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Abstract

The interaction of biomolecules with inorganic metal ions results in the
formation of nanoscale hybrid materials known as bio-inorganic hybrids. The use of
biomolecules for the generation of hybrid functional materials is appealing because
biomolecules not only offer rich functional group chemistry and have intrinsic self-
assembling properties that can direct the final structure of the resulting material, but
they also ensure an environmentally green and benign environment which can
considerably reduce the energy consumption in manufacturing processes. In this thesis,
two different classes of biological moieties have been exploited for the development of
metal-organic hybrid materials: (i) enzymes as reducing as well as stabilizing agents for
the synthesis of metallic nanoparticles with various compositions and (ii) nucleobases
as low molecular weight hydrogelators for coordination polymer hydrogels through

complexation with transition metal salts.

The thesis is divided into the following chapters: in Chapter 2, 3 and 4 the
biomineralization capabilities of enzymes towards the formation of metallic
nanoparticles, alloys and their composites with applications in catalysis have been
demonstrated. In chapter 5, 6 and 7, the incredible capability of pure nucleobases to
form coordination polymers with metal salts leading to hydrogels through self-assembly
has been reported.

1. Introduction

A brief overview on the basic concepts and recent developments towards
the generation of bio-inorganic hybrid nanosystems involving metal
nanoparticles and coordination polymer hydrogels are reported in this chapter.
This chapter tries to bring together the use of different classes of biomolecules
employed in the development of hybrid materials such as metallic nanoparticles
and coordination polymer hydrogels as well as coordination polymer particles.
Finally, a brief summary of the research reported in this thesis and their
relevance in the prospects of recent developments have been put forward.
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2. Enzymes as bionanoreactors: Glucose oxidase for the synthesis of catalytic
Au nanoparticles and Au nanoparticle-polyaniline nanocomposite

In this chapter, the reducing ability of glucose oxidase, a flavoprotein has

been exploited for the synthesis of Au nanoparticles under physiological

conditions. The synthesized Au nanoparticles acted as effective catalysts

towards the reduction of p-nitrophenol to p-aminophenol. Although the enzyme

lost its natural activity after the synthesis of Au nanoparticles, the activity of the

native enzyme could be made use of for the room temperature synthesis of Au

nanoparticle-polyaniline nanocomposite.

3. Biogenic growth of alloys and core-shell nanostructures using urease as a
nanoreactor at ambient conditions

In this chapter, a commonly available enzyme urease was explored as a

nanoreactor for the synthesis of monometallic as well as alloy nanoparticles. The

natural activity of urease was partly inhibited after the synthesis of metallic

nanoparticles due to conformational changes in its native structure, resulting in a

significantly lower amount of ammonia generated in the process. However, even

at this slightly basic pH, ZnO nanoparticles could be formed over the Au

nanoparticles leading to the formation of Au-ZnO core-shell nanostructures at

room temperature due to the “salting out” effect.

4. Catalytic activity of various pepsin reduced Au nanostructures towards
reduction of nitroarenes and resazurin

This chapter demonstrates the reducing and stabilizing ability of pepsin,

a digestive protease for the size- and shape-controlled synthesis of Au

nanostructures by simple variation in the pH of the reaction medium or

concentration of the enzyme. Further, the correlation between the thickness of

the surface stabilizing agent (pepsin) and the catalytic activity of the Au

nanoparticle surface for the reduction reactions have been shown.
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5. Ag(l) ion mediated self-assembly of nucleobases towards the generation of
coordination polymer hydrogels

In this chapter, metal binding ability of the pure nucleobases, adenine,

cytosine, thymine and uracil leading to the formation of metallogels, upon the

introduction of Ag” ions under alkaline conditions have been reported. Under

similar conditions, guanine resulted in the formation of a precipitate rather than

a gel. Under the present conditions, the nucleobases cytosine, thymine and uracil

resulted in the formation of Ag nanoparticles which were decorated along the

fibers of the gel. Further, these Ag-nucleobase hydrogels could be used as an

antimicrobial agent against both gram positive as well as gram negative bacteria.

6. Zn**-nucleobase coordination polymer particles:  Synthesis and
photocatalytic activity

The formation of metallogels upon the addition of Zn*" ions to a basic

solution of cytosine and guanine are reported in this chapter. Flower shaped

coordination polymer microparticles were obtained by the addition of Zn?* ions

to a mixture of cytosine and guanine. All the three hybrid hydrogels have shown

good activity as photocatalyst for the degradation of pollutant organic dyes.

7. Cd(IN-nucleobase coordination polymer hydrogels for the generation of
CdS quantum dots
In this chapter, the formation of strong self-standing hydrogels through
the non-covalent interactions of nucleobases thymine and uracil with Cd** under
basic medium have been reported. Further, the addition of a sulfide precursor to
the nucleobase solutions followed by the addition of the Cd** afforded the
formation of CdS quantum dots, decorated along the fibers of the hydrogels,
with bright yellow fluorescence.

8. Relevance and scope
This chapter summarizes the works described in this thesis. Further, the

relevance and future prospects of the works have been discussed.
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Chapter 1

General Introduction and Background

1.1 Introduction

Nature offers an ideal platform for the generation of functional materials without
imposing any limitations or design constraints through the plethora of biomolecules that
can interact or couple with metals to generate a myriad of materials with diverse
technological relevance. Nature itself uses the perfect match of metals and ligands with
perfect geometries for the generation of molecules known as metallobiomolecules. !
The omnipresence of metals in biosystems are critical for several important functions
such as oxygen management (hemoglobin, myoglobin, hemocyanin etc), electron
carriers (cytochromes, iron- sulphur proteins) or metal management (ferritin, transferrin,
ceruloplasmin) etc.1 The role of metals in these molecules has been described as
structural or functional. In the former the metal ion helps to stabilize the structure of the
metallobiomolecule, while in the latter it is involved in the reactivity of the bio-site. The
interaction of metals with biomolecules is a complex yet interesting area of research,
not only for understanding the various biological processes but also for the development
of bioinspired strategies for important functional materials. The evolution of a metal in
a living organism occurs by its interaction with the highly complex bio-ligand
coordinating environment.®™ Since the bio-ligands possess electron donating
coordination sites, they play an essential role in the transport, take up and storage of

essential metals. !

The importance of metal-biomolecule interactions can be
understood from the fact that several important biological processes such as respiration,
photosynthesis etc. require the interaction of metal ions with biological ligands. Specific
interactions of metal ions with proteins play a very important role in the functioning of
the protein. The binding of some metal ions increases the stability of proteins or protein
domains. Some metal ions can regulate various cell processes being first, second or
third messengers.®®! Metal ions are an integral part of many enzymes and are

indispensable in many catalytic reactions.
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1.2 Hybrid organic-inorganic functional materials

Functional materials are defined as any class of materials which possess
particular native properties and functions of their own.”! As the term suggests, organic-
inorganic functional materials are hybrid materials, composed of an inorganic part as
well as an organic part, with some functional value. ®! In the present day research, the
term “functional” is often used in combination with newly synthesized materials to
showcase their importance for various applications. Thus an organic-inorganic
functional material may also be defined as a hybrid material which is being prepared
from a “target motivated” approach by combining organic and inorganic building
blocks such that all its properties are adjusted and optimized in a way to serve certain
specific purposes.l”! The great versatility of organic-inorganic hybrids lies in the range
of properties afforded by the combination of organic and inorganic constituents and in
the multiple length scales - from atomic through molecular and mesoscopic to micro-
and macroscopic - over which the chemical interactions and structure of the materials
may be controlled.

The function of a hybrid material depends on several parameters. One and the
most important among those parameters is the size and shape of the hybrid materials, as
many hybrid functional materials such as semiconductor quantum dots or noble metal
nanoparticles/nanoclusters (metals being the inorganic part and the capping agent being
the organic part) display functional properties only when in a particular size range or
morphology. The introduction of porosity into a hybrid coordination material such that
its accessible surface area can be maximized is another way to enhance the function of
an organic-inorganic hybrid material.["®! Indeed, the introduction of small pores into
such materials gives rise to several important functions in it, which is otherwise absent.

Nanotechnology and biotechnology are two fields of importance which are
merging.%! While the former is mainly associated with the synthesis of materials in the
nanometer dimension with variable size, shapes, chemical compositions and controlled
dispersity, the latter exploits the extraordinary properties of biomolecules to solve
significant medical, chemical and engineering problems. Biomolecules, ranging from
simple molecules such as amino acids, peptides, nucleobases and nucleotides to

complex entities such as proteins and enzymes possess several functional groups that
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allow coordination with metal ions giving rise to metal- biomolecule hybrids that serve
as functional materials for various applications. The present day nanotechnology
focuses on the development of two classes of hybrid materials, the first being the
inorganic nanoparticles (metallic and semiconductor nanoparticles), where the inorganic
component is metal and the organic component is the capping agent/stabilizer and the
second being the ordered nanoscale metal organic frameworks, better known as
coordination polymer particles, where metal ions serve as inorganic component, while

the ligands coordinating to the metals are organic in nature.

1.2.1 Metallic Nanoparticles

A nanoparticle or a nanoscale material is any material which has at least one
dimension less than 100 nm. The research on nanoparticles has gained tremendous
attention because of their unexpected but valuable physico-chemical properties.M %
Such interesting properties stem from their nanometer dimension and are often tunable
with size and shape. For instance, in semiconductors, the properties result from the
further confinement of the electronic motion to a length scale that is comparable to or
smaller than the length scale characterizing the electronic motion in bulk
semiconducting material.™*!

Metal nanoparticles have inspired materials chemists as well as physicists due to
their inherent but surprising optical, electronic, magnetic and catalytic properties with
enormous potential in many fields of applications.*2#11 As their physicochemical
properties are a result of particle size, shape and inter-particle distance,*"*®! the
properties of NPs are distinctly dissimilar from those of bulk materials and from those
of molecular compounds. Among the metallic nanoparticles, noble metal nanoparticles
have attracted immense interest due to their optical properties. The miniaturization of
noble metals into nanoscale materials results in a new and very strong absorption,
arising from the collective oscillation of the electrons in the conduction band from one
surface of the particle to the other. This oscillation has a frequency that absorbs the
visible light and is called surface plasmon resonance.™ Due to this phenomenon the
nanoparticles of coinage metals (gold, silver and copper) exhibit distinct colors and

hence have been used as sensors for heavy metals as well as biomolecules.?>%! Such
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colorimetric detection of analyte is based on the shift in the absorbance of the colloidal
particles that can be modified through changes in the size and shape of the particles or
in their local environment. For example, the specific activity of an enzyme on a
substrate can result in the formation of aggregates of the particles, leading to a red shift
in the absorption maximum or can even result in the dispersion of agglomerated
particles, leading to a blue shift in the absorption maxima, thus forming the basis for the
detection of such biomolecules. For example, a glucose oxidase plasmonic sensor was
developed by the reduction of Ag® ions using biocatalytically generated H,O, on
preformed gold nanostars that act as plasmon sensors.® This method could be used for
the sensing of glucose oxidase at lower concentrations (scheme 1.1).

. V| b
SNy PN
(i) Growth \ .
OH — A | |
- /
/ GOx-FAD H,0; 2Ag+ \ . V & y B
H (! v
A(nm)
HO I
A \ 7
¥ o 4
HOm: (o] GOx-FADH 0O, 2Ag y > 4 h X
2 Ag nanocrystal growth v V'A A \
2 L —»" \ /
HO OH (i) Nucleation . < s
Biocatalytic cycle of glucose oxidase . A . |
v. .. PN

A (nm)

Scheme 1.1. Scheme for the proposed signal generation mechanism by means of enzyme guided crystal
growth. Glucose oxidase generates H,O, which reduces Ag™ ions to grow a thin layer of silver coating
over the plasmonic Au nanostars; (i) at low concentrations of glucose oxidase the rate of nucleation is
slow, which favors the growth of silver layer over the nanosensors, leading to a large blue shift in the
LSPR of the plasmonic nanosensors; (ii) At higher concentrations of glucose oxidase the fast crystal
growth induces the formation of Ag nanocrystals and hence lesser amount of Ag is deposited on the
nanosensors, which results in a smaller variation of the LSPR of the nanosensors. [Adapted from
reference 25].

When the concentration of the enzyme is low, the lower amount of generated
H,0, dictates slow crystal growth conditions, leading to the formation of homogeneous
layer of silver on the gold nanostars as seeding points, resulting in a blue shift of the
localized surface plasmon resonance of the gold nanostars. On the other hand, at higher
concentrations of glucose oxidase, the abundant reducing agent favors nucleation rather
than epitaxial growth, resulting in the formation of free-standing silver nanocrystals.

Thus, a lesser amount of silver is deposited on the nanosensors, leading to a
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significantly lower shift in the plasmon resonance band compared to glucose oxidase at
lower concentrations. In a similar work, the same group used Au nanoparticles that
aggregated upon the functionalization by the tripeptide Fmoc-Gly-Phe-Cys-NH; for the
sensing of the enzyme thermolysin.® The hydrolysis of the amide bond of the
tripeptide was catalyzed by thermolysin and resulted in the dispersion of the Au
nanoparticles, which could be seen visually.

The decrease in the size of the particles to the nanometer regime results in an
increase in their surface area to volume ratio, accounting for several improved
properties in the nanoparticles, including the catalytic activity as compared to the bulk
materials.*>**®! The properties of the metallic nanoparticles are largely dependent on
their size and shape.'®?” The archetypal example is color tuning of the metallic
nanoparticles and hence their absorption maximum upon simple variation of their size
(figure 1.1).
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Figure 1.1. Unique optical properties of gold nanoparticles, showing a variation in color of the solution
and hence the absorption maximum upon change in the size of the nanocrystals. As the size of the
nanoparticles increases the color of the solution changes from red to blue and the absorption maximum

shifts towards red region [Adapted from reference 27].

Again, in case of noble metal nanoparticles such as Au, Ag, Pt or Pd, the
dependence of shape is particularly evident. For example, whereas highly symmetrical,
spherical Au and Ag nanoparticles exhibit a single scattering peak, nanocrystals with

anisotropic shapes such as rod, triangle, plates and cubes exhibit multiple scattering in
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the visible region due to highly localized charge polarizations at the corners and
edges.[®?°1 Further, the chemical reactivity of the nanocrystals is also highly dependent
on their surface morphology. The bounding facets of the nanocrystal, the number of
step edges and kink sites, as well as the surface area to volume ratio can dictate unique
surface chemistries.”®** Consequently, Pt and Pd nanocrystals exhibit shape and size
dependent catalytic properties that may prove useful in achieving highly selective
catalysis.*2 Therefore synthesis of metallic nanoparticles with controlled size and
desired shape is highly appealing.
A wide variety of synthetic methods have been employed for the growth of
nanoparticles, which can be divided into three main types: **!
()  Grinding method,™ which involves wet and dry grinding, reactive
grinding etc.
(i) Gas phase methods™ such as chemical vapor deposition, laser ablation
deposition, sputtering techniques etc.

(iii)  Liquid phase syntheses,

which involves forced hydrolysis,
hydrothermal synthesis, sol-gel process, microemulsion method etc.

Of the three synthetic methods, the liquid phase synthesis is the most widely
used by the chemists, because the size of the particles and agglomeration behavior can
be controlled using this method, which are difficult in the other two methods. The
reactive surfaces can be saturated with functionalized organic molecules, surfactants,
dendrimers or polymers as stabilizers immediately after nucleation, thus providing a
precise control over the size of the nanoparticles formed.

The procedures for the formation of shape controlled nanostructures are
however limited.!°3%*°1 Structures other than spheres form as a result of specific
interaction of the capping agents with different growing faces of the particles.[**]
Nevertheless, the use of a template provides a precise control over the final morphology
of the nanostructures. Templates provide a constrained environment during the
nanoparticle growth and thus shapes can be tuned according to the template.l*®
Commonly used templates are porous alumina, polycarbonate membranes, carbon
nanotubes and micelles.”***3] However, the presence of templates does not produce

100% shape monodispersity; rather, a significant fraction of thermodynamically
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favorable spheres are also formed.?®! In addition, soft templates such as micelles may
not be stable at higher temperatures, and thus the template may not function. Therefore,
engineering of monodispersed nanoparticles with precise and controlled size as well as
morphology has been a hot topic of research.

Among various newly developed nanostructured materials, a new class of
metallic nanoparticles called metal nanoclusters has attained tremendous research
interest in the last few years because of their unique optical and photophysical
properties as well as low toxicity and high biocompatibility."*** Metal nanoclusters
comprise of a few hundreds of metal atoms or less, and represent an intermediate state
of matter between isolated molecules and large nanoparticles (nanoparticles with
diameter > 2 nm).[***! Since the size of the metal nanoclusters is comparable to the
Fermi wavelength of electrons, hence the continuous density of states of the particles
breaks into discrete energy levels. Consequently, several unique optical as well as
electronic properties such as luminescence, magnetism, HOMO-LUMO transitions,
quantized charging etc. arise.1***®“8] These properties are clearly different from the
larger metal nanoparticles having size in the range of 2-100 nm. Due to their facile
synthesis, excellent stability and good biocompatibility, metal nanoclusters have been

studied extensively in the recent years.

1.2.2 Coordination Polymers

Coordination polymers may be defined as hybrid organic-inorganic compounds
extended in one, two or three dimensions through coordination bonds®**! (scheme
1.2). In other words they are polymeric solids held by coordination bonds between
metal centers and organic ligands forming infinite arrays. The final structure of a
coordination polymer depends mainly on the nature and coordination geometry of the
metal ions as well as the number of binding sites and the geometry of the organic
ligands.®! Further, the weak interactive forces such as rt-r stacking, hydrogen bonding
or van der Waals interaction may also have a significant impact on the final geometry

and structure of the coordination polymers.
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Scheme 1.2. Schematic representation of the assembly of coordination polymers showing 1D, 2D and 3D

polymers.

In the early 90’s Prof. Robson and his co-workers first proposed that
coordination polymers could be generated by simple connection of metal centers having
tetrahedral or octahedral array of valences with organic linkers.*® They proposed that
following their approach, functional materials with fascinating properties such as
catalysis, porosity etc. could be engineered. At that time, probably none had imagined
that Prof. Robson had introduced a concept that would open a new world not only in the
field of chemistry but also nanotechnology and materials science. Since the first work
by Prof. Robson, thousands of new coordination polymers are synthesized due to their

5.1 Following the methodology developed by

facile synthesis and application
Robson and co-workers, it has been possible to engineer crystalline materials with
empty spaces (porous materials), more commonly known as metal organic frameworks,
which find use in a myriad of applications.

A new class of polymers, known as coordination polymer particles has emerged
as a front runner in the group of coordination polymers during the last decade due to
their broad range of potential applications such as catalysis, sensing, tissue engineering,
data storage, electronics, medical diagnostics as well as drug delivery.>%7
Coordination polymer particles (CPPs) having variety of shapes such as rods, tubes,

belts, fibers, spheres and tapes can be generated by the simple self-assembly of metal
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ions and/or organic ligands. A simple but careful selection of ligands and metal ions can
lead to the formation of various shaped coordination polymer particles. Several studies
have demonstrated that infinite coordination polymerization of metal ions through
organic ligands, followed by precipitation can generate infinite coordination particles
(ICPs) of various shapes having nanometer dimensions. [61:646¢]

Two classes of particles®™ can be generated by the method of infinite
coordination polymerization: (i) crystalline particles and (ii) amorphous particles. The
first class can be obtained by controlling the crystallization processes in the nanometer
scale, which can be achieved by either increasing the rate of nucleation by solvothermal
conditions, microwave irradiation, ultrasound, rapid precipitation etc. or by confining
the crystallization using a template or an emulsion. On the other hand, the amorphous
coordination polymer particles are generally obtained by using biomolecules as ligands
because biomolecules are usually flexible molecules and are difficult to crystallize.

1.3 Biomolecules for the synthesis of inorganic nanoparticles and

coordination polymers

Both inorganic nanoparticles as well as coordination polymers have been widely
studied, mainly due to their distinctive physico-chemical properties and wide range of
applications. Although, these functional materials offer several advantages, one
drawback which most of these materials suffer is their toxicity, which in principle is due
to the synthetic procedure employed for their synthesis.[***! Most of the reported
chemical synthetic routes employ the use of hazardous chemicals and organic solvents,
which are not feasible from an environmental point of view and limit their applications
in medicine and biology. So, materials scientists have been in pursuit of strategies
alternative to the conventional chemical synthesis of hybrid functional materials, to
exploit their potential for bio based applications.

Biomolecules provide an excellent strategy for the development of functional
materials by providing green, environmentally benign conditions.!"*! Biological systems
can synthesize and assemble a range of inorganic nanomaterials such as amorphous
silica (diatoms), magnetite (magnetotactic bacteria) and minerals such as calcite into

functional superstructures.!>”™ Therefore, understanding the biochemical processes
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that lead to the formation of nanoscale hybrid materials is potentially appealing as
environmental friendly alternatives to chemical methods. The three main steps for the
synthesis of functional nanostructured materials that should be evaluated from a green
chemistry perspective are the choice of solvent medium used for the synthesis (water),
choice of an environmentally benign reducing agent (for nanoparticles) and the choice
of a non-toxic material for the stabilization of the nanoparticles.l’”® In this regard,
biomolecules, due to their own nanometer dimension serve as perfect nanoreactors that
can facilitate the formation of metal nanostructures through a combination of concerted
efforts involving the complex formation, metal ion reduction and protection of the
nanocrystals formed against agglomeration. Biomolecules have been extensively used
for the synthesis of functional nanoscale materials due to the following reasons:**%!

() Simple biomolecules such as amino acids, peptides, nucleobases etc. are
readily and naturally available at low cost and hence can be used to prepare
bulk quantities of materials.

(i) Biomolecules, such as amino acids, peptides or nucleic acids, feature rich
chemistries in their functional groups, such as amine, thiols, carboxyl,
hydroxyl or phosphates and sugars, which can serve as efficient binding sites
for metal ions and facilitate the multi directional growth of functional
materials in a controlled manner.

(iii)  Biomolecules mediated synthesis of nanoparticles most often occurs in water
medium at room or physiological temperatures, without the need for toxic
reagents, and hence can lead to biologically compatible materials.

(iv)  Biomolecules can themselves function as both reducing as well as stabilizing
agents for nanoparticles.

(V) Many biomolecules have intrinsic self-assembling properties, which can be
used to direct the final structure and properties of functional materials.

Thus, the use of biomolecules for the synthesis of nanoparticles can not only reduce
the use of toxic reagents leading to an eco-friendly approach, but also protect them from
the deleterious effect of metal toxicity. Further, the use of biomolecules as reducing as
well as stabilizing agent for growth of inorganic nanoparticles combines and integrates

the unique optical, electronic and catalytic properties of the nanoparticles with the
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specific binding, catalytic and recognition properties of functionally active

[l Nature has endowed us with thousands of

biomolecules in a single entity.
biomolecules, whose basic units can be grouped under four main classes: amino acids,
lipids, saccharides and nucleic acids®®! (figure 1.2). The works in this thesis are based
on the use of enzymes (basic unit amino acids) as nanoreactors for the growth of
functional metallic nanostructures and nucleobases as ligands for the development of
nanoscale coordination polymer particles. The present chapter discusses the history and
present work being carried out using these basic units as well as enzymes for the

generation of functional inorganic nanostructures as well as coordination polymers.

o~
s

- =34

@ ¢ ;,277
Aminoacid Peptide Monosaccharide Enzyme DNA

Figure 1.2. Representation of different families of natural biomolecules present in living beings.

1.3.1 Amino acids, peptides, nucleobases and nucleotides

Amino acids, peptides, nucleobases and nucleotides are considered as elemental
molecules of life and are the basic units of almost every biomolecule found in the
nature. Amino acids are molecules having a general formula NH,CHRCOOH. As the
formula suggests, amino acids are composed of amine and carboxylic acid group, along
with a side chain, which is specific to each amino acid. On the other hand, peptides are
short oligomers of amino acids, linked by peptide bonds. The peptide bond is formed by
the reaction between the carboxylic group of one amino acid and the amino group of
another amino acid, leading to the formation of an amide group, with the loss of a water
molecule. Nucleobases and nucleotides are components of the genetic material DNA
and RNA. There are five nucleobases found in nucleic acids, namely, adenine, guanine,
thymine, cytosine and uracil. The helical structure of the DNA and RNA is a result of
the ability of these bases to form base pairs that directly stack upon one another.[’™

Nucleotides, on the other hand are composed of a nitrogenous base, a pentose sugar and

11
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atleast one phosphate group. For the amino acids and peptides, the presence of amino
and carboxylic groups, which have known reducing as well as excellent binding ability
towards metal ions, makes them ideal nanoreactors for the growth and development of
functional nanomaterials. On the other hand, the presence of several metal coordinating
sites in the nucleobases and the added advantage of phosphate groups and a sugar
moiety in nucleotides makes them attractive candidates for the fabrication of hybrid

organic-inorganic nanomaterials such as metallic nanoparticles and coordination

polymers.
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Scheme 1.3. Schematic illustration of the basic structure of a naturally occuring amino acid, a dipeptide
and nucleobases as well as nucleotides.
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Several amino acids such as tyrosine, arginine, glutamic acid, cysteine, lysine
etc. have been successfully employed as reducing as well as stabilizing agent for the
growth of metallic nanoparticles.’®¢ Amino acids have been used not only for the
synthesis of spherical nanoparticles, but also for the synthesis of nanostructures with
shapes such as triangles, plates, ribbon and wires.®®"®8 |n 2004, Shao et al. reported
that whereas lysine, arginine and tyrosine gave spherical Au nanoparticles, using
aspartic acid as a reducing as well as stabilizing agent resulted in single crystalline
nanoplates with thickness less than 30 nm.®”! They argued that the formation of
triangular plates, when aspartic acid was used was a result of the specificity of aspartate
for binding to facets other than {111}. Similarly, several peptides by virtue of the
presence of functional groups such as amino, carboxylic acid, sulphydryl etc. serve as
excellent reducing and/stabilizing agents for the growth of inorganic nanostructures.*
%] Further the nucleobases and nucleotides have also been used for the growth of
several inorganic nanoparticles and nanoclusters.”” %% For example, Jiang et al.l*]
prepared Au nanoclusters with different emissions at different pHs or reaction times
using the nucleoside/nucleotide cytidine, cytidine-5’-monophosphate or cytidine-5’-
triphosphate at room temperature as template and citrate as the reducing agent
(figurel.3).
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Figure 1.3. (a) and (b) TEM images (Scale bars 200 nm) of higher and slightly lower degree assembled

nanoplates synthesized using aspartate. (c) and (d) TEM images (Scale bars 200 nm) of individual
hexagons and truncated triangular nanoplates. The insets show the selected area electron diffraction
patterns, and (e) Schematic illustration for the room temperature syntheses of various colored Au

nanoclusters using cytidine/cytidine nucleotides.[Adapted from references 87 and 98].
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Since, these biomolecules possess several metal binding sites, such as amino,
carboxylate or different ring nitrogen and oxygen atoms, they have also been
successfully used as ligands for the generation of coordination polymers. Several metal
ions such as Cd(Il), Pb(I1), Ni(ll), Zn(Il), Cu(ll), Co(ll) have been used for the
generation of coordination polymers using aspartic acid, glutamic acid, valine and
isovaline and different peptides as ligands.%*?% |n an excellent work, Imaz et al. have
used aspartic acid for the growth of chiral copper aspartate nanofibers.*® They have
shown that nanofibers with lengths several millimeters long (up to 1 cm) could be
generated by simple addition of an aqueous solution of Cu(NOs), to a solution of
deprotonated aspartic acid (ethanol-water mixture). Further, nanofibers with shorter
diameters in the form of hydrogel could be generated by a fast addition of the copper
salt to an aqueous aspartate solution. According to them, the copper coordinates to the
o-carboxylate group of the amino acid, leading to the formation of Cu-aspartate
coordination polymer nanofibers. Similarly, Mantion et al. have used a tripeptide
ValValGlu to construct submicron rod like coordination polymer particles by
combining the tripeptide with Cu(ll) and Ca(ll) at room temperature and at 80 °C
respectively.? Nucleobases and nucleotides in particular, have been used as excellent
ligands for the generation of coordination polymers due to the versatility of bonding
with metal ions they offer.*#%32] \Weij et al. used adenine to construct adenine-Au
hybrid spherical submicron particles at room temperature.™®] They observed that
simple mixture of the precursor aqueous solutions of adenine and HAuCl, resulted in
the spontaneous formation of the hybrid colloidal particles with a diameter ~300 nm.
They suggested that the coordination interactions of Au (111) and the N atoms in adenine
could produce particles with sizes 2-3 nm. These small particles could then evolve into
submicrometer spherical particles via noncovalent interactions (i.e. aromatic -7t
stacking of adenine), and finally these submicrometer particles could be connected
together through fusion of the fringes of every independent particle. Similarly,
Kimizuka and co-workers synthesized functional fluorescent ~40 nm spherical
amorphous coordination polymer particles that served as MRI contrast agents just by
mixing the nucleotide adenosine-5’-monophosphate and lanthanide ions such as Gd**,
Tb*" etc .1
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Figure 1.4. (a) and (b) FESEM and TEM image of of Cu-aspartate nanofibers, (c) and (d) SEM images of
rod like coordination polymer particles obtained by the reaction of the tripeptide ValValGlu with Ca(ll)
and Cu(ll) respectively, (e) FESEM image of hybrid adenine-HAuCI; microparticles formed through
supramolecular interactions and (f) SEM image of 5'-AMP/Gd3+ nanoparticles prepared in water by
simple addition of Gd**ions to a solution of AMP. [Adapted from references 108, 120, 123 and 128].

1.3.2 Microbes

Microorganisms are often exposed to extreme environmental conditions, which
forces them to develop a specific defense mechanism to suppress the stress induced by
the extreme conditions. One such condition, which the microorganisms often encounter,
is the toxicity of foreign metal ions or metals.[**¥ Microorganisms often reduce or
completely eliminate the toxicity of metal ions by changing the redox state of the metal
ions and/or precipitation of the metals intracellularly, which forms the basis of many
important applications of microorganisms such as bioleaching, bioremediation,
microbial corrosion, as well as the synthesis of nanoparticles. 23134

Different microorganisms ranging from bacteria, viruses, fungi, actinomycetes
and yeasts have been used to synthesize several nanoparticles ranging from metallic and

semiconductor to magnetic nanoparticles, either intracellularly or extracellularly. 13+15]
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It has been demonstrated that placing the bacteria Pseudomonas stutzeri AG259
(isolated from a silver mine) in a concentrated aqueous solution of AgNOs, resulted in
the reduction of the Ag ions and formation of silver nanoparticles of well-defined size
and distinct morphology such as equilateral triangles and hexagons of size 200 nm,
within the periplasmic space of the bacteria.**1 Moving a step further, they have shown
that biocomposites of nanocrystalline silver and the bacteria may be thermally treated to
yield a carbonaceous material with interesting optical properties for potential
application in functional thin film coatings.™*” In another report, Dameron et al. have
used the yeasts, Candida glabrata and Schizosaccaromyces pombe for the growth of
CdS quantum dots.'*® Sastry and co-workers have performed extensive studies on
microorganism mediated growth of nanoparticles. They have shown that the fungus
Fusarium Oxysporum can be successfully employed for the synthesis of several
nanoparticles including gold, silica, titania, zirconia, magnetite, barium titaniate as well
as CdS nanoparticles under ambient conditions.'5**] They speculated that the
extracellular proteins secreted by the fungus provided a reducing, hydrolyzing as well

as confining template for the synthesis of these nanoscale particles.*4>48
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Figure 1.5. (a) Time dependent UV-visible spectrum for the growth of Au nanoparticles, using the fungi
Fusarium Oxysporum; Inset Digital images of Fusarium Oxysporum (1) before and (2) after exposure to
AuCl, ions for 72 hours, (b) and (c) corresponding TEM images of the Au nanoparticles; scale bar 50

nm. [Adapted from reference 146].
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Although the detailed and precise mechanism for the formation of nanoparticles
using these microorganisms is not yet clear, it has been hypothesized that the formation
of nanoparticles by such microorganisms occurs either intracellularly of
extracellularly.®*? In the intracellular synthesis of nanoparticles, the cell wall of the
microbes plays an important role. This method involves a special ion transport in the
microbial cell, where electrostatic interaction between the positively charged metal ions
and the negatively charged cell wall of the microorganisms occur. The enzymes present
within the cell wall reduce the metal ions to nanoparticles and these nanoparticles get
diffused off the cell wall.?™®*! The mechanism of extracellular synthesis of silver
nanoparticles is generally considered to be nitrate reductase mediated.™**! For e.g.
nitrate reductase, a NADH dependent enzyme, secreted by the fungus helps in the
bioreduction of the metal ions and formation of nanoparticles. A similar mechanism
was reported for the extracellular synthesis of gold nanoparticles using the bacteria
Rhodopseudomonas capsulate.!**®! The bacterium is known to secrete cofactor NADH,
which transfers electrons to the gold ions to reduce them to gold nanoparticles.

1.3.3 Enzymes

Enzymes, an important class of biomolecules have been largely studied as
catalyst for various complex reactions everywhere in life. They have become very
attractive during the last few decades for their use in a wide range of industrial
applications  including  biocatalysis,  biosensors,  biomedical  applications,
bioremediations as well as with the objective of reducing energy and raw material
consumption and amounts of waste and toxic by-products formation.******* Recently
enzymes have been used in the field of nanotechnology, thanks to their nanometer
dimensions and rich functional group chemistry. It has been suggested that since the
enzymes would provide a defined number of initiation or reduction sites, the
stabilization of metal nanoparticles by enzymes would enable their formation with
controlled dimensions and contribute towards our understanding of biomimetic
approaches for nanoparticle synthesis. %!

Enzymes due to the presence of several functional groups such as hydroxyls,

amines, thiols and carboxylic acid groups have been extensively used as
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templates/stabilizers for the growth of inorganic nanoparticles.!’**%¢1%21 The
nanoparticle-enzyme studies have gained tremendous attention because the interaction
of nanoparticles with enzymes can often modulate the natural activity of the latter,
leading to enhancement, retention or loss in their activity.****% For example, Deka et
al. have shown that by varying the concentration of enzyme and keeping the
concentration of citrate stabilized Au nanoparticles constant, the specific activity of a-
amylase could significantly be enhanced.!*®®! They speculated that the attachment of a
group of proteins onto a single nanoparticle surface, with their active sites exposed to
the medium might have led to the cooperative digestion of the same substrate molecule
(starch), which might be the reason for the enhanced activity. Similarly, You et al.
studied the catalytic behavior of o- chymotrypsin adsorbed on amino acid
functionalized gold clusters towards cationic, anionic and neutral substrates and found
that enzyme-nanoparticle composite substrate specificity increased by three folds for
cationic species but decreased by 95% for the anionic substrates compared to the free
chymotrypsin.™®! In another study, Rangnekar et al. have reported that the surface
functionalization of Au nanoparticles using a- amylase (used as a reducing and
stabilizing agent) led to the preserved activity of the enzyme in the composite for a
considerably longer period of time.*® They observed that the hydrolysis was almost
complete in about 400 minutes and the rate of digestion of starch by the enzyme-
nanoparticle composite was identical to that of free enzyme. Similar retention in
enzymatic activity was observed by Brennan and colleagues*®® as well as Gole et
al.'*1 who researched lipase from Thermomyces lanuginosus and aspartic protease
from Aspergillus satoi stabilized onto Au nanoparticles respectively. Again in some
cases the electrostatic or covalent functionalization of enzymes onto Au nanoparticles
has led to a loss in the catalytic activity of the enzyme. For instance, Sharma et al.
showed that using glucose oxidase or urease for the synthesis of metal nanoparticles led
to changes in the conformation of the proteins, resulting in a significant decrement in
their catalytic activity.****"? Thus, understanding the mechanism of the nanoparticle
induced alteration of the properties of biomolecules is not only central to taking full
advantage of nanoscale materials but also important in knowing the implications of

manufactured nanomaterials on human health and the environment.
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Apart from being used as a stabilizer to prevent the agglomeration of
nanoparticles, enzymes have also been used as nanoreactors for the synthesis of
nanoparticles.'"*14! There are two methodology employed for the use of enzymes for
the growth of nanoparticles. The first is the enzyme assisted synthesis in which the
enzyme performs its natural activity on the substrate and produces a compound, capable
of reduction of metal salts to their corresponding nanoparticles. The second
methodology is based on the ability of enzymes to themselves act as a reducing as well
as stabilizing agents due to the presence of large number of amino acid residues in the
complex three dimensional structures of the enzymes.

Different oxidases generate compounds such as H,O, upon the biocatalyzed
oxidation of the corresponding substrates merely in the presence of molecular oxygen,
which have capability of reducing metal salts to their corresponding
nanoparticles.F""51781 \wjillner and co-workers used the H,O, generated in a glucose
oxidase stimulated pathway to reduce AuCl," in the presence of Au NP seeds that acted
as catalyst.*”®! This method led to the successful development of an optical detection
pathway for glucose oxidase activity and sensing of glucose. Similarly, they used the p-
aminophenol generated by the hydrolysis of p-aminophenol phosphate using the
enzyme alkaline phosphatase for the reduction of Ag”™ on Au nanoparticle seeds to yield
Ag nanowires. "

Enzyme stimulated pathway has been used not only for the generation of
metallic nanoparticles, but also for metallic oxide nanoparticles.*”" %! Alkaline pH is
the favorable condition for the growth of oxide nanoparticles, as the alkaline pH can
catalyze the condensation and hydrolysis of the hydroxide intermediate to form the
oxide nanostructures. A particular amidohydrolase whose activity has been used for the
mineralization of several inorganic oxide nanostructures such as those of Zn, Ti and Fe
is the nickel containing enzyme urease.*””*"! Urease is involved in the hydrolysis of
urea to produce NH3 and CO,. The production of ammonia in the biocatalyzed reaction
makes conditions favorable for the growth of oxide nanoparticles. Matsui and co-
workers™ " have used urease for the growth of semiconductor ZnO nanoshells at room
temperature in water (figure 1.6). According to them, at alkaline pH, above the

isoelectric point of urease (pl- 4.9), the protein has an overall negative charge and the
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positively charged Zn*" ions electrostatically interact with the protein and result in the
formation of Zn(OH), intermediate. The additional energy required for the dehydration
of the hydroxide intermediate to the oxide product is provided due to the “salting out”
effect. They hypothesized that the highly ordered and tightly bound layer of water
molecules surrounding the protein was disturbed upon binding of Zn*" ions to the
protein, which resulted in an overall increase in entropy of the system. This increase in
entropy was sufficient to convert the Zn(OH), intermediate to ZnO nanoshells. Using
the same methodology and the same enzyme, Kisailus and co-workers synthesized
nanocrystalline TiO, under environmentally benign conditions,*"® while Shi et al.
successfully demonstrated the mineralization of magnetic Fe;O, nanoparticles.™*™!
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Figure 1.6. (a) Schematic for the synthesis of ZnO nanoshells using the enzyme urease, (b) TEM image of
the ZnO nanoshells, (c) particle size distribution and (d) HRTEM image of enzyme-ZnO core-shell
nanoparticles. Inset: HRTEM image of ZnO nanoshell. (e) Fluorescence spectra of ZnO nanoshell (solid
line) and denatured enzyme particles in the presence of ammonia and Zn ions (dotted line), (2ex=390 nm).

[Adapted from reference 177].
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More recently, enzymes have been used in the field of nanotechnology due to
their ability to function themselves as reducing as well as stabilizing agents utilizing
covalent or usually non-specific routes of attachment.[*%5181%41 The presence of large
number of functional groups in the enzymes makes them attractive candidates for the
precise growth and mineralization of nanostructures. Rangnekar et al. utilized the
enzyme a-amylase for the reduction as well as stabilization of Au nanoparticles at 37
°C, with the retention in enzymatic activity.**®! They investigated and concluded that
the two exposed cysteine residues in the enzyme were responsible for the reduction and
simultaneous stabilization of the nanoparticles. Similarly, the enzyme bovine serum
albumin was used as a reducing as well as stabilizing agent for the growth of

anisotropic Au nanoplates.*#? (figure 1.7)

— um — ] m

Figure 1.7. (a) lllustration of a portion of bovine serum albumin undergoing structural changes upon
exposure to heat/HAuCl,. (b) SEM image; Scale bar 10um, (c) TEM image; Scale bar 1um and (d) TEM
image; Scale bar 1um of hexagonal and triangular plates synthesized using bovine serum albumin as a
reducing and stabilizing agent. [Adapted from reference 181].

According to them, the hydroxyl groups of the amino acids serine and threonine
were involved in the reduction as well as stabilization of the nanostructures formed. In a

similar study it was observed that the presence of several cysteine residues in the
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enzyme urease, which could function as efficient reductant as well as stabilizer, resulted
in the formation of metal as well as metallic alloy nanoparticles.*™ Further, it was
observed that although the catalytic activity of the enzyme was diminished after the
synthesis of metal nanoparticles, it was not completely denatured. Hence the partially
inhibited catalytic functionality of the enzyme was utilized for the room temperature
growth of Au@ZnO core-shell nanostructures.

Among several biomolecules, enzymes have been extensively used for the
growth of metal nanoclusters because of the ease of preparation with enzymes. 8694
Xie et al.l’®”) for the first time used the commercially available protein bovine serum
albumin (BSA) for the growth of red fluorescent Au nanoclusters at physiological
temperature of 37 °C with a quantum yield of 6% (scheme 1.4). The first step of the
synthesis involved the sequestration and entrapment of Au ions by BSA. The second
step was the reduction of Au ions to Au nanoclusters by increasing the pH of the
medium to 12.0 at which aromatic amino acid residues such as tyrosine or tryptophan in
the protein can reduce the Au ions. The Au nanoclusters formed showed red emission
with the maxima at 640 nm, and consisted of 25 atoms of Au which was established by
means of MALDI-TOF studies.
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Scheme 1.4. Schematic illustration of the formation of red emitting Au nanoclustersusing bovine serum

albumin. [Adapted from reference 187].

In a similar study, Arakawa and co-workers used the enzyme pepsin for the pH

dependent synthesis of Au nanoclusters with red, blue and green emissions.®® It was
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observed that mere change in pH led to the formation of Au nanoclusters of different
sizes and hence different emissions (figure 1.8).
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Figure 1.8. (a) Digital image of pepsin mediated Au nanoclusters showing red, green and blue emission
under UV lamp (above) and visible light (below). Fluorescence spectra of aqueous solution of Au
nanoclusters with red at pH 12, green at pH 1 and blue emission at pH 9, (c) TEM image; Scale bar 2
nm of red emitting Au,s nanoclusters and (d) HAADF-STEM image (scale bar 2 nm) of pepsin mediated

Auss nanoclusters. [Adapted from reference 188].

At pH 12.0, red emitting Auys nanoclusters were formed, whereas at pH 9.0 and
pH 1.0, blue (Aus and Aug) and green emitting (Auis) nanoclusters were obtained
respectively. They speculated that the red emitting nanoclusters at pH 12.0 were formed

due to the reduction by tyrosine residues present in the enzyme, while the green

23



Chapter 1

emitting nanoclusters at pH 1.0 were a result of the reduction of Au ions by the
carboxylic acid groups in the enzyme. This study suggested that a control over the size
of the nanoclusters using biological molecules, such as enzymes could be obtained by
delicately controlling the reaction conditions. In addition, several other enzymes such as
lysozyme, insulin, horseradish peroxidase and trypsin have been employed for the
synthesis of luminescent metal nanoclusters, 8294

Although enzymes and proteins are composed of amino acid sequences, that
possess several binding modes, not many coordination polymers with proteins as
ligands are reported in the literature. The probable reason for this might be the
complexity and flexibility of the protein structure and the difficulty in controlling the
coordination of metal ions at the interfaces of the protein. Recently, Tezcan and co-
workers have performed some studies illustrating the use of proteins as ligands for
constructing metal organic frameworks.'5%! Using the metal directed protein self
assembly approach, they constructed the first porous protein-derived framework.™*!
The framework consisted of two engineered proteins based on the four-helix bundle

hemeprotein cytochrome cb562 connected through Ni(Il) and Zn(Il) ions.

Figure 1.9. (a) Representation of an engineered protein based on the four-helix bundle hemeprotein
cytochrome ch562, and (b) the porous structure resulted from its metal-directed assembly.[Adapted from

reference 199].

1.4. Gels

Gels are viscoelastic solid-like materials comprised of an elastic cross-linked

network and a solvent, which is the major component.?%?%! The solid-like appearance
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of a gel is a result of the entrapment and adhesion of the liquid in the large surface area
solid 3D matrix.”?® The formation of the solid matrix is a result of cross linking of the
polymeric strands of molecules by physical or chemical forces. The cross linked
network in the gel is capable of trapping several guest molecules including dyes, drugs
and other biomolecules such as enzymes. The formation of a gel results from the self-
association of the gelator molecules leading to the formation of long and thick fibrous
aggregates that get entangled during the aggregation process to form a matrix that can
trap the solvent principally by surface tension.””® Such a process prevents the flow of
solvent under gravity and the mass appears like a solid. If the solvent trapped is water,
the term ‘hydrogel’ is used, whereas if the trapped solvent is an organic solvent (other
than water), the term ‘solvogel’ or ‘organogel’ is used. The traditional method for the
preparation of gels is to heat the gelator molecule in a particular solvent or mixture of
solvents, until all the solid dissolves and a clear solution is obtained. Upon cooling, the
gelator molecules undergo supramolecular assembly to form three-dimensional nano- or
microstructures (such as fibers) that can immobilize solvent molecules and a stable gel
is formed.?®?! Ultrasonication is also employed for the generation of hydrogels in case
of several low molecular weight gelators. 2%>2%

For a long time, hydrogels from several biopolymers such as chitosan, agarose,
gelatin, heparin etc have been used for biomedical applications as well as crystal growth
of enzymes.'?*" Synthetic polymeric hydrogels have been developed and commercially
used for a variety of applications including superabsorbent materials, matrix chemistry
and biology, media for storage and delivery of substances in biomedicine and as highly
promising scaffolds to reconstitute artificial extra-cellular matrix environments. (2%

During the last twenty five years, molecules having a molecular mass less than
3000, known as low molecular mass organic gelators (LMOGS) have been intensely
studied.’?2%?% peptides represent an important class of LMOGs and several peptides
have been designed that act as gelators and have been used for several applications
including drug delivery and tissue engineering.[?®#? The gelation in case of such
molecules results from weak physical molecular interactions such as hydrogen bonding,
n-t stacking, van der waals forces, electrostatic interactions and London dispersion

forces. Since the supramolecular networks formed are due to weak interactions, they
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can easily be transformed into a sol by heating and are generally thermoresponsive. In
most of the peptide hydrogels, auxiliary units for w-7 interactions are essential for the
growth and stability of the hydrogels.

Recently, a new concept of multicomponent supramolecular gel has been
introduced, where ions together with gelators based on metal coordinating ligands have
been used in order to gain better control over structure, morphology, physical
properties, and applications of such soft materials.?****l" Although organic based
gelators have been developed for more than two decades, it was not until the past
decade that investigations on metal complexes as supramolecular gelators have gained
enormous research interest. The reason for such an interest stems from the availability
and diversity of metal-ligand coordination that could readily induce and control the self-
assembly processes of the gel formation, thereby largely influencing their physical
properties.®® The metal-ligand coordination chemistry has been used to direct the
assembly of small organic molecules for the generation of functional soft materials.
Metal-ligand interactions have been used as a driving force to construct large-scale
structure, mainly due to its diverse and unidirectional properties that allows the
formation of controllable and extended structures. Taking into account the interesting
value addition in physico-chemical properties extended by the metal components,
several metallogels or coordination polymer gels with different organic ligands and

metal ions have been developed.2%421%217]
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1.5. Organization of Thesis

The research on organic-inorganic hybrid functional materials have evolved
manifold in the recent times, because of the wide variety of applications they are
involved in. The aim of the works included in this thesis was to develop mild and
greener synthetic procedures for the engineering of hybrid functional materials such as
metallic nanoparticles and coordination polymer hydrogels using biomolecules as
nucleating or coordinating sites. Enzymes, one of the most important functional
biomolecules available in nature have been exploited as reducing as well as stabilizing
agent for the growth of metallic nanoparticles. The activity of the resulting composite
has been envisaged for the generation of functional materials such as alloys or
nanoparticle-conducting polymer composites. A detailed mechanistic insight towards
the growth of nanomaterials by enzymes has been carried out. Also, the coordinating
capability of pure nucleobases has been exploited towards the formation of coordination
polymer nanofibers resulting in hydrogels through extensive three dimensional network
formations and water trapping that can be used for several applications including as

antimicrobial agents and catalysts.

Chapter 2 discusses the ability of the enzyme glucose oxidase for the synthesis of Au
nanoparticles as well as Au nanoparticle-polyaniline nanocomposite. The synthesized
Au nanoparticles acted as efficient catalysts for the reduction of p-nitrophenol to p-
aminophenol. The natural activity of glucose oxidase, i.e. generation of gluconic acid
and H,0, by the oxidation of glucose was lost after the formation of Au nanoparticles
suggesting the denaturation of the enzyme. This was an obstacle towards the aim of
synthesizing Au nanoparticle-polyaniline nanocomposite using glucose oxidase.
Therefore, in an alternative strategy, the natural activity of the native enzyme was
utilized and the biocatalytically generated H,O, was used as both reducing as well as
oxidizing agent for the room temperature synthesis of the nanocomposite product

material.

Chapter 3 demonstrates the capability of the enzyme urease for the synthesis of not
only monometallic nanoparticles (Au, Ag and Pt), but also its ability to synthesize

metallic alloy nanoparticles at physiological conditions. Activity assay indicated that a
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significant fraction of the enzymatic activity, i.e. the hydrolysis of urea into CO, and
NH; was inhibited after the synthesis of metallic nanoparticles due to some
conformational changes in the native structure of the enzyme. Alkaline pH is an
advantage for the formation of oxide nanostructures such as ZnO at elevated
temperatures through the formation of a Zn(OH), intermediate. However, the amount of
ammonia generated upon the hydrolysis of urea by the Au nanoparticle-urease
composite was significantly low and increased the pH of the medium only to 7.7, but
even at this pH ZnO nanoshells could be grown on the synthesized Au nanoparticles at
room temperature. This was attributed to the “salting out” effect, according to which
whenever a metal ion binds on the surface of a protein, the hydration layer surrounding
the protein is disrupted and results in an increase in the entropy of the system. This
increase in entropy of the system in the present case was enough to convert the formed

Zn(OH), at pH of 7.7 to ZnO, resulting in Au@ZnO core-shell nanoparticles.

Chapter 4 demonstrates the effect of the thickness of the enzyme stabilizing layer on
the metal nanostructures on their catalytic activity in addition to their size and shape.
Pepsin, a digestive protease enzyme was used to synthesize Au nanostructures with
various sizes and shapes. Simple tuning of the reaction pH and varying the
concentration of the enzyme resulted in the formation of spherical, anisotropic (plates,
triangles, rods) as well as red emitting ultrasmall Au nanoclusters. For the reduction of
p-nitrophenol to p-aminophenol, ultrasmall fluorescent Au nanoclusters were the most
efficient, followed by the spherical particles and anisotropic Au nanostructures. On the
other hand for the reduction of resazurin, a relatively larger substrate, opposite trends
for the catalytic activity were observed. This opposite trend could be attributed to the
thickness of the enzyme layer on the Au nanostructures, since a relatively larger

concentration of pepsin was used for the synthesis of Au nanoclusters.

Chapter 5 explores the ability of pure nucleobases to self assemble into nanofibers
resulting in the formation of self standing hydrogels upon their interaction with Ag”
ions. Computational studies have been performed to have an insight into the nature of
bonding of the nucleobases with Ag™ ions. Further under the conditions of formation of

hydrogels, the reducing ability of the three nucleobases cytosine, thymine and uracil for
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the formation of Ag nanoparticles was established. The antimicrobial activity of these
hydrogels was studied by challenging the gels against various microorganisms.

Chapter 6 investigates the formation of hydrogels with fibrous morphology as a result
of the coordination of cytosine and guanine with Zn?* ions. Particles with beautiful
flower like morphology could be observed upon the introduction of Zn*" ions to a
mixture of both cytosine and guanine. The photocatalytic activity of synthesized
materials was realized by studying the degradation of methyl orange and methylene
blue dyes.

Chapter 7 shows the ability of the nucleobases thymine and uracil to self-assemble into
fibrous aggregates, resulting in the formation of metallogels by the interaction with
cadmium ions. Further the ability of these strong self assembling gels to function as
nanoreactors for the growth of semiconducting CdS nanoparticles within the gel has
been exploited. The CdS quantum dots aggregated to form larger particles with time
that led to a decrease in the emission intensity of the quantum dots, together with a red

shift in the emission maximum.

Chapter 8 discusses the relevance of the works done by us as well as their scope for

future applications.
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Enzymes as Bionanoreactors: Glucose Oxidase
for the Synthesis of Catalytic Au Nanoparticles

and Au Nanoparticle-Polyaniline Nanocomposite

2.1 Introduction

Inorganic nanoparticles are considered potential structural building blocks for
new functional materials.™! Since the properties of such functional materials largely
depend on the size, shape and composition of the building blocks, therefore, exploration
of facile and efficient methods for design and fabrication of such structures is critically
important. Recently, the growth of inorganic nanoparticles directed by biomolecules has
evolved as an area of intense research owing to the capability of biomolecules in the
synthesis and directed assembly of inorganic nanostructures under environmentally
benign conditions such as room temperature and in agueous medium. Several microbes
such as viruses,® fungil™ etc. and a variety of biomolecules such as proteins, peptides
and nucleic acids have been used as templates for the fabrication and functionalization
of inorganic nanostructures.®* Enzymes, another class of biomolecules, which are
responsible for the interconversion of various reactions in the living world, have
attracted tremendous interest in the development of nano-bio integrated materials. The
spatially confined environment of the enzymes could be anticipated to facilitate the
crystallization of inorganic materials with nanometer dimensions.***™ The natural
activity of enzymes have been explored for the precise and dimensional growth of metal
and metal oxide nanoparticles during an enzyme catalyzed reaction, where the product
of the enzyme stimulated reaction governs the nucleation and growth of the
nanoparticles.’>?21 Although, there have been quite a few reports exploring the
enzymes as reducing as well as stabilizing agents themselves for the synthesis of
metallic nanoparticles,™2% a clear detailed mechanistic investigation of reduction of

metal salts by enzymes have not been performed. The use of enzymes as nanoreactors
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for the synthesis of nanoparticles will not only offer a greener route by elimination of
conventional drawbacks such as elevated temperatures and harsh chemical reagents,
but will also provide a pathway for the development of nanoparticle incorporated
functional materials with potential in diverse applications, taking advantage of the
activity of the enzyme.

Polyaniline (PANI), as a conducting polymer is one of the most extensively
studied because of its high environmental stability and tunability of opto-electrical
properties.””?81 PANI is an attractive material because on one hand it has optical,
electronic and magnetic properties that could be tailored from metallic to insulator
depending on its oxidation state and degree of protonation and on the other hand it
shows property of flexibility and processability characteristic of conventional
polymers.'”! Further, composite materials of PANI with metal nanoparticles are
currently of great research interest as they combine the tunable opto-electronic
properties of this low dimensional organic conductor with unique optical and catalytic
properties of metallic nanoclusters. Therefore, there has been a great surge for synthetic
methodologies involving single reagent for the generation of metallic nanoparticles as
well as polymerization of aniline, thereby resulting in a composite.***! The major
concern of dispersibility as well as processability of PANI in common solvents could be
overcome by controlling the size of the composite in the nanometer dimension. The use
of bioreactors with spatially confined environment such as enzymes could provide an
environmentally favourable pathway towards the controlled generation of
biofunctionalized nanoparticle-PANI composites in water under mild conditions.

In this chapter, the capability of glucose oxidase (GOx), a flavoprotein towards
the synthesis of Au NPs as well as Au NP- PANI nanocomposite has been reported.
Glucose oxidase, a dimer of two identical monomer units with molecular mass of 160
kDa contains one flavin adenine dinucleotide (FAD) molecule, one free sulfhydryl
group®® and several other free amino acid residues per monomer, with known
reduction capability for Au** ions to form Au-NPs. The nanoparticles synthesized using
GOx exhibited excellent catalytic activity towards the reduction of p-nitrophenol to p-
aminophenol, with NaBH, acting as a reducing agent. Since GOX is a redox enzyme,
involved in the breakdown of D-glucose to gluconic acid and H,O,, it was investigated
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as reducing as well as stabilizing agent for the synthesis of Au NPs. The byproduct
H,0, is well known to polymerize aniline into PANI.E®! So it was anticipated that after
the synthesis of Au NPs, the enzyme activity might be capitalized to polymerize aniline,
thereby resulting in Au NP-PANI nanocomposite. However, the enzyme activity was
largely inhibited after it was involved in the reduction of Au** to form Au NPs.
Therefore, in an alternative strategy, the Au NP-PANI composite was synthesized with
controlled dimension in a glucose oxidase stimulated pathway, where the H,0,
generated during the oxidation of glucose was used as both reducing as well as
oxidizing agent.[3°] It was interesting to note that the PANI as well as Au NP-PANI
nanocomposite synthesized using GOx were well dispersed in water and stable without
any signs of precipitation.

Glucose I

HAuCl Aniline
RT

AuNP-PANI

AuNP-GOx

Scheme 2.1. Schematic representation of the use of glucose oxidase for the synthesis of Au NPs as well as
Au NP-PANI nanocomposite.

2.2 Results and Discussion

2.2.1 Synthesis and characterization of Au nanoparticles

The reducing capability of GOx was realized by the incubation of the enzyme (3
ml of 0.7 mg/ml) with HAuCI, (final concentration of 6 x 10 M) in phosphate buffer
saline (PBS) at pH 7.0 and 37°C. The simple incubation resulted in a colour change
from light yellow to pink after 36 hours (Figure 2.1a), which colorimetrically indicated
the formation of Au NPs. The synthesized Au NPs were characterized using several
spectroscopic techniques as well as electron microscopy. The nanoparticles exhibited
their characteristic surface plasmon resonance (SPR) band at 533 nm (Figure 2.1a). The
powder X-ray diffraction spectrum consisted of peaks at 20 values of 38.2, 44.4, 64.6
and 77.7 degrees corresponding to (111), (200), (220) and (311) facets of the fcc
structure of Au (Figure 2.1b). The TEM image (Figure 2.1c) showed nearly spherical
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particles, and from the particle size histogram it was observed that the diameter of the
nanoparticles varied from 3-18 nm and the average particle size was calculated to be 7.5
+ 3.0 nm (figure 2.1d). The average crystallite size of 11.5 nm as calculated from the
Scherrer equation was in good agreement with the TEM results. Selected area electron
diffraction pattern (inset; Figure 2.1c) of the Au nanoparticles further confirmed their
crystallinity and was in good accordance with the powder XRD results. The average
particle size of Au NPs (as calculated from TEM images) correlated well with the
optical properties of the nanoparticles as predicted by theoretical calculations (figure
2.1e) and previous experimental reports.**”1 The HRTEM image of Au NPs as shown
in figure 2.1f indicated the presence of planes with lattice spacing 0.23 nm due to the
(111) plane of Au.
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Figure 2.1. (a) UV-visible spectrum and digital image (inset) of the synthesized Au NPs, (b) Powder XRD
spectrum of the Au NPs showing characteristic Braggs reflection, (c) TEM image and SAED pattern
(inset) of the Au NPs, (d) Particle size distribution histogram of the Au NPs, () UV-visible spectrum of
the Au NPs showing perfect match of the experimental absorption spectrum (solid line) with calculated
absorption spectrum (dashed line) as calculated using Mieplot v4304 software for Au nanoparticles with
average diameter 9.9 nm and (f) HRTEM image of the Au NPs showing lattice spacing of 0.23 nm
corresponding to (111) plane of Au.
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2.2.2 Effect of concentration of Au* and GOx on the morphology of
Au NPs

It is well known that the concentration of metal ions, reductant or the stabilizer
plays a crucial role in controlling the final size and morphology of the metal
nanoparticles.8“% So, in order to evaluate the effect of the concentrations of HAUCI,
and GOx on the morphology and size of Au nanoparticles, different set of reactions by
varying the concentration of Au®* ions and GOx were performed. Drastic changes in the
morphology and size of nanoparticles together with agglomeration of the nanoparticles

was observed upon varying the concentrations of enzyme or Au** ions.
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Figure 2.2. (a) TEM image and (b) HRTEM image of Au nanostructures synthesized using glucose
oxidase with an enzyme concentration of 1.75 mg/ml and HAuCI, concentration 6x10* M. (c) TEM image
and (d) HRTEM image of Au nanostructures synthesized using glucose oxidase with an enzyme
concentration of 0.7 mg/ml and HAUCI, concentration 1.5x103 M. (e) TEM image and (f) HRTEM image
of of Au nanostructures synthesized with a glucose oxidase concentration of 0.7 mg/ml and HAuCI,

concentration 3x10° M.

It was observed that when the concentration of the enzyme was increased by 2.5
times (1.75 mg/ml), keeping the concentration of HAuCI, constant (i.e. 6x10™ M), the
Au nanoparticles agglomerated to form flower like structure (Figure 2.2a and b).When
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the concentration of enzyme was kept constant (0.7 mg/ml) and the concentration of
HAUCI, was increased to 2.5 times (final concentration 1.5x10™ M) and 5 times (final
concentration 3x10™* M), it was observed that the particles agglomerated to give a
flower like morphology (Figure 2.2c and d) and worm like morphology (Figure 2.2e

and f) respectively.

2.2.3 Catalytic activity of the Au NPs

Metallic NPs deposited on various support systems such as polymers,t*#?
peptides,i*** inorganic oxides*®! etc. have shown tremendous applicability as
heterogeneous catalysts. In order to realize the catalytic potential of Au NPs on an
enzyme support, the reduction of p-nitrophenol in water using NaBH, as the reducing
agent was carried out. The reduction of p-nitrophenol by NaBH, was chosen as a model
reaction because the progress of the reaction can easily be monitored using UV-visible
spectroscopy.[“G] The addition of NaBH, to a p-nitrophenol solution resulted in the
change in color of the solution from light yellow to intense yellow due to the formation

of p-nitrophenolate ion.

OH OH
+ NaBH, Au NP-GOx
RT
NO; NH,

(-

=i

Scheme 2.2. Scheme for the reduction of p-nitrophenol to p-aminophenol by NaBH, with Au NPs
synthesized using GOx acting as catalyst. Below are the digital images of p-nitrophenolate ions (yellow)

and p-aminophenol (colourless).

In absence of Au NPs the reduction leading to the formation of p-aminophenol
did not occur at all even after 4 days. This was evident through the control experiments,
which showed only a single peak at 400 nm in the UV-visible spectrum (figure 2.3a) as

attributed to the p-nitrophenolate ion. However, with the addition of Au NP-GOx
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composite, the yellow colour of the solution slowly faded away, as confirmed visually.
UV-visible studies showed a gradual decrease in the intensity of the peak at 400 nm and
formation of a new peak at 300 nm (Figure 2.3b), indicative of the gradual conversion
of p-nitrophenolate ion to p-aminophenol. The Au NP-GOx composite was found to act
as a highly effective catalyst as evidenced by the reduction of 0.12 mM p-nitrophenol in
just 15 minutes, when 25 pul of the Au nanoparticle-GOx composite was used as catalyst
(~ 0.005 mmol). Controlled experiment with solution of p-nitrophenol containing GOx
without Au NPs was also performed to ascertain that it was the Au NPs rather than GOx
which acted as a catalyst. It was confirmed from the controlled experiment that GOx
alone was incapable of catalyzing the reduction, as the color of the solution remained
unaltered even after a week. Since for the reduction a large excess of NaBH, was used,
it was reasonable to consider its concentration to be constant throughout the reaction
and the kinetics of the reaction could be evaluated with respect to the rate of p-
nitrophenol consumption. A linear relationship between In (absorbance) and time
(figure 2.3c) was indicative of pseudo first order kinetics. The apparent rate constant, k

as calculated from the plot of In A versus time was found to be 4.2 x 10° s™.

—O0hrs ‘ — 0min
— 48hrs 154 1 min 0+ .
— 96 hrs

Absorbance
= =
P o o
1 1
Absorbance

o
[5;]
1

— 3min
| — 6 min
1.04| 9 min <_1_

\ 12min | S
%, 15 min .

N
\'/.
—

0.0 0.04 L *

T T T
200 300 400 500 600 300 400 500 600 2 4 6 8 10 12 14 16
Wavelength (nm) Wavelength (nm) Time (mins)

Figure 2.3. (a) UV-visible spectrum for the reduction of p-nitrophenol by NaBH, in the absence of GOx
reduced Au nanoparticles, (b) Time dependent UV-Visible spectra for the catalytic reduction of p-
nitrophenol by NaBH, in the presence of Au NPs synthesized using GOx. (c) plot of natural log of

absorbance at 400 nm versus time.

2.2.4 Activity of GOx after the synthesis of Au NPs
To elucidate the activity of the enzyme post the reduction of Au** to Au NPs,
the synthesis of PANI using the Au NP-enzyme composite was attempted. For this,

glucose was added to the Au NP-GOx solution followed by addition of aniline in HCI
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(pH of the final solution was 2.0). In case of active GOX, glucose should have been
converted to gluconic acid and H,0O,, and the H,O, formed should have acted as an
oxidant for the polymerization of aniline leading to the formation of green emeraldine
salt form of PANI. However, there was only a slight change in the colour of the solution
and the typical green colour of emeraldine salt form was not observed. The UV-visible
spectrum showed a small peak at 738 nm along with a much intense peak at 536 nm
corresponding to Au NPs (Figure 2.4a). This indicated that H,O, generation by GOXx in
this case was extremely low. From this experiment it was concluded that the enzymatic
activity of GOx was largely inhibited after their participation as a reducing agent for the

synthesis of Au NPs.
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Figure 2.4. (a) UV-visible spectrum of Au NP-GOx-PANI composite indicating the decrease in the
activity of GOx after its involvement in the synthesis of Au nanoparticles, (b) Photograph showing the
reaction of native GOx and the Au NP- GOx composite with FOX reagent after addition of glucose,
indicating the inhibition of activity of Au NP-GOx composite. (i) Blank FOX reagent, (ii) Au NP- GOx-
FOX after addition of glucose and (iii) Native GOx- FOX after addition of glucose. (c) UV-visible
spectrum showing the inhibition of activity of GOx after its participation as a reducing agent in the

synthesis of Au NPs.

The decrease in the activity of the enzyme was further confirmed by the
spectrophotometric assay known as FOX method."*”) The method is based on the
oxidation of ferrous ions to ferric ions by hydrogen peroxide and simultaneous purple
colored complex formation of the ferric ions with xylenol orange. It was observed that
after incubation of solutions of FOX reagent with Au NP-GOx composite and native
GOx for an appropriate duration of time, the color of the solution changed from yellow
to brown and purple respectively (figure 2.4b). Also, from the UV-visible spectrum

(figure 2.4c) it was seen that in case of Au NP-GOx composite, the peak at 435 nm due
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to the FOX reagent slightly decreased in intensity. However, in case of native GOXx the
peak at 435 nm almost disappeared and a new peak due to the purple complex formed
by the complexation of ferric ions with xylenol orange at 575 nm was observed. The
results clearly indicated that a large fraction of the enzymatic activity of GOx was
inhibited.

2.2.5 Conformational changes in the structure of GOx after the

synthesis of Au NPs

The decrease in the activity of the enzyme is attributed to the conformational
change that the enzyme had undergone during the synthesis of Au NPs. Circular
dichroism (CD) is a major tool for studies related to the conformational changes in a
protein. Secondary and tertiary structural changes in the enzyme can be followed by
observing the changes in the CD signals at particular wavelengths.*®! So, CD was used
to probe the changes in the conformation of glucose oxidase after the synthesis of Au
NPs. The native enzyme exhibited characteristic minima at around 208 nm and 222 nm
in the far UV region (figure 2.5a), a strong band in the near UV region at 274 nm and
another CD band due to flavin adenine dinucleotide (FAD) in the visible region at 375
nm (figure 2.5b). However in case of GOx after the synthesis of Au NPs, the CD band
at 222 nm decreased in intensity and the minima at 208 nm was shifted to 206 nm
together with a decrease in the intensity. The results signify a decrease in the a-helical
content of the enzyme which is an indication of changes in its secondary structure. In
the near UV region, the intense CD band at 274 nm that arises due to the asymmetric
environment of the aromatic amino acid residues disappeared completely suggesting the
perturbation in the tertiary structure of the enzyme.[‘”] Also it was found that the band at
375 nm drastically decreased in intensity and was shifted to 333 nm. The change in
environment around the FAD during the synthesis of Au NPs may probably be the
reason for such a shift and decrease in intensity. !

In order to ascertain that the variations observed in CD spectrum of GOx after
the synthesis of Au NPs were due to the conformational changes taking place during its
involvement in the reduction of Au®* to Au® and not merely due to the presence or
adsorption of the enzyme onto Au nanoparticles, CD investigation of GOx adsorbed on

61



Chapter 2

Au NPs synthesized by citrate method was performed. The Au NPs synthesized using
trisodium citrate as a reducing agent were incubated with GOx for 12 hours to allow its
adsorption on the surface of nanoparticles. As observed from the CD spectra in the UV
and visible region, there were no appreciable changes in the characteristic bands,
signifying that the secondary and tertiary structure of GOx were intact after getting
adsorbed on Au NPs. This was further confirmed by the polymerization of aniline in
presence of glucose, where the green Au NP-PANI composite was formed.
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Figure 2.5. Circular dichroism spectra of native GOx and Au NP-GOx composite in (a) far UV region
and (b) near UV and visible region. (c) FTIR spectrum of native GOx (red line) and Au NP-GOx
composite (blue line). Dashed lines indicate the shift in the amide | and amide 11 bands in native GOx and
the Au NP-GOx composite. (d) Emission spectra of GOx and the Au NP-GOx composite (Zex =295 nm).

The conformational changes in the enzyme structure were further confirmed
using FTIR spectroscopy. FTIR spectrum in the region of 1700-1600 cm™ and 1600-
1500 cm™ known as amide | and amide Il region respectively yielded useful
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information about the conformational changes in the enzyme secondary structure. The
FTIR spectrum of native GOx and Au NP-GOx composite is shown in figure 2.5c. It
was observed that the position of the amide I band in the enzyme was shifted from 1641
cm™ to 1644 cm™, whereas the amide Il band at 1548 cm™ in native GOx almost
disapperared after the synthesis of Au NPs by the enzyme and was shifted to 1552 cm™,
signifying perturbation in the secondary structure of the enzyme, consistent with the CD
results.

Fluorescence spectroscopy is another regularly employed tool for monitoring the
conformational change in the native structure of a protein. The intrinsic fluorescence of
the proteins due to the presence of aromatic amino acid residues can be used to probe
the conformational changes in the structure of a protein. Exposure of tryptophan
residues from the hydrophobic pockets of the proteins to hydrophilic environments
results in a slight red shift of the emission maxima together with a decrease in intensity.
Upon selectively exciting the tryptophan residues in GOx by using an excitation
wavelength of 295 nm, an emission spectrum having a maxima at 335 nm with
sufficiently high intensity was observed (figure 2.5d). However, when the Au NP-GOx
composite was excited at the same wavelength, the emission originating from
tryptophan was completely quenched, indicating a conformational change in the
structure of the enzyme.

2.2.6 Amino acids in GOXx responsible for the reduction of Au®**

Enzymes are composed of various amino acid residues, whose arrangement into
sheets or helices accounts for their complex structures and activity. It has been reported
that the free and exposed thiol groups in cysteine have the capability for the reduction
of metal salts to nanoparticles because of the higher affinity of thiols for the metals.*"
Since GOx dimer contains two free sulfhydryl groups, it was assumed that these groups

were responsible for the reduction of Au®* to Au’.

o N02 N02 NC)2
S< OH _S< OH
R—SH + HO)U S —» RS +HS/Q(OH
o} o}
ZN ©

O
5,5'-dithiobis-(2-nitrobenzoic acid) 2-nitro-5-thiobenzoic acid

Scheme 2.3. Scheme for the blocking of thiol groups in proteins by using DTNB.
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To justify the assumption, the sulfhydryl groups in GOx were modified using
5,5°- dithiobis(2-nitrobenzoic acid) (DTNB).P* Thiols react with DTNB, cleaving the
disulfide bond in DTNB to give 2-nitro-5-thiobenzoate (TNB") anion, which ionizes in
water to give the TNB? dianion, which is yellow in color and absorbs at 412 nm. The
addition of HAuClI, to the DTNB modified enzyme did not result in the formation of Au
NPs, as evidenced visually and from UV-visible studies (figures 2.6a and b), which
showed the absence of SPR band of Au NPs. Further, FTIR studies showed the absence
of a weak band at 2630 cm™ attributed to the S-H stretching® in the Au NP-GOXx
composite (figure 2.6¢), confirming the oxidation of the free sulfhydryl group during
Au NP synthesis. In case of heat denatured GOx, the incubation of HAuCl, led to the
formation of Au NPs in an approximately similar duration as that of the native enzyme,
clearly depicting the fact that it is not the the native three dimensional structure of GOx
but the functional groups present in it which are essential for the Au NP synthesis.

The reducing ability of the enzyme, presumably because of free thiols present in
the cysteine residues function as follows during the synthesis of Au nanoparticles:

Au*+ R-SH —» Au’+H*'+ R-S-S-R (1)
R—SH + Au —» R-S—Au+ 1/, H, )

The free thiols provide electrons to Au®* for reduction and themselves get

converted to disulfides.
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Figure 2.6. (a) Digital image showing reaction of GOx with HAuCl, in PBS (i) unmodified GOx and (ii)
after modification using DTNB, (b) UV- vis spectrum of DTNB modified GOx after incubation with Au®**
for 60 hours, showing the absence of SPR band of Au NPs. (c) FTIR spectrum of native GOx (red line)
and Au-NP-GOx composite (blue line). Arrow in red line indicates the S-H stretching which is absent in

blue line.
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As the free cysteine group is located away from the FAD active site or
glycosylation site, it was expected that modification of the cysteine groups will not have
any impact on the catalytic activity of the enzyme after they participated in the
reduction of the metal salt.” However, in case of GOXx, large inhibition of enzymatic
activity after their involvement in Au NP synthesis was observed. As observed from the
CD experiments, there was a drastic conformational change in the FAD active site after
the reduction process and subsequent adsorption on the nanoparticle surface. Hence,
there is a possibility of involvement of other amino acids in the active site or FAD
itself in the stabilization of nanoparticles. From the CD spectrum, it was observed that
the band at 274 nm in case of native GOx was absent after the synthesis of Au NPs. As
the band signifies the asymmetric environment of the aromatic amino acid residues, its
absence suggested the possibilty of the involvement of amino acids such as tryptophan,
tyrosine and phenylalanine in the reduction/stabilization process. Also from the
fluorescence studies, it was observed that the emission due to tryptophan residues was
completely quenched, suggesting the probable loss or modification of the tryptophan
residues. Previous report!*®! have shown that in case of native enzyme, the emission
intensity originating due to tryptophan residues in GOx is significantly lower due to
Forster resonance energy transfer from the tryptophan residues to FAD. However, in
case of heat denatured enzyme, the emission peak corresponding to tryptophan
enhances significantly as FAD is dissociated from GOxX in this case. However, in our
case the fluorescence due to the tryptophan residues was completely quenched after the
synthesis of Au NPs, suggesting their possible involvement in the reduction or capping
of the nanoparticles. Nevertheless, a clear understanding of the mechanism for the
biogenic reduction of metal salt by GOx remains unclear and needs further

investigations.

2.2.7 Synthesis and characterization of Au NP-polyaniline

nanocomposite

Due to conformational changes in the native structure of the GOx during the
formation of Au NPs, the enzyme lost a large fraction of its catalytic activity towards
the oxidation of glucose forming gluconic acid and H;0,. The Au-GOx composite thus
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formed was incapable of complete polymerization of aniline leading to the formation of
Au NP-PANI composite. Therefore it became imperative for us to look for an
alternative strategy for the biocatalytic synthesis of Au NP-PANI composite using GOx
as the template.

The reduction of oxygen, resulting in the formation of hydrogen peroxide can be
achieved via enzymatic route using the enzyme glucose oxidase. The enzyme glucose
oxidase catalyzes the oxidation of glucose to gluconic acid and hydrogen peroxide

according to the following reactions:

HO_CH2
0
Glucose Oxidas H /H
CeH1206 + Oy £ HO\OH H O + HyO, D
H OH
Glucose Gluconolactone  Hydrogen peroxide
HO—CH,
0
H
H 0 L CsH,,0;COOH 2
HO \OH H
H OH Gluconic acid

It is well known that H,O, has both oxidation and reduction properties."!
Hence H,0, generated through the oxidation of glucose by GOx could be used for the
reduction of HAuUCI, to form Au NPs followed by oxidative polymerization of aniline in
a one-pot synthesis leading to Au NP-PANI composite material with nanometer
dimensions.

The time dependent formation of Au NP-PANI nanocomposite was followed by
UV-visible spectroscopy and the results are shown in figure 2.7a. H,O; generated by the
catalytic oxidation of glucose by GOx was able to reduce HAuUCI, to form Au NPs that
showed purple color and exhibited SPR band at 562 nm (figure 2.7b). However upon
the addition of HCI, the colour of the solution changed to pink within 30 minutes and
the SPR band blue shifted to 537 nm. It is known that nanoparticles are very sensitive to
the dielectric constant of the surrounding environment and a slight change in the

medium can result in a marked variation in the position and intensity of the SPR
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band.** In the present case, the change of dielectric constant upon change of pH from
7.0 to 2.0 probably caused the SPR band of Au NPs to shift from 562 nm to 537 nm.
When aniline was added, the intensity of the SPR band of Au NPs at 537 nm first
increased but began to decrease as the aniline started to polymerize. With time, the
colour of the solution became light green to dark green (figure 2.7¢) suggesting the
formation of the conductive emeraldine salt form of PANI, with the continuous growth
of two new peaks at 360 nm and 735 nm in the UV-visible spectra. The decrease in the
intensity of the Au SPR band at 537 nm could be attributed to the PANI coating on the
Au NPs. It was observed that the SPR band of Au NPs, though decreased in intensity
with time, but was clearly evident in the UV-visible spectrum even after complete
polymerization of aniline. Previously, it was reported that the plasmon resonance band
of Au NPs disappeared while they were exposed to positively charged anilinium ions,
hence optical characteristics of Au NPs could not be observed in the Au NP-PANI
composite.%* In our case, the Au NPs formed as a result of the reduction of HAuUClI,
by H,O, were stabilized by the enzyme. Thus the enzyme layer on the nanoparticle
surface prevented the direct interaction of Au NPs with the positively charged anilinium
ions. As a result of this, the SPR band of the Au NPs was evident in the composite. For
comparison, PANI nanoparticles by the same synthetic pathway, but in absence of Au
NPs were synthesized. In this case, the longitudinal band of PANI was observed at 755
nm, a 20 nm shift towards the longer wavelength as compared to Au NP-PANI
composite (figure 2.7d). The shift might be due to the formation of PANI of a molecular
weight different from that of the composite or it might also be a signature of the level of
proton doping in the PANI synthesized in the absence of Au NPs.B

The FTIR spectrum of the Au NP-PANI nanocomposite (Figure 2.7e) showed
peaks at 1495 and 1570 cm™ which are characteristic of the benzenoid and quinoid ring
deformations respectively. The broad peak at 3400 cm™ is assigned to N-H stretching.
This spectrum was quite similar to the spectrum of PANI synthesized by the same
procedure but in the absence of Au NPs, which suggested that there was little structural
difference between the PANI alone and PANI in the Au NP-PANI composite. In both
the cases, the benzenoid band at 1495 cm™ was more intense than the quinoid band.
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Figure 2.7. (a) Time dependent UV-visible spectrum of Au NP-PANI composite, (b) UV-visible spectrum
of Au NPs synthesized through the reduction of Au** by H,0, generated by the oxidation of glucose by
GOx. (c) Digital images showing the sequence of reactions involved in the formation of Au NP-
polyaniline composite by making use of the activity of glucose oxidase. (d) UV-visible spectrum of PANI
alone synthesized using the activity of GOx and (e) FTIR spectrum of PANI alone (red line) and Au NP-
PANI composite (blue line) synthesized using GOx.

The electrochemical nature of the PANI in the Au NP-PANI nanocomposite was
evaluated by cyclic voltammetry (figure 2.8a). Generally two sets of redox peaks are
observed in case of PANI. However in our case the Au NP-PANI composite showed
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only one set of redox peak at Ei; = 0.45 V. The absence of the second redox process
may be attributed to the exceptional resistance of PANI to oxidation to pernigraniline
state, as has been reported earlier. P!
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Figure 2.8. (a) Cyclic voltammogram of Au NP-PANI nanocomposite at a scan rate of 100 mV/s, (b)
Powder XRD pattern of polyaniline alone (red line) and Au nanoparticle-polyaniline nanocomposite
(blue line), (c) TEM image of Au NP-PANI nanocomposite and (d) EDS spectrum of Au NP-PANI
nanocomposite.

The incorporation of Au NPs in the PANI moiety was established using powder
XRD and transmission electron microscopy. The powder XRD spectrum (figure 2.8b)
in case of PANI alone consisted of only a broad peak at 26 value of 23.8° indicating that
low level of crystalline phase in the polymer had been formed.2!! However in case of
the Au NP-PANI composite, in addition to the broad peak at 24°, peaks at 20 values of
38.2, 44.5, 64.7 and 77.6 degrees corresponding to (111), (200), (222), and (311) planes
of Au were observed, confirming the presence of Au nanoparticles along with the

polymer. The transmission electron microscopy image (figure 2.8c) of the Au NP-PANI
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composite revealed that the Au NPs were mostly in the form of a cluster of particles
surrounded by a layer of PANI. The clusters were well separated from each other and
the average size of each cluster was around 100 nm. The Au NP-PANI composite
appeared to have a core-shell morphology where the cluster of the particles formed the
core and the surrounding PANI layer formed the shell. The Au NPs and PANI in the Au
NP-PANI composite were clearly distinguishable from each other where the Au NPs
formed the dark core and the PANI layer was observed as light gray shell. The average
size of the Au nanoparticles in the clusters was calculated to be 14.1 + 6.4 nm. The
corresponding EDS spectrum (figure 2.8d) showed the presence of carbon, nitrogen and
Au confirming the presence of Au NPs in the PANI matrix.

2.3 Conclusions

In conclusion, a simple and green method for the synthesis of Au NPs using a
redox enzyme, glucose oxidase as both reducing as well as stabilizing agent have been
developed. The synthesized Au nanoparticles showed excellent catalytic activity
towards the reduction of p-nitrophenol to p-aminophenol. The use of enzymes for the
synthesis of metal nanoparticles is important not only towards the development of
biogenic pathway devoid of harsh reaction conditions, but also because it may provide
an insight into the mechanism of nanoparticle formation in higher ordered organisms
such as fungi, bacteria, viruses etc. With an enhanced role of opto-electronic properties
of Au nanoparticles and their interaction with biomolecules such as enzymes in
nanobiotechnology, fundamental understanding regarding the factors which lead to the
property changes in either one or both of them are crucial in development of functional
materials for applications such as ultrasensitive optical and electrochemical
nanosensors.*%°8l Further the catalytic activity of glucose oxidase was exploited
towards the formation of Au NP-polyaniline nanocomposite. With the tremendous
potential of nanoparticle incorporated conducting polymer composite materials in
various applications, development of this biogenic route using enzymes as templates
under ambient conditions will offer a green alternative towards the formation of

nanocomposite materials.
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2.4 Experimental Section
2.4.1 Materials

Glucose oxidase from Aspergillus niger, hydrogen tetrachloroaurate and 5,5’-
dithiobis(2-nitrobenzoic acid) (DTNB), were purchased from Sigma-Aldrich. Sorbitol
and xylenol orange were purchased from SRL chemicals, India. Sodium dihydrogen
phosphate monohydrate, di- Sodium hydrogen phosphate, glucose, ferrous ammonium
sulfate and hydrochloric acid were purchased from Merck, India. Aniline was purchased
from Merck, India and was distilled under vacuum prior to use. All the reagents were of
analytical grade and were used without any further purification. Milli Q water was used
throughout the experiments.

2.4.2 Instrumentation

UV- visible spectra were recorded on a Varian Cary 100 Bio spectrophotometer.
Powder X-ray diffraction spectra (XRD) were recorded on a Bruker D8 Advance
diffractometer with Cu Ko source (wavelength of X- rays was 0.154 nm). The samples
for XRD were prepared by drop casting the sample solutions on glass slides and drying
them at room temperature. FTIR spectra were recorded in KBr pellet using Bruker
Tensor 27 instrument. The transmission electron microscopy (TEM) images were
recorded on Technai G® 20 Ultra-Twin microscope. The samples for TEM were
prepared by drop casting the sample solutions on carbon coated copper grid followed by
room temperature drying. Circular Dichroism (CD) experiments were performed using
a JASCO J-815 spectropolarimeter. Fluorescence measurement was performed on a
fluoromax-4p fluorometer from Horiba (Model: FM-100). Cyclic voltammetry was
carried out on a CHI620D electrochemical analyzer.

2.4.3 Synthesis of Au nanoparticles

Au nanoparticles were synthesized in Phosphate buffer of strength 10 mM and
pH 7.0. Briefly, HAuCl, solution with a final concentration of 6 x 10 M was added to
3 ml of 0.7 mg/ml glucose oxidase solution in phosphate buffer and the reaction was
incubated at 37 ‘C for 36 hours with mild stirring, when the color of the solution
changed from light yellow to pink.
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2.4.4 Catalytic activity of Au nanoparticles

The catalytic activity of the Au NP-enzyme composite was tested by carrying
out the reduction of p-nitrophenol to p-aminophenol using NaBH, as the reducing
agent. To a standard quartz cell of 1 cm pathlength, 2.5 ml of 0.12 mM p-nitrophenol, 1
mg NaBH, and 0.025 ml of as prepared Au nanoparticles was added and the UV-visible
spectra were recorded every 2 minutes in the range of 200-600 nm.

2.4.5 Activity study of native glucose oxidase and glucose oxidase after
the synthesis of Au NPs (FOX method)

The activity of the native enzyme and the enzyme after the synthesis of Au NPs
was tested spectrophotometrically following a reported procedure” using the FOX
method. The method is based on the oxidation of ferrous ions to ferric ions by hydrogen
peroxide and simultaneous purple colored complex formation of the ferric ions with
xylenol orange. Briefly, solutions of native enzyme and Au NP-GOx composite with
enzyme concentration of 0.3 mg/ml were prepared. To both these solutions 0.84 mg of
glucose was added and allowed to stand for 3 minutes. Finally 35 pl of the above
solutions were added to 4 ml of FOX reagent taken in two separate vials and the
mixture was incubated at room temperature for 40 minutes before recording the UV-

visible spectrum.

2.4.6 Circular dichroism studies

Circular Dichroism (CD) measurements were performed at 25 °C on a JASCO J-
815 spectropolarimeter. All the spectra were recorded with a data pitch of 0.1 nm. The
scanning speed was set to 20 nm/min with band width of 1nm. For the far UV region
(190-250 nm), spectra were recorded with an enzyme concentration of 0.7 mg/ml using
a quartz cell of Imm pathlength (Starna Scientific Ltd. Hainault, UK). For the near UV
and visible region (250-450 nm) an enzyme concentration of 1.85 mg/ml was used and
the measurements were performed in a 1cm pathlength cell (Hellma Analytics). Each

spectrum is the result of average of three consecutive scans.
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2.4.7 Fluorescence study
The fluorescence study of the native enzyme and Au NP-enzyme composite was
performed using an excitation wavelength of 295 nm. The enzyme concentration used

for the fluorescence measurements was 0.3 mg/ml.

2.4.8 Modification of thiol groups in glucose oxidase using DTNB

The Thiol groups of glucose oxidase were modified using DTNB in PBS buffer
of strength 10 mM and pH 8.0, following Ellmann’s procedure.”! Briefly, 1.75 mg of
glucose oxidase was dissolved in 2 ml of phosphate buffer. To this solution 0.5 mL of 1
mM DTNB was added. After a few minutes, the color of the enzyme solution changed

from almost colorless to yellow, indicating the modification of thiol groups.

2.4.9 Synthesis of Au NP-polyaniline nanocomposite

Au nanoparticle-polyaniline nanocomposite was synthesized employing the
activity of glucose oxidase. To 3.2 ml of 1.25 mg/ml enzyme solution in PBS of pH 7.0,
70 mg of glucose was added under mild stirring. After 2 minutes 50 pl of 0.03 M
HAUCI, was added that resulted in the formation of Au nanoparticles within 3 minutes.
To this solution, 100 pl of distilled aniline in 2.5 ml of 1 M HCI was added drop wise
and the reaction mixture was stirred at room temperature for 16 hours, resulting in a

dark green coloured solution.

2.4.10 Cyclic voltammetry studies

Cyclic voltammetry study was performed on a CHI620D electrochemical
analyzer in 0.75 M HCI solution at a scan rate of 100 mV/s by using Pt as a working
electrode, Pt wire as the counter electrode and Ag/AgCl as the reference electrode.
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Chapter 3

Biogenic Growth of Alloys and Core-shell
Nanostructures Using Urease as a Nanoreactor at

Ambient conditions

3.1 Introduction

The assembly of nanoscale objects is considered to be a fundamental step in the
development of new functional materials.™! Since, structural precision is a must for the
optimization of the properties and function of these materials, there is a continuous
surge in research on self-assembled molecular systems such as molecular and polymeric
micelles,”! porous materials®! etc. as templates for the directional growth of nano-
dimensional systems. The precise nucleation and growth of nanomaterials is governed
by the spatially confined environment and presence of nucleation sites in such systems.
Biomolecule templated growth of nanostructured materials®®”! has evolved as a
magnificent strategy in the recent years because of their various and distinctive
molecular structures, specificites, functionalities and versatility in recognition and
assembly. Also the use of biomaterials for the synthesis of functional materials can
significantly reduce the energy consumption in manufacturing processes. Among
several biomolecules, enzymes, a key ingredient of the living world, have been subject
of particular attention in nanoparticle-biomolecule interaction studies, where
nanoparticles function as enzyme responsive systems. The chemical or electrostatic
attachment of enzymes to the nanomaterials surface has resulted in the modulation of
the natural activity of the enzyme leading to the enhancement, retention or inhibition of
catalytic activity of the enzyme!®**! that inspired the design of enzyme biosensors. On
the other hand, the spatially confined environment of enzymes could be anticipated to
facilitate the crystallization of inorganic materials with nanometer precisions. There
have been several reports of enzyme stimulated synthesis of metallic and metal oxide
nanoparticles, where the product of an enzyme catalyzed reaction facilitates the
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formation of nanoparticles.’>?!1 For instance, E-coli Glutathione Reductase catalyzes
the NADPH-dependent reduction of HAuCls;, leading to the formation of Au
nanoparticles at its active site.™ Although, enzymes have been used as nanoreactors
for the growth of inorganic nanoclusters at elevated pH,?2?% but the ability of enzymes
as reducing as well as stabilizing agents for the growth of metal nanoparticles at
physiological conditions has not been fully exploited and only a handful of reports are
available.'”®?”) Understanding the mechanism of the reduction capability of enzymes is
not only critical to take full advantage of the nanoscale materials but also in studies
related to structural alteration of enzymes that has profound influence on its kinetics.

In the previous chapter the ability of glucose oxidase to function as an efficient
nanoreactor towards the formation of Au nanoparticles has been reported.’*”! Following
the previous work, we wanted to move a step further and see if enzymes could be
envisaged as nanoreactors for the mineralization of metallic nanoparticles other than
those of gold as well as higher order nanostructures such as alloys and core-shells. In
this chapter, it has been demonstrated that the enzyme urease can be used as a reducing
and stabilizing agent not only for the synthesis of metallic nanoparticles (Au, Ag and
Pt) but also for the development of alloy nanoparticles (Au-Ag, Au-Pt and Ag-Pt).
Further the activity of the enzyme was utilized for the room temperature growth of
Au@2zZnO core-shell nanostructures. Significantly, this is achieved in water under
physiological conditions, thus expanding the current paradigm for biogenic nanoparticle
synthesis with precisely controlled size and composition.

o

é@‘ 7 s Metal Salt
3 O —
s e

)
-’

-
Urease Metal-nanoparticle Metal@ZnO core-
urease composite shell nanostructure

Scheme 3.1 schematic representation of the use of urease as a nanoreactor for the formation of metallic

as well as core-shell nanostructures. Step 1: Synthesis of metallic nanoparticles using urease both as

reducing as well as stabilizing agent. Step 2 : hydrolysis of urea by the nanoparticle-enzyme composite

led to the increase in pH around the enzyme due to production of ammonia that catalyzed the growth of

Zn0 shells around the metal nanoparticle-enzyme composite.
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3.2 Results and Discussion
3.2.1 Synthesis and characterization of metallic (Au, Pt, AQ)

nanoparticles

The synthesis of Au nanoparticles was achieved by simple incubation of the
urease solution (2mg/mL) with HAUCI, (5.5 x 10 M) in presence of K,COs in water at
optimal pH of 7.4 and 37 "C. The result of the incubation was the formation of a stable
red sol, signifying the formation of Au nanoparticles (figure 3.1a; inset). Confirmation
about the formation of Au nanoparticles was obtained from UV-visible, powder X-ray
diffraction and transmission electron microscopy studies. The UV-visible spectrum
exhibited the characteristic surface plasmon resonance band for Au nanoparticles at 522
nm (figure 3.1a) and the powder X-ray diffraction spectrum consisted of peaks at 20
values of 38.2, 44.4, 64.6 and 77.7 degrees, corresponding to the respective Braggs
planes for face centered cubic gold (figure 3.1b). The transmission electron microscopy
image (figure 3.1c) revealed the formation of spherical nanoparticles and the average
diameter of the nanoparticles as calculated from the particle size histogram was 8.9 *
1.6 nm (figure 3.1d), which was consistent with the sizes of nanoparticles synthesized
using biosynthetic routes involving natural reducing agents. For example, Slocik et al.
have reported the synthesis of Au nanoparticles with an average diameter of 8.3 + 2.6
using (HRE)- Sub E virus.®] The average particle sizes of Au nanoparticles (as
calculated from TEM images) correlated well with the optical properties of the
nanoparticles as predicted by theoretical calculations (figure 3.1e) and earlier
experimental reports.?*3* The high resolution transmission electron microscopy image
(figure 3.1f) revealed a lattice spacing of 0.19 nm corresponding to the (200) face of
Au. Scherrer equation was further employed to calculate the crystallite size from the
powder XRD spectrum. The average crystal size of the Au nanoparticles was calculated
to be 11.5 nm, which was slightly higher than the average particle size as measured
from TEM studies (8.9 £ 1.6 nm). This discrepancy could be attributed to the fact that
the calculation of size from XRD is just an approximation and is limited by the size of
the particles, with no measurable signals being obtained in case of particles with sizes
less than 5 nm.BY Hence the average particle size measured from the XRD spectrum is
essentially from the signals obtained from the particles with larger diameter and does
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not represent all the nanoparticles synthesized, resulting in a size larger than those
obtained from TEM measurements.
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Figure 3.1. (a) UV-visible spectrum; Inset: digital image, (b) Powder XRD spectrum, (c) TEM image and
(d) Particle size distribution histogram of Au NPs synthesized using urease. (e) UV-visible spectrum of
the Au NPs showing perfect match of the experimental absorption spectrum (solid line) with calculated
absorption spectrum (dashed line) as calculated using Mieplot v4304 software for Au nanoparticles with
average diameter 8.9 nm and (f) HRTEM image of the Au NPs showing lattice spacing of 0.19 nm
corresponding to (200) plane of Au.

Following a similar methodology Pt and Ag nanoparticles using urease as a
reducing as well as stabilizing agent were synthesized. The incubation of K,PtCl, with
jack bean urease led to a distinct color change of the solution from colorless to black
indicating the formation of Pt nanoparticles. The formation of the Pt nanoparticles was
further ascertained from powder X-ray diffraction and electron microscopy studies. The
powder XRD pattern comprised of peaks due to the (111), (200) and (220) planes of
metallic Pt (figure 3.2a). The TEM image showed the formation of small spherical
nanoparticles having a mean size of 2.8 + 0.8 nm (figure 3.2b and c). The HRTEM
image showed lattice fringes with a separation of 0.226 nm due to the (111) plane of
metallic Pt (figure 3.2d).
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Figure 3.2. (a) Powder XRD spectrum; Inset Digital image, (b) TEM image, (c) Particle size distribution
and (d) HRTEM image of Pt nanoparticles synthesized using urease as a reducing as well as stabilizing

agent.

Similarly, a change in color of the solution from colorless to yellow upon
incubation of AgNO3 with urease was indicative of the formation of Ag nanoparticles.
The UV-visible spectrum showed the SPR band of the nanoparticles at 412 nm (figure
3.3a). In the powder XRD spectrum (figure 3.3b), in addition to the peak at 26 value of
38.2 degrees, corressponding to the (111) plane of silver, intense peaks at 20 values of
27.9 and 32.3 degrees were observed. According to previous literature reports these
peaks corresponded to (110) and (111) reflections of Ag,O respectively,2*! which
indicated that the Ag nanoparticles formed, were actually Ag-Ag.O composite. The size
and morphology of the composite was evaluated using transmission electron
microscopy, which revealed the formation of spherical particles having an average size
of 4.1 = 1.2 nm (figure 3.3c and d). It was observed that in case of the Ag-Ag.O

composite nanoparticles, the experimental plasmon resonance band did not match well

85



Chapter 3

with theoretical estimations and the experimental plasmon resonance band was red
shifted as compared to the theoretical result (figure 3.3e). Although, a detailed
theoretical calculation could not be performed, it is believed that the presence of a thin
Ag,0 layer on Ag nanoparticle surface played an important role, as the oxide layer has
reduced conductivity as well as complex refractive index relative to the metallic
core.® The HRTEM image of the composite nanoparticle showed a lattice spacing of
0.23 nm due to the (111) plane of silver and a careful observation of the HRTEM image
indicated the formation of a light grey shell of Ag,O over the Ag core (figure 3.3f).
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Figure 3.3. (a) UV-visible spectrum; Inset: digital image, (b) Powder XRD spectrum, (c) TEM image and
(d) Particle size distribution histogram of Ag-Ag,O NPs synthesized using urease. (e) UV- visible
absorption spectrum of Ag-Ag,O composite nanoparticles. Experimental absorption spectrum (Solid line)
and calculated absorption spectrum (Dashed line) as calculated using Mieplot v4304 software for Ag
nanoparticles with average diameter 4.1 nm and (f) HRTEM image of the Ag-Ag,O NPs showing lattice
spacing of 0.23 nm corresponding to (111) plane of Ag.

The formation of Ag.O over Ag nanoparticles was ascertained by X-ray
photoelectron spectroscopy (figure 3.4). The core level XPS analysis of the Ag
nanoparticles revealed the formation of a minor amount of Ag.0, along with the Ag
nanoparticles, as evidenced from the spectrum of the 3d s, and 3d 3, electrons. Two
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peaks at binding energies of 367.6 and 368.0 eV corresponding to 3d s, photoelectrons
of Ag,O and Ag respectively were observed. In addition the spectrum also showed
peaks at 373.6 and 374.0 eV, characteristic of 3d 3, photoelectrons of Ag.O and Ag
respectively.**3® Thus from the XPS analysis it was confirmed that in addition to Ag
nanoparticles as major component, a minor amount of Ag,O was also formed.
Quantitatively, Ag-Ag,O nanocomposite consisted of 19.42% of Ag,0 and 80.58% of
Ag. The Ag,0 layer is on the surface of the Ag nanoparticles, giving rise to a core-shell
like morphology. The thickness of the Ag,O layer on the Ag nanoparticles was in good

agreement with previous literature report.?’]
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Figure 3.4. (a) XPS spectrum of 3d electrons of Ag-Ag,O composite nanoparticles. (b) XPS spectrum for
Ag 3d 5/2 photoelectrons and (c), XPS spectrum for Ag 3d 3/2 photoelectrons showing the presence of
both Ag and Ag,0.

It is important to mention here that the sizes of Ag and Pt nanoparticles
synthesized using urease were also in good accordance with the sizes of the
nanoparticles synthesized using biosynthetic routes involving natural reducing agents.
For instance, spherical Ag nanoparticles of average diameter 5.3 nm using natural
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hydrocolloid gum kondagogu!®® and Pt nanoparticles having average size of 2.2 nm

using natural wood®¥ have been reported.

3.2.2 Effect of phosphate buffer saline (PBS) on the morphology of

nanoparticles

It is well known that the size and morphology of nanoparticles depends on the
ionic strength of the reaction medium.[“>*t So, in order to probe the effect of ionic
strength on the size and shape of nanoparticles, Au nanoparticles were synthesized in
PBS buffer without the use of K,COs. It was interesting to note that the growth kinetics
of the nanoparticles and the position of the plasmon resonance band depended very
much on the reaction conditions. It was observed that when K,COs; was used, the
nanoparticles were formed within 6 hours, while using PBS of pH 7.4 instead of K,CO3
required 48 hours for nanoparticle formation. The UV-visible spectrum of the Au
nanoparticles in PBS exhibited the SPR band at 537 nm, a 15 nm red shift compared to
those synthesized in presence of K,COs (figure 3.5a). The UV-visible results indicated
an increase in the size of the particles, which was confirmed from TEM studies. The
TEM images of Au nanoparticles in PBS showed substantial agglomeration (figure
3.5b), justifying the red shift in the plasmon resonance peak compared to those
synthesized in presence of K,COs. The increased ionic strength of the medium might
have led to the agglomeration of the Au nanoparticles synthesized in PBS as previously

reported.[*2
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Figure 3.5. (a) UV-visible spectrum of Au NPs synthesized in K,CO3z and PBS using urease and (b) TEM

image of Au NPs synthesized in PBS showing agglomeration of nanoparticles.

88



Chapter 3

3.2.3 Synthesis and characterization of metallic alloy (Au-Ag, Ag-Pt,

Au-Pt) nanoparticles

After the successful synthesis of metallic nanoparticles using urease, the
possibility of synthesizing metallic alloy nanoparticles using urease as a reducing agent
was explored. The incubation of the enzyme with two metal salts such as HAuCl, and
AgNO; led to the formation of AuAg alloy nanoparticles in water at ambient
temperature. When 1:1 molar ratio of HAuCl, and AgNO; was added in the reaction
medium, the resulting nanoparticles showed a plasmon resonance peak at 476 nm,
which was in between that of pure Au and Ag nanoparticles, depicting the formation of

Auo.sAdo.5 nanoparticles™¥ (figure 3.6a).
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Figure 3.6. (@) UV-visible spectrum, (b) powder XRD spectrum, (c) TEM image, (d) particle size
distribution, (€) HRTEM image; Arrow signifies the twin faults in the alloy and (f) EDS spectrum of Au-

Ag alloy nanoparticles synthesized using urease.

The powder XRD spectrum confirmed the crystalline nature of the alloy
nanoparticles (figure 3.6b). The average diameter of the nanoparticles as calculated
from the TEM images was 5.6 £ 2.0 nm (figure 3.6¢ and d). The HRTEM image (figure
3.6e) showed twins and stacking faults in most of the particles, probably due to high

internal strain energy existing in these particles.*! Energy dispersive X-ray (EDX)
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analysis confirmed the presence of both Au and Ag in the alloy nanoparticles (figure
3.6f).

The synthetic methodology was successfully extended towards the development
of other metallic alloy nanoparticles such as AgPt and AuPt alloy nanoparticles. The
incubation of 1:1 molar ratio of AgNO; and K;PtCl, resulted in the formation of AgPt
alloy nanoparticles. The UV-visible spectrum showed a band at 378 nm, confirming the
formation of AgPt alloy nanoparticles (figure 3.7a). The crystalline nature of the
particles was confirmed from the powder XRD studies (figure 3.7b). The TEM and
HRTEM images showed the formation of nearly spherical particles and the average size
of the particles as calculated from the particle size distribution histogram was 3.6 & 1.8
nm (figure 3.7c, d and e).
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Figure 3.7. (a) UV-visible spectrum, (b) Powder XRD spectrum, (c) TEM image, (d) HRTEM image and

(e) Particle size distribution histogram of Ag-Pt alloy nanoparticles synthesized using urease.

In a similar manner Au-Pt alloy nanoparticles were synthesized. The UV-visible
spectrum exhibited a band at 476 nm, indicating the formation of AuPt alloy
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nanoparticles (figure 3.8a). The PXRD spectrum of the nanoparticles confirmed their
crystallinty (figure 3.8b) and the TEM images and the particle size distribution revealed

the formation of nanoparticles with mean size 3.9 = 2.0 nm (figure 3.8a, b and c).
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Figure 3.8. (a) UV-visible spectrum, (b) Powder XRD spectrum of Diameter (nm)

the Au-Pt alloy nanoparticles synthesized using urease as reducing as well as stabilizing agent, (c) TEM
image, (d) HRTEM image and (e) Particle size distribution histogram of Au-Pt alloy nanoparticles

synthesized using urease.

3.2.4 Activity of urease after the synthesis of nanoparticles

The decomposition of urea, resulting in an increase in the pH of the system due
to generation of ammonia can be achieved using enzymatic route. The enzyme urease
decomposes urea into ammonia and carbon dioxide in aqueous solutions according to

the following reactions:

CO(NH,), + H,O + Urease —» NH; + NH,COOH (1)
NH,COOH + H,0 —— NH; + H,CO4 )
H,CO; — CO,+H,0 3)
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It has been well studied that the conjugation of nanoparticles with enzyme often
leads to alteration of its activity. ™ In case of urease, the increased pH of the medium is
a good indicator for the measurement of enzyme activity, primarily, due to the
liberation of ammonia by the hydrolysis of urea by urease. Ammonia molecules react
with water to form ammonium hydroxide that subsequently dissociates to form
hydroxide ions resulting in the net increase in the solution pH. As shown in figure 3.9a,
the decomposition of urea by the native urease led to a pH increase of the medium from
6.9 to 9.0 whereas the Au nanoparticle-urease composite (as synthesized by the
reduction of the metal salt with urease) could increase the pH from 6.8 to 7.7, thus
indicating a decrease in the enzyme activity.
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Figure 3.9. (@) pH change of the medium by native urease, Au nanoparticle-urease composite (urease
reduced Au nanoparticles), denatured urease and citrate capped Au nanoparticles with urease and (b)
Comparison of the activity of native urease and urease after the synthesis of Au NPs using the dye

bromocresol purple

These results were further confirmed using a colorimetric assay,* where the
solution pH increase was monitored by a pH sensitive dye, bromocresol purple (figure
3.9b). The increase in pH of the reaction medium led to an increase in the absorbance
value at 588 nm. It was observed that while in case of native urease the absorbance at
588 nm increased from 0.06 to 0.18, the Au NP-urease composite could increase the
absorbance from 0.05 to 0.08 only. Notably, denatured urease (enzyme heated at 90 °C
for 30 minutes in water) could not increase the pH of the medium. For understanding
the role of Au nanoparticles in modulating enzymatic activity of urease, citrate
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stabilized Au nanoparticles were functionalized with urease and the activity of the
enzyme was monitored by the pH change of the medium while decomposing urea. The
pH of the medium increased from 6.9 to 9.1, clearly indicating that mere
functionalization of Au nanoparticles separately synthesized had no distinct impact on
the enzyme activity. However, during the process of reducing the metal salt to form Au
nanoparticles, urease had some loss of activity, although it was not completely
denatured.

3.2.5 Conformational changes in urease after the synthesis of

nanoparticles

The activity of urease was largely inhibited after its participation in the
reduction and/stabilization of the formed nanoparticles. The decrease in the activity of
urease could be attributed to the conformational changes and chemical modifications in
urease during the synthesis of metal nanoparticles.

The conformational studies were performed by fluorescence spectroscopy using
1-anilino-8-naphthalene sulfonate (ANS) as an extrinsic probe, as reported earlier for
protein studies.*) ANS is highly fluorescent in hydrophobic environment such as
interior of an enzyme, but has very low quantum yield in water. Upon unfolding, the
intensity will decrease as ANS will be released from the hydrophobic interior of the
enzyme into the surrounding medium. Predictibly, as shown in figure 3.10a, the
emission intensity of ANS at around 490 nm was quenched and blue-shifted to around
470 nm, when urease was involved in the formation of Au nanoparticles. The quenching
of ANS emission might be due to two factors: (i) unfolding of urease during reduction
and subsequent binding to the Au nanoparticle surface (ii) energy transfer from the
ANS donor to the Au nanoparticle acceptor as the emission wavelength of ANS
matches with the surface plasmon resonance band of Au nanoparticles. In order to
confirm this, controlled experiment in which urease solution was incubated with ANS
and citrate capped Au nanoparticles (maintaining the HAuCl, concentration same as
used in the urease reduction) was performed. The fluorescence results (figure 3.10b)
showed that the emission intensity of ANS was indeed quenched by the Au
nanoparticles with a change in line-shape signifying the energy transfer./*! However the
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qguenching was not as much as observed for the urease reduced Au nanoparticles,
suggesting that both energy transfer as well as partial unfolding of urease contributed to
the emission quenching of ANS.
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Figure 3.10. (a) Emission spectra of ANS in native urease, Citrate capped Au nanoparticles-urease
composite and Au nanoparticle-urease composite (urease reduced Au nanoparticles) depicting the
conformational modifications in enzyme structure (A=370 nm). (b) Near UV Circular dichroism
spectrum of native urease and Au nanoparticle urease composite in water, (c) FTIR spectrum showing
the amide | and amide Il region of native urease and Au NPs- urease composite and (d) Second

derivative of the amide I region of native urease and Au NPs- urease composite.

To get a further insight into the conformational change of the enzyme, Circular
Dichroism (CD) and FTIR studies were performed. The CD spectrum of native urease
and Au NP-urease is shown in figure 3.10b. The decrease in the a- helical content of a
protein, which indicates the unfolding of the protein, can easily be monitored by
tracking the loss in CD signal at 222 nm.[! As shown in figure 3.10b, the CD signal at
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222 nm in case of Au NP- urease composite showed a large decrease in intensity
compared to that for the native urease, which is a clear indication of the enzyme being
unfolded when it was involved in nanoparticle synthesis. This was further evidenced
from the FTIR spectra (figure 3.10c), where the characteristic amide | band in native
urease shifted from 1650 cm™ to 1635 cm™ in Au nanoparticle-urease composite
signifying substantial perturbation in the enzyme structure.[*®! The second derivative of
the amide | band of urease showed peaks at 1656, 1644 and 1636 cm™ corresponding to
o~ helix, disordered and - sheet respectively, whereas in case of the enzyme reduced
Au nanoparticles, these peaks were shifted to 1652, 1641 and 1634 cm™, with a
decrease in intensity™’*! (figure 3.10d). Thus from fluorescence, CD and FTIR studies,
it was clearly evident that there was a significant change in the structure of urease
leading to partial inhibition of the enzyme activity.

3.2.6 Amino acid in urease responsible for reduction

Enzymes have a great structural complexity, as they are composed of several
amino acid residues. The arrangement of these constituent amino acids into helices or
sheets accounts for their structures with specific functionalities. Thus understanding the
mechanism towards the growth of nanoparticles and subsequent structural and
functional changes in enzymes is engrossing. It is established that cysteine has reducing
as well as stabilizing capability for the generation of metal nanoparticles owing to high
affinity of thiols for metals.™™ In enzymes also, cysteines have been postulated to be
preferred sites for metal seeding and nanoparticle conjugation. Thus it was assumed that
the free and exposed cysteine groups in an enzyme could act as a reducing agent for the
synthesis of metal nanoparticles. To support the assumption, the free cysteine groups in
urease were modified by reaction with 5,5°- dithiobis(2-nitrobenzoic acid) (DTNB) in
non-denaturating conditions.® The addition of HAuCI, to the DTNB modified urease,
did not result in the formation of Au nanoparticles (figure 3.11a and b), clearly
suggesting the involvement of cysteine in the formation of nanoparticles. The
modification of the cysteine groups in urease was also evidenced by using FTIR, while
observing the disappearance of a weak band at 2660 cm™ in the Au nanoparticle-urease

composite, attributed to the S-H stretching mode in urease cysteine (figure 3.11c).%
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Interestingly, in case of heat-denatured urease, faster growth of Au nanoparticles
compared to the native enzyme was observed, clearly indicating that it is not essential
for the enzyme to retain its native structure for being used as a reducing agent.
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Figure 3.11. (a) Digital images showing reaction of urease with HAuCl, in PBS (A) after blocking the
thiol groups by DTNB and (B) unmodified urease. (b) UV-visible spectrum of DTNB treated urease after
incubation with HAuCl, for 48 hours, showing the absence of SPR band of Au nanopatrticles.(c) FTIR
spectra of native urease (black line) and Au NP- urease composite (red line). (Arrow in black line shows
the peak at 2660 cm™ due to S-H stretching which is absent in the red line).

3.2.7 Mechanism of nanoparticle formation by urease and subsequent

loss in its activity

In the synthesis of metallic nanoparticles, the involvement of urease in the
reduction of the metal salts and subsequent binding to the nanoparticle surface led to
conformational changes in the enzyme. The result was the partial inhibition of urease
activity due to which hydrolysis of urea by the nanoparticle-urease conjugate led to pH
enhancement only to a slightly basic 7.7, whereas in case of native urease the solution
pH increased to 9.0. To have an insight into the mechanism of synthesis of
nanoparticles by urease and the loss in the activity of the enzyme, the reported crystal
structure of the Jack Bean Urease was examined. Jack Bean Urease was the first
enzyme to be crystallized and the first example of a nickel metalloenzyme.?!
Spectroscopic, crystallographic and theoretical studies®>") have illustrated not only the
molecular architecture and amino acid sequences in urease, but also the mechanism of
enzymatic activity. Urease consits of 27-35 cysteine residues, which are divided into
two groups, the inessential ones and essential ones.’” It has been suggested that the
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essential cysteine residues serve as acid catalysts in the mechanism of action of
urease.® According to earlier reports, of the 27-35 cysteine residues present in JBU,
only 3 of them (Cys59, Cys207 and Cys592) are the exposed ones and chemical
modification of these groups impairs its activity™ (protein data bank entry 3LA4). Out
of these, Cys592 is located on the mobile flap adjacent to the active site (figure 3.12b)
and plays a critical role in catalysis.**! In the present study, it was hypothesized that the
involvement of Cys592 in the formation of metallic nanoparticles followed by
formation of disulfide bonds resulted in the structural changes in the mobile flap. As the
mobile flap is involved in the regulation of access to the active site containing the nickel
centre, the structural modification of the Cys592 and subsequent attachment to the
metal nanostructures through the Metal-S bond greatly influenced the flap loosing its
mobility, leading to an inhibition in the activity of the enzyme. In case of denatured
urease, five other buried cysteine residues per subunit become exposed and more
reactive,®®! accounting for the faster growth of metallic nanoparticles by denatured

urease.

Active site with
4 b binuclear Ni

(B domain)

Active
site

Cys 592

Figure 3.12. (a) Overall structure of the Jack bean urease monomer (b) stereo diagram of the active site
architecture containing a binuclear nickel centre and mobile flap of urease. For clarity, only cys592 has
been highlighted along with Ni ions and PO,* residues present in the active site.

3.2.8 Synthesis and characterization of Au@ZnO core-shell

nanostructures

The primary activity of urease is the decomposition of urea, resulting in the

liberation of ammonia with a net increase in the solution pH, making the environment
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suitable for the growth of metal oxide nanoparticles. Hence, the possibility of the
production of a semiconductor material such as ZnO as a shell around the Au
nanoparticle-enzyme composite taking advantage of the catalytic ability of urease was
explored. Under laboratory conditions addition of ammonia into a reaction medium
containing metal salts resulted in the synthesis of metal oxide nanoparticles through
condensation of the hydrolyzed product. ® In the present method, although the urease
activity was partially inhibited during nanoparticle synthesis, the hydrolysis of urea by
Au nanoparticle-urease composite led to a homogeneous increase of the solution pH to
7.7 that has been exploited to synthesize ZnO nanoparticles.
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Figure 3.13. (a) UV- visible spectrum and (b) Powder X-ray diffraction spectrum of Au@ZnO core-shell
nanostructures synthesized using urease. (c) and (d) Fluorescence emission spectrum of Au@ZnO core-

shell nanostructures at an excitation wavelength of 390 nm and 340 nm respectively.

When Au nanoparticle-urease composite was incubated with urea and zinc

nitrate hexahydrate in water at room temperature, ZnO nanoshells were formed over the
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Au nanoparticles. The formation of the ZnO shell over the Au nanoparticles was
established using several spectroscopic techniques as well as electron microscopy
studies. The UV- visible spectrum of the Au@ZnO core-shell nanoparticles showed two
distinct bands centred at 340 nm and 530 nm, characteristic of Au@ZzZnO core shell
nanoparticles (figure 3.13a).°Y] The intensity of the band at 530 nm decreased
significantly and was red shifted by 8 nm compared to pure Au nanoparticles
synthesized using urease, indicating the coating of the Au nanoparticles by a shell of
ZnO. The X-ray diffraction pattern (figure 3.13b) of the Au-ZnO core-shell
nanoparticles suggested nanocrystalline structure of the ZnO nanoshells with wurtzite
structure (JCPDS card no. 0-3-0888). Along with the characteristic peaks of ZnO, one
small reflection at 38.2°, characteristic of (111) plane of Au was observed. Scherrer
analyses of the (101) and (102) reflections were used to calculate the crystal diameters
of ZnO and showed an average size of 11.3 nm. The ZnO shell on the Au nanoparticles
was further characterized by fluorescence spectroscopy. The ZnO nanoshells showed
their characteristic emissions at 421 nm (Ae= 340 nm) and 490 nm (Aex= 390 nm)
(figure 3.13c and d), originating from the oxygen defects present in the crystal.
Transmission electron microscopy studies were performed to study the size and
morphology of the Au-ZnO core-shell nanoparticles. The TEM image and the particle
size distribution histogram indicated that ZnO shells with an average thickness of 2.1 +
0.4 nm were formed around the Au nanoparticles (figure 3.14a and c), consistent with
the overall diameter of Au-ZnO core-shell particles as measured by Scherrer analysis.
The ZnO nanoshells showed high crystallinity as evidenced from the selected area
electron diffraction pattern. The HRTEM image (figure 3.14b) clearly revealed the
electron-dense core of Au surrounded by lesser dense shell of ZnO. EDX analysis of the
sample further confirmed the presence of both Au and Zn in the composite material
(figure 3.14d). Elemental analysis of the Au-ZnO nanoparticles, as acquired by
inductively coupled plasma-atomic emission spectrometry (ICP-AES) measurements
were used to calculate the ratio of Au and Zn in the core-shell nanocomposite. The
results showed Au: Zn molar ratio of 55: 45, which was in close agreement with the
theoretical calculations based on Au@ZnO core-shell morphology (details in

experimental section).
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Figure 3.14. (a) TEM image; inset: SAED pattern, (b) HRTEM image, (c) Particle size distribution of
Au@2ZnO core-shell nanoparticles and (d) EDX spectrum of Au@ZnO core-shell nanostructures

synthesized utilizing the activity of urease showing the presence of both Au and Zn.

Although the conformational changes in the enzyme structure did not have any
impact on the metallic nanoparticle synthesis, they had a definitive role in the formation
of ZnO nanostructures. It is noteworthy to mention that Au-denatured urease composite
(Au nanoparticles reduced by heat-denatured urease) could not form the ZnO
nanoshells, as the inherent characteristics of ZnO were not evidenced by XRD and
fluorescence experiments. In case of native urease, Zn”** binds on the negatively charged
enzyme surface through electrostatic interaction at around pH 9. Previous reports have
suggested the formation of zinc hydroxide intermediate under the basic conditions and
further dehydration of these intermediates yield ZnO on the enzyme surface propelled
by the "salting out" effect.®>®®! In the present case, the decomposition of urea by Au
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nanoparticle-urease composite led to an increase of solution pH to 7.7. Even at this near
neutral conditions, the entropy enhancement due to the disruption of the hydration layer
around urease (because of Zn?* binding to the enzyme surface) was enough to convert
Zn(OH), to ZnO nanoshells.

3.2.9 Catalytic reduction of p-nitroaniline to 1,4-diamino benzene

In order to have further evidence of Au-ZnO composite material with core-shell
morphology, the reduction of p-nitroaniline with NaBH,; using Au-urease and
Au@ZnO-urease as catalysts was performed. It is well known that Au nanoparticles can
be used as an efficient heterogeneous catalyst for the reduction of p-nitroaniline to 1,4-
diaminobenzene in presence of NaBH,,**®®! whereas ZnO nanoparticles are not known
to catalyze to the same reaction. So, in order to confirm the ZnO shell on the Au
nanoparticles, the reduction of p-nitroaniline by NaBH, with both Au nanoparticles and
Au@ZnO core shell nanoparticles as catalyst was studied. It was found that in case of
Au nanoparticles, the reduction was completed within 25 minutes, as evidenced by the
decrease in the intensity of the peak at 380 nm and formation of a new peaks at 303 nm
and 240 nm (figure 3.15b), characteristic of 1,4-diaminobenzene. However with the
Au@ZnO core shell nanoparticles as catalyst, it was found that the reaction did not
proceed substantially even after 10 hours, as evidenced by the absence of the peaks at
303 nm and 240 nm, but the peak at 380 nm decreased by 52% in intensity after 10
hours (figure 3.15c¢). For comparison, controlled experiments were performed with
blank (without any nanoparticles) and ZnO-urease composite nanoparticles as catalyst.
ZnO-urease nanoparticles were synthesized at pH 9.1 in water, originated from the
production of ammonia due to breakdown of urea by urease. It was found that in case of
blank the intensity of the peak at 380 nm decreased by 39% after 10 hours (figure
3.15d) and with ZnO-urease nanoparticles as catalysts the intensity decreased by 40%
after 10 hours (figure 3.15¢). A plot of logarithm of absorbance (In A) for p-nitroaniline
at 380 nm showed a linear decrease with time, confirming the reduction of p-
nitroaniline with Au nanoparticles as catalyst, whereas in case of Au@ZnO core shell
nanoparticles as catalyst, the plot of In A versus time (figure 3.15f) showed that the
reaction proceeded very slowly, which further confirmed that the Au nanoparticles were
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indeed coated with ZnO layer. Thus, from the catalytic experiments the formation of

ZnO shell on Au nanoparticles could be confirmed further.
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Figure 3.15. (a) Scheme for the reduction of p-nitroaniline to 1,4-diamino benzene by urease reduced Au
nanoparticles. (b) Time dependent UV-visible spectra for the reduction of p-nitroaniline to 1,4-diamino
benzene by urease reduced Au nanoparticles acting as catalyst. (c) Time dependent UV-visible spectra
for the reduction of p-nitroaniline to 1,4-diamino benzene by Au@ZnO core-shell nanoparticles as
catalyst. Time dependent UV-visible spectra for the reduction of p-nitroaniline to 1,4-diamino benzene
catalyzed (d) in absence of any nanoparticles and (e) by ZnO nanoparticles synthesized using urease and
() plot of In A vs T for the reduction of p-nitroaniline to 1,4- diaminobenzene by NaBH, in presence of

urease reduced Au nanoparticles (blue) and Au@ZnO core-shell nanoparticles (red).

3.3 Conclusions

In summary, the use of urease as an effective biomolecular reactor towards the
growth of metallic nanoparticles, metallic alloys and metal-metal oxide core-shell
nanostructures under ambient conditions has been demonstrated. The exposed cysteine
residues in the enzyme were found to be responsible for the generation of metal and
metallic alloy nanoparticles. Due to modification of the essential cysteine residues,
there were conformational changes in the enzyme structure leading to partial inhibition

of its activity during the nanoparticle synthesis, Although the activity was largely
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inhibited, it could still be employed for the synthesis of metal-ZnO core-shell
nanoparticles. The use of urease as a nanoreactor demonstrates the practicability of
biomolecules such as enzymes, as an alternative to the current environmentally harsh
and energy-exhaustive methods for material synthesis. Further these studies will give a
mechanistic intimation towards the capability of microorganisms such as fungus,
bacteria and viruses in synthesizing nanoparticles.[®*®"1 The proposed methodology
can be extended easily towards the generation of a range of alloys and core-shell
nanostructures involving metal and metal oxides. Further the immobilization and
growth of these nanoparticle-enzyme composites on various substrates will afford
opportunities for the development of technologically relevant systems.

3.4 Experimental Section

3.4.1 Materials

Hydrogen tetrachloroaurate (HAuCl,), Silver nitrate (AgNOs), Potassium
tetrachloroplatinate (K2PtCls), Jack Bean urease, Urea, Zinc nitrate hexahydrate, 5,5’-
dithiobis(2-nitrobenzoic acid) (DTNB), and 8-Anilino-1-naphthalenesulfonic acid
(ANS) were purchased from Sigma- Aldrich. Sodium dihydrogen phosphate
monohydrate, di- Sodium hydrogen phosphate, Sodium nitrate and Bromocresol purple
were purchased from Merck, India. Potassium carbonate was purchased from Rankem,
India. p-nitroaniline and sodium borohydride were purchased from S.D Fine chemicals,
India. All the chemicals were used as received without any further purification. Milli Q

water was used throughout the experiments.

3.4.2 Instrumentation

A Varian Cary 100 Bio spectrophotometer was used for UV-visible
measurements. Emission spectra were recorded on a fluoromax-4p fluorometer from
Horiba (Model: FM-100). Powder X- ray diffraction patterns were recorded on a Bruker
D8 Advance diffractometer with Cu Ko source (wavelength of X- rays was 0.154 nm).
Transmission electron microscopy (TEM) images were recorded using a Philips CM
200 microscope and High resolution transmission electron microscope images were

recorded using a JEOL JEM-2100 microscope at an operating voltage of 200kv. FTIR
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spectra were recorded in KBr pellet using a Bruker Tensor 27 instrument. Circular
Dichroism (CD) studies were performed using a JASCO J-815 spectropolarimeter. ICP-
AES measurements were performed using instrument from M/s. Spectro, Germany
(Model: Arcos). XPS spectra were recorded using an ESCA instrument: VSW of UK

make.

3.4.3 Synthesis of Au nanoparticles using K,CO3
In a typical synthesis of Au nanoparticles, 2.5 mL of 2mg/mL enzyme solution,
2.5 mg KyCOs3; and 50 pL of 0.03 M HAUCI, were taken in a vial and the reaction

mixture was heated at 37 'C with mild stirring for 6 hours.

3.4.4 Synthesis of Ag nanoparticles
For the synthesis of Ag nanoparticles 25 puL of 0.03 M AgNO; solution was
added to 2.2 mL of 2mg/mL enzyme solution, containing 0.95 mg of K,CO3 and the

resulting mixture was stirred at 37 'C for 6 hours.

3.4.5 Synthesis of Pt nanoparticles
Pt nanoparticles were synthesized by the reaction of 2.5 mL of 2mg/mL urease
solution with 75 pL of 0.02 M K;PtCl, in presence of 2 mg K,CO; and heated at 37" C

for 36 hours.

3.4.6 Synthesis of alloy nanoparticles

The synthesis of all the alloy nanoparticles was carried out in 2.2 mL of
2mg/mL enzyme solution containing 2.5 mg of K,COs;. For all the three alloy
nanoparticles (Au-Ag, Ag-Pt and Au-Pt), metal salts were added such that their
individual concentration in the final solution was 2.7 x10™ M, and the resulting solution

was stirred at 37 “C for 24 hours.

3.4.7 Synthesis of Au@ZnO core-shell nanoparticles

The Au nanoparticle-urease composites (by reduction of HAuCl, with urease)
were centrifuged and washed with water several times to remove any free enzyme
unbound to the Au nanoparticle surface. The obtained pellet was re-dispersed in 0.1 M
NaNOjs. To 2mL of the Au nanoparticle-urease composite solution, was added 10 mg of
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urea and 50 pL of 0.02 M Zn(NO3),.6H,0 and the reaction mixture was stirred at room
temperature for 12 hrs.

3.4.8 XPS Measurement

The XPS measurements were performed using an ESCA instrument: VSW of
UK make with an Al Ka source, at a resolution of 1eV. The sample was measured in
thin film mode and the sample was prepared by drop casting the nanoparticle solution
on a glass slide.

3.4.9 Conformational changes in urease after nanoparticle synthesis.

3.4.9.1 Fluorescence studies

The conformational changes in urease after the synthesis of nanoparticles were
studied using an extrinsic fluorophore, 8-Anilino-1-naphthalenesulfonic acid. For this
purpose, ANS with a final concentration of 20 uM was added to each of native urease
solution, Au NP- urease solution and citrate capped Au nanoparticles- urease, and
fluorescence spectra were recorded at excitation wavelength of 370 nm, after incubating
the solutions in dark for 4 hours.

3.4.9.2 Circular dichroism studies

The CD studies were performed at 25 "C on a Jasco-815 spectrometer. Spectra
were recorded between 260 and 190 nm with a data pitch of 0.1 nm. The scanning speed
was set to 20 nm/ min with band width of 1nm. The path length was 1 mm quartz cell
(Starna Scientific Ltd. Hainault, UK). An enzyme concentration of 1mg/mL was used
throughout the experiments. Each spectrum is the result of average of three consecutive

Scans.

3.4.10 Activity study of urease
3.4.10.1 pH method

The activity of urease can easily be monitored by noting the rise in pH upon
addition of urea. So to test the activity of urease after the formation of Au NPs, 50 mg
of urea was added to 10 mL of both native urease (1mg/mL) and urease-Au NP

solution, and the increase in pH with time was recorded.
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3.4.10.2 Bromocresol purple assay

The activity was also confirmed spectroscopically using the bromocresol purple
assay, following a reported procedure.? Briefly, two test solutions were taken, one
containing Native enzyme, 0.015 mM bromocresol purple and 0.2 mM EDTA. In the
second solution the native enzyme was replaced by Au NP- enzyme composite, and the
pH was adjusted to 5.8. Then urea was added to the solutions and absorbance at 588 nm

was recorded at various time intervals.

3.4.11 Theoretical calculation of ratio of Au: Zn in Au@ZnO core-shell
nanoparticles.

The average diameter of Au nanoparticles, d = 8.9 nm

Hence, the radius of the Au nanoparticles, r = 4.45 nm = 4.45x 107 cm

= Volume occupied by Au nanoparticles, V = 4/3mr3 =3.69 x 10719 cc
Density of Au, p = 19.3 g/cc

=~ Massof Au, M=V x p=7.122x 10718

=~ No. of moles of Au=7.122 x 107'8/197

=3.62 % 107%%moles

The average diameter of Au@ZnO core shell nanoparticles =11 nm.

Hence the radius of the Au@ZnO core shell nanoparticles = 5.5 nm

= Volume occupied by the ZnO shell, V = 4/3nr*au@zno — 413113,
=(6.95 - 3.68) x 107 % cc
=327 %107 cc

Density of Zn, p = 5.61 g/cc

s~ Massof Zn, M=V x p=1834x10"18¢g
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=~ No. of moles of Zn=1.834 x 107'8/65.38

=2.808 x 1072% moles

3.62 x 10720

=~ % of Au in the core shell composite = — % 100
(3.62+2.808)x 10~20
=56.32 %
x10—20
And, % of Zn in the core shell composite = 2508 x19 % 100

(3.62+2.808)x 10~20

= 43.68 %.
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Chapter 4

Catalytic Activity of Various Pepsin Reduced Au
Nanostructures Towards Reduction of

Nitroarenes and Resazurin

4.1 Introduction

Metallic nanoparticles have gained immense research interest due to their
distinctive physico-chemical properties, which differ considerably from their bulk
counterparts.™? Catalysis is one of the most important areas where nanoparticles have
made exceptional performance. Due to their large surface area to volume ratio, metallic
nanoparticles can function as effective heterogeneous catalysts towards a myriad of
organic reactions. Specially, Au nanoparticles have shown tremendous functionality as
heterogeneous catalyst towards various organic transformations such as oxidation,
reduction, C-C coupling reactions etc." For effective catalysis and to prevent their
agglomeration, nanoparticles are embedded in solid supports such as metal oxides, 18
metal-organic frameworks,?>?) carboneous materials????4 etc. On the other hand,
development of Au nanoparticle systems without any solid support has gained interest
due to their simplicity of preparation, processability and tunability of size and shape.
The catalytic activity of these unsupported systems depend largely on the nature and
binding ability of the ligands and availability of preferential crystallographic planes.!**!
Therefore there are open issues in this area regarding the intrinsic catalytic activity of
size and shape controlled Au nanoparticle systems and the effect of stabilizing agents in
influencing the activities inherent to Au nanoparticles besides avoiding particle
aggregation.

As has already been discussed in the previous chapters, the biogenic synthetic
routes for the generation of Au nanoparticles have gained interest because of the
demand for environmentally acceptable synthetic conditions and eco-friendly reducing

and capping agents (green chemistry). Since the enzymes provide a precise and
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confined microenvironment, they can function as effective nanoreactors for the growth
of nanoparticles.>**1 The presence of a large number of amino acids with known
reducing capability has propelled research activities in using enzymes as promising
reducing and capping agent where the inorganic phase morphology is highly controlled
by their specific physicochemical interactions with the biomolecular template. Also the
coupling of the reducing ability of the enzymes with their specific catalytic activities
has led to the development of higher order nanostructures such as alloys and core-shell
composite materials.”®?”1 Further, the attachment of an enzyme on the nanoparticle
surface brings about changes in its three dimensional arrangement which might have a
significant impact on the natural activity of the enzyme.™2"*! Therefore studies
regarding the fate of the enzymes after their participation as reducing as well as
stabilizing agent during the synthesis of nanostructures are highly desirable. Although
there are several recent reports on enzyme stimulated synthesis of Au nanoparticles
leading to the formation of Au nanoparticle-enzyme composites under mild
conditions®>3¥ there has been no report regarding the catalytic performance of the Au
nanostructures stabilized by enzymes.

In this chapter, the catalytic activity of different size and shaped Au
nanoparticles, synthesized using single biomolecule, pepsin under pH controlled
conditions, towards reduction of nitroarenes and resazurin have been demonstrated.
Pepsin, an aspartic protease consists of 327 amino acid residues with a molecular
weight of 34,644 Da. Pepsin is a unique enzyme in the sense that it contains 30 aspartic
acid and 13 glutamic acid residues, together with a rich content of aromatic amino acid
residues.*®! The simple tuning of the pH of the reaction medium led to a distinct change
in the size and morphology of the nanostructures. The catalytic ability of the various
size and shaped nanostructures on the reaction rate were studied by carrying out the
reduction of p-nitrophenol to p-aminophenol and resazurin to resorufin with NaBH, and
NH,OH.HCI acting as the reducing agents respectively. The results indicated that in
addition to the size and shape of the nanoparticles, the thickness of the stabilizing agent
on the nanoparticle surface played a vital role in deciding the catalytic efficiency of the

nanoparticles.
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4.2 Results and Discussion
4.2.1 Synthesis and characterization of Au nanostructures at pH 5.4
and 4.0

The synthesis of different size and shaped Au nanostructures was achieved at
different pH of the reaction medium by a slight modification of a synthetic method as
reported by Kawasaki et al.*” A simple room temperature stirring of the pepsin
solution (1.0 mg/mL) with HAUCI, (1.2 x 10 M) in PBS buffer (100 mM) at pH value
of 5.4 and 4.0 resulted in a change in color of the solution from colorless to dark pink
and blue respectively (figure 4.1a) indicating the formation of Au nanostructures. The
Au nanoparticles synthesized at pH 5.4 exhibited their characteristic surface plasmon
resonance band at 529 nm, whereas the Au nanoparticles synthesized at pH 4.0 showed
a shoulder at 700 nm in addition to their plasmon resonance band at 550 nm (figure
4.1b), indicating the formation of non-spherical particles. The crystalline nature of the
Au nanostructures was ascertained using powder X- ray diffraction. The powder XRD
spectrum (figure 4.1c) of the Au nanoparticles synthesized at both pH values of 5.4 and
4.0 exhibited the characteristic Bragg’s peaks at 20 values of 38.2°, 44.5°, 64.6° and

77.7° respectively corresponding to the (111), (200), (220) and (311) planes of the face

centered cubic structure of Au.

b (111) C
—pH4.0
—pH54
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Figure 4.1. (a) Digital images of (i) native pepsin solution, (ii) Au nanoparticles synthesized using pepsin
at pH 5.4, (iii) Au nanostructures synthesized at pH 4.0 using pepsin as a reducing as well as a
stabilizing agent. (b) UV-visible spectrum of Au nanostructures synthesized at pH 5.4 and 4.0. (c) Powder
XRD spectrum of Au nanostructures, showing the characteristic Braggs reflection synthesized at pH 5.4

and 4.0 using pepsin as a stabilizing and reducing agent.
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The size and morphology of the synthesized Au nanostructures was studied
using transmission electron microscope. The TEM images of the nanoparticles
synthesized at pH 5.4 revealed the formation of spherical Au nanoparticles (figure
4.2a). The high resolution transmission electron microscopy image showed a lattice
spacing of 0.23 nm corresponding to the (111) plane of Au (figure 4.2b). The average
particle size as calculated from the size distribution histogram for the nanoparticles
synthesized at pH 5.4 was 7.9 = 2.0 nm (figure 4.2c). On the other hand, TEM images
of the Au nanoparticles synthesized at pH 4.0 showed a mixture of anisotropic
structures such as plates, triangles, rods and hexagons (figure 4.2d and e). The size of
the particles varied between 30-200 nm. The HRTEM image of Au nanostructures
synthesized at pH value of 4.0 showed lattice planes with a separation of 0.24 nm
which again corresponded to the (111) facet of Au (figure 4.2f).

16

6 8 10 12 14
Diameter (nm)

Figure 4.2. (a) TEM image, (b) HRTEM image and (c) particle size distribution histogram of Au
nanoparticles synthesized at pH 5.4 using pepsin. (d) and (¢) TEM images of anisotropic Au
nanostructures synthesized at pH 4.0 using pepsin as a reducing as well as stabilizing agent and (f)
HRTEM image of anisotropic Au nanostructures synthesized at pH 4.0 using pepsin as a reducing as well
as stabilizing agent, showing a lattice separation of 0.24 nm corresponding to the (111) plane of face
centered cubic Au.
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4.2.2 Activity of pepsin after synthesis of Au nanostructures

Enzymes feature rich chemistries in their functional groups such as amine, thiol,
carboxyl and hydroxyl due to the presence of variety of amino acids in it. Such
functional groups could serve as efficient binding sites for metal ions and could
facilitate the multidirectional growth of inorganic nanostructures in a controlled
manner.®™ Therefore it is reasonable to speculate that the involvement of enzymes via
such functional groups for the reduction of metal salts to their corresponding
nanoparticles would lead to modulation of the natural activity of enzyme. Further, it has
also been well studied that simple conjugation of enzymes on solid surfaces such as
those of nanoparticles leads to amendment in their activity.?®! In the present case,
pepsin participated as a reducing as well as surface stabilizing agent for the
nanoparticles under acidic conditions. Therefore it was imperative for us to study the
activity of pepsin after the Au nanoparticle synthesis. The activity was studied
following a standard assay based on the action of pepsin on hemoglobin.®®! At acidic
pH, pepsin breaks hemoglobin into trichloroacetic acid soluble products according to

the following equation:
Pepsin

pH 2.0,37 °C

Hemoglobin + H,O » TCA soluble products

The formation of the products can easily be monitored by observing the increase
in the absorbance value at 280 nm. It was found that in case of the native enzyme, the
absorbance reading at 280 nm was 1.23 as compared to 0.21 for the blank, indicating
extensive digestion of hemoglobin by pepsin, whereas with the Au NP-pepsin
composite, the absorbance reading was only 0.29, signifying a substantial loss in the
enzyme activity (figure 4.3). In order to confirm that the loss in the activity of pepsin is
only due to the participation of the enzyme in the reduction of Au** to Au® and not
merely due to the presence or adsorption on Au nanoparticles, pepsin was incubated
with citrate capped Au nanoparticles for 24 hours and then the activity assay was
performed. The digestion of hemoglobin with citrate capped Au NP-pepsin composite
led to an absorbance reading of 1.13 at 280 nm, suggesting that mere presence of Au
nanoparticles added from outside did not affect the activity of the enzyme, and the loss

in the activity of the enzyme was due to its participation in the reduction of HAuCl, to
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form Au nanoparticles. Also the activity of the denatured enzyme (denatured by
dissolving pepsin in PBS buffer of pH 7.0) was tested and it was found that in case of
the denatured enzyme the absorbance at 280 nm was same (0.21) as that of the blank.
This indicated that though the enzyme activity was inhibited to a large extent, the
enzyme was not completely denatured after the synthesis of Au nanoparticles by the

enzyme.
1.5
— Native Pep
— Cit. Au NPs-Pep
1.0 Au NPs-Pep
— Denatured Pep
— Blank Pep

Absorbance

o
ol
1

0.0

300 350 400 450
Wavelength (nm)

Figure 4.3. UV-visible spectrum showing the action of native pepsin, citrate capped Au nanoparticles-

pepsin composite, pepsin reduced Au NP-pepsin composite and denatured pepsin on hemoglobin.

4.2.3 Conformational changes in the structure of pepsin after the

synthesis of Au nanostructures

The decrease in the activity of the enzyme could be attributed to the
conformational changes that the enzyme had undergone during the synthesis of Au
nanoparticles. The conformational change in pepsin after the synthesis of Au
nanoparticles was established by means of circular dichroism (CD), fluorescence
spectroscopy and FTIR studies. CD studies of native pepsin and Au NP-pepsin
composite were performed in both the far UV and near UV region to get an insight into
the conformational changes in the secondary and tertiary structure of the enzyme after
the synthesis of Au nanoparticles. As shown in figure 4.4a, the far UV CD spectrum of
native pepsin showed a single minimum at 213 nm, which is typical for proteins highly
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rich in B sheet components. However, after the synthesis of Au nanoparticles by pepsin,
this minimum was shifted to 210 nm along with a decrease in intensity, which was
qualitatively consistent with a loss of the B sheet structure in favor of random coil
structure.*¥) The results indicate changes in the secondary structure of the enzyme after
the synthesis of Au nanoparticles. In the near UV CD spectrum (figure 4.4b) of the
native pepsin, CD bands at 291, 281 and 255-274 nm were observed due to the aromatic
amino acid residues.™*® However after the synthesis of Au nanoparticles, in addition to
these bands, several other bands were observed, which suggested perturbation in the

tertiary structure of the enzyme as well.
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Figure 4.4. Circular dichroism spectrum of native pepsin and Au NP-pepsin composite in (a) near UV
region and (b) far UV region. (c) Emission spectrum of native pepsin and Au NP-pepsin composite
(Aex=295 nm) and (d) FTIR spectrum of native pepsin (blue) and Au NP-pepsin composite (red). Dashed
lines in the figure indicate the shift in the amide I and amide Il bands in native pepsin and the Au NP-
pepsin composite.
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The emission of tryptophan residues in pepsin was further used to study the
conformational changes in it. The fluorescence emission spectrum of native pepsin upon
excitation at 295 nm showed a maximum at 340 nm (figure 4.4c). However, when the
Au NP-pepsin composite was excited at the same wavelength, the emission maxima
was red shifted by 5 nm, with a drastic decrease in the fluorescence intensity, clearly
suggesting a change in the conformation of the enzyme, whereby the tryptophan
residues which were in the hydrophobic pockets of pepsin were exposed to hydrophilic
environment!“! after the synthesis of Au nanoparticles.

FTIR spectroscopy was also employed to study the changes in the secondary
structure of pepsin after the synthesis of Au nanoparticles. Small shifts in the position of
the amide | and amide Il bands indicate conformational changes in the enzyme
structure. It was observed that the characteristic amide | and amide 11 bands in native
pepsin shifted from 1645 cm™ and 1537 cm™ to 1649 cm™ and 1540 cm™ respectively
in Au nanoparticle-pepsin composite (Figure 4.4d). Thus from the fluorescence, circular
dichroism and FTIR studies it was quite evident that there were substantial
conformational changes in the secondary and tertiary structure of the enzyme after the
synthesis of Au nanoparticles that led to a loss in its activity.

4.2.4 Synthesis and characterization of red emitting Au nanoclusters
Since the natural activity of pepsin was lost due to conformational changes in
the structure of pepsin after the synthesis of Au nanostructures even at acidic pH, so the
aim of development of nanocomposites with high functionalities that could couple the
reduction ability of pepsin with its natural activity could not be accomplished.
Therefore, in the next step the catalytic properties of size and shape selective Au
nanoparticles synthesized using pepsin towards reduction reactions as model reactions
were evaluated. As all nanoparticle surfaces were coated with pepsin, therefore the
catalytic activity of the colloidal Au nanoparticles could be fairly evaluated with respect
to the role of ligands and the influence of their concentration on the intrinsic activity of
the Au nanoparticles. Since, even at acidic pH, the enzyme was denatured when used
for the synthesis of Au nanoparticles, so for a better comparison of the catalytic activity,
ultrasmall fluorescent Au nanoclusters using pepsin as the reducing and stabilizing
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agent at pH 12.0 were synthesized. Metal nanoclusters, comprising of a few hundred of
atoms of the metal or less represent an intermediate state of matter between isolated
molecules and large nanoparticles, typically with core diameters greater than 2 nm.
Aromatic amino acids such as tyrosine or tryptophan present in an enzyme can
efficiently reduce Au (111) ions above their pKa at alkaline pH®**% to form the
fluorescent metal nanoclusters. Since pepsin has a rich content of aromatic amino acid
residues, it was used for the synthesis of Au nanoclusters. The simple room temperature
stirring of pepsin solution (7.5 mg/mL) with HAuCl, (1.2 x 10° M) at pH of 12.0
resulted in a change of color from nearly colorless to brown indicating the formation of
Au nanoclusters.®! The Au nanoclusters were highly fluorescent and exhibited their
emission maximum at 694 nm upon excitation at 370 nm (figure 4.5a). The TEM
images showed small spherical particles with an average dimension of 2 nm (figure
4.5b). The red emission of Au particles (inset Figure 4.5a) was indicative of the
formation of Auzs nanocluster.”****"1 Hence using pepsin as a reducing agent under
various pH conditions, size and shape selective Au nanoparticles could be developed

that were coated with same stabilizing agent.
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Figure 4.5. (a) Emission spectrum of Au nanoclusters synthesized at pH 12.0 by pepsin (2&=370 nm).
Inset: Digital image of Au nanocluster solution under UV lamp and (b) TEM image of the Au

nanoclusters synthesized using pepsin.
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4.2.5 Effect of size of Au nanostructures on the reduction of p-

nitrophenol

It is well known that size of the nanoparticles play a critical role in deciding the
catalytic efficiency of the nanoparticles as a heterogeneous catalyst. As catalysis by
nanoparticles involves surface catalyzed reactions, hence nanoparticles with larger
surface area to volume ratio are expected to perform better as a catalyst. Based on this
principle, nanoparticles with smaller sizes have demonstrated excellent catalysis in
various reactions.*>*3] For example, the catalytic reduction of p-nitroaniline by NaBH,
with Au nanoparticles of sizes 6.7 + 0.9 nm was much faster than the reaction catalyzed
by Au nanoparticles of size 13.8 £ 0.8 nm, which in turn was faster for the same
reaction catalyzed by Au nanoparticles having an average size of 22.0 + 1.2 nm.[*1 A
similar trend was also observed for the chemoselective hydrogenation of nitroaromatics
by oxide supported Au nanoparticles, where Au nanoparticles of size 2.5 nm supported
on Al,O3 gave better selectivity for the chemoselective reduction of 4-nitrostyrene to 4-
aminostyrene compared to the Au nanoparticles of size 6 nm with the same support
material.'**! Therefore, to realize the correlation of sizes with the catalytic activity, the
reduction of p-nitrophenol to p-aminophenol by NaBH, was performed using various
Au nanostructures synthesized by pepsin as catalysts. The reaction is a surface
catalyzed reaction and takes place on the surface of the nanoparticles, following a
Langmuir-Hinshelwood mechanism.#¢*% First, the borohydride ions adsorb on the
surface of Au nanoparticles and transfer a surface hydrogen species to the surface of the
nanoparticles. Concomitantly, p-nitrophenol molecules are adsorbed on the surface of
the nanoparticles. Both these steps are reversible and can be modeled in terms of
Langmuir isotherm. Moreover, the adsorption/desorption equilibriums and diffusion of
reactants to the nanoparticles are considered to be fast. The reduction of p-nitrophenol,
which is the rate-determining step, occurs due to the reaction of adsorbed p-nitrophenol
with the nanoparticles surface-bound hydrogen atoms. Finally, the product p-
aminophenol desorbs, leaving free metal surface such that catalytic cycle can begin
again.

Since, the reduction of p-nitrophenol by NaBH, catalyzed by Au nanoparticles is
a surface catalyzed reaction, so the influence of the size on the catalytic performance of
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Au nanostructures would clearly be reflected by the changes in the reaction rate. With
the addition of NaBH, to a solution of p-nitrophenol in water, the color of the solution
changed from light yellow to intense yellow due to the formation of p-nitrophenolate
ions. In a controlled experiment in the absence of Au nanostructures, it was observed
that the reduction of p-nitrophenolate ions did not occur even after two days (figure
4.6b). However, in presence of Au nanostructures as catalysts, the UV-visible spectrum
showed an immediate decrease in the intensity of the peak at 400 nm along with the
formation of a new peak at 300 nm, indicating the gradual conversion of p-nitrophenol
to p-aminophenol. It was observed that the ultrasmall fluorescent Au nanoclusters
prepared at pH 12.0 was the most effective catalyst as the reduction reaction was
completed in just 4 minutes (figure 4.6¢). On the other hand the reduction reaction
reached completion in around 9 minutes in case of larger Au nanoparticles synthesized
at pH 5.4 as catalyst (spherical nanoparticles with an average diameter of ~8 nm) (figure
4.6d). From these results, it could be concluded that Au nanoclusters with smaller
diameter could function as a better catalyst for the reduction of nitrophenols compared
to larger spherical nanoparticles that could be correlated to larger surface area to volume

ratio.

4.2.6 Effect of shape of Au nanostructures on the reduction of p-
nitrophenol

In addition to the size, the shape of the nanoparticles is another important
parameter in controlling the catalytic activity of the nanoparticles.® In general, due to
the large surface area to volume ratio, spherical nanoparticles offer enhanced catalytic
activities as compared to shape selective nanostructures such as rods, prisms, triangles
etc.® However in case of non-spherical nanoparticles, the growth takes place along a
particular crystallographic plane, hence different selectivities and reactivities on distinct
facets of the nanoparticles are expected.¥ For instance, for the oxidation of styrene Ag
nanocubes with {100} facets were found to be 14 times more active than Ag nanoplates
and 4 times more active than the spherical nanoparticles.®*! Similarly, polygonal gold
nanoparticles with {111} facets were found to be much better catalysts than their
spherical counterparts for the borohydride reduction of nitrophenols and aerobic
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oxidation of different D-hexoses.®! In the present case, since pepsin could be used to
generate spherical as well as shape selective anisotropic nanoparticles just by the simple
tuning of reaction pH, so the effect of shape of the nanoparticles on their catalytic
activity could be fairly evaluated (since stabilizing agent in all the cases was pepsin). It
was observed that the reduction of p-nitrophenol to p-aminophenol was slowest with the
Au nanostructures synthesized at pH 4.0 (mixture of anisotropic structures) as
evidenced by the longer duration of time (19 minutes) required for the completion of the

reaction (figure 4.6e).
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Figure 4.6. (a) Scheme for the reduction of p-nitrophenol to p-aminophenol by NaBH, catalyzed by
various Au nanostructures synthesized using pepsin. (b) Controlled experiment for the reduction of p-
nitrophenol to p-aminophenol by NaBH, in absence of any Au nanostructure. (c), (d) and (e) Time
dependent UV-visible spectrum for the reduction of p-nitrophenol to p-aminophenol by NaBH, catalyzed

by Au nanostructures synthesized at pH 12.0, pH 5.4 and pH 4.0 respectively.
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The difference in activity of the catalyst can be ascribed to their shapes. In case
of spherical nanoparticles the growth of the particles is along all the planes, whereas the
anisotropic particles grow along a particular plane with higher concentration of the
metal along that particular plane. If the catalytic reaction takes place at a plane other
than the plane of growth, the anisotropic particles would show lower catalytic activity.
The present trend in the catalytic activities for the reduction of p-nitrophenol was due to
a combined effect of size and shape of the nanostructures. The Au nanoclusters
synthesized at pH 12 were spherical and quite small (2 nm), hence provided a larger
surface area, accounting for the highest activity of the catalyst. The Au nanoparticles
synthesized at pH 5.4 were spherical but with somewhat larger diameter (~8 nm)
resulting in a lower activity than the Au nanoclusters. On the other hand, the particles
synthesized at pH 4.0 consisted of larger anisotropic particles such as plates, rods.
triangles and hexagons, and the slowest catalytic activity of these nanostructures for the

conversion of p-nitrophenol to p-aminophenol was observed.

4.2.7 Rate constants for the reduction of p-nitrophenol by different Au

nanostructures and role of pepsin in the reduction reaction

The reduction of p-nitrophenol catalyzed by various pepsin reduced Au
nanostructures was carried out using a large excess of NaBH, such that its concentration
remained constant throughout the reaction. So the rate of the reaction could be
evaluated with respect to the rate of consumption of p-nitrophenol. A linear relationship
between the plot of In (absorbance) of p-nitrophenol at 400 nm and time in all the three
cases was observed which was indicative of a pseudo first order kinetics (figure 4.7a).
The apparent rate constant, k, as calculated from the plot of In A versus time was found
to be 15.3x10° s for the fluorescent Au nanoclusters, while for the Au nanoparticles
synthesized at pH 5.4 and 4.0, the apparent rate constants were calculated to be
7.53x10% s and 3.13x107° s respectively. It is worth mentioning that any isobestic
point was not observed during the time dependent reaction studies for the reduction of
p-nitrophenol which might be due to the scattering caused by H, generated during the
reduction by NaBH,, as have been previously reported."® It is important to mention
here that pepsin alone could not catalyze the reduction reaction (figure 4.7b). Further,
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the excess or non-conjugated pepsin was removed from the solution in a cycle of
centrifugation and redispersion in appropriate buffer. It was observed that there were no
changes in the rate of the reduction reaction, confirming that the excess pepsin in the
solution did not play any role in the activation of the reaction and Au NPs alone acted

as the catalyst.
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Figure 4.7. (a) plot of In A vs T for the reduction of p-nitrophenol to p-aminophenol by NaBH, in absence
of Au nanoparticles (black) and in presence of Au nanostructures synthesized at pH 4.0 (blue), pH 5.4
(red) and pH 12.0 (green). (b) Controlled experiment for the reduction of p-nitrophenol to p-aminophenol

by NaBHj, in presence of pepsin alone.

4.2.8 Catalytic activity of different sized and shaped Au nanostructures

towards reduction of resazurin to resorufin
To further extend the scope of catalysis and to confirm the effect of size and
shape of the pepsin reduced Au nanostructures on the catalytic activity, the reduction of

resazurin to resorufin by NH,OH.HCI was performed.

0 0 0 0
NH,OH.HCI, NaOH *
+ Au NPs-Pepsin, RT -
)
o

Scheme 4.1. Scheme for the reduction of weakly fluorescent resazurin to the highly fluorescent resorufin

by NH,OH.HCI catalyzed by various Au nanostructures synthesized using pepsin.
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Resazurin which is blue in color and absorbs at 599 nm is only weakly
fluorescent, whereas its reduced form resorufin is pink in color (figure 4.8a), absorbs at
570 nm and is highly fluorescent."* So the progress of the reaction can be followed
easily by UV-visible and fluorescence studies. Control experiment revealed that in the
absence of Au nanoparticles, the reaction did not occur even after 24 hours (figure
4.8b). However, the addition of pepsin reduced Au nanoparticles to the reaction
medium led to the immediate onset of the reaction as reflected by the decrease in the
intensity of the peak at 599 nm due to resazurin in the absorption spectrum. For all the
three Au nanoparticle catalytic systems, the UV-visible absorption spectrum (figure
4.8c, d and e) showed a time-dependent decrease in the intensity of the peak at 599 nm
(resazurin) and an increase in the intensity of the peak at 570 nm (resorufin). An
isosbestic point at 580 nm was observed in the absorption spectrum, which quite clearly
indicated the quantitative conversion of resazurin to resorufin. For the catalytic
reduction of resazurin to resorufin, a similar trend in the catalytic activity of the various
pepsin reduced nanostructures as for the reduction of p-nitrophenol to p-aminophenol
was expected. However, as evident from the UV-visible spectrum, the fluorescent Au
nanoclusters (2.0 nm) in this case were found to be the least active, whereas the Au
nanoparticles synthesized at pH 5.4 (~ 8.0 nm) catalyzed the reaction most effectively
followed by the Au nanostructures of pH 4.0.

Similar to the reduction of p-nitrophenol to p-aminophenol, the reduction of
resazurin was also carried out using a large excess of the reducing agent (NH,OH.HCI),
so it was quite reasonable to consider its concentration constant throughout the
reaction.>”! Hence the kinetics of the reduction reaction was evaluated with respect to
the rate of resazurin consumption. A plot of In (absorbance) at 599 nm against time
resulted in a straight line, indicative of a pseudo first order kinetics with respect to the
rate of resazurin consumption (figure 4.8f). The apparent rate constant as calculated
from the plot of In A vs T were 4.6x10° s, 3.18x10™* s and 1.13x10* s* for the
reactions catalyzed using Au nanoparticles of pH 12.0 (2 nm), pH 5.4 (~8 nm) and pH
4.0 (anisotropic) respectively.
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Figure 4.8. (a) Digital image of resazurin and resorufin solutions. (b) UV-visible spectrum for the
reduction of resazurin to resorufin by NH,OH.HCI in the absence of pepsin reduced Au nanostructures.
(c), (d) and (e) Time dependent UV-visible spectrum for the reduction of resazurin to resorufin by
NH,OH.HCI catalyzed by Au nanostructures synthesized at pH 5.4, pH.4.0 and pH 12.0 respectively, and
(f) plot of In A vs T for the reduction of resazurin to resorufin by NH,OH.HCI in absence of Au
nanostructures (black) and in presence of Au nanostructures synthesized at pH 12.0 (green), pH 4.0

(blue) and pH 5.4 (red).

Since resazurin is only weakly fluorescent, whereas the reduced product
resorufin is highly fluorescent, so the progress of the reduction of resazurin was also

monitored using fluorescence spectroscopy (figure 4.9). As can be seen from the figure,
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the intensity of the emission peak at 582 nm, signifying the formation of resorufin,
increased with time and the reaction was found to be quite fast with the Au
nanoparticles synthesized at pH 5.4, followed by the Au nanoparticles of pH 4.0. The
reaction was slowest with the ultrasmall red emitting Au nanoclusters synthesized at pH
12.0, indicating that the smallest nanostructures were the least effective of the three
catalysts for this reduction reaction, which was in accordance with the UV-visible
results.
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Figure 4.9. Time dependent fluorescence spectrum for the reduction of resazurin to resorufin by
NH,OH.HCI catalyzed by pepsin reduced Au nanostructures of (a) pH 5.4, (b) pH 4.0 and (c) ultra small
Au NCs synthesized at pH 12.0.

4.2.9 Effect of surface stabilizing agent (pepsin) on the catalytic activity
of Au nanostructures

From the Kkinetics of the two reduction reactions involving Au nanostructures as
catalysts, it was evident that surface stabilizing layer of pepsin also played a decisive
role in controlling the catalytic behavior along with size and shape. Although it was
expected that smaller Au nanoclusters will demonstrate the most efficient catalysis in
both the reduction reactions due to their higher surface area to volume ratio, in case of
reduction of resazurin it showed the opposite trend.

It is worth mentioning that a much higher concentration of pepsin was used
during the synthesis of ultrasmall fluorescent Au nanoclusters. Probably, pepsin formed
a much denser coating on the Au nanoclusters compared to the other bigger
nanostructures (lower concentration of pepsin was used for those synthesized at pH 4.0
and 5.4). Therefore it is believed that a smaller molecule such as p-nitrophenol could
approach the Au surface efficiently during their reduction, whereas relatively larger

resazurin molecules could not penetrate the dense pepsin monolayers efficiently in case
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of small Au nanoclusters, thus showing a variable trend in the catalytic activity. In order
to establish the role of surface stabilizing layers (pepsin) on the catalytic activity of the
nanoparticles, spherical Au nanoparticles at pH 5.4 were synthesized by varying the
concentration of pepsin (2mg/mL, 4mg/mL and 7.5 mg/mL) while keeping the HAuCl,
concentration constant (1.2x10°% M). In case of the reduction of p-nitrophenol to p-
aminophenol by NaBHy,, no significant differences in the reaction rates were observed
as indicated by the UV-visible results (figure 4.10). The values of the apparent rate
constant were 7.47 x 107 s?, 7.18 x 10® s and 7.2 x 10® s for Au nanoparticles
synthesized using pepsin concentration of 2mg/mL, 4mg/mL and 7.5mg/mL
respectively, clearly indicating that the concentration of the stabilizing agent (pepsin)
had little effect on the catalytic efficiency of the Au nanostructures.
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Figure 4. 10. Time dependent UV-visible spectrum for the reduction of p-nitrophenol to p-aminophenol
catalyzed by Au nanoparticles synthesized at pH 5.4 with pepsin concentration of (a) 2mg/mL, (b) 4
mg/mL and (c) 7.5mg/mL. (d) plot of In A vs T for the reduction of p-nitrophenol to p-aminophenol to
resorufin by NaBH, catalyzed by Au nanoparticles synthesized at pH 5.4 with pepsin concentration of
2mg/mL (black), 4 mg/mL (red) and 7.5mg/mL (blue).
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However, for the reduction of resazurin to resorufin a significant dependence of
rate constant on the thickness of pepsin on Au nanoparticles was observed (figure 4.11).
It was observed that for this reaction the Au nanoparticles synthesized with a pepsin
concentration of 2 mg/mL was a better catalyst than the Au nanoparticles synthesized
with an enzyme concentration of 4 mg/mL followed by the Au nanoparticles
synthesized with a pepsin concentration of 7.5 mg/mL. The values of the rate constants
as calculated from the plot of In (absorbance) vs time was calculated to be 2.27 x 10 s
1835 x 10° s?and 2.25 x 10° s for Au nanoparticles synthesized using pepsin

concentration of 2 mg/mL, 4mg/mL and 7.5 mg/mL respectively.
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Figure 4. 11. Time dependent UV-visible spectrum for the reduction of resazurin to resorufin catalyzed
by Au nanoparticles synthesized at pH 5.4 with pepsin concentration of (a) 2mg/mL, (b) 4 mg/mL and (c)
7.5mg/mL. (d) plot of In A vs T for the reduction of resazurin to resorufin by NH,OH.HCI catalyzed by
Au nanoparticles synthesized at pH 5.4 with pepsin concentration of 2mg/mL (black), 4 mg/mL (blue) and
7.5mg/mL (red).

These results clearly suggested that the density of pepsin indeed proved to be a

barrier for the approach of resazurin onto the surface of Au nanoparticles. Resazurin,
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being a large molecule could not effectively penetrate the thick pepsin coating on the
surface of the nanoparticles and thus with increasing concentration of pepsin on the Au
nanoparticles, the rate of the reaction decreased. On the other hand, p-nitrophenol, being
a smaller molecule could easily penetrate through the dense pepsin coating and
approach the surface of the Au nanoparticles and therefore no significant differences in

the rate of the reaction with increasing pepsin concentration was observed.

4.2.10 Recyclability of the catalysts

One of the main advantages of heterogeneous catalysis over homogeneous
catalysis is the recyclability of the catalysts. In the present catalytic systems under
study, it was observed that the catalysts showed good reusability for both the reduction
reactions upto the testing of the fourth cycle without any significant loss in the catalytic
activity (figure 4.12). However from the third cycle onwards, slightly longer reaction
time was required for the completion of the reactions. This gradual decrease in the
reactivity of the catalysts may be ascribed to the poisoning of the surface of Au
nanostructures due to the adsorption of the reactants. %!

100+

1l

No. of Cycles

Conversion (%)
Y (2] o
. 2. g

N
o
1

Figure 4.12. Reusability of the Au nanostructures synthesized using pepsin for the conversion of p-
nitrophenol to p-aminophenol and resazurin to resorufin in four successive cycles of reaction by various
Au nanoparticle-pepsin composites.

4.3 Conclusions

In conclusion, a detailed mechanistic investigation into the formation of various

Au nanostructures by the enzyme pepsin has been performed. It was found that the
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enzyme lost a large fraction of its natural activity after its participation in the reduction
of Au®" to Au® due to conformational changes in the native structure of the enzyme.
Nonetheless, the synthesized nanostructures could be used as effective catalysts for the
reduction of p-nitrophenol to p-aminophenol by NaBH, and resazurin to resorufin by
NH2OH.HCI. Of the three nanostructures synthesized by varying the pH of the reaction
medium, smaller fluorescent Auys nanoclusters were found to be the most active,
followed by spherical Au nanoparticles synthesized at pH 5.4 in case of reduction of p-
nitrophenol to p-aminophenol. The results showed the usual trend of catalytic activity of
surface catalyzed reactions, where nanoparticles with higher surface area to volume
ratio demonstrated better efficiency. On the other hand for the reduction of resazurin,
spherical Au nanoparticles synthesized at pH 5.4 were the most active followed by the
anisotropic Au nanoparticles synthesized at pH 4.0 whereas the ultrasmall fluorescent
Auys nanoclusters showed the least activity. Therefore the concentration of the surface
stabilizing agents also plays an important role on the intrinsic catalytic activity of the
nanoparticles. Since for all the three size and shape selective Au nanoparticles, same
reducing and stabilizing agent (pepsin) was used, the catalytic activity of the
nanostructures could be fairly evaluated and compared with respect to the role of
ligands. The use of enzymes such as pepsin will not only provide an environmentally
friendly pathway for the generation of size and shape selective nanoparticles, but also
provide sufficient stability and support to the nanoparticles for being used as effective
catalytic systems for important organic transformations.

4.4 Experimental Section
4.4.1 Materials

Pepsin from porcine stomach mucosa, Trichloroacetic acid, p-nitrophenol,
Resazurin and hydroxylamine hydrochloride were purchased from SRL chemicals,
India. Hydrogen tetrachloroaurate (HAuCl,;) and Hemoglobin from Bovine blood were
purchased from Sigma-Aldrich. Sodium dihydrogen phosphate monohydrate, di-
Sodium hydrogen phosphate, Sodium hydroxide and Sodium borohydride were
purchased from Merck, India. All the reagents were of analytical grade and were used
without any further purification. Milli Q water was used throughout the experiments.
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4.4.2 Instrumentation

UV- visible spectra were recorded on a Varian Cary 100 Bio spectrophotometer.
Powder X-ray diffraction spectra (XRD) were recorded on a Rigaku Smartlab,
Automated Multipurpose X-ray diffractometer with Cu Ko source (wavelength of X-
rays was 0.154 nm). The samples for XRD were prepared by drop casting the sample
solutions on glass slides and drying them at room temperature. FTIR spectra were
recorded in KBr pellet using Bruker Tensor 27 instrument. The transmission electron
microscopy (TEM) images were recorded on a JEOL JEM-2100 microscope at an
accelerating voltage of 200 kV. The samples for TEM were prepared by drop casting
the sample solutions on carbon coated copper grid followed by room temperature
drying. Circular Dichroism (CD) experiments were performed using a JASCO J-815
spectropolarimeter. Fluorescence measurement was performed on a fluoromax-4p
fluorometer from Horiba (Model: FM-100).

4.4.3 Synthesis of Au nanoparticles at pH 5.4 and 4.0

To 2 mL of 1 mg/mL enzyme solution in PBS buffer (100 mM) of
appropriate pH ( 5.4 and 4.0), 80 uL of HAuCl, (0.03M) was added such that the
final concentration of HAUCIl, was 1.2x10° M and the solution was stirred at

room temperature for 16 hours.

4.4.4 Synthesis of Au nanoparticles at pH 5.4 for activity assay,

fluorescence study and circular dichroism studies
2 mg of pepsin was dissolved in 2mL of PBS buffer of pH 5.4 (100 mM). To
this solution 40 ul of 0.03M HAuCl, solution was added and the final mixture was

stirred at room temperature for 16 hours.

4.4.5 Activity assay of pepsin after the synthesis of Au nanoparticles
The activity of the native enzyme and Au NP-enzyme composite was tested
using a standard procedure based on the action of pepsin on hemoglobin. Au
nanoparticles were first synthesized at pH 5.4 as already explained above and native
enzyme was also kept under similar conditions (without HAuCl,) in the same buffer for
16 hours. After the formation of Au nanoparticles, both the Au NP-enzyme solution as
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well as native enzyme solution was diluted with 0.01M HCI such that the concentration
of the enzyme in the solution was 0.04 mg/mL. Both these solutions served as the test
solutions. Another fresh solution with native pepsin (0.04 mg/mL) was prepared which
was used as blank solution. The substrate, hemoglobin solution (2.5%) was prepared by
dissolving 2.5g hemoglobin in 100 mL water and was filtered through a glass wool.
This solution was then acidified and diluted to 2.0% by adding 20 mL of 0.03M HClI to
80 mL of 2.5% hemoglobin. 5% (w/v) trichloroacetic acid was prepared. Now the
following solutions were pipetted out.
Test (Au NP-pepsin) Test (pepsin) Blank (native pepsin)

Hemoglobin 2.0% (w/v) 5.0 mL 5.0 mL 5.0 mL

These solutions were allowed to equilibrate at 37°C for 15 minutes.
Enzyme solution 1.0mL 1.0mL 0.0 mL

The solutions were properly mixed and kept exactly for another 10 minutes.
Trichloroacetic acid 10.0 mL 10.0 mL 10.0 mL
Enzyme solution 0.0 mL 0.0 mL 1.0 mL

The mixture after incubation at 37°C for another 5 minutes was filtered through
a Whatman 42 filter paper and then the absorbance at 280 nm was recorded using a UV-
visible spectrophotometer.

In a similar procedure, by treating the citrate capped Au nanoparticles-pepsin
composite as test solution, its activity was tested.

4.4.6 Synthesis of red emitting Au nanoclusters

7.5 mg pepsin was dissolved in 1 mL water. To the enzyme solution 46 pL of
HAuCI, (0.03M) was added and the solution was stirred for 5 minutes after which 150
pL of 1M NaOH was added to increase the pH of the solution and the final solution was

stirred for 90 minutes at room temperature.
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4.4.7 Fluorescence study of pepsin before and after the synthesis of Au

nanoparticles

The fluorescence spectrum for both the native pepsin and Au NP-pepsin
composite was recorded in PBS buffer (100 mM) at a pH of 5.4 in a cuvette of
pathlength 1 cm. The concentration of enzyme in both the solutions was 0.2 mg/mL and

the excitation wavelength was 295 nm.

4.4.8 Circular dichroism studies

The Circular Dichroism (CD) measurements were performed at 25 °C with a
data pitch of 0.1 nm. The scanning speed was set to 20 nm/ min and the band width was
1nm. The far UV region (190-250 nm) spectra were recorded with an enzyme
concentration of 0.2 mg/mL using a quartz cell of 1mm pathlength (Starna Scientific
Ltd. Hainault, UK). For the near UV region (250-320 nm) an enzyme concentration of
1.0 mg/mL was used and the measurements were performed in a 1cm pathlength cell
(Hellma Analytics). Each spectrum is the result of average of three consecutive scans.

4.4.9 Catalytic reduction of p-nitrophenol to p-aminophenol

For the catalytic reduction of p-nitrophenol to p-aminophenol, the Au
nanoparticle solutions (with final HAuCIl, concentration 1.2x10° M) were first diluted
six times, i.e. 50 pL of the catalyst was added to 250 pL of water.

Procedure: To a standard quartz cell of pathlength 1 cm, 2.5 mL of 0.12 mM p-
nitrophenol, 5 mg NaBH, and 25 pL of the Au NP-pepsin composite catalyst
synthesized at different pH were added and UV-visible spectrum was recorded after
appropriate times.

4.4.10 Catalytic reduction of resazurin to resorufin

To 0.83 mL of water taken in a cuvette of pathlength 1cm, 1.67 mL of 0.1M
NH,OH.HCI was added. To this mixture 150 pL of 1M NaOH followed by 50 pL of
1mM resazurin was added. Finally 200 pL of the as prepared Au nanostructures were
added and the UV-visible and fluorescence spectrum were recorded after appropriate

times.
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Chapter 5

Ag(l) lon Mediated Self-Assembly of Nucleobases
Towards the Generation of Coordination

Polymer Hydrogels

5.1 Introduction

The self assembly of small molecules triggered by metal ions into ordered
nanostructures such as spheres, rods, tapes, fibers etc. has progressed as a magnificent
strategy for the fabrication of materials with tunable physico-chemical properties.!**!
The formation of metallogels, an important class of soft materials, represent one of the
most elegant bottom-up approaches towards generation of these functional materials,
where discrete metal coordination complexes of low-molecular-weight ligands or well
defined coordination polymers enable entangled coordination networks that can
immobilize large volume of solvents and guest molecules by different mechanisms.**
9] These integrative self-assembled structures with metallic elements incorporated into
the viscoelastic gel matrix harness catalytic, magnetic, stimuli-responsive properties etc.
that are crucial for various technological applications including catalysis,*%4
sensing™?* and optics.[*®%! However, mostly due to their toxicity, such materials
cannot be employed in several important biological applications such as drug delivery
as well as bioimaging because these applications require that the materials be
constructed from benign building blocks that are both environmentally and biologically
compatible.!*"1 Nature has excelled at utilizing supramolecular chemistry to store,
transmit and replicate information in a challenging environment with a limited number
of structural units. In a biomimetic approach, biomolecules such as amino acids,***8
peptides?®?! and saccharides®™” have gained enough significance for the construction
of such materials.

Nucleobase-metal coordination chemistry have been extensively pursued for

understanding the role of metal ions in biological systems such as interaction of metals
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with DNA, mode of action of numerous metal containing drugs (e.g. cis-platin) and
genetic information transfer etc.**% The accessible nitrogen and oxygen lone pairs in
both purine and pyrimidine nucleobases open up possibility of nucleobase-metal
interactions as supramolecular motifs resulting in both discrete and infinite
supramolecules such as porous BioMOFs.2¢*8! Several porous coordination polymers
involving substituted nucleobases and metal ions have been reported.B**  Studies
involving interaction of Ag' with nucleotides or DNA has been extensively pursued due
to (i) higher affinity of binding of Ag' towards the nucleobases than for the phosphates
and (ii) malleable Ag' offers a much greater variety of coordination geometries. The
extraordinary self-assembly of guanosine and their derivatives into G-quadraplex and
subsequent hydrogel formation have been exploited in supramolecular chemistry and
nanotechnology.**%) Supramolecular hydrogels derived from silver ion mediated self-
assembly of 57-guanosine monophosphate also has been reported.’®! However,
metallogels involving pure nucleobases as ligands have not been realized.

In this chapter, we report our serendipitous discovery of silver ion induced self-
assembly of pure nucleobases into hydrogels. Simple addition of Ag™ ions to an alkaline
solution of adenine, cytosine, thymine or uracil resulted in the formation of self-
standing hydrogels. The formation of hydrogels was spontaneous and did not require
any external stimuli such as heating/cooling or sonication for its formation. A detailed
investigation has been carried out using spectroscopic and microscopic as well as
theoretical studies in order to have an insight into the properties and structural
enticement of the formed hydrogels. Further, under the present conditions, cytosine,
thymine and uracil acted as reducing agents for the formation of Ag nanoparticles that
were decorated along the fibers of the hydrogel. The antimicrobial activity of the
hydrogels has been studied for both gram-positive and gram negative microbes.

NH, o)
</ L </ Q LA
Ademne Guamne Cytosme Thymlne Uracﬂ

Scheme 5.1. Chemical structures of the five nucleobases found in DNA and RNA.

150



Chapter 5

5.2 Results and Discussion

5.2.1 Synthesis and characterization of Ag-adenine hydrogels

Crystal engineering through the interaction of nucleobases, especially
substituted adenine, with Ag' has been studied extensively leading to the formation of
triads, tetrads, metallaquartets, hexads etc.B9*1 4] However, when AgNO; was added
to a deprotonated adenine in agueous medium, maintaining a metal:adenine molar ratio
of 1:0.8, spontaneous formation of opaque metallogel was observed. The self-assembled
formation of the metallogels ensued spontaneously within one minute at room
temperature and did not require the involvement of external stimuli such as
heating/cooling or ultrasonication, often required for several other reported
metallogels.®®>! 1t is well known that for enhanced solubility of the nucleobases in
aqueous medium, protonation or deprotonation of the nucleobases is essential, which is
usually done by the addition of acid or base. The solution became turbid when a very
dilute solution of AgNO; (10 mM) was added to the deprotonated adenine solution in
aqueous medium (at metal to adenine molar ratio of 1:0.8) signifying the formation of
the fibrous gel structures even at very low concentration. However in order to trap all
the solvent molecules, higher concentration of Ag™ salt (100 mM) and adenine (80 mM)
was required. The deprotonation of adenine was carried out by adding NaOH to a final
pH of 10.8. In contrast, adenine cannot gelate water under protonated condition (in
acidic medium) due to protonation of nitrogen atoms in adenine, clearly indicating that
only under alkaline medium, adenine coordinated to Ag™ ions to form hydrogel. Further,
the hydrogels of adenine with Ag” was highly pH responsive and the hydrogels were
dissolved to form a clear solution under acidic conditions. Upon adjusting the pH from
acidic to basic the recovery of the hydrogels did not occur, instead a white precipitate
was obtained due to the formation of AgOH. The gel nature and the mechanical
robustness of the formed material were confirmed physically by observing the absence
of flow upon the inversion of the tube. In order to ascertain the role of variable
concentrations of the metal and ligand component on the gel formation, we varied the
metal:ligand ratio and observed the gel formation physically. Increasing the
Ag*:adenine molar ratio upto 2:1 resulted in gel formation. On the other hand, when

Ag® molar concentration was less than adenine, fibrous network formation was
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observed resulting in partial formation of gels. However, the gels were unable to trap all
the water molecules as observed by the inversion of tube method. The results suggested
that for stable gel formation, the concentration of Ag” had to be higher that of adenine.
From all the studies, the most stable gels were obtained at a metal:adenine ratio of 1:0.8
(Table 5.1). In order to estimate the role of counter ions in gel formation,®?*3 we used
AgCIlO,4 or CH3COOAg for complexation with deprotonated adenine solution. The gel
formation occurred spontaneously, signifying that counterions with hard base
characteristics did not significantly influence the gel formation.

Ag’ Adenine Result
1 0.8 Gel
1 1 Gel with some water
2 1 Gel
0.25 1 Partial gel formation, with the gel floating in the excess
nucleobase solution

Table 5.1. Table for the interaction of Ag* ions and adenine at various Ag*:adenine molar ratio.

The effect of solvent on the formation of gels was studied by mixing a
deprotonated adenine solution in aqueous medium with AgNO3 dissolved in various
solvents such as methanol, DMF and acetonitrile under the standard reaction conditions.
The formation of gel was studied in polar solvents due to insolubility of adenine in
common non-polar solvents. Spontaneous formation of gels was observed in all cases in
these mixed-solvent systems having water as a component. On the other hand, only
precipitation was observed in methanol, DMF or DMF-methanol mixture. The
observations clearly suggested that the presence of water molecules was crucial for the
formation of hydrogels. The strong hydrogen bonding ability of water propagated the
extensive hydrogen bonded network by binding with the available nitrogen of the parent
molecular assembly resulting in the formation of the hydrogels. Further, when
adenosine, i.e. adenine attached to a ribose sugar moiety via a S-Ng-glycosidic bond,
was mixed with AgNO3z under our reaction conditions, only precipitation occurred,
suggesting that any substitution at the N9 position was detrimental towards hydrogel
formation. In order to confirm this we performed the hydrogelation experiment by

mixing deprotonated N9-methyladenine with AgNOs; in water. We observed
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spontaneous precipitation of the coordination complex and no hydrogel formation even
at elevated temperature or using ultrasonication could be observed. The results show the
importance of the N9 position and its probable involvement in coordination to metal ion
or extensive hydrogen bonding of water molecules with the Ag-adenine moiety that
directs the hydrogel formation.

In order to access the morphological features of the gel forming network,
electron microscopy of the hydrogel was performed. The transmission electron
microscopy images of the Ag-adenine gel revealed the formation of very homogeneous
short individual nanofibers (figure 5.1a). The thickness of the fibers, as calculated from
the TEM images varied between 20 to 35 nm and several micrometer in length. Field
emission scanning electron microscopy (FESEM) studies confirmed the highly
entangled nanofibrillar morphology of the Ag-adenine hydrogel (figure 5.1b). Probably
the fibers observed in the SEM image consist of bundles of gelator aggregates. The

water molecules are understandably immobilized within such a microfibrillar network.

Figure 5.1. (a) TEM image and (b) FESEM image of the Ag-adenine hydrogel. Inset in (a) is the digital
image of the Ag-adenine hydrogel.

In order to get an insight into the structural composition of these self-assembled
hydrogels, growth of single crystals suitable for crystallographic analysis would have
been ideal, however we could not obtain single crystals after several attempts under the
processing conditions of the gel matrix. Therefore, the crystallinity of the Ag-adenine
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hydrogels was evaluated by powder X-ray diffraction. The wide angle X-ray diffraction
pattern (figure 5.2a) of the dried hydrogels deposited on a glass plate are all
characterized by a group of well-resolved reflections, suggesting that the hydrogel was
highly crystalline in nature. Major diffraction peaks at 206 = 7.1°, 14.1°, 21.2°, 27.5°,
33.8°, 42.1°, 47.2° and 56.2° with corresponding d-values of 12.5 A, 6.3 A, 4.2 A, 3.2
A 21A 1.7A 1.5Aand 1.3 A respectively, which followed a ratio of 1: 1/2: 1/3: 1/4:
1/5: 1/6: 1/7: 1/8, suggesting that the hydrogels were mainly assembled in a layered
structure and the interlayer distance was 12.5 A. This value is quite close to the value of
the length of two adenine units connected through hydrogen bonding with water (12.7
A). Thermogravimetric analysis of the freeze dried gel was performed to have an idea
about the thermal stability of the Ag-adenine gel. The TGA plot (figure 5.2b) showed an
initial weight loss of approx. 10% at a temperature of 102 °C, which is assumed to be
due to the loss of water molecules in the hydrogel matrix. No significant weight loss
was observed thereafter upto a temperature of 340 °C. Further, two weight losses at 340
°C and 450 °C were observed which can be attributed to the decomposition of the
ligand (adenine).

100+
90
80

d=125A

70

d=3.22 A

d=2.7 A
% WHt. loss

60

Intensity (a.u.)

50

401

T T T T T

10 20 30 40 50 60 200 400 (360 800
26 (in degrees) Temperature ("'C)

Figure 5.2. (a) Powder X-ray diffraction spectrum and (b) Thermogravimetric plot of freeze dried Ag-
adenine gel.

One of the most important characteristic properties of gels which reflect their
mechanical properties is their viscoelastic nature. The mechanical strength of a gel is

measured by elastic storage modulus (G') and loss modulus (G”). If the value of G’ is
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higher than G” then the sample behaves as an elastic material. Therefore, to have an
idea about the elastic nature of the Ag-adenine gel, dynamic strain sweep and frequency
sweep experiment were performed (figure 5.3). From the strain sweep experiment, it
was observed that initially G’ was significantly higher than G” and maintained the
difference over a large range of strain. However, at higher values of strain the difference
between the modulus began decreasing, and at a strain of 51%, G” became greater than
G’, indicating the transformation of the hydrogel from gel to sol state. To further
establish the elastic nature of the Ag-adenine hydrogel, frequency sweep rheological
measurement was performed. The figure clearly depicts that in the frequency range of
0.1 to 100 s, G’ is always greater than G” by several factors, which demonstrated that
the elastic behavior of the hydrogel dominated over its viscous nature. This kind of
mechanical behavior is a characteristic feature of soft materials such as gels.
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Figure 5.3. (a) Amplitude sweep measurement of the Ag- adenine hydrogel at a constant frequency of 10
rad s and (b) Frequency sweep measurement at a fixed strain of 1%, showing the elastic gel like

behavior of the Ag-adenine gel.

Fourier transform infra-red spectroscopy (FTIR) is a major tool in studies
related to changes in the functional groups of the ligand upon metallation. Therefore to
have an idea on the changes in the functional groups present in adenine upon
complexation with Ag™ ions, FTIR studies of pure adenine and the freeze dried Ag-
adenine gel were performed (figure 5.4). From the FTIR spectrum, it was observed that
the peaks at 3310 cm™ and 3110 cm™ due to NH, stretching disappeared and a new
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broad peak at 3440 cm™ was observed due to O-H stretching vibrations, which might
have arisen due to the trapped water molecules. Further the peak at 2790 cm™ due to N-
H stretching disappeared in the complex, suggesting the probable involvement of N9 of
adenine in metal coordination. Again, the peak at 1670 cm™ in pure adenine, which is
observed due to NH, scissoring, shifted to 1642 cm™ in the Ag-adenine complex,
indicating the probable involvement of NH; in binding to silver ions or in H-bonding.
The peak at 1259 cm™ due to N-H bending in adenine disappeared in the complex,

again indicating the involvement of N9 in coordination to Ag” ions.
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Figure 5.4. FTIR spectrum of pure adenine and Ag-adenine, showing the changes in adenine upon

complexation with Ag.

5.2.2 Synthesis and characterization of Ag-cytosine, Ag-thymine and

Ag-uracil hydrogels

Inspired by the successful formation of Ag-adenine hydrogel, we extended the
same methodology for the generation of coordination polymer hydrogels with other
nucleobases as well. It was observed that similar to the Ag-adenine hydrogel, the simple
addition of an aqueous solution of Ag® ions to a basic solution of either of cytosine (C),
thymine (T) or uracil (U) resulted in the formation of stable self-standing opaque
hydrogel. All the four hydrogels, when diluted in water and observed under electron
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microscopes (figure 5.5) revealed the formation of dense entangled three dimensional
networks of nanofibers, which were capable of trapping a large volume of water,
resulting in the formation of hydrogels.

Figure 5.5. TEM images of (a) Ag-cytosine, (b) Ag-thymine and (c) Ag-uracil hydrogels; Inset: Digital
images of the respective hydrogels. (d), (e) and (f) are the SEM images of the Ag-C, Ag-T and Ag-U
metallogels respectively.

The crystalline nature of the nanofibers formed in the three hydrogels was
confirmed from the powder XRD studies, which showed several peaks in the 20 range
of 1-60 degrees (figure 5.6a). For the Ag-T and Ag-U gels well-resolved diffraction
peaks with a reflection ratio of 1: 1/2: 1/3: 1/4: 1/5, similar to the Ag-adenine gel were
observed, which suggested that the hydrogels were arranged in a layered structure with
an interlayer separation of 13.8 A and 15.4 A respectively. On the other hand, for the
Ag-C hydrogel, although well-resolved diffraction peaks could be seen, such periodic
reflections were not observed. Thermal stability of the three xerogels was studied by
thermogravimetric analysis. TGA performed on the three freeze dried gels (figure 5.6b)

indicated that for the Ag-cytosine and the Ag-thymine gel two weight losses at nearly
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240 °C and 330 °C were observed due to the decomposition of the ligands in the
complex. On the other hand, for the Ag-uracil gel an initial mass loss of 2.7% in the
temperature range of 25 °C to 190 °C was observed, which might be due to the loss of
water molecules in the complex. Again two weight losses at 220 °C and 330 °C were

observed for the Ag-uracil gel, which might be due to the decomposition of the organic
components from the complex.
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Figure 5.6. (a) Powder XRD pattern and (b) TGA plots of the freeze dried Ag-C, Ag-T and Ag-U gels.

FTIR studies were performed in order to have an idea about the binding of Ag*
ions to the nucleobases. In the FTIR spectrum of pure cytosine and the Ag-cytosine
complex (figure 5.7a), it was observed that the peaks at 3380 cm™ and 3160 cm™ due to
NH; stretching vibrations decreased in intensity in the complex, probably due to their
involvement in H-bonding. Again the weak peak at 2780 cm™ due to N-H stretching
was absent in the complex, suggesting the involvement of the N1 nitrogen of cytosine in
bonding to the Ag” ions. The binding of N1 to silver was further supported by the loss
of the peak at 1270 cm™ due to N-H bending vibrations in the complex.

For the Ag-thymine gel (figure 5.7b), the weak peak at 2805 cm™ due to N-H
stretching in thymine disappeared, suggesting the engagement of the N1 or N3 sites in
metal binding. Further, it was observed that the peak at 1730 cm™ due to C=0O
stretching vibrations shifted to 1660 cm™, suggesting that the oxygen atoms are also

involved in binding to Ag™ ions or in H-bonding. Again the disappearance of the peak at
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1250 cm™ due to N-H bending was a signature of the binding of Ag* ions to either N1
or N3 position of thymine.

Similarly, for the Ag-uracil gel (figure 5.7c), the peak at 2815 cm™ in the pure
uracil due to N-H stretching disappeared in complex, signifying the binding of metal to
either the N1 or N3 site. Also the peak at 1720 cm™ due to C=0O stretching was shifted
to 1640 cm™, suggesting its probable involvement in binding to Ag" ions. Further, the
peak at 1240 cm™ in pure uracil due to N-H bending was absent in the complex, thus

confirming the binding of Ag” ions to the N1 or N3 site of uracil.

1.01 1.004
a
[<B]
8 09 E 0.751
G s
£ J =
£ 081 & 050
= S
C =
Eo7{__ . S 0.25-
X > —T
—Ag-C ——Ag-T
0-6 T T T 0-00 T T T
4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm™) Wavenumber (cm™)
1.00-

% Transmittance
= o
o1 ~
Q@ g

o

)

a1
:

4000 3000 2000 1000
Wavenumber (cm™)

Figure 5.7. FTIR spectrum of (a) C and Ag-C, (b)T and Ag-T and (c)U and Ag-U gels respectively.

Rheological investigation performed on the three hydrogels suggested that each
of the three materials had solid like elastic properties. Both the strain sweep and the
frequency sweep experiments were performed and as shown in figure 5.8, for the Ag-C
and Ag-T gel, the value of the elastic storage modulus (G’) was greater than the loss

modulus (G") by several factors in both the experiments, indicating the elastic behavior
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of both the gels. However, in case of Ag-U gel, in the strain sweep experiment, it was

observed that G’ dominated over G” upto a strain of 41%, beyond which the material

behaved as a viscous sol, as indicated by the higher values of G” than that of G'.
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5.2.3 Interaction of AgQNO3 with guanine in alkaline conditions

The interaction of the four nucleobases adenine, cytosine, thymine and uracil
with Ag”™ ions resulted in the formation of hydrogels in alkaline medium. However,
under similar conditions, the addition of AgNOsto deprotonated solution of guanine (at
pH 10.9) resulted in the formation of a white precipitate (Ag-G) and no gel formation
was observed. The flow of water from the complex during inverted tube experiment
confirmed our observation (figure 5.9a). This result was quite unexpected, because
guanine derivatives are known to self-assemble in presence of metal ions forming G-
quadraplex and there are several reports of hydrogel formation taking advantage of this
incredible self-assembled behavior of guanine using a variety of guanine derivatives."*
46].

The morphology of the precipitate was studied by scanning electron microscope,
which revealed the formation of fibrous aggregates that assembled to give a large
flower like morphology (figure 5.9b & c). However, the formation of entangled fibrous
network primarily responsible for entrapping solvent molecules in hydrogels, were not
observed in case of Ag-G composite. Powder X-ray diffraction of the dried Ag-G gel
showed crystallinity of the composite with major peaks arising at 26 = 6.0°, 8.2°, 10.4°,
15.2°, 27.7° and 34.1° along with several sharp peaks originating from NaNOj; (figure
5.9d). The most intense peak at 26 = 27.7° corresponds to d-value of 3.2 A, which is
very close to that of -7 stacking interactions in guanine based hydrogels.[**] From the
FTIR spectrum (figure 5.9e), it was observed that the medium intensity, sharp peak at
2695 cm™ in case of pure guanine disappeared after addition of Ag* ions suggesting the
probable involvement of N9 or N1 of guanine in binding to Ag®. Again the shoulder
peak at 2990 cm™ in pure guanine arising due to N-H stretching of amide was absent in
the complex, indicating that the N1 position of guanine was engaged in binding to Ag”.
Further, the peak at 1698 cm™ in case of pure guanine due to C=0 stretching vibrations
shifted to 1691 cm™ in the complex, suggesting the probable involvement of oxygen in
H-bonding. The involvement of N1 or N9 positions in binding to Ag” ions was further
supported by the absence of the peak at 1259 cm™ due to N-H bending vibrations in the
Ag-G complex.
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Figure 5.9. (a) Digital image, (b) and (c) FESEM images, (d) Powder XRD spectrum of the precipitate
formed upon addition of silver ions to alkaline guanine. (¢) FTIR spectrum of pure guanine and Ag-

guanine precipitate.

5.2.4 Gel formation in a mixture of two or three nucleobases

After our success in the bi-component hydrogel formation through coordination
between deprotonated nucleobases (A, C, T, U) as small molecule hydrogelator and Ag*
as metallic counterpart, the formation of hydrogels in a tri- or tetra-component system
was studied involving two or three nucleobases coordination with Ag™ ions in aqueous
alkaline medium. We observed spontaneous hydrogelation in all combinations, except
for when guanine was present. The presence of G in a mixture of nucleobases, when
mixed with Ag®, led to precipitation of the crystalline composite. The formation of
hydrogels in all these cases was confirmed by the inverted tube method as well as
microscopic studies. The SEM images as shown in figure 5.10 revealed the formation of
entangled fibrous network capable of trapping large volume of water, responsible for

the formation of gels.
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Figure 5.10. FESEM images of hydrogels formed by the addition of Ag™ ions to a mixture of nucleobases,
(a) Ag-adenine-cytosine, (b) Ag-cytosine-thymine, (c) Ag-adenine-cytosine-uracil, (d) Ag- adenine-
thymine-uracil.

Rheological studies were performed in order to have an idea of the mechanical
stability of the gels formed using mixtures of the nucleobases and Ag” ions. The
rheological studies of the hydrogels indicated that the materials had elastic solid like
properties. The amplitude sweep measurements for the gels formed from a mixture of
two or three nucleobases (figures 5.11a, ¢ & e) suggested an elastic behavior, as
indicated by the dominance of the storage modulus G’ over the loss modulus G” in the
entire range of strain from 0.05% to 100%. To further confirm the elastic nature of these
hydrogels, frequency sweep experiments were performed. As shown in figures 5.11b, d
& f, the value of G’ was significantly higher than that of G” in the complete frequency
range of 0.05-100 s* which clearly demonstrated the supremacy of their elastic

behavior over the viscous nature.
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Figure 5.11. (a), (c) and (e) Strain sweep rheological experiment of Ag-adenine-cytosine, Ag-cytosine-

thymine, and Ag- adenine-thymine-uracil gels respectively and (b), (d) and (f) are the frequency sweep
experiment at a constant strain of 1% for Ag-adenine-cytosine, Ag-cytosine-thymine, and Ag- adenine-

thymine-uracil gels respectively.
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5.2.5 Formation of Ag nanoparticles within the gels

The synthesis or incorporation of colloidal metal nanoparticles in a gel matrix
has recently gained significance because generating such a system is an attempt to
integrate nanoparticles into unconventional environments, with the aim of producing
hybrid materials. The coupling of metal nanoparticles with gel matrix is important as
such a hybrid system can be used for several technological applications such sensing,
catalysis, biological labeling, antimicrobial agents and drug delivery, to name a few.*
%8 The main advantage of using hydrogels as templates for the growth of nanoparticles
is that in the swollen stage, the hydrogels provide free space between the networks,
which can serve for the nucleation and growth of the nanoparticles. !

Although the reducing property of nucleobases to convert metal salts into metal
nanoparticles have not been reported, it was found that Ag" ions involved in the
formation of hydrogels were in situ reduced to Ag nanoparticles in Ag-C, Ag-T and Ag-
U hydrogels under alkaline conditions. On standing, the formation of Ag nanoparticles
was observed within 24 hours (figure 5.12a). Interestingly, the gels were not disrupted
during the formation of Ag nanoparticles, which suggested that probably the excess Ag”
ions present in the hydrogel matrix were reduced, without disturbing the fibrous
network. The formed nanoparticles exhibited their characteristic surface plasmon
resonance band, with the peak maxima at 460 nm in case of Ag-T and Ag-U hydrogels
and 484 nm in Ag-C, as observed from the solid state UV-visible studies (figure 5.12b).
The powder XRD spectrum of the hydrogels shown in figure 5.6a exhibited peaks at 20
values of 38.2° and 44.4° corresponding to the (111) and (200) planes of Ag in addition
to the other peaks signifying the presence of Ag nanoparticles in the matrix.
Transmission electron microscopy was employed to have an idea on the size and shape
of the nanoparticles. From the TEM images, small and nearly spherical Ag
nanoparticles having an average size of 4 £ 1.2 nm, decorated along the fibers of the
hydrogels were observed for all the three cases (figure 5.12c, d & e). Under similar
conditions, no nanoparticles were observed in the Ag-adenine gel, as indicated from
both the UV-visible studies as well as TEM analysis, which suggested the involvement
of carbonyl groups in cytosine, thymine or uracil in the reduction of the metal salt to

metal nanoparticles.
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Figure 5.12. (a) Digital images of Ag-thymine gel 30 minutes after preparation (white) and 7 days after

preparation (yellow), suggesting the formation of Ag nanoparticles in the gel. (b) Solid state UV-visible
spectrum of the three hydrogels, showing the SPR band of Ag nanoparticles and (c), (d) and (e) TEM
images of the Ag nanoparticles decorated along the fibres of Ag-cytosine, Ag-thymine and Ag-uracil gels

respectively.

5.2.6 Chemical response of the gels

The physical properties of gels can easily be tuned by using external stimuli
such as pH, temperature, mechanically or chemically.l®®d So we tested the anion
responsiveness of the four Ag-nucleobase hydrogels. It is well-known that the labile
Ag(l) based compounds can be easily manipulated by anions.’® In case of Ag-
nucleobase hydrogels, anion tuning could be performed easily and quick chemical
response to several anions was observed leading to sol-gel transformations, due to the
breaking of the bond of silver with the nucleobases. For example, the addition of
aqueous solutions of KBr, KI or Na,S to the Ag-thymine gel resulted in the formation of
precipitates, in the form of AgBr, Agl or Ag,S (scheme 5.2). This implies the breaking
of Ag-T coordination bond in presence of halides or sulfides. However, the chemical
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reversibility was observed, as removing the precipitates by filtration and addition of
AgNOs resulted in the return of the gel state. The higher affinity of silver ions towards
these anions resulted in the formation of the precipitates and this led to a decrease in the
concentration of silver ions for complexation with nucleobases, which resulted in the
ligand being free for coordination. After the filtration of the precipitate, the nucleobase
(ligand) can easily coordinate again to the silver ions to form the hydrogels.

Scheme 5.2. Schematic illustration of the chemical response of the Ag- nucleobase gels towards different

chemicals. All these examples are shown with the Ag-thymine gel.

5.2.7 Antimicrobial activity of the hydrogels

Since the ancient times, silver ion has been known to be quite effective against a
variety of microorganisms®® and has been used to treat a variety of infections such as
burn wounds, arthroplasty as well as to prevent bacterial colonization on prostheses,
catheters, dental materials etc.[% Recently, a silver containing hydrogel was reported to
act as an effective antibacterial material against microorganisms such as Staphylococcus
epidermidis, E. Coli, Pseudomonas aeruginosa etc.[?®! Due to the presence of silver we
anticipated our hydrogels to function as efficient antimicrobial agents. The

antimicrobial activity of the hydrogels was tested against the gram negative, rod shape
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bacteria Escherichia Coli (E. Coli) and the gram positive bacterium, Staphylococcus,
using the cylinder-plate or cup-plate method. It was observed that for all the microbes,
the hydrogels showed excellent antimicrobial activity that prevented their growth in a
particular region, known as zone of inhibition (figure 5.13). As observed from the
diameter of the zone of inhibition it was found that the Ag-U gel was the most effective
of the four hydrogels, whereas the Ag-adenine hydrogel was the least effective. The
average diameter of the zone of inhibition for E. coli was about 12, 14, 15 and 18 mm,
respectively for the Ag-A, Ag-C, Ag-T and Ag-U gels, when 80 pL of the gel was used.
On the other hand, the zone of inhibition for Staphylococcus was 13, 17, 18 and 21 mm,
for the Ag-A, Ag-C, Ag-T and Ag-U gels respectively, when the same amount of gel
was used (80 pL). The poor activity of the Ag-A gels as compared to the other three
gels may be ascribed to the presence of Ag nanoparticles in the other gels, which makes

them more effective against these microorganisms.

Figure 5.13. Antimicrobial activity of the four hydrogels against (a) E. Coli and (b) staphylococcus; 1-
Ag-adenine gel, 2- Ag-cytosine gel, 3-Ag-thymine gel and 4- Ag-uracil gel.

5.2.8 Interaction of Ag” ions with nucleobases under acidic conditions

The pure nucleobases can be dissolved in aqueous medium not only under basic
conditions, but also under acidic conditions. All the five nucleobases were protonated
and solubilized by the addition of nitric acid and an aqueous solution of AgNO3 was
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added. The results were quite interesting and were exactly opposite to that observed
under basic conditions. Under acidic conditions the addition of Ag® ions to a solution of
adenine resulted in the formation of a white precipitate, whereas with the three
pyrimidine bases (cytosine, thymine and uracil), clear solutions were obtained. On the
other hand, the addition of silver ions to an acidic solution of guanine resulted in the
formation of a self-standing gel.

Initial confirmation on the formation of gels was obtained by inverting the tube
containing the material, which did not result in the flow of solution, indicating the
formation of a gel like material (inset; figure 5.14a). The morphology of the gel was
studied using FESEM. The FESEM images of the gel suggested the formation of hybrid
cubic particles having a size of around 200 nm (figures 5.14a & b). It is interesting to
note that the coordination of Ag and protonated G did not lead to any fibrous structures,
as is commonly observed in gel networks. The rheological studies confirmed the gel
like elastic nature of the material. From the strain sweep experiment, it was observed
that G' dominated G” upto a strain of 68 % (figure 5.14c), indicating that the material
behaved as an elastic solid upto a strain of 68 %. Beyond this value of strain, the value
of G" was higher than G’ due to transformation of the material from gel to sol and the
material behaved as a viscous sol. The elastic nature of the gel was further established
by the frequency sweep experiments, which showed the dominance of G’ over G” in the
complete frequency range (figure 5.14d). The powder XRD spectrum of the lyophilized
gel showed a complex pattern of peaks, suggesting the crystalline nature of the particles
formed in the gel (figure 5.14e). From the powder XRD spectrum, major intense peaks
at 20 = 7.1°, 14.4°, 28.3°, 35.5° and 43.5° corresponding to d- spacing of 12.5 A, 6.1 A,
4.1 A, 3.2 Aand 2.1 A respectively were observed in addition to several other sharp
peaks. These peaks followed a ratio of 1: 1/2: 1/3: 1/4: 1/5, suggesting that the
hydrogels were mainly assembled in a layered structure and the interlayer distance was
12.5 A. Along with these peaks, a broad peak at 20 = 26.7° was observed, which
corresponded to a d- value of 3.3 A, which could be related to the m-m stacking
interactions between two adjacent guanine molecules.”®! Thermogravimetric analysis of
the lyophilized gel was performed to study the thermal stability of the gel. From the
TGA plot, two weight losses with a total mass loss of 66% in the temperature range of
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180-500 °C was observed (figure 5.14f), which could be attributed to the decomposition
of the ligands (guanine) in the Ag-G complex.

_._G'
C e
01 1 10 100
% Strain
100 d p— e < 100
Gu N
400 R, f
e 3 3
g 300 8 ™
blo-w ? r
© £2001 s
g 2 5 )
100-
) 1 10 0o ° 1o 20 30 40 50 e B ; ; ;
" Angular Frequency (s i A e Y
g q y 26 (in degrees) Temperature ('C)

Figure 5.14. (a) FESEM image; inset: Digital image, (b) magnified FESEM image, (c) Strain sweep
rheological experiment, (d) Frequency sweep rheological experiment, (e) powder XRD pattern and (f)
TGA plot for the Ag-guanine gel formed in acidic medium.

5.2.9 Density functional theory (DFT) studies

Since the single crystals of the Ag-nucleobase gels could not be obtained and
also due to their poor solubility in commonly available solvents, the exact nature of
bonding of silver in these materials could not be established. Therefore, to have an idea
on the nature of bonding in these materials, density functional theory (DFT) studies
were carried out. From the studies, it was concluded that under basic medium, the most
acidic hydrogen (with lowest pKa) is abstracted from the nucleobases, as already
reported®. Accordingly, N9-H, N1-H, N1-H, N3-H and N3-H (scheme 5.1) are the
most acidic hydrogen for abstraction in basic medium from adenine, guanine, cytosine,
uracil and thymine respectively. It is well known that counter anions play a vital role in
the formation of polymeric networks such as metallogels. Therefore, we have calculated
the binding energy between the silver and nitrate in its pure form and upon binding to
nucleobases. It is clear from Table 5.2 that binding energy of silver with nucleobase is
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not affected much, when it binds to the nucleobases along with nitrate, indicating that
nitrate ions have a negligible influence on the binding of silver to the nucleobases. So, it
must be the binding of silver ions to the nucleobases and the hydrogen bonding, which
is responsible for the formation of the hydrogels.

System Adenine Cytosine Thymine Uracil Guanine
Basic | Acidic | Basic | Acidic | Basic | Acidic | Basic | Acidic | Basic | Acidic

NO3Ag---- - -15.34 - -9.85 - - - - - -20.80

Nucleo 22.45 24.06 25.32 24.99 23.45

Nucleo 21.47 23.59 24.23 24.66 24.33
NucleoAg-- - -16.53 - -15.47 - - - - - -14.78

--NO3 15.21 14.74 14.87 14.87 13.35
Ag----NO3 -14.19

(pure)

Table 5.2. Binding energy of (1) silver with nucleobases (first two rows) with and without nitrate, (2)

silver with nitrate (last two rows) when bound to nucleobases and the binding energy of pure AgNO;.

Based on our DFT calculations, the most stable nucleobase-silver monomeric
unit of all the five nucleobases in alkaline medium are shown in figure 5.15. It is
evident from the figure that Ag® ions binds to adenine, cytosine, thymine and uracil
through their most preferred N-atoms (N9 of adenine, N1 of cytosine and N3 of
thymine and uracil). The second nitrogen atom of the nucleobases is therefore free to
bind to another silver atom, which helps in the formation of polymeric network of the
nucleobases. Again, N3, O2, O4 and O4 sites of adenine, cytosine, uracil and thymine
respectively remain free for H-bonding with water which further assists in the formation
of hydrogel. In contrast, silver is most stable when it is in the bridged position between
N7 and O6 sites of guanine. Therefore, second nucleobase unit can bind to the silver
only through the bridge position which prevents the formation of polymeric network
beyond a dimer, due to the unavailability of any stable binding site of guanine with
silver. Again, since the O6 is also involved in bonding to silver ions, so the formation of
polymeric network via H-bonding is also not feasible in this case.
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Figure 5.15. Optimized structure of silver-nucleobase monomeric unit in basic medium. [(a) Ag-adenine,
(b) Ag-guanine (c) Ag-cytosine,(d) Ag-thymine and (e) Ag-uracil hydrogels].

To explore the polymeric nature of these silver-nucleobase units, we have
considered two metal-nucleobase units. Different binding sites and different orientations
of the second nucleobase-silver unit are considered to bind with the previous unit and
the most energetically stable structure is considered as the nucleobase-silver dimeric
unit. The most preferred nucleobase-silver dimeric unit for all the nucleobases is shown
in figure 5.16. As clearly indicated in the figure, the Ag-guanine complex cannot extend
beyond a dimeric unit. On the other hand, all the other four Ag-nucleobase complexes
(Ag-A, Ag-C, Ag-T and Ag-U) can be extended further to give polymeric chains and
this results in the formation of hydrogels when adenine, cytosine, thymine and uracil are
used as ligands and with guanine, the addition of silver ions can only result in the
formation of a precipitate. The theoretical calculations were also supported by some
experimental evidences. For example, When Ag® ions were added to the nucleoside
solutions (in which the N9 of adenine and N1 of cytosine were blocked by the sugar
units) under similar conditions, it could not result in the formation of hydrogels, (only

precipitate was obtained) clearly suggesting, the importance of these N-atoms for
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coordination to Ag” ions leading to the formation of hydrogels. The results were further
supported by the FTIR studies.

Figure 5.16. Optimized structure of silver-nucleobase dimeric unit in basic medium. [(a) Ag-adenine, (b)
Ag-guanine (c) Ag-cytosine,(d) Ag-thymine and (e) Ag-uracil hydrogels].

Based on the DFT calculations and experimental studies such as powder XRD
and FTIR, we propose the following structure for the Ag-A hydrogel under alkaline
conditions (figure 5.17). The polymer chain is extended by the coordination of Ag"
ions to adenine units at the N9 and N7 positions. The N1 position of each adenine unit
is hydrogen bonded with water molecules. The structure is further stabilized through
intermolecular hydrogen bonding between hydrogen of the NH; group in one adenine
unit with N3 of another adenine.
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Figure 5.17. Proposed structure of the complex formed upon the interaction of Ag™ ions to adenine

under alkaline conditions.

Under acidic conditions, protonation occurs at that specific site of the
nucleobase which shows highest pKa values among all possible sites. Accordingly, N1,
N3 and N3 are the most preferred sites for protonation of adenine, guanine and cytosine
respectively. Uracil and thymine have extremely low pKa values, suggesting their
reluctance to protonation. Literature reports have shown that at acidic pH, the metal
counter ions largely facilitate the formation of a crystal upon the interaction of the metal
salts with the nucleobases.!"*® The calculated binding energies (Table 5.2) show that
nitrate ions bind strongly to the silver when silver is bonded to nucleobase unit which
implies that binding of nitrate to the silver atom is the main driving force for the silver-
nucleobase bonding. In case of adenine, binding of silver and nitrate is very strong (-
16.53 kcal/mol) which suggest that positive charge of silver is compensated by nitrate.
This prevents silver to bind to another nucleobase unit for the formation of polymeric
chain, resulting in the precipitation of monomeric silver-nucleobase unit. In contrast,
binding of silver with guanine is very (-20.80 kcal/mol) strong than the binding of silver
and nitrate (-14.78 kcal/mol) in case of guanine. It implies that Ag-guanine binding is
more favorable than Ag-NOs binding, which helps in the formation of polymeric chain.
Besides, O-sites are free for hydrogen bonding with water, helping to the formation of

hydrogel. In case of cytosine, silver-nucleobase binding (-9.85 kcal/mol) is not
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favorable, since silver-nitrate binding is relatively strong (-15.47 kcal/mol), suggesting
its tendency to remain as AgNOs;. The theoretical prediction agrees well with
experimental results where a clear solution was obtained in case of cytosine which
might be due to the AgNOs solution. Due to the significantly lower binding energy of
silver and cytosine, thymine or uracil, silver nitrate remained as such, resulting in a
clear solution. The optimized structures of silver-nucleobase monomeric units under

acidic conditions are shown in figure 5.18.

()

Figure 5.18. Optimized structure of silver-nuclecbase monomeric unit in acidic medium. [(a) Ag-

adenine, (b) Ag-guanine and (c) Ag-cytosine].

To explore the polymeric nature of these silver-nucleobase units in acidic
medium, we have considered two metal-nucleobase units. Different binding sites and
different orientations of the second nucleobase-silver unit are considered to bind with
the previous unit and the energetically most stable structure is considered as the
nucleobase-silver dimeric unit. The most preferred nucleobase-silver dimeric unit for

the three nucleobases, based on the DFT studies is shown in the figure 5.19.
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Figure 5.19. Optimized structure of silver-nucleobase dimeric unit in acidic medium. [(a) Ag-adenine, (b)

Ag-guanine and (c) Ag-cytosine].

5.3 Conclusion

In conclusion, we have developed the synthesis of functional metallogels based
on the combination of two commercially available and relatively inexpensive
components: a silver salt and nucleobase. Our study is the first to establish the ability of
pure unsubstituted nucleobases, to act as ligands that can complex with Ag* ions for the
generation of functional biocoordination hydrogels. The gelation process takes place
rapidly (within a minute) and at room temperature, without the aid of external stimuli
such as sonication, heating/cooling. All the nucleobases except guanine, formed stable
hydrogels with Ag”™ ions. The key novelties of our investigation include: (i) the first
demonstration of the use of pure nucleobases for the generation of biocoordination
polymer hydrogel, (ii) the exploration of nucleobases forming the gel (except adenine)
as reducing agents for the synthesis of Ag nanoparticles decorated along the fibers of
the gels, (iii) the investigation of gelation ability of two or three nucleobases (mixed
ligand) with silver ions, (iv) the demonstration of the antimicrobial activity of these
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metallogels against different microbes and (v) the investigation of guanine to form a
metallogel with Ag” ions under highly acidic pH, which under alkaline pH forms
precipitate with Ag” ions. The results open up newer avenues for the bottom up design

of hybrid functional materials utilizing the nucleobases as ligands.

5.4 Experimental Section
5.4.1 Materials

Adenine, guanine, cytosine, thymine, uracil and silver perchlorate were
purchased from Aldrich chemicals. Silver nitrate was purchased from S. D. Fine
chemicals, India. Silver acetate, sodium hydroxide, potassium bromide, potassium
iodide, sodium sulfide and nitric acid were purchased from Merck, India. All the
chemicals were of analytical grade and were used without any purification. Milli Q

water was used throughout the experiments.

5.4.2 Instrumentation

Transmission electron microscopy (TEM) images were recorded with a Technai
G? 20 Ultra-Twin microscope at an accelerating voltage of 200 kV. Field emission
scanning electron microscopy images were recorded on a Carl Zeiss Supra 55
instrument after coating with gold. Rheological measurements were performed using an
Anton Paar Physica MCR 301 rheometer with parallel plate geometry (diameter 50
mm). Powder X-ray diffraction patterns (XRD) of the freeze dried gels were recorded
on a Rigaku Smartlab, Automated Multipurpose X-ray diffractometer with Cu Ko
source (wavelength of X- rays was 0.154 nm). FTIR spectra were recorded in KBr
pellet using Bruker Tensor 27 instrument. Thermogravimetric analysis was done using a
Mettler Toledo instrument. Solid state UV-visible spectra were recorded on a Perkin

Elmer lambda Instrument.

5.4.3 Synthesis of Ag-nucleobase hydrogels in basic medium

Stock solutions of both the nucleobases and AgNO3 were first prepared. A
stock solution of each nucleobases (0.1 M) was prepared by the addition of solid
NaOH to it in small parts under sonication, until the nucleobase was completely
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dissolved and a clear solution was obtained. Similarly, AgNOs; solution (0.1 M)
was prepared by simple dissolution of the metal salt in water.

In a typical synthesis, 0.8 mL of the as prepared nucleobase solution was
taken in a tube and to it 1 mL of the AgNOg; solution was added, which resulted in
the formation of self standing hydrogels.

5.4.4 Synthesis of Ag-guanine gel in acidic medium

Initially stock solution of guanine (0.1M) was prepared by dissolving the
required amount of guanine in water-HNO3 mixture. In a typical synthesis, 1.0
mL of AgNO3; was added to the acidic guanine solution, which resulted in the

formation of a hydrogel within a few minutes.

5.4.5 Electron microscopy studies

The samples for both TEM and FESEM were prepared by diluting the gel
samples in water. A small amount of the gel was taken in an eppendorf tube and
after addition of water the gel was crushed using a micropestle and was drop
casted on a carbon coated copper grid (for TEM) and glass slides (for FESEM),
followed by room temperature drying.

5.4.6 Rheological studies

Rheological investigations were performed using parallel plate geometry
of diameter 50 mm. For the measurements, both the hydrogels were first
prepared, and then a piece of the gel was placed on the plate of the rheometer
using a microspatula. The temperature was maintained at 25 °C using an
integrated temperature controller from Julabo. Dynamic strain sweep experiments
were performed using a constant frequency of 10 rad s™*. The dynamic frequency
sweep of the hydrogels was measured as function of frequency in the range of
0.05-100 rad s™* with constant strain value 1%.

5.4.7 Study of response of gels towards different anions

The chemical response of the Ag-nucleobase hydrogels was studied by
using the Ag-thymine gel as the model gel. The gel was first prepared by adding
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0.75 mL of AgNO3 (0.2 M) to 0.6 mL of alkaline thymine (0.2 M). To the gels
taken in different tubes, 0.15 mL of 1.0 M KBr, KI and Na,S was added and
allowed to stand for 12 hours, upon which the gel was converted to sol with
precipitates. The precipitate was then removed by centrifugation and to the
supernatant 0.75 mL of AgNO3; (0.1 M) was again added, which resulted in the
reformation of the gel.

5.4.8 Antimicrobial studies

The antimicrobial activity of the hydrogels was studied using the cup plate
method. Initially, both the gram negative E. Coli and the gram positive
staphylococcus were cultured in the nutrient broth by incubation at 37 °C for 24
hours. Then nutrient media was prepared and inoculated with 1 ml of suitable
suspension of the bacteria which was then poured in a petri dish and allowed to
cool to room temperature, upon which the agar solidified. Four holes were cut in
the agar by means of a 10 mm cork borer in which the gels to be tested were
filled. The petri dish was then incubated at 37 °C for 24 hours, and the zone of

inhibition was measured.

5.4.9 DFT Calculations

DFT calculations were performed using M06-2X level of theory as
implemented in Gaussian 09 program. This functional is considered for our
calculations as the dispersion interaction is more accurately defined for non-
bonded interactions. We have used 6-311++G™** basis set for the main group
atoms and DGDZVP for the silver atom. The effects of the water hydration on the
structures and relative energy of complexes were taken into account by means of
the polarizable continuum model (PCM). The gas phase structures were
reoptimized within the PCM. Binding energies are calculated as the difference
between the electronic energy of the complexes and the respective monomers, i.e.
AE = En-ag - (EntEag),

Where En.agis the total energy of the nucleobase-silver complex, Ex and Eagare
the energies of the nucleobases and silver ion respectively.
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Chapter 6

Zn**-Nucleobase Coordination Polymer Particles:

Synthesis and Photocatalytic Activity

6.1 Introduction

The research on micro and nanosized coordination polymer particles has grown
significantly in the recent years owing to their potential use in a myriad of applications
such as catalysis, sensing, optics as well as medical diagnostics.*®! The properties and
applications of such coordination particles largely depends not only on the composition
of these particles, but also on their structures and morphologies.””! Therefore, realizing
the changes in the morphology and structure of particles with changes in the
composition is crucial for the controlled formation of particles. Recently, the use of

(10221 hantides™! as well as nucleotides™**®! has

biological ligands such as amino acids,
progressed as an attractive strategy for the fabrication of such nanoscale coordination
particles, with an aim to generate biocompatible and less toxic particles that can be
employed for biomedical applications.'*®! These particles synthesized using biological
ligands are often termed as ‘biocoordination polymer particles’.

Metallogels, formed by the combination of one or more organic ligand and
inorganic metal ions, represent an important class of hybrid organic-inorganic

materials.!*"]

Metallogels are formed as a result of interaction of metal ions and organic
ligands, ™! leading to the formation of ordered micro- or nanostructures such as fibers,
tapes or spheres which can trap a large volume of water. As such, formation of
metallogels has been regarded as the generation of coordination polymer particles.
Again highly branched structures with flower like morphology have attracted special
attention due to their applications in various fields ranging from magnetic materials,
optoelectronic devices, solar cells to medicine.'*** Recently, Zare and co-workers
reported the formation of hybrid flower like structures upon the interaction of Cu?* with
various proteins in phosphate buffered saline.*! Similarly, there have been reports on

the formation of flower shaped pure organic supramolecules generated by the self-
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assembly of pyrimido[4,5-d]pyrimidine nucleosides.?” Although nucleobase-metal
coordination chemistry has been studied for a long time, the ability of pure nucleobases
to form coordination polymer particles has only recently been realized.!*!

Semiconductor photocatalysis, inspired by natural photosynthesis of green
plants and other micro-organisms, is considered to be the most promising solution to
address the environmental and energy problems in a carbon neutral fashion. Most
popular among the photocatalysts are the semiconducting materials such as TiO, and
ZnO and engineering of these materials in various nanostructures have been actively
pursued for photocatalytic water splitting™®®2®! as well as disinfection of water and
oxidation of organic contaminants.’>** Several other types of materials such as metal-
doped zeolites and metal complexes have been explored and studied for light induced
redox processes and organosynthesis to advance artificial photosynthesis.*?34 On the
other hand, the development of nano or microscale coordination polymer particles and
metallogels for photocatalytic activities is almost negligible.

In this chapter, we report our studies on the interaction of Zn** ions with two
nucleobases, namely cytosine and guanine that leads to the formation of stable
metallogels. Further, the addition of zinc ions to a combination of mixed ligands under
appropriate reaction conditions resulted in the formation of gelatinous precipitate
composed of flower shaped coordination polymer microparticles. Both the metallogels
as well as microflowers have been used as catalyst for the photocatalytic degradation of
organic pollutant dyes such as methyl orange and methylene blue.

6.2 Results and Discussion

6.2.1 Synthesis and characterization of Zn-nucleobase hydrogels

The formation of Zn based metallogels using two nucleobases, namely cytosine
(C) and guanine (G) was afforded by the simple addition of a an aqueous solution of
Zn(NOs), to an alkaline solution of C or G at room temperature. Within a few minutes,
the mixture turned into a self-standing opaque gel like material, which was affirmed by
the inverted tube method that did not allow the mass to follow under gravity. Similar to
the Ag-nucleobase gels, the effect of metal counterions on the gelation ability of the
nucleobases was tested. Change of metal counterion from nitrate to chloride or acetate
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did not affect the gel formation (although a slightly longer time was required for the
formation of gel using cytosine and Zn(CH3;COO),), indicating that the gel formation
was independent of the nature of metal counterions. Further, the formation of these Zn-
nucleobase hydrogels did not require any external force such as heating/cooling or
sonication and the gels readily formed at room temperature.

Electron microscopy was employed to investigate the morphology of the
metallogels. The TEM images shown in figure 6.1a and b, clearly demonstrated that
both the metallogels consisted of individual nanofibers, which were capable of trapping
a large volume of water, leading to the formation of hydrogels. The diameter of the Zn-
cytosine nanofibers, as calculated from the TEM image varied from 15 to 28 nm. On the
other hand, the Zn-guanine nanofibers were somewhat thicker and their diameter varied
from 34 to 52 nm. The SEM studies (figure 6.1c and d) performed on the samples
confirmed their fibrous morphology and were in good agreement with the TEM studies.

Figure 6.1. (a, ¢) TEM and SEM images of Zn-C metallogel and (b, d) TEM and SEM images of Zn-G
metallogels. Inset in (a) and (b) are the digital images of Zn-C and Zn-G metallogels respectively.
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The mechanical robustness of the hydrogels was studied by rheological
investigations. Strain sweep and frequency sweep rheological measurements were
performed on the hydrogel samples to establish the dominance of elastic behavior over
the viscous behavior as shown in figure 6.2. During the strain sweep experiments, the
value of the elastic storage modulus (G') was significantly higher than the loss modulus
(G") over the complete range of strain for the Zn-C hydrogel. On the other hand for the
Zn-G hydrogel, the value of G’ dominated the value of G” over a long range of strain,
but merged together at a strain of 100%, indicating the dominance of the viscous nature
over the elastic nature beyond a strain of 100%. The supremacy of the elastic solid like
behavior of both the gels was further ascertained from the frequency sweep
measurements, which clearly depicted that in the frequency range 0.05 to 100 s*, G’ is
always greater than G” by several factors, thus confirming the dominance of elastic
behavior over the viscous nature of the material.
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Figure 6.2. (a) and (c) Dynamic strain sweep experiment of the Zn-cytosine and Zn-guanine hydrogel
respectively. (b) and (d) Dynamic frequency sweep experiments of the Zn-cytosine and Zn-guanine

hydrogel respectively at a constant strain of 1%.
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Due to the nanometer dimension of the fibers repeated attempts to crystallize the
materials were unsuccessful. Therefore to have an idea on whether the synthesized
materials were crystalline or amorphous, powder X-ray diffraction studies of the
lyophilized hydrogels was performed. The powder XRD spectrum for both the materials
(figure 6.3a) showed a complex pattern of peaks at 20 values between 1 to 60 degrees
which indicated that the materials were crystalline in nature. For the Zn-C gel, peaks at
20 values of 5.7, 11.4, 18.0, 22.6, 28.6, 35.4, 42.5 and 48.4 degrees corresponding to d-
values of 155 A, 7.7 A, 49 A 3.9 A 31 A 25A, 2.1 Aand 1.8 A were observed in
addition to several other sharp peaks. These d-values followed a ratio of 1: 1/2: 1/3: 1/4:
1/5: 1/6: 1/7: 1/8, suggesting that the hydrogels were mainly assembled in a layered
structure with an interlayer separation of 15.5 A.  For the Zn-G gel, such periodic
reflections were however not observed. A low intensity peak at 20 = 27.6°,
corresponding to a d-value of 3.2 A was observed, which is very close to that of -
stacking interactions in guanine based hydrogels, suggesting that m-m stacking
interactions play an important role in the formation of Zn-G gel. The thermal stability of
both the xerogels was studied by thermo gravimetric analysis (figure 6.3b). For the Zn-
C xerogel, continuous weight loss from 85 °C to 600 °C was observed, which suggested
the loss of organic ligands in this range. Again for the Zn-G xerogel, an initial weight
loss of 9.5 % in the range of 25 °C to 125 °C was observed, probably due to the loss of
water molecules in the complex. Another weight loss of approximately 55% was
observed in the temperature range of 300°C to 640 °C, indicating the decomposition of

the guanine molecules from the complex.
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Figure 6. 3. (a) Powder XRD spectrum and (b) TGA plot of the Zn-C and Zn-G xerogels respectively.
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The change in the environment around different functional groups in cytosine
and guanine upon complexation with Zn*" ions to form hydrogel was studied using
FTIR spectroscopy. From the FTIR spectrum of cytosine and Zn-cytosine (figure 6.4a)
it was observed that the peak at 3380 cm™ and 3160 cm™ due to the NH, stretching
vibrations in cytosine was absent in the metallogel and a new broad peak at 3430 cm™
was observed, indicating the presence of water molecules and extensive hydrogen
bonding. Also, the peak at 2780 cm™ due to N-H stretching was absent in the complex,
suggesting the involvement of the N1 nitrogen of cytosine in bonding to the Zn** ions.
Further, the peak at 1657 cm™, which is a combination of both —~NH, bending and C=0
stretching splitted into two weak bands at 1674 cm™ and 1636 cm™, suggesting the
probable involvement of NH; and C=0 in hydrogen bonding. Again, the loss of peak at
1272 cm™due to N-H bending again suggested the involvement of N1 of cytosine in
binding to Zn** ions. Similarly, the FTIR spectrum of guanine and Zn-guanine (figure
6.4b) suggested the involvement of NH. in hydrogen bonding. The peak at 1697 cm™
due to the C=0 stretching shifted to 1650 cm™ in the complex, suggesting its probable
involvement in metal binding and the peak at 1672 cm™ due to NH; stretching
vibrations in pure guanine shifted to 1622 cm™, suggesting its involvement in either

hydrogen bonding or metal binding.
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Figure 6.4. (a) FTIR spectrum of pure C and Zn-C and (b) FTIR spectrum of pure G and Zn-G.

6.2.2 Interaction of Zn?* ions with adenine, thymine or uracil
Unlike cytosine and guanine, the addition of Zn?* ions to an alkaline solution of

adenine (A), thymine (T) or uracil (U) resulted in the formation of a gelatinous white
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precipitate, rather than a gel. The formation of precipitates in all the three cases was
ascertained by the inverted tube method, which showed a flow of the material (fig 6.5a,
b and c). SEM studies of the precipitates revealed the formation of large fibrous
aggregates in case of the Zn-A precipitate (figure 6.5d), while in case of Zn-T, no
defined structure could be observed (figure 6.5e). On the other hand for the Zn-U
complex, rod shaped coordination polymer particles ranging from hundreds of
nanometer to several micrometers in length were observed (figure 6.5f).

Figure 6.5. Digital images of (a) Zn-A precipitate, (b) Zn-T precipitate and (c)Zn-U precipitate. (d), (e)
and (f) FESEM images of Zn-A precipitate, Zn-T precipitate and Zn-U precipitate respectively.

6.2.3 Interaction of Zn®" ions with a mixture of cytosine and guanine
Functional coordination polymers having two or more metal ions or organic
linkers are expected to possess extraordinary properties as the structure and morphology
of these materials strongly depend on their composition.”] Therefore, after the
successful formation of metallogels with C and G, we explored the possibility of
formation of a complex of zinc with a combination of these two ligands which
individually formed metallogels with Zn**. The addition of Zn(NO3); to a mixture of C
and G, quite surprisingly resulted in the formation of a gelatinous precipitate, rather
than gel. The morphology of the precipitate was studied using electron microscopy.
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From the SEM images, beautiful flower shaped particles having a diameter of about 4.2
um were observed (figure 6.6a and b). The formation of coordination polymer particles
with flower like morphology was further confirmed from TEM studies (figure 6.6¢).
The crystalline nature of the precipitate could be established from the powder
XRD studies which showed multiple peaks in 26 range between 1 to 60 degrees (figure
6.6e). Periodic reflections at 20 values of 5.3, 8.0, 16.1, 19.8, 28.1 and 31.8 degrees,
corresponding to d-values of 16.5 A, 11.0 A, 5.5 A, 45 A, 3.2 A, and 2.8 A respectively
were observed, which followed a ratio of 1: 1/2: 1/3: 1/4: 1/5: 1/6, which indicated that
a self assembly led to the formation of layered structure. Such a pattern is common for
hydrogels, however in the present case hydrogels could not be obtained, probably due to
the H-bonding between G and C which prevented the binding of Zn?* ions to the
preferred nitrogen in the nucleobases. The thermal stability of the microflowers was
studied by thermogravimetric analysis, which initially showed a loss of 7.5% at 115 °C
corresponding to the loss of water molecules. Then another weight loss upto 600 °C was

observed, which can be attributed to the decomposition of the ligands in the complex.
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Figure 6.6. (a) and (b) FESEM images of the microflowers formed by the interaction of Zn** and mixture

of C and G, (c) TEM image of the microflowers, (d) Digital image, (¢) Powder XRD spectrum and (f)

TGA plot of the precipitate containing microflowers upon addition of Zn?* to a mixture of C and G.

196



Chapter 6

To have an idea on the formation of microflowers, time dependent SEM studies
were performed (figure 6.7). From the time dependent studies, it was observed that at
the initial stages, small fibrous aggregates were formed within 5 minutes after the
addition of Zn?* ions to the mixture of cytosine and guanine. After 30 minutes these
small aggregates fused together to form larger aggregates and within 6 hours, these
larger aggregates self assembled into flower like structures. Within 12 hours petal
formation of the flowers was clearly evident and after 24 hours, the structures self

assembled into beautiful individual flowers.

Figure 6.7. Time dependent FESEM images for the growth of Zn-cytosine-guanine microflowers. FESEM
recorded at various time intervals after addition of Zn?* to a mixture of C and G, (a) 5 mins, (b) 30 mins,
(c) 6 hours, (d) 12 hours, (e) 24 hours and (f) 72 hours.

6.2.4 Photocatalytic activity of the three zinc based materials

Zinc based materials are known to function as efficient photocatalysts due to
their semiconducting nature. Therefore to have an idea about the band gap of the three
materials and their efficiency to function as photocatalysts, solid state UV-visible
absorption studies were performed. From the solid state UV-visible studies (figure 6.8),
the band gap was calculated to be 3.06 eV and 3.01 eV respectively for the Zn-cytosine
and Zn-guanine hydrogels. On the other hand the band gap energy for the Zn-cytosine-

197



Chapter 6

guanine precipitate was calculated to be 3.23 eV, which suggested that any light source
with energy higher than 3.23 eV could be used to excite these materials and these

materials could function as photocatalysts.
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Figure 6.8. Solid state UV-visible spectrum for the calculation of the band gap of the three Zn based

materials

The photocatalytic activity of the three materials was tested for the degradation
of two organic dyes, methylene blue and methyl orange. Since both methylene blue and
methyl orange absorb in the visible region, therefore the degradation of both methylene
blue and methyl orange could easily be studied by observing the changes in the UV-
visible spectrum at 664 nm and 464 nm respectively.*4 Controlled experiment
performed in the absence of light suggested that the degradation of the dyes did not
occur at all as indicated by the little change in the UV-visible spectrum and color of the
solution even after 4 hours. However, when the dye solution containing the catalysts
was illuminated with a 365 nm UV lamp, changes in the UV-visible spectrum were
quite evident. Figure 6.9 shows the degradation of methylene blue using the three
synthesized materials as catalysts. It was observed that the intensity of the absorption
band of methylene blue at 664 nm began to decrease gradually as a function of

increasing reaction time, clearly suggesting the degradation of methylene blue. As can
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be seen from figure 6.9d, while 90% the dye was degraded when Zn-C was used as a
catalyst, the use of Zn-G nanofibers and Zn-C-G microparticles as photocatalyst led to
the degradation of methylene blue by 94% and 48% respectively. Controlled
experiments were performed in the absence of catalysts, but in the presence of UV light
to establish the superior catalytic activity of the materials, and it was observed that even
in the absence of catalysts, 36% of methylene blue was decomposed, which was

consistent with the previous literature reports.*334!
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Figure 6.9. Time dependent UV-visible studies for the degradation of methylene blue by UV lamp of
wavelength 365 nm, using (a) Zn-C, (b) Zn-G and (c) Zn-C-G as photocatalysts. (d) Plots of absorbance
of the methylene blue solutions at different time intervals (C, is the initial concentration of the dye and C

is the concentration of the dye at any given time).

In a similar manner, the photocatalytic activities of the three catalysts were
tested for the photocatalytic decomposition of methyl orange. The effect of the three

catalysts on the absorption spectrum of methyl orange is shown in figure 6.10. From the
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UV-visible studies it was clear that whereas the Zn-cytosine nanofibers degraded 84%
of the methyl orange in 90 minutes, the use of Zn-guanine nanofibers as catalyst
afforded the degradation of methyl orange by 86% under similar duration of time. On
the other hand, the flower shaped coordination polymer particles formed by the
interaction of zinc ions with a mixture of cytosine and guanine degraded the dye only
by 41%. Similar to methylene blue, controlled experiments were performed with MO in
the absence of catalysts and it was observed that 31% of the dye degraded under similar

duration of time which was consistent with previous results.*
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Figure 6.10. Time dependent UV-visible studies for the degradation of methyl orange by UV lamp of
wavelength 365 nm, using (a) Zn-C, (b) Zn-G and (c) Zn-C-G as photocatalysts. (d) Plots of absorbance
of the methyl orange solutions at different time intervals (Cy is the initial concentration of the dye and C

is the concentration of the dye at any given time).

From the photocatalytic degradation studies of the two dyes, it was evident that

the nanofibers formed from the interaction of Zn** and G were the most effective
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photocatalysts followed by the nanofibers of Zn-C, and the flower shaped coordination
polymer particles were the least effective catalyst. This behavior in the catalytic activity
of the three catalysts was quite expected as the band gap energies for the three catalysts
are in the opposite order. Since the band gap energy for the Zn-G complex is the least,
therefore it showed the best catalytic activity, whereas for the flower shaped particles,
the band gap energy is maximum resulting in their lower catalytic activity.

The plausible mechanism for the photocatalytic degradation of the organic dyes
may be proposed as follows:**" After the absorption of energy equal to or more than
the band gap energies, the electrons (e) from the valence band get excited to the
conduction band, leaving behind holes (h*) in the valence band. The electrons then
reduce the O; into "O,’, which finally transforms into hydroxyl radicals "OH. Again the
holes oxidize the H,O to generate "OH radicals, which can effectively decompose the

organic dyes.8%

6.3 Conclusions

In conclusion, we have used the pure nucleobases cytosine and guanine for the
generation of coordination polymer hydrogels (consisting of nanofibers), upon their
interaction with Zn** ions in alkaline medium. The gels showed quite good elastic
behavior as indicated by the rheological investigation. On the other hand, the addition
of Zn®* ions to an aqueous alkaline solution of the other three nucleobases resulted in
the formation of a precipitate. Further, coordination polymer particles with flower
shaped morphology could be generated upon the addition of Zn*" ions to an aqueous
solution containing a mixture of both cytosine and guanine. The photocatalytic activity
of the three materials was tested towards the reduction of organic pollutant dyes such as
methylene blue and methyl orange. For both the reactions, the Zn-guanine nanofibers
were the most effective catalyst, followed by the Zn-cytosine nanofibers and the Zn-
cytosine-guanine microflowers were the least effective, which was exactly as expected
based on the band gap values of the three photocatalysts. The coordination polymer
microflowers hold promise for being used as a mimick for several zinc containing
biological molecules such as carbonic anhydrase and carboxypeptidase, although
detailed studies would be required in this regard.
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6.4 Experimental Section
6.4.1 Materials

Adenine, guanine, cytosine, thymine, uracil and zinc nitrate hexahydrate were
purchased from Aldrich chemicals. Zinc chloride, zinc acetate dihydrate and sodium
hydroxide were purchased from Merck, India. Methylene blue was purchased from Alfa
Aesar and methyl orange was purchased from SRL, India. All the chemicals were of
analytical grade and were used without any purification. Milli Q water was used
throughout the experiments.

6.4.2 Instrumentation

Transmission electron microscopy (TEM) images were recorded with a Technai
G? 20 Ultra-Twin microscope at an accelerating voltage of 200 kV. Field emission
scanning electron microscopy images were recorded on a Carl Zeiss Supra 55
instrument after coating with gold. Rheological measurements were performed using an
Anton Paar Physica MCR 301 rheometer with parallel plate geometry (diameter 50
mm). Powder X-ray diffraction spectra (XRD) of the freeze dried gels and microflowers
were recorded on a Rigaku Smartlab, Automated Multipurpose X-ray diffractometer
with Cu Ka source (wavelength of X- rays was 0.154 nm). FTIR spectra were recorded
in KBr pellet using Bruker Tensor 27 instrument. Thermogravimetric analysis was done
using a Mettler Toledo instrument. Solution state UV-visible spectra were recorded on a
Varian Cary 100 Bio spectrophotometer. Solid state UV-visible spectra were recorded
on a Perkin Elmer lambda Instrument. Photocatalytic studies were performed using a
photocatalytic reactor from SAIC instruments, with a 365 nm lamp of power 125 watt.

6.4.3 Synthesis of Zn-cytosine and Zn-guanine hydrogels

A stock solution of each nucleobase (0.2 M) was prepared by the addition
of solid NaOH to it in small parts under sonication, until the nucleobase dissolved
and a clear solution was obtained. Similarly, a solution of Zn(NO3),.6H,O (0.2
M) was prepared by simple dissolution of the metal salt in water.

In a typical synthesis, to 1.0 mL of the nucleobase solution,1.0 mL of
Zn(NO3),.6H20 solution was added which resulted in the formation of hydrogels.
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6.4.4 Electron microscopy studies

The samples for both TEM and FESEM were prepared by diluting the gel
samples in water. A small amount of the gel was taken in an eppendorf tube and
after addition of water the gel was crushed using a micropestle and was drop
casted on a carbon coated copper grid (for TEM) and glass slides (for FESEM),
followed by room temperature drying.

6.4.5 Rheological studies

Rheological investigations were performed using parallel plate geometry
of diameter 50 mm. For the measurements, both the hydrogels were first
prepared, and then a piece of the gel was placed on the plate of the rheometer
using a microspatula. The temperature was maintained at 25 °C using an
integrated temperature controller from Julabo. Dynamic strain sweep experiments
were performed using a constant frequency of 10 rad s™*. The dynamic frequency
sweep of both the hydrogels was measured as function of frequency in the range
of 0.05-100 rad s™* with constant strain value 1%.

6.4.6 Synthesis of Zinc-cytosine-guanine microflowers

In a typical synthesis, first the two solutions of C and G (0.2 M) were
mixed together (0.5 mL each). To this mixed nucleobase solution 1 mL
Zn(NO3)2.6H,0 (0.2 M) was added, resulting in the formation of a gelatinous
precipitate.

6.4.7 Photocatalytic studies

Photocatalytic studies were performed using a methylene blue
concentration of 10 mg/L and methyl orange concentration of 15 mg/L. A 1L
solution of both the dyes was taken in the photocatalytic reactor and 40 mg of the
catalysts was added to the dye solutions and this mixture was stirred at room
temperature in the dark for 60 minutes to establish the adsorption-desorption
equilibrium. Then the UV lamp was turned on and reaction mixtures were
withdrawn from the reactor after suitable intervals of time and monitored using

UV-visible spectrophotometer.
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Chapter 7

Cd(I1)-Nucleobase Coordination Polymer
Hydrogels for the Generation of CdS Quantum
Dots

7.1 Introduction
Supramolecular self-assembly of small molecules has emerged as a splendid
strategy for the generation of newer materials, such as supramolecular gels with several
functional properties.™®! Various non covalent interactions such as hydrophobic, n-n
stacking, van der waals and hydrogen bonding play a key role in self assembling low
molecular weight organic gelators (LMOGs) to form three dimensional networks
capable of capturing solvents.!”°! Such supramolecular gels have been used for various
applications such as optical devices, drug delivery, cosmetics, waste water treatment
etc.’%™ Metallogels represent one important subclass of these functional materials,
where physico-chemical characteristics of both the hydrogel and metallic constituents
can be harnessed towards multifunctionality. Metallogels are formed by the interaction
of metal ions with organic ligands, leading to the formation of coordination polymers,
which eventually develop into metallogels, through multiple non-covalent interactions
and incorporation of solvent molecules in the matrix.[®) Metallogels are widely studied
due to their important properties and wide applicability in catalysis, sensing, proton
conductivity and in situ generation of inorganic nanoparticles.*>2* 8
The fabrication of hybrid gel systems comprised of inorganic nanoparticles
(metallic and semiconductor) has received considerable interest in recent times due to
their interesting properties and applications.®®?** The combination may result in a
synergistic property enhancement of each component, for example the mechanical
stiffness as well as bioactivity of the hydrogels are remarkably enhanced in a
nanoparticle-hydrogel hybrid compared to hydrogel without nanoparticles.?®?" Several

approaches have been adopted towards forming these hybrid systems: 1) hydrogel

209



Chapter 7

formation in a nanoparticle suspension, 2) physically embedding the nanoparticles into
hydrogel matrix after gelation, 3) reactive nanoparticle formation within a performed
gel, 4) cross-linking using nanoparticles to form hydrogels and 5) gel formation using
nanoparticles, polymers and distinct gelator molecules.”® The in-situ generation of
nanoparticles in hydrogel matrix holds promise as this method leads to generation of
uniformly distributed nanoparticles in the gel matrix. Semiconducting nanoparticles
have shown potential in various applications, therefore development of semiconducting
nanoparticle-hydrogel hybrid systems may find importance for opto-electronics, bio-
sensing and cell-labelling studies. Taking into account the inherent cytotoxicity
associated with the semiconducting nanoparticles, development of hybrid systems using
commonly available biomolecules as hydrogelators might be influential in enhancing
biocompatibility of the composite system. Therefore, there has been a huge surge on the
development of metal organic hybrid systems involving biological molecules as
ligands?®**! and are generally termed as metal-biomolecule frameworks. 28]

In this chapter, we report our study on the generation of coordination polymer
hydrogels of the nucleobases thymine (T) and uracil (U) upon their interaction with
Cd?** ions. The self-standing metallogels are formed at room temperature, without the
aid of any other external stimuli. Further, the addition of Cd** ions to a mixture of
thymine or uracil also resulted in the formation of hydrogel. Again, quantum dot such as
CdS, decorated along the fibers of the hydrogels could be synthesized in situ by simple
addition of a sulfide precursor (Na,S) to the nucleobase solution followed by the
addition of Cd** ions. It is also imperative to mention that under acidic medium, the

addition of Cd(NO3); to any of the five nucleobases resulted in clear solutions.
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Scheme 7.1. Schematic for the generation of coordination polymer hydrogel using T and U as ligands
and Cd(NOs), as metal salt.
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7.2 Results and Discussion

7.2.1 Synthesis and characterization of Cd-nucleobase hydrogels

The simple addition of an aqueous solution containing Cd?* ions to an alkaline
solution of T or U resulted in the spontaneous formation of self-standing opaque
hydrogels. The formation of the hydrogels was initially confirmed by tube inversion
method, which did not allow the mass to flow under gravity (inset figure 7.1a and b).
Further, the change of metal counterions from nitrate to chloride or acetate also led to
the spontaneous formation of hydrogels, clearly indicating that the metal counterions do
not play any significant role in the formation of Cd-nucleobase hydrogels.

s ‘Y y ’7"&;‘ :
5V >
ChafR

Y N

Figure 7.1. (a) and (c) TEM and SEM images of the Cd-T hydrogel respectively and (b) and (d) TEM and
SEM images of the Cd-U hydrogel respectively.
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Electron microscopy was employed to have an idea on the morphology of the
hydrogels (figure 7.1). The transmission electron microscopy images of the hydrogels
showed the formation of very homogeneous entwined three dimensional nanofibers
capable of trapping large volume of water, resulting in the formation of the hydrogels.
The Cd-T nanofibers were several hundreds of nanometers in length, while their
thickness varied from 7-23 nm. For the Cd-U gel, the length of the nanofibers ranged
from several hundreds of nanometer to micrometer, whereas the thickness of the fibers
varied from 15-30 nm. The scanning electron microscopy images of both the hydrogels
further confirmed the 3D entangled nanofibrillar morphology and were in good
agreement to the TEM images.

Several attempts were made to obtain single crystals suitable for powder X- ray
diffraction. However, due to the nanometer dimension of the fibers, any of such
attempts could not result in the generation of single crystals of the hydrogels.
Nonetheless, the crystalline nature of the nanofibers could be confirmed using powder
X-ray diffraction studies, which showed a complex pattern of several peaks in the XRD
spectrum at 26 values between 1-50 degrees for both the hydrogels (figure 7.2a). The
powder XRD spectrum of Cd-T gel, showed a periodic pattern of reflections, with the
major reflections observed at 20 = 7.0°, 14.2°, 21.4°, 28.4°, 35.4°nd 43.4°,
corresponding to d-spacing of 12.6 A, 6.3 A, 4.2 A, 3.1 A, 2.5 A and 2.1 A respectively.
These d-spacing follow a pattern of 1: 1/2: 1/3: 1/4: 1/5: 1/6, indicating that the
hydrogel are organized in a layered pattern, with an inter layer separation of 12.6 A.
For the Cd-U gel, in addition to several peaks, major diffraction peaks at 20 values of
12.6, 25.5, and 40.3 degrees corresponding to a d-spacing of 7.0 A, 3.5 A and 2.2 A
respectively were observed and followed a ratio of 1: 1/2: 1/3, suggesting that the
hydrogels were arranged in a layered pattern. The thermal stability of the freeze dried
hydrogels was studied by thermogravimetric analysis (figure 7.2b). From the TGA plots
it was observed that the freeze dried Cd-T hydrogels showed an initial weight loss of
about 20% in the temperature range of 25-240 °C, which might be due to the loss of
water molecules in the complex. Two other weight losses were observed in the range of

240-600 °C. Both these weight losses could be attributed to the decomposition of ligand
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molecules. Similarly for the Cd-U gel, an initial weight loss of 5.5% at 123 °C due to
the probable loss of water molecules was observed. Two other weight losses in the
range of 135-405 °C and 410-600 °C corresponding to the decomposition of the ligands

were observed.
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Figure 7.2. (a) Powder XRD spectrum and (b) TGA plots of the freeze-dried Cd-T and Cd-U gels.

The elastic nature and the mechanical robustness of the two hydrogels were
ascertained from the rheological experiments. The strain sweep experiment for the Cd-T
gel is shown in figure 7.3a. It is clear from the figure that the storage modulus (G’)
dominated over the loss modulus (G”) almost in the complete range of strain, signifying
the elastic of the gel. However at values of strain close to 100%, the two modulus
merged together, signifying the gel to sol transformation beyond this range of strain.
The elastic nature of the Cd-T hydrogel was further ascertained from the frequency
sweep experiments (figure 7.3b), which showed the supremacy of G’ over G” in the
complete range of frequency, clearly proving that the material behaved as an elastic
solid. Similarly, for the Cd-U gel, the higher values of G’ over G” in the complete range
of strain suggested the dominance of elastic behavior of the material over the viscous
nature (figure 7.3c). The results obtained from the strain sweep experiments were
further supported by the frequency sweep experiments (figure 7.3d), which suggested
that the Cd-U gel behaved as an elastic solid. This type of solid like behavior is

characteristic of supramolecular gel systems.
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Figure 7.3. (a) Dynamic amplitude sweep experiment and (b) Frequency sweep experiment for the Cd-T

gel. (c) Strain sweep experiment and (d) frequency sweep experiment for the Cd-U hydrogel respectively.

The changes in the environment of different functional groups in the
nucleobases upon the binding of Cd®* ions were studied by FTIR spectroscopy. From
the FTIR spectrum of pure T and freeze dried Cd-T gel (figure 7.4a), it was observed
that a broad peak at 3445 cm™, characteristic of O-H stretching was observed in the
complex, which might have arisen as a result of the trapped water molecule. Again, the
peak at 2805 cm™ due to N-H stretching drastically decreased in intensity in the
complex, suggesting the involvement of at least one of the N1 or N3 nitrogen atoms in
binding to Cd**. Similarly from the FTIR spectrum of pure U and Cd-U, it was evident
that either N1 or N3 nitrogen atoms of uracil were involved in bonding to the cadmium
ions. Also the appearance of a broad peak at 3505 cm™ clearly indicated the presence of

water molecules in the complex.
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Figure 7.4. (a) FTIR spectrum of (a) T and Cd-T gel and (b) pure U and Cd-U gel.

7.2.2 Interaction of Cd** ions with adenine, guanine and cytosine

The interaction of Cd*" ions with nucleobases resulting in the formation of
hydrogels was specific for thymine and uracil. The other three nucleobases namely,
adenine (A), guanine (G) and cytosine (C) under identical conditions showed different
results upon addition of Cd®* ions. While A and G resulted in the formation of a white
gelatinous precipitate (figure 7.5a and b), the addition of Cd** ions to an alkaline
solution of cytosine resulted in the formation of a precipitate, which within a moment of
seconds disappeared and a clear solution was obtained (figure 7.5¢). The precipitate
could not be transformed to gel even upon incubation at room temperature for several

days, or by using external forces such as ultrasonication or heating/cooling.

Figure 7.5. Digital images of (a) Cd-A precipitate, (b) Cd-G precipitate and (c) Cd-C clear solution
respectively.
The morphology of the products formed upon the addition of Cd(NO3), to the

nucleobases A, G and C was studied using scanning electron microscopy. From the

SEM images it was observed that whereas the Cd-A precipitate consisted of a cluster of
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small rod like particles (figure 7.6a), the precipitate obtained from the interaction of
Cd* and G was composed of fibrous aggregates having dimensions in the micrometer
range (figure 7.6b). On the other hand, the solution obtained by the addition of
Cd(NO3); to alkaline solution of C, when observed under a SEM, showed the formation
of individual rod like particles as well as a cluster of rod like particles giving rise to a
larger spherical particles, consisting of several rod like individual particles (figures 7.6¢c
and d). Although, the interaction of Cd®* ions with G and C led to the formation of
coordination polymer particles with fibrous or rod like morphology, these formed
structures (fibers and rods) were unable to trap water, and therefore could not lead to the
formation of hydrogels

= )gl' 4”“"”F,, it

Figure 7.6. FESEM images of precipitates obtained upon the addition of Cd(NOs), to an alkaline
solution of (@) A and (b) G. (c) FESEM image of the clear solution containing Cd-C complex and (d)

magnified SEM image of the rod like particles formed in the clear solution of Cd-C.
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7.2.3 Gel formation in a mixture of thymine and uracil

It is well known that the structure and morphology of functional coordination
materials are strongly dependent on their composition.®® Therefore, functional
coordination polymer materials with more than one metal ion or ligand are expected to
show different properties as well as morphology. So, we studied the interaction of Cd*
ions with a mixture of two ligands, T and U, which individually upon complexation to
Cd** ions led to the formation of hydrogels. Unlike the formation of a precipitate,
composed of microflowers, as in the case of Zn-cytosine-guanine, the addition of Cd**
ions to a mixture of T and U resulted in the formation of hydrogel.

The formation of the hydrogel was confirmed from the tube inversion method,
which did not allow the mass to flow under gravity. SEM images of the gel revealed the
formation of very thin entangled network of fibers in the nanometer regime, responsible
for the capturing of water, leading to the formation of hydrogel (figure 7.7a and b).
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Figure 7.7. (a) and (b) FESEM images of the Cd-T-U hydrogel, (c) powder XRD spectrum and (d) TGA
plot of the Cd-T-U hydrogel respectively; inset in (a); digital image of the Cd-T-U hydrogel.
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The powder XRD analysis confirmed that the nanofibers were crystalline in
nature (figure 7.7c). Major diffraction peaks at 20 = 7.2°, 16.6°, 22.9°, 27.8°, 35.4° and
42.6° corresponding to d-values of 12.3 A, 5.3 A, 3.9 A, 3.2 A 25 A and 2.1 A, which
followed a ratio of 1: 1/2: 1/3: 1/4: 1/5: 1/6 were observed. This pattern suggested that
the hydrogel was mainly assembled in a layered structure with an interlayer separation
of 12.3 A. Further, the thermal stability of the freeze dried gel was studied using
thermogravimetric analysis (figure 7.7b). The TGA plot of the gel showed an initial
weight loss of 4.7% in the temperature range of 25-140 °C due to the loss of the trapped
water molecules. Further, two other weight losses in the temperature range of 140-580
°C were observed which could be assigned to the thermal decomposition of the ligand
molecules from the complex.

Rheological investigation of the gel formed upon the addition of Cd(NO3), to a
mixture of T and U suggested that the material had elastic solid like properties. The
amplitude sweep experiment (figure 7.8a) showed that the value of the storage modulus
G’ was higher than the loss modulus G” by several factors in the entire range of strain

from 0.05% to 100%, indicating that the material behaved as an elastic solid, rather than

a viscous sol.
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Figure 7.8. (a) Amplitude sweep experiment and (b) frequency sweep experiment at a constant strain of
1% for the Cd-T-U gel.

The elastic nature of the Cd-T-U hydrogel was further established by frequency

sweep experiment. From the frequency sweep experiment performed at a constant strain
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of 1%, it was evident that the value of G’ was significantly higher than that of G” by a
factor of eight in the complete frequency range of 0.05-100 s™, clearly demonstrating
the supremacy of elastic behavior over the viscous nature.

7.2.4 Formation of CdS quantum dots within the gels

The synthesis or incorporation of inorganic nanoparticles, such as metallic or
semiconductor nanoparticles in a gel matrix has recently gained interest and inspired
researchers, mainly because generating such a system is an attempt to organize the
nanoparticles in the 3D gelator matrix, so that the properties of such nanoparticles can
be tuned.”®! Further, the integration of nano-objects such as nanoparticles within
microenvironments, such as those provided by hydrogels could eventually generate
materials of macro dimensions whose properties might open new perspectives from
both technological as well as applicative aspects. "

Since the nucleobases, thymine and uracil can result in the in situ formation of
Ag nanoparticles within the Ag-nucleobase hydrogels,®®! so we attempted to synthesize
CdS quantum dots within the Cd-T and Cd-U gels. It was observed that the simple
addition of a sulfide precursor (Na,S) to the alkaline solution of T or U, followed by the
addition of Cd(NO3), immediately resulted in the formation of slightly yellow colored

gel, suggesting the formation of CdS quantum dots.

—— CdS-Thyming
—— CdS-Uracil

C
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Figure 7.9. Digital images of in situ formed CdS quantum dots in (a) Cd-T gel and (b) Cd-U gel, when
observed under UV light of wavelength 365 nm. (c) Fluorescence emission spectrum of CdS quantum dots
formed within the Cd-T and Cd-U gels (2=380 nm).
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The gels when observed under UV lamp of wavelength 365 nm showed yellow
emission (figure 7.9a and b), again indicating the formation of CdS quantum dots within
the gel. The fluorescence emission spectrum of Cd-T and Cd-U hydrogels showed
fluorescence with emission maxima of 526 nm and 530 nm respectively (figure 7.9c),
confirming the formation of yellow fluorescent CdS quantum dots within the gel.

TEM was used to understand the size and shape of CdS quantum dots formed
within the gels. From the TEM images, it was evident that spherical nanoparticles
having an average size of 6.1+1.1 nm were formed within the Cd-T hydrogel (figure
7.10a). The HRTEM image of the CdS nanoparticles in the Cd-T gel showed a lattice
separation of 0.29 nm (figure 7.10b) attributed to the (200) plane of cubic CdS
structure.®™ The CdS nanoparticles formed within Cd-uracil gel were also found to be
spherical in shape (figure 7.10c) and had an average diameter of 7.0+1.1 nm. The
HRTEM image (figure 7.10d) exhibited clearly resolved lattice fringes having an
interplanar spacing of 0.33 nm assigned to the (111) plane of the cubic CdS structure.®!

Figure 7.10. (a) and (b) TEM and HRTEM images of CdS NPs formed in the Cd-T gel respectively. (c)
and (d) TEM and HRTEM images of CdS NPs formed in the Cd-U gel respectively.
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The CdS quantum dots were however not very stable, as indicated by the
intensity of the color of the gels observed under UV-light. The instability of the CdS
quantum dots was further confirmed from the time dependent fluorescence studies
(figure 7.11). As can be seen from figure 7.11, the emission intensity of the CdS
nanoparticles in both the gels decreased with time, together with a slight red shift in
emission maximum.
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Figure 7.11. Time dependent fluorescence emission spectrum of CdS nanoparticles formed within (a)
Cd-T gel and (b) Cd-U gel.

To understand the mechanism of the decrease in emission intensity of CdS
quantum dots within the gels, time dependent TEM studies were performed. From the
TEM studies, it was very evident that with time, the initially formed quantum dots
agglomerated to give larger particles. For the Cd-T gel, it was observed that initially
tiny nanoparticles having an average size of 0.9 + 0.2 nm (figure 7.12a) were observed
(at 30 mins). Within 24 hours, these molecules aggregated to form larger particles
having an average diameter of 3.3 + 0.7 nm (figure 7.12b). The TEM image recorded
after three days (figure 7.12c) showed even larger particles having an average size of
6.0 £ 1.0 nm. Similar increase in the sizes of the CdS nanoparticles with time was
observed in case of Cd-U hydrogel (figures 7.12d, e and f). This agglomeration of the
particles leading to the formation of larger aggregates might be the reason for the
decrease in the emission intensity of the nanoparticles together with a slight shift

towards the red region.
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Z

2{ d,,= 3.3+0.7 nm

Figure 7.12. Time dependent TEM studies for the growth of CdS nanoparticles within (a, b, ¢) Cd-T gel
and (d, e, f) Cd-U gel. (a, d) after 30 minutes, (b, e) after 1 day and (c, f) after 3 days.

7.3 Conclusions

In conclusion, the coordination capability of two nucleobases, thymine and
uracil have been exploited for the generation of coordination polymer hydrogels upon
their interaction with Cd®" ions under basic conditions. The gels consisted of crystalline
nanofibers and showed good elastic behavior. The gelation process is rapid and takes
place without the aid of external forces such as heating/cooling or sonication. The
formation of cadmium based metallogel has also been observed for a mixture of
thymine and cytosine. Further, the nucleobases have been used as nanoreactors for the
growth of CdS quantum dots. The formation of the quantum dots takes place within the
gel and does not require any external capping agent. However, the quantum dots are not
very stable and tend to agglomerate with time. Studies are being performed to optimize
the reaction conditions, such that the growth of the quantum dots within the gel can be
controlled. Such a quantum dot incorporated gel holds promise for use as visible light

photocatalysts for various important reactions such as photocatalytic water splitting.

222



Chapter 7

This method can be extended towards the development of other semiconducting
nanoparticle (CdSe, CdTe etc.) hydrogel composite, by using appropriate metal salts.
Further, the coordination of toxic metals such as cadmium to biologically important
molecules such as nucleobases can largely reduce the toxicity of the metal ions in the
hybrid materials, although detailed studies are required in this field.

7.4 Experimental Section
7.4.1 Materials

Adenine, guanine, cytosine, thymine, uracil were purchased from Aldrich
chemicals. Cadmium nitrate terahydrate, cadmium chloride, cadmium acetate, sodium
hydroxide, sodium sulfide and nitric acid were purchased from Merck, India. All the
chemicals were of analytical grade and were used without any purification. Milli Q

water was used throughout the experiments.

7.4.2 Instrumentation

Transmission electron microscopy (TEM) images were recorded with a Technai
G? 20 Ultra-Twin microscope and Jeol JEM 2100 microscope at an accelerating voltage
of 200 kV. Field emission scanning electron microscopy images were recorded on a
Carl Zeiss Supra 55 instrument after gold coating. Rheological measurements were
performed using an Anton Paar Physica MCR 301 rheometer with parallel plate
geometry (diameter 50 mm). Powder X-ray diffraction spectra (XRD) of the freeze
dried gels were recorded on a Rigaku Smartlab, Automated Multipurpose X-ray
diffractometer with Cu Ka source (wavelength of X- rays was 0.154 nm). FTIR spectra
were recorded in KBr pellet using Bruker Tensor 27 instrument. Thermogravimetric
analysis was done using a Mettler Toledo instrument. Emission spectra were recorded

using a fluoromax-4p fluorometer from Horiba (Model: FM-100).

7.4.3 Synthesis of Cd-thymine and Cd-uracil hydrogels

A stock solution of the two nucleobases (0.2 M) was first prepared by
addition of solid NaOH in parts under sonication, until a clear solution was
obtained. Another stock solution of Cd(NO3), (0.2 M) was prepared by dissolving

the metal salt in water.
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In a typical synthesis, to 1.0 mL of the as prepared nucleobase solution
taken in a tube, 1.0 mL of the Cd(NO3), solution was added, which resulted in the
immediate formation of opaque, self-standing hydrogels.

7.4.4 Electron microscopy studies

The samples for both TEM and FESEM were prepared by diluting the gel
samples in water. A small amount of the gel was taken in an eppendorf tube and
after addition of water the gel was crushed using a micropestle and was drop
casted on a carbon coated copper grid (for TEM) and glass slides (for FESEM),
followed by room temperature drying.

7.4.5 Rheological studies

Rheological investigations were performed using parallel plate geometry
of diameter 50 mm. For the measurements, both the hydrogels were first
prepared, and then a piece of the gel was placed on the plate of the rheometer
using a microspatula. The temperature was maintained at 25 °C using an
integrated temperature controller from Julabo. Dynamic strain sweep experiments
were performed using a constant frequency of 10 rad s™. The dynamic frequency
sweep of both the hydrogels was measured as function of frequency in the range

of 0.05-100 rad s* with constant strain value 1%.

7.4.6 Formation of gel in the mixture of thymine and uracil

In a tube 0.5 mL of both thymine and uracil (0.2 M each) were taken and
mixed properly by vortexing. To this mixed solution, 1.0 mL of the Cd(NO3),

was added which resulted in the immediate formation of an opaque gel.

7.4.7 Synthesis of CdS quantum dots within the gel

In a typical synthesis, to 1.0 mL of thymine or uracil (0.2 M) taken in a
tube, 0.1 mL of Na,S (0.1 M) was added, followed by the addition of 1.0 mL of

Cd(NO3),, which immediately led to the formation of a yellow colored gel.
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Chapter 8

Conclusions and Scope for Future Works

8.1 Conclusions

Development of Hybrid organic-inorganic functional nanoscale materials has
been an research area with tremendous focus as the synergy of inorganic and organic
components leads to enhanced stability as well as desirable physico-chemical properties
for wide range of applications ranging from catalysis, opto-electronic devices,
biomedical applications, tissue engineering and so on. One important parameter that
controls the properties and applications of functional materials is their size and shape.
Therefore, the synthesis of functional materials with precise size and controlled
morphology has gained immense significance. Of the various available pathways for the
generation of hybrid functional materials with defined size and shape, the biomolecule
assisted pathway has gained significant interest because biomolecules can not only
provide a green and benign pathway for the generation of these functional materials, but
can also direct the final structure of the resulting materials due to their intrinsic self-
assembling properties.

In this thesis, we have demonstrated the ability of biomolecules for the
generation of two classes of hybrid functional nanoscale materials, (i) metallic
nanoparticles and (ii) coordination polymer hydrogels. A detailed mechanistic insight
into the formation of metallic nanoparticles by enzymes has been provided.
Additionally, the natural activity alone or the natural activity of the enzyme has been
coupled together with its reduction capability for the generation of functional hybrid
materials such as Au nanoparticle-conducting polymer nanocomposite and Au
nanoparticle-ZnO core-shell nanostructures. Further, the several available coordination
sites of nucleobases (chief component of DNA and RNA) have been taken advantage of
for the generation of functional coordination polymer hydrogels by coordination to
transition metal ions, with a potential to act as effective antimicrobial agents and

photocatalysts.
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In chapter 2 the ability of glucose oxidase, a flavo protein to function as both
reducing as well as stabilizing agent for the synthesis of Au nanoparticles under
physiological conditions has been demonstrated. The synthesized Au nanoparticles
could be used as effective catalyst for the reduction of p-nitrophenol. However, the
involvement of glucose oxidase in the reduction of the metal salt led to conformational
changes in the structure of the enzyme, resulting in the loss of activity of the enzyme.
Nevertheless, the natural activity of the native enzyme could then be taken advantage of
for the room temperature generation of technologically relevant Au nanoparticle-
polyaniline conducting nanocomposite at room temperature.

In chapter 3, the reducing ability of another enzyme, urease for the generation of
monometallic as well as alloy nanoparticles have been established. The activity of the
enzyme after the synthesis of nanoparticles was partially inhibited due to
conformational changes in the native structure of the enzyme. Nevertheless, the
reducing ability of urease could be coupled with its natural activity (partially inhibited)
for the room temperature generation of hybrid materials such as Au@ZnO core-shell
nanostructures.

In chapter 4, it has been demonstrated that the thickness of stabilizing layer on
the nanoparticles plays a crucial role in deciding the catalytic activity of the
nanoparticles, in addition to their size and shape. Simple variation in the pH of the
reaction medium or the concentration of the enzyme using pepsin as a reducing and
stabilizing agent led to the synthesis of nanoparticles with different sizes and shapes.
These nanostructures could be used as catalysts for the reduction reactions. The
reduction of smaller substrates such as p-nitrophenol was independent of the
concentration of the enzyme used and was solely dependent on the size and shape of the
nanoparticles. However, the reduction of relatively larger substrates such as resazurin
was controlled by the concentration of the stabilizing layer (pepsin) on the
nanoparticles, and nanoparticles having a denser layer of pepsin were found to be the
weakest catalyst.

In chapter 5, the numerous binding sites offered by the five nucleobases for the
generation of coordination polymer hydrogels under different conditions upon their
interaction with Ag”® ions have been exploited for the first time. While under basic
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conditions adenine, cytosine, thymine and uracil interacted with Ag® ions at
physiological conditions to yield stable hydrogels, guanine resulted in the formation of
a precipitate. On the other hand, under acidic conditions the addition of Ag® ions to
guanine resulted in the formation of hydrogel, whereas with adenine a precipitate was
observed and the other three nucleobases resulted in clear solutions. Again under basic
conditions the nucleobases cytosine, thymine and uracil could reduce Ag” ions for the in
situ generation of Ag nanoparticles decorated along the fibers of the hydrogels, leading
to the formation of hybrid metal nanoparticle-hydrogel composite. Further, the Ag-
nucleobase hydrogels could be used as effective antimicrobial agents against both gram
positive as well as gram negative microbes.

In chapter 6, the self assembly of cytosine and guanine under the influence of
Zn** ions, leading to the formation of metallogels at room temperature has been
reported. Additionally, the changes on the morphology and structure of materials upon
the changes in the composition have been shown. The use of a mixture of cytosine and
guanine as ligands afforded coordination polymer particles with flower like
morphology. All these three materials, due to their semiconducting nature could be used
as photocatalysts for the degradation of organic pollutant dyes such as methyl orange
and methylene blue.

Chapter 7 is an attempt to synthesize semiconducting nanoparticles such as CdS
within the gel matrix such that the nanoparticles are decorated along the fibers of the
hydrogel. The ability of thymine and uracil for the generation of metallogels using Cd*
ions as metal ions was first exploited. The addition of Na,S to the nucleobase solution
followed by the addition of Cd** ions resulted in the formation of CdS incorporated
hydrogels. The CdS nanoparticles, however tend to agglomerate as observed from the
time dependent fluorescence and TEM studies.

8.2 Scope for future works

The use of biological molecules for the generation of hybrid functional materials
such as metallic nanoparticles and coordination polymer hydrogels is important because
biomolecules feature rich functional group chemistry due to which metal ions can easily
be reduced or can bind to the biomolecules. Further, biomolecules provide a green and
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environmentally benign pathway for the fabrication of functional materials, thus
considerably reducing the energy requirements involved in manufacturing processes.
The use of enzymes as reducing as well as stabilizing agents for the synthesis of
metallic nanoparticles is important to understand the effect of covalent attachment of
enzymes onto the nanoparticle surface on the natural activity of the former. Also the
reducing ability of the enzyme could be coupled with its natural activity to generate
technologically relevant hybrid materials in a greener pathway alternative to the current
environmentally harsh and energy exhaustive processes. Further, the use of enzymes for
the synthesis of metallic nanoparticles will give a mechanistic intimation towards the
capability of microorganisms such as fungus, virus and bacteria in synthesizing
nanoparticles. Also, the immobilization and growth of these nanoparticle-enzyme
composites on various substrates will afford opportunities for the development of
technologically pertinent systems. Additionally, the possibility of formation of
coordination polymer hydrogels generated from the interaction of metal ions with low
molecular weight biomolecules such as nucleobases are expected to offer a new
pathway towards the generation of spontaneous, low-cost and highly efficient systems
for various applications. Although we have demonstrated only a very few applications
of these hydrogels such as antibacterial, photocatalytic and in situ generation of
semiconducting nanoparticles, the application potential can be exploited to several areas
of research including organocatalysis, drug and gene delivery, bio-sensing, bio-labelling
and tissue engineering applications. It is well-reported that immobilizing functional
biomolecules such as proteins, enzymes and DNA inside such coordination polymer
matrices enhances the robustness as well as their functionality for their uses in chemical
processing, pharmaceuticals and biostorage. These coordination polymer hydrogels
might give rise to new possibilities of exploitation of biomacromolecules through rapid,
low-cost biomimetic mineralization process. The development of these dynamic hybrid
systems taking advantage of the metal ion’s coordination, the orientation and
functionality of the polydentate biomolecules and directed self-assembly are expected

to induce rational design of practical systems for various applications.
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