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Abstract 

Mesoporous AgCl–TiO2 nanoparticles (ATNPs) with Titanium dioxide (TiO2) as the 

homogenous anatase crystalline phase were synthesized using a one–pot sol–gel 

method. The sample was calcined at 100 °C and characterized by X–ray diffraction, 

High resolution transmission electron microscopy, Energy dispersive X–ray 

spectroscopy, Fourier transform infrared spectroscopy, Diffuse reflection spectroscopy, 

N2 adsorption–desorption isotherm and Brunauer–Emmett–Teller (BET) analysis. The 

BET surface area and crystallite size of ATNPs were determined to be 266 m
2
/g and 

3.76 nm respectively. The ATNPs exhibited excellent antimicrobial activity against 

representative Gram–positive and Gram–negative bacterial cultures and Candida 

albicans. Complete inhibition of microorganisms was achieved at a very low ATNP 

concentration, in the range of 1.0 to 20 µg/mL (effective Ag concentrations were 11.7 

to 234 ppb) in less than 2 h under ambient conditions. Silver ion release studies showed 

that about 18 % of total silver incorporated in TiO2 was present as silver ions in 

solution, indicating that the antimicrobial activity is due to silver ions released from the 

TiO2 matrix.  

As most microorganisms are present as biofilms, these ATNPs were further tested for 

their anti-biofilm activity. Sol–gel coatings of ATNPs presented as potential anti-

biofilm agents, wherein TiO2 acted as a good supporting matrix to prevent aggregation 

of silver and facilitated its controlled release. Low–temperature processed ATNP 

coatings inhibited biofilm formation by Escherichia coli, Staphylococcus epidermidis 

and Pseudomonas aeruginosa. In vitro biofilm assay experiments demonstrated that 

ATNP coated surfaces, inhibited the development of biofilms over a period of 10 days 

as confirmed by Scanning electron microscopy (SEM). The silver release kinetics 

exhibited an initial high release, followed by a slow and sustained release. The anti–

biofilm efficacy of the coatings could be attributed to the release of silver ions, which 

prevents the initial bacterial adhesion required for biofilm formation. 

The anti–quorum sensing activity of ATNPs and its mechanism was evaluated using 

Chromobacterium violaceum as the bacterial model. Silver present in ATNPs 

significantly reduced violacein production in a concentration dependent manner, 

indicating inhibition of quorum sensing. Anti–quorum sensing activity was confirmed 

by the absence of signalling molecule, Oxo–octanoyl homoserine lactone during growth 
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in the presence of ATNPs. TiO2 acted as a good supporting matrix facilitating 

controlled release of silver ions with prolonged residual activity. Hence these ATNPs 

are proposed as quorum sensing inhibitors with potential for use as an anti-pathogenic 

but nontoxic bioactive material. Although silver is well known for its bioactive 

potential of antibacterial, antifungal and antiviral properties, this study adds further note 

on its anti–quorum sensing activity and its potential use in food packaging industry. 

Anti–quorum sensing activity of ATNP is proposed as an efficient model for controlling 

food spoilage. 

Furthermore, the potential of TiO2 nanoparticles in the field of tissue engineering was 

assessed. Nanocomposite scaffold using a mixture of nanoparticles TiO2 and 

hydroxyapatite (HAp) and Alginate was developed using the technique of freeze drying, 

with an intended use towards biomedical applications such as bone tissue engineering 

and drug delivery. TiO2–HAp nanocomposites were prepared with variable ratios of 

TiO2 and HAp and characterized using X–ray diffraction, Fourier transform infrared 

spectroscopy and Transmission electron microscopy. TiO2–HAp (50:50) was selected 

for further studies based on biocompatibility studies. TiO2–HAp–Alginate scaffolds 

were prepared and studied for mechanical properties, biocompatibility and drug loading 

and release kinetics. The mechanical properties of the scaffolds were investigated using 

dynamic mechanical analysis and the cell viability of osteosarcoma cells (MG–63) on 

these scaffolds was evaluated using 3–(4,5–dimethylthiazol–2–yl)–2,5 

diphenyltetrazolium bromide (MTT) assay.  
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Chapter 1: Introduction and Literature Review 

1.1 Nanotechnology 

Nanotechnology is the production and application of devices and systems at the 

nanometer scale, which is of the order of 10
–9

 m. The prefix ‘nano–’ is derived from the 

Greek word nannos, meaning “very short man”. Nanotechnology has great potential for 

producing improvements and innovations in many areas of life, such as new and 

improved health treatments; cleaner, safer and faster manufacturing; quicker and 

smaller devices; increased life cycle of products and improvements to existing products; 

reduced use of some harmful or scarce resources (Allhoff et al. 2010).  

Nanotechnology involves research and technology development at 1 nm to 100 nm 

range and creates and uses structures that have novel properties because of their small 

size. It builds on the ability to control or manipulate at atomic scale. Nanoparticles are 

microscopic particles with at least one dimension less than 100 nm and are of great 

scientific interest as they effectively bridge the gap between bulk materials and atomic 

or molecular structures. 

National Nanotechnology Initiative (NNI) defines nanotechnology as: “The 

understanding and control of matter at dimensions of roughly 1 to 100 nm, where 

unique phenomena enable novel applications”. A more complete definition includes the 

formation and use of materials, structures, devices, and systems that have unique 

properties because of their small size. Also, nanotechnology includes the technologies 

that enable the control of materials at the nanoscale (NNI 2011). 

The reason why nanotechnology is so innovative and revolutionary lies in quantum 

mechanics. When particles are created with dimensions of about 1–100 nanometers, the 

material properties change significantly from their conventional, bulk counterparts. The 

two main reasons for this are increased relative surface area and new quantum effects 

(Chaturvedi et al. 2012). Nanomaterials have a much greater surface area to volume 

ratio than their conventional forms, which can lead to greater chemical reactivity and 

affect their strength. Also at the nano scale, quantum effects can become much more 

important in determining the materials properties and characteristics, leading to novel 

physical, chemical, mechanical, optical, electrical and magnetic behaviours. Classical 

physics can no longer control the behaviour of the material which is now under the 
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control of quantum laws (Zettili 2009). This fact gives the nanostructured material new 

abilities and properties that may be more favourable than the ones of the bulk material 

(Uskokovic 2007; Andrievski and Glezer 2001). A good example is that some polymers 

which are insulators in the bulk form, behave as semiconductors at the nanoscale. Thus, 

when particle size is in nanoscale, properties such as melting point, fluorescence, 

electrical conductivity, magnetic permeability, and chemical reactivity change as a 

function of the size of the particle.  

Growing interest in the medical applications of nanotechnology has led to the 

emergence of a new field called nanomedicine or more generally, ‘bionanotechnology’. 

(Freitas 1999; Emerich and Thanos 2003). Nanomedicine can be very broadly defined 

as a technology that uses molecular tools, nanoscale or nanostructured materials and 

knowledge of the human body for medical diagnosis and treatment (Wagner 2006; 

Duncan 2004). It utilizes extremely small materials like particles, surfaces and 

instruments that are often barely larger than a few molecules in scale to interface with 

human cells and tissues in a therapeutic mode. Nanomedicine promises to be very 

useful in areas like diagnosis, regenerative medicine, tissue engineering and targeted 

drug delivery. Currently, nanomedical technologies are in their infancy, but many 

physicians and medical scientists believe that nanomedicine will revolutionize medical 

care as dramatically as the development of antibiotics did in the 1930s and 1940s. 

The first scientist to voice the possibilities of manipulating and controlling things on a 

small scale was the late Nobel physicist Richard P. Feynman. In his 1959 prescient talk, 

“There’s Plenty of Room at the Bottom,” Feynman proposed using machine tools to 

make smaller machine tools, these to  be used in turn to make still smaller machine 

tools, and so on all the way down to the atomic level (Feynman 1960). Feynman was 

clearly aware of the potential medical applications of the new technology that he was 

proposing. The idea that tiny nanorobots and related machines could be designed, 

manufactured, and introduced into the human body to perform cellular repairs at the 

molecular level was also championed in the popular writings of Drexler (Drexler 1986; 

Drexler et al. 1991) in the 1980s and1990s, and in the technical writings of Freitas 

(Freitas 1999; Freitas 2003) in the 1990s and 2000s. 

Without losing sight of Feynman’s original long–term vision of medical nanorobotics, 

nanomedicine today has branched out in numerous different directions, each of them 
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embodying the key insight that the ability to structure materials and devices at the 

molecular scale can bring enormous immediate benefits in the research and practice of 

medicine (Freitas 2005). 

1.2 The World of Metal Oxide Nanomaterials  

Metal elements are able to form a large diversity of oxide compounds which play a very 

important role in many areas of chemistry, physics and materials science (Noguera 

1996; Henrich and Cox 1994). Metal oxide nanoparticles can exhibit unique physical 

and chemical properties due to their limited size and a high density of corner or edge 

surface sites. (Klabunde et al. 1996). Metal oxides are used in various technological 

applications such as the fabrication of microelectronic circuits, sensors, piezoelectric 

devices, fuel cells, coatings for the passivation of surfaces against corrosion, and as 

catalysts. (Gleiter 1995; Valden et al. 1998; Rodriguez et al. 2002; Baumer and Freund 

1999; Trudeau and Ying 1996). Metal oxide nanoparticles have a unique structure, 

interesting and unusual redox and catalytic properties, high surface area, good 

mechanical stability and are biocompatible. For these reasons, metal oxide 

nanoparticles have attracted considerable interest in the field of biomedical 

therapeutics, bio–imaging and bio–sensing. These materials have become important 

components in medical implants, cancer diagnosis and therapy and in neurochemical 

monitoring. For example titania is the material of choice in medical implants as it 

provides an excellent biocompatible surface for cell attachment and proliferation. 

Several other metal oxides have been used as gas sensing nanoprobes for cell labelling 

and separation, as contrast agents for magnetic resonance imaging and as carriers for 

targeted drug delivery (Andreescu et al. 2012).  

1.2.1 Titanium dioxide (TiO2) as a multifunctional nanomaterial 

Multifunctional nanomaterials can be defined as nanomaterials that integrate more than 

one kind of function to accomplish a wide range of applications. For example, 

nanoparticles that integrate more than one kind of imaging or therapeutic agents, makes 

them potential multifunctional nanoplatforms for both diagnosis and therapy. Among 

these, titanium dioxide (TiO2) is of primary interest for its unusual electronic properties, 

non–toxicity, structural stability and low cost. Moreover, it is already present in many 

different commercial products such as paints, cosmetics, ceramics, coatings, etc. Its 

potential applications range from photocatalysis in environmental remediation (Gayaa 
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and Abdullaha 2008), water splitting (Fujishima and Honda 1972; Tang et al. 2008; 

Kudo and Miseki 2009; Osterloh 2008), solar cells (e.g. dye–sensitized solar cells ( 

O‘Regan and Graetzel 1991; Sauvage et al. 2010), hybrid solar cells (Lancelle–Beltran 

et al. 2006), quantum dots solar cells (Kongkanand et al. 2008), and gas sensors, to 

biomedical applications in tissue engineering (Naldoni et al. 2011), magnetic resonance 

imaging (Endres et al. 2007), and drug/gene therapy (Paunesku et al. 2007; Paunesku et 

al. 2003). 

TiO2 materials are expected to play an important role in helping solve many serious 

environmental and pollution challenges. TiO2 also bears tremendous potential in 

addressing the energy crisis through effective utilization of solar energy based on 

photovoltaic and water–splitting devices (Chen and Mao 2007) 

1.2.2 Synthesis of Nano Titanium dioxide 

The synthesis of nanoparticles with controlled size, crystalline structure and shape has 

been very profoundly inspired by the world of nanochemistry. In general the synthesis 

methods for nanoparticles can be classified into two categories viz. the top down 

approach and the bottom up approach. The top down approach involves the division of 

a solid into smaller portions. This method could involve the process of milling or 

attrition, chemical methods, and volatilization of a solid followed by condensation of 

the volatilized components. The second which is the bottom up approach of 

nanoparticle fabrication involves the condensation of atoms or molecular units in a gas 

phase or in solution. This method is widely used in the synthesis of nanoparticles. 

In recent years, there has been a great deal of research on the preparation of 

nanostructured titania due to its extensive applications. There is much literature on the 

synthesis of anatase TiO2 particles in the size range of 5 nm to several microns and with 

a variety of shapes (Zhang and Gao 2003; Matsuda et al. 2000; Parala et al. 2002; 

Trentler et al. 1999; Zaban et al. 2000; Bersani et al. 1998). 

Sol–gel method for synthesis of TiO2 nanomaterials involves hydrolysis of a titanium 

precursor (Bessekhouad et al. 2003; Kuznetsova et al. 2005; Lee and Yang 2005; 

Zhang and Banfield 2005; Sugimoto et al. 2003). It is a versatile process used in 

making various ceramic materials. In a typical sol–gel process, a colloidal suspension, 

or a sol, is formed from the hydrolysis and polymerization reactions of the precursors, 
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which are usually inorganic metal salts or metal organic compounds such as metal 

alkoxides. Complete polymerization and loss of solvent leads to the transition from the 

liquid sol into a solid gel phase (Chen and Mao 2007).  

Sol method refers to the non–hydrolytic sol–gel process and usually involves the 

reaction of titanium salt with a variety of different oxygen donor molecules, e.g., a 

metal alkoxide or organic ether (Niederberger et al. 2002; Parala et al. 2002; Tang et al. 

2005). Even though aqueous sol–gel methods were highly successful in the synthesis of 

bulk metal oxides, they exhibit certain limitations while preparing their nanoscale 

counterparts. Aqueous sol–gel chemistry is quite complex, mainly due to the high 

reactivity of the metal oxide precursors and the double role of water as ligand and 

solvent. In many cases, the three reaction types (hydrolysis, condensation, and 

aggregation) occur almost simultaneously and are difficult to control individually, 

therefore slight changes in experimental conditions result in altered particle 

morphologies which is a serious issue regarding the reproducibility of a synthesis 

protocol. Moreover, the as synthesized metal oxides are often amorphous and require an 

additional annealing step for crystallization (Niederberger 2007). Nonaqueous/non–

hydrolytic sol–gel processes in organic solvents, generally under exclusion of water, are 

able to overcome these limitations of aqueous systems, and thus represent a powerful 

and versatile alternative (Vioux 1977; Chen and Mao 2007). 

Micelles and inverse micelles are commonly employed to synthesize TiO2 

nanomaterials with amorphous structure (Hong et al. 2003; Kim et al. 2005a; Li et al. 

2004; Lim et al. 2004a; Lim et al. 2004b). In this method, calcination is usually 

necessary to induce high crystallinity which can lead to the growth and agglomeration 

of TiO2 nanoparticles. Aggregates of surfactant molecules dispersed in a liquid colloid 

are called micelles when the surfactant concentration exceeds the critical micelle 

concentration (CMC). In micelles, the hydrophobic hydrocarbon chains of the 

surfactants are oriented toward the interior of the micelle, and the hydrophilic groups of 

the surfactants are oriented toward the surrounding aqueous medium. The lipids form a 

single layer on the liquid surface and are dispersed in solution below the CMC. The 

lipids organize in spherical micelles at the first CMC (CMC–I), into elongated pipes at 

the second CMC (CMC–II), and into stacked lamellae of pipes at the lamellar point 

(LM or CMC–III) (Kangarlou Rafizadeh 2012). The CMC depends on the chemical 

composition, mainly on the ratio of the head area and the tail length. Reverse micelles 
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are formed in non–aqueous media, and the hydrophilic head groups are directed toward 

the core of the micelles while the hydrophobic groups are directed outward toward the 

non–aqueous media. There is no obvious CMC for reverse micelles, because the 

number of aggregates is usually small and they are not sensitive to the surfactant 

concentration (Chen and Mao 2007).  

Hydrothermal method is a “soft solution chemical processing” technique, which 

provides an easier way to control particle size, particle morphology, microstructures, 

phase composition, and surface chemical properties with adjustments in experimental 

parameters such as temperature, pressure, duration of process, and solution pH (Chang 

et al. 2012). It is an easy route to prepare well–crystalline and phase–pure oxides in one 

step. It is normally conducted in steel pressure vessels called autoclaves with or without 

Teflon liners under controlled temperature and/or pressure. The temperature can be 

elevated above the boiling point of water, reaching the pressure of vapour saturation. 

The temperature and the amount of solution added to the autoclave largely determine 

the internal pressure produced. It is a method that is widely used for the production of 

small particles in the ceramics industry (Chen and Mao 2007). Hydrothermal method 

has been used by many groups to prepare TiO2 nanoparticles (Yang et al. 2000; Yang et 

al. 2001a; Yang et al. 2002; Yang et al. 2004a; Yang et al. 2004b). For example, TiO2 

nanoparticles can be obtained by hydrothermal treatment of peptized precipitates of a 

titanium precursor with water (Yang et al. 2001a).  

Solvothermal method has been found to be a versatile method for the synthesis of a 

variety of nanoparticles with narrow size distribution and dispersity (Li et al. 2006; Xu 

and Li 2006; Wang et al. 2005b). The solvothermal method is almost identical to the 

hydrothermal method except that the solvent used here is non–aqueous. However, the 

temperature can be elevated much higher than that in hydrothermal method, as a variety 

of organic solvents with high boiling points can be used. In case of TiO2 nanoparticles, 

the solvothermal method is generally observed to provide better control of the size and 

shape distributions and crystallinity than hydrothermal methods with/without the aid of 

surfactants (Chen and Mao 2007; Wen et al. 2005a; Wen et al. 2005b;  Kim et al. 

2003a; Kim et al. 2003b; Yang and Gao 2006).  

Direct oxidation method facilitates synthesis of TiO2 nanomaterials by oxidation of 

titanium metal using oxidants or under anodization. Crystalline TiO2 nanorods have 
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been obtained by direct oxidation of a titanium metal plate with hydrogen peroxide (Wu 

et al. 2005a; Wu et al. 2002; Wu and Zhang 2004). Anodic oxidation of titanium foil 

has been used to synthesize TiO2 nanotubes (Mor et al. 2006; Paulose et al. 2006; 

Varghese et al. 2008; Ruan et al. 2005; Shankar et al. 2005). 

Vapour deposition refers to any process in which materials in a vapour state are 

condensed to form a solid–phase material. These processes are normally used to form 

coatings to alter the mechanical, electrical, thermal, optical, corrosion resistance, and 

wear resistance properties of various substrates. They are also used to form free–

standing bodies, films, and fibres and to infiltrate fabric to form composite materials. 

Recently, they have been widely explored to fabricate various nanomaterials. Vapour 

deposition processes usually take place within a vacuum chamber. If no chemical 

reaction occurs, this process is called physical vapour deposition (PVD); otherwise, it is 

called chemical vapour deposition (CVD). (Chen and Mao 2007). In CVD processes, 

thermal energy heats the gases in the coating chamber and drives the deposition 

reaction. In PVD, materials are first evaporated and then condensed to form a solid 

material. The primary PVD methods include thermal deposition, ion plating, ion 

implantation, sputtering, laser vaporization, and laser surface alloying. TiO2 nanowire 

arrays have been fabricated by a simple PVD method or thermal deposition (Wu et al. 

2005b; Wu et al. 2005c; Xiang et al. 2005). The following CVD approaches are used in 

preparing TiO2 nanomaterials (i) electrostatic spray hydrolysis: a method in which a 

metal alkoxide in an organic solvent is transformed into an aerosol by the electrostatic 

"atomization" technique (electrospray). Charged droplets in the aerosol form 

unaggregated nanoparticles during their flight from the spray nozzle to the collector 

(Park and Burlitch 1992), (ii) diffusion flame pyrolysis is widely used in production of 

ultrafine TiO2 and many other materials. In this process flame heat is used to initiate the 

chemical reactions. The disadvantage of this method is that it usually yields 

agglomerated particles. (Gurav et al. 1993; Jang and Kim 2001), (iii) thermal plasma 

pyrolysis involves the use of thermal plasma to deliver the energy necessary to cause 

vaporization of small micrometer size particles. The temperature of thermal plasma is in 

the order of 10,000 K to facilitate easy evaporation of solid powder. Nanoparticles are 

formed upon cooling while exiting the plasma region. The thermal plasma torches used 

to produce nanoparticles are dc plasma jet, dc arc plasma, and radio frequency (RF) 

induction plasmas. (Oh et al. 2005a; Wang et al. 2005a), (iv) ultrasonic spray pyrolysis 
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consists of the precursor solution which is ultrasonically nebulized into microdroplets, 

which are carried by a gas flow into a furnace where solvent evaporation and precursor 

decomposition occurs, producing nanoparticles. Ultrasonic spray pyrolysis may be 

employed to generate an aerosol from a dilute aqueous metal salt solution, resulting in 

the production of particles with a narrow size distribution. (Nedeljkovic et al. 1997; 

Skrabalak and Suslick 2005; Pingali et al. 2005), (v) laser–induced pyrolysis is a well 

established method of obtaining particle sizes smaller than 10 nm wherein the infra–red 

laser is used to rapidly heat a flowing reacting gas. The source molecules are heated 

selectively by absorption of the laser energy whereas the carrier gas is not. Heating 

leads to decomposition of the precursors and super saturation is created resulting in 

nanoparticle formation (Grujic–Brojcin, M, 2005; Scepanovic et al. 2005).  

Electrodeposition is commonly employed to produce a coating, usually metallic, on a 

surface by the action of reduction at the cathode. The substrate to be coated is used as 

cathode and immersed into a solution which contains a salt of the metal to be deposited. 

The metallic ions are attracted to the cathode and reduced to metallic form. TiO2 

nanowires were obtained by electrodeposition with the use of the template of an anodic 

alumina membrane (AAM) (Lei et al. 2001; Liu and Huang 2005).  

Sonochemical method enables the use of ultrasound in the synthesis of a wide range of 

nanostructured materials, including high surface area transition metals, alloys, carbides, 

oxides, and colloids. The chemical effects of ultrasound do not come from a direct 

interaction with molecular species. Instead, sonochemistry arises from acoustic 

cavitation: the formation, growth, and implosive collapse of bubbles in a liquid. 

Cavitational collapse produces intense local heating (~5000 K), high pressures (~1000 

atm), and enormous heating and cooling rates (>10
9
 K/s). The sonochemical method has 

been applied to prepare various TiO2 nanomaterials by different groups (Blesic et al. 

2002; Guo et al. 2003; Huang et al. 2000; Jokanovic et al. 2004).  

Microwave synthesis is relatively new and an interesting technique for the synthesis of 

oxide materials (Rao et al. 1999; Corradi et al. 2005; Gressel–Michel et al. 2005; Ma et 

al. 2005; Szabo et al. 2001; Uchida et al. 2004). Various nanomaterials have been 

synthesized in remarkably short time under microwave irradiation (Bhat et al. 2000; 

Subramanian et al. 2001). Microwave techniques eliminate the use of high temperature 

calcination for extended periods of time and allow for fast, reproducible synthesis of 
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crystalline metal oxide nanomaterials. Utilizing microwave energy for the thermal 

treatment generally leads to a very fine particle in the nanocrystalline regime because of 

the shorter synthesis time and a highly focused local heating. 

In conclusion, the tremendous effort put into nanostructured TiO2 in the recent years, 

has resulted in a rich database for their synthesis, properties, modifications, and 

applications. The continuing progress in the synthesis and modifications of 

nanostructured TiO2 has brought new properties and applications with improved 

performance. Accompanied by the progress in the synthesis of TiO2 nanostructures are 

new findings in the synthesis of TiO2 nanorods, nanotubes, nanowires, as well as 

mesoporous structures. 

1.2.3 Applications of Titanium dioxide 

1.2.3.1 Titanium dioxide for drug delivery 

Titanium dioxide is used in biomedical field for its stability and non–toxicity. It is one 

of the most promising nanomaterials capable of a wide variety of applications in 

medicine and life science. The biocompatibility of TiO2 makes it a promising candidate 

for drug eluting schemes. On the other hand, it is frequently included in many 

biomedical studies because of its resistance to photoinduced corrosion in addition to its 

ease of handling and relatively low manufacturing cost. TiO2 nanoporous films were 

studied for loading of therapeutic amounts of drug dexamethasone on its surface (Ayon 

et al. 2006).  

Surface defects present in TiO2 nanoparticles smaller than 20 nm makes them reactive 

such that binding with a variety of ligands on the surface is possible. This property is 

extremely useful for attaching drugs for improved drug delivery systems, enabling the 

use of TiO2 as a drug surface carrier in addition to a drug encapsulating agent (Zhang et 

al. 2012). So far, daunorubicin and doxorubicin are the two anticancer drugs that have 

been loaded on to the TiO2 nanoparticles to form the nanocomposites for the drug 

delivery systems. The cytotoxic effects, drug release behaviour and anticancer efficacy 

of doxorubicin–TiO2 and daunorubicin–TiO2 nanocomposites were investigated in 

human SMMC–7721 hepatocarcinoma cells and K562 leukemia cells respectively 

(Chen et al. 2011; Zhang et al. 2012). Both these studies concluded that these drugs 
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when conjugated with TiO2 nanoparticles hold promising approach as a drug delivery 

system for clinical practice. 

Mesoporous, nanostructured TiO2 reservoir implanted in the temporal lobe of the brain 

was reported to be capable of prolonged release of anticonvulsant drugs at a constant 

rate and a promising candidate for the treatment of epilepsy (Peterson et. al. 2007; 

López et al. 2007; López et al. 2006). In addition, TiO2 nanoparticles were recently 

used to conjugate DNA for intracellular delivery of DNA oligonucleotides (Paunesku et 

al. 2007). The system was further labelled with magnetic resonance contrast agents for 

MRI application (Endres et al. 2007). The synthesis of highly biocompatible 

mesoporous titania nanoparticles as an anticancer drug vehicle with fluorescence cell 

tag was reported. In this study, mesoporous titania nanoparticles with excellent 

biocompatibility and a large surface area were functionalized with a phosphate–

containing fluorescent molecule (flavin mononucleotide) and loaded with an anticancer 

drug (Doxorubicin) for successful intracellular bio–imaging and drug delivery in human 

breast cancer cells BT–20 (Wu et al. 2011). 

1.2.3.2 Titanium dioxide in tissue engineering 

Tissue engineering is defined as ‘‘an interdisciplinary field of research that applies the 

principles of engineering and the life sciences towards the development of biological 

substitutes that restore, maintain, or improve tissue function’’ (Langer and Vacanti 

1993). It is based on the understanding of tissue formation and regeneration, and aims 

to induce new functional tissues, rather than just to implant new spare parts (Kneser et 

al. 2002). The fundamental concept behind tissue engineering is to utilize the body’s 

natural biological response to tissue damage in conjunction with engineering principles. 

TiO2 is a highly biocompatible ceramic material with good osteoconductive properties 

(Forsgren et al. 2007; Uchida et al. 2003; Tsukimura et al. 2008). Osteoconductivity is 

an important feature for scaffolds that are intended to integrate with bone as this 

property promotes direct contact between bone tissue and scaffold material (Ducheyne 

Qiu 1999; Albrektsson and Johansson 2001). TiO2 has also been reported to have 

bioactive properties and a certain degree of bacteriostatic effect (Fostad et al. 2009; 

Nygren et al. 1997; Rincon et al. 2005). Therefore, ceramic TiO2 has been studied as a 

material for bone tissue engineering purposes (Fostad et al. 2009; Sabetrasekh et al. 

2010; Tiainen et al. 2010). Rutile TiO2 is a promising scaffolding material for inducing 
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bone formation from the surrounding tissue in the restoration of large bone defects 

(Haugen et al. 2004; Fostad et al. 2009; Sabetrasekh et al. 2010; Tiainen et al. 2010). 

The fabrication of non–resorbable ceramic TiO2 scaffolds with pore architectural 

properties well matched for those required for a bone scaffold, namely high porosity, 

appropriate pore size distribution and well–interconnected pore volume have been 

reported (Fostad et al. 2009; Tiainen et al. 2010). These scaffolds were also shown to 

be biocompatible and to promote adhesion onto the entire scaffold surface during in 

vitro studies of murine osteoblasts and human mesenchymal stem cells (hMSC) 

(Haugen et al. 2004; Fostad et al. 2009; Sabetrasekh et al. 2011).  

However, increased porosity and pore size are known to have a detrimental effect on 

the mechanical strength and consequently reduce the mechanical integrity of the 

scaffold structure. Due to the inherently higher compressive strength of ceramic TiO2 in 

comparison to other common osteoconductive scaffold materials, such as calcium 

phosphate ceramics (CaP), bioactive glass and CaP/polymer composites, TiO2 can be 

expected to provide better mechanical strength to the scaffold structure at high 

interconnected porosities. Moreover for complete utilization of bioactive 

hydroxyapatite (HAp) based implants, improvements in mechanical properties are 

required. TiO2 has been incorporated with HAp materials in order to achieve the 

necessary mechanical strength and bioactive properties, and at the same time overcome 

the weaknesses such as poor toughness and low–bending strength. (Jonásová et al. 

2004; Li et al. 2003). High porous and well–interconnected TiO2 scaffolds with high 

mechanical strength achieving values of 90% of porosity and of 1.63–2.67 MPa of 

compressive strength have been recently developed (Tiainen et al. 2010) and their 

biocompatibility and osteoconductive properties have been demonstrated in in vitro 

(Gomez–Florit et al. 2012) and in vivo (Haugen et al. 2012; Tiainen et al. 2012) studies. 

These scaffolds provide a suitable surface for osteoblast cell attachment and cell 

differentiation and cells were well–distributed through the entire 3D structure over time 

(Gomez–Florit et al. 2012). In vivo studies have demonstrated the formation of new 

mineralized bone tissue and vascularization of the ingrowth tissue (Haugen et al. 2012; 

Tiainen et al. 2012). Ceramic TiO2 scaffolds with good compressive strength and an 

overall porosity of ~85% were obtained (Tiainen et al. 2010), and this strength was also 

reported to be retained after implantation due to the non–resorbable nature of TiO2.  



Chapter 1: Introduction and Literature Review 

 

12 

 

1.2.3.3 Titanium dioxide as a photocatalyst 

Photocatalytic activity is the ability of a material to create an electron hole pair as a 

result of exposure to ultraviolet radiation. The resulting free radicals efficiently oxidize 

organic matter. Photocatalysis has recently become a common word and various 

products using photocatalytic functions have been commercialized. Among many 

candidates as photocatalysts, TiO2 is currently the most popular material for industrial 

applications owing to its highly efficient photocatalytic activity, high stability and low 

cost. Moreover, it has a lot of potential for novel applications in the future. There are 

two types of photochemical reactions occurring on a TiO2 surface when irradiated with 

ultraviolet light. One includes the photo–induced redox reaction of adsorbed substances, 

and the other is the photo–induced hydrophilic conversion of TiO2 itself. The former 

type has been known since the early part of the 20th century, but the latter was found 

only at the end of the century (Hashimoto et al. 2005). 

 

Figure 1.1 Photocatalytic process on TiO2 semiconductor. 

(Adapted from: http://www.overship.com.au/pest_control/pestrol_outdoor_exterminator) 

The photocatalytic biocidal effect of TiO2 was first reported by Matsunaga and 

coworkers. They observed that when TiO2–Pt catalyst in contact with the microbial cell 

was exposed to near–ultraviolet light, the microbial cells in water were killed 

(Matsunaga et al. 1985; Banerjee et al. 2006). It is now well known that TiO2 is one of 

the most superior materials for decomposing organic matter due to its strong 
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photocatalytic property. It has become the most important photocatalyst in 

environmental bio–decontamination for a large variety of organics, bacteria, viruses, 

fungi and cancer cells, which can be totally degenerated and converted to CO2, H2O and 

harmless inorganic anions (Blake et al. 1999; Banerjee et al. 2006). 

Photocatalytic activity in TiO2 has been extensively studied because of its potential use 

in sterilization, sanitation, and remediation applications. Titanium dioxide as a 

photocatalyst has various applications such as anti–fogging, self–cleaning, anti–soiling, 

deodorizing, air purification, water treatment and purification. Antimicrobial coatings 

of titania result in the material exhibiting self–cleaning and disinfecting properties 

under exposure to UV radiation. These properties make the material a candidate for 

applications such as medical devices, food preparation surfaces, air conditioning filters, 

and sanitary ware surfaces (Fujishima et al. 2000).  

1.3 Silver and Other Silver Based Compounds 

1.3.1 Historical overview 

Silver (Ag) metal came into use even before Neolithic revolution (Vaidyanathan et al. 

2009) and has since been widely used across civilizations for different purposes. There 

are anecdotal reports of many societies using silver as jewellery, ornamentation and fine 

cutlery as it was considered to impart health benefits to the users. The first recorded 

medicinal use of silver was reported during 8
th

 century (Moyer 1965). Silver has been 

described as therapeutic agent for many diseases in ancient Indian medical system 

called Ayurveda (Lara et al. 2011). Hippocrates, the father of modern medicine 

advocated silver powder to have beneficial healing and anti–disease properties and 

listed it as a treatment for ulcers (Hippocrates and Adams 400 B.C.E.). Silver 

compounds were major weapons against wound infections during World War I until the 

advent of antibiotics (Vaidyanathan et al. 2009). Pencils or sticks of hardened silver 

nitrate were considered essential items in a surgeon’s chest as early as the 1600s and 

silver nitrate solutions were used to treat burn victims of the Hindenberg disaster 

(Klasen 2000; Duncan 2011).  

The rise of nanosilver as an antimicrobial agent is part of the larger emergence of 

nanotechnology as a ubiquitous force in our lives and the increased bacterial resistance 

to antibiotics. (Vaidyanathan et al. 2009). Nanosilver in the form of colloidal silver, has 
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been used for more than 150 years for treatment of wounds and infections and has been 

registered as a biocidal material in the United States since 1954 (Nowack  et al. 2011; 

Reidy et al. 2013). The first report of nanosilver was over 120 years ago, stating the 

synthesis of a citrate–stabilized silver colloid (Lea 1889). Such a kind of nanosilver has 

been manufactured commercially since 1897 under the name “Collargol” and since has 

been used for medical applications (Nowack et al. 2011).   

1.3.2 Different forms of silver  

Silver can be present in four different oxidation states such as Ag
0
, Ag

+
, Ag

2+
 and Ag

3+
, 

former two being the most abundant ones and the latter two unstable in the aquatic 

environment (Smith and Carson 1977). In the natural environment, silver is found as a 

monovalent ion complexed with sulphide, sulphate, bicarbonate or chlorides and 

sulphates adsorbed onto particulate matter in the aqueous phase (ATSDR 1990). 

Metallic silver itself is insoluble in water, but metallic salts such as silver nitrate 

(AgNO3) and silver chloride (AgCl) are soluble in water (WHO 2002). Silver at low 

concentrations in aqueous phase exist as silver sulfhydrate (AgSH) or as HS–Ag–S–

Ag–SG, a simple polymer. When silver is present in high concentrations in this phase, it 

is found as colloidal silver sulphide or polysulfide complexes (Wijnhoven et al. 2009). 

Different forms of silver based compounds have been developed to serve diverse range 

of applications. Commonly manufactured silver products range from additives that store 

and release discrete silver ions held within a ceramic or glass matrix to products that 

store silver ions as silver salts or elemental silver (Nowack et al. 2011). Kulinowski, 

has provided an excellent review of different forms of silver and some of their 

characteristics (Table 1). Silver containing products may contain silver in ionic, 

colloidal or nanoparticulate form, and further these may either be in free or bound form 

(Kulinowski 2008). 

 

 

 

 

 



Chapter 1: Introduction and Literature Review 

 

15 

 

Table 1.1 Forms of silver and their approximate size and characteristics. 

Type of Silver Approximate  

Size 

Attributes 

Elemental/metallic (a 

single atom) 

0.288 nm Not found as single atom in nature, normally 

found as an aggregate. Elemental silver has 

no oxidation state. 

Silver ion (Ionic) 0.258 nm Toxic, may dissolve in water, may have 

positive or negative charge. 

Nanosilver 1–100 nm May release ions and/or be toxic inherently 

Colloidal 1–1000 nm A mixture of different sized particles, 

suspended in fluid, may contain nano 

particulate silver or silver ions or both. 

Inorganic silver 

compounds/silver 

salts e.g. silver 

chloride, silver oxide 

Depends Not easily dissolved, can be nano–sized. 

Organic silver 

compounds 

e.g. silver proteins 

Depends Covalent, almost impossible to dissolve. 

(Adapted from: Kulinowski 2008; http://cohesion.rice.edu/centersandinst/icon/emplibrary/ICON-

Backgrounder_NanoSilver-in-the-Environment-v4.pdf) 

One of the fundamental issues in all biological studies on the environmental or 

biological impacts of silver nanoparticles is to distinguish the impact of nanoparticles 

from the impact of silver ions and other forms of silver present in the solution. The 

main differences between bulk, nanoparticulate and ionic silver are summarized below. 

The bulk form of silver has small surface area and slow dissolution rate with limited 

oxidative capacity. It is not taken up by cells and exhibits limited binding of 

biomolecules. However in contrast to bulk silver, nanoparticulate form of silver is 

highly reactive and has a large surface area and capacity for rapid dissolution. It has 

oxidative potential and can bind to biomolecules. It is taken up by cells via active 

processes. Nanosilver, due to its small particle size and enormous specific surface area, 

facilitates more rapid dissolution of ions than the equivalent bulk material; potentially 

leading to increased bioactivity of nanosilver. The ionic form of silver has no surface 
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area and is highly reactive. It precipitates and can form complexes with inorganic and 

organic compounds. It can easily get inside cells through the process of equilibrium 

partitioning (Reidy et al. 2013).  

1.3.3 Silver as a broad spectrum antimicrobial agent 

Silver has attracted a lot of attention as broad spectrum antimicrobial agent because of 

its non–toxic nature to the human body at low concentrations. It is a well–known fact 

that silver ions and Ag–based compounds possess strong biocidal effects on 

microorganisms including bacteria, fungi, yeasts and viruses. Nanosilver is a potent 

bactericidal agent against wide range of Gram–positive and Gram–negative bacteria (at 

least 12 species) such as E. coli, Enterococcus faecalis, Staphylococcus (aureus and 

epidermidis), Vibrio cholerae, Pseudomonas (aeruginosa, putida, fluorescens and 

oleovorans), Shigella flexneri, Bacillus (anthracis, subtilis and cereus), Acinetobacter, 

Proteus mirabilis, Salmonella enterica Typhimurium, Micrococcus luteus, Listeria 

monocytogenes, Klebsiella pneumoniae Clostridium, Listeria and Streptococcus 

(Duncan 2011; Wijnhoven et al. 2009). Nanosilver and silver nanoparticles are also 

effective against strains of organisms that are resistant to potent chemical antimicrobials 

including multi–resistant bacteria like methicillin resistant Staphylococus aureus 

(MRSA), methicillin resistant Staphylococus epidermidis (MRSE), vancomycin–

resistant Enterococcus (VRE), extended spectrum β–lactamase (ESBL) producing 

Klebsiella, multidrug–resistant Pseudomonas aeruginosa, ampicillin–resistant E. coli 

O157:H7 and erythromycin–resistant S. pyogenes (Duncan 2011; Lara et al. 2011). 

Silver nanoparticles have been shown to enhance the antibacterial activity of various 

antibiotics due to synergistic effect between them. The antibacterial activities of 

penicillin G, amoxicillin, erythromycin, clindamycin, and vancomycin against 

Staphylococcus aureus and Escherichia coli increased in the presence of silver 

nanoparticles (Shahverdi et al. 2007).  

Broad spectrum antifungal activity of nanosilver has been reported against common 

fungal genera such as Aspergillus, Candida, and Saccharomyces (Wright et al. 1999; 

Kim et al. 2007). Significant antifungal activity of nanosilver was demonstrated against 

T. mentagrophytes, Candida albicans, C. tropicalis and T. rubrum in the range of 2 

µg/mL to 0.84 mg/L (Kim et al. 2008; Kim et al. 2009; Noorbakhsh 2011). In some 

cases, the antifungal effects of certain drugs like fluconazole and griseofulvin was 
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observed to increase in the presence of AgNPs (Noorbakhsh 2011). In addition, AgNPs 

were reported to be toxic to algae (e.g., Chlamydomonas reinhardtii) and phytoplankton 

(e.g., Thalassiosira weissflogii) (Duncan 2011).  

Antimicrobial activity of nanosilver is not limited to only bacteria, fungi and algae as 

nanostructured silver has also been reported to exhibit anti–viral activity.  However, the 

interaction of AgNPs with viruses is an unexplored field and the few studies on antiviral 

activity of nanosilver have demonstrated activity against HIV, monkeypox and several 

enveloped viruses (Duncan 2011). In another study, AgNPs were shown to be superior 

to gold nanoparticles for cytoprotective activities towards Hut/CCR5 cells infected with 

HIV–1 (Sun et al. 2005). In addition, size–dependent antiviral activity of silver 

nanoparticles against HIV–1 virus has been shown. Interaction of silver nanoparticles 

with HIV–1 was exclusively within the range of 1–10 nm (Elechiguerra et al. 2005). 

The antiviral effects of AgNPs on the hepatitis B virus (HBV) were studied using 

HepAD38 human hepatoma cell line. These nanoparticles had high binding affinity for 

HBV DNA and also could inhibit the production of HBV RNA and extracellular virions 

in vitro (Lu et al. 2008). The CC50 (50 % cytostatic concentration) value of nanosilver 

against influenza virus using MDCK cell culture was 1 µg/ml by MTT method and the 

effective minimal cytotoxic concentration with least cytopathic effects on the cells was 

0.5 µg/ml (Mehrbod et al. 2009). Other studies also showed that AgNPs effectively 

inhibited arenavirus replication during early phases of viral replication at non–toxic 

concentrations (Speshock et al. 2010).   

1.3.4 Mode of action of silver 

Although the antimicrobial activity of nanosilver has been studied extensively, its 

effects on microorganisms and the microbicidal mechanism are only partially 

understood. The actual mechanism of toxicity of nanosilver is proposed to be the sum 

of various mechanisms and hence termed as multimodal action. Silver is known to react 

with nucleophilic amino acid residues in proteins, and attach to sulphydryl, amino, 

imidazole, phosphate and carboxyl groups. It causes bacterial cell wall damage and 

disruption of cytoplasmic membrane leading to leaching of metabolites, interferes with 

DNA synthesis, denatures proteins and enzymes (dehydrogenases), binds to ribosome 

and inhibits protein synthesis, interferes with electron transport in cytochrome system 

and is involved in the production of ROS (reactive oxygen species).  
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The primary mode of silver and nanosilver toxicity is their potential to release silver 

ions. Irrespective of the form of the silver used, a major characteristic that will affect 

the microbicidal effect of the silver is the concentration of silver ions released. The 

nano form with its large surface area to volume ratio has high potential for release of 

silver ions (Sotiriou et al. 2010). All forms of silver including silver compounds and 

silver salts have potential to release silver ions. Even the biocidal effect of elemental 

silver is due to formation of silver ions at low concentration on its surface. The biocidal 

effect and reactivity of silver depends on and is directly proportional to the 

concentration of available silver ions. In a study using stress–specific bioluminescent 

bacteria it has been shown that the synergistic action of AgNPs and silver ions released 

by these nanoparticles resulted in enhanced toxicity (Hwang et al. 2008). Furthermore, 

silver nanoparticles damage the cell membranes leading to disruption in the ion efflux 

system. Therefore, the cells cannot effectively extrude the silver ions released by 

AgNPs further contributing towards cell damage (Morones et al. 2005). In addition, 

nanosilver may increase the impact of the toxicity of ionic silver and/or be toxic on its 

own. Several mechanisms for this have been proposed, including silver nanoparticles 

acting as Trojan horses to enter the cell and then release silver ions to destroy cell 

content, or nanosilver particles clumping on the outside surface of cells and disrupting 

cell behaviour (Lubick 2008; Navarro et al. 2008). 

1.3.4.1 Destruction of cell wall and cell membrane: Nanostructured silver targets the 

bacterial cell wall and cell membrane which serves several functions and is a protective 

barrier against some substances. It is well known that nanoparticles less than 10 nm in 

diameter can bind to bacterial cell wall to cause its perforation which finally leads to 

cell death. Nanosilver with average particle size ca.12 nm is reported to cause specific 

damage to E. coli cells by formation of irregular shaped pits in the bacterial cell 

membrane. According to a study, silver ions can also make the cell membrane detach 

from the cell wall but the mechanism of this operation has still been unknown (Feng et 

al. 2000). Nanosilver accumulation within the cell membrane leads to rapidly increased 

cell permeability and ultimately, cell death (Sondi and Salopek–Sondi 2004) The 

destructive effect of nanosilver on cell membrane is due to binding through electrostatic 

interaction of silver ions with membrane proteins (Holt and Bard 2005), or damage to 

its structure by generating free radicals (Choi and Hu 2008). Nanosilver can also 
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interact with sulfur–containing proteins present in the membranes and inhibit their 

function (Wong and Liu 2010). 

1.3.4.2 Inhibition of respiratory chain: Silver (nanoparticles or silver ions) can attack 

the respiratory chain in bacterial mitochondria and lead to cell death (Sondi and 

Salopek–Sondi 2004). Respiration is the critical point in bacterial cell metabolic activity 

and the mechanism of obtaining energy to perform all the energy–demanding life 

processes. Energy generation relies on the respiratory enzyme complexes associated 

with the respiratory chain and it was found that silver ions likely disturb its function. 

Investigations on the interaction between silver ions and respiratory chain enzymes in 

E. coli concluded that silver ions bind to functional groups of amino acids making up 

enzymes and that activity inhibits the efficient electron transport via the respiratory 

chain. The final effect is the complete stoppage of electron transport and blockage of 

phosphorylation of ADP to ATP. NADH dehydrogenase complex is a potential target 

for silver ions activity (Holt and Bard 2005). Proton depleted regions were reported to 

form around silver nanoparticles due to micro–galvanic effect causing proton 

consumption which may further lead to disruption of electrochemical gradient (Cao et 

al. 2011). Another study supported a similar hypothesis where proteomic analysis 

results indicated that silver nanoparticles of average diameter 9.3 nm may accumulate 

in the protein precursors leading to depleted intracellular ATP levels (Lok et al. 2006).  

1.3.4.3 Production of reactive oxygen species: The creation of free radicals and 

induction of oxidative stress also contributes towards toxicity of silver 

nanoparticles/ions (Wong and Liu 2010; Cao and Liu 2010). Production of reactive 

oxygen species is dependent to some extent on the catalytic activity of nanoscale silver. 

ROS generation is initiated mainly as an outcome of the respiratory enzymes and 

respiratory chain dysfunction (Choi and Hu 2008). Reactive Oxygen Species (ROS) are 

generated within or outside of the cell, as a consequence of cell damage/disruption (Liu 

et al. 2010; Thannickal and Fanburg VJ, 2000). The studies on nitrifying bacteria 

revealed that silver nanoparticles sized 15 nm produced the increase in intracellular 

ROS level and the concentration was correlated to bacterial growth inhibition rate (Choi 

and Hu 2008). Sustained release of silver ions by AgNPs inside the bacterial cells (in an 

environment with lower pH) may create free radicals and induce oxidative stress, thus 

further enhancing their bactericidal activity (Morones et al. 2005; Song et al. 2006). 

Yeast and E. coli cells were inhibited at a low concentration of AgNPs in a study which 
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revealed that free radicals and oxidative stress were responsible for the antibacterial 

activities (Kim et al. 2007).  

1.3.4.4 DNA damage: Inside the microbial cells, silver nanoparticles can result in DNA 

damage as the genetic material is one of the target sites for nanostructured silver (Feng 

et al. 2000; Kim et al. 2010). DNA loses its replication ability once the bacteria are 

treated by nanoscale silver, due to the capacity of silver ions to bind phosphorane 

residues of DNA molecules (Morones et al. 2005; Hatchett and White 1996). This 

interaction may prevent cell division, and may ultimately lead to cell death. 

Furthermore, silver ions are also reported to affect gene expression. Nanosilver was 

observed to stop S2 protein expression, a component of 30S ribosomal subunit and 

resulted in denaturation in E. coli.  Additionally, the expression of genes encoding other 

proteins and enzymes involved in energy reactions in ATP synthesis were inhibited 

(Gogoi et al. 2006). 

1.3.4.5 Inactivation of proteins: The release of silver ions also leads to inactivation of 

proteins. Silver ions can interact with sulphur containing proteins and thiol group of 

vital enzymes in bacterial cell and result in their impaired function or inactivation (Cao 

and Liu 2010; Hatchett and White 1996). Exchange of silver ions between inorganic 

sulphur complexes has also been proposed (Pal et al. 2007; Adams and Kramer 1999). 

Silver exhibits catalytic behaviour by binding with functional groups of amino acids 

and forming –S–S bonds between the –SH groups of neighbouring protein amino acids. 

This formation of additional –S–S bonds than normal may induce molecular changes 

that lead to protein inactivation and in the case of enzymes, to their deactivation 

(Wzorek and Konopka 2007). In another study it was reported that silver nanoparticles 

may modulate the phosphotyrosine profile of putative bacterial peptides that could 

affect cellular signalling and therefore inhibit the growth of bacteria (Shrivastava et al. 

2007). 
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Figure 1.2 Schematic representations of known mechanisms of antibacterial action of 

silver nanoparticles and released ionic silver. 
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Despite the long history of silver as an antimicrobial, the mechanism of its microbicidal 

activity remains a matter of active research. The general explanation offered is that 

silver kills by at least one of the mechanisms explained above. It is certainly possible 

that all of these mechanisms contribute to the antimicrobial activity of silver, which 

would explain its broad effectiveness as well as the infrequent reports of silver–resistant 

bacterial strains. 

1.3.5 Applications of silver and silver based materials 

Presently 30 % of all registered products in nano–product databases claim to contain 

nanosilver and it has become one of the materials with highest degree of 

commercialization (Reidy et al. 2013). Silver is the most commonly used nanomaterial 

for microbial control in various consumer products such as nutritional supplements, 

food storage containers, kitchenware, refrigerators, textiles, laundry additives, washing 

machines, paints, sanitizers, contact lens solutions, catheters and wound dressings 

(Blaser et al. 2008; Chen and Schluesener 2008). 

1.3.5.1 Food preservation and packaging 

Antimicrobially active packaging based on metal nanocomposites which utilize the 

microbicidal property of metals is the new generation of nano food packaging 

(Chaudhry et al. 2008). Amongst metals and various other metal oxides, use of 

nanosilver as an antimicrobial is common in various products manufactured in food 

industry (Cushen et al. 2012). Based on the antimicrobial action of nanosilver, a 

number of ‘‘active’’ food contact materials that are claimed to preserve food longer by 

inhibiting the growth of microorganisms have been developed. These include storage 

containers, plastic storage bags, baby milk bottle, and inner surfaces of domestic 

refrigerators. Nanosilver coatings have also been used in antibacterial kitchenware, 

tableware and pet products (Chaudhry et al. 2008). 

Food packaging films which incorporate silver nanoparticles are known to absorb and 

decompose ethylene by the process of oxidation (Hu and Fu 2003). This positive effect 

on the associated food may contribute to extending the shelf life of fruits and 

vegetables. In a study, the senescence of the Chinese fruit jujube was observed to retard 

by nanocomposite polyethylene film with silver nanoparticles (Li et al. 2009a). Silver 
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nanomaterial coating was also reported to prolong the shelf life of asparagus samples by 

decreasing the microbial growth (An et al. 2008). 

1.3.5.2 Implants and other medical devices 

Nanosilver has also been revolutionary to the medical device industry due to its 

antimicrobial properties and the use of silver in wound dressings, dental hygiene, and 

treatment of eye conditions and other infections is well established (Reidy et al. 2013). 

There has been a proliferation of silver coated devices such as urinary catheters, 

cardiovascular implants, esophageal tubes, implants, wound plasters, salves, bandages, 

sutures and other instruments (Duncan 2011). Silver has been reported to delay or 

prevent the formation of biofilms in various medical devices where it exerts its effect by 

progressive elution from the devices. (Silvestry–Rodriguez et al. 2008) 

In the hospital setting, nanosilver is extensively used for wound management, 

particularly for the treatment of burns, various ulcers, toxic epidermal necrolysis, for 

healing of donor sites and for meshed skin grafts (Wijnhoven et al. 2009). Silver–based 

wound dressings claim to offer improved infection management, in the form of the 

stimulation of healing in indolent wounds, prophylactic use for patients at risk of 

contracting a wound infection, and the management of critically colonized wounds 

(Chopra 2007; Senjen and Illuminato 2009). 

Nanosilver could also prove very useful in the field of tissue engineering, as it is vital to 

keep the culture sterile and prevent microbial contamination during the cell 

multiplication process. A biocomposite composed of PLLA (poly–L–lactic acid) 

polymer and silver nanoparticles sized 30–100 nm showed antimicrobial activity 

against Gram–negative and Gram–positive bacteria as well as prevented the 

development of harmful microorganisms on the material surface (Chmielowiec–

Korzeniowska et al. 2013; Li et al. 2009b). Nanosilver has also been used for 

development of novel chitin/nanosilver composite scaffolds for wound dressing due to 

its potent application as antimicrobial agent (Madhumathi et al. 2010) 

1.3.5.3 Water purification and disinfection 

Several silver–impregnated water filters have been registered by EPA since 1970s. 

These bacteriostatic water filters generally consist of activated carbon or ceramics that 

are impregnated with metallic/elemental silver of very small particle size (<100 nm). 
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Silver–impregnated water filters have been safely used for domestic water applications 

such as drinking water and swimming pool filters for decades without any reports of 

health or environmental effects (Nowack et al. 2011). The filter uses two mechanisms 

to disinfect the water. The first is removal of any harmful microorganisms or particles 

larger than 1 µm from the water by using the process of filtration. These would include 

most bacteria, and all protozoa and helminths. However, viruses and some bacteria will 

still pass through the filter. The second mechanism utilizes silver induced antimicrobial 

action to make the water completely germ free (Nagarajan and Jaiprakashnarain 2009). 

Colloidal nanosilver algicides and disinfectants are based on elemental silver particles 

maintained in a stabilized solution with silver in very small particle size of less than 100 

nm. Algicide applications have been used safely in high–exposure, direct water contact 

and down the drain applications such as swimming pool disinfection for decades 

without any known damaging impact on humans or the environment (Nowack et al. 

2011). 

1.3.5.4 Clothing and textiles 

Antibacterial textiles containing nano–silver (and other forms of silver) make up the 

majority of commercially available nano–functionalized materials (Reidy et al. 2013). 

Textile products containing nanosilver include: socks, pants, T–shirts, shorts, 

swimwear, shoe pads/insoles, various business wear, sportswear, jackets, slippers, 

intimate wear, hats, gloves, bath towels and more. Silver nanoparticles are also 

embedded into textiles and fabrics for furniture, beddings and mattresses and for 

industrial material use (Senjen and Illuminato 2009). Silver used in textiles comes in a 

variety of forms including simple drenching of the cloth in silver salts and nanosilver 

impregnation of textiles (Senjen and Illuminato 2009). Silver (or other nanoparticles) 

may be embedded into the fibres or applied to the surface of the fibres. The preparation 

method will affect the durability of the functionalization and the potential for release of 

silver nanoparticle or ions into the environment (Reidy et al. 2013). 

1.3.5.5 Cosmetics and personal care products 

Cosmetics and personal care products containing nanosilver include: soap, toothpaste, 

shampoo, facial masks and creams, skin whiteners, hair dryers, hair straighteners, 

curling irons, hair brushes, and electric razors (Senjen and Illuminato 2009). 
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Silver in the form of nanoparticles seems to promote healing and achieve better 

cosmetic results. The proposed mechanism is that silver nanoparticles facilitate the 

proliferation and migration of keratinocytes, reduce the formation of collagen by 

fibroblasts and modulate the number of cytokines produced (Reidy et al. 2013). 

1.3.6 Environmental toxicity  

The toxicity of silver is dependent on (i) the form of silver, (ii) the concentration of 

silver in the environment and (iii) interaction with environmental components. When 

the silver is discharged in the wastewater, it is treated in the waste water treatment plant 

along with other domestic and industrial wastes. During the biological treatment of 

waste, a process where waste is treated with naturally occurring microorganisms, the 

silver complexes present are converted into silver sulfide and silver metal – both of 

which are nearly insoluble forms. These insoluble complexes are then separated from 

the water as part of the normal treatment process (Smith and Carson 1977). At this step, 

typically over 90 % of silver reaching the wastewater treatment plants is removed.  

The silver that is separated from the water is then contained in the biological solids 

called sludge, which is disposed of through landfilling, land application or incineration. 

The silver contained in the sludge does not leach out to any significant extent in 

landfills or soil when used as a fertilizer owing to its very low water solubility. After 

this step a very small amount of silver is released from the treatment plants to the 

bodies of water in the form of tightly bound soluble silver complexes or nearly 

insoluble silver forms such as sulfide. These soluble silver complexes may react with a 

variety of naturally occurring substances such as chemical constituents of the water 

(e.g., chloride), organic constituents of the water (e.g., humic acids), reactive sulfides 

and solid particles suspended in the water. This renders any soluble silver nearly 

insoluble and removes it from the water. Silver sulphide and silver particulates then 

settle to the bottom through the process of sedimentation (Kodak 2003). 

Toxicity is the measure of adverse chemical effects on an organism and is governed by 

several factors as mentioned above. Different forms of silver display different degrees 

of toxicity. Silver that is soluble in water and unattached to any other atoms while in 

solution is designated as free silver/ionic silver/hydrated silver (WHO 2002; Drake and 

Hazelwood 2005). Generally it is the free silver that is the most toxic form. The silver 
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compounds which release ionic silver very slowly due to very low solubility (e.g., silver 

sulfide) or complexation of the silver (e.g., silver thiosulfate) are over 15,000 times less 

toxic than silver nitrate to organisms. Because of the tendency of silver to form nearly 

insoluble compounds in natural waters and sediments, the chance for organisms to be 

affected for long term is minimal (Kodak 2003). 

In summary, the use of nanosilver is a matter of balancing risk and reward. There is a 

tremendous potential benefit to the use of some of the nanosilver products. 

Technologies need to be developed such that the benefits outweigh the risk (Seltenrich  

2013). Also the use of silver recovery techniques that are efficient (more than 90% 

recovery) may be advantageous as there will be a small amount of silver discharged in 

the environment and the recovered silver could be recycled and reused.  

1.4 Gaps in Existing Research 

Antibiotic resistance of microorganisms is one of the major problems and hence 

currently a lot of research is focused on developing newer antimicrobials against 

antibiotic resistant microorganisms. Efforts need to be directed towards developing 

nanocomposite materials for enhanced antimicrobial activity by tuning its size, surface 

area, porosity and crystallinity. Likewise novel and simple low temperature based 

methods of synthesizing these nanoparticles using aqueous chemistry routes need to be 

developed. Although there has been a lot of literature reported on antimicrobial studies 

of silver incorporated TiO2 nanoparticles, very few studies have reported the role of 

TiO2 as a supporting and anti–aggregating agent wherein the antimicrobial activity is 

due to silver. By developing nanocomposites of silver and TiO2, it is possible to attain 

the advantages of both materials wherein silver has superior antimicrobial activity and 

TiO2 being a good supporting matrix facilitates long term bioactivity, thereby achieving 

control of silver ion release rate, better stability and novel properties due to their 

synergistic action.  

However, in the natural world, more than 99 % of all bacteria exist as biofilms 

(Costerton et al. 1987). Biofilms can be as much as a thousand times more resistant 

than planktonic cells. The growth of biofilms is a major problem within the healthcare 

and food industries. Biofilms can form on many medical implants such as catheters, 

artificial hips and contact lenses. There are several approaches that are recognized in 

combating biofilms like physical and/or mechanical removal, chemical removal, and 
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use of antimicrobials to kill planktonic cells, and prevention of biofilm formation. 

However, due to increasing tolerance of the biofilm community to antibiotics, biocides 

and mechanical stress, it has become just as difficult to completely eradicate mature 

biofilms as it is to completely avoid the presence of planktonic cells, the origin of the 

biofilm. Hence, novel methods of preventing the colonization of surfaces with biofilms 

are required. Thus, the potential of silver incorporated TiO2 nanoparticles for 

antimicrobial activity and controlling biofilm formation is studied in the present work. 

Additionally, compounds that inhibit or interfere with quorum sensing have become 

significant as novel class of next generation antimicrobial and anti–biofilm agents. 

Conventional antibiotics prevent bacterial cell division (bacteriostatic) or kill the cell 

(bactericidal) and increase the selective pressure towards antibiotic resistance. 

Development of resistance to anti–quorum sensing compounds is minimal as these 

agents only target virulence mechanisms and do not impede growth. Hence, in the 

present work the anti–quorum sensing activity of the traditionally used bioactive agent 

silver incorporated within TiO2 with potential in food preservation is studied. 

A wide range of different materials have been tested for tissue engineering such as 

metals, natural and synthetic polymers, ceramics, polymer/inorganic composites. 

Among these, oxide ceramics (e.g. Al2O3, ZrO2, and TiO2) are bio–inert materials 

designed to be used as bone or dental implants (Rambo et al. 2006; Ahn et al. 2001). 

Although TiO2 is known to be biocompatible and enhance the bone ingrowth capability, 

only few reports are available to demonstrate the use of titanium dioxide scaffolds as 

potential materials for implants. On the other hand, hydroxyapatite [(HAp), 

Ca10(PO4)6(OH)2], the main inorganic component of natural bone and all calcified 

tissues, has been widely used both as a structural material or as a coating onto metallic 

prosthesis to enhance their bioactivity. However, as it is intrinsically poor in mechanical 

properties, it would be advantageous to combine it with metals or ceramics like TiO2 

which have superior mechanical strength. Hence, in the present study attempts have 

been made to synthesize TiO2–HAp nanocomposites scaffolds for bone tissue 

engineering and drug delivery applications. These nanocomposites would offer 

synergetic mechanisms to accomplish several functions simultaneously.   
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In view of the above perceived gaps in the literature, the following objectives have been 

proposed: 

1. Synthesis and characterization of silver incorporated TiO2 nanocomposite and 

studies on antimicrobial activity.  

2. Studies on anti–biofilm efficacy of silver incorporated TiO2 nanocomposite.  

3. Synthesis and characterization of TiO2–HAp nanocomposites and studies on 

their potential for tissue engineering and drug delivery applications. 
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Chapter 2: Synthesis and Physico–chemical Characterization of Silver 

Incorporated Titanium dioxide Nanoparticles 

2.1 Introduction 

Titanium dioxide is a wide band gap and non–toxic semiconductor metal oxide and has 

attracted considerable attention due to its unique optical, electronic and catalytic 

properties (Fujishima et al. 2008). However, the antimicrobial activity of pure TiO2 is 

only effective when it is irradiated with UV light. This drawback strongly restricts the 

practical application of TiO2 as an antimicrobial material (Zhang et al. 2010). Doping 

with various metals has been shown to increase the photocatalytic efficiency of TiO2 in 

UV range and/or shift its band gap energy to the visible region of the spectrum, and 

prevent recombination of electrons and holes (Zhou et al. 2006; Stathatos et al. 2001). 

Recent studies have focused on the antimicrobial activity of silver doped TiO2 and Ag–

TiO2 nanocomposites in absence of photoactivation, wherein the antimicrobial activity 

is due to the silver, with TiO2 acting as a support material facilitating uniform 

distribution and sustained release (Zhang and Chen 2009; Zhang et al. 2010). 

Silver is well–known as an effective inorganic antimicrobial material since ancient time 

and is currently being used in different biomedical fields such as wound dressing 

materials, implants, tissue scaffolding and medical devices (Fer´nandez et al. 2008; 

Bosetti et al. 2002; B. Nowack et al. 2011). However, susceptibility to photoreduction, 

deactivation by protein anions and aggregation in suspensions are major drawbacks that 

affect the antimicrobial efficacy of silver. In addition, the high–cost and dark colour are 

notable obstacles for the applications of silver as large–area antimicrobial coatings 

(Silver Phung 1996; Sambhy et al. 2006; Lee et al. 2007). These limitations are being 

addressed by developing nanocomposites of silver with suitable supporting matrices 

(Babapour et al. 2011). Silver is being incorporated into various composite materials 

such as metal oxides (e.g., TiO2, SiO2, Fe3O4 and Al2O3), zeolites, polymers, carbon 

fibres, textile fabrics, clay etc. (Zhang and Chen 2009). This offers better chemical 

stability, in addition to providing improved control over the release rate of silver ions 

such that the antimicrobial activity is obtained for a prolonged duration. Therefore, it is 

desirable to combine the advantages of silver with TiO2 to produce a kind of low–cost 

silver containing TiO2 coating with all–weather antimicrobial property (Zhang et al. 

2010). The importance of silver in medical applications and the antibacterial activity of 
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TiO2 together led researchers to think about the manufacture of systems combining both 

titania and embedded silver compounds or silver nanoparticles, to expand the 

nanomaterial’s antibacterial functions to a wide variety of working conditions (Yu et al. 

2011). 

TiO2 nanoparticles are chemically stable, non–toxic, corrosion resistant, biocompatible 

and heat resistant and thus, hold good promise as support material because of their 

nanoparticulate and porous form which facilitates improved washing resistance with a 

slow dissolution rate of silver, yielding a long–term antimicrobial effect (Babapour et 

al. 2011). Moreover, TiO2 nanoparticles serve as an anti–aggregating support material 

facilitating uniform dispersion of silver.  

2.2 Sol–gel Technology 

Sol–gel process was first discovered in the late 1800s and extensively studied since 

1930s (Lev et al. 1995). Sol–gel processing is a soft–chemistry method which involves 

the transition of a system from a liquid (the colloidal sol) into a solid (the gel) phase for 

achieving functional materials which then connect with one another to create a three–

dimensional (3D) solid network. It is a remarkably versatile approach for fabricating 

wide range of materials from the world’s lightest materials to some of its toughest 

ceramics (Lev et al. 1997; Yamanaka et al. 1992; Bullen et al. 2004).  

A typical sol–gel process (Figure 2.1) involves hydrolysis and polymerisation of a 

colloidal precursor solution (sol) into a loosely formed matrix, called gel. Titanium 

alkoxide and alcohol are mixed together in appropriate proportions and hydrolysis 

process begins upon addition of the hydration agent (water or acid). Alkoxide groups 

are exchanged for hydroxide with elimination of alcohol. This hydrated precursor then 

condenses with other precursor moieties, eliminating water after which network begins 

to grow and the colloidal sol is formed. Further these condensed titania species continue 

to polymerize together, forming a loosely held three dimensional network which 

densifies as it is allowed to age. At this stage the network contains the solvent 

eliminated during reaction. The aged sol/gel is then dried allowing solvent evaporation 

which leaves a mechanically weak and non–crystalline solid known as the xerogel 

(dried gel). 
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The xerogel has poor mechanical strength and is non–crystalline. In order to crystallize 

and densify the material, the xerogel is calcined at high temperature, usually around 500 

°C to produce a dense and crystalline product. The above sol–gel process yields a solid 

powder. The sol–gel synthetic process for TiO2 is mostly carried out with a titanium 

alkoxide as the titanium precursor solution (Page 2009). 

 

Figure 2.1 Schematic representation of the sol–gel process and various drying methods 

of the gel to develop materials with distinct properties. 

Noble metal clusters can be introduced into a matrix through different conventional 

methods such as the traditional melt quenching, ion implantation, ion exchange, and 

sol–gel technique (Stepanov et al. 2000; Li et al. 2003b; Garrido et al. 1995). Synthesis 

of Ag/TiO2 nanocomposites has been carried out through different synthetic techniques. 

In literature, solvothermal and sol–gel methods are commonly used, the sol–gel process 

being the most attractive method for practical applications (Yu et al. 2011). In this 

chapter, we report the synthesis of mesoporous AgCl–TiO2 nanoparticles (ATNPs) 

using a simple, low temperature, sol–gel method and their physico–chemical 

characterization. 
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2.3 Materials and Methods 

2.3.1 Chemicals and materials 

Silver nitrate (99.8 %) was purchased from HiMedia. Titanium (IV) chloride (≥ 99 %) 

was obtained from Merck. Deionized water was used for all the experiments.  

2.3.2 Synthesis of AgCl–TiO2 nanoparticles 

Stock solution of 100 mg/ml silver nitrate was prepared from which 140 µl was added 

to 50 ml of ice cold distilled water so that the final composition of silver was 1 weight 

% and magnetically stirred for 10 minutes. To this mixture, 1 ml of TiCl4 was added 

dropwise and stirred for 2 h. The sol obtained was dialysed against deionized water 

until gel formation. The gel was dried at 100 °C for 24 h and milled using a mortar and 

pestle. The TiO2 control was synthesized using the same protocol without addition of 

silver nitrate. 

2.3.3 Characterization of samples  

2.3.3.1 X–ray diffraction studies  

X–ray powder diffraction is a non–destructive technique widely applied for the 

characterization of crystalline materials. This method has been traditionally used for 

phase identification, quantitative analysis and the determination of structure 

imperfections. In this technique, X–rays are passed through a crystalline material and 

the diffraction patterns produced give information of size and shape of the unit cell 

(David and Shankland 2008; Bish and Post 1989; Azaroff and Buerger 1975; Buerger 

1942). X–ray diffraction studies were carried out by preparing a fine–grained sample by 

grinding it in a mortar and pestle. The sample was then put into the middle of the well 

and pressed flat with a glass slide to obtain a uniform smear, assuring a flat upper 

surface. Rigaku MiniFlex II X–ray diffractometer with monochromatic CuKα radiation 

(λ=1.5405 Aͦ ) was used. The scan range was from 2θ=20° to 80° and the crystallite size, 

D, was calculated using Scherrer formula: D=kλ/β1/2Cosθ, where λ=wavelength of X–

ray applied (0.154 nm), k=numerical constant for which the obtained value is 0.9, β1/2= 

full width (radians) at half maximum of the signal at (101) anatase peak and θ=Bragg 

angle for which 2θ is 25.28 (Scherrer 1918; Patterson 1939). 
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2.3.3.2 Surface area and porosity studies 

Surface area and porosity studies were carried out using nitrogen sorption technique for 

the analysis of structure of porous materials. When a gas or vapour phase is brought 

into contact with a solid, part of it is taken up and remains on the outside attached to the 

surface and there is a weak Van der Waals attraction between the adsorbate and the 

solid surface. This is useful to characterise porous materials allowing for the 

determination of specific surface area, pore size distribution and pore volume. The 

Brunauer–Emmett–Teller (BET) gas adsorption is the standard method for 

determination of the surface area of finely–divided porous materials. N2 adsorption–

desorption isotherm and BET surface area of AgCl–TiO2 nanoparticles was measured 

using surface area and porosimetry analyser (TriStar 3000, Micromeritics, USA). 

2.3.3.3 High resolution transmission electron microscopy (HR TEM) analysis and                 

            selected area electron diffraction (SAED) 

The transmission electron microscope operates on the same basic principles as the light 

microscope but uses electrons instead of light. A light microscope is limited by the 

wavelength of light, instead TEMs use electrons as "light source" and their much lower 

wavelength makes it possible to get a resolution a thousand times better than with a 

light microscope. The possibility for high magnifications has made the TEM a valuable 

tool in both medical, biological and materials research. SAED is a crystallographic 

experimental technique that can be performed using a transmission electron 

microscope. HR TEM analysis and SAED were carried out using a JEOL JEM–2100F 

operating at 200 kV. The AgCl–TiO2 nanoparticle sample was prepared by ultrasonic 

dispersion (Microson TM Sonicator) in water for 15 minutes at 3 rps (revolutions per 

minute). Then, the colloidal solution thus obtained was dropped onto a carbon–coated 

copper grid and dried in air before TEM analysis.  

2.3.3.4 EDX (Energy dispersive X–ray spectroscopy) analysis 

EDX makes use of the X–ray spectrum emitted by a solid sample bombarded with a 

focused beam of electrons to obtain a localized elemental composition of the sample. 

EDX analysis was carried out using a SEM–EDX, JEOL JSM–6360 LV to determine 

the elemental composition of nanoparticles. The AgCl–TiO2 powder was deposited on a 

carbon tape before mounting on a sample holder and gold coated for EDX. 



Chapter 2: Synthesis and Physico–chemical Characterization of Silver Incorporated Titanium dioxide Nanoparticles 

 34  

 

2.3.3.5 Fourier transform infrared spectroscopy (FTIR)  

Infrared spectroscopy, similar in principle to the UV–Visible spectroscopy is used to 

obtain absorption spectra of compounds that are a unique reflection of their molecular 

structure. Infrared spectroscopy measures transitions from one molecular vibrational 

energy level to another, and requires radiation from the infrared portion of the 

electromagnetic spectrum. Infrared absorption spectra were measured on a Shimadzu 

IRPrestige–21  spectrometer in the 248–4000 cm
−1

 frequency range, using spectroscopy 

grade KBr (Merck) as the reference. KBr (approximately 100 mg)  was dried in oven at 

100 °C for 6 h and ground into a fine powder in a clean mortar and pestle. 

Approximately 1 mg of the sample was added to it and ground again to form a 

homogenous mixture. Sample mix was then pressed into thin pellets at a pressure of 7 

tonnes for 2 minutes using a KBr mini press. These pellets were then used for recording 

the spectra. 

2.3.3.6 UV–visible diffuse reflection spectroscopy (DRS) 

UV–visible diffuse reflectance spectroscopy (DRS) has been widely used to investigate 

the structures of various compounds. This technique is based on analysis of 

backscattered light that has propagated through a scattering and absorbing medium.The 

DRS were obtained for the samples using a UV–visible spectrophotometer (Shimadzu 

UV 2450), with BaSO4 as the reflectance standard. The spectra were recorded at room 

temperature in air in the range of 800 to 200 nm. 

2.3.3.7 Zeta potential analysis 

The zeta potential is a measure of the electrokinetic potential in a colloidal system 

which gives an idea  about the stability of the material (Wang et al. 2014). The zeta 

potential analysis of ATNPs and TiO2 (control) was conducted using Delsa Nano C 

(Backman Coulter). 1mg/mL of nanoparticle suspensions in ultrapure deionized water 

were sonicated (Microson TM Sonicator) at 3 rps for 15 minutes.  
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2.4 Results and Discussion 

In this work the AgCl–TiO2 and TiO2 nanoparticles were prepared using a simple one–

pot sol–gel method and calcined at 100 °C. Sol–gel is an attractive method for obtaining 

nanoparticles with high surface area, porosity and monodispersity and requires low 

processing cost, is energy efficient with high production rate and rapid productivity of 

fine homogeneous powder (Liu et al. 2008; Azizi et al. 2012). Effective removal of 

adsorbed ions was achieved through frequent change (every 2 h) of the deionized water 

during dialysis. The simplicity of this method gives it an advantage over the 

conventional time consuming processes. Further, it requires very few chemicals, no 

harmful byproducts are generated and calcination is achieved at low temperature. Low 

temperature based methods as used in this work are beneficial as high temperature 

causes an increase in crystallinity, which leads to a reduction in silver release kinetics. 

In addition to this it also leads to aggregation of silver clusters to form bigger silver 

particles reducing their antimicrobial efficiency (Babapour et al. 2011). 

Sol–gel has become one of the most useful and versatile methods of nanoparticle 

fabrication due to various advantages like (i) easy control of metal concentration and 

coating thickness during fabrication of a film, (ii) possibility to add reducing and 

oxidizing agents in small concentrations, (iii) morphology of the nanoparticles can be 

changed by changing the solvents, (iv) synthesis of materials with high purity and high 

degree of homogeneity, (v) synthesis of materials with low or high porosity by using 

appropriate heat treatment and firing times, (vi) capability of obtaining fully–dense 

amorphous solids at temperatures lower than those required for conventional 

compaction/densification or for melting and (vii) ability to obtain materials with novel 

distribution of phases (Li et al. 2003b; Naldoni 2009; Ramesh 2013).  

The XRD analysis (Figure 2.2 (a) and (b)) showed that both samples exhibited 

diffraction peaks characteristic of anatase at 2θ=25.28°, 37.79°, 48.04°, 53.88°, 55.05°, 

and 62.68° corresponding to (101), (004), (200), (105), (211), and (204) crystal planes, 

respectively, conforming to anatase TiO2 (JCPDS No. 21–1272). The ATNP sample 

exhibited additional diffraction peaks at 2θ=27.8, 32.2, 46.2, and 57.5° corresponding to 

(111), (200), (220) and (222) planes of AgCl crystals, (JCPDS file: 31–1238) indicating 

that AgCl is well compounded into TiO2. The crystallite size was calculated for (101) 

anatase plane of TiO2 using Scherrer formula and was found to be 3.7 nm. 
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Figure 2.2 (a) XRD pattern of TiO2 nanoparticles showing anatase as the predominant 

crystalline phase, where: T–anatase TiO2. 

 

 

 

 

 

 

 

 

 

Figure 2.2 (b) XRD pattern of ATNPs showing peaks corresponding to crystal planes 

of AgCl in addition to TiO2, where: T–anatase TiO2 and A–AgCl. 
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Figure 2.3 shows the nitrogen adsorption–desorption isotherm (a) and pore size 

distribution curve (b) of ATNP. The material exhibits a type IV adsorption isotherm 

with an H2 hysteresis loop, characteristic of mesoporous structure (Sing et al. 1985). 

The pore size distribution was calculated from the desorption branch of the isotherm by 

Barret–Joyner–Halenda (BJH) method and was centred around 3.7 nm. The mesopores 

were of ∼3 nm in size and BET surface area was found to be 266 m
2
/g. Large surface 

area can be a major determining factor in enhancing the antimicrobial activity as it 

provides better contact between nanoparticles and microorganisms (Pal et al. 2007).  

 

 

 

 

 

 

 

 

 

Figure 2.3 (a) N2 adsorption–desorption isotherm of ATNPs showing type IV isotherm 

and H2 hysteresis loop. 
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Figure 2.3 (b) Pore size distribution curve of ATNPs. 

HR TEM data showed that the ATNPs were uniform with average particle size of 6 to 7 

nm (Figure 2.4 (a) and (b)). SAED of ATNPs showed distinct and good diffraction 

rings (inset to Figure 2.4 (a)). The lattice fringes for a single particle (Figure 2.4(b)) 

were clearly seen with a lattice spacing of 0.35 nm, corresponding to the (101) anatase 

phase (Loganathan et al. 2011). Small particles have large portion of atoms on low–

coordination and high energy sites like corners, edges, steps, kinks and adatoms, which 

make them more active than larger particles. Furthermore, they have increased surface 

area and high penetration efficiency (Zhang and Chen 2009; Pal et al. 2007). It has been 

reported that particles having a diameter of ∼1–10 nm can directly interact with bacteria 

(Morones et al. 2005). 
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Figure 2.4 (a) HR TEM image of ATNPs; SAED is shown as an inset. 

              

 

 

 

 

 

 

 

 

Figure 2.4 (b) Magnified HR TEM image of ATNPs with clear lattice fringes. 
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The EDX analysis showed a silver peak around ∼2.7 keV, and stronger Ti peaks 

(Figure 2.5). No signals for organic impurities were found. The compound % and 

weight % of silver were 1.08 % and 1.01 % respectively. 

FTIR spectroscopy (Figure 2.6) was used to determine the bonding characteristics in 

TiO2. The absorption band in the region of 520–580 cm
−1

 corresponds to the Stretching 

vibration of Ti–O (Li et al. 2008; Liu et al. 2006). The absorption peaks at about 3420–

3450 and 1630–1640 cm
−1

 are associated with the stretching vibrations of surface water 

molecules, including hydroxyl groups (OH
−
) and molecular water on the samples. The 

surface hydroxyl groups (OH
−
) play an important role in the microbicidal mechanism ( 

Dong et al. 2009; Huang et al. 2008). 

 

Figure 2.5 EDX spectrum of ATNPs. 
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Figure 2.6 FTIR spectra of ATNP and TiO2 (control) nanoparticles. 

The UV–visible studies indicate that both TiO2 and ATNPs have an absorbance onset at 

∼370 nm (Figure 2.7), showing that small loading of silver did not influence the 

absorbance pattern. A similar observation has been reported for Ag–TiO2 synthesized 

by solution impregnation method with 4 weight % of Ag wherein no UV–visible 

spectral shift was observed (Kumar and Ghulam 2009). 

 

 

 

 

 

 

 

 

Figure 2.7 UV–visible absorption spectra of ATNP and TiO2 (control) nanoparticles. 
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Zeta potential studies were conducted to assess the dispersibility of ATNPs. For 

investigations of the in vivo and in vitro effects of nanoparticles, they have to be well 

dispersed in solutions. If particles form coarse agglomerates in solution, it negatively 

affects the biological activity of the material (Murdock et al. 2008). As the zeta 

potential approaches 0 (from either the negative or the positive side) the solution 

becomes less stable (Wang et al. 2014). The zeta potential values were –18.18 mV and 

–16.8 mV for TiO2 and ATNPs respectively, indicating that the nanoparticles were well 

dispersed in suspension.  

2.5 Conclusion 

Mesoporous ATNPs with TiO2 homogenous anatase crystalline phase were synthesized 

using a one–pot sol–gel method. The sample was calcined at 100 °C and characterized 

by XRD, HR TEM, EDAX, IR spectroscopy, DRS, N2 adsorption–desorption isotherm 

and Brunauer–Emmett–Teller (BET) analysis. The XRD analysis showed that the 

ATNPs exhibited diffraction peaks corresponding to anatase TiO2 and AgCl. The 

crystallite size calculated using Scherrer formula was 3.76 nm. The material exhibited a 

characteristic mesoporous structure and the BET surface area of the sample was 266 

m
2
/g. HR TEM analysis showed that the ATNPs were uniform with average particle 

size of 6 to 7 nm. The elemental composition of ATNPs as determined by EDX analysis 

demonstrated silver and Ti peaks with 1 weight %  of silver.  
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Chapter 3: Antimicrobial Activity of AgCl–TiO2 Nanoparticles and their 

Mechanism of Action 

3.1 Introduction 

The emergence of more resistant and virulent strains of microorganisms due to the 

indiscriminate use of antibiotics has led to the search for alternate sterilization 

technologies. Silver is well known for its antimicrobial effects since ancient times and 

was used in treatment of infections, ulcers etc., and to store water. However, after the 

introduction of penicillin in 1940s, antibiotics became the standard treatment for 

bacterial infections and the use of silver diminished (Fer´nandez et al. 2008). Lately, 

silver has regained its importance as an antimicrobial/biocide and is used to prevent the 

growth of bacteria on surfaces and within materials (Nowack et al. 2011; Bosetti et al. 

2002). Silver nanoparticles (Fer´nandez et al. 2008; Jain et al. 2009; Eby et al. 2009; 

Kim et al. 2007) as well as various silver–based compounds containing ionic silver 

[Ag
+
] and/or metallic silver [Ag

0
] exhibiting antimicrobial activity are being actively 

synthesized (Panacek et al. 2006). 

The inhibitory effect of silver is a result of the sum of distinct mechanisms of action. 

Whether supplied as a cation, in the elemental state, or as part of composite materials, 

silver destabilizes and increases the permeability of bacterial membranes, inactivates 

sulphur containing essential respiratory enzymes and proteins responsible for DNA 

replication, and disrupts ion transport processes, thereby killing microorganisms 

(Hatchett and White 1996; Feng et al. 2000).
 
On account of this multi–targeted 

mechanism of action,
 
silver has a far lower tendency to induce bacterial resistance than 

conventional antibiotics (Percival et al. 2005). Although silver indiscriminately forms 

complexes with several different amino acids and thereby inhibits protein function, it 

exhibits limited toxicity to mammalian cells (Berger et al. 1976). 

In the present study, we report very high efficiency of antimicrobial activity of 

mesoporous ATNPs synthesized using a simple, low temperature, sol–gel method under 

ambient conditions. The increase in antimicrobial efficiency may be attributed to the 

mesoporous nature of the composite which endows on these nanoparticles an increase 

in surface area (Liu et al. 2008). This in turn would facilitate enhanced contact between 
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the microorganisms and nanoparticles leading to the increase in activity. The increased 

efficiency of antimicrobial activity observed at lower concentrations of silver may also 

be attributed to the slow and sustained release of silver from the mesopores (Yu et al. 

2011). 

3.2 Materials and Methods 

3.2.1 Chemicals and materials 

Escherichia coli ATCC 10536, Bacillus subtilis ATCC 9524 were obtained from 

National Collection of Industrial Microorganisms (Pune, India). Pseudomonas 

aeruginosa ATCC 25668, Staphylococcus aureus ATCC 6538P and Candida albicans 

MTCC 3958 were obtained from MTCC (Chandigarh, India). Candida albicans 3958 

was grown in Sabourauds Dextrose broth (pH 5.6) and Nutrient Broth (pH 7.4) was 

used for all the bacterial cultures. Muller Hinton (MH) broth and YES medium (0.5 % 

yeast extract and 1 % glucose, pH 5.6) were used for antimicrobial studies of the 

bacterial and fungal cultures, respectively. Deionized water was used for all the 

experiments. All experiments involving microorganisms were performed in triplicates 

on different days. 

3.2.2 Antimicrobial assays  

Microbial cells in the logarithmic growth phase were used for all studies. The cells (10
5
 

to 10
6
 cells/mL) were suspended in 5 mL of aqueous ATNP suspensions and stirred 

using a magnetic stirrer. The concentrations of ATNP tested in water were 1–20 µg/mL. 

At intervals of 30 minutes, aliquots of the suspension were withdrawn and the cells 

were spread–plated on nutrient agar/sabourauds agar plates after appropriate dilutions 

with sterile saline. The plates were incubated at 37 ºC (30 ºC for Candida albicans) for 

24 h. The number of viable organisms was determined by counting the number of 

colony forming units and multiplying it with the dilution factor. Control studies were 

carried out using pure TiO2. Similar experiments were carried using Muller Hinton 

(MH) broth as the resuspension medium where the concentrations of ATNP tested were 

in the range of 100 to 1000 µg/mL.   
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3.2.3 Detection of silver ions  

Detection of silver ions was carried out using a rhodamine–based fluorogenic and 

chromogenic probe (Chatterjee et al. 2009).
 
1 mg/mL (effective Ag concentration of 

11.7 ppm) of ATNP was suspended in aqueous phase for 1 h and the amount of silver
 

ions released was determined by centrifuging the sample at 12000 rpm for 15 minutes. 

Subsequently the sample was resuspended in fresh medium and silver ion release was 

further monitored. The probe was added to the supernatant and incubated for 1 h at 25 

°C. The final concentration of the probe in the solution was 10 µM. The fluorescence 

spectra of the solutions were measured at 584 nm using a JASCO FP–6300 spectro–

fluorometer. Known concentrations of AgNO3 solutions were used to obtain the 

standard calibration curve to determine silver
 
ion concentration. The detection limit of 

this probe is reported to be 14 ppb. 

3.2.4 Detection of reactive oxygen species (ROS)  

Intracellular ROS generation was determined using 2’, 7’–dichlorofluorescin–diacetate 

(DCFH–DA) as an intracellular ROS–indicator (Su et al. 2009).
 
The oxidation of non–

fluorescent DCFH to highly fluorescent 2’, 7’–dichlorofluorescein (DCF) provides a 

quantitative assay of ROS formation. E. coli cells were initially incubated with 10 

µg/mL of ATNP for 30 minutes, 20 µM DCFH–DA was added and the mixture was 

further incubated for 30 minutes. E. coli cells without ATNP were used as a negative 

control. The fluorescence intensity of DCF was measured at 526 nm. Cells were 

exposed to the antioxidant and free radical scavenger N–acetylcysteine (NAC) to 

determine the effect of presence of antioxidant on ROS levels. H2O2 was used as a 

positive control.  Change in ROS level as compared to the negative control was 

calculated using the formula,  Relative ROS level (%) = Mean DCF FI[treated]/Mean 

DCF FI[control] × 100, where FI is the fluorescence intensity (Wang et al. 2011). 

3.2.5 Antioxidant studies 

NAC and glutathione (GSH) were used as the antioxidants. The effect of these agents 

on the antimicrobial activity was determined by carrying out the antimicrobial assays 

(as mentioned above) in presence of 10 mM NAC/GSH in MH medium (Kim et al. 

2007; Su et al. 2009). 
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3.3 Results and Discussion 

3.3.1 Antimicrobial activity of ATNPs  

Antimicrobial activity with ATNP was obtained at a concentration as low as 1 µg/mL 

(effective Ag concentration of 11.7 ppb) for Gram–negative microorganisms and the 

fungal culture Candida albicans in aqueous phase. The kill curves obtained on exposure 

to ATNP at 1 µg/mL, 5 µg/mL, 10 µg/mL and 20 µg/mL for Escherichia coli ATCC 

10536, Pseudomonas aeruginosa ATCC 25668, Staphylococcus aureus ATCC 6538P, 

Bacillus subtilis ATCC 9524 and Candida albicans MTCC 3958 are shown in Figures 

3.1 (a), (b), (c), (d) and (e) respectively. Photographs showing decrease in number of 

microorganisms on exposure to ATNP with respect to time for these cultures are shown 

in Figure 3.2. At ATNP concentration of 1 µg/mL, and a starting cell number of ~10
5
 

cells/mL, complete reduction of Escherichia coli cells and 99.56 % reduction of 

Pseudomonas aeruginosa cells was obtained after 90 minutes and 120 minutes, 

respectively. Complete inhibition of Pseudomonas aeruginosa was obtained at a 

concentration of 5 µg/mL of ATNP (effective Ag concentration of 58.5 ppb) after 90 

minutes. As seen from Figures 3.1 (a) to (e), the time required for complete killing 

decreased with increase in concentration of ATNP. The lowest reported bactericidal 

concentration against E. coli in aqueous phase is 1.6 µg/mL of silver in Ag/TiO2 

nanocomposites (Zhang and Chen 2009).
 
Other studies on Ag–TiO2 composites carried 

out in UV light have reported antimicrobial values in the range of 0.1 to 2 mg/mL of 

Ag–TiO2 wherein the percentage of silver incorporated in TiO2 differed from 1 weight 

% to 5 weight % (Kumar and Ghulam 2009; Reddy et al. 2007; Sokmen et al. 2001; 

Amin et al. 2009).
 

The antimicrobial activity obtained during visible light 

photocatalysis is reported to be in the range of 0.5 to 2 mg/mL for Ag–TiO2 (Medina–

Ramirez et al. 2011). 
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Figure 3.1 (a) Antibacterial activity of ATNP against E. coli.   

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 (b) Antibacterial activity of ATNP against P. aeruginosa. 

 

In case of Gram–positive organisms, bactericidal activity of ATNP was obtained at 10 

µg/mL (effective Ag concentration of 117 ppb), wherein complete killing of Bacillus 

subtilis and 99.9 % reduction in the number of Staphylococcus aureus cells occurred 

after 120 minutes. Complete killing of Staphylococcus aureus was obtained at a 

concentration of 20 µg/mL of ATNP (effective Ag concentration of 234 ppb) after 90 

minutes. Bactericidal activity (99.99 % reduction) against S. aureus has been reported 
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at 20 µg/mL for silver–supported TiO2 core and carbon shell composite (TiO2@C/Ag)  

with 1.52 weight % Ag after 6 hours of contact (Tan et al. 2009).
 
Other reports on 

antimicrobial activity of Ag–TiO2 against Gram–positive organisms reported killing of 

Micrococcus lylae at 0.1 mg/mL (Zhang et al. 2003) and Streptomyces at 10 µg/mL (2.5 

µg/mL Ag) (Su et al. 2009b).
 
It has been observed that antimicrobial activity of ATNP 

composite is more pronounced against Gram–negative microorganisms as compared to 

that against Gram–positive microorganisms. Similar observations have been reported 

for colloidal suspensions of silver–titania, TiO2@C/Ag core–shell composites and 

electrically generated silver ions (Tan et al. 2009; Gavriliu et al. 2009; Jung et al. 

2008).
 
The difference in susceptibility has been attributed to compositions of bacterial 

cell wall. Gram–positive bacteria have thick multi–layered peptidoglycan in the cell 

wall whereas in Gram–negative bacteria, peptidoglycan is present as a thin layer 

surrounded by an outer membrane (Gavriliu et al. 2009).
 
The outer membrane is 

negatively charged and serves as a selective permeability barrier, protecting bacteria 

against toxic agents. Therefore, cationic silver will have increased interaction with outer 

membrane, changing membrane permeability and facilitating transfer of silver across 

the outer membrane and thin layer of peptidoglycan (Jin et al. 2010).
 
In case of Gram–

positive bacteria, the thick peptidoglycan layer restricts the entry and thereby action of 

ATNP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 (c) Antibacterial activity of ATNP against S. aureus. 
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Figure 3.1 (d) Antibacterial activity of ATNP against B. subtilis. 

 

For Candida albicans, 93 % reduction was obtained at 1 µg/mL of ATNP (effective Ag 

concentration of 11.7 ppb) after 120 minutes and complete killing was obtained at 10 

µg/mL of ATNP (effective Ag concentration of 117 ppb) after 60 minutes (Figure 3.1 

(e)). Although, numerous reports are available on antibacterial activity of silver plus 

TiO2 based compounds, antifungal activity has not been extensively studied. Minimum 

inhibitory concentration (MIC) of 15.88 µg/mL of silver has been obtained for colloidal 

suspensions of silver–titania (Gavriliu et al. 2009).
 
Silver nanoparticles have been 

reported to possess antifungal activity against C. albicans, however, the effective 

concentrations ranged from 2 to 25µg/mL (Jain et al. 2009; Eby et al. 2009; Kim et al. 

2009).
 
In our study, the MIC observed was as low as 1.75 ppm of silver (150 µg/mL of 

ATNP).  
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Figure 3.1 (e) Antibacterial activity of ATNP against C. abicans. 

In order to determine the effect of composition of resuspension media on antimicrobial 

activity, we carried out antimicrobial studies in MH medium. The concentration of 

ATNP required for antimicrobial activity in MH media was higher as compared to that 

in aqueous phase. A 99.67 % reduction in the number of cells for Pseudomonas 

aeroginosa was obtained at 100 µg/mL ATNP (effective Ag concentration of 1.17 ppm) 

and 100 % reduction was obtained at 150 µg/mL (effective Ag concentration of 1.75 

ppm) within 120 minutes. For E coli, 96 %, 99.89 % and 100 % reduction was obtained 

at 100 µg/mL, 150 µg/mL and 200 µg/mL of ATNP (effective Ag concentration of 1.17 

ppm, 1.75 ppm and 2.34 ppm) respectively. Nanocomposites of Ag–TiO2 have been 

reported to exhibit antimicrobial activity in growth medium in the range of 10–20 

µg/mL of Ag for Gram–positive as well as Gram–negative cultures (Gavriliu et al. 

2009; Chen et al. 2010).
 
In the present study, among the Gram–positive cultures tested, 

Bacillus subtilis showed 99 % and 100 % inhibition at 300 µg/mL and 500 µg/mL of 

ATNP (effective Ag concentrations of 3.5 ppm and 5.85 ppm), respectively. The 

bactericidal concentration for Staphylococcus aureus could not be determined as ATNP 

was found to be bacteriostatic even at the highest concentration that was feasible for 

testing (1 mg/mL of ATNP; 11.7 ppm of Ag) and only a 26 % reduction in cell numbers 

was obtained at this concentration. The decrease of antimicrobial efficiency in medium 

could be attributed to the presence of dissolved organic matter, counter– and co– ions, 

which can mask the charge on silver ions and attenuate the effect of electrostatic double 
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layer (EDL) repulsion between like–charged nanoparticles by neutralizing the particle 

surface charge, thereby leading to aggregation (Jin et al. 2010; Mukherjee and Weaver 

et al. 2010). 

3.3.2 Detection of silver ions 

Silver ion detection was carried out using rhodamine–based fluorogenic and 

chromogenic probe. The sensing mechanism of the probe is based on irreversible 

tandem ring opening and closing promoted by Ag
+
 coordination to the iodide of the 

probe, accompanied by both colour change and turn–on type fluorescence (Chatterjee et 

al. 2009).
  

Fluorescence peak of the Ag–iodide complex was obtained at 584 nm 

indicating the presence of silver ions. For these studies, sample was suspended in 

aqueous phase and the amount of silver ions released after 1 h was determined. The 

sample was resuspended in fresh medium and further release of silver ions was 

monitored. It was observed that after one hour, 15.67 % of silver was present as silver 

ions in suspension. On resuspending the sample in fresh solution, a further 18.44 % of 

silver ions were released. This was the maximum amount of silver ion detected and no 

further increase in the concentration was observed even on incubating for 24 h. Thus, 

the antimicrobial activity could be attributed to the silver ions released from within the 

TiO2 matrix. 
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3.3.3 ROS detection and antioxidant studies 

When silver ions/AgNP come in contact with cells, they attach to the cell wall and 

disturb the normal physiological functioning of transmembrane proteins, such as 

channels, porins and/or receptors, consequently interfering with the proton pool in the 

inter–membrane space or the electron flow through the respiratory chains. Accumulated 

electrons, due to inhibition of thiol group containing respiratory enzyme(s) like NADH 

dehydrogenase II, could be transferred to oxygen to form reactive oxygen species 

(ROS) such as O2
– 

and H2O2, which lead to oxidative and membrane damage in bacteria 

(Kim et al. 2007; Su et al. 2009a; Kumar et al. 2010).
 
In addition, ROS can induce 

apoptotic pathways in bacteria which could ultimately lead to cell death (Kumar et al. 

2010).
 
In the present study, production of intracellular ROS in cells exposed to ATNP 

was determined using DCFH–DA which gets converted to DCF, a fluorescent molecule 

with emission at 526 nm, in the presence of ROS. It was observed that after 30 minutes 

of contact with ATNP, the levels of intracellular ROS increased 1.55 times as compared 

to the negative control without ATNP, indicating that ROS was generated and 

participated in the ATNP mediated cell death. The percentage of intracellular ROS 

decreased to levels similar to the negative control in the presence of the antioxidant, 

NAC. Similar observations were recorded by Su et al. (2009a)
 
where 40.3 ± 10.2 % of 

the AgNP/Clay–treated bacteria became DCF+, indicating that ROS was generated.  

ROS is neutralized by antioxidants such as NAC and GSH. It was observed that 

antimicrobial assays carried out in presence of these antioxidants, rendered the ATNP 

inactive against microorganisms (Figure 3.3 (a) and 3.3 (b)). NAC or GSH alone did 

not exhibit any antimicrobial activity nor did it enhance cell proliferation. These results 

suggest that the antimicrobial activity of ATNP nanoparticles is due to the combined 

effect of release of silver ions
 
and ROS production resulting in membrane damage 

and/or apoptosis (Jung et al. 2008; Liau et al. 1997).
 
The small size, large surface area 

and mesoporous nature of this material further contributes towards the antimicrobial 

activity. It is proposed that TiO2 acts as a good supporting, stabilizing and 

antiaggregating agent facilitating uniform dispersion of silver.  
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Figure 3.4 (a) Antioxidant study of ATNPs in growth inhibition with/without N acetyl 

cystein (NAC). Solution devoid of ATNP stands for the control.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 (b) Antioxidant study of ATNPs in growth inhibition with/without 

Glutathione (GSH). Solution devoid of ATNP stands for the control.  
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3.4 Conclusion 

In conclusion, mesoporous ATNPs prepared by a simple sol–gel method have been 

shown to exhibit highly efficient antimicrobial activity. The antimicrobial activity was 

achieved at a remarkably low silver concentration in the range of 1–20 µg/mL of ATNP 

(effective Ag concentration of 11.7–234 ppb) in aqueous phase and 100–1000 µg/mL of 

ATNP (effective Ag concentration of 1.170–11.7 ppm) in growth medium within two 

hours of contact. The antimicrobial activity is attributed to the combined effect of 

release of silver
 
ions and ROS production resulting in membrane damage and cell death. 

This material has a lot of potential for application as disinfectants/antiseptics in various 

biomedical and environmental areas.  
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Chapter 4: Anti–biofilm Efficacy of Low Temperature Processed AgCl–TiO2 

Nanocomposite Coating 

4.1 Introduction 

In most natural, clinical and industrial settings, bacteria are predominantly found to be 

associated with biofilms, a community of microorganisms networked within an 

exopolysaccharide (EPS) matrix, rather than as planktonic forms (O'Toole and Kolter 

1998). Biofilms can be described as the sessile (attached) mode of microbial growth 

that occurs in close association with surfaces (substrata). Biofilm development follows 

a sequence of events wherein microbial surface attachment is followed by cell 

proliferation and matrix production, which then leads to the formation of mature and 

complex structures. Finally, microbial detachment and dispersion occurs, at which point 

cells escape from the existing biofilms and colonize new niches (Valappil et al. 2007). 

Biofilms impact our world in numerous ways. In the natural environment, they benefit 

us by contributing to nutrient cycling and plant growth by forming symbiotic 

relationships with plant roots in the rhizosphere. In the industrial environment, they are 

used in the treatment of water and wastewater, and the detoxification of hazardous 

waste and groundwater contaminated with petroleum products through bioremediation 

(Massol–Deya et al. 1995). Biofilms are associated with maintaining the health of other 

organisms through microbiome colonization by providing resistance and helping in gut 

nutrient sequestration (McBain 2010).  

However, they are also detrimental in many ways. Biofilm formation is a matter of 

concern in areas such as medical settings, water distribution systems and food 

industries. Biofilm forming organisms are involved in diseases like cystic fibrosis, 

bacterial endocarditis, otitis media. They are also associated with dental caries, and 

infections at surgical sites and implants. Their interaction with industrial environment 

causes bio–fouling, bio–corrosion, and contamination (Chiang et al. 2009; McBain 

2010). 

Biofilms differ from their planktonic counterparts by exhibiting increased resistance to 

antimicrobial agents. They have been shown to be much more resistant to certain 

antibiotics as compared to planktonic cells (Smith 2005). This has been attributed to the 

various mechanisms of resistance exhibited by biofilms such as the failure of 
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antimicrobials to penetrate the biofilm due to presence of EPS, deactivation of 

antimicrobials on interactions with EPS, slow growth and stress response, 

heterogeneity, induction of biofilm–specific phenotypes such as multidrug efflux 

pumps, alteration of membrane protein composition and the presence of persisters (Mah 

and O'Toole 2001; Lewis 2005). Presently, several approaches in combating biofilms 

are available. These include methods such as physical and/or mechanical removal, 

chemical removal, and the use of antimicrobials to kill planktonic cells. However, due 

to the increasing tolerance of the biofilm community to antibiotics, biocides and 

mechanical stress, it has become difficult to completely eradicate mature biofilms. 

Hence, novel and alternative methods of preventing the colonization of surfaces with 

biofilms are required.  

Recently, there has been an interest in the use of silver–based antimicrobial coatings as 

anti–biofilm agents. Embedding silver into a supporting matrix facilitates a slow and 

sustained release of silver ions, resulting in a long–term antimicrobial effect (Furno et 

al. 2004). Various materials like silane (Babapour et al. 2011; Stobie et al. 2008) and 

palladium (Chiang et al. 2009) have been used as supporting matrices for coatings and 

films containing silver. TiO2 nanoparticles, being porous and inorganic in nature, 

exhibit  good potential as supporting matrices due to their excellent chemical stability, 

non–toxicity and biocompatibility. Moreover, nanoparticulate TiO2 acts as an anti–

aggregating agent to facilitate the uniform dispersion of silver (Naik et al. 2013; Desai 

et al. 2013; Desai and Kowshik 2013). It also provides stronger washing resistance, 

which aids in the slow and sustained release of silver ions thus leading to a long–term 

antimicrobial effect (Wang et al. 1998b). In this chapter, we describe the potential of 

AgCl–TiO2 nanocomposite coating as an inhibitor of biofilm formation.  

4.2 Materials and Methods 

4.2.1 Synthesis of AgCl–TiO2 nanocomposite coatings 

Sol–gel titanium dioxide coatings containing 1 weight % nanosilver were prepared on 

glass slides. The ATNPs were prepared as described previously in section 2.3.2. The 

required amount of above powder was suspended in ethanol and sonicated (Microson™ 

Sonicator) for 15 minutes at 3 rps (revolutions per second) to obtain a uniformly 

dispersed solution which was then used for coating the slides. Coatings were obtained 

by suspending 25 µL of AgCl–TiO2 and TiO2 (control) suspension on a clean glass 
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slide (2 cm × 2.5 cm) and drawing it with another clean slide to spread the solution on 

the surface producing uniform thin coatings. The films prepared were sterilized by 

autoclaving and showed no tendency towards delamination from the substrate.  

4.2.2 Characterization of AgCl–TiO2 nanocomposite coatings 

X–ray diffraction studies for phase identification of the coatings were carried out using 

a Rigaku MiniFlex II X–ray diffractometer with monochromatic CuKα radiation 

(λ=1.5405 A°). The scan range was from 2θ=20° to 80° and the crystallite size, D, was 

calculated using Scherrer formula: D=kλ/β1/2Cos θ, where λ=wavelength of X–ray 

applied (0.154 nm), k=numerical constant for which the obtained value is 0.9, β1/2=full 

width (radians) at half maximum of the anatase (101) peak and θ=Bragg angle for 

which 2θ is 25.28° (Scherrer 1918; Patterson 1939). Scanning electron microscope 

(SEM; Jeol JSM–5800LV scanning microscope) was used to study the surface 

morphology of the coating and estimate its thickness.  

4.2.3 In vitro biofilm assay 

Escherichia coli ATCC 10536 and S. epidermidis ATCC 12228 were obtained from 

National Collection of Industrial Microorganisms (NCIM, Pune, India) and 

Pseudomonas aeruginosa ATCC 25668 from Microbial Type Culture Collection 

(MTCC, Chandigarh, India). AgCl–TiO2 coated glass slides and 5 mL of Tris minimal 

media (composition: 0.5 M Tris, 0.8 M Sodium chloride, 0.2 M Potassium chloride, 0.2 

M Amonium chloride, 0.3 M Sodium sulphate, 0.01 M Magnesium chloride, 0.002 M 

Calcium chloride, 1% Sodium dihydrogen phosphate, 0.5 % Glucose and 0.1 % 

Tryptone) (Sambrook and Russell 2001) were added to wells of a sterile 6 well plate. 

Microbial cells in the late logarithmic growth phase were used for all studies. Cells (~ 

10
6
 cells/mL) of E. coli, S. epidermidis and P. aeruginosa were added to the wells and 

the plates were incubated for a period of 10 days at 37 °C under stationary conditions. 

Uncoated slide and silver–free TiO2 slide were used as positive and negative controls, 

respectively. The slides in the wells were observed for the visible inhibition of biofilm 

formation. Subsequently, the slides were removed and washed with deionized water and 

tested for biofilm formation using the following protocols. One set of the glass slides 

were imprinted on nutrient agar plates. The second set was used for enumeration of 

microorganisms by scraping out the biofilm in sterile saline and determining the 

number of viable organisms by the plate count method after appropriate dilution. This 
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was done once every 2 days for a period of 10 days. The third set was used to study the 

morphology of the biofilms using a scanning electron microscope (SEM). For SEM, 

glass slides were fixed in glutaraldehyde and dehydrated in ascending ethanol solutions 

ranging from 10 to 100 %. The slides were then sputter coated with gold using SPI 

11430 sputter coater and imaged using a Jeol JSM–5800LV model with an accelerating 

voltage of 20 keV. All the experiments were conducted in triplicates.  

4.2.4 Evaluation of silver ion release rates 

Evaluation of silver ion release rates was performed to monitor the elution of silver 

from the coatings. The release of silver ions from the coatings was estimated by atomic 

absorption spectroscopy (AAS, Unicam, UK, Solar 929). Coated slides were immersed 

in deionised water and incubated at 37 °C initially for 1 h, followed by 2 h, 1 day, 2 

days, 4 days, 6 days, 8 days and 10 days and estimated for amount of silver released by 

immersion in fresh test fluid respectively.  

4.2.5 Cell culture 

HaCaT cell lines (human epidermal keratinocyte) were purchased from NCCS, Pune, 

India and maintained in Dulbecco’s Modified Eagle’s medium (DMEM) with 10 % 

fetal bovine serum (FBS) at 37 °C in a humidified atmosphere with 5 % CO2 and 

passaged at 70–90 % confluency. HaCaT homogenates were stored by freezing at −80 

°C. For reviving the cells, thawing was carried out quickly by partially submerging the 

vial and shaking it in the 37 °C water bath followed by rinsing the outside of the vial 

with ethanol and wiping it dry. 

4.2.6 Cell viability studies 

Cell viability of TiO2 nanoparticles and ATNPs was evaluated by using MTT (3–[4, 5–

dimethylthiazol–2–yl]–2, 5–diphenyltetrazolium bromide) metabolic activity assay. 

MTT is reduced by metabolically active cells to insoluble purple formazan dye crystals. 

The rate of tetrazolium reduction is proportional to the rate of cell proliferation. HaCaT 

cells (2 × 10
4
 cells/mL) were seeded in a 24 well plate at 37 °C for 24 h, and exposed to 

varying concentrations (20, 50, 75, 100, 125, 150 and 200 µg/mL) of ATNPs and TiO2 

nanoparticle solutions for 24, 48 and 72 h. Cells treated with medium only served as a 

negative control group. After removing the supernatant of each well and washing twice 

by PBS, medium with 0.5 mg/mL MTT dye was added and the plates were incubated at 
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37 °C for 4 h. After incubation, the medium was discarded and the resultant formazan 

crystals were dissolved in dimethyl sulfoxide (DMSO). The absorbance intensity was 

measured at 570 nm. All experiments were performed in triplicates, and the relative cell 

viability (%) was expressed as a percentage relative to the untreated control cells. 

4.2.7 Cell adhesion assay 

The biocompatibility of ATNP coated slides at concentrations (40, 50, 60, 75, 100, 125, 

150 and 200 µg/cm
2
), TiO2 coated slide (control) at 200 µg/cm

2
 and uncoated slide 

(negative control) was evaluated using well characterized HaCaT cell line. All coated 

slides were sterilized by autoclaving at 121 °C for 15 minutes, and placed in 6 well 

tissue culture plates. The plates were inoculated with 2×10⁴cells/ml in 2 ml of complete 

medium (90 % DMEM and 10 % FBS) and allowed to grow in standard cell culture 

conditions for 24 h and 48 h. After the prescribed time, non–adherent cells were 

removed by rinsing two times with PBS, and adherent cells were observed under 

inverted microscope (Nikon Eclipse TS100). 

4.3 Results and Discussion 

4.3.1 Characterization of AgCl–TiO2 nanocomposite coating The XRD analysis of 

AgCl–TiO2 (Figure 4.1 (b)) and TiO2 (Figure 4.1 (a)) control coated slides exhibited 

diffraction peaks at 2θ=25.28°, 37.79°, 48.04°, 53.88°, 55.05°, 62.68° corresponding to 

(101), (004), (200), (105), (211), (204) crystal planes, respectively, conforming to 

anatase TiO2 (JCPDS No. 21–1272). The AgCl–TiO2 coating exhibited additional 

diffraction peaks at 2θ=27.8, 32.2, 46.2, 57.5° corresponding to (111), (200), (220) and 

(222) planes of AgCl crystals, (JCPDS file: 31–1238) indicating that AgCl is well 

compounded into the films of TiO2. The crystallite size was calculated for (101) plane 

of anatase TiO2 using Scherrer formula and was found to be 3.7 nm. 
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Figure 4.1 (a) XRD pattern of TiO2 coating showing anatase as the predominant 

crystalline phase, where: T–anatase TiO2. 

  

                         

 

 

 

 

 

 

Figure 4.1 (b) XRD pattern of AgCl–TiO2 coating showing peaks corresponding to 

crystal planes of AgCl in addition to TiO2, where: T–anatase TiO2 and A–AgCl. 

The surface morphology and thickness of AgCl–TiO2 nanocomposite coatings was 

examined by SEM. Figure 4.2 (a) shows the SEM image of the TiO2 and Figure 4.2 (b) 

of AgCl–TiO2 nanocomposite coating. In both the cases, the particles were of even size 

and were uniformly dispersed and the coating had a thickness of 30 µm (Figure 4.2 (c)). 

Similar surface morphology of films was observed for nanosilver embedded silane 
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coating (Babapour et al. 2011) and Ag–TiO2 nanoparticle co–doped SiO2 films 

(Mukhopadhyay et al. 2010). Silver embedded inside similar films have been reported 

to exist close to the surface, as low temperature processing retains silver in the upper 

layers of the coating (Babapour et al. 2011; Stobie et al. 2008). As the radius of silver 

ions (ca. 126 pm) is much larger than that of Ti
4+

 (ca. 68 pm), the silver ions introduced 

by the sol–gel process do not enter the lattice of the TiO2 anatase phase and have been 

reported to exist on the surface of the anatase grains by forming Ag–O–Ti bonds (Yu et 

al. 2011).  

Figure 4.2 (a) SEM 

micrograph of TiO2 

coated glass slide. 

 

 

 

 

 

 

Figure 4.2 (b) SEM 

micrograph of AgCl–

TiO2 coated glass slide. 
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Figure 4.2 (c) SEM micrograph of the cross–sectional morphology of AgCl–TiO2 

coated glass slide. 

4.3.2 In vitro biofilm assay 

In vitro biofilm assay with E. coli (Figure 4.3 A and Figure 4.4 (a)) and S. epidermidis 

(Figure 4.3 B and Figure 4.4 (b)) showed that AgCl–TiO2 nanocomposite coated 

surfaces inhibited the development of biofilm over a period of 10 days. At an AgCl–

TiO2 concentration of 100 µg/cm
2 

(effective Ag concentration of 1.17 µg/cm
2
) and 

incubation of 10 days, inhibition of biofilm was observed in the well and a few isolated 

colonies were obtained after imprinting the slides on nutrient agar plate. No growth on 

nutrient agar plates imprinted with slides was observed at an AgCl–TiO2 concentration 

of 125 µg/cm
2 

(effective Ag concentration of 1.46 µg/cm
2
) indicating the complete 

inhibition of both, biofilm as well as isolated cells. However, in case of P. aeruginosa 

(Figure 4.3 C and Figure 4.4 (c)), at an AgCl–TiO2 concentration of 125 µg/cm
2 

(effective Ag concentration of 1.46 µg/cm
2
) although there was no biofilm formation, 

the growth of a few isolated colonies after imprinting the slides was noted. The 

complete inhibition of biofilm formation and of isolated cells was obtained at 500 

µg/cm
2 

of AgCl–TiO2 (effective Ag concentration of 5.85 µg/cm
2
). Scanning electron 

micrographs of AgCl–TiO2 coated slides showing the inhibition of biofilm formation at 

a concentration of 125 µg/cm
2 

(effective Ag concentration of 1.46 µg/cm
2
) for E. coli 

and S. epidermidis and 500 µg/cm
2 

(effective Ag concentration of 5.85 µg/cm
2
) for P. 

aeruginosa cells after 10 days of immersion in Tris minimal media are depicted in 



Chapter 4: Anti–biofilm Efficacy of Low Temperature Processed AgCl–TiO2 Nanocomposite Coating 

 

64 

 

Figure 4.5. It was observed that the biofilms of the bacteria were completely established 

on the surface of the coatings with no silver content (pure TiO2 control), while the 

surface containing silver completely prevented the biofilm formation. Antimicrobial 

activity of AgCl–TiO2 nanoparticles on planktonic microbial cells was achieved at a 

very low AgCl–TiO2 concentration, in the range of 1.0 to 20 µg/mL (effective Ag 

concentrations were 11.7 to 234 ppb) in less than 2 h under ambient conditions (Naik et 

al. 2013).  

The higher resistance of Pseudomonas aeruginosa towards AgCl–TiO2 may be 

attributed to the production of catalase, which plays a protective role in case of 

oxidative damage (Elkins et al. 1999). Moreover, as compared to E. coli and S. 

epidermidis, it is known to form thicker biofilms due to the production of a thick 

extracellular matrix and its ability to display hyper–adhesive phenotypes (Sadovskaya 

et al. 2010). The high frequency appearance of antibiotic–resistant phenotypic variants 

with enhanced ability to form biofilms (Drenkard and Ausubel 2002) and the presence 

of extracellular DNA in the matrix have also been associated with the resistance of 

biofilms in this organism (Mulcahy et al. 2008). The extracellular DNA in the biofilm 

matrix is usually derived from lysed cells. However, some bacteria, including P. 

aeruginosa, produce substantial quantities of extracellular DNA through a mechanism 

that is thought to be independent of cellular lysis and appears to involve the release of 

small vesicles from the outer membrane. Extracellular DNA is required not only for the 

initiation of biofilm formation but also for the stabilization of biofilms (Whitchurch et 

al. 2002; Muto and Goto 1986; Kadurugamuwa and Beveridge 1995). This extracellular 

DNA might contribute towards the biofilm resistance by chelation of silver ions by the 

DNA.   
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Figure 4.3 (i) Photographs showing inhibition of biofilm formation for (A) E. coli, (B) 

S. epidermidis and (C) P. aeruginosa after 10 days of incubation at 37 °C on glass 

slides coated with various concentrations of AgCl–TiO2. (ii) Photographs of these glass 

slides imprinted on nutrient agar plates.  
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Figure 4.4 (a) Graph showing log number of E. coli cells with respect to time of 

incubation on AgCl–TiO2 and TiO2 (control) coated glass slides.  

 

 

 

 

 

 

 

 

Figure 4.4 (b) Graph showing log number of S. epidermidis cells with respect to time 

of incubation on AgCl–TiO2 and TiO2 (control) coated glass slides.  
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Figure 4.4 (c) Graph showing log number of P. aeruginosa cells with respect to time of 

incubation on AgCl–TiO2 and TiO2 (control) coated glass slides.  

The anti–biofilm efficacy of the AgCl–TiO2 coatings could be attributed to the release 

of silver ions, which prevent the initial bacterial adhesion required for biofilm 

formation. A study on the effect of silver ions on disruption of intermolecular forces 

within the S. epidermidis biofilm matrix using atomic force microscopy, has 

demonstrated that silver ions lead to destabilization of the biofilm structure by binding 

to electron donor groups of biological molecules and reducing the number of binding 

sites for hydrogen bonding and electrostatic and hydrophobic interactions (Chaw et al. 

2005). This study investigating the use of silver ions for disruption of a biofilm 

structure is very significant in devising novel and efficient strategies to eliminate 

biofilms. 
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Figure 4.5 SEM micrographs showing (i) inhibition of biofilm formation on AgCl–

TiO2 coated glass slides for (A) E. coli (B) S. epidermidis and (C) P. aeruginosa 

cultures. TiO2 controls with completely established biofilms of these cultures are shown 

in (ii). 
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Biologically synthesized silver nanoparticles (Kalishwaralal et al. 2010) and starch–

stabilized silver nanoparticles (Mohanty et al. 2012) have been reported to demonstrate 

anti–biofilm activity for a period of 24 to 48 h. Several other anti–biofilm studies of 

biogenic silver nanoparticle coated medical devices (Namasivayam et al. 2013), silver 

nanoparticle incorporated PU (Polyurethane), PCLm (Polycaprolactam), PC 

(Polycarbonate) and PMMA (Polymethylmethaacrylate) nanocomposites (Sawant et al. 

2013) and other silver nanoparticles (Martinez–Gutierrez et al. 2013; Gurunathan et al. 

2014) have been recently reported. However, in order to obtain the long–term inhibition 

of biofilm formation, it has been suggested that silver be embedded in a support matrix, 

to facilitate a slow and sustained release of silver ions. Silane based nanocomposites 

have been investigated as hosts for silver containing anti–biofilm materials. Such 

nanocomposite films exhibit very high loading of silver nanoparticles near the surface 

of the film and desired silver release rate over prolonged periods of time can be 

achieved (Babapour et al. 2011; Stobie et al. 2008). Though silver containing TiO2 

nanoparticles have been extensively synthesized and studied for their antimicrobial 

activity, they have not been exploited for their anti–biofilm potential.  

4.3.3 Evaluation of silver ion release rates 

The concentration of silver ions released from the AgCl–TiO2 nanocomposite coatings 

was estimated to study the silver release kinetics. Figure 4.6 shows the release rates of 

silver in deionized water with respect to time. The amount of silver ions released 

increased from 0.17 µg/mL in the first hour to 1.94 µg/mL in the second hour, beyond 

which there was a steady release of around 0.3 to 0.4 µg/mL. For an antimicrobial/anti–

biofilm agent to be effective, initial high release of the agent is favourable for rapid 

killing of the bacterial cells so that they do not develop resistance (Brett 2006). 

Subsequently, a sustained and stable release of silver ions over longer periods of time 

helps in maintaining the long–term antimicrobial effect. Such a tendency of silver to 

release from nanocomposites is contrary to the bulk silver based materials, which 

exhibit initial minimum release followed by a rapid release (Kumar and Münstedt 

2005).  
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Figure 4.6 Release rates of silver ions from AgCl–TiO2 coatings as determined by 

AAS. 

Release behaviour of silver ions from the supporting matrix is controlled by the water 

diffusion characteristics on that matrix. The distinctive behaviour of silver ion release 

kinetics between the nanoparticulate and bulk composites occurs due to the differences 

in structures which influence water diffusion behaviour (Liu et al. 2008). In the initial 

stages the dissolution of silver particles at the surface dominates the release behaviour 

where no diffusion step is required. However with increasing immersion time, transport 

of silver ions from the interior to the surface becomes more important as the 

contribution of surface silver particles to the silver release decreases due to faster 

consumption as compared to the particles present in the bulk. Thus, the silver ion 

release becomes governed by diffusion because most of the silver ions to be released 

must move from the interior to the surface of the sample (Damm and Münstedt 2008; 

Hahn et al. 2011). In case of mesoporous composites, fast water diffusion on the outer 

surface induces significant increase in the initial amount of silver ions released, which 

is followed by a decrease in release rate due to slow diffusion of water in the pores of 

TiO2 matrix (Liu et al. 2008). In addition, the silver release kinetics is also influenced 

by the concentration of silver on the surface and the crystallinity of the material, which 

in turn are dependent on the temperature of synthesis (Babapour et al. 2011).  

The use of high temperature during processing of materials leads to an increase in 

crystallinity, causing reduction in silver release kinetics due to the retardation of water 
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diffusion rate in the matrix and increased permeation barrier affecting the rate of 

migration of silver ions within the material (Kumar and Münstedt 2005). Moreover, at 

high temperatures, the majority of the silver ions migrate into the bulk of the matrix, i.e. 

away from the surface of films because silver particles get oxidized and eventually 

diffuse away from the surface (Li et al. 2003; Akhavan and Ghaderi 2009). In addition, 

high temperature also leads to aggregation of silver particles on the surface of the film, 

forming larger particles that are unable to permeate the cells (Babapour et al. 2011).  

A reduction in available surface silver ions is undesirable, as an initial high release of 

antimicrobial agent is very important for preventing microbial attachment (Babapour et 

al. 2011; Stobie et al. 2008). In the present study, since the AgCl–TiO2 nanocomposites 

have been synthesized using a low temperature based sol–gel method; most of the silver 

nanoparticles are expected to be localized on the surface.  

4.3.4 Cell viability studies 

The dose and time dependent cytotoxicity studies of TiO2 nanoparticles and ATNPs 

with HaCaT cell lines were carried out using the MTT assay. All the samples were 

tested in the concentration range of 20–200 µg/mL for time intervals of 24, 48 and 72 

hours (Figure 4.7 (a) and (b)). The viability of untreated cells was considered to be 100 

%. There were no significant difference between the cell viability of ATNP samples and 

the TiO2 controls at all the concentrations tested and they did not exhibit any cytotoxic 

effect on HaCaT cell lines up to 150 µg/mL of concentration. 

4.3.5 Cell adhesion assay 

Since the present work is also aimed at the development of ATNP coatings with anti–

biofilm properties for biomedical applications, biocompatibility of this material is an 

important property that needs to be studied. In this study, HaCaT cells were cultured on 

the ATNP coated slides and their morphology was observed under an inverted 

microscope. Figure 4.8 shows the comparative study of cell morphology after 24 h and 

48 h. HaCaT cell morphology on ATNP coatings was similar to the cell morphology on 

uncoated control. Cells were healthy and adhered with good spreading up to a 

concentration of 125 µg/cm
2
. Similar observations of good cell adherence and 

spreading have been reported for silver coated materials such as silver coated stainless 

steel at non cytotoxic concentrations (Bosetti et al. 2002). 
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Figure 4.7 (a) Cell viability study of TiO2 nanoparticles using HaCaT cells. 

 

 

 

 

 

 

 

 

 

Figure 4.7 (b) Cell viability study of ATNPs using HaCaT cells. 

 



Chapter 4: Anti–biofilm Efficacy of Low Temperature Processed AgCl–TiO2 Nanocomposite Coating 

 

73 

 

 

 

 

F
ig

u
re

 4
.8

 I
m

ag
es

 o
f 

H
aC

aT
 c

el
l 

li
n

e 
in

cu
b

at
ed

 f
o

r 
2

4
 h

 a
n

d
 4

8
 h

 o
n

 A
T

N
P

 c
o

at
ed

 g
la

ss
 s

li
d

es
. 



Chapter 4: Anti–biofilm Efficacy of Low Temperature Processed AgCl–TiO2 Nanocomposite Coating 

 

74 

 

4.4 Conclusion 

Alternative methods of preventing the colonization of surfaces with biofilms are 

required due to the problems associated with conventional antimicrobial therapies to 

treat biofilms. In this work, the use of sol–gel based AgCl–TiO2 coatings with bioactive 

silver has been proposed as a promising strategy for controlling biofilm formation. Low 

temperature processed AgCl–TiO2 coatings synthesized using sol–gel method were 

found to be very effective in preventing biofilm formation by E. coli, S. epidermidis and 

P. aeruginosa over a period of 10 days. These coatings released an initial high amount 

of silver ions followed by a slow and gradual release facilitating sustained anti–biofilm 

activity. The initial high release of silver ions is beneficial for reducing bacterial 

adhesion, which is the first step in the development of a biofilm. To the best of our 

knowledge, silver containing TiO2 nanocomposites have not been studied for their anti–

biofilm efficiency. This is the first report of anti–biofilm activity of AgCl–TiO2 

nanocomposites where TiO2 is used as a supporting matrix. As these coatings are very 

effective in controlling biofilm formation, they could find application in medical 

implants, medical equipment, water distribution systems, food production facilities or 

places where appropriate cleaning practices are required.    
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Chapter 5: Anti–quorum Sensing Activity of AgCl–TiO2 Nanoparticles with 

Potential Use as Active Food Packaging Material 

5.1 Introduction 

Food spoilage is a major problem and excessive amounts of food are lost due to 

microbial spoilage and/or contamination of food with human pathogens (Alvarez et al. 

2012). The use of proper packaging technology can minimize food losses and provide 

safe and non–toxic food products. Lately, the potential of nanotechnology has 

influenced the food packaging industry to a great extent. It is being used for 

development of packaging with improved properties such as flexibility, gas barrier 

properties, temperature, and moisture stability. Further, incorporation of active 

antimicrobial or oxygen scavenging agents and intelligent nanosensors for monitoring 

the condition of food are expected to provide advanced packaging solutions (Emamifar 

2011; Silvestre et al. 2011).  

Bacterial spoilage of some food products is influenced by quorum sensing (QS) – a 

process through which bacteria communicate with each other. Understanding the role of 

QS in food microbial ecology could lead to the development of novel food 

preservatives that can specifically block quorum sensing systems and control food 

spoilage (Rasch et al. 2005; Skandamis and Nychas 2012). Quorum sensing was first 

reported in 1970s in a marine luminescent bacterium Vibrio fischeri, a facultative 

symbiont of marine animals like marine fishes and squids (Nealson et al. 1970). It was 

observed that these bacteria did not luminesce until they reached a high population 

density which led to the finding that bioluminescence in these organisms is regulated by 

AHL (N–acyl homoserine lactone) mediated population density dependent signalling 

which was later on termed as quorum sensing (Eberhard et al. 1981). Interruption of 

bacterial quorum sensing has broad application in biological control of disease causing 

organisms as many important animal and plant pathogens use quorum sensing to 

regulate virulence (Alvarez et al. 2012). Its importance in reduction or prevention of 

food spoilage reactions and in maintaining the product quality and safety is being 

actively investigated (Bruhn et al. 2004; Ammor et al. 2008; Alvarez et al. 2012; 

Skandamis and Nychas 2012). 

Bacteria communicate and coordinate their behaviour by monitoring the environment 

using certain chemical signalling molecules called autoinducers so named as they 
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function in part to stimulate their own synthesis. The concentration of these signalling 

molecules is directly proportional to the population density of bacteria. Once a critical 

threshold concentration has been reached, that is, when bacteria have a quorum, they 

switch on the transcription of quorum sensing dependent genes to change their 

behaviour. These signals are responsible for regulating various phenotypic and 

physiological characteristics including regulation of pectinase, protease, and cellulose 

activities and siderophore–mediated iron chelation, characteristics associated with food 

spoilage (Rasch et al. 2005). It is also associated with production of violacein pigment 

in Chromobacterium violaceum, virulence in Pseudomonas aeruginosa, flagellar 

motility in Proteus mirabilis and Serratia marcescens, bioluminescence in Vibrio 

harveyi and Vibrio fischeri, sporulation, cell differentiation and community 

organization which lead to the development of the mature biofilms (Sauer et al. 2002; 

Packiavathy et al. 2012). Quorum sensing occurs across both Gram–positive as well as 

Gram–negative bacteria in many species. Three major types of autoinducers have been 

recognized: acylated homoserine lactones (AHLs) in Gram–negative bacteria, 

autoinducing peptides (AIPs) in Gram–positive bacteria and autoinducer–2 (AI–2s) 

molecules in both Gram–positive and Gram–negative bacteria (Raffa et al. 2005). 

Several studies have linked QS to biofilm formation in food related bacteria. Quorum 

sensing system appears to be involved in all phases of biofilm formation regulating the 

population density and the metabolic activity within the mature biofilm so as to fit the 

nutritional demands and resources available (Skandamis and Nychas 2012). Biofilms 

formed on stainless steel surfaces in food–processing environments need special 

attention because of their potential to act as chronic sources of microbial contamination, 

leading to food spoilage and transmission of diseases (Brooks and Flint 2008). 

Although bacteria are capable of existing in planktonic form, it is advantageous under 

certain circumstances for them to attain a biofilm phenotype. Biofilms provide 

protection to bacteria in a destructive environment and also help in holding nutrients for 

their inhabitants. Biofilms are much more resistant to antibiotics, biocides, heavy 

metals, antimicrobials and cleaning agents as compared to their planktonic counterparts. 

As a result, it has become extremely difficult to eradicate these biofilms from food 

processing equipment and environment (Rasmussen and Givskov 2006; Skandamis and 

Nychas 2012).   
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The study of quorum sensing inhibitors is emerging as one of the most attractive area of 

research in the field of anti–biofilm agents. Compounds that inhibit or interfere with 

quorum sensing have become significant as novel class of next generation antimicrobial 

and anti–biofilm agents, since they are key players in regulation of virulence and 

formation of tolerant biofilms (Persson et al. 2005). Additionally, unlike conventional 

antibiotics which prevent bacterial cell division (bacteriostatic) or kill the cell 

(bactericidal) and increase the selective pressure towards antibiotic resistance, the 

development of resistance to anti–QS compounds is minimum as they only target 

virulence mechanisms and do not impede growth (Hentzer and Givskov 2003; Njoroge 

and Sperandio 2009).  

Silver nanoparticles are increasingly being used in food storage containers, wound 

dressings (Fong and Wood 2006), catheters (Samuel and Guggenbichler 2004), textiles, 

and various household and personal care consumer products due to their antimicrobial 

activity (Xiu et al. 2011). However, the anti–QS activity of this traditionally used 

bioactive agent with potential in food preservation has not yet been explored. In the 

present chapter the anti–QS activity of silver entrapped in a titanium dioxide (TiO2) 

matrix has been evaluated. TiO2 is non–toxic and has been approved by American Food 

and Drug Administration (FDA) for use in human food and food contact materials. 

Functionalization or entrapment of silver in a suitable matrix like TiO2 facilitates 

controlled release of silver ions over a prolonged time period thereby achieving activity 

at a very low silver concentration.  

In this study we investigated the anti–QS property of AgCl–TiO2 nanoparticles 

(ATNPs) for potential use as active food packaging material; using C. violaceum strain 

as indicator of anti–QS activity. These ATNPs could find potential applications as 

active food packaging materials at much lower concentrations of silver, than required 

for antimicrobial activity. 

5.2 Materials and Methods 

5.2.1 Strain and culture conditions 

Chrobacterium violaceum ATCC 12472 wild–type strain obtained from Microbial Type 

Culture Collection (MTCC, Chandigarh, India) was used to determine anti–QS activity 
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of ATNPs. This strain is recommended for screening of anti–QS materials as it 

produces and responds to autoinducer molecule AHL. This bacteriological monitor 

system provides a phenotypic response by production of a violet coloured pigment 

known as violacein when induced by the presence of AHL in the extracellular 

environment (Alvarez et al. 2012). The bacteria were routinely grown aerobically in 

nutrient broth (NB) (Himedia) and incubated at 37 °C for 24 h. The Quorum sensing 

inhibition assay was performed in NB as well as modified Tris minimal media 

(composition: 0.5M Tris, 0.8M Sodium chloride, 0.2M Potassium chloride, 0.2M 

Amonium chloride, 0.3M Sodium sulphate, 0.01M Magnesium chloride, 0.002M 

Calcium chloride, 1% Sodium dihydrogen phosphate, 1 % Glucose and 0.5 % 

Tryptone) (Sambrook and Russell 2001) for testing the anti–biofilm potential. All the 

experiments were carried out in triplicates on different days.  

5.2.2 Qualitative evaluation of anti–QS activity using disc diffusion assay 

The ability of ATNPs to inhibit the violacein pigment production by C. violaceum was 

studied by qualitative screening using zone of inhibition test. The disc diffusion method 

given by Bauer et al. (1966) was used to test anti–QS activity of ATNPs. Sterile discs 

(6 mm diameter) were impregnated with different concentrations (100, 200, 300, 400 

and 500 µg) of ATNPs. TiO2 without silver (500 µg) was used as the control. These 

discs containing the test material were placed on nutrient agar plates which were 

uniformly spread plated with 10
6
 CFU/mL (Set A) and 10

9
 CFU/mL (Set B) of 

logarithmic phase cells. The plates were incubated at 37 °C for 24 h to check the 

inhibition of pigment production around the disc. The anti–QS activity at various 

concentrations was assessed by measuring the diameter of the halos formed due to 

inhibition of pigment production as per Ponce et al. (2003): “not sensitive” for diameter 

less than 8 mm, “sensitive” for diameter between 9 and 14 mm, “very sensitive” for 

diameter between 15 and 19 mm, and “extremely sensitive” for diameter larger than 20 

mm (Ponce et al. 2003; Alvarez et al. 2012).  

5.2.3 Quantitative QS inhibition assay to measure inhibition of violacein 

production 

Quantification of anti–QS activity of ATNPs on violacein production by C. violaceum 

was carried out using the flask–incubation assay (Alvarez et al. 2012). Late logarithmic 
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phase cells (10
6
 cells/mL) were inoculated in Erlenmeyer flasks containing growth 

media supplemented with different concentrations of ATNPs. Two different growth 

media were used; (i) nutrient broth containing 0, 50, 75, 100, 200 and 300 µg/mL of 

ATNPs and (ii) modified Tris minimal medium containing 0, 10, 20, 25, 50 and 75 

µg/mL of ATNPs. Media containing 0 µg/mL of ATNPs served as controls. The flasks 

were incubated on a shaker at 37 °C; 110 rpm for 24 h. 

In order to confirm that the inhibition of pigment production was due to anti–QS 

activity and not a result of bacterial growth inhibition, the test medium after 24 h of 

growth was streaked on nutrient agar plates which were incubated at 37 °C for 24 h and 

observed for growth. The quantification of the violacein production was carried out as 

per the protocol described by Choo et al. (2006), where 2 mL of culture medium from 

each flask was centrifuged at 15,000 g for 10 minutes to precipitate the cells. The cell 

pellet was solubilized in 2 mL of DMSO (dimethyl sulfoxide), vortexed to extract the 

intracellular violacein, and centrifuged at 15,000 g for 10 minutes to separate the cells. 

Absorbance of the supernatant containing violacein was measured at a wavelength of 

585 nm using an UV–Visible spectrophotometer (Shimadzu UV–2450). DMSO was 

used as the blank. The percent inhibition in violacein production was calculated by 

using the formula, Percent inhibition in violacein production = (control OD585 nm – test 

OD585 nm / control OD585 nm) × 100, where OD is the optical density (Packiavathy et al. 

2012).  

5.2.4 Extraction of AHL from culture supernatants 

Chromobacterium violaceum was grown to maximum pigment production phase with 

100 µg/mL of ATNPs. Culture grown in the absence of ATNPs served as positive 

control. Cell free supernatants were obtained by centrifugation at 15000 g for 10 

minutes at 4 °C, followed by filtration through 0.2 µm filter. The AHL molecules were 

extracted from the filtrate by adding an equal volume of ethyl acetate containing 0.1 

mL/L glacial acetic acid and shaking for 5 minutes. The extracts were evaporated to 

dryness using rotary evaporator at 40 °C. The residue was dissolved in minimum 

amounts of ethyl acetate and stored at –80 °C. 
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5.2.5 Chemical characterization of AHL 

The ethyl acetate extracts (100 µL) of culture supernatant were evaporated in vacuo. 

The Infrared absorption spectra of the powder obtained after vacuum evaporation was 

measured using a FTIR Shimadzu IR Affinity–1 spectrometer in the 400–4000 cm
–1

 

frequency range, using KBr as the reference. The results are presented as normalized 

Kubelka–Munk plots. 

For HPLC analysis the vacuum evaporated extracts were redissolved in 500 µL 

methanol. 100 µL of methanol extract was injected into a 250 mm × 4.5 mm, 5 µm 

phenomenex C18 HPLC column operated at a flow rate of 0.5 mL/minute. Solvent A 

consisted of water (HPLC grade) and solvent B consisted of methanol (HPLC grade). A 

gradient elution method was used starting from  0 % solvent B for 10 minutes, which 

was gradually increased from 5 to 95 % of solvent B for 35 minutes, and maintained 

isocratic at 100 % solvent B for 15 minutes.  

Mass spectrometric analysis of the methanol extracts were performed using ion trap 

mass spectrophotometer (Thermo LCQ Advantage LC–MS/MS system). 

5.2.6 Antimicrobial activity 

Antimicrobial activity of ATNPs against C. violaceum was evaluated. Microbial cells in 

the logarithmic growth phase were used for all the studies. The cells (10
6
 cells/mL) 

were suspended in flasks containing 10 mL of nutrient broth with different 

concentrations of ATNPs (0, 100, 1000, 1500 and 2000 µg/mL) and incubated on a 

shaker at 37 ºC; 110 rpm. At intervals of 4, 8, 16, 24 and 32 h, aliquots of the 

suspension were withdrawn and the cells were spread–plated on nutrient agar plates 

after appropriate dilutions with sterile saline. The plates were incubated at 37 ºC for 24 

h. The number of viable organisms was determined by counting the number of colony 

forming units and multiplying it by the dilution factor.  Similar experiments were 

carried using modified Tris minimal media where the concentrations of ATNPs tested 

were 0, 25, 500, 1000 and 1500 µg/mL. 
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5.2.7 In vitro biofilm assay 

C. violaceum cells in the late logarithmic growth phase were used for these studies. 

ATNP coated glass slides and 5 mL of modified Tris minimal media were added to 

wells of a sterile 6 well plate, followed by the addition of bacterial cells (~ 10
6
 

cells/mL). The plates were incubated for a period of 24 h at 37 °C under stationary 

conditions. Uncoated slide and silver–free TiO2 slide were used as positive and negative 

controls, respectively. The slides in the wells were observed for the visible inhibition of 

biofilm formation. Subsequently, the slides were removed and washed with deionized 

water and tested for biofilm formation using the following protocols. One set of the 

glass slides were imprinted on nutrient agar plates. The second set was used to study the 

morphology of the biofilms using a scanning electron microscope (SEM). For SEM, 

glass slides were fixed in glutaraldehyde and dehydrated in ascending ethanol solutions 

ranging from 10 to 100 %. These slides were sputter coated with gold using SPI 11430 

sputter coater and imaged using a Jeol JSM–5800LV model with an accelerating 

voltage of 20 keV. All the experiments were conducted in triplicates.  

5.3 Results and Discussion 

5.3.1 Qualitative anti–QS activity 

C. violaceum has commonly been used as biosensor of quorum sensing activity. It is a 

Gram–negative water and soil bacterium which resides in the tropical and subtropical 

areas and produces the antibacterial purple pigment violacein as a result of quorum 

sensing using its autoinducer AHL, N–hexanoyl–L–homoserine lactone (HHL) 

(Lichstein and Van de Sand 1945; McClean et al. 1997). This has been the basis for the 

development of a simple protocol for screening of anti–QS compounds, based on the 

decrease in the production of violet coloured pigment of C. violaceum which acts as an 

indicator of QS inhibition (McLean et al. 2004).  

Figure 1 shows the concentration dependent anti–QS activity of ATNPs against C. 

violaceum. Inhibition of quorum sensing in C. violaceum when exposed to ATNPs was 

found to increase with increasing concentrations of ATNPs (100–500 µg/mL), as 

exhibited by the diameter of halos showing pigment inhibition. The violacein 

production was classified as, sensitive at 100 and 200 µg/mL, and very sensitive at 300, 
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400 and 500 µg/mL of ATNPs, as per the measure of inhibition of halos (Ponce et al. 

2003; Alvarez et al. 2012),  when the plates were spread with 10
6
 cells (set A). Growth 

of non–pigmented colonies of C. violaceum was observed inside the halos (Figure 1a). 

When 10
12

 cells were spread (set B), the zone of antibacterial activity, was clearly 

differentiated from the zone of pigment inhibition. In Figure 1b, the inner clearer zone 

of inhibition corresponds to the antibacterial activity and the larger outer zone 

represents, pigment inhibition. Zone of pigment inhibition was not observed for TiO2 

control at all the above concentrations.  

Anti–QS activity was observed to increase with increasing concentration of ATNPs. 

Similar concentration dependent QS inhibition has been observed in studies of anti–QS 

activity of Cuminum cyminum (Packiavathy et al. 2012), natural agents like tea tree, 

rosemary essential oils (Alvarez et al. 2012) and silver nanowires (Wagh et al. 2013). 

Furthermore, the concentration at which ATNPs exhibited anti–QS activity was lower 

in minimal media as compared to nutrient broth. This difference can be attributed to the 

amount of organic matter, counter and co–ions present in the reaction medium, as they 

mask the charge on silver ions and neutralize the activity. Presence of high amounts of 

dissolved organic matter and ions in nutrient rich media (nutrient broth) as compared to 

modified Tris minimal media leads to an increase in concentration of ATNPs required 

for anti–QS activity (Naik et al. 2013). 
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Figure 5.1 (a) Qualitative 

anti–QS activity of 

ATNPs at (i) 100 µg/mL, 

(ii) 200 µg/mL, (iii) 300 

µg/mL, (iv) 400 µg/mL 

and (v) 500 µg/mL of 

ATNPs; (vi) TiO2 control 

at 500 µg/mL against 

bioreporter strain C. 

violaceum using disk 

diffusion method when 

10
6 

CFU/mL were spread.  

 

                                                                                                   

                                                                                                   

Figure 5.1 (b) Qualitative 

anti–QS activity of 

ATNPs at (i) 100 µg/mL, 

(ii) 200 µg/mL, (iii) 300 

µg/mL, (iv) 400 µg/mL 

and (v) 500 µg/mL of 

ATNPs; (vi) TiO2 control 

at 500 µg/mL against 

bioreporter strain C. 

violaceum using disk 

diffusion method when 

10
9 

CFU/mL were spread.  

 

The zone of antibacterial activity is shown with a black arrow and the zone of pigment 

inhibition is shown with a red arrow. 
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5.3.2 Quantitative anti–QS activity 

Figure 5.2 (A) shows the photographs of concentration dependent inhibition of 

violacein production by ATNPs, in nutrient broth and modified Tris minimal media, 

respectively. An inverse relationship was observed between the pigment production and 

the concentration of bioactive compound. A significant drop in violacein production 

was observed at 100, 200 and 300 µg/mL of ATNPs (effective silver concentration of 

1.17, 2.34 and 3.52 µg/mL, respectively) using nutrient broth as the growth medium. 

The anti–QS concentration of ATNPs decreased to 25 µg/mL of ATNPs (effective 

silver concentration of 0.29 µg/mL) in modified Tris minimal media.   

Violacein inhibiting substances are not expected to affect the cell growth (Alvarez et al. 

2012). In order to verify whether the inhibition of violacein production by ATNPs was 

due to AHL inhibition and not microbial growth inhibition, the growth media from the 

flasks with no pigment production were streaked on nutrient agar plates. On incubation 

at 37 °C for 24 h, growth of C. violaceum was observed on the nutrient agar plates and 

was comparable to that of the control (Figure 5.2 (B)). 

The percentage of violacein inhibition at different concentrations of ATNPs in nutrient 

broth (Figure 5.3 (a)) and modified Tris minimal media (Figure 5.3 (b)) is displayed 

respectively. Violacein production was reduced by 82 % at 100 µg/mL and by 100 % at 

200 and 300 µg/mL of ATNPs with nutrient broth as the growth medium. During 

growth in modified Tris minimal medium, 86 %, 87 % and 99 % inhibition of violacein 

production was observed at ATNP concentrations of 25, 50 and 75 µg/mL, respectively. 
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Figure 5.3 (a) Quantitative analysis of inhibition of violacein production by C. 

violaceum during growth in nutrient broth at increasing concentrations of ATNPs. 

 

 

 

 

 

 

 

 

 

Figure 5.3 (b) Quantitative analysis of inhibition of violacein production by C. 

violaceum during growth in modified Tris minimal medium at increasing concentrations 

of ATNPs. 
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Evaluation of anti–quorum sensing activity of silver nanowires (SNW) has been 

reported earlier by Wagh et al. (2013). They obtained inhibition of violacein production 

at a concentration of 0.5 mg/mL of SNW with a 60 % reduction in violacein production 

which increased to 80 % at a SNW concentration of 4 mg/mL. The anti–QS activity of 

ATNPs in this study, has been achieved at a much lower concentration of silver 

(effective silver concentration of 1.17 µg/mL in nutrient broth and 0.29 µg/mL in 

modified Tris minimal media) suggesting that entrapment of silver in a suitable matrix 

or its functionalization leads to efficient anti–QS activity (Naik et al. 2013; Desai et al. 

2013a; Desai and Kowshik 2013b). 

5.3.3 Extraction and chemical characterization of AHL  

AHLs produced by Gram–negative bacteria share a homoserine lactone ring and readily 

diffuse into the culture supernatant. Ethyl acetate was used for the extraction of AHL 

molecules due to their inherent lipophilicity and small amount of acetic acid was added 

to reduce the hydrolysis of lactone during workup and storage (Gould et al. 2006). The 

FTIR spectrum of the control sample showed the presence of bands in the range of 1780 

to 1550 cm
–1

. However these bands were absent in ATNP treated sample (Figure 5.4).  

The infrared spectrum of the natural autoinducers are reported to give major bands at 

1780, 1710, 1640 and 1550 cm
–1

 which are suggestive of the presence of a five–

membered ring lactone and of a ketone and an amide group (Eberhard et al. 1981; Kim 

et al. 2011). Similar bands were obtained in the control when cells were grown in the 

absence of ATNPs, indicating the presence of functional groups within autoinducer. 

The bands associated with autoinducers were not present in the ATNP treated sample, 

indicating the absence of quorum sensing activity. 
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Figure 5.4 FTIR spectra of AHL extracts obtained from culture supernatants of cells 

grown in (A) absence of ATNPs [control] and (B) presence of 100 µg/mL ATNP.  

HPLC chromatogram of AHL extract is shown in Figure 5.5 (a) and Figure 5.5 (b). A 

single sharp peak with retention time of 21 minutes was observed in the positive 

control, however no such peak was observed in case of the ethyl acetate extract of the 

culture supernatant of cells growing in presence of 100 µg/mL ATNP.  In addition, two 

other peaks were observed around 6 and 8 minutes in the sample treated with ATNP 

(Figure 5.5 (b)). Mass spectrometry analysis of the peak obtained in control sample 

gave an m/z value of 242. 

The major peak obtained in the control sample in HPLC analysis corresponded to 3–

Oxo–C8–HSL (3–Oxo–Octanoyl homoserine lactone) (Gould et al. 2006). No peak 

corresponding to 3–Oxo–C8–HSL was obtained in the ATNP treated sample. However, 

the additional small peaks obtained may be attributed to the degradation 

products/precursors of the signalling molecule. The presence of 3–Oxo–C8–HSL in the 
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positive control was confirmed by mass spectrometry analysis wherein a peak was 

obtained at m/z value of 242 (Figure 5.5 (c)) (Bruhn et al. 2004; Gould et al. 2006).   

 

 

 

 

 

 

 

 

Figure 5.5 (a) HPLC analysis of AHL extract from culture supernatants of cells grown 

in the absence of ATNPs (control).  

 

 

 

 

 

 

 

 

Figure 5.5 (b) HPLC analysis of AHL extracts from culture supernatants of cells grown 

in the presence of 100 µg/mL ATNP. 
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Figure 5.5 (c) Mass spectrometry analysis of AHL detected in HPLC analysis of the 

control.  

5.3.4 Antimicrobial activity 

The anti–QS concentration of 100 µg/mL ATNPs (effective silver concentration of 1.17 

µg/mL) exhibited bacteriostatic activity towards C. violaceum in nutrient broth (Figure 

5.6 (a)). Similar bacteriostatic activity with minimal reduction in cell numbers was 

observed up to a concentration of 1500 µg/mL ATNPs. Bactericidal activity, with 

complete inhibition of C. violaceum was obtained at an ATNP concentration of 2000 

µg/mL (effective Ag concentration of 23.4 µg/mL). Similar results were obtained with 

modified Tris minimal media, wherein, no bactericidal activity was observed at anti–QS 

concentration of 25 µg/mL, and complete inhibition was obtained at 500 µg/mL
 
ATNPs 

(effective Ag concentration of 5.85 µg/mL) (Figure 5.6 (b)). These studies further 

confirmed that the inhibition of violacein production was due to AHL inhibition and not 

microbial growth reduction.   

Interestingly, in both the growth media, it was observed that the anti–QS concentration 

was 20 times lower than the concentration at which bactericidal activity was obtained 
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(Figure 5.6 (a) and (b)). These studies are in congruence with the anti–QS studies of 

natural agents which report the requirement of higher concentrations of bioactive 

compound to produce a significant inhibition in the growth of C. violaceum (Alvarez et 

al. 2012). 

 

 

 

 

 

 

 

 

Figure 5.6 (a) Antimicrobial activity of ATNPs towards C. violaceum in nutrient broth. 

 

 

 

 

 

 

 

 

Figure 5.6 (b) Antimicrobial activity of ATNPs towards C. violaceum in modified Tris 

minimal media. 

 



Chapter 5: Anti–QS Activity of AgCl–TiO2 Nanoparticles with Potential Use as Active Food Packaging Material 

92 

 

5.3.5 In vitro biofilm assay  

In vitro biofilm assay with C. violaceum (Figure 5.7) showed that ATNP coated 

surfaces inhibited the development of biofilm when exposed to 10
6 

cells in modified 

Tris minimal media. At an ATNP concentration of 20 µg/mL
 

(effective Ag 

concentration of 234 ng/mL) and incubation of 24 h, inhibition of biofilm was observed 

in the well and a few isolated colonies were obtained after imprinting the coated slides 

on nutrient agar plate. Complete inhibition of both, biofilm as well as isolated cells was 

noted at an ATNP concentration of 100 µg/mL
 
(effective Ag concentration of 1.17 

µg/mL) (Figure 5.7).   

 

Figure 5.7 Anti–biofilm activity of ATNPs towards C. violaceum. Photographs 

showing (A) anti–QS activity and inhibition of biofilm formation after 24 h of 

incubation on glass slides coated with various concentrations of ATNPs for C. 

violaceum. (B) glass slides imprinted on nutrient agar plates and incubated for 24 h 

confirming inhibition of biofilm. 

Figure 5.8 (a) shows the scanning electron micrographs of ATNP coated slides 

exhibiting inhibition of biofilm formation at a concentration of 100 µg/mL (effective 

Ag concentration of 1.17 µg/mL) for C. violaceum cells after 10 days of immersion in 

modified Tris minimal media. It was observed that the biofilms of the bacteria were 
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completely established on the surface of the coatings with no silver content (Figure 5.8 

(b)), while the surface containing silver completely inhibited biofilm formation.  

In the present study biofilm inhibition was obtained at anti–QS concentration without 

affecting the viability of cells. Complete killing was observed at a much higher 

concentration than required for anti–QS activity. A similar observation has been 

reported in the study of anti–QS activity of SNW, wherein, biofilm formation was 

significantly arrested at a concentration of 4 mg/mL, without affecting viability of 

microbial cells and inhibition of growth was observed above 4 mg/mL of SNW (Wagh 

et al. 2013).  

 

 

 

 

 

 

 

 

 

Figure 5.8 (a) SEM micrograph showing inhibition of biofilm formation on ATNP 

coated glass slides for C. violaceum.  
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Figure 5.8 (b) SEM micrograph showing completely established biofilms on TiO2 

(control) coated glass slides for C. violaceum. 

While a previous work by Wagh et al. (2013) has shown that silver nanowires act as 

anti–QS agents, the present work proceeded to test the anti–QS activity of silver which 

is entrapped in TiO2 matrix. Compared to the anti–QS studies of SNW where 80 % of 

pigment inhibition was obtained at a concentration of 4 mg/mL, in the present study 82 

% of pigment inhibition was obtained at a concentration 100 µg/mL of ATNPs 

(effective silver concentration of 1.17 µg/mL). Although, silver is traditionally believed 

to be relatively non–toxic to mammalian cells, care must be taken in the use of silver in 

applications like food packaging so that the burden of silver exposure does not exceed 

sub–toxic levels. Entrapping silver in a suitable matrix such as TiO2 is one such attempt 

in the effective use of silver.   

Although, natural agents and spices exhibit good anti–QS activity with potential food 

packaging applications, (Choo et al. 2006; Packiavathy et al. 2012; Alvarez et al. 

2012), direct addition of these agents in the food is of concern due to loss of activity as 

a result of leaching into the food matrix, and cross–reaction with other food components 

such as lipids or proteins. Organic bioactive materials like natural agents and spices are 

often less stable particularly at high temperatures and/or pressures compared to 

inorganic materials and hence are required in large amounts, resulting in loss of flavour. 

Hence, inorganic materials such as metal and metal oxides are being actively studied 
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over the past decade due to their ability to withstand harsh process conditions (Zhang et 

al. 2007; Emamifar 2011). Further, the efficiency of these active agents can be 

enhanced by incorporating or coating them in polymers/plastics. Such compounds when 

entrapped in a suitable matrix would result in a slow and sustained release into the 

foods resulting in initial inhibition of undesirable microorganisms and residual activity 

over time (Emamifar 2011). 

5.4 Conclusion 

The results demonstrate the anti–QS potential of ATNPs against the QS dependent 

phenotypic expressions in C. violaceum ATCC 12472. Specifically, this study aimed to 

determine the dynamics of QS inhibition by ATNPs in relation to its concentration for 

potential application as active food packaging material. In summary, the silver ions 

released by ATNPs inhibited QS by interfering with the AHL activity and thus inhibited 

the production of violacein pigment which was further confirmed using FTIR, HPLC 

and mass spectrometry analysis. TiO2 acted as a good supporting matrix facilitating 

effective use of silver by reducing its concentration required for bioactivity. The 

findings of the present work strengthens the previous report that proposed silver to be a 

potential QS inhibitor and can be further studied and developed for its use as an 

bacteriostatic but non–toxic bioactive material. Though, silver is well known for its 

bioactive potential of antibacterial, antifungal, anti–inflammatory, antiviral, and anti–

platelet properties (Wong and Liu 2010) the present study adds further note on its anti–

QS activity and its potential use in food packaging industry. 
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Chapter 6: Bone Tissue Engineering and Drug Delivery Applications of 

Biocompatible Nano TiO2−Hap−Alginate Composite Scaffolds 

6.1 Introduction 

Bone is an organ that plays key roles in critical functions such as protection, movement 

and support of other critical organs, blood production, etc. When the bone does not 

function properly it leads to various diseases such as osteoarthritis, osteomyelitis, and 

osteoporosis. These diseases along with traumatic injury, orthopaedic surgeries and 

primary tumour resection induce bone defects or voids. Even though osseous tissue has 

the unique internal repair capacity to heal and remodel without scarring, there are 

several conditions, both congenital and acquired, where bone replacement is needed 

(Buckwalter et al. 1996a; Buckwalter et al. 1996b). However, the clinical and economic 

impact of treatments of bone defects (Porter et al. 2009) and success in therapy has not 

been overwhelming. The key issues for this failure include inability to maximize drug 

access to bone and maintain optimum drug concentration for prolonged periods of time.  

The current treatments for bone disorders and defects are based on 

autologous/autogenous bone grafts or metals/ceramics implants. Even though 

autologous bone grafts present relatively good percentages of success, the spectrum of 

cases in which it can be used is restricted mainly due to the donor site morbidity and 

limited amount of autografts that can be obtained (Yaszemski et al. 1994; Spitzer et al. 

2002; Simon et al. 2002; Rose and Oreffo 2002; Petite et al. 2000).  

In allografts where bone is taken from somebody else’s body the rate of graft 

incorporation is lower as compared to the autograft. However, allograft bone introduces 

the possibilities of immune rejection and pathogen transmission from donor to host 

resulting in infections (Yaszemski et al. 1994; Spitzer et al. 2002; Simon et al. 2002; 

Rose and Oreffo 2002; Petite et al. 2000; Williams 1999). Although metals provide 

immediate mechanical support at the site of the defect, they exhibit poor overall 

integration with the tissue at the implantation site and can fail because of infection or 

fatigue loading (Yaszemski et al. 1994). On the other hand, ceramics have very low 

tensile strength and are brittle and thus, cannot be used in locations of significant 

torsion, bending, or shear stress (Yaszemski et al. 1994). To overcome these problems, 

tissue engineering approaches are emerging as convenient alternatives to promote the 
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regenerative ability of the host body (Mourino and Boccaccini 2010; Goessler et al. 

2007; Lee and Shin 2007; Bran et al. 2008; Kanczler and Oreffo 2008).   

Since bone has a three−dimensional (3D) configuration and cells do not grow in a 3D 

fashion in vitro, tissue engineering approaches using 3D scaffolds which mimic bone 

structure are being developed. Such synthetic scaffolds must be capable of presenting a 

physiochemical biomimetic environment; while at the same time should biodegrade as 

native tissue integrates. (Kretlow and Mikos 2007; Langer and Vacanti 1993; 

Albrektsson and Johansson 2001; Mistry and Mikos 2005; Porter et al. 2009). Design 

and processing of a porous, biodegradable three−dimensional structure called as 

“scaffold”, exhibiting high porosity and pore interconnectivity and uniform pore 

distribution is one of the most vital steps of bone tissue engineering (Hutmacher 2000). 

These scaffolds act as a temporary extracellular matrix inducing the natural processes of 

tissue regeneration and development, providing structural support for cells and new 

tissue formation (Chen et al. 2001; Lee and Shin 2007). Hence, improvement in the 

bioactivity and performance of bone−substitute materials and scaffolds is one of the 

main concerns in bone regeneration (Le Bolay et al. 2009). Advantages of utilizing 

synthetic bone scaffolds include elimination of disease transmission risk, fewer surgical 

procedures, reduced risk of infection or immunogenicity, and the abundant availability 

of synthetic scaffold materials (Porter et al. 2009). 

In this context, ceramic TiO2 has been studied as a material for bone tissue engineering 

applications (Fostad et al. 2009; Nygren et al. 1997; Rincon et al. 2005; Sabetrasekh et 

al. 2010; Tiainen et al. 2010). TiO2 has gained much interest as an implant material and 

as bioactive coating for metallic implants. Highly porous and well−interconnected TiO2 

scaffolds with superior mechanical strength have been recently developed (Tiainen et 

al. 2010; Gomez−Florit et al. 2012; Haugen et al. 2013; M. Rubert et al., 2012). 

Composites of TiO2 with materials such as HAp are being developed to improve its 

biocompatibility and osteoconductive properties. HAp is widely used as an implant 

material and coating in clinical applications owing to its chemical and biological 

similarity to human bone, which in turn promotes osseointegration (Kim et al. 2005b). 

The combination of TiO2 and HAp is expected to give better strength and corrosion 

resistance and superior biocompatibility. Moreover, incorporation of polymers such as 

PMMA [Polymethylmethacrylate], PCL [Polycaprolactone], PHBV 

[Polyhydroxybutyrate−co−hydroxyvalerate], PLGA [Polylactide−co−glycolide]), 
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carbohydrates (chitosan, alginate), and proteins (collagen, gelatin) (Soundrapandian et 

al. 2009) in such composites provides desired mechanical stability because of the 

inherent higher stiffness and strength of the inorganic material, improved tissue 

integration, and controlled drug release. In addition, most natural materials are 

composites made up of both inorganic and organic components organized in complex 

structures like in case of bone which is a composite matrix of collagen (organic) 

strengthened with HAp (inorganic) (Soundrapandian et al. 2009). 

Moreover, addition of inorganic materials to bioresorbable polymers can change the 

polymer degradation behaviour by buffering the pH of the nearby solution, thus 

preventing the autocatalytic effect of the acidic end groups resulting from hydrolysis of 

polymer chains, e.g. in polylactic acid. It is well known that incorporation of bioactive 

inorganic phases in biodegradable polymers can enhance water ingress owing to the 

internal interfaces formed between the polymer and the more hydrophilic bioactive 

inclusions, hence enabling control of the degradation kinetics of scaffolds (Boccaccini 

and Maquet 2003; Mourino and Boccaccini 2010). In this work, Alginate (Alg) was 

chosen as the polymer of interest for fabricating the TiO2−HAp scaffolds, and the 

morphological features, dynamic mechanical properties, and biocompatibility and drug 

loading and release potential of TiO2−HAp−Alginate scaffolds were investigated.  

6.2 Materials and Methods 

6.2.1 Preparation of nanostructured TiO2−HAp composites 

TiO2 sol was prepared by adding 1 ml of TiCl4 (Merck) dropwise to 50 ml of ice cold 

distilled water and magnetically stirred for 10 minutes. Fully crystalline and pure HAp 

nanorods were synthesized using a modified sol gel method (Jadalannagari et al. 2011). 

Calcium chloride (S D Fine Chemicals), Orthophosphoric acid (S D Fine Chemicals), 

Triethylamine (Merck) and Ammonium hydroxide (Merck) were used. A solution 14.7 

g of 2M CaCl2·2H2O in 50 mL of water and 2.8 mL of 1M H3PO4 in 47.2 mL of 

triethylamine were prepared. Both solutions were taken in amounts that maintained a 

Ca/P molar ratio of 1.67. Orthophosphoric acid solution was slowly added to calcium 

chloride solution dropwise under continuous stirring using a magnetic stirrer. A 

translucent sol was obtained after 15 minutes, which turned into white color indicating 

formation of HAp. The pH of this sol was adjusted to 10 by using ammonium 

hydroxide solution under continuous stirring. Subsequently the sol was dialyzed against 
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deionized water for 12 h, changing the water every 2 h. TiO2−HAp composites with 

variable ratios (30:70, 50:50 and 70:30 weight percentages) were prepared by mixing 

the as prepared HAp and TiO2 sols under continuous stirring on a magnetic stirrer for 2 

h to obtain a uniform sol. 

6.2.2 Characterization of nanostructured TiO2−HAp composites 

TiO2−HAp nanocomposites were characterized using XRD and FTIR analysis. TEM 

analysis was carried out using a Phillips CM 200 microscope. 

6.2.3 Maintenance of cell culture 

MG−63 cell lines (human osteosarcoma cells) were purchased from NCCS, Pune, India 

and maintained in Dulbecco’s Modified Eagle’s medium (DMEM) with 10 % fetal 

bovine serum (FBS) at 37 °C in a humidified atmosphere with 5 % CO2 and passaged at 

70–90 % confluency. MG−63 homogenates were prepared by freezing at −80 °C and 

thawing the cells. Though these osteosarcoma cells possess abnormal growth 

characteristics, they initially represent clonal populations derived from specific stages 

of the osteoblast lineage. MG−63 cells are considered to show a number of features 

typical of an undifferentiated osteoblast phenotype. This includes the synthesis of 

collagen types I and III, expression of alkaline phosphatase and production of 

osteocalcin. Due to these advantages offered by the MG−63 cells, they have been 

chosen to evaluate their role in alveolar bone regeneration, a periodontal tissue (Clover 

and Gowen 1994; Price et al. 1997; Srinivasan et al. 2012).  

6.2.4 Biocompatibility studies of nanostructured TiO2−HAp composites using cell 

adhesion assay 

The biocompatibility of nanostructured TiO2−HAp composites, TiO2 and HAp coated 

slides (controls) at 1, 2 and 4 % concentrations was evaluated using well characterized 

MG−63 cell line. All coated slides were sterilized by autoclaving at 121 °C for 15 

minutes, and placed in 6 well tissue culture plates. The plates were inoculated with 

2×10⁴cells/ml in 2 ml of complete medium (90 % DMEM and 10 % FBS) and allowed 

to grow in standard cell culture conditions for 24 h and 48 h. After the prescribed time, 

non−adherent cells were removed by rinsing two times with PBS, and adherent cells 

were observed under inverted microscope (Nikon Eclipse TS100). 
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6.2.5 Fabrication of nano TiO2−HAp−Alginate composite scaffolds 

Freeze drying method was used to fabricate TiO2−HAp−Alginate nanocomposite 

scaffolds (Figure 6.1). Sodium alginate (S D Fine Chemicals) was used without further 

purification. 2 % (w/v) of sodium alginate powder was dissolved in distilled water by 

stirring at room temperature to obtain a homogenous alginate solution. To the above 

prepared alginate gel, required amount of, 1, 2 and 4 % of TiO2−HAp composites, TiO2 

and HAp (control) were added and stirred well until completely mixed into the solution. 

The resultant mixture was then transferred to a 96 well plate and pre−freezed at −20 °C 

for 12 h followed by lyophilization at −80 °C for 12 h using a lyophilizer (Christ, Alpha 

1−2 LD plus). These scaffolds were then immersed in 2 % CaCl2 solution for 1 h and 

again freeze dried for 12 h to obtain TiO2−HAp−Alginate composite scaffolds of 

cylindrical shape and 5 mm x 5 mm size and stored for further use. For carrying out the 

dynamic mechanical analysis (DMA), the scaffolds were made in the form of 2 mm 

thick sheets by using petri plates for freeze drying the scaffold slurry mix. These sheets 

were then cut into rectangular pieces of required dimensions for the DMA analysis.    

 

Figure 6.1 Fabrication of nano TiO2−HAp−Alginate composite scaffolds. 

6.2.6 Cell viability studies of scaffolds 

The viability of cells seeded on the scaffolds was evaluated using a tetrazolium salt, 

MTT (3−[4,5−dimethylthiazol−2−yl]−2,5−diphenyltetrazolium bromide) (HiMedia), 

which measures the ability of mitochondrial dehydrogenase enzymes of metabolically 

active cells to convert the soluble yellow MTT salt into insoluble purple formazan salt. 

The rate of tetrazolium reduction is proportional to the rate of cell proliferation. The 

viability studies of scaffolds were conducted using MG−63 cells cultured in non−coated 
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48 well tissue culture plates containing DMEM supplemented with 10 % FBS. Prior to 

cell seeding, scaffolds were sterilized by autoclaving and incubated with culture 

medium for 2 h at 37 °C in a humidified incubator with 5 % CO2 and 85 % humidity. 

After the incubation period, the culture medium was removed completely from the 

scaffolds. Cells were seeded drop wise onto the top of the scaffolds (2 × 10
4
 cells/mL), 

which fully absorbed the media, allowing the cells to distribute through−out the 

scaffolds. After 4 h, the scaffolds were fed with additional culture medium and the 

cell−seeded scaffolds were incubated at 37 °C in a humidified incubator for 24, 48 and 

72 h to allow the cells to attach and proliferate throughout the scaffolds. After 

incubation, medium in each well was removed and the scaffolds were washed twice 

using PBS. Next, medium containing 0.5 mg/mL MTT dye was added and the plates 

were incubated for 4 h. The medium was discarded and the resultant formazan crystals 

were dissolved in 10 % SDS solution in 0.01N HCl by squeezing the scaffolds. The 

absorbance intensity was measured at 570 nm. All the experiments were performed in 

triplicates. 

6.2.7 Cell adhesion assay of scaffolds 

The cell adhesion studies of scaffolds were conducted using MG−63 cells cultured in 

non−coated 48 well tissue culture plates containing DMEM supplemented with 10 % 

FBS. Prior to cell seeding, sterile scaffolds were incubated with culture medium for 2 h 

at 37 °C in a humidified incubator with 5 % CO2 and 85 % humidity. After the 

incubation period, the culture medium was removed completely from the scaffolds. 

Cells were seeded drop wise onto the top of the scaffolds (2 × 10
4
 cells/mL), which 

fully absorbed the media, allowing the cells to distribute through−out the scaffolds. 

After 4 h, the scaffolds were fed with additional culture medium. Consequently, the 

cell−seeded scaffolds were kept at 37 °C in a humidified incubator for 24, 48 and 72 h 

to allow the cells to attach and proliferate throughout the scaffolds. After incubation, 

medium in each well was removed and non−adherent cells were removed by rinsing 

two times with PBS. The morphology of the adherent cells proliferating on the scaffolds 

was examined using SEM. For SEM analysis, cell seeded  scaffolds were fixed with 2.5 

% glutaraldehyde for 6 h following which the scaffolds were thoroughly washed with 

PBS and sequentially dehydrated in a graded ethanol series from 10 to 100 % at 15 

minutes interval. Ethanol was removed and the cells were left at room temperature to 

air dry and evaporate the remaining ethanol. The scaffolds were then sputter coated 
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with gold using SPI 11430 sputter coater and imaged using a Jeol JSM – 5800LV 

model with an accelerating voltage of 20 keV. 

6.2.8 Dynamic mechanical analysis 

Dynamic−mechanical analysis (DMA) was carried out using a Q800 model from TA 

Instruments. The samples dimensions were 38 mm length, 14 mm width and thickness 

of 2 mm. Two kinds of experiments were performed:  

(i) Strain sweep test. These experiments were carried out at 37 °C and 1 Hz frequency, 

where the dynamic stress was varied between 0.0100 MPa and 1.5000 MPa. These 

experiments were performed to evaluate the range in which the materials present 

viscoelastic behaviour. The storage modulus (E′) was obtained as the slope of the stress 

strain curve.  

(ii) Temperature scans. The temperature scans were obtained to study the variation of 

storage modulus (E′) with temperature. The experiments were performed in the 

temperature range between 25 and 80 °C with a heating rate of 3 °C/minute and 1 Hz 

frequency. Amplitude was chosen from 1 to 1500 µm.  

6.2.9 Characterization of nano TiO2−HAp−Alginate composite scaffolds 

The nanocomposite scaffolds were characterized using XRD and FTIR. FTIR was 

performed in the attenuated total reflection (ATR) mode by using a system equipped 

with an ATR cell with a diamond reflection element. Scaffolds were applied directly 

onto the surface of ATR crystal. SEM was used to study the structural morphology of 

the scaffolds.  

6.2.10 Swelling studies 

The swelling ability of the scaffolds was studied using phosphate buffered saline (PBS) 

(pH 7.4) at 37 °C (Liuyun et al. 2009). The dry weight of the scaffolds was noted as Wd 

and they were immersed in PBS solution for a period of 7 days. After the predetermined 

time, the scaffolds were removed and the absorbed water on the surface was gently 

blotted onto a filter paper and wet weight was recorded as Ww. The ratio of swelling 

was determined using the equation, swelling ratio = Ww − Wd / Wd. The experiments 

were carried out in triplicates and the swelling ratio was expressed as mean. 
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6.2.11 Porosity estimation 

Liquid displacement method was used to determine the porosity of the scaffolds 

(Liuyun et al. 2009). Scaffolds were immersed in distilled water for 48 h until they got 

fully saturated and the porosity was determined using the equation, P = W2 − W1 / ρV1 

where W1 and W2 represent the weight of the scaffolds before and after immersing in 

distilled water, V1 is the volume of scaffold before immersing and ρ is a constant of the 

density of water. The experiments were carried out in triplicates and the porosity was 

expressed as mean.  

6.2.12 In vitro degradation studies 

The degradation of the scaffolds was studied in PBS (pH 7.4) containing lysozyme at 

37 °C (Peter et al. 2010). The scaffolds were immersed in lysozyme (10,000 U/ml) 

containing PBS and incubated at 37 °C for 7 days. Initial weight of the scaffolds was 

noted as Wi. After soaking for 7 days, the scaffolds were removed from the solution and 

rinsed with deionised water to remove the adsorbed ions on the surface and freeze 

dried. The dry weight after lyophilisation was noted as Wt. The degradation of scaffold 

was calculated using the equation, degradation (rate of weight loss %) = Wi − Wt / Wi × 

100. The experiments were carried out in triplicates and the degradation rate was 

expressed as mean.  

6.2.13 In vitro biomineralization studies 

Scaffolds of equal weight and shape were immersed in 5X simulated body fluid (SBF) 

(Jayasuriya 2008) prepared by adding NaCl (40.62 g), KCl (1.86 g), CaCl2·2H2O (1.84 

g), MgCl2·6H2O (1.52 g), NaH2PO4 (0.60 g), NaHCO3 (1.76 g) and Na2SO4 (0.36 g) to 

1 L of distilled water. The pH of the solution was adjusted to 6.8 with the help of 1M 

NaOH and 1M HCl. The samples immersed in SBF were kept for incubation at 37 °C in 

closed falcon tubes for 3 h. After the time duration, the scaffolds were removed, washed 

with deionised water to remove the adsorbed minerals, lyophilized and viewed using 

SEM (Jeol JSM – 5800LV scanning microscope).  
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6.2.14 Preparation of methotrexate incorporated TiO2−HAp−Alginate 

nanocomposite scaffolds 

The drug methotrexate (Sigma Aldrich) was incorporated into 50:50 

TiO2−HAp−Alginate (0.5:1) nanocomposite scaffold, TiO2−Alginate and 

HAp−Alginate nanocomposite scaffolds (controls) using two methods. 

(i) The drug, methotrexate, was loaded by immersing precisely weighed amount of 

scaffolds (11 mg x 6n) in 2 % (of the weight of the scaffolds) of drug solution in 5 mL 

of PBS for 48 h at room temperature. After 48 h, the scaffolds were removed and freeze 

dried. To calculate the total amount of drug incorporated in the scaffolds, they were 

dissolved in solution of 1 mL of acetonitrile and 0.1 mol/L hydrochloric acid (1:9 ratio). 

The amount of the drug was determined by recording the absorbance at 305 nm and 

estimating the concentration from the calibration curve.  

(ii) The second method involved the incorporation of methotrexate during scaffold 

fabrication. Methotrexate solution of 200 µg/mL concentration was prepared in distilled 

water. To this, 2 % (w/v) of sodium alginate powder was added and dissolved by 

stirring at room temperature to obtain a homogenous gel. To this methotrexate−alginate 

gel, 1 % of 50:50 TiO2−HAp composite, TiO2 and HAp (controls) powders were added 

and stirred well until completely mixed into the solution. The resultant mixture was 

transferred to a 96 well plate and pre−freezed at −20 °C for 12 h followed by 

lyophilization at −80 °C for 12 h. These scaffolds were then immersed in 2 % CaCl2 

solution for 1 h and again freeze dried for 12 h to obtain TiO2−HAp−Alginate−MTX 

composite scaffolds of cylindrical shape and 5 mm x 5 mm size and stored for further 

use. To calculate the total amount of drug incorporated in the scaffolds, the scaffold was 

dissolved in solution of 1 mL of acetonitrile and 0.1 mol/L hydrochloric acid (1:9 ratio) 

and the amount of methotrexate was estimated as given above. 

The percentage of drug incorporated in the scaffold was calculated using the formula, 

Incorporation efficiency (%) = amount of drug in the scaffold / total amount of drug × 

100. 
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6.2.15 Drug release from the methotrexate incorporated TiO2−HAp−Alginate 

nanocomposite scaffolds 

Drug incorporated scaffolds were suspended in 2 mL of phosphate buffered solution at 

pH 7.4. This dissolution medium was stirred at 100 rpm in a laboratory shaker 

maintained at 37 °C. Samples (1 mL) were periodically removed for testing and 

transferred back after the absorbance was recorded. The amount of released 

methotrexate was analysed by recording the absorbance at 303 nm. Release profiles 

were calculated in terms of the cumulative release percentage of MTX with incubation 

time.  The drug release studies were performed in triplicate for each of the samples. 

6.3 Results and Discussion 

6.3.1 Characterization of nanostructured TiO2−HAp composites 

Figure 6.2 XRD pattern of (a) TiO2 (control), (b) 70:30 TiO2−HAp, (c) 50:50 

TiO2−HAp, (d) 30:70 TiO2−HAp and (e) HAp (control) nanoparticles, where: T–

anatase TiO2 and H–HAp. 
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The XRD patterns for the TiO2−HAp nanocomposites prepared with variable ratios of 

TiO2 and HAp are shown in Figure 6.2. The XRD pattern for pristine TiO2 is shown as 

curve (a) wherein all the peaks for anatase TiO2 (JCPDS No. 21−1272) are seen. 

Addition of 30 % HAp to TiO2 (b) shows almost similar diffraction pattern in which all 

the anatase TiO2 peaks (2θ=25.28°, 37.79°, 48.04°, 53.88°, 55.05°, and 62.68° 

corresponding to (101), (004), (200), (105), (211), and (204) crystal planes are 

observed. For the 50:50 TiO2−HAp (c), all the peaks corresponding to HAp and the 100 

intensity peak of TiO2 corresponding to (1 0 1) was observed. In the 30:70 TiO2−HAp 

(d) nanocomposite, all the HAp peaks were observed. In all the three samples, no peaks 

other than HAp/TiO2 were noted indicating that no impurities were present and that 

there was no decomposition of the samples. Curve (e) shows the XRD pattern of the 

pure HAp corresponding to JCPDS card No. 09−0432 with peaks at 25.940°, 31.800°, 

32.240°, 32.940°, 34.120°, 46.68° and 48.08° corresponding to (002), (211), (112), 

(300), (202), (222) and (213) crystal planes of HAp, respectively. There was a decrease 

in the XRD peak intensity in the HAp with the addition of 30 % and 50 % TiO2. Similar 

observation was noted in hydroxyapatite/titania nanocomposite thin films (Nathanael et 

al. 2010). 
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Figure 6.3 FTIR spectra of (a) TiO2 (control), (b) 70:30 TiO2−HAp, (c) 50:50 

TiO2−HAp, (d) 30:70 TiO2−HAp and (e) HAp (control) nanoparticles. 

FTIR spectroscopy (Figure 6.3) was used to determine the bonding characteristics in 

TiO2−HAp nanocomposites. In case of TiO2 (a), the absorption band in the region of 

520–580 cm
−1

 corresponds to the stretching vibration of Ti–O (Li et al. 2003a; S. Liu, 

2006). The vibration bands corresponding to 572−605, 961 and 1039 of PO4
3− 

and 

corresponding to 1418−1478 of CO3
2− 

are observed in 50:50 TiO2−HAp (c), 30:70 

TiO2−HAp (d) and HAp (e) curves. In case of 70:30 TiO2−HAp (b), vibrational band 

corresponding to 1039 of PO4
3−

and corresponding to 1418−1478 of CO3
2−

are observed 

along with the bands corresponding to TiO2 (Pushpakanth et al. 2008). The absorption 

peaks at about 3420–3450 and 1630–1640 cm
−1

 in all the samples are associated with 

the stretching vibrations of surface water molecules, including hydroxyl groups (OH
−
) 

and molecular water. Presence of these OH absorption bands in spectra of TiO2–HAp 

indicates that no dehydroxylation has occurred during the formation of TiO2–HAp 
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nanocomposites, which is quite difficult to achieve during synthesis by plasma spraying 

(Zhao et al. 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 TEM micrographs of (a) TiO2 (control), (b) 30:70 TiO2−HAp, (c) 50:50 

TiO2−HAp, (d) 70:30 TiO2−HAp and (e) HAp (control) nanoparticles. 

TEM data (Figure 6.4) showed that the TiO2 nanoparticles (a) were spherical and 

loosely agglomerated with average particle size of 3 to 4 nm. The TEM micrograph of 

pristine HAp (e), showed discrete rod−like HAp crystals of uniform size and 

morphology, having diameter between 20 and 25 nm and length between 110 and 115 

nm. In case of TiO2−HAp nanocomposites (b), (c) and (d), presence of both, the circular 

as well as rod shaped nanoparticles were observed indicating the presence of both TiO2 

and HAp in the nanocomposites. 
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6.3.2 Biocompatibility studies of nanostructured TiO2−HAp composites using cell 

adhesion assay 

The principal issue with regard to tissue engineering is the choice of suitable material. 

The desirable characteristics of these materials are biocompatibility and 

biodegradability. A biocompatible material does not induce any unwanted tissue 

response, provides the right surface chemistry to promote cell attachment and function 

and is degraded into nontoxic products (Yang et al. 2001b). In this study, MG−63 cells 

were cultured on the TiO2−HAp nanocomposite coated slides and their morphology was 

observed under an inverted microscope. Figure 6.5, 6.6 and 6.7 shows the comparative 

study of cell morphology at 1, 2 and 4 % concentration respectively, after 24 h and 48 

h. Cells were healthy and adhered with good spreading on HAp coated slides at all 

concentrations as compared to TiO2 coated slides. In case of TiO2−HAp 

nanocomposites, 50:50 TiO2−HAp coated slides showed superior biocompatibility in 

the form of healthy cells with good spreading as compared to 30:70 TiO2−HAp and 

70:30 TiO2−HAp nanocomposites. 
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6.3.3 Fabrication of nano TiO2−HAp−Alginate composite scaffolds 

Freeze drying method was used to fabricate the nanocomposites scaffolds which 

resulted in formation of porous scaffolds with well interconnected pores due to water 

removal. Alginate (Alg), a natural polysaccharide extracted from brown seaweeds was 

selected as the polymer of choice. It is highly hydrophilic, biocompatible, relatively 

economical and widely utilized in the food and pharmaceutical industry (Srinivasan et 

al. 2012). Chemically, alginate is a linear polymeric acid composed of 1,4−linked  

β−D−mannuronic acid (M) and  α−L−guluronic acid (G) residues. In the presence of 

certain divalent cations like Ca
2+

, Sr
2+

 and Ba
2+

 at low concentrations, alginate has the 

ability to form stable hydrogels through ionic interaction between the cation and the 

carboxyl functional group of G units located on the polymer chain (Wang et al. 1993). 

Due to their highly hydrophilic nature, seeding of cells onto the scaffolds is simple and 

rapid (Wang et al. 2003). Cross linking makes alginate insoluble in aqueous solution 

and culture medium. This enables it to remain as supporting structure for the seeded 

cells when it is used as a scaffold both in vitro and in vivo. When used in vivo, ionically 

cross−linked alginate degrades when the calcium ions are exchanged with other ions in 

the body, such as Na
+
 (Bonino et al. 2011; Mohan and Nair 2005). 

6.3.4 Cell viability studies of scaffolds 

Since the present work is aimed at the development of scaffolds for biomedical 

applications, biocompatibility of the aforementioned material which is an important 

property needs to be studied. The dose and time dependent cytotoxicity studies of 

nanocomposites scaffolds with MG−63 cell lines were carried out using the MTT assay. 

All the samples were tested for time intervals of 24, 48 and 72 hours. As seen in Figure 

6.8, the 50:50 TiO2−HAp−Alginate scaffold with ceramic : polymer ratio of 0.5:1 

showed superior viability up to 72 h as compared to the other nanocomposite scaffolds. 
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Figure 6.8 Cell viability of composite scaffolds for MG−63 cells using MTT assay. 
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6.3.5 Dynamic mechanical analysis 

(i) Stress−amplitude scans. 

Figure 6.9 Dynamic 

mechanical behaviour of 

HAp−Alginate scaffolds 

with ceramic : polymer 

ratio as  (a) 0.5:1, (b) 1:1 

and (c) 2:1 at 37 °C. 
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Figure 6.10 Dynamic 

mechanical behaviour of 

30:70 

TiO2−HAp−Alginate 

scaffolds with ceramic : 

polymer ratio as (a) 

0.5:1, (b) 1:1 and (c) 2:1 

at 37 °C. 
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Figure 6.11 Dynamic 

mechanical behaviour of 

50:50 

TiO2−HAp−Alginate 

scaffolds with ceramic : 

polymer ratio as (a) 

0.5:1, (b) 1:1 and (c) 2:1 

at 37 °C. 
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Figure 6.12 Dynamic 

mechanical behaviour of 

70:30 

TiO2−HAp−Alginate 

scaffolds with ceramic : 

polymer ratio as (a) 

0.5:1, (b) 1:1 and (c) 2:1 

at 37 °C. 
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Figure 6.13 Dynamic 

mechanical behaviour of 

TiO2−Alginate scaffolds 

with ceramic : polymer 

ratio as (a) 0.5:1, (b) 1:1 

and (c) 2:1 at 37 °C. 
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Since the main aim of this work was to produce scaffolds with adequate mechanical 

properties, the viscoelastic properties of the hybrid scaffolds were analysed using 

dynamic mechanical analysis (DMA). This technique measures the deformation 

response of the material under a cyclic load excitation, as a function of frequency or 

temperature, being adequate to probe the viscoelastic properties of polymeric systems 

(Ferry 1980; Mano et al. 2002). In addition to being biocompatible both in bulk and 

degraded form, these scaffolds should possess appropriate mechanical properties to 

provide the correct stress environment for the new tissues, particularly in the 

reconstruction of hard, load−bearing tissues, such as bones and cartilages.  

The stress–strain curves were plotted for all the composite scaffold samples (Figures 

6.9 to 6.13) and the stress at 1 % of strain was examined. The storage modulus was also 

determined for all the composite scaffolds. The storage modulus is often times 

associated with “stiffness” of a material and is related to the Young’s modulus (Wang et 

al. 1998a). A viscoelastic material is characterised by a storage modulus, E', and a loss 

modulus, E''. The storage modulus represents the elastic part of the response (where 

energy is stored and used for elastic recoil of the specimen when a stress is removed) 

and the loss modulus represents the viscous response (where energy is dissipated and 

the material flows) (Fulcher et al. 2009). Mechanical properties of nanocomposite 

scaffolds as determined from DMA (Figures 6.9 to 6.13) are summarised in Table 6.1. 

In case of 50:50 TiO2−HAp−Alginate scaffold with ceramic : polymer ratio as 0.5:1, a 

larger dynamic stress of 1.224 MPa was required to create 1 % starin superior as 

compared to other scaffolds. This stress was comparable to the TiO2−Alginate scaffolds 

which showed a dynamic stress in the range of 0.7 to 1.5 MPa. Moreover, 50:50 

TiO2−HAp−Alginate scaffold with ceramic : polymer ratio as 0.5:1 showed a higher 

storage modulus of 172.4 MPa. This can be attributed to the presence of TiO2 in the 

sample which has superior mechanical properties. Bone exhibits extraordinary 

mechanical properties displaying both elastic and semi−brittle behaviour and is reported 

to have an elasticity modulus in the range of 20 to 500 MPa (Yang et al. 2001b). 

Although 70:30 TiO2−HAp−Alginate scaffold with ceramic : polymer ratio as 1:1 

showed the highest storage modulus of 419.6 and required larger dynamic stress of 

2.317 MPa to create 1 % strain as compared to 50:50 TiO2−HAp−Alginate scaffold 

with ceramic : polymer ratio as 0.5:1, it had a poor biocompatibility. Hence, as 50:50 

TiO2−HAp−Alginate scaffold with ceramic : polymer ratio as 0.5:1 demonstrated a 
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superior biocompatibility and mechanical strength, it was selected for further 

characterization and analysis. 
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Table 6.1 Mechanical properties of nanocomposite scaffolds. 

 

 

Sr. 

No. 
Sample 

Maximum 

Storage 

modulus (MPa) 

Stress required for 

1 % strain (MPa) 

1 HAp−Alginate (0.5:1) 56.91 0.3155 

2 HAp−Alginate (1:1) 28.76 0.1934 

3 HAp-Alginate (2:1) 31.86 0.1712 

4 
30:70 TiO2−HAp−Alginate 

(0.5:1) 
125.9 0.8600 

5 
30:70 TiO2−HAp−Alginate 

(1:1) 
45.66 0.3577 

6 
30:70 TiO2−HAp−Alginate 

(2:1) 
7.350 0.04463 

7 
50:50 TiO2−HAp−Alginate 

(0.5:1) 
172.4 1.224 

8 
50:50 TiO2−HAp−Alginate 

(1:1) 
9.770 0.06988 

9 
50:50 TiO2−HAp−Alginate 

(2:1) 
14.18 0.08632 

10 
70:30 TiO2−HAp−Alginate 

(0.5:1) 
15.93 0.1268 

11 
70:30 TiO2−HAp−Alginate 

(1:1) 
419.6 2.317 

12 
70:30 TiO2−HAp−Alginate 

(2:1) 
42.38 0.3118 

13 TiO2−Alginate (0.5:1) 155.3 1.067 

14 TiO2−Alginate (1:1) 267.6 1.536 

15 TiO2−Alginate (2:1) 104.9 0.7480 
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(ii) Temperature scans. 

 

 

 

 

 

 

 

 

 

 

Figure 6.14 Stress versus amplitude scan of TiO2−Alginate scaffold at 1 Hz and 37 °C.  
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Figure 6.15 Dynamic 

mechanical behaviour 

of (a) HAp−Alginate 

(control), (b) 

TiO2−HAp−Alginate 

scaffolds and (c) 

TiO2−Alginate (control) 

at 1 Hz, obtained during 

temperature scans. 
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A direct comparison between the mechanical performance of TiO2−HAp−Alginate 

scaffold and TiO2−Alginate and HAp−Alginate scaffolds (controls) was obtained from 

temperature scans (Figure 6.15), at a fixed frequency of 1 Hz. Amplitude of 1 to 1500 

µm was selected for the temperature scans as observed from Figure 6.14. The maximum 

storage modulus of TiO2−HAp−Alginate scaffold was 238.3 MPa which was 

comparable to TiO2-Alginate scaffold with maximum storage modulus of 331.3 MPa. 

Additionally the storage modulus of TiO2−HAp−Alginate scaffold was much higher as 

compared to HAp−Alginate scaffold. Hence it can be concluded that the mechanical 

property of scaffolds was drastically improved due to the presence of TiO2 without 

compromising the biocompatibility. 
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6.3.6 Cell adhesion assay of scaffolds 

Figure 6.16 SEM images of 

cell attachment after 48 h of 

MG−63 cells on (a) 

TiO2−Alginate scaffold 

(control), (b) 

HAp−Alginate scaffold 

(control) and (c) 

TiO2−HAp−Alginate 

nanocomposite scaffold.  

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Bone Tissue Engineering and Drug Delivery Applications of Biocompatible Nano TiO2−HAp−Alginate 

Composite Scaffolds 

127 

 

The cell attachment and proliferation of MG−63 cells on nanocomposite scaffolds was 

studied using the SEM. SEM micrographs (Figure 6.16) revealed that cells adhered to 

the surface and proliferated well on the composite scaffolds and retained their 

characteristic morphology after incubation. The number of cells growing on 

HAp−Alginate and TiO2−HAp−Alginate scaffolds was higher than TiO2−Alginate 

scaffolds. The enhanced attachment and proliferation may be attributed to the 

biocompatibility of the scaffold due to the presence of HAp and increased surface area 

and surface roughness due to the well−formed pores on the scaffold. The data clearly 

showed the ability of the scaffold to attract cells towards it and attach and proliferate on 

the scaffolds.  

6.3.7 Characterization of nano TiO2−HAp−Alginate composite scaffolds 

Figure 6.17 shows the XRD spectra of the prepared nanocomposite scaffolds. The XRD 

spectra of TiO2-Alginate scaffold exhibited the characteristic diffraction peaks of 

anatase TiO2 (JCPDS No. 21−1272) at 2θ=25.28°, 37.79°, 48.04°, 53.88°, 55.05°, and 

62.68° corresponding to (101), (004), (200), (105), (211), and (204) crystal planes. The 

XRD spectrum of HAp-Alginate scaffold showed the characteristic diffraction peaks of 

HAp (JCPDS No. 09-0432). The highly crystalline apatite peaks at 2θ=25.940°, 

31.800°, 32.240°, 32.940°, 34.120°, 46.68° and 48.08° corresponded to (002), (211), 

(112), (300), (202), (222) and (213) crystal planes of HAp, respectively. Whereas in 

case of TiO2−HAp−Alginate scaffold, the spectrum exhibited all the HAp peaks and the 

(101) anatase TiO2 peak. All the three spectra exhibited a broad peak of alginate 

between 20° and 50° (2θ) (Srinivasan et al. 2011).  

Figure 6.18 shows the FTIR spectra of the nanocomposite scaffolds. All the three 

spectra exhibited an intense peak around 3420 cm
−1

 indicating the absorption of O–H 

group. A peak around 1400–1444 cm
−1

 was due to the presence of carboxyl group of 

alginate. Peaks at 1630 and 1000–1240 cm
−1

 were ascertained to the presence of 

carbonyl groups in alginate. In particular the peaks at 1000–1125 and 1240 cm
−1

 region 

confirmed the presence of guluronic acid, mannuronic acid and o−acetyl ester, the 

building blocks of alginic acid (Kazy et al. 2002). For HAp−Alginate scaffold, FTIR 

spectra showed the combined peaks of alginate and HAp which confirmed the 

incorporation of HAp into the alginate scaffold. The peaks in the region of 872−884 
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cm
−1

 corresponded to CO3
2−

 groups and 572−605 cm
−1

 corresponded to PO4
3−

 groups 

contained in HAp. 

The regeneration of specific tissues aided by synthetic materials is dependent on the 

porosity and pore size of the supporting three−dimensional matrix (Cima et al. 1991). 

Pores are essential for the migration and proliferation of the cells, nutrient supply and 

vascularisation (Peter et al. 2010; Srinivasan et al. 2012). A large surface area favors 

cell attachment and growth, whereas a large pore volume is required to accommodate 

and subsequently deliver a cell mass sufficient for tissue repair. The surface 

area/volume ratio of porous materials depends on the density and average diameter of 

the pores (Yang et al. 2001b). Depending on the envisioned applications, pore size must 

be carefully controlled. The optimum pore size of 100–350 µm was found to be suitable 

for the regeneration of bone (Klawitter and Hulbert 1971). Figure 6.19 shows the SEM 

images of naocomposite scaffolds, indicating their porous nature. The size of the pores 

was larger in the TiO2−HAp−alginate nanocomposite scaffold as compared to the 

controls viz. TiO2−Alginate and HAp−Alginate scaffolds. The pore size was 70, 90 and 

120 µm for TiO2−Alginate, HAp−Alginate and TiO2−HAp−Alginate, respectively. The 

pore size of 120 µm is suitable for bone tissue engineering applications (Klawitter and 

Hulbert 1971; Karageorgiou and Kaplan, 2005). Another important consideration is the 

continuity of the pores within a synthetic matrix. Material transport and cell migration 

are inhibited if the pores are not interconnected (Mooney et al. 1996). As observed from 

the SEM micrographs, the pores were well interconnected in all scaffold samples. 
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Figure 6.17 XRD spectra of (a) TiO2−Alginate scaffold (control), (b) 

TiO2−HAp−Alginate nanocomposite scaffold and (c) HAp−Alginate scaffold (control), 

where: T–anatase TiO2 and H–HAp. 
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Figure 6.18 FTIR spectra of (a) TiO2−Alginate scaffold (control), (b) 

TiO2−HAp−Alginate nanocomposite scaffold and (c) HAp−Alginate scaffold (control). 

 



Chapter 6: Bone Tissue Engineering and Drug Delivery Applications of Biocompatible Nano TiO2−HAp−Alginate 

Composite Scaffolds 

131 

 

Figure 6.19 SEM images 

showing macroporous 

structure of (a) 

TiO2−Alginate scaffold 

(control), (b) 

HAp−Alginate scaffold 

(control) and (c) 

TiO2−HAp−Alginate 

nanocomposite scaffold. 
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6.3.8 Swelling studies 

The swelling behaviour of the scaffolds is shown in Figure 6.20. The swelling ratio of 

the TiO2−HAp−Alginate nanocomposite scaffold was 14.9. Similar observation was 

reported for pectin–chitin/nano CaCO3 composite scaffolds which was proposed for 

bone tissue engineering applications (Kumar et al. 2013). When TiO2 was incorporated 

in HAp to make composite scaffolds with alginate, the swelling ratio decreased as 

compared to the HAp−Alginate scaffolds which had a swelling ratio of 17. This may be 

due to the strong interaction between TiO2 and HAp. The nanocomposite scaffolds 

seem to have controlled swelling ratio. This may be attributed to the highly uniform 

porous structure of the scaffolds. Swelling and porosity aid in the supply of nutrients to 

the interior of the composite scaffolds and also increase the surface area for the cells to 

adhere, essential factors for tissue engineering applications. But increased swelling 

affects the mechanical property of the material, thus, controlled swelling is favoured 

(Peter et al. 2009; Peter et al. 2010).  

 

 

 

 

 

 

 

 

Figure 6.20 Swelling studies of composite scaffolds in PBS. 

6.3.9 Porosity estimation 

The porosity of the nanocomposite scaffolds as estimated by liquid displacement 

method is shown in Figure 6.21. The scaffolds exhibited a network structure with good 

porosity. This was attributed to the use of freeze drying method for the removal of 

water from the scaffold (Kumar et al. 2013). There are several advantages of the 
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freeze−drying method such as regulation of pore diameter and porosity in the scaffolds 

by the freeze−drying pressure and use of water and ice crystals instead of an organic 

solvent in the scaffold fabrication process which is more suitable for biomedical 

applications (Lu et al. 2013) TiO2−HAp−Alginate scaffold showed a higher percentage 

of porosity of 98 % as compared to HAp-Alginate (96 %) and TiO2−Alginate (79 %) 

scaffolds. Porosity is essential for the transport of oxygen and nutrients to the interior of 

the scaffolds. Porosity offered by the composite scaffold enhances the bone bonding 

ability due to the following reasons: (i) high surface area to volume ratio offered by 

HAp has the tendency to bioresorb and induce bioactivity, (ii) interconnected pores can 

provide a framework for bone growth into the matrix of the implant, and thus anchor 

them with the surrounding bone, preventing micro−motion that in turn increases further 

bone growth, (iii) interconnected porosity is also a source of nutrient supply, 

vascularization and waste removal (Srinivasan et al. 2012; Nandi et al. 2009). 

 

 

 

 

 

 

 

 

Figure 6.21 Porosity studies of composite scaffolds. 

6.3.10 In vitro degradation studies 

The in vitro degradation profile of nanocomposite scaffolds is shown in Figure 6.22. 

TiO2−HAp−Alginate scaffold showed only 8.94 % of degradation in 7 days as 

compared to 21.94 % and 27.16 % degradation of TiO2−Alginate and HAp−Alginate 

scaffolds respectively. The 1–4 glycosidic linkages of alginate are susceptible to 

degradation by lysozyme due to the ionic interaction of the negatively charged alginate 
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with lysozyme. This results in the formation of simple glucose type residues (Hunt et al. 

2010). The degradation rate of alginate is drastically reduced due to the presence of 

HAp and TiO2 and ionic cross−linking with calcium ions. The divalent calcium ions 

dissipate as a result of exposure to monovalent cations such as sodium, potassium and 

phosphate ions present in the media containing lysozyme (Mohan and Nair 2005). An 

ideal tissue engineering scaffold should be biodegradable and the rate of degradation 

should match the rate of tissue regeneration (Srinivasan et al. 2012; Roman et al. 2003). 

The results show that the TiO2−HAp−Alginate nanocomposite scaffold is biodegradable 

thus, satisfying the ideal requirements for tissue engineering applications. Further the 

controlled degradation would be helpful to deliver drugs, growth factors, etc. (Kumar et 

al. 2013). 

 

 

 

 

 

 

 

 

Figure 6.22 In vitro degradation profile of composite scaffolds in PBS containing 

lysozyme. 
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6.3.11 In vitro biomineralization studies  

Figure 6.23 SEM images 

of in vitro 

biomineralization of (a) 

TiO2−Alginate scaffold, (b) 

HAp−Alginate scaffold and 

(c) TiO2−HAp−Alginate 

nanocomposite scaffold in 

5X SBF after 3 h. 
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The essential requirement for an artificial material to bond to living bone is the 

formation of bonelike apatite on its surface when implanted in the living body. This in 

vivo apatite formation can be reproduced in SBF which has ion concentrations nearly 

equal to those of human blood plasma (Kokubo 1991). The in vivo bone bioactivity of a 

material can be predicted from the apatite formation on its surface in SBF. However, a 

long period is often necessary in the biomimetic process. The classical biomimetic 

process usually involves immersion of samples in SBF, with the fluid being refreshed 

every other day for about 1 to 4 weeks. Factors, such as temperature and ion 

concentration influence the growth rate of the apatite layer (Kokubo and Takadama 

2006). Recently, several studies have made efforts to shorten this process by using 

higher ion concentration in SBF.  Formation of apatite on metal substrate within a 

period of 24 h has been reported by using supersaturated SBF (5X SBF) (Barrere et al. 

2002a; Barrere et al. 2002b; Chou et al. 2004). Shortening the immersion period can be 

particularly significant to degradable biopolymers because some polymers degrade 

significantly during the long incubation period. 

 

Figure 6.23 shows the SEM images of in vitro biomineralization studies of the 

TiO2−HAp−Alginate nanocomposite scaffolds, TiO2−Alginate and HAp−Alginate 

scaffolds  (controls) after 3 h of incubation in 5X SBF. Deposition of an apatite rich 

layer on the surface of the scaffolds was observed indicating the bioactive nature of the 

scaffolds. This property is essential for cell and extracellular matrix deposition of bone 

composed of inorganic apatite in dental and orthopaedic applications for direct bonding 

of the scaffold with the bone defect.  Presence of calcium serves as a nucleation site for 

the mineralization (Srinivasan et al. 2012, Kumar et al. 2013). 

6.3.12 Preparation of methotrexate incorporated TiO2−HAp−Alginate 

nanocomposite scaffolds 

In this work, methotrexate (MTX), an antifolate drug which is nearly insoluble in water 

and has comprehensive pharmacological effects against cancer and autoimmune 

diseases, was selected as a drug model and loaded on the TiO2−HAp−Alginate 

nanocomposite scaffolds, TiO2−Alginate and HAp−Alginate scaffolds  (controls). The 

chemical structure of Methotrexate (4−amino−10−methylfolic acid or 

4−amino−4−deoxy−10−methylpteroyl−L−glutamic acid) is shown in Figure 6.24. 

Methotrexate, is an antineoplastic drug which inhibits dihydrofolateredutase (DHFR), 
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an enzyme essential in the biosynthesis of thymidylate (Sartori et al. 2008; Hitchings 

and Smith 1980). It is widely used in the treatment of malignancies including childhood 

acute lymphocytic leukemia, osteosarcoma, non-Hodgkin’s lymphoma, Hodgkin’s 

disease, head and neck cancer, lung cancer, breast cancer, psoriasis, choriocarcinoma 

and related trophoblastic tumors (Calabresi 1975; Seo 2009).  

 

 

 

 

 

 

 

 

Figure 6.24 Chemical structure of methotrexate. 

Various strategies for incorporating drugs within scaffolds have been proposed. Most 

commonly used strategies include (i) adsorbing drugs onto the pore surface of the 

scaffolds wherein the drug release is by diffusion, (ii) entrapping drugs within the 

scaffold structure wherein the drug is released in a controlled manner during 

degradation of the scaffold (Mourino and Boccaccini 2010). The incorporation 

efficiency when MTX was adsorbed on the scaffold by immersing the scaffold in the 

MTX solution was 83.50 % whereas it was 100 % when MTX was added to the 

scaffold slurry during synthesis. 
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6.3.13 Drug release from the methotrexate incorporated TiO2−HAp−Alginate 

nanocomposite scaffolds 

 

 

 

 

 

 

 

 

Figure 6.25 Cumulative drug release curve of MTX incorporated composite scaffolds 

in which MTX was adsorbed on the scaffold by immersing the scaffold in the MTX 

solution. 

 

 

 

 

 

 

 

 

Figure 6.26 Cumulative drug release curve of MTX incorporated composite scaffolds 

in which MTX was added to the scaffold slurry during synthesis.  
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In recent years, there has been an increasing interest to fabricate scaffolds that can 

deliver drugs such as antibiotics, anticancer agents, and growth factors (Rai et al. 2005; 

Kim et al. 2004a; Kim et al. 2004b; Murphy et al. 2000) and hence there is an 

increasing interest in incorporating a drug delivery function in tissue engineering 

applications (Gomes and Reis 2004; Duarte et al. 2009a; Duarte et al. 2009b). The 

increasing amount of work dealing with this approach is leading to the establishment of 

an emerging field which has been termed tissue engineering therapeutics (Baroli 2009). 

In vitro MTX release studies were performed in PBS (pH 7.4; 37 °C). Figure 6.25 

shows the in vitro MTX release profile of nanocomposites scaffolds when the MTX 

was incorporated in the scaffold by adsorption. As shown in Figure 6.25, more than 80 

% of the MTX was released from all the three scaffold samples within 2 h. Generally, 

two potential therapy hazards could be caused by this kind of release profile. First, 

complete release within a short period could lead to a high drug concentration, which 

stimulates and enhances the metabolic drug clearance of the body ultimately reducing 

the drug bioavailability (Huang and Brazel 2001; Duncan et al. 2005). Second, such 

uncontrolled burst release, especially of the chemotherapeutic drugs, could result in a 

local drug concentration that is too high, which not only hampers the drug’s targeted 

delivery, but also severely jeopardizes local tissues (Chen et al. 2013; Wolinsky et al. 

2012). 

The drug release profile of MTX in scaffolds where the drug was incorporated during 

scaffold fabrication was biphasic (Figure 6.26), with an initial burst release followed by 

a much slower release period. For the TiO2−HAp−Alginate scaffold, the accumulative 

drug release was 1.86 % within the first 60 min, 75 % after 6 h and 90 % after 24 h, 

which remained steady for the next 24 h. Accumulative MTX release curves of TiO2-

HAp−Alginate and HAp−Alginate scaffolds almost overlapped, the former showing 

slightly higher percentage of release. In contrast, the drug retention efficiency of the 

TiO2−Alginate scaffold was much lower and the drug was released more rapidly. About 

33 % of the drug was released within the first 60 minutes, which reached 77.81 % in 2 h 

and 95 % after 3 h, and remained steady thereafter. The initial burst release of MTX 

incorporated porous TiO2−HAp−Alginate scaffolds can be due to MTX absorbed onto 

or loosely bound with the matrix surface which is released as soon as the drug−loaded 

porous scaffolds comes in contact with the release medium.  
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The drug release is generally dominated by three factors: (1) type of association 

between the drug and the matrix, (2) the solubility of the drug in the release medium, 

and (3) the degree and speed of infiltration of the release medium in the scaffolds, 

which can be comprehensively affected by the type of material of the matrix, the 

physical and chemical properties of the release medium, the volume of the porous 

scaffolds, and the diameter of the pores (Siepmann et al. 2008; Borgquist et al. 2006). 

The later slow and sustained release of methotrexate was due to entrapment of the drug 

inside the network of the scaffold matrix and good drug adsorption capacity of HAp. 

All of the above results demonstrate that drug incorporated porous scaffolds prepared 

by freeze drying method exhibit controlled drug release, which offers great potential for 

drug delivery and therapy for bone diseases and defects (Chen et al. 2013). 

6.4 Conclusion 

Nanocomposite scaffolds were successfully fabricated using freeze drying technique 

and characterized. The 50:50 TiO2−HAp−Alginate scaffolds with ceramic : polymer 

ratio as 0.5:1, were found to have physico−chemical and biological properties essential 

to facilitate bone regeneration. The nanocomposite scaffold had a pore size of about 120 

µm, exhibited controlled porosity and swelling ability, limited degradation and 

enhanced biomineralization. MG−63 cells exhibited good viability, cell attachment and 

cell proliferation on the scaffolds. These hybrid scaffolds exhibit much higher stiffness, 

indicating that TiO2−based structures are good candidates in tissue engineering 

applications requiring mechanical features. The methotrexate incorporated scaffold 

demonstrated ideal drug release characteristics indicating their potential for application 

as bioactive matrix for bone tissue regeneration and drug delivery.  
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Summary of Results and Conclusion 

Sol–gel method of synthesis was used to prepare mesoporous AgCl–TiO2 nanoparticles 

(ATNPs) with TiO2 as homogenous anatase crystalline phase. The crystallite size as 

calculated using Scherrer formula was 3.76 nm and the BET surface area was 266 m
2
/g.  

In this method, effective removal of adsorbed ions was achieved through frequent 

change of the deionized water during dialysis. The simplicity of this method gives it an 

advantage over the conventional time consuming processes. Further, it requires very 

few chemicals, no harmful by–products are generated and calcination is achieved at low 

temperature. Sol–gel is an attractive method for obtaining nanoparticles with high 

surface area, porosity and monodispersity. 

The antimicrobial activity of these ATNPs was studied and they were found to be 

highly efficient antimicrobial agents. The antimicrobial activity was achieved at a 

remarkably low silver concentration in the range of 1–20 µg/mL of ATNP (effective Ag 

concentration of 11.7–234 ppb) in aqueous phase and 100–1000 µg/mL of ATNP 

(effective Ag concentration of 1.170–11.7 ppm) in growth medium within two hours of 

contact. The antimicrobial activity is attributed to the combined effect of release of 

silver
 

ions and ROS production resulting in membrane damage and cell death. 

Therefore, this material has a lot of potential for application as disinfectants/antiseptics 

to render surfaces germ free, in filters to disinfect water, in textile industries to 

manufacture self–cleaning textiles, as coatings of implants to avoid bacterial infections 

and in food packaging industry.  

AgCl–TiO2 coatings were studied for their anti–biofilm activity and were found to be 

very effective in preventing biofilm formation by E. coli, S. epidermidis and P. 

aeruginosa over a period of 10 days. These low temperature processed coatings 

released an initial high amount of silver ions followed by a slow and gradual release 

facilitating sustained anti–biofilm activity. The initial high release of silver ions is 

beneficial for reducing bacterial adhesion, which is the first step in the development of 

a biofilm. As these coatings are very effective in controlling biofilm formation, they 

could find application in medical implants, medical equipment, water distribution 

systems, food production facilities or places where appropriate cleaning practices are 

required.    



Summary of Results and Conclusion 

142 

 

Furthermore, the anti–quorum sensing potential of ATNPs was studied using C. 

violaceum ATCC 12472. Specifically, this study aimed to determine the dynamics of 

quorum sensing inhibition by ATNPs in relation to its concentration for potential 

application as active food packaging material. The silver present in ATNPs inhibited 

quorum sensing by interfering with the AHL activity and thus inhibited the production 

of violacein pigment which was further confirmed using Fourier transform infrared 

spectroscopy, High–performance liquid chromatography and Mass spectrometry 

analysis. TiO2 acted as a good supporting matrix facilitating effective use of silver by 

reducing its concentration required for bioactivity. The findings of the work present 

silver as a potential quorum sensing inhibitor which can be developed for its use as an 

anti–pathogenic but non–toxic bioactive material.  

The potential of nano TiO2 was also explored for bone tissue engineering applications. 

Nanocomposite scaffolds containing TiO2, HAp and Alginate were successfully 

fabricated using freeze–drying technique and characterized. The 50:50 TiO2–HAp–

Alginate scaffold with ceramic : polymer ratio as 0.5:1 was found to have ideal 

physico–chemical and biological properties essential to facilitate bone regeneration. 

The nanocomposite scaffold had a pore size of about 120 µm, exhibited controlled 

porosity and swelling ability, limited degradation and enhanced biomineralization. 

MG–63 cells exhibited good viability, cell attachment and cell proliferation on the 

scaffolds. These hybrid scaffolds exhibit much higher stiffness, indicating that TiO2–

based structures are good candidates in tissue engineering applications requiring 

mechanical features. The methotrexate incorporated scaffold demonstrated ideal drug 

release characteristics indicating their potential for application as bioactive matrix for 

bone tissue regeneration and drug delivery.  

Thus some of the important contributions emerging from the present thesis are as 

follows: 

1) In this study, a new silver based nanocomposite has been synthesized using a novel 

sol–gel method of synthesis. These nanoparticles exhibited excellent antimicrobial 

activity at very low silver concentrations.  

2) This is the first report of anti–biofilm activity of AgCl–TiO2 where the nanoparticles 

were immobilized by coating them on glass slides. These coatings exhibited anti–
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biofilm activity tested over a period of ten days, which is attributed to the controlled 

release of silver ions from the coatings. 

3) In the present work, anti–quorum sensing activity of silver entrapped in TiO2 was 

demonstrated for the first time. 

4) Novel TiO2–HAp–Alginate scaffolds with superior mechanical and biocompatible 

properties were fabricated using the freeze–drying method. Drug delivery potential of 

these scaffolds using chemotherapeutic drug methotrexate was studied and these 

scaffolds were proposed as ideal candidates for bone tissue engineering and drug 

delivery applications. 
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Future Scope of Work 

1) The AgCl–TiO2 nanoparticles exhibited excellent antimicrobial and anti–biofilm 

activity. This material has a lot of potential for application as disinfectants/antiseptics to 

render surfaces germ free where appropriate cleaning practices are required, in filters 

and water distribution systems to disinfect water, in textile industries to manufacture 

self–cleaning textiles, in medical implants and equipment and as coatings on implants 

to avoid bacterial infections. Further studies of this material can be conducted to 

evaluate their in vivo potential to prevent biofilm related implant based infections using 

animal models. 

2) Additionally, AgCl–TiO2 nanoparticles also demonstrated efficient anti–quorum 

sensing activity. Unlike conventional antibiotics which prevent bacterial cell division 

(bacteriostatic) or kill the cell (bactericidal) and increase the selective pressure towards 

antibiotic resistance, the development of resistance to anti–quorum sensing compounds 

is minimal as they only target virulence mechanisms and do not impede growth. Hence, 

these nanoparticles could find potential applications in various fields such as food and 

beverage industry, household uses and treatment of burns where bacteriostatic effect of 

silver is required. Silver in active food packaging material can prevent the growth of 

microorganisms at much lower concentrations, than required for antimicrobial activity. 

The potential of these nanoparticles for such applications needs to be further 

investigated.  

3) The methotrexate incorporated TiO2–HAp–Alginate nanocomposite scaffolds 

exhibited ideal mechanical properties, biocompatibility and drug release characteristics 

indicating their potential for application as bioactive matrix for bone tissue regeneration 

and drug delivery. These materials can be investigated for fabrication of hybrid 

scaffolds using animal models for potential applications in the field of bone tissue 

engineering.  
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Appendix I 

1) Calibration curve for silver ion detection using a rhodamine–based fluorogenic 

and chromogenic probe  

Calibration curve for silver ion detection was prepared using known concentrations of 

AgNO3 (Chatterjee et al. 2009). The correlation coefficient for calibration curve was 

0.9709. 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Calibration curve for silver ion detection using a rhodamine–based 

fluorogenic and chromogenic probe. 

 

 

 

 

 



Appendix I 

2) Calibration curve of methotrexate for total drug determination  

The standard solutions were made in 0.1 mol/L hydrochloric acid and absorbance was 

recorded at 305 nm (Jaroslaw Ciekot et al. 2012; Cristina Magalhaes Santos et al. 

2013). The correlation coefficient for calibration curve of total drug determination was 

0.9974.  

 

 

 

 

 

 

 

 

 

 

 

Figure A2. Calibration curve of methotrexate for total drug determination. 

 

 

 

 

 

 

 



Appendix I 

3) Calibration curve of methotrexate for free drug determination  

The standard solutions were made in PBS (pH 7.4) and absorbance was recorded at 303 

nm (Jaroslaw Ciekot et al. 2012; Cristina Magalhaes Santos et al. 2013). The 

correlation coefficient for calibration curve of free drug determination was 0.9999. 

 

 

 

 

 

 

 

 

 

 

 

Figure A3. Calibration curve of methotrexate for free drug determination. 
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