2012). Different plants and their extracts can be used for nanoparticle 

biogenesis and still a lot opportunity lies in exploring this area (Shankar et al., 2004). 

2.2.3.2 Microbiological Routes 

Synthesis of NPs by microbes such as bacteria, fungi, yeasts and actinomycetes, have 

been reported intracellularly, extracellularly and on cellular membranes (Narayanan 

and Sakthivel, 2010; Kaler et al., 2010; Thakkar et al., 2010; Kannan and 

Subbalaxmi, 2011; Li et al., 2011; Zhang et al., 2011). Similar to conventional 

physico-chemical routes, microbiological synthesis procedures of NPs also involve 

bioreduction of metallic ions into metal NPs form (Govender et al., 2009; Karmakar 

et al., 2010). This has been or predicted to be associated with certain reducing, 

capping and stabilizing biomolecules such as proteins, amino acids, polysaccharides 

which are present in microorganisms (Barwal et al., 2011; Gade et al., 2010). 

Depending upon the localization of these biomolecules, microbial bionanosynthesis 

takes place either intracellularly or extracellularly.  

2.2.3.2.1 Bionanosynthesis by viruses 

Scientists of different disciplines have revealed the significance of viral tools in 

various applications (Pokorski and Steinmetz, 2010). In various studies, 

bionanosynthesis have been tried by employing viral proteins. Examples include 

tobacco mosaic virus (Tseng et al., 2006; Dujardin et al., 2003; Bromley et al., 2008; 

Royston et al., 2009), M13 bacteriophages (Lee et al., 2006) and other genetically 

engineered viruses (Lee et al., 2002). Viral synthesis of metallic nanoparticles have 

been carried out for iron oxide, SiO2, quantum dots,  Cd, Pb, Zn, ZnS-CdS NPs 

(Schmid, 1992; Henglein 1989; Shenton et al., 1999; Dixit  et al., 2006; Huang  et al., 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Steinmetz%20NF%5Bauth%5D
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2007; Sun et al., 2007; Shah et al., 2009; Steinmetz et al., 2009). Viral 

bionanosynthesis of NPs have been reported to be caused by various factors such as 

oxidative hydrolysis, co-crystallization, sol-gel condensation, glutamate and aspartate 

(Shenton et al., 1999), viral peptides (Mao et al., 2003), capsid proteins (Lee et al., 

2002; Mao et al., 2003). Viruses are considered as nano-containers, have been 

employed to encapsulate synthetic nano-materials (Douglas and Young, 1998), have 

been used as templates to synthesize metallic NPs and nanotubes by mineralization 

method (Shenton et al., 1999). Use of viral templates is leading to develop 

mineralized nanostructures for use in data storage devices and batteries (Lee et al., 

2009; Nam et al., 2008). 

2.2.3.2.2 Bionanosynthesis by actinomycetes  

Formerly, actinomycetes were considered as an important source for biosynthesis of 

secondary metabolites such as antibiotics etc. but they have currently they have also 

been screened for the synthesis of nanomaterials. Actinomycetes have been studied 

for synthesizing metal NPs both extracellularly and intracellularly. Thermomonospora 

sp. have been found for extracellular biosynthesis of monodispersed stable metal NPs 

coated with amide bands as capping and stabilizing agents (Ahmad et al., 2003a). 

Rhodococcus sp. was investigated for intracellular biosynthesis of metallic NPs on 

inner side of cell wall and cytoplasmic membranes, by reductases (Ahmad et al., 

2003b).  

2.2.3.2.3 Bionanosynthesis by algae 

Bionanosynthesis of metal NPs using algae remained unexplored till (2009-2010) but 

based upon previous studies in 1988 which exhibited that different alga have varying 

uptake abilities for metal ions and producing nanoparticles during detoxification 

process (Gekeler et al., 1988). Turbinaria conoides, a brown marine alga have been 

studied for Ag and Au NPs synthesis (Rajeshkumar et al., 2012; Rajeshkumar et al., 

2013). AgNPs were found to have spherical shaped with average size of 96 nm being 

synthesized at room temperature within few minutes of exposure to algal extract 

whereas AuNPs were observed to have 6 to 10 nm size range Amines and poly 

phenols were considered to be responsible for bioreduction of Ag
+
 ions (Rajeshkumar 

et al., 2012) whereas in case of AuNPs synthesis, fucoidan and polyphenolic 
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substances acted as reducing and stabilizing agents (Rajeshkumar et al., 2013). 

Another brown alga Stoechospermum marginatum was investigated for AuNPs 

synthesis within 10 minutes, with hexagonal and triangle shapes, size range was 18.7-

93.7 nm (Rajathi et al., 2012). The potential of nanobiosynthesis of two algae 

Sargassum sp. and Turbinaria sp. were studied for AgNPs (Sathishkumar et al., 

2013). Potential of Microalgae in biosynthesis of AgNPs was also studied 

(Mohseniazar et al., 2011). A gold shape-directing protein (molecular mass 29-kDa) 

in algal filtrate of green algae, Chlorella vulgaris, was investigated for biogenesis and 

bioreduction of hexagonal and triangular shaped AuNPs (Narayanan and Sakthivel, 

2010). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Mohseniazar%20M%5Bauth%5D
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Table. 2.2i: Biogenesis of nanoparticles (NPs) by different organisms. 

 

Organism 

Metal/ 

Non-

metal 

Size 

(nm) 

Growth conditions 
Biomolecules 

involved/ 

Mechanism 

Location 

of 

synthesis 

Characterization Applications Shapes References 
pH 

Temp 

(°C) 

Time 

(min/ 

hr) 

Plants 

Saururus 

chinenis 
Ag 38-54 - 50-95 24 hr Bio-mineralization E 

UV-Vis, XRD, 

FTIR, SEM, EDX 
- - 

Nagajyoti et 

al., 2011 

Vitis vinifera Ag 18-20 - 
Room 

temp. 
24 hr - E 

UV-Vis, DLS, 

EDS, TEM 
Antibacterial Spherical 

Roy et al., 

2013 

Avena sativa Au 5-20 2-4 - - - I HRTEM, FAAS - 

Tetrahedral, 

hexagonal, 

rod 

Armendariz et 

al., 2004 

 

Azadirachta 

indica 
Au 50-100 - - - - E - - - 

Shankar et al., 

2004 

 

Emblica 

Officinalis 
Au 15-25 - - - - E - - - 

Ankamwar  et 

al., 2005a 

 

Cinnamomum 

camphora 
Au 55-80 - - - - E - - - 

Huang et al., 

2007 

 

Tamarind Au 20-40 - - - - E - - - 

Ankamwar  et 

al., 2005b 

 

Medicago sativa Au 4-40 - - - - S - - Icosahedral 

Gardea-

Torresdey et 

al., 2002 

Medicago sativa Ag 2-20 - - - - R, S - - Spherical 

Gardea-

Torresdey et 

al., 2003 

Brassica juncea 
Au-Cu 

Cu-Ag 
5-50 - - - - PB - - - 

Marshall et al., 

2007 
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Chilopsis 

linearis 
Au - - - - - R, S, L - - - 

Rodriguez et 

al., 2007 

Sesbania 

drummondii 
Au 6-20 - - - - R, S - - Spherical 

Sharma et al., 

2007 

Brassica juncea Ag 50 - - - - PB - - Spherical 
Harris and 

Bali, 2008 

Medicago sativa Ag 2-1000 - - - - PB - - Spherical 
Harris and 

Bali, 2008 

Brassica juncea Ag 

10-30 

4-6 

 

- - - - R, S - - Spherical 

Beattie and 

Haverkamp, 

2011 

Brassica juncea Au 

2-40 , 

2-100, 

100 

- - - - R, St, L - - Spherical 

Beattie and 

Haverkamp, 

2011 

Brassica juncea Ag 2-35 - - - - St, L 
XANES, AAS, 

TEM 
- - 

Haverkamp 

and Marshall, 

2009 

Viruses 

Tobacco mosaic 

virus (TMV) 

PbS , 

SiO2, 

Fe2O3 

and 

CdS, 

- - - - - - - - - 
Shenton et 

al., 1999 

M13 

bacteriophage 

ZnS, 

CdS 

560×20 

nm 
- - - - - - - - 

Lee et al., 

2002; Mao 

et al., 2003 

Algae 

Turbinaria 

conoides 
Ag 96 - 

Room 

temp. 
- 

Amines, 

Polyphenols 
E 

UV-Vis, XRD, 

SEM, FTIR 
Antimicrobial Spherical 

Rajeshkumar 

et al., 2012 

Turbinaria 

conoides 
Au 60 - 

Room 

temp. 
- - E SEM, EDS Antibacterial 

Triangle, 

rectangle, 

square 

Rajeshkumar 

et al., 2013 

Turbinaria 

conoides 
Au 6-10 - 

Room 

temp. 
10 min 

Fucoidan, 

Polyphenolics 
E XRD, FTIR - 

Spherical, 

Trianlge 

Rajeshkumar 

et al., 2013 
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Sargassum 

muticum 
Fe3O4 18 - 40 90min 

Hydroxyl, sulphate 

and aldehyde 

group 

E 

XRD, FTIR, 

FESEM, EDXRF, 

VSM, TEM 

- Cubic 
Mahdavi et 

al., 2013 

Saccharomyces 

cerevisiae 

Au 

 
- - - - - E - - - 

Lin et al., 

2005 

Sargassum 

wightii 
Au 8-12 - - - - E - - - 

Singaravelu  

et al., 2007 

 

Fucus 

vesiculosus 

Au 

 
- - - - - E - - - 

Mata et al., 

2009 

Chlorella 

vulgaris 

Au 

 
- - - - - - - - - 

Jianping et 

al., 2007 

Note: E= extracellular; I= intracellular; S= shoots; St= stems; L= leaves; R= roots; PB= plant biomass 
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2.2.3.2.4 Bionanosynthesis by bacteria 

2.2.3.2.4.1 Intracellular nanosynthesis 

A large number of bacterial species have been investigated for intracellular 

bionanosynthesis of metallic and non-metallic nanoparticles the details are as under; 

2.2.3.2.4.1.1 Metallic nanomaterials 

Intracellular metal nanoparticles synthesis has been reported in various bacteria as 

bionanofactories (Lengke et al., 2006). Generally, both bacterial domain showed has 

been vital component in bio-geocycles. This ability has helped them in transformation 

of various compounds and elemental metal in nature (Lowenstam, 1981; Southam and 

Saunders, 2005). Highly toxic concentration of metal ions is detoxified by bacteria 

through reduction or oxidation, precipitation or complexation, transportation or efflux 

systems etc. (Mergeay et al., 2003). These properties have labeled them as potential 

bioremediation agents in soil and aquatic environments. In this perspective, bacteria’s 

role in biogenesis of nanoparticles has also been elucidated last couple of decades. 

Thus, the synthesis of intracellular metal nanoparticles including gold, silver, gold-

silver alloy, platinum, palladium, uranium has been investigated in several bacterial 

strains. 

Gold nanoparticles 

Bacillus subtilis 168 precipitated gold (Au
+3

) ions to Au
0
 nanoparticles with 

octahedral morphology has been reported onto their cell walls (Beveridge and 

Murray, 1980; Southam and Beveridge, 1994). Another bacterium, Geobacter 

ferrireducens reduced Au ions in periplasmic space to produce AuNPs (Kashefi et al., 

2001). Shewanella algae also reduced Au
+3

 ions to elemental AuNPs at 25°C in 

periplasmic space and on its cell surface. However, under different pH conditions 

different sizes of NPs were observed (Konishi et al., 2007). A cyanobacterium, 

Plectonema boryanum UTEX485, synthesized AuNPs at 25 to 200°C with the help of 

some outer membrane proteins, lipopolysaccharides and phospholipids. This synthesis 

has been linked with specified detoxification mechanisms in bacteria (Lengke et al., 

2006a; Lengke et al., 2006b). Morphologically, spherical, triangular or hexagonal 

AuNPs has been bio-reduction of reported on cell surface in Escherichia coli DH5α 
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with morphologies (Du et al., 2007). Moreover, this synthesis has been related with 

plasma membrane-associated NADPH-dependent enzymes and carotenoids in 

Rhodobacter capsulatus mediated biosynthesis of AuNPs (Feng et al., 2007). 

Silver nanoparticles 

Broadly, AgNPs synthesis has been associated with bacterial cell surfaces. In case of 

Pseudomonas stutzeri AG259 crystalline of silver sulfide acanthite (Ag2S) were 

located in periplasmic space with monoclinic, triangular, equilateral, and hexagonal 

morphologies (Joerger et al., 2000; Klaus et al., 1999). It was associated with cell 

surfaces which were initially linked with biosorption and then reduction Ag
+
 ions to 

form AgNPs in Lactobacillus sp. A09 at 30°C (Fu et al., 2000). For the formation of 

AgNPs, the nucleation sites are considered to be provided by silver-binding proteins 

which provide amino acid moieties. Silver crystals with face-centered cubic (fcc) 

morphology were precipitated by AG3 and AG4 (silver precipitating peptides). 

Bacillus sp. also synthesized AgNPs in its periplasmic space (Pugazhenthiran et al., 

2009). This accumulation or precipitation of Ag at cell wall at 60 °C has also been 

considered as a detoxification process facilitated through periplasmic proteins (Zhang 

et al., 2005).  

Other metals 

Synthesis of bimetallic NPs has also been reported in few bacteria, Biogenesis of 

silver, gold, and gold–silver alloys was investigated by employing B. subtilis 

(Beveridge and Murray, 1980), P. stutzeri (Joerger et al., 2000; Klaus et al., 1999), 

Lactobacillus sp. (Nair and Pradeep, 2002), Corynebacterium sp. (Zhang et al., 2005), 

sulfate-reducing bacteria (Lengke and Southam, 2006), P. boryanum (Lengke et al., 

2006a; Lengke et al., 2006b), S. algae (Konishi et al., 2007), E. coli (Du et al., 2007), 

R. capsulatus (Feng et al., 2007), and Bacillus sp. (Pugazhenthiran et al., 2009) with 

spherical, hexagonal and cubic morphologies. Intracellular bacterial synthesis of 

platinum (Pt) NPs was observed in S. algae in its periplasmic space between inner and 

outer membranes. Palladium (Pd) NPs were intracellularly synthesized by 

Desulfovirio desulfuricans NCIMB 8307 which reduced Pd nanocrystals on its cell 

surface with the help of formate (electron donor) (Yong et al., 2002). In a similar 

study, S. oneidensis MR-1 was revealed to form Pd nanocrystals inside periplasmic 
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space as well as on the cell wall (Windt et al., 2005). Uranium nanocrystals in the 

form of urinate (UO2) were found to be precipitated by Desulfosporosinus sp., on its 

cell surface, which can be helpful in minimizing the contamination of soluble 

radionuclides in soils and sediments by transforming the soluble to insoluble form 

(Suzuki et al., 2002). 

Magnetic nanomaterials 

Intracellular bacterial biosynthesis of magnetic nanocrystals of magnetite (Fe3O4) 

nanoparticles was found to be exhibited by various bacteria including Aquaspirillum 

magnetotacticum (Mann et al., 1984), Magnetospirullum magnetotacticum (Philipse 

and Mass, 2002), M. magnetotacticum MS-1 (Lee et al., 2004), M. gryphiswaldense 

(Lang and Schuler, 2006), Candidatus Magnetoglobus multicellularis (Perantoni et 

al., 2009), Magnetotactic bacterium MV-1 (Bazylinski et al., 1988), Sulfate reducing 

bacteria (Watsona et al., 1999). Biomineralized magnetite NPs are usually 

synthesized by magnetotactic bacteria which possess specific structures called 

magnetosomes in their cells. These magnetotactic bacteria live in marine and fresh 

water sediments and produce intracellular, membrane-bound magnetite (Blakemore et 

al., 1979), pyrrhotite (Farina et al., 1990), ferromagnetic iron sulfide, greigite (Fe3S4) 

(Bazylinski et al., 1993) and sometime non-magnetic mineral (e.g. iron pyrite) in the 

form of chains (Mann et al., 1990). The magnetic NPs are separated from solution by 

using high-gradient magnetic separators. The magnetosomes generate both crystalline 

and non-crystalline magnetic nanocrystals of predominant morphologies including 

octahedral, highly ordered single or multiple chains, irregular faceted cub-octahedral 

shape, parallelepiped, octahedral or hexagonal prism like shapes, anchored and 

assembled in phospholipids membranes of bacteria. 

Sulphide nanomaterials 

The semiconductor nanocrystals of cadmium sulphide (CdS) were intracellularly 

synthesized by various bacteria including, Klebsiella pneumonia (Smith et al., 1998), 

Clostridium thermoaceticum (Cunningham and Lundie, 1993) and E. coli (Sweeney et 

al., 2004). It was noticed that, CdS nanocrystals were precipitated by the action of 

cysteine desulfhydrase which caused desulfhydration of cysteine either on cell 

surfaces or in medium. These bio-mediated semiconductor CdS nanoparticles 
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exhibited optical and photoactive properties and showed spherical and elliptical 

shapes. In another study, spherical NPs of ZnS were biologically synthesized by 

microbes belonging to Desulfobacteriaceae (Labrenz et al., 2000). 

2.2.3.2.4.1.2 Non-metallic nanomaterials 

Bionanosynthesis of non-metals like selenium have also been investigated. Various 

bacteria including Stenotrophomonas maltophilia SELTE02 (Gregorio  et al., 2005), 

Enterobacter cloacea SLD1a-1 (Losi and Frankenberger, 1997), Rhodospirullum 

rubrum (Kessi et al., 1999), Desulfovibrio desulfuricans (Tomei et al., 1995), E. coli 

(Gerrard et al., 1974; Silverberg et al., 1976), P. stutzeri (Lortie  et al., 1992), 

Tetrathiobacter kashmirensis (Hunter and Manter, 2008), P. aeruginosa SNT1 

(Yadav et al., 2008) have been found to deposit selenium NPs after bio-reducing 

selenite to elemental selenium in cell cytoplasm, periplasmic space and extracellularly 

with different shapes like granular, spherical, fibrillar or in aggregates.  

2.2.3.2.4.2 Extracellular nanosynthesis 

A number of bacteria have been studied for their potential of extracellular 

bionanosynthesis. 

2.2.3.2.4.2.1 Metallic nanomaterials 

Gold nanoparticles 

Bioreduction of Au
+3

 into metallic AuNPs was observed by Rhodopseudomonas 

capsulata at room temperature (He et al., 2007). The particles were observed with 

spherical and triangular morphology. Formation of different sizes and shapes of these 

NPs were found pH dependent of the reaction mixture. Moreover, presence of 

reducing and capping proteins of 14-98 kDa size were confirmed through SDS-PAGE 

analysis. Iron (Fe
+3

) reducing archea and bacteria such as Pyrobalaculum islandicum, 

S. algae, G. sulfurreducens, Thermotoga maritim and Pyrococcus furious, mediated 

precipitation of gold from ionic to metallic form in the presence of hydrogen(Kashefi 

et al., 2001). Au
+3

 reductases near the cell surfaces caused this precipitation. P. 

aeruginosa (ATCC 90271, strain 1 and strain 2) mediated synthesis of AuNPs was 

revealed by (Husseiny et al. 2007). Due to surface plasmon resonance of bigger NPs, 
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medium color changed from pink to blue. B. megatherium D01 in dried form, 

synthesized spherical AuNPs at 26 °C by reducing gold salts by using dodecanethiol 

as capping agent for stabilizing NPs and also altering size, shape and monodispersity 

of NPs (Wen et al., 2009). The morphologies of AuNPs fabricated by P. aeruginosa, 

R. capsulata, and B. megatherium D01 were found to be nanowires triangular and 

spherical in shape ranging in size from 1.9–400 nm. 

Silver nanoparticles 

Dried cells of Aeromonas sp. SH10 were used to produce monodispersed AgNPs with 

uniform size and stability (Mouxing et al., 2006). A rapid synthesis of AgNPs was 

observed by bioreduction of silver (Ag
+
) ions to metallic Ag

0
 by the action of culture 

supernatants of E. coli, Enterobacter cloacae and K. pneumonia (Shahverdi et al., 

2007). The bioreduction was inhibited when piperitone was added to the reaction 

mixture which confirmed the presence of nitro-reductase. Extracellular synthesis of 

AgNPs was also observed by B. licheniformis (Kalishwaralal et al., 2008). Biogenesis 

of AgNPs was also demonstrated in cellulose membranes of Acetobacter xylinum 

when bacterial cultures were exposed to the solution containing Ag
+
 ions and tri-

ethanol-amine (Ag
+
-TAE) (Barud et al., 2008). Extracellular synthesis of AgNPs with 

spherical morphology was observed by bacteria such as E. cloacae, Aeromonas sp. 

SH10, E. coli, A. xylinum, B. licheniformis, Morganella sp., and K. pneumonia 

(Parikh et al., 2008).  

Other nanoparticles 

Nanoparticles of platinum were reported extracellularly by the action of various 

bacteria such as P. boryanum UTEX 485 and Cyanobacterium with diverse 

morphologies comprising dendritic, spherical and bead like chains (Lengke et al., 

2006). P. boryanum UTEX 485 synthesized PtNPs at 25 to 100 °C. Spherical shaped 

NPs of titanium in the form of aggregates were synthesized extracellularly by 

Lactobacillus sp. culture filtrate (Prasad et al., 2007). Acellular extracts of 

Micrococcus lactilyticus precipitated uranium NPs by reducing soluble U
6+

 to 

insoluble U
4+

 (Woolfolk and Whiteley, 1962). Alteromonas putrefaciens generated 

uranium NPs reacted with hydrogen (electron donor) and U
6+

 (electron acceptor) 

(Myers and Nealson, 1988; Lovley et al., 1989). Uranium NPs were produced by G. 
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metallireducens GS-15 when under anaerobic conditions acetate (electron donor) and 

U
6+

 (electron acceptor) carried out bioreduction of uranium ions (Lovley et al., 1991). 

Due to presence of MtrC (c-type cytochrome) on external membrane of S. oneidensis 

MR-1, it carried out bioreduction of uranium ions with UO2-EPS (polymeric 

substance) extracellularly as well as in periplasm (Marshall et al., 2006).   

Magnetic nanomaterials 

Extracellular biosynthesis of magnetite NPs has been carried out by some non 

magnetotactic bacteria. Geobacter metallireducens GS-15, a non magnetotactic 

bacterium isolated from river bottom, produced ultrafine magnetite NPs by reducing 

ferric oxide (Lovley et al., 1987). In this process ferric ions (electron acceptors) 

reacted with organic matter (electron donors). Magnetite nanoparticles with 

octahedral morphology were synthesized extracellularly at 25°C by another bacterial 

strain named as TOR-39 (Zhang et al., 1998). Bacteria were noted to act as 

biocatalysts for precipitation of magnetite NPs. Ferric reducing bacteria, TOR-39, and 

Thermoanaerobacter ethanolicus mediated electrochemical reaction which octahedral 

transition metals (Ni, Cr, Co) substituted magnetic nanocrystals were synthesized 

(Roh et al., 2001). The production of quasi-spherical magnetite nanocrystals were 

demonstrated by (Bharde et al. 2005) by employing Actinobacter sp. (non-

magnetotactic bacterium). Two proteins of MW 70 and 120 kDa were induced to 

transform iron precursors (K4[Fe(CN)6], K3[Fe(CN)6]) into magnetite NPs. Magnetite 

NPs with quasi-spherical and octahedral morphologies were synthesized 

extracellularly by TOR-39, G. metallireducens, and Actinobacter sp. (Bharde et al., 

2005). Cubic spinel-shaped single-crystalline ferromagnetic Co3O4 nanoparticles were 

synthesized by Brevibacterium casei (Kumar et al., 2008) which is a metal-tolerant 

bacterium by using aqueous cobalt acetate as precursor.  

Sulfide nanomaterials 

Klebsiella aerogenes was found to produce spherical shaped nanocrystals of CdS 

bound on cell wall after reduction of Cd
2+

 in culture medium (Holmes et al., 1995). A 

photosynthetic bacterium Rhodopseudomonas palustris as demonstrated by (Bai et al. 

2009) produced extracellular nanocrystals of CdS with spherical morphology. The 

production of CdS nanocrystals was thought to be mediated by action of cysteine 
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desulfhydrase. In case of Gluconoacetobacter xylinus, after precipitation CdS 

nanoparticle were found to be deposited on bacterial cellulose nanofibres (Li et al., 

2009). R. palustris (Lovley et al., 1991), K. aerogenes (Holmes et al., 1995), R. 

sphaeroides and G. xylinus (Li et al., 2009) synthesized semiconductor NPs with 

spherical shape. Rhodobacter sphaeroides (Bai et al., 2006), in immobilized form, 

produced monodispersed, spherical semiconductor zinc sulfide (ZnS) and lead sulfide 

(PbS) nanoparticles extracellularly.  

2.2.3.2.4.2.2 Non-metallic nanomaterials 

Selenium has semiconducting and photooptical properties with applications in 

microelectronic circuits and photocopiers like devices. Uniform stable nanospheres of 

selemnium were extracellularly synthesized by few bacteria including B. 

selenitireducens, Selenihalanaerobacter shriftii, and Sulfurospirillum barnesii by 

transforming elemental selenium (Se
0
) to monoclinic crystalline form with unique and 

complex nanosized aggregation of selenium atoms by the process of bioreduction 

(Oremland et al., 2004). Reduction of tellurite to elemental tellurium by S. barnesii 

and B. selenireducens resulted in the synthesis semiconductor tellurium NPs. Initially, 

B. selenireducens produced tellurium smaller nanorods which later clustered together 

and produced large rosettes. In case of S. barnesii, small irregular crystalline 

nanospheres were created (Baesman et al., 2007).  

2.2.3.2.5  Bionanosynthesis by Yeast  

2.2.3.2.5.1 Intracellular nanosynthesis 

For the synthesis of semiconductors, yeast is considered as apotential eukaryote. 

Monodispersed, peptide bound, spherical, quantum crystallites of CdS were 

synthesized by Candida glubrata by formation of complex between phytochelatins 

and metal–thiolate (Dameron et al., 1989). CdS NPs with hexagonal morphology 

were synthesized by Schizosaccharomyces pombe (Kowshik et al., 2002). By the 

action of aldehyde groups of reducing sugars, S. cerevisiae was seen to bioreduce and 

biosorb gold ions in peptidoglycan layer. Similary, Pichia jadinii (Candida utilis) was 

found to form triangular, spherical, and hexagonal shaped AuNPs inside the cell 

(Gericke and Pinches, 2006 a, b). In another study, cell wall bound AuNPs were 
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produced by Yarrowia lipolytica NCIM 3589 (Agnihotri et al., 2009). NPs of 

antimony oxide (Sb2O3) with spherical and face-centered cubic unit cell were 

synthesized by S. cerevisiae possibly by radial tautomerization of membrane bound 

quinines or oxidoreductases (Jha et al., 2009). 
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Table. 2.2ii: Biogenesis of nanoparticles (NPs) by different bacteria. 

 

Organism 

Metal

/ 

Non-

metal 

Size 

(nm) 

Growth conditions 
Biomolecules 

involved/ 

Mechanism 

Location 

of 

synthesis 

Characterization Applications Shapes References 
pH 

Temp 

(°C) 

Time 

(min/ 

hr) 

Klebsiella 

pneumonia 
Ag 1-6 6 - 20 min - E 

UV-Vis, XRD, 

AAS. TEM 
- - 

Mokhtari et al., 

2009 

Staphylococcus 

aureus 
- 

120-

180 
- - 

05 

Min 
- E - - - 

Nanda and 

Saravanan, 2009 

Idiomarina spp. 

PR58-8 

Ag 

 
26 8.2 - 6-48 hr 

Non-protein 

thiols 
I 

UV VIS, XRD, 

SEM, TEM 
- - 

Seshadri et al., 

2012 

K. pneumoniae 
Au 

 

35-

65 
- - 24hr - E FTIR,TEM,XRD - Spherical 

Malarkodi et al., 

2013 

Pseudomonas spp. 
Ag 

 

156- 

265 
- - 24 hr - I SEM, UV-Vis   

Thomas et al., 

2012 

Morganella spp. 
Ag 

 
8-46 - 37  - E 

UV-Vis, TEM, 

XRD 
  

Parikh et al., 

2011 

Gluconacetobacter 

xylinus 

Ag 

 
30 13-14 

Room 

temp. 
24 hr 

Hydroxylamine 

with gelatin. 
E XRD, SEM Antibacterial Spherical 

Maria et al., 

2010 

Halorubrum 

xinjiangense. 

Au, Ag 

and 

Au-Ag 

89,37

,63 
- 40-80 - α-amylase E 

UV-Vis, EDX, 

SEM, FTIR, LLS 
- Spherical 

Moshfegh et al., 

2011 

Bacillus subtilis 

168 
Au 5–25 - - - - I - - Octahedral 

Beveridge and 

Murray, 1980 

Shewanella algae Au 
10-

20 
- - - - I - - - 

Lengke et al., 

2006a 

Plectonema 

boryanum 

UTEX485 

Au 10 - - - - I - - Cubic 
Lengke et al., 

2006b 

Escherichia coli 

DH5α 
Au - - - - - I - - Spherical Du et al., 200 

Rhodobacter 

capsulatus 
Au - - - - - I - - - Feng et al., 2007 

P. stutzeri AG259 
Ag, 

Ag2S 
200 - - - - I - - - 

Joerger et al., 

2000; Klaus et 
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al., 1999 

Corynebacterium 

spp. SH09 
Ag 

10-

15 
- - - - I - - - 

Zhang et al., 

2005 

Bacillus spp. Ag 5-15 - - - - I - - - 
Pugazhenthiran  

et al., 2009 

Lactobacillus spp. 

Au, 

Ag, 

Au–Ag 

20-

50 
- - - - I - - Hexagonal 

Nair B, Pradeep, 

2002 

P. aeruginosa SNT1 Se - - - - - I - - Spherical 
Yadav et al., 

2008 

S. algae Pt 5 - - - - I - - - 
Konishi et al., 

2007 

Desulfovibrio 

desulfuricans 

NCIMB 8307 

Pd 50 - - - - I - - - 
Yong et al., 

2002 

S. oneidensis MR–1 Pd - - - - - I - - - 
De Windt et al., 

2005 

Aquaspirillum 

Magnetotacticum 
Fe3O4 

40-

50 
- - - - I - - Octahedral 

Mann et al., 

1984 

Magnetotactic 

bacterium MV-1 
Fe3O4 

40×4

0×60 
- - - - I - - 

Parallelepip

ed 

Bazylinski et al., 

1988 

Magnetotactic 

Bacterium 

Fe3S4, 

FeS2 
7.5 - - - - I - - 

Octahedral/

Cubo-

octahedral 

Mann et al., 

1990 

Magnetospirillum 

Magnetotacticum 
Fe3O4 47.1 - - - - I - - 

Cubo-

octohedron

s 

Philipse and 

Maas, 2002 

M. 

magnetotacticum 

(MS-1) 

Fe3O4 50 - - - - I - - 
Cuboctahed

ral 
Lee et al., 2004 

M. gryphiswaldense 
Magne

tite 

35-

120 
- - - - - - - 

Cubo-

octahedral 

hexagonal 

Lang C, Schuler, 

2006 

Note: E= extracellular; I= intracellular 
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2.2.3.2.5.2 Extracellular nanosynthesis 

Extracellular bionanosynthesis of AgNPs was reported only by silver-tolerant yeast 

MKY3, which fabricated AgNPs with hexagonal morphology (Kowshik et al., 2003). 

2.2.3.2.6 Bionanosynthesis by fungi 

With the advent of nanotechnology, fungi are considered very important by providing a 

greener alternative to conventional methods used for NPs synthesis. Bionanosynthesis 

of metallic nanoparticles using fungi has been found considerably advantages in 

comparison with other microbial synthesis procedures (Narayanan and Sakthivel, 

2010). In contrast to bacteria, fungi can be easily cultivated at large scale in terms of 

their biomass which thereby secrete high amount of metabolites including enzymes 

extracellular that could help in synthesis of NPs (Das and Marsili, 2011). In 

bioreactors, fungal mycelia can easily manipulate and it can tolerate agitation and 

other conditions much easily than bacteria and plant materials. Through downstream 

processing, extracellular fungal secretions of reducing biomolecules can easy be 

collected (Mukherjee et al., 2002; Senapati et al., 2004; Ahmad et al., 2003). 

Nanoparticles formed after mycogenesis can be used directly, as they are used to 

devoid of unnecessary cellular components (Narayanan and Sakthivel, 2010). 

Recently, many fungi have been analyzed for mycogenesis of metallic NPs; examples 

include Fusarium oxysporum (Mukherjee et al., 2002; Senapati et al., 2004; Ahmad et 

al., 2005; Bansal et al., 2004; Bansal et al., 2005; Bansal et al., 2006; Rautaray et al., 

2004; Riddin et al., 2006; Kumar et al., 2007; Uddin et al., 2008; Syed and Ahmad, 

2013), Colletotrichum sp., (Shankar et al., 2003), Trichothecium sp., T. viride, T. 

asperellum (Ahmad et al., 2005; Mukherjee et al., 2008; Fayaz et al., 2010), F. solani 

USM 99 (Ingle et al., 2009), F. semitectum (Basavaraja et al., 2008), Phoma 

glomerata (Birla et al., 2009), Phaenerochaete chrysosporium (Vigneshwaran et al., 

2006), Coriolus versicolor (Sanghi and Verma, 2009), Aspergillus niger (Gade et al., 

2008), Penicillium brevicompactum (Shaligram et al., 2009), Cladosporium 

cladosporioides (Balaji et al., 2009), Penicillium fellutanum (Kathiresan et al., 2009), 

A. fumigatus (Bhainsa and D'Souza, 2006), Aspergillus flavus (Vigneshwaran et al., 

2007; Ninganagouda et al., 2013), Aspergillus terreus (Li et al., 2012; Zare et al., 

2013) and Volvariella volvaceae (Philip, 2009). Generally, these fungi belong to the 

class/group or filamentous fungi (Punt et al., 2002). However, the synthesis varied 

http://en.wikipedia.org/wiki/Nanotechnology
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from intracellular to extracellular and affected by pH, temperature, salt concentration, 

shaking conditions etc. 

2.2.3.2.6.1 Intracellular nanosynthesis 

It is assumed that intracellular mycogenesis of NPs results in smaller NPs as 

compared those produced by extracellular mycogenesis. 

Gold nanoparticles 

Intracellular synthesis of Au nanoparticles has been reported indifferent species of 

Trichothecium (Ahmad et al., 2005) and Verticillium (Gericke and Pinches, 2006a; 

2006b). The shapes of the NPs varied fromspherical and rods to quasi-hexagonal. 

Synthesis was located has been reported to  synthesize AuNPs of spherical, triangular, 

hexagonal shaped AuNPs on cytoplasmic membrane and the cell wall surface in one 

case of Verticillium sp. (AAT-TS-4) (Mukherjee et al. 2001), while inside the cells of 

Trichothecium sp. (Ahmad et al., 2005) and Verticillium luteoalbum (Gericke and 

Pinches, 2006a; 2006b) in other reports. Besides, V. luteoalbum mediated AuNPs 

exhibited different morphologies when it was incubated with Au salt solutions at 

different pH. 

Silver nanoparticles 

Phoma sp. 32883 (Chen et al., 2003) and Phoma sp. PT35 (Pighi et al., 1989) 

generated AgNPs by the process of biosorption. Fungal biomass of Verticillium sp. 

when exposed to AgNO3 solution, it produced AgNPs beneath the cell surface within 

72 hr (Mukherjee et al., 2001; Senapati et al., 2004). Aspergillus flavus mediated 

AgNPs biosynthesis was observed on fungal cell wall surface when fungus biomass 

was incubated with AgNO3 solution for 72 hr (Vigneshwaran et al., 2007). A. flavus 

and Verticillium sp. generated AgNPs with quasi-hexagonal, spherical and rod shaped 

morphologies of size range varied from 8.92 to 25 nm. 

2.2.3.2.6.2 Extracellular nanosynthesis 

Fungi have reported for secreting various extracellular metabolites. These varied from 

reducing (Duran et al., 2005) to certain capping agents (Balaji et al., 2009). 
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Extracellular synthesis procedures involve either reacting metal salts; directly with the 

biomass (Devi et al., 2012; Vahabi et al., 2011) or with extracellular filtrate of fungi 

(Li et al., 2012). The reaction time varies from 10 min (A. fumigatus) to 78 hrs 

(Cladosporium cladosporioides). Extracellularly fabricated metal nanoparticles also 

lack unnecessary cellular material and they ideally used in some previous reports 

(Duran et al., 2005; Ahmad et al., 2003; Wen et al., 2009). Fungi, due to their 

enormous secretory potential, are considered perfect for extracellular 

bionanosynthesis of metal nanoparticles. However, the procedures need to be clearly 

understood in order to cater high through in terms of high quality NPs in limited 

amount of time.  

2.2.3.2.6.2.1 Metallic nanomaterials 

Gold nanoparticles 

Bioreduction of Au ions into spherical and polydispersed NPs ranging from 8-40 nm 

was observed in case of endophytic fungus, Colletotrichum sp., (Shankar et al., 2003). 

Capping agents was glutathiones that bound either through cysteine residues or by 

free amine group (Gole et al., 2001). Under static conditions Trichothecium sp. 

(Ahmad et al., 2005) reduced gold ions to polydispersed AuNPs with triangular, 

hexagonal, spherical rod-like shapes. Some loosely bound specific proteins were 

found to be involved in the bionanosynthesis. Colletotrichum sp. (Shankar et al., 

2003) and F. oxysporum (Mukherjee et al., 2002), mediated Au nanoparticles were 

found to have triangular, spherical, and hexagonal morphologies with 5–200 nm in 

size. Recently, Thakker et al., in 2013 reported the mycogenesis of protein-capped 

AuNPs using a plant pathogenic fungus F. oxysporum f. sp. cubense JT1 (FocJT1) 

when exposed to Au chloride solution. These NPs were synthesized within 60 min 

with 22 nm size. 

Silver nanoparticles 

A. fumigatus produced monodispersed AgNPs as reported by Bhainsa and D'Souza in 

2006. These NPs exhibited variable shapes but mostly triangular and spherical in 

shape with a size range of 5-25 nm. This mycogenic bio-reduction is very fast one as 

compared to physical and chemical processes as it took 10 min to complete. P. 
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chrysosporium exhibited extracellular synthesis of pyramidal AgNPs when exposed 

AgNO3 solution (Vigneshwaran et al., 2006). Scanning electron microscopy showed 

that AgNPs formed on mycelial surface due to reductase enzymes. Polydispersed 

AgNPs were stabilized by the thick capping agent. Biogenesis of spherical, 

polydispersed and stable AgNPs was demonstrated by Basavaraja et al. in 2008 using 

a fungus F. semitectum. When the fungal culture filtrate was exposed to silver (Ag
+
) 

ions, the ions reduced to form AgNPs. Similarly, AgNPs with spherical morphology 

were also formed using A. niger through bioreduction of silver ions by activity of 

enzyme nitrate reductase and quinine (Gade et al., 2008). These biogenic NPs were 

found to be stabilized by some fungal proteins. In another study, F. solani (USM-

3799) was found to synthesize AgNPs which were polydispersed and spherical in 

shape (Ingle et al., 2009). Mycosynthesis of spherical AgNPs was reported by the 

action of fungi F. acuminatum EII and Ev. (USM-3793), with a size range from 5 nm 

to 40 nm (Ingle et al., 2008). 

AgNPs with well-defined structure and stability were generated by Trichoderma 

asperellum (Mukherjee et al., 2008). The culture filtrate of P. glomerata on exposure 

with silver ions in AgNO3 solution, mediated the biogenesis of AgNPs with spherical 

morphology (Birla et al., 2009). Spherical AgNPs were synthesized intra and 

extracellularly with the help of reducing and capping fungal proteins of C. versicolor 

(Sanghi and Verma, 2009). Recently, a fungus, P. fellutanum isolated from 

rhizosphere was observed for its biogenetic potential to fabricate AgNPs with the help 

of a 70 kDa protein (Kathiresan et al., 2009). T. viride mediated AgNPs were found to 

exhibit antimicrobial action (Fayaz et al., 2010). In case of a fungus, P. 

brevicompactum WA2315, biogenesis of AgNPs was carried out by a protein 

compactin within 72 hr (Shaligram et al., 2009). The mycogenesis of AgNPs was also 

revealed by a fungus C. cladosporioides. The NPs were observed to exhibit 

polydispersity and spherical and variable crystal shapes. The mycogenesis was 

thought to be carried out by polysaccharides organic acids and proteins by fungal cells 

(Balaji et al., 2009). The mycogenic AgNPs fabricated by F. oxysporum, T. viride, T. 

asperellum, F. acuminatum, F. solani, P. chrysosporium, P. brevicompactum, F. 

semitectum, A. fumigatus, V. volvacea, C. versicolor, A. niger, P. glomerata, C. 

cladosporioides and P. fellutanum were found to exhibit spherical, pyramidal, 

triangular and rod-like morphologies with size varying from 5–200 nm (Sanghi and 
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Verma, 2009; Kathiresan et al., 2009; Shaligram et al., 2009; Balaji et al., 2009). 

Fungal culture filtrate of a saprophytic fungus, V. volvacea formed NPs of gold, silver 

and sliver-gold alloy (Philip, 2009). AuNPs showed triangular, hexagonal and 

spherical morphologies with size range 20-150 nm while AgNPs showed only 

spherical morphology having size of approximately 15 nm, NPs of Ag–Au alloy were 

produced by the process of co-reduction in these metal ions. Surface plasmon 

resonance of these bimetallic nanoparticles was enhanced as the molar ration was 

increased. In another study, mycosynthesis of spherical, well-dispersed AgNPs was 

investigated using fungus T. harzianum (Singh and Raja, 2011). A. terreus mediated 

green synthesis of AgNPs was recently observed by Li et al. in 2012. The mycogenic 

NPs were reduced by a nicotinamide adenine dinucleotide in the presence of some 

extracellular enzymes.  

Other nanoparticles 

The fungus which is has been studied the most for its metal NPs biogenesis potential 

is F. oxysporum which formed various metal NPs including silver, gold, Ag-Au 

bimetallic alloy, quantum dots, silica, zirconia, titania, magnetite, bismuth oxide and 

titanate and strontianite extracellularly. Mycogenesis of PtNPs was reported in F. 

oxysporum f. sp. lycopersici, intracellular as well as extracellular, on cell membrane 

and cell wall with size ranging from 10 to 100 nm having triangular, hexagonal, 

squares and rectangular morphologies within 28 hr (Riddin et al., 2006). 

Mycosynthesis of cubo-octahedral shaped NPs of iron oxide was studied using a 

phytofungus, Verticillum sp. (Bharde et al., 2006). These magnetite NPs were 10–40 

nm in size with cubic morphology. Proteins of 55 kDa and 13 kDa, secreted 

extracellularly were reported hydrolyzing precursor molecules, and capping the 

magnetite NPs. Mycosynthesis of AuNPs using F. oxysporum with triangular and 

spherical morphology has been reported by Mukherjee et al. in 2002 ranging from 20 

to 40 nm in size. Amide I and II bands were observed FTIR studies. NPs were 

stabilized by protein having mass between 66 kDa and 10 kDa as revealed through 

electrophoresis studies. Biosynthesis of NPs of silver and Ag-Au bimetallic alloy 

using was F. oxysporum was studied by Senapati et al. in 2004, 2005 

Bionanosynthesis of needle shaped nanocrystals of strontianite (SrCO3) was observed 

when carbonate (CO
3-

) ions from fungal origin reacted with strontium ions (Rautaray 
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et al., 2004). Furthermore, irregular quasi-spherical shaped NPs of barium titanate 

(BaTiO3) as ternary oxide were also reported by this fungus. F. oxysporum revealed 

the biogenesis of quasi-spherical shaped magnetite nanocrystals when exposed to salts 

of potassium ferricyanide (K3[Fe(CN)6]) and potassium ferrocyanide (K4[Fe(CN)6]) 

within 24 hr (Bharde et al., 2006). Spherical and fluorescent quantum dots (CdSe) 

were produced by F. Oxysporum when the fungal filtrate was incubated with SeCl4 

and CdCl2 (Kumar et al., 2007). These quantum dots were water soluble, stable and 

showed polydispersity with a sized range of 9-15 nm and surface plasmon resonance 

wavelength was shown at 370 nm. There are few Fusarium species which are not able 

to synthesize metal NPs such as Fusarium oxysporum Au66 and F. moniliforme, 

whose reducing agents cannot reduce metal ions into NPs (Duran et al., 2005). 

Recently, it was reported that Bi2O3 nanocrystals having quasi-spherical shape were 

synthesized by F. oxysporum. The cultures of Yersinia enterocolitica 8081c were 

reported to deposit bismuth subsalicylate NPs on periphery (Nadeau et al., 1992). 

Currently, extracellular mycogenesis of small spherical selenium NPs using A. terreus 

has been observed when fungal culture supernatant was exposed to solution 

containing selenium ions (Zare et al., 2013). F. oxysporum was studies for 

mycogenesis of PtNPs by the activity of a dimeric enzyme hydrogenase with mass 

44.5 and 39.4 kDa which passively reduced H2PtCl6 to PtNPs (Govender et al., 2010).

http://www.google.co.uk/url?sa=t&rct=j&q=k3%5Bfe(cn)6%5D&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPotassium_ferricyanide&ei=tvb4UafMMYnMsgapmIDoBg&usg=AFQjCNEyuvmVQ5XfmIT6VRCSSlSBIZcI1A&bvm=bv.49967636,d.Yms
http://www.google.co.uk/url?sa=t&rct=j&q=k4%5Bfe(cn)6%5D&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPotassium_ferrocyanide&ei=qfb4UYSjBYWSswaUzYCwAQ&usg=AFQjCNH4eny6gNDS9PadAT4smHAllXr1wg&bvm=bv.49967636,d.Yms
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Table. 2.2iii: Bio-genesis of nanoparticles (NPs) by different fungi. 

 

Organism 

Metal/ 

Non-

metal 

Size 

(nm) 

Growth conditions 
Biomolecules 

involved/ 

Mechanism 

Location 

of 

synthesis 

Characterization Applications Shapes References 
pH 

Temp 

(°C) 

Time 

(min/ 

hr) 

A. terreus Se 47 - 
Room 

temp. 

60 

min 
- E 

UV-Vis, EDX, 

DLS, SEM 
- Spherical Zare et al., 2013 

Aspergillus flavus Ag 7 6.5 - - - - - - - 
Moharrer et al., 

2012 

Edible Mushrooms Ag 80-100 - 
Room 

temp. 
- - I UV, SEM, FTIR Antimicrobial  

Mirunalini et 

al., 2012 

Rhizopus stolonifer Ag 3-20 - - - - E 
SEM, TEM, FTIR, 

UV-Vis, AFM 
- Spherical 

Banu et al., 

2011 

Aspergillus flavus 

NJP08 

Ag 

 
17 - - - - E 

TEM, EDS,SDS-

PAGE, FTIR 
- - Jain et al., 2010 

Phoma glomerata 
Ag 

 
60-80 - - - - E 

UV-Vis, SEM, 

FTIR 
Antimicrobial Spherical 

Birla et al., 

2009 

Aspergillus terreus 

MP1 

Ag 

 
15-20 - - 24 hr - E 

UV-Vis, SEM, 

TEM,XRD, FTIR 
Antibacterial  

Meenupriya et 

al., 2011 

A. flavus 
Ag 

 
  29  

Nitrate 

reductase 
E 

UV vis, FTIR, 

XRD 
Antimicrobial  

Ninganagouda 

et al., 2013 

Trichoderma 
Ag 

 
8-60 8.5 40  

Nitrate 

reductase 
E - - - Devi et al., 2013 

Aspergillus oryzae + 

Gamma radiation 

Au 

 
7-12 - - - - E 

FTIR, TEM, UV-

VIS 
Anti-microbial - 

Batal et al., 

2013 

Aspergillus oryzae 

TFR9 

Fe 

 
10-24.6 - - - - - 

DLS, TEM, 

HR-TEM, 

EDS 

- - 
Tarafdar and 

Raliya, 2013 

Trichoderma viride 
Ag 

 
5-40 7.2 27 24 hr - E 

UV-Vis, FTIR, 

XPS, TEM, EDS 
Antimicrobial 

Spherical, 

Rod like 

Fayaz et al., 

2010 

Schizosaccharomyces 

pombe 

CdS 

 
2-2.5 - - - - I - - - 

Kowshik et al., 

2002a 

Verticillium spp. 
Ag, Au 

 
2-20 - - - - I - - - 

Sastry et al., 

2003 
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Verticillium spp. Ag 2-25 - - - - I - - - 
Sastry et al., 

2003 

Torulopsis spp. 
PbS 

 
2-5 - - - - I - - - 

Kowshik et al., 

2002b 

Thermomonospora spp. 
Au 

 
7-12 - - - - E - - - 

Sastry et al., 

2003 

F. oxysporum 
Ag 

 
5-15 - - - - E - - - 

Ahmad et al., 

2003 

Phoma sp.3.2883 
Ag 

 
70-75 - - - - E - - - 

Chen et al., 

2003 

Colletotrichum spp. 
Au 

 
20-40 - - - - E - - - 

Shivshankar et 

al., 2003 

F. oxysporum 
SiO2, 

TiO2 
5-15 - - - - E - - - 

Bansal et al., 

2007 

F. oxysporum Zirconia 3-11 - - - - E - - - 
Bansal et al., 

2007 

Trichothecium spp. 
Au 

 
- - - - - I/E - - - 

Ahmad et al., 

2005 

F. oxysporum 
Ag 

 
20-50 - - - - E - - - 

Duran et al., 

2005 

F. oxysporum f. spp. 

lycopersici 

Pt 

 
10-100 - - - - I/E - - - 

Riddin et al., 

2006 

F. oxysporum 
Magnetite 

 
20-50 - - - - E - - - 

Bharde et al., 

2006 

F. oxysporum viz. 

strain 5115, 23, 24, 25 

and 30 

Ag 

 
5-60 - - - - E - - - 

Mohammadian 

et al., 2007 

A. fumigatus 
Ag 

 
5-25 - - - - E - - - 

Bhainsa and 

D’Souza, 2006 

A. flavus 
Ag 

 
8.92 - - - - E - - - 

Vigeshwaran et 

al., 2007 

F. semitectum 
Ag 

 
10-60 - - - - E - - - 

Basavaraja et 

al., 2008 

F. oxysporum PTCC 

5115 

Ag 

 
 - - - - E - - - 

Karbasian et al., 

2008 

F. acuminatum Ag 4-50 - - - - E - - - Ingle et al., 
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 2008 

Cladosporium 

cladosporioides 

Ag 

 
10-100 - - - - E - - - 

Balaji et al., 

2009 

A. niger 
Ag 

 
15-20 - - - - E - - - 

Gade et al., 

2008 

P. glomerata 
Ag 

 
60-80 - - - - E - - - 

Birla et al., 

2009 

F. solani 
Ag 

 
5-35 - - - - E - - - 

Ingle et al., 

2009 

Trichoderma 

asperellum 

Ag 

 
13-18 - - - - E - - - 

Mukherjee et 

al., 2008 

S. cerevisiae 
TiO2 

 
- - - - - E - - - Jha et al., 2009 

Penicillium spp. 
Ag 

 
16-40 - - - - E - - - 

Sadowski et al., 

2008 

Alternaria alternata 
Ag 

 
20-60 - - - - E - - - 

Gajbhiye et al., 

2009 

Note: E= extracellular; I= intracellular; I/E= both intracellular and extracellular 
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2.2.3.3 Proposed mechanisms for microbial bionanosynthesis 

Various mechanisms have been proposed for the synthesis of nanomaterials by 

microorganisms. Various studies have suggested that numerous catalytic proteins 

(Sanghi and Verma, 2009), amino acids (Selvakannan et al. 2004 a, b; Si and Mandal, 

2007; Nam et al, 2008), carbohydrates (Richardson et al., 2006) and different 

biomolecular components of membranes (Nelson and Cox, 2005; Botham and Mayes, 

2006), cell cytoplasm (Baia et al., 2009) take part in microbial bioreduction of metal 

ions into NPs mechanisms. To deal with high metal concentration outside, 

microorganisms have adapted specific mechanisms for example extra- and intra-

transport (Rai et al., 1981), biosorption (Macaskie and Dean, 1989; Brady et al., 

1994; Veglio et al., 1997), adsorption (Avery and Tobin, 1993), entrapment in 

specific capsules (Mukherjee et al., 2001), complexation (Malik, 2004) oxidation or 

reduction (Thomson, 1976; Nelson and Cox, 2005; Botham and Mayes, 2006) and 

precipitation (Lengke et al., 2006b; Kannan et al., 2010) like processes. The sugars of 

fungal cell wall have been found playing an important role in bio-reduction of metal 

ions (Mukherjee et al., 2001). During the fungal life cycle, various changes and 

modification take place in its cell wall. Fungal cell wall consists of a micro-fibrillar 

component implanted in an amorphous matrix substance. Fungal cell performs a 

prime function in heavy metals absorption (Mukherjee et al., 2001). 

The mechanism of intracellular bionanosynthesis of NPs is considered as a step-wise 

process. Initially, metal ions are trapped on fungal cell surface possibly by 

electrostatic interaction of positive charges of cell wall. Second step involves 

reduction of metal ions by the action of cell wall moieties, resulting in formation of 

NP aggregates (Mukherjee et al., 2001) {figure. 2.2ii} on cytoplasm as well on 

cytoplasmic membrane as revealed through electron microscope. It suggested that 

some metal ions possibly diffuse through cell wall and are cytoplasmic membrane 

enzymes reduce these ions, whereas few NPs, after diffusion from fungal cell wall, 

trapped in cytoplasm (Sastry et al., 2003). 
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Figure 2.2ii: Hypothetical mechanism for intracellular biogenesis of AuNPs (Das 

and Thiagarajan, 2012). 

The mechanism of extracellular mycogenesis was investigated by using nitrate 

reductase assay, in which nitrite reacted with 2, 3-diaminophthalene to determine 

whether mycosynthesis is carried out by reductase enzyme or through electron shuttle 

quinones present on cell membranes or both work together (Duran et al., 2005, 2011). 

Emission spectral analysis verified two fluorescence peaks; one at 405 nm for nitrite 

and other at 490 nm for 2, 3-diaminonapthotriazole. The presence of enzyme nitrate 

reductase was further confirmed by adding a solution of 0.1% KNO3; as a result 

intensities of these two bands were increased. Hence, it was confirmed that nitrate 

reductase carries out bio-reduction of metallic ions resulting in NPs production.  

Kumar et al. in 2007 also observed the function of enzyme nitrate reductase in the 

biogenesis of NPs. The enzyme was α-NADPH dependent nitrate reductase obtained 

from the fungus F. oxysporum, performed biogenesis of metallic NPs. The UV-visible 

spectral analysis revealed absorption peaks at 260 and 270 nm for proteins, α-NADPH 

and hydroxyl-quinoline respectively. The presence of enzyme was confirmed by 

strong SPR at 413 nm which showed the transformation of nitrate to nitrite after 

reducing metallic ions. Hence, biosynthesis of NPs take place by reducing α-NADPH 

to α-NADP
+
 and transferring its electron to metal ions through hydroxyl-quinoline 

(electron shuttle) {figure 2.2iii}. To verify further, Ingle et al. in 2008 performed a 

test in which he used commercial nitrate reductase discs to explain the previous 

observations. When exposed to fungal extract, disc color changed from white to red 

confirmed that nitrate reductase is present. So, it was confirmed that α-NADH 

dependent reductase enzyme causes bio-reduction of metallic ions in fungi. 
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.  

Figure 2.2iii: Hypothetical mechanism for extracellular mycosynthesis of AgNPs 

(Das and Thiagarajan, 2012). 

Recently, by using F. oxysporum, the mechanistic studies of extracellular 

mycosynthesis of AgNPs using phyto-chelatin as capping agent and α-NADPH 

dependent nitrate reductase of 44 kDa mass was reported by Duran et al., in 2005. It 

was revealed that, bio-reduction also involves other redox centers in the form of 

quinone derivatives of napthoquinones and anthraquinones apart from enzymes. In 

case of gold, (Au
+3

) ions were reduced to metallic (Au
0
) gold by the activity of phyto-

chelatin and α-NADPH-dependent sulfite reductase (molecular mass 35.6 kDa). 

In case of bacteria, various members of Enterobacteriaceae including Klebsiella 

pneumonia, E. coli and Enterobacter cloacae were found to reduce metal ions to 

respective metal NPs using nitroreductase enzymes (Narayanan and Sakthivel, 2010). 

In case of Rhodobacter sphaeroides, a series of reductases were involved in ZnS NPs 

synthesis, including sulfate permease, ATP sulfurylase, phosphoadenosine 

phosphosulfate reductase, sulfite reductase, cysteine desulfhydrase (Holmes et al., 

1997).  

Microbial biosynthesis may involve many enzymes so characterization of enzymes 

along with their specific genes can lead to control the size, shape and crystallinity of 

nanoparticles in regard which can lead to large scale production in future (Krumov, 

2009). 

2.3 Characterization of fabricated nanomaterials  

After fabrication of nanomaterials by physical, chemical and biological routes 

scientists become interested in identification of desired properties of synthesized 
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nanoscale materials for their suitable manipulation in desired and potential 

applications. The characterization of nanomaterials for structural and electronic 

properties is a key interest for microbiologists, chemists, physicists and experts from 

other fields of material sciences. Characterization techniques help to identify various 

properties of nano-crystallites including composition, crystalline nature, size range, 

size distribution, dispersity, shape, topography, and electronic surface properties in 

order to verify their synthesis. For this purpose various tools have been used, each 

with different significance. In the following text, some important characterization 

techniques have been discussed 

2.3.1 Visual observations 

The first step indication suggesting synthesis of nanomaterials is carried out through 

observation of change in color of the reaction mixture containing filtrate/enzymes 

along with precursor salts (Ahmad et al., 2003; Kowshik et al., 2010; Husseinkhani et 

al., 2012). In case of Ag nanoparticles, the solutions color normally turns black or 

dark brown from pale yellow initial color indicating bioreduction of silver ions (Singh 

and Raja, 2011). Similarly observations have been reported in case of CdS (turbid 

yellow) (Kowshik et al., 2010), Au (brownish red colour) (Chandran et al., 2006), Pt 

(yellow to black) (Venu et al., 2011) Pd (orange to dark brown) (Husseinkhani et al., 

2012).  

2.3.2 Spectroscopy 

Spectroscopy is analytical techniques in which emission and absorption of 

electromagnetic radiations by matter are studied thus help in identification and 

concentration assessment of a given substance (Williams, 1976). Spectral analysis has 

a prime importance in characterization of composition of nanoparticles (Joshi et al., 

2008) {figure. 2.3}.  

2.3.2.1 UV-visible spectroscopy  

UV-visible spectroscopy which is also known as spectrophotometry, is a technique 

used for quantitative analysis of desired material in the solution by measuring the 

specific wavelength at which the sample absorbs maximum radiation to reach an 
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excited state. In metal NPs, surface plasmon resonance is responsible for scattering 

UV, visible light rays.  Metal NPs, depending upon their size and shape, showed 

absorption spectra peaks of specific wavelengths in UV spectrum for example, Ag, 

Au and Pt NPs showed peaks of about 420 nm (Forough and Farhadi, 2010), 530 nm 

(Pandey et al., 2012) and 230-250 nm (Govender et al., 2010) respectively.  

2.3.2.2 Fourier transform infrared spectroscopy (FTIR)  

FTIR is nanoscale characterization technique which determines the surface activity 

and the heterogeneous nature of bonds present in the sample by collecting data of 

specific lambda maximum values from absorption and reflection spectra. A fourier 

transform (mathematical process) is used to interpret the data gathered from all the 

wavelengths passing through the sample into the actual spectrum. FTIR is used to 

investigate the vibrational structures of solids (Singho et al., 2012). It can also be used 

to determine the crystallization and sizes of nanoparticles. It has been used in 

structural determination of carbon nanotubes (Hussain et al., 2011).  

2.3.2.3 Fluorescence spectrophotometry  

In fluorescence spectrophotometric analysis, nanomaterials get excited and emit 

fluorescence when irradiated by visible or near-IR light. Fluorescence has different 

wavelength as compared to the incident rays. This emitted light gives information for 

vibrational information of materials. This technique has enabled the detection of many 

distinct optical transitions of single-walled carbon nanotubes (Weisman et al., 2004).  

2.3.2.4 RAMAN spectroscopy  

It is a spectroscopic technique, in which a monochromatic light from visible, near 

ultraviolet range or near infrared is scattered from a system and provides information 

on both intra and inter molecular vibrational modes of that system. Nanotubes and 

fullerenes generate a highly complicated spectrum when studied using Raman 

spectroscopy. Thus it helps in study of single-wall carbon nanotubes (Bokobza and 

Zhang, 2012). 

http://link.springer.com/search?facet-author=%22R.B.+Weisman%22
http://en.wikipedia.org/wiki/Visible_spectrum
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Infrared
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2.3.2.5 Surface enhanced Raman spectroscopy (SERS)  

SERS technique is useful in detection of trace material analysis by measuring surface 

Raman scattering. It investigates the size and surface properties of noble metal 

nanoparticles including gold and silver (Shen et al., 2008; Fan et al., 2013). 

 

Figure. 2.3: Characteristic chemical and physical properties of NPs (retrieved from 

Henglein, 1989; Watanabe et al., 2006; Narayanan and Sakthivel, 

2010). 

2.3.2.6 Powder X-ray diffraction (XRD)  

XRD provides information regarding arrangement of atoms within a crystal by 

studying the diffraction pattern of X-rays produced by different layers of crystal. 

Through measurement of the diffraction angles and intensities of these rays, three 

dimensional crystalline structures can be characterized. This technique also enables to 

calculate the average particle size of the given material with the help of Debye-

Scherrer equation. XRD has been used to characterize AuNPs (Ninganagouda et al., 

2013) and AgNPs (Kalabegishvili et al., 2012). 

2.3.2.7 Nuclear magnetic resonance spectroscopy (NMR)  

NMR spectroscopic analysis is an important technique which provides information 

about the physico-chemical and three dimensional structural properties of materials by 

detecting their resonant frequencies of the nuclei. It also provides information about 

crystalline and non-crystalline nanomaterials which contain nuclei possessing spin. 

https://en.wikipedia.org/wiki/Spin_(physics)
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NMR spectroscopic analysis has been done to measure size of PdNPs (Gomez et al., 

2009) and for surface studies of AuNPs (Abraham et al., 2010) has been determined 

by using this method. 

2.3.2.8 Energy-dispersive X-ray spectroscopy (EDX)  

EDX investigates the surface analysis and elemental characterization of a sample. 

Basic principle involves the study of the emitted X-rays of different energies coming 

from the sample when a beam of electron strikes its elements. The amount and 

composition of metal nanoparticles of Au, Ag (Mahl et al., 2012) and Pd (Smuleac et 

al., 2013) metals can easily be identified from the surface of the given sample. 

2.3.2.9 X-Ray photoelectron spectroscopy (XPS)  

XPS investigates chemical characterization and elemental analysis of sample through 

irradiation of X-rays and observing the spectra. AuNPs (Techane et al., 2011) and 

PdNPs (Chen et al., 2011) have been characterized through this techniques.  

2.3.2.10 Dynamic light scattering (DLS)  

DLS determines the sizes of particles, their distribution and mean diameters by 

measuring the varying intensity of scattered rays of light by randomly moving 

particles in the solution. AgNPs size and size distribution has been studied using DLS 

(Roy et al., 2013). 

2.3.3 Electron Microscopy 

The size of nanomaterials is smaller than the wavelength of visible light but 

comparable with wavelengths of beams of electrons, therefore, to obtain highly 

magnified images of nano-scale objects, technique of electron microscopy is used. An 

electron microscope has high resolving power and magnification as compared to 

optical microscopes (figure. 2.3). The principle of electron microscope is based on the 

use of electromagnetic lenses which pass through electromagnetic filed in vacuum. 

Different techniques of electron microscopy employed with their principles and 

applications are given below. 
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2.3.3.1 Field emission-scanning electron microscopy (FESEM)  

FESEM provides elemental analysis, topographical and compositional information of 

the given sample through measuring emitted X-rays from the sample after 

bombardment of high energy electrons on the sample. The size distribution of AgNPs 

(Kachwala et al., 2013; Zhou and Wang, 2012) has been characterized through this 

technique. 

2.3.3.2 Scanning electron microscopy (SEM)  

SEM investigates surface studies, topology and elemental composition of sample and 

produces high resolution three dimensional images by observing scattering of energy 

electrons from the sample (Goldstein et al., 2003). In many studies SEM has helped in 

investigating metal nanoparticles (Kashin and Ananikov, 2011).  

2.3.3.3 Transmission electron microscopy (TEM)  

TEM gives fine details of an ultrathin crystalline sample by making its magnified 

images by measuring the intensities of diffraction of incident electrons during 

transmission and interaction with the sample. TEM is widely used in various fields of 

biology and nanotechnology and particularly useful for observing metal nanoparticles 

(Su et al., 2012; Xu et al., 2013). 

2.3.3.4 Transmission electron aberration corrected microscopy (TEAM)  

TEAM is rarely used sub-type of TEM which enables the investigation of 

nanomaterials up to resolution 0.05 nanometers (Lentzen, 2006). 

2.3.3.5 Energy filtered TEM (EFTEM)  

EFTEM provides quantitative details of two dimensional elemental distributions, 

chemical and compositional analysis of the sample by analyzing energy-loss spectra 

formed by inelastic scattering of electron beam after interacting with the sample 

(Thomas and Midgley, 2002; Schaffer et al., 2009).  
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2.3.3.6 High resolution TEM (HRTEM)  

HRTEM a sub-type of TEM, which by imaging the objects, helps to study their 

crystallographic studies on atomic scale and images form due to the interference. 

Thus, it is quite helpful in providing necessary information about three dimensional 

analyses of nanomaterials. Its resolution power ranges from 0.5 Å to 0.8 Å. Some 

metal NPs including Fe, Pt, Au NPs have been characterized using this technique 

(Tyutyunnikov, 2010). 

2.3.3.7 Selected-area electron diffraction (SAED)  

SAED analysis can be done is a subtype of using a TEM to study the crystalline 

composition of samples with very less thickness. AgNPs (Lanje et al., 2010) have 

been characterized using this technique.  

2.3.3.8 Scanning tunneling microscopy (STM)  

STM is a strong tool visual observation of material surfaces by producing images by 

scanning the sample using electric probes thus helps in characterization of 

nanomaterials. STM also assists in modification of nanomaterial surfaces. Its 

resolution power is up to 0.01 nm. STM helps in characterization of carbon nanotubes 

and synthesis of metal nanoparticles (Lal, 2007). 

2.3.3.9 Scanning transmission electron microscopy (STEM)  

STEM a kind of TEM, is an imaging and characterization technique which provides 

nano-scale details of given sample. Metal nanoparticles (Ponce et al., 2012; Mayoral et 

al., 2012) have been characterized using STEM.  

2.3.3.10 Scanning confocal electron microscopy (SCEM)  

SCEM is a novel technique which allows three dimensional analysis and imaging of 

sample with nano-scale resolution. In one study use of AuNPs as biomarkers 

enhanced the imaging results by SCEM (Sokolov et al., 2003). 

2.3.3.11 Electron energy loss spectroscopy (EELS)  

In EELS is used to detect the elemental composition and structure of a material at 

http://en.wikipedia.org/wiki/Interference_(wave_propagation)
http://www.sciencedirect.com/science/article/pii/S0968432811002058
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nano-scale by exposing it to beam of electrons of varying energies which got scattered 

and deflected. The amount of energy lost during this scattering is measured which is 

caused by inner shell ionizations or surface plasmon resonance in atoms. Nobel metal 

NPs have been characterized for their surface plasmon studies by using this technique 

(Myroshnychenko et al., 2011). 

2.3.3.12 Atomic force microscopy (AFM)  

AFM, also named scanning force microscopy is used for three dimensional surface 

analyses of materials at nano-scale. AFM is used to study and modify surface details 

of a variety of nanostructures including metal NPs (Vinelli et al., 2008).   

2.4 Applications 

At present, nanotechnology is emerging as a revolutionary discipline with possible 

novel applications in different areas of material sciences. Nanotechnology offers 

potential solutions to many problems. Nanotechnology has a strong interdisciplinary 

character and involves great deal of research in other associated disciplines like 

microbiology, biotechnology and medicine fields with potential applications. Bio-

nanotechnology is an intersection between biology and nanotechnology and thus 

serves interdisciplinary role between various scientific areas of physics, chemistry and 

biology. Bio-nanotechnology focalizes on the employment of biological systems as 

nanofactories, such as cells, cellular components, and biomolecules along with 

organic and inorganic materials to achieve functional nano-scale structures.  

2.4.1 Metallic nanoparticles 

Among all the nanomaterials, metal NPs exhibit novel electronic, optical, magnetic 

and chemical properties which depend mainly on their size, shape and composition 

and thus providing diverse applications which are highlighted in the following text 

2.4.1.1 Silver nanoparticles  

AgNPs have been found with implication in the field of environmental biotechnology 

(Bootharaju and Pradeep, 2010), nanomedicine (Bankinter, 2006), biosensors (Huo, 

2007). Due to their antimicrobial properties, AgNPs can be used in electric appliances 

http://www.ncbi.nlm.nih.gov/pubmed?term=Vinelli%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18800349
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such as air conditioners, fridges etc. and other materials including plastics, textiles 

fabrics, paints etc. (Choi et al., 2008; Blaser et al., 2008; Schmid and Riediker, 2008; 

Nair and Laurencin, 2007). These nanoparticles are known to have inhibitory effects 

for potential pathogens. AgNPs when used with standard antibiotics (Weir et al., 

2008), boost the activity of these antibiotics, thus have a synergistic effects. In the 

presence of AgNPs, the antifungal activity of fluconazole was enhanced against the 

test fungi. When combined with antibiotics like amoxicillin, antibacterial effect of 

AgNPs was enhanced against E. coli. This synergistic effect plays a promising role 

against microbial resistance (Naqvi et al., 2013). AgNPs in trace amounts have been 

investigated as good decontaminating agents in water along with prevention of 

biofilm formation on food contact surfaces (Sreekumari et al., 2005). AgNPs have 

also been observed for water filtration (Jain and Pradeep, 2005). Other applications 

include better cosmetic appearance, better scar less wound healing capacity (Tian et 

al., 2006). Nano-silver dressings and creams efficiently reduced microbial infections 

in chronic wounds (Richard et al., 2002; Leaper, 2006; Ip et al., 2006) {figure. 2.4}.  

2.4.1.2 Gold nanoparticles  

AuNPs due to number of properties become suitable for biological applications. 

Among different properties include, optical nature which depends on particle 

morphology, electron rich and radiopaque nature, suitable surface on which organic 

molecules are easily attached, nontoxic in biological systems, variety of shapes 

(Pissuwan et al., 2008). Au nanoparticles have made it possible to deliver drugs for 

cancer directly to the target tumors thus avoiding side effects (Han et al., 2007). 

AuNPs are considered beneficial not only for drug delivery systems but also in cancer 

diagnosis and treatment (Pissuwan et al., 2008). AuNPs have also been used into 

immunoassays and biosensors for molecular diagnosis (Alekseeva et al., 2005). 

Similarly, AuNPs may be supported by a matrix to act as a perfect catalyst (Daniel 

and Astruc, 2004; Claus et al., 2000). AuNPs have been used as a strong catalyst in 

controlling pollution and water purification and degradation of pesticides (Norton, 

2008; Xiao et al., 2003) {figure. 2.4}. 

2.4.1.3 Titania nanoparticles  

Nanoparticles of titania are widely used in making of sunscreens, cosmetics, paints, 
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cements, catalysts and batteries (Kandavelu et al., 2004; RS and RA Eng, 2004; 

Steinfeldt et al., 2004; Biswas and Wu, 2005; Mann, 2006; Nanotechnology and 

Sunscreens, 2007; Schmid and Riediker, 2008). Titania nanoparticles are used as 

photo catalysts (Primo et al., 2011), sensors (Chomkitichai et al., 2012), solar cells 

(Ball, 2011) and storage devices (Park et al., 2008). Titania NPs, due to surface 

deformations, bind actively with various ligands, forming stable nanoconjugates 

which are useful in enhancing the transportation of photo carriers during 

photocatalysis by forming electronic interactions with NPs because of its unique 

electron and hole transport properties (Mital and Manoj, 2011).  

2.4.1.4 Zinc oxide nanoparticles 

Zinc oxide semiconducting nanoparticles exhibit possible applications in biological 

sensing (Waclawik et al., 2012), biological labeling (Gu et al., 2011), drug and gene 

delivery (Yuan et al., 2010; Zhang and Liu, 2010) and nanomedicine (Akhtar et al., 

2012; Taccola et al., 2011). ZnO is a semiconductor with photochemical, catalytic, 

optoelectronic properties, high band energies and chemical stabilities and large 

surface area (Chen and Tang, 2007; Kumar et al., 2013; Son, 2009). Due to 

semiconductor nature, ZnO NPs have other applications which include solar cells 

(Robel et al., 2006), photocatalytisis (Tu et al., 2013), photoluminescence (Bouvy et 

al., 2006), optoelectronic devices, such as laser and light-emitting diodes (Kim et al., 

2000; Xu et al., 2006).  

2.4.1.5 Silica nanoparticles  

NPs of silica have various applications which include formation of fire proof glass, 

ceramics, electronics, chemicals like polishes, UV-protection suncreams, varnish, 

dentistry, biomedical field (Schmid and Riediker, 2008; Mann, 2006; Li et al., 2012). 

The ideal properties of silica NPs include their density, uniform size, shape, pore size, 

and surface chemistry, pore volume, large surface area and optical emission properties 

(Durfee et al., 2013; Candel et al., 2012).  

2.4.1.6 Carbide nanomaterials  

NPs of titanium and tungsten carbide are employed as nucleating agents, as hard 

cutting tools and catalysts (Weng and Wu, 2013; Esparza  et al., 2013). Nanocrystals 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VFR-4W7HNXJ-2&_user=3415186&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1257784585&_rerunOrigin=google&_acct=C000060481&_version=1&_urlVersion=0&_userid=3415186&md5=4c66c3decd06acef7ef2796ebed6b810#bib80#bib80
http://www.ncbi.nlm.nih.gov/pubmed?term=Garcia-Esparza%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=23255471
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of silicon carbide (SiC) are used in surface coatings, biosensors and artificial heart 

valves because of high strength, low weight, and inertness and corrosion resistance 

properties (Bertran et al., 2000; Mahmoodi and Ghazanfari, 2012; Bolz and 

Schaldach, 1993).  

 

Figure. 2.4: Applications of noble metal NPs for cancer therapy (from Conde et al., 

2012). 

2.4.1.7 Zirconia nanoparticles  

NPs of zirconia (zirconium oxide) are used to make ceramic which is wear-resistant, 

corrosion-resistant, biocompatible and hard and can be utilized for artificial bones and 

tooth implants (Bansal et al., 2004). 

2.4.1.8 Platinum nanoparticles  

Nanoparticles of platinum are used in automotive exhaust converters as catalysts, 

sensors (Artelt et al., 1999; Stafford, 2007; Lloyd et al., 2005; Ohde et al., 2005; 

Claussen et al., 2012). Due to large surface area, PtNPs are highly catalytic in nature 

and their due to their sensitive surface plasmon resonance property, these NPs give 
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spectral response to changes in surrounding thus become suitable to act as sensors 

(Martins et al, 2012). 

2.4.1.9 Palladium nanoparticles  

Pd nanoparticles are reported in a number of systems as nanocatalysts, coatings, 

sensors, nanobioremediation of polluted ground water such as in dechlorination of 

polychlorinated biphenyl (2,3,4-chloro biphenyl) (Mukherjee, 2008; Boysen et al., 

2011). PdNPs have efficient catalytic property which makes these particles suitable 

for various applications (Lu et al., 2004) {figure. 2.4}. 

2.4.1.10 Magnetic nanoparticles  

Magnetic nanoparticles have uses in drug delivery, magnetic resonance imaging,, 

catalysts, diagnostic testing, biosensors, biochemical assays, concrete additive, 

cleanup of groundwater from organochlorine pesticides and degradation of PAH-

based contaminants and metal ion removal. (Wu et al., 2004; Oberdörster, 2004; 

Mann, 2006; Vatta et al., 2006; Oberdörster et al., 2005; Zhang, 2003; Cook, 2009). 

Magnetic NPs have been used for high density information storage for making next 

generation computer chips (Bankinter, 2006; Hofmann, 2011). Magnatite NPs have 

high oxidative stability and catalytic ability and are nontoxic in nature (Häfeli et al., 

1999; Müller et al., 2004; Huber, 2005). Magnetic NPs provide selective attachment 

to target molecules and allow transportation to desired target place by controlling 

magnetic field (Ahn et al., 2004). 

2.4.1.11 Nanocomposites  

Various combinations of metallic and nonmetallic nanoparticles such as Fe/Co, Fe/Ni, 

SiO2/TiO2, Fe/Pd, have been employed in removal and remediation of toxic 

substances (Oberdörster et al., 2005; Schrick et al., 2004; Meyer et al., 2004). 

Bimetallic alloys nanopartics Ag-Pt (Temgire et al., 2011), Ag-Au (Raveendran et al., 

2006; Mahl et al., 2012; Senapati et al., 2005), Pd-Au (Hosseinkhani et al., 2011). 

These nanocomposites show selectivity, stability, high dispersity, enhanced catalytic 

activity as compared to mono-metallic NPs (Sinfelt, 1987; Yonezawa and Toshima, 

1995).  
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2.4.1.12 Aluminum nanomaterials  

Nanomaterials of aluminum are  used in ceramics, surface coatings, batteries, 

antimicrobial agent (Schmid and Riediker, 2008; Stenger et al., 2005; Biswas and 

Wu, 2005; Mukherjee et al., 2011). Al NPs are considered more reactive as compared 

to large sized particles because of thermodynamic and kinetic factors which increase 

the relative surface energy rendering them more reactive (Rai et al., 2006). 

2.4.2 Non-metallic nanoparticles 

2.4.2.1 Carbon nanotubes (CNTs)  

Carbon nanotubes are widely employed in electronics, lubricants, adsorptive material 

for contaminants due to high elasticity and high mechanical strengths and high limits 

that result in reversible deformation. (Cai et al., 2003; Li et al., 2002; Peng et al., 

2005; Li et al., 2003; RS and RA Eng, 2004).The two types of carbon nanotubes, 

single walled nanotubes (Bethune et al., 1993) and multi-walled nanotubes (Iijima, 

1993) have strong mechanical (Coleman et al., 2006) and electrical properties 

(Spitalsky et al., 2010), thermal (Xiong et al., 2006) and elastic (Natsuki et al., 2004) 

and electrochemical (Fernández et al., 2009) properties which make the highly 

suitable for various applications. Carbon nanotubes are actively used as 

semiconductors (Cheng et al., 2012), sensors (Fam et al., 2011) and hydrogen storage 

(Chen et al., 2004). 

2.5 Conclusion 

With rising understanding of green chemical and bio-inspired protocols, the urge to 

construct an array of eco-benign processes for fabrication of harmless NPs has been 

increased. As compared to physico-chemical approaches which involve deleterious 

chemicals, microbe-mediated biogenesis of metallic NPs is less costly (economic) and 

environmentally benign in nature, so it has been appeared as novel division of 

nanoscience. Microbes are considered as latent bionanofactories due to their natural 

potential and immense variety. The micro-biosynthesis of NPs with desired rate and 

monodispersed NPs needs to be improved by optimizing the factors affecting 

microbial cultivation and downstream processing. Isolation, recognition and 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VFR-4W7HNXJ-2&_user=3415186&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1257784585&_rerunOrigin=google&_acct=C000060481&_version=1&_urlVersion=0&_userid=3415186&md5=4c66c3decd06acef7ef2796ebed6b810#bib8#bib8
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VFR-4W7HNXJ-2&_user=3415186&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1257784585&_rerunOrigin=google&_acct=C000060481&_version=1&_urlVersion=0&_userid=3415186&md5=4c66c3decd06acef7ef2796ebed6b810#bib42#bib42
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VFR-4W7HNXJ-2&_user=3415186&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1257784585&_rerunOrigin=google&_acct=C000060481&_version=1&_urlVersion=0&_userid=3415186&md5=4c66c3decd06acef7ef2796ebed6b810#bib72#bib72
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purification of specific enzymes and genes involved in bio-inspired bionanosynthesis 

are also the concern of bio-nanoscience. Hence, to control the size, shape and 

monodispersity of biogenic NPs, full understanding of the fundamental molecular 

processes that carryout microbial biogenesis of NPs is mandatory. The actual 

physiological reactions involved in the bionanosynthesis of nanomaterials have yet to 

be explored. To understand the complete mechanism involving enzymes and genes of 

nanoparticle biosynthesis is the major concern of scientists. If the mechanism can be 

understood, the biosynthesis of nanoparticles will be further facilitated in order to 

upscale their production and application. For large scale production of nanomaterials 

exploration of bioprocess technologies with development in bioreactors is also 

required. So far, very less work has been done on optimization of procedures for 

biogenesis of NPs, therefore area of microbe-mediated biogenesis of NPs demands lot 

of research work so that the distinctive physico-chemical and optoelectronic 

properties of these biogenic particles along with applications in the areas of medicine, 

chemistry, agriculture and electronics could be properly understood (Rao and 

Cheetham, 2001; Narayanan and Sakthivel, 2010). 



 

 
 
 
 
 
 
 
 
 

 
 
 
 

 
  Experimental

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Chapter 3                                                                                                 Experimental 1 

 58 

3 EXPERIMENTAL 1 
3.1 Selection of metallic salts for the synthesis of nanoparticles 

(NPs)  

3.1.1 Introduction 

Metal microbe interaction is known since years. Usually, metal tolerant 

microorganisms have been found remediating heavy metal ions from the environment 

through biosorption or biodetoxicification by changing their valence state by using 

their certain catalytic proteins. Recent reports have elucidated the role of various 

microbes in synthesizing nanoparticles (metal and non-metallic elements) of 

commercial importance. Still this area is in the growing stage of research and 

development. Based upon the aforesaid evidences metal tolerant fungal strain 

Fusarium oxysporum was evaluated towards biosynthesis of different metal NPs 

using salts of seven different metals i.e. Copper sulphate, Nickel sulphate, Ferric 

chloride, Silver nitrate, Zinc sulphate, Gold chloride and Platinum chloride. Initially, 

the fungus was screened out for maximum metal tolerance ability. Then, synthesis of 

NPs of different metals was followed by; reacting their salt solutions with fungal 

biomass (FB) and its culture filtrate (FF) under controlled environmental conditions. 

The synthesis of NPs was monitored through visual observation in terms of change in 

color and UV-Visible spectroscopy of the reaction mixture. 

Materials 

3.1.2 Chemicals   

Most of the chemicals and media components were obtained from. 

• Sigma-Aldrich Chemicals Co. (St. Louis, USA) 

• Fluka-Granite (Buchs, Switzerland) 

• BDH Laboratory Chemical Division (Poole Dorset, England) 

• E.Merck (Darmstadt, Germany)  

• Oxoid Ltd. (Basingstoke, Hampshire, England) 

• Difco Laboratory (Detroit Michigan, USA) 
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3.1.3 Culture Media 

For maintenance of fungal cultures, Sabouraud Dextrose Agar and broth was prepared 

by adding 40.0g dextrose and 10.0g peptone in 1000ml of distilled water and pH of 

the medium was adjusted at 5.8 using 0.1 M HCl and NaOH.  

Malt extract, Glucose, Yeast Extract and Peptone (MGYP) medium was used to 

screen out the abilities of fungi to synthesize NPs. It was prepared by adding per liter 

of distilled water; Malt extract (0.3%) 3g, Glucose (1%) 1g, Yeast extract (0.3%) 3g, 

Peptone (0.5%) 5g, Agar 1.5g. pH of the medium was adjusted at 5.8 using 0.1 M HCl 

and NaOH. During batch culturing in shake flask MGYP broth was used. The 

composition of MGYP broth was same as that of MGYP agar except 1.5% agar was 

not added in it. 

3.1.4 Fungal species  

Pure culture of metal tolerant fungal species i.e. Fusarium oxysporum was obtained 

from MRL, QAU, Islamabad.  

3.1.4.1 Cultivation of fungal biomass 

About 500 ml MGYP broth (pH 5.8) was prepared in 1 L conical flask. After 

inoculation the flask was incubated at 28 oC under agitated (150 rpm) condition for 

120 to 144 hr. The biomass harvested were filtered through Whatman filter paper No. 

1, and then washed with distilled water to remove any components of the medium. 

Both fungal biomass and its (144 hr) mature culture filtrate were utilized for the 

following experiments. 

3.1.5 Screening of selected fungal strain for metal tolerance capability 

Different concentrations of metal salts (table: 3.1.5) were prepared in 100 ml MGYP 

medium (pH 5.8) and then taken in 250 ml Erlenmeyer flasks. F. oxysporum was 

inoculated in these mixtures. Then the experimental flasks were run on shaker (150 

rpm) incubator (28oC) for 120 to 144 hr. Tolerance of the fungus against different 

conc. of metals was evaluated in terms of viability and growth. The limiting conc. 

beyond which the fungus growth was almost inhibited was considered as the 
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maximum level of tolerance. This limiting conc. of different metal salts was later used 

to synthesize nanoparticles.  

Table. 3.1.5: Different salts and their concentrations used in the experiments; 
also depicts the maximum tolerance level (green colored) 
beyond which the fungus unable to grow (red colored). 

S# Different salts and their molecular weights Concentrations  (M) 
1. CuSO4.5H2O 250 MW 0.1M=01.25g/50mL 0.0125 0.025 0.05 0.1 0.2 
  0.0125 0.025 0.05 0.1 0.2 
2. NiSO4.7H2O 281 MW 0.1M=1.4g/50mL 0.0125 0.025 0.05 0.1 0.2 
      0.0125 0.025 0.05 0.1 0.2 
3. FeCl3  163 MW 0.1M=0.82g/50mL 0.0125 0.025 0.05 0.1 0.2 
      0.0125 0.025 0.05 0.1 0.2 
4. AgNO3  170 MW 0.1M=0.85g/50mL 0.0125 0.025 0.05 0.1 0.2 
      0.0125 0.025 0.05 0.1 0.2 
5. ZnSO4.7H2O 288 MW 0.1M=1.44g/50mL 0.0125 0.025 0.05 0.1 0.2 
      0.0125 0.025 0.05 0.1 0.2 
6. AuCl3.3H2O 358 MW 0.1M=1.79g/50mL 0.0125 0.025 0.05 0.1 0.2 
      0.0125 0.025 0.05 0.1 0.2 
7. PtCl2  266 MW 0.1M=1.33g/50mL 0.0125 0.025 0.05 0.1 0.2 
      0.0125 0.025 0.05 0.1 0.2 

3.1.6 Assays to screen out NPs synthesis of different metals by the 
fungus Fusarium oxysporum 

An about 10 g fungal biomass (FB) was added in seven 100 ml conical flasks 

containing 50 ml aqueous solution and 0.1 M of any of the of respective salts. The 

reaction mixtures were named CuFB, NiFB, FeFB, AgFB, ZnFB, AuFB and PtFB 

depending upon different salts were then placed on shaker (150 rpm) incubator (28oC) 

for 96 hr. 

Table. 3.1.6a: Reaction mixture containing FB and aqueous solution of different 

salts 

Sr. # Sample Ids Reaction Mixture description 

1. CuFB 10g FB + 50ml of 0.1M Copper sulphate solution 

2. NiFB 10g FB + 50ml of 0.1M Nickel sulphate solution 

3. FeFB 10g FB + 50ml of 0.1M Ferric chloride solution 

4. AgFB 10g FB + 50ml of 0.1M Silver nitrate solution 

5. ZnFB 10g FB + 50ml of 0.1M Zinc sulphate solution 

6. AuFB 10g FB + 50ml of 0.1M Gold chloride solution 

7. PtFB 10g FB + 50ml of 0.1M Platinum chloride solution 
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About 25 ml fungal cultural filtrate (FF) {I44 hr old} was added in seven 100 ml 

flasks containing 25 ml aqueous solution of total 0.1 M concentration of each salt. The 

reaction mixtures were named CuFF, NiFF, FeFF, AgFF, ZnFF, AuFF and PtFF and 

were placed under same condition as were discussed above. 

Table. 3.1.6b:  Reaction mixture containing FF and aqueous solution of different 

salts 

Sr. # Sample Ids Reaction Mixture description 

1. CuFF 25ml FF + 25ml of Copper sulphate solution (conc. 0.1M) 

2. NiFF 25ml FF + 25ml of Nickel sulphate solution (conc. 0.1M) 

3. FeFF 25ml FF + 25ml of Ferric chloride solution (conc. 0.1M) 

4. AgFF 25ml FF + 25ml of Silver nitrate solution (total conc. 0.1M) 

5. ZnFF 25ml FF + 25ml of Zinc sulphate solution (conc. 0.1M) 

6. AuFF 25ml FF + 25ml of Gold chloride solution (total con. 0.1M) 

7. PtFF 25ml FF + 25ml of Platinum chloride solution (total con. 0.1M) 

 

3.1.7 Analytical 

3.1.7.1  Visual Observations 

The change in color of the reaction mixture was visually monitored. Images were 

taken at the beginning (0 hr) and at the end (96 hr) of the experiments. 

3.1.7.2 UV-Visible Spectral analysis 

Ultraviolet-Visible Spectrophotometery (Agilent 8453) of the reaction mixtures of 

different experiments was carried out using samples taken at regular intervals of 0, 

2, 6, 24, 48, 72, 96 hr. Before analysis the samples were filtered through 0.6 

micron syringe filter. The samples were scanned in the range of 200-700 λ. Base line 

correction of the spectrophotometer was carried out by using culture filtrates as 

blank. The UV-Vis absorption spectra of all the samples were recorded and 

numerical data were plotted in the Microsoft Excel Worksheet. 
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3.1.8 Results 

3.1.8.1 Screening of selected fungal strain for metal tolerance capability 

The metal tolerant fungus F. oxysporum allowed to grow under metallic stress with 

different concentrations of different metallic salts (table 3.1.5), the result indicated 

that 0.1 M concentration found to be last one which can tolerate by the microbe. After 

this concentration fungal culture unable to grow.  

 

Figure. 3.1.8.1: Representative images of the growth patterns of the fungal 

biomass against different metals at different concentrations; at 

0.05 M (a) and at 0.1 M (b).  
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Synthesis of NPs of different metals by using fungal filtrate with and 
without biomass 

3.1.8.2  Visual Observations  

The sample CuFB exhibited very small change in color however fungal biomass 

tends to agglomerate in ball shape after continuous 96 hr stirring. Samples NiFB and 

FeFB showed reasonable change in color. Visual observations of sample AgFB 

exhibited a complete change in color. While the samples ZnFB, AuFB and PtFB 

showed a mild change in color from 0 hr to 96 hr of reaction (figure. 3.1.8.2a & b).  

 

Figure. 3.1.8.2a: Reaction mixtures containing fungal biomass and aqueous 

solution of salts of different metals at 0 hr. 

 

Figure. 3.1.8.2b: Reaction mixtures containing fungal biomass and aqueous 

solution of salts of different metals at 96 hr.  

There were obvious changes in coloration in the reaction mixture containing FF and 

0.1M concentration of different salts at 0 hr and 96 hr respectively (figures 3.1.8.2 c 
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& d). These experiments showed promising results with respect to visual 

observations and also parallel with biomass experiments except for ZnFF which 

exhibited different behavior than that of biomass experiments. They showed almost 

same color change in absence of fungal biomass confirming that the biomass is not 

only functional material to change the color; but there must also be other factors 

which govern color change. Similarly, AuFF & PtFF also depicted obvious changes 

in coloration.  

 

Figure. 3.1.8.2c: Reaction mixture containing fungal cultural filtrate (144 hr old) 

and aqueous solution of salts of different metals at 0 hr.   

 

Figure. 3.1.8.2d: Reaction mixture containing fungal cultural filtrate (144 hr old) 

and aqueous solution of salts of different metals at 96 hr.   
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3.1.8.3 UV-Visible Spectral analysis 

UV-Vis results of the samples CuFB and CuFF displayed max absorbance around 

300nm. The general trend of spectra exhibited where increase in time resulted an 

increase in absorbance of the reaction mixture (figure 3.1.8.3a). Maximum 

absorbance value 300 nm was observed at 96 hr sample. 

 

 

Figure. 3.1.8.3a: UV–Vis spectra predicting NP synthesis in response to time 

of reaction of an aqueous solution of 0.1 M CuSO4.5H2O with 

the FB (CuFB) & FF (CuFF).  
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UV-Vis results for NiFB and NiFF depicted max absorbance below 300 nm. There 

was showed no clear indication of absorbance increase or decrease with respect to 

time (figure 3.1.8.3b) and thus no significant reduction of the salt NiSO4.7H2O. 

 

Figure. 3.1.8.3b: UV–Vis spectra predicting NP synthesis in response to time 

of reaction of an aqueous solution of 0.1 M NiSO4.7H2O with 

the FB (NiFB) & FF (NiFF).  

UV-Vis results for FeFB and FeFF showed max absorbance around 500nm. There 

was pointed a clear indication that in the beginning solution was with less 

absorption in the range 300 to 550 nm λ and with increasing time it became a more 

transparent showing reduction of salt FeCl3 ( f igure 3.1.8.3c). 



Chapter 3                                                                                                 Experimental 1 

 67 

 

Figure. 3.1.8.3c: UV–Vis spectra predicting NP synthesis in response to time 

of reaction of an aqueous solution of 0.1 M FeCl3 with the FB 

(FeFB) & FF (FeFF).  

UV-Vis results for AgFB and AgFF exhibited max absorbance around 400nm. There 

was a notable indication that in the beginning solution was with less absorption and 

with increasing time it became miscible showing reduction of AgNO3 salt (figure 

3.1.8.3d). Absorption increases with increase in time around 400nm for all the 

samples showing reduction reaction from Ag+ to Ago. 
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Figure. 3.1.8.3d: UV–Vis spectra predicting AgNPs synthesis in response to 

time of reaction of an aqueous solution of 0.1 M AgNO3 with 

the FB (AgFB) & FF (AgFF).  

UV-Vis results for Z n F B and Zn F F  displayed max absorbance below 300 

around 290 nm. It was indicated that in the beginning the solution displayed less 

absorption and with increasing time it became miscible showing reduction of salt 

ZnSO4.7H2O but this change is not so significant (figure 3.1.8.3e).  
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Figure. 3.1.8.3e: UV–Vis spectra predicting NP synthesis in response to time 

of reaction of an aqueous solution of 0.1 M  ZnSO4.7H2O 

with the FB (ZnFB) & FF (ZnFF).  

UV-Vis results for AuFB and AuFF indicated max absorbance around 530nm. There 

was a remarkable indication that in the beginning solution was with less absorption 

and with increasing time it became more miscible showing reduction of AuCl3 salt 

(figure 3.1.8.3f). Absorption increases with increase in time for all three samples 

showing reduction reaction from Au+ to Auo. 
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Figure. 3.1.8.3f: UV–Vis spectra predicting AuNPs synthesis in response to 

time of reaction of an aqueous solution of 0.1 M AuCl3.3H2O 

with the FB (AuFB) & FF (AuFF).  

UV-Vis results for PtFB and PtFF revealed max absorbance around 230nm. There 

was a notable indication that in the beginning solution was with less absorption and 

with increasing time it became more miscible showing reduction of PtCl2 salt (figure 

3.1.8.3g). A remarkable difference in each reading show that absorption increases 

with increase in time for all the samples showing reduction reaction from Pt+ to Pto. 
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Figure. 3.1.8.3g: UV–Vis spectra predicting PtNPs synthesis in response to 

time of reaction of an aqueous solution of 0.1 M PtCl2 with 

the FB (PtFB) & FF (PtFF).  

3.1.9 Selection of metal salts for the synthesis of NPs 

Based upon these visual observations and the UV-Vis spectral analysis results; silver 

nitrate, gold chloride (hydrated) and platinum chloride salts were selected for further 

studies leading towards the fabrication of metal NPs.  
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3 EXPERIMENTAL 2 
3.2 Synthesis of Silver Nanoparticles (AgNPs) by different fungi 

3.2.1 Introduction 

The continuous demand for the development of clean, reliable, biocompatible and 

benign processes to synthesize NPs have attracted more and more researchers to 

exploit biological systems. A search for an ecologically viable synthesis 

procedure has led to a few biomimetic approaches. It is well known that the 

biological systems (especially microbes and plants) can uptake and remediate a 

number of metals or metal-containing compounds and convert them into less toxic 

forms. Based upon this strategy, up till now, various microbes from bacteria to fungi 

have been investigated to fabricate inorganic nanomaterials both intra- as well as 

extracellularly and thus can act as potential eco-benign bionanofactories. It was 

already established that; lot of active biomolecules are secreted by fungi which have 

played promising roles in reducing and capping NPs during mycosynthesis. Hence, it 

was of great impact to discover diverse novel fungal isolates and schemes for 

fabrication of AgNPs.   

The present study is the extension of the previously established facts where different 

fungi of phylum ascomycetes have been explored towards their synthesis of silver 

metal nanomaterials. In this chapter, extracellular mycogenesis of AgNPs was carried 

out by using the fungal biomasses and mycelia free culture filtrates of five previously 

isolated fungi including; Fusarium oxysporum, Aspergillus fumigatus, A. niger, A. 

flavus and A. terreus. The conversion of silver ions (Ag+) to elemental silver (Ago) 

was investigated by visual observations and UV-Vis spectrophotometry. AgNPs size 

was measured by using techniques of X-Ray Diffraction (XRD) and Transmission 

Electron Microscopy (TEM).  

3.2.2 Materials 

3.2.2.1 Chemicals and culture media components  

Silver nitrate (Merck, Germany), Malt extract (Oxoid Ltd. England), peptone from 

meat (Merk, Germany), Yeast extract (Oxoid Ltd. England), Potato dextrose broth 
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(BD® Difco™), D(+)-Glucose (Merk, Germany),  Sabouraud dextrose broth (Sigma-

Aldrich® Germany). 

Methods 

3.2.2.2 Maintenance of fungal cultures  

Fungal isolates used in this study were including; Fusarium oxysporum, A. fumigatus, 

A. niger, A. flavus and A. terreus which were obtained from Microbiology Research 

Laboratory (MRL), Quaid-i-Azam University, Islamabad. They were previously 

isolated and maintained on Potato Dextrose Agar slants, being refreshed on monthly 

basis by sub culturing using Sabouraud Dextrose Broth as growth medium. 

3.2.2.3 Cultivation of Fungal biomass 

The fungal biomass was harvested by growing them in 1000 ml Erlenmeyer flasks 

containing 500 ml of MGYP medium at 28 oC under shaking conditions (150 rpm) 

for 6-7days. After 7th day, mycelia were separated from the culture broth by 

normal filtration using Whatman filter paper no. 1. The mycelia were washed thrice 

with sterile distilled water. The harvested biomass was resuspended in distilled 

water, while the inoculated media (mycelia free culture filtrate) was also 

preserved in sterilized bottles for further experiments.  

Standard sterilization procedures were followed while handling and cultivation of 

fungi.  

3.2.2.4 Fabrication of AgNPs using different strategies  

Strategy I: Reacting AgNO3 with fungal biomass 

An amount of 20 g of the fresh fungal biomass was reacted with 200 ml of precursor 

salt (AgNO3) solution by taking 0.1M in an Erlenmeyer flask (500 ml) and agitated 

for 96 hrs at 28°C under dark conditions. Milli-Q water was used for the reaction. 

Along with the experimental flasks, positive (only fungal biomass in de-ionized 

water, without the silver ions) and negative control (0.1 M AgNO3 solution) were also 

investigated. 
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Strategy II: Reacting AgNO3 with fungal filtrate  

A conc. of 0.1M precursor salt AgNO3 was reacted with 200 ml of mycelia free 

cultural filtrate (age) in 500 ml Erlenmeyer flask. The reaction mixture was agitated 

for 96 hr at 28°C under dark conditions. Positive control (fungal culture filtrate) and 

negative control (0.1 M AgNO3 solution) were also investigated with the 

experimental flasks. Whole experiment was carried out in triplicate under sterilized 

conditions. 

3.2.2.5 Extraction of nanoscale preparations 

Nanosilver containing colloidal suspension was obtained after reacting with fungal 

culture filtrate with and without fungal biomass was concentrated by repeated 

centrifugation (Kokusan Model H-251, Japan) for 20 min at 12,000 rpm. Later on, the 

nanosilver powder was extensively washed three times with deionized water and 

finally with ethanol and centrifuged (Beckman coulter™ Microcentrifuge® 18 

centrifuge, Germany) for 20 min at 16,000 rpm. Finally, the pellet obtained was dried 

and was sent for XRD and TEM analysis to determine the sizes and shapes of AgNPs.  

3.2.3 Characterization of AgNPs 

For the characterization of myco-genized NPs; following techniques were used.  

1- Visual observations 

2- Ultraviolet-Visible (UV- Vis) Spectrophotometery 

3- XRD 

4- TEM 

3.2.3.1 Visual Observations 

Through visual observations, change in color of the reaction mixture was monitored. 

Images were taken at the beginning and at the end of the experiments. 

3.2.3.2 UV-Vis Spectrophotometery of AgNPs  

Samples taken at different time’s interval during experiments were scanned in a range 

of 200 – 800 nm λ by using UV-Vis spectrophotometer in order to detect the presence 

and concentration of AgNPs as was mentioned previously in section 3.1.7.2. 
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3.2.3.3 XRD analysis of AgNPs 

XRD is a rapid analytical technique primarily used for phase identification of a crystalline 

material. XRD was carried out to measure the mean size of silver colloidal suspension 

synthesized by exposing cell free (culture) filtrates of F. oxysporum, A. fumigatus, A. 

niger, A. flavus and A. terreus to 0.1M AgNO3 solution. Particle size was studied by 

X- Ray powder diffraction (PANalytical X’pert PRO XRD, Netherlands), available in the 

Department of Chemistry, Quaid-i-Azam University Islamabad 

The Debye-Scherrer equation (Ciupina et al., 2007) is a derivative of Bragg’s law 

and is used to determine the diameter of crystal samples, it is given as follows; 

D= 𝑘.𝜆
β𝑐𝑜𝑠𝜃

 

Where D = mean diameter, k = shape factor (0.9), λ= wavelength, β= the full width at 

half maximum, and θ= Bragg angle for studied diffraction.  

The X-ray radiation emitted by copper is the most frequently applicable, whose 

typical wavelength for the K radiation is =1.5418Å. When the incident beam strikes a 

powder sample, diffraction occurs in every possible orientation of 2theta (θ). The 

diffracted beam may be perceived by using a manageable detector such as a Geiger 

counter, which is associated to a chart recorder. In customary usage, the counter is set 

to scan over a range of 2θ values at a constant angular velocity. Usually, a 2θ range of 

10 to 80° is sufficient to cover the most beneficial part of the powder pattern. The 

scanning speed of the counter is usually 2θ of 2° min-1 and therefore, about 30-35 min 

is desirable to obtain a trace (Whittingham, 2005).  

3.2.3.4 TEM of AgNPs 

The TEM (JEOL JEM-1010, 1998 Model, Tokyo, Japan) was used to observe the 

shape and size of AgNPs synthesized by Fusarium oxysporum, Aspergillus fumigatus, 

A. niger, A. flavus and A. terreus using different strategies. 

In this technique, bright field image mode was used to analyze the samples. Pure 

ethanol based dilute suspensions of AgNPs were prepared by ultra-sonication. 

Suspension was applied drop wise on 300-mesh lacy carbon coated copper grids and 
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then dried for analysis under JEOL-1010 TEM. AgNPs containing copper grids were 

fixed in the holder. The accelerating high voltage was maintained at 80 kV. After 

selecting apertures, necessary alignments and adjustments were done, samples’ 

images were viewed on screen. At specific magnifications, micrographs were 

recorded on the photographic plates by focusing on the sample grids at appropriate 

places. Diffraction patterns of samples were recorded by using diffraction focus knob 

to focus the diffraction rings and spots. Standard developing procedure was used to 

process exposed photographic plates, and scanned (flatbed high resolution scanner) to 

get the final positives of the images were obtained (Cowley and Moodie, 1957).  
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3.2.4 Results 

3.2.4.1 Strategy I 

3.2.4.1.1 UV-Vis spectral analysis 

The extracellular biosynthesis of AgNPs was carried out by exposing Ag salt solution 

with six days old biomasses of Fusarium oxysporum and four different Aspergillus 

species including A. fumigatus, A. niger, A. terreus and A. flavus for 96 hr at 28oC 

under agitated conditions. During incubation the Ag salt solution showed a steady 

change in color intensity from yellowish brown to black coloration. The biosynthesis 

of AgNPs was monitored through UV-Vis spectroscopy by scanning the reaction 

solutions in the range 200–800 nm. The reaction mixtures showed spectra with 

increasing intensity in the range of 350–500 nm (figure. 3.2.4.1.1), in which major 

peaks were seen at 400-470 nm. These spectra which were recorded at different time 

intervals, showed increased absorbance with increase in incubation time critically 

around 420 nm. While both the control filtrates does not show any peaks in this 400 – 

470 nm range. The positive and the negative controls exhibited peaks around 230nm 

and 300 nm respectively. The general trend observed was rise in the spectra with time 

with increasing concentration of NPs for 96 hr of reaction. The spectra for F. 

oxysporum and A. terreus show constant rise of peaks with time. For A. fumigatus a 

sudden rise in peak after 2 and 4 hr was more obvious than the others. For A. niger 

and A. flavus 24 hr peak was more obvious as compared to others. 
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Figure. 3.2.4.1.1: UV–Vis spectra predicting AgNP synthesis in response to time 

of reaction of aqueous solution of 0.1 M AgNO3 with the fungal 

biomasses of different fungi.  
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3.2.4.1.2 XRD analysis of AgNPs 

XRD measurements were carried out to investigate the crystalline structure along with 

mean particle size of the AgNPs. XRD patterns showed various intense peaks in the 

whole spectrum of 2θ value ranging from 20 to 80. Along with other peaks, the XRD 

diffractograms showed four intense peaks around 2θ angles at 38º, 44º, 64º, 77º and 

were indexed as (111), (200), (220) and (311) respectively (figure. 3.2.4.1.2). The 

presence of distinct peaks corresponds to elemental Ag. Comparatively, higher peaks 

in the analysis indicated the active Ag composition and were mentioned by indexing. 

This owed to the unit cell of the face centered cubic (fcc) structure. Overall, the 

crystallites estimated though XRD technique revealed that their sizes were within 

nanometer range. The sizes of the Ag nano crystallites were determined with the help 

of Full Width at Half Maximum (FWHM) of the peaks by using the Debye-Scherrer 

formula, which demonstrated significant variation correspond to different fungi. 

Maximum mean size (nm) of AgNPs were; 31±15.4 with A. niger followed by 26±7.5 

with F. oxysporum, 21±5.6 with A. flavus, 21±13 with A. terreus and 10±6 with A. 

fumigatus. 
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Figure. 3.2.4.1.2: XRD patterns of AgNPs synthesized by biomasses of different 

fungi; Fusarium oxysporum (a) Aspergillus fumigatus (b), A. 

niger (c), A. flavus (d) and A. terreus (e). 
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3.2.4.1.3 TEM of AgNPs 

Biomasses of five aforementioned fungal strains viz Fusarium oxysporum and other 

four Aspergillus sp. were exposed to 0.1M AgNO3 solution and were incubated under 

shaking conditions for 96 hr. After extraction and purification of AgNPs, the sample 

was analyzed by TEM to determine the size and morphology of NPs produced. TEM 

micrographs (figure. 3.2.4.1.3) showed considerable variability in shapes of the 

AgNPs; however, most of them appeared to be spherical in shape. Overall sizes of 

these myco-genized AgNPs varied with a range of 3-80 nm. Few cases of aggregation 

were observed with variable sizes, but majority of NPs were found scattered. NPs size 

exhibited more polydispersity compared to observation made through XRD and was 

specifically noticed in case of A. fumigatus and A. flavus. Different fungi showed 

different sizes (nm) of AgNPs i.e. A. terreus 5-60nm, A. flavus 5-75, Fusarium 

oxysporum 5-80, A. niger 3-75 and A. fumigatus 3-80. More aggregated particles were 

observed for F. oxysporum and A. flavus. Large size particles were seen for A. 

fumigatus and A. niger. More monodispersity was noticed for A. terreus (figure. 

3.2.4.1.4). 
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Figure. 3.2.4.1.3: TEM micrographs of AgNPs synthesized by biomasses of 

different fungi; Fusarium oxysporum (a) Aspergillus fumigatus 

(b), A. niger (c), A. flavus (d) and A. terreus (e). 
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Figure. 3.2.4.1.4: Size distribution profile of AgNPs produced by biomasses of 

different fungi; Fusarium oxysporum (a) Aspergillus fumigatus 

(b), A. niger (c), A. flavus (d) and A. terreus (e). {A total 

number of 100 particles were analyzed}. 
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3.2.4.2 Strategy II 

3.2.4.2.1 Visual observations 

The culture filtrates of F. oxysporum and four Aspergillus sp. when incubated with 0.1 

M silver nitrate solution under dark conditions, change in color of the medium 

occurred from yellowish-brown to dark brown with increasing intensity during 

incubation at °C. Subsequently, the color of the medium changed to black after 96 hr 

of incubation (Figure. 3.2.4.2.1 a & b). The solution was observed for NPs stability, it 

remained in hydrosol form and even after 96 hr of incubation, no precipitation was 

observed. No colour change was observed in controls i.e., the positive control (fungal 

cultural filtrate) and negative control (AgNO3 solution) when incubated under same 

experimental conditions. The reaction mixture with F. oxysporum and A. flavus 

showed more obvious change in coloration. While, the reaction mixture with A. 

fumigatus exhibited instant change in color than the other cases. The black coloration 

was more evident in the reaction mixtures with A. niger and A. terreus.  

                       

Figure. 3.2.4.2.1a: Culture filtrates of different fungal species with silver nitrate 

solution (0.1M) at 0 hr (1a) Fusarium oxysporum (2a) 

Aspergillus fumigatus (3a) A. niger (4a) A. flavus (5a) A. 

terreus [controls; (6a) Culture filtrate (7a) AgNO3 (0.1M)]. 
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Figure. 3.2.4.2.1b: Culture filtrates of different fungal species with silver nitrate 

solution (0.1M) at 96 hr (1b) Fusarium oxysporum (2b) 

Aspergillus fumigatus (3b) A. niger (4b) A. flavus (5b) A. 

terreus [controls; (6b) Culture filtrate (7b) AgNO3 (0.1M)]. 

3.2.4.2.2 UV-Vis spectroscopy 

The UV-Vis spectral analysis was carried out to record absorption spectra for the 

reaction mixtures of AgNO3 solution and fungal culture filtrates of F. oxysporum, A. 

fumigatus, A. niger, A. flavus and. A. terreus along with positive and negative 

controls. The aliquots from reaction mixture were withdrawn at various time intervals 

and absorption patterns were recorded from 200 to 800nm. Long term incubation 

carried out for 96 hr of reaction mixtures resulted in the spectra of increasing intensity 

in the range of 350–500 nm (figure. 3.2.4.2.2ii) where major peaks were centered on 

400 nm. UV–visible spectra were analyzed to study the change in light absorption 

pattern with the change in brown color intensity of the reaction mixtures. Specifically, 

the UV–visible spectra recorded at different time intervals showed increased 

absorbance with increasing time of incubation at around 420 nm. The reaction 

mixtures containing culture filtrates of F. oxysporum, A. niger and A. flavus depicts a 

constant rise in peaks with time during the reaction. For A. fumigatus and A. terreus 

48 hr peak was more obvious as compared to others. 

In contrary the controls showed totally different patterns of UV absorbance. The 

positive control (fungal cultural filtrate), negative control (AgNO3 solution) and 
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control (MGYP medium + AgNO3 solution) showed peaks around 200 to 300 nm and 

200 nm respectively i.e. (figure. 3.2.4.2.2i). 

 

Figure. 3.2.4.2.2i: UV–Visible spectra of +ve control i.e. fungal cultural filtrate 

(a), -ve control i.e. silver nitrate solution (0.1M) {b} and 

control containing MGYP medium and silver nitrate solution 

(0.1M) {c} at different wavelengths. 
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Figure. 3.2.4.2.2ii: UV–Vis spectra predicting AgNP synthesis in response to time 

of reaction of the fungal inoculated media of different fungi 

with 0.1 M silver nitrate. 
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3.2.4.2.3 XRD analysis of AgNPs 

XRD analysis using Debye-Scherrer equation confirmed the crystalline nature and to 

estimate the mean particle size of the NPs with varying sizes (figure. 3.2.4.2.3). Along 

with other peaks, the XRD diffractograms showed four intense peaks around 2θ 

angles at 38º, 44º, 64º, 77º and were indexed as (111), (200), (220) and (311) 

respectively. The presence of distinct peaks corresponds to elemental Ag. 

Comparatively, higher peaks in the analysis indicated the active Ag composition and 

were mentioned by indexing. Few other obvious peaks at different 2θ angles like 29°, 

32°, 42°, 46°, 52°, 54° etc can be attributed to silver chloride and other ions used in 

the preparation of cultural medium and also to the biomass residue. Overall, the 

crystallites estimated though XRD technique revealed that their size was within 

nanometer range. The sizes of the Ag nano crystallites as estimated by using FWHM 

values in the Debye-Scherrer formulae, showed significant variation corresponding to 

different fungi. Maximum mean size (nm) of AgNPs were; 32±13 for A. terreus 

followed by 28±5.5 for F. oxysporum, 23±7 for A. niger, 21±8 for A. flavus, and 15±8 

for A. fumigatus. 
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Figure. 3.2.4.2.3: XRD patterns of AgNPs produced by cultural filtrates of 

different fungi; Fusarium oxysporum (a) Aspergillus fumigatus 

(b), A. niger (c), A. flavus (d) and A. terreus (e). 
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3.2.4.2.4 TEM of AgNPs 

The culture filtrates (mycelia free spent medium) of five aforementioned fungal 

strains viz F. oxysporum and four Aspergillus spp. were utilized in this strategy to 

obtain AgNPs. The representative TEM micrographs of AgNPs synthesized by 

different fungi were obtained after 96 hr (figure. 3.2.4.2.4). The micrographs showed 

considerable variability in shapes of the AgNPs; though, they appeared to be mostly 

spherical in shape. Overall sizes of these myco-genized AgNPs varied from 3 to 

80 nm. Majority of them were scattered in the micrographs with only some places 

showing large size aggregates of varying sizes. Different fungi showed different sizes 

(nm) of AgNPs i.e. A. flavus 5-30 nm, A. niger 5-50 nm, A. terreus 5-85 nm, F. 

oxysporum 5-90 nm, A. fumigatus 8-80 nm. More aggregated particles were observed 

for F. oxysporum and A. terreus. Acceptable size particles were seen for A. fumigatus. 

While, more monodispersity was noticed for A. flavus and A. niger (figure. 3.2.4.2.5). 
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Figure. 3.2.4.2.4: TEM micrographs of AgNPs produced by cultural filtrates of 

different fungi; Fusarium oxysporum (a) Aspergillus fumigatus 

(b), A. niger (c), A. flavus (d) and A. terreus (e). 
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Figure. 3.2.4.2.5: Size distribution profile of AgNPs produced by cultural filtrates 

of different fungi; Fusarium oxysporum (a) Aspergillus 

fumigatus (b), A. niger (c), A. flavus (d) and A. terreus (e). {A 

total number of 100 particles were analyzed}. 
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3 EXPERIMENTAL 3 
3.3 Effect of different physicochemical factors on the synthesis of 

silver nanoparticles (AgNPs) and production of other noble 
metal NPs. 

3.3.1 Introduction 

In contemporary, among NPs synthesis procedures, biologically mediated synthesis of 

NPs using fungi is gaining much importance. In this reference, a number of variables 

including pH, temperature, reaction time, type of the salts (compounds) and the 

reaction mixtures (hydrosol) etc. have been reported playing an important role in NP 

synthesis. These limiting factors not only affect the reaction rate in terms of 

conversion of ions to their respective NPs but they also play an important role on the 

quality of NPs in terms of higher monodispersity. In biological procedures basically 

reaction of certain functional proteins, other cellular components and cellular products 

with precursor salts reported to be affecting on the fabrication and related stability and 

functionality of the NPs. Cell free extracts of living materials stability, catalytic 

abilities, and mass transfer rates and in the end NP composites self-stability affect the 

NP synthesis. The conventional synthesis methods i.e. both the physico-chemical 

methods are also been affected by these factors. Thus, it has always been suggested 

that by manipulating any of the aforesaid factors an optimum production strategy 

could be achieved.  

In this chapter, extracellular myco-genesis of Ag, Au and PtNPs by using culture 

filtrates (mycelia free liquor) of Aspergillus niger was studied. The idea was to 

control particle size of NPs towards higher monodispersity by manipulating reaction 

conditions at different values of pH, temperature, static/shaking conditions and time. 

The NPs synthesized under different conditions were evaluated through different 

characterization techniques; using UV-Visible (UV-Vis) spectroscopy, TEM, XRD, 

Scattered Area Electron Diffraction (SAED) analysis, Scanning Electron Microscopy 

(SEM), and Dynamic Light Scattering (DLS) studies. Besides, the zeta potential and 

electrophoretic mobility of these NPs were also determined in order to measure the 

colloidal stability of the NPs suspensions. 
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3.3.2 Experimental setup for the optimized production of AgNPs 

The fungus A. niger was cultivated aerobically and nanoparticle fabrication strategy 

was utilized as was mentioned in the previous sections 3.2.2.3 and 3.2.2.4. For the 

optimization studies, one parameter is changed while keeping other conditions fixed. 

Basically, we harvested cultural filtrate of the fungus by growing fungal isolate under 

varying conditions. The fungal cultural filtrate was obtained by harvesting under 

varying growth media (MGYP, SDB, PDB & NB) and pH (3.5, 5.8, 7 and 8.5). The 

parameters like growth medium and pH were manipulated during growth of fungi in 

order to harvest fungal culture filtrate (exogenous metabolites) which was than further 

utilized for the synthesis of NPs. Keeping in view that it will affect the production of 

NPs in the second step. During the reaction mixture, the reaction conditions like 

temperature (25 oC, 30 oC, 37 oC and 45 oC) and concentration of the precursor salt 

AgNO3 (0.01M, 0.05M, 0.1M and 0.5M) were manipulated and role of temperature 

and concentration of the precursor salt were determined for NPs fabrication. 

Finding the agitation affect upon fabrication of AgNPs, the same pH i.e. 5.8, Temp. 

30 oC and concentration of the precursor salt was 0.1 M was utilized. Two sets of 

experiments were maintained, one was allowed to put under agitation on shaker 

incubator at 150 rpm, while the other set put on the shelf having the same 

environmental conditions except the agitation i.e. 0 rpm. Biomass vs cell free culture 

medium was compared to check the ability for the myco biosynthesis. The reaction 

time was also tried to monitor through UV-Vis spectroscopy. 

At the end the optimized parameters i.e. pH 5.8, temperature 30 oC, concentration of 

the precursor salt 0.1 M, MGYP medium, cell free spent medium under shaking 

conditions (150 rpm) for about 96 hr of reaction time were obtained. 

3.3.3 Experimental setup for mycogenesis of gold nanoparticles 
(AuNPs) 

The fungus A. niger was grown as mentioned in the previous section 3.2.2.3. For the 

synthesis of AuNPs, AuCl4.3H2O salt was utilized following the same strategy as was 

previously described in section 3.2.2.4. 
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3.3.4 Experimental setup for mycogenesis of platinum nanoparticles 
(PtNPs) 

The fungus Aspergillus niger was cultivated as mentioned in the previous section 

3.2.2.3. For the synthesis of PtNPs, PtCl2 salt was utilized instead of AgNO3 

following the same strategy as was previously described in section 3.2.2.4. 

3.3.5 Characterization tools 

3.3.5.1 Visual observations 

The change in color of the reaction mixture was visually monitored. Images were 

taken at the beginning (0 hr) and at the end (96 hr) of the experiments. 

3.3.5.2 UV-Vis Spectroscopy 

Kinetics of nanoparticle fabrication was routinely monitored as was stated in the 

previous section 3.1.7.2.  

3.3.5.3 X-Ray Diffraction (XRD) 

Crystalline nature of NPs was determined using XRD as was discussed previously in 

section 3.2.3.3. 

3.3.5.4 Transmission Electron Microscopy (TEM) 

Size and morphology of NPs were determined by the same methodology as was 

mentioned in the previous section 3.2.3.4. In addition the size was estimated by 

carefully observation and calculation around 1000 to 1200 particles in each case. 

3.3.5.5 Scattered area electron diffraction (SAED)  

Crystalline nature of NPs was also determined by SAED analysis coupled with TEM 

as was discussed previously in the section 3.2.3.4. Specifically, diffractions were 

obtained at the distance of 80cm.  
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3.3.5.6 Scanning Electron Microscopy (SEM) 

Scanning electron micrographs were taken using a JEOL 5600 instrument. The 

samples were filtered through Millipore filters of 0.2um pore size, to remove any 

contaminants interfering with the SEM images. Samples were prepared by fixing with 

2.5% glutaraldehyde overnight at room temperature. The fixed sample was 

dehydrated with gradient alcohol (10– 95%), incubated for 20 min in each gradient 

and dipped in absolute alcohol for 2–5 min. About 25 ul of the sample was pipette out 

and loaded on a ‘stub’ provided for SEM analysis. The stub is made of copper, in the 

shape of a small cylinder about the size of 1 cm diameter. One side of the stub was 

stuck with double sided carbon material. After loading the sample on the carbon 

material, the stub was fixed to a holder. The holder accommodates about 4 samples at 

a time. The scanning was done at accelerating voltage of 25 kV and at a distance of 5 

mm to 5 cm.  

Nano-suspensions of these myco-genized metallic NPs  

About 100 ppm of each NP was dissolved in test tubes containing 100 ml sterile de-

ionized water to get the nano-suspensions of each noble metal NPs. 

3.3.5.7 Dynamic Light scattering (DLS) 

For determining the size distribution of the NPs dynamic light scattering 

measurements have been performed on a Malvern Zeta Sizer Nano ZS (Malvern 

Instruments Ltd., Worcestershire, UK) using disposable clear zeta cells (DTS 1060C). 

The average diameter and polydispersity index (PDI) were provided by the instrument 

using general purpose analysis. The zeta average diameter and PDI reported herein 

were obtained as the average of three independent measurements (each measurement 

involved ten repetitions) performed on each sample. 

3.3.5.8 Zeta Potential measurements 

Zeta potential measurements were performed with the NPs from the stock solution, as 

well as resuspended using a Malvern Instruments Zeta-sizer Nano (Malvern 

Instruments Ltd., Worcestershire, UK), operating with a variable power (5–50 mW) 

coupled with He–Ne laser at 632 nm. Measurements were taken in zeta cells (DTS 

1060C) at 25 oC and repeated three independent times (each measurement involved 
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ten repetitions) on each sample. Before and between measurements, the flow through 

cell was washed three times with ultrahigh pure water before adding the next sample. 

The zeta potential of NPs was assessed at pH 7.4 to describe the conditions under 

which NP-bio interactions will occur. 

3.3.5.9 Electrophoretic Mobility measurements  

It is the electrophoretic mobility that we measure directly with the conversion to zeta 

potential being inferred from theoretical considerations. The electrophoretic mobility 

is measured with the principle of a classical micro-electrophoresis system is a cell 

with electrodes at either end to which a potential is applied. Particles move towards 

the electrode of opposite charge, their velocity is measured and expressed in unit field 

strength as their mobility. The technique used to measure this velocity in Malvern’s 

Zeta sizer Nano series of instruments is Laser Doppler Velocimetry. 
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3.3.6 Results 

3.3.6.1 Optimization of mycogenesis of AgNPs 

Mycogenesis of AgNPs was optimized by regulating parameters of temperature, pH 

and the concentration of precursor salt (AgNO3), different media used, biomass vs 

cell free culture medium capabilities, shaking/static conditions and the reaction time 

for the fabrication of NPs. Results were analyzed on the same grounds as mentioned 

before. The details of results are as follows; 

3.3.6.1.1 Effect of pH 

The UV-Vis spectra of the 24 hr reaction mixture containing cell free culture filtrate 

and 0.1 M silver nitrate solution revealed the production of NPs. As depicted from the 

optical density (OD) values at wavelength 420nm which increased with time. The NP 

production quantity and quality varied under varying pH. The spectrograms depicted 

that for pH 3.5 & 8.5 less concentration of AgNPs was present. While slightly high 

peak around 450 nm range correlate with the aggregation or bit large size of the 

particles as compared with the peak obtained for pH 5.8, which showed that 

acceptable amount of NPs was concentrated in the reaction mixture at 24 hr with 

acceptable size limits. Large size with more size variability in AgNPs was also 

observed for pH 7 (figure.3.3.6.1.1i). 

 

Figure. 3.3.6.1.1i: UV-Vis spectra of myco-genized AgNPs at different pH. 

Reaction mixture containing culture filtrate and AgNO3 solution with different pH 
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metal NPs were formed. The optimum pH found to be 5.8 at which NPs size range 

was found with a range of 3-60nm. NPs Size was found to be increased beyond this 

pH value as it was 20-80nm at pH 3.5, 5-80nm at pH 7, and 3-80 at pH 8.5 

(figure.3.3.6.1.1ii). Similarly, the representative TEM micrographs for AgNPs 

obtained at different pH revealed that at pH 7 and 8.5 more aggregated particles were 

obvious, while at less pH 3.5 larger size NPs were obtained. Scattered and acceptable 

size variable NPs were obtained for pH 5.8 (figure.3.3.6.1.1b). The TEM results 

appeared to be in line with UV-Vis spectral analysis results. 

 

Figure. 3.3.6.1.1ii: TEM micrographs of AgNPs produced by A. niger at pH 3.5 

(a), pH 5.8 (b), pH 7 (c) and pH 8.5 (d). 

3.3.6.1.2 Effect of temperature 

The UV-Vis spectra for 24 hr reaction mixture containing cell free culture filtrate and 

0.1 M silver nitrate solution revealed the production of NPs. The spectrogram 

depicted that for temperature 37oC, & 45 oC less concentration of AgNPs was present. 

While slightly high peak around 450 nm range correlate with the aggregation or bit 

large size of the particles as compared with the peak obtained for temp 30 oC, which 
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showed that acceptable amount of NPs was concentrated in the reaction mixture at 24 

hr with acceptable size limits. Less quantity with poor quality AgNPs was also 

observed for temperature at 25 oC (figure. 3.3.6.1.2i). 

 

Figure. 3.3.6.1.2i: UV-Vis spectra of myco-genized AgNPs at different temperatures. 

 

The fungal cultural filtrate was reacted with AgNO3 solution (0.1M) at different 

temperatures (25°, 30°, 37o and 45° C) at pH 5.8. A significant variation in size of 

AgNPs was observed. The optimum temperature was 30°C at which there was least 

size variability (6-60 nm) whereas it was 15-90 nm, 5-80 nm and 3-90 nm for 25°C, 

37°C and 45 oC respectively. Significant variations in the size of NPs were observed 

at all temperatures; however it was considerably less at 30°C (figure. 3.3.6.1.2ii). The 

TEM pictorial results appeared to be in line with that of UV-Vis spectral results. 
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Figure. 3.3.6.1.2ii: TEM micrographs of AgNPs produced by A. niger at 25 °C 

(a),  30°C (b), 37°C (c) and 45 °C (d).                        

3.3.6.1.3 Effect of concentrations of precursor salt 

The UV-Vis spectra for 24 hr reaction mixture containing cell free culture filtrate and 

different concentrations of silver nitrate solution revealed the production of NPs. The 

spectrograms depicted that for concentrations 0.01, 0.05 and 0.5 less concentration of 

AgNPs was present. While slightly high peak around 450 nm range correlate with the 

aggregation or bit large size of the particles as compared with the peak obtained for 

0.1M concentration, which showed that acceptable amount of NPs was concentrated 

in the reaction mixture at 24 hr with acceptable size limits (figure. 3.3.6.1.3i). 
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Figure. 3.3.6.1.3i: UV-Vis spectra of myco-genized AgNPs at different 

concentrations of the precursor salt AgNO3. 

 

When different concentrations of AgNO3 solution (0.01, 0.05, 0.1 and 0.5 M) were 

reacted with culture filtrate at pH 5.8 and 30°C, significant variability in NPs’ sizes 

was observed. Overall the range was 3-90 nm under different conditions. However at 

0.1 M less variability in size range (5-60 nm) was observed. Increase in concentration 

from 0.05 M to 0.1 M resulted in decrease in size variability (20-80nm for 0.05 M and 

5-60nm for 0.1 M). Further increase in concentration led to increase in size variability 

and it was 20-90nm at 0.5 M and size of nanoparticle increased as well (figure. 

3.3.6.1.3ii). This observation was shown by TEM also correlates with UV-Vis 

spectroscopy. 
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Figure. 3.3.6.1.3ii: TEM micrographs of Ag NPs produced by A. niger at 0.01 M 

(a), 0.05 M (b), 0.1 M (c) and 0.5 M (d) of precursor salt silver 

nitrate. 

3.3.6.1.4 Effect of different media 

The UV-Vis spectra for 24 hr reaction mixture containing 0.l M silver nitrate solution 

and cell free culture filtrates of different media Sabouraud dextrose broth (SDB), 

Potato dextrose broth (PDB), Malt extract, Yeast extract, Glucose and peptone 

(MGYP) and Nutrient broth (NB) revealed the synthesis of NPs. The spectrograms 

depicted that for all the media acceptable concentration of AgNPs was present with 

acceptable size limits. A slightly more concentration of AgNPs was obtained for 

MGYP medium as compared with the others (figure. 3.3.6.1.4i). 
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Figure. 3.3.6.1.4i: UV-Vis spectra of AgNPs produced by A. niger at different 

media.  

The TEM revealed NPs sizes for different media used for this study. For instance, 3 to 

75 nm for SDB, 5 to 80 nm for PDB, 5 to 50 nm for MGYP and 3 to 80 nm for NB. 

Over all the size range was obtained around 3-80 nm. Monodispersity is slightly more 

obvious in case of MGYP medium as was obvious from the figure 3.3.6.1.4ii.  

 

Figure. 3.3.6.1.4ii: TEM micrographs of myco-genized AgNPs produced at media, 

SDB (a), PDB (b), MGYP (c) and NB (d). 
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3.3.6.1.5 Effect of cellular moieties 

The UV-Vis spectra for 24 hr and 48 hr reaction mixture containing biomass and cell 

free culture filtrate and 0.1 M concentration of silver nitrate solution revealed the 

synthesis of NPs to evaluate the role of the presence or absence of fungal biomass 

(figure. 3.3.6.1.5i). The spectrograms depicted that for 24 hr less concentration of 

AgNPs was present for both the biomass and culture media as compared to 48 hr 

where high peaks depicted the more quantity of NPs. The AgNP from 48 hr culture 

medium reaction mixture exhibited the maximum absorbance and thus the maximum 

presence of NPs. The quality of the NPs produced in both the cases were almost the 

same.  

 

Figure. 3.3.6.1.5i: UV-Vis spectra of myco-genized AgNPs at different times 

using biomass and cell free culture medium.  

 

The representative TEM micrographs for 24 hr and 48 hr reaction mixture containing 

biomass and cell free culture filtrate and 0.1 M concentration of silver nitrate solution 

depict the NPs quality. Overall the size range was found to be in between 3-85 nm. 

The NPs obtained through biomass containing reaction mixture were more 

polydisperse and large in size, (range 5 to 85 nm), while AgNPs obtained from cell 

free culture filtrate (medium) were found to be more monodisperse and smaller in size 

(range 3 to 55 nm) {figure. 3.3.6.1.5ii}. 
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Figure. 3.3.6.1.5ii: TEM micrographs of myco-genized AgNPs at 24 hr biomass 

(a), at 48 hr biomass, at 24 hr culture medium (c) and at 48 hr 

culture medium (d) containing reaction mixtures with 0.1 M 

silver nitrate solution. 

3.3.6.1.6 Effect of agitation 

The UV-Vis spectra for 24 hr and 48 hr reaction mixture containing cell free culture 

filtrate and 0.1 M concentration of silver nitrate solution and placed under shaking 

and static conditions to check the effect of agitation on NP synthesis. The spectrogram 

depicted that more concentration of AgNPs was present with less size variability for 

NPs obtained under shaking conditions (150 rpm) both at 24 and 48 hr. More size 

variability and comparatively larger size NPs with bit less concentration was obtained 

from reaction mixture when maintained at static conditions (0 rpm) {figure. 

3.3.6.1.6i}. Thus, NPs with good quality and in more quantity were obtained under 

agitated conditions. 
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Figure. 3.3.6.1.6i: UV-Vis spectra of myco-genized AgNPs at different times at 

shaking and static conditions. 

The representative TEM images for myco-genized AgNPs revealed the size range 

from 5 to 85 nm. More scattered particles were seen in case of shaking as compared to 

particles obtained under static conditions (figure. 3.3.6.1.6ii). The size range for NPs 

obtained under agitation was 5-60nm while for no agitation was 10-85 nm.  

 

Figure. 3.3.6.1.6ii: TEM micrographs of myco-genized AgNPs at shaking 

conditions, at 24 hr (a), at 48 hr (b), and at static conditions, at 

24 hr (c) and at 48 hr (d) containing reaction mixtures with 0.1 

M silver nitrate solution. 
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3.3.6.1.7 Effect of incubation time 

The UV-Vis spectra were recorded for the reaction mixtures comprising AgNO3 sol. 

and cell free culture filtrate of the fungus A. niger. The aliquots of the reaction 

mixture were taken out at different time intervals for spectral analysis. The light 

absorption patterns were monitored in the range of 200–800 nm. Long term 

incubation carried out for 144 hr of reaction mixtures resulted in the spectra of 

increasing intensity with a range of 350–500 nm (figure. 3.3.6.1.7). From the 

spectrogram it was observed that for 96 hr incubation maximum concentration of 

AgNPs was observed after that less quantity with more size variability and larger size 

was observed as was depicted by the peaks. UV–Vis spectral analysis of the medium 

was carried out to study the change in light absorption profile of the medium due to 

change in brown colour intensity. Specifically, the UV–Vis spectra recorded at 

different time intervals showed increased absorbance with increase in incubation time 

at around 420 nm. 

 

 

Figure. 3.3.6.1.7: UV-Visible spectra of myco-genized AgNPs at different time 

intervals. 
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3.3.6.2  Biosynthesis of AgNPs at optimized conditions 

Initially, the synthesis of AgNPs was carried out by incubating culture filtrates of A. 

niger with silver ions (0.1M AgNO3 solution) at 30°C and pH 5.8. 

3.3.6.2.1 Visual observations of myco-genesis of AgNPs 

Color of medium was changed gradually from yellow to dark brown and then black 

was observed after 96 hr of incubation (figure. 3.3.6.2.1). The intensity of color kept 

on increasing during the period of incubation. The solution remained as hydrosol and 

no precipitation was observed even after 96 hr of incubation. Control flasks without 

silver showed no change in color of the culture filtrate when incubated in the same 

experimental conditions. 

 

Figure. 3.3.6.2.1: Change in color of culture filtrates of Aspergillus niger and 

silver nitrate (0.1 M) solution (a) at 0 hr, (b) after 96 hr of 

reaction. 

3.3.6.2.2 XRD and SEAD Analysis 

The crystallography of AgNPs fabricated by the reaction mixture of A. niger and 

silver nitrate solution after 96 hr of reaction was probed by XRD. As is obvious from 

XRD patterns in figure 3.3.6.2.2a, extracellularly myco-genized AgNPs were vastly 

crystalline in nature, that could be perfectly indexed to the {111}, {200}, {220} and 

{311} Bragg reflections of the face centered cubic (fcc) form of crystalline silver. 

XRD analysis thus provided a clear indication of development of high quality 
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crystalline AgNPs using cell free medium of A. niger. By using the Debye Scherrer 

equation the size of the AgNPs produced obtained was 17±7 nm. Additionally, the 

crystallinity of AgNPs was further confirmed by applying SAED analysis of these 

myco-genized AgNPs during TEM imaging (figure 3.3.6.2.2b). The SAED patterns 

from the sample exposed well-defined diffraction spots in the form of rings, which are 

indicative of polycrystalline silver and were similarly indexed as was through XRD. 

 

Figure. 3.3.6.2.2: XRD (a) and SAED (b) analysis of myco-genized AgNPs. 

3.3.6.2.3 Transmission Electron Microscopy of AgNPs 

The representative TEM micrographs of AgNPs obtained after 96 hr of incubation 

displayed monodispersed AgNPs. The size range was found to be 7-27 nm (figure. 

3.3.6.2.3i). The size distribution profile was maintained by analyzing about one 

thousand particles. It was detected that most of the particles found to be in 20 to 40 

nm range. While 0 to 20 and 40 to 60 nm particle size range was also observed in 

acceptable amounts (figure. 3.3.6.2.3ii).  
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Figure. 3.3.6.2.3i: TEM micrographs of AgNPs produced by A. niger under 

optimized conditions. 

 

Figure. 3.3.6.2.3ii: Size distribution profile for AgNPs 

3.3.6.2.4 Scanning Electron Microscopy (SEM) 

The representative SEM images recorded from drop-coated films of the AgNPs, 

synthesized by treating silver nitrate solution with cell free culture filtrate of A. niger 

for 96 hr. From the figure it was obvious that most of the AgNPs obtained were 

spherical polydisperse in nature. The results further indicated that the particles were in 

4-30 nm range (figure. 3.3.6.2.4). 
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Figure. 3.3.6.2.4: SEM micrographs of AgNPs produced by A. niger under 

optimized conditions. 

3.3.6.3 Biosynthesis of AuNPs 

AuNPs were synthesized using the fungus A. niger. The biosynthesis of AuNPs was 

carried out at 30°C, pH 5.8 and 0.1M concentration of the precursor salt gold chloride 

trihydrate. 

3.3.6.3.1 Visual observations 

The Fungal culture filtrate of A.niger when incubated with gold ions, color of the 

medium was changed gradually from yellow to dark golden yellow was observed after 

96 hr of incubation (figure. 3.3.6.3.1). Color intensity kept on increasing during 

incubation. The solution remained as hydrosol and no precipitation was observed even 

after 96 hr of incubation. Control flask without gold showed no change in color of the 

culture filtrate when incubated in the same experimental conditions. 
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Figure. 3.3.6.3.1: Change in color of culture filtrates of Aspergillus niger and 

gold chloride (0.1 M) solution (a) at 0 hr, (b) after 96 hr of 

reaction. 

3.3.6.3.2 UV-Vis spectral analysis of AuNPs 

The UV-Vis spectra were recorded for 0.1 M gold chloride trihydrate salt solution 

(figure. 3.3.6.3.2a) and reaction mixture containing cell free growth medium and 0.1 

M gold chloride trihydrate salt solution (figure. 3.3.6.3.2b). Aliquots of the reaction 

mixture were withdrawn at various time intervals and were scanned for spectral 

analysis. The light absorption patterns were monitored in the range of 200–800 nm. 

Long term incubation carried out for 96 hr of reaction mixtures resulted in the spectra 

of increasing intensity where major peak of gold was observed in the range 500-600 

nm. During this incubation, UV–visible spectrum of the medium was recorded to 

study the change in light absorption profile of the medium due to change in intensity 

of the color change. The UV–visible spectra of gold were recorded at various time 

intervals showed increased absorbance with increasing time of incubation at around 

530 nm (figure. 3.3.6.3.2b). While the control gold chloride solutions do not show 

any obvious peaks (figure. 3.3.6.3.2a). 
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Figure. 3.3.6.3.2: UV–Visible spectra of aqueous medium having precursor salt 

of gold chloride trihydrate containing gold ions 

(HAuCl4.3H2O, 0.1 M) {a} and  UV–Visible spectra of 

aqueous medium containing culture filtrate of A. niger and gold 

chloride trihydrate (0.1 M). Absorption spectra showed peak at 

530 nm, at which NPs are produced (b).  

3.3.6.3.3 XRD and SAED Analysis 

The crystallography of AuNPs formed by the reaction mixture of A. niger and gold 

chloride solution after 96 hr of reaction was probed by XRD. As is obvious from 

XRD patterns in figure 3.3.6.3.3a, extracellularly myco-genized AuNPs were vastly 

crystalline in nature, that could be perfectly indexed to the {111}, {200}, {220} and 

{311} Bragg reflections of the face centered cubic (fcc) form of crystalline gold. 

XRD analysis thus provided a clear indication of development of high quality 

crystalline AuNPs using cell free medium of A. niger. By using the Debye Scherrer 
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equation the size of the AuNPs obtained was 28±8 nm. Additionally, the crystallinity 

of AgNPs was further confirmed by applying SAED analysis of these myco-genized 

AgNPs during TEM imaging (figure 3.3.6.2.3b). The SAED patterns from the sample 

exposed well-defined diffraction spots in the form of rings, which are indicative of 

polycrystalline gold and were similarly indexed as was through XRD. In addition an 

extra ring indexed {222} was also observed depicting more polycrystallinity. 

 

Figure. 3.3.6.3.3: XRD (a) and SAED (b) patterns of myco-genized AuNPs. 

3.3.6.3.4 Transmission Electron Microscopy of AuNPs 

The representative TEM micrographs of AuNPs obtained after 96 hr of incubation 

exhibited NPs with variable shapes; however, most of them were spherical. The size 

range was found in between 10 to 35 nm (figure. 3.3.6.3.4i).  The size distribution 

profile was maintained by analyzing about one thousand particles. It was detected that 

most of the particles found to be in 20 to 40 nm range. While 0 to 20 and 40 to 60 nm 

particle size range was also observed in acceptable amounts (figure. 3.3.6.3.4ii). 
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Figure. 3.3.6.3.4i: TEM micrographs of AuNPs produced by A. niger. 

 

Figure. 3.3.6.3.4ii:  Size distribution profile for AuNPs. 

3.3.6.3.5 Scanning Electron Microscopy (SEM) 

The representative SEM images recorded from drop-coated films of the AuNPs, 

synthesized by treating gold chloride solution with cell free culture filtrate of A. niger 

for 96 hr revealed that most of the AuNPs obtained were spherical and polydisperse in 

nature. The results further indicated that the particles were in 15-55 nm range (figure. 

3.3.6.3.5) 
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Figure. 3.3.6.3.5: SEM micrographs of AuNPs produced by A. niger at different 

resolutions. 

3.3.6.4 Biosynthesis of PtNPs 

PtNPs were prepared by using precursor salt platinum chloride concentration 0.1 M, 

pH 5.8, temperature 30°C at 150 rpm for 96 hr. 

3.3.6.4.1 Visual observations of myco-synthesis of PtNPs 

The culture filtrates of A. niger when incubated with platinum ions, a gradual change 

in the color of medium from brown to greyish was observed after 96 hr of incubation 

(figure. 3.3.6.4.1). The intensity of color kept on increasing during the period of 

incubation. The solution remained as hydrosol and no precipitation was observed even 

after 96 hr of incubation. Control flask without platinum ions showed no change in 

color of the culture filtrate when incubated in the same experimental conditions. 
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Figure. 3.3.6.4.1: Change in color of culture filtrates of Aspergillus niger and 

platinum chloride (0.1 M) solution (a) at 0 hr, (b) after 96 hr of 

reaction. 

3.3.6.4.2 UV-Vis spectral analysis of PtNPs 

The UV-Vis spectra were recorded for the PtCl2 solution 0.1 M and reaction mixture 

containing the cell free fungal culture filtrate of A. niger and platinum salt solution. 

Aliquots of the reaction mixture were withdrawn at various time intervals and scanned 

on a UV-visible spectrophotometer. The light absorption patterns were monitored in 

the range of 200–800 nm. Long term incubation carried out for 96 hr of reaction 

mixtures resulted in the spectra of increasing intensity where major peak of platinum 

was centered at 200-300nm. During this incubation, UV–Vis spectrum of the medium 

was recorded to study the change in light absorption profile of the medium due to 

change in intensity of the color change. The UV–visible spectra of platinum was 

recorded at different time intervals showed increased absorbance with increasing time 

of incubation at around 240 nm  (figure. 3.3.6.4.2b). While no major peaks were 

observed in the control flask containing only the PtCl2 solution (figure. 3.3.6.4.2a).  

  



Chapter 3                                                                                                  Experimental 3 
 

 119 

 

Figure. 3.3.6.4.2: UV–Visible spectra of aqueous medium having platinum 

chloride solution (PtCl2 0.1 M) {a}. UV–Visible spectra of 

aqueous medium containing culture filtrate of A. niger and 

platinum chloride (0.1 M). Absorption spectra showed peak at 

240 nm, at which PtNPs are produced (b). 

3.3.6.4.3 XRD and SAED Analysis 

The crystallography of PtNPs fabricated by the reaction mixture of A. niger and 

platinum chloride solution after 96 hr of reaction was probed by XRD. As is obvious 

from XRD patterns, extracellularly myco-genized PtNPs were vastly crystalline in 

nature, that could be perfectly indexed to the {111}, {200}, {220} and {311} Bragg 

reflections of the face centered cubic (fcc) form of crystalline gold (figure. 

3.3.6.4.3a). XRD analysis thus provided a clear indication of development of high 

quality crystalline PtNPs using cell free medium of A. niger. By using the Debye 

Scherrer equation the size of the PNPs obtained was 13±6 nm. Additionally, the 
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crystallinity of PtNPs was further confirmed by applying SAED analysis of these 

myco-genized PtNPs during TEM imaging (figure 3.3.6.4.3b). The SAED patterns 

from the sample exposed well-defined diffraction spots in the form of rings, which are 

indicative of polycrystalline platinum and were similarly indexed as was through 

XRD. In addition an extra ring indexed {222} was also observed depicting more 

polycrystallinity. 

 

Figure. 3.3.6.4.3: XRD (a) and SAED (b) patterns for myco-genized PtNPs. 

3.3.6.4.4 Transmission Electron Microscopy of PtNPs 

The representative TEM micrographs of PtNPs obtained after 96 hr of incubation 

exhibited the NPs with variable shapes, however, most of them were spherical. The 

size of the particles ranged from 10 to 20 nm (figure. 3.3.6.4.4i). The size distribution 

profile was maintained by analyzing about one thousand particles. It was detected that 

most of the particles found to be in 20 to 40 nm range. While 0 to 20 and 40 to 60 nm 

particle size range was also observed in acceptable amounts (figure. 3.3.6.4.4ii). 
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Figure. 3.3.6.4.4i: TEM micrographs of PtNPs produced by A. niger.  

 

Figure. 3.3.6.4.4ii: Size distribution profile for PtNPs.  

3.3.6.4.5 Scanning Electron Microscopy (SEM) 

The representative SEM images recorded from drop-coated films of the PtNPs 

synthesized by treating platinum chloride solution with cell free culture filtrate of A. 

niger for 96 hr. From the figure it was obvious that most of the PtNPs obtained were 

spherical and polydisperse in nature. The results further indicated that the particles 

were in 5-17 nm range (figure. 3.3.6.4.5). 
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Figure. 3.3.6.4.5: SEM micrographs of myco-genized PtNPs produced by A. 

niger at different resolutions.  

3.3.6.4.6 Nano-suspensions/Nano-emulsions 

The representative image for the 100 ppm nano-suspensions prepared by these myco-

genized noble metal NPs in sterile de-ionized water revealed that the nano-

suspensions were well dispersed and quiet 

stable in solution (figure 3.3.6.4.6)  

     

                                                           

                                                        

        

Figure. 3.3.6.4.6:       Representative figures  

for nano-suspensions of 

myco-genized AgNPs (a), 

AuNPs (b) and PtNPs (c). 
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3.3.6.4.7 Dynamic Light Scattering (DLS) 

The representative images for DLS studies for these myco-genized noble metal NPs 

revealed that the particles obtained were in acceptable nano sized limits range. More 

polydispersity is seen for AgNPs as compared to AuNPs and PtNPs. 

 

Figure. 3.3.6.4.7a: Dynamic Light Scattering (DLS) measurements of Ag & Au 

NPs. 

 

Figure. 3.3.6.4.7b: Dynamic Light Scattering (DLS) analysis of PtNPs and hydro-

dynamic size variability of the myco-genized noble metal NPs. 

3.3.6.4.8 Zeta potential Measurements 

Zeta potential measurements for these myco-genized noble metal NPs revealed that 

maximum value was for AuNPs which was around – 51 mV, than for PtNPs -39 mV 

and the least was -19 mV and that is for AgNPs (figure 3.3.6.4.8a). Zeta Potential 

analysis is a technique for determining the surface charge of NPs in solution 
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(colloids). The magnitude of the zeta potential is predictive of the colloidal stability. 

NPs with Zeta Potential values greater than +25 mV or less than -25 mV typically 

have high degrees of stability. Dispersions with a low zeta potential value will 

eventually aggregate due to Van Der Waal inter-particle attractions. This means that 

the colloidal nano-suspensions for Au & Pt NPs were more stable than the suspension 

for AgNPs. 

Electrophoretic Mobility Measurements 

Electrophoretic mobility was also determined for these myco-genized noble metal 

NPs. Maximum mobility was related to the AuNPs and was around -4, while -3 was 

determined for PtNPs and the least was obtained for AgNPs that is -1.5 umcm/Vs 

(figure 3.3.6.4.8b). These results were also in line with the zeta potential 

measurements. 

 

Figure. 3.3.6.4.8: Zeta potential (a) and Mobility (b) measurements for the myco-

genized noble metal NPs. 
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3 EXPERIMENTAL 4 
3.4 Applications of Nanoparticles 

3.4.1 Introduction  
Nanotechnology is an emerging field of science, having impact in many fields such as 

medicine, space industries, electronics and environmental sciences (Bhattacharyya et 

al., 2009). Nanomaterials have many applications in fields of nanomedicine, i.e., drug 

delivery, diagnostic sensors and medical imaging (Bhowmik et al., 2010). Noble 

metal NPs in particular, are versatile with a variety of biomedical applications in 

diagnostics, (Selvan et al., 2010; Baptista et al., 2008), radiotherapy (Huang et al., 

2007; Yavuz et al., 2008) targeted drug and gene-delivery (Bhattacharyya et al., 2011; 

Ghosh et al., 2008; Nishiyama, 2007) with reduced risks to corresponding patients 

(Xie et al., 2010; Conde et al., 2012). Apart from these applications, they can be used 

as antimicrobials (Naqvi et al., 2013; Birla et al., 2009). Due to increasing problem of 

antimicrobial resistance, scientists are searching for new ways to control resistant 

pathogen, i.e., nanotechnology has introduced metal nanoparticles with antimicrobial 

properties. Advancement in field of nanotechnology has attracted microbiologist to 

apply these metal nanoparticles as a novel drug against these resistant microbes. 

Although nanomedicine is new field, but it has great potential to be explored 

(Xiangqian et al., 2011). AgNPs have been intensely investigated due to their 

excellent unique properties associated to novel metals such as conductivity, chemical 

stability, catalytic activity, nonlinear optical behavior, and bactericidal activity 

(Capek, 2004). Various researchers have found that silver nanoparticles are effective 

killers of pathogenic bacteria such as E.coli, B. subtilis, and S. aureus (Kim et al., 

2007; Pal et al., 2007 and Ingle et al., 2008). Fungal synthesized AgNps showed 

efficient antibacterial activity against multidrug resistant bacteria, including multidrug 

resistant strains like Staphylococcus aureus, Salmonella typhi, Staphylococcus 

epidermidis and Escherichia coli (Ingle et al., 2008). Antifungal activity of AgNps 

against dermatophytes including clinical isolates of T. mentagrophytes and Candida 

species showed that AgNPs could inhibit the growth of dermatophytes. This study 

revealed the remarkable potential of silver nanoparticles as an antifungal agent in 

treating fungal infectious diseases (Kim et al., 2008). 



Chapter 3                                                                                                  Experimental 4 

 126 

Based upon the aforesaid implication, commercially (C) available and biologically 

(B) synthesized AgNPs from the fungus (Aspergillus flavus) were investigated as an 

antibacterial and antifungal agents separately and in synergism with antibiotics. In 

addition, in-vitro antioxidant, cytotoxic and phytotoxic activities of B AgNPs were 

evaluated and compared with C AgNPs.   

3.4.2 Assessment of different biological activities of AgNPs 

3.4.2.1 Materials 

Sabouraud dextrose broth, Potato dextrose agar and Commercial silver nanoparticles 

(C AgNPs) {<100 nm, 99.5 % nAg metal} were purchased from Sigma-Aldrich 

Chemicals Co. (St. Louis, MO, USA), whilst Potato dextrose broth, Mueller Hinton 

Agar and Nutrient Agar were obtained from BD® Difco (Franklin lakes, NJ, USA). 

3.4.2.2 Methods 

3.4.2.2.1 Assays for the determination of biological activities 

In order to assess the biological activities of AgNPs, following assays were 

performed: 

• Antibacterial,  

• Antifungal, 

• Antioxidant, 

• Cytotoxicity and  

• Phytotoxicity  

3.4.2.2.2 Antibacterial activities 

In order to assess the antibacterial action of B AgNPs “disc diffusion method” was 

employed (Bhalodia and Shukla, 2011). 

3.4.2.2.2.1 Test bacterial strains and maintenance of cultures 

Pure cultures of eight different bacterial isolates (table. 3.4.2.i) were acquired from 

“Microbiology Research Laboratory (MRL)”, Quaid-i-Azam University, Islamabad; 

initially isolated from “Pakistan Institute of Medical Sciences (PIMS)”. For refreshing 
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the stocks, the isolates were sub cultured on fresh media (i.e. nutrient broth and agar) 

every week and stored at 4oC.  

The bacteria strains used were: 

Table. 3.4.2i: Bacterial strains (Clinical isolates) 

            Gram Positive strains Gram Negative strains 

Staphylococcus aureus Escherichia coli  

Micrococcus luteus Klebsiella pneumoniae 

Enterococcus faecalis  Pseudomonas aeruginosa 

Bacillus spp. Acinetobacter baumanii 

3.4.2.2.2.2 Volume check for antibacterial assay 

In order to check the effect of B AgNPs solution volume on size of zone of inhibition, 

different volumes (10μL-50μL) of 100 ppm concentration of AgNPs suspension were 

utilized. 

3.4.2.2.2.3 Procedure 

For evaluating the antibacterial activities AgNPs, selected bacterial isolates were 

streaked on “Muller-Hinton Agar” medium plates, which were then incubated at 37oC 

for 24 hr. The fresh cultures were then used to make the suspension. In order to 

maintain the turbidity of bacterial culture, 0.5% “McFarland solution” was employed 

for comparison.  1  mL of this suspension (inoculum) was then added and spread on 

“Muller-Hinton Agar” medium plates (to attain 10-6 cfu / mL). After this nanoparticle 

containing air dried sterile filter paper discs were positioned at suitable distances. 

Following labeling, the plates were kept at 37°C for 24 hr to test the activity. 

“Antibacterial activity” was then determined by recording the diameter in zone of 

inhibition and measured in millimeters (mm).                                                 

3.4.2.2.2.4 Antibiotics  

Antibiotics were selected from five different groups having different mode of actions; 

these were Imipenem (Carbapenem), Trimethoprim (Sulfonamide), Gentamycin 

(Aminoglycoside), Vancomycin (Glycopeptide), and Ciprofloxacin (Quinolone).  
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3.4.2.2.2.5 Synergistic effects of antibiotics and AgNPs using Disk diffusion Method  

The disc diffusion methodology was applied to evaluate the antibacterial potential of 

antibiotics, myco-logically originated AgNPs and their conjugates against eight 

different bacteria on Mueller-Hinton agar plates (Bhalodia and Shukla, 2011). The 

inoculum of each bacterium was obtained by growing the organism overnight in 

Muller-Hinton liquid medium on a shaker incubator (200 rpm) at 37°C. Turbidity of 

the culture was sustained by equating with 0.5% McFarland standard by diluting with 

0.9 % NaCl solution. Muller Hinton Agar plates were seeded with 1 ml of inoculum 

of the test bacterial culture to attain 10⁶ CFU per ml. A Lawn of the test organism was 

made on autoclaved Muller Hinton Agar plate using sterile swabs. Plates were 

allowed to set and then AgNPs loaded air dried sterile discs were placed using sterile 

forceps. Also, for determining synergistic effects, each standard antibiotic disc was 

impregnated with 30 microliters of metallic NPs (100ppm). Plates were labeled 

carefully and incubated at 37°C for 24 hr to check the activity. Antibacterial activity 

was expressed as diameter of the zone of inhibition and measured in millimeters 

(mm). The assays were employed in triplicate. 

3.4.2.2.3 Antifungal Assay 

For determination of antifungal activities of B AgNPs, four fungal isolates Aspergillus 

flavus, Fusarium spp., A. niger and Candida albicans were taken from “Microbiology 

Research Lab (MRL)”, QAU. Potato Dextrose agar (PDA) slants was used for 

maintenance of cultures. For refreshing the stock cultures, every week the fungi were 

sub cultured and stored on PDA medium at 4oC.  

3.4.2.2.3.1 Procedure 

In order to evaluate the antifungal activity of AgNPs “disc diffusion method” was 

used (Bhalodia and Shukla, 2011). For this purpose, 20 μL of fungal spore suspension 

was used for spreading on potato dextrose agar medium plates. These plates were then 

incubated at a temperature of 30°C for 48 hr. After this “antifungal activity” was 

determined by monitoring the zone of inhibition measure (diameter in mm). About 

100 ppm concentration was evaluated for both the B AgNPs and C AgNPs against the 

test fungal strains. About 30 μL of the suspension was put on sterile discs and air 

dried and then put on respective plates. Experiments were conducted in triplicate sets.  
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3.4.2.2.3.2 Synergistic action of AgNPs and Fluconazole 

For the determination of antifungal action of fungicide, fluconazole on four different 

fungal strains i.e. A. niger, Fusarium spp, C. albicans and A. flavus “disc diffusion 

method” was utilized. Then in order to establish the combined effect of fungicide and 

B AgNPs, every standard fungicide containing disc was infused with 30 μL of fresh 

AgNPs solution. PDA medium plates were then seeded with 20 μL of fungal spore 

suspension. Following incubation (30°C for 48 hr), inhibition zone sizes were 

determined in millimeters. Experiments were conducted in triplicate sets. 

3.4.2.2.4 Antioxidant Assay 

The free radical foraging activity of C and B AgNPs was ascertained by using 2, 2-

diphenyl-picrylhydrazyl (DPPH) free radical foraging assay (Kumbhare et al., 2012). 

This method is not dependent on polarity of sample. Electron or hydrogen 

bequeathing capability of AgNPs was established from the blanching of purplish 

DPPH methanol solution.               

3.4.2.2.4.1 Procedure 

For antioxidant assay spectrophotometric technique was employed (Tepe et al., 2005).  

For this 50 μL of 10, 100 and 1000 ppm/mL AgNPs solution were introduced into 5 

mL of DPPH methanol solution (0.004%). Following vigorous agitation, this mixture 

was kept at room temperature for a period of 30 min. Solution absorbance was then 

recorded at 517 nm against a blank (consisted of all components except the compound 

to be tested)  with the help of a spectrophotometer (Agilent 8453). Following formula 

was used for computing the percentage inhibition i.e. I % of ‘free radical’ DPPH: 

I % = (A blank – A sample/ A blank) x 100 

Where, A blank and A sample are the respective absorbance values of blank and NPs 

solution. 

3.4.2.2.5 Cytotoxicity Assay 

Brine shrimp cytotoxicity assay was used to assess the cytotoxic potential of AgNPs 

(Maridass, 2008). For this, 1 mg of AgNPs was added to 1 mL of sterilized deionized 

water for preparing 1000 ppm AgNPs solution. From this stock, 100 and 10 ppm 
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diluted solutions were prepared. Then, 34 grams of commercial sea salt (Harvest Co. 

H. K.) were dissolved in 1 L of sterile distilled water with constant agitation. This 

solution was then subjected to vigorous agitation on a magnetic stirrer for aeration.                                        

3.4.2.2.5.1 Procedure 

A shallow rectangular vessel, containing the already prepared seawater, was used for 

hatching of Artemia salina (Brine shrimp) eggs (Sera, Heidelberg, Germany). This 

container was then unequally partitioned with the help of a porous plastic (2mm) 

separator. Following this, about 25 mg of eggs were added to the larger portion of the 

container that was then covered with aluminum foil, in order to keep this section in 

dark. Whereas the other portion i.e. the smaller one was kept in light. A. salina eggs 

(kept at 28oC) were hatched after a period of 24 hr, following which the shrimp larvae 

(or the phototropic nauplii) were collected from the illuminated portion with the help 

of a Pasteur pipette. 

About 2 mL of the prepared seawater was added to each Two-dram vial. Then 0.5mL 

of 10, 100 and 1000 ppm AgNPs solutions were added to these vials. After that 10 A. 

salina larvae (counted against a lighted background with the help of 3x magnifying 

glass in the stem of Pasteur pipette) were added to each vial. These vials were then 

kept under a light source at a temperature of 28oC for 24 hr. Following incubation, 

surviving nauplii were counted and LD50 was graphically computed with the help of 

“Finni computer program”. Experiments were conducted in triplicate sets. 

3.4.2.2.6 Phytotoxicity assay 

Phytotoxic potential of AgNPs was assessed by using Raphanus sativus (radish) seeds 

(Turker and Camper, 2002).  For this, 1 mg of AgNPs was added to 1 mL of sterilized 

deionized water for preparing 1000 ppm AgNPs solution. From this stock, 100 and 10 

ppm diluted solutions were prepared. R. sativus seeds were surface sterilized by 

dipping in 0.1% HgCl2 (mercuric chloride) solution for 5 min. Then they were 

washed with sterilized distilled water for 3-4 times followed by drying over 

autoclaved filter paper sheet.                           
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3.4.2.2.6.1 Procedure 

Sterilized “Whatman No. 1” filter paper was placed in 10 cm autoclaved petridishes. 

To these plates 5 mL of C and B AgNPs solution were separately poured. Sterilized 

distilled water was used as control. Following this, seeds were transferred to the plates 

and lids were placed on them. These plates were then kept under dim light at a 

temperature of 25oC. Then after 3 and 5 days of experiment, number of germinated 

seeds, shoot and root lengths were monitored. Experiments were conducted in 

triplicate sets.                            
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Results 

3.4.2.3 Biological activities 

3.4.2.3.1 Antibacterial activities 

3.4.2.3.1.1 Effect of AgNPs solution volume on antibacterial action 

Different volumes (10μL-50μL) of 100 ppm AgNPs solution were used to assess 

effect of suspension volume on inhibition zone size. In the case of each test isolate, an 

increase in the inhibition zone was monitored with the corresponding increase in 

AgNPs solution volume (Figure. 3.4.2iii). 

3.4.2.3.1.2 Antibacterial activity of AgNPs  

It was observed that with increasing volume of AgNPs suspension (10ul -50ul) 

against each tested microbe, zone of inhibition increased. B AgNPs gave good zone of 

inhibition against Gram negative as well as Gram positive microbes. It was found that 

AgNPs are active biocidal against all microbes. However, bacteria like M. luteus, 

Bacillus spp., E. coli and A. baumanii were more sensitive to NPs that the other 

bacterial isolates (Figure. 3.4.2i, ii & iii).  
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Figure. 3.4.2i: Biologically synthesized AgNPs (100ppm) showing zone of 

inhibition against G+ve group of bacteria. 
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Figure. 3.4.2ii: Biologically synthesized AgNPs (100ppm) showing zone of 

inhibition against G-ve group of tested bacteria. 
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Figure. 3.4.2iii: Antibacterial activity of AgNPs (100ppm) against bacterial strains at 

37oC. 

 

3.4.2.3.1.3 Synergistic effect of antibiotics and AgNPs against bacteria 

The combined effect of B AgNPs in combination with different antibiotics was 

investigated against Gram-positive and Gram-negative bacteria using the disk 

diffusion method. The antibacterial activity of Gentamycin, Vancomycin, Imipenem 

and Ciprofloxacin increased in the presence of AgNPs. The decreasing order of 

antibacterial activity (zone of inhibition in mm) of antibiotics, AgNPs and their 

conjugates against bacterial group (average) was; ciprofloxacin + AgNPs (23) > 

imipenem + AgNPs (21) > gentamycin + AgNPs (18.5) > vancomycin + AgNPs 

(15.5) > AgNPs (14.75) > imipenem (13.66) > trimethoprim + AgNPs (13.5) > 

ciprofloxacin (12.5) > gentamycin (11) > vancomycin (4) > trimethoprim (0). Overall, 

synergistic effect of antibiotics and B AgNPs resulted a 0.2-7 (average = 2.8) fold 

increase in antibacterial activity. Efficacy of antibiotics, myco-genized NPs and their 

combinations in terms of zones of inhibition (mm) was measured against eight 

different bacteria (table 3.4.2ii). The antibacterial activities of different antibiotics 

against bacterial group ranged from 0-13.66 mm (zone of inhibition). Specific 
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antibiotics activities were maximum with; Imipenem against S. aureus (23mm), K. 

pneumoniae (21mm), Bacillus spp. (21mm) and E. coli (20mm), ciprofloxacin against 

S. aureus (28mm), K. pneumoniae (22mm), Bacillus spp. (23mm), gentamycin against 

K. pneumoniae (22mm) and Bacillus spp.(21mm). All the bacteria were resistant to 

vancomycin except Bacillus spp. and K. pneumoniae. Similarly, trimethoprim showed 

no activity against any of the bacterial species. 

In the case of AgNPs mild bactericidal activities were observed in terms of zone of 

inhibition ranging from 14 to 16 (ave. = 14.75) mm against bacterial group. 

Combinations of antibiotics and AgNPs resulted a 0.2-4.5, 3-6.11, 0.29-7, 0.27-7 and 

0.07-5.25 fold increase in antibacterial activity (zone of inhibition) with respective 

combinations of NPs and antibiotics (imipenem, trimethoprim, gentamycin, 

vancomycin and ciprofloxacin) against bacterial group (ave). Typically, maximum 

zone of inhibition(s) was observed in case of; S. aureus and Bacillus spp. with NP + 

imipenem (25mm), E. faecalis (16mm) with NP + trimethoprim,  K. pneumoniae with 

NP + gentamycin (25mm), Bacillus spp. with NP + vancomycin (19mm) and with NP 

+ ciprofloxacin (38mm).  

The tested microbes showed susceptibility in the range 14 to 25mm for imipenem and 

AgNP conjugates. Trimethoprim-NP conjugate exhibited the bactericidal activity 

range from 12 to 16mm much better than conventional trimethoprim which showed 

no activity against any of the microbe. Gentamycin impregnated with NPs exhibited 

the efficacy range from 12 to 25mm. All the microbes were resistant to vancomycin 

except K. pneumoniae and Bacillus spp. which showed efficacy around 16mm. While 

13 to 19mm range was obtained when vancomycin infused NPs were used. 

Ciprofloxacin and NP conjugate showed efficacy in the range from 14 to 38mm 

against the entire tested microbial community. Overall antibacterial combinations of 

ciprofloxacin and imipenem impregnated with NPs showed the maximum 23 and 

21mm efficacy against whole tested bacterial community. While gentamycin, 

vancomycin and trimethoprim infused with NPs exhibited the efficacy 18.5, 17.5 and 

13.5mm against bacterial group. The representative zones of inhibitions were shown 

in figures 3.4.2iv & v. 
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Figure. 3.4.2iv: Synergistic effect of antibiotics and biologically synthesized AgNPs 

(100ppm) against G+ve group of bacteria.  

 

 

 

 



Chapter 3                                                                                                  Experimental 4 

 138 

 

Figure. 3.4.2v: Synergistic effect of antibiotics and biologically synthesized AgNPs 

(100ppm) against G+ve group of bacteria.  
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Table 3.4.2ii: Combined and individual efficacy of antibiotics and AgNPs against selected bacteria [LSD; Alphabets indicate the rank order and 
values sharing a common letter do not differ significantly, other differ significantly (p < 0.05)]. 

       Bacteria species      
 E. coli S. aureus M. luteus P. 

aeruginosa 
E. faecalis A. baumanii K. 

pneumoniae 
Bacillus 
spp. 

Average Rank 
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Imi. (a)  20±1 23±1 18±1 12±0.6 16±0.6 0* 21±1 21±1.7 13.66 CDE 
NP 15±1.5 16±2 14±1 14±1.5 15±1.5 15±1 14±0.6 15±1.5 14.75 CD 
Imi. + NP (b) 22±2 25±2 20±0.6 20±0.6 20±0.6 14±0.6 24±1.2 25±0.6 21.25 A 

Increase in fold area 0.21 0.18 0.23 1.78 0.56 4.44 0.31 0.42   
  

 

Trm.(a) (2.5ug) 0* 0* 0* 0* 0* 0* 0* 0* 0 G 
NP 15±1.5 16±2 14±1 14±1.5 15±1.5 15±1 14±0.6 15±1.5 14.75 CD 
Trm. + NP(b) 13±1 15±2 13±1 13±0.6 16±0.6 13±0.6 12±1 13±0.6 13.5 CDE 

Increase in fold area 3.69 5.25 3.69 3.69 6.11 3.69 3 3.69    
 

 

Gen.(a) (10ug) 9±1.2 15±1.5 0* 14±1.5 8±0.6 0* 22±0.6 21±1 11.125 E 
NP 15±1.5 16±2 14±1 14±1.5 15±1.5 15±1 14±0.6 15±1.5 14.75 CD 
Gen. + NP (b) 12±1 21±2 17±2 18±1 15±0.6 16±1 25±1 24±0.6 18.5 B 

Increase in fold area   0.78 0.96 7.02 0.65 2.51 6.11 0.29 0.31   
  

 

Van.(a) (30ug) 0* 0* 0* 0* 0* 0* 16±1 16±0.6 4 F 
NP 15±1.5 16±2 14±1 14±1.5 15±1.5 15±1 14±0.6 15±1.5 14.75 CD 
Van. + NP (b) 13±2 14±2 17±2 17±1 13±0.6 13±0.6 18±0.6 19±1 15.5 C 

Increase in fold area 3.69 4.44 7.02 7.02 3.69 3.69 0.27 0.41   
  

 

Cip. (a) (10ug) 0* 28±0.6 19±1 0* 0* 8±0.6 22±0 23±0.6 12.5 DE 
NP 15±1.5 16±2 14±1 14±1.5 15±1.5 15±1 14±1 15±1.5 14.75 CD 
Cip. + NP (b) 14±2 29±1 21±1 15±1.5 14±1 18±0.6 35±1 38±0.6 23 A 

Increase in fold area 4.44 0.07 0.22 5.25 4.44 4.06 1.53 1.73   
Rank CD AB C CD CD D B A   

Abbreviations: Imi. = Imipenem, NP = Silver Nanoparticles, Trm. = Trimethoprim, Gen. = Gentamycin, Van. = Vancomycin, Cip. = Ciprofloxacin, Increase 
in fold area = (b2- a2) /a2. 
A, B, C, D, E etc. = Vertically, ranking associated with antibiotic combinations against bacterial isolates. 
      = Horizontally, ranking associated with bacterial isolates in terms of sensitivity against antibiotic combinations. 
*In the absence of the bacterial growth inhibition zones, the disc’s diameter (6 mm) was used to calculate the fold increases; (Naqvi et al., 2013).



Chapter 3                                                                                                  Experimental 4 

 140 

3.4.2.3.2 Antifungal action of AgNPs 
Candida albicans, A. niger, Fusarium spp. and A. flavus were used to assess the 

antifungal action of B and C AgNPs against 100 ppm suspension measured for 48 to 

72 hr. C. albicans exhibited 13 and 11 mm, while A. niger showed 15 and 10 mm, 

Fusarium spp. displayed 13 and 12 mm while A. flavus exhibited 14 and 8 mm for B 

and C AgNPs (figure. 3.4.2vi).  

 

Figure. 3.4.2vi: Antifungal activities of B and C AgNPs (100 ppm).  

 

3.4.2.3.2.1 Synergistic effect AgNPs and antibiotics against Fungi  

Synergistic effect of AgNPs and fluconazole was evaluated against the test fungi. 

There was observed a 5.25 fold increase in antifungal activity and was highest in case 

of Fusarium spp. compared to other fungi . For A. niger and A. flavus acceptable 

increase i.e., 3.69 in fold area was detected (). While, for Candida albicans, the fold 

increase found to be minimum (0.96) {Table 3.4.2iii}.  
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Figure. 3.4.2vii: Synergistic effect of antibiotics and B AgNPs (100ppm) against 

C. albicans, A. niger, Fusarium spp. and A. flavus. 

Table: 3.4.2iii: Antifungal activity of antibiotic fluconazole in the 

presence/absence of AgNPs against test fungi  

Test Organisms Fluconazole (25μg/disk) Fold increase = 
(b2- a2) /a2 Zone of inhibition (mm) 

Fluconazole 
(a) 

Fluconazole + AgNPs 
(b) 

A. flavus 0* 13±1.5 3.69 
Fusarium spp. 0* 15±1.5 5.25 
A. niger 0* 13±1 3.69 
Candida albicans 10 14±1 0.96 

*In the absence of zone of inhibition, the disc diameter (6mm) was used to calculate the fold increase. 
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3.4.2.3.3 Antioxidant Activity of AgNPs 

Antioxidant activity of 1000 ppm C AgNPs was relatively higher than that of B 

AgNPs, as their respective “free radical inhibition percentage (I %)” values were 19.8 

and 17.9%. Then at a quantity of 100 ppm AgNPs, the respective “I%” values 

computed for C and B AgNPs were 5.3 and 5.79%. A decline in the “I%” was 

monitored with the corresponding reduction in NP quantity, e.g. at 10 ppm, just 0.06 

(C AgNPs) and 0.98% (B AgNPs) “inhibition percentage” was recorded (figure. 

3.4.2viii). 

 

Figure. 3.4.2viii: Antioxidant property of B AgNPs and C AgNPs. Two way 

ANNOVA illustrates; a non-significant effect for the two types 

of NPs i.e. BAgNPs and CAgNPs (having the same 

concentration) {p>0.05}, a significant effect for the 

concentration used for the two types of NPs (p<0.05). 
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3.4.2.3.4 Cytotoxicity Assay 

“Brine shrimp assay” was used to assess the cytotoxic potential of AgNPs. Maximum 

toxicity (after a period of 24 hr) was observed with 1000 ppm B AgNPs as in this case 

highest number of shrimp deaths (2) was recorded. Contrary to this, no cell death was 

observed with C AgNPs at the same concentration. Then at a quantity of  100 ppm, a 

decline in toxicity was monitored since the number of dead shrimps was reduced to 1 , 

while with C AgNPs no mortality was observed (figure. 3.4.2ix).                                                  

Then at 1000 ppm B AgNPs, an increase in larval death was recorded following 48 hr 

of incubation, as in this case the number of dead shrimps was raised to 5 whereas at a 

concentration of 100 ppm, number of dead shrimp larvae was 2. On the other hand, 

just 1 shrimp larva died in the presence of 1000 ppm and 100 ppm C AgNPs. The 

number of shrimp deaths was reduced at lower B AgNPs quantities since only one 

shrimp larva died at 10 ppm concentration, while with C AgNPs, no mortality was 

recorded at this concentration (figure. 3.4.2x). Following 72 hr of incubation, a further 

increase in the number of dead larvae was monitored at all concentrations of C and B 

AgNPs; and most of the larvae found to be either impaired or dead (figure. 3.4.2xi). 

 

Figure. 3.4.2ix: Ratio of alive, impaired and dead nauplii in the samples after 24 hr. 
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Figure. 3.4.2x: Ratio of alive, impaired and dead nauplii in the samples after 48 hr. 

 

 

Figure. 3.4.2xi: Ratio of alive, impaired and dead nauplii in the samples after 72 hr. 
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3.4.2.3.5 Phytotoxicity Assay 

R. sativus seeds were used to establish the phytotoxic potential of AgNPs. After 3 

days of experiment, the respective %age seed germination values recorded for all the 

three concentrations of B and C AgNPs were 45 and 55%. Then after 5 days, an 

increase in the seed germination %age (65%) was monitored for 1000 ppm B and C 

AgNPs. Highest root and shoot lengths were recorded in the presence of 1000 ppm B 

AgNPs, the respective values measured for these variables were 5.07 and 49.2 cm 

(table. 3.4.2iv). Percentage “seed germination” values recorded for control were lesser 

than that observed for samples under examination. The results of this assay 

demonstrated nontoxic nature of AgNPs as they did not hamper the plant germination 

and growth process. Additionally, B AgNPs displayed improved results than that 

obtained with C AgNPs. 
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Figure. 3.4.2xii: Phytotoxicity assay of biologically synthesized AgNPs at 10, 

100 and 1000ppm. 
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Figure. 3.4.2xiii: Phytotoxicity assay of commercially synthesized AgNPs at 

10ppm, 100ppm and 1000ppm. 
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Table. 3.4.2iv: Effect of AgNPs on radish seeds germination, root and shoot 

length after 3rd and 5th day of experiment at 30 oC. 

Total number of 

seeds = 60  

Seed 

germination 

(%) 

Seed 

inhibition 

(%) 

Mean value 

of seedling 

Root length 

(cm) 

Mean value 

of Shoot 

length (cm) 

Sample/AgNPs after 3 

days 

after 5 

days 

after 5 days  after 5 days After 5 days 

Distilled water 50±1 55±1 45±1 34.36±1 26.45±1 

BAgNPs (10ppm) 45±1.5 45±1 55±1.5 30.55±1 15.77±1 

BAgNPs (100ppm) 45±1.5 60±2 40±1 49.08±2 45.33±1.5 

BAgNPs (1000ppm) 45±1.5 65±2 35±1 50.07±1 49.2±1 

CAgNPs (10ppm) 55±1 55±1.5 45±1 12.1±1 15.21±1 

CAgNPs (100ppm) 55±1.5 65±2 55±2 16.53±1 22.53±1 

CAgNPs (1000ppm) 55±1 65±2 35±1 33.5±1.5 30.75±1.5 
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3.4.3 Gelatin-Au nanocomposite for triggering cellular growth 

Materials used as hydrogels for tissue engineering must meet specific characteristics 

to promote the generation of new tissue. It is imperative that hydrogels maintain their 

shape and provide the necessary mechanical support while being nontoxic and non-

immunogenic (Hutson et al., 2011). They should mimic the extracellular matrix and 

promote cellular proliferation and differentiation, desired cell functions, and 

interactions. Similar to the extracellular matrix, hydrogels should be enzymatically 

degradable, allowing cells to remodel their environment. Therefore, the importance of 

developing a hydrogel with tunable mechanical and biological properties is crucial 

when considering the wide range of optimal mechanical and micro-environmental 

requirements for each cell and tissue type (Nichol et al., 2010). AuNPs were known to 

play role in growth and differentiation of human mesenchymal stem cells (Kohl, 

2011; Yi, 2010). In order to investigate the role of NPs in tissue engineering 

specifically with reference to promoting cellular growth unique AuNP-Gelatin 

nanocomposite was formulated optimizing its water retention, mechanical and 

degradation properties. It was then evaluated for its abilities to promote cellular 

growth using NIH 3T3 cell lines.   

Materials 

3-(trimethoxysilyl) propyl methacrylate (TMSPMA), gelatin (Type A, 300 bloom 

from swine hide), methacrylic anhydride (MA) were purchased from Sigma-Aldrich 

(Wisconsin, USA). Printed photo masks were acquired from CADart (Washington, 

USA), glass slides and cover slips were obtained from Fisher Scientific (Philadelphia, 

USA) whilst the UV light source used (Omnicure S2000) was constructed at EXFO 

Photonic Solutions Inc. (Ontario, Canada). Electronic digital micrometer calipers 

(Marathon Watch Company Ltd, Ontario, Canada) were applied for the determination 

of spacer thickness.  

3.4.3.1 Methods 

3.4.3.1.1 Methacrylated gelatin synthesis  

For the preparation of methacrylated (MA) gelatin, 10% (w/v) gelatin type A (from 

swine hide) was blended with ‘Dulbecco’s phosphate buffered saline’ (DPBS; 

GIBCO), with constant stirring at 60oC till complete dissolution. Until the attainment 
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of a target volume rate of 0.5 mL/min, MA was constantly added to gelatin solution 

with continuous agitation at 50oC, the reaction mixture was then left for 1 hr.  

Proportion of reactive lysine groups was altered by adjusting the concentration of MA 

in the initial reaction mixture. The reaction was stopped by 5% dilution using warm 

(40oC) DPBS; for the removal of salts and methacrylic acid, mixture was then 

subjected to dialysis against distilled water (using 12-14 kDa cutoff dialysis tubing) 

for a period of one week at 40oC. Subsequently, white porous foam was made by 

lyophilizing the obtained solution for a period of one week, which was then kept at 

80oC. 

3.4.3.1.2 Hydrogel synthesis and characterization  

Lyophilized Gel-MA was added into DPBS, which contained 0.5% (w/v) 2- hydroxy-

1-(4-(hydroxyethoxy) phenyl)-2-methyl-1 propanone (Irgacure 2959, CIBA 

Chemicals) as a photoinitiator, at 80oC till complete dissolution. After pipetting 200 

μL of the prepolymer amid two glass coverslips alienated by a 750 mm divider, it was 

subjected to 6.9 mW/cm2 UV light (360-480 nm) exposure for duration of 60 s. After 

this, samples were separated from the slides and kept under flee floating state at 37oC 

in DPBS for 24 hr. 

3.4.3.1.2.1 Microscopy 

Images of the swelled hydrogels were taken using compound microscope (Cole-

Parmer EW-48925-02) attached with Camera (Sony F 65). 

3.4.3.1.2.2 Mechanical testing 

Just before analysis an 8 mm disc was detached from each distended hydrogel sheet 

with the help of a biopsy punch. Kim Wipe was used for slight blotting of disc, which 

was then subjected to testing at a rate of 20% strain/min using a “mechanical tester” 

(Instron 554). The “compressive modulus” was established as the slope of linear 

region relative to 0-5% strain. 

3.4.3.1.2.3 Analysis of Hydrogel distension 

Polymerization was carried out by a method similar to that explained for mechanical 

testing. Just after the formation of hydrogel, an 8 mm discs was detached from each 
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flattened thin sheet and shifted to DPBS at 37oC for a period of 24 hr. Afterwards the 

discs were taken out from DPBS and to eliminate any residual liquid they were 

blotted with Kim Wipe, followed by recording of their distended weights. Following 

lyophilization, weight of these samples was again recorded to establish the dry mass. 

After this the mass distension proportion was computed as the ‘ratio of distended 

hydrogel mass to the mass of dried polymer’. 

3.4.3.1.2.4 Degradation study 

Hydrogel degradation was investigated in 1.5mL tubes containing 1mL of DPBS 

along with 2.5U/mL of type II collagenase (Worthington Biochemical). With this 

collagenase the gels were incubated at 37oC for different time durations (i.e. for 3, 6, 

12, 24, 36, and 40 hr). After every time interval the collagenase mixture was carefully 

separated from the untreated hydrogel that was then washed with DPBS and 

lyophilized following removal of all liquid residues. Then, the degradation percentage 

was evaluated by dividing the dried weight of treated hydrogel with that of the 

untreated sample.  

3.4.3.1.3 Cell culture 

NIH3T3 fibroblasts maintained in Dulbecco’s modified Eagle’s medium (DMEM; 

Gibco) containing 10% FBS, were shifted two times per week and media was 

replaced with fresh one after every 2 days. Cell culturing was carried out in a standard 

“cell culture incubator” (Forma Scientific) in the presence of 5% “CO2 atmosphere” 

at 37oC. 

3.4.3.1.3.1 Cell attachment and viability 

Plain GelMA and AuNPs-GelMA hydrogels were then placed in DMEM at 37oC 

overnight. Both types of hydrogels were washed with DPBS and incubated for 6 to 48 

hr in NIH3T3 medium under standard culture conditions. The Live/Dead assay 

(Invitrogen) was used according to the manufacturer’s instructions. Calcein-

AM/ethidium homodimer fluorescence was observed using an inverted fluorescence 

microscope (Nikon TE 2000-U). NIH ImageJ software was applied to compute the 

number of calcein-AM and ethidium homodimer-positive cells from 10 randomly 

selected microgel units from six patterns for each Gel-Au nanocomoposite hydrogels.  
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Results 

3.4.3.2 Gelatin-Au nanocomposite fabrication  

Gelatin-Au nanocomposites were prepared and were observed microscopically for 

structural morphology (figure. 3.4.3i). There is not much difference in structure was 

observed in between the two samples except for a bit change in color. Gelatin-Au 

nanocomposite material appeared to be slightly yellowish in color as compared to 

control gelatin hydrogel used as control. 

 

Figure. 3.4.3i: Microscopy of Gelatin-Au nanocomposites; Control (a), 

Gelatin-Au nanocomposite (b) hydrogels. 

3.4.3.3 Swelling characteristics 

Distension properties of a network affect its variety of functions such as solute 

infusibility, surface mobility and mechanical characteristics (Park et al., 2004). The 

extent of gel distension depends upon the polymer pore size and its interaction with 

the solvent (Hesse et al., 2010). As the physical characteristics of hydrogel and its 

desired micro-pattern reliability were significantly affected by the hydration level, 

therefore mass distension proportion of Gel-MA relative to hydrogel amount and 

methacrylation extent was determined. In order to attain equilibrium, hydrogels were 

left in DPBS at room temperature for 24 hr, after which the gels were lyophilized and 

the mass distention ratio of distended mass to dried mass was computed and 

compared. While keeping the same hydrogel quantity, a considerable increase in the 

mass distention proportion was observed with a decrease in methacrylation 

percentage. This shows that the extent of methacrylation considerably effects water 
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attracting and retaining properties of polymers. Contrary to this, at constant 

methacrylation percentage, mass distention proportion was noticeably increased in all 

cases with a decrease in hydrogel amount. As hydrogel distention extent can 

profoundly affect its overall shape, these findings indicate that the pattern reliability 

of hydrogels could be enhanced by raising the hydrogel amount, methacrylation 

extent or both (figure. 3.4.3ii). 

 

 

Figure. 3.4.3ii:  Swelling graphs for Gelatin-Au nanocomposites. 

3.4.3.4 Mechanical properties 

Cell differentiation and functional properties are influenced by the matrix mechanical 

characteristics (Slaughter et al., 2009; Rehfeldt et al., 2007). In order to assess the 

consequence of methacrylation extent and gel quantity on mechanical characteristics 

of “Gel-MA” hydrogels, samples were subjected to free compression, using 10 % 

Gel-MA quantity for preparing gels with  low, medium and high methacrylation 

proportion. Generally, at every strain level (for all the gels); rigidity of hydrogel was 

increased with the corresponding increase in methacrylation extent (figure. 3.4.3iii). A 

considerably higher “compressive modulus” was recorded for medium and high 

methacrylation extents at 10% Gel-MA amounts. Likewise, keeping the 

methacrylation extent at constant level whilst raising the Gel-MA quantity, 

considerably increased the value of compressive modulus at all the tested conditions. 
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Gel-MA displayed elastomeric characteristics as all the tested samples tolerated a 

maximum of 50 N loads (figure. 3.4.3iii). 

 

Figure. 3.4.3iii:  Mechanical Properties of Gelatin-Au nanocomposites. 

3.4.3.5 Degradation studies 

The capability of cells to degrade and remodel their hydrogel environment is crucial 

to the development and growth of mature tissue. Gel-MA, like gelatin in its native 

state, maintains its susceptibility to enzymatic degradation. Previously, 2.5U/mL of 

type II collagenase was already used to evaluate the enzymatic degradation profile of 

10% Gel-MA. In this study, we applied the same methodology as was previously 

established by Hutson et al., (2011) to examine the enzymatic degradation profiles of 

GelMA-Au nano-composite hydrogels as compared to Gel-MA alone. The 

degradation profiles of 10% (w/v) Gel-MA supplemented with AuNPs (figure. 

3.4.3iv). The main effect of AuNPs addition doesn’t exhibited and considerable 

change in degradation profile. As evident in the graph, the main effect of degradation 

time describes that the longer the hydrogels are exposed to collagenase II the greater 

the mass loss. 
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Figure. 3.4.3iv: Degradation abilities of Gelatin-Au nanocomposites.  

3.4.3.6 Cell adhesion to 2D Gel-MA surfaces 

Methacrylated gelatin is used as a good source for stem cells. As the survival and 

functionality of cells in engineered tissues is associated with their scaffold binding 

ability (Burdick and Vunjak, 2009). High methacrylation percentage was selected, 

since that formulation displayed best performance in micro patterning functions. In 

order to investigate Gel-MA proficiency for its function in vascularized tissue 

engineering and compatibility with human cell forms, NIH3T3 fibroblast cells were 

used as representative cell type. Subsequent to initial seeding, these cells swiftly 

adhere to “Gel-MA” surfaces of all magnitudes with almost similar attraction. No 

considerable change in the cell number was recorded as was shown by the 

convergence percentage, determined in a period of 24 hr. 

On 2nd day, cells adhered to “Gel-MA” surfaces of all magnitudes stretched, drifted 

and combined with neighboring cells to form branched and interlinked multicellular 

arrangement. Over a period of 5 days a substantial increase (about 2-3 fold), in 

convergence percentage was demonstrated by both 10 % Gel-MA types. Likewise, 

substantial variation in cell density, described as “the number of green cells as 

compared to red cells through Live/Dead kit assay” showed that a considerable 

increase in cell density occurred in Gelatin-Au nanocomposite material hydrogel. This 

indicates that correlation between convergence and hydrogel amount was not 

exclusively due to the enhanced cell dispersion.  
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Fig. 3.4.3v: SEM images of Gelatin-Au nanocomposites at different resolutions. (a)  

composite without AuNPs. (b) composite with AuNPs. 

The computed cell density and confluency figures indicated that morphological 

disparity was partly a result of enhanced cell number and association instead of 

increased cell dispersion or size. Such variations in cellular properties probably occur 

due to a combination of changes in Gel-MA surface rigidity corresponding to gel 

amount and enhanced bioactive sequences density associated with increased 

macromere proportion. Lumen-like looped arrangements were observed at all Gel-

MA proportions indicating conservation of endothelial cell phenotype. As anticipated, 

less number of live cells was observed in control as compared to Gelatin-Au nano-

composite hydrogels. Thus, a decrease in the confluency percentage was recorded 

over a period of time in control as compared to Gelatin-Au hydrogels (figure. 3.4.3vi 

and vii). 

3.4.3.7 Cell attachment and viability 

NIH3T3 fibroblasts were encapsulated in composite hydrogels and the viability was 

analyzed after 48 hr post-encapsulation. For cell viability in nano-composite 

hydrogels there was a significant effect of AuNPs addition in the GelMA, more viable 
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cells were observed (green colored) as compared to dead cells (red colored); while in 

the case of plain GelMA hydrogels (control) less viable cells (green colored) were 

seen as compared to dead cells (red colored) {figure. 3.4.3vi and vii}. In general, the 

addition of AuNPs in GelMA increased the survival from 6 to 48 hr post 

encapsulation, as compared to GelMA alone. Thus, the results revealed that addition 

of AuNPs in GelMA increased cellular attachment, suggesting stiffer hydrogels 

supported more attachment.  

  

Figure. 3.4.3vi: Live/dead assay for NIH3T3 fibroblast cells on Gelatin 

composites. Live cells (a) and Dead cells (b). 
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Figure. 3.4.3vii: Live/dead assay for NIH3T3 fibroblast cells on Gelatin-Au 

nanocomposites. Live cells (a) and Dead cells (b). 
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3.4.4 Bio-removal/bio-transformation of aromatic azo dyes 

Metal nanoparticles predicted to involve transformation of various pollutants 

(Govender et al., 2010; Juwarkar et al., 2010) and thus can be utilized in the 

environmental perspective. Metal nanoparticles are known for their efficient catalytic 

abilities for different compounds. In this reference transformation of two aromatic 

compounds [azo dyes (AR 151 & Or II)] was carried out by using biologically 

synthesized and commercially available AgNPs.  Additionally, a combined treatment 

using A. niger and AgNPs was also investigated. A detailed analysis of removal or 

transformation of compounds was monitored by visual observations, UV-Visible 

spectroscopy, HPLC and FTIR.  

Materials  

3.4.4.1.1 Dyes and chemical reagents 

Acid red (AR) 151 (Di-azo), Orange (Or) II (Mono-azo), aniline, Sulfanilic acid and 

commercial grade silver nanoparticles (C AgNPs) {<100 nm, 99.5 % nAg metal} 

were purchased from Sigma-Aldrich Chemicals Co. (St. Louis, USA), biologically 

synthesized silver nanoparticles (B AgNPs) were used; previously synthesized from 

A. niger. 

 

Figure. 3.4.4i:  Structures of Azo dyes and related products 
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3.4.4.2 Methods  

3.4.4.2.1 Maintenance of fungal cultures: 
Pure culture of A. niger was taken from “Microbiology Research Laboratory” (MRL), 

Quaid-i-Azam University, Islamabad. Sabouraud Dextrose Broth (SDB) medium was 

used for refreshing the culture on monthly basis while SDB agar slopes were used for 

culture storage at 4ᴼC. 

3.4.4.2.2 Preparation of fungal inoculum 
Pure culture of A. niger was grown for 7 days in Sabouraud Dextrose Broth in shaker 

incubator (100 rpm) at 30ᴼC and. Biomass produced after 7 days was filtered and then 

washed three times with distilled water. The fungal pallets (5 g 100 mL-1) were 

homogenized with distilled water in a mixer for 5 min, afterwards; this homogenized 

fungal biomass was utilized as an inoculum for further investigations.  

3.4.4.2.3 Components of simulated textile effluent (STE) 

STE was prepared by adding per liter of distilled water; (NH2)2CO 108.0 mg, 

NaHCO3 840.0mg, KH2PO4 67.0 mg, MgSO4.7H2O 38.0 mg, FeCl3.6H2O 7.0 mg, 

CaCl2 21.0 mg, glucose 6 g, Acetic Acid (99.9%) 0.15 ml (Luangdilok and Panswad, 

2000). 

3.4.4.2.4 Bio-transformation studies of dyes with A. niger 

Decolorization of both Azo dyes (AR 151 and Or II) by A. niger  was investigated in 

100 mL of dye supplemented (100ppm) STE in 250 mL conical flasks. Each flask was 

then inoculated with 0.001% (w/v) fresh homogenized fungal biomass and placed in a 

shaker (150 rpm) incubator (30oC) at neutral pH for 7 days.  

3.4.4.2.5 Transformation studies of dyes with AgNPs 

Reaction mixture containing 100 ppm of each dye (AR 151 and Or II) supplemented 

STE was treated with 100 ppm of AgNPs; the reaction mixture was sonicated at 30 oC 

in dark for 30 min, to maintain adsorption equilibrium between dye solution and 

photocatalyst. Then the solutions were exposed to tungsten lamp of 60 watt mounted 

15 cm away from it, for 1 hr reaction mixtures were continuously stirred during 

irradiation.  
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3.4.4.2.6 Bio-transformation of dyes; using both AgNPs and fungus A. niger  

Batch shake flask experiments were performed for the degradation two dyes using 

fungal strain A. niger in combination with B AgNPs. 100mL of STE (pH 5) 

containing any of two dyes (100ppm) was taken in 250 mL Erlenmeyer flask. B 

AgNPs (100ppm) were then introduced into the dye solution. Subsequently this 

solution was subjected to sonication in dark for 30 min followed by inoculation with 

0.001% (w/v) fungus A. niger. This experimental container was then placed in a 

shaker (150 rpm) incubator (30oC). Samples were drawn after every 24 hr in 2.5 mL 

eppendorf tubes up to incubation time of 240 hrs. Experiments were run in triplicate. 

Following centrifugation at 10,000 rpm for 15 min, supernatant was filtered, using 

PVDF filters (pore size 0.45µm) and then examined using UV-Vis spectrophotometer 

at 486 nm for Or II and 512nm for AR 151. The decolorization proficiency (%) was 

expressed by the following equation;  

Decolorization (%) = [(Initial Absorbance – Final Absorbance) / Initial Absorbance] × 

100. 

3.4.4.3 Characterization tools 

To characterize transformation, following techniques were used:  

 i- Visual observations 

 ii- Ultraviolet-Visible (UV- Vis) Spectrophotometry 

 iii- Fourier transform infra-red spectroscopy (FTIR) 

 iv- High performance liquid chromatography (HPLC) 

3.4.4.3.1 Visual observations for transformation of dyes 

There was observed a gradual change in color of dye containing STE in each 

experiment during incubation. For AR 151, the color of untreated dye sample was 

dark red. 

3.4.4.3.2 Ultraviolet-Visible (UV-Vis) Spectrophotometric of treated Dyes solution: 

Samples were initial centrifuged and filtered as describe in the previous section then 

analyzed spectrophotometrically using UV Visible spectrophotometer (Agilent 8453). 

Treated dye samples were scanned through UV-Vis spectroscopy to find out the 
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residual concentration of dye in STE medium and reaction mixture containing the 

particular dye solutions treated with A. niger and photocatalyst. Sample was 

withdrawn at continuous intervals, centrifuged at 10,000 rpm for 10 min then filtered 

through pvdf filters and then optical density was determined through UV-visible 

spectrophotometer. The light absorption was examined in the range of 200–800 nm 

where major peak was found in region of 512 nm for AR 151 and 486 nm for OR II 

respectively. 

3.4.4.3.2.1 Standard curves of AR 151 and Or II 

To prepare standard curve of dyes, stock solution (100 ppm) were prepared in STE. 

Then from this stock solution different concentrations viz 10, 20, 30, 40, 50 of each 

dye were prepared using formula C1V1=C2V2. Optical density of different 

concentrations of AR 151and Or II was recorded at 512 nm and 486 nm respectively. 

The OD of samples of each dye was plotted against their respective concentrations. In 

treated dye sample residual concentration of dye was calculated by the following 

formula using Microsoft excel. X = (Y-0.1459) / 0.0213 

 

Figure. 3.4.4ii:  Standard curve for the dye Acid Red 151 
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Figure. 3.4.4iii: Standard curve for the dye Orange II 

Y is the optical density of treated samples at 512 nm and X is the concentration of dye 

in treated dye samples. 

X=Y-0.1338/0.0495 

Y is the optical density of anonymous samples at 486 nm and X is the concentration 

of dye in treated dye samples. 

3.4.4.3.3 Fourier transforms infrared spectroscopy (FTIR) 

To analyze transformation of parent compound and chemical changes occurring in 

treated samples, FTIR was performed by Perkin Elmer Spectrum 65 FTIR 

spectrometer equipped with ATR. It works on principle of detection of all types of 

changes happening in samples after treatment. On FTIR sample plate untreated and 

treated samples were placed and fixed. A spectrum in the range of 600-4000 wave 

number/cm was taken for each sample. To observe changes in different peaks, an 

overlay was formed which showed new peaks and significant changes occurring in 

treated samples as compared to control. 

3.4.4.3.4 High performance liquid chromatography (HPLC) 
Treated and untreated dye samples were also analyzed by Agilent 1100 HPLC with 

C18 column at a flow rate of 1 mL/min. Acetonitrile and H2O (30:70) mixture was 
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used as the mobile phase . This system was equipped with Breeze software Waters 

717 plus Auto sampler, Waters 1525 Binary HPLC Pump, Waters 2487 Dual λ 

absorbance detector, and Waters 2414 Refractive Index detector. The λ max of dye 

used during analysis was 512 and 225 for AR 151. Injection volume of 10 µL was 

used for standards while 20 µl of injection volume was used for treated samples. 

HPLC analysis was done in order to detect byproducts after different treatments of 

dye. Two types of byproducts were expected Sulfanilic acid and aniline. These two 

pure compounds were used as standards for their detection in treated samples. 
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Results 

3.4.4.4 Bio-transformation of AR 151 

3.4.4.4.1 Visual observation for transformation of AR 151 

A gradual change in color was observed in the AR 151 from dark red to light grey 

during 0- 120 hr of treatment with A. niger, A. niger + B AgNP (100 ppm), B AgNPs 

(100 ppm), C AgNPs (100 ppm). The change in color was turned pink and then 

greyish white during treatment. No change in color was observed in untreated control 

dyes (without AgNPs or A. niger) containing STE (figure. 3.4.4iv).   

 

Figure. 3.4.4iv: Change in color of AR 151 (50 ppm) by A. niger, A. niger + B 

AgNP (100 ppm), B AgNPs (100 ppm), C AgNPs (100 ppm). 

3.4.4.4.2 UV-Vis spectroscopy of AR 151 reaction mixture treated with AgNPs and 
fungus A. niger 

Decolorization of AR 151 was observed in all experimental set ups; however it was 

maximum with combination of AgNPs and fungus (98%), followed by C and B 

AgNPs (95%) and least for treatment carried out with only fungus A. niger (78%). 

After 24 hr of reaction around 38 to 40 % decolorization was observed in previously 

mentioned first three cases while 18 % seen in fungal treatment. The general trend 

observed was the combine treatment (with B AgNPs + fungus A. niger) maximum 

decolorization was noticed at each time points. While acceptable decolorization 

pattern was seen for both the types of AgNPs used (i.e. C and B AgNPs). The least 

decolorization was measured for fungus only at each time point (figure. 3.4.4v). Thus, 

we can deduce that the combine treatment with fungus and B AgNPs was found to be 

the best among all the treatments provided for the bio-transformation of di-azo dye 
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AR 151. Decrease in peak intensity was monitored for treated samples as compared to 

control (figure. 3.4.4.vi). 

 

Figure. 3.4.4v: Decolorization of AR 151solution after treatment with fungus, 

B and C AgNPs and combination of B AgNPs with fungus at 

different times at 30 oC temperature.  

 

Figure. 3.4.4vi: UV-Vis absorption spectrum of dye AR 151 after treatment 

with  A. niger, A. niger + B AgNPs, B AgNPs and C AgNPs. 
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3.4.4.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra revealed a significant change in treated samples as compared to 

untreated dye. The FTIR spectra of control AR 151 showed C–H stretching at 2922 

cm−1 , C–N stretching at 1535 cm−1 and peaks at 1206 and 1041 cm−1 showed S=O. 

Band at1514 cm-1represents the presence of –N=N– bond vibrations similarly peaks at 

1452, 1555 attributes to C=C in aromatic skeleton. Peaks at 1471.74cm-1 and 1207.48 

cm-1 represent C–H bonds of alkanes and S=O stretching of sulphur compound. 

Presence of peaks at 2922 cm-1and 2858.60 cm-1 represents C–H stretching of alkanes.  

At  96, 120, 240 hr extracted samples, changes in peak intensity at 2922, 2858, 1670, 

1667cm-1, 1458cm-1, 1282.71cm-1, 1078cm-1 was observed. Significant increase in 

peak intensity at 2972.87 cm-1, 2922.25 cm-1 and 2858.60 cm-1indicated fluctuations 

in C–H stretching of alkanes. Similar changes took place in regions of 1589 which 

indicates deformation of aromatic compounds, changes in peak intensity at 1458.23 

cm-1 represented fluctuation of N=O stretching of nitrosamines, while changes in 

peaks intensity at 1282.71 cm-1 and at 1078.24 cm-1represents fluctuation in C–N 

vibrations of aryl amines and S=O stretching of sulfoxides respectively 

(figure.3.4.4vii & viii). 

The untreated dye sample is compared with dye samples treated by A. niger, A. niger 

+ B AgNPs, B AgNPs and C AgNPs after 72, 96 and 120 hr time interval. Maximum 

increase in peak intensity has been shown by B AgNPs after 72 hr Increase in 

absorbance was observed at 2922 and 2858 cm-1 and in region of 1000-1500 cm-1. 

After 120 hr of incubation of dye solution in different treatments there was maximum 

difference in absorbance between control and treated dye solution, which showed that 

there was acceptable decolorization after 120 hr of treatment time. 

  



Chapter 3                                                                                                  Experimental 4 
 

 168 

 

Figure. 3.4.4vii: Comparison of untreated and 96 hr treated dye AR 151 samples 

by A. niger, (A. niger + B AgNPs), B AgNPs, C AgNPs. 

 

Figure. 3.4.4viii: Comparison of untreated and 120 hr treated dye AR 151 

samples by A. niger, (A. niger + B AgNPs), C AgNPs. 
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3.4.4.4.4 High Performance Liquid Chromatography (HPLC) 

HPLC analysis was done in order to detect byproducts after different treatments of 

dye. Two types of byproducts including Sulfanilic acid and aniline were evaluated 

during the study. Dye sample treated by laboratory synthesized AgNPs showed two 

peaks at 1.08 min and 4.66 min and similar peaks were also observed in sample 

treated by combine treatment and B AgNPs. Large and obvious peak in similar area 

were observed in dye AR 151 sample treated with commercial AgNPs. While in 

control dye sample and dye sample treated by A. niger did not show any relevant peak 

after 48 hr (figure. 3.4.4ix & x). 
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Figure. 3.4.4ix: HPLC chromatograms of untreated solution of dye AR 151 (a), 
Sulfanilic acid (10 ppm) {b} aniline (10 ppm) {c}. 
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Figure. 3.4.4x: HPLC chromatograms of AR 151 samples treated with B 
AgNPs (a), fungus A. niger and B AgNPs (b) and C AgNPs (c). 

 

 



Chapter 3                                                                                                  Experimental 4 
 

 172 

3.4.4.5 Bio-transformation of Or II 

3.4.4.5.1 Visual observations for transformation of Or II 

In case of Or II, color of STE changed from bright yellow to light yellow, and then 

greyish white after 48 hr of incubation. Finally, after 96 hr of incubation a brown 

color was noticed; this can be attributed to AgNPs. There was no obvious change in 

coloration was observed in untreated dye (without AgNPs or A. niger) containing STE 

(figure. 3.4.4xi). 

 

Figure. 3.4.4xi: Change in color of Or II (100ppm) by A. niger, A. niger + B 

AgNPs (100ppm), B AgNPs (100ppm), C AgNPs (100 ppm). 

3.4.4.5.2 UV-Vis spectroscopy of Or II reaction mixture treated with AgNPs and 
fungus A. niger 

Decolorization of Or II was observed in all experimental set ups; however it was 

maximum with combination of AgNPs and fungus (98%), followed by C and B 

AgNPs (94%) and least for treatment carried out with only fungus A. niger (74%). 

After 24 hr of reaction around 35 to 41 % decolorization was monitored in previously 

mentioned first three cases while 18 % seen in fungal treatment. The general trend 

observed was the combine treatment (with B AgNPs + fungus A. niger) maximum 

decolorization was noticed at each time points. While acceptable decolorization 

pattern was seen for both the types of AgNPs used (i.e. C and B AgNPs). The least 

decolorization was measured for fungus only at each time point (figure. 3.4.4.xii). 

Thus, we can peclude that the combine treatment with fungus and B AgNPs was 

found to be the best among all the treatments provided for the bio-transformation of 

mono-azo dye Or II. Decrease in peak intensity was monitored for treated samples as 

compared to control (figure. 3.4.4xiii). 
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Figure. 3.4.4xii: Bio-transformation patterns of Or II by different treatments. 

 

Figure. 3.4.4xiii: UV-Vis absorption spectra of Or II in presence of A. niger , B 

AgNPs (100ppm) and C AgNPs (ppm). 
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3.4.4.5.3 FTIR spectra of Or II transformation 

The FTIR spectra of control Or II showed C–H stretching at 2922 cm−1 , C–N 

stretching at 1535 cm−1 and peaks at 1206 and 1041 cm−1  showed S=O. Band at 1514 

cm-1represents the presence of –N=N– bond vibrations similarly peaks at 1452, 1555 

attributes to C=C in aromatic skeleton. Peaks at 1471.74cm-1 and 1207.48 cm-1 

represent C–H bonds of alkanes and S=O stretching of sulphur compound. Presence 

of peaks at 2922 cm-1and 2858.60 cm-1 represents C–H stretching of alkanes.  

In 72 and 96 hr of extracted samples, changes in peak intensity at 2922, 2858, 1670, 

1667cm-1, 1458cm-1, 1282.71cm-1, 1078cm-1 was observed. Significant increase in 

peak intensity at 2972.87 cm-1, 2922.25 cm-1 and 2858.60 cm-1indicated fluctuations 

in C–H stretching of alkanes. Similar changes took place in regions of 1589 which 

indicated deformation of aromatic compounds, changes in peak intensity at 1458.23 

cm-1 represented fluctuation of N=O stretching of nitrosamines, while changes in 

peaks intensity at 1282.71 cm-1 and at 1078.24 cm-1represents fluctuation in C–N 

vibrations of aryl amines and S=O stretching of sulfoxides respectively (figure. 

3.4.4xiv & xv).  

FTIR spectrum of untreated dye is compared with spectra of dye samples treated with 

A. niger, A. niger + B AgNPs (100ppm), B AgNPs (100ppm), C AgNPs (100ppm) 

after 48, 72, 96 hr of treatment. Changes in absorbance intensity can be observed in 

regions of 1000-1600 cm-1 and 2700-3000 cm-1 which infers that some deformation is 

taking place in dye structure. Formation of new peaks and increase in absorbance can 

be seen at 2922, 2858 cm-1 1572 cm-1,1599 cm-1, 1624 cm-1. In treated sample after 

48hr incubation time, maximum change in peak intensity is shown by B AgNPs and C 

AgNPs. 
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Figure. 3.4.4xiv: Comparison of untreated and 72hr treated Or II dye samples by 

A. niger, (A. niger + B AgNPs), B AgNPs, C AgNPs. 

 

 

Figure. 3.4.4xv: Comparison of untreated and 96 hr treated Or II dye samples by 

A. niger, (A. niger + B AgNPs), B AgNPs, C AgNPs. 
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3.4.5 Anti-biofouling capability of B AgNPs in polysulfone membranes 

Different membranes proposed to use in the processes, based on the requirement of 

final effluent quality, single, or a combination of membranes, and/or based on the 

pore size and its selectivity, membrane filtration process is classified as 

Microfiltration (MF), Ultrafiltration (UF), Nano-filtration (NF) and Reverse Osmosis 

(RO). In wastewater treatment, use of microfiltration (for colloids/suspended solids 

removal) as a pretreatment followed by nano-filtration/reverse osmosis (for organic 

matter/salt removal) is normally practiced (Branda et al., 2005). Most of the MBR 

implies low-pressure membrane (LPM) which is mostly synthesized of polysulphone 

or cellulose acetate which face problems of membrane fouling (Huang et al., 2007). 

These membranes are vulnerable to biofouling due to microbial flocks which get 

entrapped in small membrane pore spaces (Menga, 2009) and are hard to remove 

completely. Use of nanoparticle in water treatment is a widely getting famous; in 

water quality engineering, new materials are devised with the help of nanotechnology. 

The nanoparticles are used to synthesize higher performance hybrid membranes with 

increased selectivity, permeability and fouling resistant characters. This combination 

of exclusive functionalities of nanoparticles and polysulphone is the reason for high 

efficiency of hybrid membrane as compared to their conventional counterparts 

(Tarabara, 2009). NPs as an anti-biofouling agent were evaluated by casting 

polysulfone (Psf) membranes with and without NP using “wet inversion method” 

(Mulder, 1990). Biofilm formation on these membranes was investigated under 

agitated environments using domestic wastewater as an inoculum. Detailed ultra-

structure of these membranes was investigation by using SEM and FTIR Structural 

properties of theses membranes were thoroughly characterized with the help of SEM 

and FTIR analysis. 

3.4.5.1 Materials 

3.4.5.1.1 Chemicals 

Majority of the chemicals and media compounds were purchased from Sigma-Aldrich 

Chemicals Co. (St. Louis, MO, USA), BDH Laboratory Chemical Division (Poole 

Dorset, England), Oxoid Laboratory Chemicals (Hampshire, U.K), Difco Laboratory 

(Detroit Michigan, USA) and E.Merck (Darmstadt, Germany). 
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Figure. 3.4.5i:  Structure of polysulfone 

3.4.5.2 Methods 

3.4.5.2.1 Casting of silver impregnated Polysulfone membrane (Ag-Psf) 

Polysulfone ultra-filtration membrane was synthesized using “wet phase-inversion” 

method (Mulder, 1990). For this 75 g of NMP (99%) was poured into a 100 mL clean 

glass vessel containing a magnetic stirrer. The temperature of hot plate magnetic 

stirrer was set at 50ºC, after that 10 g of poly vinyl pyrrolidone (PVP, MW: 55,000) 

was slowly added to it with constant agitation. Subsequent to the addition of all of 

PVP, the solution was allowed to stir for about 35-55 minutes. Biologically 

synthesized AgNPs (1 -90 nm) were then added and dissolved with a sonicating probe 

(Fisher Scientific Sonic Dismembrator Model 100). Temperature was then raised to 

120oC and 15 g of Psf grains were slowly poured to the mixture, which was then 

allowed to stir for about 4-5 hrs. Following the complete dissolution of Psf in 

NMP/PVP solution, mixture containing vessel was removed from the hot plate and 

stored in desiccator. The dope mixture made was casted using casting knife gap set on 

110μm, at ambient atmosphere (31°C and 83% relative humidity), after that glass 

plate was placed in water at 28°C for 1 day followed by drying. Overall percentage 

composition of the membrane was 10% PVP, 75% NMP and 15% Psf while silver 

nanoparticle made 0.9% of the membrane mass.                  

3.4.5.2.2 Membrane characterization 

Scanning electron microscope (SEM) was used to establish membrane thickness, 

porous substructure and other morphological features. The specimen subjected to 

examination was cut into small sized pieces and desiccated before placing on the 

copper stub in order to reduce the noise generated during microscopic analysis. The 

transverse-section of membrane was acquired by “liquid nitrogen freeze fracturing” 

then samples were subjected to “gold sputtering” (Bio-rad Polaron Division) before 
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examination on a Scanning Electron Microscope (Jeol JSM 5910). Magnifications in 

the range of 500-7000x and 10-20 kV voltages were applied for the study. 

3.4.5.2.3 Fourier Transform Infra-Red (FTIR) Spectrometry 

Structural and chemical changes in the membrane molecular skeleton, resulting from 

degradation, biofouling and AgNPs association were analyzed by FTIR spectroscopy. 

For this, small sections of membrane were taken from the L.B flask at intervals (0, 30 

and at 45th day of experimentation), desiccated and subjected to FTIR analysis. 

Samples were placed with membrane skin surface in front of FTIR beam and spectra 

were recorded. 

3.4.5.2.4 Identification and characterization of the waste water bacteria 

Bacterial strains isolated from the waste water were cultured on nutrient agar medium. 

Their colonial characteristics and Gram staining reactions were determined. For 

further confirmation of their gram positive and negative nature isolates were streaked 

on MacConkey agar. In addition to this, the isolates were streaked on different 

specified media such as Salmonella Shigella (SS) agar, Eosin methylene blue (EMB) 

agar, Pseudomonas Citramide agar (PCA). 

3.4.5.2.5 Antibacterial activity of B AgNPs 

Sensitivity of selected isolates to different antibiotics e.g. Ampicillin (AMP), 

Gentamycin (CN), Ciprofloxacin (CIP), Nalidixic Acid (NA) and Meropenam (MEM) 

was determined using disc diffusion method. After establishment of sensitive and 

resistant behavior, antibacterial action of AgNPs (that were used for membrane 

modification) and their effect on bacterial growth kinetics was also investigated. 

3.4.5.2.5.1 Kirby Bauer’s disc diffusion method 

For performing “Kirby Bauer disc diffusion” assay, 6 mm discs were punched from 

“Whatman No. 1” filter paper. Distilled water was used for making suspension of B 

AgNPs, which was then sonicated for 3 min in the presence of ice. After that 30 µL of 

100 ppm AgNPs suspension was incorporated on already prepared discs and allowed 

to air dry. Bacterial lawn was prepared on Muller Hinton agar plates and AgNP 

incorporated discs were then placed at suitable distances. These plates were then 
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incubated at 37ºC for a period of 24 hr following which the zones of inhibition were 

measured. 

3.4.5.2.6 Study of membrane Biofouling 

In order to study biofouling, UV sterilized pieces (1 cm2) of membrane were added to 

LB medium in two flasks, which were then incubated under static and shaking 

conditions. For analyzing biofilm formation, membrane pieces in LB medium were 

transferred to 10 mL of distilled water after a period of seven days. Following this, 

these membrane pieces were subjected to sonication for three min at 80W power 

(Fisher Scientific Sonic Dismembrator Model 100). Then for CFU, samples were 

serially diluted and 100 µL of each diluted sample was spread on plate count agar 

medium. This was followed by incubation at 37ºC for 24 hr and colony counting. A 

similar piece of membrane was kept under the same conditions for SEM examination. 

3.4.5.2.7 Biofilm formation under shaking conditions 

For studying biofilm formation under shaking conditions, 100mL of the waste water 

was added in two 500 mL conical flasks containing 100 mL of LB broth medium. 

Then membrane pieces (1cm2) of plain Psf and Ag-Psf membrane were put in to these 

flasks which were then incubated under shaking conditions. The broth medium was 

refreshed after a period of 3-4 days. 
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Results 

3.4.5.3 Bacteriological characterization of waste water 

Different bacterial isolates displaying varying morphological characteristics were 

isolated and purified by culturing and sub-culturing on nutrient agar medium (table. 

3.4.5.i). The selected isolates were identified as; Shigella sonnei (S. sonnei), 

Enterobacter aerogens (E. aerogens), Pseudomonas aeruginosa (P. aeruginosa), 

Staphylococcus aureus (S. aureus), Klebsiella pneumoniae (K. pneumoniae), 

Escherichia coli (E.coli) and Salmonella choleraesuis (S. choleraesuis). Most of the 

bacteria observed were rod in shape with size in range from 1 μm to 5 μm, also 

present in the form of biofilms secreting exo-polysaccharides (EPS). 

Table. 3.4.5i: Colony characteristics of bacterial isolates on selective culture media. 

  

3.4.5.4 Antibacterial susceptibility of wastewater bacterial isolates 

The sensitivity of isolates was assessed towards different antibiotics. Among them, S. 

sonnei showed sensitivity against ampicillin and ciprofloxacin while the isolate was 

more resistant to nalidixic acid and meropenem. E. aerogens is resistant to ampicillin 

and nalidixic acid while sensitive to other three antibiotics. P. aeruginosa exhibited 

maximum sensitivity against ciprofloxacin while moderate sensitivity was observed 

against the rest of the four antibiotics. S. aureus was resistant to ampicillin while more 

sensitive to gentamycin, ciprofloxacin and nalidixic acid while moderately sensitive 

to meropenem. K. pneumoniae, E. coli and S. choleraesuis displayed more antibiotic 
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sensitive behavior against ciprofloxacin only while very less sensitive was 

demonstrated against ampicillin, gentamycin, nalidixic acid and meropenem. 

 

Figure. 3.4.5ii: Antibacterial susceptibility profile of waste water isolates 

against different antibiotics 

3.4.5.5 Antibacterial activity of B AgNPs  

Antibacterial action of C AgNPs was also assessed, but no activity was observed even 

at 1000 ppm concentration, so they were not subjected to any further investigation. In 

the case of B AgNPs activity was observed at 50 ppm concentration. Bacterial strains, 

that were resistant to the tested antibiotics, showed sensitivity to biogenic AgNPs at a 

concentration of 500 ppm. Among the selected isolates, S. aureus, K. pneumoniae, E. 

coli and S. choleraesuis was found to be sensitive to 500 ppm of B AgNPs. While S. 

sonnei, E. aerogens, P. aeruginosa exhibited sensitivity against all the tested 

concentrations. The general trend for these isolates was observed that more the 

concentration of B AgNPs was used the greater the zone of inhibition was obtained.  
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Figure. 3.4.5iii: Antibacterial activity of B AgNPs against selected waste water 

isolates  

3.4.5.6 Characterization of Psf membrane 

Plain and AgNPs impregnated Psf membranes were found to be 110 µm thick. SEM 

figures indicated that most of the AgNPs were congregated into membrane voids. 

Membrane’s cross section image provided an overview of its porous arrangement. In 

addition to this, it also indicated that the integration of AgNPs did not impede the 

development of porous structure. The pore size as was determined in the Psf 

membrane was around 0.5 to 5 μm with only a few around 10 μm. The pores observed 

were generally spherical in shape (figure. 3.4.5iv).  
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Figure. 3.4.5iv: SEM images of plain Psf membrane surface views at different 

resolutions (a-c) cross sectional view (d). 

3.4.5.7 FTIR of Psf membranes 

In comparison to the standard spectrograph (available from Sigma-Aldrich), slight 

changes in some of the peaks were observed in the FTIR spectrum of synthesized Psf 

membrane. These changes occurred due to the addition of some other constituents 

during the membrane preparation. Major peaks corresponding to different groups 

were observed in the FTIR spectrum of synthesized Psf membrane e.g. peak 

corresponding to ester (benzoate) group was observed at 1241cm-1 , while at 1150 cm-

1 and 1488 cm-1, peaks for sulfone and CH3 group were observed. These groups are 

chief components of Psf membranes and are also in accord with Sigma-Aldrich 

standard spectrographs (figure. 3.4.5v & vi). 
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Figure. 3.4.5v:  FTIR transmission spectrum of polysulfone (Sigma Aldrich) 

 

Figure. 3.4.5vi:    FTIR transmission spectrum of the fabricated Psf membrane 

3.4.5.8 Characterization of biofilm formation on Psf membranes  

The biofilm formation using Psf membrane for 7, 21, 30 and 45 days’ time at 37 oC 

temperature was analyzed by enumerating the bacterial count (cfu) taking FTIR 

spectrographs and observing through SEM. The details were as under. 

3.4.5.9 Bacterial count (CFU) of biofilm  

Colony forming units (cfu) established from the separately processed plain and B 

AgNPs containing Psf membranes correspond to number of cfu on 1 cm2 area of 

membrane. 
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3.4.5.10 Bacterial count (CFU) of biofilm on Psf membranes 

Both Psf membranes with and without impregnation of AgNPs were processed 

separately and the colony forming units (cfu) on an area of 1 cm2of the membrane 

was determined. It was noticed that at each time point there was a significant 

difference of the cfu count between the samples from Psf membrane and Ag-Psf 

membrane. At 7th and 21st day there was no significant observation of growth for Ag-

Psf membrane as compared to plain Psf membrane. While at 30th and 45th day just 

around 20 and 36 cfu/cm2 was measured for Ag-Psf membrane as compared to plain 

Psf membrane for which 70 and 288 cfu/cm2 was noticed (figure. 3.4.5vii). 

 

Figure. 3.4.5vii: Development of biofilm on Psf membranes 

3.4.5.11 FTIR analysis of Psf membrane during biofilm formation 

The plain Psf membrane samples taken after 7, 21, 30 and 45th days of incubation 

were subjected to FTIR analysis. The FTIR spectra showed significant change in 

peaks areas which became more evident with increase in incubation time of 

membrane from 7-45 days (figure. 3.4.5viii & ix). The Psf FTIR results were much 

similar to the sample membrane peak numbers (figure. 3.4.5v & vi). A new major 

peak was observed in finger print region with a very high transmittance around 660 

cm-1 which represents a CH out of plane depicting a –CH=CH- in cis form, which is a 

clear sign of breakdown of molecular structure. The continuous upsurge in the region 
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3500 to 3000 cm-1 attributed to the increase in the presence of alcohols and phenols 

(figure. 3.4.5viii & ix). 

 

Figure. 3.4.5viii: FTIR spectrum of Psf membrane at 7 and 21st day during 

biofilm development 
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Figure. 3.4.5ix: FTIR spectrum of Psf membrane at 30 and 45th day during 

biofilm development 

3.4.5.12 SEM of plain Psf membranes during biofilms formation 

The SEM of the plain Psf membrane was noticed. It showed bacterial growth resulting 

in development of EPS. The development of biofilm was exhibited at different 

resolutions (figure. 3.4.5x- a to d). This bacterial biofilm formation corresponded with 

initiation of rupturing in the membrane (figure. 3.4.5x- e & f).  
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Figure. 3.4.5x: Biofilm succession and Psf membrane at different resolutions 

(a-d), marked cracks in Psf membrane due to biofilm 

development (e & f). 

3.4.5.13 FTIR of Ag-Psf membranes during biofilms formation 

The Ag-Psf membrane samples taken after 7, 21, 30 and 45th days of incubation were 

subjected to FTIR analysis. The FTIR spectra showed significant change in peaks 
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areas which became more evident with increase in incubation time of membrane with 

from 7th day to 45th day (figure. 3.4.5xi & xii). The new major peak (s) was observed 

in finger print region with a very high absorbance around 660 cm-1 and also in the 

region 3500 to 3000 cm-1 which represents a CH out of plane depicting a -CH=CH- in 

cis form and OH group presence respectively; which is small sign of breakdown of 

molecular structure observed only for 45th day sample as compared to the others 

(figure. 3.4.5xi & xii). 

 

Figure. 3.4.5xi: FTIR spectrum of Ag-Psf membrane at 7 and 21st day during 

biofilm development 
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Figure. 3.4.5xii: FTIR spectrum of Ag-Psf membrane at 30 and 45th day during 

biofilm development 

3.4.5.14 SEM of Ag-Psf membranes during biofilms formation 

SEM spectra revealed a clear picture of the undergoing changes related to biofilm and 

its successive development over the period of 7, 21, 30 and 45th days’ time. Overall, 

biofouling or biofilm development was found to be very less in Ag-Psf membrane 

(figure. 3.4.5xiv) as compared to the plain Psf membrane (figure. 3.4.5x). The biofilm 

formed and EPS excreted were very dense and penetrated in pore space of the 

membranes. Whereas in Ag-Psf membrane the biofilm formation was thinly 

developed in terms of bacterial growth and associated EPS secretion. SEM image of 

Ag-Psf membrane in same conditions showed comparatively lesser development of 

biofilm in areas specifically impregnated with AgNPs the highlighted region exhibited 

a destroyed bacterium present in close vicinity of the AgNPs on the membrane. It was 

also obvious that there is a cloudy appearance in the region where there is perhaps a 

reaction under process due to more nanoparticles as compared to the rest of the area in 
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membrane (figure. 3.4.5xiii). Also, the less biofilm developed Ag-Psf membrane was 

obvious at different resolutions (figure. 3.4.5xiv) 

 

Figure. 3.4.5xiii: Ag-Psf membrane interaction of AgNPs with bacteria at 

different resolutions (a-d) 
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Figure. 3.4.5xiv: Anti-biofouled Ag-Psf membrane at different resolutions (a-d). 



 

 
 

 
  
  Discussion 
 

 

 

 

 

 

 

 

 



Chapter 4                                                                                                         Discussion 
 

 193 

4 `DISCUSSION 

Microorganisms when exposed to pollutants in the environment, e.g. metal ions, they 

develop remarkable ability to fight against metal stress. These metal-microbe 

interactions have already found an important role in biotechnological applications. It 

has been recently established that microorganisms have been explored as potential 

bio-factories for synthesis of metallic NPs. Thus by utilizing this metal-accumulating 

microorganisms as a tool for the production of nanoparticles, and their assembly for 

the construction of new advanced materials, is a completely new technological 

approach. Application of the biological systems for synthesis of AgNPs has already 

been reported earlier (Mukherjee et al., 2001a; Mukherjee et al., 2001b; Mukherjee 

et al., 2002). However, the exact reaction mechanism leading to the formation of 

silver nanoparticles by all these organisms is yet to be elucidated. Ahmad et al., 

(2003c) have reported that certain NADH-dependent reductase was involved in 

reduction of silver ions in case of F. oxysporum.  

Nanotechnology is getting great recognition as an imperative domain of science and 

technology owing to enormous impacts in almost all the fields associated with 

mankind. One of the major technical problems is related with the synthesis of 

nanomaterials with a wide range of chemical compositions, shapes and sizes. Wide 

variety of nanomaterials like silver, gold, platinum, iron, titania, silica, alumina etc. 

has been capitalized in various applications like antimicrobials, drug and gene 

delivery systems, catalysis, remediation of perilous compounds, construction 

technologies and computers respectively. The major demand for each application is 

the availability of particular shape and size of the nanomaterial. Currently, this is 

achieved through physico-chemical processes but the major shortcoming is the 

utilization of either noxious compounds or high energies and similarly either release 

of perilous byproducts or high energy demand. Thus, due to environmental 

sustainability concerns, researchers are devising some new methods for the synthesis 

of nanomaterials. Moreover, the ability to scale up synthesis strategies for low-cost, 

large scale production is an important factor. The use of biological systems for this 

purpose is an emerging area and the scientists have been viewing with interest 

microorganisms as probable “eco-friendly nano-factories”. 

Metals play an integral role in the life processes of microorganisms. Some metals, 
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such as calcium, cobalt, chromium, copper, iron, potassium, magnesium, manganese, 

sodium, nickel and zinc, are vital, serve as micro-nutrients and are used for redox-

processes; to stabilize molecules through electrostatic interactions; as components of 

various enzymes; and for regulation of osmotic pressure (Turpeinen, 2002). Many 

other metals have no biological role (e.g. silver, aluminium, cadmium, gold, lead and 

mercury), and are non-essential and potentially toxic to microorganisms. Toxicity of 

non-vital metals occurs through the displacement of essential metals from their native 

binding sites or through ligand interactions (Bruins et al., 2000). For example, Hg2+, 

Cd2+ and Ag2+ tend to bind to SH groups, and thus inhibit the activity of sensitive 

enzymes. In addition, at high levels, both essential and nonessential metals can 

damage cell membranes; alter enzyme specificity; disrupt cellular functions; and 

damage the structure of DNA (Turpeinen, 2002). To have a physiological or toxic 

effect, most metal ions have to enter the microbial cell. Many divalent metal cations 

(e.g. Mn2+, Fe2+, Co2+, Ni2+, Cu2+ and Zn2+) are structurally very similar. Also, the 

structure of oxyanions such as chromate resembles that of sulfate, and the same is true 

for arsenate and phosphate (Bruins et al., 2000). Thus, capable to distinguish among 

structurally very alike metal ions, the microbial uptake systems have to be strongly 

regulated. Typically, microorganisms have resolved this issue by using two types of 

uptake systems for metal ions. One is fast, unspecific, and driven by the chemi-

osmotic gradient across the cytoplasmic membrane of bacteria. The second type of 

uptake system has high substrate specificity, is slower, often uses ATP hydrolysis as 

the energy source and is only produced by the cell in times of need, starvation or a 

special metabolic situation (Turpeinen, 2002). 

Interactions amongst microorganisms, minerals and dissolved metals can affect 

multiple geochemical processes. For instance, due to their enormously high surface-

area-to-volume ratio, and due to the presence of specific cell wall functional groups 

with high affinities for dissolved metals, bacterial surfaces are very effective metal 

sorbents. Adsorption of metals by bacteria may affect mineral dissolution and 

precipitation, transport of metallic contaminants, and development of some low-

temperature ore deposits. Further, because metal adsorption affects the chemical and 

electric properties of the cell surfaces, it may also affect their ability to adsorb 

organics or to adhere to mineral surfaces (Bruins et al., 2000). In addition to the 

reactivity of their surfaces, it is their distribution and quantity that lead bacteria to 
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influence so many important geochemical processes. Soils, sediments, and waters 

heavily polluted with radionuclides and other toxic metals, are a reservoir of unusual 

bacteria well adapted to these toxic environments. The resident microbes of such 

harsh environments possess fascinating mechanisms for interaction with and bio-

transformation of radionuclides and other heavy metals, thus regulating the mobility 

of the metals in the environment. the interaction mechanisms microbe/metals is 

helpful for understanding the role which bacteria play in the transport and mobility of 

toxic metals in the environment as well as their biotechnological application in the 

bioremediation of heavy metal contaminated waters. Another application of these 

microbes is in the field of nanotechnology. The microorganisms isolated from the 

mining waste piles can be reported to utilize as template for the formation of noble 

metal (Ag, Pt, Au, Pd etc.) nanoparticles for industrial application through catalysis or 

biotransformation (Merroun, 2007-Formatex).  

The morphology of a material is really crucial. The toxicity is greatly dependent upon 

the size and shape of the metal. Among the noble metals, nano-sized Ag and Au have 

antimicrobial effects. Since, they are not only toxic (to microbes), but also serve as 

slow releasing metal ion particles. Hence, in this case, if there concentration exceeds 

beyond the acceptable limits (even in nano form), they become noxious. Moreover, 

the small particle size, a large surface area and the ability to generate reactive oxygen 

species play a major role in toxicity of NP. The interaction with the cells is size-

dependent and seems to depend also on the shape of the particles (Nowack and 

Bucheli, 2007). Nano-Ag appears to be significantly more toxic than Ag+ ions towards 

E. coli (Tian et al., 2006). Nature of the material (compounds/elements) and the 

amount used (concentration) also affects the toxicity. For instance lead, arsenic, 

mercury metal ions are toxic in nature even in minute quantities (Nowack and 

Bucheli, 2007). Moreover, if NPs enter or released in the environment, they either 

agglomerate or adsorb to the particles etc. Since, they are highly reactive species and 

they mostly be used as catalyst during a reaction. So, they still can pollute the water 

and or soil in which they are released and can affect the organisms there. They are not 

only slow releasing metal ion particles but also if there concentration exceeds beyond 

the acceptable limits (even in nano form), they become noxious (Nowack and 

Bucheli, 2007).  
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There are several physical and chemical methods for the synthesis of metallic 

nanoparticles. One essential thing in all these techniques is that the particles should be 

chemically stable without undergoing degradation such as partial oxidation or 

undesired sintering. Development of simple and eco-friendly synthetic route would 

help promoting further interest in the synthesis and application of metallic 

nanoparticles. In this respect, nature has provided exciting possibilities of utilizing 

biological systems for this purpose. This comes from the fact that microorganisms 

while interacting with metal ions have shown to reduce the ions into metallic 

particles. Both bacteria and fungi have shown ability  to  reduce  metal  ions  to  form  

metallic  nanoparticles  (Zhang et  al.,  2011; Li et al., 2011). However, it would be 

advantageous if a fungus is used for the development of a process keeping in mind 

handling of the biomass and downstream processing of the nanoparticles (Ahmad 

et al., 2003c). Development of reliable and eco-friendly process for synthesis of 

metallic nanoparticles is an important step in the field of application of 

nanotechnology. One of the options to achieve this objective is to use natural 

processes such as use of biological systems. The design, synthesis and 

characterization of biologically synthesized nanomaterials have become an area of 

significant interest. In this regard biosynthesis of silver nanoparticles achieved in 

this study using F. oxysporum and four other Aspergillus spp. may prove to be an 

important step in the right direction. UV-visible spectrum of the aqueous medium 

containing silver ion showed a peak at 400-420 nm corresponding to the plasmon 

absorbance of silver nanoparticles (figures. 3.2.4.1.1 & 3.2.4.2.2ii). Transmission 

electron microscopy (TEM) micrograph showed formation of well-dispersed silver 

nanoparticles in the range of 3 to 80+ nm (figure. 3.2.4.2.4). X-ray diffraction (XRD)-

spectrum of the silver nanoparticles revealed 8 – 85 nm corresponding to the silver 

nanocrystals (figure. 3.2.4.2.3) and thus confirms the TEM results. The process of 

reduction of AgNO3 to Ago with fungus inoculated media is first time carried out 

and lead to development of an easy and fast bioprocess for synthesis of silver 

nanoparticles. 

In the start of this research as mentioned in results, seven different salts i.e. Copper 

sulphate (hydrated), Nickel sulphate (hydrated), Ferric chloride, Silver nitrate, Zinc 

sulphate (hydrated), Gold chloride (hydrated) and Platinum chloride were used to 

study the reduction ability of Fusarium oxysporum under biomass and inoculated 
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media conditions. Visual observations showed that there was considerable reduction 

of almost all salts to their metallic form. Silver, gold and platinum salts showed best 

visual observations which were proved by UV-Vis results which shoed corresponding 

peaks at 420 nm (figure. 3.1.8.3d), 530 nm (figure. 3.1.8.3f) and 230 nm (figure. 

3.1.8.3g) for Ag, Au and Pt NPs respectively. Thus, these bio-transformations were 

selected for further detailed evaluation. 

The UV–Vis spectra recorded from the F. oxysporum reaction vessel at different 

times of reaction for fungal biomass and inoculated media were plotted and 

represented (figure. 3.1.8.3a - g). All the salts showed plasmon resonance at different 

λ max absorbance values as described in results. Only plasmon resonance for silver, 

gold and platinum nanoparticles was discussed here. The strong surface plasmon 

resonance centered at 400 nm clearly increases in intensity with time. These results 

are in line with Ahmad and coworkers in 2003c. The plasmon resonance is sharp and 

indicates little aggregation of the particles in solution. The UV–Vis spectrum in low 

wavelength region also recorded from the reaction medium from 0 to 96 hr (figures. 

3.2.4.1.1 & 3.2.4.2.2ii). The increase in intensity could be due to increasing number 

of nanoparticles formed as a result of reduction of silver ions present in the aqueous 

solution. This peak intensified as time passed and at 96 hr it shows that a lot of silver 

nanoparticles are reduced from AgNO3. The fact that silver nanoparticles peak 

remained close to 400 nm even after 96 hr of incubation indicates that the particles 

were well dispersed in the solution and there was not much aggregation. An 

absorption band at 270 nm is clearly visible and is attributed to aromatic amino acids 

of proteins. It is well known that the absorption band at 270 nm arises due to 

electronic excitations in tryptophan and tyrosine residues in the proteins (Ahmad et 

al., 2003c). This observation indicates the release of proteins into solution by F. 

oxysporum and suggests a possible mechanism for the reduction of the metal ions 

present in the solution. This argument is in favor of our results for inoculated media 

which reduced AgNO3 quite efficiently  and  confirms  release  of  some  protein  

from  fungal  biomass  which  is responsible for the said reduction of AgNO3 to 

Ago. Monodispersity is a significant characteristic of the nanoparticles. Gold 

nanoparticles with very good monodispersity have been described by using the fungus 

Thermonospora spp. (Ahmad et al., 2003a). The nanoparticles present in the aqueous 

medium were quite stable and this is an important aspect of synthesis of nanoparticles, 
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since the lack of sufficient stability of many nanoparticles preparation has to some 

extent impeded the development of the real world applications of nanomaterials. 

Representative TEM micrographs of silver nanoparticles obtained after 96 hr of 

incubation showed nanoparticles with variable shapes, most of them present in 

spherical form with some others having occasionally triangular shape. Majority of 

the silver nanoparticles were scattered with only a few of them displaying 

aggregation of varying sizes as observed under TEM. The result obtained from the 

TEM study (figures. 3.2.4.1.3 & 3.2.4.2.4) gives a clear indication regarding the shape 

and size of the nanoparticles. As shown in the pictures, majority of the particles 

were spherical in shape and appeared to be reasonably monodispersity. The sizes of 

the silver particles were found to be in the range of 3 – 80+ nm. Although most of 

the nanoparticles biosynthesized by this strategy as expressed in experimental sections 

2 & 3, were circular or nearly spherical in shape while some particles are also in 

triangular shape, which are quite similar to the statement given by Ahmed et al., in 

2003c, that variation in shape and size of nanoparticles synthesized by biological 

systems is common. However, if the process of silver nanoparticles is to be a viable 

alternative to the current chemical method followed, then greater control over particle 

size and polydispersity would be required. It is important to know the exact nature of 

the silver particles formed and this can be achieved by measuring the XRD-spectrum 

of the samples. The XRD-spectrum measured in this case resulted in many intense 

peaks (figures. 3.2.4.1.2 & 3.2.4.2.3). These figures show the XRD patterns of as 

prepared, the silver diffraction peaks appeared at 2θ angles 38.3º, 44.6º, 64.3º, 77.4º 

and were indexed as (111), (200), (220) and (311) respectively. XRD data were used 

to estimate mean size of silver nanoparticles by using Scherrer equation (Patterson, 

1939) explained in experimental section 2. This further confirms that the silver 

nanoparticles formed by both the processes are nanocrystalline. The size calculated by 

Sherrer equation is 12-14 nm which confirms results by TEM. There are certain 

capping proteins around these myco-genized NPs which can help them to avoid 

agglomeration. They usually form stable solution in water as zeta potentials measured 

for Ag, Au and Pt NPs was -19mV, -52mV and -39mV respectively. It was already 

standardized that to avoid agglomeration zeta potentials of +/- 30mV has to be 

achieved. So, these B NPs can retain in nano form possibly due to the presence of 

capping proteins. 
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Because of unique electronic, optical, magnetic and catalytic properties as compared 

to their bulk counterparts and potential applications of metal nanoparticles, efforts are 

being done for biogenesis of these NPs since past few decades (Zhang et al., 2011; 

Naqvi et al., 2013). Discoveries from last decade have revealed that the exceptional 

physico-chemical properties of noble metal (Au, Ag, Pt) NPs are strongly size and 

shape dependent. It has raised interest in biogenesis research routes for better shape 

and size control which can be proved helpful in different bio-nanotechnological 

applications (Gade et al., 2010; Zhang et al., 2011). Biogenetic procedures for NPs 

formation using microbes such as actinomycetes, bacteria, yeast and fungi have been 

investigated as possible ecofriendly alternatives to physico-chemical procedures. 

Mycogenesis of silver and gold NPs have been reported by employing different fungal 

genera (Li et al., 2011). Noble metal NPs of particular shape and size have been 

fabricated using many specific procedures. Among these, the physico-chemical 

methods involve the use of hazardous chemicals are costly (Narayanan and Sakthivel, 

2010). In order to develop eco-friendly, cost effective and sustainable synthesis 

methods for nanomaterials of different compositions, sizes, shapes and controlled 

dispersity, new green methods are being searched. In this regard, mycogenesis of NPs 

has been proved a safe approach which connects nanotechnology with mycology 

(Gade et al., 2010). 

In the present study an attempt was made to employ the potentials of five fungi from 

the phylum ascospora viz Fusarium oxysporum and four indigenous Aspergillus spp. 

like A. fumigatus, A. niger, A. flavus and A. terreus to synthesize AgNPs by eco-

benign procedures. When reaction mixture containing fungal culture filtrate (mycelia-

free spent medium) of Aspergillus spp. and 0.1M AgNO3 was incubated under dark 

conditions, with gradual increase in time, the medium color was changed from 

yellowish brown to dark brown and then black subsequently (figure. 3.2.4.2.1a & b). 

This process was also repeated by reacting fungal biomasses with 0.1 M AgNO3 

solutions, resulting in same color change. The change of extracellular medium clearly 

indicates that the process of formation of AgNPs is extracellular in nature (Bhainsa 

and D’Souza, 2006; Shaligram, et al., 2009). The appearance of a brown color in 

solution containing the biomass is a clear indication of the formation of silver 

nanoparticles in the reaction mixture and is due to the excitation of surface plasmon 

vibrations in the nanoparticles (Ahmad et al., 2003).  
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UV-Vis spectra recorded for reaction mixtures containing fungal culture filtrates and 

0.1M AgNO3, at different reactions times, are plotted in (figure. 3.2.4.2.2ii). The time 

at which the aliquots were removed for analysis is indicated next to the respective 

curves. This well-defined surface plasmon peak (λmax=400-500) confirms the slow 

formation of AgNPs. In this study, the preliminary confirmation of the extracellular 

biosynthesis of AgNPs was obtained by the contrast color change due to the SPR 

phenomenon. This was also observed with the UV spectroscopic study of the colloidal 

AgNPs solution, which showed strong absorption from 400 to 500 nm as comparing 

to aqueous AgNO3 solution (figure. 3.2.4.2.2i). Long term incubation (over 96 hr) can 

result in large aggregates of NPs which show well-defined morphologies (Verma et 

al., 2011). Localized surface plasmon resonance (SPRs) on surface of NPs when 

excited, causes strong light scattering at a wavelength where resonance occurs by an 

electric field, thus results in the appearance of strong SPR bands from 400 to 500 λmax 

and its intensity is increased with time. Increase in intensity was observed in 

absorption spectra over a broad spectrum with a range of 350 to 500 nm within 2 hr of 

contact time whereas the remaining part of the absorption spectrum with range of 

200–350 and 500–800 nm remained unaffected. The surface modifications change the 

electronic properties of metal NPs thus resulted in change of optical properties. So, 

such optical changes due to surface reaction can be studies using simple 

spectrophotometric methods (Henglein, 1989). 

The UV-Vis spectra of culture filtrate (growth medium) of A. niger (positive control), 

MGYP medium, and silver nitrate solution (negative control) respectively, have 

indicated that due to complex organic compounds and proteins in medium and culture 

filtrate, the absorption bands were observed between 200-300nm (figure. 3.2.4.2.2i). 

While no specific pattern was observed for silver nitrate solution. The reaction 

mixtures, containing the silver ions and fungal spent medium, showed peaks at 

420nm. The controls showed the absorbance peaks at 200-300 nm whereas silver 

containing reaction mixture showed the obvious peaks at 400 nm. It was previously 

investigated that the reduction of Ag+ ions to elemental silver Ago corresponds to 

absorption at 400nm (Ahmad et al., 2003a). This absorption peak suggests the 

presence of certain proteins in reaction mixture by A. niger and in culture filtrates and 

suggests a possible mechanism for the reduction of the metal ions (Ahmad et al., 

2003a). So, it is assumed that certain enzymes have possibly reduced the Ag+ ions to 
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its reduced elemental form (Ago). Ag+ ions in negative control did not show 

absorption at 420nm whereas elemental Ago in reaction mixture showed absorption at 

420nm. It also indicates that the optical properties of AgNPs have been modified due 

to some surface changes which can be due Ag+ ions reduction by fungal enzymes 

(Gade et al., 2008). It was also stated in some previous studies that it is the small size 

of Ag NPs which actually gives the absorption between 400 to 500 nm ranges. There 

are evidences of particles with the size of 100 nm gives absorption between 400-500 

nm rather than larger particles (Ahmad et al., 2003a). Thus, we can deduce that the 

AgNPs were produced extracellularly by the mycoreduction and also due to the 

involvement of certain fungal biomolecules which could possibly be the 

extracellularly secreted proteins or enzymes in nature.  

Sundaramoorthi and co-workers in 2009, investigated the size of AgNPs in the range 

of 10-100 nm prepared by fungus A. niger. Further evidence of extracellular 

biosynthesis of Ag NPs was provided by Bhainsa and D’Souza in 2006, who reported 

that after the biotransformation, the silver nanoparticles produced by A. fumigatus 

were having the size range between 5-25nm. In another study, Vigneshwaran and co-

workers in 2006 found after TEM analysis that the size of Ag NPs as 8nm synthesized 

by A. flavus. Recently in 2010, Jain and his co-workers found the size of Ag NPs 

synthesized by A. flavus to be 17 nm. In the current study, NPs mean size analysis 

using XRD was  found to be 9-70 nm for A. niger, 5-47 nm for A. fumigatus, 9-47 nm 

for A. terreus and 13-26 nm for A. flavus under shaking conditions. TEM micrographs 

have clearly shown the evidence of AgNPs formation with size ranges of 3-80 nm for 

A. fumigatus, 5-75 nm for A. flavus, 3-75 nm for A. niger and 5-60 nm for A. terreus 

under shaking conditions (figures. 3.2.4.1.3 & 3.2.4.2.4). The shapes of NPs were 

seen to be of variable morphology but mostly were spherical shaped. To determine the 

various physico-chemical properties and monodispersity of NPs the shape, size, and 

crystalline morphology are key factors and a big challenge in nanotechnology 

(Narayanan and Sakthivel, 2010). Polydispersity favors variations in catalytic 

activities of nanoparticles. 

During parametric optimization studies, UV-Vis spectral and TEM analysis of AgNPs  

was carried out for measuring of the impact of parameters (i.e. pH, temperature, 

precursor salt concentration, media, incubation time) during NPs growth. The results 
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showed variations in shapes of NPs but, mostly were spherical and other in triangular 

shape. UV-Vis spectroscopy and TEM images (figures. 3.3.6.1.1i & ii) recorded at pH 

3.5 and 8.5 showed presence of NPs aggregations without monodispersity. At 

different (25, 37 and 45oC) temperatures, polydisperse NPs with triangular shape were 

observed (figures. 3.3.6.1.2i & ii). It was seen that at very low (0.01 and 0.05M) and 

very high concentration of AgNO3 (0.5M), non-uniform and polydisperse AgNPs 

were formed (figures. 3.3.6.1.3i & ii). Similarly the agitation also affected the 

nanoparticle synthesis. When shaking and static conditions were compared, shaking 

conditions found to be far better than static conditions as more obvious and separate 

AgNPs obtained. Recently, Jain and co-workers in 2010 synthesized AgNPs with the 

size of 17 nm by fungus A. flavus. In another study, it was observed that R. stolonifer 

secreted some proteins which caused capping of AgNPs thus helped in their stability 

(Banu and Rathod, 2011). So, specific pH and temperature are required for the 

fabrication of NPs. Microbial activities and movements of ions are directly affected 

by temperature. Hence, temperature can cause significant effect on NPs fabrication by 

changing the morphology, monodispersity and particle size (Zhang et al., 2011). 

However, temperature controlled microbial biogenesis of AgNPs have been reported 

rarely (Fayaz et al., 2011). In this study, optimum temperature was observed as 30°C 

at which small sized, less variable NPs were fabricated. Beyond the optimum 

temperature (30°C), nanoparticle size with variation was observed (figures. 3.3.6.1.2i 

& ii). Gericke and Pinches (2006) synthesized nanocrystals of gold at different 

temperatures 25, 35, and 50°C. As temperature increased, NPs size also increased 

from an average particle size of less than 10 nm to greater than 50 nm. However, at 

higher temperature less monodispersity was observed (Zhang et al., 2011). From the 

outcome of these optimization parameters, it was inferred that by using 0.1M 

concentration of silver nitrate at 30oC temperature and 5.8 pH, majority of the 

particles were spherical shaped and appeared to be reasonably monodispersed with 

size variation from 10 to 20 nm (figure. 3.3.6.2.3i) 

In many reports, biogenesis of NPs is observed through visual observation of change 

in color of medium. In this study, synthesis of silver, gold and platinum NPs also 

caused change in color of reaction mixtures  from yellowish brown to dark brown and 

black for silver (figure. 3.3.6.2.1), yellowish golden red for gold (figure. 3.3.6.3.1) 

and dark grayish brown for platinum nanoparticles (figure. 3.3.6.4.1) respectively. 
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This color change occurred because of excitation of surface plasmon vibrations in 

NPs (Shaligram, et al., 2009; Bhainsa and D’Souza, 2006).  

Further synthesis of gold and platinum metal NPs was investigated by UV-Vis 

spectral analysis. UV-Vis absorption spectra were recorded from reaction mixtures 

(fungal culture filtrates and 0.1M HAuCl4.3H2O) of A. niger at different times of 

reactions (figure. 3.3.6.3.2). A peak in absorption spectrum was recorded at 530 nm 

due to strong surface plasmon resonance of NPs. This absorption band is a 

characteristic property of nano-gold crystals (Mukherjee et al., 2001b). The UV-Vis 

spectral analysis was also carried for reaction mixtures of 0.1M PtCl2 (figure. 

3.3.6.4.2). In this case, absorption peak was recorded at 240 nm (Riddin et al., 2006). 

This increase in absorption intensity with time indicated the formation of increased 

number of gold and platinum NPs in the solution (Abraham et al., 2010; Song et al., 

2010). After 96 hr of incubation, AUNPs and PtNPs showed absorption peaks at 

530nm and 230 nm respectively, depicting the well dispersion in the solution 

(Agnihotri et al., 2009; Govendar et al., 2009;).  

The TEM analysis of gold and platinum NPs obtained after 96 hr incubation showed 

variable morphology from spherical to occasionally triangular shape (figures. 

3.3.6.3.4i & 3.3.6.4.4i). Most of gold and platinum NPs were found scattered with less 

cases of aggregations of size around 20 nm. Shaligram, et al in 2009 synthesized gold 

NPs of size 12.79 ± 5.61 nm by A. niger. Mukherjee and co-workers (2011) 

synthesized gold nanoparticles extracellularly by fungus Fusarium oxysporum 

whichm were extremely polydispersed with a size range 8-40 nm. Konishi et al. in 

2007 used Shewanella algae to deposit platinum NPs using aqueous H2PtCl6 solution. 

TEM images visually confirmed individual and discrete nanoparticles of about 5 nm. 

Some microbial infections are main causes of death globally. Human beings are 

continuously doing efforts to fight against microbial invasion from their beginning. 

Antimicrobials after their discovery, during the 20th century, made the prevention and 

treatment of infectious diseases easy. However, excessive use of antimicrobials led to 

the evolution of antimicrobial resistance. This encouraged biologists to develop 

alternative methods to combat bacterial infections. One strategy to fight against drug 

resistant bacteria is the discovery and application of silver nanoparticles against 

pathogens. At low concentration, AgNPs are safe and non toxic to human body and 
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show broad spectrum antibacterial effects (Rai et al., 2009). The present study was 

focused upon the antimicrobial effects of the extracellularly synthesized AgNPs by 

Aspergillus flavus. It is convenient, simple and cheap method to fabricate stable NPs. 

The efficacy of synthesized NPs was tested against Imipenem resistant Acinetobacter 

baumanii, Vancomycin resistant Enterococcus faecalis, multidrug resistant P. 

aeruginosa, mulidrug resistant K. pneumonae, methicillin resistant S. aureus, 

Vancomycin resistant E.coli and M. luteus by disc diffusion method. Different 

volumes (10uL-50uL) were tested to confirm the zone of inhibition for 100ppm 

concentration of AgNPs (figures. 3.4.2i & ii). Biogenic AgNPs showed effective anti 

antibacterial activity against multidrug resistant bacteria especially MRSA P. 

aeruginosa and A. baumanii (figure. 3.4.2iii) at 37oC. Biogenic AgNPs were used 

against MRSA and MRSE in another report (Rai et al., 2009). An increase in 

concentration of AgNPs results in better zone of inhibition. In the present study, 50µL 

AgNPs volume was used for antimicrobial essays which resulted in maximum zone of 

inhibition against Gram negative bacteria A. baumanii, followed by P. aeruginosa 

and E. coli. It was observed that by increasing AgNPs volume from 10µL to 50µL, 

antibacterial activity against all pathogens was also increased. This may happen due 

to release of large amount of silver ions from silver nanoparticles. Antibacterial 

activity, when observed against Gram positive and Gram negative, as investigated by 

Feng et al. in 2000 that AgNPs are more active against Gram negative bacteria. In this 

study, Gram negative bacterium A. baumanii was found to be very sensitive against 

biogenic AgNPs. Duncan in 2011 also reported Gram-negative bacteria (e.g. E. coli) 

are generally more susceptible to silver treatment than Gram-positive bacteria (e.g., S. 

aureus) because transport of positively charged silver ions across the thicker, 

peptidoglycan-rich outer membranes of Gram positive bacteria is slow relative to the 

thinner membranes of Gram-negative specimens. 

Antifungal activity of biogenic (B) and commercially synthesized (C) AgNPs was 

evaluated. Biogenic AgNPs gave better results against A.niger, A. flavus, Fusarium 

spp. and C. albicans as compared to commercial nanoparticles (figure. 3.4.2vi). 

Commercial nanoparticles were not proved to be good antifungal agent. There is not 

any reported research in which comparison has been made between biogenic and 

commercially synthesized AgNPs. However, this study correlate to some extent with 

Rao et al. (2011), that biologically synthesized AgNPs were potent antifungal agents 
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against A.niger, A. flavus, Fusarium spp. and Curvularia. This suggests that 

biologically synthesized AgNPs have more antifungal potential as compared to 

commercial AgNPs. 

Antibiotics were tested for synergistic effect evaluated in the presence of biogenic 

AgNPs. The antibacterial activity of ciprofloxacin, gentamycin, vancomycin and 

imipenem was increased in the presence of biogenic AgNPs (figures. 3.4.2iv & v). 

The highest synergistic effect was observed for ciprofloxacin against S. aureus, A. 

baumanii, K. pneumonia, M. luteus and Bacillus spp. (table. 3.4.2ii). A rise in 

synergistic effect may be caused by some bonding interactions between antibiotic and 

AgNPs (Naqvi et al., 2013). Birla et al. in 2009 also observed in which antibacterial 

activities of amoxicillin, penicillin G, erythromycin, vancomycin and clindamycin, 

increased in the presence of Ag-NPs against S. aureus and E.coli (Birla et al., 2009). 

The major advantage of using an antibiotic together with an NP is that low 

concentration of dose is beneficial against the microbes which had developed 

resistance against conventional antibiotics. Moreover, antimicrobial effects of silver 

metal were already known since ancient times. When this metal applied in nano form 

it becomes more potent even in minute quantities. 

Efficient synergism was observed for antifungal agents with AgNPs. In this study, 

Fluconazole and biogenic AgNPs were investigated against A. niger, C. albicans, A. 

Fusarium spp. and flavus (figure. 3.4.2vii). The diameter of inhibition zones and 

increase in fold area for C. albicans was measured. No synergism was observed 

against other test fungi because these were resistant to fluconazole (table. 3.4.2iii). 

This is in contrast to Gajbhiye et al. in 2009, where synergistic effect was clearly 

noted against all the test fungi (Phoma glomerata, Fusarium semitectum, Candida 

albicans and Phoma herbarum). It proves that the antifungal activity of fluconazole 

increased significantly in presence of AgNPs. 

Mycogenic AgNPs were investigated for antioxidant activity and they exhibited 

remarkable activity (Dipankar and Murugan, 2012). In the current study the 

mycogenic synthesized AgNPs were synthesized by fungal proteins. This is the first 

study to compare antioxidant potential of biologically synthesized and commercially 

synthesized AgNPs. Commercially synthesized AgNPs showed more antioxidant 

property as compared to biogenic AgNPs (figure. 3.4.2viii). This may happened due 
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to stabilization of commercially available NPs.  

Brine shrimps cytotoxicity and radish seeds phytotoxicity assays were performed to 

evaluate the the potential environmental toxicity of AgNPs. Biogenic AgNPs were 

observed to be more toxic to shrimps larvae in comparison with commercial NPs 

(figures. 3.4.2 ix, x and xi). Results were in accordance with a recent study by 

Dipankar and Murugan in 2012. They reported that biogenic NPs exhibited 

cytotoxicity against HeLa cervical cell lines. In phytotoxicity bioassay, biogenic 

AgNPs showed effective results as compared to commercial AgNPs and control. In 

the presence of biogenic AgNPs, large number of seeds germinated with normal root 

and shoot growth (figures. 3.4.2xii & xiii). In contrast to this result, El-Temsah et al., 

in 2010 reported a bit inhibitory effect of AgNPs on rye grass, flax and barley. 

Materials used as hydrogels for tissue engineering must meet specific characteristics 

to promote the generation of new tissue. It is imperative that hydrogels maintain their 

shape and provide the necessary mechanical support while being nontoxic and non-

immunogenic. They should mimic the extracellular matrix and promote cellular 

proliferation and differentiation, desired cell functions, and interactions. Similar to the 

extracellular matrix, hydrogels should be enzymatically degradable, allowing cells to 

remodel their environment. Therefore, the importance of developing a hydrogel with 

tunable mechanical and biological properties is crucial when considering the wide 

range of optimal mechanical and micro-environmental requirements for each cell and 

tissue type. When engineering tissues, each cell type may require a different 

concentration of peptide sequences for optimal cellular attachment to and enzymatic 

degradation of the hydrogel. Further, each cell and tissue type will have specific 

mechanical demands of the hydrogel to promote proper tissue development (Hutson et 

al., 2011).  

In the present study we chose to use methacrylated gelatin (GelMA). Gelatin is an 

inexpensive, natural, edible, biocompatible, nontoxic material derived from acid or 

alkaline hydrolysis of collagen (Lee et al., 2001). Type A gelatin is produced by the 

acid processing of collagen and exhibits an isoelectric point of 7–9 (Nichol et al., 

2010). Type B gelatin produced by the alkaline process has an isoelectric point of 

4.6–5 (Nichol et al., 2010). For the present study, type A gelatin was chosen as it has 

a higher number of reactive amino groups, resulting in a greater potential degree of 
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methacrylation (Dreesmann et al., 2007). Although there are many reported methods 

for covalently crosslinking gelatin, photo-crosslinking GelMA has been shown to be 

both compatible with cellular encapsulation and micro-fabrication (Benton et al., 

2009; Nichol et al., 2010). Aside from the above-mentioned biological qualities that 

gelatin displays, previous research has highlighted the trophic effects of gelatin, 

exhibiting pro-angiogenic properties and promotion of valvular interstitial cell 

function (Benton et al., 2009; Dreesmann et al., 2007). The supplementation of 

AuNPs with GelMA has led to the development of a photo-crosslinkable hydrogel 

that is inexpensive, easily produced with common equipment and chemicals, and 

biologically and mechanically tunable (figures. 3.4.3ii & iii). 

AuNPs addition in GelMA enhanced the compressive modulus, exceeding the 

compressive modulus of GelMA alone (Hu et al., 2009; Nichol et al., 2010). The 

addition of AuNPs in GelMA also affected the swelling and rehydration properties; 

where AuNPs in GelMA reduced the swelling of hydrogels while simultaneously 

increasing the ability of hydrogels to rehydrate closer to their initial hydration mass in 

48 hr (figure. 3.4.3ii). The addition of AuNPs in GelMA created a composite hydrogel 

with tunable degradation profiles outside the range of pure GelMA hydrogels (figure. 

3.4.3iv). AuNPs supplementation in GelMA also allowed NIH3T3 fibroblasts to 

attach and to spread more on the nano-composite hydrogels, as compared to plain 

GelMA hydrogels taken as control (figures. 3.4.3 v, vi and vii). The addition of 

AuNPs in GelMA greatly improved cellular viability after hydrogel encapsulation as 

compared to GelMA alone. These data are in line with previous data highlighting the 

trophic effects of AuNPs on cellular behavior (Kohl et al., 2011, Yi et al., 2010). 

In the present study, we used GelMA and AuNPs incorporated in GelMA; when 

evaluating the properties of these hydrogels. Yet these gels have the potential for 

further biological and mechanical tuning by varying the degree of methacrylation of 

the GelMA, the concentration of the photoinitiator, or UV exposure (Nichol et al., 

2010; Van Den Bulcke et al., 2000). It was previously illustrated the effects that the 

degree of methacrylation can have on the compressive modulus and the swelling ratio 

(Nichol et al., 2010). Increasing the degree of substitution, with GelMA concentration 

held constant, augmented the compressive modulus while reducing the swelling ratio 

of hydrogels. Reducing the degree of substitution had the opposite effect on GelMA 



Chapter 4                                                                                                         Discussion 
 

 208 

hydrogels (Nichol et al., 2010). Van Den Bulcke and co-workers have highlighted the 

effects of altering UV exposure and photoinitiator on GelMA, with the increase in UV 

time and/or photoinitiator resulting in stiffer hydrogels (Van Den Bulcke et al., 2000).  

Thus, the B AuNPs-GelMA nano-composite hydrogels can be customized to meet the 

wide range of biological and mechanical profiles required for tissue engineering 

(Hutson et al., 2011).  

Dyes are broadly used in textiles, food, paper, leather, cosmetics and plastics industry 

for coloring different materials. Many industrial effluents carry chemically stable 

organic dyes which are recalcitrant in nature (Alzaydien et al., 2009). These dyes 

being mutagenic and carcinogenic may cause serious effects to environment and 

health (Crini et al., 2006). These colored discharges affect plants by decreasing 

sunlight penetration, reducing oxygen level and photosynthetic processes which 

results in suffocation and death of aquatic flora and fauna (Hu and Wu, 2001; Cheung 

et al., 2009). Textile industry releases waste water effluent which is a big source of 

pollution; it is fast in color and recalcitrant. This waste is generated during dyeing 

processes when about 15-20 % of dyes are released as waste (Maynard et al., 1983). 

Treatment of these dyes is difficult as they resistant to light, heat and oxidizing agents 

(Yee et al., 2005). Azo dyes used in different industries are major pollutants in waste 

water discharge (Kiwi et al., 1993; Li et al., 2004; Hun and Wang, 1999). Textile 

industries use these dyes due to their stable nature towards environmental factors. 

Therefore, these dyes are not easily degradable and cannot be easily removed from 

water by conventional chemical treatment processes (Tang and An, 1995). A useful 

way for degrading these dyes is to use photo-catalytic degradation by semiconductors 

and metal NPs which has better efficiency over conventional processes due to rapid 

oxidation of pollutant without forming lethal polycyclic byproducts (Sobana et al., 

2005; Hoffman et al., 1995). 

Metal NPs are broadly used for removing poisonous materials due to their distinctive 

properties such as high thermal and mechanical strength, high ordered structure, large 

surface area and large number of reactive surface sites (Kaewprasit et al., 1998). So in 

present study laboratory synthesized silver nanoparticles and commercial silver 

nanoparticles were used to degrade AR 151 and Or II in STE. In addition, previously 

isolated fungi A. niger was used in decolorization experiments of both dyes in shaking 
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condition (150 rpm). In the presence of STE, A. niger gave maximum decoloration of 

AR 151 (68 %) and Orange II (45 %) after 24 hrs. It is very advantageous to use STE 

for studying bioremediation of dyes if some additional carbon and nitrogen source is 

supplied as a co substrate (Kumar et al., 1998; Fujita et al., 2000). Mechanism behind 

removal of the dyes is found to be the biosorption by fungi instead of extracellular 

decolorization. Similar results have been reported by different researchers (Fu and 

Viraraghavan, 2000; Zheng et al., 1999; Aksu and Tazer, 2000). In Azo-dyes 

hydrolyses, reduction/cleavage of di-azo bond was catalyzed by NPs in the presence 

of elemental iron. The double bond of nitrogen broke up and reduced. Thus, after 

hydrolysis, releasing less perilous by products of azo dyes. 

Photo-degradation of dye by catalyst is dependent upon illumination time. % 

degradation of AR 151 was observed to be 99 % in presence of light at pH 5 using 

100 mg/l of biologically synthesized AgNPs (B AgNPs). While in dark same 

experiment was performed but the % degradation was found to be 38 %.A report 

demonstrated that at intermediate light intensity for short duration enabled complete 

degradation of methylene blue (El-Bahy et al., 2009). It is obvious from results that 

photo-catalytic activity increases with increasing illumination time and 99% color 

removal is observed after 1 hr. Intensity and duration of light affects the extent of dye 

degradation (Daneshva et al., 2003; El-Bahy et al., 2009). At low intensity (0–20 

mW/cm2) rate of degradation increases linearly as the light intensity increases. When 

the light of intermediate intensity is used, rate of degradation depends upon square 

root of light intensity (Herrmann et al., 2010). While using light of high intensity, rate 

of degradation becomes independent of it. At low light intensity, formation of electron 

hole pair is predominant and recombination of electron hole pair is negligible. At 

higher light intensity a competition starts between electron hole combination and 

generation. It has been proved in literature that dye degradation initially increase with 

increasing light intensity (Sauer et al., 2002; So et al., 2002) 

In present study, FTIR analysis of treated samples of dye by A.niger and silver 

nanoparticles showed significant difference in absorbance at various regions and new 

peaks at regions of 2800-2900 cm-1 and 1200-1500 cm-1 indicated degradation of 

already present compounds (figures. 3.4.4vii, viii, xiv & xv). Peaks in the untreated 

dye spectra showed C–H stretching of alkanes at 1471.74 cm-1and S=O stretching of 



Chapter 4                                                                                                         Discussion 
 

 210 

sulphur compound at 1207.48 cm-1. Specifically Azoic nature of complex dye was 

confirmed by N=N and N–H bond of azides and amides at 2077.40 cm-1 (Bandara et 

al., 1999). Whereas obvious changes in peaks at 2922.25 and 2858.60 cm-1, denoted 

fluctuations in C-H region of alkanes, similar changes took place in regions of 1589 

which indicates deformation of aromatic compounds. Changes in peaks at 1458 cm-1 

and 1281 cm-1 and 1077 cm-1 represented the deformation occurring in N=O 

stretching of nitrosamines, C–N bond of aryl amines and S=O stretching sulfoxids 

(Jadhav et al., 2010). Similarly Stylidi et al., in 2004 reported presence of peak at 

1506cm−1 that characterize azo bond of Acid orange 7 as well as peaks at 1454cm−1 

for phenyl ring vibrations, and bands at 1123cm−1 and 1050cm−1 represents coupling 

between sulphonate group and benzene.  

On analyzing the treated and untreated dye samples through HPLC, peaks in same 

area with almost same retention time with reference to two standards compounds i.e., 

aniline and Sulfanilic acid were observed (figure. 3.4.4ix & x). These two metabolites 

were identified by comparing retention time and spectrum of sample peaks with 

standards. So we can predict that these two peaks represent the metabolites produced 

after degradation. Similar peaks with retention time of 4.66 min and 1.08 were 

observed in dye sample treated by B AgNPs and in combine treatment under 

optimized set of parameters. Sample treated by commercially available AgNPs (C 

AgNPs) also showed peak at similar position but these peaks were quite large and 

obvious. No such peak appeared in untreated and dye sample treated by A.niger. 

The growing fresh water crises around the world put an enormous pressure on the 

Environmental circles to develop cost effective water rehabilitation systems. Though, 

a number of waste water treatment systems have been designed, yet, they are still not 

successful either due to some technical problems and high cost. Among these, 

“membrane biofouling” is the most notorious problem in membrane bioreactors. This 

problem is not only faced by many industries as well including; desalination (Huang 

et al., 2007), milk processing (CDR, 2004), beverages (Goosen, et al., 2005) in which 

membranes are utilized for refinement of their products.  

In most of the wastewater treatment plants and industries, at different level of 

treatments, mostly polysulfone membrane is used, due to its considerable 

characteristics like, low molecular binding, gamma sterility, ability to stand high flow 
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flux and thermo-resistance. Microbes from waste water form biofilm on these 

polymers and can decreasing the membrane average life span. Removal of biofouling 

on membranes reactors is costly process as it involves cleaning and replacing 

membranes (Drews, 2010). If this biofouling problem is solved then the membrane 

bioreactor will be considered ideal. To remove biofouling, many techniques have 

been tried i.e. membrane surface modification, influent pretreatment, 

physical/chemical cleaning in place etc. (Pontié et al., 2005), but AgNPs usage has 

shown promising results.  

Silver NPs have been known for their antimicrobial nature since primitive times. 

These NPs behave differently from their bulk counterparts due to altered surface 

chemistry and quantum effects at nano acale (Roduner, 2006). These factors alter the 

reactivity, magnetic, optical and electrical properties of nanomaterial giving silver 

NPs more appealing biological and chemical properties for its usage in textiles, 

consumer goods, medical industries and food technology. In present study, a 

polysulfone membrane that is less prone to biofouling was synthesized; it was 

impregnated with biogenic AgNPs to give polysulfone membrane biofouling fighting 

abilities (Zodrow et al., 2005). The AgNPs utilized in the study were synthesized 

from Aspergillus niger.  In the first phase 7 bacterial strains, Klebsiella pneumonia, 

Pseudomonas aeruignosa, Escherichia coli, , Staphylococcus aureus, Enterobacter 

aerogens, Shigella sonnei and Salmonella chlorieasus, were isolated and identified 

(table. 3.4.5i). These bacterial genera are commonly present in waste water. Some of 

these bacterial genra were found to be resistant strains because of horizontal gene 

transfer (Kenneth, 2007).   

In next phase the membranes were fabricated (with and without AgNPs) and 

characterization was done via FTIR (figures. 3.4.5vi, viii, ix, xi & xii) and SEM 

(figures. 3.4.5iv, x, xiii & xiv). The SEM images showed that incorporated NPs 

positioned along the skin area. It can be also described as the alignment of NPs (50-

500nm) deposit on the surface due to smaller pore size of membrane as compared to 

NPs. Research have shown that impregnation of NPs on membrane surfaces helps 

more in mitigating fouling, as its antimicrobial effects do not allow microbes to grow 

on the membrane surfaces, but it has drawback of getting washed off with passage of 

time if it is not firmly attached to the membrane (Ng et al., 2010). It was also seen 
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that incorporation of biogenic AgNPs does not affect the porous structure of 

membrane (figures. 3.4.5xiii & xiv) which is necessary for its proper functioning 

(Zodrow et al., 2009). The FTIR of sigma-aldrich Psf membrane (figure. 3.4.5v) 

showed high correspondence with the FTIR of as prepared Psf membrane (figures. 

3.4.5vi) which is a characteristic element of membrane. One of the major peaks 

(figures. 3.4.5vi) was 1241 cm-1 (benzoate) that allowed only 52% of transmission, 

proving the presence of element in high concentration, which is also proved if we see 

the membrane structure that have numerous repeats of benzoates. Other major peaks 

1150 cm-1 and 1488 cm-1 represent two molecules, sulfone and alkylene 

respectively, also present in polysulfone structure.  

The Ag incorporated and plain polysulphone (Psf) membranes  subjected to biofilm 

formation in agitated conditions gave radical results, as biofilm formation was fast for 

plain Psf membrane than biofouling for silver impregnated polysulphone membrane 

Ag-Psf membrane. The cfu count (figure. 3.4.5vii). The 40 – 50 % difference between 

Psf and Ag-Psf was present after 30days and no significant rise in cfu on Ag-Psf 

occurred even after 45 days of incubation, whereas cfu count of Psf reached to a high 

level (difference found to be around 75 – 80 %). It can be assumed that at start 

stressed environment created a competitive environment and allowed only resistant 

strains to grow and develop biofilm on membrane killing sensitive strains, but these 

strains found difficulty in establishing biofilm on Ag-Psf as silver nanoparticles kept 

on imparting there antibacterial effect.  

SEM analysis was carried out to observe biofilm production, but FTIR studies were 

used to investigate the chemical changes in membrane caused by biofouling. 

Distortion in molecular structure of membrane due to biofilm formation, is visible in 

FTIR graphs in which, peaks of biofouled polysulfone membrane (figure. 3.4.5ix) 

showed visible change as compared to original fabricated polysulfone membrane 

(figure. 3.4.5vi) but the change in Ag-Psf (figure. 3.4.5xi) was not much drastic if 

compared to the Psf membrane (figure. 3.4.5vi). The major peak numbers were 1105 

cm-1, C-C-C bending and ring puckering; 1149 cm-1, sulfone; 1240 cm-1, benzoate; 

1487 cm-1, CH3, but biofouled Psf (figure. 3.4.5ix) showed new peaks 687 cm-1 with 

a very high absorbance, which represents a CH out of plane depicting a – CH=CH–  

in cis form, which is a clear sign of breakdown of molecular structure. The FTIR 
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results of both membranes in agitated condition were almost same as the rate of 

biofouling was too fast in shaker incubator, so after 14 days gap, same chemical 

changes were observed in membranes. The only difference was the higher 

concentration of newly produced molecules in Psf membrane.  

The successive development of biofilm on Psf membrane was consistent with 

bacterial count (CFU). Beside rich biofilm was established on surface of Psf 

membrane without AgNPs as compared to Ag-Psf membrane (figure. 3.4.5vii). It was 

also observed that at the area of NPs accumulation, the bacteria were unable to 

develop biofilm (figure. 3.4.5xiii & xiv). The highlighted region showed bacterium 

cell present closely to NPs on the membrane (figure. 3.4.5xiv). A cloudy appearance 

was observed in region where NPs were present as compared to other regions of 

membrane without NPs. This cloudy appearance is in the result of bacterial 

interaction with NPs due to the electric charge difference which has created a charge 

imbalance which can be observed through SEM imaging. Whereas, NPs did not allow 

bacterial growth as dense as it was observed in Psf membranes without NPs. Thus, 

SEM of Ag-Psf membrane (figure. 3.4.5xiii & xiv) exhibited resistance to biofilm 

development and also to biofouling subsequently.  
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CONCLUSIONS 

1. Preliminary, investigation with test fungal species Fusarium oxysporum and 

seven different metal salts indicated NPs synthesis only with Ag, Au and Pt. 

2. Five different fungi belonging to the group ascomycota were capable of 

synthesizing NPs of Ag, Au and Pt metals under both strategies; i.e. by 

reaction metal salts with biomass (1) and culture filtrate (2).  

3. Comparatively, Pt metal NPs synthesis was better in term of quality; minimum 

size and less polydispersity, with A. niger (ave. size ±SD = 10±7) and Ag 

metal NPs from A. flavus (ave. size ±SD =14±9). 

4. Cultivation of fungal biomass and culture filtrate under varying pH (3.5, 5.8, 7 

and 8.5) proved to be significantly affecting synthesis of NPs of Ag metal. 

However, pH 5.8 in MGYP medium and optimum reaction conditions were; 

temperature 30oC and incubation time 96 hr. Besides, agitation helped 

optimized production of NPs when fungal filtrate was used.  

5. AgNPs proved to have considerable antibacterial (15mm) and antifungal (12-

14mm) activities (zone of inhibition) against resistant test organisms and they 

were significantly improved 0.2–7.0 (average, 2.8) fold-area increase in 

antibacterial activity when used in combination with certain conventional 

antibiotics like ciprofloxacin, imipenem, gentamycin, vancomycin and 

trimethoprim. 

6. Biological activities like antioxidant activity, cytotoxicity and phytotoxicity of 

these myco-genized (B) and commercially available (C) AgNPs were also 

found to be in acceptable range. For 1000 ppm C AgNPs and B AgNPs 

antioxidant activity determined was 19.8 and 17.9 %,  and for 100 ppm 5.3 

and 5.79 % respectively. Cytotoxicity values for brine shrimps found to be on 

average 2 and 0 at 24 hr, 4 and 2 at 48 hr and 9 and 7 at 72 hr for B AgNPs 

and C AgNPs against total number of organisms used i.e. 10. After 5 days 

treatments, radish seeds germinated 53, 60 and 55 %, while root lengths 38, 25 
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and 34 % and shoot lengths found to be 28 and 26 and 27 % for B AgNPs, C 

AgNPs as compared to normal distilled water respectively.   

7. For application in tissue engineering, gelatin-Au nanocomposite material 

showed good stability and compatibilities in order to trigger and promote 

significant growth of NIH 3T3 fibroblast cells in them as compared to control.  

8. For environmental application perspectives; 

• AgNPs showed 75-98% bio-removal/bio-transformation of aromatic 

azo dyes Or II and AR 151 in 96-120 hr.  

• Polysulfone (Psf) membrane impregnated with AgNPs helped 

reduction of biofilm development (anti-biofouling) on it. This 

technique could help in improving the life of filtration membranes in 

water filters.  
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Future Prospects 

• The research work clearly predicted the NPs synthesis abilities of fungi, 

however, it could be improved in terms of rate and quality (with less 

polydispersity) by; 

o Exploring and exploiting efficient microorganisms which are resistant and 

expressive against metals by producing certain catalytic proteins triggered 

through different genes. 

o Evaluation and understanding the basic mechanisms in term of biomolecules; 

involved in transforming and stabilizing the metal ions into nano-composites. 

o Critically optimizing the reaction conditions. 

o Evaluating different bioprocess techniques. 

• Application of NPs as antibacterial and antifungal agents predicted their 

beneficial activities against pathogenic organisms, however, their overall 

effects on related normal cells, tissues and organs has to be evaluated for 

practical application on infected organisms. 

• Application proved to be effective in tissue engineering; however, more 

similar studies can be tested upon other cell lines to find out any other positive 

or negative impacts of these NPs. Also, the complete fate of these NPs can be 

studied inside the cell. 

• Application of NPs in transformation of aromatic pollutants like dyes and in 

mitigation of biofilms development at places suggest their futuristic role in 

environmental perspective, however, and long term effects and fate has to be 

fully understood.  
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APPENDIX 

Table. A.3.2.4.2.2i: UV–Visible spectra of +ve control i.e. fungal cultural filtrate 

(a), -ve control i.e. silver nitrate solution (0.1M) {b} and 

control containing MGYP medium and silver nitrate solution 

(0.1M) {c} at different wavelengths. 

 

 (a) Fungal cultural filtrate 

    

 

200 300 400 500 600 700 800 

0 hr 2.998 2.798 0.314 0.228 0.256 0.205 0.1794 

2 hr 2.868 2.538 0.259 0.257 0.245 0.258 0.1056 

4 hr 2.928 2.728 0.251 0.291 0.263 0.254 0.1428 

6 hr 2.934 2.754 0.291 0.321 0.365 0.289 0.1784 

24 hr 2.796 2.696 0.509 0.254 0.287 0.354 0.2658 

48 hr 2.481 2.481 0.613 0.456 0.402 0.459 0.3258 

72 hr 2.648 2.548 0.696 0.259 0.269 0.542 0.3487 

96 hr 2.436 2.336 0.787 0.266 0.359 0.574 0.389 

 

 

 (b) Silver Nitrate Sol. 

    

 

200 300 400 500 600 700 800 

0 hr 2.768 1.454 0.956 0.648 0.556 0.585 0.474 

2 hr 2.668 0.915 0.645 0.457 0.345 0.328 0.106 

4 hr 2.228 0.581 0.263 0.231 0.263 0.124 0.138 

6 hr 2.154 0.691 0.265 0.221 0.265 0.259 0.184 

24 hr 2.496 0.579 0.387 0.354 0.387 0.364 0.258 

48 hr 2.281 0.563 0.487 0.556 0.487 0.259 0.289 

72 hr 2.438 0.426 0.269 0.259 0.269 0.282 0.287 

96 hr 2.136 0.477 0.259 0.246 0.269 0.254 0.389 

 

 (c) MGYP Medium + AgNO3 

   

 

200 300 400 500 600 700 800 

0 hr 2.798 2.698 1.414 0.883 0.546 0.405 0.394 

2 hr 2.768 2.538 1.129 0.697 0.445 0.358 0.286 

4 hr 2.683 2.508 0.951 0.491 0.393 0.294 0.208 

6 hr 2.534 2.654 0.691 0.361 0.305 0.289 0.384 

24 hr 2.596 2.484 0.559 0.424 0.287 0.354 0.268 

48 hr 2.421 2.371 0.593 0.406 0.302 0.459 0.358 

72 hr 2.418 2.329 0.696 0.459 0.269 0.442 0.387 

96 hr 2.336 2.301 0.787 0.466 0.359 0.474 0.389 
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Table. A.3.2.4.2.2ii: UV–Vis spectra predicting AgNP synthesis in response to time 

of reaction of the fungal inoculated media of different fungi 

with 0.1 M silver nitrate. 

 

 

 

F. oxysporum 

    

 

200 300 400 500 600 700 800 

0 hr 3.373 0.362 0.347 0.228 0.256 0.285 0.194 

2 hr 3.242 0.259 0.593 0.2257 0.125 0.158 0.106 

4 hr 3.162 0.191 0.788 0.2701 0.253 0.154 0.148 

6 hr 2.993 0.291 0.969 0.2121 0.325 0.289 0.174 

24 hr 2.796 0.279 1.309 0.2054 0.257 0.354 0.268 

48 hr 2.681 0.243 1.869 0.2456 0.247 0.459 0.358 

72 hr 2.548 0.296 2.689 0.2559 0.249 0.242 0.347 

96 hr 2.436 0.327 3.216 0.2916 0.289 0.274 0.389 

 

 

 

 

A. fumigatus 

    

 

200 300 400 500 600 700 800 

0 hr 3.498 0.454 0.328 0.248 0.256 0.285 0.174 

2 hr 3.368 0.415 0.768 0.2257 0.1245 0.1258 0.1056 

4 hr 3.228 0.5181 1.128 0.231 0.2563 0.1254 0.238 

6 hr 2.954 0.5991 1.5534 0.2821 0.265 0.2589 0.1584 

24 hr 2.796 0.7079 1.9296 0.3054 0.3587 0.3654 0.2658 

48 hr 2.6481 0.763 2.481 0.5456 0.487 0.259 0.2658 

72 hr 2.5548 0.826 2.8248 0.2559 0.2689 0.2842 0.2587 

96 hr 2.6536 0.877 2.9736 0.2416 0.2659 0.2574 0.2489 

 

 

 

 

 

A. niger 

     

 

200 300 400 500 600 700 800 

0 hr 2.9298 0.3154 0.3098 0.228 0.256 0.2085 0.1794 

2 hr 2.9368 0.259 0.5368 0.2257 0.1245 0.1258 0.1056 

4 hr 2.9428 0.181 0.7428 0.2701 0.2563 0.1254 0.1428 

6 hr 2.9534 0.2891 0.9534 0.2121 0.3265 0.2589 0.1784 

24 hr 2.7296 0.2079 1.296 0.2054 0.2587 0.354 0.2658 

48 hr 2.4481 0.283 1.8481 0.2456 0.2487 0.4259 0.3258 

72 hr 2.3548 0.2926 2.548 0.2559 0.269 0.2842 0.3487 

96 hr 2.3536 0.3127 3.1536 0.2916 0.2859 0.2874 0.389 
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A. flavus 

     

 

200 300 400 500 600 700 800 

0 hr 2.9298 0.2754 0.3298 0.248 0.2056 0.2685 0.2494 

2 hr 2.668 0.3259 0.6368 0.2257 0.245 0.258 0.2056 

4 hr 2.7428 0.4181 0.7428 0.2701 0.2563 0.1254 0.2428 

6 hr 2.7534 0.421 0.9534 0.2121 0.3265 0.2589 0.2384 

24 hr 2.5296 0.479 1.2296 0.2054 0.2587 0.2654 0.3458 

48 hr 2.4481 0.483 1.481 0.2456 0.2487 0.3259 0.2158 

72 hr 2.5548 0.426 1.7548 0.2559 0.2689 0.2842 0.2587 

96 hr 2.6536 0.327 2.336 0.2016 0.2859 0.2874 0.2489 

 

  

A. terreus 

    

 

200 300 400 500 600 700 800 

0 hr 3.298 0.2754 0.398 0.2548 0.3056 0.265 0.2594 

2 hr 2.994 0.3259 0.7368 0.2257 0.1245 0.1258 0.1056 

4 hr 2.9428 0.4181 0.8428 0.2701 0.2563 0.123 0.2428 

6 hr 2.9534 0.5891 0.994 0.2121 0.3265 0.289 0.262 

24 hr 2.696 0.6079 1.2296 0.2054 0.3587 0.2674 0.2478 

48 hr 2.4481 0.6483 1.8481 0.2456 0.3487 0.2259 0.212 

72 hr 2.5548 0.6926 2.5548 0.2559 0.2689 0.2842 0.255 

96 hr 2.6536 0.7127 2.8536 0.286 0.2859 0.2874 0.24 

 

Table. A.3.3.6.1.1i: UV-Vis spectra of myco-genized AgNPs at different pH. 

  

A. niger 

      

 

200 300 400 450 500 600 700 800 

pH 3.5 2.626 0.279 2.296 1.396 0.2054 0.2587 0.354 0.2658 

pH 5.8 2.881 0.283 2.851 0.941 0.2456 0.2487 0.4259 0.3258 

pH 7 2.458 0.226 2.578 2.048 0.2559 0.269 0.2842 0.3487 

pH 8.5 2.556 0.327 2.436 1.153 0.2916 0.2859 0.2874 0.389 

 

Table. A.3.3.6.1.2i: UV-Vis spectra of myco-genized AgNPs at different 

temperatures. 

  

A. niger 

      

 

200 300 400 450 500 600 700 800 

25 °C 2.896 0.479 1.976 0.826 0.304 0.3587 0.3654 0.2658 

30 °C 2.481 0.563 2.793 0.581 0.546 0.487 0.259 0.2658 

37 °C 2.548 0.398 2.548 1.686 0.2559 0.2689 0.2842 0.2587 

45 °C 2.364 0.477 2.436 1.936 0.2416 0.2659 0.2574 0.2489 
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Table. A.3.3.6.1.3i: UV-Vis spectra of myco-genized AgNPs at different 

concentrations of the precursor salt AgNO3. 

  

A. niger 

      

 

200 300 400 450 500 600 700 800 

0.01 M 2.713 0.789 1.796 1.223 0.2054 0.2587 0.2654 0.3458 

0.05 M 2.321 0.593 1.621 1.061 0.2456 0.2487 0.3259 0.2158 

0.1 M 2.557 0.426 2.248 0.7548 0.2559 0.2689 0.2842 0.2587 

0.5 M 2.668 0.327 2.106 1.677 0.2016 0.2859 0.2874 0.2489 

 

Table. A.3.3.6.1.4i: UV-Vis spectra of AgNPs produced by A. niger at different 

media.  

  

A. niger 

      

 

200 300 400 450 500 600 700 800 

SDB 2.896 0.479 2.646 0.826 0.304 0.3587 0.3654 0.2658 

PDB 2.481 0.563 2.533 0.581 0.546 0.487 0.259 0.2658 

MGYP 2.648 0.398 2.778 0.686 0.2559 0.2689 0.2842 0.2587 

NB 2.364 0.477 2.436 0.986 0.2416 0.2659 0.2574 0.2489 

 

Table. A.3.3.6.1.5i: UV-Vis spectra of myco-genized AgNPs at different times 

using biomass and cell free culture medium.  

  

A. niger 

      

 

200 300 400 450 500 600 700 800 

B-24 hr 2.526 0.379 2.146 1.196 0.2054 0.2587 0.354 0.2658 

B-48 hr 2.481 0.283 2.451 0.941 0.2456 0.2487 0.4259 0.3258 

M-24 hr 2.658 0.316 2.478 1.048 0.2559 0.269 0.2842 0.3487 

M-48 hr 2.456 0.227 2.736 1.153 0.2916 0.2859 0.2874 0.389 

 

Table. A.3.3.6.1.6i: UV-Vis spectra of myco-genized AgNPs at different times at 

shaking and static conditions. 

  

A. niger 

      

 

200 300 400 450 500 600 700 800 

Sh-24 hr 2.926 0.279 2.796 0.776 0.204 0.257 0.354 0.268 

Sh-48 hr 2.881 0.283 3.151 0.691 0.246 0.287 0.459 0.358 

St-24 hr 2.458 0.226 2.378 1.178 0.459 0.269 0.242 0.387 

St-48 hr 2.556 0.327 2.636 1.553 0.816 0.359 0.274 0.389 
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Table. A.3.3.6.1.7: UV-Visible spectra of myco-genized AgNPs at different time 

intervals. 

  

A. niger 

     

 

200 300 400 500 600 700 800 

0 hr 3.1138 0.2754 0.2668 0.2548 0.3056 0.265 0.2594 

2 hr 2.994 0.3259 0.7368 0.2257 0.1245 0.1258 0.1056 

4 hr 2.9428 0.4181 0.9848 0.2701 0.2563 0.123 0.2428 

6 hr 2.9534 0.5891 1.2394 0.2121 0.3265 0.289 0.262 

24 hr 2.696 0.6079 1.6896 0.2054 0.3587 0.2674 0.2478 

48 hr 2.4481 0.6483 1.9981 0.2456 0.3487 0.2259 0.212 

72 hr 2.5548 0.6926 2.3548 0.2559 0.2689 0.2842 0.255 

96 hr 2.6536 0.7127 2.5136 0.286 0.2859 0.2874 0.24 

120 hr 2.1432 0.4226 1.6248 0.9559 0.5879 0.382 0.355 

144 hr 2.2536 0.6127 1.3456 1.1386 0.5259 0.2874 0.404 

 

Table. A.3.3.6.3.2: UV–Visible spectra of aqueous medium having precursor salt of gold 

chloride trihydrate containing gold ions (HAuCl4.3H2O, 0.1 M) {a} 

and  UV–Visible spectra of aqueous medium containing culture 

filtrate of A. niger and gold chloride trihydrate (0.1 M). Absorption 

spectra showed peak at 530 nm, at which NPs are produced (b).  

(a) 200 300 400 500 600 700 800 

0 hr 2.626 1.372 1.148 0.788 0.666 0.595 0.534 

2 hr 2.528 1.124 0.845 0.657 0.445 0.328 0.306 

4 hr 2.488 0.881 0.563 0.431 0.363 0.224 0.138 

6 hr 2.274 0.691 0.365 0.321 0.265 0.259 0.184 

24 hr 2.496 0.579 0.387 0.354 0.387 0.364 0.258 

48 hr 2.281 0.563 0.487 0.556 0.487 0.259 0.289 

72 hr 2.438 0.426 0.269 0.259 0.269 0.282 0.287 

96 hr 2.136 0.477 0.259 0.246 0.269 0.254 0.389 

 

(b) 200 300 400 530 600 700 800 

0 hr 3.663 0.826 0.331 0.391 0.343 0.488 0.534 

2 hr 3.536 0.767 0.556 0.863 0.588 0.393 0.306 

4 hr 3.453 0.741 0.603 1.167 0.316 0.382 0.138 

6 hr 3.249 0.731 0.667 1.461 0.471 0.383 0.184 

24 hr 3.242 0.601 0.496 1.863 0.281 0.381 0.258 

48 hr 3.169 0.543 0.501 2.461 0.473 0.424 0.289 

72 hr 3.214 0.567 0.483 2.873 0.486 0.219 0.287 

96 hr 3.039 0.388 0.561 3.214 0.299 0.208 0.389 
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Table. A.3.3.6.4.2: UV–Visible spectra of aqueous medium having platinum 

chloride solution (PtCl2 0.1 M) {a}. UV–Visible spectra of 

aqueous medium containing culture filtrate of A. niger and 

platinum chloride (0.1 M). Absorption spectra showed peak at 

240 nm, at which PtNPs are produced (b). 

(a) 200 300 400 500 600 700 800 

0 hr 2.668 1.554 1.256 0.848 0.856 0.585 0.574 

2 hr 2.621 1.315 0.889 0.457 0.645 0.428 0.406 

4 hr 2.228 0.871 0.713 0.631 0.463 0.324 0.238 

6 hr 2.154 0.691 0.531 0.421 0.365 0.259 0.184 

24 hr 2.496 0.579 0.387 0.354 0.387 0.364 0.258 

48 hr 2.281 0.563 0.487 0.556 0.487 0.259 0.289 

72 hr 2.438 0.506 0.419 0.359 0.269 0.282 0.287 

96 hr 2.136 0.477 0.259 0.246 0.269 0.254 0.389 

 

(b) 200 230 300 400 500 600 700 

0 hr 1.882 0.461 0.226 0.231 0.231 0.163 0.188 

2 hr 1.729 0.863 0.367 0.223 0.256 0.188 0.173 

4 hr 1.667 1.298 0.375 0.294 0.325 0.152 0.113 

6 hr 1.603 1.461 0.391 0.361 0.217 0.171 0.153 

24 hr 1.492 1.863 0.301 0.563 0.346 0.151 0.141 

48 hr 1.449 2.461 0.343 0.461 0.241 0.143 0.124 

72 hr 1.294 2.873 0.367 0.473 0.283 0.126 0.119 

96 hr 1.262 3.214 0.388 0.214 0.351 0.129 0.118 

 

Table. A.3.4.2iii: Antibacterial activity of AgNPs (100ppm) against bacterial strains at 

37
o
C. 

 

10ul 

             

20ul 

        

30ul 

       

40ul 

      

50ul 

M. luteus 9 11 12 13 14 

MRSA 9 11 12 14 16 

P. aeruginosa 8 10 12 14 15 

E. coli 9 10 11 13 15 

A. baumanii 9 11 12 13 15 

E. faecalis 10 11 12 13 15 

K. pneumonae 9 10 11 13 15 

Bacillus spp 10 12 13 15 17 
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Table. A.3.4.4v: Decolorization of AR 151solution after treatment with fungus, 

B and C AgNPs and combination of B AgNPs with fungus at 

different times at 30 
o
C temperature. 

Time (hr) 

           

C          F       B Ag       C Ag       B Ag + F 

0 100 100 100 100 100 

24 98 83 68 65 61 

48 95 56 40 43 36 

72 95 48 28 24 19 

96 94 34 18 15 9 

120 89 23 4 6 2 

 

Table. A.3.4.4xii: Bio-transformation patterns of Or II by different treatments. 

Time (hr) 

          

C          F       B Ag       C Ag        B Ag + F 

0 100 100 100 100 100 

24 97 76 67 68 60 

48 94 59 41 43 38 

72 92 42 26 27 21 

96 90 24 5 6 1 
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Abstract: Biological synthesis of nanoparticles is a growing innovative approach that is 

relatively cheaper and more environmentally friendly than current physicochemical processes. 

Among various microorganisms, fungi have been found to be comparatively more efficient in the 

synthesis of nanomaterials. In this research work, extracellular mycosynthesis of silver nanopar-

ticles (AgNPs) was probed by reacting the precursor salt of silver nitrate (AgNO
3
) with culture 

filtrate of Aspergillus flavus. Initially, the mycosynthesis was regularly monitored by ultraviolet-

visible spectroscopy, which showed AgNP peaks of around 400–470 nm. X-ray diffraction spectra 

revealed peaks of different intensities with respect to angle of diffractions (2θ) corresponding  

to varying configurations of AgNPs. Transmission electron micrographs further confirmed the 

formation of AgNPs in size ranging from 5–30 nm. Combined and individual antibacterial 

activities of the five conventional antibiotics and AgNPs were investigated against eight different 

multidrug-resistant bacterial species using the Kirby–Bauer disk-diffusion method. The decreas-

ing order of antibacterial activity (zone of inhibition in mm) of  antibiotics, AgNPs, and their con-

jugates against bacterial group (average) was;  ciprofloxacin + AgNPs (23) . imipenem + AgNPs 

(21) . gentamycin + AgNPs (19) . vancomycin + AgNPs (16) . AgNPs (15) . imipenem 

(14) . trimethoprim + AgNPs (14) . ciprofloxacin (13) . gentamycin (11) .  vancomycin (4) 

. trimethoprim (0). Overall, the synergistic effect of antibiotics and nanoparticles resulted in 

a 0.2–7.0 (average, 2.8) fold-area increase in antibacterial activity, which clearly revealed that 

nanoparticles can be effectively used in combination with antibiotics in order to improve their 

efficacy against various pathogenic microbes.

Keywords: mycosynthesis, silver nanoparticles, antibacterial agents, Aspergillus flavus

Introduction
Nanotechnology is an emerging field of science with immense scope in the disciplines 

of electronics, nanomedicine, aeronautics, biomaterials and energy, cosmetics, and 

food.1 The nanoparticles of metals like platinum, silver, and gold are widely applicable 

in diagnostic sensors, as antimicrobials, and as agents in drug and gene delivery.2 

Currently, there is a growing demand for the devising of environmentally agreeable 

protocols for the synthesis of nanomaterials that would avoid the hazardous byproducts 

associated with current physicochemical processes.3,4

A striking opportunity of green nanotechnology is to utilize microbial resources for 

the fabrication of nanoparticles. In the recent past, nanoparticles have been synthesized 

using various fungi,5–8 bacteria,9,10 and plants.4,11 Bacteria like Bacillus licheniformis, 

Staphylococcus aureus, and Pseudomonas stutzeri and fungi like Fusarium semitactum, 

Fusarium oxysporum, Aspergillus sp., Aspergillus flavus, and Aspergillus fumigatus 
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have been reported to synthesize silver, gold, platinum, and 

palladium nanoparticles.5–10,12–15 Compared with chemical 

and physical methods, biological synthesis of nanoparticles 

has proved to be free of any limitations associated with pro-

duction of hazardous byproducts, and it is simple and cost 

effective in nature.16,17 Microbiological synthesis can take 

place either intracellularly7,18 or extracellularly.5,6,8,13,15 The 

mechanism underlying the synthesis of silver nanoparticles 

(AgNPs) by fungi can also be predicted; biosynthesis is basi-

cally associated with the reducing mechanism of the cellular 

components. In this reference involvement, the specific posi-

tion of reductase enzymes was typically cited.5,14 The silver 

ions were subsequently reduced to AgNPs by enzymes pres-

ent at the fungal cell surfaces.12,13,19 The reduction process was 

also facilitated by certain extracellular enzymes like naphtho-

quinones and anthraquinones. For instance, extracellularly, 

F. oxysporum-mediated nicotinamide adenine dinucleotide 

phosphate-dependent nitrate reductase and a shuttle quinone 

were accountable for nanoparticle synthesis.5

The growing resistance of pathogenic bacterial strains to 

traditional antibacterial treatments has encouraged alternate 

strategies to control infections.20 During the past decade, 

a great potential in nanomedicine has been realized due to 

effectiveness of various nanoconjugates against pathogenic 

microbes. One approach to countering bacterial drug resis-

tance is the application of metal composites, especially at 

nano scale, to control bacterial infections. Several enzymes 

and mutations in genetic sequences may impede multidrug 

resistance mechanisms by changing the medicine efflux from 

the cells, which thereby decreases the vulnerability of bacteria 

to antibacterial agents.21 Therefore, scientists are developing 

new ways to control resistant pathogens. Advancement in 

nanotechnology has prompted microbiologists to apply metal 

nanoparticles as an effective way to control certain patho-

genic microbes involved in infectious diseases.7,10,17,22–24

Metal nanoparticles of silver, copper, and gold have 

been found to be active against certain pathogenic bacteria 

and fungi.23–31 Comparatively, AgNPs have been intensely 

studied owing to their distinct properties such as conductiv-

ity, chemical stability, catalytic activity, nonlinear optical 

behavior, and bactericidal activity.23,24,28,32 These properties 

make them suitable for use as a microbial disinfectant in 

catheters33 and medical textiles.34 The production of AgNPs is 

relatively inexpensive, and the addition of these particles into 

goods such as plastics, clothing, creams, and soaps increase 

their market value.31 New classes of compounds that include 

nanoparticle–antibiotic conjugates are undergoing clinical  

evaluations.20,22,23,26,32,35,36 The combination of antibiotics and 

metal nanoparticles could increase the antibiotics’ efficacy 

against resistant pathogens.35,36 Moreover, nanoparticle–

antibiotic conjugates lower the amount of both agents in the 

dosage, which reduces noxiousness and increases antimi-

crobial properties. These conjugates were effective against 

resistant bacteria. Additionally, due to this conjugation, the 

concentrations of antibiotics were increased at the place of 

antibiotic–microbe contact and thus expedited the binding 

between microbes and antibiotics.22

The present research was carried out in response to the 

significance of biological synthesis of nanoparticles and the 

implications of their use in controlling pathogenic microbes. 

AgNP synthesis was evaluated utilizing a fungal strain of 

A. flavus; these nanoparticles were tested for their antibac-

terial efficacy individually and in combination with various 

conventional antibiotics against eight different multidrug-

resistant bacterial isolates.

Materials and methods
Microorganisms
The fungal species A. flavus (nonaflatoxin-producing strain, 

as described by Abbas et al37) used for the synthesis of 

nanoparticles, was obtained from the Microbiology Research 

Laboratory at Quaid-i-Azam University, Islamabad, Pakistan. 

It was maintained on potato-dextrose agar slants. Stock 

cultures of the fungus were refreshed by subculturing every 

15 days.

Pure cultures of eight different bacterial isolates were 

also obtained from the Microbiology Research Laboratory 

at Quaid-i-Azam University; these were previously isolated 

at the Pakistan Institute of Medical Sciences, Islamabad, 

Pakistan. Among these multidrug-resistant bacterial strains, 

Escherichia coli, Pseudomonas aeruginosa, and Enterococ-

cus faecalis were resistant to trimethoprim, vancomycin, 

and ciprofloxacin; S. aureus was resistant to trimethoprim 

and vancomycin; and Micrococus luteus was resistant to 

trimethoprim, gentamycin, and vancomycin. Acinetobacter 

baumanii was found to be resistant to imipenem, trimethop-

rim, gentamycin, and vancomycin, and Klebsiella pneumo-

niae and Bacillus spp. were resistant to trimethoprim. Stock 

cultures were refreshed by subculturing every 15 days on 

nutrient agar plates and were maintained at 4°C.

Cultivation of fungal biomass
The mycogenesis of AgNPs was performed using A. flavus. The 

fungal biomass was cultivated aerobically in a liquid medium 

containing malt extract 0.3 g/100 mL, glucose 1.0 g/100 mL, 

yeast extract 0.3 g/100 mL, and peptone 0.5 g/100 mL. The 
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pH of the medium was initially adjusted to 5.8. The fungal 

culture was inoculated and then grown at 28°C in an orbital 

shaker at 150 rpm. After 96 hours, the fungal biomass was 

removed by filtration using Whatman filter paper no 1. 

The fungal cultural filtrate was later used for nanoparticle 

synthesis.

Assay for the synthesis of nanoparticles
About 200 mL of mycelia-free fungal cultural filtrate con-

taining 0.1 M precursor salt AgNO
3
 was taken in a 500 mL 

Erlenmeyer flask. The flask was incubated in a dark condition 

at 28°C on a shaker at 150 rpm for 96 hours. Positive control 

(culture filtrate without silver salt) and negative control (only 

AgNO
3
 solution) were also run along with the experimental 

flasks, following the method of Bhainsa and D’Souza.8

Characterization of nanoparticles  
by X-ray diffraction and transmission  
electron microscopy
During the assay, approximately 1 mL of sample was 

withdrawn from the reaction mixture at 0 hours, 2 hours, 

4 hours, 6 hours, 24 hours, 48 hours, 72 hours, and 96 hours. 

The absorbance of the sample was noticed at 200–800 nm 

wavelengths by ultraviolet-visible spectrophotometer 

(Agilent 8453 UV-Vis, Agilent Technologies, Santa Clara, 

CA, USA). Colloidal suspension from the reaction mixture 

containing silver was concentrated using ultracentrifugation 

(centrifuge Model H-251, Kokusan Co, Ltd, Tokyo, Japan) 

at 12,000 rpm for 20 minutes. After concentrating, the silver 

powder was thoroughly washed three times by pure ethanol 

and then by sterile deionized water in order to get clean 

nanoparticles. The nanoparticles were microcentrifuged 

(Microfuge® 18 Centrifuge, Beckman Coulter, Inc, Brea, 

CA, USA). Finally, the supernatant was removed and the 

nanoparticles were dried in an oven overnight; hence, the 

AgNPs were obtained in powder form.

Drop-coated films of dried sample containing nanopar-

ticles on silica were subjected to X-ray diffraction (XRD) 

analysis (X’pert PRO XRD, PANalytical BV, Almelo, The 

Netherlands) operating in transmission mode, at 30 kV, 

20 mA with Cu Kα radiation. The AgNPs film was created 

on carbon-coated copper transmission electron microscopy 

(TEM) grids and examined by TEM (JEM-1010, JEOL Ltd, 

Tokyo, Japan) at an accelerating voltage of 80 kV.

Preparation of AgNP suspension
An AgNP suspension of 100 ppm was prepared by dis-

solving 0.1 mg of biologically synthesized AgNPs in 1 mL 

autoclaved deionized water. The suspension was sonicated 

for 20 minutes to avoid deposition of AgNPs.

antibiotics
Antibiotics were selected from five groups having a dif-

ferent mode of action, including imipenem (carbapenem), 

trimethoprim (sulfonamide), gentamycin (aminogly-

coside), vancomycin (glycopeptide), and ciprofloxacin 

(quinolone).

Bacterial susceptibility to antibiotics  
and AgNPs using the Kirby–Bauer  
disk-diffusion method
A disk-diffusion scheme was utilized to assess the antibacte-

rial potential of antibiotics, biologically synthesized AgNPs, 

and their conjugates against eight different bacteria on 

Mueller–Hinton agar plates (Becton, Dickinson and Company, 

Franklin Lakes, NJ, USA).38 The inoculum of each bacterium 

was developed by growing the organism overnight in Muller–

Hinton liquid medium on a shaker incubator (200 rpm) at 

37°C. Turbidity of the culture was maintained by comparing 

with 0.5% McFarland standard by diluting with 0.9% NaCl 

solution. Muller–Hinton agar plates were seeded with 1 mL of 

inoculum of the test bacterial culture to achieve 106 CFU/mL. 

A lawn of the test organism was made on autoclaved Muller–

Hinton agar plate using sterile swabs. Plates were allowed to 

set and then nanoparticle-laden, air-dried sterile discs were 

placed using sterile forceps. Also, for determining synergistic 

effects, each standard antibiotic disc was impregnated with 

30 µL of metallic nanoparticles (100 ppm). Plates were labeled 

carefully and incubated at 37°C for 24 hours to check the 

activity. Antibacterial activity was expressed as the diameter 

of the zone of inhibition, measured in millimeters. The assays 

were implemented in triplicate. Mean values for inhibition 

zones are presented in Table 1. 

Results
Initially, the extracellular synthesis of AgNPs was observed 

during incubation of reaction mixture containing culture 

filtrate of A. flavus and silver salt at 30°C for 96 hours. The 

reaction mixture showed a gradual change in coloration from 

yellow to dark brown (Figure 1A). This change in coloration 

was not observed in the case of the control flasks (Figure 1B 

and C). During incubation, the ultraviolet-visible spectros-

copy of the reaction mixture showed spectra of increasing 

intensity (range, 350–600 nm); major peaks were centered 

around 400–470 nm (Figure 2). The gradual increase in peak 

areas/absorbance with time was significantly correlated with 
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A B C

Beginning of reaction

After 96 hours

Figure 1 Extracellular synthesis of AgNPs at the beginning of the reaction and after 96 hours (completion of reaction). 
Notes: (A) Culture filtrate: Aspergillus flavus with AgNO3 solution (0.1 M). (B) Positive control: filtrate without silver salt. (C) Negative control: sterile deionized water with 
only AgNO3 solution.
Abbreviation: AgNPs, silver nanoparticles.
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Figure 2 Ultraviolet-visible spectra of aqueous medium containing cell free culture filtrate and silver salt (0.1 M) and of controls over time.

change in color of the reaction mixture, indicating nanopar-

ticle synthesis.

XRD and Debye–Scherrer analysis of the drop-coated film 

of dried sample (reaction mixture) revealed the crystalline 

nature of nanoparticles (Figure 3). XRD patterns showed four 

major peaks in the entire spectrum of 2θ value extending from 

20–80 degrees. The mean size of the crystallites was 13–26 nm 

and the size of the silver nanocrystallites was 21 nm as assessed 

from the full width at half maximum of the peaks via the Debye–

Scherrer formulae. TEM micrographs showed nanoparticles 

with various shapes; however, most were spherical. The size of 

the particles ranged from 5–30 nm (Figure 4).

antimicrobial activities
The efficacy of antibiotics, mycogenized nanoparticles, and 

their combinations in terms of zones of inhibition (mm) 

was measured against eight different bacteria (Table 1). 

The decreasing order of the average antibacterial activity of 

antibiotics, AgNPs, and their conjugates against bacterial 

group was observed to be ciprofloxacin + AgNP . imi-

penem + AgNP . gentamycin + AgNP . vancomycin + 

AgNP . AgNP . imipenem . trimethoprim + AgNP . 

ciprofloxacin . gentamycin . vancomycin . trimethoprim. 

The average antibacterial activity of the various antibiotics 

against bacterial group ranged from 0.00–13.66 mm (zone 
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of inhibition). Specific antibiotic activities were maximum 

with: imipenem against S. aureus (23 mm), K. pneumoniae 

(21 mm), Bacillus spp. (21 mm), and E. coli (20 mm); 

ciprofloxacin against S. aureus (28 mm), Bacillus spp. 

(23 mm), and K. pneumoniae (22 mm); and gentamycin 

against K. pneumoniae (22 mm) and Bacillus spp. (21 mm). 

All the bacteria except Bacillus spp. and K. pneumoniae were 

resistant to vancomycin. Similarly, trimethoprim showed no 

activity against any of the bacterial species.

In the case of AgNPs, mild bactericidal activities were 

observed in terms of zone of inhibition ranging from 

14–16 mm (average, 14.75 mm) against bacterial group. 

Combinations of antibiotics and nanoparticles resulted in 

average fold-area increases in antibacterial activity (zone 

of inhibition) of 0.2–4.4 for imipenem + AgNP, 3.0–6.1 for 

trimethoprim + AgNP, 0.3–7.0 for gentamycin + AgNP, 0.3–

7.0 for vancomycin + AgNP, and 0.1–5.3 for ciprofloxacin + 

AgNP against bacterial group. Typically, maximum zone(s) 

of inhibition were observed for S. aureus and Bacillus spp. 

with imipenem + AgNP (25 mm), E. faecalis with trimethop-

rim + AgNP (16 mm), K. pneumoniae with gentamycin + 

AgNP (25 mm), and Bacillus spp. with vancomycin + AgNP 

(19 mm) and with ciprofloxacin + AgNP (38 mm).

The tested microbes showed susceptibility in the 

range of 14–25 mm for imipenem + AgNP conjugate. 

Trimethoprim + AgNP conjugate exhibited bactericidal 

activity ranging from 12–16 mm, much better than conven-

tional trimethoprim, which showed no activity against any 

of the microbes. Gentamycin impregnated with nanoparticles 

exhibited an efficacy range from 12–25 mm. All the microbes 

were resistant to vancomycin except K. pneumoniae and 

Bacillus spp., which showed efficacy around 16 mm; when 

vancomycin-infused nanoparticles were used, a 13–19 mm 

range was obtained. Ciprofloxacin + AgNP conjugate showed 

efficacy against the entire tested microbial community in the 

14–38 mm range. Overall, antibacterial combinations of cip-

rofloxacin and imipenem impregnated with AgNPs showed 

the maximum efficacy (23 mm and 21 mm, respectively) 

against the entire tested bacterial community; gentamycin, 

vancomycin, and trimethoprim infused with AgNPs exhibited 

efficacies of 19 mm, 16 mm, and 14 mm against bacterial 

group. The representative zones of inhibition are shown in 

Figure 5.
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Figure 3 X-ray diffraction pattern of nanoparticle film on copper surface obtained from culture filtrate of Aspergillus flavus.

Figure 4 Transmission electron micrograph of AgNPs produced by culture filtrate 
of Aspergillus flavus.
Abbreviation: AgNPs, silver nanoparticles.
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Discussion
The scope of the present study was based upon exploring the 

capabilities of fungal strain A. flavus to synthesize AgNPs along 

with their biomedical application in controlling infectious 

bacteria. The fungal isolate showed a great deal of capability 

towards synthesizing AgNPs. In addition, these nanoparticles 

alone and also in conjugation with various antibiotics proved 

to be effective in controlling resistant bacteria.

Change in color of the reaction mixture containing salt of 

Ag and fungal extract (medium) proved to be the first indica-

tion of nanoparticle synthesis.15 When the reaction mixture 

was incubated under dark conditions, the color of the liquid 

mixture changed from light yellowish brown to dark brown, 

and than black, subsequently, after 96 hours of reaction. 

(Figure 1). This change in color of extracellular medium was 

previously linked with the formation of AgNPs and depicts 

the excitation of surface plasmon vibrations in the nanopar-

ticles.39,40 The change in color intensity (absorbance) was also 

monitored through ultraviolet-visible spectroscopy. Peaks of 

the reaction mixture were obtained around 420 nm (Figure 2). 

It was reported that the reduction of Ag+ to atomic silver Ago 

corresponds to absorption at 420 nm.5,6,8 Synthesis of AgNP 

was previously linked with release of functional proteins in 

reaction mixture by F. oxysporum, which might have helped 

reduction of the metal ions into nanoparticles.5

Various reports have provided evidence of extracellular 

generation of AgNPs by XRD and TEM images.5–15 Based 

upon these analytical techniques, extracellular biosynthesis 

of AgNPs varied from 10–100 nm by Aspergillus niger,15 

5–25 nm by A. fumigatus,8 and 8–17 nm by A. flavus under 

shaking conditions (150–200 rpm) at 25°C–30°C.13,14 

Similar findings were made in the present study through XRD 

and TEM, which revealed nanoparticles sized 13–26 nm and 

5–30 nm, respectively, by A. flavus under shaking conditions 

(150 rpm) at 30°C. Thus, different Aspergillus species were 

found to be quite capable of synthesizing AgNPs under agi-

tated conditions and specific growth temperatures.

AgNPs have been reported to be an effective bactericidal 

agent.23,25,30,41–43 All of the selected clinical bacterial isolates 

exhibited resistance against conventional sulfonamide 

(trimethoprim) and glycopeptide (vancomycin) antibiotics. 

A synergistic effect of antibiotics (imipenem, gentamycin, 

vancomycin, and ciprofloxacin) in conjugation with biologi-

cally synthesized AgNPs increased the susceptibility among 

the tested bacteria from 20%–35%. The combined effect of 

AgNPs and antibiotics like imipenem, gentamycin, and cip-

rofloxacin was notably exhibited against E. coli, S. aureus, 

P. aeruginosa, K. pneumoniae, Bacillus spp., and M. luteus. 

These results are in line with the findings of Birla et al,41 who 

mentioned increasing efficacies (percentage) of antibiotics 

like vancomycin, gentamycin, streptomycin, ampicillin, and 

kanamycin when used in combination with AgNPs against 

P. aeruginosa, S. aureus, and E. coli. In a similar study,35 the 

antimicrobial activities of biologically synthesized AgNPs 

were assessed with commercially available antibiotics 

against G- and G+ bacteria. The antibacterial activities of 

ampicillin, chloramphenicol, erythromycin, and kanamycin 

were augmented in the presence of AgNPs. However, high-

est synergistic effect was observed with ampicillin. Higher 

dosage for both the AgNPs (0–40 µg/mL) and amoxicil-

lin (0–0.5 mg/mL) exhibited higher antibacterial effects 

against E. coli in Luria–Bertani medium. When amoxicillin 

Figure 5 Zones of inhibition of standard antibiotics and AgNPs against multidrug-resistant microorganisms.
Notes: (A) Bacillus; (B) M. luteus; (C) S. aureus; (D) E. faecalis; (E) E. coli; (F) P. aeruginosa; (G) A. baumanii; (H) K. pneumoniae.
Abbreviation: AgNPs, silver nanoparticles.
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impregnated with AgNPs was applied, a superior antibacterial 

efficiency on E. coli cells was obtained than when they were 

applied separately. Moreover, through dynamic trials/set of 

experiments it was also found that when this combination 

was used, the bacterial growth showed reduced and deferred 

exponential and stationary phases. The higher the number of 

nanoparticles, the more the bactericidal activity.36

The mechanism of action of AgNPs is still not 

well def ined. Many proposed mechanisms about 

antibacterial effect of silver ions have been presented 

by researchers.23,25,29,30,35,36,43–45 It was hypothesized that 

nanoparticles form a complex with ampicillin and disrupt 

peptidoglycan in the cell wall.35 Being positively charged, 

they attack negative charges of transmembrane proteins 

and can destroy the cell membrane and block the transport 

channels.44 It might be possible that they penetrate inside 

the bacteria and disrupt cellular activities like transporta-

tion, protein synthesis, and nucleic acid functioning.45 

Likewise, imipenem in combination with positively charged 

AgNPs both inhibited and disrupted cell-wall synthesis.26 

It has also been proposed that silver ions penetrate the cell, 

intercalate themselves between pyrimidine and purine, and 

denature the DNA molecule.23 The antibiotics ciprofloxa-

cin and imipenem in combination with these AgNPs were 

found to be most effective in inhibiting bacteria: if bacteria 

develops resistance to one of them, the other bactericidal 

agent would kill the bacteria. In synergism, the bactericidal 

effect is enhanced by interaction between active groups 

like hydroxyl and amino groups present in these antibiot-

ics with AgNPs by chelation. As a result, antibiotic–AgNP 

conjugate is formed in which an AgNP core is surrounded 

by antibiotic molecules. Thus, the antimicrobial concentra-

tion is increased at the focal site, which leads to increased 

destruction of bacteria.36 More studies need to be conducted 

to find out the exact mechanism of action to develop a novel 

antimicrobial drug against multidrug-resistant bacteria.

Conclusion
In this study, A. flavus was found to be an effective biological 

tool for the extracellular biosynthesis of stable AgNPs. The 

antibacterial activity of imipenem, gentamycin, vancomycin, 

and ciprofloxacin was augmented when impregnated with 

AgNPs. On the basis of the results from this study, we can 

deduce that biologically synthesized AgNPs may function by 

binding to thiol (SH) groups of membrane proteins, enzymes, 

and phosphate groups of DNA, and can be efficiently used 

as antimicrobial agents.
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Abstract 

Bio-synthesis of nanomaterials is emerging as an innovative approach, which is 

relatively inexpensive and eco-friendly. Among various microorganisms, the role of 

fungi has been proved considerably promising in in-vitro synthesis of nanomaterials. 

In this study, comparative efficacy of four different species of Aspergillus (A. 

fumigatus, A. niger, A. flavus and A. terreus) was investigated for synthesis of silver 

nanoparticles (AgNPs). Initially, the synthesis was monitored through change in 

coloration (yellow to dark brown) of the reaction solution containing AgNO3 reacted 

with fungal biomass each fungi for 96 hours (hr) at 28ºC. The UV-visible spectra of 

reaction mixture taken at different times showed a gradual change in absorbance 

between 400-420 nm correspond to change in surface plasmon resonance of Ag metal. 

Comparatively, A. fumigatus showed higher rate of nanoparticles synthesis than the 

other fungi. X-ray diffraction (XRD) spectra showed peaks of various intensities with 

respect to angle of diffraction (2θ) thus revealing the crystalline nature of AgNPs. 

Nanoparticles fabricated through A. fumigatus (5-18nm) and A. flavus (13-26 nm) 

exhibited more drift towards monodispersity and it was relatively higher (6-70 nm) in 

other two fungi. Transmission electron microscopy (TEM) further confirmed the 

configuration of AgNPs in the range of 3–80 nm. 

Keywords: Mycogenesis; Extracellular biosynthesis; Silver Nanoparticles; 

Aspergillus species  
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Abstract 

Nanotechnology is an important and relatively new field of research. Many 

developments and applications in every field of our life could be easily predicted in a 

near future. Nanomaterials are the building blocks for nanotechnology. Arrays of 

chemical, physical and biological techniques have been utilized to obtain 

multifunctional nanomaterials. The physico-chemical methodologies that include 

ultraviolet irradiation, aerosol technologies, lithography, laser ablation, ultrasonic 

fields, and photochemical reduction techniques have been used successfully to 

produce nanoparticles. These procedures have various precincts in terms of synthesis, 

which may involve cumbersome machinery and high expertise, the use and/or release 

of perilous by-products, excessive use and yield of energy and also are relatively 

expansive. Therefore, there is a growing concern to develop environment-friendly and 

sustainable methods. Since the synthesis of nanoparticles of different compositions, 

sizes, shapes and controlled dispersity is an important aspect of nanotechnology new 

cost effective procedures are being developed. Certainly one interesting field of 

research, not yet fully considered, is the possible synthesis of nanomaterials by using 

“biological” approaches, i.e. the use of organisms especially the microorganisms to 

fabricate novel nanomaterials. The biological synthesis of nanoparticles is a green 

chemistry approach that interconnects nanotechnology and biotechnology. 

Biosynthesis of gold, silver, gold–silver alloy, selenium, tellurium, platinum, 

palladium, silica, titania, zirconia, quantum dots, magnetite and uraninite 

nanoparticles by bacteria, actinomycetes, fungi, yeasts and viruses have been 
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reported. However, despite the stability, biological nanoparticles are not 

monodispersed and the rate of synthesis is slow. To overcome these problems, several 

factors such as microbial cultivation methods and the extraction techniques have to be 

optimized. Among the biological methods, an attractive approach is their production 

by the process of mycosynthesis, using different species of fungi which act as nano-

biofactories, since they produce and secrete relatively large amount of enzymes which 

help in reduction of metal ions to nanoparticles. Cellular, biochemical and molecular 

mechanisms that mediate the synthesis of biological nanoparticles should be studied 

in detail to increase the rate of synthesis and improve properties of nanoparticles. 

Besides, this review encompasses the proposed mechanisms for microbial bio-

nanosynthesis; owing to the rich biodiversity of microbes, the mechanistic pathways 

are yet to be elucidated due to the complexity of the process. The fabricated 

nanomaterials thoroughly characterized by different advanced instrumental techniques 

(e.g. by spectroscopy, electron microscopy etc.). Subsequently, due to their unique 

biological, optical, chemical and other favorable properties, these nano-sized 

materials have widespread usage and applications in different arenas like 

nanomedicine, environment, cosmetics, electronics, construction and food industries 

(grouped by the type of materials). 

Keywords: Nanomaterials; synthesis procedures; characterization; applications.  
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