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Abstract

The impact of nanotechnology has become increasingly evident in different areas of
science and technology, including the field of environmental remediation and
disinfection. A number of environmentally beneficial technologies such as heterogeneous
photocatalysis (HP) and Solar Disinfection (SODIS) using nanosized TiO;, as
photocatalysts have been developed and applied extensively for air purification, water
treatment and environmental remediation. TiO; is a promising photocatalyst in terms of
catalytic performance and stability in aqueous media and has gained considerable
attention due to its chemical stability, insolubility in water, non-toxicity, low cost, and

other advantageous properties.

In this research work we have synthesized mesoporous TiO, nanoparticles by a simple
sol-gel method using titanium tetrachloride as a precursor. The characterization of TiO,
nanoparticles by XRD, TEM, TG-DTA, and N, adsorption-desorption analysis indicate
formation of pure anatase phase, polycrystalline TiO, showing good physicochemical
properties with a particle size of ~13 nm and surface area of 72.80 m?/g. The synthesized
TiO, nanoparticles exhibited good photocatalytic activity under both UV light and
sunlight for the degradation of toxic dyes Malachite green and Methylene blue. The TiO,
also showed promising bactericidal activity against pure bacterial cultures of E. coli, P.
aeruginosa, S. aureus and K. pneumoniae as well as microorganisms from the discharge

water from a sewage treatment plant which had a high microbial load.



Although TiO, is considered an ideal photocatalyst because of its photocatalytic
properties, it has a wide band gap of 3.2 eV that limits its photocatalytic activity to the
ultraviolet (UV) region of the light spectrum, which is ~4 % of the total solar energy
available, far too small for practical applications. Hence, to lower the band gap of TiO,
and to improve its absorption in the visible light region the TiO, was doped with
transition metals, non-metal anions, and surface modified with organic acids, amino
acids, phosphate etc. Among the metal doped TiO, silver doped TiO, showed good
antibacterial activity under visible light irradiation, whereas, in case of modified TiO;
antibacterial activity was in the order of FA-TiO; > Fu-TiO; > MA-TiO, > S-TiO, > SA-
TiO, under visible light conditions.

Surface functionalization of metal oxide nanoparticles add to their versatility since
hybridization with functional molecules provides biocompatibility, catalytic abilities, and
controlled surface properties. Since, both silver doped TiO, and organic acid modified
TiO, showed promising bactericidal activity, further studies were performed to
synthesize silver-titania nanocomposites functionalized with organic acids, and their
bactericidal activity against various microorganisms was evaluated. The antimicrobial
activity in terms of MIC and MBC of FA-AgCI/TiO, and Fu-AgCI/TiO, was found to be
better than the unfunctionalized AgCI/TiO,. However, in case of MA-AgCI/TiO; and SA-
AQCI/TiO, the MIC and MBC was higher than the unfunctionalized AgQCI/TiO..
Similarly, no enhancement in antimicrobial activity was observed for Arg-AgCI/TiO, and
Cys-AgCI/TiO, after functionalization. The enhanced antimicrobial activity of FA-

AgCI/TiO, and Fu-AgCl/TiO, was attributed to the increased uptake of functionalized

Vi



AgCI/TiO, and increase in the ROS species resulting in oxidative damage of the

microbial cells.

Another strategy to improve the photocatalytic acitivity of TiO, is to combine it with
transition metals such as Nickel (Il). Nickel (I1) in presence of TiO, can undergo
photochemical oxidation to form Nickel (I11) species or can behave as an electron trap
and get reduced to Ni (1) species. Ni (I) is known to activate molecular oxygen, and
produce reactive oxygen species, while Ni (l1l) species are highly oxidizing species,
capable of causing in-vitro DNA damage. The highly reactive radicals generated during
TiO, photocatalysis could also react with the Nickel (1) to produce reactive species.
Hence, to investigate the effect of addition of catalytic amount of Nickel (II)
azamacrocyclic complex to TiO, for the photoinduced inactivation of the
microorganisms, studies were carried out. The antimicrobial study of TiO, in presence of
complex 1 show that 20 uM Ni (I1) + 5 pg/ml TiO; is effective for complete inactivation
of Gram positive, Gram negative as well as fungal cultures. Thiobarbituric acid assay
(TBA) showed that the complex 1 in presence of oxidant induces significant lipid
peroxidation which was further confirmed by the SEM results. This effective microbial
inactivation is mainly attributed to its ability to cause damage to the cell membrane than

the complex 1 alone in the divalent state.
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Chapter 1

Chapter 1

Introduction and Review of Literature

1.1 Introduction to Nano

Nanotechnology is an emerging interdisciplinary technology seeking to explore the
unigue technological advances of manipulating the structure of materials at a scale of
individual atoms, molecules and their organised aggregates. The prefix nano in the
word nanotechnology refers to a reduction of size, time, or volume/weight by 107
(Nanoscale). One nanometer (nm) is “one billionth of a meter” or is equivalent to ten
angstroms (Kohler and Fritzsche, 2004; Hosokawa et al. 2007). To put things in
perspective, Figure 1.1 shows various size ranges for different nanoscale objects
starting with such small entities like ions, atoms and molecules. Size ranges of a few
nanotechnology related objects (like nanotube, single-electron transistor and quantum

dot diameters) are also shown (www.nano.gov).

The roots of the concept of nanotechnology may be traced back to 1959, when
Richard Feynman, an American physicist, delivered a talk entitled “There is plenty of
room at the bottom” at an American Physical Society meeting at California Institute
of Technology. Though he did not explicitly mention ‘“Nanotechnology”, he
suggested the eventual possibility of manipulating atoms and molecules precisely in a
desired fashion to create molecular-machines. Inspired by Richard Feynman’s talk,
Eric Drexler in 1979, decided to put these ideas into motion and further the vision by
manufacturing materials at molecular level. In 1981, Drexler published his first article
titled “Molecular engineering: An approach to the development of general capabilities
for molecular manipulation,” that expanded the idea of molecular manufacturing.

Subsequently as the concept of nanotechnology continued to evolve he published his



Chapter 1

now infamous book “Engines of Creation: The Coming Era of Nanotechnology” in
which he used the word nanotechnology to describe engineering on the billionth of a

meter scale.

According to the National Nanotechnology Initiative (NNI), “Nanotechnology is the
understanding and control of matter at dimensions of approximately 1 to 100 nm,
where properties of matter differ fundamentally from those of individual atoms,
molecules or bulk materials and involves manipulating matter at this scale, to
understand and create materials to exploit this phenomenon for novel applications
(Lewis et al. 2003). By manipulating the structural arrangements and bonding of
atoms, novel materials can be designed with a vast range of physical, chemical and

biological properties.

These nanomaterials are envisaged to have a substantial impact on diverse range of
areas such as agriculture, communication, energy generation/transmission,
environmental monitoring, food manufacturing/processing, health care and medicine.
In general, nanotechnology is acknowledged to represent a new frontier in science and

technology of the 21st century.
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There are several reasons why nanoscale technology has become so important (Kohler

and Fritzsche, 2004; Cao G. 2004; Hosokawa et al. 2007):

(i) The nanomaterials at the nanoscale exhibit rather unique properties (Quantum
effects) as compared to their bulk counterparts. Hence, by the nanoscale design of
materials it is possible to vary the properties, such as strength, color, conductivity,
thermal behavior, magnetization, and toxicity without changing their chemical

composition.

(i) A key feature of the nanomaterials is their size, and nanoscale operates at the same
scale as our biological molecules and pathways. This means nanoscale materials can
easily enter most cells without triggering any immune response. Hence, nanoscale
materials can be designed to interact with biological entities in a more direct, efficient
and precise manner and help understand the biological processes and pathways in
much detail. Such nanomaterials can also be powerful tools for detection, diagnosis
and treatment of diseases at the molecular level. This certainly can be a powerful

combination of biology with materials science.

(iii) In miniaturization of solid particles the specific surface area increases generally
in inverse proportion to the particle size. Hence, nanoparticles have very high surface
to volume ratio, which makes them ideal for use in composite materials, reacting

systems, drug delivery etc.

(iv) Macroscopic devices constructed using nanomaterials can have much higher
density, conductivity as compared to those made up of microstructures. Such devices
can be used in high-power rechargeable battery systems, thermoelectric materials,

high-efficiency/low-cost sensors and electronics, thin-film smart solar panels for
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efficient conversion of sunlight to electricity, and additives for enhanced catalysis, by

controlling interactions and behavior at the nanoscale.

The two important areas that nanotechnology is likely to have a major impact are
environmental remediation/disinfection and medical technology. The emergence of
new crop of alternative disinfection technologies (AOTSs) such as heterogeneous
photocatalysis (HP) and SODIS (SOlar DISinfection) has been a very significant step
in the direction of the concept of “green technologies” (Masakazu A. 2000; Diebold
U. 2003). Over the last couple of decades the scientific and engineering interest in the
application of semiconductor photocatalysis has increased exponentially.
Semiconductor photocatalysis with major emphasis on TiO, as a durable
photocatalyst has been applied to a variety of problems of environmental interest such
as air purification, wastewater treatment (Peral et al. 1997; Hur and Koh, 2002),
photodegradation of toxic organic compounds, disinfection (Huang et. al., 1999;
Maness et. al, 1999; Vohra et. al, 2005), photosplitting of water to produce hydrogen
gas (Fujishima and Honda, 1972; Fujishima et al. 2000; Hashimoto et al. 2005),
nitrogen photofixation (Carp et al. 2004), cleanup of oil spills (Carp et al. 2004) etc
(Fig. 1.3). A number of technologies have been proposed and applied over the years
for the removal of toxic organic pollutants from wastewaters (Herrmann JM, 2005;
Serpone et al. 2005; Teoh et al. 2012) but most of these methods have a problem of
secondary disposal. On the other hand, for photocatalytic processes there is no further
requirement of secondary disposal, and expensive oxidizing chemicals, as ambient
oxygen is the oxidant (Beydoun et al. 1999; Matthews et al, 1993). In addition, the

photocatalysts are also self-regenerated and can be reused or recycled.
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1.2 Basic Principles of Heterogeneous Photocatalysis

In a heterogeneous photocatalytic system, the semiconductor particles (photocatalyst)
are in close contact with the fluid (liquid or gaseous) reaction medium. On exposure
of photocatalyst to light, excited states are generated which initiate a cascade of redox
reactions and molecular transformations (Beydoun et al. 1999; Fujishima et al. 2000;
Thompson and Yates. 2006). In fig. 1.2, simplified reaction scheme of photocatalysis
is shown. The electronic structure of semiconductors (metal oxides such as ZnO,
TiO,, Fe,03) is characterized by a filled valence band (VB) and an empty conduction
band (CB), and they can act as sensitizers for light-induced redox reactions. The
difference in the energy between the lowest energy level of the CB and the highest
energy level of the VB is called band gap energy (Eg), which is defined as the
minimum energy of light required to make the material electrically conductive (Fox

and Dulay. 1995; Thompson and Yates. 2006; Teoh et al. 2012).

The irradiation of a semiconductor with a photon of energy hv, that exceeds its band
gap energy results in the excitation of an electron from the valence band (VB) to the
conduction band (CB), leaving a positive hole behind. In electrically conducting
materials like metals, the produced charge-carriers are immediately recombined.
However, in semiconductors a part of these photoexcited electron-hole pairs (EHPs)
diffuse to the surface (electron-hole pairs are trapped at the surface) and participate in
the chemical reaction with the adsorbed donor (D) or acceptor (A) molecules. The
positive holes can oxidize donor molecules (1) whereas, the conduction band
electrons can reduce appropriate electron acceptor molecules (2). However, in the
absence of any electron and hole scavengers, the stored energy is dissipated by

recombination.
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D+h"—=D" 1)

A+e — A" 2
In semiconducting metal oxides the holes (h*) can react in a one-electron oxidation
step with water (3) to produce highly reactive hydroxyl radical (OH). In presence of
water, the photogenerated electrons reduce the water molecules to produce H,, while
the positive holes oxidize them to produce O,, leading to overall water splitting. The
resultant holes as well as the hydroxyl radicals are highly reactive oxidants and can

oxidize a number of organic contaminants.

H2O +h" — OH + H” ®3)

Further, the oxygen in the air acts as an electron acceptor (4) and catalyses the

formation of super-oxide ion Oy

O;+e — 0Oy 4)
Super-oxide ions are also highly reactive species that can oxidize organic materials.
Hence, in the EHPs, the excited electrons with high redox activities react with water
and oxygen to generate reactive oxygen species (ROS), such as super oxide anions
(O2) and hydroxyl radicals (OH). The process of photocatalysis is highly versatile
and different possibilities of ‘OH radical production could be adapted for specific

treatment requirements (Galvez et. al. 2007; Fujishima et al. 2000).
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{from H,0"")

Valence Band (+)

Fig. 1.2. General scheme of a photocatalytic reaction

1.3 Titanium dioxide (TiO,) as a photocatalyst

Semiconductor photocatalysis, with a primary focus on TiO,, has been applied to a
number of problems of environmental interest such as water and air purification
(Chen and Mao, 2007; Teoh et al. 2012; Kamat and Meisel, 2003). The oxygen
vacancies in TiO,, makes it a n-type semiconductor, transition metal oxide (Carp et al.
2004; Diebold U. 2003). Its industrial production started in the beginning of the 20th
century, to replace the toxic lead oxides as pigments for white paint and its usage has
exponentially increased in the last few years in fields like textiles, food (as a food
colorant and food additives), leather and pharmaceuticals (tablet coatings, toothpaste,
in sunscreen cream and other cosmetic products). Several semiconductors such as
WO;, SrTiOz, ZnO and ZnS, have been studied for catalysing a broad range of
chemical reactions. However, TiO, seems the most promising for photocatalytic

destruction of organic pollutants in terms of catalytic performance and stability in
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aqueous media (Kamat and Meisel, 2003; Diebold U. 2003). The anatase phase of
TiO; has the highest photocatalytic activity (Bahnemann et al., 1993) and has received
a great deal of attention due to its chemical stability, insolubility in water, non-

toxicity, low cost, and other advantageous properties.

Photovoltaics
] Photofixation of

nitrogen

Organic synthesis

Photoreduction of
CO; to arganic compounds

Light-activated TiO,  — Photocatalysis || Special reactions | |
Photosplitting of water
L__| Degradation to produce hydrogen
of pollutants

Partial and total oxidation
Photoinduced of organic compounds

“— superhydrophilicity

Disinfection: destruction of
biological materials

Detoxification of inorganics
and removal of ions

Fig. 1.3. Photoinduced processes of photoirradiated TiO, (Carp et al. 2004)

A photocatalyst has the capability to adsorb two reactants simultaneously, which may
be reduced and oxidized by photoactivation. Also, the band energy positions of the
photocatalyst and the redox potential of the adsorbates play a vital role in the ability
of a photocatalyst to catalyze photoinduced electron transfer (Fig. 1.4). The energy
level at the bottom of the conduction band determines the reduction potential of
photoelectrons and at the top of valence band determines the oxidizing ability of the

photoholes.
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Fig. 1.4. Band positions (top of valence band and bottom of conduction band) of
several semiconductors together with some selected redox potentials (Carp et al.

2004).

Unlike metals, semiconductors do not have a range of interband states that facilitate
the recombination of electron-hole pairs, and assure a sufficiently long lifetime for e"-
h* pair to diffuse to the catalyst’s surface and initiate a redox reaction (Carp et al.
2004). The anatase and rutile TiO, have different densities and electronic band
structures (for bulk materials: anatase 3.20 eV and rutile 3.02 eV) leading to different

band gaps and absorption thresholds of 384 and 410 nm, respectively.

1.4 Chemical structure of TiO»

TiO; has four commonly known crystalline forms viz: anatase (tetragonal), brookite
(orthorhombic), rutile (tetragonal), and TiO, (B) (monoclinic) (Carp et al. 2004;
Diebold U. 2003). Besides these crystalline forms, two more forms have been
synthesized from the rutile phase, TiO, (1) with a PbO; structure and TiO, (H) with a

10
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hollandite structure. The structures of rutile, anatase and brookite can be discussed in
terms of (TiO,*-) octahedrals (Table 1.1) (Ohno et al. 2001; Carp et al. 2004; Diebold
U. 2003). The three crystal structures differ by the distortion of each octahedral and
the assembly patterns of the octahedral chains. The TiOg octahedron is slightly
distorted and both rutile and anatase have tetragonal crystal lattice but the number of
common edges in TiOg octahedra is two for rutile and four for anatase (Carp et al.

2004; Diebold U. 2003).

Rutile: Rutile TiO, has a tetragonal structure with 6 atoms per unit cell (Fig. 1.5). The
rutile phase is thermostable at most temperatures and pressures up to 60 kbar, and is
the thermodynamically favorable phase. Zhang et al. found that anatase and brookite
structures transformed to the rutile phase after reaching a certain particle size, with the
rutile phase becoming more stable than anatase for particle sizes greater than 14 nm.
The activity of rutile phase as a photocatalyst is generally very poor (Gupta and

Thripathi, 2011; Carp et al. 2004; Diebold U. 2003; Mo and Ching, 1995).

Anatase: Anatase TiO; also has a tetragonal structure but the distortion of the TiOg
octahedron is slightly larger for the anatase phase (Fig. 1.5). Anatase phase is
thermodynamically stable at 800 °C, but above that it transforms to rutile phase and
the reverse transition on cooling does not occur due to high activation energy
required. The higher photoreactivity of anatase is attributed to a slightly higher Fermi
level, lower capacity to absorb oxygen and higher degree of hydroxylation in the
anatase phase. Anatase also has a higher adsorptive affinity for organic compounds
and exhibits lower rates of recombination due to its higher rate of hole trapping

(Gupta and Thripathi, 2011; Carp et al. 2004; Diebold U. 2003).

11
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Brookite: Brookite TiO, belongs to the orthorhombic crystal system with its unit cell
composed of 8 units of TiO,, formed by edge-sharing TiOg octahedra. Its crystals are
dark brown to greenish black opaque. It has a larger cell volume with 8 TiO, per unit
cell, but less density compared to the other two polymorphs (Gupta and Thripathi,

2011).

Rutile

[010]  [100]
[001]

Anatase

1.966 A
102.308°

Fig. 1.5. Bulk structures of rutile and anatase TiO,. In both structures, slightly
distorted octahedral are the basic building units. The bond lengths and the angles of
the octahedrally coordinated Ti atoms are indicated and the stacking of the octahedral

in both structures is shown on the right side (Diebold U. 2003).
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Table. 1.1. Crystal structure data of major TiO;

Diebold U. 2003).

polymorphs (Carp et al. 2004;

Crystal structure System Space group Lattice constants (nm)

a b ¢ cla
Rutile Tetragonal Dii-P4,/mmm 04584 - 0.2053  0.644
Anatase Tetragonal ng-ml;mnd 03733 - 0,937 2.51
Brookite Rhombohedral Dﬂhs-Phca 05436 09166 — 0.944
Density (kg/m?)
Rutile 4240
Anatase 3830
Brookite 4170

Dielectric properties
Rutile, perpendicular to
optical ¢-axis

Rutile, parallel to optical
c-axis

Rutile, perpendicular to
optical e-axis

Rutile, along ¢-axis
Anatase, average

Band gap (eV)
Rutile
Anatase

Refractive index
Rutile

Anatase
Brookite

Frequency (Hz)
10°

10

107
10*

Temperature (K)
290-295

290-295
298

303
298

6306
4

[
R e
L
oo

-]
-]

Dielectric constant
86

170

160

=

n
N

1.5 Synthesis of nanoparticles

TiO, can be synthesized as powder, crystals, or thin films of varying size range.

Various synthesis methods produce TiO; particles with different crystallinity, porosity

and surface properties, all of which play an important role in the overall

photocatalytic activity of TiO,. Both powders and films can be built up from

crystallites ranging from a few nanometers to several micrometers. It should be noted

that nanosized crystallites tend to agglomerate which decreases their overall activity

and hence an ideal method should be the one which allows control over the size,

13
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morphology and crystallinity of the nanoparticles, is economical and environment
friendly (Carp et al. 2004). Some of the gas phase methods commonly used for the
synthesis of nanoparticles such as, chemical vapor deposition (CVD) and physical

vapor deposition (PVD) are discussed below.

1.5.1 Gas phase methods
1.5.1.1 Chemical vapor deposition (CVD)

Vapor deposition is a technique where the materials in their vapor state are condensed
to form a solid-state material (Kohler and Fritzsche, 2004; Hosokawa et al. 2007).
This is a versatile technique used to coat large surface areas and produce
optoelectronic thin films, semiconductor thin films and to infiltrate fabric to form
composite materials. The vapor deposition process is usually carried out in a vacuum
chamber, where the gases are heated up that drives the deposition reaction. The phase
and morphology of the nanoparticles such as TiO, can be controlled by regulating the
reaction conditions (Carp et al. 2004). The stoichiometry for CVD can be easily
controlled by monitoring the flow rates of the precursors, and this method generally
gives high purity thin films. However, some CVD processes require high deposition
temperatures, which are sometimes detrimental to the substrate itself. The precursors
required for the CVD processes are often toxic and so are the byproducts produced

during the process.

1.5.1.2 Physical vapor deposition (PVD)

In PVD the thin films are formed from the gas phase where materials are first
evaporated and then condensed. The evaporated atoms travel at a very high velocity in
straight-line trajectories and can be applied for metal and metal compounds.

Therefore, the substances used in this method should be stable in the gas phase. Some

14
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of the PVD methods include thermal deposition, ion implantation, sputtering, ion
plating etc (Kohler and Fritzsche, 2004; Hosokawa et al. 2007; Carp et al. 2004). It is
preferable that the evaporation take place under reduced pressure as it reduces the rate
of collision of gas molecules and protects the deposited films. The PVD technique
enables the deposition of materials with improved properties compared to the
substrate material and almost any inorganic material and some organic materials can
be used. Also the process of PVD is quite environment friendly as compared to
processes such as electroplating. However, since the deposition takes place in
typically straight lines the substrate may not be completely covered as this leads to
shadowing effects. Some of the PVD processes require high vacuums and
temperatures and the deposition rates in PVD are generally slower. Also, varying the
evaporation rates makes the stoichiometry hard to control (Rodriguez and Fernancez-

Garcia, 2007).

1.5.2 Solution routes

Liquid-phase processing is a convenient and widely used method for the synthesis of
nanoparticles for applications in thin films. This method allows control over the
stoichiometry, producing homogeneous materials, and for preparation of composite
materials. The most commonly used solution routes in the synthesis of TiO, are
microemulsion, hydrothermal, solvothermal and sol-gel methods (Cao G. 2004; Chen

and Mao, 2007).

1.5.2.1 Microemulsion method

Water-in-oil microemulsion (Micelle) has been successfully applied for the synthesis
of nanoparticles. Microemulsions are thermodynamically stable, optically isotopic

solutions of two immiscible liquids stabilized by an interfacial layer of surfactant.
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Generally, in micelles the polar (hydrophilic) head orient towards the surrounding and
the long-chained aliphatic (hydrophobic) tail orient towards inside of the micelle. The
surfactant molecules optimize their interactions at the two-liquid interface, thereby
reducing the interfacial tension. There have not been many reports on the controlled
synthesis of titania using this method. In particular, hydrolysis of titanium alkoxides
in microemulsions using sol-gel methods has caused uncontrolled agglomeration and
flocculation except at very low concentrations (Carp et al. 2004; Chen and Mao,
2007). The TiO, nanoparticles prepared with the microemulsion methods normally
have amorphous structure, and usually require calcination to induce high crystallinity.
The crystallinity can be improved by annealing the nanoparticles in presence of
micelles at temperatures lower than those required for traditional calcination for solid

state materials.

1.5.2.2 Hydrothermal Method

The hydrothermal synthesis method is widely used for the synthesis of small particles
in a closed system, normally carried out in steel pressure vessels called autoclaves
with or without Teflon liners under controlled conditions of temperature and/or
pressure in aqueous solutions. The major parameters that determine the kinetics of the
process and the properties of the end product are the initial pH of the medium, the
duration of the temperature-pressure conditions in the system and the concentration of
the precursor and other solvents inside the system. The temperature for hydrothermal
syntheses varies from 150-200 °C, and along with the volume of the solution in the
autoclave determines the pressure produced inside the vessel (Carp et al. 2004;
Rodriguez and Fernancez-Garcia, 2007; Chen and Mao, 2007). The particle sizes can
be controlled by adjusting the concentration of titanium precursor and the solvents.

Hydrothermal method is also used for the synthesis of TiO, nanostructures with
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controlled crystallinity and morphology (such as nanorods, nanowires and nanotubes)
by varying the hydrothermal conditions inside the closed vessel and also by varying
the concentration of the solvent system. However, the disadvantages of the system are
the high cost of the equipment, maintaining the closed reaction system for prolonged
time at high temperature-pressure conditions and inability to monitor the crystals in

the process of their growth (Rodriguez and Fernancez-Garcia, 2007).

1.5.2.3 Solvothermal method

Solvothermal synthesis method is similar to the hydrothermal method of nanoparticle
synthesis but in solvothermal method, solvents used are non-aqueous. Hence, in
solvothermal method temperature can be elevated much higher than hydrothermal
method, a number of solvents with high boiling points can be used. The solvothermal
synthesis method is better for synthesis of nanoparticle with narrow size distribution,
controlled particle  morphology, and crystallinity by regulating the
precursor/surfactant/solvent weight ratio, reaction temperature, pressure, additives,
and the ageing time. Solvents with different physicochemical properties also influence
the reactivity and solubility of the reactants which can further affect the morphology
and crystallization behavior of the nanostructures. However, the disadvantages of this
method are the need for expensive solvents, long processing times, and the presence

of carbon as an impurity (Rodriguez and Fernancez-Garcia, 2007).

1.5.2.4 Sol-gel method

In sol-gel methods, two syntheses routes are known: the non-alkoxide and the
alkoxide route and oxides with different physicochemical properties may be obtained
depending on the synthetic approach used. The non-alkoxide route uses inorganic

salts (such as nitrates, chlorides, acetates, carbonates, acetylacetonates etc.), while the
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alkoxide route (the most employed) uses metal alkoxides as starting material. In a
typical sol-gel process, a colloidal suspension (sol) is formed from the hydrolysis and
polymerization reactions of the precursors, which are usually inorganic metal salts or
metal organic compounds such as metal alkoxides (Sreethawong et al. 2005; Su et al.
2004). After complete polymerization and removal of solvent the liquid sol forms a
solid gel phase. The sol-gel method is advantageous over the other methods in terms
of the purity, homogeneity and flexibility in introducing dopants in large
concentrations, stoichiometry control, ease of processing, control over the
composition, and the ability to coat large and complex areas. TiO, nanomaterials have
been synthesized with the sol-gel method from hydrolysis of a titanium precursor,
which proceeds by an acid-catalyzed hydrolysis step of titanium (IV) alkoxide
followed by condensation. The development of Ti-O-Ti chains is favored with low
water content, low rates of hydrolysis, and excess titanium alkoxide in the reaction
mixture. The growth kinetics study of TiO, nanoparticles in aqueous solution
indicates that, the rate constant for coarsening increases with temperature because of
the temperature dependence of viscosity of the solution and the equilibrium solubility
of TiO,. These reactions are then subjected to heat treatment (450-600 °C) to remove
the organic part and crystallize either anatase or rutile TiO,. The calcination at high
temperatures causes a decrease in surface area (due to sintering and crystal growth),
coupled with loss of surface hydroxyl groups and even induces phase transformation.
A prolonged heating time for the gel at < 100 °C can avoid the agglomeration of the
Ti0, nanoparticles during crystallization process (You et al. 2005). The advantages of
sol-gel synthesis include its simplicity, ability to form nanoparticles with high surface
area and crystallinity make it an ideal method for nanoparticle synthesis. This method

has been used for the synthesis of TiO, nanoparticles in this thesis.
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1.6 Mechanism of heterogeneous photocatalysis

According to IUPAC (International Union of Pure and Applied Chemistry) chemical
terminology, photocatalysis is defined as a “catalytic reaction involving light
absorption by a catalyst or by a substrate.” The mass transfer in a UV/TiO;
photocatalytic process depends on the reactant/product concentration as well as
photocatalyst dosage and particle size (Tanaka et. al. 1991; Tahiri et. al. 1996; Riegel
and Bolton, 1995). The photocatalytic reaction occurs upon absorption of a photon by
TiO; producing electron-hole pairs (e -h") that diffuse to the surface of the TiO,
photocatalyst. The charged electrons reduce O, to form superoxide (O,’), whereas, the
holes oxidize water to form hydroxyl radicals (OH"). Thus, the reductive and oxidative
abilities of electron-hole pairs leads to the production of strong oxidizing agents that
can oxidize organic compounds and mineralize them completely (Fox and Dulay,

1993; Hoffmann et al. 1995; Herrmann JM. 2005) (Scheme 1.1):

1.6.1 Charge-carrier generation

Upon irradiation of TiO, with light energy greater than its bandgap energy, electrons
are transferred from the valence band to the conduction band, leaving a positive hole

behind to form paired e -h".

TiO, + hv — TiOz (h'yp + € ¢p) (5)
Consequently, the TiO, particle can either act as an electron donor or acceptor for
molecules in the surrounding medium. Also, the redox capability of a photoexcited
semiconductor particle in aqueous solution can be estimated from the band-edge
positions of valence and conduction bands. The electrons possess the reducing power

of the conduction band energy while the holes have the oxidizing power of the
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valence band. As a result, photo-excitation of the semiconductor can lead to chemical

(redox) reactions.

1.6.2 Charge-carrier trapping

The e -h" pairs are trapped by electron and hole scavengers and prevented from
recombination. In the presence of adsorbates in equilibrium with a gaseous, liquid or
aqueous phase, electrons are attracted by electron acceptors, whereas the
photoinduced holes react with electron donors. Reactions involving the electrons and
holes should proceed simultaneously to suppress the recombination of electrons and
holes. Therefore the effective removal of electrons is essential for efficient

photocatalytic oxidation.

1. Hole trapping

On diffusing to the TiO, particle surface, the positively charged trapped holes can
directly oxidize adsorbate pollutants or react with surface hydroxyl groups (OH") or
adsorbed water molecules to form hydroxyl radicals (OH) (Hoffmann et al. 1995;

Fujishima et al. 2008).

h*+H;0 — OH + H” (6)
h*+ OH — OH (7)
2. Electron trapping

Molecular oxygen prevents e -h* pair recombination through the reduction of oxygen
with e, and reactive superoxide radical anions (O,7). The final product of the
reduction may be oxidizing species such as H,0, HO, and ‘OH radicals which would

be generated through subsequent reactions (Hashimoto et al. 2005; Henderson, 2011).
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O+ep— Oy (8)
0, +H"— HOy 9)
2HO, — H,0; + O, (10)
0, +HO, — HO; + O; (11)
HO, + H™ — H,0; (12)
H,0, + & — ‘OH + OH" (13)

Hydroxyl radicals are known to be strong, oxidizing agents and can react with organic
compounds adsorbed onto the semiconductor surface and cause complete degradation
to carbon dioxide and water. For a comparison, the oxidation potential of hydroxyl
radical (OH) is 2.8 V relative to the normal hydrogen electrode (NHE). Other
substances which are commonly used for water disinfection such as ozone, H;Oa,
HOCI and chlorine have an oxidation potential of 2.07 V, 1.78 V, 1.49 V and 1.36 V,

respectively (Carp et al. 2004).

1.6.3 Charge-carrier recombination

The various processes occurring during photocatalysis have been determined to have
characteristic time as indicated in Figure 1.7. The e -h" pairs generation upon
absorption of a photon is extremely fast (fs) and the trapping of electrons and holes
takes nanoseconds (ps-10 ns). Recombination has a characteristic time of 10 to 100 ns

and the interfacial transfer of holes is slow (~100 ns).
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Fig. 1.7. Major processes and their characteristic times for TiO,-sensitized

photooxidative mineralization of organic compounds by dissolved oxygen in aqueous

solutions (Carp et al. 2004).

Photocatalytic efficiency is often controlled by the suppression of e -h" pair

recombination, carrier trapping and interfacial charge transfer (Hoffmann et al. 1995;

Fujishima et al. 2000). The e -h" pairs recombination can occur in the volume of the

semiconductor particle surface with release of heat.

e +h" — TiO; + heat (14)
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EQUATION ELECTRONIC STEPS
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Scheme. 1.1. The step-wise mechanism of semiconductor photocatalysis (Rodriguez

and Fernandez-Garcia., 2007).

The competition between charge-carrier recombination and charge-carrier trapping
followed by the competition between recombination of trapped carriers and interfacial
charge transfer determine the overall quantum efficiency for interfacial charge
transfer (Hoffmann et al. 1995). Also, the band positions or flat band potentials of the
semiconductor material are important. These indicate the thermodynamic limitations

for the photoreactions that can take place (Hagfeldtt et al. 1995). Environmental
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decontamination by semiconductor photocatalysis is more convenient than
conventional chemical oxidation methods as semiconductors are inexpensive,

nontoxic, and reusable without substantial loss of photocatalytic activity.
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Fig. 1.8. Schematic of an irradiated TiO, semiconductor particle with possible photo-

chemical and photo-physical processes.

1.7 Enhancement of photocatalytic activity

Although, TiO,-driven photocatalytic degradation of chemical pollutants and
microorganisms has been widely applied for decontamination and environmental
purification, many disadvantages have emerged to limit its usage. TiOj-driven
photocatalysis requires high energy to induce a photocatalytic response
(photoresponse), as the band gap of TiO; is 3.2 eV, and the anatase crystal can only
absorb photons of wavelengths shorter than 388 nm (Gupta and Tripathi, 2011;

Diebold U, 2003). So, practically TiO, nanoparticles can only absorb approximately 4
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— 5 % of solar light energy, which makes the commercial applications of TiO;
nanoparticles difficult with natural light sources. The second problem of TiO;
nanoparticles is their lower photocatalytic efficiency due to electron- hole pair
recombination (Diebold U, 2003; Carp et al. 2004). The major strategies utilized to
overcome such drawbacks include, doping with metal and nonmetal ions, coating with
photosensitizing dyes, compositing with polymers, conjugation to suitable molecules,
and surface modification/functionalization. Although each of the method has different
mechanisms to increase photoresponse or photocatalytic efficiency, most are found to
enhance the overall photocatalytic properties of TiO, (Gupta and Tripathi, 2011;

Diebold U, 2003; Carp et al. 2004).

1.7.1 Metal ion dopants

Incorporating metal ion dopants into the TiO, crystal structure influences the
dynamics of electron-hole recombination and interfacial charge transfer. A large
enhancement of photoactivity through doping is observed in nanoparticles sized 1-2
nm and having a high surface area (100-500 m?g) (Choi et al. 1994; Hamal and
Klabunde, 2007). The dopant ions incorporated in the lattice (substitutional) or
interstitial sites can function as both hole and electron traps and can significantly
influence photoreactivity, charge carrier recombination rates and mediate interfacial
charge transfer (Dvoranova et al. 2002; Choi et al. 1994). Metal dopants such as
lanthanum are found to inhibit phase transformation of TiO,, improve its thermal
stability, reduce the crystallite size and increase Ti*" content on the surface (Li et al.
2009). In such doped TiO, the Fermi levels of the metal and semiconductor align
resulting in a flow of electrons from the catalyst to the metal. This process leads to an
increase in hydroxyl groups and hence improves the photocatalytic efficiency. In case

of TiO, doped with metals such as V, Mn or Fe a shift to visible light absorption
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spectra is also observed with an increase in the dopant concentration, which is
attributed to the charge transfer transition between the d electrons of the dopant and

the CB (or VB) of TiO, (Gupta and Tripathi, 2011; Diebold U, 2003).

1.7.2 Transition metal ion doping

The inherent small size of TiO, nanoparticles increases the generation of electrons
and holes which enhances the photocatalytic activity of TiO,. However, the
recombination of electron and hole pairs needs to be prevented during their movement
from the interior to the surface to improve the photocatalytic activity of TiOs.
Transition metal ions trap these electron hole pairs and enhance their lifetime,
consequently enhancing the efficiency of the photocatalyst. The number and lifetime
of these charged carriers is size and dopant dependent and different dopants have
diverse effects on the trapping of these charged carriers during interface transfer
because of their different positions in the host lattice structure, and hence the
photocatalytic efficiency varies (Nishikawa et al. 2001; Liu et al. 2007; Hu et al.
2006). Doping TiO, with transition metal ions improves the trapping-to-
recombination ratio, however, doping can also lead to increased rate of recombination
between electrons and holes. Since, photoinduced reactions can occur only if the
charged carriers are transferred to the surface of the photocatalyst, the metal ions

should be doped at the surface for efficient charge transfer.

An elaborate study on the effects of transition metal ion doping of quantum-sized
TiO, nanoparticles with Fe**, Mo®*, Ru®", 0s®**, Re>*, V**, and Rh®*" has reported that
although there is a strong positive relationship between photoreactivity and dopant
concentration, it also has a complex dependence on parameters such as dopant energy

state, the d-electron configuration, the distribution of dopants in the lattice, and the
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light intensity (Choi et al. 1994; Zaleska A, 2008; Wu et al. 2004). Karvinen et al.
theoretically investigated the role of such transition metal dopants (Ti**, V**, cr®*,
Mn®**, and Fe**) in both anatase and rutile TiO, and reported a significant band gap
narrowing for anatase TiO, but no effect on the rutile phase. In another study, the
TiO, doped with transition metal ions such as V, Cr, Mn, Fe and Ni showed a large
shift in absorption spectra towards the visible light spectrum and the efficiency of this
spectral shift was observed to be in the order of V > Cr > Mn > Fe > Ni. The
photoexcitation of V, Cr, Mn and Fe doped TiO, occurred through the tq level of the
metal ion dopant whereas, in case of Mn and Fe doped TiO; the absorption in visible
light spectrum was attributed to the transitions from impurity band tail of the
conduction band (Hu et al. 2006). However, transition metal ion dopants have shown
both positive and negative effects on the photocatalytic activity of TiO,. In case of
dopants that serve as acceptor centers (AI**, Cr¥*, Ga®*) or donor centers (Nb°>*, Ta®"),
when the concentration of conduction electrons is increased they favour the electron-
hole recombination which decreases the photocatalytic efficiency. The concentration
of dopants is also an important factor as at high dopant concentration the metal ions
may serve as a recombination center for electrons and holes, thus lowering the overall
efficiency of the photocatalyst. Hence, there is an optimum dopant concentration
where the width of the space-charge region and the depth of light penetration are
almost similar, and hence the photocatalytic efficiency of the doped TiO; is optimum

(Gupta and Tripathi, 2011; Carp et al. 2004).

1.7.3 Coupled/composite semiconductors

It is possible to couple two semiconductors that have different energy levels for both
their conduction and valence bands as such a configuration would enable efficient

charge separation, increase the lifetime of charged carriers and facilitate interfacial
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charge transfer to the surface. Here, the properties of the semiconductor particles such
as size, surface structure play an important role in the interparticle transfer. Several
coupled semiconductors have been reported such as TiO,-CdS, Bi,S3-TiO,, TiO,-
WOs3;, TiO2-SnO; among which the TiO,-CdS coupled semiconductor has received
considerable attention (Gupta and Tripathi, 2011; Carp et al. 2004). A proper
positioning of the individual semiconductors and optimal thickness of the covering
semiconductor are important factors for the efficient charge separation. In coupled
semiconductors there are two possibilities, one where only one semiconductor is
activated on illumination or both semiconductors are activated (Bessekhouad et al.

2004; Vinodgopal et al. 1996).

In case of TiO,-CdS coupled semiconductor, the light energy required for CdS to be
activated is lower than that for TiO, and hence CdS will get activated. So, the
photogenerated electron will be injected from the CdS to TiO, while the positive hole
will remain in CdS. The transfer of electron from CdS to TiO; increases the charge
separation and hence the overall efficiency of the process of photocatalysis. After the
separation of the charge carriers they are free to undergo electron transfer with
adsorbates at the surface. However, from an application point of view, the usage of
CdS alone or in a semiconductor couple is found to release considerable amount of
toxic cadmium in the agueous media which makes it environmentally undesirable

(Kumar and Jain, 2001; Rajeshwar et al. 2001).

However newer composites of TiO, with CdSe, WO;, ZnO etc are being widely
studied for development of visible light responsive photocatalytic systems (Kumar

and Jain, 2001; Bessekhouad et al. 2004).
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1.7.4 Surface modification/surface functionalization:

TiO; is a catalyst of choice for a variety of applications as it is inexpensive, non toxic,
and has redox properties favourable for both oxidation and reduction reaction
processes. The surface properties of nanoparticles can be modified for specific needs
and applications. In a functionalized nanostructure, the core provides the typical
function while the shell interfaces with the host matrix. Surface
functionalization/modification can be used to increase or decrease the surface
hydrophilicity of the material and to minimize agglomeration to achieve uniform,
stable dispersion of the material. Surface modification of metal oxide nanoparticles
such as TiO; adds to the usefulness of the nanoparticles on top of their intrinsic
characteristics, since hybridization of functional molecules on the nanoparticle surface
provides target-specific recognition, catalytic abilities, and controlled surface

properties (Schliephake and Scharnweber, 2008).

For biological applications assemblies of metal oxide nanoparticles and biomolecules
such as antibodies, enzymes, and streptavidin via surface modification of the
nanoparticles have drawn a growing interest in the areas of bioanalysis and fabrication
of bioelectronic devices (Daoud et al. 2005). Surface functionalization also improves
the biocompatibility of nanomaterials, alter their surface properties and can function
as barriers against moisture and oxygen (Vimala et al. 2011; Lu et al. 2008).
Depending upon the choice of the functionalizing agent, highly stable molecules can
be obtained and these physico-chemical modifications influence the interaction of
cells with the nanomaterials thereby improving cell adhesion and increasing uptake.
Surface modification can also help to tailor particle solubility/dispersion and stability

(Choi et al. 2003), enhance cell uptake (Win and Feng, 2005), and provide chemical
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reactivity on the particle surface for further conjugation of bioactive ligands (Nobs et

al. 2003).

1.8 Applications of photocatalysis
1.8.1 Self cleansing materials

TiO, coated tiles are considered to be very effective against organic and inorganic
pollutants as well as against microorganisms. The application of such tiles in
hospitals, schools, residential areas and other public and commercial facilities can
drastically improve the hygienic conditions, reduce the spread of infectious diseases
and improve the overall hygiene of the personnel. Furthermore, these TiO, coated
tiles show super hydrophilic behavior, where water forms a uniform sheet over the
surface of the tile at a contact angle of 7 (exterior) and 25 (interior) degrees. Grease,
dirt and other staining materials can easily be swept away with a stream of water.
Super hydrophilicity, combined with the strong photocatalytic oxidizing properties
makes this tile self cleaning in exterior applications (Cho et. al. 2005; Parkin and

Palgrave, 2005; Mills et al. 2005).

1.8.2 Air cleaning/purification

Volatile organic compounds (VOCs) are major air pollutants emitted into the
atmosphere by human activities in urban and industrial areas that degrade the quality
of air. Photocatalytic oxidation (PCO) has been applied for removing and
decomposing pollutants in indoor air. The used photocatalytic reactors trap and
chemically oxidize organic compounds, converting them primarily to CO, and water.
These reactors operate at room temperature and with negligible pressure. Therefore,
they may be readily integrated into new and existing heating, ventilation and air

conditioning systems due to their modular design and operation at room temperature
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with no pressure drop. These reactors can be scaled to suit a variety of indoor air
quality applications and offer usage of solar light (Peral et al. 1997; Schwitzgebel et

al. 1995; Sopyan et al. 1999).

1.8.3 Water treatment

In the field of waste water detoxification several concepts have been proposed. The
process of heterogeneous photocatalysis using TiO, has several advantages as it is non
toxic, inexpensive and causes complete mineralization of organic pollutants like
aliphatics, aromatics, dyes, surfactants, pesticides, herbicides etc to CO,, H,O and
mineral acids (Fujishima et al. 2008; Dunlop et al. 2002; Huang et al. 1996). In
previous studies, systems have been considered in which the fine TiO, photocatalyst
powder was dispersed in liquid suspension. However these systems were difficult to
handle as after the photocatalytic degradation process, the powder remained
suspended in water. The use of filters or other methods to remove TiO; has proved to
be inefficient and expensive. Subsequently, photocatalytic reactors were designed
where the titanium dioxide is fixed on a glass, ceramic or metal surface. Presently
there is a great interest in development and improvement of thin-film-fixed-bed

reactors (Rincon and Pulgarin, 2005; Teoh et al. 2012).

1.8.4 Antifogging effects

Nanoparticles of composite TiO; in an aqueous solution are coated onto the surface of
materials, such as glass, mirror, plastic, metal plate, tile, automobile body, decorative
resin sheet etc. The coated material surfaces under illumination exhibit hydrophilicity
and photocatalytic activity without causing any changes in the original characteristics
of the surface (Parkin and Palgrave, 2005). These new functions of the coated

material imparts them new features of antifogging, anti-soiling and self-cleaning and
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therefore, adhesive dust, stains on the surface could be removed easily by washing the
surface of the material (Wang et al. 1997). The thickness of the coated film is
generally less than 50 nm and hence the application of the coating is economical and

practical.

1.8.5 Outdoor applications

As a result of air pollution, most of the building walls and other structures spoil from
the exhaust gases, and VOCs which at times contain oily components. By coating the
original building materials with a super hydrophilic photocatalyst, the dirt of the walls
can easily be washed away by rain, keeping the external walls of the building clean

for long times (Benedix et al. 2000; Chen and Mao, 2007).

Anti- fogmng Self- cleanmng
effect effect
Water Air- cleaning

treatment effect

Anti- bacterial
effect

Fig. 1.9. Major areas of applications of TiO, photocatalysis (Benedix et al. 2000).

1.9 Bactericidal effects of Photocatalysis

The antibacterial and decontamination applications of TiO, nanoparticles have
undergone extensive investigation since 1985, when Matsunaga et al. first
demonstrated the microbicidal effect of TiO,. The findings of Matsunaga et al. created
a new avenue for sterilization techniques and resulted in attempts to use this novel
photocatalytic technology for disinfecting drinking water and removing bioaerosols
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from indoor air environments. Since then, research work on TiO, photocatalytic
killing has been conducted intensively on a wide spectrum of microorganisms (Huang
et. al. 1999; Maness et. al. 1999; Tongpool et. al. 2007; Cho et. al. 2005; Gerrity et. al.
2008; Lee, et. al. 1997; Mitoraj et. al. 2007) and cancer cells (Zhang and Sun, 2004).
Reactive oxygen species generated on irradiated TiO, surfaces, have been shown to
operate in concert to attack polyunsaturated phospholipids in bacteria (Wong et. al.
2006) and to catalyze site-specific DNA damage by generating H,O, (Hirakawa et. al.
2004) which might therefore result in subsequent cell death. TiO;-mediated
photooxidations have emerged as a promising technology for the elimination of
microorganisms in many applications, e.g., self-cleaning and self-sterilizing materials

(Cho et. al. 2005; Parkin and Palgrave, 2005; Mills et al. 2005).

Although the applications of TiO, photocatalyst as a microbiocide has been receiving
increasing attention worldwide, the initial response of living organisms to TiO;
photocatalytic reaction, the cell-nanoparticle interaction and the mechanisms leading
to cell death have not yet been fully understood. Hence, a basic understanding of the
killing mechanisms would provide valuable information for the optimal use of the
TiO, photocatalyst and the rational design of TiO, photocatalytic reactors (Rincon

and Pulgarin, 2004; Maness et al. 1999; Bahnemann et al. 1991).

1.9.1 Mechanisms of action of TiO;, photocatalysis on bacteria

Although, several papers have reported the microbicidal/antimicrobial effects of TiO,
photocatalysts over a wide range of microorganisms, only a few publications have
attempted to investigate the different modes of action TiO; exerted on microbial cells
that lead to cell death (Fig. 1.11). A fundamental understanding of the underlying

principles of the cell killing mechanism is critical in developing feasible disinfection
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and medical treatment systems. Several reports have proposed different mechanisms

for the inactivation/killing of these microorganisms.

In the initial study by Matsunaga et al. (1985), a decrease in intracellular coenzyme A
(CoA) in the TiO,-treated cells was detected for various microorganisms. Hence, it
was proposed that the direct contact between TiO; and target cells causes oxidation of
CoA that inhibits cell respiration leading to cell death. A few TiO, photocatalytic
Killing studies have revealed the susceptibility of microorganisms to TiO;
photocatalysis to be in the order: virus > bacterial cells > bacterial spores. This
difference in response of microorganisms to TiO, photocatalyst was attributed to the

structural differences, particularly the complexity and thickness of the cell envelope.

The role of cell wall and cytoplasmic membrane in cell death was not considered until
Saito et al. (1992) reported the disruption of cell envelope after TiO, treatment, by
TEM studies. They also demonstrated the ‘rapid’ leakage of potassium ions and
‘slow’ leakage of RNA and proteins induced by TiO, photocatalytic reaction and
proposed that, bacterial death was caused by an extensive disorder in cell permeability
and decomposition of the cell wall. Sakai et al. showed a significant increase in
intracellular calcium ions in cancerous cells induced by UV/TiO, treatment. Thus,
confirming that the cell envelope may be a primary target for TiO, photocatlytic
damage for both prokaryotic and eukaryotic cells. The intracellular macromolecules,
such as nucleic acids, may be a potential target once the cell envelope is degraded

(Sakai et al. 1994).

Some investigators also reported that there was no significant difference between the
time required for killing of Gram positive or Gram negative bacteria, even though the

former has a thicker cell wall. Nevertheless, the proposed modes did not describe the
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progressive damages to various components of the cell envelope and their role in

overall cell killing.

Kikuchi and co-workers (1997) studied the role of different ROS in bactericidal
effects using catalase enzyme (that neutralises H,O,) and showed that it significantly
quenched the cell inactivation, and proposed that it is hydrogen peroxide and not
hydroxyl radicals that were responsible for the bactericidal effects. Further, Maness
and co-workers (1999) studied the effects of photooxidation on E. coli cytoplasmic
membranes by TBARS assay and detected malondialdehyde (MDA), a byproduct of
lipid peroxidation, the production of which correlated with the decrease in cell
viability. The authors thus concluded that lipid peroxidation of membranes led to

failure of electron-transport during respiration and subsequent cell death.

In a study by Sunada and co-workers, they measured the rate of inactivation of intact
E. coli cells and spheroplasts (viable cells no cell walls). In case of the intact cells two
step “photo killing” reactions: an initial slower rate, followed by a faster reaction were
observed. On the other hand, the spheroplasts exhibited only a single step higher rate
reaction, implying that the cell wall of the E. coli cells protects the cytoplasmic
membrane and other cytoplasmic contents. Further, AFM measurements of the intact
E. coli cells showed the decomposition of outer cell wall membrane first and with
continued irradiation, the cells were completely decomposed. Figure 1.10 shows a
schematic illustration of the process of E. coli “photo-killing” on a TiO; film

proposed by the authors (Sunada et al. 1998).
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Fig. 1.10. (a-c) Schematic illustration of the process of E. coli photokilling on TiO,

film. In lower row, the part of cell envelope is magnified.
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Fig. 1.11. Possible mechanisms by which nanoparticles interact with biological tissue
(Nel et al. 2006).

In summary, there are still conflicting reports in the literature as to which reactive
oxygen species are directly involved in the photo killing process. As per a few reports,
hydrogen peroxide may be more involved, perhaps due to the generation of hydroxyl
radicals by the Fenton reaction. This is quite likely as biological systems normally

contain Fe**, and cells generally have low redox reducing equivalents in abundance.
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Moreover, hydrogen peroxide and superoxide in presence of ferric ions can participate
in the Haber-Weiss reaction to yield more hydroxyl radicals. However, further studies
are needed to clarify which species contributes to the photocatalytic activity as that
can help devise a suitable photocatalytic system with good photocatalytic efficiency.
Irrespective of the oxidative species involved, there is substantial evidence that cell
membrane damage is a direct result of oxidative cell damage (Fig. 1.12). The cell
membrane consists of unsaturated phospholipids and is a potential target leading to
lipid peroxidation. The detrimental impact of lipid peroxidation to all forms of life has
been well documented in the literature (Maness et al. 1999; Soekmen et al. 2001).
Once the cell membrane barrier is compromised or upon entry into the cell via
phagocytosis, TiO, particles can exert its oxidative actions directly on all the essential

macromolecules in the cytoplasm.
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Fig. 1.12. TEM image showing the attachment of NPs to bacterial surfaces (a).
Schematic illustration of NPs approaching to the bacterial cell surface and causing
damage to cell envelope (b). Enlarged PE chemical structure, showing the potential

damage caused by the NP surface as revealed by FTIR (c).
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1.10 Definition of the problem

The need for highly efficient, novel methods for the remediation of toxic chemical
and biological compounds has led to an imperative interest in the process of TiO;
photocatalysis. One major driving force for pursuing research on the nanocrystalline
TiO; is its extremely broad range of applications and the anticipation that further
studies of the surface properties at fundamental level will improve the performance of
TiO, nanomaterials and devices in different areas. Titanium dioxide is being
extensively used as a photocatalyst in heterogeneous photocatalysis, in solar cells, as a
white pigment in paints and cosmetics, in optoelectronics, in medicine for drug
delivery and as a biocompatible implant material, in production of hydrogen and
electric energy etc. Also, the studies of the novel properties of these materials at
nanoscale and their applications are possible only when the materials are available
with desired size, morphology, surface properties and chemical composition. Hence,
the synthesis and processing of these nanomaterials is an important aspect of
nanotechnology. TiO, has been the photocatalyst of choice in photocatalytic processes
owing to its superior properties such as non-toxicity, inertness, and redox properties
through both oxidative and reductive reactions. However, many drawbacks of TiO,-
driven photocatalytic degradation have emerged, that have limited the usage of TiO,.
As evident from the literature review of the optical properties, in particular the
absorption, of TiO; is essential to its photon-driven applications. Typically, TiO,
absorbs in the UV regime (because of its wide band gap of 3.2 eV), and hence
requires high energy for triggering a photocatalytic response (photoresponse). Since
only a small fraction of the sun’s energy (4 %) is in this wavelength range, it makes
the commercial applications of TiO, nanoparticles using natural light sources

ineffective. The other major drawback of using TiO, nanoparticles in industrial
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applications is its low photocatalytic efficiency, due to high rate of recombination of
charge carriers within the material, before they are transferred to the surface. The
other limitation of TiO, which needs to be addressed is its instability in aqueous
medium leading to photocatalyst decomposition and agglomeration which again
affects the efficiency. The performance of TiO, can be enhanced by shifting the onset
of its absorption from the UV to the visible region. This will enable the effective
utilization of the cheaper visible light sources or the greater quantity of the
inexhaustible sunlight to carry out the process of photocatalysis. Further, in order to
enhance the microbicidal activity of TiO,, its surface can be modified or

functionalized to enhance its uptake by microorganisms.

In this work an attempt has been made to address the problems associated with TiO;

application and usage. Some of the specific objectives of this thesis are:

1. To synthesize nanosized TiO; and its physicochemical characterization.

2. To study nanosized TiO; as a photocatalyst in UV light and sunlight conditions
against standard microbial cultures, microorganisms from environmental samples and

dyes.

3. To improve the photocatalytic efficiency of TiO; in visible light region by:

(A) Doping/modifying with metal ions, non metal ions and organic acids.
(B) Synthesizing functionalized nanocomposites for improved activity.

(C) By using it in combination with transition metal ion complexes.

4. To study the antimicrobial activity of modified TiO, and study its mechanism of

action.
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1.11 Outlay of the thesis

The thesis has been divided into five different chapters and each chapter is followed

by a summary:

In Chapter 1, a brief introduction to nanotechnology followed by a detailed
description of the process of semiconductor photocatalysis and the role of TiO; as a
photocatalyst is discussed. The chapter also discusses the various syntheses routes of
TiO,, various techniques employed to enhance the photocatalytic activity and the

different applications of TiO, photocatalysis.

Chapter 2 discusses the synthesis and characterization of TiO;, nanoparticles and the
determination of its photocatalytic efficiency against different microbial cultures,
microorganisms in sewage water and in photodegradation of toxic dyes by UV as well

as sunlight irradiation.

Chapter 3 discusses the synthesis of TiO, doped with metal ions and non metals in
order to shift its absorbance spectra towards the visible light region and to prevent
electron hole recombination to increase its photocatalytic efficiency. The efficiency of

doped TiO, is tested against E. coli as the model microorganism.

Chapter 4 describes the synthesis of silver-TiO, nanocomposites and its
functionalization with organic acids, amino acids and other non-immunogenic
molecules, characterization of its physicochemical properties, its antimicrobial effects
and the mechanism of action of these functionalized nanocomposites on

microorganisms.

Chapter 5 describes the study of a combined action of TiO, with Ni (1)

hexaazamacrocyclic complex against various microorganisms in different media.
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Chapter 2
Synthesis, characterization of TiO, nanoparticles and study of its

photocatalytic activity on microorganisms and dyes

Abstract

Heterogeneous photocatalysis using titanium dioxide as photocatalysts is a very
effective process for the photocatalytic degradation of organic compounds, due to its
high photocatalytic activity and excellent stability. During the process of
photocatalytic oxidation, organic compounds are completely mineralized to CO,, H,O
and mineral compounds. The surface properties of TiO, play an important role in its
photocatalytic processes. Upon UV light or visible light illumination, the TiO;
photocatalysts generate reactive oxygen species (ROS) such as OH", O, and H0..
These extremely reactive ROS cause damage to living organisms by attacking
different components of the cell wall and cell membrane such as polyunsaturated
phospholipids, antitoxins and causing site-specific DNA damage.

In this study we report the synthesis of TiO, nanoparticles by a simple sol-gel
method using titanium tetrachloride as a precursor. XRD analysis has revealed that
these TiO, nanoparticles are in anatase phase and are polycrystalline. Using Debye-
Scherrer formula the particle size was calculated to be ~13 nm. TEM imaging
confirms this finding. BET surface area analysis has shown that the particles are
mesoporous and the BET surface area is about 72.80 m?%g. Thermogravimetric
analysis has confirmed the purity of the nanoparticles.

These TiO, nanoparticles have been shown to exhibit photocatalytic activity in the
UV as well as visible range. Studies on dye degradation using TiO; and dyes such as
Malachite green, and methylene blue has shown that these dyes are degraded within
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30/80 minutes on exposure to sunlight. The bactericidal activity of TiO, has been
studied on pure cultures of Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus and Klebsiella pneumoniae and discharge water from a
sewage treatment plant which had a high microbial load. Cell viability and cell
proliferation in presence and absence of TiO; is reported. The use of these relatively
inexpensive photocatalyst based antimicrobial agents is quite promising and has
potential applications in the development of alternative disinfectants for

environmental and medical purposes.

2.1 Introduction

Heterogeneous photocatalysis using mesoporous Titanium dioxide as a photocatalyst
is a widely studied area and has been applied in a variety of fields such as air
purification, wastewater treatment (Bahnemann et. al. 1991; Rincon et. al. 2001; Hur
and Koh, 2002; Augugliaro et. al. 2006), photodegradation of toxic organic
compounds, as disinfectant etc. (Huang et. al. 1999; Maness et. al. 1999; Vohra et. al.
2005). Mesoporous TiO, has attracted much attention owing to its high surface-to-
volume ratio, which is important for the process of photocatalysis, photosplitting of
water etc. Anatase TiO, absorbs light in the UV region of the solar spectrum resulting
in electron-hole pair (EHPs) generation. These excited electron and hole pairs are
highly reactive and on reaction with water and oxygen form reactive oxygen species
(ROS), such as super oxide anions (O2) and hydroxyl radicals (OH) (Kikuchi et. al.
1997; Cho et. al. 2004; Galvez et. al. 2007). Following the pioneering work of
Matsunaga et al. which showed the microbiocidal effect of TiO, photocatalytic
reactions (Matsunaga et. al. 1985; Matsunaga et. al. 1988), interest in the field of TiO;

photocatalysis has grown exponentially (Cho et. al. 2005; Huang et. al. 1999; Anpo,
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2000; Wong et. al. 2006). Now, TiO, photocatalytic killing is being applied
extensively to a broad range of organisms viz, bacteria (Huang et. al. 1999; Maness et.
al. 1999; Soekmen et. al. 2001), viruses (Cho et. al. 2005; Gerrity et. al. 2008; Lee, et.
al. 1997), fungi (Mitoraj et. al. 2007), cancer cells (Zhang and Sun, 2004), algal toxins
(Srinivasan and Somasundaram, 2003), etc. Photocatalysis using TiO; has also been
used to disinfect selective food-borne pathogens such as Salmonella spp. and Listeria
monocytogenes, and to destroy Bacillus anthracis and the spores of Bacillus subtilis
(Kau et. al. 2009; Guin et al. 2007; Vohra et. al. 2005). The main objectives of all
these studies ranged from identifying the factors involved in photocatalytic
disinfection, optimizing the conditions for the process, and studying the mechanism as
well as kinetics of photocatalytic disinfection on field applications (Cho et. al. 2005;
Sunada et. al. 1998). The major challenge however has been to improve the
photocatalytic efficiency of the process (Egerton et. al. 2005).

The use of TiO, in the photocatalytic oxidation of dyes and organic systems
represents a promising remediation strategy for wastewater systems. Much attention
has been directed at investigating the photocatalytic degradation of organic pollutants
such as dyes mediated by TiO, particles in aqueous dispersions under UV light
irradiation. However, the limitation of solar UV-light reaching the surface of the earth
is relatively small (~3-5 % of the solar spectrum) and artificial UV light sources are
quite expensive. Hence, efforts have been made to explore ways to effectively utilize
cheaper visible light sources such as the inexhaustible sunlight for treating polluted
ecosystems. The electron transfer processes between dyes and TiO, semiconductors
have practical potential, and several studies on photodegradation of dyes such as
Malachite green, Acid orange 7, Naphthol Blue Black, terbutylazine on rose bengal

coated TiO, particles have been reported (Chen et al. 2006; Chen et al. 2007,
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Saggioro et al. 2011; Chen et al. 2004; Vinodgopal and Wyncoop, 1996; Wu et al.
1999). The TiO, photocatalytic process is a conceptually feasible technology.
However, since the UV region occupies only around 4 % of the entire solar spectrum
and 45% of the energy belongs to visible light (Yao et. al. 2006), the potential
applications of this promising technology are limited. Hence, the development of a
visible-light responsive photocatalyst would greatly enhance the practical feasibility
of this technology.

In this study we report the synthesis of sunlight responsive TiO, nanoparticles by a
simple sol-gel method. The antibacterial activity of these TiO, nanoparticles was
tested against four different pathogenic microorganisms viz. Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumoniae and Staphylococcus aureus, as well
as the microorganisms in treated sewage water from a sewage treatment plant.
Further, the TiO, nanoparticles were also tested for their photocatalytic activity in
photodegradation of organic/toxic dyes. The results obtained from this study clearly
indicate that the synthesized TiO, nanoparticles are effective antibacterial as well as

photocatalytic agents.

2.2 Materials and methods

2.2.1 Preparation of TiO, nanoparticles

Titanium (1V) chloride (Merck, 99 %), was used as a precursor reagent for the
synthesis of TiO, nanoparticles. The synthesis was carried out by adding TiCl,4
dropwise, to deionised water placed in an ice bath, within a fumehood to avoid the
TiCls fumes. The TiCl,: water ratios used were 1:25, 1: 50 and 1:100. The TiCly-
water mixture was stirred continuously for ~2 hrs on a magnetic stirrer to allow the

formation of uniform, homogeneous sol. The resultant sol was dialysed for about 12
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hrs, against deionised water with regular changing of water every 2 hrs. At the end of
dialysis a translucent, solid gel was obtained (Fig. 2.1), that was dried overnight at
100 °C and the crystals obtained were ground thoroughly into a fine powder. The
resultant white crystalline powder was then calcined at 500 °C and subsequently used

for the study.

2.2.2 Characterisation of TiO, nanoparticles
2.2.2.1 X-ray diffraction (XRD) analysis
The powder XRD analysis of the TiO, nanoparticles was done on a Rigaku Miniflex,
operated at a voltage of 30 kV and a current of 15 mA using a Cu-Ka radiation of
wavelength 1.5408 A and a 20 range of 20 to 80°. The average crystallite size of the
nanoparticles was calculated using the Debye Scherer’s equation:

D=k\A/BCosb
Where D is the crystallite diameter in A, k the shape constant (0.9), A is the X-ray (Cu
Ka) wavelength in A, 0 the diffraction angle and B (in radian) is the half width

measured for the XRD peak.

2.2.2.2 TG-DTA analysis

The thermogravimetric analysis of uncalcined TiO, was performed with TG-DTA
analyzer (Shimadzu) in air atmosphere at a flow rate of 10 ml/min. The thermal
properties of the sample were studied over a temperature range of 40 °C - 550 °C in an

Aluminium pan.
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2.2.2.3 Transmission electron microscope (TEM) analysis

The morphology and the particle size of the TiO, nanoparticles was analyzed using
transmission electron microscope. For TEM analysis, the samples were dispersed in
absolute ethanol by ultrasonication and a drop of the solution was placed on the 200
mesh carbon coated copper grid and examined using a Phillips CM 200 electron
microscope with an EDAX detector type SUTW (Super ultrathin window) at a voltage

of 200 kV and the resolution was 0.23 nm.

2.2.2.4 Surface area and porosity study

The surface area and porosity studies of the synthesized TiO, nanoparticles were
carried out by N, adsorption-desorption isotherms using a Micromeritics Tristar 3000
surface area and porosity analyzer. The samples were prepared for analysis by drying

them at 100 °C for 12 h with a constant flow of dry nitrogen gas.

2.2.3 Bacterial strains and cultures

The bacterial strains Escherichia coli, Pseudomonas aeruginosa, Klebsiella
pneumoniae and Staphylococcus aureus were enriched in nutrient broth (NB) (Hi-
media laboratories, India) at 37 °C for 18 h on a rotary shaker at 150 rpm. The
enriched culture was reinoculated in NB, incubated at 37 °C until the exponential
phase was reached, and then serially diluted in sterile normal saline and used for the
study. Treated sewage water was procured from the local sewage treatment plant and

was used after filtration to remove any suspended solids.
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2.2.4 Preparation of TiO, suspension for photocatalytic experiments

The suspension of TiO, nanoparticles was prepared in sterile distilled water. The
suspension was thoroughly mixed by sonication to avoid settling of the nanoparticles
before being used for the photocatalytic experiment. The suspension was always

prepared fresh, immediately prior to photocatalytic reaction and kept in the dark.

2.2.5 Photocatalytic reaction and Cell viability assay

All the solutions and reagents were prepared with deionized and distilled water, and
analytical grade reagents were used throughout. All the glasswares and accessories
used were washed with distilled water and then autoclaved at 121 °C for 15 minutes to
ensure sterility.

The photocatalytic reaction was carried out in a 100 ml glass beaker containing the
bacterial cell suspension to which uniformly mixed 0.1 M TiO, was added. The
concentration of TiO, was optimized by carrying out photodegradation experiments at
different concentrations (0.01, 0.05 and 0.1 M). The TiO,-cell suspension was placed
on a magnetic stir plate for continuous stirring to ensure proper nanoparticle-cell
contact. The suspension was separately illuminated with UV light (352 nm), visible
light (420 nm) and sun light. The loss of viability of bacterial cells was monitored by
taking the viable count at regular time intervals of 10, 20, 30 and 40 minutes. A
control without TiO, was maintained. Aliquots of the TiO,-cell suspension were
withdrawn, serially diluted with saline and spread plated in duplicates on nutrient agar
plates. All the plates were incubated at 37 °C for 24 h. At the end of incubation, the
cell viability was checked by recording the number of colonies as colony forming

units per ml (cfu/ml).
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In a tropical country like India ((8° 4’ - 37° 6’ N latitude), very high levels of global
solar UV radiation is received. The latitude and longitude of the place of experiment
(Vasco, Goa) was Latitude: 15° 24> and Longitude: 73° 50° with the day time
temperature reaching upto ~33 °C during noon times. All the photodegradation studies
under sunlight were carried out during bright sunny afternoons approximately

between 11:30 am to 2:30 pm.

2.2.6 Chemical Oxygen Demand (COD) analysis

One of the most important parameters of water quality for the environmental
regulatory agencies is the “oxygen demanding” substances in water. COD is the
amount of oxygen consumed to chemically oxidize the organic contaminants in water
completely to inorganic end products such as CO, and H,O. Hence, the amount of
oxygen consumed during the COD test can give an estimate of the organic pollutants
present in water and is a principal water quality criterion for water treatment plants
(Raposo et. al. 2008; Augugliaro et. al. 2006). COD analysis of the treated sewage
water sample was carried out before and after photodegradation with 0.1 M TiO,
suspension. The original treated sewage water (without photodegradation) and tap
water were used as the positive and negative controls. Photodegradation was carried
out for the treated sewage water with synthesized TiO, and commercial TiO,
(Hombikat) under sunlight for 40 minutes. The sample was then filtered with a
whatman paper to remove the suspended TiO2, and the filtrate was used for the COD
analysis. In brief, a known volume of the sample was refluxed with an excess of
Potassium dichromate (oxidizing agent) in a sulphuric acid medium using silver
sulphate as a catalyst. The unreacted potassium dichromate was then titrated with

ferrous ammonium sulphate solution using 1, 10- phenantroline monohydrate as an
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indicator. Potassium dichromate is a strong oxidizing agent under acidic conditions.
Mercuric sulphate is added to the sample to eliminate the interference of halides

while, silver sulphate acts as a catalyst (Raposo et. al. 2008; Augugliaro et. al. 2006).

The chemical oxygen demand of the liquid samples was calculated using the

following equation:

COD (mg 02 L™") = (FASg1-FASjiquid sampie) X NFas X 8000

Vliquid sample
Where FAS g;: volume of FAS used in the titration of the blank sample (ml)
FAS soiid sample: VOlume of FAS used in the titration of the liquid sample (ml)
Neas: Concentration of reducing agent (N)

2.2.7 Photocatalytic degradation of dyes

In the past decades, hundreds of dyes have been manufactured which are potentially
dangerous for the environment. Titanium dioxide can help degrade these harmful dyes
to less harmful substances in the environment. In this study Malachite green and
Methylene blue were used for TiO, photodegradation analysis. The photodegradation
of these dyes under UV light exposure was carried out at three different

concentrations of TiO» i.e. 0.05 M, 0.1 M and 0.2 M.

For the dye photodegradation studies, 10 ml of 0.1 mM, Malachite green and
Methylene blue dye solutions were mixed with 10 ml of 0.1 M TiO; suspension in a
clean glass beaker. The TiO,-dye mixture was continuously stirred on a magnetic
stirrer, while being exposed to the light source. A control study under similar

experimental conditions was carried out for Standard TiO, (Hombikat). One set of
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beakers was exposed to UV light (352 nm) in a UV dosing chamber and another to
sunlight for different intervals of time (10, 20, 40, 60 and 80 minutes for MB and
MG). The treated dye suspension in each beaker was then centrifuged and the
degradation kinetics was monitored by recording the UV-visible spectra of the

supernatant after each time interval to check for photodegradation.

2.3 Results and Discussion

The TiO, nanoparticles were synthesized by the simple sol-gel method. The effective
removal of chloride and other ions was achieved through dialysis (Desai and
Kowshik, 2009). Among the various synthesis routes such as sol-gel, microemulsion,
hydrothermal etc, sol-gel is an attractive method for obtaining nanoparticles with high
surface area, porosity and monodispersity (Liu et al. 2008; Azizi et al. 2012).
Moreover, the sol-gel synthesis method used in this study has short processing time,
needs few chemical reagents, lab controlled annealing temperature and relatively
short curing time. Similar studies for sol-gel synthesis of nanoparticles have been
reportedly used because of the simplicity and controlled conditions of synthesis (Lee
et al. 2005; Zhang and Chen, 2009; Jeon et al. 2003). High calcination temperature (>
700 °C) (Hamal and Klabunde, 2007; Lee et al. 2005), not only leads to phase
transformation from anatase to rutile TiO, but also causes the pores to collapse due to
thermal nucleation leading to formation of particle aggregates, thereby decreasing the
surface area of the nanoparticles (Tian et al. 2009; Lee et al. 2005; Peng et al. 2005).
On the whole, the simplicity and cost-efficiency of the procedure to generate a high

yield of TiO, nanoparticles makes sol-gel an attractive synthesis method.

Optimization of the TiCl,: water concentration was carried out at ratios of 1:25, 1:50
and 1:100. In solution phase synthesis such as the sol-gel method, processes such as

coarsening or agglomeration of particles can compete with nucleation and growth,
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thereby affecting the particle size distribution. It has been reported that the stability,
size and morphology of the sol is influenced by the ratio of Ti precursor to water, and
at lower ratios the particle size tends to decrease (Azizi et al. 2012; Oskam et al.
2003). During the synthesis process it was observed that at TiCl,: water ratio of 1:25
and 1:50, the rate of sol formation was high but the sol formed was not homogeneous
and had large aggregates. Moreover, the sol looked unstable during synthesis and was
observed to precipitate during dialysis. However, at a ratio of TiCl,: water (1:100), the
sol formation was slow and uniform, and no precipitate formation was observed
during dialysis. The specific surface area and pore volume of the nanoparticles
increase with increase in the amount of water (Han et al. 2012). Hence the ratio of
1:100, was considered suitable for the synthesis of TiO, nanoparticles with high

surface area, porosity and thus photocatalytic efficiency.

Fig. 2.1. The gel obtained after dialysis of the sol during the sol-gel synthesis of TiO..

To investigate the phase structure and size of the nanoparticles, XRD analysis was
carried out. The XRD analysis results showed 20 peaks at 25.08, 37.96, 48.02, and
54.8° that correspond to the anatase phase of TiO; as per ICDD powder diffraction
data card no. 21-1272 (Fig. 2.2) (Peng et. al. 2005; Zhang et al. 2008). The average

crystallite size calculated using the Debye-Scherrer equation from the broadening of
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(1 0 1) XRD peak of anatase TiO, was ~13 nm. Even after calcination at 500 °C, the
XRD pattern shows that the main crystal phase of the TiO; is anatase, possessing high
crystallinity in the mesoporous walls, which is consistent with the TEM analysis data.
Similar studies have been reported for the synthesis of mesoporous, anatase phase
TiO, nanoparticles in the size range of ~7 — 20 nm, with anatase as the prominent
phase indicating their thermal stability at high calcination temperature of > 500 °C

(Peng et al. 2005; Wabhi et al. 2006; Zhang et al. 2008; Agarwala et al. 2010).
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Fig. 2.2. XRD pattern of TiO, nanoparticles synthesized by sol-gel method using

titanium tetrachloride as the precursor.

The thermogravimetric analysis (TGA) plot shows a weight loss of ~22.5 % when
heated in the temperature range of 40 °C - 550 °C, which can be attributed to the
dehydration and evaporation of water from the uncalcined sample (Hydroxide gel), to

form a pure oxide (TiOy) (Fig. 2.3).
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Fig. 2.3. The TGA-DTA analysis plot of TiO, nanoparticles.

Corresponding to this weight loss, a broad endothermic peak in the DTA (Differential
Thermal Analysis) curve in the same temperature range (40 °C - 550 °C) is also
observed. However, further heating above 500 °C did not show any further weight
loss, confirming the total decomposition of the compound. In a similar study with
uncalcined TiO, microspheres, a weight loss of ~35 % was reported at a temperature
of upto 400 °C (Yang et al. 2008). This data is also supported by the XRD analysis
graph of the TiO, sample calcined at 500 °C, which shows the formation of pure
anatase TiO, without any impurities. Thus, the calcination temperature of 500 °C is
optimal for achieving highly crystalline TiO, without compromising the stability of its
porous framework. Similar studies have been reported showing the stability of anatase
TiO, nanostructures at temperatures > 500 °C (Agarwala et al. 2010; Peng et al.

2005).

The morphology and the particle size of the TiO, nanoparticles was analyzed using
TEM, that showed a detailed microstructure of the sample. TEM images (Fig. 2.4)
show the irregularly ordered, mesoporous structure of TiO, matrix with a mixed

morphology. The morphologies of the pores and particles are not significantly
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modified upon calcinations at 500 °C indicating that the collapse of mesoporous
structure does not occur drastically upon calcinations (Peng et al. 2005; Agarwala et
al. 2010). The size of the nanoparticles as determined by TEM analysis was found to
be ~7-15 nm. Further, the mesoporous structure does not possess pores with long
range ordering and are interconnected as shown by the hysteresis loop in the nitrogen

adsorption-desorption studies, which is ideal for improving the surface properties.

Fig. 2.4. TEM micrographs of TiO, nanoparticles.

The physicochemical sorption properties and pore parameters of the “as synthesized”
TiO, nanoparticles were determined by nitrogen adsorption-desorption isotherm
measurements. The adsorption-desorption isotherms of the sample showed type 1V
isotherm with H2 hysteresis loop (Fig. 2.5A), a characteristic of mesoporous materials
(Sing et al. 1985). The pore volume by BJH (Barrett-Joyner-Halenda) desorption
method was found to be 0.237 cm®g for the TiO, nanoparticles. The Brunauer-
Emmett-Teller (BET) surface area of the TiO, was ~72.80 m?/g, with an average pore

size distribution of 9.0 nm (Fig. 2.5B). It has been reported that the BET surface area
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of nanoparticles depends on the temperature and duration of calcinations as well as
precursor concentration used (Hamal & Klabunde, 2007). Similar BET surface areas,
ranging from 55 m®/g to ~106 m?/g have been reported for TiO, nanoparticles
synthesized by solution route methods with annealing carried out at a temperature of

300-500 °C (Liu et al. 2004; Wahi et al. 2006).
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Fig. 2.5. The N, adsorption-desorption isotherm of TiO, nanoparticles: (A)

Hysteresis loops and (B) BJH pore size distribution.

When the surface area of the nanoparticles is high, it provides more number of surface
active groups that can effectively interact with the adsorbates thereby improving the
efficiency of the photocatalytic reaction (Enterkin et al. 2011; Wahi et al. 2006).
Hence, the nanoparticle size and surface area play an important role in the
photocatalytic activity of nanoparticles (Peng et al. 2005; Liu et al. 2004). In addition,
the smaller particles with different shapes have more active surface atoms with a large
fraction of them on low-coordination and high-energy sites (corners, edges, steps,
kinks etc.), which makes them more reactive than larger particles upon contact with
the toxic compounds/bacterial cells (Asharani et al. 2010; Zhang and Chen, 2009).

Since the particle size of the synthesized TiO, nanoparticles is ~13 nm, and posseses a
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mixed morphology, these properties are expected to contribute to the photocatalytic

activity of the TiO, nanoparticles.

TiO, photocatalysts on irradiation with light of suitable wavelength causes the
formation of reactive oxygen species (ROS) which initiate a cascade of redox
reactions which can mineralize a variety of organic compounds (Hirakawa et. al.
2004; Lee et. al. 1997). The antibacterial activity of TiO, nanoparticles (0.1 M TiO,)
was evaluated against bacterial cells in sunlight. Samples were withdrawn at regular
time intervals and the number of surviving cells determined by the conventional
viable count method. Figures 2.6 (A-D) show the kill curves for the four test
organisms viz. Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae
and Staphylococcus aureus. From an initial count of ~10° cfu/ml a 2 log reduction
(99 %) in viable count could be obtained after 20 minutes of exposure in the case of
Klebsiella pneumoniae and Pseudomonas aeruginosa, whereas for Staphylococcus
aureus a 1 log reduction (90 %) was obtained after exposure for the same interval of
time. At the end of 40 minutes, a complete reduction (99.999 %) was obtained for
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus.
Escherichia coli exhibited minimal susceptibility to photocatalytic inactivation and a
3 log reduction could be obtained only after 40 minutes of exposure. Similar results
for bactericidal activity were obtained with commercially available photocatalytic
TiO, (Hombikat). The order of susceptibility of the organisms to inactivation by TiO;
was Staphylococcus aureus > Klebsiella pneumoniae > Pseudomonas aeruginosa >

Escherichia coli.
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Fig. 2.6. Antibacterial activity of TiO, nanoparticles against gram positive and gram
negative bacteria irradiated with sunlight: A] S. aureus, B] E. coli, C] K. pneumoniae,

D] P. aeruginosa.

In all these experiments we observed that the efficiency of the process was reduced
when the bacterial suspensions were not stirred continuously on a magnetic stirrer. To
evaluate this we exposed the bacterial suspension + TiO; to sunlight and manually
stirred the suspension once every 4 minutes. A 3 log reduction in viable count was
obtained in the manually stirred beakers compared to the 5 log reduction that was
observed in beakers stirred continuously using the magnetic stirrer after 40 minutes of
exposure to sunlight. Thus, the bactericidal action of TiO, was dependent on the

amount of dissolved molecular oxygen and proper cell-TiO, contact, both of which
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are increased during stirring. It has been reported earlier that, since TiO, photoreacts
with oxygen present in O, and H,O, more dissolved oxygen produces more ‘OH
radicals by scavenging the conduction band electrons and reducing the rate of EHP
recombination. Thus, the lack of sufficient oxygen reduces the rate of reaction (Cho
et. al. 2004). In addition, free movement of the nanoparticles in suspension form
facilitates the better contact with microbes and accelerates the translocation of

nanoparticles through the bacterial cell membrane (Williams et. al. 2006).

A closer analysis of the survival curves of the microorganisms revealed that the
bacterial inactivation had occurred in two distinct phases, the microorganisms were
not much affected in the first 10 minutes. This could be because of the "OH radical
scavengers in water that react with ‘OH radicals and reduce the efficiency of the
photoinactivation process as has been observed during studies of TiO, photocatalysis
on E. coli (Egerton et. al. 2005). Studies on the mechanism of bactericidal activity of
TiO; suggest that oxidative damage first takes place on the cell wall when the TiO;
makes contact with the cell. Such cells are still viable, however, as photocatalytic
action progresses the cell permeability increases and TiO, particles have easier access
to the cell cytoplasm. This causes photooxidation of intracellular components thereby
accelerating cell death (Galvez et. al. 2007). This further explains the initial delay in

the bactericidal activity of TiO, nanoparticles.

Studies on the killing of microorganisms by TiO, photocatalysis in sewage water
sample exposed to UV for 40 minutes showed a 99 % (2 log reduction) reduction in
the microbial load as did the sample exposed to sunlight for the same duration. In
comparison to the results of bacterial cultures where complete reduction in the
bacterial count was observed, the photocatalytic inactivation of microorganisms in

sewage sample appeared less effective. This could be attributed to the ionic strength
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of the medium i.e treated sewage water. Treated sewage water is a complex medium
containing a variety of organic and inorganic compounds. During the photocatalytic
reactions involving TiO,, various ROS species such as super oxide anions (O;) and
hydroxyl radicals (OH) are generated that are primarily responsible for the
photocatalytic action of TiO,. However, in complex media such as the sewage water,
these reactive oxidising species could be easily scavenged by the components of the
medium (Li et al. 2011; Ando et al. 2010). Moreover, the organic and inorganic
content of the sewage water also slows down the rate of the photocatalytic reaction
thereby decreasing its bactericidal efficiency. Thus, these results indicate that the
inactivation of microorganisms during photocatalytic reactions depends on the
complexity of the media, and in complex medium such as sewage water, the

photocatalytic reaction is not as effective as it in less complex media.
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Fig. 2.7. Antimicrobial activity of TiO, nanoparticles against microorganisms from

treated sewage water sample exposed to: A] UV light, B] Sunlight.

It has also been reported that under oxidative conditions the MIC/MBC values of
antimicrobial agents are sensitive to ionic components of culture media and other

abiotic factors (Jin et. al. 2010; Ando et. al. 2010; Eva et. al. 1999; Li et. al. 2011).
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The results of this antimicrobial study comply with the findings of other researchers
that irradiated TiO, exhibits bactericidal activity (Galvez et. al. 2007; Vohra et. al.
2005) and the efficacy of this disinfection process is proportionally correlated with the
TiO, dose and the time of exposure. An approach of this kind, to solar disinfection of
water using cost effective and reusable photocatalyst such as TiO; is very promising.
The potential of this multifaceted compound for disinfection in environmental and
medical fields is immense, and further research needs to be done to harness its

exceptional properties.

In order to minimize the hazard to environment and health, there is an urgent need to
maintain the toxic pollutants at acceptable levels for their safe disposal in the
environment. Hence the measurement of such parameters as BOD, TSS and Chemical
Oxygen Demand (COD) are very important as they are good indicators of the quality
of water. COD is defined as a measure of the oxygen equivalent of the organic matter
content of a sample susceptible to oxidation by a strong chemical oxidant. Table 1
shows the measure of COD in mg/liter for sewage water, photocatalytically treated
with synthesized TiO, as well as the commercial, Hombikat TiO,. It was observed
that after photocatalytic treatment with sunlight for 40 minutes, there was a reduction
in COD from 735 mg/l to 112 mg/l in case of synthesized TiO, (84.7 % reduction)
and 104 mg/l for the commercial Hombikat TiO; (85.8 % reduction). The COD of the
tap water was found to be 28 mg/l. Photocatalysis has been used for the removal of
organic contaminants and to lower the levels of COD in sewage water (Raposo et. al.
2008; Augugliaro et. al. 2006; Shivaraju, 2011; Tiwari et. al. 2011). One study
reported a significant reduction in COD of phenol contaminated water after 5 hrs
treatment with 0.2 g/l TiO, under UV light, while a 45 % reduction in COD was

reported for photocatalysis under sunlight after 4 hrs (Priya et. al. 2008; Tiwari et. al.
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2011). In another photocatalytic study under sunlight and a photocatalyst
concentration of 70 mg/50 ml, a COD percentage reduction of 39 % was reported
after 1 hr and a 89 % reduction, after 5 hrs of photocatalytic treatment (Shivaraju,
2011). Moreover, the same study showed a 94 % reduction in COD levels under
similar experimental conditions with UV as the light source. Hence, the efficiency of
the photocatalytic technologies can be further improved by optimizing the
concentration and time of photocatalytic treatment under suitable light source. The
conventional adsorption based technologies using low-cost carbonaceous materials,
activated carbon, stratified sand filters, etc. are being used to lower the levels of COD
in the environment (Devi et. al. 2008; Healy et. al. 2006). However, these
technologies need time consuming pretreatment processing, cannot ensure the
removal of trace organic contaminants and can be very difficult to implement for
small scale operation (Al-Jlil, 2009; Shivaraju, 2011). Hence using photocatalytic
treatment of waste water contaminants to lower the COD levels can prove to be a very

efficient and convenient technology.
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Table 2.1. The COD values obtained for the sewage water (SW) sample treated with

TiO, nanoparticles in Sunlight.

Sample COD (mg/L)
SW + sunlight (Positive Control) 735
SW + Hombikat TiO; . sunlight 104
SW + prepared TiO; . sunlight 112
Tap water (Negative Control) 28

The use of TiO; in the photocatalytic oxidation of dyes in organic systems represents
a promising remediation strategy for wastewater systems. The removal of synthetic
dye contaminants such as methylene blue from aquatic systems is extremely
important from the environmental point of view because most of these dyes are toxic,
mutagenic and carcinogenic. Methylene blue is a cationic dye and a photosensitizer
used to create singlet oxygen when exposed to both oxygen and light. It is used in this
regard to make organic peroxides. The methylene blue colored water is a source of
aesthetic pollution, that also causes imbalance to aquatic life (Chen et al. 2007; Kyung
et al. 2005; Bergwerff and Scherpenisse, 2003). Hence, removal of these synthetic dye
pollutants or their degradation is very important. The TiO, photodegradation of
methylene blue was carried out and monitored by recording the UV-visible spectra at
regular time intervals (10, 20, 40, 60 and 80 minutes). After photodegradation for a
duration of 80 minutes, the methylene blue solution was observed to turn completely

white under sunlight as well as UV light as shown in the plots in figure 2.8.
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Fig. 2.8. Photocatalytic degradation of methylene blue (0.1 mM) by aqueous TiO;
nanoparticle dispersion as a function of 80 minutes of irradiation time under: A]

Sunlight, B] UV light.

Malachite green is widely used as a biocide in the aquaculture industry and is known
to be toxic to fishes as well as fish eggs and fungi. Moreover, it is reported to have
harmful effects on the immune and reproductive systems and is known for its
genotoxic and carcinogenic properties (Chen et al. 2007). During the photocatalytic
reaction between TiO, and malachite green, the malachite green adsorbs onto the
negatively charged TiO; surface through the positive ammonium groups (Li et al.
1999; Chen et al. 2007). The complete photodegradation of malachite green was
achieved after 30 minutes of sunlight exposure and 60 minutes for UV light exposure

as observed from the UV-visible absorption plots and the change in colour (Fig. 2.10).
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Fig. 2.9. Photocatalytic degradation of malachite green (0.1 mM) by aqueous TiO;
nanoparticle dispersion as a function of irradiation time under: A] Sunlight, B] UV

light.

A closer analysis of the photodegradation of methylene blue, malachite green and
methyl red indicates that in case of methylene blue and malachite green the sunlight is
equally or more effective than the UV light. This could be because the complete
photodegradation of methylene blue and malachite green is achieved within 30 and 80
minutes respectively in sunlight, which is a relatively short time for any variation in

the intensity of sunlight and hence the photodegradation is effective.

The semiconductor TiO; is an excellent photocatalyst for the degradation of organic
pollutants such as dyes and their mineralization under UV irradiation. After activation
of the TiO, particles with UV light, electrons at the surface of particles are scavenged
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by the molecular oxygen to generate the superoxide radical anion, Oy-, which on
protonation yields the ‘OOH radical, whereas the valence band holes are trapped as
the surface-bound "OH radicals on oxidation of either the surface OH" groups and/or
the surface H,O molecules (Wu et al. 1998; Chen et al. 2007; Nogueira and Jardim,
1993). The trapped electron after formation of the ‘OOH can also form "OH radical.
All these active oxygen species Oy-, ‘'OOH, or "OH radicals especially ‘OH are

involved in the degradation of various organic dyes.

However, the visible-irradiation mechanism is different from the UV driven
mechanism as visible light causes the excitation of the dye and not the semiconductor

TiO2 (Wu et al. 1998; Wu et al. 1999; Chen et al. 2007):

Dyeags+ + {O0OH, 'OH or O,} — peroxides or hydroxylated intermediates —»

— degraded or mineralized products ...

On excitation the dye injects an electron to the conduction band of TiO,, from where
it is scavenged by pre-adsorbed oxygen, O, to form active oxygen radicals such as
O,-, 'OOH, or 'OH. These reactive radicals cause the photodegradation or
mineralization of organic pollutants such as dyes. Here, TiO, acts as an electron
carrier causing the separation of injected electrons and the dye radicals.
Photodegradation of the dye by sunlight/visible light is much more advantageous than
the UV driven process as more of the freely available and abundant sunlight is used.
This aspect attributes a major economic advantage to this technology (Wu et al. 1998;
Wu et al. 1999; Chen et al. 2007; Nogueira and Jardim, 1993). Since methylene blue
and malachite green are known to be good photosensitizers, the photodegradation of

these dyes in presence of TiO; is very effective in sunlight and UV light.
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The above results suggest that the degradation of self-photosensitized dyes such as
methylene blue and malachite green in the presence of TiO, nanoparticles by visible
light might, in some cases, be preferable in its applicability and economic perspective
than the UV-driven pathway. The photodegradation of dye pollutants can be driven by
sunlight during daylight hours and at other times by relatively inexpensive (as

compared to UV) artificial lamps that emit visible radiation.

Conclusion

In the light of the recent changes in the environmental scenario and emergence of
newer environmental challenges, simple and environment friendly technologies such
as photocatalysis have attracted worldwide attention. Anatase titanium dioxide
nanoparticles have been synthesized by a simple sol-gel technique. These
nanoparticles have a crystallite size of ~13 nm and exhibit photocatalytic activity in
presence of sunlight. Photocatalytic activity of TiO, under UV light irradiation is well
established. The TiO, synthesized by sol-gel method exhibits bactericidal activity
when irradiated with sunlight against the common human pathogens tested as well as
the microorganisms from treated sewage water sample. The COD analysis of the
photodegraded sewage sample shows that the organic content of the sewage water is
almost completely degraded. Further, TiO, photocatalysis is also effective in the
degradation of toxic dyes to their mineral compounds in sunlight as well as UV light.
This opens up newer avenues for the development of solar assisted alternative
technologies for disinfection of water bodies contaminated with toxic organic

pollutants as well as pathogenic microorganisms.
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Chapter 3
Doping/surface modification of TiO, nanoparticles for improved

photocatalytic activity under visible light irradiation

Abstract

Titanium dioxide (TiOy) is considered an ideal photocatalyst because of its
photocatalytic properties, chemical stability, non toxicity in the environment and cost
efficiency. However, TiO; has a wide band gap of 3.2 eV and hence its photocatalytic
activity is limited primarily to the ultraviolet (UV) region of the light spectrum which
is only 4 % of the total solar energy available. This in turn limits the practical
applications of TiO,. Moreover, the usage of UV light activated TiO; is impractical
not only because of the ill effects of UV exposure but also because it is highly
uneconomical. Doping and surface modification techniques have been proposed to
overcome the problems associated with the wide band gap of TiO; and to reduce the
rate of recombination of charged carriers, thereby increasing the overall efficiency of
TiO; in solar light. This is important as it can broaden the applications of TiO,,
making it more effective and economical to address the emerging problems of
environmental remediation and disinfection. In this chapter we report the
modification/doping of TiO, with transition metals, non-metal anions, organic acids,
amino acids, and phosphate to check its effect on the enhancement of antimicrobial

activity.
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3.1 Introduction

Photocatalysis using TiO, as a photocatalyst has been widely applied for the
degradation of organic compounds (Zhao and Yang, 2003; EI-Morsi et al. 2000) and
function as disinfectants by mineralizing the organic pollutants and microbial
contaminants into carbon dioxide, water and inorganics (Liu et al. 2008; Rincon and
Pulgarin, 2003; Dunlop et al. 2002; Huang et al. 2000). Several studies have
demonstrated the biocidal efficacy of TiO, photocatalysis, but the kinetics of the
process for complete inactivation and mineralization of microorganisms is
comparatively slow and does not match that of the conventional disinfection
techniques (Wong et al. 2006; Vohra et al. 2005; Wolfrum et al. 2002). Pristine TiO;
is known to be active only when irradiated with UV light (A < 387 nm) because of its
wide band gap (3.2 eV for the anatase TiO, crystalline phase) which limits its
applications in sunlight (Linsebigler et al. 1995; Diebold U. 2003). The band gap is
located between the filled valence band and the higher energy conduction band and
the gap between the valence band and conduction band determines both the electrical
conductivity and the wavelength sensitivity of the semiconductor (Hamal and
Klabunde, 2007; Diebold U. 2003; Asahi et al. 2000). A material with a larger
bandgap requires higher energy radiation for electron transfer to occur from valence
band to the conduction band, than one with a smaller band gap. Moreover, the high
rate of recombination of photogenerated charged carriers also decreases the efficiency
of the photocatalytic process (Anpo and Takeuchi, 2003; Diebold U. 2003). Hence,
the major challenge is to develop a photocatalyst with a narrow band gap, exhibiting
efficient photocatalytic activity in sunlight, thus enhancing the overall rate of
photoinactivation/disinfection process (Chen et al. 2009; Zaleska, A. 2008; Wu et al.

2004).
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Several methods have been used in an attempt to improve the overall efficiency of the
photocatalytic process. These include doping with transition metal ions to increase
electrical conductivity (Nishikawa et al. 2001; Liu et al. 2007; Hu et al. 2006; Rincon
& Pulgarin, 2007), doping with non-metal ions as it shows a shift in the threshold of
photocatalytic activity to lower energies (Chen et al. 2009; Hamal and Klabunde,
2007), coupling two different photocatalysts, doping with noble metals, capping or
surface functionalization etc (Gupta and Tripathi, 2011). The main purpose of doping
or modification of TiO; is to induce a batho-chromic shift (a decrease in the band gap
or introduction of intra-band gap states, which shifts the photo-threshold to the visible
light region) (Diebold U. 2003; Carp et al. 2004).

One approach that has shown significant enhancement in the photocatalytic activity of
TiO; is the introduction of transition metal ions in the lattice of TiO, (Shah et al. 2002;
Hamal and Klabunde, 2007; Diebold U. 2003; Wu et al. 2004) which can either
extend the absorption spectrum of TiO; into the visible region or reduce the rate of
charge carrier recombination thus improving its photocatalytic efficiency (Linsebigler
et al. 1995; Diebold U. 2003; Carp et al. 2004). Doping of TiO, with transition metal
ions provides a means to increase the lifespan of electron or hole or both the charge
carriers by trapping them and as a result, dopants enhance the efficiency of the
photocatalyst (Shah et al. 2002; Liu et al. 2007). Another common method
successfully used to shorten the band gap of TiO; is to attach organic dyes such as
Ruthenium complexes to its surfaces. However, this method is expensive, the dyes are
degraded easily in aerobic environment, and it cannot be used in an aqueous medium
as it is readily washed off from the surface. Doping of TiO, with transition metals and
non metals is known to shorten the band gap of TiO,, but may suffer thermal

instability and low quantum vyields in the process due to continuum of inter band
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states of transition metals (Wan et al. 2007; Yates et al. 2006). Reduction of TiO; by
hydrogenation improves visible light activation by narrowing the band gap but it
lowers the conduction band thus reducing the photocatalytic reduction power of the
system (Barnard and Zapol, 2004). Doping or surface modification can improve the
physicochemical properties of TiO; such as size, surface area, and improve its thermal
behavior, stability and surface properties that can influence its interaction with
different adsorbates, and, as a result its overall photocatalytic activity.

The objective of the study was to synthesize doped/modified photocatalyst with
photocatalytic activity in the visible range. The doped/modified TiO, synthesis was
carried out with transition metal dopants (Iron and Silver), non metal dopants
(Nitrogen, Carbon, and Sulfur) and surface modification was carried out with organic
acids (Folic acid, Fumaric acid, Succinic acid, Malic acid and Salicylic acid), amino
acids (L-arginine and Cysteine), and phosphate, and the effect of surface modification

on antibacterial activity was tested.

3.2 Materials and methods

Chemicals and solvents used were of analytical grades purchased from Merck, Sd-fine
Chemicals, Himedia, India, and used without any further purification. All the
glassware and accessories used were washed with distilled water and then autoclaved

at 121 °C for 15 minutes. All the solutions used were prepared with deionized water.
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3.2.1 Doping with non metal anions

3.2.1.1 Nitrogen doped TiO,

The synthesis of N-doped TiO, was carried out by a modified sol-gel method which
proceeds through solution phase forming ionic intermediate but without forming
polymer chains. It has been proposed that this method helps in effective doping with
better homogeneity than other synthesis routes. The nitrogen doping is achieved by
using EDTA (Sd fine chemicals, India) as the N source (Etacheri et al. 2010). In the
synthesis of nitrogen doped TiO, sample, 10.94 ml of titanium isopropoxide (Merck,
India), the precursor solution, was dissolved in 28.47 ml isopropanol (Sd fine
chemicals, India). The solution was then mixed with 4.27 ml of glacial acetic acid (Sd
fine chemicals) followed by the addition of 22.10 g of the doping agent, EDTA. The
solution was stirred until a precipitate was obtained. The precipitate was then mixed
with 66.94 ml of deionized water, and stirred continuously for ~2 h to allow the
formation of a sol. The sol was then subjected to dialysis against deionized water for
approximately 12 hrs to form a solid gel, heated in an oven at 80 °C to form an
intermittent solution, which on further heating is transformed into a solid gel. The
xerogel thus obtained, after 24 h was calcined at 400 °C for 2 h at a heating rate of 10
°C/min. The control sample without EDTA was also prepared using the same
synthesis method as described above. The molar ratio between titanium isopropoxide,

acetic acid, isopropanol, and water was 1:2:10:100.

3.2.1.2 Synthesis of metal and non metal ions (C, N, S, and Fe)-doped TiO;

Thiourea was used as the precursor for nonmetal atoms and iron chloride as the
precursor for metallic iron. In the synthesis, 3.8 g thiourea was added to a beaker

containing 150 ml deionized water kept in an ice bath. While under continuous
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stirring, an amount of iron chloride, corresponding to the desired Fe** doping content,
was added to the solution. Titanium precursor was added dropwise to the aqueous
solution and the mixture was stirred for 12 h and dialyzed for 24 h before drying in air
at 80 °C. The dried powder was ground and calcined at 500 °C in air for 2 h to obtain

the doped TiO,.

The Fe doping was done at 0.1, 0.3, and 0.5 wt %, and controls with no Fe and plain
TiO, without thiourea and iron chloride (No dopants) were also synthesized by the

same procedure.
3.2.1.3 Synthesis of metal ion doped TiO; (Ag-TiOy)

It is well known that noble metals such as Ag and Au possess unique electronic and
catalytic properties. Silver is also known for its high antimicrobial activity in both
metallic as well as ionic form (Hamal and Klabunde, 2007; Zhang and Chen, 2009;
Rai et al. 2009). Moreover, in an Ag doped TiO; the well-dispersed Ag® ions trap
photoinduced electrons, decreasing the charge-carrier recombination rate and hence
increasing the photocatalytic efficiency of the doped TiO, (Hamal and Klabunde,
2007; Elahifard et al. 2007; Hu et al. 2006). The AgTiO, nanoparticles (1 atomic %
silver) were synthesized by simple sol-gel method. Titanium (IV) chloride (> 99 %)
was added dropwise to deionized water with dissolved silver nitrate in an ice bath
(99.8 %, Hi-media Laboratories, India). The sol obtained was thoroughly dialysed for
~12 hrs in a dialysis membrane (Himedia Laboratories, India) with frequent changes
of deionized water (every 2 h) allowing slow growth of particles and resulting in the
formation of gel. The gel was dried at 100 °C and ground to obtain fine AgTiO;

powder.
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3.2.2 Synthesis of Phosphate modified TiO; (P-TiO,):

The TiO; nanoparticles used were synthesized as described in chapter 2 section 2.2.1.
To load the phosphate anion, the highly crystallized TiO, was soaked in 0.3 M
phosphoric acid (Sd fine chemicals, India) at 30 °C for 5 h, and then separated by
centrifugation. To strengthen the interaction between the phosphate anion and the
surface Ti site, it was dried directly at 100 °C and further heated at 300 °C for 1.5 h.

After thoroughly washing it with water, it was dried, and designated as P-TiO,.

3.2.3 Modification of TiO; with organic acids (Salicylic acid, Folic acid, Fumaric

acid, Succinic acid and Malic acid)

3.2.3.1 Salicylic acid modified TiO, (S-TiOy)

The TiO, used for modification was synthesized as described in chapter 2 section
2.2.1. Surface modification was carried out by stirring the TiO, nanoparticles for 30
min in a saturated solution of salicylic acid, resulting in a light yellow colouration of
the TiO, surface. The pH of the solution was adjusted to 1.1 and 3.4 by adding HCI.
After filtering with 0.45 um membrane filter, the modified TiO; (S-TiO;) was washed
three times with water and heat-treated for 30 min at 105 °C. Noteworthy was the
observation that the colour developed imminently, implying chemisorption of

salicylic acid on TiO; surface.

3.2.3.2 Folic acid, Fumaric acid, Succinic acid and Malic acid modified TiO»

The TiO, was synthesized as described in chapter 2 section 2.2.1. For surface
modification the specific amount of organic acid solution (folic acid: 1.3 mM, fumaric
acid: 8.6 mM, Succinic acid: 15.2 mM and Malic acid: 16.7 mM) prepared in DMF

(99.8 %, Fisher Scientific, India) was heated at 80 °C for 10 min. The solutions were
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cooled to room temperature and filtered (To remove any suspended solids) after
addition of an equal volume of deionized water. The TiO, powder was added to the
filtered solution of modifying agents and stirred for 10 min. The modified TiO, was
washed five times each with DMF followed by distilled water and dried in air to
obtain a fine powder. The modified TiO, powders were designated as FA-TIO,, Fu-
TiO,, SA-TiO, and MA-TIO; for folic acid, fumaric acid, succinic acid and malic acid

modified TiO,, respectively.

3.2.4 Synthesis and modification of TiO;, with amino acids

3.2.4.1 Arginine modified TiO; (Arg-TiO,)

Titanium (IV) tetrachloride was hydrolyzed in deionised water at 4 °C and stirred
continuously for 4-5 hrs, to obtain a whitish opaque colloidal solution. To this
colloidal solution, 25 ml of 0.03 M solution of L-arginine prepared in deionised water
was added drop wise and the beaker was allowed to stand still for ~1 hr for complete
complexation. After ~18-24 hrs of dialysis against deionised water, gelation was
observed in the beaker. The beaker was then kept for drying at 100 °C overnight to
obtain whitish crystals. The crystals were ground in a clean mortar and pestle and a

fine powder of Arg-TiO, was obtained.

3.2.4.2 Cysteine modified TiO; (Cys-TiOy)

The synthesis and modification of cysteine modified TiO, (Cys-TiO,) was carried out
by the same procedure as described above, using 0.1 M solution of cysteine prepared

in distilled water.
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3.3 FTIR analysis

FTIR spectroscopy was carried out using FTIR-IR Affinity — 1 01660, Shimadzu. All
samples were milled with spectroscopic grade potassium bromide (KBr, Merck), and
a pellet of the mixture was pressed into a disc, placed in the solid cell, and scanned in

the range of 400-4000 cm ™ against a KBr control.

3.4 Bacterial cultures

The bacterial strain of Escherichia coli 2345 was used as the representative strain to
carry out all the antibacterial experiments. The bacterial culture was grown overnight
in NB (nutrient broth, Himedia, India) medium and aliquots of the culture were
inoculated into fresh medium, incubated under aerobic conditions at 37 °C on a rotary
shaker at 150 rpm until the exponential growth phase was reached. The standard
suspensions of the organism (~10° cfu/ml) were obtained by serially diluting the

cultures in sterile normal saline.

3.5 Preparation of TiO, suspension

The stock suspension of doped/modified TiO, nanoparticles was prepared in sterile
distilled water. The suspension was thoroughly mixed by sonication and added
immediately to the reaction mixture. The suspension was always prepared fresh

immediately prior to photocatalytic reaction and kept in the dark.

3.6 Photocatalytic reaction and Cell viability assay

The photocatalytic reaction was carried out in a 100 ml glass beaker containing the
bacterial cell suspension to which the TiO, nanoparticles homogenized by sonication
were added. The concentration of TiO, was optimized to 50 pg/ml, by carrying out
photocatalytic experiments at different concentrations in sterile PBS (pH - 7.2). The

TiO,-cell suspension was placed on a magnetic stir plate for continuous stirring to
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ensure proper nanoparticle-cell contact. The suspension was illuminated with UV
light (352 nm), visible light (420 nm) and a dark control was also maintained. The
loss of viability of bacterial cells was monitored by recording the viable count at
regular time intervals of 60 and 120 minutes. Controls without TiO, and with
undoped/unmodified TiO, were maintained simultaneously. Aliquots of the TiO-cell
suspension were withdrawn, serially diluted with saline and spread plated in
duplicates on nutrient agar plates. All the plates were incubated at 37 °C for 24 h. At
the end of incubation, the cell viability was checked by recording the number of

colonies as colony forming units per ml (cfu/ml).

3.7 Results and discussion

As a semiconductor, TiO, has a relatively large band gap, and can only be
photoexcited in the UV spectrum of light to carry out photocatalytic activity
(Linsebigler et al. 1995; Carp et al. 2004; Thompson and Yates, 2006). In
semiconductors, doping is the intentional introduction of impurities in the material to
modify its electrical conductivity (Carp et al. 2004; Diebold U. 2003; Chen and Mao,
2007). Hence, an ideal dopant in TiO, should increase the valence band edge, thereby
reducing the band gap without lowering the conduction band, and minimize the rate of

electron-hole recombination, thus improving the photocatalytic efficiency of TiO..

3.7.1 N doped TiO;

Anion doping of TiO; is a field that has attracted immense interest and several studies
with non metal anions such as C, S, I, and N have been reported. Doping of TiO, with
anions improves the conductivity and optical properties, increases the percentage of

the anatase phase in TiO,, controls the crystallite size and increases the specific
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surface area of TiO; (Reddy et al. 2005; Asahi et al. 2000; Wan et al. 2007). N doping
has been reported to cause a decrease in the band gap or instead create new electronic
states above the valence band thus shifting the absorption edge of the photocatalyst in
the visible region (Michalow et al. 2009; Livraghi et al. 2006; Asahi et al. 2001). N
doping is a substitutional doping where N anions replace the oxygen in the TiO;
lattices and is effective due to the mixing of the N2p and O2p states thus causing a
significant decrease in the width of the band gap (Ihara et al. 2003; Valentin et al.
2007; Etacheri et al. 2010).

The antibacterial activity of the N-TiO, was tested against E. coli in PBS. The results
of the study showed a 90 % reduction in the number of bacterial cells after 120
minutes of visible light irradiation as compared to 15.5 % reduction with the control

TiO, (Fig. 3.1).
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Fig. 3.1. Antibacterial activity of N-TiO; at 50 pg/ml under visible light in PBS.

It has been reported that the red shift in the absorption edge of N-TiO,, facilitates
absorption in the visible light spectrum due to the nitrogen atoms substituting the

oxygen atoms in TiO, (Irie et al. 2003; Yates et al. 2006). Nitrogen doping not only
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creates intra band gap states close to the valence band edges which facilitates visible
light absorption, but it also shifts the position of flat band potential to a higher level
than that of an undoped TiO,. This increases the driving force of photogenerated
electron and accelerates the reductive process of interfacial electron transfer (Torres et
al. 2004; Valentin et al. 2007; Chen et al. 2009). Hence, the antibacterial activity of
the N doped TiO, may be attributed to the combined effects of effective electron-hole

separation, a narrow band gap and the improved crystallinity and textural properties.

3.7.2 Fe (C/N/S) doped TiO,

Codoping of TiO, with both metal and non metal ions has been reported to shift the
absorption edge of TiO, from UV region to the visible light region. Fe doped TiO,
exhibits a shift of the absorption edge to the visible light region due to the excitation
of the 3d electrons of Fe** to the TiO, conduction band (charge-transfer transition)
(Wang et al. 1999; Shah et al. 2002; Rincon and Pulgarin, 2007). Non metal anions
such as C, N and S are reported to substitute the oxygen atoms in the titania lattices
(Chen et al. 2007; Reddy et al. 2005; Chen et al. 2009; Rockafellow et al. 2009). In
the dopant anions the mixing of their p states with oxygen 2p states, shifts the valence
band edge upwards thereby causing a significant decrease in the width of the overall
bandgap (Chen et al. 2007; Reddy et al. 2005; Chen et al. 2009). N is known to be the
most effective in substitutional doping as it narrows the band gap significantly, while
S is not as effective due to its large ionic radius (Rockafellow et al. 2009; Ihara et al.
2003; Valentin et al. 2007). However, C and S non metal dopants play an important
role in stabilizing metal ion dopants in doped TiO, systems, thereby increasing the
electron-hole separation and decreasing charge carrier recombination (Hamal and

Klabunde, 2007; Yu et al. 2005). Generally, when metal ions and non metal anions

78



Chapter 3

are incorporated in metal oxides the impurity levels formed in the band gap of TiO,
can increase the rate of recombination of charged carriers and improve the
physicochemical properties such as crystallite size, surface area of the codoped TiO,
thereby improving its overall photocatalytic efficiency (Hamal and Klabunde, 2007;

Ohno et al. 2006; Xu et al. 2009).

No of cells per ml

- = - 0.1 % Fe(C/IN/S-TiO,)
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Fig. 3.2. Antibacterial activity of Fe(C/N/S-TiO,) at 50 pg/ml under visible light in

PBS.

Antibacterial studies on TiO, codoped with Fe (0.1 %, 0.3 % and 0.5 %) and non
metal anions C, N and S showed that the reduction in bacterial count was highest for
0.3 % Fe (C/N/S-TiO,) at 82.7 % followed by 60 % reduction for 0.5 % Fe, 47.5 %
reduction for 0.1 % Fe and 39.5 % reduction for C/N/S-TiO, (with no Fe). Fe** ions
adsorbed on the anion doped TiO, have been reported to be efficiently trapped by
photoexcited electrons, thereby causing an improvement in the charge separation
between the charged carriers. The unmodified TiO, showed only 15.6 % reduction in

the bacterial count (Fig 3.2). The results of the study clearly show that 0.3 % Fe
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doped TiO; exhibits the highest antibacterial activity followed by 0.5 % Fe doped
TiO,. It has been reported that for metal ion doped TiO, there is an optimal level of
dopant concentration at which the photoactivity reaches a maximum (Asilturk et al.
2009; Zhou et al. 2005; Ranjit and Viswanathan, 1997). An increase in the dopant
concentration above this level causes the metal ions to behave as recombination
centers. This is because it narrows the space charge region and the light penetration
into TiO, exceeds the width of space charge layer, thereby increasing the carrier
recombination (Carp et al. 2004; Ranjit and Viswanathan, 1997; Gupta and Tripathi,
2011). Also, increasing the Fe®* concentration decreases the photocatalytic activity
because the solubility of iron in TiO, is less than 1 wt % and this leads to the
formation of a separate phase such as Fe,TiOs, which could decrease its activity due
to the transfer of charge carriers from TiO; to Fe,;TiOs (Wang et al. 1999; Zhou et al.
2005). Fe doped C/N/S-TiO; shows better antibacterial activity as compared to doped
TiO, without Fe confirming the role of Fe in the photocatalytic process. Hence, the
antibacterial activity could be mainly attributed to the effect of metal and non metal
ion dopants that either decrease the band gap of the doped TiO, or create a new
electronic state above the valence band or below the conduction band (Ohno et al.
2006; Asahi et al. 2000; Wan et al. 2007). A number of studies have reported the
enhanced photocatalytic activity of non metal anion doped TiO; for the degradation of
methylene blue (Wan et al. 2007; Chen et al. 2007) and organic compounds such as
acetone and phenol (Ihara et al. 2003; Rockafellow et al. 2009). In the study with
C/N/S-TiOg, a 39.5 % reduction in the bacterial count was observed after 120 minutes
of visible light exposure, which is not as significant as compared to 82.7 % reduction
obtained with 0.3 % Fe (C/N/S-TiOy). This could be because the oxygen deficient

sites formed during N doping can serve to block reoxidation (Ihara et al. 2003). Also,
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while N doping can improve absorption in the visible region, it does not necessarily
enhance the quantum yield and the photocatalytic rate (Huang et al. 2006). Moreover,
non metal anion such as S is a weak substitutional dopant, due to its ionic radius, and
in S doped TiO,, the substitutional doping sites act as deep hole traps, reducing the
oxidizing power of the hole (Rockafellow et al. 2009). All these factors may possibly

explain the weak antibacterial activity of C/N/S-TiO..

3.7.3 Ag doped TiO;

Silver nanoparticles are known to show strong visible light absorption because of their
size and shape dependent Plasmon resonance and several studies on the synthesis of
plasmonic photocatalysts of Ag/AgCl which combines the plasmon resonance of
silver with silver halides and exhibit efficient catalysis and stability under visible light
(Wang et al. 2012; Ashkarran A, 2011; Hu et al. 2006). The stability of Ag/AgCl is
attributed to the photons absorbed on silver nanoparticles as the photogenerated
electrons remain in the nanoparticles and are not transferred to ionic form in the
halide lattice (Wang et al. 2012; Hamal and Klabunde, 2007). Moreover, silver is
known to be an excellent antimicrobial agent in both metallic and ionic form and
hence was used for the synthesis of silver doped TiO, photocatalyst.

In the antibacterial study of AgTiO, against E. coli at 50 pg/ml, a much better
antibacterial activity with a 99.99 % reduction in the bacterial count was observed
under visible light irradiation while, only 18.9 % reduction was observed with
undoped TiO, (Fig. 3.3). The photocatalytic activity of AgTiO, could be attributed to
the strong visible light absorption, stability in dispersion and its high antimicrobial
activity. However, similar antimicrobial activity was also observed in the dark

controls which were not exposed to light. This indicated that the antibacterial activity
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of AgTiO, was independent of light illumination and was mainly due to the
antimicrobial properties of silver. There are several reports on the possible
mechanisms by which Ag nanoparticles inhibit microbial growth such as particle
attachment to cell membranes causing the changes of membrane permeability and
redox cycle in the cytosol, intracellular radical accumulation, and dissipation of the
proton motive force for ATP synthesis (Asharani et al. 2009; Rai et al. 2009; Lifen et
al. 2009). In general it has been proposed that silver reacts with the disulfide of
sulfhydryl groups of cells causing structural damage, disruption of metabolic

processes and cell death.
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Fig. 3.3. Antibacterial activity of AgTiO;at 50 pug/ml under visible light in PBS.

3.7.4 Phosphate modified TiO;

Phosphate anions are reported to have a strong affinity towards the surface of TiO; by
the formation of inner-sphere surface complex, which can immensely influence the
interfacial and surface chemistry of TiO, and improve its optical properties by
extending the band gap energy (Zhao et al. 2008; Wu et al. 2007). The adsorption of

phosphate on TiO, takes place mainly through the replacement of the surface
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hydroxyl groups by the phosphate anion thereby decreasing the density of the surface

hydroxyl group.
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Fig. 3.4. FTIR spectra of P-TiO,.

FTIR spectroscopy was carried out to establish the adsorption of phosphate onto the
TiO, surface. The peaks at 747 cm™ and 3200 cm™ assigned for Ti-O-Ti stretching
vibration of Ti and for surface adsorbed water molecules, respectively were observed
for both the control and the modified TiO, (Fig. 3.4). After phosphate modification a
new peak at 1086 cm™ appeared on the shoulder of Ti-O-Ti vibration, which is a
characteristic frequency of phosphate ions (Fig. 3.4). Similar observations have been
reported for the FTIR studies of phosphate modified TiO,, prepared by sol-gel method

and modified with phosphoric acid as the modifying agent (Zhao et al. 2008).
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Fig. 3.5. Antibacterial activity of P-TiO at 50 pg/ml under visible light in PBS.

In the antibacterial study, the phosphate modified TiO, showed a 31 % reduction in
the bacterial count under visible light, as compared to 16.1 % reduction with the
unmodified TiO, (Fig. 3.5). Several studies have reported high photocatalytic activity
of phosphate modified TiO, for the degradation of organics such as phenol, n-pentane
etc. due to extended band gap energy, large surface area and the presence of Ti ions in
a tetrahedral coordination (Zhao et al. 2008). The minimal antibacterial activity
observed in this study could be attributed to the phosphate groups adsorbed on TiO,
surface that facilitate the generation of ‘OH radicals and accelerate the hydroxyl
radical attack by separation of photogenerated holes and electrons due to the negative
electrostatic field of the adsorbed surface anion. In addition, phosphate modification
can also enhance the surface hole and free hydroxyl radical concentration and aid the
hydroxyl radical attack (Zhao et al. 2008). However, as phosphate can inhibit the
adsorption of certain substrates, especially those degraded via the direct hole
oxidation pathway, and has been shown to suppress the photocatalytic process, the

activity of P-TiO, depends on the nature of substrate to be degraded (Zhao et al.
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2008). This could probably account for the weak antibacterial activity of phosphate
modified TiO,, as the negative surface charge due to phosphate adsorption can hinder
the interaction of P-TiO, with the negatively charged cell membrane of E. coli and

decrease its antibacterial efficiency.

3.7.5 Modification of TiO, with organic acids (Salicylic acid, Folic acid, Fumaric
acid, Malic acid and Succinic acid)

Surface modification of TiO, was carried out using salicylic acid, folic acid, fumaric
acid, malic acid and succinic acid and tested for its effect on the enhancement of
antimicrobial activity. Organic acids are known for their complexation ability and,
therefore, the carboxyl groups are widely used as anchors for covalent binding. The
interaction between the RCOOH group and TiO, surface involves the acid
dissociation and exchange of surface hydroxyl groups with carboxylate ions i.e
formation of RCOO-Ti bond (Macyk et al. 2010; Regazzoni et al. 1998; Gaweda et al.
2007; Chakraborty et al. 2010). In case of organic acids with adjacent carboxyl groups
such as dicarboxylic acids (folic acid, fumaric acid, malic acid and succinic acid), the
interaction between the carboxyl groups and TiO, surface to form surface complexes

is more stable than the monocarboxylic acids.
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Fig. 3.6. FTIR spectra of A] FA-TiOy, B] Fu-TiO2, C] MA-TiO,, D] SA-TiO,and

E] S-TiO.

The FTIR studies were carried out to confirm the modification of TiO, by organic
acids. FTIR spectra (Fig. 3.6 A-D) show a broad absorption band in the range of

2500-3600 cm™, which is a characteristic feature of carboxylic acid (Smith, 1999). A
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band at ~1640 cm™ is attributed to the surface adsorbed H,O and the —~OH group of
TiO, (Baranska et al. 2003, Bullen et al. 2008). The presence of bands due to
symmetric stretching vibrations of carboxylate salt (-COOM) at ~1520 cm™ indicates
linkage between the carboxylic acid and titanium atom (Fig. 3.6A-E) (Lai and Lee,
2009). Thus, these observations indicate the chemisorption of carboxylic acid on TiO,
through carboxylate groups.

Hydroxycarboxylic acids such as salicylic acid are photolytes that have a great
affinity for aqueous Ti(IV) and a strong tendency to chemisorb (Macyk et al. 2010;
Regazzoni et al. 1998). Chemisorption of SA on TiO; leads to the formation of inner-
sphere titanium (1V) salicylate surface complexes which present a band with optimum
absorption at ~420 nm due to the intramolecular ligand to metal charge transfer
(LMCT) transition (Macyk et al. 2010; Regazzoni et al. 1998; Jankovic et al. 2009).
These complexes are formed as a result of coordinate bonds between adsorbing
ligands and the surface metal ions (Macyk et al. 2010; Jancovic et al. 2010).

The FTIR studies of salicylic acid modified TiO, shows that, in salicylate bound TiO,
the carboxyl and hydroxyl group vibrations change but the C-H aryl stretches at 1477
cm™ are not affected (Makarova et al. 2000; Macyk et al. 2010). The carboxylate
asymmetric stretch at 1518 cm™ and the symmetric stretch at 1387 cm™ indicates
formation of carboxylate salt (Fig. 3.6E). This also implies that both carboxyl and
hydroxyl groups of salicylic acid are involved in the binding to the TiO, (Makarova et
al. 2000).

After the photogeneration of electron-hole pairs, the free holes can react with salicylic
acid either due to hole capture by surface hydroxyls and subsequent hydroxyl attack
on organic compounds, or direct electron injection by the chemisorbed salicylic acid

(Regazzoni et al. 1998; Jancovic et al. 2010). Hence, salicylic acid was used for the
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surface modification of TiO,. The SA modified TiO, was observed to be yellowish in
color (Regazzoni et al. 1998). In the antibacterial study carried out on E. coli in PBS,
one log reduction (~90 %) in the bacterial count was observed with the modified S-
TiO, while only 15.2 % reduction was obtained with unmodified TiO, after 120
minutes of visible light irradiation (Fig. 3.7). It has been reported that the affinity of
salicylic acid to the titanium surface is dependent on the pH, however, no significant
difference in the antimicrobial activity of the S-TiO, prepared at pH 1.1 and pH 3.4
was noted (Fig. 3.7). Although S-TiO, has been shown to carry out photocatalytic
degradation of organic compounds such as monochlorobenzene (Nsib et al. 2013) and
4-nitrophenol (Xing et al. 2006), no significant antimicrobial activity was obtained

under visible light irradiation.
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Fig. 3.7. Antibacterial activity of S-TiO, at 50 pg/ml under visible light in PBS.

The antibacterial activity of the surface modified TiO, (FA-TiO2, Fu-TiO,, SA-TIO,,
MA-TIO,) was tested against E. coli under visible light irradiation. FA-TiO,, Fu-TiO;
and MA-TIO, exhibited 99 % reduction in the bacterial count whereas only 65 %

reduction was observed in SA-TiO,. TiO, control showed 13.2 % reduction in the
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number of bacterial cells (Fig 3.8). It has been reported that chemisorption of
carboxylic acid on TiO, causes the substitution of the surface OH groups with anionic
species and a shift in valence and conduction bands due to electrostatic repulsion of
electrons within TiO,. In such surface modified TiO; structures the localized orbitals
of surface-attached ligands are electronically coupled with the delocalized electron
levels from the conduction band of TiO, photocatalyst (Macyk et al. 2010; Gaweda et
al. 2007). Hence, light absorption by charge-transfer complexes leads to excitation of
electrons from the ligand to the conduction band of TiO; resulting in a red shift of the
modified TiO, (Gaweda et al. 2007; Carp et al. 2004; Macyk et al. 2010). This could
be the reason for the better activity of FA-TiO;, Fu-TiO; and MA-TiO, than pure
TiO,. The antibacterial activity of organic acid modified TiO, is mainly attributed to
the generation of oxidative radicals that cause oxidative stress in the cells and
subsequent cell death. The visible light activity of modified TiO, may be attributed to
the combined effect of carboxylic acid aided absorption in visible light, coupled with
properties of the acids such as increased uptake (for folic acid) (Chakraborty et al.
2010; Mohapatra et al. 2007) or antibacterial property (for fumaric acid) (Comes and
Beelman, 2002; Alvarez-Ordonez et al. 2009). Antioxidant properties of succinic acid
probably interferes with its antibacterial activity (Mokbel and Hashinaga, 2005;
Comes and Beelman, 2002). The antioxidative action suppresses the action of ROS

involved in photocatalytic inactivation.
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Fig. 3.8. Antibacterial activity of FA/FU/SA/MA-TiO; at 50 pg/ml under visible light

in PBS.

3.7.6 Amino acids

Amino acids adsorb on TiO, surface due to the exchange of hydroxyl groups with
carboxyl ions. During the complexation, ligand to metal charge transfer (LMCT)
interaction occurs that enhances the electronic properties of the semiconductor
nanoparticles causing a red shift in the absorption spectrum (Rajh et al. 2002;
Makarova et al. 2000) The red shift is attributed to the excitation of localized
electrons from the modifier molecule into the band continuum states of TiO,. Apart
from altering the optical properties of the modified TiO,, surface modification also
tunes the effective band gap of modified TiO, which has been reported to be
proportional to the density of delocalized electrons and dipole moment of surface
bound titanium enediol ligand complexes (Durupthy et al. 2007; Cropek et al. 2008;

Monti S. 2007).
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Fig. 3.9. FTIR spectra of Arg-TiO,and Cys-TiO,.

The FTIR analysis was performed to confirm the modification of TiO, by amino acids
(Fig. 3.9). The FTIR spectra show a broad absorption band between 2600 and 3700
cm™, centered at ~3200 cm™, which is the characteristic band for the hydrogen-
bonded OH stretching vibration (Smith, 1999). A band at around 1640 cm™ for Arg-
TiO, and 1625 cm™ for Cys-TiO; is attributed to the adsorbed water bending
(Makarova et al. 2000; Cropek et al. 2008). NH, symmetric stretches at 3298 cm™,
and NH; scissoring at 3167 cm™, are present in the Arg-TiO, spectrum. Band at 1403
cm? is attributed to the -COOM bonds in Cys-TiO, ((Makarova et al. 2000).

It has been observed that charged amino acids can strongly adsorb onto titanium
materials through direct or indirect interactions of their side chains (Monti S. 2007;
Makarova et al. 2000; Durupthy et al. 2007). In this study, TiO, was modified with L-
arginine and cysteine. The antibacterial study against E. coli exhibited a 56 and 54 %
reduction in the bacterial count for Arg-TiO, and Cys-TiO,, respectively, under
visible light exposure for 120 minutes (Fig. 3.10). These results are not very
significant as compared to the antibacterial activity achieved for FA-TiO,, Fu-TiO;
and MA-TiO, and S-TiO, under similar experimental conditions. The lower

antibacterial activity of Arg-TiO, and Cys-TiO; could possibly be due to the
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antioxidative action of the amino acids that can suppress the oxidative action of

reactive radicals generated during photoirradiation.
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Fig. 3.10. Antibacterial activity of Arg-TiO, and Cys-TiO, at 50 pg/ml under visible

light in PBS.

Among the various modifying/doping agents tested for antimicrobial activity in the
visible light, maximal activity was obtained for AgTiO, with 99.99 % reduction in
cell number within 120 min. FA-TiO,, Fu-TiO, and MA-TIO, also showed good
antibacterial activity with 99 % reduction in cell count. These carboxylic acids can be
ideal modifying/functionalizing agents especially since they are generally recognized
as safe (GRAS), non immunogenic, low molecular weight and inexpensive molecules
(Chakraborty et al. 2010; Mohapatra et al. 2007; Comes and Beelman, 2002; Alvarez-
Ordonez et al. 2009). The prospect of using such molecules and silver for
development of TiO, nanocomposites is a promising strategy for the development of
effective and economical antibacterial systems. Hence, further studies have been
carried out and reported in this thesis for the synthesis of functionalized silver based
Ti0, nanocomposites which are biocompatible, stable and exhibit good antimicrobial

activity against an array of microorganisms.

92



Chapter 3

Conclusion

A number of different doped/modified TiO, were synthesized and their antibacterial
activity was determined under visible light irradiation against E. coli. TiO, doping
was done with transition metal ions silver and iron; non metals nitrogen, sulphur,
carbon and surface modification was done with folic acid, amino acids (L-arginine &
Cysteine), organic acids (salicylic acid, fumaric acid, succinic acid and malic acid),
and phosphate. Surface modification was confirmed by FTIR analysis.
Doping/modification showed both positive and negative results in PBS medium,
under different irradiation conditions in comparison to plain TiO,. Among the
transition metal ion doped TiO,, AgTiO, was observed to be very effective in visible
light conditions, whereas Fe (C/N/S)-TiO, little antibacterial activity in visible light.
In Fe (C/N/S)-TiO; it was observed that the antibacterial activity was dependent on
the concentration of Fe** doped. In the case of N doped TiO-, the antibacterial activity
was observed to be slightly better than undoped TiO,. Among the modified TiO,, S-
TiO; and P-TiO, were observed to be more effective than plain TiO, under visible
light. FA-TiO, and Fu-TiO, were observed to have weaker antibacterial activity in
UV light than unmodified TiO,, however, under visible light irradiation they showed
better antibacterial activity compared to unmodified TiO,. Overall, while Ag doped
TiO, exhibited the highest antibacterial activity, P-TiO, also showed good
antibacterial activity. Among the organic acid modified TiO,, the antibacterial activity
was in the order of FA-TiO; > Fu-TiO; > MA-TiO;> S-TiO, > SA-TiO, under visible

light conditions.
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Chapter 4

Functionalization of AgCI/TiO, nanocomposites and evaluation of its

antimicrobial activity against different microorganisms

Abstract

Metal oxide nanoparticles are versatile tools for biological applications and surface
functionalization of these metal oxide nanoparticles add to their versatility since
hybridization with functional molecules provides biocompatibility, catalytic abilities,
and controlled surface properties. Silver based TiO, (AgCI/TiO;) composites have
attracted considerable attention because of their non toxicity and remarkable catalytic
& antibacterial activity. In this chapter we report the synthesis and antimicrobial
activity of functionalized AgCI/TiO, with folic acid (FA-AgCI/TiO,), organic acids
(Fumaric acid (Fu-AgCl/TiOy), Malic acid (MA-AgCI/TiO,) and Succinic acid (SA-
AgCI/TiOz)) and amino acids L-arginine (Arg-AgCl/TiO;) and L-cysteine (Cys-
AQCI/TiOy)). The antimicrobial activity in terms of MIC and MBC of FA-AgCI/TiO,
and Fu-AgCl/TiO, was found to be better than the unfunctionalized AgCI/TiO,.
However, in case of MA-AgCI/TiO, and SA-AgCI/TiO; the MIC and MBC was
higher than the unfunctionalized AgCI/TiO,. Similarly, Arg-AgCIl/TiO, and Cys-
AgQCI/TiO, did not show any enhancement in antimicrobial activity after
functionalization. The characterization studies showed no changes in the crystal
structure and phase of TiO, and a lesser degree of aggregation was observed in case
of functionalized AgCI/TiO, nanocomposites. Further, the physicochemical properties
such as size and surface area of FA-AgCI/TiO, and Fu-AgCI/TiO, were superior to

those of unfunctionalized nanocomposites. The enhanced antimicrobial activity of
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FA-AQCI/TiO, and Fu-AgCl/TiO, is attributed to the increased uptake of
functionalized AgCIl/TiO; that increases the ROS species causing oxidative damage to

the microbial cells.

4.1 Introduction

Development of antimicrobial nanocomposites with metal oxide as the host support
material is a field of immense research interest. A nanocomposite material that can be
successfully used against potential biological threats and can also guarantee the safety
of products related to water, food/beverage packaging or containers for
biomedical/pharmaceutical materials/devices, is the need of the day. Antimicrobials
based on silver nanoparticles, exhibit remarkable activity as they are known to target
multiple cellular sites simultaneously (Rai et al. 2009; Kvitek et al. 2008). However,
the applications of silver nanoparticles in dispersions are limited by the problem of
photooxidation and the formation of spacious aggregates (Ivanova and Zamborini,
2010; Lok et al. 2007). Therefore, an antimicrobial nanocomposite material with
highly dispersed, uniform, small Ag particles, with desired level of Ag loading could
be a major breakthrough (Zhang and Chen, 2009). Among various nanocomposite
structures, TiO, based nanocomposites have attracted much attention due to their high
chemical stability, non-toxicity, faster electron-transfer ability and low cost (Acosta-
Torres et al. 2011; Sun et al. 2009). Further, in such a configuration of AgTiO;
nanocomposite the TiO, particles serve as strong anti-aggregation supports, thus
increasing the active surface area of the antibacterial agent and thereby, the contact
area between the antibacterial agent and the medium (Zhang and Chen, 2009). Hence,
silver-TiO, nanocomposites are promising candidates for applications in food and

beverage industry, water disinfection, therapeutics and biomedical materials (Shah et
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al. 2008; Liu et al. 2008; Su et al. 2009). It is important that the support carrier in a
supported antibacterial material is chemically durable, biocompatible and
antimicrobial in nature (Kawashita et al. 2003; Schierholz et al. 1999). The major
strategies to develop such nanomaterials include capping/functionalization with

specific molecules, compositing with polymers and bioconjugation.

Surface functionalization: The broad area of conjugate chemistry is based on
combining the functionalities of relevant molecules with nonbiologically derived
molecular ~ species in  conformationally  favorable  orientations.  The
stability/biocompatibility of nanocomposites can be improved by functionalization
with hydrophilic biomolecules, which modify their surface properties and function as
barriers against moisture and oxygen (Vimala et al. 2011; Lu et al. 2008). Moreover,
surface charge on the nanoparticles plays an important role in the particle-cell
interactions. Therefore, the negative or positive charge of the particle surface coatings
may lead to alternative interactions with the cell membrane. Surface functionalization
helps in improving particle solubility/dispersibility and stability (Thiel et al. 2007),
increases uptake by cells (Win and Feng, 2005), and further enhances the surface

chemical reactivity for conjugation of bioactive ligands (Nobs et al. 2003).

Folic acid: Among the various redox-active chromophores, folic acid is a low
molecular weight molecule which is stable, inexpensive, and non-immunogenic
(Stella et al. 2000). It can easily be immobilized on metal oxide surfaces due to the
presence of suitable anchoring groups and its hydrophilic nature enhances its
dispersibility and stability in culture medium (Gaweda et al. 2007; Diebold U. 2003).
Moreover, the pterin cofactors to which it belongs have various physiological
functions involving electron-transfer processes (Gaweda et al. 2007; Kritsky et al.
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2001; Moorthy and Hayon, 1977). Folic acid is also essential for nucleotide and cell
wall synthesis in bacteria (Chakraborty et al. 2010; Dulaney and Marx, 1971) and
therefore, when bacteria interact with folate conjugated nanoparticles, they may be
attracted to the folate thereby increasing the prospect of uptake of the nanoparticles by
bacteria (Chakraborty et al. 2010; Stella et al. 2000; Henderson and Potuznik, 1982).
Folic acid conjugated nanoparticles have been used for specific targeting of cancerous
cells (Stella et al. 2000; Lai and Lee, 2009; Asharani et al. 2009). Folic acid tagged
chitosan nanoparticles have been used to deliver vancomycin into drug resistant S.
aureus cells since they can overcome the barrier of the cell membrane (Chakraborty et

al. 2010).

Organic acids (Fumaric acid, Malic acid and Succinic acid): Fumaric acid is a low
molecular weight, unsaturated organic acid and generally recognized as safe (GRAS)
food-grade acidulant (Kondo et al. 2006), which exhibits good dispersibility and
stability in agueous media due to its hydrophilic nature (Kondo et al. 2006; Gaweda et
al. 2007). Malic and succinic acids have generally been used because of their
bactericidal activity, and are generally recognized as safe (GRAS) (Dickson, 1992;
Izat et al. 1989). These are naturally present in a lot of fruits and herbs and are used as
food preservatives and food additives due to their antimicrobial properties (Comes
and Beelman, 2002; Mokbel and Hashinaga, 2005; Skrivanova et al. 2006). Fumaric
acid has been shown to be effective against various microorganisms including
pathogenic bacteria such as Campylobacter jejun, Salmonella typhimurium, E.coli,
Listeria monocytogenes and S. aureus (Kondo et al. 2006; Comes and Beelman, 2002;
Skrivanova et al. 2006). Malic and succinic acids are also reported to exhibit

antibacterial activity against both gram positive as well as gram negative bacteria
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(Skrivanova et al. 2006; Mokbel and Hashinaga, 2005). Thus they find applications as
preservatives in various food products such as fruit drinks, gelatin desserts, meat and
dairy products (Kondo et al. 2006; Comes and Beelman, 2002; Skrivanova et al.
2006). In tissue engineering, fumarate and fumarate based oligomers have been used

to synthesize hydrogels and biomedical implants (Shin et al. 2003; Wang et al. 2006).

Amino acid functionalization: Some molecules of direct relevance to the biochemical
modification of titanium oxide surfaces are self-complementary amphiphilic
oligopeptides that have regular repeating units of charged residues such as amino

acids.

L-arginine is a positively charged amino acid with a high affinity for hydrogen-
bonding, possesses electron-donating properties and binds to the TiO, surface via the
carboxyl group (Makarova et al. 2000; Skubal and Meshkov, 2002). The arginine-
TiO; coupling occurs at different temperatures and most of the electrons are localized
as lattice trapped electrons with high negative redox potential and hence are very
powerful reducing agents. Several reports suggest that surface modifiers with good
affinity to the TiO, surface and good electron donating properties, significantly

enhance the reduction kinetics (Makarova et al. 2000; Cropek et al. 2008).

In case of L-cysteine modified TiO,, cysteine molecules bound to the TiO, surface
trap the holes generated, thereby greatly facilitating the reduction processes
(Konovalova et al. 1999). The —COOH functional surface enhances cell uptake in
relation to the amount of —COOH functionalized on the nanoparticle surface. This
might be due to favorable interactions of the cell with the negatively charged
nanoparticle coating (Holzapfel et al. 2006). However studies have also shown that

excessive concentration of -COOH on the surface results in a negative charge on the
98



Chapter 4

surface, which may cause unfavorable membrane interactions between particles and

cell membranes (Ohya et al. 2004).

The potential use of such molecules to functionalize antimicrobial nanomaterials in
order to improve their efficacy is largely unexplored. With the emergence of multi-
drug resistance among microbial strains which is now a serious health concern of
global dimensions, the prospect of using such molecules for functionalizing
antimicrobial agents is a simple but novel and elegant strategy. In this study, we
report the synthesis of folic acid, fumaric acid, malic acid, succinic acid as well as L-
arginine and cysteine functionalized AgCI/TiO; by a simple, sol-gel method. Some of
the functionalized nanocomposites (FA-AgQCI/TiO, and Fu-AgCl/TiO,) exhibited
better  antimicrobial activity compared to unfunctionalized AgCI/TiO;

nanocomposites when tested against representative bacterial and fungal cultures.

4.2 Materials and Methods
4.2.1 Synthesis of functionalized nanocomposites

A) Folic acid-AgCI/TiO; (FA-AgCI/TiO2) nanocomposites

Functionalization of AgCIl/TiO, with folic acid (98 %, Hi-media Laboratories, India)
was carried out as per Gaweda et al % with modification in folic acid concentration.
The AgCI/TiO, nanoparticles (1 atomic % silver) were synthesized by simple sol-gel
method as described in chapter 2, section 2.2.1. For functionalization with folic acid,
1.35 mM solution of folic acid in DMF (99.8 %, Fisher Scientific, India) was heated
at 80 °C for 10 min. The solution was cooled and filtered after addition of an equal
volume of deionized water. AgCI/TiO, powder was added to the filtered folic acid

solution and stirred for 10 min. The modified AgCI/TiO, was washed five times each
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with DMF followed by distilled water. The folic acid modified AgCI/TiO, was dried

in air to obtain a fine yellow powder and designated as FA-AgCI/TiO,.

B) Fumaric acid-AgCI/TiO, (Fu-AgCI/TiO;), Malic acid-AgCl/TiO, (MA-

AgCI/TiO,) and Succinic acid-AgCIl/TiO;, (SA-AgCI/TiO,) nanocomposites

The synthesis and functionalization of fumaric acid-AgCl/TiO,, malic acid-
AgCI/TiO; and succinic acid-AgCl/TiO, nanocomposites was carried out using ~8.61
mM fumaric acid and ~16.78 mM of malic & 15.24 mM succinic acid (99 %, Hi-
media Laboratories, India), as per the procedure described in section 5.2.1. The fine
white powders of fumaric acid, malic acid and succinic acid modified AgCI/TiO,

were designated as Fu-AgCl/TiO,, MA-AgQCI/TiO; and SA-AQCI/TiO,, respectively.

C) Arginine-AgCI/TiO, (Arg-AgCI/TiO,) and Cysteine-AgCIl/TiO, (Cys-

AgCI/TiO,) nanocomposites

The synthesis and functionalization of Arginine-AgCIl/TiO; and Cysteine-AgCI/TiO;
nanocomposites was carried out using L-arginine (~0.015 M in DMF) and L-Cysteine
(0.05 M in DMF) (99 %, Sd fine chemicals, India), as per the procedure described in
section 5.2.1. The functionalized AgCI/TiO, was designated as Arg-AgCIl/TiO, and

Cys-AgCI/TiO, for arginine and cysteine, respectively.

4.2.2 Microbial cultures

The microbial cultures were procured from NCIM Pune and MTCC Chandigarh,
India. Nutrient broth (NB)/Saborauds Dextrose broth (SDB) medium (Hi-media
Laboratories, India) was used for enrichment and growth. Exponential phase cells at a
concentration of ~10° cfu/ml were used as inoculums for antimicrobial tests. The five

microbial cultures used were Escherichia coli NCIM 2345, Micrococcus luteus,
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Pseudomonas aeruginosa MTCC 2581, Staphylococcus aureus MTCC 737 and

Candida albicans MTCC 3958.

4.2.3 Antimicrobial activity evaluation

4.2.3.1 Determination of MIC and MBC

The MICs of the functionalized nanocomposites (FA-AgCI/TiO,, Fu-AgCIl/TiO,, MA-
AgCI/TiO,, SA-AgCI/TIO,,  Arg-AgCl/TiO,, and  Cys-AgCl/TiO,) and
unfunctionalized AgCI/TiO, were determined using a microtitre resazurin assay which
is a modification of the Clinical and Laboratory Standards Institute (CLSI)-approved
microtitre serial dilution method (LiPuma et al. 2009). All the functionalized
nanocomposites along with unfunctionalized AgCI/TiO, were tested for antibacterial
activity against Gram negative E. coli and Gram positive M. luteus. Double strength
Mueller Hinton broth (MHB) was added to sterile 96 well microtiter plates. This was
followed by addition of an appropriate amount of the functionalized nanocomposite
and unfunctionalized AgCI/TiO; from a stock concentration of 1 mg/ml prepared in
sterile deionized water. 10 pl of 0.1 % resazurin sodium salt (Sigma-Aldrich) was
subsequently added to each well. Resazurin, a nonfluorescing blue dye, is reduced to
resorufin, a fluorescing pink dye, in the presence of actively metabolizing cells.
Finally, exponential phase bacterial/fungal cells were added to the wells at a final cell
concentration of 10° cfu/ml and the volume was made upto 200pl using deionized
water. Microtiter plates were incubated in the dark at 37°C on a shaking incubator.
The MICs were recorded after 24 h as the lowest concentration of the nanocomposite
at which no blue to pink color change was observed. The following controls were run

simultaneously during the experiment: i) Only bacteria (Positive control) ii) Only
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growth medium iii) Medium + resazurin dye iv) Medium + Resazurin dye +

functionalized nanocomposite or unfunctionalized nanocomposite.

To determine MBC, the wells in the microtitre plate with no color change were spot
inoculated on nutrient agar (NA) plates and incubated at 37 °C for 24 h. The

concentration at which no growth was observed was recorded as the MBC value.

Based on the antibacterial results, FA-AgCI/TiO, was further tested against Gram
positive S. aureus, Gram negative P. aeruginosa and a fungal strain of C. albicans for
determination of MIC and MBC using the same procedure described above. Double
strength Yeast extract sucrose medium (YES) was used for the MIC studies of C.
albicans and Sabourauds dextrose agar (SDA) plates were used for the MBC studies.

The incubation was carried out at 30 °C.
4.2.3.2 Study by microbial inactivation kinetics

The time required for the inactivation of test microorganisms in presence of FA-
AgCI/TiO,, Fu-AgCI/TiO, and AgCI/TiO, was determined by conventional plate
count method. Exponential phase microbial cells (10° cfu/ml) were added to 50 pg/ml
of FA-AQCI/TiO, or AgCI/TiO; suspension prepared in PBS. The suspension was
incubated at 37/30 °C and 110 rpm. Similar studies for Fu-AgCI/TiO, and AgCI/TiO,
in PBS were carried out for two bacterial cultures E. coli and M. luteus at 100 pg/ml.
Aliquots were withdrawn after 30, 60, 90 and 120 min and plated out on NA/SDA
plates after appropriate dilutions. The plates were incubated at 37/30 °C for 24 h and

the colony count was calculated and expressed as cfu/ml.
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4.2.4 Characterization studies of FA-AgCI/TiO, and Fu-AgCI/TiO,

The synthesized nanocomposites were characterized by XRD analysis, N, adsorption-

desorption analysis, and TEM imaging as described in section 2.2.2 of chapter 2.
4.2.4.1 Particle size analysis

The particle size of the nanocomposite samples was determined using a particle size
analyzer (Delsa Nano S, Backman Coulter, USA) at 25 °C. The average values of the
particle size and polydispersity, defined as relative width of the size distribution, were

determined from the DLS measurements.
4.2.4.2 FTIR analysis

FTIR spectroscopy was carried out using FTIR-IR Affinity — 1 01660, Shimadzu. All
samples were milled with spectroscopic grade potassium bromide (KBr, Merck), and
a pellet of the mixture was pressed into a disc, placed in the solid cell, and scanned in

the range of 400-4000 cm * against a KBr control.
4.2.4.3 EDAX analysis

EDAX analysis of the samples was carried out using a SEM-EDAX, JEOL JSM-6360

LV, after coating with platinum by JEOL JFC-1600 Autobine sputter.
4.2.5 Hemolytic assay

For any biomedical applications or in-vivo studies, it is essential to assess the
hemolytic activity of a new compound or material. Hemolytic activity of FA-
AgCI/TiO,, Fu-AgCI/TiO, and AgCI/TiO, was evaluated on red blood cells according
to the method described by Parnham, Yinghui et al (Landi et al. 2000; Chen et al.

2008). Sterile saline solution (1.25 ml) was added to 1 mg of Ag-HAp. 2 ml blood
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was collected from a healthy human and diluted with sterile saline solution to make
the final volume to 5 ml. The diluted blood (20ul) was then added to the tubes
containing FA-AgCI/TiO, at concentrations of 150, 100 and 50 pg/ml; Fu-AgCIl/TiO;
at concentrations of 250, 200 and 150 pg/ml and AgCI/TiO; control at 250, 200 and
150 pg/ml, in sterile saline solution and incubated at 37°C for 30 min. Subsequently,
the tubes were incubated for 60 min in water bath shaker at 37°C and centrifuged at
700X g for 10 min. Sterile saline solution and distilled water were used as the
negative and positive controls, respectively. The amount of free hemoglobin was
determined by measuring the absorbance of the supernatant at 540 nm (UV
Spectrophotometer Shimadzu UV 2450). The hemolysis rate (HR) was calculated

using (Zheng et al. 2009):

Dt — Dnc
HR = ——x 100%,
Dpc — Dnc

Where, HR is the hemolysis ratio and Dt, Dnc and Dpc are the average absorbance

values of test samples, negative controls and positive controls, respectively.
The hemolytic assay was carried out in duplicates to ensure repeatability.
4.2.6 Scanning Electron Microscopy (SEM)

Exponential phase E. coli cells (~10° cfu/ml) were suspended in medium containing
FA-AQCI/TiO; and Fu-AgCI/TiO; (50 pg/ml) and incubated for 2 h at 37 °C. The
cells were washed with PBS, and fixed with 2 % glutaraldehyde (Electron microscopy
grade, Hi-media Laboratories, India) solution for 1 h (Su et al. 2009; Hartmann et al.
2010). Subsequently, the cells were given three washings with 0.1 M PBS (pH 7.2)

and sequentially dehydrated using ethanol/H,O mixture of 10, 25, 50, 75, 90 (v/v %)
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and finally with 100 % ethanol, followed by air drying. The dried cells were then
coated with platinum by JEOL JFC-1600 Autobine sputter and the images were taken
with a JEOL JSM-6360 LV Scanning Electron Microscope at a voltage of around 6
kV. A control sample wherein the cells were not exposed to FA-AgCI/TiO; or Fu-

AgCI/TiO, was similarly processed.
4.2.7 Detection of intracellular reactive oxygen species (ROS)

Intracellular ROS was estimated using 2°,7’- dichlorofluorescein diacetate (DCFH-
DA). The oxidation of non-fluorescent DCFH to highly fluorescent 2°,7°-
dichlorofluorescein (DCF) provides a quantitative estimate of ROS formation (Liu
and Hurt, 2010; Su et al. 2009). The bacterial cells (10° cfu/ml) were suspended in
PBS and exposed to 50 ug/ml FA-AgCI/TiO, for 2 h. DCFH-DA (20 uM) was added
and the suspension incubated at 30°C for 30 min. Cells were separated by
centrifugation at 70 RCF for 4 min and washed with PBS. The pellet was resuspended
in PBS and the fluorescence was recorded at 521 nm using JASCO FP-6300
spectrofluorometer (Tokyo, Japan). ROS was also estimated in bacterial cells pre-
exposed to 5 mM of N-acetyl cysteine for 2 h in PBS prior to FA-AQCI/TiO;
exposure. All the experiments for antimicrobial studies were carried out in triplicates

to ensure reproducibility.
4.2.8 Study of microbial inactivation kinetics in presence of antioxidants

To further substantiate the role of ROS species in the antimicrobial activity of FA-
AgCI/TiO, antimicrobial studies against E. coli were carried out in presence of two
different antioxidants, glutathione (GSH) and N-acetyl cysteine (NAC). FA-

AgCI/TiO; at a concentration of 400 pg/ml was added to MHB medium followed by
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10° cfu/ml cells and 10 mM of antioxidants. The suspension was mixed gently and
incubated on a shaking incubator at 37 °C. Aliquots were withdrawn after 30, 60, 90
and 120 min and plated out on nutrient agar plates after appropriate dilution. The

plates were incubated at 37 °C for 24 h and the plate count was recorded as cfu/ml.

All glassware and accessories used were washed and rinsed with distilled water and
autoclaved at 121 °C for 15 min to ensure sterility. Deionized water was used

throughout the experiments. PBS used was 0.1 M (pH of 7.2).
4.3 Results and Discussion
4.3.1 Synthesis & characterization of functionalized AgCI/TiO;

The AgCI/TiO, (1 atomic %) nanocomposites were synthesized by one pot sol-gel
method. The sol-gel approach allows narrow crystallite size distribution even at high
dopant loading, resulting in high surface area of the active doping agent and is
considered to be the most suitable route for the synthesis of supported antimicrobial
materials (Zhang and Chen, 2009; Desai and Kowshik, 2009; Thiel et al. 2007). The
synthesized nanocrystalline AgCI/TiO, was functionalized with the following agents:
folic acid, fumaric acid, Malic acid, Succinic acid, L-arginine and L-Cysteine by the
chemisorption of functionalizing agent onto its surface (Gaweda et al. 2007). This
approach, where a functionalizing agent (such as an organic acid) is conjugated on
synthesized nanoparticles, is advantageous as the molecules tend to bind only to the
surface functional groups of nanoparticles and be available for binding to the target
cells instead of getting incorporated into the particles core (Stella et al. 2000). The
functionalized AgCI/TiO; in all the above cases was found to be a more free flowing

powder than the unfunctionalized AgCI/TiO, The antimicrobial studies of the
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functionalized nanocomposite samples against E. coli and M. luteus were carried out

to check for the enhancement in antibacterial activity after functionalization. The

results of the MIC and MBC obtained for the antimicrobial study are tabulated in

table 4.1.

Table 4.1. The MIC and MBC values determined by the resazurin assay.

E. coli M. luteus

Nanocomposite

sample MIC MBC MIC MBC

(ng/ml) (ng/ml) (ng/ml) (ng/ml)

FA-AQCI/TiIO; 100 <125 100 500
Fu-AgCI/TiO, 150 200 200 300
SA-AgQCI/TiO; >250 400 300 >500
MA-AgQCI/TIO, 250 350 250 >500
Arg-AgCl/TiO, 250 300 300 >500
Cys-AgCI/TiO, 300 >350 300 >500
AgCI/TIO, 200 250 200 >500

It was observed that FA-AgCI/TiO, and Fu-AgCI/TiO,, both showed improved MIC
and MBC values against both E. coli and M. luteus compared to the unfunctionalized
AgCI/TiO,. However, in case of MA-AQCI/TiO,, SA-AQCI/TiO,, Arg-AgCl/TiO,,
and Cys-AgCI/TiO,, no improvement in antibacterial activity was observed and the
unfunctionalized AgCI/TiO, appeared to be a more effective antibacterial agent than

the functionalized nanocomposites.
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Folic acid is an essential nutrient for the nucleotide and cell wall synthesis in bacteria
(Chakraborty et al. 2010; Dulaney and Marx, 1971) and bacteria have folate binding
proteins on their surfaces (Chakraborty et al. 2010; Stella et al. 2000). Hence, during
the interaction of FA-AgCI/TiO, nanocomposite with microbial cells, the lure of a
nutrient like folic acid combined with the possibility of interaction of folic acid with
folate binding proteins, increases the chances of its uptake by the bacterial cells. The
antibacterial effect of fumaric acid (in Fu-AgCl/TiO;) is mainly due to the
undissociated form of acids which lack charge, are hydrophobic and hence can diffuse
through the cell membrane of bacteria causing cell death (Comes and Beelman, 2002;
Alvarez-Ordonez et al. 2009). Fumaric acid alone did not exhibit any antimicrobial
activity at the concentration used for functionalization. Fumaric acid, exhibits good
antimicrobial activity compared to other organic acids but the concentration at which
antimicrobial activity is achieved is quite high, in the range of ~5 mg/ml (Comes and
Beelman, 2002; Skrivanova et al. 2006), because of its limited water solubility
(Windholz, 1976). However, in combination with other chemical or physical
interventions such as UV light, heat, chlorine dioxide, sodium benzoate etc an
improved synergistic antimicrobial effect has been achieved (Comes and Beelman,
2002; Skrivanova et al. 2006; Kim et al. 2009). Thus, fumaric acid is a good candidate
for functionalization of nanoparticles so as to make them more dispersible, stable and

biocompatible for antimicrobial applications.

In case of malic acid and succinic acid functionalized nanocomposites the
antibacterial activity is mainly due to the oxidative radicals. However, when such
compounds are used in aqueous suspensions they display significant antioxidant

properties and low antimicrobial activity (Mokbel and Hashinaga, 2005). Hence,
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although the antibacterial activity of the silver based TiO, nanocomposites are mainly
attributed to the reactive oxygen radicals, the antioxidative action of malic and
succinic acid probably neutralized the oxidative reactive radicals thereby decreasing

the antibacterial effects of such functionalized nanocomposites.

Arginine and cysteine binds to the TiO, surface via the carboxyl group and the
binding is most probably bidentate (Makarova et al. 2000; Cropek et al. 2008).
Although many surface functional groups have been studied for functionalization, the
core groups are the amine (-NH2), hydroxyl (-OH), and carboxyl (-COOH) groups.
Interaction of nanoparticles with cells depends on the surface charge and
functionality. The antibacterial activity results indicate the higher antibacterial activity
of unfunctionalized AgCI/TiO, than the functionalized AgCI/TiO,, and Arg-
AQCI/TiO; (with positively charged -NH2) shows comparatively better antibacterial
activity than the Cys-AgCIl/TiO, (with —SH group). The positively charged -NH2
group facilitates particle aggregation on negatively charged cell membrane thus aiding
in particle uptake by cells (Lorenz et al. 2006; Holzapfel et al. 2006). This could
explain the mild antibacterial activity of the functionalized AgCI/TiO,. The negative
antibacterial effect of functionalized AgQCI/TiO, compared to unfunctionalized
AgCI/TiO, could, on the other hand be attributed to the antioxidative mechanism of
action of arginine and cysteine (Cropek et al. 2008; Makarova et al. 2000) which is
likely to suppress the oxidative action of the reactive radicals. Also, the thiol group in
cysteine can bind to the Ag in the nanocomposite, thereby hindering its interaction

with bacterial cells, which could explain the decreased activity of Cys-AgCIl/TiO..
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4.3.2 Studies on microbial inactivation kinetics

Mueller Hinton Broth (MHB) is a complex nutrient media containing organic
components, minerals, sugars etc and the complexity and ionic strength of a medium
are important factors for the antimicrobial activity. Since FA-AgQCI/TiO, was
observed to be the most effective nanocomposite against E. coli, and M. luteus, it was
also tested against three other microbial cultures. Studies on microbial inactivation in
PBS showed that inactivation could be achieved at 50-100 pg/ml (0.59 tol.1 pg/ml
Ag) in 2 h, as compared to concentrations of 125 to 1000 pg/ml (1.5 to 11.7 pg/ml
Ag) required for inactivation in MHB medium. FA-AgQCI/TiO; exhibited better
antimicrobial activity in PBS compared to AgCI/TiO,, with 10 times higher reduction
in microbial count for E. coli, M. luteus and C. albicans and 100 times higher
reduction for P. aeruginosa after 2 h of exposure (Fig. 4.1). In case of S. aureus,
complete inhibition was obtained at 100 pg/ml (1.17 pg/ml of Ag) for FA-AgCI/TiO;

as against a 3 log reduction for AgCI/TiO..
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Fig. 4.1. Photographs showing the comparison between antimicrobial activity of (A)
FA-AQCI/TiO; and (B) AgCI/TiO, for the various test organisms (from top to bottom)
E. coli, P. aeruginosa, M. luteus, S. aureus* and C. albicans at a concentration of 50
pg/ml. For S. aureus* the concentration used was 100* pg/ml (C) shows the growth

of test organisms in the absence of the nanocomposite.
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Fig. 4.2. Antimicrobial activity of (A) Fu-AgCIl/TiO, and (B) AgCI/TiO; for the test

organisms, E. coli (top) and M .luteus (bottom) at a concentration of 100 pg/ml. (C)

shows matt growth of cells in the absence of nanocomposite.

In case of Fu-AgCI/TiO, complete bacterial inactivation was achieved at 100 pg/ml
(1.17 pg/ml of Ag) for E. coli and M. luteus, in PBS as shown in Fig. 4.2. However, in
MHB medium the concentration of Fu-AgCI/TiO, required for complete bacterial
inactivation was 200 pg/ml (2.34 pg/ml of Ag) for E. coli and 300 pg/ml (3.51 ug/ml
of Ag) for M. luteus after 24 h of incubation. This can be attributed to the fact that the
complexity and ionic strength of the media, can inhibit the release of antimicrobial
components from the composite/material (Noda et al. 2009; Ando et al. 2010).
Further, in case of FA-AgQCI/TiO, and Fu-AgCI/TiO, nanocomposites, the reactive
oxygen species generated can be scavenged by the components of the complex media
thereby lowering its antibacterial activity (Li et al. 2011; Ando et al. 2010). Therefore,
the concentration of nanocomposites required for the complete inactivation of
microorganisms in PBS is much lower as compared to the concentration required in

MHB, which isa complex medium.
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Further, the FA-AgCI/TiO, showed enhanced antimicrobial activity against Gram
negative P. aeruginosa, Gram positive S. aureus and a fungal strain of C. albicans.

The MIC and MBC values obtained for FA-AgCI/TiO, are shown in Table 4.2.

Table 4.2. The MIC and MBC values obtained for FA-AgCI/TiO, and AgCI/TiO,

against the test microorganisms by resazurin assay.

Microorganisms MIC (ng/ml) MBC (png/ml)
FA- AgCI/TiO; FA- AgCI/TIO;

AgCI/TIO; AgCI/TIO;
Pseudomonas 100 150 100 150
aeruginosa 2581
Staphylococcus 500 600 1000 >1000
aureus 737
Candida 100 150 350 350

albicans 3958

Silver based TiO, nanocomposites with support materials such as silica, SBA-15,
zeolites have been reported to exhibit antimicrobial activity in growth medium in the
concentration range of 15.88 to 358.5 pg/ml (Ag concentration 35.94 pg/ml) for both
Gram-negative and Gram-positive cultures (Ferreira et al. 2012; Min et al. 2010;
Nino-Martinez et al. 2008; Li et al. 2011). In the present study FA-AgCI/TiO; exhibits
antimicrobial activity at a much lower concentration of 100 pg/ml (Ag concentration
1.17 pg/ml) for E. coli, P. aeruginosa, M. luteus and C. albicans, whereas S. aureus
was inhibited at 500 pg/ml (Ag concentration 5.85 pg/ml). Thus, the MBC values for
the gram-negative cultures are much lower compared to the gram-positive cultures.
The antibacterial activity for Fu-AgCl/TiO, was obtained at 150 to 200 pg/ml, wherein
the effective silver concentration was 1.75-2.34 pg/ml. Similar observations have

been reported for various silver based antimicrobial compounds and have been
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attributed to the difference in the composition of cell walls of these microorganisms.
As compared to Gram negative cells, Gram-positive cells have a thick peptidoglycan
layer in the cell walls. Peptidoglycan contains teichoic acids or lipoteichoic acids
which bind free Ag” ions due to their negative charge. Thus, the thick cell wall of
Gram-positive bacteria protects the cell by sequestering free silver ions and
preventing their influx into the cytoplasmic membrane (Egger et al. 2009; Li et al.
2011; Feng et al. 2000). In addition, S. aureus is known to have the enzyme catalase
which could neutralize the H,O, generated during silver toxicity, thereby intercepting
the route for formation of ‘OH by decomposition of H,O, (Chang et al. 2008). The
oxidation state of silver plays an important role in its antimicrobial activity and silver
ions from AgCl induce more inhibitory effect than the metallic silver when present in

nanocomposites (Ferreira et al. 2012; Chang et al. 2008; Sondi and Sondi, 2004).

The MIC and MBC values of FA-AgCI/TiO; towards C. albicans were 100 pg/ml
(1.17 pg/ml of Ag) and 350 pg/ml (4.095 pg/ml of Ag) respectively. The antifungal
activity of silver based nanocomposites has not been extensively studied and the MIC
values reported for AgTiO, and Ag-silica are in the range of 15 to 25 pg/ml of Ag
(Ferreira et al. 2012; Egger et al. 2009). The 1Cgy values for silver nanoparticles of 3
nm sizes have been reported to be in the range of 2 to 4 ug/ml (Keuk-Jun et al. 2008;
Keuk-Jun et al. 2009). In the present study, antimicrobial activity was achieved at a
much lower effective silver concentration of 1.17 pg/ml. The antifungal activity of
silver nanoparticles against C. albicans has been attributed to the disruption of cell

membrane structure (Kim et al. 2009).

Since only FA-AgCI/TiO, and Fu-AgCI/TiO, showed an improvement in
antimicrobial activity upon functionalization further characterization studies were
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carried out to investigate their physicochemical properties, the efficiency of

functionalization and the effects of these factors on antimicrobial activity.

4.3.3 Characterization studies

To investigate the average crystallite size and phase structure of the nanocomposites,
X-ray diffraction studies of FA-AgCI/TiO, and Fu-AgCI/TiO, were carried out. The
analysis results showed that the lattice parameters and the crystal structure of TiO; in
both the nanocomposites corresponded to the anatase phase (ICDD card no. 21-1272)
(Fig. 4.3). In addition, the diffraction peaks at 20 = 27.74°, 32.18°, 46.18°
corresponded to the planes for cubic AgCI (chlorargyrite) phase (ICDD card no. 31-
1238). The diffraction peaks of AgCl were sharper than the TiO, peaks, which
suggest that the AgCIl nanocrystallites embedded in the nanocomposite matrix were
well crystallized. Line broadening of the diffraction peaks was observed indicating
that the synthesized material was in nanometer range. The crystallite size calculated
for (1 0 1) peak of anatase TiOz and (2 0 0) peak of AgCl, using Scherrer’s formula
was ~6.5 nm and ~42.4 nm for FA-AgCI/TiO; and ~6 nm and 43.2 nm for Fu-
AgCI/TiO,, respectively. The XRD analysis results confirm the formation of

AgCI/TiO, nanocomposite.
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Fig. 4.3. X-ray diffractogram of A] FA-AgCl/TiO, and B] Fu-AgCl/TiO,

nanoparticles showing peaks for the anatase phase of TiO, and cubic AgCI.

Several AgCI based composites with different host supports such as silica, titania and
alumina have been reported, wherein the highly crystallized AgCl is present as cubic
phase of chalcoargyrite and exhibit good antimicrobial activity (Naik et al. 2011; Min

etal. 2010; Tan et al. 2009).

The pore size distribution of FA-AgCI/TiO, and Fu-AgCI/TiO, was determined by
nitrogen adsorption-desorption isotherm and showed type IV isotherm with H2
hysteresis loop (Fig. 4.4A and Fig. 4.5), which is a characteristic of mesoporous
materials having interconnected pore structure (Sing et al. 1985). The pore volume by
BJH (Barrett-Joyner-Halenda) desorption method was found to be 0.28 cm®/g for FA-
AgCl/TiO, and 0.34 cm®/g for Fu-AgCl/TiO,, The BET (Brunauer-Emmett-Teller)
surface area of FA-AgCI/TiO, was ~258.5 m?/g with an average pore size of 3.9 nm
(Fig. 4.4B) and ~320.7 m?/g with an average pore size of 3.8 nm for Fu-AgCl/TiO,
(Fig. 4.5). The BET surface area of the AgCI/TiO, was ~245.25 m%g with an average

pore size distribution of 4.49 nm. The primary particle size of FA-AgCI/TiO, and Fu-
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AgCI/TiO, was also calculated using the BET model and was found to be ~5.5 nm

and ~4.42 nm, respectively.
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Fig. 4.4B. Plot showing the average pore size distribution in FA-AgCI/TiO;

nanocomposite.

The surface area and pore size analysis of the functionalized nanocomposites exhibits
a high surface area and pore volume and is expected to contribute towards the

improved antimicrobial activity of the material.
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Fig. 4.5. The N, adsorption-desorption isotherm of Fu-AgCI/TiO,: (A) Hysteresis

loops and (B) BJH pore size distribution.

It has been suggested that BET surface area of AgCI/TiO, nanocomposites depends
on the concentration of Ag loading, (Zhang and Chen, 2009; Liu et al. 2008; Tan et al.
2009) temperature and time of calcination, and the precursors used for doping (Hamal
and Klabunde, 2007). High BET surface areas as seen in this study have been reported
for other silver based nanocomposites such as Ag-silica, Ag-SBA 15 etc (Egger et al.

2009; Min et al. 2010; Naik et al. 2011).

The mesoporous nature of the irregularly ordered TiO, matrix was also observed in
the TEM micrographs of FA-AgCI/TiO; and Fu-AgCI/TiO, nanocomposites (Fig. 4.6
and Fig. 4.7). The FA-AgCI/TiO, nanocomposite constituted ~5-9 nm nanocrystallites
agglomerated together to form a mesoporous structure and appeared slightly foggy
possibly due to the presence of folic acid. Similar observations have been reported for
folic acid modified TiO, (Lai and Lee, 2009). The Fu-AgCl/TiO, nanocomposite
constituted ~4-5 nm crystallites. Such an agglomerated, mesoporous structure is ideal

for higher and improved surface properties, since it helps in the easy adsorption of
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reactant molecules on the matrix surface and helps in the controlled release of silver

ions (Ferreira et al. 2012; Naik et al. 2011).

Fig. 4.6. The TEM micrographs showing the nanocrystallite size of FA-AgCI/TiO,
nanocomposite.

The nanocrystallites were observed to possess a mixed morphology and the TEM
observations were in agreement with the N, adsorption-desorption data. The results
obtained by XRD, TEM and BET studies were found to be in agreement with each
other, and the crystallite/particle size of functionalized AgCI/TiO, for all these

techniques was in the size range of 4-7 nm.

Fig. 4.7. The TEM micrographs showing the nanocrystallite size of Fu-AgCl/TiO;

nanocomposite.

119



Chapter 4

DLS measurements were carried out to determine the average values of the particle
size and the polydispersity of the sample, defined as the relative width of the size
distribution. The average particle size obtained for FA-AgCI/TiO, was ~241 nm while
for Fu-AgCI/TiO; it was 290.4 nm (Fig. 4.8A and Fig. 4.9A). The number distribution
plots of FA-AQCI/TiO, showed that a majority of the particles were in the size range
of 4-9 nm which corresponds to the size of nanocrystallites which agglomerate to
form a mesoporous matrix (Fig. 4.8B). In Fu-AgCI/TiO,, the particle size range was
observed to be 2-7 nm (Fig. 4.9B). The particle size analysis of unfunctionalized
AgCI/TiO; showed a cumulant mean diameter of ~206.3 nm as compared to ~241 nm
and 290 nm for FA-AQCI/TiO, and Fu-AgCIl/TiO, respectively, suggesting a
conjugation between the folic acid/fumaric acid and TiO,. Similar observations have
been reported by Chakraborty et al. and Lai & Lee for folic acid tagged chitosan
nanoparticles and folic acid functionalized TiO, nanoparticles, respectively. Thus, the
nanoparticle aggregation increases size but preserves the surface area within the

nanocomposite aggregate (Liu and Hurt, 2010).
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Fig. 4.9. The particle size analysis of Fu-AgCI/TiO, nanocomposite by A] Intensity

size distribution B] Number distribution in DLS.

FTIR analysis of FA-AQCI/TiO; (Fig. 4.10) and Fu-AgCI/TiO; (Fig. 4.11) was carried
out to study the type of conjugation between the functionalizing agent with
AQCI/TiO; and the extent of functionalization. Fig 4.10 shows the characteristic IR
absorption bands of folic acid at 1610 cm™ for benzene, conjugated double absorption
showing that the surface of AgCI/TiO, was modified by folic acid (Wan et al. 2011).
A broad, intense O-H stretching band observed from 3500 to 2500 cm™* is the
characteristic spectral feature of carboxylic acid present in folic acid (Smith, 1999).
The broad bands around 3439 cm™* and 1637 cm™* for FA-AgCI/TiO, and around
3435 cm™ and 1640 cm™ for Fu-AgCl/TiO; are attributed to the surface-adsorbed H,O
and the -OH group of TiO, (Tan et al. 2009; Wan et al. 2011). The appearance of
bands due to asymmetric and symmetric stretching vibrations of carboxylate salt (—
COOM) at 1512 cm™* and 1448 cm ™ indicated the formation of linkage between
carboxylic acid of FA and the titanium atom (Lai and Lee, 2009). Thus, these
observations indicate that chemisorption of folic acid on TiO;, involves the
carboxylate groups of the glutamate side chain, due to the strong affinity of TiO,

towards COO" groups (Gaweda et al. 2007; Lai and Lee, 2009).
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Fig. 4.10. The FTIR spectra of (A) FA-AgCI/TiO, and (B) AgCI/TiO,

An FTIR spectrum for Fu-AgCl/TiO, is shown in Figure 4.11. Similar to FA-
AgCI/TiO; a broad, intense O-H stretching band was observed from 3600 to 2500
cm *. This is an overriding feature of carboxylic acid present in fumaric acid (Smith,
1999). Characteristic bands at ~1627 cm™ and ~1082 cm™ are attributed to C=C
stretching, and asymmetrical C-O-C stretching, respectively. The band at 894 cm™ is
ascribed to the esters of fumaric acid. Carboxylate binding site can be identified at
~1620 cm™, and ~1521 cm™, carboxylate peaks are detected at 1630 and 1513 cm™,
while C=C aromatic stretch is detected at 1599 cm™ (Cheyne et al. 2011). Hence, the
chemisorption of fumaric acid on TiO; occurs most probably through the two trans-
carboxylic acid groups due to the strong affinity of TiO, towards COO™ groups

(Gaweda et al. 2007; Cheyne et al. 2011).
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Fig. 4.11. The FTIR spectra of Fu-AgCI/TiO, nanocomposite.

The EDAX analysis for AgCI/TiO, was carried out to determine the elemental
composition of the nanocomposite samples. The Ag and Cl peaks were seen at ~2.7

KeV, followed by stronger Ti peaks at 4.5 KeV and 5 KeV (Fig. 4.12).
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Fig. 4.12. EDAX spectrum of AgCI/TiO; nanoparticles.

The improved antimicrobial activity of FA-AgCl/TiO, and Fu-AgCl/TiO;
nanocomposite could be attributed to the surface functionalization, small particle size,
and large surface area of the nanocomposites (Zhang and Chen, 2009; Asharani et al.
2009). After uptake, the particle size of the material plays an important role in toxicity
towards microorganisms (Pan et al. 2010; Zhang and Chen, 2009; Morones et al.

2005). The smaller particles have more surface active atoms and a large fraction of
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atoms on low-coordination and high-energy sites (corners, edges, steps, kinks etc.),
that makes them more reactive than larger particles upon contact with bacterial cells
(Zhang and Chen, 2009; Raimondi et al. 2005). Since the crystallite size for FA-
AQCI/TiO; is ~5-9 nm and Fu-AgCI/TiO; is ~4-5 nm, the above properties are
expected to contribute to their potent antimicrobial activity. The average size of Ag
nanoparticles capable of penetrating into an E. coli membrane is reported to be 5 + 2
nm (Raimondi et al. 2005; Choi and Hu, 2008). Colloidal metal nanoparticles at such
small sizes present electronic effects, changing the local electronic structure of the

surface and enhancing the reactivity of the nanoparticle surfaces (Wan et al. 2011).

Also, the binding strength of the nanoparticles to bacteria depends on the surface area
of interaction, with smaller particles having a higher percentage of the surface for
direct interaction than bigger particles (Morones et al. 2005; Choi and Hu, 2008).
Although, the mechanism of nanoparticle penetration into the bacterial cells is largely
unclear, previous reports suggest that in E. coli treated with silver nanoparticles, the
changes in the membrane morphology may cause a significant increase in its
permeability, affecting normal transport through the plasma membrane (Zhang and
Chen, 2009; Morones et al. 2005). Further, silver chloride embedded within the TiO,
matrix release Ag” in a slow, controlled manner resulting in long-term antimicrobial
activity as compared to silver salts which dissolve completely and make all the silver
readily available in its active ionic form. Silver chloride is known to have low
solubility in agueous medium leading to slow release of silver ions. Moreover, in
presence of oxygen, it also produces H,O, that has a low rate of decomposition. These
factors contribute towards the long lasting residual antimicrobial effect (Min et al.

2010; Chang et al. 2008; Sokmena et al. 2001).
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4.3.4 Hemolytic assay results

In the hemolytic study of FA-AgCI/TiO,, Fu-AgCIl/TiO, and AgCI/TiO,, it was
observed that AgCI/TiO, exhibited higher hemolysis of RBCs as compared to FA-
AQCI/TiO; and Fu-AgCI/TiO,. As per the ASTM F 756-00 for the assessment of
hemolytic properties of materials, HR < 2, is considered non-hemolytic, HR in the
range of 2-5 is considered mildly hemolytic and HR > 5 is considered hemolytic
(Chen et al. 2008). In case of FA-AgQCI/TiO, the HR was 0.29, 0.43 and 1.11 at a
concentration of 50, 100, and 150 pg/ml, respectively, while for Fu-AgCIl/TiO; it was
1.79, 1.84 and 1.89 at a concentration of 150, 200 and 250 pg/ml. Thus, both the
functionalized nanoparticles do not exhibit any hemolysis at the MIC concentration as
well as at concentrations above the MIC values. However, for AgCI/TiO, the HR was
observed to be 2.38, 3.16 and 5.20 at a concentration of 150, 200 and 250 pg/ml. This
indicates that functionalization of AgCI/TiO, increases its antimicrobial potential and
decreases the hemolytic activity thereby increasing the biocompatibility for in-vivo
applications. Similar observations have been reported for the improved
biocompatibility and antibacterial activity of folic acid functionalized chitosan
nanoparticles and functionalized TiO, nanoparticles for dental implants (Chakraborty

et al. 2010; Schliephake and Scharnweber, 2008).

4.3.5 Scanning Electron Microscopy (SEM)

The morphological changes observed in E. coli cells exposed to 50 pg/ml FA-
AQCI/TiO; and Fu-AgCIl/TiO; for 2 h are shown in Fig. 4.13. It was observed that the
cytoplasmic membrane began to shrink and detach from the cell wall forming
electron-translucent light regions at both ends of the cells. However, no noticeable

damage in the membrane structures of E. coli cells was observed. Similar
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observations have been reported for silver ions and it has been proposed that the
electron light regions protect the DNA from any external harm or mutation
(Marambio-Jones and Hoek, 2010; Chang et al. 2008; Feng et al. 2000). The Ag"
penetrates the cell membranes through ion channels without causing any significant
membrane damage. Consequently, the intracellular ROS generated damages cell DNA
inducing apoptosis and cell death (Zhang and Chen, 2009; Carlson et al. 2008). As per
the theory of hard and soft acids and bases, silver has a high affinity to react with
sulfur containing bases due to its reactive electronic structure (Choi and Hu, 2008;
Feng et al. 2000; Carlson et al. 2008), leading to the inactivation of proteins, DNA
condensation and loss of ability to replicate (Zhang and Chen, 2009; Rai et al. 2009;
Feng et al. 2000). Thus, silver ions have multiple targets in the cell such as DNA,
cellular/membrane proteins and electron transport chain, making them highly potent

against drug resistant microorganisms.

ZMm

ZMm

Fig. 4.13. SEM micrographs showing the intact E. coli cells unexposed to FA-
AQCI/TiO;z and Fu-AgCI/TiO; (a), E. coli cells exposed to 50 pg/ml of FA-AgCI/TiO,
(b) and Fu-AgCIl/TiO, (c) for 2 h. The micrographs clearly show the electron
translucent regions (indicated by arrows) in the cells exposed to FA-AgCI/TiO; & Fu-

AgCITiO,.
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4.3.6 Mechanistic studies of antibacterial activity of FA-AgCI/TiO,

Further studies were carried out with FA-AgCI/TiO; to elucidate the mechanism of its
antimicrobial action since it exhibited enhanced antimicrobial activity against
different microorganisms. Several studies have been carried out to investigate the
mechanism of action of silver containing TiO, nanocomposites and study the
dynamics that govern the process of inactivation and several different mechanisms
have been proposed. Many of the studies have reported that reactive oxygen species
may be responsible for oxidation of bacterial cell membranes and hence cell death.
Studies were carried out to evaluate the role of reactive oxygen species in the

antibacterial activity of FA-AgCI/TiO, nanocomposite.
4.3.6.1 Detection of intracellular reactive oxygen species (ROS)

Exposure of FA-AgCI/TiO, nanoparticles to microbial cells resulted in an overall
increase in intracellular ROS concentrations by 18.1 % as compared to microbial cells
that were pre-incubated with antioxidant N-acetyl cysteine (NAC). Silver ions as well
as silver nanoparticles are known to pass through the cell wall of bacteria, oxidize the
surface proteins on the plasma membrane, generate ROS and consequently disturb the
cell homeostasis (Soo-Hwan et al. 2011; Jeon et al. 2003). The high levels of ROS
and free radicals generated due to the oxidation of proteins, DNA and impeded
electron transport along the respiratory chain can damage cytoplasmic constituents,
disrupting the cellular functions and leading to cell death (Su et al. 2009; Kim et al.
2007). These results indicated that AgCl colloids and Ag® ions lead to increase in
intracellular ROS, and here a correlation between microbial growth inhibition and
concentration of intracellular ROS is observed. Recent studies have suggested that the

strong bactericidal activity of silver nanoparticles or Ag" ions is due to the ROS
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generation although the exact mechanism of ROS production remains largely unclear
(Zhang and Chen, 2009; Choi and Hu, 2008; Carlson et al. 2008). The present study
does not give a direct proof of ROS affecting microbial growth inhibition but a
quantitative estimate, because ROS is also formed as a natural byproduct of the
normal aerobic metabolism and its levels can increase under environmental stress

(Zhang and Chen, 2009; Choi and Hu, 2008).

4.3.6.2 Study of microbial inactivation Kinetics in the presence of antioxidants

At MBC concentration, no microbial inactivation was observed in presence of
antioxidants glutathione (Fig. 4.14A) and NAC (Fig. 4.14B). The antioxidants used
are capable of neutralizing the oxidative action of the reactive radicals generated
during the process. GSH, a ubiquitous sulfhydryl-containing tripeptide, is the key
antioxidant defense chemical that is responsible for maintaining cellular oxidation-
reduction homeostasis (Carlson et al. 2008). Antioxidants alone did not exhibit any
antimicrobial activity. Similar results have been reported for silver nanoparticles and
AgCI colloids suggesting that the antimicrobial action was related to the formation of
free radicals (Morambio-Jones and Hoek, 2010; Choi and Hu, 2008). Surface area
also plays a major role in the generation of ROS with smaller sized nanoparticles
generating higher levels of ROS than larger nanoparticles at the same concentration

(Morambio-Jones and Hoek, 2010; Carlson et al. 2008).
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Fig. 4.14. Effect of antioxidants, (A) Glutathione and (B) NAC on the antimicrobial
activity of FA-AgCI/TiO; against E. coli at a concentration of 400 ug/ml in MHB. In

presence of antioxidant () and in the absence of antioxidant (.

Conclusion

The AgCI/TiO, nanocomposite powder was synthesized by simple, sol-gel method
and functionalized with different functionalizing agents such as folic acid, fumaric
acid, malic acid, succinic acid, L-arginine and cysteine by simple chemisorption.
Among all the functionalized nanocomposites, only FA-AgCI/TiO, and Fu-AgCI/TiO,
exhibited improved antibacterial activity as compared to the unfunctionalized
AgCI/TiO,. Characterization studies on FA-AgCI/TiO, and Fu-AgCl/TiO, showed
that these compounds exhibited superior physicochemical properties such as size,
surface area, stability, dispersibility and higher antimicrobial efficacy compared to the
unfunctionalized AgCI/TiO,. The negative antibacterial activity of MA-AgCI/TiOg,
SA-AgCI/TiO, as well as Arg-AgCI/TiO, and Cys-AgCI/TiO; could be because of the
antioxidative properties of the functionalizing agents which are likely to suppress the
reactive radicals responsible for cell death. The better antimicrobial activity of FA-

AgCI/TiO; could be attributed to the increased uptake of nanocomposite particles by

129



Chapter 4

the microorganisms due to the interaction of the folic acid with the folate binding
proteins on the cell surface of microorganisms and for Fu-AgCI/TiO, to its
antibacterial properties. Further, small size with high surface area also plays a vital
role in the superior antimicrobial activity of the nanocomposite. The processes of
disinfection and the treatment of microbial infections is becoming increasingly
difficult with the emergence of the problem of multi-drug resistance and biofilms
harboring tolerant bacteria that are responsible for device/implant related chronic and
recurrent infections. Silver based nanocomposites are broad spectrum antimicrobial
agents and can be a promising alternative for the development of new non-resistance

inducing antimicrobial agents due to their multiple mode of action in the target cell.
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Chapter 5

Antimicrobial effects of titanium dioxide nanoparticles and
ammonium persulphate in presence of 1, 8-dimethyl-1, 3, 6, 8, 10, 13-
hexaazacyclotetradecane) nickel (11) perchlorate

Abstract

Nickel(Il) azamacrocyclic complexes are redox active and are known to form
relatively reactive Ni(l), and Ni(lll) oxidation state species. Ni(l) is known to activate
molecular oxygen, and produce reactive oxygen species. Nickel(l1l) species are highly
oxidizing species, capable of causing in-vitro DNA damage. The antimicrobial
activity of titanium dioxide nanoparticles in presence of divalent nickel
tetraazamacrocyclic complexes is unexplored. The antimicrobial study of TiO; in
presence of complex 1 show that 20 uM Ni (1) complex + 5 pg/ml TiO; is effective
for complete inactivation of Gram positive, Gram negative as well as fungal cultures.
Nickel(Il) azamacrocyclic complexes are also known to be oxidized by persulphate,
to produce sulphate radical and Nickel(lll) species. However, the effects of the
activation of persulphate on microorganisms are not known. In this study, we have
studied the reaction between persulphate and Nickel(Il) azamacrocyclic complexes
and its effect on microbes. Thiobarbituric acid assay (TBA) showed that the complex
1 in presence of oxidant induces significant lipid peroxidation than the complex 1 or
the oxidant alone. SEM results also show the loss of membrane integrity for the cells
treated with the complex 1 and the oxidant. Effective inhibition of cell growth by
complex 1 in presence of oxidant is mainly attributed to its ability to cause damage to

the cell membrane than the complex 1 alone in the divalent state.
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Keywords: Activation, Titanium dioxide, Nickel (11) azamacrocyclic complexes, cell

membrane damage, lipid peroxidation, cell growth inhibition.

5.1 Introduction

Photocatalysis using TiO, has been extensively studied, and shown to
eliminate toxic organic compounds (Kamat and Meisel, 2003; Liu et al. 2008; Prieto
et al. 2005; Hoffman et al, 1995) and also function as disinfectants (Cho et al. 2005;
Wong et al. 2006; Huang et al. 1999). Highly reactive ROS are produced during
photocatalysis by TiO,, that possess the ability to mineralize organic compounds
(Hoffman et al, 1995; Liu et al. 2008) as well as the bacterial cell mass to carbon
dioxide (Jacoby et al. 1998; Wolfrum et al. 2002; Wong et al. 2006). Active research
is being pursued to enhance the photocatalytic efficiency of TiO, (Choi et al. 1994;
Sun and Bolton 1996; Egerton et al. 2005). One approach that has shown a significant
enhancement in the photocatalytic activity, has been the introduction of metal ions in
the lattice of TiO, (Egerton et al. 2005; Zaleska, A. 2008; Choi et al. 1994) which can
either extend its absorption spectrum into visible region or reduce the charge carrier
recombination limiting the photocatalytic efficiency (Egerton et al. 2005; Zaleska, A.
2008; Kim et al. 2006). There are several reports of using TiO, doped with transition
metal ions such as iron, nickel, copper, cobalt (Egerton et al. 2005; Chen et al. 2008;
Kim et al. 2006; Thompson and Yates, 2006; Zaleska, A. 2008). Several studies have
reported the doping of TiO, with Ni and its photocatalytic properties (Jiang et al.
2006; Gomathi Devi et al. 2010; Rodriguez et al. 2012; Chen et al. 2008; Yao et al.
2010). However, most of these studies were mainly focused on the photocatalytic
properties of TiO, and degradation of organic pollutants, while photocatalysis for

bacterial disinfection was not studied.
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Interestingly, the redox chemistry of nickel (I1) azamacrocyclic complexes has been
extensively studied and their structural versatility allows the tuning of the redox
property of the coordinated metal ions, and these ligands are well known to stabilize
the metal ions in their rare oxidation states (Zilbermann et al. 1993; Zeigerson et al.
1982). Oxidation of several nickel () complexes has been performed by
electrochemical (Jubran et al. 1986; Zeigerson et al. 1982) and photochemical
methods (Prakash and Natarajan, 2004; Prakash and Natarajan, 2003; Dhanasekaran
et al. 2001; Prakash and Natarajan, 2000; Ferraudi and Muralidharan, 1981). The
stability of nickel (I1l) state is reported to be in the order of a few milliseconds,
indicating that trivalent species are readily reactive and act as strong oxidants,
showing catalytic activity (Zeigerson et al. 1982; Jaacobi et al. 1979; Lee et al. 2000;
Zilbermann et al. 1993). Importantly, some of these reports also show formation of
less reactive, stabilised trivalent nickel species (Zeigerson et al. 1982; Zilbermann et
al. 1993). Detailed investigations on oxidation of square planar nickel (Il)
tetraazamacrocyclic complexes reveal that trivalent nickel complexes formed have an
octahedral geometry, in which Ni (lllI) ion is coordinated to four nitrogens of
tetraazamacrocyclic ligand and two ligands at axial sites (Zeigerson et al. 1982;
Jaacobi et al. 1979; Prakash and Natarajan, 2004; Prakash and Natarajan, 2003;
Dhanasekaran et al. 2001; Prakash and Natarajan, 2000; Ferraudi and Muralidharan,
1981; Lee et al. 2000; Zilbermann et al. 1993; Desideri and Raynor 1977; Bencini et
al. 1981). Stability of trivalent nickel species was shown to depend on the type of
axial ligands (Zeigerson et al. 1982; Jaacobi et al. 1979; Prakash and Natarajan 2004).
Several nickel containing enzymes are also known and the Ni (I11) oxidation state is
found to be important in their catalytic activity (Halcrow and Christou, 1994; Lee et

al. 2010) with many reports on DNA damage caused by the oxidation of nickel (II)
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complexes to trivalent nickel complexes (Lepentsiotis et al. 1999; Muller et al. 1997).
Cynthia Burrows, et al have shown that the trivalent nickel macrocyclic complexes
could selectively oxidize the guanine residues present in the DNA, and the oxidation
of the nickel (I1) azamacrocyclic complexes could be used to probe and manipulate
DNA molecules (Burrows and Rokita, 1994; Lepentsiotis et al. 1999; Muller et al.

1997).

In addition, persulphates have received much attention as promising oxidants
because of their stability, easy handling, cost effectiveness and non-toxicity to
environment (Wu et al. 2012; Smith et al. 2008; Liang and Guo, 2010; Gokulkrishnan
et al. 2012). Generally, persulphates are activated by homolysis of its peroxide bond
to produce reactive sulphate radicals, which are very reactive towards organic
pollutants (Gokulkrishnan et al. 2012; Johnson et al. 2008; Waldemer et al. 2007).
Importantly, in situ oxidation of phenantherene by persulphate in soil, and
consequently, delayed recovery of phenantherene degrading bacteria has been
reported, indicating that in situ radicals produced due to homolysis of persulphate
may have a bacteriostatic effect in soil (Richardson et al. 2011). Persulphate are
known to cause oxidation of nickel (1) azamacrocyclic complexes (Gokulkrishnan et
al. 2012). Although, the antimicrobial activity of divalent nickel-tetraazamacrocyclic
complexes has been reported, the possible mechanisms of cell growth inhibition by
these nickel-complexes have not been studied (Chatterjee et al. 2012). Moreover,
there are no reports on the effects of oxidation of a nickel (II) azamacrocyclic

complex by oxidant on the microbial cells.

As mentioned above, nickel (I1) complexes can undergo photochemical
oxidation to form stable nickel (I11) complexes which are highly reactive and act as

strong oxidants. Nickel (11) azamacrocyclic complexes are reactive towards radicals
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(Zeigerson et al. 1982; Jaacobi et al. 1979; Lee et al. 2000) and oxides to reactive
ligand centered radicals or nickel trivalent species (Zeigerson et al. 1982; Zilbermann
et al. 1993). TiO, photocatalysis produces highly reactive radicals which could also
react with the nickel (11) azamacrocyclic complexes to produce reactive species. It has
been reported that Ni(Il) can behave as an electron trap and get reduced to Ni®
forming superoxide radical, or can behave as an hole trap, getting oxidized to Ni** and
produce hydroxyl radicals, both of which radicals along with Ni** are extremely
reactive and can cause degradation of organic compounds (Gomathi Devi, 2010).
However, the effect of addition of catalytic amount of nickel (1) azamacrocyclic
complex to TiO, for the photoinduced inactivation of the microorganisms has not

been investigated in these studies.

In view of the above facts, the present study was carried out to investigate the
antimicrobial effects of TiO, nanoparticles and nickel (1) azamacrocyclic complex
during photocatalytic reaction in an aqueous phase on some common pathogenic
organisms. The microorganisms tested were Escherichia coli, Klebsiella pneumoniae,
Staphylococcus aureus MTCC 737, Enterococcus faecalis MTCC 2080 and Candida
albicans 3950. Further studies were also carried out to show the oxidation of divalent
nickel complex 1 (1, 8-dimethyl-1, 3, 6, 8, 10, 13-hexaazacyclotetradecane) nickel (1)
perchlorate) (Chart 1) to stable trivalent nickel species by ammonium persulphate
(oxidant). It was observed that, complex 1 along with the TiO, nanoparticles and
oxidant has higher propensity to induce cell growth inhibition as compared to
TiO,/complex 1 alone. Effective inhibition of cell growth by complex 1 in presence of

Ti0; /oxidant is mainly attributed to its ability to cause damage to the cell membrane.

Chart 5.1: Chemical structure of (a) complex 1, (1, 8-dimethyl-1, 3, 6, 8, 10, 13

hexaazacyclotetradecane) nickel (11) perchlorate) and (b) Ammonium persulphate.
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5.2 Materials and methods

Chemicals and solvents used were of guaranteed analytical grades purchased from
Merck, Sd-fine Company, India and used without further purification. Hombikat TiO,
(Fluka, Sigma-Aldrich Chemie GmbH; Anatase) with a surface area of >300 m?/g was
used for the experiment. A 1 mg/ml stock suspension of TiO, nanoparticles was
prepared in sterile distilled water. The suspension was thoroughly mixed by
sonication and added immediately to the reaction mixture. The suspension was always
prepared fresh immediately prior to photocatalytic reaction and kept in the dark. All
the glassware and accessories used were washed with distilled water and then
autoclaved at 121 °C for 15 minutes. The complex 1 was prepared according to the
earlier method (Suh and Kang, 1988). A stock solution of complex 1 (5.7 mM) was
prepared in aqueous medium, filter sterilized using a 0.22 p Millipore membrane filter
and appropriate amounts were used for the experiment. Sterile water was used for the

experiments.

5.2.1 Bacterial strains and cultures

The following bacterial strains were used: Escherichia coli, Klebsiella pneumoniae,
Staphylococcus aureus MTCC 737, Enterococcus faecalis MTCC 2080 and Candida
albicans 3950 The bacterial strains were grown overnight in NB (nutrient broth)

medium/ SDB (Saborauds Dextrose Broth) medium and aliquots of these cultures
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were inoculated into fresh medium, incubated under aerobic conditions at 37 °C/30 °C
on a rotary shaker at 150 rpm until the exponential growth phase was reached. The
standard suspensions of the organisms (~10° cfu/ml) were obtained by serially
diluting the cultures in sterile normal saline. Simulated sterile ground water (SSGW)
was prepared by addition of following components to distilled water: FeNO3 (0.24
pm), NaHCO3 (1.2 mM), Na,SO4 (0.34 mM), NaaHPO4 (0.28 mM), NaCl (0.86 mM)

and resorcinol (9.0 um) (Dash and Chaudhari, 2005; Marugan et al. 2010).

5.2.2 Photocatalytic reaction and Cell viability assay

The photocatalytic reaction was carried out in sterile 50 ml glass beakers containing
the Ni azamacrocyclic complex solution, the TiO, suspension and the bacterial cells.
The Ni complex solution was used at a concentration of 20 uM, while the
concentration of TiO; suspension was constant 5 pg/ml throughout. To the beakers
~10° cfu/ml of microbial cells were added and the final reaction mixture was made to
5 ml. The beakers were exposed to blacklight blue UV light 352 nm (Sankyo Denki,
Japan, 15 W) with continuous stirring on magnetic stirrers so as to prevent the
precipitation of TiO, nanoparticles and to ensure proper nanoparticle-cell contact. The
samples were tested against a set of two relevant controls, (i) Only TiO and cells, (ii)
A dark control containing both Ni complex solution and TiO;, suspension but not
exposed to UV light. The dark control beaker was completely covered with

aluminium foil to avoid any light interaction.

Aliquots of the exposed reaction mixture were withdrawn at regular time intervals of
15, 30, 45, 60, 90 and 120 minutes, serially diluted with sterile normal saline and

plated out on nutrient agar/Saborauds agar plates in duplicates. The plates were
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incubated at 37 °C/30 °C for 24 hrs and the loss of cell viability was monitored by

taking the viable count at the end of the incubation period.
5.2.3 UV-visible spectral measurements of complex 1 and kinetics studies

UV-visible spectral measurements were performed using a UV-2450 Shimadzu UV-
Visible spectrophotometer. The concentration of the complex 1 was determined from
absorption coefficient value of 40 M™cm™ at 444 nm in water as reported earlier (Suh
and Kang 1988). A stock solution of complex 1 (5.7 mM) was prepared in water and
appropriate concentrations were used for absorption measurements, kinetics of the
oxidation of complex 1 by ammonium persulphate, and for experiments to investigate
the growth inhibition of the cells, and cell wall damage. Stock solution of ammonium

persulphate (2.5 M) was freshly prepared in sterile water.
5.2.4 ESR spectral measurements

ESR spectra of complex 1 were obtained after the addition of appropriate amount of
ammonium persulphate to the complex 1 dissolved in either water/nutrient broth
(NB). The solutions were frozen using liquid nitrogen, and the spectral measurements
were done using Bruker ESR spectrometer facility at TIFR, Mumbai, India. The
instrument was calibrated, and g-values were obtained as reported earlier (Desideri

and Raynor 1977; Bencini et al. 1981).
5.2.5 Antimicrobial assay of the complex 1 in presence and absence of oxidant

The microbial cells (~10° cfu/ml) were suspended in 1ml of (i) sterile ground water,
or (i) NB/SDB media. To these solutions, varying concentrations of APS and
appropriate amount of complex 1 were added from the stock solution. Contents of

these tubes were mixed and incubated over night in a shaking incubator at 37 °C/ (30
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°C for fungus) (Jeong et al. 2006; Lorian 2005; Egger et al. 2009). At the end of
incubation, 0.1 ml of above suspensions was spread plated on nutrient agar /
Saboraud’s agar plates and incubated at 37 °C (30 °C for fungus) for 24 hrs. Colonies
observed on these plates were counted to obtain the number of viable cells as colony
forming units per ml (cfu/ml) (Jeong et al. 2006; Lorian 2005; Egger et al. 2009). All
microbial assays were performed in replicates, with appropriate controls i.e, (i) cells
with APS alone (ii) cells with complex 1 alone. The antimicrobial activity was
determined for Escherichia coli, Staphylococcus aureus MTCC 737, and Candida

albicans.
5.2.6 Determination of lipid peroxidation

Lipid peroxidation is used as an indicator of oxidative stress in cells and one of the
products of lipid peroxidation is malondialdehyde (MDA). Formation of MDA is used
as an index to measure the extent of lipid peroxidation (Maness et al. 2009;
Esterbauer and Cheeseman, 1990). MDA formation was investigated based on its
reaction with Thiobarbituric acid (TBA) to form a pink TBA-MDA adduct, which
could be monitored spectrophotometrically. It has been reported that the TBA-MDA
adduct shows an absorption band with maximum around 540 nm (Maness et al. 2009;
Esterbauer and Cheeseman, 1990). Log phase cells (~10® cfu/ml) were suspended in 1
ml of NB medium containing 2.5 mM complex 1 and 2 mM oxidant. This suspension
was incubated overnight at 37°C on a rotary shaker at 120 rpm and at the end of the
incubation period, 2 ml of 10 % (wt/vol) trichloroacetic acid was added. Then, the
contents were centrifuged at 11,000 g for 50 min, and the supernatant were taken for
the analysis of MDA as follows. To ~3 ml of the supernatant, 3 ml of freshly prepared
0.67 % (wt/vol) TBA solution was added. The sample tubes were then incubated in a

boiling water bath for 10 min, cooled to room temperature and the absorption band
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corresponding to the TBA-MDA adduct was determined. The TBA assay was
performed with the following controls i) Cells with complex 1 without oxidant ii)

Only cells without complex 1 and oxidant. iii) Cells with only oxidant.

5.2.7 Sample preparation for Scanning Electron Microscopy (SEM)

Log phase E. coli cells of about 10 cfu/ml were suspended in NB medium containing
complex 1 (312 puM) and ammonium persulphate (2 mM) and the mixture was
incubated for 30 minutes. After incubation, the mixture was centrifuged, and the cells
were fixed with 2% glutaraldehyde solution for 1 h (Su et al. 2009; Kang et al. 2008;
Hartmann et al. 2010). The cells were then washed thrice with 0.1 M phosphate buffer
saline (pH 7.2), gradually dehydrated using the following ethanol/H,O mixture of 10,
25, 50, 75, 90 (v/v %) and finally with 100 % ethanol followed by air drying. The
dried cells were then coated with platinum by JEOL JFC-1600 Autobine sputter and
the images were taken with a JEOL JSM-6360 LV Scanning Electron Microscope at a
voltage of around 10 kV. A control sample wherein the cells were not exposed to

complex 1 and oxidant was similarly processed.
5.3 Results and discussion (A: (Ni (I11) complex + TiO,)

The reduction in the cell viability of E. coli cells on varying the concentration of
Hombikat TiO, is presented in table 5.1. The result indicates that increasing the
concentration of TiO, causes a decrease in bacterial count, and the minimum
concentration required to kill the bacteria was determined to be 25 pg/ml, on 120
minutes of UV light irradiation. The antimicrobial activity of Ni (Il) azamacrocyclic
complex alone at different concentrations is shown in table 5.2. These results indicate
that Ni (II) complex is not toxic to bacteria on photolysis. Interestingly, it was

determined that as low as 5 pg/ml of Hombikat TiO; in presence of 20 uM of Ni (1)
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complex caused significant decrease in the cell viability of E. coli cells within 120

minutes of UV irradiation (Table 5.3). Thus, the results clearly indicate the effective

concentration of the TiO; required to kill the bacteria is significantly reduced on

addition of the Ni (11) complex solution.

Table 5.1. Antibacterial effects of TiO; at varying concentrations under UV light (352

nm) exposure.

Conc. Of TiO; 0 mins 60 mins 120 mins
5 pg/ml + E.coli 3.81 X 10* 1.72 X 10*
10 pg/ml + E.coli 2.45 X 10* 1.17 X 10*

6.2 X 10°
25 pg/ml + E.coli 3.39 X 10° 13
50 pg/ml + E.coli 108 0

Table 5.2. Antibacterial effects of Ni (I1) azamacrocyclic complex solution at varying

concentrations.

Conc. Of Ni (I1) complex 0 mins 60 mins 120 mins
100 uM + E.coli 2.19 X 10° 1.09 X 10*
50 pM + E.coli 5.79 X 10° 4.22 X 10° 2.15 X 10°
20 UM + E.coli 481 X 10° 3.53 X 10°
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Table 5.3. Antibacterial effects of TiO, (5 pg/ml) at varying concentrations of Ni (1)

azamacrocyclic complex solution under UV light irradiation.

Conc. Of Ni (I1) complex + TiO; 0 mins 60 mins 120 mins
100 uM + 5 pg/ml + E.coli 9.31 X 10° 0
50 UM + 5 pg/ml + E.coli 1.18 X 10° 3
3.8 X10°
20 UM + 5 pg/ml + E.coli 1.43 X 10° 8
10 pM + 5 pg/ml + E.coli 2.32 X 10* 1.13 X 102

Combination of 20 uM Ni (I1) complex + 5 ug TiO, showed complete inactivation of

K. pneumoniae after just 90 minutes of irradiation whereas the control (TiO;) showed

no noticeable decrease in bacterial (Fig. 5.1). E. coli and K. pneumoniae are both

Gram negative bacteria, and the present results show that the combination of nickel

and TiO; has the ability to inactivate the Gram negative species. Similarly, Gram

positive bacterial cultures S. aureus and E. faecalis were also completely inactivated

after ~90 minutes and 120 minutes of UV irradiation in presence of nickel(ll)

complex and TiO,, indicating that the nickel (I1) complex and TiO; is also effective

for the inactivation of the Gram positive bacterial species (Fig. 5.2). The irradiation of

fungal culture C. albicans (at 20 uM Ni (II) complex + 5 ug TiO,) also showed

complete reduction after 120 minutes (Fig. 5.3).
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Fig. 5.1. Figure showing the antibacterial effects of 20 uM Ni(ll) complex solution +

5 pg/ml TiO2 and 5 pg/ml TiO; alone, on Gram negative bacterial cultures E. coli

(Left) and K. pneumoniae (Right).
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Fig. 5.2. Figure showing the antibacterial effects of 20 uM Ni(Il) complex solution +
5 ug/ml TiO, and 5 pg/ml TiO, alone, on Gram positive bacterial cultures S. aureus

(Left) and E. faecalis (Right).
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Fig. 5.3. Figure showing the antifungal effects of 20 uM Ni(Il) complex solution + 5

ug/ml TiOz and 5 ug/ml TiO; alone, on C. albicans.

If Ni (Il) is assumed to trap an electron of the conduction band of TiO,, it gets

reduced to Ni* and the trapped electron may be transferred to an oxygen molecule

forming superoxide radical.

Ni?" + ¢ — Ni'

Ni* + 0, —» Ni?* + O0,”
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Also, Ni* can trap valence band holes and get oxidized to Ni?*
Ni* + h* — Ni**

If Ni®* ions behave as a hole trap, they would get oxidized to Ni*".
Ni2+ + h+ N Ni3+

The trapped hole on the surface of TiO, can be transferred to the hydroxide ion
Ni** + OH — Ni** + OH"

Based on the above mechanisms, Gomathi Devi et al. 2010, Xu et al. 1992, Yao et al.
2010 have suggested that the Ni (I1) complex in presence of TiO; increases the
interfacial charge transfer and facilitate the generation of highly oxidative free
radicals such as hydroxyl and super oxide radicals that can effectively inactivate the
adsorbed microorganisms (Chen et al. 2008; Xu et al. 1992; Gomathi Devi et al. 2010;
Yao et al. 2010). In many of the antimicrobial studies carried out with TiO, the
reported concentration of TiO, has been in the range of 0.1 — 1 mg/ml (Cho et al.
2005; Maness et al. 1999). However, the present study shows that a low TiO;
concentration of 5 ug/ml with 20 uM Ni (1) complex is effective in inhibiting the

growth of different microorganisms under UV light.

Although, the present results show that the nickel (I1) complex is not an effective
antimicrobial, and used in very low amounts (micromolar range) for activation of the
persulphate or photoassist the TiOy, it is desirable to remove the complex from the
water media. Importantly, ion exchange (Vilensky et al. 2002; Rengaraj et al. 2003),
electrochemical processes (Rengaraj et al. 2003; Rana et al. 2004), and adsorption
(Zaporozhets et al. 1999; Kasaini et al. 2000) are effective for the removal of metal

ions and their complexes and these complexes have a scope in water
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purification/treatment. Several studies have reported the usage of such complexes as
ruthenium bipyramidal complexes anchored onto the surface of TiO, photoactalysts to
develop solar remediation technologies for degradation of pollutants and for the
development of dye-sensitized solar cells (Bae et al. 2004; Litter M. 1999; Eslava et
al. 2010). Heterometallic transition metal titanium complexes have been reported to
have potentially broad applications in photocatalysis, photovoltaics, and photosensors

(Eslava et al. 2010).

5.3 B: (Ni (Il) complex + Ammonium persulphate)

5.3.1 UV-visible spectra and kinetic studies of the complex 1

After the addition of the oxidant ammonium persulphate to the complex 1, the
changes in absorbance at ~290 nm were determined with respect to time. These plots
showing the change in absorbance at 290 nm vs time were fitted to first order rate
equation, and the rate constants (kKops) for the formation of trivalent nickel complex
was determined, as reported earlier (Haines and Rowley, 2003; Haines and Northcott,
1992; Zilbermann et al. 1993). The kinetics data analysis for the oxidation of the
complex 1 by ammonium persulphate via ion-pair mechanism involving the following
reactions (equations 1-3) were performed and the value of the ion-pair dissociation

constant (K;) was determined.
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Ky

[Ni(IDL]?* + S,07 —=  {Ni(Il)L?*,S,05%}
ion-pair

—~—~———————

. Ko
{NI(INL*,S,0¢F 5 [Ni(IIL(SO,)]" + SO,

fast
[Ni(IDL]** + SO, —— [Ni(lIHL(SO]?

The rate law derived from this scheme is

2K,K1[S,08%]

Rate = [Ni(IDL]ota

1+ K4[S,04%]

L1

Thus, the overall reaction for the oxidation of nickel (Il) tetra- and penta-

azamacrocyclic complexes has been proposed as

2[Ni(I11)L]*" +S,08* LI 2[Ni(111)L(SO4)(H0)]*

L = tetra-, penta-azamacrocyclic ligands.

-

The variation in the rate constants on increasing the concentration of the oxidant was

performed by maintaining the concentration of the complex 1 at 250 uM and

increasing the oxidant concentration, such that the concentration ratios of complex 1

to oxidant are 1:1, 1:2, 1:5 and 1:10. Kinetics studies of the oxidation of the complex

1 by ammonium persulphate in SSGW and in nutrient broth medium were performed.

The absorption spectrum of complex 1 in water showed a single d-d

absorption band with maxima at 444 nm (¢ = 40 M™cm™) in the visible region

revealing that the complex 1 exist predominantly in the square planar-low spin form,

as reported earlier (Fig. 5.4). Addition of the oxidant ammonium persulphate to the
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complex 1 resulted in the formation of an intense absorption band with maximum

around 290 nm (Fig. 5.4).

1.2

0.16

0.08

0.00
3

Absorbance

——1 min
Complex 1

0.0 .
300 400 500 600

Wavelength (nm)

Fig. 5.4. Absorption spectrum of the complex 1 in water and the spectral changes
changes on addition of oxidant ammonium persulphate in water. [Complex 1] = 250
pm and [Oxidant] = 1250 pM. The inset shows the d-d absorption band of complex 1

in water. [Complex 1] = 5.7 mM.

The changes in absorbance at 290 nm with time was determined for the solutions with
1:1, 1:2, 1:5 and 1:10 ratios of complex 1 and oxidant, respectively, (Fig. 5.5). These
spectral changes indicate that the reaction between the complex 1 and oxidant at 1:5
and 1:10 ratios of was very effective and the absorbance reached the saturation
indicate that the reaction was completed within 600 sec, while at 1:1 and 1:2 ratios,
the reaction was not effective and the absorpbance changes were not saturated (Fig.

5.5).

149



Chapter 5

Absorbance

1.5

1.0

0.5

0.0

200 300

400

Time (Sec)

600

Fig. 5.5. Absorption changes with time at 300 nm for the solutions having 1:1, 1:2,

1:5 and 1:10 ratios of complex 1 and oxidant, respectively in water . [Complex 1] =

250 pm.

The first order rate constant values, (Kops) were determined from the spectral changes

over the time and the values are tabulated in Table 5.4.

Table. 5.4. First order rate constants (Kops) for the reaction between complex 1 and

oxidant:

Complex 1*: APS

K (obs) SSGW (S™)

Kobsy NB (S™)

1:1

1:2

1:5

1:10

2.26 (+0.10) x 10
3.90 (+0.19) x 10°®
1.48 (+0.07) x 102

1.87 (+0.09) x 1072

1.69 (+0.08) x 10
1.38 (+0.06) x 10°®
1.25 (+0.06) x 10°®

2.18 (+0.10) x 10°®

*[Complex 1] = 250uM.

The above absorption spectral changes and kinetic results obtained for the reaction

between the complex 1 and oxidant are similar to those reported for the oxidation of
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nickel(ll) tetra- and penta- azamacrocyclic complexes by ammonium persulphate to
trivalent nickel complexes with absorption maximum around 290 nm, by an ion-pair
mechanism (Haines and Rowley, 2003; Haines and Northcott, 1992). The rate
constant (Kops) for the reaction between complex 1 and APS increased with increase
in the concentration of APS. 1/kns) VS 1/[APS] (reciprocal plot) was found to be
linear and from the slope and intercept of this reciprocal plot, ion-pair constant (Kj)
and rate of electron transfer (K;) were determined to be 21.46 (= 1.00) and 0.21 (£
0.01) S™, respectively (Haines and Rowley, 2003, Haines and Northcott, 1992).
Importantly, stable trivalent nickel azamacrocyclic complexes are generally known to
exist in the octahedral geometry, in which the ligands like sulphate ions, water are
axially coordinated to the trivalent nickel ion, at pH ~7 (Zilbermann et al. 1993;
Zeigerson et al. 1982). Thus, [Ni(ll)L(SO4)(H20)]" (L= tetra, penta, hexa-
azamacrocyclic ligands) is proposed to be the predominant species in the solution
with absorption maximum around 290 nm. It is also known that
[Ni(111)L(SO4)(H20)]" could convert to [Ni(I11)L(SO.),]" in presence of excess
sulphate ions with spectral features similar to that of the [Ni(IlI)L(SO4)(H.0)]"
species.

The reaction between the complex 1 and the oxidant carried out Nutrient Broth
medium were also followed spectrophotometrically (Fig. 5.6). The absorption band
with maximum around 290 nm was observed under these conditions, as observed for

the reaction being carried out in neat water.
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Fig. 5.6. Absorption spectral changes during the oxidation of complex 1 by

ammonium persulphate in 1x-NB medium. Formation of the trivalent nickel species

with absorption maximum ~290 nm with time on addition of the oxidant to the

complex 1. [Complex 1] = 250 um and [oxidant] = 1250 uM. (inset) Change in the
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However, (Kops) values observed for the above mentioned conditions i.e. reaction in
1x NB medium was lower than reaction carried out in water (Table 5.4). In an ion pair
reaction mechanism, the observed rate constants (Kos) decreases on increasing the
ionic strength due to the interference of the added ions in the formation of ion-pair
between the divalent nickel complex and ammonium persulphate oxidant (Haines and
Rowley, 2003). Thus, the presence of ionic salts like sodium chloride interfere with
the ion-pair formation between the complex 1 and the oxidant, and hence the trivalent
nickel complex with absorption maximum around 290 nm is not effectively formed

compared to the oxidation of complex in water alone (Fig. 5.7).

The formation of stable trivalent nickel ion after the addition of ammonium
persulphate to complex 1 in NB medium was also confirmed by ESR spectrum, (Fig.
5.8), which showed an anisotropic axial signal with g, = 2.069 and g; = 2.239 values.
Similar g values have also been reported for the oxidation of complex 1 by

ammonium persulphate in water.

9.430 GHz

Intensity (a.b)

1 " 1 . 1 M 1 . 1
0.205 0.210 0.215 0.220 0.225

]

Fig. 5.8. Electron spin resonance spectrum observed after the addition of ammonium
persulphate to complex 1 in NB medium. Temperature = 90 K. [Complex 1] = 265

pm [oxidant] = 2 mM.
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Moreover, the axial signal indicates that the stable trivalent nickel complex formed
due to the oxidation reaction has an octahedral geometry (Desideri and Raynor, 1977;
Bencini et al. 1981). Importantly, the observed ESR spectrum is similar to the earlier
reported octahedral nickel (111) tetraazamacrocyclic complexes with a N4O, type
coordination environment around the trivalent nickel ion, in which the nickel (111) ion
is coordinated to four N-dendates of the azamacrocyclic ligand and two O-dendates of
axially coordinated ligands (Zeigerson et al. 1982; Zilbermann et al. 1993; Desideri
and Raynor, 1977; Bencini et al. 1981). The two O-dendates of the axially
coordinated ligands are attributed to the coordination of sulphate ions formed during
the oxidation reaction, water molecules and the carboxylic groups of acidic amino
acid present in 1x NB, at pH ~7 (Haines and Rowley, 2003; Haines and Northcott,
1992; Zeigerson et al. 1982; Zilbermann et al. 1993). Thus, above results indicate that
complex 1 is effectively oxidised by APS, consequently resulting in effective
activation of APS and formation of reactive species (reactions 2), which could be

deleterious for microorganisms.

5.3.2 Antimicrobial assay of the complex 1 in presence and absence of oxidant

5.3.2.1 Effect of APS alone, and in presence of complex 1 on Microorganisms

It was determined that 15 mM APS was required for complete inactivation of E. coli
and C. albicans, and 10 mM APS was required for the inactivation of S. aureus in
complex nutrient rich media (Table 5.5). These results indicated that APS alone could
inactivate the microorganisms. Interestingly, in presence of 1 mM of complex 1, it
was determined that 8 mM of APS caused complete inactivation of E. coli, and S.
aureus and C. albicans (Table 5.5), showing that the effective concentration of APS

to inactivate microorganisms was reduced in presence of complex 1 (Table 5.5). As
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mentioned above, reaction between APS and complex 1 result in the generation of
highly reactive oxidising species such as sulphate radicals, which could cause
oxidative stress leading to cell membrane damage and cell death. In the absence of
complex 1, APS is decomposed very slowly to produce sulphate radicals (Haines and
Rowley 2003, Haines and Northcott 1992, Kolthoff and Miller 1951). The reduction
in the effective concentration of APS in presence of complex 1 to inactivate bacteria
and fungus compared to APS alone is attributed to the activation of persulphate by
complex 1 (reaction 1-5). Importantly, suspension of bacteria into preincubated
mixture of persulphate (375 uM) and complex 1 (75 uM) showed no significant
reduction in cell viability. In addition, stable dichloro (1, 8-dimethyl-1, 3, 6, 8, 10,
13-hexaazacyclotetradecane) nickel (I11) perchlorate hydrate complex (75 uM) was
also found to be ineffective to inactivate the bacteria. However, addition of complex
1 to the suspension of bacteria containing APS or addition of APS to the bacterial
suspension containing complex 1 caused complete inactivation of bacteria (Table 5.6).
Thus, these results reveal that bacterial inactivation is mainly due to activation of
persulphate by complex 1, with generation of reactive species such as sulphate

radicals.

It was also observed that, in simulated ground water, 5 mM of APS alone completely
inactivated E. coli and S. aureus while 8 mM of APS completely inactivated C.
albicans. These results show that the effective concentration of the APS was
significantly reduced in ground water than in complex nutrient rich media. As
mentioned earlier, it is important to note that the reactive radical species produced in
the reaction between complex 1 and APS, in complex medium (NB/SDB) could be
easily scavenged by the constituents of the media, which is not favourable for

inactivation of microbes. Thus, higher concentration of APS is required for
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inactivation of microbes in NB/SDB media compared to that observed in the ground

water. Additionally, in presence of 75 uM of complex 1 and 2 mM of APS E. coli, S.

aureus and C. albicans were completely inactivated (Table 5.6). This significant

reduction in the concentration of APS to inactivate the microorganisms is attributed to

the effective activation of APS by complex 1 in simulated ground water.

Table 5.5. Effective concentrations of APS alone and APS in presence of complex 1

for inactivation of microorganisms in NB/SDB media and SGW (all experiments were

carried out in replicates)

Cell viability (log reduction)

Medium /fposn (Em?\;)
E. coli S. aureus C. albicans
NB/SDB 5 No reduction No reduction No reduction
NB/SDB 8 1 log reduction 2 log reduction 1 log reduction
NB/SDB 10 3 log reduction Complete reduction 2 log reduction
NB/SDB 15 Complete reduction ND* Complete reduction
SGW 3 No reduction 1 log reduction No reduction
SGW 5 Complete reduction Complete reduction 2 log reduction
SGW 8 ND ND Complete reduction
ND*: Not done
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Table 5.6. Effective concentrations of APS in presence of complex 1 for inactivation
of microorganisms in NB/SDB media and SGW (all experiments were carried out in

replicates).

Cell viability (log reduction)
Medium Complex1:APS

(mM)
E. coli S. aureus C. albicans
NB/SDB 1:5 1 log reduction 1 log reduction 1 log reduction
NB/SDB 1:8 Complete reduction  Complete Complete
reduction reduction
SGW 0.075:1 1 log reduction 2 log reduction No reduction
SGW 0.075:2 Complete reduction Complete Complete
reduction reduction

NB and SDB media are complex nutrient media containing minerals and are rich in
organic compounds such as sugars, vitamins and peptides. During the reaction
between complex 1 and APS in such complex media, reactive oxidising species such
as sulphate radicals and trivalent nickel species produced could be easily scavenged
by these organic compounds. Moreover, rate of reaction was found to be ten time
greater in ground water than rate of the reaction in NB medium, indicating that the
activation of persulphate by complex 1 in ground water was better than in case of
complex NB. Thus, these results reveal that activation of persulphate by complex 1
depends on the media, and in complex medium such as NB, the activation is not
effective compared to that observed in water. Therefore, we envisaged that, in a
medium with less organic and inorganic content such as ground water, it should be
possible to achieve complete inactivation of microorganisms at lower concentrations

of APS and complex 1. Interestingly, complete inactivation of microorganisms (E.
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coli, S. aureus and C. albicans) in ground water was achieved at lower concentrations

(micromolar range, Table 5.6).

Further, relatively lower concentration of APS alone was required to Kkill the
microorganisms compared to the concentration determined in nutrient rich NB/SDB
medium (Table 5.5), which further emphasise that MBC depends on complexity of the
medium, and constituents of the complex NB/SDB media could scavenge the reactive

species.

5.3.2.2 Effect of stable trivalent nickel species on E. coli cell viability

In order to understand the effect of stable trivalent nickel species produced during
activation of persulphate, bacteria were suspended into preincubated mixture of
persulphate (375 uM) and complex 1 (75 uM) that formed stable trivalent species
(Fig. 5.4), and it was observed that there was no significant reduction in cell viability.
In addition, stable dichloro (1, 8-dimethyl-1, 3, 6, 8, 10, 13-hexaazacyclotetradecane)
nickel (111) perchlorate hydrate complex (75 uM) was also found to be ineffective to
inactivate the bacteria. However, addition of complex 1 to the suspension of bacteria
containing APS or addition of APS to the bacterial suspension containing complex 1
caused complete inactivation of bacteria. Thus, these results reveal that bacterial
inactivation is mainly due to activation of persulphate by complex 1, with generation
of reactive species (reaction 2) than stable trivalent nickel species finally produced in

the reaction.

Microbial growth inhibition under oxidative conditions is commonly due to
the cell membrane damage (Maness et al. 2009; Esterbauer and Cheeseman, 1990).
Hence we presumed that the combination of complex 1 and oxidant may effectively
induce cell wall damage while the divalent nickel ion is not effective. Thus, we
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performed lipid peroxidation assay. Lipid peroxidation of the cell membrane results in
the formation of malondialdehyde. Thiobarbituric acid forms an adduct with
malondialdehyde to produce a deep pink color solution with absorption maximum
around 540 nm (Maness et al. 2009, Esterbauer and Cheeseman, 1990). In the present
investigation a deep pink color solution with absorption maximum around 540 nm
was observed only in the case of cells treated with complex 1 (2.5 mM) and
ammonium persulphate (2 mM) (Fig. 5.9), while the absorption band of the adducts
from the controls (i.e cells without both complex 1 and ammonium persulphate, cells
with complex 1 (2.5 mM) and without oxidant, and cells without complex 1 and with

oxidant) were significantly lower (Fig. 5.10).

Complex 1
+ Only Only Only
Oxidant Oxidant Complex1 E.coli

Fig. 5.9. Picture showing the formation of pink coloured adduct (TBA-MDA) as a
result of MDA reacting with thiobarbituric acid (TBA) in case of cells exposed to
complex 1 and oxidant. [Complex 1] = 2.5 mM [oxidant] = 2 mM cell concentration
of 10% cfu/ml were used in the assay. The pink coloured adduct is observed only in
case of complex 1 + oxidant, whereas no pink color formation was seen in the other

three controls.

159



Chapter 5

0.3 |
g
£ 02}
£ Complex 1
2 Complex 1 + Oxidant
< Oxidant

Only E.coli
01|
. /\\

"520 540 560 580 600 620
Wavelength (nm)

Fig. 5.10. Absorption spectra of the MDA-TBA adduct. The absorption band of
adduct was clearly observed for the cells treated with complex 1 (2.5 mM) + oxidant
(2 mM). The absorption of the adduct was not significant for the controls, i.e cells
treated with 2.5 mM (complex 1); cells treated with 2 mM (oxidant); cells without

complex 1 and oxidant (only E.coli). [Cell]= 10° cfu/ml.

Thus, thiobarbituric acid based assay for the detection of lipid peroxidation of the cell
membrane clearly shows that the nickel trivalent complex has very high propensity to
induce the cell membrane damage while divalent nickel complex 1 does not induce

significant membrane damage even at very high concentrations.

Further, the changes in morphology of E. coli cells exposed to complex 1 and
ammonium persulphate were determined using scanning electron microscopy (SEM).
It was observed that cells in the control (without complex 1 & oxidant) were intact
and maintained their cellular intergrity and outer membrane structure Fig. 5.11B.
However, cells exposed to 312 uM complex 1 with 2 mM ammonium persulphate for

30 minutes showed severe membrane damage with loss of cellular integrity Fig
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5.11A, indicating irreversible cell damage (Su et al. 2009, Kang et al. 2008, Hartmann
et al. 2010). Hence, the SEM results clearly emphasize the cell membrane damage,

which is in accordance with the TBA assay.

Fig. 5.11. Scanning electron micrograph showing the effect of complex 1 +
ammonium persulphate on E.coli cells after 30 minutes of incubation. A) E.coli cells
after treatment with 312 uM complex 1 and 2 mM ammonium persulphate B) E.coli

cells alone not treated with complex 1 or ammonium persulphate.

Conclusion

The results of this investigation reveal that a combination of 20 uM Ni (1) complex
and 5 pg TiO; is effective in complete inactivation of various microorganisms
(irrespective of their Gram nature) under UV light irradiation. Similarly, the nickel
(I1) azamacrocyclic complex in presence of ammonium persulphate was found to be
effective against different microorganisms at lower concentrations compared to either
nickel (11) azamacrocyclic complex or ammonium persulphate alone. Ni?* doped TiO-
has been used for the degradation of methyl orange as it can form reactive Ni* or Ni**

species on reduction or oxidation, however, this is the first study that describes the
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antimicrobial activity of nickel (I1) azamacrocyclic complexes by TiO, or ammonium
persulphate.

Many bacterial functions, such as semipermeability, respiration, and oxidative
phosphorylation reactions, rely on an intact membrane structure. The combination of
ammonium persulphate in presence of complex 1 caused a significant lipid
peroxidation of cell membrane than in the absence of complex 1, and complete cell
death was mainly attributed to cell membrane damage shown by Thiobarbituric acid
assay (TBA) and SEM. Another key finding in this study is that the combination of
complex 1 and oxidant is highly lethal to both Gram positive and Gram negative
bacteria, as well as against fungus, indicating that the reactive radicals are very potent
oxidants and are nonselective in their reactivity. Hence, nickel (1) azamacrocyclic
complexes with TiO, or ammonium persulphate can be applied for the disinfection of
pathogens, as antifouling agents, for treatment of microbial biofilms, and other
environmental and medical related problems. The structural versatility of the
azamacrocyclic ligands, its rich coordination chemistry with nickel (I1) ion, in
combination with various oxidants, provides immense scope to further investigate and

develop a variety of microbicidal agents.
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Summary of results and conclusions
The results obtained during the course of the present research work can be briefly

summarized as follows:

1) An extensive and thorough literature survey revealed that (a) a major driving force
for pursuing research on the nanocrystalline TiO; is its extremely broad range of
applications and the expectations that further studies on the surface properties at
fundamental level will improve the performance of TiO, nanomaterials and related
devices in different areas. (b) The applications of the novel properties of these
nanomaterials are possible only when the materials are available with desired size,
morphology, surface properties and chemical composition. This makes the “synthesis

and processing” aspect of nanomaterials all the more important in nanotechnology.

2) The work was initiated by the synthesis of TiO, nanoparticles at an optimal
concentration of TiCl,: water (1:100), by a simple sol-gel method. The sol-gel
synthesis route used in the present work is an attractive method for obtaining
nanoparticles with high surface area, porosity and monodispersity. Moreover, the sol-
gel synthesis method used in this study had short processing time, needed fewer
chemical reagents, lab controlled annealing temperature and relatively short curing
time. The characterization results showed the formation of pure, anatase phase TiO,
mesoporous in nature possessing good physicochemical properties with a crystallite
size of ~13 nm and surface area of 72.80 m?/g. The photocatalytic activity of the TiO,
was evaluated for the degradation of toxic dyes methylene blue and malachite green
as well as its antibacterial activity against pure bacterial cultures and microorganisms
from treated sewage water from a local sewage treatment plant. A TiO, concentration
of 0.1 M was found to be optimal for the complete photodegradation of methylene

blue in 80 minutes under both UV light (352 nm) as well as sunlight, whereas,
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malachite green was completely degraded within 30 minutes under sunlight and 60
minutes under UV light. Moreover, the levels of organic pollutants in the sewage
water were determined by COD analysis. It was observed that after photocatalytic
treatment of sewage water for 40 minutes at 0.1 M TiO, concentration, a ~85 %
reduction in the COD was achieved under sunlight irradiation. The antibacterial
studies showed a complete reduction in bacterial count after 40 minutes of sunlight
exposure and a 99.9 % reduction in case of E. coli, for pure cultures. The order of
susceptibility of the microorganisms to inactivation by TiO, was Staphylococcus
aureus > Klebsiella pneumoniae > Pseudomonas aeruginosa > Escherichia coli.
Similar studies for the inactivation of microorganisms by TiO, photocatalysis in
sewage water sample showed a 99 % (2 log reduction) reduction in the microbial load

after 40 minutes of exposure in both UV as well as sunlight.

3) Further, to lower the band gap of TiO, to enable the effective utilization of the
cheaper visible light sources or the greater quantity of the inexhaustible sunlight to
carry out the process of photocatalysis, TiO, was doped with transition metal dopants
(Iron/carbon/sulfur and Silver), non metal dopants (Nitrogen) and surface
modification was carried out with organic acids (Folic acid, Fumaric acid, Succinic
acid, Malic acid and Salicylic acid), amino acids (L-arginine and L-cysteine), and
phosphate, and the effect of surface modification on antibacterial activity was tested
against E. coli. In the metal ion doped TiO,, AgTiO; exhibited highest antibacterial
activity with 99.99 % reduction in bacterial count after 120 minutes of visible light
(420 nm) irradiation at 50 pg/ml. For nitrogen doped TiO,, a 90 % reduction in the
number of bacterial cells was observed after 120 minutes of visible light irradiation as
compared to 15.5 % reduction with the control TiO,. In case of surface modified TiO»,

FA-TiO,, Fu-TiO, and MA-TiO; exhibited 99 % reduction followed by S-TiO;, with a
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90 % reduction in the bacterial count after 120 minutes of visible light (420 nm)
exposure at 50 pg/ml. The efficiency of antibacterial activity was in the order of FA-

TiO, > Fu-TiO, > MA-TiO;, > S-TiO, > SA-TiO, under visible light conditions.

4) Since AgTiO, showed good antibacterial activity along with the organic acid
modified TiO,, further studies were performed, where silver containing
nanocomposites were synthesized and functionalized with organic acids (Folic acid,
Fumaric acid, Succinic acid, and Malic acid) and amino acids (L-arginine and
Cysteine), in order to enhance the antibacterial activity of these functionalized
nanocomposites. The antimicrobial activity in terms of MIC and MBC of FA-
AQCI/TiO; and Fu-AgCl/TiO, was found to be better than the unfunctionalized
AQCI/TiO,. However, in case of MA-AgCI/TiO; and SA-AQCI/TiO, the MIC and
MBC was lower than the unfunctionalized AgCI/TiO,. Similarly, no enhancement in
antimicrobial activity was observed for Arg-AgCl/TiO, and Cys-AgCl/TiO, after
functionalization. The characterization studies of FA-AgCI/TiO, and Fu-AgCI/TiO,
showed superior physicochemical properties with a particle size of 6.5 nm and 6 nm
respectively and a surface area of 258.5 m*/g and 320.7 m?/g respectively. Studies on
microbial inactivation in PBS showed that inactivation could be achieved at 50 pg/ml
(0.59 ug/ml Ag) for E. coli, M. luteus, C. albicans, P. aeruginosa and 100 ug/ml (1.1
ug/ml Ag) for S. aureus in 2 h without photoactivation. In case of Fu-AgCI/TiO,
complete bacterial inactivation was achieved at 100 pg/ml (1.17 pug/ml of Ag) for E.

coli and M. luteus, in PBS after 2 h.

5) Further studies were carried out to investigate the effects of addition of catalytic
amount of nickel (11) azamacrocyclic complex to TiO; in a photocatalytic reaction and
its effects on microorganisms. Among different concentrations of Ni (II): TiO,, the

highest antimicrobial activity was achieved at an optimal combination of 20 uM Ni
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(1) + 5 pg/ml TiO, for complete inactivation of Gram positive, Gram negative as well
as fungal cultures. The control studies with TiO, alone or Ni (Il) alone did not show

any significant antibacterial activity.

Thus some of the prominent points and important contributions emerging from the

present thesis are:

1. The synthesized TiO;, exhibits good photocatalytic activity against toxic dyes,
organic pollutants, and microorganisms under both UV light as well as sunlight.
Given, the drawbacks of TiO, due to its wide band gap, this photocatalytic study has
potential applications in the photocatalytic treatment of dye/toxic compounds polluted
waters of the textile industry, paint industry etc. or water with high microbial load,
and its efficacy of photodegradation makes it a good, economical alternative to other

conventional technologies.

2. The usage of organic acids (Folic acid, Fumaric acid, Succinic acid, Malic acid and
Salicylic acid), and amino acids (L-arginine and Cysteine) modified TiO,, to enhance
its antibacterial activity in the visible light has been highly unexplored. Hence, the

results of this study are novel and promising.

3. This is the first time the synthesis of functionalized silver containing TiO,
nanocomposites and its enhanced antimicrobial activity (FA-AgQCI/TiO, and Fu-
AgCI/TiO,) without photoacttivation has been reported. This study is especially
important, because silver based nanocomposites are broad spectrum antimicrobial
agents and can be a promising alternative for the development of new non-resistance

inducing antimicrobial agents due to their multiple mode of action in the target cell.
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4. This is also the first study that describes the efficient antimicrobial activity of
nickel (I1) azamacrocyclic complexes with TiO, against various microorganisms

(irrespective of their Gram nature).

5. In view of the above information, it is evident that the present research work
reports several novel findings and emphasize the fact that TiO; in
doped/modified/functionalized form can be a very promising photocatalyst with a

broad range of applications in different fields.
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Future scope of work

1. A major challenge with using TiO, in aqueous suspensions (Slurry systems) is the
separation of TiO, powder from the treated water. Hence, there is a great scope for
designing efficient photoreactors, where TiO, powder is uniformly coated on

substrates such as glass, ceramic or a metal surface to obtain durable thin films.

2. In this study a limited number of molecules such as organic acids, amino acids and
vitamins were tested for functionalization of antimicrobial TiO, nanocomposites.
However, in order to further harness the tremendous potential of such nanocomposites
a variety of other molecules with different functionalities may be tested to
functionalize TiO, nanocomposites, to improve their stability, biocompatibility and
overall antimicrobial efficacy against various microorganisms including drug resistant

microbial strains.

3. In chapter 5 the study is based on the usage of homogeneous nickel (I11) complex in
combination with TiO,. However, it is important to anchor the metal complex to the
TiO, photocatalyst and future work will have to focus on this aspect of TiO;

photocatalysts so that the water bodies are free from free metal complexes.
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Conferences and workshops

Bactericidal activity of TiO, photocatalysts synthesized by sol-gel process (Poster
presentation), 48™ Annual conference of Association of Microbiologists of India
(AMI) at Indian Institute of Technology Madras, Chennai-600036, 18-21
December, 2007.

. Antibacterial activity of photocatalytic Titanium nanoparticles (Poster
presentation), 49" Annual conference of Association of Microbiologists of India
(AMI) at University of Delhi, Delhi, 18-20 November, 2008.

Bactericidal activity of Titanium dioxide nanoparticles synthesized by sol-gel
process. (Oral presentation), International Congress of Environmental Research
(ICER-2008), at BITS, Pilani Goa Campus, 18-20 December, 2008.
Photocatalytic activity of titanium dioxide nanoparticles synthesized by sol-gel
process. (Poster presentation), National conference on Emerging Trends in Life
Sciences Research (ETLSR), BITS, Pilani, Rajasthan, India, 6-7 March, 2009.

. Participated in the “Cancer and Nanotechnology: Therapeutics and
Diagnostics” workshop held on 17 February 2010, as a part of International
Conference on Nano Science and Technology (ICONSAT 2010) held from 17-
20 February, 2010 at Indian Institute of Technology, Bombay, Mumbai.

. Synthesis and characterization of AgTiO, nanocomposites functionalized with
folic acid and studies on its antibacterial activity (Poster presentation),
International Conference on Nano Science and Technology (ICONSAT 2012)
organized by International Advanced Research Center for Powder Metallurgy

and New Materials (ARCI), from January 20-24, 2012 at Hyderabad, India.
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7. Study of the cytotoxic activity of AgTiO, nanocomposites synthesized by simple
sol-gel method (Oral presentation), National Seminar on “Nanomaterials:
Synthesis, characterization and applications, at Smt. Parvatibai Chowgule College

of Arts & Science, Goa University, India, 2-3 February, 2012.
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