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Abstract 

The assembly of nanoparticles to form unique nanostructured materials is one of the 

most exciting areas due to their applications in various fields. There is a need to 

develop environment friendly routes to synthesize such nanomaterials with good 

control over the assembly of nanoparticles. 

In the current study, various template based methods have been developed to 

synthesize nanostructured materials using biologically safe approaches. In this 

context, natural and unmodified rhamnolipids were thermally self-assembled to form 

soft microtubules, which could act as a template to produce metal nanoparticles onto 

themselves due to the presence of rhamnose moieties at their surfaces. The porous 

gold/silver microwires like structures with fairly controlled nanofeatures were 

produced after calcination of rhamnolipids-nanoparticles composite fibers at high 

temperature. Moreover, rhamnolipids were used as reducing as well as stabilizing 

agent for the synthesis of highly stable gold and silver nanoparticles of fairly uniform 

size. In addition to the rhamnolipids, fungal hyphae were also used as living template 

to direct the organization of biocompatible gold nanoparticles, to form the fungal 

hyphae-gold nanoparticles composite materials. The calcination of these composites 

at high temperature led to the formation of porous gold microwire-like structures. The 

gold nanoparticles, used as building blocks, for this purpose were synthesized using 

tea extract as reducing and stabilizing agent. Such type of porous metal microwires 

might have potential applications in catalysis, sensors and Surface-enhanced Raman 

Spectroscopy (SERS). 

Template assisted highly porous metals (platinum, iron oxide) and hydroxyapatite 

were also prepared using polymer beads as sacrificial scaffolds. Two types of polymer 

templates, synthetic (polyacrylamide) and natural (calcium alginate), were used to 

direct the organization of metal and hydroxyapatite nanoparticles to produce organic-

inorganic hybrid materials. Heat treatment of such composite materials at high 

temperature led to the formation of porous metals, metal oxide and hydroxyapatite 

materials. Moreover, the fungal biomass was incorporated inside the polymeric matrix 

of these beads to demonstrate the in situ synthesis of metal, especially gold and silver, 

nanoparticles. This provides a very simple and a straightforward strategy for the 
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XI 
 

preparation of metal-polymer composite materials and ultimately porous metals after 

calcination. 

Different types of nanoparticles synthesized during present study were also evaluated 

to examine their role in affecting the polymerase chain reaction (PCR) efficiency. For 

that matter, an optimized PCR system, used for typing of Salmonella strains, was used 

to assess the effect of nanoparticles addition. In this study, three different types of 

nanoparticles were used such as citrate stabilized gold nanoparticles, rhamnolipids 

stabilized gold and silver nanoparticles and magnetic iron oxide nanoparticles. The 

elimination of non-specific amplification was somehow reduced while using gold and 

silver nanoparticles in appropriate concentration, but there was not much 

improvement in PCR efficiency in terms of yield. The surface chemistry of 

nanoparticles was found important for their effect on PCR. For example, citrate 

stabilized gold nanoparticles enhanced the PCR efficiency to some degree but 

rhamnolipid stabilized gold nanoparticles did not change the level of amplification of 

same target DNA. The magnetic nanoparticles, however, were found to inhibit the 

PCR under similar experimental conditions. 
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Chapter 1 

Introduction 

Nanomaterials have become the research focus of scientific and engineering 

community during this century  due to their unusual optical, chemical, physical and 

electrical properties (Scarselli et al., 2011; Wang et al., 2012b). These properties of 

nanomaterials are distinctly different as compared to their bulk materials and the 

difference in properties can be attributed to the high surface-to-volume ratio of 

nanomaterials. For instance, the catalytic properties of metal nanoparticles especially 

gold, platinum, and copper etc. have been explored for many chemical reactions and it 

has been reported that these are strictly dependant on the size and shape of 

nanomaterials (Cuenya, 2010; Saint-Lager et al., 2011). Similarly the interesting 

optical properties of gold and silver nanoparticles arise due to their interaction with 

electromagnetic radiations (Jain et al., 2008). Owing to the antimicrobial properties of 

silver nanoparticles, they are being incorporated to the plastics, paints, cosmetics, 

wound dressings to render them antibacterial  (Irwin et al., 2010). So, this interest in 

nanomaterials has led to the development of various new techniques to synthesize and 

characterize nanomaterials viz nanoparticles and nanotubes, etc. (Dimesso et al., 

2012; Hashim et al., 2012). The majority of the methods currently developed for 

nanoparticles synthesis are usually based on the use of toxic chemicals like strong 

reducing agents, capping agents, and organic solvents etc. The synthesis of 

biocompatible and environment friendly nanoparticles is thus highly desired and 

serious efforts are underway in this regard (Deplanche et al., 2012; Khan et al., 2012; 

Otari et al., 2012). Biocompatibility of such nanoparticles will help to reduce the 

toxicity risks and to make them attractive for their use in medical research and other 

biological systems. In addition, these biocompatible nanoparticles can also be used as 

building blocks for constructing nanostructures with novel morphologies (Ma, 2012; 

O'Reilly et al., 2006). The use of biocompatible nanoparticles as building blocks for 

the fabrication of nanostructured materials following simple and straightforward 

methodologies was the main compelling reason for the current study. We, therefore, 

set out to use various biomaterials such as self-assembled microtubules of 

rhamnolipids (i.e., biosurfactants produced by certain bacteria) and living fungal 

hyphae, and porous polymer beads as sacrificial templates to control the assembly of 
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biocompatible metal nanoparticles to produced porous metal microwires with high 

surface area. 

 To be more precise, simple methods have been developed for the synthesis of 

bio-compatible metal nanoparticles with a fair control over their size using tea extract, 

fungal biomass extract and rhamnolipids etc. In addition, new methodologies were 

developed to produce highly magnetic iron oxide and hydroxyapatite nanoparticles. 

These nanoparticles were then used as building blocks to produce porous microwire-

like and other microstructured materials using various scaffolds, such as growing 

fungal hyphae, rhamnolipid microtubules and polymer beads as sacrificial templates. 

Some of the metal/metal oxide nanoparticles were also evaluated to explore their, a bit 

controversial role, to improve the sensitivity and specificity of PCR-based 

diagnostics.  

1.1 Synthesis of Metal Nanoparticles 

The synthesis of metal nanoparticles is one of the rapidly developing research 

areas due to their unusual and unique physical, chemical, optical (Patra et al., 2012; 

Probst et al., 2012), catalytic (Huang et al., 2012b), electrical, photo catalytic (Ismail, 

2012), mechanical and biological (Patil et al., 2011) properties, which are quite 

different from the bulk materials. These properties of nanoparticles are strictly 

dependent on their size, shape, and the surface chemistry (Cuenya, 2010). In general, 

various techniques have already been developed for the synthesis of metal 

nanoparticles of different shapes and sizes for a range of applications (Briggs and 

Knecht, 2012; Motshekga, 2012; Panda and Deepa, 2011). These techniques could be 

broadly categorized into top-down and bottom-up approaches (Biswas et al., 2012). 

Specific methodologies like laser ablation and lithography are commonly used in top-

down approach (Amendola and Meneghetti, 2009; Juluri et al., 2011), in which the 

size of the metal in its bulk form is mechanically reduced to the nanoscale . On the 

other hand the bottom-up approach, also known as self assembly, involves the 

reduction of solution of metal salts by the addition of any reducing agent in the 

presence of stabilizing agents to prevent the nanoparticles from being agglomerated 

(Zhigaltsev et al., 2012). Indeed, the nature of solvents, reducing and the stabilizing 

agents determine the morphological characteristics of the synthesized nanomaterials. 

Metal nanoparticles of specific size and shape could be synthesized using various 
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chemical and physical approaches (Chieng and Loo, 2012; Hussain et al., 2005; Lu et 

al., 2012; Xu et al., 2011). The most widespread method for the nanoparticles 

synthesis is the chemical reduction method in which the metal ions in aqueous phase 

are reduced by chemical reducing agents like borohydrides (Abdulla-Al-Mamun et 

al., 2009), citrate and acrylate (Hussain et al., 2003; Li et al., 2011a) etc. 

Monodisperse metal nanoparticles with controlled shapes could be synthesized using 

borohydride (Zhang et al., 2010) but such types of reducing agents might be 

associated with toxicity and are thus biological hazards. So in spite of the many 

established protocols for the size and shape controlled synthesis of metal 

nanoparticles, it is still desirable to develop different methods which are environment 

friendly, cost effective and simple. The biological synthesis of nanoparticles poses 

one of the best alternatives to the already established chemical and physical methods. 

Moreover, the biosynthesis of nanomaterials is of great significant due to the use of 

mild experimental conditions like pH, temperature, pressure etc. compared to the 

chemical methods. 

Another commonly used method is the microemulsion based synthesis in 

which surfactants such as carboxylate and amine surfactants and cationic, anionic or 

non-ionic surfactants have been used for the synthesis of size and shape controlled 

nanoparticles (Geng et al., 2012; Gutierrez-Becerra et al., 2012). The surfactants are 

amphiphilic in nature containing both hydrophobic and hydrophilic moieties in their 

chemical structure and exhibit surface active properties to reduce the surface and 

interfacial tension between liquid, solids and gasses very efficiently. Due to their 

activity under extreme conditions of pH, temperature etc., they have been utilized to 

prepare various type of nanomaterials like cobalt disulfide (CoS2) nanoparticles 

(Chakraborty et al., 2006), nanocrystalline tin dioxide (SnO2) (Gnanam and 

Rajendran, 2010), carbon nanotubes (Rausch et al., 2010), and hydroxyapatite 

nanoparticles (Tari et al., 2011) etc. But due to the resistance of surfactant to bio-

mineralization and hazardous effects on the environment, the chemical surfactants 

cause environmental problems (Rosen and Kunjappu, 2012). The biosurfacatnts are 

the possible alternatives to their chemical counterparts and many bacteria, fungi, algae 

are capable of producing such surfactants extracellularly, which are less toxic and 

easily biodegradable as compared to the chemical surfactants (Bello et al., 2012; Chen 

et al., 2012). The biosurfacatnts are categorized on the basis of their chemical 
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composition, molecular weight, mode of action and microbial origin. They can be 

divided into two major groups on the basis of their molecular weight. One is the low 

molecular mass biosurfactants including lipopeptides, glycolipids and phospholipids 

and the other class is the high molecular mass biosurfacatnts including 

polysaccharides, lipopolysaccharides, lipoproteins or sometimes complex mixture 

(Amaral et al., 2010). The long chain fatty acids or their derivatives constitute the 

hydrophobic moiety of the biosurfacatnts whereas the hydrophilic portion can be a 

carbohydrate or amino acid (Banat et al., 2010). 

Glycolipids are the most studied biosurfacatnts, among these the best known 

compounds are the rhamnolipids, mannosylerythritol lipids and sophorolipids. 

Currently, the rhamnolipids gain much of the interest and are the most promising 

biosurfactants (Lovaglio et al., 2011; Sha et al., 2011) for a variety of applications. 

Rhamnolipid is composed of one or two rhamnose molecules which are linked to one 

or two molecules of β-hydrodecanoic acids. The most commonly occurring 

rhamnolipids includes rhamnolipids 1 (L-Rhamnosyl-L-rhamnosyl-β-

hydoxydecanoyl-β-hydrodecanoate) and rhamnolipids 2 (L-Rhamnosyl-β-

hydoxydecanoyl-β-hydrodecanoate) primarily produced by the Pseudomonas 

aeruginosa (Costa et al., 2010). Rhamnolipids can lower the surface tension of water 

from 72 to 25-30 mN/m and exhibit critical micelle concentration of 30-50 mg/L 

(Raza et al., 2006b). They can be produced in high yield using a variety of low cost 

substrates including vegetable oils, soybean, corn and canola waste frying oils etc 

(Raza et al., 2006a). Rhamnolipids help the microbial cells for their adhesion to the 

hydrocarbon molecules thereby reducing the surface tension at the interface and thus 

making them easily available for the growth of the microorganisms. In spite of 

various industrial applications of rhamnolipids like antimicrobial activities, wetting, 

bioremediation of oil contaminations, degradation of hydrophobic compounds from 

contaminated soils (Kim et al., 2010b; Whang et al., 2008), they are now also the 

material of choice in materials science. In this regard, a lipopeptide type biosurfactant 

has been reported for the synthesis of silicate nanocomposite (Liao, 2008). Similarly, 

rhamnolipids have been used for the synthesis of monodisperse silver nanoparticles 

(Kumar et al., 2010). In all such reports, rhamnolipids are used as efficient capping 

agent only in the presence of additional reducing agents. The rhamnolipids stabilize 

the nanoparticles by forming an organic shell around the particles and the aggregation 
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of the resulting nanoparticles is prevented mostly by electrostatic interaction. The use 

of rhamnolipids as sole reducing agent is relatively less explored and this property is 

actually addressed in the present study. The study related to the microbial production 

of rhamnolipids and their role as reducing as well as stabilizing agents for the 

synthesis of gold and silver nanoparticles is explained in detail in Chapter 2. 

Utilizing the processes devised by nature for the synthesis of inorganic 

materials on nano- and micro length scales have contributed to the development of a 

relatively new and largely unexplored area of research based on the use of microbes in 

the biosynthesis of nanomaterials (Aroma et al., 2012; Dhillon et al., 2012). Many 

microorganisms have evolved the ability to produce complex and highly organized 

inorganic structures intracellularly and/or extracellularly (Francisco et al., 2011; Li et 

al., 2012; Suresh et al., 2011). For example, there are few reports on the synthesis of 

magnetic, silica, zinc oxide nanoparticles by microbes (Fischer et al., 2011; He et al., 

2009; Wattanasiriwech et al., 2010). There are some other reports about the synthesis 

of metallic nanocrystals through the bio-reduction of metal ions by viruses and fungal 

species as well (Balci et al., 2012; Li et al., 2012). In fact, when the fungus is exposed 

to any metal ions it secrets various enzymes that reduces the metal to produce the 

nanoparticles in solution (Mukherjee et al., 2002). In addition to the microbial cells, 

there are also a few reports about the synthesis of metal nanoparticles using cellular 

extracts from bacterial/fungal biomass (Musarrat et al., 2010; Wei et al., 2012). The 

cellular extract contain various proteins and polysaccharides etc. which are secreted 

by microbes and are believed to be responsible for the reduction of metal ions present 

in the growth medium resulting in the formation of nanoparticles (Balaji et al., 2009).  

We have contributed to these efforts and gold nanoparticles have been synthesized 

using fungal biomass and their extract as sole reducing as well as stabilizing agent. 

This is described in detail in Chapter 3. 

In addition to the microbial synthesis of nanomaterials, extensive efforts have 

also been made for the use of other biological systems like plants, and their extract, 

algae, fruit extracts and diatoms etc. (Fig. 1.1) to prepare a variety of metal 

nanoparticles using quite simple and straightforward methods (Rai et al., 2008; Zhan 

et al., 2011). It has been well established that plants can uptake the metal ions which 

are accumulated in their different tissues including leaves, roots, stems etc. (Lone et 

al., 2008). The uptake of metals by plants is largely used in phytoremediation and this 
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approach represents the efficient and cost effective method for pollutant removal from 

the contaminated sites (Jadia and Fulekar, 2009). After the complete characterization 

of these accumulated metal particles it has been found that the plants actually reduce 

the metal ions by enzymatic digestion to zerovalent and thus may also be used as an 

efficient tool for the synthesis of metal nanoparticles. For instance, Marshall et al. 

(2007) reported that the metallic gold accumulated in plant Brassic juncea was 

present in the form of 5-50 nm nanoparticles (Marshall et al., 2007). Similarly there 

are some reports about the synthesis of silver nanoparticles in Alfalfa seedlings 

(Gardea-Torresdey et al., 2003), gold nanoparticles in shoots and roots of Sesbania 

drummondii (Sharma et al., 2007). In addition to the living plant, different methods 

have also been developed for the synthesis of gold and silver nanoparticles using plant 

extract (Krishnaraj et al., 2010; Nabikhan et al., 2010). For example, the synthesis of 

gold and silver nanoparticles using extracts of Cinnamon and Cinnamomum leaf 

(Chanda et al., 2011; Huang et al., 2007), phyllanthin (Kasthuri et al., 2009) and 

edible mushroom (Bhat et al., 2011) as a reducing and capping agent has been 

reported. The gold nanoparticles have also been synthesized by the reduction of 

aqueous AuCl
-4

 ions using extracts from Emblica officinalis (Indian Gooseberry) fruit 

(Tai et al., 2011) and Coleus amboinicus (Narayanan and Sakthivel, 2010). 

Using plant extracts for synthesis of nanoparticles could be advantageous over 

other environmentally benign biological processes by eliminating the elaborate 

process of maintaining cell cultures. Interestingly, the extracts from different parts of 

the tea plant have also been found efficient for reducing metal ions and stabilizing the 

formed nanoparticles with biomolecules present in the extract. For example, extract 

from the leaf of tea has been successfully used for the preparation of gold 

nanoparticles of fairly uniform shape and size (Gupta et al., 2010). Polyphenols 

present in the green tea also posses the ability to reduce the metal ions and thus can be 

used for the synthesis of metal nanoparticles. Gold nanoparticles have been 

synthesized using green tea extract as reducing as well as stabilizing agent (Begum et 

al., 2009). Another secondary metabolite, gallic acid, present in the tea extract has the 

antioxidant property and can be used as reducing and stabilizing agent for synthesis of 

water soluble gold and silver nanostructures (Scampicchio et al., 2006). Tea extract is 

rich in polyphenols and terpenoids includes linalool, jasmine, indol, cariophyllene etc. 

which has very good antioxidant and bactericidal activities and can contribute towards 
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the reduction of metal ions with a fair control over their size and shape (Nadagouda et 

al., 2010). In this context, black tea extract was used as sole reducing and capping 

agent to synthesis gold nanoparticles. The nanoparticles thus produced were highly 

stable against repeated centrifugation and salt concentrations; these were uniform in 

size and shape and were subsequently used as building blocks to produce porous 

microwire-like gold nanostructures. This is described in detail in Chapter 3. 

 

Fig. 1.1. Different biological systems used for the synthesis of biocompatible metal 

nanoparticles such as the extract from flower and seeds (A), marine diatoms (B), gold 

nanoparticles deposited on the root of Sesbania drummondii (D), extract from leaves of 

various plants (E), fruit and vegetable extracts (F), 1D array of silver nanoparticles on Alfalfa 

shoot (G), plants, their different parts and algae (H) (taken from Narayanan and Sakthivel 

2010).    

1.2 Template Assisted Synthesis of Nanostructured Materials through Self 

Assembly  

The controlled assembly of nanoparticles into a well defined structure is one 

of the exciting field of research as such approaches can be employed for the 

preparation of complex structures with characteristic features for applications in 

different fields. Self assembly is the emerging bottom-up approach to produce the 
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nanostructured materials with powerful functionalities (Begum et al., 2012). In this 

regard, several methods have been demonstrated, for example molecular self 

assembly (Mahato et al., 2012), self assembly of metal nanoparticles using 

irreversible solvent evaporation (Xu et al., 2007), lithography (Buckmann et al., 

2012), template free synthesis (Wang et al., 2012a) and cluster based self assembly 

route (Hu et al., 2010). However, despite several developments, it is difficult and 

challenging to control and standardize the methods for fabrication of functionally 

important, yet complex, nanostructures and nanostructure assemblies by the chemical 

and physical methods alone. In this regard, biologically assisted self assembly of 

metal nanoparticles offers a new platform to produce such structures with nanoscale 

features. 

The ambient biological systems provide excellent examples of nanophasic 

materials with highly optimized characteristics resulting from evolution over 

millennia and the synthesis of inorganic materials may occur either extracellularly or 

intracellularly (Liu et al., 2011). Owing to their unique and diverse properties 

including their extracellular and intracellular reducing properties, these biological 

systems have been employed to generate structurally diverse nanomaterials. The area 

of research regarding biological systems and their ability to fabricate nanomaterials 

has thus attracted a considerable attention and substantial research is currently being 

carried in this regard (Stela et al., 2009). Moreover, such biological systems can be 

reproduced quickly, efficiently, inexpensively and in great abundance under 

environment-friendly conditions.  

Most of the research regarding the template assisted assembly of nanoparticles 

involves the utilization of bio-templates. The combination of the living templates with 

the nanomaterials is an area of intense investigation. However, despite several 

developments, control over the organization of nanomaterials on multiple length 

scales is still a challenge. Therefore, serious efforts are being made to develop new 

template-less or template-based approaches to gain control over the assembly of 

nanoparticles to produce new nano-systems with unique properties (Gao et al., 2010).  

In order to fully control the processes, properties and dimensions of 

nanomaterials and their syntheses via biological process; it is necessary to understand 

various characteristics of biological systems. In such systems, the structural 
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uniformity of the biological system combined with the functional properties (like 

optical and electrical etc.) of nanomaterials results in interesting and novel 

nanostructures (Juarez et al., 2011; Khripin et al., 2011; Zhou et al., 2012). For 

example; the self assembly of metal nanoparticles on the bio-templates, like viruses 

(Radloff et al., 2005), bacteria (Zhou et al., 2012) and fungi (Chauhan et al., 2011) 

involves the interaction between the nanoparticles and complex biological molecules 

(DNA or protein) (Goy-Lopez et al., 2012; Zhang et al., 2012b) and it results in the 

formation of novel nanostructured materials. Different types of biomolecules that can 

be used as template for the preparation of structurally important nanomaterials are 

shown in Fig. 1.2. 

Most of the biomolecules including lipids, proteins and peptides etc., self 

assemble to form functionally important and well defined structures. For instance, self 

assembly of peptide based bolaamphiphiles has been investigated to prepare 

hydrogels at ambient conditions under sonication (Maity et al., 2012). Similarly, the 

amphiphilic molecules are among the variety of biomolecules which are well known 

for their self assembly into novel architects (Shibata et al., 2010). There are also 

examples of natural and synthetic lipids, that has the ability to self assemble to tube 

like structures, like phospholipids (Krafft, 2012), glycolipids (Murthy et al., 2012) 

and their bola form derivatives (Wu et al., 2012). All such type of self assembled 

biomaterials can be used as organic template as they have definite morphology, 

unique surface functionalities and the possibility of their large scale production (Lin 

and Mao, 2011). Natural rhamnolipids, a subclass of glycolipid produced by bacteria, 

is well known for its self assembly to various nano/microstructures depending on the 

physicochemical experimental conditions like pH, ionic strength etc (Raza et al., 

2010) and are the most attractive building blocks due to ease of their production from 

renewable resources (Raza et al., 2009). These self assembled glycolipids are 

excellent templates to direct the nucleation, deposition and organization of metal 

nanoparticles to form hybrid organic-inorganic composite materials. There are reports 

which show the organization of metal nanoparticles inside the hollow nanotubes 

formed from the self assembly of synthetic glycolipids (Yang et al., 2004a; Yang et 

al., 2004b). These host matrices are thus ideal to accommodate various inorganic 

guest species like metal nanoparticles, and finally yield novel functional inorganic 

materials by the removal of organic template at high temperature (Zhu et al., 2005). In 
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this regard, we have recently demonstrated the use of natural unmodified 

rhamnolipids, isolated and purified from Psudomonas aeruginosa, self assembly into 

soft microtubules, which were used as sacrificial biotemplate to form porous gold 

microwire like structures with fairly controlled nanoscale features. This is described 

in detail in Chapter 2. 

 

Fig. 1.2. Various template molecules including chiral phospholipid, dendron rod-coil, peptide 

alkyl chain surfactant, diblock copolymer, dendro calyx arene (a-e respectively) and 

transmission electron micrographs of silicon dioxide helicoids based on chiral phospholipid 

(f), CdS helicoids based on Dendron rod coil (g) with its graphic representation (h), micelles 

of diblock copolymer (i and j), cylindrical micelle (k). Image taken from (Mann, 2009). 

Another promising alternative biotemplate for the fabrication of advanced 

nanostructures is the use of fungal hyphae to direct the assembly of metal 

nanoparticles (Li et al., 2003a). There are a few reports available in this regard and 

there is still a need to further explore the potential of structurally diverse biomaterials 

to produce novel nanomaterials with unique properties. The fungus, for example, 

grows into structurally interesting forms that can be used as template for the 

fabrication of nanostructured materials. The fungal hyphae are about 1-2 µm in 

diameter and their length varies from tens of microns to a few millimetres. Most of 
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the strategies used for the attachment of nanoparticles to the biological surfaces 

involve excessive chemical modification/functionalization (Nuffer and Siegel, 2010) 

and often use complex biomolecules like proteins, DNA to assist their attachment 

either by hybridization between complementary bases in case of DNA or protein 

recognition (Li et al., 2011b; Nam et al., 2012). Li et al. reported the self assembly of 

colloidal gold nanoparticles on the growing fungal hyphae but they first 

functionalized the nanoparticles with oligonucleotides which were then self 

assembled on fungal hyphae to form the metal-fungal hyphae hybrid materials (Li et 

al., 2003b). In another report, a relatively simple approach was demonstrated to 

fabricate such type of hybrid materials. In this approach the gold nanoparticles were 

prepared using glutamate as reducing agent resulting in the formation of gold colloids 

stabilized with glutamate ions. The filamentous fungus, when grown in this colloidal 

solution, absorbs the nutrients (glutamate ions) and ultimately drives the assembly of 

nanoparticles. Thus a thick coating of nanoparticles was eventually formed on the 

fungal hyphae (Sugunan et al., 2007). On similar lines, we have developed even a 

simpler method to prepare the gold nanoparticles using an aqueous tea extract as 

reducing and stabilizing agent. Tea is a rich source of nutrients consisting of various 

nutritionally important biomolecules which actually reduce the metal ions and 

stabilize the resulting nanoparticles. The fungal spores were thus grown in the 

aqueous suspension of gold nanoparticles under nutrient starved conditions. During 

the nutrient depletion process, hyphae-gold nanoparticles composite material were 

formed by the aggregation and subsequent adsorption of gold colloids on fungal 

hyphae, which led to the formation of porous gold microwires after the removal of 

sacrificial biotemplate by heat treatment. This is described in detail in the Chapter 3. 

Another most exciting and extensively studied area in nanomaterials synthesis 

is the fabrication of porous materials because of their wide range of applications in 

various fields including catalysis (Xu et al., 2012b), separation, adsorption, 

chromatography and sensing (Omer-Mizrahi and Margel, 2010) etc. The pores of such 

type of materials are usually categorized based on their size and are broadly classified 

into 3 categories. Micropores are smaller than 2 nm, mesopores 2-50 nm and 

macropores larger than 50 nm in size (Zdravkov, 2007). Several methods have been 

developed for the fabrication of porous materials with significant nanoscale features 

(Heim et al., 2012; Liu et al., 2012a; Liu et al., 2012b). One of the most commonly 
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used method is the use of colloidal crystals as templates to produce macroporous 

materials with three dimensional porous structure (Cong and Yu, 2011).  The 

characteristic feature of this method is that the macroporous materials acquired pores 

from the spaces occupied by the colloids. The template is then removed by heating at 

high temperature if it is organic in nature or by chemical etching in case of inorganic 

templates (Jing Wang, 2011). In addition, bioskeleton has also been used as template 

to prepare highly ordered macroporous materials using inorganic nanoparticles as 

building blocks. For example, Seshadri and Meldrum reported an elegant approach to 

produce porous gold structures using calcium carbonate skeletal plates of sea urchins 

as template (Seshadri and Meldrum, 2000). The gold particles were deposited over the 

entire surface of interconnected channels and pores of the echnoid plates. The gold 

replica of the original structure was finally produced after the dissolution of the plates 

in acid solution. 

In order to control the uniformity of pore size, another versatile and flexible 

method for preparation of porous material is the emulsion templating by polymerizing 

the high internal phase emulsion (Li et al., 2010; Zhang and Cooper, 2005). Such 

porous materials have been used as template to produce templated metal/metal oxide 

beads with interconnected porous morphology (Zhang et al., 2004; Zhang et al., 

2012a). For instance a simple technique has been developed by Zhang et al. for the 

preparation of polymer/silica porous material by sedimentation polymerization 

(Zhang et al., 2003). This technique involves the preparation of an aqueous solution 

of monomers containing silica precursors, to which oil phase is added to form high 

internal phase emulsion. The emulsion is then dropped into hot oil that serves as a 

sedimentation medium. The monomer droplet polymerizes while passing through the 

oil medium and can be collected at the bottom. The porous silica beads are obtained 

after calcination of these composite polymer/silica beads at high temperature. 

Similarly, emulsion templated porous metallic gold beads have also been synthesized 

using polymer beads as sacrificial template (Bai et al., 2007; Zhang et al., 2004). This 

provides very simple and a versatile route for the preparation of porous metals which 

have potential applications in various fields (De Medeiros et al., 2008; Ma and Zhou, 

2010). But the mechanical strength of such porous material is usually not very good 

after heat treatment and can be improved by incorporating the silica, titania and 

alumina oxides (Gu et al., 2012; Li et al., 2010). 
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Due to the excellent absorption capacities of such type of porous materials, 

they are usually very attractive templates to incorporate various nanoscale materials 

for their subsequent applications in catalysis, gas sensors, as scaffolds for cell growth 

and tissue engineering etc. (Huang et al., 2012a; Sevsek and Krajnc, 2012). In 

particular, nanostructured porous magnetic materials could be the promising materials 

due to their potential applications in medical diagnostic equipment, high density 

recording media, bio-separation, and heavy metal removal etc. (Wu et al., 2011; Xu et 

al., 2012a). An attractive and unique property of macroporous magnetic material is 

that they can be easily separated from the complex system simply by applying 

external magnetic field. Therefore, magnetic-polymer composite materials not only 

have large surface area but also posses the efficient ability to be recycled and can be 

regenerated easily which is often needed in many application especially for water 

purification or heavy metals removal. The surface area of the magnetic material can 

also be increased by reducing the size of the synthesized magnetic particles but this 

reduction in size affects their magnetic properties and thus cannot be separated 

efficiently. Therefore, efforts are now-a-days being made for the synthesis of 

magnetic material in complex morphology. For instance, magnetic porous assembly 

of iron oxide nanoparticles have been synthesized and evaluated for their potential use 

as heterogeneous catalyst (Wacker et al., 2011). Similarly Zhong et al. reported the 

template assisted two step syntheses of flower shaped magnetic nanostructures with 

unique morphology and studied their use for wastewater treatment (Zhong et al., 

2006).  

In addition to the magnetic porous materials, the importance of porous 

materials cannot be ignored in biomedical applications as well. For example, 

considerable efforts have been made to fabricate porous scaffolds for 3D growth of 

cell culture during formation of tissue, for example for apatite formation in bone 

tissue engineering (Mansur et al., 2012). Hydroxyapatite is a bioactive ceramics 

material and constitutes the major mineral component of natural bone. It has recently 

been utilized in medicine and dentistry due to its biocompatibility and 

osteoconduction properties (Son et al., 2011). Due to poor mechanical strength of 

hydroxyapatite, efforts are now-a-days underway to combine their osteoconductive 

properties with the mechanical strength of biodegradable polymers for their 

biomedical applications (Hu et al., 2011). We have now extended this methodology to 
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fabricate magnetic and hydroxyapatite-polymer composite materials which is 

presented in Chapter 4. 

In addition to the synthetic polymer, efforts are also being made to use 

biodegradable naturally occurring polymers like chitosan, alginate etc. as scaffold for 

the preparation of metal/metal oxide composite material (Kimling and Caruso, 2012).  

As compared to the other templates (discussed above) the alginate exhibits some of 

the interesting characteristics. For instance, it is polysaccharide in nature and thus is a 

renewable biological resource, produced largely from the marine algae and is the 

environment friendly material (Gok and Aytas, 2009). Another versatile property is 

the ability of alginate to form gel when comes in contact with any multivalent metal 

ions (Fig. 1.3) and due to this ability it has been used as a biosorbent for the removal 

of metal ions (Akhtar et al., 2009). Moreover, the enzymes and cells may also be 

entrapped inside the polymeric network of alginate thus demonstrating its applications 

as a simple and biocompatible substrate for the immobilization of bioactives (Jamal et 

al., 2012; Mrudula and Shyam, 2012). We have also used such type of polymer 

specially calcium alginate beads for in situ synthesis of gold and silver nanoparticles 

by incorporation of fungal biomass inside the polymeric network of the bead to 

prepare the biopolymer-metal nanoparticles composite materials and this study is 

described in detail  in Chapter 4. 

 

 

 

 

 

 

 

Fig. 1.3. Chemical structure of calcium alginate. The divalent calcium ion act as a cross linker 

when aqueous solution of alginic acid is dropped to the calcium chloride solution resulting in 

the formation of calcium alginate (gel). 
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1.3 Application of Nanoparticles in Disease Diagnostics 

With the development of multifunctional devices and systems, it becomes 

possible to integrate material science with the biology, especially in medical biology. 

For instance, the creation of bio-inspired materials and their applications in various 

fields like diagnostics, biosensors, drug delivery etc, is the most extensively studied 

area these days (Mody, 2011; Youns et al., 2011). The unique properties of 

nanoparticles i.e. their small size, larger surface to volume ratio, unique electrical and 

chemical properties can be used to overcome some of the limitations found in 

traditional diagnostic and therapeutic processes (Chi et al., 2012). 

Polymerase chain reaction (PCR) revolutionized molecular genetics and has 

become one of the most popular techniques in modern biological and medical 

sciences. Owing to the exponential amplification ability of PCR, one can start from 

even a single copy of target DNA to produce large number of DNA copies for 

sequencing, molecular diagnosis, or genetic analysis. This remarkable amplification 

ability is critical in many circumstances, such as early stage diagnosis of various 

infectious diseases (Agampodi et al., 2012). Although amplification of DNA using 

PCR is one of the fastest techniques but still it is not widely used in diagnostic 

laboratories as it requires skills and expensive reagents and equipment. Further 

advancement of technology is needed to improve automation, optimize detection 

sensitivity and specificity, and expand the capacity to detect multiple targets 

simultaneously (multiplexing). 

Moreover, it is also well known that even with sophisticated optimization, 

PCR specificity is not always satisfactory (e.g. in multiple-round PCR or multiplex 

PCR) (Xu et al., 2012c). However, primer-dimer and GC-rich regions of the template 

and the PCR system’s heating/ cooling ratio may interfere with the efficiency of the 

PCR (Shen et al., 2010). Various developments have been made in this regard to 

overcome such problems like proper primer designing, development of new PCR 

machines with rapid heating/cooling rates, real time PCR, capillary PCR machines, 

and microchip-based PCR equipment etc (Berg et al., 2001; Duarte et al., 2011; Kim 

et al., 2010a; Wang et al., 2011). 

As a result of recent developments in nanotechnology, the nanomaterials 

especially gold nanoparticles are now being explored for their applications in 
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biological and life sciences (Baptista, 2012; Kemp et al., 2009; Kuo et al., 2012). It is 

known that smaller the nanoparticles the higher is their thermal efficiency and the 

thermal conductivity can be increased significantly when suspending nanoparticles in 

water (Mohammed et al., 2011; Sarkar, 2011). Due to their interesting thermal 

properties, the nanoparticles seem to be attractive materials with a potential to 

regulate and overcome the PCR problems by virtue of their heat transfer properties. In 

addition, high affinity of metal nanoparticles to the single stranded DNA as compared 

to the double stranded DNA has also been studied (Li et al., 2005a). The 

nanoparticles may act like a reactor that can adsorb the reactants from the PCR 

mixture, thus increasing the effective concentrations of various PCR components. The 

schematic illustration representing the polymerase chain reaction on the surface of 

gold nanoparticles is shown in Fig. 1.4. Several studies have been conducted in this 

regard to demonstrate that the addition of these nanoparticles to the PCR mixture may 

improve the efficiency both in terms of specificity and sensitivity (Abdul Khaliq et 

al., 2010; Huang et al., 2008; Ma et al., 2009). In contrast to this, there are also 

reports that the addition of nanoparticles inhibits the PCR efficiency, and it all 

depends on the size of the added nanoparticles. The larger size nanoparticles 

completely inhibit the PCR at lower concentration than the smaller size nanoparticles 

(Wan and Yeow, 2009). Several mechanisms have been proposed so far to elucidate 

the exact role of nanoparticles in PCR (Abdul Khaliq et al., 2010; Mi et al., 2007; 

Shen et al., 2009; Vu et al., 2008). But the exact underlying mechanism is still 

obscure. It is possible that the nature and size of nanoparticles may have different 

effect on PCR. For example, increase in PCR sensitivity up to 10, 000 folds by the 

addition of gold nanoparticles (Li et al., 2005b) was not repeatable in recombinant 

Taq DNA based polymerase PCR system (Yang et al., 2008) indicating that the 

improvement in the PCR efficiency could only be observed for any specific PCR 

system under specific conditions. In order to validate these results and to better 

understand nanoparticles role in PCR-based diagnostics, we have also examined the 

effect of gold, silver and magnetic iron oxide nanoparticles on PCR and found that the 

nanoparticles good for one PCR system may be bad for other under same 

experimental conditions. 
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Fig. 1.4. Schematic representation of polymerase chain reaction on the surface of gold 

nanoparticles, figure taken from (Chen et al., 2009). 

As most of the diagnostic techniques are based on the PCR, improvement in 

this system will ultimately have significant impact on disease diagnostics. We have 

studied the effect of nanoparticles addition on PCR during typing of Salmonella 

typhae, a causative agent of typhoid fever. Other related Salmonella species also 

cause the fever that may lead to less severe illness. So for the exact knowledge for the 

prevalence of the Salmonella strain that causes the major loss, typing is usually 

performed using primer based on the variable number of tandem repeats (VNTR). As 

this is also a PCR-based method, sometimes nonspecific amplification pattern may 

lead to the false positive results. So efforts were made during present study to 

overcome this problem to some extent. However, it needs further investigation to 

know exactly about the interaction between the DNA polymerase, template and 

nanoparticles in PCR system. In fact the PCR is a complex reaction system and many 

components could interact with the nanoparticles. We believe that such type of studies 

will offer the platform to further understand the role of nanoparticles to improve PCR 

efficiency. This is described in detail in Chapter 5. 
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1.4 Techniques Used to Characterize Nanomaterials 

Characterization of nanomaterials requires expertise and technology to 

adequately characterize these materials to provide informations not only about the 

size and shape of nanomaterials but also determine the atomic and electronic 

structures and other important properties. There are various spectroscopic and 

microscopic techniques available for the characterization of nanoscale materials. 

However, only the techniques used during present study will be discussed briefly in 

this section. These techniques/tools includes scanning and transmission electron 

microscopy for the detailed information about the size, shape and morphology of 

nanomaterials, accelerated surface area and porosity analyzer to determine the total 

surface area and porosity of the nanomaterials, pycnometer to calculate the absolute 

density of the materials, energy dispersive X-ray spectroscopy and atomic absorption 

spectroscopy to determine elemental composition of materials, UV-visible, and infra-

red spectroscopic techniques to study optical properties and functional group analysis 

of the nanomaterials respectively. 

1.4.1 Scanning Electron Microscopy (SEM) 

SEM is the most widely used techniques for the characterization of 

nanomaterials. In a typical SEM, electron beam with a fine spot size and high energy 

is rasted over the surface of the sample. Number of interactions occurs when the 

electron beam interacts with the surface of the sample also resulting in emission of 

secondary electrons from the sample. The SEM image is produced by collecting the 

scattered electrons that contain the information about the surface morphology and 

composition etc. The principal images produced in SEM are usually of three types viz 

secondary electron images, backscattered electron images and elemental X-ray maps. 

Each type of signal can be produced by a specific detector only, but it is difficult to 

have single machine that would have detectors for all possible type of signals. In most 

commonly used detection modes, secondary electron image is recorded from the 

interaction of electron beam with the atoms at or near the surface of the sample. High 

resolution images can be produced using SEM as the electron beam produced is very 

narrow and resulting images have high depth of field that gives the three dimensional 

appearance to give a better picture of the surface structures of the sample. In some 

models of SEM, backscattered electron detector is also equipped with the main unit. 
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Backscattered electrons are high energy electrons that are elastically scattered and 

may have the same energy as the incident electron beam and the image produced 

gives useful information about the sample composition. Most of the SEMs require 

that the sample under observation is conductive. Metals are conductive so can be 

analyzed directly. In order to view non-conducting samples like polymers, the sample 

should be coated with a thin layer of conducting material usually carbon, gold or 

platinum using sputter coater to improve the contrast. 

The Field Emission Scanning Electron Microscope (FESEM) is the improved 

model of SEM. It is an ultra high resolution FESEM with high brightness conical field 

emission gun as an electron source. In the current study, FESEM equipped with 

transmission electron detector, energy dispersive X-ray, was used for the 

characterization of nanomaterials.  

1.4.2 Transmission Electron Microscopy (TEM) 

TEM is also among the most popular and widely used technique to 

characterize the nanomaterials. In TEM, the light is replaced by high energy electron 

beam and glass lenses by electromagnetic lenses, which are used in conventional light 

microscope, for analysis of nanoscale materials. In TEM, electron beam, emitted by 

an electron gun by thermionic emission, is transmitted through an ultra thin specimen, 

interacting with sample while passing through it. The emitted electron beam is 

manipulated by various apertures and electromagnetic lenses to focus the beam on 

sample. As the electron beam penetrates through a thin section of sample (10 -100 nm 

in thickness), some of the electrons are scattered while other transverse through 

sample without any interaction. These transmitted electrons form an image, by means 

of a differential contrast. This image is then magnified up to many folds by 

electromagnetic lenses and finally focused onto an imaging device for instance on 

photographic film, or detected by a charge couple device (CCD) camera or 

fluorescent screen. The resolution achieved by TEM is much more as compared to the 

light microscope and this is attributed to the small de Broglie wavelength of electrons. 

In TEM, electrons are accelerated to 100 KeV or higher thus enabling the user to get 

information about the finest details of test samples with a remarkable resolution 

power. The sample preparation is very important while analyzing materials using 

TEM and it needs ultra precision during sample preparation. The greatest advantage 
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that TEM offers is its ability to provide both topographic image and diffraction 

information from a single sample thus providing the morphological, compositional 

and crystallographic information simultaneously. The contrast formation in TEM 

mainly depends on the mode of operation. TEM can operate in two common imaging 

modes i.e., dark field and bright field. Bright field imaging mode is the usual mode of 

operation for TEM, in which the contrast is formed directly by absorption and 

occlusion of electrons in the sample. As a result the thicker regions of sample or area 

with high atomic number atoms will appear dark and the regions with no sample in 

the beam path will appear bright. TEM has a wide range of applications and can be 

used ideally in a number of different fields such as nanotechnology, life sciences, 

medical, biological and material research, forensic analysis etc. In the current study, 

the gold, silver and magnetic nanoparticles synthesized using different approaches 

and composite material of rhamnolipids-metal nanoparticles have been characterized 

using TEM to get the information about exact dimension, shape and other structural 

information of nanomaterials.  

1.4.3 Energy Dispersive X-ray (EDX) Spectroscopy 

EDX is a chemical microanalysis technique used in conjunction with the 

electron microscopy. When an electron beam interacts with the target samples, X-rays 

are also produced in addition to various other emissions. The working principal of the 

EDX system is based on the fact that atoms of different elements emit X-rays of 

different and characteristic energy. When the sample is bombarded by high energy 

electrons, electrons are emitted from the atoms of the sample under investigation. A 

hole or vacancy thus created is filled by another electron from the higher energy state 

and X-ray is emitted to balance the energy difference between two electron’s states. 

The EDX system measures the relative abundance of the emitted X-rays versus their 

energy. When used in conjunction with the SEM, EDX system can analyze the 

elemental composition along a line (line scan) or within an area of interest (elemental 

mapping) providing information about the spatial distribution of different elements in 

a sample. In the present study, the weight percent of gold, silver, silica, iron etc. was 

calculated using the EDX system for various nanomaterials. 
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1.4.4 UV-Visible Absorption Spectroscopy 

UV-Visible spectrophometer is the most simplest and valuable analytical 

technique for studying the optical properties of nanomaterials. The basic principal of 

UV-Visible spectroscopy relies on the fact that the molecules having non-bonding 

electrons can absorb the ultra violet or visible light in order to excite these electrons to 

higher energy levels. If less energy is required to excite an electron, the molecule will 

absorb the longer wavelength of light. The intensity of light from the light source, 

such as a lamp, is usually measured by the detector, which may be photomultiplier 

tube or a charge couple device with blank and the test sample placed between the light 

source and detector. The intensity of the transmitted light is reduced if it is absorbed 

by the sample. The results thus appear in the form of a spectrum plotted between 

transmitted light intensity versus wavelength of the light. Most of the 

spectrophotometer covers the wavelength from 200 nm to 1100 nm. This is relatively 

easier technique but some care should be taken while making the samples for analysis. 

For instance the concentration should not be too high and the blank should be run 

prior to sample analysis to avoid any discrepancy in the results. 

One of the important characteristics of nanomaterials is the Surface Plasmon 

Resonance (SPR), which is due to the collective oscillation of surface electrons in the 

metals specially gold, silver and copper. If the size of the nanoparticles is above 2 nm 

then they would have a characteristic SPR band in the visible region of 

electromagnetic spectrum and if the size is less than 2 nm, then their electron should 

be more confined in their discrete shells and ultimately this phenomenon is not 

pronounced in such cases. The SPR band of gold and silver nanoparticles become 

more pronounced as they grow in size up to about 20-30 nm after which light 

scattering properties become more prominent. The position and the width of SPR 

bands provide very useful information about the size and shape of these nanoparticles. 

UV-Visible spectroscopy is thus quite important technique for the characterization of 

gold, silver and copper nanoparticles providing the preliminary information about the 

size and size distribution of metal nanoparticles in the sample under observation. In 

the present study, the UV-Visible spectroscopy was used for the study of some of the 

spectral properties of gold and silver nanoparticles synthesized using different 

biocompatible methods. 
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1.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy is based on the measurement of transmitted infrared 

light at the frequencies that correlates to the vibrations of the specific sets of the 

chemical bonds present in the sample under observation. Radiations in this region can 

be used for the determination of organic compounds and different functional groups 

on the basis of the fact that it is absorbed by the interconnected chemical bonds in a 

compound and each bond absorbs radiations at different intensities and frequencies in 

different environment. The IR spectroscopy thus collects the absorption information 

and the frequency at which the absorption occurs (peaks or signals in the spectrum) 

can be directly correlated to the bonds within the compound under observation. The 

chemical bond may vibrate in many different modes i.e. stretching or bending, so 

individual bonds may absorb infrared radiations at more than one frequency. FTIR is 

a useful analytical technique to collect the spectral data that is quite helpful for the 

determination of the various functional groups present in the compound under 

question. In this instrument, Fourier transform (a mathematical algorithm) converts 

the raw data into actual spectrum.  The key components for the infrared spectroscopy 

are similar to those found in UV-Visible spectrometer except that the light is in 

infrared region and all the gratings and mirrors used should be compatible with the 

infrared light. In the present study, the FTIR was used to determine the surface 

chemistry of the nanoparticles. 

1.4.6 Accelerated Surface Area and Porosimetry Analyzer (ASAP) 

ASAP is useful tool to determine the total surface area and porosity of large 

number of materials. It can even determine the active surface area of the materials 

which have very low surface area like powdered metals and natural organic material 

etc. It uses the gas sorption technique to generate high quality research data. The 

surface area analyzer is equipped with two separate vacuum systems, one for the 

preparation and another for analysis of sample. Due to the availability of two separate 

preparation ports, the sample preparation and analysis can be done simultaneously 

without any interruption. A known amount of properly weighed sample contained in a 

sample tube is cooled to a cryogenic temperature with liquid nitrogen, after that it is 

exposed to the analysis gas at precisely controlled series of pressures. The number of 

the adsorbed gas molecules increases with every incremental increase in the pressure. 



                                                                                                                                                  Introduction 

 

23 

 

The pressure at which the adsorption equilibrium occurs is used to determine the 

quantity of adsorbed gas by applying the universal gas laws. The pores at or inside the 

sample are filled with the gas molecules thus the free surface become completely 

covered. After the completion of adsorption of analysis gas, the process of desorption 

may begin during which the pressure decreases is used to describe the adsorption and 

desorption isotherms. All such data yield the information about the surface of the test 

material. Both BET (multilayered adsorption using Brunauer, Emmett and Teller 

method) and Langmuir (single layer adsorption) surface areas can be measured 

simultaneously. The surface area of the material can be influenced by porosity of the 

material. The ability to measure surface area is extremely important for studying 

applications of materials in various fields. In the current study, the surface area of the 

polymer beads and their composites was measured using Micromeritics ASAP-2020 

system. 

1.4.7 Atomic Absorption Spectroscopy (AAS) 

AAS is an analytical technique that determines the presence and concentration 

of metal in the given sample. AAS works on the principal of absorption spectrometer 

and thus determine the concentration of metals on the basis of Beer-Lambert law.  

The metal absorbs the light when they are excited by a heat and each metal will 

absorbs the light of a characteristic wavelength thus reducing the intensity of the 

source light. This wavelength is specific to a particular electron transition in a 

particular element, so each wavelength corresponds to only one element. In order to 

analyze sample using AAS, the sample should be atomized first. Typically this 

technique makes the use of a flame to atomize the sample, though now there are other 

types of atomizers like a graphite furnace are also in use. A liquid sample is converted 

into an atomic gas first by desolvation process in which the solvent is evaporated 

leaving behind the solid sample. The resulting dry sample is then vaporized to a gas 

and finally volatilized in high temperature flame to convert the compound into free 

atoms. The optical radiations are then irradiated on the atoms. The radiation source, 

known as hollow cathode tube, is an element specific and emits the wavelength 

required for the analysis. The concentration of the element in a sample is recorded by 

a detector by measuring the difference of the radiation coming out of the reference 

and the sample. The standard curve is constructed by measuring the absorbance of 

standard samples of known concentrations, which can be used to determine the 
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concentration of unknown samples of the same element. During the current study, the 

concentration of silver and iron was determined using AAS.  
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Chapter 2 

Rhamnolipid Microtubules as Templates for the Synthesis and Self-

Assembly of Gold/Silver Nanomaterials 

A part of the work described in this chapter is published (Rehman et al., 2010) and is 

attached at the end of this thesis as Appendix 1. 

2.1 Introduction and Review of Literature 

Synthesis and self-assembly of metal nanoparticles (NPs) with controlled 

morphology and small size dispersity in periodically ordered particulate materials has 

been an active research field of particular interest (Cheng et al., 2012; Gellner et al., 

2011; Huang and Gu, 2011; Li et al., 2011; Wang et al., 2011b). The control of NPs 

assembly allows the tuning of properties of nanosystems including surface area, 

optical and electrical properties, and the accessibility of the guest species (Chang et 

al., 2012; Corma and Garcia, 2008; De et al., 2008; Giorgi et al., 2011; Rao et al., 

2000; Sperling et al., 2008; Wang et al., 2012; Zhu et al., 2012a). Due to these 

attractive applications, various new and environmentally benign protocols are being 

developed by the selection of environment friendly reducing agents and stabilizers 

(Jiang et al., 2012; Kumar et al., 2012; Liu et al., 2011; Zaheer and Rafiuddin, 2012). 

In general the nanoparticles are organized on a desired template with various 

micro/nanometer features. A template or substrate can be formed using methods like 

photolithography, electron beam lithography (Bhuvana and Kulkarni, 2008) etc. Lot 

of efforts have been devoted to assemble the metal nanoparticles especially gold and 

silver into well defined tubes, fibers, spheres, rods etc using organic reagents like 

anthracene (Hu et al., 2004; Jiang et al., 2010). However, these methods required high 

expertise, sophisticated instruments and are expensive and time consuming. Therefore  

the successful techniques, use to organize the nanoparticles to well defined 

nanostructures, needs a biotemplate like polymer, DNA, fungi or virus (Pal et al., 

2011) as well as some peptide based surfactants, chiral lipids and other amphiphilic 

molecules (Mann, 2009). Generally these biomolecules have certain characteristics 

features in their molecular structure which play a key role to facilitate their use as 

template for self assembly of nanoscale inorganic materials. For instance the presence 

of zwitterionic head groups in the molecular structure of phospholipid provides the 
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binding sites for metal ions. But most of the methods available for the fabrication of 

nanostructured materials using biotemplates need the surface functionalization of 

either template or the nanoparticles. For instance the dimer and trimer structures of 

nanoparticles can be prepared in which the nanoparticles are linked by a single 

stranded DNA (Claridge et al., 2008). In this regard, during the current study, we 

have tried to develop a straightforward strategy to prepare the nanostructured 

material. 

2.1.1 Bio-molecular Templates for Nano-fabrications  

The use of biomolecular building blocks to assemble nanomaterials has the 

capability of integrating the structural and functional diversity of biosystems with the 

inherent properties of nanomaterials. A range of biomolecules have been used to 

assemble nanomaterials, including DNA (Kuzyk et al., 2012; Lee et al., 2012a; Li et 

al., 2012; Wang et al., 2011a; Wen et al., 2012), proteins and peptides (Cao et al., 

2011; Carny et al., 2006; Song et al., 2004; Tarasov et al., 2011). Isolated hollow 

cylindrical architectures made of diverse inorganic or organic substances, with 

nanometer-sized inner diameters have also been of great interest in nanomaterials 

science due to their interesting applications in biomedical science, biosensor devices 

etc. (Gomez-Gualdron et al., 2011; Jo et al., 2012; Lee and Asher, 2000; Mumm et 

al., 2010). In addition to this, synthetic biomaterials, such as lipid nanotubes (Lee et 

al., 2008; Zhou, 2010; Zhou and Shimizu, 2007), peptide nanotubes and nanofibrils 

(Dinca et al., 2008; Guo et al., 2012; Guocheng et al., 2011; Handelman et al., 2012; 

Hashida et al., 2012)  have also been used to direct the nucleation, deposition, and 

assembly of metal NPs.  

During the last two decades, there has been a growing interest in the 

fabrication of metal-organic nanocomposites consisting of naturally occurring 

biomaterials and metal NPs for advanced materials fabrications (Andrade et al., 2011; 

Byeon and Roberts, 2012; Hu et al., 2012; Nasr-Esfahani et al., 2011; Su et al., 2011; 

Zhao et al., 2011a; Zhu et al., 2012b). In particular, the fabrication of one dimensional 

(1D) morphology for nanocomposite including cylinders, tubes, wires and 

mesoporous materials has been of great importance because of the unique properties 

of nanotubes and nanowires, such as high dielectric constant, controlled release and 

magnetic function (Lee et al., 2012b; Liu et al., 2012; Sadjadi et al., 2011; Yilmaz et 
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al., 2011; Zamora-Ledezma et al., 2011; Zheng et al., 2012). For instance, Yang et al. 

reported the synthesis of metal-lipid nanotube nanocomposites by incorporating gold 

nanoparticles (3-10 nm in diameter) in glycolipid nanotube hollow cylinders (Yang et 

al., 2004b). This was achieved by filling the internal channel of the lipid nanotubes 

with an aqueous solution of HAuCl4 by capillary forces and subsequent 

photochemical reduction of [AuCl4]
-
. Similarly Zhu et al. also reported the synthesis 

of assembled copper NPs using glycolipid nanotubes as templates (Zhu et al., 2005). 

The lipid tubule is a spontaneous aggregate of chiral and amphiphilic molecules 

(Brizard et al., 2005; Shimizu et al., 2005). Their hollow cylindrical structure is made 

up of a lipid bilayer, and the typical diameter is of the submicron to micrometer scale, 

and it is now possible to tune its morphology (Kameta et al., 2010; Masubuchi et al., 

2011; Masuda and Shimizu, 2004). Among various lipid molecules, glycolipids form 

very fine tubules with diameters of tens of nanometers (John et al., 2001; Kameta et 

al., 2007; Yoshida et al., 2007). 

The heat treatment of metal-lipid nanotubes results in inorganic nanotubes 

which have also been extensively investigated since the first discovery of carbon 

(Iijima, 1991) and WS2 nanotubes (Tenne et al., 1992). Many synthetic procedures, 

such as decomposition of precursor crystals or solvothermal synthesis, are known to 

produce a variety of inorganic nanotubes (Chen et al., 2011; Wang et al., 2010; Zeng 

et al., 2012). Among those, template synthesis is one of the rationalized methods for 

the production of inorganic nanotubes (Al-Kaysi et al., 2008; Antony and Jayakannan, 

2010; Koh et al., 2011; Sousa et al., 2009; Zhao et al., 2011b).  

2.1.2 Biosurfactants: The Green Mediators for Nano-fabrications 

Biosurfactants provide pragmatically useful materials for nanomaterials self-

assembly, given their ready accessibility, low cost and structural diversity. They may 

be produced as extra/intra-cellular secondary metabolites by certain native and 

recombinant strains of bacteria, yeast and fungi, as they grow on different carbon 

sources (Aparna et al., 2012; Pemmaraju et al., 2012; Sousa et al., 2012; Thavasi et 

al., 2011; Wadekar et al., 2012). Amongst them glycolipids, being the most common, 

are carbohydrates (glucose, mannose, glactose, glucuronic acid, rhamnose and 

galactose sulphate) in combination with long-chain aliphatic acids or hydroxyaliphatic 

acids (Fuchs, 2012; Khan et al., 2012). The glycolipids can further be categorized as 
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rhamnolipids, glucose lipids, sophorolipids, trehalolipids, coynomycolic acid 

containing glycolipids, lipooligosaccharides, cellobiose lipids and mannosylerythritol 

lipids. Amongst them, rhamnolipids are particularly attractive building blocks being 

easily producible from bacteria grown on low-cost substrates such as petroleum, food 

and agricultural wastes (Costa et al., 2010; Lovaglio et al., 2011). Overall, 

biosurfactants have advantage over their chemical counterparts because of their 

emerging properties as one or more functional groups and chiral centers, bulky and 

complicated structures, higher biodegradability, surface activity, emulsifying 

properties, biologic activity, lower toxicity and critical micelle concentration (Bello et 

al., 2012; Rodrigues et al., 2006; Vaz et al., 2012).  

The stereochemistry of saccharide headgroups displays versatile influences on 

the self-assembly of glycolipid/water systems (Kitamoto et al., 2009). In addition to 

the type of saccharide, the number of saccharide residues and the type of linkages 

give important consequences on the self-assembly. Some of the glycolipid-type 

surfactants, possessing relatively large hydrophilic head groups as compared to the 

hydrophobic parts, generally form micelles in a dilute aqueous solution. These 

microstructures may be spherical, globular, and cylindrical micelles; spherical and 

irregular vesicles; tubular and irregular bilayers; lamellar sheets; and lyotropic liquid 

crystalline phases with lamellar, hexagonal, and cubic symmetries (Cai et al., 2012; 

Pati et al., 2012; Pornsunthorntawee et al., 2009). In some cases, glycolipids and fatty 

acids self-assemble into tubular form when they are dispersed in an aqueous media 

(Huang and Rzayev, 2011; Kallio and Rouvinen, 2011).  

The diameter and morphology of these microstructures depend on a number of 

factors including the surfactant concentration, relative fractions of different groups 

within the surfactant molecules, shape of the surfactant molecules (Benincasa et al., 

2010; Berti et al., 2011; Sanchez et al., 2007), pH, temperature (Bakshi and Sachar, 

2006), counter-ions (Jiang et al., 2005), ionic strength (Mata et al., 2004), and co-

solutes (or contaminants) like alcohols and metals. In case of rhamnolipids, it has 

been demonstrated that the aggregated structures of monorhamnolipid can be affected 

by pH, cadmium, and octadecane, while those of a dirhamnolipid are affected by 

biosurfactant concentration (Dahrazma et al., 2008; Sanchez et al., 2007).  
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Recently, biosurfactants have also been used as templates for the fabrication of 

both inorganic nanostructures and protein/polymer assemblies (Boal et al., 2004; 

Burkett and Mann, 1996; Wang et al., 2006). Reddy et al. (2009) showed the 

synthesis and stabilization of silver nanoparticles using biosurfactant (surfactin) as 

sole reducing as well as stabilizing agent.  

2.1.3 Rhamnolipis as Templates for Fabrication of Metal Nanostructures 

Rhamnolipids derived from Pseudomonas aeruginosa have simple molecular 

structures, low molecular weights and a high affinity (Ascı et al., 2008; Mulligan et 

al., 1999) for metal ions. They comprise a fatty acid tail with one/two rhamnose rings 

at one end and a carboxyl group at the other end. The most commonly occurring 

rhamnolipids includes rhamnolipids 1 (L-Rhamnosyl-L-rhamnosyl-β-

hydoxydecanoyl-β-hydrodecanoate) and rhamnolipids 2 (L-Rhamnosyl-β-

hydoxydecanoyl-β-hydrodecanoate) produced by the Pseudomonas aeruginosa (Costa 

et al., 2010). They are produced as mixtures of mono- and di-rhamnolipid molecules 

in various proportions (Raza et al., 2009). Rhamnolipids reduce remarkably the 

surface tension of water from 72 to below 30 mN/m and interfacial tension of 

water/oil systems from 43 mN/m to below 1 mN/m, and exhibit the emulsification 

index of approx. 70 % (Raza et al., 2009; Raza et al., 2006a). 

The unique surface properties of rhamnolipids arise from the co-existence of 

both hydrophilic and hydrophobic moieties which often leads to the formation of 

highly organized microstructures through self-assembly by using intermolecular H-

bonding, and hydrophobic and van der Waal’s interactions (Hartgerink et al., 2001; 

John et al., 2002; John et al., 2001; Jung et al., 2002; Worakitsiri et al., 2011). 

Rhamnolipids can self-assemble into variety of structures like they can form micelles 

at pH more than 6.8, lipid particles at pH 6.6-6.2, lamellar structures at pH 6.5-6.0, 

and finally vesicles of  50-100 nm diameter at pH 5.8-4.3 (Pornsunthorntawee et al., 

2009).  

We, previously, have biosynthesized the Pseudomonas aeruginosa 

rhamnolipisds in minimal media containing hydrocarbons (n-hexadecance, paraffin 

oil and kerosene oil) as carbon source under shake flask conditions (Raza et al., 

2006b). The production was monitored by determining the surface active properties, 

like surface tension and interfacial tension etc. attributed to the presence of 
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rhamnolipids. In addition, various waste frying oils were also studied as substrates for 

biosurfactant production and different fermentation setups were investigated to get the 

optimum rhamnolipids production. Kinetics of fermentation processes was 

investigated to optimize the rhamnolipid yield and fermentation set-up (Raza et al., 

2006a). The rhamnolipids hence produced were isolated, purified, identified and 

characterized by using different chemical (Raza et al., 2009) and physico-chemical 

(Raza et al., 2006a; Raza et al., 2006b) methods. The surface, interfacial and 

aggregation behavior of purified rhamnolipids were investigated in aqueous and 

immiscible media at different ions concentration and pH values. The morphology and 

stability of the self-assembled rhamnolipid aggregates were investigated using 

scanning electron microscopy (Raza et al., 2010).   

In the present study, these native rhamnolipids are used both as reducing and 

stabilizing agents to produce noble metal nanoparticles especially gold and silver. 

Aqueous suspension of rhamnolipids are thermally self-assembled into soft 

microtubules, which could produce gold nanoparticles (Au NPs) onto themselves due 

to the presence of rhamnose sugar moieties at their surface, and upon heat treatment 

of these composite materials, porous gold microwire like structures could be produced 

(Rehman et al., 2010). These porous nanowires have potential applications in 

electronics, optics, catalysis and sensing. 

2.2 Objectives of the Present Study 

 To investigate if native rhamnolipids could serve as both reducing and 

stabilizing agents to produce, in one step, separate gold and silver NPs. 

 To self-assemble the rhamnolipids into soft microtubules providing scaffolds 

for separate gold and silver NP assemblies. 

 To evaluate if gold/silver NPs can be produced on soft microtubules without 

using additional chemicals to form microtubule-NP composites. 

 To heat treat the rhamnolpid-NPs composite microtubules to produce porous 

nanostructured micro/macroscopic materials with fairly controlled nanoscale 

features. 
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2.3 Materials and Methods 

2.3.1 Rhamnolipids Production and Characterization  

The microorganism used in this study was EBN-8, a gamma ray-induced 

mutant of Pseudomonas aeruginosa (Iqbal et al., 1995). The culture was grown on n-

heptadecane as a sole carbon and energy source at 37 °C and 100 rpm in minimal salt 

medium. After a certain time interval, crude biosurfactant was extracted from the cell 

free culture broth (CFCB) by acid precipitation followed by liquid extraction method 

(Zhang and Miller, 1995). The cells were removed by centrifuging the fermentation 

broth at 10,000 rpm and 4 °C for 15 min (Eppendorf, 5810R). The pH value of the 

CFCB was set at 2 with 6 M hydrochloric acid (HCl) and left for overnight at 4 °C. 

After acid precipitation, the rhamnolipids were separated with two equal volumes of 

chloroform/methanol (2:1, v/v) mixture. After vigorous shaking of the mixture for 5 

min, it was allowed to settle down in a separating funnel, for approximately 15 min, 

until the phases clearly separated out. The organic phase was collected. The combined 

extract was dried using anhydrous sodium sulphate (Na
2
SO

4
) and further concentrated 

using rotary evaporator (Buchi, Rotavapor R-210) to get the honey color and viscous 

precipitates of crude biosurfactant, which was then, freeze dried and stored for further 

studies. 

2.3.2 Preparative Column Chromatography 

For the removal of neutral and/or phospholipids, and other possible 

contaminating molecules from rhamnolipids, crude biosurfactants were passed 

through a preparative chromatographic column according to a modified method (Raza 

et al., 2009). A column (L × Dia = 28×1.6 cm
2
) was prepared with 20 g of activated 

silica gel (230-400 mesh) slurry prepared in chloroform. Then 1 g of crude 

rhamnolipid extract was dissolved in 10 mL of chloroform and loaded on the silica gel 

column with a Pasteur pipette. The sample loaded column was first washed with 

chloroform (approx. 300 mL) to completely elute the neutral lipids, then chloroform: 

methanol mobile phases were applied in sequence: 50:3 v/v (200 mL); 50:5 v/v (40 

mL) and 50:50 v/v (20 mL) at the flow rate of 1 mL/min and 20 mL fractions were 

collected separately, freeze dried and weighed.  
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2.3.3 Thin Layer Chromatography 

Each of the column purified rhamnolipid fractions was separately solubilized 

in chloroform (0.3 g/l) and 10 µL of this solution were applied in triplicate on a silica 

gel 60 F
254 

aluminum sheet (20×20 cm
2
). The thin layer chromatograms were 

developed in chloroform : methanol : acetic acid (65 : 25 : 4, v/v) system and 

visualized using the Molish reagent: α-naphthol (15% in ethanol)/sulfuric 

acid/ethanol/water (10.5/6.5/40.5/4.0) (Arino et al., 1996). After spraying, the plates 

were incubated at 105 
o
C for 5-10 min to develop the color of the rhamnolipid and the 

retardation factor (R
f
) values of the spots of purple color were then calculated. 

2.3.4 Mass Spectrometry 

A stock of silica gel-column purified rhamnolipid fractions was prepared in 

glycerol. The chemical analysis was performed on a double focusing JMS-HX110, 

JEOL mass spectrometer in negative ion mode, using a gun voltage of 1 kV, 

accelerating voltage of 10 kV and emission current of 10 mA. Xe gas was used under 

the pressure of 10
-5

 to 10
-7

 Torr as a primary source of ionization. The scanning 

molecular mass ranged in 100 - 800 Da. 

2.3.5 Surficial Characterization 

Surface tension and interfacial tension of the rhamnolipids aqueous solutions 

against n-hexadecane under working conditions were measured by using a Krüss 

K10T digital tensiometer. CMC, the concentration at which the surface tension of the 

media suddenly increases, was determined from the break point of the curve of 

surface tension vs decreasing rhamnolipids concentration.  

2.3.6 Synthesis of Gold Nanoparticles (Au NPs) 

To produce gold discrete nanoparticles, an aqueous suspension of purified 

rhamnolipids (0.005g/20 mL) was refluxed, and 1 mL of pre-heated aqueous solution 

(5 mM) of hydrogen tetrachloroaurate (HAuCl4 . 3H2O) was added to the boiling 

suspension with vigorous stirring. About 10 min later, a pinkish red coloration, a 

characteristic color of Au NPs, appeared. The colloidal solution of Au NPs was 

centrifuged (Eppendorf, 5810R) at 5000 rpm for 10 min, and the pellets were re-

dispersed in deionized water after removing any excessive rhamnolipids. 
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2.3.7 Self assembly of Rhamnolipids and Preparation of Composite Material 

The self-assembled microtubules were produced by boiling an aqueous 

suspension of rhamnolipid (0.001g/20 mL) for 30 min and then allowing the obtained 

transparent dispersion to cool down slowly to room temperature. Self-assembled 

biomass started appearing after about 48 h and a white fluffy cotton-like biomass 

became clearly visible after about 72 h. The self-assembled microfibers of 

rhamnolipids were then incubated with 0.2 mM aqueous solution of HAuCl4 at room 

temperature, and the appearance of reddish color of rhamnolipids biomass after 48 h 

indicated the formation of Au NPs onto the lipid template. Less structured 

rhamnolipid- Au NPs composite microtubules were also formed when rhamnolipids-

stabilized Au NPs were allowed to cool due to the lesser concentration of 

rhamnolipids. 

2.3.8 Preparation of Gold Nanowires 

The aqueous dispersion containing Au NP-rhamnolipid microtubules was 

drop-cast on a carbon coated copper grid and dried in air at room temperature. The 

grid was put in furnace (Nabertherm, High Temprature Lboratory Furnace LHT 

04/16) and heated separately in air at 450, 520, 650, 700 and 800 
o
C for 30 min to 

completely remove the organic template of nanocomposites.   

2.3.9 Synthesis of Silver Nanoparticles 

The silver nanoparticles (Ag NPs) were synthesized using a simple and quick 

method at room temperature. To synthesize Ag NPs, an aqueous solution of 

rhamnolipids (1.0 mL of 2 mg/10 mL stock) was incubated with 1.0 mL silver nitrate 

(1 mM) solution at pH 12. The colour of the solution immediately changed to 

yellowish brown, indicating the formation of Ag NPs. The resulting silver colloidal 

solution was centrifuged (Microultracentrifuge, Hitachi, GX series) at 20,000 rpm for 

1 h followed by thorough rinsing with ultra pure water. The pellets were re-dispersed 

in ultrapure deionized water for further characterization. 

2.3.10 Preparation of Rhamnolipids-Ag NPs Composite Material 

The aqueous suspension of self assembled rhamnolipids microfibers was 

incubated with silver nitrate solution (1 mM). The pH of the solution was adjusted to 
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12 with sodium hydroxide solution. After incubation for 24 h at room temperature, the 

rhamnolipid microfibers became yellowish brown indicating the formation of Ag NPs 

on the fibers. These rhamnolipids - Ag NPs composite fibers were isolated and 

washed thoroughly with ultrapure deionized water and were re-suspended in it for 

further studies. A small portion of these composite fibers was placed on carbon coated 

copper grid and dried under vacuum for electron microscopic analyses. The aqueous 

dispersion containing Ag NPs - rhamnolipid nanocomposites was drop-casted on a 

carbon coated copper grid and dried in air at room temperature. The grid was placed 

in a furnace and heated in air at 520 
o
C for 30 min to completely remove the organic 

template of nanocomposites. 

2.3.11 Characterization of Nanoparticles 

The aqueous solution of Au NPs was centrifuged  in a refrigerated centrifuge 

(Eppendorf, 5810R) at 6000 rpm at 25 °C for 10 min. The pellet, containing NPs, was 

re-dispersed in ultrapure deionized water. The Ag NPs were isolated by 

ultracentrifugation (Microultracentrifuge, Hitachi, GX series) at 20,000 rpm for 1 h 

and re-suspended the pellets in ultrapure deionized water. The resulting samples were 

used for absorption spectrometric characterization from 300 - 800 nm using CECIL 

(Aquarius) 7000 series, double beam UV-Vis spectrophotometer. For transmission 

electron microscopic analysis, an aliquot of 1-2 µL of the final dispersion was 

dropped onto carbon coated grid. After evaporation of water, transmission electron 

micrographs were recorded using a Transmission Electron Microscope (TEM) (JEOL, 

JEM 1010) at an operating voltage of ~100 Kv. The morphology and size dimension 

of the rhamnolipid microfibers, Au NPs -rhamnolipid fiber nanocomposites and gold 

and silver nanoparticlels were further characterized by field emission scanning 

electron microscope (FESEM) (SEM JEOL, JSM-7500F) equipped with a 

transmission electron (TE) and energy dispersive X-ray (EDX) detectors.  

2.4 Results and Discussion 

 Self assembly of various synthetic amphiphiles has been studied for the 

preparation of lipid micro/nano tubes. In addition to their self assembly studies, some 

of these amphiphilic compounds are also used for the synthesis of metal 

nanoparticles. In most of the cases the reduction of metal was achieved using some 

chemical agent. In our study we have exploited the reducing as well as stabilizing 
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abilities of naturally produced rhamnolipids. Interestingly, the purified rhamnolipids 

not only self assembled in an aqueous solution under certain conditions in to 

microfibers but also could accelerate the reduction of metal ions thus producing the 

highly stable metal nanoparticles. The schematic illustration of the whole process of 

self assembling and synthesis of Au NPs is shown in Fig. 2.1.   

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. A schematic diagram showing that the self assembly of rhamnolipid in aqueous 

suspension (a) in to cotton like mass of microfibers (b) that upon incubation with gold 

chloride turned red (c) indicating the formation of Au NPs resulting in the formation of 

rhamnolipids-Au NPs composite. Calcination at high temperature results in the formation of 

porous gold wire like structures (d) 

2.4.1 Identification and Characteristics of Rhamnolipids 

After extraction from CFCBs, combined rhamnolipids were freed from neutral and 

phospholipids by using a modified silica-gel preparative column chromatographic 

protocol (Raza et al., 2009). The fractions collected from column chromatography 

were further analyzed by thin layer chromatography (Fig. 2.2) using the standard 

method (Arino et al., 1996). The retardation factors (Rf) of the rhamnose lipid purple 
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spots were determined. The most abundantly found rhamnolipids homologs of P. 

aeruginosa were RRC10, RRC10C10, RC10C10, RC10, when grown on various 

hydrophobic and hydrophilic substrates (Para et al., 1990). However, two major types 

of rhamnolipids reported are RRC10C10 and RC10C10 (Sim et al., 1997). There are 

also some evidences about the occurrence of hydrophilic rhamnolipids compounds 

containing one fatty acid chain (RRC10 and RC10) (Syldatk et al., 1985). The TLC 

results, in present study, showed mono-rhamnolipid congener (Rf1= 0.78 i.e. 

RC10C10) and the mixture of less hydrophobic di-rhamnolipids (Rf2= 0.66 i.e. 

RRC10C8/RRC8C10 and RRC10C10) and more hydrophobic di-rhamnolipid 

congeners (Rf3 = 0.42 i.e. RRC10C12/RRC12C10). The TLC results are herein 

supported by FAB-MS characterization (Fig. 2.2) and are in accordance to those 

reported by Raza et al. (2009), indicating the presence of two main groups, a mono-

rhamnolipids (Rf = 0.73) and di-rhamnolipids (Rf = 0.52). 

 

 

 

 

 

 

 

 

Fig. 2.2. Thin layer chromatogram of rhamnolipids isolated and purified from Pseudomonas 

aeruginosa using heptadecane as sole carbon and energy source. 1) RC10C10; 2) 

RRC10C8/RRC8C10 and RRC10C10; 3) RRC10C12/RRC12C10. 

Negative mode FAB-MS analysis of the rhamnolipid structures (Fig. 2.3) shows 

several types of rhamnolipid homologs of molecular masses in the range m/z 504 - 

678. The proton abstraction of rhamnolipid molecules yielded [M - H]
-
 

pseudomolecular anions at m/z 503 (RC10C10), 621 (RRC10C8/RRC8C10), 649 
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(RRC10C10) and 677 (RRC12C10/RRC10C12), with the relative abundances of 35, 6, 42 

and 7, respectively. 

As results demonstrate, the principal congeners in the rhamnolipids mix were, 

dirhamnolipid RRC10C10 (L-rhamnosyl-L-rhamnosyl-β-hyroxydecanoyl-β-

hyroxydecanoate) and monorhamnolipid RC10C10, (L-rhamnosyl-β-hyroxydecanoyl-β-

hyroxydecanoate) respectively. With regard to their surface properties, rhamnolipids 

could reduce the surface tension of deionized water from 72.0 to ≤ 30.0 mN/m and the 

interfacial tension vs n-hexadecane from 40.0 to 0.6 mN/m. The CMC of the 

rhamnolipids extract was 50.0 mg/L. Because of their diverse molecular structures, 

rhamnolipids possess excellent surface activities especially in lowering the surface 

and interfacial tensions, and the emulsification. At higher concentrations, 

rhamnolipids molecules travelled into the air/liquid or oil/water interfaces to saturate 

it, resulting in significant reduction in surface and interfacial tensions, respectively. 

On further increasing their concentrations in the oil/water systems, rhamnolipids 

molecules agglomerate to form diverse micro/nano structures. This property of 

rhamnolipids has been exploited to synthesize different organic and organometallic 

nanowires and fibers (Yang et al., 2004a; Yang et al., 2004b). 

 

Fig. 2.3. Representative negative mode FAB-MS of rhamnolipids isolated and purified from 

P. aeruginosa strain produced using n- heptadecane as a carbon source. 

2.4.2 Characteristics of Au NPs Produced using Rhamnolipids 

The synthesis of Au NPs was achieved by reduction of gold ions and 

subsequent stabilization of the produced gold nanoparticles with rahmnolipids. The 

Au NPs formed by an aqueous suspension of rhamnolipids were fairly uniform with 

an average diameter of ca. 20 nm, and a characteristic plasmon resonance band 
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centered at 526 nm. Inset of Fig. 2.4 shows the UV-Vis spectrum of these 

nanoparticles. The biosurfactants, including rhamnolipids, are though reported to 

stabilize metal NPs but there is no such report on the use of rhamnolipids as reducing 

as well as stabilizing agents for Au NPs production. The aqueous solution of prepared 

Au NPs was reasonably stable. The transmission electron micrograph of the Au NPs 

synthesized (Fig.2.4), in consistent with the UV-Vis data, indicates the formation of 

fairly uniform Au NPs of ca. 20 nm in diameter. This justifies that the size 

distribution and stabilization of Au NPs by rhamnolipids is uniform.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.4. Transmission electron micrograph of Au NPs formed using rhamnolipids as reducing 

and stabilizing agent. The aqueous solution of rhamnolipids refluxed with gold chloride 

solution resulted in the formation of Au NPs. The inset figure shows the UV-Vis scanning 

spectrum of Au NPs showing maximum absorbance at 526 nm.  

2.4.3 Preparation of Rhamnolipids-Au NPs Composite Material 

The ability of rhamnolipids to self assemble in aqueous solution makes them 

remarkably attractive material to be used as template for the organization of metal 

NPs. Taking the advantage of this indigenous ability of rhamnolipids, a simple 

strategy was designed to self assemble the rhamnolipids into microtubules simply by 

heating the aqueous solution of rhamnolipids, which was followed by gradual cooling 
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to room temperature during which the rhamnolipids microtubules formed and became 

visible as white cotton like fibrous material. 

After successful self assembly of rhamnolipids, the next strategy was to form 

the rhamnolipids microtubules-metal nanoparticles composite materials. The sugar 

molecules have the tendency to act as mild reducing agent for the metal ions (Qi et 

al., 2004). The sugar moiety, (5-carbon rhamnose) representing the hydrophilic 

portion of rhamnolipid molecule, expected to be present at the surface of such 

composite microtubules and were exploited to form metal nanoparticles due to their 

ability  to reduce the metal ions. These sugar molecules may also act as site for 

nucleation and growth of metal nanoparticles. The rhamnolipid microtubules thus 

become purple (Fig. 2.5), after incubation with an aqueous solution of gold salt. 

 

Fig. 2.5. Digital photographs of self assembled rhamnolipids microtubules (A), incubated 

with gold chloride solution at room temperature formed the composite fibers with Au NPs 

synthesized on their surfaces (B), the more dense gold coating was achieved on rhamnolipids 

fibers under reflux conditions (C and D). 
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A small portion of this cotton like material was placed on a carbon coated copper grid 

and characterized using FESEM for its morphology after complete drying without 

further coating. The FESEM micrographs (Fig. 2.6) showed the formation of 

rhamnolipids microtubules of about 1-1.5 µm in diameter and several tens of microns 

in length. Such types of tubular structures are considered as powerful and functionally 

important architecture formed through self assembling (Hartgerink et al., 2001; John 

et al., 2002; Matsui and Gologan, 2000). The FESEM images (Fig. 2.6 C and D) 

indicate the presence of some twists in the fiber showing the ribbon like morphology. 

But these twists were not very common in the entire self assembled rhamnolipid 

microtubules. John et al. (2004) also reported the formation of lipid based nanotubes 

that posses the similar helical ribbon like morphology. 

 

Fig. 2.6. Representative field emission scanning electron micrographs of rhamnolipid 

microtubules. The aqueous suspension of rhamnolipids refluxed for 30 min, self assembled to 

microtubules of 1-2 µm (A); showed the clear network of microtubules (B) and the twists at 

some places clear in (C); the single microtubule showing the prominent twisted morphology 

(D). 
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The presence of Au NPs at the surface of rhamnolipid micro/nanotubules was 

confirmed by using scanning and transmission electron microscopic techniques as 

shown in the Fig. 2.7 (A and B) and Fig. 2.7 (C and D), respectively. The surface of 

rhamnolipid microtubules was uniformly coated with Au NPs and the loading of gold 

particles was controllable by varying the ratio of concentration of gold chloride to 

rhamnolipids. Yang et al. (2004) also reported the formation of lipid-nanoparticles 

composite material. They demonstrated the organization of Au NPs, formed by 

photochemical reduction method, in hollow cylindrical lipid nanotubes by capillary 

action. In comparison to this, the present study is simple and does not involve any 

special equipment/reagents for the formation of nanocomposite materials. Moreover, 

high loading of Au NPs onto rhamnolipids microtubules could be achieved simply by 

changing the experimental conditions. 

 

Fig. 2.7. Transmission and field emission scanning electron micrographs of rhamnolipids- Au 

NPs composite microtubules, self assembled rhamnolipids fibers incubated with aqueous gold 

chloride solution synthesize the Au NPs on their surface (A and B); TEM  of rhamnolipids- 

Au NPs composite microtubules shows the dense coating of fibers with Au NPs (C and D). 
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The loading of Au NPs was also controllable by varying the molar ratio of gold salt to 

rhamnolipids and the reaction conditions. The higher reaction temperature favored 

better loading of Au NPs onto microtubules, and the maximum loading was achieved 

at 100 
o
C. The EDX results (Fig. 2.8) of Au NPs coated rhamnolipid composite 

microtubules, dried on carbon coated copper grid, confirmed the presence of gold 

(~15 % w/w). 

 

Fig. 2.8. EDX spectrum of rhamnolipids- Au NPs composite microtubules. The composite 

fibers incubated with gold chloride solution turns red upon reduction of gold ions to Au NPs. 

The small portion of the composite fibers, were analyzed with FESEM (A) and EDX analysis 

of the selected portion showed the presence of about 15 % (w/w) gold (B).  

2.4.4 Characteristics of Rhamnolipid- Au NPs Microfibers 

After the in situ synthesis of Au NPs on rhamnolipids microtubules and 

fabrication of organic-inorganic composite material, it was easy to produce the metal 

wires simply by removing the organic template by heating at high temperature. To 

optimize the temperature conditions, heating at different temperatures was 

investigated and observed from the FESEM analysis that the organic template was 

removed gradually by calcinating at 400 (Fig. 2.9), 520 (Fig. 2.10) and 650 
o
C (Fig. 

2.11). Finally the Au NPs were completely fused together at 850 °C to form 

micrometer long fused wires of several hundred nanometer thick gold crystallites 

(Fig. 2.12). It could be inferred from the electron microscopic studies that the heat 

treatment of rhamnolipids- Au NPs composite mcirotubules at 520 °C in a furnace, 

results in almost complete removal of the organic template and a porous network of 

aligned gold microfibers were obtained (Fig. 2.10). At temperature > 650 °C, the 

coalescing of Au NPs with each other increased. These results are in agreement with 
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the previous findings that lipid-based organic templates start decomposing at 293 °C 

and are completely removed at 658 °C (Yang et al., 2004a). Since the loading of Au 

NPs onto microtubules could be controlled, up to at least 15 %, it was thus possible to 

fairly control the size and spacing of gold particles onto these aligned microstructures 

by selecting the proper reaction conditions and the calcination temperature. Moreover, 

the heat treatment of these composite materials seems to be an appropriate process for 

the fabrication of porous gold wire-like structures. 

 

Fig. 2.9. Field emission scanning electron micrographs of gold microwire-like structures 

formed after the calcination of composite microtubules at 400 °C for 30 min in furnace 

showed that the rhamnolipids template is partly calcinated (A-D).  
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Fig. 2.10. Field emission scanning electron micrographs of porous gold microwire-like 

structures formed after the calcination of composite microtubules at 520 °C for 30 min in 

furnace showed that the rhamnolipids template is almost removed (A-B); porous gold 

microwires like structures formed after calcination (C and D).   
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Fig. 2.11. Field emission scanning electron micrographs of porous gold microwire-like 

structures formed after the calcination of composite rhamnolipids microtubules at 650 °C for 

30 min in furnace showing the porous gold microwire like structures (A and B); with the 

proof that the organic template is completely removed (C and D).   
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Fig. 2.12. Field emission scanning electron micrographs of porous gold microwire-like 

structures formed after heating of composite rhamnolipids microtubules at 850 °C for 30 min 

in furnace (A and B). Gold nanoparticles fused together to form gold microwire like 

structures (C and D).  

 2.4.5 Characteristics of Silver Nanoparticles Produced using Rhamnolipids 

Stable colloids of Ag NPs were formed by incubating the mixture of 

rhamnolipid and silver nitrate aqueous solution at pH 12. In this case also, the 

rhamnolipids act as a reducing and stabilizing agent, as no additional reducing agent 

was added to the reaction mixture. The synthesis of Ag NPs was dependent on the 

concentration of rhamnolipids and it was observed that 2 mg/10 mL concentration of 

rhamnolipids being optimum. A characteristic surface Plasmon resonance band 

centered at 420 nm was observed in the UV-Vis absorption spectrum of stable 

suspension of Ag NPs (Fig.2.13), the inset shows the digital photograph of Ag NPs 

synthesized using rhamnolipid. There are some reports about the stabilization of Ag 

NPs by rhamnolipids (Xie et al., 2006) but there is no such report on the use of 

rhamnolipids as reducing as well as stabilizing agent for the production of Ag NPs.  
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Fig. 2.13. UV-Vis scanning spectrum of the Ag NPs synthesized using rhamnolipids as 

reducing as well as stabilizing agent at room temperature and pH 12 (A), inset is the digital 

photograph of the aqueous suspension of Ag NPs. 

The TEM characterization of the Ag NPs (Fig. 2.14 A) was in accordance with 

the absorption spectrum and showed the presence of NPs distributed throughout the 

grid with an average diameter of about 9-15 nm. This clearly indicates that the 

rhamnolipids also stabilize the nanoparticles in addition to their role as a reducing 

agent. However, some large sized particles (˃ 15 nm) were also observed on the film, 

as indicated in Fig. 2.14 B. One possible explanation to this may be that during 

extraction and re-suspension process the nanoparticles may interact with each other 

and cause little bit aggregation. Keeping in view the increasing demand to develop 

greener processes for the production of nanomaterials using microbes/plant extracts, 

these biosurfactant and/or biosurfactant producing microbes could possibly be a good 

alternate source for synthesizing the uniform and stable nanosized metal particles and 

nanomaterials (Kiran et al., 2010; Reddy et al., 2009). This method is quite simple 

and quick, resulting in the formation of highly stable Ag NPs and can be easily up-

scaled for the mass production of silver nanoparticles.  

 

 



                                  Rhamnolipid Microtubules as Templates for the Synthesis and Self-Assembly of Gold/Silver Nanomaterials 

65 
 

 

Fig. 2.14. Transmission electron micrograph of Ag NPs formed by incubation of the aqueous 

suspension of rhamnolipids (2 mg/10 mL) with 1 mM silver nitrate solution at pH 12 under 

room temperature conditions (A), the size distribution histogram showing the distribution of 

silver nanoparticles (B). 

2.4.6 Characteristics of Rhamnolipid-Ag NPs Microfibers 

The development of organic-inorganic hybrid materials has become an 

attractive research field for the last few years due to their wide range of applications 

in industry and medical science (Pol et al., 2002; Pushpakanth et al., 2008).The 

rhamnolipids - Ag NP composite microtubules were prepared by simply incubating 

the self assembled rhamnolipids microtubules in silver nitrate solution at pH 11-12 

(Fig. 2.15 A and B). Interestingly, the process of silver nanoparticles formation on 

rhamnolipid microtubules was faster than that for the formation of Au NPs. The 

presence of Ag NPs on the surface of rhamnolipids microtubules was confirmed by 

characterizing them with scanning electron microscope (Fig. 2.16 A, B and C). It was 

evident from the electron microscopy studies that the surface of rhamnolipid tubules 

was densely coated with Ag NPs.  The EDX analysis (Fig. 2.16 D) of the 

rhamnolipids- Ag NPs composite material also confirms the presence of silver (20.61 

% w/w). Such types of nanocomposite materials have exciting optical, catalytic and 

electrical properties and are getting more attention for their potential applications in 

catalysis and electronics (Chapman and Mulvaney, 2001; Henglein, 1989; Kiesow et 

al., 2003; Lewis, 1993; Min et al., 2008). Many physical and chemical methods are 

being used for the preparation of polymer-metal composite materials (Korchev et al., 

2003; Perkas et al., 2008; Rifai et al., 2005; Shenhar et al., 2005; Tian et al., 2003; 
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Yang and Coradin, 2008) but the strategy we developed and demonstrated here is 

quite simple involving a single step, and no use of any toxic chemicals for 

reduction/stabilization of the nanoparticles. 

 

 

 

 

 

Fig. 2.15. Optical images of rhamnolipids- Ag NPs microtubules. The control self assembled 

rhamnolipids microtubules (A) incubated with silver nitrate, 1 mM, at pH 12 under room 

temperature conditions (B) showing formation of Ag NPs on microtubules.  

 

 

 

 

 

 

 

 

 

Fig. 2.16. Field emission scanning electron micrographs of rhamnolipids microfibers (A), 

rhamnolipid-silver nanoparticles composite microtubules (B and C), and EDX analysis of the 

selected portion showed the presence of about 20.61 % (w/w) silver (D). 

 

 



                                  Rhamnolipid Microtubules as Templates for the Synthesis and Self-Assembly of Gold/Silver Nanomaterials 

67 
 

2.4.7 Characteristics of Silver Microwires 

After the in situ synthesis of Ag NPs on rhamnolipids microtubules, the metal 

wires were produced simply by removing the organic template by heat treatment at 

high temperature. It was optimized in case of gold-rhamnolipid microfibers that 

heating at 520 °C in a furnace results in almost complete removal of the organic 

template and a porous network of aligned gold microfibers were obtained. The 

rhamnolipids-silver nanoparticles composite fibers were also calcinated at 520 °C in a 

furnace and as shown in Fig. 2.17 the porous silver microwire like structures were 

formed.  

 

Fig. 2.17. Field emission scanning electron micrographs of rhamnolipids-silver nanoparticles 

composite microtubules calcinated at 520 °C in a furnace (A and B).   

These rhamnolipids microtubules acted as excellent templates for the 

production of porous metal micro wires and the coating of lipid tubules with metal 

nanoparticles needed no expensive and toxic reagents or any complex processing 

equipment. We believe that this system may also be extended to the formation of 

other metal nanoparticles-rhamnolipid composites fibers followed by their calcination 

to produce porous metal microwires. 
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2.5 Conclusion and Future Perspectives 

To summarize, we have developed a simple protocol to use readily available 

rhamnolipids to produce Au NPs and Ag NPs. Native rhamnolipids have been 

thermally self-assembled into microtubules, and these materials have been used as 

reducing/stabilizing agents to form separate rhamnolipid-Au NPs and rhamnolipids- 

Ag NPs composite microtubules. The loading of metal nanoparticles on composite 

microtubules can be fairly controlled by varying the concentration of metal salt to 

rhamnolipid and the reaction temperature. These composite microtubules could then 

be heat-treated to produce porous gold microwire-like structures with fairly controlled 

nanoscale features. Such porous metal microwires have potential applications in 

electronics, optics, catalysis, and sensing, an area we are currently investigating in 

collaboration with our collaborators in this field. 
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Chapter 3 

Living Fungal Hyphae - Templated Porous Gold Microwires Using 

Nanoparticles as Building Blocks 

A part of the work described in this chapter is published (Rehman et al., 2011) and is 

attached at the end of this thesis as Appendix 1. 

3.1 Introduction and Review of Literature 

Nanoparticles are very reactive due to their high surface to volume ratio and 

are increasingly becoming the focus of concerted research owing to their unusual 

optical, physical, chemical, electrical and magnetic properties which significantly 

changes with the variation in dimensions (Bhukal et al., 2012; Konopsky et al., 2012; 

Kudlash et al., 2008; Kumar et al., 2003; Peto et al., 2002; Singhal et al., 2012; 

Thambidurai et al., 2012). These unique properties make them suitable and exciting 

candidates with potential applications in areas such as drug delivery, diagnostics, 

imaging, sensing, gene delivery, artificial implants, tissue engineering, photonics and 

fabrication of a wide range of advance materials for developing technologies 

(Bhattacharya and Gupta, 2005; Corma and Garcia, 2008; De et al., 2008; Sperling et 

al., 2008). In addition to the direct application of metal nanoparticles, various 

biocompatible processes have now been developed to control their assembly. This 

offers an additional control over the properties of nanostructured materials such as 

optical and electrical properties, surface area, and the accessibility of the guest 

species.  

The nanoparticles of different shapes and sizes are generally synthesized using 

a number of synthetic procedures (Biacchi and Schaak, 2011; Cao-Thang et al., 2012; 

El-kharrag et al., 2012; Gulina et al., 2011; Li et al., 2011; Sarkar et al., 2011; Zhang 

et al., 2011). Most of the established and routinely employed methods for synthesis of 

nanoparticles are based on the use of toxic chemicals like strong reducing agents, 

capping agents, organic solvents etc. (Panacek et al., 2006), which generate a vast 

amount of hazardous by-products. Moreover, nanotechnology is witnessing rapid 

development of new and innovative methods for nanomaterials synthesis. This will 

eventually translate a great burden on the environment and greater risk of toxicity. 
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Thus establishing protocols using less toxic and eco-friendly reducing agents like 

citrate, acrylate, amino acids and simple sugars for example glucose, fructose etc. (Qi 

et al., 2004) is in order and the research is being carried out  to develop safe and 

standard protocols. Therefore, concerted research efforts are required to find means as 

to how successfully deal with the issue of potential contaminants. There are also many 

reports about the use of microorganisms like bacteria, yeast and fungi for the 

synthesis of metal nanoparticles, either intracellularly or extracellularly (Dhillon et 

al., 2012; Mukherjee et al., 2008; Senapati et al., 2005). 

Many biological systems such as that of fungi (Bhainsa and D'Souza, 2006; 

Castro-Longoria et al., 2011; Jaidev and Narasimha, 2010; Senapati et al., 2005), 

algae (Mata et al., 2009; Singaravelu et al., 2007), bacteria (He et al., 2007; 

Shahverdi et al., 2007), actinomycetes (Ahmad et al., 2003), and plants 

(Sathishkumar et al., 2009a; Sathishkumar et al., 2009b; Shankar et al., 2003) have 

been studied for the synthesis of gold and silver nanoparticles. Synthesis of 

nanoparticles may be intracellular or extracellular of which the later is preferred as it 

makes the downstream processing less laborious. When compared to bacteria, fungi 

are more suitable for extracellular synthesis due to their large biomass which enables 

easy handling during biosynthesis. However, the monodispersity is somewhat difficult 

to achieve while using such extracts, so in addition to the above mentioned biological 

synthesis methods plant extract prove to be the best alternative for synthsizing 

nanoparticles with good control over their size and shape.  

3.1.1 Synthesis of Nanoparticles using Tea Extract 

 Another option for the synthesis of biocompatible nanoparticles is the use of 

plant extracts as reducing and stabilizing agents. This is because biomolecules present 

in certain plant extracts have very good ability not only to reduce the metal ions to 

zerovalent state but also are very efficient to stabilize the reduced metal. Therefore, 

the nanoparticles synthesized employing plant extracts are very stable and need no 

additional stabilizing/capping agent, which is normally needed, while employing 

chemical methods. As compared to any other biological method, the use of certain 

plant extracts can yield nanomaterials at conditions which are fairly closer to ambient 

conditions and involve the use of relatively low cost equipment. Bioreduction of gold 

and silver ions to yield metal nanoparticles using living plants (Aroma et al., 2012; 
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Gardea-Torresdey et al., 2003; Gardea-Torresdey et al., 2005; Kumar et al., 2012), 

Geranium leaf broth (Shankar et al., 2003), Neem leaf broth (Shankar et al., 2004) 

lemongrass extract (Shankar et al., 2005), Tamarind leaf extract (Ankamwar et al., 

2005) and Aloe vera plant extracts (Chandran et al., 2006) have been reported. 

Similarly there are few reports about the use of tea extract for the uniform size metal 

nanoparticles (Kamal et al., 2010; Moulton et al., 2010; Vilchis-Nestor et al., 2008). 

Polyphenols and many other secondary metabolites like gallic acid present in tea 

extract have antioxidant properties and can be utilized efficiently for reducing the 

metal ions and ultimately form the highly uniform and stable nanoparticles. We have 

also used an aqueous extract of black tea to prepare fairly uniform and stable gold 

nanoparticles (Au NPs) while exploiting the reducing/stabilizing ability of various 

anti-oxidants present in such extracts. 

3.1.2 Template Assisted Assembly of Gold Nanoparticles 

The use of biological systems as templates to assemble nanoparticles has the 

potential of integrating the structural and functional diversity of biosystems with the 

inherent properties of nanomaterials (Banerjee et al., 2003; Carny et al., 2006; Chang 

et al., 2005; Li et al., 2009; Liu et al., 2012; Mirkin, 2000; Reches and Gazit, 2003; 

Song et al., 2004). For instance, complex and structurally varied forms of 

microorganisms have been used as templates for the self assembly of metal 

nanoparticles to form varied and functional nanostructures (Flynn et al., 2003; Ge et 

al., 2011; Li et al., 2003; Radloff et al., 2005). Various template-based and template-

less strategies are now being explored to use metal nanoparticles as building blocks to 

develop new nanostructured materials e.g., superlattices (Macfarlane et al., 2011; 

Wang et al., 2012), one-dimensional (DeVries et al., 2007; Hussain et al., 2009; 

Hussain et al., 2010; Nagaoka et al., 2012; Ofir et al., 2008), two-dimensional (Osada 

and Sasaki, 2012; Wang et al., 2010), and three-dimensional assemblies (Hussain et 

al., 2006; Kuzyk et al., 2012; Lee et al., 2010; Maye et al., 2005; Yabu et al., 2011; 

Zhang et al., 2006; Zhang et al., 2008) with useful properties. 

Growing fungal hyphae have recently been realized as interesting biotemplates 

to organize metal nanoparticles to produce nanostructured materials. There are, 

however, only a very few reports in this regard and usually involve the 

functionalization of nanoparticles with specific ligands, such as DNA and glutamate 



                                             Living Fungal Hyphae - Templated Porous Gold Microwires Using Nanoparticles as Building Blocks 

86 

 

etc., to generate their affinity with the fungal hyphae (Bigall et al., 2008; Li et al., 

2003; Sugunan et al., 2007). Li et al. (2003) have reported the assembly of pre-

synthesized and oligonucleotide functionalized Au NPs into organized structures 

using fungus as a living template. This approach is noteworthy as one can easily 

control the assembly due to the programmable interaction between biofunctionalized 

nanoparticles and the living template (Li et al., 2003). The process of nanoparticles 

assembly onto growing hyphae can be illustrated as shown in Fig. 3.1.  

 

Fig. 3.1. Schematic illustration of the oligonucleotide functionalized AuNPs assembly  into 

ordered microscopic structures using living hyphae of a filamentous fungus as the template: a) 

the single-stranded DNA functionalized AuNPs bind to its cell wall as the living fungal 

hyphae grows b) additional layers of DNA functionalized nanoparticles can be assembled 

onto the surface of the nanoparticles tube through DNA hybridization, c) unmodified hyphae 

ends due to continuous growth of fungal hyphae, d and e) these fresh ends can be modified 

with new particles, thus providing control of the architecture along the growth axis (taken 

from Li et al., 2003).
 

In the present study, various simple, biocompatible, and green methods have 

been developed to produce fairly uniform, stable and biocompatible gold 

nanoparticles. A fungus (Aspergillus niger) was inoculated in as-prepared Au NPs 

suspension, produced by an aqueous tea extract, in the absence of any additional 
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chemicals and nutrients to produce fungal hyphae - gold nanoparticle composites with 

high gold contents. Heat treatment of these composites led to the formation of porous 

gold microwires using gold nanoparticles as building blocks. 

Such studies lay down the basis for the research to explore the methods, first 

to synthesize biocompatible nanoparticles and then direct their assembly using 

biomaterials (like fungal hyphae) to organize them into structurally/functionally 

important materials with nanoscale features. Plants and their extracts give a hope to to 

synthesize biocompatible metal nanoparticles with a fair control over their 

morphology. 

3.2 Objectives of the Present Study 

 Extracellular synthesis of Au NPs using the fungus Aspergillus niger. 

 Synthesis of Au NPs using the mycelia free spent medium or fungal biomass 

extract  

 To exploit the reducing properties of aqueous tea extract to synthesize Au 

NPs. 

 To develop a simple, reproducible, sustainable and an environmentally 

friendly process to coat growing fungal hyphae (of Aspergillus niger) with 

biocompatible Au NPs under nutrients deprived conditions. 

 To investigate the impact of heat treatment on the morphology of fungal 

hyphae- Au NPs composites. 

3.3 Materials and Methods 

 3.3.1 Culturing Conditions for Aspergillus niger 

Aspergillus niger, a wild type strain obtained from NIBGE, Faisalabad, culture 

collection, was used throughout the study. To get the biomass, the fungus was grown 

in 250 mL flasks, each containing 50 mL of growth medium with the following 

composition (g/L): 100 sucrose (Biorad), 1.5 sodium nitrate (NaNO3), 0.5 potassium 

dihydrogen phosphate (KH2PO4), 0.025 magnesium sulphate (MgSO4 · 7 H2O), 0.025 

potassium chloride (KCl) (Merck), and 1.6 yeast extract (Difco). The flasks 

containing autoclaved growth medium were inoculated with 100 µL of A. niger 
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spores. The culture was incubated in a rotary shaker (Kuhner shaker LTX) at 30 °C 

with shaking speed of 120 rpm for 4 days. Afterwards, the biomass was harvested by 

filtration through Whatman Autovials (0.45 µm) and washed extensively with sterile 

and ultrapure deionized water to remove any residual growth medium component. 

The washed biomass was re-suspended in 100 mL of sterile deionized water and 

stored at 4 °C for future use. 

3.3.2 Synthesis of Au NPs using Fungal Growth Medium 

After 4 days of incubation, the mycelia were removed from the growth 

medium by filtering through Whatmann filter paper (0.45 µm).  Hydrogen 

tetrachloroaurate (HAuCl4 · 3H2O) was added to 10 mL of mycelia free growth 

medium to an overall concentration of 1 mM. The pH of the medium was adjusted 

with 1M sodium hydroxide (NaOH) or 1 M hydrochloric acid (HCl) solution. The 

mixture was stirred with magnetic stirrer at room temperature for 3 h. Similarly, the 

Au NPs were also synthesized under reflux conditions.  

3.3.3 Synthesis of Au NPs using Bioreductants from Fungal Biomass 

For the extraction of intracellular biomolecules, the fungal biomass (prepared 

as described in subsection 3.3.1) was lyophilized. For the preparation of extract, the 

lyophilized fungal biomass (0.05 g) was dispersed in 10 mL of ultrapure deionized 

water and incubated at room temperature for 48 h. The cell debris was removed by 

filtration through Whatmann filter paper (0.45 µm) and the supernatant, which 

contained the fungal extract, was separated. A volume of 0.5 mL of HAuCl4 · 3H2O 

(10 mM) was added to 4.5 mL of the fungal extract. The pH of the reaction mixture 

was adjusted by adding a 1 M NaOH solution or 1 M HCl solution. The reaction was 

allowed to proceed under gentle stirring at room temperature for 4 h. The colour of 

the reaction mixture turned from yellow to purple, a characteristic colour of the Au 

NPs. The nanoparticles solution (1 mL) was centrifuged at 10,000 rpm for 10 min at 

25 
°
C in a refrigerated centrifuge (Eppendorf, 5810R) and pellet was re-suspended in 

ultrapure deionized water for characterization using UV-Vis spectrophotometer, Field 

Emission Scanning Electron Microscope (FESEM) and Transmission Electron 

Microscope (TEM). 
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3.3.4 Use of Fungal Biomass for Synthesis of Au NPs 

For the synthesis of Au NPs, the biomass prepared, as mentioned in above 

section, was re-suspended in 100 mL ultrapure deionized water containing an overall 

1 mM HAuCl4 · 3H2O. The pH of the solution was adjusted by adding 0.1 M NaOH 

or 0.1 M HCl solutions. The mixture of biomass with metallic ions was incubated for 

24 h in an incubator (Kuhner shaker LTX) at 25 °C with shaking at 120 rpm. The 

fungal biomass suspended in the deionized water was grown under same conditions to 

use as control. Aliquots of the reaction solution were collected after definite intervals 

of time and scanned by UV-Vis spectrophotometer for the determination of typical 

surface Plasmon absorption band of Au NPs. After 24 h of incubation, the fungal 

biomass was separated by filtration through Whatmann filter paper (0.45 µm) and 

washed thoroughly to remove any attached metal solution. The small fragments of 

mycelia were analyzed by FESEM and TEM to determine the surface morphology, 

size and shape of the hyphae-bound Au NPs. 

The Au NPs were also synthesized under reflux conditions. The washed fungal 

biomass was suspended in 20 mL gold chloride solution (1 mM) and refluxed for 30 

min. The mixture was then allowed to cool down to room temperature. The biomass 

was isolated from the reaction mixture by filtration, and the mycelia were then 

characterized using FESEM and TEM.  

3.3.5 Preparation of Tea Extract 

For the preparation of tea extract, tea (Lipton yellow label) was purchased 

from the local market. About 10 g of the tea powder was suspended in 250 mL of 

ultrapure deionized water and was refluxed under continuous stirring for about 4 h. 

The tea mixture was allowed to cool down at room temperature and then filtered 

through Whatman filter paper (0.45 µm) to remove any insoluble material. The tea 

extract was stored at 4 °C to prevent any growth of microbes.  

3.3.6 Freeze Drying of Tea Extract 

To avoid the problem of contamination, the freeze dried powder of tea was 

prepared and used throughout the research work. Aliquots of 20 mL from the tea 

extract were freezed at -80 °C and dried in a freeze-dryer (Thermo, Heto PowerDry 

LL1500 Freeze Dryer).  
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3.3.7 Synthesis of Au NPs using Tea Extract 

In a typical experiment to prepare gold nanoparticles, a given volume of a 

warm (50-60 °C) aqueous suspension of freeze-dried tea extract (Ideally, 5 mL, 

5 mg/mL) was added quickly to a boiling aqueous solution of HAuCl4 (100 mL, 1 

mM) under vigorous stirring. The colour of the reaction mixture gradually changed 

from yellow to colourless to violet red within 3 to 5 min after the addition of tea 

extract suspension. The reflux was continued for 30 min to ensure complete reaction 

resulting in the formation of ruby red gold nanoparticles suspension. The 

nanoparticles suspension was then filtered through a 0.45 µm Millipore syringe filter 

to remove any insoluble impurities, and stored at 4 °C for further analysis and for the 

growth of fungus, A. niger. 

3.3.8 Self Assembly of Au NPs on to Growing Fungal Hyphae 

A. niger was grown on agar medium in culture plates maintained at 37 °C. Au 

NPs suspension, prepared using aqueous tea extract, was placed in an incubator 

maintained at 37 °C and was inoculated with A. niger spores. The spores started 

germinating after about 24 h under nutrients starved conditions (no additional carbon 

or mineral resources were added to the medium), in the presence of biocompatible Au 

NPs. Since the nutrients available in tea extract were immobilized onto nanoparticles 

surface, the Au NPs got accumulated onto growing hyphae due to destabilization as 

the fungus consumes the nutrients. This led to the organized assembly of Au NPs onto 

growing fungal hyphae and the red growing fungal biomass was clearly visible within 

48-72 h.  

3.3.9 Fabrication of Porous Gold Microfibers 

After 48-72 h of incubation of fungal biomass in Au NPs solution, the hyphae 

appeared red in colour, showing the assembly of Au NPs on to growing hyphae. The 

hyphae were removed from the nanoparticles solution and washed thoroughly with 

ultrapure deionized water in order to remove the un-adsorbed Au NPs. Drying was 

proceeded at room temperature. The red fungal hyphae – Au NP composites were 

then heat treated in a box furnace (Nabertherm, High Temprature Lboratory Furnace 

LHT 04/16) in open air at various temperatures up to 550 °C to produce porous gold 

microwires. 
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3.3.10 Characterization of Nanoparticles and Composite Material 

Transmission and scanning electron microscopy was carried out using a field 

emission scanning electron microscope (FESEM, JEOL, JSM-7500F) equipped with a 

transmission and energy dispersive X-ray (EDX) detectors. Nanoparticle specimens 

for inspection by electron microscopy were prepared by slow evaporation of one drop 

of a dilute aqueous solution of the particles on a carbon coated copper mesh grid. 

FESEM analysis of fungal hyphae – Au NPs composites was carried out by removing 

the composite red fungal biomass by repeated centrifugation and washing with 

ultrapure deionized water to remove loosely bound particles and other impurities. The 

composite samples and heat-treated porous gold microwires were then loaded onto 

copper stubs without further conductive coating for analysis by FESEM and/or EDX. 

A UV-Vis spectrum of Au NPs suspension was recorded using a UV-Vis 

spectrophotometer (CECIL 7000 series) from 300 – 800 nm. 

 3.4 Results and Discussion 

Microorganisms grow into unique and structurally diverse architecture that make 

them attractive candidates to be used as biotemplates to direct the material synthesis. 

In the present study, we have developed a simple and facile route for the organization 

of biocompatible Au NPs onto growing fungal hyphae to fabricate the gold 

microstructures. The schematic illustration of all the events is shown in the Fig. 3.2. 
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Fig. 3.2. A scheme for the formation of porous gold microwires using growing fungal hyphae 

as sacrificial template. Fungal spores suspended in solution of Au NPs, synthesized using tea 

extract (a). The red fungal biomass coated with Au NPs after 48-72 h (b). Closer view of 

fungal hyphae-nanoparticle composites (c) and the porous gold microwires formed after heat 

treatment (d).  

3.4.1 Synthesis of Au NPs by Fungal Biomass, Hyphae-free Growth Medium 

and Fungus Extract 

Fungal biomass, mycelia free growth medium, and fungal extract were 

prepared according to the procedures mentioned in the section 3.3.1, 3.3.2 and 3.3.3, 

respectively. The washed fungal biomass was suspended in the aqueous solution of 

gold ions and refluxed under continuous stirring. The colour of the biomass changed 

from off-white to purple in 3-4 h, which is an indication of Au NPs formation (Fig. 

3.3 A and B). The purple biomass separated from the aqueous solution contained both 

fungal biomass and Au NPs, while the aqueous supernatant was colorless (no 

absorption band in the 400-800 nm region using UV-Vis spectroscopy). These results 
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clearly indicated the in situ formation of nanoparticles on the fungal biomass. The 

mycelia of the growing culture (with and without NPs) were visible under the optical 

microscope. A remarkable difference was observed in the contrast of the fungal 

hyphae decorated with the Au NPs and control hyphae (without Au NPs). This 

difference was due to the thick coating of fungal hyphae with gold nanoparticles (Fig. 

3.3 C and D). Sugunan et al. also observed similar difference in the contrast of Au 

NPs decorated mycelia as compared to the control during optical microscopic 

characteriazation (Sugunan et al., 2007). 

 

Fig. 3.3. Optical images of freeze dried Aspergillus niger hyphae (A), grown in the mineral 

medium at 30 
o
C for 4 days and the washed hyphae were refluxed with HAuCl4 to obtain the 

fungal hyphae-nanoparticle composites material (B). Stereomicroscopic images of fungal 

hyphae in the absence of gold salt (C) and then refluxed in HAuCl4 solution to get the fungal 

hyphae-nanoparticle composites (D).  

For further confirmation, the composite material was analyzed by FESEM 

equipped with transmission electron dtector. The electron microscopic images of the 
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control fungal hyphae i.e. without the Au NPs (Fig. 3.4) showed the presence of 

fungal hyphae of about 2-3 µm in diameter. After the in situ formation of Au NPs, the 

surface of A. niger hyphae was densly coated with spherical gold nanoparticles of 25-

30 nm (Fig. 3.5). There are reports about the presence of many functional groups like 

amine, carboxyl, sulfhydryl and hydroxyl on the cell surface of A. niger and side 

chains of glycoproteins (Anke, 2002). It has also been reported that the amino acids 

like lysine, aspartic acid and arginine could be used as mild reducing agents in the 

synthesis of Au NPs (Bhargava et al., 2005; Shao et al., 2004).  

 

Fig. 3.4. Field emission scanning electron micrographs of control hyphae. The  A.  niger was 

grown in the growth medium for 4 days at 30 °C and 120 rpm. The off-white fungal hyphae 

were washed and freeze dried. The small portion was kept on copper stubs for FESEM 

analysis at different magnification in SEM mode (A and B).  
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Fig. 3.5. Transmission electron microscopy images of hyphae of A.  niger grown in aqueous 

HAuCl4 (1 mM) solution refluxed for 30 min. Au NPs selectivly formed at the surface of 

hyphae as shown in TEM images (A and B) and FESEM images of fungal hyphae-

nanoparticles hybrid material (C and D). 

For further investigation of the functional groups, the FTIR studies were 

carried out to identify different functional groups involved in the reduction of metal 

ions. The FTIR spectra of the control fungal biomass before the addition of gold salt 

(black) and fungal biomass-nanoparticles composite formed after the reduction of 

gold salt (pink) are shown in Fig. 3.6. The peak pattern for both the biomaterial and 

gold nanoparticles (synthesized by the biomass) was almost the same without any 

major differences except peak intensities. Two bands at 1630 and 1553 cm
-1

 were 

observed which correspond to the amide I and amide II bands of the proteins, 

respectively. These results are in agreement with previous reports (Shankar et al., 

2003; van de Weert et al., 2001). It is well documented that the proteins had a greater 

tendency to bind the metal ions through free amine or cysteine residues present in the 

protein backbone (Gole et al., 2001; Sastry et al., 2003; Vigneshwaran et al., 2007) 

and therefore these proteins may be responsible for the stabilization of Au NPs 

synthesized using A.  niger by binding to their surface and prevent their 
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agglomeration in the medium. The two bands observed at 1439 and 1024 cm
-1

 could 

be attributed to the presence of C-N stretching vibrations of aromatic and aliphatic 

amines, respectively. The peak at 1453 cm
-1

 arises due to the symmetric stretching of 

COO
-
 attributed to the presence of proteins with carboxyl side groups in their amino 

acid residues. A shift of about 14 cm
-1

 in this peak was observed after the formation 

of Au NPs from fungal biomass, in which it appears at 1439 cm
-1

. This was the only 

peak shift in the FTIR spectrum and that illustrate the participation of carboxyl side 

groups of fungal cell wall in the reduction of gold ions. Xie et al., reported the 

involvement of carboxlic side groups, on the A. niger cell wall, in the gold ion 

reduction (Xie et al., 2007b). 

 

Fig. 3.6. FTIR spectra of control fungal biomass (black) and fungal biomass - Au NPs 

composites (pink). 

The Au NPs synthesis was also studied using the spent growth medium, to 

explore the ability of the extracellular biomolecules for the reduction of the metal 

ions. For this purpose, 10 mL of mycelia free growth medium, obtained after 4 days 

of fermentation, was incubated with an aqueous solution of HAuCl4 with an overall 

concentration of 1 mM. The mixture was allowed to stir at room temperature for 

about 3 h. During the reaction, the colour of reaction mixture changed from light 

yellow to purplish red, which is the characteristic colour of Au NPs in the size regime 
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of 25-40 nm. A control experiment in which HAuCl4 solution was added to freshly 

prepared growth medium showed no change in colour, which clearly indicated the 

formation of Au NPs due to the reduction of gold ions with some metabolic products 

of the fungus. The UV-Vis spectrophotometric analysis showed the presence of 

surface Plasmon absorption bands at 532 nm (synthesized in spent medium) and 534 

nm (synthesized by fungal extract), which represent the characteristic surface 

Plasmon absorption bands of Au NPs (Fig. 3.7).  

 

 

 

 

 

 

 

 

 

Fig. 3.7. UV-Vis spectra of Au NPs synthesized using mycelia free spent medium (a) and 

fungal biomass extract (b). 

Further the transmission electron micrographs of the as-synthesized Au NPs 

predicted the presence of spherical shaped particles (Fig. 3.8 A) with an average 

diameter of about 10-15 nm as shown in the size distribution graph (Fig. 3.8 B). Xie 

et al. also reported the synthesis of different shapes and size of Au NPs at high yield 

by reducing the gold ions with mycelia free spent medium or biomass extract of A.  

niger (Xie et al., 2007a). Moreover, Bharde et al. studied the synthesis of magnetite 

using extracellular cationinc proteins secreted by the fungus Fusarium oxyporum and 

verticillium sp (Bharde et al., 2006). In addition to the gold, other metals like silver 

nanoparticles might also be biologically synthesized extracellulary by fungus 

penicillium sp. (Castro-Longoria et al., 2011; Jaidev and Narasimha, 2010; Philip, 
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2011). So this proved to be the most interesting feature of the fungal system for the 

biological synthesis of metal nanoparticles which could be extended for the 

preparation of various metals nanoparticles in an environmental-friendly way. 

Fig. 3.8. Transmission electron micrograph (A) and size distribution curve of Au NPs (B) 

synthesized using mycelia free spent medium after 4 days of fermentation of A. niger culture 

at 37 
o
C and 120 rpm.  

3.4.2 Synthesis of Au NPs Using Tea Extract 

  We also exploited the antioxidant properties of aqueous tea extract, due to 

various ployphenolics including flavonoids and catchins etc. to prepare Au NPs 

(Kulisic et al., 2006; Padmini et al., 2008). In this regard, water soluble components 

of commercial black tea were extracted in boiling water. The filtered aqueous tea 

extract was freeze-dried to obtain a powder, which was then used to prepare water-

dispersible Au NPs. In order to prepare Au NPs, an aqueous solution of gold salt was 

boiled followed by the addition of a known amount of freeze-dried tea extract powder. 

The formation of Au NPs was observed within 10 min by the appearance of a ruby red 

colour (inset of Fig. 3.9) and the reaction was allowed to completion for a sufficient 

time under constant and vigorous stirring. Metal nanoparticles once formed have the 

strong tendency to agglomerate into the larger particles due to forces of attraction. 

Capping or stabilizing agent prevents the agglomeration of the nanoparticles either by 

steric hindrance effect or due to simple electrostatic repulsive forces (Studart et al., 

2006). No additional capping agent was used in this experiment, as the chemical 

components of tea extract act both as the reducting and stabilizing agents for the Au 

NPs. The Au NPs so formed have a characteristic and fairly narrow Plasmon 

absorption band at 520 nm as determined by UV-Vis spectroscopy (Fig. 3.9).  
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Fig. 3.9. UV-Vis spectrum of Au-NPs formed after the addition of tea extract to the HAuCl4 

solution showing the surface Plasmon band at 520 nm and their digital photograph (inset).  

  The UV-Vis spectroscopy results were further confirmed by electron 

microscopy. TEM examinations of these particles showed that they were fairly 

uniform in size and shape (Fig. 3.10 A) and ranged in size from 15 to 25 nm as shown 

in Fig. 3.10 B. It could be observed from the micrographs that the Au NPs are well 

separated from each other with apparently uniform interparticle distances. This shows 

that the particles are well coated with organic molecules, like polyphenols, which 

stabilized them in the aqueous solution. Nune et al., also reported the synthesis of 

biocompatible Au NPs (15-45 nm) using the phytochemicals present in tea leaves 

(Nune et al., 2009). In comparison, the nanoparticles synthesized during this study 

were more monodisperse as compared to nanoparticles reported by Nune et al. (Nune 

et al., 2009). In addition to the Au NPs, there are a few recent reports on the use of 

aqueous tea extrat for the formation of other metal nanoparticles such as those of 

silver and platinum etc. (Moulton et al., 2010; Nadagouda and Varma, 2008). The 

Fig. 3.10 B shows the histogram of the gold particles, which was obtained by 

measuring the size of at least 300 nanoparticles using image J software, indicating that 

majority of the particles lie in the size range of 15-25 nm. It is worth mentioning that 

these Au NPs were fairly stable against electrostatic imbalance and can withstand 

electrolyte (NaCl) concentration of at least 0.2 M, unlike citrate-reduced gold 
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particles which undergo aggregation at an electrolyte concentration of as low as 50 

mM. 

 

Fig. 3.10. Transmission electron micrograph of Au NPs produced using aqueous tea extract 

(A). Histogram showing the size distribution of Au NPs synthesized using tea extract as 

reducing as well as stabilizing agent (B).  

  The current synthesis of Au NPs using tea extract as reducing and stabilizing 

agent make them potential candidates for biomedical applications. This is due to the 

fact that they fullfill one of the pre-requisites that is essential for the application of Au 

NPs in biological system and this supreme requirment is the preparation and 

stabilization of nanoparticles using environmental - friendly and biocompatible 

materials/processes (Kattumuri et al., 2007; Mohanpuria et al., 2008; Siddiqui et al., 

2009). 

3.4.3 Self Assembly of Au NPs onto Growing Fungal Hyphae 

  The fungal hyphae get decorated with Au NPs, as they grow, under nutrients-

starved conditions to produce hybrid material. The fungus - Au NPs hybrid 

microstructures so obtained were typically 1–2 micrometers in diameter and more 

than a few millimeters in length. The intense red colour, the typical colour of Au NPs, 

and electron microscopic characterization of these hybrid materials show high loading 

of gold nanoparticles and that they retain their individual characteristics. These hybrid 

nanostructured materials are thus expected to have different conduction properties as 

compared to those which were obtained from fungal growth in gold solution reduced 

by glutamate, resulting in Ohmic behaviour close to that of bulk gold (Sugunan et al., 

C 
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2007). Heat treatment of these hybrid materials led to the formation of porous gold 

microwires which may have interesting applications in catalysis, sensing and 

electronics. 

 In order to grow the fungus, A. niger spores were inoculated at room temperature in 

an aqueous suspension of Au NPs prepared by aqueous tea extract. No additional 

nutrients were added to promote the growth of the fungus. The growth of fungus was 

thus not visible during the first 1-2 days due to the limited amount of organic and 

inorganic nutrients in nanoparticles suspension. A red-coloured biomass started to 

become visible after 48 h which slowly increased with time till 7-10 days (Fig. 3.11) 

and the mass of this fully-grown fungus was almost directly proportional to the 

volume of as-prepared nanoparticles suspension in which its spores were inoculated. 

The appearance of this red colour confirms the reduction of gold ions to form the Au 

NPs (Binupriya et al., 2010; Narayanan and Sakthivel, 2008; Singaravelu et al., 2007; 

Wang et al., 2009).   

 

Fig. 3.11. Optical images of growing fungal biomass in aqueous suspension of Au NPs 

synthesized using tea extract as reducing as well as stabilizing agent (A). Zoomed image of a 

part of growing fungus, A. niger, showing red-coloured hyphae (B). 

  Tea is a natural source of the amino acid theanine, methylxanthines such as 

caffeine and theobromine, and polyphenolic antioxidant catechins having no 

carbohydrates, fats, or proteins. Catechins present in tea play an important role in the 

reduction of gold ions in the aqueous solution of chloroaurate (HAuCl4) and are found 

to be a strong reducing agent. These are present in black, green, and Jasmine tea 
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infusions (Bronner and Beecher, 1998). The Au NPs prepared using tea extract have 

these biomolecules at their surfaces, which are available to the growing fungus as 

their nutrients. As the fungal growth proceeds, the fungus consumes the nutrients thus 

destabilizing the Au NPs resulting in their aggregation/accumulation on the growing 

hyphae. We assume that the physiological process of absorption of reacted/unreacted 

biochemicals in aqueous tea extracts, which may or may not be on nanoparticles 

surface, derives the assembly of nanoparticles on growing fungal hyphae. The 

utilization of the nutrients, acting as stabilizers of Au NPs, induces instability and thus 

resulting in the accumulation of hydrophobic Au NPs onto growing hydrophobic 

fungal hyphae. Subsequent layers of gold particles are formed on the first deposited 

layer due to agglomeration induced by continued depletion of stabilizers from the 

nanoparticles surface. In another experiment, we cleaned gold nanoparticles from the 

excess of biochemicals/nutrients by repeated cycles of precipitation by centrifugation 

at 13,000 rpm, discarding the supernatant and re-dispersing the nanoparticle 

precipitates in ultrapure deionized water. Inoculation of fungal spores in the clean 

nanoparticles suspension did not result in their growth for upto a month. This 

indicates that the excess biochemicals/nutrients available in tea extract play a 

fundamental role in the growth of fungus and the subsequent assembly of 

nanoparticles on growing hyphae.   

  The Fig. 3.12 (A-D) shows FESEM characterization of fungal hyphae Au NP 

composites, without any additional conductive coating, showing fairly uniform and 

high loading of Au NPs on the fungal hyphae. EDX results of nanoparticle coated 

fungal hyphae, dried on carbon coated copper grid, confirmed the presence of gold 

(~15% w/w). The loading of Au NPs was fairly controllable by varying the 

concentration of Au NPs and the inoculation. 
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Fig. 3.12. Field emission scanning electron micrographs of hyphae of A. niger grown in 

colloidal gold solution. The Au NPs are heavily loaded on the surface of hyphae (A), the 

hyphae are almost completely decorated with Au NPs, which are more prominent on higher 

magnification (B, C, D) 

3.4.4 Calcination of Fungal Hyphae-nanoparticles Composite Material to 

Produce Gold Microwires 

When fungal hyphae-Au NPs composites were subjected to heat treatment, the 

organic framework was gradually removed to produce porous microwire-like 

structures of gold. The organic contents of these composite wire-like structures started 

decreasing at about 250 °C and were almost completely removed at temperature 

above 550 °C. The fungal hyphae- Au NP composites were subjected to the different 

temperatures like 350, 400, 520 and 750 
o
C (Fig. 3.13, 3.14, 3.15, and 3.16 A-D 

respectively). At temperatures beyond 550 °C, the Au NPs were almost completely 

coalesced and fused to produce porous gold microwires due to the removal of organic 

contents. These results are in consistent with our previous findings that organic 

template is almost completely removed by heat treatment beyond 550 °C to produce 

emulsion templated porous gold beads and porous gold microwires using polymer 

beads and rhamnolipid microtubules as templates, separately (Rehman et al., 2010; 
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Zhang et al., 2004).  At temperature beyond 750 °C, the Au NPs were completely 

fused together to form micrometer long fused wires of several hundred nanometer 

thick gold crystallites. 

 

Fig. 3.13. Field emission scanning electron micrographs of fungus hyphae-Au NP composites 

after heating at 350 °C for 30 min in furnace showed that the hyphae are partly calcinated (A 

and B), which is more prominent on higher magnification (C and D). 
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Fig. 3.14. Field emission scanning electron micrographs of fungus hyphae-Au NP composites 

after heating at 400 °C for 30 min in furnace showing that the organic template start 

decomoposing (A-D). 
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Fig. 3.15. Field emission scanning electron micrographs of fungus hypha-Au NP composites 

obtained after heating at 520 °C for 30 min in furnace showing the porous gold microtubule 

like structures (A-D).  
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Fig. 3.16. Field emission scanning electron micrographs of gold microwires like structure, at 

different magnifications, obtained after calcination at 750 °C for 30 min in furnace.  

3.5 Conclusions and Future Prospectives 

 To summarize, we have developed a simple, reproducible, green and a sustainable 

process for the synthesis of Au NPs by tea extract, fungal biomass and the spent 

medium after the growth of fungus. The Au NPs formed by fungal biomass without 

using any additional chemicals represent a useful system to prepare fungus-Au NP 

composite materials. Such composite materials may lead to porous gold 

nanostructured materials after heat treatment for a variety of applications. The fairly 

uniform and biocompatible Au NPs produced by reducing gold salt with an aqueous 

tea extract were also used to prepare fungal-Au NP composites. In this case, 

inoculation of fungal spores in Au NPs suspension led to the growth of fungal hyphae 

which appeared intensely red due the accumulation of nanoparticles on their surface. 

The heat treatment of fungal hyphae-Au NPs composites led to the formation of 

porous gold microwires, which may have potential applications in catalysis, sensing 

and electronics. 
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Chapter 4 

Preparation of Macroporous Polymer-metal Nanoparticles 

Composite Materials 

4.1 Introduction and Review of Literature 

Materials with hierarchical porosity have attracted much attention because 

they combine the advantages of high surface area with the accessible diffusion 

pathways associated with macroporous structures (Adelhelm et al., 2012; Ahmed et 

al., 2011; Ariga et al., 2012; Mattiasson et al., 2009). Porous material can be 

categorized, on the basis of the pore size, into microporous (< 2 nm), mesoporous (2-

50 nm) or macroporous (> 50 nm). These materials have higher pore volumes because 

of the presence of large macropores (specially pores with diameters >1 µm), and can 

provide active sites for transport of large molecules. Various types of useful porous 

materials have been synthesized using different approaches, for example porous 

carbon monoliths by nanocasting (Adelhelm et al., 2012), nanoporous carbides 

(Borchardt et al., 2012), macroporous monolithic materials for protein recognition 

(Deng et al., 2011), nanoporous organic and inorganic materials by microemulsion 

template (Jones and Lodge, 2012) etc. In addition to these materials, the interest in the 

fabrication of porous metals is increasing day by day due to their catalytic properties, 

high surface area and controlled porous morphology (Nandiyanto et al., 2010). 

Number of methods have been reported by the researchers for the preparation of 

porous metals including the use of colloidal crystal templating and other template-

based strategies, suspension/emuslion polymerization,  and dealloying etc (Behrens 

and Spittel, 2005; Cong and Yu, 2011; Rahman et al., 2012; Yan et al., 2012; Yoda et 

al., 2004; Zhang et al., 2004), but the template based and dealloying strategies proved 

to be more potential for the preparation of uniform porous nanomaterials. In 

dealloying method the nanoporous metal can be prepared by dealloying the precursor 

alloys using electrochemical or chemical method. When the surface of such alloys 

comes in contact with any electrolyte solution, galvanic reaction starts during which 

the more anodic material is being attacked and starts corroding leaving behind the 

cathodic material, which actually is bound to its shape with voids/pores created due to 

the corrosion of anodic material (Liu et al., 2012). 
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Emulsion templating method is the most versatile and commonly used route 

for the preparation of highly porous polymeric materials that could be used as 

templates for the fabrication of new class of porous nanomaterials (Baldinozzi et al., 

2012; Cameron, 2005; Liu et al., 2009; Pashkuleva et al., 2010). A number of 

research groups have investigated the synthesis of highly porous, emulsion templated 

organic polymers (Leber et al., 2007; Li et al., 2009; Nguyen et al., 2009; Yan et al., 

2012; Zhang et al., 2011). Most easily prepared form of macroporous materials is in 

the form of continuous monoliths or as thin films. Large spherical particles can also 

be prepared using a suspension polymerization, but the range of particle size is 

usually very broad (Rahman et al., 2012; Yuan et al., 1991; Zhang and Cooper, 2002; 

Zhang et al., 2011).   

The fabrication of porous metals using template based technique involves the 

formation of a temporary material, called template, whose narrow structural spaces 

are then filled with another material such as metal nanoparticles/nanostructures. The 

metal nanoparticles are absorbed by the polymers or any other organic templates, 

which can be easily removed either by heating at high temperature (calcination), 

microwave digestion or by chemical extraction by an organic solvent (Benamor et al., 

2012; Lai et al., 2009; Ohji and Fukushima, 2012; Qian et al., 2011). Mann has 

developed a relatively new and versatile approach to prepare macroporous metal 

(silver, gold) and metal oxide sponges in monolithic format using dextran as a soft 

and sacrificial template (Walsh et al., 2003). Similarly Meldrum and seshadri reported 

the preparation of less ordered macroporous gold structures using calcium carbonate 

skeletal plates of echinoid (sea urchins) as sacrificial templates (Meldrum and 

Seshadri, 2000). In addition, templated porous gold films can be prepared using 

diblock copolymer templated micelles (Kuo et al., 2012). Porous metals have been 

receiving much interest mainly due to their good catalytic activities (Qiu and Huang, 

2010; Yan et al., 2011). 

A simple preparative route for gold nanocomposite is to first prepare the gold 

nanoparticles (Au NPs) and then diffuse these particles into a porous substrate by 

some means (Zhang et al., 2004). The template is then removed by calcination leaving 

behind the porous metal. However, the mechanical strength of the polymeric template 

is usually not very good due to their porous nature. In addition, significant shrinkage 

also occurs during drying process. To avoid the shrinkage and for the improvement of 
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mechanical strength, the silica, titania or alumina is usually incorporated within the 

polymeric network (Ahmed et al., 2010; Grant and Jaroniec, 2012). Zhang et al., 

reported the synthesis of porous silica inside the pores of polyacrylamide under sol-

gel conditions but the silica particles formed were irregular (Zhang et al., 2004). 

However, the ordered porous silica can be fabricated following the self assembly 

approach under acidic conditions using skeletal templates (Xue et al., 2009). Ahmed 

et al., reported relatively simple method for the synthesis of highly porous emulsion-

templated polymer/silica composite beads by sedimentation polymerization of a high 

internal phase emulsion (Ahmed et al., 2010). 

In addition to gold, other metal nanoparticles such as those of iron oxide, 

platinum, and silver may also be incorporated in the polymeric network to produce 

porous platinum, silver and magnetic materials as well (Behrens, 2011; Behrens and 

Spittel, 2005; Cong and Yu, 2011; Li et al., 2011). These types of porous materials 

have found very good utilization in catalysis, sensors, biomolecules separation, and 

heavy metal removal (Gong et al., 2012; Liang et al., 2007; Nischang et al., 2011; 

Wang et al., 2010; Wu et al., 2011; Xu et al., 2012). In spite of these applications, 

porous materials  are now getting importance in biomedical research as well. For 

instance, such porous materials can be used as template to fabricate the porous 

hydroxyapatite (HAp) scaffold for tissue engineering (Mansur et al., 2012; Martin et 

al., 2012). Hydroxyapatite is the major mineral component of natural bone and is an 

importance material in orthopedic implants due to its biocompatibility. The 

hierarchical porous structure of the HAp is desired to increase the mechanical strength 

and support the growth of the cell (bone marrow derived mesenchymal stem cells) by 

enhancing their attachment due to porous morphology. In this context, porous 

chitosan have been used as template to construct the HAp network like nanostructures 

for application as biocompatible scaffolds for bone tissue engineering (Wang et al., 

2011).  

 In the present study, we have extended the use of highly porous 

polyacrylamide (PAM) beads as sacrificial templates for the fabrication of PAM-

silica/gold/Pt/Iron oxide/HAp nanoparticles composite beads and finally the 

preparation of porous metal/HAp beads after removing the organic template by heat 

treatment. 
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4.1.1 Calcium Alginate Beads 

In addition to the synthetic polymers, some natural polymers also present 

unique morphology and can be used as template for the fabrication of metal-polymer 

composite materials. Among various templates, the alginic acid represent several 

advantages due to their biodegradability, presence of carboxyl groups, natural origin, 

ease of their preparation and the formation of gel upon interaction with bivalent metal 

ions. Moreover, different enzymes/cells can also be entrapped in alginate, thus 

providing an efficient platform for the immobilization studies (Shrinivas et al., 2012).  

On the basis of these significant properties, there is an immense scope for the use of 

alginate as scaffolds for the preparation of polymer-metal nanoparticles composite 

biomaterials. There are few reports about the synthesis of alginate stabilized metal 

nanoparticles including gold, silver, and their alloys (Gao et al., 2008; Pal et al., 2005; 

Saha et al., 2009) in the aqueous alginate solution and some reports about the 

formation of metal (gold, silver, cobalt and nickel magnetic iron oxide) nanoparticles 

inside the polymeric network of calcium alginate beads (Brayner et al., 2005; Brayner 

et al., 2007; Gao et al., 2008). Mitamura et al., reported a simple method for the 

fabrication of gold nanorods-calcium alginate gel composite material (Mitamura et 

al., 2007). In addition, Saha et al., also addressed the formation of mono- and 

bimetallic gold and silver nanoclustures using calcium alginate beads and discussed 

their possible applications in SERS (Saha et al., 2009). Torres et al., reported the 

significant adsorption of gold and silver metals ions from aqueous solution (Torres et 

al., 2005).  

The simplest way to produce the alginate gel beads is the dropwise addition of 

alginate (also known as alginic acid) using a narrow needle into a solution of bivalent 

cations, which induces the cross linking of glucuronic residues of the alginate 

polymer (Morris et al., 2012; Xie et al., 2012). The material that has to be 

incorporated is usually mixed with the alginate solution and then the mixture is 

dropped into the bivalent cations, usually calcium ions, solution ultimately forming 

the gel beads containing the cells/drug entrapped within the lattice of calcium alginate 

beads. 

The fungal biomass has the ability to reduce the metal ions especially gold to 

form the nanoparticles as demonstrated in Chapter 2. In this study, we also examined 



                                                             Preparation of Macroporous Polymer-metal Nanoparticles Composite Materials 

122 
 

the potential of fungal biomass entrapped within the 3D lattice of calcium alginate 

beads to reduce gold ions to form polymer-metal nanoparticles composite beads. 

4.2 Objectives of the Present Study 

 To produce porous metallic (gold/platinum) beads using PAM beads as 

sacrificial templates 

 To extend the use of PAM beads and monoliths as template to produce porous 

magnetic and HAp beads and monoliths. 

 To investigate the role of fungal biomass incorporated in calcium alginate 

beads in synthesizing metal nanoparticles in the biopolymeric matrix 

4.3 Materials and Methods 

4.3.1 Materials 

The following chemicals were used for the production of porous polymer 

beads: acrylamide (AM) (99+ %, Acros), N,N’-methylene bis-acrylamide (MBAM) 

(99 %, Acros), Triton X-405 (70 % solution in water, Acros), poly (vinyl alcohol) 

(PVA) (Mw 9-10 KDa, 80 % hydrolysed, Aldrich), ammonium persulphate (APS) 

(98 +%, Acros), N,N,N,N-tetramethylethylenediamine (TMEDA) (99.5 +% redistilled, 

Aldrich) and mineral oils (heavy and light grades, Aldrich), Tetraethyl orthosilicate 

(TEOS), Cetyl-trimethyl ammonium bromide (CTAB), Hydrogen tetrachloroaurate 

(HAuCl4 . 3H2O), Iron III chloride (FeCl3), Iron sulphate (FeSO4), Ammonium 

Hydroxide (NH4OH), Calcium Chloride (CaCl2), Calcium Hydroxide (Ca(OH)2), Di-

ammoniumhydrogen phosphate (NH4)2HPO4,, Calcium Nitrate (Ca(NO3)2.4H2O).  

4.3.2 Preparation of Porous Polyacrylamide Beads via Sedimentation 

Polymerization 

The porous PAM beads were prepared  by following a synthetic procedure 

first reported by (Zhang et al., 2003). For that purpose, the monomers solution was 

prepared by dissolving 0.96 g AM and 0.24 g MBAM in 3.0 mL of ultrapure 

deionized water and stirred at room temperature to get the clear solution. To the 

monomers solution was added 0.06 g of PVA as co-surfactant and 0.65 mL of Triton 

X-405 (as surfactant), along with an aqueous solution of APS (60 mg of APS in 

0.6 mL water), which acts as an initiator,  and stirred well (~1-2 min) approximately 
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at 600 rpm with an overhead paddle stirrer (RW11 Basic IKA paddle stirrer). The 

internal oil phase of the emulsion, containing a redox initiator (30 mL of light mineral 

oil containing 16.4 mg of TMEDA) was added to the mixed monomer solution 

gradually until a stable high internal phase emulsion was formed. The stirred high 

internal phase emulsion (HIPE) was then injected into the sedimentation column at a 

flow rate of 0.5 mL/min using a A-99 FZ Razel syringe pump, fitted with a 

0.6 mm × 25 mm needle. 

The glass sedimentation column had dimensions of 54 cm in length × 5.4 cm 

outside diameter × 4.5 cm internal diameter. Heavy mineral oil was used as the 

sedimentation medium. The level of the oil was approximately 6 cm from the top of 

the glass column. The sedimentation medium was heated to 60 °C with an electrical 

heating tape. The temperature at the base of the column was maintained by means of 

an oil bath. 

Uniform spherical droplets were formed during sedimentation of the HIPE.   

Sedimentation was typically completed within 15-20 seconds. The partially gelled 

beads were collected at the bottom of the column and complete polymerization was 

achieved by heating the column for further 3 h. The internal oil phase was extracted 

from the beads by immersing them in n-hexane for at least 24 h at room temperature. 

The beads were then washed 10 times with alternating portions of acetone and n-

hexane, before being allowed to air dry at room temperature. Finally, the beads were 

dried overnight under vacuum at 50 ºC. 

4.3.3 Synthesis of Silica-polyacrylamide Beads 

The silica-polyacrylamide beads were prepared by method described by 

Ahmad et al. (2010) with slight modifications. The simple PAM beads were 

thoroughly washed with ultrapure deionized water to remove any un-reacted 

monomers before use. Polyvinyl alcohol (0.25 g) and CTAB (0.1 g) were dissolved in 

5.0 ml of water. To this mixture was added 8 ml ethanol and 2.5 ml TEOS while 

stirring. Then, 10 PAM beads were soaked in this solution and allowed to shake 

gently for 24 h. Ammonium hydroxide solution (2.0 mL of 5 times diluted ammonium 

hydroxide) was then added into the reaction mixture and allowed to shake for 24 h at 

room temperature. The beads were filtered and allowed to dry at room temperature. 
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4.3.4 Synthesis of Metal Nanoparticles 

Gold nanoparticles were prepared by Turkevich method with slight 

modification  (Enustun and Turkevich, 1963). Briefly a warm (50-60 
°
C) aqueous 

solution of tri-sodium citrate (5 mL, 38.8 mM) was added quickly to a boiling 

aqueous solution of HAuCl4 (50 mL, 1 mM). The color of the reaction mixture 

changed to ruby red after 5 min. Reflux was continued for 1 h to ensure the 

completion of reaction. The solution was allowed to cool down to room temperature, 

and centrifuged (Eppendorf, 5810R) at 14,000 rpm for 10 min and re-suspended in 

ultrapure deionized water for further studies. 

For the preparation of platinum nanoparticles (Pt NPs) of about 3-5 nm, 

sodium acrylate solution (80 mm, 0.8 mL) was added to the aqueous solution of 

H2PtCl6 (2.5 mM, 10 mL) and stirred vigorously at room temperature. After 5 min, 

freshly prepared sodium borohydride (20 mM, 4.8 mL) was added dropwise and 

stirring was continued for 4 h. The color of the reaction mixture changes from 

colorless to dark brown immediately after the addition of borohydride. The dark 

brown solution of Pt NPs was then filtered through 0.45 µm Millipore syringe filter to 

remove any insoluble material and the nanoparticles were stored at room temperature 

for further use and analysis. 

Magnetic nanoparticles were synthesized using precipitation method as 

described by (Racuciu et al., 2006). Briefly, 5.6 g FeSO4 · 7H2O and 10.8 g 

FeCl3.6H2O were dissolved in 300 mL ultrapure deionized water under stirring. The 

temperature was increased up to 80
 °

C and 200 mL of 25 % ammonia solution was 

added to precipitate out the magnetite while stirring vigorously and continuously. The 

black precipitates were washed thoroughly with ultrapure deionized water until the 

pH of the particles solution become neutral. The supernatant was decanted using 

permanent magnet to control the magnetic precipitate. The nanoparticles were re-

dispersed in ultrapure deionized water for further use. 

4.3.5 Synthesis of Hydroxyapatite Nanoparticles (HAp NPs) 

HAp NPs were synthesized by simple precipitation method. Briefly 0.5M 

(NH4)2HPO4 aqueous solution was added to 0.5 M (Ca(NO3)2 · 4H2O ethanol solution 

under vigorous stirring. The reaction mixture was allowed to stir at room temperature 
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for about one hour. The white precipitates were washed thoroughly with deionized 

water and dry in an oven at 50 
°
C overnight. 

4.3.6 Synthesis of Emulsion Templated Metal Beads 

For the preparation of emulsion templated metal beads, the PAM beads were 

simply soaked in aqueous solutions of metal/metal oxide, gold/platinum and magnetic 

iron oxide nanoparticles for about two weeks. Alternatively the polymer beads were 

also soaked in the aqueous solutions of metal salts for one week. In situ reduction of 

metal ions was followed by adding aqueous solution of sodium borohydride. The 

PAM beads were also soaked in the concentrated solution of HAp NPs for about one 

week to prepare the porous PAM-HAp composite beads. These composite beads were 

filtered and placed in excess of ethanol for about two hours. The PAM-nanoparticles 

composite beads were dried at room temperature under vacuum. These beads 

containing metal/metal oxide/HAp nanoparticles were calcinated in air using high 

temperature furnace. The temperature was ramped from room temperature to 530
 °
C at 

1 
°
C min

-1
, heat at 530

 °
C for 30 min and then cooled down to room temperature at 

1
°
C min

-1
. 

Similarly, the monoliths were also soaked in aqueous suspension of 

metal/metal oxide/HAp nanoparticles as well as in aqueous metal solutions for about 

one week. The monoliths soaked in metal salt solutions were further soaked in 

aqueous solution of sodium borohydride for in situ reduction of metal ions. The 

monolith-metal nanoparticles composite material was dried in vacuum at room 

temperature, further calcined in air using furnace. The temperature was gradually 

increased from room temperature to 530 
°
C at 1 

°
C min

-1
, held at this temperature for 

30 min and then decreased to room temperature at 1 
°
C min

-1
. 

4.3.7 The Growth of Fungi 

Aspergillus niger and Trichoderma harzianum were obtained from NIBGE 

culture collection. A. niger biomass was obtained according to the method mentioned 

in section 3.3.1 of Chapter 3. Trichoderma harzianum was grown in Vogel’s medium 

at 30 
°
C and 200 rpm. After the fermentation of 72 h, the biomass was harvested from 

the medium by filtration through nylon cloth and washed thoroughly with deionized 

water to remove the media components. This biomass was then stored at 4 
°
C for 
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further use. A known amount of wet biomass was heated in an oven to a constant 

weight and factor was calculated for the estimation of dry weight from wet weight. 

4.3.8 Synthesis of Calcium Alginate Beads 

The calcium alginate beads were prepared following the method reported by 

(Akhtar et al., 2009). Briefly, sodium alginate solution (100 mL, 2 wt %) was added 

dropwise to the 0.2 M CaCl2 solution under gentle stirring. The cross linking of 

alginates started immediately after the contact of sodium alginate with calcium 

chloride solution due to the presence of divalent calcium ions and each drop took the 

shape of a bead after polymerization. The beads were left in calcium chloride solution 

for 1 h. Afterwards the beads were filtered and washed thoroughly with deionized 

water. For synthesizing calcium alginate beads with fungus, the fungal biomass (2 %) 

was mixed with sodium alginate solution (2 %) and then this mixture was dropped 

into the calcium chloride solution to obtain the beads.  

Same method was used for the preparation of metallic silver-calcium alginate 

beads except that the beads were prepared without incorporation of fungal biomass 

and using Ca(OH)2 instead of CaCl2.    

4.3.9 Preparation of Metallic Gold/Silver-calcium Alginate Beads 

For preparation of metallic beads, the freshly prepared calcium alginate-

fungus beads (approximately 100 beads) were soaked in the aqueous solution of gold 

chloride (20 mL, 1 mM) and incubated at room temperature. The beads become 

reddish purple after about 2-3 h, indicating the formation of Au NPs on the surface as 

well as interior of the bead. For preparation of silver-calcium alginate beads, 

approximately 100 beads (prepared using Ca(OH)2) were soaked in aqueous silver 

nitrate solution (20 mL, 1 mM) and incubated at room temperature in dark for 48-72 

h. The beads become yellowish brown in color indicating the formation of silver 

nanoparticles (Ag NPs). Both type of beads were filtered and washed thrice with 

deionized water to remove the adsorbed metallic ions and dried in air. 

4.3.10 Preparation of Polyacrylamide-fungal Extract Beads 

The A. niger biomass extract was prepared as described in section 3.3.3 of 

Chapter 3. Polymer beads were then prepared using the same procedure as discussed 
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above in section 4.2.2 except that the fungal extract (3 mL) was used as aqueous 

phase for the monomer solution instead of ultra pure deionized water. The dried beads 

(approximately 50 beads) were then soaked in gold chloride aqueous solution (20 mL, 

1 mM) and shaked at room temperature for 24 h. The beads become purple showing 

the formation of Au NPs. The beads were filtered and washed with ultrapure 

deionized water and dried at room temperature for further studies. 

4.3.11 Characterization 

The aqueous solutions of Au/Pt NPs were centrifuged (Eppendorf, 5810R) at 

25,000 rpm at 25 
°
C for 10 min. The pellet, containing NPs, was re-dispersed in 

ultrapure deionized water. The resulting samples were characterized by UV-Vis 

absorption spectroscopy using CECIL (Aquarius) 7000 series, double beam UV-Vis 

spectrophotometer. For transmission electron microscopic analysis, an aliquot of 5-10 

µl of the clean nanoparticles dispersion was dropped onto a carbon coated copper 

grid. After evaporation of water at room temperature, conventional transmission 

electron micrographs were recorded on a Transmission Electron Microscope (TEM) 

(JEOL, JEM 1010) at an operating voltage of ~100 Kv. The surface morphology of 

porous PAM beads and their composites with Au/Ag/Pt/HAp/Magentic NPs, before 

and after calcinations, was determined by Field Emission Scanning Electron 

Microscope (FESEM) (JEOL, JSM-7500F) equipped with a transmission electron 

(TE) and energy dispersive X-ray (EDX) detectors. For this purpose, portions of PAM 

beads and their composites were mounted on copper stubs using carbon paste and 

observed under FESEM with or without conductive coating. 

 4.4 Results and Discussion 

4.4.1 Synthesis of Polyacrylamide Beads 

Highly porous PAM beads were prepared by sedimentation polymerization 

process. The as-prepared polymer beads have an average diameter of  3.5-4 mm with 

a standard size deviation of less than 3 %. The size and shape of the PAM bead was 

very uniform. Fig. 4.1 shows the digital photograph of polymer beads and monoliths 

prepared by polymerization method. 
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Fig. 4.1. Digital Photographs of PAM beads and monoliths prepared by sedimentation 

polymerization, washed thoroughly with acetone and hexane to remove the oil and dried 

under vacuum. 

It is evident from the scanning electron micrographs (Fig 4.2) of PAM beads 

that the internal features of the beads are highly porous with numerous macropores 

opening at the surface of the beads and are uniformly connected with the interior of 

the PAM beads. Average pore diameter for the PAM beads was measured from SEM 

micrographs (˃200 pores measured) and was estimated to be 10-16 µm. Zhang et al., 

also demonstrated the preparation of emulsion templated macroporous PAM beads 

with average pore diameter of 2-15 µm (Zhang and Cooper, 2002). Such type of 

porous hydrophilic polymers are very important materials in terms of their 

applications in a variety of fields especially as catalysts supports, and potential water 

purification materials etc. (Pulko et al., 2007). The polymer beads swelled 

significantly in water which depicts their highly hydrophilic nature. The beads were 

dried under vacuum at 50 
°
C overnight. A noticeable shrinkage was observed due to 

the evaporation of solvents during drying. The PAM beads showed about 50-60 % 

mass gain and retain their morphology upon soaking in the solvent. Ahmed et al., also 
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reported similar shrinkage of polymer-silica composite beads with about 45 % mass 

gain (Ahmed et al., 2010). 

 

Fig. 4.2. Digital Photographs of PAM beads prepared by oil-in-water-in-oil sedimentation 

polymerization (A). Field emission scanning electron micrograph of fractured PAM beads 

mounted on stub with carbon paste, showing highly porous morphology (B and C) indicating 

the interconnected pores throughout the bead (D).  

The specific surface area of the polymer beads, measured according to the 

Braunauer-Emmett-Teller (BET) and Langmuir methods, determined by 

Micromeritics ASAP 2020 nitrogen sorption analyzer, was relatively low (2.967 m²/g 

and 4.677 m²/g respectively) indicating that the surface of templated polymer beads 

showed little micro/mesoporosity. This was in agreement with the results of surface 

area and porosimeter analyzer that shows that relatively low BJH adsorption 

cumulative volume of about 0.0013 cm
3
/g was recorded for micro/meso pores of the 

polymer beads. The absolute density of the polymer beads, determined using a 

Micromeritics Helium AccuPyc 1330 Gas pycnometer, was calculated to be 0.2708 

g/cm
3
.  
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FTIR is a useful tool to determine various functional groups in a molecule, 

because each type of a chemical bond has a specific band of energy absorption. To 

identify the specific functional groups in polymer beads, FTIR spectrum was recorded 

using Bruker Alpha-P FTIR with a diamond ATR attachment. Fig 4.3 shows the 

typical FTIR spectrum of the polyacrylamide beads. The presence of a sharp band at 

1651.61 cm
-1

 corresponds to the stretching vibration mode of C=O in –CONH2 group 

and the deformation vibration mode of N-H group of amide, and the peak in the 

region of 3189.36 cm
-1

 belongs to the characteristic peak of anti-symmetric and 

symmetric N-H stretching vibration (3350cm
-1
3180cm

-1
). Additional peak centered 

at 1110.92 cm
-1

 is due to C-N stretching vibration (1190cm
-1
1020 cm

-1
).  

 

Fig. 4.3. FTIR spectrum of the polyacrylamide beads 

4.4.2 Synthesis of Polyacrylamide-metal/metal oxide/hydroxyapatite Composite 

Beads 

The polyacrylamide beads prepared were very fragile due to their highly 

porous nature. The mechanical strength of the polyacrylamide bead was improved by 

incorporating silica (SiO2) nanoparticles in the polymeric matrix. There are some 

studies regarding the preparation of inorganic oxide beads/nanocomposites by 

incorporating the network of e.g., SiO2 (Ahmed et al., 2010), TiO2 (Xiong et al., 



                                                             Preparation of Macroporous Polymer-metal Nanoparticles Composite Materials 

131 
 

2004), Zr2O3 (Zhu et al., 2002) and Al2O3 (Zhang et al., 2006). The porous silica 

spheres have potential applications in various fields specially catalysis and are formed 

by using organic templates like polymers (Ahmad et al., 2010), surfactants and 

bioglass (Minaberry and Jobbagy, 2011) etc. The production of micro/meso/macro 

porous silica depends largely on the type of the template used for its preparation. 

Most commonly used method for the production of non porous nanosilica particles is 

the Stober method under basic conditions (Stöber et al., 1968).  This method was 

modified by (Shimura and Ogawa, 2007) for the synthesis of porous silica 

nanospheres using cationic surfactants as directing agents. 

The PAM beads are hydrophilic in nature and swell significantly when soaked 

in polar solvents. In situ silica nanospheres were formed by immersing the PAM 

beads in alkaline mixture of ethanol and water containing CTAB, PVA and TEOS, 

according to the method reported by (Ahmed et al., 2010) and highly porous polymer-

silica composites beads were obtained. After removing the excess of colloidal silica in 

the solution by filtration, the PAM beads were thoroughly washed and dried. A 

noticeable shrinkage was observed after evaporating the solvents but these composite 

beads showed 50-60 % mass regain and retain their original morphology when re-

soaked in solvent. The morphology of these composite beads was studied by FESEM 

(Fig 4.4), which showed the presence of silica nanoparticles of ca. 50 nm throughout 

the surface and the interior of the bead. As the PAM beads were soaked in TEOS 

solution first and then the precursors were reduced by addition of ammonia, the silica 

nanoparticles were formed and distributed uniformly in the polymeric network of 

bead. The macropores remain interconnected after the formation of silica 

nanoparticles and the bead retained its original morphology except that it was more 

compact and rigid due to the deposition of silica nanoparticles as compared to the 

control PAM beads (without silica nanoparticles). 
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Fig. 4.4. PAM-silica NPs composite beads prepared by in situ formation of silica NPs in the 

polymeric network. Field emission scanning electron Micrograph of fractured PAM bead 

mounted on stub with carbon paste, showing overall bead morphology (A), highly porous 

morphology at higher magnification(B and C), and the presence of silica NPs (D).  

Furthermore, the presence of silica nanoparticles was confirmed by EDX 

analysis (Fig 4.5). The results showed the presence of Si about 12.5 % (w/w) and the 

map analysis clearly indicates that the silica nanoparticles were uniformly distributed 

on the surface and interior of the polymer bead. 
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Fig. 4.5. Polyacrylamide/silica composite beads prepared by in situ formation of silica NPs in 

the polymeric network. EDX spectrum of composite bead showing the presence of silica (A 

and B); the map analysis showing the distribution of carbon, oxygen and silica in the selected 

area of the bead (C, D and E respectively).  

The FTIR spectrum of the composite polymer beads (Fig 4.6) showed 

characteristic absorption band at 948 cm
-1

 associated with the vibrations of Si-OH. 

Moreover, after the synthesis of silica nanoparticles in PAM beads, clear shift was 

observed in the wavenumber from 1110 cm
-1

 in control PAM beads (without silica 

NPs) to 1057 cm
-1

 due to the presence of Si-O bond in composite beads. 

The composite beads have the BET surface area of 1.06 m
2
/g, which is lower 

as compared to the control PAM bead. This may be due to the fact that the formation 

of silica NPs blocked the pores thus reducing the overall bead surface area. However, 

the overall bead morphology still remains porous and these types of templated silica 

beads may be very useful for their applications as catalyst support. 
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Fig. 4.6. FTIR spectrum of PAM beads (blue) and PAM-silica NPs composite beads (black) 

showing the presence of Si-O bond. 

The organization of metal nanoparticles on organic templates, using 

nanoparticles as building blocks, is one of the exciting fields to prepare the 

macroscopic materials. The main interest was to use these polymer beads as a 

template for the assembly of metal/metal oxide nanoparticles to synthesize emulsion 

templated metallic/metal oxide beads. 

Starting from the simple system, the Au NPs were adsorbed on polymer beads 

following the method reported by Zhang el al., with little modification (Zhang et al., 

2004). The PAM beads (45 mg) were soaked in 25 mL of Au NPs solution, 

synthesized by citrate reduction method instead of acrylate-reduction method. The 

UV-Vis spectrum was recorded for the supernatant solution of Au NPs in order to 

monitor the change in the spectrum of colloidal solution. The nanoparticles used were 

15-20 nm in diameter and have the characteristic surface Plasmon band at 520 nm and 

were red in color (as shown in chapter 5, section 5.4.1). There was significant 

decrease in the absorbance of Au NPs in the supernatant, as the particles were 

adsorbed on PAM beads. The change in the intensity of the absorbance was very 

prominent in the beginning as more and more adsorption sites were available for the 

nanoparticles adsorption. With the passage of time, when already adsorbed 
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nanoparticles block the further adsorption, it slows down steadily as compared to the 

initial adsorption rate. After about one week the PAM beads were saturated with the 

Au NPs and concentration of the nanoparticles in the supernatant decreases 

significantly (Fig 4.7). 

Fig. 4.7. UV-Visible spectra of as synthesized Au NPs solution and after soaking PAM beads 

for one week showing the reduction in absorbance. 

Similarly, the PAM beads were also soaked in the aqueous suspension of Pt 

NPs synthesized using borohydride reduction method. Due to the characteristic color 

of nanoparticles the beads become red (in case of Au NPs) and dark brown (in case of 

Pt NPs). The electron microscopic analysis of these composite beads showed that they 

retain their porous morphology and the Au/Pt nanoparticles were adsorbed throughout 

the polymeric matrix. So these beads seem to be very interesting candidate to be used 

as templates for the fabrication of a variety of emulsion-templated porous materials. 

Figures 4.8 and 4.9 (FESEM micrographs of PAM-Au NPs and PAM-Pt NPs 

composite beads respectively) shows the presence of metal nanoparticles on surface 

as well as inside the porous structure of beads.  
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Fig. 4.8. Digital photograph of PAM-Au NPs composite beads (A), prepared by soaking the 

polymer beads in concentrated solution of Au NPs for sufficient period of time to get the 

maximum loading of Au NPs in the polymeric matrix of beads. Field emission scanning 

electron micrograph of PAM beads showing the porous nature of beads (B); presence of Au 

NPs on the surface (C) and inside the porous network (D).  
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Fig. 4.9. Digital photograph of PAM-Pt NPs composite beads (A), prepared by soaking the 

polymer beads in concentrated solution of Pt NPs for sufficient period of time to get the 

maximum loading of Pt NPs in the polymeric matrix of beads.  Field emission scanning 

electron micrograph of PAM bead showing the overall porous nature of bead (B); presence of 

interconnected pores (C) and Pt NPs loaded on the polymeric network of bead (D).  

The presence of gold and platinum nanoparticles was also confirmed by EDX 

analysis (Fig. 4.10 and 4.11) which shows the presence of 14.44 and 10.8 % (w/w) 

gold and platinum respectively during scanning of the selected area of bead. In 

addition the map analysis indicated that the nanoparticles were distributed almost 

uniformly throughout the polymeric matrix. 
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Fig. 4.10. EDX spectrum of PAM-Au NPs composite bead (A), showing the presence of gold 

in the polymeric network of beads (B). Map analysis shows presence of carbon (C), Oxygen 

(D) and uniform distribution of gold (E) in the selected portion of the composite bead. 

 

Fig. 4.11. EDX spectrum of PAM-Pt NPs composite bead (A), showing the presence of 

platinum in the polymeric matrix of beads (B). Map analysis shows presence of carbon (C), 

Oxygen (D) and uniform distribution of Pt (E) in the selected portion of the composite bead. 
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The metallic bead can be obtained by heating the composite beads at high 

temperature (520 ºC for 30 min) to remove the organic portion of the bead and 

interestingly the porous morphology was retained after calcination of the polymer 

bead. The FESEM images (Fig. 4.12 and 4.13.) of these calcinated beads showed the 

same interconnected porous morphology in case of both gold and platinum beads. The 

overall structure of the bead was fragile as compared to the beads before calcination 

but still the internal porous features remain the same.   

 

Fig. 4.12. PAM-Au NPs composite beads after calcination at 520 ºC.  Field emission scanning 

electron micrograph of calcinated beads mounted on stub with carbon paste, showing the 

porous nature of beads (A and B); interconnected pores (C) and presence of fused gold on 

bead surface (D).  
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Fig. 4.13. PAM-Pt NPs composite beads after calcination at 520 ºC.  Field emission scanning 

electron micrograph of calcinated beads mounted on stub with carbon paste, showing the 

porous nature of beads (A and B); interconnected pores (C) and presence of fused platinum on 

bead surface (D).  

This simple strategy of preparing metal-polymer composite materials offers an 

effective way to incorporate the additional functionalities to PAM beads and 

monoliths. The addition of magnetic properties to the polymeric supports was 

demonstrated during this study. Two strategies were used to get the uniform 

distribution of magnetic nanoparticles throughout the polymeric matrix. First the 

PAM beads and monoliths were prepared, washed and dried properly. These were 

then soaked in the iron oxide nanoparticles (25-30 nm) for sufficient period of time to 

get the maximum loading of magnetic nanoparticles on the polymer bead. The TEM 

and EDX results of iron oxide nanoparticles are discussed in detail in chapter 5, 

section 5.4.1. The resulting composite PAM beads and monoliths containing iron 

oxide nanoparticles were washed thoroughly with excess of water to remove loosely 

bound particles and dried under vacuum. The composite PAM beads and monoliths 

containing iron oxide NPs were highly magnetic and were easily attracted towards the 

external magnet. In another set of experiment, the pre-synthesized iron oxide 
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nanoparticles were dispersed during the emulsion preparation under mechanical 

stirring until a uniform dark brown emulsion was obtained. The iron oxide NPs 

containing PAM beads and monoliths were then prepared according to the similar 

procedure as that for the preparation of PAM and monolith without iron oxide 

nanoparticles. The electron microscopic characterization of the PAM-magnetic NPs 

composite material indicates that the overall polymeric structure becomes more 

compact due to the incorporation of magnetic nanoparticles compared to the control 

beads as shown in the Fig. 4.14. It is evident from the closer observation of PAM-

magnetic NPs composite material that the nanoparticles are present throughout the 

polymeric matrix. The scanning electron microscopy results indicated that the 

incorporation of nanoparticles inside the polymeric network does not have much 

influence on the morphology of the PAM beads and the monoliths. This strategy 

could be used for the incorporation/immobilization of a variety of guest species inside 

the hierarchical polymeric network to produce functionally important nanomaterials. 

Such types of material have potential application as easily recoverable adsorbents, for 

heavy metal removal by incorporating the suitable functionality for metal removal and 

for fabrication of metallic beads. Moreover, different shapes of the monoliths like 

star-shaped, prisms, cylinders, donut etc can be easily prepared by polymerizing the 

emulsions in the containers of different shapes. Huang et al., also reported the 

synthesis of different shapes of NaP zeolite monoliths with colloidal silica and 

magnetic nanoparticles (Huang et al., 2010).  
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Fig. 4.14. Digital photograph of PAM-magnetic NPs composite beads (A), prepared by 

soaking the polymer beads in concentrated solution of magnetic NPs at room temperature for 

sufficient period of time to get the maximum loading of NPs in the polymeric network of 

beads.  Field emission scanning electron micrograph of PAM bead mounted on stub with 

carbon paste, showing the overall compact but still porous nature of bead (B); presence of 

interconnected pores (C) and magnetic NPs heavily loaded on the polymeric network of bead 

(D).  

In addition to the preparation of metallic beads using organic sacrificial 

template, efforts are nowadays being made to prepare the calcium phosphate in the 

form of sophisticated structural design (Gutiérrez et al., 2008). These highly porous 

polyacrylamide beads and monoliths represent a relatively  new class of material and 

can be used as template for the fabrication of polymer-hydroxyapatite composite 

materials. Hydroxyapatite (Ca10(PO4)6(OH)2) is the major mineral component of teeth 

and bone and, due to its excellent biocompatibility, it has been used in the orthopedics 

and dental implants (da Silva et al., 2010; Nellis et al., 2011; Wang et al., 2008). But 

due to its poor mechanical strength it is usually not the material of choice in load 

bearing applications(LeGeros, 2002). Nowadays, the biomedical properties of 

hydroxyapatite are being combined with the mechanical properties of other 
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biocompatible materials that can be used as scaffolds. Therefore, the polymeric 

materials represent an attractive option, to be used as scaffolds for the formation of 

apatite. For instance, the synthetic polymers are being used as scaffold for the 

formation of polymer-hydroxyapatite composite material (Armentano et al., 2010; 

Song et al., 2005). Due to the highly porous structure of polyacrylamide beads we set 

out to evaluate the potential of highly porous PAM beads/monoliths as template for 

the preparation of polymer-hydroxyapatite composites. The FESEM analysis of 

polymer-hydroxyapatite composite beads reveals that the porosity of polymer beads 

decreases in contrast to the control polyacrylamide beads (without hydroxyapatite) 

due to the deposition of hydroxyapatite particles in the pores (Fig. 4.15). But the 

overall bead morphology remains porous with the randomly oriented pores. 

 

Fig. 4.15. Field emission scanning electron micrographs of PAM-HAp NPs composite beads, 

prepared by soaking the PAM beads in concentrated solution of HAp NPs at room 

temperature showed the overall compact but still porous nature of bead (A); presence of HAp 

microstructures present on the bead surface along the interconnected pores (C and D).  
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The FTIR spectrum of composite beads (Fig. 4.16) shows the peaks at 1029.93 

and 562 and 826 cm
-1

, characteristic peak due to the vibrations of PO4
-3

 group (1100-

1000 cm
-1

) and confirmed the presence of hydroxyapatite. 

 

Fig. 4.16. FTIR spectrum of PAM-HAp composite beads from 500-4000 cm
-1

. 

The EDX results (Fig. 4.17) of the polymer-HAp composite beads confirmed 

the presence of 4.62 and 3.29 % (w/w) calcium and phosphorous respectively with 

Ca/P ratio of about 1.4. Chen and Chang reported the preparation of elctrospun HAp-

polycaprolactone nanofiberous membrane with Ca/P ratio of about 1.45 (Chen and 

Chang, 2011). But as compared to the nanofibers the polyacrylamide beads are very 

easy to handle and prepare as they do not need any expensive/sensitive equipments. 
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Fig. 4.17. EDX spectrum of polyacrylamide-HAp composite bead (A), showing the presence 

of calcium and phosphorous in the polymeric matrix of beads (B). Map analysis showed the 

presence of carbon (C), oxygen (D), calcium (E) and uniform distribution of phosphorus (F) 

in the selected portion of the composite bead. 

The templated hydroxyapatite beads were formed by calcination of the 

uniform hydroxylapatite-polymer composite beads at 520 °C in air. The mass of the 

beads decreased by ˃ 60 % during calcination and the average diameter of the 

calcined beads was 1.3 mm in contrast to the diameter of 1.55 mm for the control 

composite beads. Interestingly, the porous bead morphology was retained after 

calcination even if about ˃ 60 % mass lost during heating. As evident from the Fig. 

4.18, the templated HAp bead showed the porous structure. Such retention of the 

basic structure and uniform shrinkage of the polymer bead suggest that the 

nanoparticles (gold, platinum, HAp) were uniformly distributed while keeping the 

morphology intact even after mass loss of ˃ 60 % during heating. 
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Fig. 4.18. Field emission scanning electron micrographs of polyacrylamide-hydroxyapatite 

NPs composite beads, calcinated at 520 °C for 30 min to blow off the organic template. The 

overall porous nature of bead retained after blowing the organic material (A and B); the 

presence of interconnected pores observed in the control polyacrylamide bead (C and D).  

The FESEM results were also consistent with the surface area data. The 

polymer-hydroxyapatite composite beads have relatively low surface area (<10 m
2
/g), 

but after calcination at 550 
°
C for 30 min the surface area was increased. The specific 

BET and Langmuir surface area was found to be 65.57 m
2
/g and 90.74 m

2
/g 

receptively, with an average pore width (4V/A by BET) of 19.29 nm. The BJH 

adsorption average pore diameter (4V/A) was found to be 23.38 nm whereas the BJH 

adsorption and desorption cumulative surface area of pores between 1.70 nm and 

300.00 nm diameter was 65.56 and 74.04 m²/g respectively. Single point adsorption 

total pore volume of pores less than 71.42 nm diameter at P/Po = 0.97 was calculated 

to be 0.32 cm³/g. Moreover, the t-Plot micropore volume was 0.004 cm³/g 

corresponds to the 56.58 m²/g t-Plot external surface area. 

In addition to the use of porous PAM as template to produce new porous 

materials, we also tried to examine the potential of biocompatible calcium alginate 

beads as scaffold to prepare its composites with gold and silver nanoparticles. Some 
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researchers have studied the preparation of calcium alginate beads and their 

subsequent application for metal removal (Gok and Aytas, 2009; Huang et al., 2006; 

Zhang and Cooper, 2002) but there are only few reports about the preparation of 

alginate-metal composite beads (Saha et al., 2009; Torres et al., 2005). 

4.4.4 Preparation of Calcium Alginate-metal Composite Beads 

Alginate is an anionic polysaccharide, forming gel upon interaction with 

divalent calcium ions. It is usually preferred over the other polymers because of its 

biodegradability and natural origin (Ozdemir et al., 2005). The alginate beads were 

prepared by dropwise addition of viscous sodium alginate solution into the calcium 

chloride solution, maintained at 4 
°
C. Natural polysaccharide based polymers are well 

reported for the stabilization of nanoparticles for their biomedical applications due to 

their non-toxic nature (Annan et al., 2008; Knill et al., 2004). Keeping in view their 

importance, a strategy was developed in the present study to prepare the alginate-

metal nanoparticles composite beads. Though many chemical methods are available 

for the reduction of metals but due to the toxic nature of reductants, these methods are 

not usually desirable for biological applications. Therefore we adopted a green 

approach for the preparation of alginate-nanoparticles composite beads. As discussed 

in Chapter 2, the Aspergillus niger fungal biomass has the potential to reduce the gold 

salt resulting in the formation of Au NPs. So the fungal biomass was incorporated in 

the alginate beads at the time of polymerization. Interestingly the beads become 

reddish purple, a characteristic color of Au NPs, after soaking in the gold chloride 

solution. Fig. 4.19 shows the digital photographs and FESEM images of alginate-

fungus-nanoparticles composite beads. The formation of spherical Au NPs ca. 30 nm 

confirms the fungus ability to reduce the metal ions to form the nanoparticles 

efficiently. Further the presence of gold (12 % w/w) was confirmed by EDX analysis 

(Fig. 4.20).  
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Fig. 4.19. Calcium alginate-Au NPs composite beads containing A. niger biomass, 

incorporated at the time of polymerization (A). Field emission scanning electron micrographs 

of composite beads, showing the overall compact and slightly porous structure (B and C) and 

in situ synthesis of Au NPs present on the bead surface (D). 

 

Fig. 4.20. EDX spectrum of calcium alginate-A-niger-gold composite bead showing the 

presence of gold (12 % w/w). Map analysis showed presence of carbon (C), oxygen (D), 

calcium (E) and uniform distribution of gold (F) in the selected portion of the composite bead. 
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In addition to the fungus A. niger, another type of fungus, Trichoderma, was 

also evaluated to explore its ability to reduce metal ions. Interestingly Trichoderma 

was also found to be capable of reducing the metal ions especially gold when the 

calcium alginate beads, containing the dry biomass of Trichoderma, were soaked in 

aqueous solution of gold chloride. The FESEM analysis of such composite beads (Fig. 

4.21) shows the presence of fairly spherical Au NPs (ca. 29 nm in diameter). 

Furthermore, the EDX analysis (Fig. 4.22) confirms the presence of gold (43 % w/w). 

But the Au NPs formed by incorporating the A. niger were more uniform in shape and 

size as compared to Trichoderma. Torres et al., reported that the gold and silver ions 

can be adsorbed onto alginate beads but the nanoparticles formation may take longer 

time (Torres et al., 2005). The presence of incorporated fungal biomass in the alginate 

beads significantly reduces the time required for the synthesis of gold and silver 

nanoparticles. 

 

Fig. 4.21. Calcium alginate-Au NPs composite beads containing Trichoderma biomass, 

incorporated at the time of polymerization (A). Field emission scanning electron micrographs 

showing the overall structure of composite beads (B and C), and the presence of Au NPs 

loaded on the bead surface (D).  
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Fig. 4.22. EDX spectrum of calcium alginate-Trichoderma-gold composite bead showing the 

presence of gold (43 % w/w) in the polymeric network of beads (A and B). Map analysis 

showed presence of carbon (C), oxygen (D), calcium (E) and uniform distribution of gold (F) 

in the selected portion of the composite bead. 

For the determination of specific surface area of the control and nanoparticles-

alginate composite beads, the beads were degassed at 90 
°
C for 150 min. The beads 

have very low BET and Langmuir surface areas of 1.8629 and 3.0322 m
2
/g, 

respectively. The BJH adsorption cumulative volume of pores between 1.70 nm and 

300 nm diameter was 0.00017 cm³/g, with average pore diameter of 2.02 nm. This 

indicates the less porous structure of calcium alginate beads as compared to the highly 

porous PAM beads. 

In addition to the Au NPs, the calcium alginate beads were also evaluated for 

the adsorption of silver ions and subsequent in situ formation of Ag NPs to prepare 

the polymer-silver composite beads. It is important to use the Ca(OH)2 instead of 

CaCl2 as crosslinking agent in order to avoid the formation of AgCl precipitates when 

beads are soaked in AgNO3 solution, as chloride retain in the alginate bead and may 

cause precipitation due to the formation of silver chloride. The calcium alginate beads 

thus formed, when soaked in silver nitrate solution and incubated at room temperature 

for 24-48 h, become yellowish brown in color indicating the formation of Ag NPs 

(Fig. 4.23 A). The presence of Ag NPs was further confirmed by FESEM analysis 
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(Fig. 4.23), which shows the formation of ca. 15 nm particles on the surface as well as 

interior of the bead. 

 

Fig. 4.23. Calcium alginate-Ag NPs composite beads (A). Field emission scanning electron 

micrographs of composite beads, prepared by soaking the polymer beads in concentrated 

solution of silver nitrate at room temperature showing the overall bead structure (B and C), 

and the presence of Ag-NPs loaded on the bead surface (D).  

Moreover the EDX spectrum (Fig. 4.24) for calcium alginate-Ag NPs 

composite beads confirms the presence of silver (19.8 % w/w). Interestingly, the 

calcium alginate beads were found more efficient in adsorbing and then reducing the 

silver ions to form Ag NPs, which were also more uniform than Au NPs. However, 

the bead structure of gold-calcium alginate composite remains intact after drying at 

room temperature while the silver-calcium alginate composite bead were de-shaped 

upon drying. 
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Fig. 4.24. EDX spectrum of calcium alginate-Ag NPs composite bead (A), showing the 

presence of silver (19.8 % w/w) (B). Map analysis shows presence of carbon (C), oxygen (D), 

calcium (E) and uniform distribution of silver (F) in the selected portion of the composite 

bead. 

4.4.5 Preparation of Fungus Incorporated PAM-metal Composite Beads  

The ability of fungus to reduce the metal was further explored for PAM beads 

and a simple strategy was devised to incorporate the fungal biomass extract in the 

monomer solution prepared for the formation of polyacrylamide beads. These PAM 

beads containing fugal extract showed an excellent ability to form Au NPs when 

soaked in the aqueous gold solution and the beads become purple after about 24 h of 

incubation at room temperature, showing the formation of Au NPs. The FESEM (Fig. 

4.25) results show the presence of spherical Au NPs with an average diameter of ca. 

25 nm. The nanoparticles formed were fairly uniform in size and shape. Furthermore, 

the presence gold was confirmed in the composite beads by EDX analysis (Fig. 4.26) 

which shows the presence of gold about 8 % (w/w). The control PAM (without fungal 

extract) shows no obvious change in color when soaked in gold chloride solution. 

This proves that the metal was reduced due to the presence of biomolecules capable of 

reducing metals in the fungal biomass extract.  
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Fig. 4.25. PAM-Au NPs composite beads containing A-niger biomass extract (A), prepared 

by soaking the polymer-fungal extract beads in aqueous solution of gold chloride at room 

temperature for 24 h. The scanning electron micrographs showing the overall compact nature 

of bead (B) and the presence of Au NPs loaded on the bead surface (C and D).  

 

Fig. 4.26. EDX spectrum of PAM-Au NPs composite beads showing the presence of gold (8 

% w/w) (B). Map analysis showed presence of carbon (C), oxygen (D), and uniform 

distribution of gold (E) in the selected portion of the composite bead. 
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Interestingly the porous bead morphology was retained after calcination of 

PAM-fungus-Au NPs composite beads. This study provides the simple way to prepare 

highly porous metallic beads. The porous morphology of composite beads is clearly 

evident from FESEM micrographs (Fig. 4.27). 

 

Fig. 4.27. Field emission scanning electron micrographs of PAM-fungus extract -Au NPs 

composite beads after calcination at 520 °C for 30 min showing the overall porous 

morphology of bead (A and B). 

4.5 Conclusions and Future Perspectives 

In summary, we have prepared polymer-metal/metal oxide/ HAp templated 

macroporous beads with an average diameter of about 1.6 mm. After calcination, 

highly porous metal/metal oxide/HAp beads were obtained. Moreover, polymer-metal 

composite beads were also fabricated using calcium alginate beads incorporated with 

fungal biomass. We believe this simple method can, in principle, be extended and 

scaled up to prepare palladium, ruthenium and other metals-polymer composite beads. 

The development of such types of porous materials is the field of immense interest 

these days due to their applications in various fields including catalysis and sensing. 

The polymer-fungal beads can be efficiently used for metal recovery or heavy metal 

removal from wastewater. The polymer-HAp composite beads may find their way to 

be used for generating porous HAp nanomaterials to be utilized as scaffolds for bone 

regeneration/tissue engineering. Future work will focus on exploring such types of 

applications and also on the fabrication of other types of organic-inorganic composite 

nanomaterials. 
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Chapter 5 

Metal Nanoparticles Assisted Polymerase Chain Reaction 

5.1 Introduction and Review of Literature 

Polymerase chain reaction (PCR) is the most well developed molecular 

technique and has various potential clinical applications, including pathogen 

detection, evaluation of emerging novel infections, surveillance, early detection of 

bio-threat agents and antimicrobial resistance profiling (Chandan et al., 2010; Fry et 

al., 2012; Mayer et al., 2011; Okoh and Igbinosa, 2010; Villumsen et al., 2010). In 

theory, a DNA segment can be amplified by a thermostable DNA polymerase enzyme 

in the presence of nucleotides and primers in each cycle. Beside its wide range 

utilization in molecular diagnostic, its specificity is not always up to the mark when 

compared with its sensitivity. 

The principal shortcomings in applying PCR assays to the clinical settings 

include false-positive results from background DNA contamination, false negative 

test results, limited detection level for simultaneous identification of multiple species 

and nonspecific amplification etc. Various parameters need to be optimized such as 

the type and concentration of the enzyme, salt concentration, time and temperature of 

the annealing process, nonspecific amplification resulting from mismatch between the 

primer and template to circumvent all such problems (Bashir et al., 2007; Li et al., 

2010; Zhang et al., 2010). In addition to various commercially available PCR 

enhancers, several other reagents like betaine, formamide, trehalose and 

tetraalkylammonium chloride derivatives etc. have been used to overcome these 

limitations on a trial-and-error basis   (Horakova et al., 2011; Shaik et al., 2008). 

In modulating PCR, nanomaterials have recently been found to have special 

effects which cannot be achieved with traditional additives. Notably, if the metal 

nanoparticles are suspended in liquid medium they can transport heat flux and cause 

thermal equilibrium with the environment within picoseconds (Godson et al., 2010; 

Kleinstreuer and Feng, 2011; Ozerinc et al., 2010). The reasons for this increase in 

thermal conductivity are believed to be the high surface to volume ratio (Kondaraju et 

al., 2010; Mamiya and Jeyadevan, 2011; Timofeeva et al., 2011). In view of these 
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properties, the metal nanoparticles seem to be the attractive materials to be used as 

PCR modulators. Li et al. reported for the first time that gold nanoparticles (Au NPs) 

could be used as a new additive in PCR to avoid nonspecific amplification even at 

lowered annealing temperatures (Li et al., 2005a). After that many researchers began 

to investigate the exact mechanism and explored  various interaction of nanoparticles 

with biomolecules to understand the role of nanomaterials in affecting the PCR 

efficiency in terms of sensitivity and specificity (Chen et al., 2012; Haber et al., 2008; 

Huang et al., 2008; Ma et al., 2009). Different types of nanomaterials were employed 

to improve the PCR efficiency like titanium dioxide nanoparticles (Abdul Khaliq et 

al., 2010), quantum dots (Wang et al., 2009), carbon nanotubes and nanopowders 

(Zhang et al., 2008; Zhang et al., 2007), and polyethyleneimine based derivatives 

(Tong et al., 2012) etc. However, there are number of contradictory reports on 

whether the addition of nanoparticles to PCR is helpful to improve the PCR efficiency 

or they may remarkably inhibit the PCR. For instance, Wan and Yeow investigated 

that Au NPs of larger sizes can cause complete PCR inhibition at a lower particle 

concentration than those of smaller sizes (Wan and Yeow, 2009). Similarly, Vu and 

his research team demonstrated that the addition of Au NPs does not tend to increase 

the PCR specificity rather they favor the amplification of smaller products over the 

larger ones irrespective of the specificity (Vu et al., 2008). Yang et al. reported that 

the high concentration of Au NPs could inhibit the PCR and they have suggested a 

complex interaction between polymerase enzyme and nanoparticles (Yang et al., 

2008). Several mechanisms have been presented to explain the role of nanoparticles in 

improving the PCR efficiency or its inhibition (Abdul Khaliq et al., 2010; Mi et al., 

2007; Shen et al., 2009; Vu et al., 2008) but the exact underlying mechanism is still 

obscure. 

In this context, we have explored various PCR systems to check the effect of 

nanoparticles on PCR. Efforts were made to improve the sensitivity and specificity of 

PCR for diagnosis and typing of Salmonella enterica serotype Typhi (S. Typhi). For 

epidemiological studies of such pathogens, the capability to strain type pathogens is a 

critical tool. A number of methods have been developed for strain typing of S. Typhi 

including genetic methods like isoenzyme analysis, molecular techniques such as 

ribotyping (Holt et al., 2012; Xu et al., 2009), DNA fingerprinting using random 
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amplification of polymorphic DNA (RAPD) (Hopkins et al., 2011; Mathis et al., 

2011), pulsed-field gel electrophoresis (PFGE) (Kim et al., 2009; Lawson et al., 2011; 

Zou et al., 2012), single nucleotide polymorphism (SNP) (Bakker et al., 2011; Holt et 

al., 2010; Octavia and Lan, 2010; Okoro et al., 2012; Pang et al., 2012; Song et al., 

2010), and variable number of tandem repeats (VNTR) (Bergamini et al., 2011; Hatta 

et al., 2011; Kang et al., 2011; Kirchner et al., 2011; Tien et al., 2012; Tien et al., 

2011) etc. We have investigated the effect of different type of nanoparticles on PCR 

used for the diagnosis and typing of S. Typhi and found that the addition of 

nanoparticles of particular type may have different effect on the PCR efficiency in 

terms of specificity and sensitivity. 

5.2 Objectives of the Present Study 

 To optimize the concentration of metal nanoparticles to improve the PCR 

efficiency. 

 The effect of metal nanoparticles on elimination of non specific amplification  

 To investigate the effect of lower annealing temperature on PCR efficiency in 

the presence of metal nanoparticles. 

5.3 Materials and Methods 

5.3.1 Preparation of Gold Nanoparticles  

Gold nanoparticles were synthesized using standard citrate reduction method 

(Turkevich et al., 1951) with slight modification. Briefly a warm (50 - 60 °C) aqueous 

solution of sodium citrate (5 mL, 38.8 mM) was quickly added to a boiling aqueous 

solution of HAuCl4 (50 mL, 1 mM) with continuous stirring. The color of the reaction 

mixture changed from yellow to colorless and then blue to purple until finally a 

typical ruby red solution of Au NPs was obtained after 15 min. Reflux was continued 

for 45 min to ensure the completion of the reaction. The final deep red solution was 

filtered and stored at room temperature for further analysis and use. For PCR, the Au 

NPs were centrifuged (Eppendorf, 5810R) at 10,000 rpm for 10 min at room 

temperature to remove most of the soluble impurities and excess citrate and the pellet 

was re-dispersed in ultra pure water. Different concentrations of Au NPs were used to 

check their effect on PCR efficiency. 
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5.3.2 Preparation of Silver Nanoparticles 

Silver nanoparticles (Ag NPs) were synthesized using rhamnolipids as 

reducing as well as stabilizing agent, a newly developed method. The detail procedure 

for the synthesis is described in Chapter 2 in section 2.2.9. The nanoparticles solution 

was centrifuged (Eppendorf, 5810R) at 20,000 rpm for 1 h to remove most of the 

soluble impurities and excess rhamnolipids and the pellet was thoroughly washed and 

finally re-dispersed in ultrapure deionized water for future use in PCR. 

5.3.3 Preparation of Magnetic Nanoparticles by Co-precipitation Method 

Magnetic nanoparticles were synthesized via the co-precipitation method 

(Racuciu et al., 2006). Initially, 5.6 g of ferrous sulphate heptahydrate (FeSO4 · 7H2O) 

and 10.8 g of ferric chloride hexahydrate (FeCl3 · 6H2O) were dissolved in 300 mL of 

ultrapure deionized water and heated to 80 °C, followed by rapid addition of 25 wt % 

ammonium hydroxide. Finally the mixture was stirred at 80 °C for 40 min and then 

cooled to room temperature. After the completion of reaction, the black precipitates 

were collected by applying an external magnetic field and washed with an excess of 

ultrapure deionized water to neutralize the pH. The product thus obtained was dried in 

an oven at 80 °C overnight. 

5.3.4 Amplification of fliC Gene for Identification of S. Typhi 

The effect of metal nanoparticles addition on the sensitivity of PCR 

amplification of fliC gene (used for the confirmation of S. Typhi isolates NIB 25, 38 

and/or As1) was investigated during this study. The overnight culture of S. Typhi was 

centrifuged at 10, 000 rpm for 10 min and suspended in T buffer (Tris HCl buffer). 

The genomic DNA was extracted using phenol/chloroform method (Sambrook, 1989). 

The fliC gene was amplified by conventional PCR using gene specific ST1 and ST2 

primers (Song et al., 1993), the sequence with product size of each primer is shown in 

Table 5.1. The PCR mixture (25 μL) contained 10X PCR buffer (2.5 μL), 1.5 mM 

MgCl2 (1.5 μL), 0.75 μL dNTPs mixture (dATP, dCTP, dTTP and dGTP, 2.5 mM 

each), 1.0 μL reverse primer, 1.0 μL forward primer (20 p mol each), 0.2 μL Taq 

polymerase (5 U/μL), 5.0 μL of template DNA (5 ng/μL). The volume was made up 

to 25 μL with 10 mM T buffer (pH-8.3). Different concentrations of gold (0.124 - 
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0.49 nM) and silver (0.03 - 0.136 mM) nanoparticles were used to evaluate their 

effect on PCR sensitivity. The PCR was performed using following conditions: 

denaturation at 94 °C for 4 min, followed by 30 cycles of 1 min at 94 °C, 45 seconds 

at 55 °C for annealing and 1 min at 72 °C for extension with a final extension of 10 

min at 72 °C. PCR thermal cycling was performed in 0.2 mL reaction tubes in a 

thermal cycler (Mastercycler gradient, Eppendorf, Germany) under various 

experimental conditions. The amplified products were separated on 1.5 % agarose gel 

and stained with ethidium bromide for detection under UV illumination. 

5.3.5 PCR Conditions for VNTR Typing and Preparation of the DNA Template 

The strain used in this study was S. Typhi cultivated in Trypticase soy broth 

(TSB). The overnight grown culture was centrifuged at 10,000 rpm for 10 min and 

suspended in T buffer. The nucleic acid was extracted through phenol/chloroform 

treatment and ethanol precipitation. The typing of S. Typhi strain was performed 

using TR1 and TR2 primers based on the sequence of VNTRs present in S. Typhi 

genome (Liu et al., 2003). The sequences of the reverse and forward primers with the 

size of amplified product are given in Table 1. Total reaction mixtures of 25 μL 

contained 10 X Fermentas Taq buffer (2.5 μL), 1.5 mM MgCl2, 0.75 μL dNTPs 

mixture (dATP, dCTP, dTTP and dGTP, 50 nM each), 0.75 μL reverse primer, 0.75 

μL forward primer (20 pM each),  0.2 μL Taq polymerase (2 U/μL), 5.0 μL of 

template DNA (5 ng/μL). The volume was made up to 25 μL with 10 mM Tris buffer 

(pH-8.3). The concentration of various components was changed accordingly to check 

their effect on the efficiency of PCR. Different concentrations of gold (0.12 - 0.49 

nM), silver (0.03-0.14 mM), and iron oxide nanoparticles (0.09 µg/µL) were used to 

optimize their effective concentration. The thermal cycler was programmed to 1 cycle 

of 5 min at 94 °C, followed by 35 cycles of 30 seconds at 94 °C for denaturing, 30 

seconds at 55 °C for primer annealing and 1 min at 72 °C for extension with a final 

extension of 10 min at 72 °C. The amplified products were resolved on 1.5 % agarose 

gel. The gels were stained with ethidium bromide and visualized under UV light. The 

PCR reaction was also carried out at different annealing temperature (55 and 52 °C) in 

the presence and absence of metal nanoparticles. 
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Table 5.1. Different types of oligonucleotide primers used for PCR amplification. 

5.3.6 Characterization of Nanoparticles  

A UV-Vis spectrum of gold and silver nanoparticles suspension was recorded 

using a UV-Vis spectrophotometer (CECIL 7000 series) from 300 – 800 nm. 

Morphology and size of nanoparticles was determined using field emission scanning 

electron microscope (FESEM, JEOL, JSM-7500F) equipped with transmission and 

energy dispersive X-ray (EDX) detectors. All samples were prepared by slow 

evaporation of one drop of a dilute aqueous solution of the particles on a carbon 

coated copper mesh grid. pH meter (InoLab) was used for maintaining the pH of 

magnetic nanoparticles solution. Image J program was used to calculate the particle 

size distribution from TEM images. The concentration of silver and iron was 

determined using atomic absorption spectrometer. 

5.4 Results and Discussion 

Different types of nanoparticles including citrate and rhamnolipids stabilized 

Au NPs, rhamnolipids capped Ag NPs and iron oxide magnetic nanoparticles were 

used to assess their effect on PCR. In this study, two different optimized PCR systems 

were analyzed for diagnosis and typing of S. Typhi based on VNTR markers in the 

presence and absence of nanoparticles of different types and concentrations.  

Target gene Primers  Sequence Amplicon size (bp) Ref. 

VNTRs Loci TR1 

F 

R 

AGA ACC AGC AAT GCG CCA ACG A 

CAA GAA GTG CGC ATA CTA CAC C 
200-400 

Liu et al. 

(2003) 

VNTRs Loci TR2 

F 

R 

CCC TGT TTT TCG TGC TGA TAC G 

CAG AGG ATA TCG CAA CAA TCG G 
300-600 

Liu et al. 

(2003) 

VNTRs Loci TR3 

F 

R 

CGA AGG CGG AAA AAA CGT CCT G 

TGC GAT TGG TGT CGT TTC TAC C 
500-700 

Liu et al. 

(2003) 

fliC 

ST1 

ST2 

F 

R 

TATGCCGCTACATATGATGAG 

TTAACGCAGTAAAGAGAG 

495 
Song et al. 

(2003) 
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5.4.1 Characteristics of Metal Nanoparticles used in PCR 

Gold nanoparticles showed the characteristic absorption band at 520 nm, 

which clearly corresponds to the strong Plasmon resonance of gold nanoparticles of 

15-20 nm diameter (Fig. 5.1). The concentration of Au NPs was determined on the 

basis of UV-Vis spectrum data using an extinction coefficient of 4.9 × 10
8 

M
-1 

cm
-1

 

(Jin et al., 2003). Similarly, the Ag NPs synthesized using rhamnolipids as reducing 

and stabilizing agent (as discussed in chapter 2) showed the characteristic surface 

Plasmon band at 420 nm. The stability of nanoparticles is very much important while 

exploring their application in any field and it could be achieved by a suitable covering 

layer that protects the surface of the nanoparticles. The nanoparticles can be 

functionalized by a suitable choice of organic molecules, which increase their stability 

and determine their surface chemistry and charge etc. The Au NPs synthesized using 

sodium citrate, are stabilized elctrostatically due to the double ionic layer of citrate 

and its counter ions. Whereas gold and silver nanoparticles, synthesized using 

rhamnolipids, were strongly stabilized by rhamnolipid molecules. No aggregation of 

either of these nanoparticles was observed when they were mixed with the PCR mix 

because PCR mixture remains clear even after the completion of PCR. This indicates 

that these nanoparticles can withstand electrostatic shock due to the presence of 

various salts in PCR buffer and do not undergo visually observable aggregation. This 

is in accordance with previous reports (Abdul Khaliq et al., 2010; Li and Rothberg, 

2004). 
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Fig. 5.1. UV-Visible spectrum of gold nanoparticles synthesized using citrate reduction 

method. 

The exact diameter of gold and silver nanoparticles synthesized was 

determined by transmission electron microscopic studies. The Fig. 5.2 shows that the 

Au NPs were of fairly uniform size and shape with an average diameter of 16-20 nm. 

The TEM and UV-Vis results of Ag NPs (9-15 nm) have already been shown and 

discussed in Chapter 2 (section 2.4.5). 

 

Fig. 5.2. Transmission electron micrograph of citrate stabilized gold nanoparticles (A). The 

histogram (B), showing the maximum distribution of gold nanoparticles with average 

diameter of 16-20 nm. 
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The size of the magnetic nanoparticles was investigated by TEM and results 

indicated the presence of 25-30 nm iron oxide magnetic nanoparticles but due to 

strong magnetic interactions the particles appeared aggregated (Fig. 5.3). The 

presence of iron was further confirmed by EDX analysis which shows the presence of 

29 % iron (w/w). 

 

Fig. 5.3. Transmission electron micrograph of iron oxide magnetic nanoparticles (A). The 

EDX analysis (B), showing the presence of 29 % iron (w/w). 

5.4.2 Effect of Nanoparticles Concentrations on Sensitivity of PCR 

In order to check the effect of Au NPs on PCR, different concentrations of Au 

NPs were added to the PCR mixture. In a set of experiments for diagnosis of typhoid, 

the sensitivity of PCR was checked in the absence and presence of different 

concentrations (0.1 - 0.49 nM) of Au NPs. The results showed that the Au NPs 

affected the PCR in a concentration dependent manner, with slightly increased 

amplification of the target DNA at 0.248 nM while the concentrations < 0.1 or ˃ 0.49 

nM effectively inhibited the PCR reaction thus decreasing the yield of amplified 

product as compared to the control (Fig 5.4 A). For instance, the Fig. 5.4 B shows 

slightly improved amplification of a hypervariable region of fliC gene (495 bp) 

specific for S. Typhi in the presence of 0.248 nM Au NPs as illustrated from the band 

intensity. Li et al. also reported the increase in PCR efficiency in the presence of 0.2 - 

0.8 nM of Au NPs (Li et al., 2005a) and found inhibitory effects of Au NPs at higher 

concentrations. So this optimum concentration of Au NPs was used throughout the 

studies. Although there was not much difference in PCR sensitivity as compared to 

the control (without nanoparticles) but the initial studies investigate the effective 
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concentration of Au NPs, which can be further explored for improvements in PCR 

sensitivity. 

 

Fig. 5.4. PCR amplification of fliC gene (495 bp) at different concentration of Au NPs. Lane 

M: DNA Marker (Fermentas cat# SM0323 showing 3000, 2000, 1500, 1200, 1031, 900, 800, 

700, 600, 500, 400, 300, 200 and 100 bp); Lane 1-5: Showing PCR amplification in the 

presence of 0.124, 0.248, 0.372, and 0.496 nM of Au NPs respectively (A). Quantitative 

determination of relative amount of PCR yields (B), A. U = arbitrary unit. The PCR product 

was assessed on 1.5 % agarose gel stained with ethidium bromide. 

In addition to the Au NPs, rhamnolipids stabilized Ag NPs were also 

evaluated for their role in PCR. Different concentrations of Ag NPs (0.03 - 0.136 

mM) were examined and the results (Fig. 5.5) showed very slight improvement in 

PCR yield at 0.068 mM as compared to the control (without the addition of Ag NPs). 

These results clearly indicated that relatively higher concentration of Ag NPs was 

needed as compared to the Au NPs for almost the same level of improvement in PCR 

yield under similar experimental conditions. So it may be assumed that both the type 

of metal and surface chemistry of nanoparticles influence the PCR efficiency 

differently, as in this case the gold (citrate stabilized) and silver (rhamnolipids 

stabilized) nanoparticles showed different behavior under same PCR conditions. Tong 

et al. also studied that the surface chemistry of nanoparticles played very important 

role in determining their effectiveness to affect the PCR (Tong et al., 2012). 
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Fig. 5.5. PCR amplification of fliC gene (495 bp) at different concentration of Ag NPs. Lane 

M: DNA marker (Fermentas cat# SM0323 showing 3000, 2000, 1500, 1200, 1031, 900, 800, 

700, 600, 500, 400, 300, 200 and 100 bp); Lane 1-4: Showing PCR amplification in presence 

of 0.034, 0.068, 0.102, and 0.136 mM of Ag NPs respectively (A). Quantitative determination 

of relative amount of PCR yields (B), A. U = arbitrary unit. The PCR product was assessed on 

1.5 % agarose gel stained with ethidium bromide. 

5.4.3 Effect of Metal Nanoparticles in Elimination of Non-specific Amplification  

Gold nanoparticles, synthesized using citrate reduction method, were also 

evaluated to explore their ability to reduce the non-specific amplification. 

Interestingly, reduction in non-specific amplification was observed in case of Au NPs 

(Fig. 5.6A). Though there was no significant effect on the yield of PCR, but the 

nonspecificity reduced to a significant level as is evident from the quantitative 

analysis graph (Fig. 5.6 B). No improvement in PCR was observed using solely the 

other components like sodium citrate and deionized water.  
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Fig. 5.6. A: PCR amplification of TR1 region in the absence and presence of Au NPs. Lane 1: 

control (without nanoparticles), Lane 2 and 3: with sodium citrate, Lane 4: negative control 

(without DNA and nanoparticles), and Lane 5: with 0.248 nM of Au NPs. Lane M: Fermentas 

DNA marker Cat# SM0323 showing bands of 3000, 2000, 1500, 1200, 1031, 900, 800, 700, 

600, 500, 400, 300, 200 and 100 bp. Quantitative estimation of relative amounts of PCR 

yields; NSC and NSN is nonspecific amplification in control and nanoparticles respectively 

(B). The PCR product was assessed on 1.5 % agarose gel stained with ethidium bromide. 

Similarly in another round of PCR amplification of TR1 region of S. Typhi for 

VNTR typing indicated that the nonspecific amplification could be reduced 

significantly using Ag NPs (0.068 mM) but had no significant increase in the yield of 

specific amplification in comparison to the control (Fig. 5.7). The non-specificity was 

also reduced to some extent while using 0.102 (Ag NP 1) and 0.136 mM (Ag NP 3) as 

compared to control but the yield was lower as compared to the control and even 

lower than the 0.068 mM concentration of Ag NPs.  
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Fig. 5.7. PCR amplification of TR1 DNA. Lane M with DNA marker, Lane 1 with control 

(without nanoparticles), Lane 2 with 0.102 mM Ag NPs (Ag NP-1), Lane 3 with 0.136 mM 

Ag NPs (Ag-NP-3) and Lane 4 with 0.068 mM Ag NPs (Ag NP-2) and Lane 5 with negative 

control (without DNA and nanoparticles) (A). Quantitative estimation of relative amounts of 

PCR yields, the solid black bars show the specific amplification whereas the unfilled bars 

show the non-specific amplification of DNA template under similar PCR amplification (B). 

The PCR product was assessed on 1.5 % agarose gel stained with ethidium bromide. 

Moreover, the effect of nanoparticles addition was also monitored in PCR 

amplification of TR2 for S. Typhi strains NIB 25 and 38, respectively. Interestingly, 

the addition of citrate stabilized Au NPs not only eliminated the non-specific 

amplification of target gene but the yield was also increased. Whereas, the gold Au 

NPs synthesized using rhamnolipids as reducing as well as stabilizing agents were not 

found much effective compared to citrate stabilized Au NPs, but their addition did not 

completely inhibit the PCR amplification, as observed in case of magnetic 

nanoparticles (Fig 5.8). Recently, Higashi et al. (2012) also reported that the addition 

of magnetic nanoparticles had inhibitory effect on PCR. They suggested that Taq 

DNA polymerase gets captured within the spaces in the clusters of magnetic 

nanoparticles formed thus reducing its concentration in the reaction mixture. They 

further suggested that inhibitory effect was strongly dependent on the structure of the 

magnetic clusters formed during the PCR (Higashi et al., 2012). 
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Fig. 5.8. Effect of nanoparticles on nonspecific amplification of TR2 primers of strains NIB 

25 and 38 respectively in the absence (Lane 1-2, Control) and presence of citrate stabilized 

Au NPs (Lane 3-4), magnetic nanoparticles (Lane 5-6) and rhamnolipids stabilized Au NPs 

(Lane 7-8, 0.248 nM  of RL-Au NPs). Lane M with DNA marker (Fermentas, cat # SM0323 

showing bands of 3000, 2000, 1500, 1200, 1031, 900, 800, 700, 600, 500, 400, 300, 200 and 

100 bp). The 1 represent the PCR product of strain NIB 25 and 2 represents the strain NIB 38. 

The PCR product was assessed on 1.5 % agarose gel stained with ethidium bromide. 

These results were further confirmed using multiplex PCR reaction and the gel 

photograph in Fig. 5.9 shows that the addition of citrate stabilized Au NPs has almost 

completely eliminated the non-specific amplification of the PCR product which is 

very important to assess the results of multiplex PCR. In multiplex PCR, 2-3 primer 

pairs are usually used so any non-specific amplification will increase the chances of 

getting false positive results and may lead to wrong interpretation. In this regard, 

during present study the elimination of nonspecific amplification due to nanoparticles 

addition may improve the reliability of PCR significantly. 
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Fig. 5.9. Effect of nanoparticles on nonspecific amplification in multiplex PCR for TR1, TR2 

and TR3 for S. Typhi strains NIB 25, 38 and As 1 respectively in absence (Lane 1-3: Control) 

and presence (Lane 4-6) of citrate stabilized Au NPs, Lane M: Marker (Fermentas, cat # 

SM0323 showing bands of 3000, 2000, 1500, 1200, 1031, 900, 800, 700, 600, 500, 400, 300, 

200 and 100 bp). The PCR product was assessed on 1.5 % agarose gel stained with ethidium 

bromide. 

5.4.4 Role of Gold Nanoparticles in Improving PCR Specificity at Low Annealing 

Temperature 

 PCR amplification of TR1 for S. Typhi strains NIB 25, 38 and As 1 (obtained 

from NIBGE culture collection) respectively was also examined at annealing 

temperature of 52 °C, in addition to the 55 °C, in order to study the effect of Au NPs 

on the specificity of PCR by lowering the annealing temperature. The Fig. 5.10 A and 

B show the agarose gel electrophoreses of the PCR products at annealing temperature 

of 55 and 52 °C, respectively. It is evident from the results that the addition of Au 

NPs in lane 2 greatly reduces the non-specific amplification as compared to the 

control in lane 1 during PCR at 55
 
°C (Fig. 5.10A). These results indicate the 

feasibility of using Au NPs to significantly reduce the non-specific amplification 

under PCR optimum conditions. Moreover, by lowering the annealing temperature to 

52 °C (Fig. 5.10B), the nonspecific amplification was reduced, though it was not as 
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much significant as observed at the annealing temperature of 55 °C. These results 

suggest that the elimination of non specific amplification could only be achieved at 

optimum primer annealing temperature. In contrast to these findings, there are some 

reports that the nonspecificity may also be reduced at lower annealing temperature (Li 

et al., 2005a; Li et al., 2005b; Wang et al., 2009). 

 

Fig. 5.10. Effect of nanoparticles on PCR amplification of TR1 primers. PCR amplification of 

TR1 for S. Typhi strains NIB 25, 38 and As 1 respectively in the absence (Lane 1-3) and 

presence (Lane 4-6) of citrate stabilized Au NPs at annealing temperature of 55 °C (A) and 52 

°C (B). The PCR product was assessed on 1.5 % agarose gel stained with ethidium bromide. 

 The addition of metal nanoparticles to the PCR mixture results in a very 

complex and dynamic biological-inorganic hybrid system. In contrast to the previous 

reports about the increased efficiency of PCR in the presence of nanoparticles, we 

found no such evidence in any PCR reaction using highly optimized system where 

comparable amplification was obtained in the absence of nanoparticles. However, 

there were few DNA templates which showed non-specific amplification in the 

absence of nanoparticles, but were amplified with high specificity in the presence of 

nanoparticles. In spite of many reports about the improvement of PCR efficiency in 

terms of specificity and yield, the exact mechanism explaining this improvement is 

still unclear, though some hypotheses have been made in this regard (Chen et al., 

2009; Huang et al., 2008; Yi et al., 2007). Moreover there are also some studies 

which demonstrate that nanoparticles play no role in improving the PCR efficiency 

and observe that the inhibitory effect of nanoparticles increases with increase in size 
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and the addition of nanoparticles just favor the amplification of smaller products over 

the larger ones (Vu et al., 2008; Wan and Yeow, 2009).  

5.5 Conclusions and Future Perspectives 

In conclusion, we were able to demonstrate that in the presence of appropriate 

concentration of metal nanoparticles, the amplification of target DNA template can be 

improved in terms of specificity. But this improvement strongly depends on the type 

of metal nanoparticles used, as in the case of magnetic nanoparticles we found no or 

very low amplification of the DNA under similar PCR conditions. Moreover, the 

nonspecific amplification was eliminated significantly in molecular typing of S. Typhi 

by PCR assay based on VNTRs. In future, this strategy will be extended to further 

improve the sensitivity and specificity of PCR assays both for typing and diagnosis of 

S. Typhi at low annealing temperature that may help to shorten two rounds of PCR 

needed for S. Typhi diagnosis to a single step. This strategy holds a promise in the 

disease diagnostics especially for the typing of S. Typhi but still further investigations 

are needed to explore the exact mechanism and effect of metal nanoparticles on PCR 

based DNA amplification and diagnostics. 
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a b s t r a c t

Natural unmodified rhamnolipids are thermally self-assembled into soft microtubules, which can pro-
duce gold nanoparticles onto themselves due to the presence of rhamnose sugar moieties at their surface.
The loading of gold nanoparticles on composite microtubules can be controlled by varying the concentra-
tion of gold salt to rhamnolipid and the reaction temperature. The composite rhamnolipid–gold nanopar-
ticle microtubules are then heat treated to produce porous gold microwire-like structures with fairly
controlled nanostructured features, which may have interesting applications in catalysis, biosensing
and electronics.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Metal nanoparticles have gained enormous scientific and com-
mercial importance due to their size/shape-dependent, unique
and tunable properties (e.g., quantum confinement, plasmon reso-
nance, light scattering, etc.) [1–5], and their utility in a wide range
of applications such as electronics, optics, catalysis and biotechnol-
ogy [6–10]. The controlled assembly of nanoparticles allows the
tuning of the properties of nanosystems, including surface area,
optical and electrical properties, and the accessibility of the guest
species. Therefore, various template-based and template-less strat-
egies are now being explored to use metal nanoparticles as build-
ing blocks to develop nanostructured materials (e.g., superlattices
[11–14], one-dimensional [15–22], two-dimensional [23–25] and
three-dimensional assemblies [26–34]) with useful properties.

The use of biomolecular building blocks to assemble nanomate-
rials has the capability of integrating the structural and functional
diversity of biosystems with the inherent properties of nanomate-
rials. A range of biomolecules have been used to assemble
nanomaterials, including DNA [35–39], proteins [40,41] and pep-
tides [42–45]. Biosurfactants provide pragmatically useful materi-
als for nanomaterials self-assembly, given their ready accessibility,
low cost, and structural diversity. Natural rhamnolipids, a subclass

of glycolipids produced by bacteria, are particularly attractive
building blocks, as they can easily be produced from bacteria
grown on low-cost substrates such as food and agricultural waste.

Herein we report natural and unmodified rhamnolipids serve as
both reducing and stabilizing agents to produce gold nanoparticles,
and that these lipids self-assemble into soft microtubules providing
scaffolds for nanoparticle assembly. These tubules can then be heat
treated to produce porous nanostructured micro/macroscopic mate-
rials with fairly controlled nanoscale features. Fig. 1 describes the
formation of such porous gold microwires using rhamnolipids as
sacrificial biotemplates to self-assemble gold nanoparticles.

2. Material and methods

The rhamnolipids were produced by EBN-8, a gamma ray-in-
duced mutant of Pseudomonas aeruginosa, grown on n-heptadecane
as a sole carbon and energy source at 37 �C in a minimal salt med-
ium [46,47]. The rhamnolipids were then extracted, separated
from cell free culture broth (CFCB) and purified using standard pro-
cedures [46,47]. To produce gold discrete nanoparticles, an aque-
ous suspension of purified rhamnolipids (0.005 g/20 ml) was
refluxed for 30 min with vigorous stirring under ambient atmo-
sphere. One milliliter of pre-heated (�60 �C) aqueous solution
(5 mM) of gold salt (HAuCl4�3H2O) was then added to boiling
suspension and reflux continued for another 60 min till the forma-
tion of red-coloured2 gold nanoparticles (Fig. 1b0).
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For self-assembled tubules, the precursor rhamnolipid microfi-
bers (Fig. 1b) were produced by boiling an aqueous suspension of
rhamnolipid (0.001 g/20 ml) for 30 min and then allowing the
obtained transparent dispersion to cool down slowly to room tem-
perature. Self-assembled biomass started appearing after about
48 h and white fluffy cotton-like biomass became clearly visible
after about 72 h. Self-assembled microfibers of rhamnolipids were
then incubated with 0.2 mM aqueous solution of gold chloride at
room temperature and the appearance of reddish colour of rhamn-
olipids biomass after 48 h indicated the formation of gold nanopar-
ticles onto the lipid template (Fig. 1c). Less structured rhamnolipid–
gold nanoparticle composite microtubules were also formed when
rhamnolipid stabilized gold nanoparticles were allowed to cool
due to the lesser concentration of rhamnolipids.

The gold nanoparticles and the rhamnolipid composite microtu-
bules before and after gold deposition were characterized by field
emission scanning electron microscope (FESEM, JSM 7500F)
equipped with a transmission electron (TE) detector, and energy
dispersive X-ray (EDX) detector.

3. Results and discussion

The gold nanoparticles formed by an aqueous suspension of
rhamnolipids were fairly uniform with an average size of ca.
20 nm, and a characteristic plasmon resonance band at 526 nm.
Fig. 2 shows representative TEM micrographs and UV–visible spec-
trum (inset) of these nanoparticles, respectively.

Fig. 3a and b shows the representative scanning electron micro-
graphs of several micrometers long rhamnolipid microtubules
without and with gold nanoparticles at their surface, respectively.

The presence of gold nanoparticles at the surface of rhamnolipid
micro/nanotubules was confirmed by scanning and transmission
electron microscopy as shown in inset of Fig. 3b and c, respectively.
Both the scanning and transmission electron micrographs showed
that the surface of rhamnolipid microtubules was uniformly coated

Fig. 1. A scheme for the formation of porous gold microwires using rhamnolipids (RL) as sacrificial biotemplates for the synthesis and self-assembly of gold nanoparticles. RL
suspension (a) is boiled to produce microtubules (b), which reduce ionic gold to gold nanoparticles (GNPs) to form RL–GNP composites (c). RL–GNPs composites may also be
produced by boiling RL suspension with gold salt to produce suspended gold nanoparticles (b0) followed by cooling. Heat treatment of RL–GNP composites lead to the
formation of porous gold microwires (d).

Fig. 2. A representative transmission electron micrograph of gold nanoparticles
formed using rhamnolipids as reducing and stabilizing agents. The inset shows UV–
visible scanning spectrum of gold nanoparticles.
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Fig. 4. Representative field emission scanning electron micrographs of gold microwire-like structures formed after the calcination of composite microtubules at 520 �C (a and
b), 650 �C (c and d) and 850 �C (e and f).

Fig. 3. Representative scanning electron micrographs of rhamnolipid microtubules (a) and rhamnolipid–gold nanoparticle composite microtubules (b). Insets of Fig. 3a and b
show the optical images of cotton-like biomass of self-assembled rhamnolipid microtubules and that of composite microtubules. The second inset of Fig. 3b shows a scanning
electron micrograph of rhamnolipid microtubule–gold nanoparticle composite microtubules clearly showing the formation of gold nanoparticles. Fig. 3c shows the
transmission electron micrograph of rhamnolipid microtubule–gold nanoparticle composite microtubules. Fig. 3d shows the EDX spectra of these composite microtubules.
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with gold nanoparticles. EDX results (Fig. 3d) of nanoparticle
coated rhamnolipid composite microtubules, dried on carbon
coated copper grid, confirmed the presence of gold (�15% w/w).
The loading of gold nanoparticles was also controllable by varying
the molar ratio of gold salt to rhamnolipids and the reaction condi-
tions. Varying the temperature from room temperature (�25 �C) to
100 �C, we observed that higher reaction temperature favoured
better loading of gold nanoparticles onto microtubules and the
maximum loading was achieved at 100 �C.

When composite microtubules were subjected to heat treatment
in a furnace at 520 �C, most (>95) of the organic template was re-
moved, as determined by EDX analysis, and a porous network of gold
microfibers was obtained (Fig. 4a and b). At temperature >650 �C, the
organic template was removed completely, as determined by EDX
analysis, and gold nanoparticles started coalescing with each other
thus increasing the size and spacing of gold nanoparticles in micro-
structures (Fig. 4c and d). These results are consistent with the pre-
vious findings that lipid-based organic templates start decomposing
at 293 �C and are completely removed at 658 �C [48].

The gold nanoparticles were completely fused together at 850 �C
to form micrometer long fused wires of several hundred nanometer
thick gold crystallites (Fig. 4e and f). Since we can also control the
loading of gold nanoparticles onto microtubules, up to at least 15%
(w/w), it was thus possible to control the size and spacing of gold
particles onto these porous microstructures by the proper choice
of reaction conditions and the calcination temperature.

To summarize, we have developed a simple protocol to use read-
ily available rhamnolipids to produce gold nanoparticles. We have
also thermally self-assembled unmodified natural rhamnolipids
into microtubules and used these materials as reducing/stabilizing
agents to form rhamnolipid–gold nanoparticle composite microtu-
bules. The loading of gold nanoparticles on composite microtubules
can be controlled by varying the concentration of gold salt to rhamn-
olipid and the reaction temperature. These composite microtubules
can then be heat treated to produce porous gold microwire-like
structures with fairly controlled nanoscale features. Such porous
gold microwires have potential applications in electronics, optics,
catalysis, and sensing, an area we are currently investigating.
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Abstract A simple and environmentally benign

green method is reported to decorate growing fungal

hyphae with high loading of gold nanoparticles, which

were initially produced using aqueous tea extract as a

sole reducing/stabilizing agent. Inoculation of fungal

spores in aqueous suspension of nanoparticles led to

the growth of intensely red-coloured fungal hyphae

due to the accumulation of gold nanoparticles. Heat

treatment of these hybrid materials led to the forma-

tion of porous gold microwires. This report is thus an

interesting example of using green and sustainable

approach to produce nanostructured materials which

have potential applications in catalysis, sensing and

electronics.

Keywords Living fungal hyphae � Template �
Gold nanoparticles � Tea extract and porous gold

microwires � Environmentally friendly approach

Introduction

The unique and tunable properties of metal nanopar-

ticles have created an enormous scientific and com-

mercial interest in such materials and their utility in a

wide range of applications including electronics,

photonics, sensing, catalysis and biotechnology (Aiken

and Finke 1999; Corma and Garcia 2008; Daniel and

Astruc 2004; De et al. 2008; Sperling et al. 2008).

Applications of such materials usually require to

develop reproducible, green, environmental friendly

and biologically benign processes for their sustainable

and economical production. In addition to the direct

applications of metal nanoparticles, there is an increas-

ing trend to develop biocompatible processes to control

their assembly, which offers an additional control over

the properties of nanostructured materials such as

optical and electrical properties, surface area and the

accessibility of the guest species. Therefore, various

template-based and template-less strategies are now

being explored to use metal nanoparticles as building

blocks to develop new nanostructured materials (e.g.

superlattices, (Andres et al. 1996; Giersig and Mulva-

ney 1993; Li et al. 1999; Shevchenko et al. 2006a, b)

one-dimensional (DeVries et al. 2007; Fukuoka et al.

2001; Gazit 2007; Hussain et al. 2009; Kang et al.
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2005; Kim et al. 2005; Lin et al. 2005; Ofir et al. 2008),

two-dimensional (Brust et al. 1995; Kiely et al. 1998)

and three-dimensional assemblies (Boal et al. 2000;

Hussain et al. 2006, 2010; Maye et al. 2005; Mirkin

et al. 1996; Yonezawa et al. 2003; Zhang et al. 2004,

2005, 2006, 2008) with useful properties.

The use of biological systems as building blocks to

assemble nanoparticles has the potential of integrating

the structural and functional diversity of biosystems

with the inherent properties of nanomaterials (Alivisa-

tos et al. 1996; Banerjee et al. 2003; Braun et al. 1998;

Carny et al. 2006; Caswell et al. 2003; Chang et al.

2005; Dujardin et al. 2001; Mirkin 2000; Mirkin et al.

1996; Patolsky et al. 2002; Reches and Gazit 2003;

Song et al. 2004). The promise of borrowing from

nature’s repertoire to organize nanoparticles has thus

led to the quest of a variety of biotemplated strategies

for the synthesis and assembly of nanoscale materials.

However, despite several developments, the control

over the organization of nanomaterials on multiple

length scales has remained challenging. Therefore,

serious efforts are now-a-days being made to develop

new template-less or template-based approaches to gain

control over the assembly of nanoparticles to produce

new nanosystems with unique properties. Microorgan-

isms, including viruses, bacteria and fungi, possess

unique and structurally interesting morphology with

tremendous control over the placement of nanoscopic

building blocks within extended architectures (Balci

et al. 2007; Bhattacharya and Gupta 2005; Bigall et al.

2008; Blum et al. 2005; He et al. 2006; Jahns et al. 2008;

Li et al. 2003; Maye et al. 2008; Radloff et al. 2005;

Sugunan et al. 2007). They can be reproduced quickly

and inexpensively in environmental friendly condi-

tions, which make them attractive targets for use as

biotemplates to direct the assembly of nanoparticles to

design and fabricate new nanostructured materials.

Growing fungal hyphae has recently been realized

as interesting biotemplates to organize metal nanopar-

ticles to produce nanostructured materials. There are,

however, only a very few reports in this regard and

usually involve the functionalization of nanoparticles

with specific ligands, such as DNA and glutamate etc.,

to generate their affinity with the fungal hyphae (Bigall

et al. 2008; Li et al. 2003; Sugunan et al. 2007). Herein,

we report a simple, biocompatible and a green method

to grow a fungus (Aspergillus niger) in gold nanopar-

ticles suspension, produced by an aqueous tea extract,

in the absence of any additional chemicals and

nutrients (Scheme 1). The fungal hyphae get decorated

with gold nanoparticles, as they grow, under nutrient-

starved conditions to produce hybrid nanostructures.

The fungus–gold nanoparticle hybrid microstructures

so obtained were typically 1–2 micrometres in diam-

eter and more than a few millimetres in length. The

intense red colour, the typical colour of gold nanopar-

ticles, and electron microscopic characterization of

these hybrid materials show high loading of gold

nanoparticles and that they retain their individual

characteristics. These hybrid nanostructured materials

are thus expected to have different conduction prop-

erties as compared to those which were obtained from

fungal growth in gold sol reduced by glutamate,

resulting in Ohmic behaviour close to that of bulk gold

(Sugunan et al. 2007). Heat treatment of these hybrid

materials led to the formation of porous gold micro-

wires which may have interesting applications in

catalysis, sensing and electronics.

Materials and methods

Gold (III) chloride trihydrate (C49% Au basis) was

purchased from Sigma Aldrich. All other chemicals

including those required to prepare growth medium

for A. niger (such as KH2PO4, (NH4)2SO4, CaCI2,

MgSO4�7H2O and NaCl etc.) were of analytical grade

purchased from the Sigma/Aldrich Chemical Co. and

were used as received without further purification.

Ultrapure water with a resistivity of 18.2 MX cm was

used as the solvent in all preparations.

Preparation of tea extract

10 g of black tea (Lipton Yellow Label) was sus-

pended in 250 mL Milli-Q water and refluxed under

continuous stirring for 4 h. The tea suspension was

then allowed to gradually cool down at room temper-

ature and then filtered through Whatman filter paper to

remove any insoluble impurities. The tea filtrate was

placed in a freezer at -80 �C. The frozen filtrate was

then freeze-dried, and the tea extract powder (1.8 g,

18% yield) was preserved for further use.

Synthesis of gold nanoparticles

In a typical experiment to prepare gold nanoparticles,

a given volume of a warm (50–60 �C) aqueous

6748 J Nanopart Res (2011) 13:6747–6754
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suspension of freeze-dried tea extract (Ideally, 5 mL,

5 mg/mL) was added quickly to a boiling aqueous

solution of HAuCl4 (100 mL, 1 mM) under vigorous

stirring. The colour of the reaction mixture gradually

changed from yellow to colourless to violet red within

3–5 min after the addition of tea extract suspension.

The reflux was continued for 30 min to ensure

complete reaction resulting in the formation of ruby

red gold nanoparticles suspension. The nanoparticles

suspension was then filtered through a 0.45 lm

Millipore syringe filter to remove any insoluble

impurities, and stored at 4 �C for further analysis

and for the growth of fungus, A. niger.

Fungal hyphae–gold nanoparticle composites

and porous gold microwires

Aspergillus niger was grown initially on agar medium

in culture plates maintained at 37 �C (see Supporting

Information for complete composition of growth

medium). Gold nanoparticles suspension, as prepared

above, was placed in an incubator maintained at 37 �C

and was inoculated with A. niger spores. The spores

started germinating after about 24 h, and the red

growing fungal biomass was clearly visible within

48–72 h. The red fungal hyphae–gold nanoparticle

composites were then heat treated in open air at

various temperatures up to 550 �C to produce porous

gold microwires.

Characterization

Transmission and scanning electron microscopy were

carried out using a field emission scanning electron

microscope (FESEM, JEOL, JSM-7500F) equipped

with a transmission and energy dispersive X-ray

(EDX) detectors. Nanoparticle specimens for inspec-

tion by electron microscopy were prepared by slow

evaporation of one drop of a dilute aqueous solution of

the particles on a carbon-coated copper mesh grid.

Scanning electron microscopic analysis of fungal

hyphae–gold nanoparticle composites was carried by

removing the composite red fungal biomass by

repeated centrifugation and washing with Milli-Q

Scheme 1 A scheme for

the formation of porous gold

microwires using growing

fungal hyphae as sacrificial

template. Fungal spores

inoculated in gold

nanoparticles suspension

(a) grow into red fungal

biomass with the depletion

of nanoparticle’s colour (b).

These fungal hyphae–gold

nanoparticle composites

(c) are then heat treated to

produce porous gold

microwires (d). (Color

figure online)
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water to remove loosely bound particles and other

impurities. The composite samples and heat-treated

porous gold microwires were then loaded onto copper

stubs without further conductive coating for analysis

by scanning electron microscopy and/or EDX. UV–

Visible spectrum of gold nanoparticles suspension was

recorded using a UV–Visible spectrophotometer

(CECIL 7000 series).

Results and discussion

We exploited the antioxidant properties of aqueous tea

extract (Kulisic et al. 2006; Padmini et al. 2008), due

to various polyphenolics including flavonoids and

catchins etc., to prepare gold nanoparticles. In this

regard, water soluble components of commercial

black tea were extracted in boiling water. The filtered

aqueous tea extract was freeze-dried to obtain a

powder, which was then used to prepare water-

dispersible gold nanoparticles. The gold particles so

formed have a characteristic and fairly narrow Plas-

mon absorption band at 520 nm as determined by UV–

Visible spectroscopy (inset of Fig. 1a). Transmission

electron microscopic examination of these particles

showed that they are fairly uniform in size and shape

and range in size from 10 to 25 nm (Fig. 1a).

Figure 1b shows the histogram of these particles,

which was obtained by measuring the size of at least

300 nanoparticles using image J software, indicating

that majority of the particles lie in the size range of

20–24 nm. It is worth mentioning that these gold

nanoparticles were fairly stable against electrostatic

imbalance and can withstand electrolyte (NaCl) con-

centration of at least 0.2 M, unlike citrate-reduced

gold particles which undergo aggregation at an

electrolyte concentration of as low as 50 mM.

In order to grow the fungus, A. niger spores were

inoculated at room temperature in an aqueous suspen-

sion of gold nanoparticles prepared by aqueous tea

extract. No additional nutrients were added to promote

the growth of the fungus. The growth of fungus was

thus not visible during the first 2-3 days due to the

limited amount of organic and inorganic nutrients in

nanoparticles suspension. A red-coloured biomass

started to become visible after 48 h which slowly

increased with time till 7–10 days (Fig. 2a) and the

mass of this fully grown fungus was almost directly

proportional to the volume of as-prepared nanoparti-

cles suspension in which its spores were inoculated.

We believe that the physiological process of absorp-

tion of reacted/unreacted biochemicals in aqueous tea

extracts, which may or may not be on nanoparticles

surface, derives the assembly of nanoparticles on

growing fungal hyphae. The utilization of the nutri-

ents, acting as stabilizers of gold nanoparticles, induce

instability and thus accumulation of hydrophobic gold

nanoparticles onto growing hydrophobic fungal

hyphae.

Subsequent layers of gold particles organize on the

first deposited layer due to agglomeration induced by

continued depletion of stabilizers ions from the

nanoparticles surface. In another experiment, we

cleaned gold nanoparticles from the excess of bio-

chemicals/nutrients by repeated cycles of precipitation

by centrifugation at 13,000 rpm, discarding the super-

natant and re-dispersing the nanoparticle precipitates

in Milli-Q water. Inoculation of fungal spores in the

clean nanoparticles suspension did not result in their

growth for up to a month. This indicates that the excess

biochemicals/nutrients available in tea extract play a

fundamental role in the growth of fungus and the

subsequent assembly of nanoparticles on growing

hyphae. Figure 3 shows field emission scanning

Fig. 1 Transmission

electron micrograph (a) of

gold nanoparticles produced

using aqueous tea extract.

The inset shows UV–Visible

spectrum of these

nanoparticles. Histogram

(b) shows the size

distribution of these

nanoparticles

6750 J Nanopart Res (2011) 13:6747–6754

123

Author's personal copy



electron micrograph of such composite materials,

without any additional conductive coating, showing

uniform and high loading of gold nanoparticles on the

fungal hyphae. EDX results (Fig. 3d, see Supporting

Information for more data) of nanoparticle-coated

fungal hyphae, dried on carbon coated copper grid,

confirmed the presence of gold (*15% w/w). The

loading of gold nanoparticles was fairly controllable

by varying the concentration of gold nanoparticles and

the incubation time.

When fungal hyphae–gold nanoparticle composites

were subjected to heat treatment, the organic frame-

work was gradually removed to produce porous

microwire-like structures of gold. The organic con-

tents of these composite wire-like structures started

decreasing at about 250 �C and were almost

Fig. 2 Optical image of growing fungal biomass in aqueous suspension of gold nanoparticles (a). Zoomed image of a part of growing

fungal biomass showing red-coloured hyphae (b). (Color figure online)

Fig. 3 Scanning electron

micrographs of fungal

hyphae loaded with gold

nanoparticles at different

magnifications (a–c). EDX

spectrum of these composite

fungal hyphae (d)
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completely removed at temperature above 550 �C as

determined by EDX analysis. At temperatures beyond

550 �C, the gold nanoparticles were almost com-

pletely coalesced and fused to produce porous gold

microwires due to the removal of organic contents

(Fig. 4). These results are in consistent with our

previous findings that organic template is almost

completely removed by heat treatment beyond 550 �C

to produce emulsion-templated porous gold beads and

porous gold microwires using polymer beads and

rhamnolipid microtubules as templates respectively

(Rehman et al. 2010; Zhang et al. 2004).

Conclusions

To summarize, we have developed a simple, repro-

ducible, green and a sustainable process to coat

growing fungal hyphae with biocompatible gold

nanoparticles. The fairly uniform biocompatible gold

nanoparticles were produced by reducing gold salt

using an aqueous tea extract. Inoculation of fungal

spores in gold nanoparticles suspension led to the

growth of fungal hyphae which appeared intensely red

due to the accumulation of nanoparticles on their

surface. Heat treatment of fungal hyphae–gold

nanoparticle composites led to the formation of porous

gold microwires, which may have potential applica-

tions in catalysis, sensing and electronics.

Acknowledgments We gratefully acknowledge National

Commission on Nanoscience and Technology (NCNST) and

Ministry of Science and Technology (MoST), Govt. of Pakistan,

for financial support to initiate nano-biotechnology research at

NIBGE. The authors thank Dr NM Butt, ex-chairman Pakistan

Science Foundation (PSF) and NCNST for useful discussion.

I.H. also thanks LUMS School of Science & Engineering (SSE),

Lahore, Pakistan for start-up funds to initiate nanomaterials

research at LUMS.

References

Aiken JD, Finke RG (1999) A review of modern transition-metal

nanoclusters: their synthesis, characterization, and applica-

tions in catalysis. J Mol Catal A Chem 145(1–2):1–44

Alivisatos AP, Johnsson KP, Peng XG, Wilson TE, Loweth CJ,

Bruchez MP, Schultz PG (1996) Organization of ‘nano-

crystal molecules’ using DNA. Nature 382(6592):609–611

Andres RP, Bielefeld JD, Henderson JI, Janes DB, Kolagunta

VR, Kubiak CP, Mahoney WJ, Osifchin RG (1996) Self-

assembly of a two-dimensional superlattice of molecularly

linked metal clusters. Science 273(5282):1690–1693

Balci S, Noda K, Bittner AM, Kadri A, Wege C, Jeske H, Kern K

(2007) Self-assembly of metal-virus nanodumbbells. An-

gew Chem Int Ed 46(17):3149–3151

Fig. 4 Scanning electron micrographs of porous gold microwires after heat treatment at 350 �C (a), 450 �C (b) and 550 �C (c and d)

6752 J Nanopart Res (2011) 13:6747–6754

123

Author's personal copy



Banerjee IA, Yu LT, Matsui H (2003) Cu nanocrystal growth on

peptide nanotubes by biomineralization: size control of Cu

nanocrystals by tuning peptide conformation. Proc Natl

Acad Sci USA 100(25):14678–14682

Bhattacharya D, Gupta RK (2005) Nanotechnology and potential

of microorganisms. Crit Rev Biotechnol 25(4):199–204

Bigall NC, Reitzig M, Naumann W, Simon P, van Pee KH,

Eychmuller A (2008) Fungal templates for noble-metal

nanoparticles and their application in catalysis. Angew

Chem Int Ed 47(41):7876–7879

Blum AS, Soto CM, Wilson CD, Brower TL, Pollack SK, Schull

TL, Chatterji A, Lin TW, Johnson JE, Amsinck C, Franzon

P, Shashidhar R, Ratna BR (2005) An engineered virus as a

scaffold for three-dimensional self-assembly on the nano-

scale. Small 1(7):702–706

Boal AK, Ilhan F, DeRouchey JE, Thurn-Albrecht T, Russell

TP, Rotello VM (2000) Self-assembly of nanoparticles into

structured spherical and network aggregates. Nature

404(6779):746–748

Braun E, Eichen Y, Sivan U, Ben-Yoseph G (1998) DNA-

templated assembly and electrode attachment of a con-

ducting silver wire. Nature 391(6669):775–778

Brust M, Bethell D, Schiffrin DJ, Kiely CJ (1995) Novel gold-

dithiol nano-networks with nonmetallic electronic-prop-

erties. Adv Mater 7(9):795–797

Carny O, Shalev DE, Gazit E (2006) Fabrication of coaxial

metal nanocables using a self-assembled peptide nanotube

scaffold. Nano Lett 6(8):1594–1597

Caswell KK, Wilson JN, Bunz UHF, Murphy CJ (2003) Pref-

erential end-to-end assembly of gold nanorods by biotin-

streptavidin connectors. J Am Chem Soc 125(46):

13914–13915

Chang JY, Wu HM, Chen H, Ling YC, Tan WH (2005) Oriented

assembly of Au nanorods using biorecognition system.

Chem Commun 8:1092–1094

Corma A, Garcia H (2008) Supported gold nanoparticles as

catalysts for organic reactions. Chem Soc Rev 37(9):

2096–2126

Daniel MC, Astruc D (2004) Gold nanoparticles: assembly,

supramolecular chemistry, quantum-size-related proper-

ties, and applications toward biology, catalysis, and nano-

technology. Chem Rev 104(1):293–346

De M, Ghosh PS, Rotello VM (2008) Applications of nano-

particles in biology. Adv Mater 20(22):4225–4241

DeVries GA, Brunnbauer M, Hu Y, Jackson AM, Long B,

Neltner BT, Uzun O, Wunsch BH, Stellacci F (2007)

Divalent metal nanoparticles. Science 315:358–361

Dujardin E, Hsin LB, Wang CRC, Mann S (2001) DNA-driven

self-assembly of gold nanorods. Chem Commun 14:

1264–1265

Fukuoka A, Sakamoto Y, Guan S, Inagaki S, Sugimoto N,

Fukushima Y, Hirahara K, Iijima S, Ichikawa M (2001)

Novel templating synthesis of necklace-shaped mono- and

bimetallic nanowires in hybrid organic-inorganic meso-

porous material. J Am Chem Soc 123(14):3373–3374

Gazit E (2007) Use of biomolecular templates for the fabrication

of metal nanowires. FEBS J 274(2):317–322

Giersig M, Mulvaney P (1993) Preparation of ordered colloid

monolayers by electrophoretic deposition. Langmuir 9(12):

3408–3413

He YH, Yuan JY, Su FY, Xing XH, Shi GQ (2006) Bacillus subtilis
assisted assembly of gold nanoparticles into long conductive

nodous ribbons. J Phys Chem B 110:17813–17818

Hussain I, Wang ZX, Cooper AI, Brust M (2006) Formation of

spherical nanostructures by the controlled aggregation of

gold colloids. Langmuir 22(7):2938–2941

Hussain I, Brust M, Barauskas J, Cooper AI (2009) Controlled

step growth of molecularly linked gold nanoparticles: from

metallic monomers to dimers to polymeric nanoparticle

chains. Langmuir 25(4):1934–1939

Hussain I, Zhang HF, Brust M, Barauskas J, Cooper AI (2010)

Emulsions-directed assembly of gold nanoparticles to

molecularly-linked and size-controlled spherical aggre-

gates. J Colloid Interface Sci 350(1):368–372

Jahns AC, Haverkamp RG, Rehm BHA (2008) Multifunctional

inorganic-binding beads self-assembled inside engineered

bacteria. Bioconj Chem 19(10):2072–2080

Kang YJ, Erickson KJ, Taton TA (2005) Plasmonic nanoparticle

chains via a morphological, sphere-to-string transition.

J Am Chem Soc 127(40):13800–13801

Kiely CJ, Fink J, Brust M, Bethell D, Schiffrin DJ (1998)

Spontaneous ordering of bimodal ensembles of nanoscopic

gold clusters. Nature 396(6710):444–446

Kim GM, Wutzler A, Radusch HJ, Michler GH, Simon P,

Sperling RA, Parak WJ (2005) One-dimensional arrange-

ment of gold nanoparticles by electrospinning. Chem

Mater 17(20):4949–4957

Kulisic T, Dragovic-Uzelac V, Milos M (2006) Antioxidant

activity of aqueous tea infusions prepared from oregano,

thyme and wild thyme. Food Technol Biotechnol 44(4):

485–492

Li M, Schnablegger H, Mann S (1999) Coupled synthesis and

self-assembly of nanoparticles to give structures with

controlled organization. Nature 402(6760):393–395

Li Z, Chung SW, Nam JM, Ginger DS, Mirkin CA (2003)

Living templates for the hierarchical assembly of gold

nanoparticles. Angew Chem Int Ed 42(20):2306–2309

Lin S, Li M, Dujardin E, Girard C, Mann S (2005) One-

dimensional plasmon coupling by facile self-assembly of

gold nanoparticles into branched chain networks. Adv

Mater 17(21):2553–2559

Maye MM, Lim IIS, Luo J, Rab Z, Rabinovich D, Liu TB,

Zhong CJ (2005) Mediator-template assembly of nano-

particles. J Am Chem Soc 127(5):1519–1529

Maye MM, Freumuth P, Gang O (2008) Adenovirus knob tri-

mers as tailorable scaffolds for nanoscale assembly. Small

4(11):1941–1944

Mirkin CA (2000) Programming the assembly of two- and three-

dimensional architectures with DNA and nanoscale inor-

ganic building blocks. Inorg Chem 39(11):2258–2272

Mirkin CA, Letsinger RL, Mucic RC, Storhoff JJ (1996) A DNA-

based method for rationally assembling nanoparticles into

macroscopic materials. Nature 382(6592):607–609

Ofir Y, Samanta B, Rotello VM (2008) Polymer and biopolymer

mediated self-assembly of gold nanoparticles. Chem Soc

Rev 37(9):1814–1823

Padmini E, Prema K, Geetha BV, Rani MU (2008) Comparative

study on composition and antioxidant properties of mint

and black tea extract. Int J Food Sci Technol 43(10):

1887–1895

J Nanopart Res (2011) 13:6747–6754 6753

123

Author's personal copy



Patolsky F, Weizmann Y, Lioubashevski O, Willner I (2002)

Au-nanoparticle nanowires based on DNA and polylysine

templates. Angew Chem Int Ed 41(13):2323–2327

Radloff C, Vaia RA, Brunton J, Bouwer GT, Ward VK (2005)

Metal nanoshell assembly on a virus bioscaffold. Nano Lett

5(6):1187–1191

Reches M, Gazit E (2003) Casting metal nanowires within dis-

crete self-assembled peptide nanotubes. Science 300(5619)

:625–627

Rehman A, Raza ZA, Saif ur Rehman, Khalid ZM, Subramani

C, Rotello VM, Hussain I (2010) Synthesis and use of self-

assembled rhamnolipid microtubules as templates for gold

nanoparticles assembly to form gold microstructures.

J Colloid Interface Sci 347(2):332–335

Shevchenko EV, Talapin DV, Kotov NA, O’Brien S, Murray

CB (2006a) Structural diversity in binary nanoparticle su-

perlattices. Nature 439(7072):55–59

Shevchenko EV, Talapin DV, Murray CB, O’Brien S (2006b)

Structural characterization of self-assembled multifunc-

tional binary nanoparticle superlattices. J Am Chem Soc

128(11):3620–3637

Song YJ, Challa SR, Medforth CJ, Qiu Y, Watt RK, Pena D, Miller

JE, van Swol F, Shelnutt JA (2004) Synthesis of peptide-

nanotube platinum-nanoparticle composites. Chem Com-

mun 9:1044–1045

Sperling RA, Rivera gil P, Zhang F, Zanella M, Parak WJ (2008)

Biological applications of gold nanoparticles. Chem Soc

Rev 37(9):1896–1908

Sugunan A, Melin P, Schnurer J, Hilborn JG, Dutta J (2007)

Nutrition-driven assembly of colloidal nanoparticles:

growing fungi assemble gold nanoparticles as microwires.

Adv Mater 19(1):77–81

Yonezawa T, Matsune H, Kimizuka N (2003) Formation of an

isolated spherical three-dimensional nanoparticle assembly

as stable submicrometer-sized units by using an inorganic

wrapping technique. Adv Mater 15(6):499–503

Zhang HF, Hussain I, Brust M, Cooper AI (2004) Emulsion-

templated gold beads using gold nanoparticles as building

blocks. Adv Mater 16(1):27–30

Zhang HF, Hussain I, Brust M, Butler MF, Rannard SP, Cooper

AI (2005) Aligned two- and three-dimensional structures

by directional freezing of polymers and nanoparticles. Nat

Mater 4(10):787–793

Zhang HF, Hussain I, Brust M, Cooper AI (2006) Synthesis of

hierarchically porous inorganic-metal site-isolated nano-

composites. Chem Commun 24:2539–2541

Zhang H, Lee JY, Ahmed A, Hussain I, Cooper AI (2008) Freeze-

align and heat-fuse: microwires and networks from nano-

particle suspensions. Angew Chem Int Ed 47(24):4573–4576

6754 J Nanopart Res (2011) 13:6747–6754

123

Author's personal copy


	Synthesis and use of self-assembled rhamnolipid microtubules as templates for gold nanoparticles assembly to form gold microstructures
	Introduction
	Material and methods
	Results and discussion
	Acknowledgments
	References

	Abstract
	Introduction
	Materials and methods
	Preparation of tea extract
	Synthesis of gold nanoparticles
	Fungal hyphae--gold nanoparticle composites and porous gold microwires
	Characterization

	Results and discussion
	Acknowledgments
	References

