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SYNOPSIS

Nanoparticles have offered extensive scope of research in last few decades to play
with their unique physicochemical properties as a function of size, shape,
composition and crystallization. Among them, anisotropic noble metal nanoparticles
show promising applications in technological (e.g., photonics, electronics, imaging,
sensing, etc.)}* as well as medicinal (e.g. as photothermal agents, contrasting agents,
drug delivery carriers, in theranostics, etc.)> fields. Multidirectional application of
nanomaterials stem from their unusual optical, mechanical, electrical and magnetic
properties® along with their photo-chemical stability, negligible toxicity, easy
synthesis, and standard protocol of surface modification.®!® However, origin of
anisotropy depends on several factors that vary from one system to other and thus
requires thorough understanding and systematic study'~*3, The present treatise deals
with designing anisotropic nanomaterials that can execute desired functions. It
records the strategies that we have formulated for bottom-up synthesis of such
materials, plausible explanation for their growth based on experimental results, and
their use in fabrication, sensing and biomedical applications. With controlled tuning
of aspect ratio of anisotropic nanostructures, it is possible to alter their properties as
required and that is the underlying principle we followed throughout the study.

The First Chapter of the thesis introduces the nanomaterials from a chemist’s
point of view. Nanoscale, nanomaterials, their properties, uniqueness of noble metal
nanomaterials, classification, synthetic strategies, methods of characterization, and
some selected applications relevant to the study are discussed in this chapter by

emphasizing the context of anisotropic noble metal nanoparticles.



The Second Chapter briefs information about the methodologies,
instrumentation and precursors that are necessary for fabrication. Details of the
characterization tools, instruments, specific techniques routinely practiced for sample
preparation, any special measures taken during nanoscale synthesis and specification
of the chemicals have been listed and elaborated in this section. Some of the factors
that are unimportant in the bulk synthesis but are responsible for different issues like
non-reproducibility, polydispersity, low yield, etc. in case of nanomaterial synthesis,
are also mentioned here. With this, we move to the specific case studies on
anisotropic noble metal synthesis and their applications in the following chapters.

Polyol synthesis method is a well-studied method where the polyol works as
the solvent as well as the reducing agent depending on the reaction temperature to
give rise to high-yield metallic nanomaterials®*. It was noticed that the use of sodium
sulfide leads to the formation of silver nanocubes whereas the use of sodium halides
(NaCl, NaBr) produces silver nanowires (AgNWSs) other reaction parameters
remaining constant. Also, with increasing the amount of these halides the length of
the synthesized wires could be tuned from ~500 nm to 60 um. A plausible
explanation based on real-time experimental observation has been put forward to
explain how aspect ratio can be tuned as a function of the type and concentration of
common salts (e.g., NaCl, NaBr, Nal, etc.). Here Pentagonal Faceted Pyramidal
Tipped (PFPT) AgNWs are synthesized and the growth mechanism has been
understood largely by considering the combined effects of (i) solubility product of the
in situ generated silver halides, (ii) binding affinity of the added halides at the {111}
facets on the growing front, and (iii) the free energy associated with the

crystallographic planes (obtained from HRTEM study). The course of development of



these pentagonal faceted wires from seeds has been investigated by freezing the
intermediate-nanostructure in every step as the color of the mother solution changes.
We have altered the blocking agents in the medium as AgF, AgCl, AgBr, and Agl by
introducing NaF, NaCl, NaBr, and Nal respectively as the common salt to check the
effect of the solubility product of the Ag-halides at the reaction temperature on the
growth dynamics. Galvanic replacement reaction under two different conditions, i) in
ethylene glycol at room temperature and ii) in boiling water, elucidated that the
former procedure generates spiky and uneven leaching whereas the latter gave
uniformly leached smooth nanotubes. Network structure of cross-linked AgNWs was
achieved when dithiothreitol (HS—CH>—CH(OH)-CH(OH)-CH>-SH) was used as the
tethering agent in the reaction mixture. The synthesized AgNWSs show aspect ratio
dependent Raman activity by using 4-mercaptobenzoic acid (4-MBA) as the Raman
tag. Obtained Raman signal from surface adsorbed 4-MBA is completely quenched
when we add 102 M Hg?* into the nanocomposite solution due to the preferential
binding of Hg?* on the pyramidal tip of the silver-nanowire [i.e., {111} facet] and
thereby dissolving the nanowire to reduce the active SERS surface area to its
minimum level. Though at higher concentration other metal ions (Pb?*, Cu?*, As**,
and Cr3") show considerable interference, below 50 ppb the Hg?* shows selective
Raman quenching. Controlled leaching of the nanowires offers the best-possible
Raman platform for the ultrasensitive detection of Hg?* contamination from ground
water. The detection limit of Hg?* by using our AgNW assay is up to 50 ppt, which is
40 times lower in concentration than the EPA (Environmental Protection Agency,
USA) approved upper limit of Hg?" in drinking water. The Third Chapter, therefore,

addresses the mechanism of AgNW formation, their salt-induced aspect ratio



variation and the application of AgNWs composite in SERS-based ppt level detection
of Hg*".

In the Fourth Chapter | have described the construction of decoupled in-plane
dipole resonance modulated colorimetric assay-based optical ruler for ultra-trace gold
(Au) detection. Decoupling of different plasmon resonance modes (in-plane, and out-
of-plane dipole and quadrupole resonances) by tuning nanoparticle’s size and shape
offers a new field of plasmonics as colorimetric assay-based optical-ruler for ultra-
trace sensing. Driven by its low cost, easy to perform and efficient way to measure
trace level (up to 30 ppt in presence of common mining elements in natural gold ore)
abundance, this study develops a highly selective and ultrasensitive turn-on
colorimetric sensor to detect gold-ion from environmental samples. Different level of
gold-ion tracer makes size variable spherical- and disc-shaped silver nanoparticles
when added to a ‘growth solution’ which results decoupling of in-plane dipole
resonance from in-plane quadrupole and out-of-plane dipole resonances with a wide
range of in-plane dipole plasmon tunability to generate different colors. This color-
coded sensing of gold-ion shows high selectivity and ultrasensitivity over other metal
ions in the ppt level with an impurity aberration limit of 1ppm. A plausible
explanation elucidates the possible role of catalytic gold-ion to initiate unfavorable
silver ion (Ag*) reduction by ascorbic acid to generate silver nanoparticles. Proposed
technology has been applied in real mining sample (Bugunda Gold Deposit,
Tajikistan) to detect gold concentration from ores to find potential application in
mining technology. By considering low cost, non-toxicity, and simplicity to perform a

sensing experiment, our turn-on colorimetric sensor offers a robust analytical assay



for accurate gold (Au) concentration measurement suitable for field applications both
in mining industry as well as in forensic science.

In the Fifth Chapter we have introduced a highly anisotropic gold nanoparticle
(GNP) resembling ‘Hedgehog’. Though the literature is rich in reports producing
branched nanostructures, the inherent toxicity of the commonly used surfactants®
[e.g., Cetyltrimethylammoniumbromide (CTAB), Cetyltrimethylammoniumchloride
(CTAB), etc.] makes their applicability limited. In this study, we have demonstrated a
one-pot synthetic strategy that does not require seed or surfactant. Instead, the
anisotropy can be controlled simply by the variation of salt (NaCl) concentration and
the whole reaction takes place in water medium and at room temperature. Here
trisodium citrate (TSC) is employed as a particle stabilizing agent and ascorbic acid
(AA) as mild reducing agent. In the presence of AgNOs, AgCl is formed in situ which
is insoluble at reaction temperature and is deposited preferentially onto specific high-
energy-crystal facets over the others. This has been considered as the driving force for
efficient facet blocking condition to generate highly anisotropic ‘Hedgehog gold
nanoparticles’, HHogGNPs, with sharp spikes. With the increase in NaCl
concentration in the medium, production of insoluble AgCl becomes more, which is
induced by common ion effect imparted by CI" following Le Chatelier’s principle. To
track the effect of Cl- concentration on the nanostructures in course of growth,
different structural parameters have been accounted. Synthesized HHogGNPs show
broad-band plasmon tunability which covers the physiological NIR window and huge
surface enhanced Raman scattering (SERS) efficiency. A plausible explanation has
been put forward to explain their highly anisotropic nature and superlative SERS

activity as a function of ‘common ion’ concentration in the mother solution.



Theoretical calculation using Discrete Dipole Approximation for scattering
(DDSCAT) has been used to understand the plasmonic and scattering properties of
HHogGNPs as a function of their tip size. To the best of our knowledge this is the
first report where we successfully used the Le Chatelier's principle to generate highly
anisotropic nanomaterials with regulated exposed surface area, variable tip curvature,
and improved aspect ratio without employing any templating ligand or seed. MTT-
based dark-toxicity test with RAW 264.7 mouse macrophage cell lines show that
these HHogGNPs are nontoxic in the absence of light. So, these are the substrates
showing excellent plasmonic tunability and strong SERS signal, easy to synthesize
and tunable with respect to size, biocompatible in dark, stable in high salt
environment and optimum pH mimicking physiological condition to show all the
positive characteristics to be a potential candidate for theranostic application.

The Sixth Chapter focuses on the biomedical application of previously
synthesized (Chapter 5) HHogGNPs, their modification, experimental results in the
direction of theranostics, possibilities and limitations. It is known that high salt
concentration is responsible for aggregation of nanoparticles both in vivo and in vitro.
Therefore, stabilization and retention in physiological saline condition is highly
desirable for intravenous treatment of any nanoparticle. Aggregation directly affects
the size, shape, optical properties and stability of the particles. As already mentioned
in the previous chapter, the synthesized HHogGNPs are stable at high salt condition
but for applying in nanomedicine their structures need to be intact throughout
circulation in the body saline. In other words, they must have longer retention time.
For this, we have modified the dispersion of our HHogGNPs without altering the

nano-surface by introducing a low-dose high-molecular mass polymer in the system.



Dispersed HHogGNPs experience a depletion of London attraction force and they do
not allow any ion to come within the excluded volume zone. Thus the charge induced
aggregation is inhibited. Formulated depletion stabilized HHogGNPs show enhanced
stability against broad-band pH change, hyperthermic treatment, photochemical
excitation, and mechanical disturbance in the form of ultrasonic wave to qualify as a
robust candidate for theranostic application. In addition, depletion stabilized
HHogGNPs shows negligible toxicity in absence of light and they still produce
substantial SERS signal. To estimate the extent of local heat generation by the
HHogGNPs we have adopted an analytical calculation by considering Coulomb
potential outside the particle under uniform-temperature approximation. Application
of these depletion stabilized HHogGNPs on HCT-116 colon carcinoma cells followed
by photoexcitation in the biological window under physiological condition causes
considerable local cell death. The type of cell death (necrotic or apoptotic) and the
selectivity in terms of cell specificity, however, are under investigation to confirm
their applicability.

We have then moved towards making ordered assembly of nanoparticles. In
the Seventh Chapter, the synthesis, TEM and SAX-based characterization of 2D and
3D plasmonic superlattice applicable in photoelectric devices are described. Periodic
assembly of nanoscale building blocks is an ideal system to explore novel chemical
and physical properties arising out of the interactions between the constituent
particles. In a way, they offer a pathway to fundamental research finding similarity
with atoms tailored to nanomaterials. More importantly, they find applications in the
storage of mass and energy and also in optical devices. Regularity in shape and size

of nanoparticles (NPs) is a prerequisite for their arrangement on a Bravais lattice



termed as ‘Superlattice’. Following digestive ripening method, it is possible to
synthesize highly monodisperse NPs of very narrow size distributions (¢ < 5%). We
have followed a two-step growth method to achieve low dimensional (5-10 nm) gold
nanoparticles in organic medium and allowed them to self-assemble that eventually
leads to two-dimensional (2D) array to three-dimensional (3D) superlattices if
controlled with time. AuNPs of each step are analyzed by transmission electron
microscopy (TEM) and UV-visible Spectroscopy, SAXS measurements to evaluate
the mode of aggregation in dried and colloidal bulk phases, respectively. We have
tracked the growth of superlattice formation with time by measuring the X-ray
diffraction (XRD) patterns. Currently we are designing a temperature variable
GISAXS measurement mount that can be useful for tracking the crystal growth with
temperature alteration and to determine the reversibility of superlattice formation.
Last section of this chapter briefs the progress of our investigation to investigate the
origin and control of anisotropy in the course of solution phase growth for different
noble metal nanostructures and their application in fabrication, optics, SERS-based-
assays, sensing, therapy, diagnosis, pathogen killing, etc. If the silver nanowires are
considered as one-dimensional nanostructure (due to very high aspect ratio), silver
nanodiscs as two-dimensional nanostructure and hedgehog gold nanoparticle as a
three-dimensional nanostructure, then the study records how the growth of
anisotropic nanomaterials of different dimension is controlled by reaction parameters
and how this anisotropy affects their physical and chemical properties. The
conclusions of all the preceding chapters have been summarized here. The challenges
towards attaining a regular assembly of nanoscopic units and its utility have been

emphasized in more details as a future direction of my research. This chapter finally



ends up with few more unresolved queries where there is scope for further

investigation.
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1.1 Introduction

The smallest chemical entity of any matter is known as atom. When more than one
atom combines together, they form a molecule with specific molecular properties
generally different from individual atoms. Atom has its dimensions in Angstrom (A or
10%% m) order. Chemists have discovered the properties of atoms and molecules
elaborately. The dimension they focus is, therefore, below 1 nm. On the other hand,
condensed matter physicists look upon infinite arrays of bound atoms beyond
submicron range eventually forming a bulk material. The regime falling in between,
dealing with particles of 1 nm-100 nm, represents a collection of a few (about 10 to
10%) atoms or molecules per particle’®, and can be considered to be a link between
atoms and the bulk. Neither the laws of quantum chemistry, nor those of surface
physics can explain all the properties independently.

Among strongly bonded atoms, delocalization of electrons can take place. The extent
of delocalization can vary with the size and shape of the system, which again depends
on the size of the constituent atoms and their electronic configuration. Thus for
different structures of same or different combination of elements, new physical and
chemical properties are expected to evolve. In reality, indeed it has been observed that
these materials possess many unique properties which are absent in case of an
individual atom as well as in case of the bulk and are tunable as a function of their size
and shape. Controlling several factors, they can be further fabricated for performing
desired functions. This is why extensive amount of research work concentric to
nanoscale has flourished in the last few decades. Nanomaterials are typically defined

as materials having at least one external dimension in the range between 1 nm to 100
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nm*’. However, along with its expansion appearance of several subdivisions have
been introduced with specified terminologies'®. For example,

(1) A “Cluster’ is a collection of up to about 50 units of atoms or molecules. Cluster
compounds are stable, isolable and soluble moieties surrounded by ligand shell.

(2) “Colloid’ is a stable liquid phase composed of 1-1000 nm (1 pum) sized particles
each of which are known as ‘Colloidal’ particles.

(3) ‘Nanoparticles’, similar to ‘Nanomaterials’, are characterized to have dimensions
in the nanometer range, e.g. 1-1000 nm. They are solid particles, may be
noncrystalline, a single crystallite or an aggregate of crystallites'®.

(4) ‘Nanocrystal’ refers to a solid particle that is a single crystal in the nanometer
regime.

(5) ‘Nanostructured or Nanophase or Nanoscale materials’ are any solid material
having at least one dimension in nanometer range. If the material has all three
dimensions in nanometer range, it is a 3D nanoparticle e.g. nanocube, nanoflower,
nanosphere, etc, if it has two nano-dimensions, it is a 2D nanoparticle e.g., nanoplate,
nanofilm, etc and with only one active nano-dimension, it is a 1D nanoparticle e.g.,
nanowire, nanofibre, etc.

(6) ‘Quantum dot’ is a particle showing a size quantization effect in at least one
dimension.

The current treatise deals with developing methodologies to produce nanomaterials
with specific features designed for different applications. To get the essence of its aim
and scope, it is necessary to first introduce the unique nanoscale properties along with

the factors they are likely to stem from.
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1.2 Characteristics of Nanoscale Materials

1.2.1 High values of Dispersion and Surface to Volume ratio

When a material is subdivided into parts, the cumulative surface area of these parts is
larger than that of the matter. Also the ratio of the number of atoms exposed at the
surface to those in the bulk increases as the size of the material decreases. This ratio of
number of atoms at the surface to total number of atoms present in the particle is
called ‘Dispersion’, F. If we consider full shell clusters, they are majorly built up by
hexagonal close-packed (hcp) or cubic close-packed (ccp) structures (Figure 1.1A)
where the coordination number of the central atom of an unit cell is 128, In contrary,

atoms lying at a face reduce their coordination number to 9 or less depending on their

locations (2D-plane, edge or corner and also which face) (Figurel.1B).

A

hcp

fec

B Side View

Top View

Bulk Atom

Face Atom

2D-Plane Atom

Figure 1.1: (A) Two forms of close-packing of spheres, hexagonal close-packed (hcp)
or face-centered cubic (fcc) with exploded view of the lattices, showing that hcp

involves alternating layer patterns a and b, while fcc comprises triplets of layer
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patterns a and b, while fcc comprises triplets of layer patterns, a, b, and a’, where a’ is
a 180° horizontal rotation of a. (B) Schematic view of atoms constructing an fcc lattice
where the central atom represents a bulk atom which is coordinatively saturated with
12 surrounding atoms. In comparison, if we consider an atom lying at faces has

coordination number 9 and that reduces to 6 for a 2D-plane atom and so on.

Thus the smallest crystal is made of 13 atoms with the central atom is surrounded by
12 atoms which gives, F = (12/13) x 100% = 92%. The fraction F scales with
surface area divided by volume, i.e. 'surface to volume ratio', S/V. For a spherical
particle of radius R, S/V is inversely proportional to R [S/V = 4mR2/(4nR3/3) =
3/R]. With higher S/V ratio, the relative number of atoms exposed over the surface
with respect to the bulk increases and the surface energy of the nanoparticle also
increases. As a result the nanoparticles become more reactive and many other surface-
related properties are altered. For example, application of nanomaterials for pollution
control8, fabrication of highly efficient catalytic materials'® or tailored materials for
drug delivery?.

1.2.2 Melting Point Depression

The atoms lying at the surface are coordinatively unsaturated. Being a part of the rigid
bond structure in the solid phase, they are under strain due to this unsaturation. A
phase transition to liquid helps in releasing this strain. In liquids, the surface atoms are
in dynamic equilibrium. They are allowed to move and exchange positions to
minimize the surface area and energy. The overall surface energy is thus reduced by
melting. Smaller the size of the solid (nanocrystal), number of surface atoms is more,
the contribution made by the surface energy to the overall energy of the system is then
larger. Therefore the crystal is more prone to melt for surface stabilization. Again, the

bonds shared by surface atoms are more dangling in nature due to unsaturation. So, it
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IS easier to disrupt them first to initiate melting at lower temperature and this is the
reason melting starts from the surface. In other words, there is a depression in melting
point with decrease in particle size, and for particles with dimension below 3-4 nm?®,

there is a dramatic fall as shown in Figure 1.2.
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Figure 1.2: Relation between particle size and melting point of gold particles
synthesized by the condensation of gold vapor on a thin amorphous carbon film
mounted on a gold mesh of the type used for electron microscopy?!(adapted with

permission from ref.16, copyright 2001Wiley-Interscience),

1.2.3 Lattice parameters

Size-dependent lattice expansion is observed for nanoparticles of many ionic
compounds, including metal oxides, while lattice contraction prevails for pure
metals?2. The increase in the surface energy by lattice expansion induces a stress that
alters the lattice parameters by elastic contraction. Vermaak et al.?>?* have explained
the reduction of lattice parameter in terms of the surface stress caused by the reduction
in the particle dimension. Qi et al.?>?% have introduced a shape factor to their previous

spherical model of nanoparticles to calculate the lattice parameter of metal
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nanoparticles based on the shape dependence by considering a minimized sum of the
surface energy and the elasticity energy. Lattice surface energy itself plays a
determining role on the direction of growth for a nanostructure.

1.2.4 Catalysis

Many properties those are significantly different or even absent in the bulk, arise in
nano-regime, e.g. gold is no more noble at nano-dimension and can act as an excellent
catalyst for the oxidation of carbon monoxide?”?. In general, nanoparticles serve as
good catalysts having high surface area, lower work function, and unique electronic
structure both for homogenous catalysis in solution or heterogeneous catalysis on a
solid support. Along with these, if they possess mismatched facet boundaries and
defect sites with additional strain, then they are more apt to adsorb reactant molecules
to reduce their surface energy and in that way indirectly helps in catalysis®®. This is
one of the reasons for the application of bi- and multi-metallic nanoparticles as
attractive catalytic material in this field3%3!, The other two factors attributed for the
enhanced performance of a bimetallic catalytic material over each monometallic
counterparts are ensemble (structural) effects and electronic (ligand) effects®. Again,
while adsorption, the reactant molecules may be adsorbed either on to the surface of
the nanoparticle by surfactant-reactant electrostatic interaction or to the core of the
nanoparticle by metal-reactant covalent bonding (like, Au-S bonding by click
chemistry). To do so, shape of the particle, accessibility (surfactant free surface) and
surface energy of different active facets, surface charge as well as size of the particle
are few most important factors among several others which we will describe in details

during discussion.
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1.2.5 Color and Localized Surface Plasmon Resonance

It is now well known that unlike bulk materials, nanomaterials show a dramatic
variation in properties as they change in size, shape, and surface chemistry. Out of
several different properties the most prominent and interesting one for noble metal
nanomaterials is their spectroscopic and colorimetric property. For example, bulk
noble metals are glossy and reflective with a fixed color to find heavy applications in
jewelry, on the nanoscale same metals exhibit the ability to confine and guide light,
results these materials to appear with different beautiful and vibrant colours®,
Magnificent optical property of noble metal nanomaterials bears their signature in
Lycurgus Cup (a 4™ century Roman glass cup made of a dichroic glass) which
contains both gold and silver nanoparticles and transmit vibrant ruby red and reflects
emerald green light®* or the creation of Medieval time stained glass window in
cathedrals®. The striking appearance of noble metal nanoparticles originates from the
extraordinarily efficient interaction between nanoscale metal particles and incident
light, termed as the localized surface Plasmon resonance (LSPR)®.

When a small spherical metallic nanoparticle is irradiated by light, the oscillating
electric field causes the conduction electrons to oscillate coherently. This is
schematically pictured in Figure 1.3. When the electron cloud is displaced relative to

the nuclei, a restoring force arises from Coulomb attraction between electrons and
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nuclei that results in oscillation of the electron cloud relative to the nuclear framework.

Electric field

+++
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Figure 1.3: Schematic illustration of Localized Surface Plasmon Resonance upon
irradiating a metallic nanoparticle (adapted with permission from ref. 37, copyright
2015 The Royal Society of Chemistry).

Coherent collective oscillations of the conduction electrons (quantized plasma
oscillation) against the background of ionic metal core are called Surface Plasmons
Resonance. This oscillation frequency is determined by four factors: the density of
electrons, the effective electron mass, and the shape and size of the charge distribution.
The collective oscillation of the electrons is called the dipole Plasmon resonance of
the particle (sometimes denoted “dipole particle plasmon resonance” to distinguish
from plasmon excitation that can occur in bulk metal or metal surfaces). Higher modes
of plasmon excitation can occur, such as the quadrupole mode (or even hexapole and
octupole) where half of the electron cloud moves parallel to the applied field and half

moves antiparallel®® (Figure 1.4).
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Figure 1.4: Distribution of electron cloud under different probable modes of plasmon

excitation.

Since the density of electrons and the effective electron mass depends on the atomic
property of the material and hence indirectly on the composition of the materials,
similar sized and shaped nanoparticles made from different metals (for metallic
particles) shows different plasmon signature. On the other hand the shape and size of
the charge distribution depend on the structural properties of the tailored material as a
whole and hence a change in size and shape of the nanoparticle leads them to absorb
at different wavelengths and show different colors as complementary wavelength. In
fact, the optical properties of the nanoparticles are most explored as they show size,
shape and composition dependent variation of absorption in the vis-NIR range. Most
of the typical metallic properties arise from the fact that the electrons in the metal are
free to travel through the material. The mean free path for the d-electrons in gold and
silver is ~50 nmd, therefore in particles smaller than this, no scattering should be
observed from the bulk and all interactions are expected to be with the surface only. In
principle, when the wavelength of light is much larger than the size of the nanopatrticle,
it can set up a standing resonance conditions (oscillation of particle electron density in
resonance with the frequency of the incident light by considering the frozen particle
motion compared to the electromagnetic wave) with the surface plasmon oscillation of

the nanoparticle with a measurable broadening defined as Plasmon band.
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Since the resonance condition depends on the profile of electron distribution, observed
Plasmon band can offer an idea about their physical appearance or shape. For example,
a nanosphere has only a single mode of Plasmon oscillation (Figure 1.5A) whereas a
nanorod has two different modes of plasmon oscillation, one along its length, which is
called the Longitudinal mode and another along the diameter which is the Transverse
mode (Figurel.5B). Both the longitudinal and transverse Plasmon mode peak position
heavily depends on the resultant aspect ratio (AR) of the nanoparticle where AR can

be mathematically defined as:

AR = ( Length of the material of any specific feature of the material ) (1 l)
~ \Diameter of the material of that specific feature of the material )
A B
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Figure 1.5: The mode(s) of surface plasmon resonance in case of (A) a metallic
nanosphere and (B) a metallic nanorod.

As the shape and size of the nanoparticles changes, the change in surface geometry
causes a shift in the electric field density over the surface. This leads to a change in
the oscillation frequency of the electrons, generating different cross-sections for the
optical properties including absorption and scattering. The oscillation frequency is
usually in the visible region for gold, silver and copper giving rise to the strong

surface plasmon resonance.
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1.2.6. Electronic Properties

It is well known that the electrical conductivity of a solid is determined by its
electronic structure. An important threshold of electrical conductance is reached when
the gap between the highest occupied and the lowest unoccupied state (called the

Kubo gap, 6) equals thermal energy KT (Figure 1.6).

macroscopic ¢—————— MEes0SCopiC ¢——————P Mmicroscopic
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Figure 1.6: Change of the Kubo gap & with respect to kT and the density of states as
the size i.e. number of atoms constituting a system decreases (from left to right)
(adapted with permission from ref.38, Copyright 2006 Royal Society of Chemistry).

Generally in solids, the valence band is completely filled by electrons and separated
from the empty conduction band with the energy gap of Eg (band gap). For metals,
since 6=0, the mixing of the valence and conduction bands is allowed. In the case of
semiconductors, the value of  is quite small. The electrons can be excited from the
valence band to the conduction band simply by using heat, light, etc. which results in
partial conductivity. In case of insulators, the & is high enough to restrict electrical
conductivity simply by applying physical forces like heat or light. The conducting

nature of the solids is affected by various factors like, temperature and particle size®’.
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For bulk metal due to their infinite array of atoms there is literally no band gap or
Kubo gap between the valance and conduction band to show their easy conductivity.
Compared to bulk metals, any metallic structures with much smaller in dimension
(micron to nanometer) electrons start confined them in discrete quantized state to lose
their band structure and results a measurable Kubo gap 6 to decrease their
conductivity. In case of metal nanoparticles with dimension in the range of
nanometers, the density of states in the conduction and valence bands are reduced
again to increase the Kubo gap further which changes the electronic properties
drastically, i.e., the quasi-continuous density of states is replaced by quantized levels
with a size dependent spacing to reduce the conductivity further. In this situation, the
metal does not exhibit bulk metallic or semiconducting behavior. This size
quantization effect may be regarded as the start of transition between metal to
nonmetal. The size at which the transition occurs depends on the nature of the metal®’.,
1.2.7 Mechanical Properties

Mechanical properties of solids depend on the chemical composition, the arrangement
of the atoms and the overall size of the solid in one, two or three dimensions. Due to
the nanometer size, many of the mechanical properties of the nanomaterials are
different from the bulk materials including their hardness, elastic modulus, fracture
toughness, adhesion and friction, scratch resistance, fatigue strength etc.®® The elastic
constants of nanocrystalline materials have been found to be reduced by 30% or less.
These results were attributed to the large free volume of the interfacial component
resulting from the increased average interatomic spacings in the boundary regions.
The reduction in Young's modulus values was interpreted to be due to the porosity and

cracks in the samples®. The parameter, strain, also determines the mechanical stability
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of the nanoparticles. The presence of large number of interfaces in a nanomaterial
leads to the incorporation of intrinsic strain in nanosized particles. Apart from the
intrinsic strain, the method of preparation may induce an extrinsic strain in these
materials. Generally, the hardness increases with a decrease in grain size. But at very
small grain sizes, the hardness decreases with decrease in grain size known as ‘Inverse
Hall-Petch relationship’. The critical grain size at which this reversal takes place is
dependent on the material®.

1.2.8 Thermal Properties

For bulk material, the thermal conductivity is believed to be an intensive property
which should be independent of the size and shape of the material. According to
Fourier’s law, heat flux through a homogenecous material is proportional to the
temperature gradient along the path of heat flow, as J = -k.VT, where « is thermal
conductivity. The macroscopic bulk systems have been observed to follow it.
However, low dimensional lattices are found to violate the Fourier's law. For them,
the thermal conductivity diverges with the system size L, as k & LP, where the value
of B varies from 0.33 to 0.44*. Nanomaterials serve as the model to explore the
fundamental thermal transport theory in low-dimensional system. In case of
nanomaterials, the thermal energy is mainly carried by ‘phonons’, 'smallest packet of
lattice vibration’, which have a wide variation in frequency and the mean free paths
(mfp). The heat capacity of the nanomaterials which is related to this phonon vibration,
increases with the reduction in size, increasing order of asymmetry and defectiveness
of nanoclusters®?. But it is difficult to measure and control the transport of heat at
nanoscale dimension experimentally. Atomic force microscope (AFM) has been used

to measure the thermal transport of nanostructures with the help of nanometer-scale
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high spatial resolution probe. On the other hand the numerical solutions of Fourier’s
law or computational calculation based on Boltzmann transport equation and
Molecular-dynamics (MD) simulation are the common theoretical approaches for
simulations and analysis of thermal transport in nanostructures with certain
limitations™®.

1.2.9 Magnetism

Materials those are nonmagnetic in bulk phase may exhibit considerable magnetism at
nanoscale owing to several unpaired electron spins per entire particle and a
ferromagnetic material may show paramagnetic behavior in colloidal state. When the
particle size of ferromagnetic materials is reduced to sizes of the order of microns, the
particles become single domains. As the particle size reduced further, with removal of
external magnetic field, the magnetic moments of individual atoms are free to reorient
to finally cancel out the net magnetization and there will be no remnant moment.
Therefore, instead of the ferromagnetic property, paramagnetic property is exhibited,
and this phenomenon this called ‘superparamagnetism’ having higher order magnetic
susceptibility** typically 103-10* ps. The materials become superparamagnetic, at
temperature below Curie point. They retain very high permeability and lose their
magnetism or polarization when the external field is removed. At these conditions
they do not exhibit any hysteresis effects. The magnetization of the superparamagnetic
material is higher than that of paramagnetic material and lower than the ferromagnetic
material and their coercivity or remanence exhibits an on-off characteristics in
presence and absence of the external magnetic field, respectively. The critical size,
below which the particles are single domain, depends on the material. In case of

spherical particles, the typical values are 128 nm for FezOs, 70 nm for Co, 14 nm for
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Fe*. Again, nanoparticles comprising several hundred atoms of Au, Pd and Pt
embedded in a polymer revealed magnetic moments corresponding to several unpaired
electron spins per entire particle where incompletely filled degenerate HOMO wiill

lead to magnetism*®.

1.2.10 Cytotoxicity

One of the most important aspects in the study of nanoscience and nanotechnology is
to assess the biocompatibility of nanoparticles in living systems. In the last two
decades nanoparticles find enormous applications in various biological field ranging
from sensing to therapy. In the fields of bio-diagnostics, therapeutics, drug delivery,
bioimaging, immunostaining and biosensing, they have been proved to have great
potential. Thus, it becomes very important to consider the short and long term effects
of these nanoparticles on the bioavailability, uptake, subcellular distribution, cellular
metabolism and degradation. This in turn depends on the shape, size and surface-
functional groups of these different nanostructures and of course on the materials
(element(s) that composes it). Issues of cytotoxicity of carbon nanostructures*’, CdSe
quantum dots®, silver nanoparticles®® and gold nanoparticles!®>’and the associated
studies have been reported in the literature and measures have been undertaken to
address these. Gold nanoparticles have specially been studied to check their
cytotoxicity effects because it has been extensively used for various applications in the

field of biomedical science as a noble metal.

The origins of unique properties on the nanoscale are different for metal nanoparticles
and semiconductor nanoparticles. In semiconductors, as the particle size decreases
below the Bohr radius of the material used, the electron becomes more confined in the

particle leading to an increase in the band gap energy. Also, instead of a continuum,
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the valence and conduction bands split into quantized energy levels. Thus, minor
change in size can alter the optical properties of the CdSe semiconductor
nanoparticles®. But for metal nanoparticles, optical properties change only slightly
with enlargement of size. However, with the introduction of anisotropy in the structure,
considerable amount of shift can be observed. Thus the extent of Plasmon tunability

with size variation is greater in case of gold nanorods than in gold nanospheres.

1.3 Common Synthetic Approaches

Among the different synthetic approaches developed, two general strategies are often
undertaken for nanoparticle synthesis: i) Top down method where bulk materials are
pruned down to nanoscale materials by mechanical means and ii) Bottom up method
where metal ions are reduced to atoms and the atoms join up to form nanostructures.
In the former method, the bulk material is sliced down successively to nanoscale by
removing undesired mass. Therefore, it involves loss of materials. Common top down
techniques include ball milling, photolithography and electron beam lithography. On
the other hand, bottom up method has issues of lack of monodispersity or
reproducibility. The essential step of every metal nanomaterial synthesis in solution is
the reduction of metal precursor to initiate the nucleation process by constituent metal
atoms. The growth of nanoparticles is mainly driven either thermodynamically or
kinetically. Often, the intrinsic crystal stabilization and external physical or chemical
parameters controls their building atom-by-atom to evolve into nanoscale materials.
However, the final shape depends on several growth controlling factors. It is worth to
mention that beyond a certain limit of size (above 2 nm)® atoms in a nanoparticle try
to arrange in a particular fashion to limit their boundary by certain crystal facets along

with their extent of surface exposure. Below 2 nm length scale, metal atoms in a
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particle are not in a position to generate defined crystal facets and are usually very
unstable against any external force which could be optical, mechanical, electrical or
magnetic forces. In case of noble metal nanoparticles we generally use metal salts as
building blocks along with organics or biomaterials as templates or stabilizing agents

to develop different size and shaped nanoparticles.

1.4 Isotropic and Anisotropic nanostructures

Size and shape dependent variation of properties of nanomaterials has extended the
scope of cutting-edge research hugely in the last two decades. Motion of electrons,
phonons and plasmons over the surface area is restricted and also highly dependent on
nanoparticle size, shape and aspect ratio. For anisotropic materials, these effects are
manifested the most. In the case of an isotropic particle, the confinement of particles,
quasiparticles, energy field is to the same extent in all the three dimensions. So, the
resultant properties do not vary with directions. But anisotropic material can exhibit
measurable direction and dimension dependent parameters related to their physical
and chemical properties upon tuning their aspect ratio (which is always 1 for an
isotropic material, sphere). Most importantly, the surface plasmon resonance (SPR) in
metal nanoparticles results from the collective oscillation of the conduction band
electrons over the surface remains in resonance with certain frequencies of radiation.
In any given sample of metal nanoparticles, the SPR manifests itself as an extinction
spectrum of light passing through the sample. The spectral position of the SPR is
highly dependent on nanoparticle size, shape and aspect ratio, as well as the refractive
index of the metal and the surrounding medium as we have mentioned in the previous
section. Anisotropic shapes have plasmon resonance absorptions that are even

stronger, leading to increased detection sensitivity. Though the field density over

30



isotropic nanoparticle is equal everywhere, structures with projected outgrowths or
uneven surface area, the field density per area varies enormously depending on their
relative curvature®®. Anisotropy can originate from shape (morphological),
composition (chemical), surface chemistry or their combinations®2,

1.4.1 Parameters influencing Anisotropic Growth

Preferred growth along a particular direction or facets over the other may arise from
several factors—

A. Difference in surface energy of the growing facets: The surface energies associated

with the different crystal faces of a particular crystal structure can differ due to the
different degrees of “openness” in each face. The facet-lying-atoms with lesser
coordination sites or more unsaturation are under unbalanced force, and hence more
surface strain. For example, in the fcc crystal structure if we consider the coordination
number of individual face atoms, (cyan colored atoms surrounding the central red
atom in Figure 1.7), the {111} face is expected to be the most stable due to the close-
packed nature of the atoms in the layer with the coordination number, CN = 9. The
{100} face, which consists of one side of the fcc unit cell, has a more open
arrangement of atoms (CN = 8). The {110} face is even more open (CN = 7) and so
this face is expected to be the most unstable. The more unstable crystal face has the
higher surface energy. They are more reactive as they are more in need of stabilization
through adsorption of chemical species. Therefore, growth along the most unstable

facet precedes over the other.
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Figure 1.7: The modes of coordination in {111}, {100} and {110} facets of an fcc
lattice. When present in the bulk, the central atom fulfills its maximum attainable
coordination number (CN) of 12 for each facet. But if we assume that the central
atoms are located at faces, then they are relatively more open. Then the CN reduces to
9 for {111} facet, 8 for {100} facet, and 7 for {110} facet.

B. Selective Blocking of facets: In an fcc lattice, the surface atoms in {100} and {110}
crystal faces are relatively unstable than {111} having higher surface energies. If these
high energy facets bind to some element or compound (salt, organic molecules,
surfactants, polymer etc.) by adsorption (physisorption or chemisorption) or direct
deposition then the unsaturation in coordination reduces and they are stabilized. Then
only the low energy facet is available to grow. The interaction energy between a
coordinating organic species and a {111} face would probably not be hugely different
than the interaction energy between the organic species and a less stable {100} or
{110} face, at least compared to kT°3. Therefore, for selective binding to occur it is
necessary to amplify this difference in interaction energy through cooperation between

the interacting organic species. Generally this is achieved through linking the organic
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species together in a continuous chain, i.e. a polymer, or utilizing coordinating species,
such as surfactants, that interact strongly with each other to form layered assemblies.
The high energy facets can also be blocked by inorganic species (bromide, iodide
ion)>*%%, Silver and salts of silver having low solubility are often used to break the
symmetry in gold nanostructures where selective blocking of the crystal facets is
achieved via underpotential deposition (UPD) and silver halide mechanisms
respectively®®. Figure 1.8 illustrates the proposed role Ag in gold nanorod formation.
The selective binding of a species is a thermodynamically driven process that leads to

kinetic control over the direction of growth.

Growth along 100 direction

Slow Ag+ UPD at
{100} result in growth
termination

{110) f 1}
Fast Ag* UPD | CTAB-AuBr,
{100}~ Seed crystal

(~1.5 nm dia)

Figure 1.8: One of the proposed mechanisms elucidating the role of silver in the
silver-assisted, seed-mediated method of gold nanorod synthesis. Underpotential
deposition of silver occurs preferentially at the high energy {110} facets of gold,
leading to relatively quick growth of other facets until the slower deposition of silver
on the end of the rods eventually terminates growth (adapted with permission from ref.
58 Copyright 2011 Elsevier Ltd.).

C. Slow Kinetics: It is well established that if the reduction process is very fast,
nucleation process in general is less influenced by the stabilizing agents or other
factors and this leads to the deposition of atoms isotropically on the nucleation site to
generate spherically symmetric nanoparticles in a bottom up technique. On the other
hand, if the reduction process is slow then the system gets enough time to deposit

metal atoms on the nucleation site in a facet specific way controlled by stabilizing
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organic ligands to provide anisotropic nature in the nanomaterials. As a thumb rule,
fast reduction methods in room temperature without any physical and chemical
restriction generally produce isotropic nanoparticles whereas slow reduction method
of metal precursor with restriction offered by the physical and chemical parameters
used during synthesis produces anisotropic nanoparticles. This slowing down of
reaction can be achieved by several means which include decreasing the temperature
of the reaction medium, applying low (200-300 rpm) stirring speed, using mild
reducing agent or increasing the viscosity of the medium by using long chain
surfactants in high concentration. These factors restrict the speed of the generation,
diffusion and deposition of the atoms.

D. Seed Morphology: It is a well-established fact that the final geometry of the

nanostructure is often controlled by the seed morphology as shown in the flow chart of
Figure 1.9. First, a precursor is reduced or decomposed to form the nuclei which are
small clusters composed of a collection of atoms. Once the nuclei have grown past a
certain size, they become seeds of single-crystal, singly twinned, or multiply twinned
structure. If stacking faults are introduced, then plate-like seeds will be formed.
Sometimes anisotropic seeds are introduced into the reaction medium so that they can
govern the growth as templates. Depending on the underlying crystal structure of the
seed with already induced anisotropy, growth takes place to yield nanostructure of
similar shape as that of the seed but with bigger dimension (e.g. from small nanorod

seeds to big nanorods).
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Figure 1.9: Reaction pathways that lead to fcc metal nanocrystals of different shapes.
The green, orange, and purple colors represent the {100}, {111}, and {110} facets,
respectively. Twin planes are delineated in the drawing with red lines. The parameter
R is defined as the ratio between the growth rates along the <100> and <111>
directions (adapted with permission from ref.11, copyright 2009 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim)

Though a diverse spectrum of anisotropic nanoparticles (ANPS) are reported in the
literature, only Au and Ag based ANPs are widely used in biological applications. The
possible reason for this is their high stability (e.g., gold), higher extinction coefficients,

sharper extinction bands and higher photothermal heating effect.
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1.5 Why noble metals?

The noble metals gained attention from the time immemorial owing to their resistance
to corrosion and to the oxidation in moist air. Current literature is very rich to
document nanoscale materials by most of the metals including noble metals and
extends its range to pure organic nanomaterials too. Out of all these nanomaterials,
noble metal nanomaterials have been treated as a special class of nanomaterials due to
their striking properties which made them remarkably different from rest of the
nanomaterials. These extraordinary properties include:

(i) Very high absorption coefficient and extraordinary Raman cross section

The color of noble metal nanoparticles is due to the previously mentioned SPR
(section 1.2.5). For gold (Au), silver (Ag), and copper (Cu), incident radiation in
visible region can satisfy the surface plasmon resonance condition®’. The plasmon
resonance absorption has an absorption coefficient orders of magnitude higher than
strongly absorbing dyes. Specially in case of gold and silver the resonance is strong,
hence huge local electric enhancement of the surface electric field takes place on the
nanoparticles surface, useful for optics and plasmonics study. Due to the large optical
polarization associated with the SPR, noble metal nanoparticles also show very high
scattering at the SPR frequency®®.

(i) Facile synthetic routes

Generally, the s, p block metals are too reactive to give rise to stable nanoparticles.
Even, some metal precursors are highly explosive and needed to be handled with
precaution. The transition metal nanoparticles, on the other hand, are often prone to
oxidation and they generally form oxides and require special synthetic measures like

inert atmosphere and further maintenance. The f-block elements also form oxides and
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the rare earth metal precursors are often too costly. Compared to them, the noble
metals offer easier synthetic routes leading to stable nanoparticles.

(iii) Size and shape variation

Noble metal nanomaterials have provided immense scope to play with the sizes and
shapes as surface conjugation to a variety of chemical and biomolecular ligands is
possible for them.

(iv) Plasmon (absorption band) tunability

The SPR frequency depends not only on the metal, but also on the size and shape of
the nanoparticle, the dielectric properties of the surrounding medium, and inter-
nanoparticle coupling interactions, thus imparting a unique tunability to the
nanoparticle optical properties®®-%, As the shape or size of the nanoparticle changes,
the surface geometry also changes causing a shift in the electric field density on the
surface. This causes a change in the oscillation frequency of the electrons, generating
different cross-sections for the optical properties including absorption and scattering.

(v) Biocompatibility

Apart from their unique photophysical attributes, several other factors have motivated
us for the biomedicinal use of noble metal, especially Au nanoparticles. Toxicity is the
most important attribute to be considered in this case. Owing to high chemical and
photo-stability and biocompatibility, noble metal nanoparticles have been believed to
own great potential in novel optical technologies for biology and biomedicine for
long®:. Intricate study on in vitro and in vivo cell toxicity, however, reveals the fact
that the effect of noble metal nanoparticle intake depends on the dose, type of cell,
capping agent used for surface modification etc.®® There is no such unique formula for

designing a nanomaterial universally “nontoxic” to all living cells and all organisms.
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But there are some important findings that can be applied for reducing cytotoxic
effects. In a nutshell, using the lowest dose of nanoparticle made of benign element
and capping agent to get the desired response for the shortest period of time seems to

promote biocompatibility.5?

(vi) Easy Surface Modification

Due to the presence of more exposed surface area with atoms having labile d orbitals,
attachment of foreign molecules to noble metal nanoparticles’ surface is often easier
by known organometallic chemistry. Thiolation (Thiol-click chemistry), amination,
PEGylation are some commonly used methods of surface modifications with diverse
applications®®. Immobilization of thiolated and aminated nanoparticles on silicon
surface allows designing handy and portable chips for sensing and removal or
separation of a selected component from mixture®®. Nanoparticles tethered with
fluorescent dye or Raman probe are very important in bioimaging, biosensing, single
molecule FRET etc.?® As a drug delivery agent, internalization of drug (where
molecules are embedded into hollow nanoparticles like nanocages) or externally
carrying drug molecules attached to surface and then selectively discharging them
under appropriate environment also depend on binding ability of these nanoparticles
to them.®® Nanoparticles can be easily functionalized with biological molecules for
targeting cancer cells (Section 1.8.2). Gold nanorods conjugated to antibodies have

been utilized for biological applications.®’

1.6 Common Synthetic Approaches for Anisotropic Nanomaterials

In nanomaterial synthesis, type and concentration of each of the ingredients like metal

precursors, reducing agents, stabilizing agents, blocking agents, nanoseeds, solvent as
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well as the dielectric constants, pH, temperature of the reaction medium, light
exposure, stirring speed, presence of external salts or any impurity, reaction time - all
of these reaction parameters play a significant role in determining the final size and
shape of the nanoproduct and inducing anisotropy. The priority among these
parameters and exact mechanism vary from reaction to reaction.

In the following section, some specialized strategies that are adopted for designing
anisotropic noble metal nanoparticles, are discussed. The common methodologies are:

(1) Seed mediated synthesis

In seed mediated synthesis, either smaller nanocrystals are formed in situ or they are
previously prepared are added in the course of the reaction as seed particles. After
reduction the newly formed metal atoms place themselves gradually over the seed that
induces aggregation of metal atoms into small clusters (i.e., nuclei) with time via self-
nucleation when metal atom concentration is greater than supersaturation
concentration'?. The seed grows finally to a bigger structure until an equilibrium state
is reached between the atoms on the surface of the nanocrystal. Growth per nucleation
center decreases if number of nucleation center is increased. This can be achieved by
raising the concentration of seed. Again, the shape is governed by the seed
morphology (as described in section 1.4.1D) along with other factors.

(if) Adsorbate directed Synthesis

When molecules such as surfactants, polymers, biomolecules, small organic molecules,
metal ions or atoms selectively adsorb onto certain crystal planes to lower their
surface energy and thereby prevent the growth at those planes, anisotropic growth is
induced. Adsorbate directed synthesis may take place in two different ways: ()

directed growth, and (b) oriented aggregation®. In a directed growth mechanism,
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metal atoms are added at specific planes where there is no or weak binding of
adsorbate molecules allowing the crystal to grow along that plane. Addition of metal
atoms is restricted over other planes that are strongly bound by adsorbate molecules.
However, adsorbate molecules can also bind strongly to specific planes of preformed
seed crystals and these crystals may further undergo oriented attachment along the
crystal planes where there is no or weak binding, following growth in oriented
aggregation pathway®®.

(iii) Template Assisted Synthesis

Template assisted synthesis is a widely used method specially for the preparation of
1D nanostructures, in which spatially and dimensionally constrained 1D
nanostructures similar or complementary to those of the template shape are obtained.
Hence, this method possesses precise control over both physical dimensions of
nanostructures and their periodicity’®"*.

(iv) Surfactant Directed Synthesis

Depending upon the concentration used, surfactants show great control over the shape
and size evolution in case of anisotropic noble metal nanomaterials synthesis. They
adsorb selectively over a growing surface, capture metallic nuclei via bilayer
formation, give mechanical support, direct the growth and stabilize them from
agglomeration through charge separation. For example, above the critical micelle
concentration, cmc, CTAB (cmc of CTAB is 0.92 to 1.0 mM)’%7 forms lamellar self-
assembly leading to two surfactant leaflets - one interacts with gold surface through
the quaternary ammonium head groups at core, whereas the other end has surfactant

head groups extending towards aqueous media and in between the hydrophobic tail
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parts of both the layers resides (Figure 1.10). It has been reported that the aspect ratio

of the Au nano rod increases with increasing the length of this tail.

STEP 1: SYMMETRY BREAKING IN FCC METALS

A) NUCLEATION B) GROWTH C) DEVELOPMENT OF FACETS

STEP 2: PREFERENTIAL SURFACTANT BINDING TO SPECIFIC CRYSTAL FACES

ok & b di

a1y
B) CONTINUED GROWTH IN 1-D

A) BINDING OF CTAB UNTIL THE REAGENTS
TO AU(100) FACE ARE EXHAUSTED
+ +
£ = cCTAB
THE POSITIVELY CHARGED CTAB BILAYER STABILIZES THE NANORODS
+++++++

Figure 1.10: Schematic diagram showing the proposed mechanism of surfactant-
directed metal nanorod growth. The single crystalline seed particles have facets that
are differentially blocked by bilayer of the surfactant (or an initial halide layer that
then electrostatically attracts the cationic surfactant). Subsequent addition of metal
ions leads to metallic growth at the unblocked, exposed particle faces (modified with
permission from ref. 71, copyright 2005 American Chemical Society).

Precisely, along with the concentration, the head groups of the surfactant, the counter
ion, the alkyl chain length, presence of any double bond in the chain and its
configuration (cis- or trans-) - every such aspect of the surfactant molecule has been
found to have a direct effect on the morphology of a nanostructure®® "7, Even trace
amount of impurity in a particular surfactant can trigger unexpected change in
mechanism’®’. Synthetic advantages applying more than one surfactant have also

been investigated.”®

(v) Biological Synthesis
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In recent years, number of methods has been reported to make nanoparticles with the
help of biological ingredients, such as polypeptides, enzymes, microorganisms, fungi,
extract or broth from different plant parts (fruit, flower, leaf, pollen, bark etc.), live
plants as well as animal body parts’®#°. Most of them involve simple addition of metal
precursor to biomaterial which is cost effective. The main advantage of such synthetic
approaches is, it produces greener nanoparticles suitable for direct biological
application without any further modifications®®. Reports are there to produce different
morphological samples - spherical, triangular, hexagonal, pentagonal, squares,
rectangular, etc. However, a lot of time it is tedious and complicated to find out the
mechanistic pathway and the actual bio-organic or inorganic substance involved in the
reduction process. For the same reason, tunability with control over shape and size
cannot be achieved in many cases. Generally, these methods give particles of spherical

or quasi-spherical or a mixture of shapes with a wide size distribution.

(vi) Sonochemical Synthesis

Nanoparticles can be formed by treating the reaction mixture by ultrasonic wave
(typically at 20 kHz). Ultrasound energy causes acoustic cavitation - the formation,
growth and implosive collapse of bubbles of very small dimensions on nanosecond
timescales®. This leads to the formation of local hot spots of very high temperature in
the range of 5000 K with pressures of 1000 bar and heating and cooling rates of >10'°
Ks™. This extraordinary condition can give rise to variety of unusual nanostructures
otherwise inaccessible under normal reaction space. The reactant like an
organometallic precursor species gets trapped in this cavity and is decomposed at this

temperature. The products are then instantaneously quenched by the surrounding
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solvent medium, resulting in the formation of amorphous NPs. It is possible to make a

variety of transition metal NPs using this strategy.5283

(vii) Solvothermal Synthesis

In solvothermal synthesis method the reaction occurs in a pressure vessel under
moderate to high pressure and temperature that allows normal solvents such as water
or alcohols to be heated to temperatures far in excess of their normal boiling
points®®. In addition, the morphology (sphere (3D), rod (2D), or wire (1D)) of the
crystals formed can be controlled by manipulating the solvent super saturation,
concentration of the chemical of interest, and Kinetic control. The solvothermal
reduction route is used widely to prepare high quality crystallized and monodispersed
nanocrystals including quantum dots, metal oxides, nitrides, and novel semiconductor
materials. In general, nanocrystallites with narrower size distributions, and a higher
degree of crystallization can be obtained by solvothermal heat treatment compared to
conventional oil-bath heating.

(viii) Electrochemical Synthesis

Electric discharge technique is one of the classical colloid preparation methods®®®’.
The electrochemical method of nanoparticle preparation induces chemical reactions in
an electrolyte solution via the use of an applied voltage. This technique has the
advantage of being compatible with a wide variety of materials. Electrochemical
deposition is carried out by coating one face of the membrane with a metal film,
which acts as a cathode for electroplating. Appropriate metal ions are then
electrochemically reduced and deposited within the pores of the template membranes.
The size and morphology of the nanoparticles can be controlled by varying the

electrodeposition parameters, such as potential difference, electric charge passed in
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coulombs, temperature, deposition time, appropriate surfactants, or soluble polymers,
etc., during the deposition process. Finally, the nanoparticles are released from the
template by physicochemical means.

(ix) Photochemical Synthesis

Nanomaterials can be produced by photochemical reduction of the metal precursors.
Here the metal ions are exposed to UV/vis radiation or laser, they directly or indirectly
(in presence of an electron donating reagent) absorb the radiation energy and get
reduced to atoms without requiring any chemical reducing agent, solvent or surface
adsorbing species. It generates nanoparticles in a single step with high yield and purity.
Shape-controlled synthesis of Ag, Au, and Pt nanoparticles by UV source, photo-
catalyzed shape evolution of Ag nanoparticles using different laser wavelength are
well investigated in the literature®®°2,

(x) Synthesis by Galvanic Replacement

Galvanic replacement is a solution phase redox process, where a metal of lower
standard reduction potential is corroded by the ions of a second metal of higher
standard reduction potential when both the metals are in contact. Two half reactions
can be considered in this case: (i) the oxidation or corrosion of the first metal at the
anode with loss of electrons and (ii) the reduction of the ions of the second metal
gaining the electrons, and subsequent deposition of this metal at the cathode®.The
driving force for this reaction arises from the difference in their reduction potential®,
This process is versatile and enables the production of nanostructure with hollow
interior and bimetallic alloyed shell of thin to ultrathin walls in a single reaction step.
But often the final morphologies are limited to shapes that represent the hollow

analogues of the starting template nanocrystals.
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1.7 Selected Applications Relevant to Current Study

1.7.1 Sensing

The principle behind designing a sensor is simply to alter a property of the sensor by
the entity we want to sense. In case of nanoparticles, the LSPR frequency depends on
the dielectric constant, i.e. the refractive index, RI of the medium surrounding the
nanoparticle. With increase in the medium’s RI, LSPR red shifts®. If this shift is
reflected in the absorption or scattering spectroscopy, changes in the environment of
the nanoparticles can be detected. The chemical or biological species which is the
target analyte can affect the local RI in several ways, like — it can (i) bind to the
nanoparticle surface directly, (ii) conjugate to recognition molecule(s) already
attached to the nanoparticles, (iii) deform the structure of the nanoparticles (either by
removing atoms from the surface or to cause aggregation), (iv) affect the binding of
the nanoparticle-dye composite. In each case, the absorption or fluorescence or Raman
spectrum exhibited by the nanoparticle itself or its modification has to show a
measurable change to construct a usable optical sensing tool. Colloidal plasmonic and
fluorescent nanoparticles are most useful probes as they give intense response to
incident radiation®. Binding has to be specific to detect the target analyte in mixture.
Often detection in a real matrix is asked for to validate the sensor applicability. Also,
the change in spectra in response to RI should be regular and reproducible so that a
standard plot can be obtained. This plot then can be used to trace the same target
analyte in an unknown sample. To achieve sensitivities down to few molecules bound
per nanoparticle, the plasmon band shift, or the change in intensity of fluorescence or
Raman spectra is desired to be as high as possible in response to small RI changes.

For this, nanostructural parameters are tuned to increase the plasmonic sensitivity
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(Plasmon shift per refractive index unit (RIU) change). Shape of the nanomaterials is a
factor easy to tune for attaining maximum sensitivity and that is why anisotropic
nanomaterials are so important in this context. It is reported that nanostructure
geometries that offer good plasmon resonance tunability also offer high plasmon
sensitivity®™. Thus silver nanoprisms (100 nm width, 50 nm height), with high
sensitivity (200 nm/RIU), have been used for the detection of streptavidin,
Alzheimer’s disease markers and even in single-particle assays®. Other than prisms,
i.e. triangular particles, structures having high surface curvature (high shape factor
value) like nanorods, nano-bipyramids®®, tips and junctions like nanostars,
nanoshells, particle dimers®”%also have been applied as useful sensors. Metal
nanoshells show nearly exponential increase in the plasmon sensitivity with
decreasing shell thickness relative to core size. When a nanodimer or any assembly of
nanoparticles is formed, the LSPR of individual nanoparticle red-shifts due to
favorable coupling between adjacent plasmon fields of the interacting particles. The
red shift depends on the interparticle distances in the assembly. If the particles are
appropriately functionalized, they form assembly in presence of the bioanalyte. It
induces absorption shift or color change which have been applied in sensing DNA,
antibody-antigen interactions, and disease biomarkers'®. Some of them include the
precision synthesis of nanoparticles in microfluidic systems, ultrasensitive detection of
cancer biomarkers in human serum with time-gated QD fluorescence, multiplexed
intracellular sensing of MRNA using superquenching AuNPs, multiplexed detection of
analytes with simple technologies such as smartphones, in vivo sensing of reactive
oxygen species and methyl mercury, and the integration of nanoparticle biosensors

with advanced DNA/RNA target amplification protocols®*. Functionalized
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nanomaterials have also been applied in different metal ion (especially heavy metals)
sensing®:192, Another kind of sensing application of nanomaterials involves designing
electrochemical sensors. Metal nanoparticles with high conductivity and catalytic
properties, can act as “electronic wires” to enhance the electron transfer between
redox centers and electrode surfaces, and increase the rate of electrochemical reactions
as catalysts'®193104  The specificity of the compound under investigation is
characterized by position of peak potentials (measured by voltage) and the output
current changes with the concentration which measures the sensitivity of the assay.
1.7.2 Diagnostics

Owing to the noble characteristics i.e. more biocompatibility and being an efficient
scatterer of light (at the LSPR frequency), noble metal nanoparticles have been used in
optical imaging and labeling of biological systems for long. Gold nanoparticles
(AuNPs) have been used as radioactive labels in vivo since the 1950s%. Immuno-
AuNPs conjugated to antibodies have been applied in electron microscopy for
biological staining since the 1980s'®. A number of imaging methods have been
developed in recent years for better understanding of different biological processes
occurring in living cells, tissues, organs, and to detect and quantify the disease in
humans for coming up with better treatment methodology. Various methods ranging
from conventional magnetic resonance (MR), positron emission tomography (PET),
and ultrasound (US) to emerging optical approaches such as computed tomography
(CT), single photon emission CT (SPECT), and near-infrared optical imaging (Ol)
have been used for medical and clinical research. In diagnostics, AuNPs offer several

advantages over quantum dots and organic dyes.*””  AuNPs show low or no toxicity,

their refractive index, distance from the surface, and also the surface features
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contribute to enhancement of spectroscopic properties, they are much better contrast
agents for imaging compared to the organic dyes which are limited by rapid
photobleaching. Size of the nanoparticle is very crucial for their uptake and retention
by the cells and tissue®. Again, for in vivo imaging and therapeutic applications, the
absorbance of the nanoparticles is strongly recommended to be in the near-infrared
(NIR) region of the physiological window (650-1300 nm), to safely attain highest
tissue transmittance!®®. Though the scattering from a 10 nm AuNP is negligible, a 40
nm AuUNP shows an absorption cross-section 5 times higher than the conventional
absorbing dyes, an 80 nm AuNP gives scattering 5 orders of magnitude larger than the
typical emission from a strongly fluorescing dye!'°. Au nanocage has been reported as
an attractive contrast agent with their strong, tunable SPR peaks with high absorption
cross section in the near-infrared and comparatively smaller size. Such highly
enhanced cross sections facilitate sensitive and highly contrasted imaging for dark-
field microscopy and optical coherence tomography (OCT) imaging.!*''? Baptista et
al. has marked three distinct approaches involving AuNPs for biodiagnostics: (i)
colorimetric sensing of specific DNA hybridization for the detection of specific
nucleic acid sequences in biological samples based on inter-AuNP distance!'3, (ii)
surface-functionalized AuNPs providing highly selective nanoprobes, and (iii) signal
enhancement by electrochemistry based approach.!** Among the clinical diagnosis
methods involving AuNPs immunoassays, there are standard enzyme-linked
immunosorbent assays (ELISAs) for signal enhancement. Up to 1 pg.mL' of the
chorionic gonadotropin hormone has been detected using immunochromatographic
test strips where both the primary and secondary antibodies are conjugated with the

AUNPs!™®, Other sensors involving AuNP-functionalized fiber-optic evanescent
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wavel®or AuNP-functionalized Cy5-antibody as the fluorescence probe are even
better in sensitivity and they do not require a secondary antibody as in case of the
standard ELISA assay!'’. AuNP probes have been used extensively as a marker of
cancer, alzheimer, HIV, hepatitis B, tuberculosis, diabetes etc.!%”. Silver nanoparticles
also have been applied in diagnosis, however, their use is somewhat limited by the
cytotoxicity.!'® In general, noble metal nanoparticles are utilized in enhanced
biomolecular diagnostics, including single-nucleotide polymorphism detection,
gene expression profiles and different biomarker characterization!120,

1.7.3 Therapeutics - Photothermal Treatment

One major therapeutic application of noble metal nanoparticles is killing cancerous
and infectious'?! cells by photothermal treatment'?2. Gold nanoparticles conjugated to
cell specific antibodies can selectively bind to the membrane-proteins characteristic to
the infected cells whereas extent of binding with the healthy cells remain
insignificant!?3124_ Irradiation of these nanoparticle-labeled cells with suitable laser
source of wavelength overlapping with the LSPR absorption maximum of the
antibody coated nanoparticles results in selective heating and destruction of infected
cells at much lower laser power than that required in case of healthy cells to which
nanoparticles do not bind specifically. By principle, photothermal therapy is based on
selective photothermolysis of a biological tissue containing a chromophore which can
be a natural or artificial substance with a high coefficient of light absorption®.As gold
nanoparticles offer absorption coefficients 5 or more orders of magnitude larger
compared to conventional dyes, much lower laser energy is sufficient to achieve cell
destruction, making therapy minimally invasive!?3!24, Many plasmonic nanoparticles

have absorption maxima in the visible and NIR region. In case of an anisotropic
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nanostructure, if the size and shape can be controlled, the absorption maxima vary
accordingly and can be tuned as desired. While the use of visible light resonant gold
nanospheres can be useful for exposed tumors or infected parts like external skin or
surface cancer treatments, for tumors within bodily tissue, it becomes necessary to use
NIR radiation in the biological window (650 nm-1350 nm). It has been demonstrated
that the NIR absorbing capacity of several anisotropic nanomaterials such as nanorods
125 nanocages!?®?’, nanoshells!?12°  nanopopcorns®®'® can be used for the
photothermal therapy. Also, due to the assembly of metal nanoparticle clusters on
cells and resulting SPR coupling-induced red shift, absorption in NIR window can be
achieved'®, Even, NIR therapy with gold nanospheres is also possible by utilizing
their two-photon absorption of 800 nm laser light'32. Further, anisotropic metallic
nanoparticles offer dual functions of therapy combined with darkfield imaging, which
is a significant advantage over other non-metallic photothermal absorbers, such as
quantum dots or carbon nanotubes, which are generally neither good scattering agent,
nor possess phonon-based lattice vibration. Also, to exhibit fluorescence, they are
needed to be excited in UV region which is formidable for in vivo application. As a
result, their use has been restricted to only one of the two, imaging or therapy. During
photothermal therapy, the light absorbed by the gold nanoparticles through Plasmon
excitation is transferred to the nanocrystal lattice through electron-phonon coupling
which creates the localized heating and can elevate the sight specific temperature very
high. Thermalized nanoparticle will try to release the heat content by phonon-phonon
relaxation and dissipates the energy to the surrounding antibody, aptamer, and cell
environment. The mechanism of photothermal therapy is shown in Figure 1.11. It is

well accepted in the literature that the plasomonic excitation which is a femto second

50



(fs) phenomenon initiates the electron-phonon followed by phonon-phonon coupling
in the picoseconds (ps) time scale ultimately raises the temperature suitable to
decouple and break the bond between nanosurface and cargo molecule to release then

from the surface in the nanosecond (ns) time scale.
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Figure 1.11: lllustration of mechanism of photothermal therapy. Right side figure
shows the photothermal DNA/RNA melting for programmable drug release. Left side
colour coded diagram explains the time scale for different electronic and plasmonic

processes on nanoparticle surface.

Upon irradiating with a light source of same or closer wavelength, the nanomaterials
can generate localized heat as high as few thousand Kelvin'®. Due to the large
absorption cross-sections of Au nanoparticles, the absorbed photons induce phonon
vibrations of the crystal which finally dissipates as thermal energy to increase the
temperature of the nanosystem. Hence by employing ultrafast laser (NIR)-induced
heating process we can study the dynamic processes of drug release on the
nanoparticle surface. By varying the power density, the duration of laser exposure,
and the time response after irradiation, it is possible to optimize the treatment

conditions to achieve effective destruction of the cancer. The percentage of dead cells
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increased with increasing exposure time. However, flat nanostructure like
nanotriangle, with greater contact between the nanoparticle and cancer cells can
reduce the required exposure times.!3 It is also reported that under same exposure
conditions, ANP based PTT showed much better results than conventional Photo
Dynamic Therapy, PDT*. In PDT based cancer therapy, singlet oxygen (102) formed
by the influence of light on photosensitizer leads to cancer cell death by oxidative
stress™®®137_ When the nanomaterials are attached to the target cell conjugating them
with antibodies or other molecules like aptamers, they can transfer the generated huge
heat locally inside or around the cell. ANPs can also be targeted passively to cancer
cells through ‘enhanced permeability and retention” (EPR) in cancerous cells. It leads
to disruption of cell membrane permeability by punctating, controlled localized
denaturation or cleavage of proteins and/or nucleic acids and eventually results to
irreversible cell death. Thus metal nanoparticles serve as “light-activated nanoscopic
heaters” for selective laser photothermolysis of cancer cells®.

1.7.4 Superlattice

Nanoparticle superlattices are a kind of ordered assembly having periodic arrays of
nanoscale inorganic building blocks including metal nanoparticles, quantum dots and
magnetic nanoparticles. Such assemblies can exhibit exciting new collective
properties different from those of individual nanoparticle or corresponding bulk
materials and even disordered nanoparticle assemblies. For example, (i) coherent
vibrational modes can only appear in highly ordered nanoparticle superlattices'®®, (ii)
synergistic effects in superlattices can lead to enhanced p-type electronic conductivity
than the sum of the individual nanoparticle components!®, (iii) the direct-current

conductivity of semiconductor films can be manipulated over at least six orders of
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magnitude by the addition of noble metal nanocrystals*®, (iv) 2D metal nanoparticle
free-standing-sheets show unusual mechanical properties like Young's modulus of the
order of several GPa, high flexibility and resilience, ability to withstand tensile
stresses at even elevated temperature!*t142 (v) 2D superlattice sheets made of
plasmonic nanomaterials, (termed as ‘Plasmene’, in analogy to graphene) exhibit
novel plasmonic properties with unique structural features and plasmon propagation
functionalities, well-pronounced dipolar, quadrupolar and octapolar localized surface
plasmon resonance (LSPR) bands'*1# (vi) spin-dependent tunneling influence
magnetotransport properties in highly ordered magnetic-nanocrystal arrays'*®, (vii)
reversible metal-insulator transition is reported for silver quantum dot monolayers4®
etc. In addition, a variety of structures have been found to be formed by the
superlattices e.g. face-centered cubic (fcc), body-centered cubic (bcc), hexagonal-
closed packed (hcp), diamond-like lattice, and also lattice structures not existing in
nature’*’148, These properties depend on several factors different from case to case,
like, the collective mechanical property is influenced by the ligands, rather than the
metallic cores, whereas plasmonic properties depend mostly on the size, shape,
composition and the packing order of the nanoparticles, again the electronic properties
(being constrained by hopping of electrons among and beyond nearest neighbors) are
highly affected by the presence and density of the dopants. However, the average
potential energy and proximity among the particles are the two key parameters
governing superlattice properties. The assembly of nanoparticles of two different
materials is a special kind of superlattice materials (metamaterials) termed as binary
nanoparticle superlattice that allows precisely controlled chemical composition and

tight placement of the components. In theory hard spheres can lead to only a few
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stable binary superlattice structures, potentially limiting this approach. But additional
contributions from entropic, van der Waals, steric and dipolar forces arising at the
nanometer scale can stabilize a variety of binary nanoparticle structures.
Shevchenko et al. has reported the synthesis of more than fifteen different novel
structures from various combinations of metal, semiconductor, magnetic and dielectric
nanoparticles!*®. This demonstrates the potential of self-assembly in designing families
of novel materials and metamaterials with programmable physical and chemical
properties: (a) binary superlattices of semiconducting and magnetic nanoparticles can
be applied for spintronic and magneto-optic data storage devices, (b) superlattices
comprising two different semiconductors can be used for a new generation of
thermoelectric devices and solar cells, (c) binary superlattices can be used to prepare
multifunctional metamaterials, new effective catalysts with an accurate arrangement
of catalytic centers™°. In conclusion, superlattices have potential applications in future

optoelectronic devices, biological diagnostics and energy-harvesting systems.

54






CHAPTER 2

EXPERIMENTAL METHODS, INSTRUMENTS, AND

MATERIALS

OUTLINE: What does the chapter brief?

= Working principle of the characterization techniques involved
= Particulars about the instruments
= Specific methodologies that we apply

= List of materials used as a standard
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2.1 Characterization Techniques

A number of techniques are on hand for characterization of materials, which may be
used to study nanoparticles also. The mostly used probes among them are electron,
photon (light and X-ray), neutron etc. as they are complementary to the sensitivity at
this nanoscale. These techniques can be broadly classified into (i) spectroscopic and
(if) microscopic techniques. Spectroscopy is widely used for the study of optical
properties of different materials including nanoparticles. It includes measurement of
absorption, emission as well as scattering of radiation depending on its interaction
with the materials under investigation. On the other hand, microscopic techniques
involve interaction of electron beams with the specimen, and the subsequent collection
of transmitted or scattered electrons in order to develop an image. This process may
be carried out by scanning of a fine beam over the sample surface (e.g. scanning
electron microscopy) or by wide-field irradiation penetrating through the sample (e.g.
transmission electron microscopy). The advantage of microscopic techniques is that it
helps in the direct visualization of the nanoparticles.

2.1.1 UV-Vis-NIR Absorption Spectroscopy

2.1.1.1 Working Principle

Ultraviolet, visible and Near Infra-Red absorption spectroscopy measures the
absorption, transmission and emission of radiation of corresponding wavelengths by
matter in solution as well as in the solid and gaseous state’®'52, When a radiation
strikes atoms or molecules they may either bounce off or may cause the electrons to
jump between well-defined electronic energy levels. Absorption of the
electromagnetic radiation causes the electrons of the substance to move from lower

energy levels to higher energy levels. This absorption wavelength strongly depends on
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the functional groups present in the molecule, the particle size, dielectric constant of
the medium and chemical surroundings!®. The intensity of absorption is directly
proportional to the effective number of species (molecules or particles or ions) taking
part in absorption. UV-visible spectroscopy enables the characterization of functional
groups in a molecule as well as the determination of their concentration as per Beer-
Lamberts law: 4 = ¢lc, where A = Absorbance, ¢ = the molar extinction coefficient or
molar absorptivity (or absorption coefficient), | = path length traversed by light
through the sample and ¢ = concentration of the sample.

The spectrophotometer comprises of a light source (generally hydrogen or deuterium
arc lamp ranging 190-400 nm, light emitting diodes, Xenon arc lamp covering 160-
2000 nm, tungsten filament with range 300-2500 nm etc.), a mirror, a collimator (lens)
that converges the light, a filter, a monochromator (prism or grating) that can split the
light into different wavelength constituting the light, a beam splitter, a wavelength
selector (slit) that allow a range of wavelength or a particular wavelength, holders for
placing cuvettes to take the sample as well as reference solution, a photoelectric
detector (photomultiplier tube, photodiode array, charge-coupled device), and a digital

display or a meter (Figure 2.1).
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Figure 2.1. Schematic diagram showing different components present inside a

spectrophotometer.
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In case of nanomaterials, UV-vis-NIR spectra help to predict the following insights of
a sample: (i) Size of the nanoparticles and its tunability, (ii) Shape - whether it is
isotropic or anisotropic and what are the probable origin of different plasmonic modes,
(iii) Possibility of aggregation which leads to broad tailing in higher wavelength
region, (iv) kinetics of their growth (v) degree of monodispersity of the sample etc.
Apart from these basic ideas, spectral data are also useful in purification step e.g. to
confirm how effectively one nano-component in a mixture is separated from others

after fractional centrifugation.

2.1.1.2 Instrument and Operating Parameters

In this thesis most of the UV-vis and vis-NIR absorption spectra were recorded on a
Jasco V-650 and Jasco V-770 spectrophotometers respectively using a quartz cuvette
with a 1 cm optical path at room temperature. In Jasco V-770 instrument, a
photomultiplier tube detector is used for the UV to visible region and a peltier-cooled
PbS detector is used for the NIR region. For silver nanowire characterization the vis-
NIR absorption spectra were recorded in a PerkinElmer Alpha 750 spectrophotometer

under similar conditions.

2.1.2 Scanning Electron Microscopy

2.1.2.1 Working Principle

Scanning electron microscopy (SEM) is a powerful and popular technique for imaging
the surfaces of almost any material with a resolution down to about 1 nm®®4 The
image resolution offered by SEM depends not only on the property of the electron

probe, but also on the interaction of the electron probe with the specimen. When an
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electron beam impinges on a surface of the sample, it can penetrate the sample to a
depth of a few microns, and scattered electron, photon and X-ray are produced in a
volume called the ‘interaction volume’. This volume depends on the accelerating
voltage of the electron beam, the mean atomic mass of the sample and the angle at
which the beam hits the sample surface!®. The interaction of an incident electron
beam with the specimen produces secondary electrons (SE). The emission efficiency
depends on the surface geometry, surface chemical characteristics and bulk chemical
composition. SEM can thus provide information about the surface topology,
morphology and chemical composition. Other than SE, interaction between the
electron beam and the sample also generates back scattered electrons (BSE), X-ray,
and Auger electrons in a bulk sample. These various electrons are detected in SEM
and the signal detected contains information about the specimen under investigation.
Specimen of higher atomic number produces BSE more because they are more likely
to reflect back the electrons. The electron beam is applied in a raster scan approach,
and the position scanned by the beam is correlated to the detected signal output to

produce an image.

2.1.2.2 Instrument Details and Operating Parameters

The ZEISS SUPRA 40 scanning electron microscope fitted with a hot Schottky field
emission gun (FEG) was used to obtain secondary electron images. For SEM
measurements we used pieces of mirror polished p-type silicon wafers as sample
support. We injected about 20-30uL of the concentrated nanomaterial sample on the
tilted silicon wafer and the hydrophobicity of the wafer allows only a monolayer of
the sample (mostly hydrophilic in nature as they are synthesized in water medium) to

stick to the surface. It gets dried quickly to allow an immediate SEM measurement.
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2.1.3 Transmission Electron Microscopy

2.1.3.1 Working Principle

Transmission electron microscopy (TEM) has played a key role in driving our
scientific understanding of different physical, chemical and biological properties of a
specimen under investigation, starting from material growth to cell dynamics, far
beyond mere structural characterization. TEM is capable of imaging at a significantly
higher resolution than the visible light microscope, owing to the small de Broglie
wavelength of electrons. This enables the instrument's user to examine finer detail—
even as small as a single column of atoms (up to a sub-angstrom level), which is tens
of thousand times smaller than the smallest resolvable object in a light microscope.

In TEM, the specimen is prepared as a thin foil through which a parallel beam of
electron is transmitted. Electrons interact with the specimen and produce different
useful signals. The imaging lens or objective lens delivers a diffraction pattern in its
back focal plane and an image which is then magnified on the fluorescent observation
screen or detected by a sensor such as a CCD camera.®® One major difference
between SEM and TEM is that TEM detects transmitted electrons whereas SEM
detects backscattered and or secondary electrons. The main parts of the microscope
column are therefore the source of accelerated electrons, the ‘gun’, the illumination
system with electron optics, the specimen manipulation system, the stage, the imaging
system and the vacuum system.*®” Figure 2.2 represents a simple schematic diagram
of these parts in a visible light microscope (VLM) and those in a transmission electron
microscope (TEM). The electron gun utilizes either thermionic emission or field
emission depending on the requirement of brightness of the beam. Below the electron

gun are condenser lenses that control the diameter of the beam that pass through the
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specimen. Deflection of electrons is caused by electromagnetic lenses, below which
the specimen chamber lies where the specimen is held in the correct position with
respect to the objective lens. Smooth manipulation of the horizontal position and
angular tilt are permissible as necessary, however. The objective lens forms an
intermediate magnified image and is also responsible for improving the contrast in the
image.® The intermediate image is enlarged to the final magnification by a set of
(two or three) projector lenses. Below the final projector lens, lies the fluorescent
screen. The function of the vacuum system is very crucial in all TEM instrumentation.
Owing to shorter wavelength, electrons can be very much more easily absorbed by
many materials including oxygen than is light. To get rid of this unwanted absorption
of electron energy by oxygen and to increase the penetration effect through sample
specimen, all the electronic paths inside the microscope are evacuated to a pressure

less than 107 Torr.1%®
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Figure 2.2: Schematic diagram of these parts in a visible light microscope (VLM) and
those in a transmission electron microscope (TEM). (Adopted from Ref. 157).

2.1.3.2 Instrument and Operating Parameters

For both the normal and high resolution transmission electron microscopy (HRTEM)
measurements we used a FEI, Tecnai G2F30, S-Twin microscope operating at 120 and
300 KV, respectively. Compositional analysis was performed by energy dispersive X-
ray spectroscopy (EDS, EDAX Inc.) attached to Tecnai F30. We used simple but
modified techniques for close-to-clean monolayer sample preparation both for TEM
and SEM. For the TEM measurements we used a 300-mesh copper formvar/carbon
grid and followed either (i) drop casting or(ii) dip-and-dry technique to make the grid
samples. For as-synthesized, relatively dilute nanomaterial solution we followed the
drop casting method where a tiny volume of about 5-6 uL (just detachable from the tip)
is dropped over the grid. For a concentrate nanomaterial solution like a centrifuged
one, we used dip-and-dry technique where the TEM grid is immersed in the sample
solution using a sharp and flexible tweezer. Hydrophobic formvar/carbon coating
allows building up a monolayer sample stuck to copper mesh dried on a soft tissue
paper. The grids were left undisturbed to get dried under ambient condition. After
complete drying, the grid was used for TEM measurements.

2.1.4 Surface Enhanced Raman Scattering (SERS)

2.1.4.1 Working Principle

Raman spectroscopy has been established as an important analytical method for the
specific identification of molecules. Experimentally this technique involves directing a

tightly focused monochromatic light source (like laser) onto an unknown chemical
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sample. Most of the incident light will be scattered back at the same laser wavelength
and results Rayleigh scattering. However, a small portion of it may be inelastically
scattered at series of different wavelengths that are indicative of the vibrational
transitions in the molecule. If there is a modulation of molecular polarizability (o)) by
the vibrations then only those vibrational modes of the molecule are Raman active®®,
In normal Raman we tune the excitation energy (by tuning the wavelength of the
radiation) in such a way that the incident light is not capable to excite them to the first
excited electronic level next. In that case molecule end up excited to a ‘virtual’ state (a
state of unknown Eigen function) between the two states. The molecule, however,
cannot stay long in the virtual state and will immediately come back to the ground
state by radiating a single photon. If the molecule comes to the same vibrational level
from where it was excited, the wavelength of the scattered light is the same as that of
the incident light and the process is termed as Rayleigh scattering. It is also possible
that the molecule may come back to a different vibrational level of the ground
electronic state than from where it is excited either by radiating a photon with more or
less energy that the incident radiation. This creates an energy difference between the
emitted photon and the incident photons. If the emitted energy is smaller than the
incident energy i.e., if the molecule absorbs some energy during the interaction then
the process is called the Stokes scattering and if the emitted energy is greater than the
incident energy i.e., if the molecule loses some energy during the interaction then the
process is called the anti-Stokes scattering. As different molecules have different
bonds and different combination of vibrational modes, the spectrum of inelastically
scattered light can be thought of as analogous to a molecular fingerprint, uniquely

identifying the molecule. But despite this high specificity, traditional Raman
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spectroscopy was considered limited because of very poor efficiency (cross section) of
the inelastic scattering process and thus relatively weak signal. In fact we consider
cross section, which is nothing but the probability of interaction of photon with the
molecule, for Raman it is only 10-31-10"26 cm?/mol (whereas in case of fluorescence it
is 10°°-101% cm?/mol). Emission intensity directly changes with cross section. So it is
the biggest disadvantage of Raman Spectroscopy. However, with the advent of SERS,
both the issues of specificity and sensitivity were overcome. Using this method, it is
possible to probe even a single molecule adsorbed onto nanoparticle surface. Over 40
years ago, SERS was first observed in case of pyridine adsorbed on roughened Ag
electrode.®®But that time it was not recognized as an unusual new phenomenon. Later
in 1977, it was simultaneously discovered by Jeanmaire, van Duyne and Albrecht and
Creighton 159160

In fact, a Raman spectrum serves as a “molecular fingerprint” of a Raman active
sample, yielding information on molecular bonds, conformations, and intermolecular
interactions. However, in spite of its advantages, its practical uses have been
significantly limited as the Raman scattering signal is intrinsically weaker than most
other fluorescence signals. Methods of enhancement have been developed to extend
the detection limit. Among various methods, enhancement with noble metal
nanostructures, a technique termed surface-enhanced Raman scattering (SERS), has
been found to increase the output dramatically.

Though the SERS is approximately 40 years old,*>*1% most of the seminal research
was carried out to understand the effect and it was largely understood that the SERS is
primarily the result of electromagnetic enhancement associated with the excitation of

intense and sharp localized surface plasmon.%* Several research work in the last 20-30
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years reveals that only the electromagnetic enhancement mechanism cannot explain
the entire enhance factor rather need to consider other enhancement mechanism along
with a deep knowledge of condensed matter physics and optical response of materials.
Increase in intensity of Raman signal or Raman cross section has been regularly
observed on the order of 10%-10° and can be as high as 108-10* for some systems. The
total enhancement (TE) is attributed to two enhancement effects: Electromagnetic
enhancement (EME) and Chemical enhancement (CE) which act multiplicatively i.e.

TE = EME x CE.

2.1.4.1.1 Electromagnetic Enhancement Theory

If we consider a metal sphere with dimension much smaller than the wavelength of the
interacting electromagnetic radiation, the metal sphere will sustain oscillating surface
Plasmon multipoles of various order induced by the time-varying electric field vector
of the incident light. This collective oscillation of the conduction electrons against the
background of ionic metal core is defined by surface Plasmon and described in details
in the introduction section. Though for smaller particle we need to consider only
dipolar Plasmon but for bigger particles we have to consider higher modes too for
proper estimation of the extent of light matter interaction. When the exciting light is in
resonance with the dipolar Plasmon of the metal particle, it will radiate light with
characteristics of dipolar radiation as a result of the coherent process with exciting
field and is characterized by a spatial distribution of field magnitudes in which light
intensity from a certain portion of space surrounding the particle is depleted while the
intensity at certain portions near the metal particle is enhanced.'®>%¢ |f we consider
that the field enhancement factor (g) is averaged over the surface of the particle then

the average magnitude of electric field (Es) radiated by the metal particle can be
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mathematically defined as, E; = gE, with Eo as the magnitude of the incident field.
Since Es is the average local near field at the particle surface, molecules adsorbed at
the surface of the metal particle will be excited by a field of magnitude Es and the
Raman scattered light produced by the molecule on the surface will have a field
strength Egoc agEgoc ag gE Where ay is the tensor component of polarizability. The
Raman scattered fields can be enhanced further by the metal particle in exactly the
same manner as the incident field was, i.e. the metal particle can scatter light at the

Raman-shifted wavelength enhanced by a factor g. As the cumulative affect the

resultant SERS field intensity thus can be expressed as Eszrsocargg Eo and the

average SERS intensity Igggsoc lazl?|gg ’|210 where Iy is the intensity of incident field.

4
’ 1 .
For low-wave number bands wheng =g, ISERSOC|g|4OC|ES|4OC|z| and classically

known to us for long time. For higher Raman modes the SERS intensity may not
follow the same mechanism and we need to consider complicated Plasmon resonant
properties of the metal nanoparticle in the form of Chemical Enhancement factor will
be discussed the next section. In general, we can define the SERS enhancement due to
Electromagnetic field enhancement, G, as the ratio of the Raman-scattered intensity in

the presence of the metal particle to its value in the absence of the metal particle
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where, ag is the Raman polarizability of isolated molecule in absence of surface.
Hence, to understand the electromagnetic enhancement of Raman scattering we need
to consider the following four factors:

(1) Since Gee g* and g is surface quantity, the major contribution in SERS comes

from metal particle rather than by the surface adsorbed molecules.
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(2) Though the Isgrs o g*ec E4oc(1//1)4, the SERS effect is a linear optical effect

that depends on the first power of l,. To understand the extensive effect of g on
SERS let us consider the Raman effect on silver nanoparticle. At 400 nm
excitation near AgNP Plasmon the g has a measured value of ~30 which alone
can contribute 30* = 8 x 105~10° factor to the Raman enhancement
efficiency. By assuming even a considerable change in Raman polarizability,
relative contribution cancels out each other to contribute a large enhancement.

(3) Though loosely we consider ay as the Raman polarizability ‘of the molecule’,
in fact it is the Raman polarizability of the scatterer that includes the molecule
but, when the molecule is adsorbed on the metal particle’s surface, will include
contributions from the metal and may, as a result, be greatly altered in its
magnitude, symmetry and resonant properties from the Raman polarizability of
the isolated molecule.® Details of this factor will be discussed in the
Chemical Enhancement mechanism.

(4) SERS excitation is a nearfield phenomenon. The near-field, especially near a
metal surface, will have spatial components that decay more rapidly with
distance than the spatial variation in the far-field (where the spatial ‘structure’

in the field is of the order of excitation wavelength).

2.1.4.1.2 Chemical Enhancement Theory

The Chemical Enhancement is generally the less contributing factor than the
electromagnetic and less well understood. However, it accounts for enhancement of
the order of 10-100 and requires that the molecule be adsorbed directly to the metal

surface and there by interacts with it. This proximity may allow pathways of
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electronic coupling from which novel charge transfer intermediates emerge that have
higher Raman scattering cross-section. This is very much like resonance Raman effect.
There are two possibilities for the new excitations'®”: electrons can be excited from
the filled adsorbate orbitals to the unfilled metal orbitals above the Fermi level
(molecule to metal charge transfer) or metal electrons can be excited to the unfilled or
partially filled adsorbate affinity level (metal to molecule charge transfer) which has
been shown in Figure 2.3A. Both these transitions are low in energy than the allowed
intrinsic transition. This introduces possibility of excitation at frequencies much lower
than those of the intramolecular excitations of the free molecule. The most convincing
experimental evidence for this picture comes from spectroelectrochemical
experiments where metal to molecule charge transfer excitations red shift upon
making the electrode potential more negative i.e. increasing the Fermi energy, and
molecule to metal charge transfer excitations blue shift. The steps of the charge
transfer are as follows (1) a photon is absorbed exciting an electron from the metal
conduction band to the LUMO of the molecule, (2) if the LUMO is an antibonding or
bonding MO, a change in bond order occur that leads to change in bond length and
corresponding vibration, (3) charge or electron is transferred back to its original state

and a Stoke-shifted photon is released.

2.1.4.1.3 Other Mechanisms

Beside these two prominent mechanisms of enhancement, there are few other
mechanisms are reported in the literature which include:

(i) Coherent Capacitive Coupling Mechanism: In case of analyte induced
aggregation, more than one nanoparticle comes close to each other to make nano

junction to form Raman hot spot (Figure 2.3B). In this configuration the Raman
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active molecules remain localized at nanojunction and they induce coherent capacitive
coupling between the particles. As a result of this the local incident near-field in the
junction (between nanoparticles with spatial gap between them less than 1 nm)
increases in a multiplicative way. In this spatial arrangement of nanoparticles and the
proper placement of analyte molecules in the junction enhances SERS signal
significantly compared to SERS on single nanoparticle. Though this effect was first
observed by Aravind et al.,'®® later was standardized and validated by several research

groupst®®-1"1, This mode of enhancement can account Raman cross sections as large as

105 cm?.
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Figure 2.3: (A) Energy level diagram for a molecule adsorbed on a metal surface.
There are two probable charge transfer excitations - from adsorbate’s HOMO to
unoccupied metallic orbital and from metal’s occupied orbital to adsorbate’s LUMO
where orbital occupancy for the metal is determined with respect to Fermi energy
level Es. (adapted with permission from ref.167, Copyright 1998 Royal Society of
Chemistry) and (B) Schematic representation of Raman hot spot produced at the
junction of two nanoparticles as a result of analyte induced aggregation. (adapted with
permission from ref. 171, Copyright 2003 American Chemical Society).
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(i) Polarizability Enhancement Mechanism: Another less explored mode of Raman
enhancement is the polarizability enhancement mechanism.’? This mode accounts the
electronic mechanism of the SERS is due to the resonance transitions, in which the
surface polarization and the surface—molecule interaction are very important. This
mechanism explains the orientation- and distance-dependencies in the surface—
adsorbate interacting systems. This mode of enhancement can account an

enhancement factor as high as 10'°-10%2,

2.1.4.2 Instrument and Operating Parameters

SERS experiments were performed by using a homemade Raman setup and a
ThermoScientific™ DXR™2 commercial Raman microscope for visible and NIR
excitation light source respectively. For our home made setup we used a continuous
wavelength diode-pumped solid state (DPSS) laser from Laserglow Technologies,
Canada with model number LRS-0532-PFM-00300-03 for 532 nm laser source and
LRS-0671-PFM-00300-03 for 671 nm laser source (at fixed excitation energy at 3mW,
attenuated by neutral density filter throughout the experiment). For efficient focusing
and filtering we used an InPhotonics made 532 nm and 670 nm fiber optics Raman
probe with spectral range 200-3900 cm™ (Stokes) for sample excitation and data
collection. The Raman probe consists of two single fibers (105 um excitation fiber and
200 um collection fiber) with filtering and steering micro-optics, N.A. 0.22. Excitation
fiber was connected to a fiber port to align the laser whereas the collection fiber was
connected to the spectrometer. A miniaturized QE65000 scientific grade spectrometer
from Ocean Optics has been used as the Raman detector with spectral response range
220-3600 cm™. The Raman spectrometer is equipped with TE cooled 2048 pixel CCD

and interfaced to a computer through a USB port. At the end, the Raman spectrum
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was collected and analyzed by using Ocean Optics data acquisition SpectraSuite
spectroscopy software. For Thermo Scientific™ DXR™2 commercial Raman
microscope we used 780 nm laser line as the excitation light source with spectral
range 50-3500 cm™ (Stokes) for a single exposure of the CCD. Microscope optics is
research-quality Olympus viewing optics. Experiments were repeated at least 5-6
times for each measurement and the average values have been reported. Our typical

Raman set up is shown below in Figure 2.4.

Neutral
[?:erllts Ity Fiber
phg Port Excitation Fiber
B oo g -
) ) Collection Fiber Raman
Height-Adjustable Stage (200 um) Probe
Detector - — Sample
Spectral range 220-3600 cm! (QE 65000
. Spectrophotometer)
TE cooled 2048 Pixels CCD
Sample
| Stage

Figure 2.4: Schematic diagram of the home-made Raman setup used for performing
SERS experiments.

2.1.5 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

2.1.5.1 Working Principle

It is an emission spectroscopy which uses inductively coupled plasma to produce

excited atoms and ions that emit electromagnetic radiation at wavelengths
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characteristic of a particular element. Plasma is the ionized gas that can be formed
simply by heating the gas or by subjecting it to a strong electromagnetic field. In case
of ‘inductively coupled’ plasma, plasma is generated by the supply of electric current
to the gas and this current is produced by placing the conductor in varying magnetic
field i.e., current is produced by electromagnetic induction. Upon absorbing adequate
energy, plasma can release electrons from atoms or molecules so that both the species
i.e., ions and electrons can coexist. In the atomic emission spectrum, element type is
determined from position of emitted photon and concentration of that element is
obtained from the intensity of the emitted ray. Details of the ICP-OES is out of the

scope of this thesis.

2.1.5.2 Instrument and Operating Parameters

We cross examined the quantity of Au-ions obtained from our turn-on colorimetric
assay and optical ruler by ICP-OES (ICAP duo 6500 from Thermo-Scientific) to
measure the actual Au-ion concentration. A 1000 ppm Au solution from NIST was
used as standard for ICP-OES calibration. Details of the operating conditions

employed are provided in Table 2.1.
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Table 2.1: The operating parameters of the ICP-OES used for the measurement of Au-

ion tracer

Method parameters

RF power (W) 1150
Nebulizer flow (L/min) 0.5
Auxiliary flow (L/min) 1
Coolant gas flow (L/min) 12
Sample chamber Cyclonic
Pump rate (rpm) 50
Replicates 3
Standard rinse time (s) 5
Plasma view Radial
Element Emission line (hm)
Au 201.2
208.2
242.5
267.5

2.1.6 Dynamic light scattering (DLS) and Zeta potential measurement

2.1.6.1 Basic Principle for Dynamic Light Scattering

Dynamic  Light Scattering (DLS, also known asPhoton Correlation
Spectroscopy) is a convenient tool commonly used to determine the hydrodynamic
radius of micelles, polymers, proteins, emulsions, nanoparticles or colloids etc. It
allows measurement of particle size across the range ~ 0.1 nm to ~ 10 pm. Its ability
to measure the size of small particles (for particles of diameter 2 nm and above) is
particularly valuable for producing accurate and reproducible data. DLS is based on
the extraction of spectral information derived from time-dependent fluctuations of the

light scattered from a spatially limited volume within the sample. When the sample
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(particle suspension or solution) is illuminated by a laser beam, generated scattered
light waves spread out in all directions. The particles of the colloidal dispersion
remain under Brownian motion. This results in fluctuations in the distances between
the particles and hence also fluctuate the phase relations of the scattered light. Also,
the number of particles within the scattering volume may vary with time. Scattered
waves interference in the far field region generates a net scattered light intensity. The
interference can be stochastically either constructive or destructive. Thus, a stochastic
light intensity signal is produced due to the random motion of the suspended particles
within the sample which is detected at a known scattering angle 6 by a fast photon
detector. Experimentally one obtains intensity fluctuations by computing the intensity
correlation function, whose analysis provides the diffusion coefficient of the particles,
D. D is then correlated to the hydrodynamic radius R of the particles by means of the
Stokes-Einstein Equation:

__ kT
" 6mnR

(2.2)

Where kg is the Boltzmann Constant, T the temperature and 7 is the viscosity of the

dispersing medium.!"

2.1.6.2 Basic Principle for Zeta Potential

In colloid chemistry, surface charge plays an important role as it contributes to the
stability of the particles in solution. If a stable colloidal particle is considered (Figure
2.5), it should have a surface potential which make them stable in solution by
repelling each other and preventing them to make aggregates. The immediate layer of
counter ions of opposite charge surrounding the surface in a compact way is called the

Stern layer. This layer is tightly bound to the particle (by electrostatic and moves with
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the particle in the dispersed medium. Then there lies a loosely attached layer of
counter ions called the Slipping plane. Along with counter ions, this layer contains
some ions from the solution which have similar charge as that of the particle. These
are free ions that move in the fluid wunder the influence of electric
attraction and thermal motion rather than being firmly anchored. It is thus kind of
‘diffuse’ layer. The potential difference between the Stern layer and Slipping plane in
called the Stern potential and that between the slipping plane and the bulk fluid is
called the Zeta ({) Potential'’®. In other words, zeta potential is the potential difference
between the dispersion medium and the stationary layer of fluid attached to
the dispersed particle. As distance from the particle surface increases the electric
potential drops in the order surface potential > Stern potential > Zeta potential.
Nevertheless, zeta potential is often the only available tool to get an idea of the surface
charge of the dispersed particles and hence their stability in the medium. So, it is

widely used for the determination of the type and magnitude of the charge.
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Figure 2.5: Illustration of Zeta potential with a schematic diagram that shows ionic

distribution for a negative surface charged particle suspended in a dispersion medium
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and the potential difference as a function of distance from the charged surface of the
particle.

When an external electric field is applied, dispersed particles move towards one of the
electrodes according to their charge along with the stationary layer of dispersing
medium. The direction and velocity of the motion is regulated by the particle charge,
the properties of the suspending medium, and the electric field strength. Particle
velocity is then measured by observing the Doppler shift of the scattered light. The
particle velocity is proportional to the electrical potential of the particle at the shear
plane which is equal to the zeta potential. Particle motion under an applied electric
field is known as electrophoresis. Thus, this optical method used to the determine zeta
potential is known as laser Doppler electrophoresis too. Here, fine sample particles are
suspended in a solvent of known refractive index, viscosity and dielectric constant.
The sample is then placed in an electric field and irradiated with a laser light of
wavelength. When the particles move under the applied electric field, the scattered
light is measured at an angle and the particle mobility is determined from the
frequency shift. The mobility is then related to the zeta potential at the interface using

the Henry equation*”®or Smoluchowski equation®7®.

Zeta potential is used as a key indicator to determine the stability of the nanoparticles.
Nanoparticles also possess certain surface charge originating from their capping agent.
If the surface charge is high, the extent of electrostatic repulsion between similarly
charged nanoparticles in solution refrains them from approaching close and resists
aggregation. When the surface charge is low, they may collide and not able to restore

the dispersion any more. Thus they flocculate. So for nanoparticles, high value of zeta
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potential (negative or positive) contributes to stability whereas low value of it leads to
aggregation or precipitation. Typically, nanoparticles with a zeta potential between
—10 and +10 mV are approximately considered to be neutral and hence mostly
unstable, while nanoparticles with zeta potentials of greater than +30 mV or less than
—30 mV are considered to be strongly cationic and strongly anionic, respectively, and

generally stable.!”

2.1.6.3 Instrument and Operating Parameters

To determine the surface charge and to monitor its values with varying amounts of
NaCl we measured zeta potential of nanomaterials using a ZetaSizer Nano-ZS
dynamic light scattering (DLS) device (Malvern Instruments). The synthesized HHog
gold nanoparticles showed a negative zeta potential (-34 mV to -15 mV) depending on
the amount of NaCl (final ClI" concentration in the mother solution varies between 250
MM - 40.25 mM) during the synthesis (the Zeta potentials for samples with PVP have
not been measured). The value of zeta potential reduces gradually with the increase of
the amount of NaCl, and vice versa.

2.1.7 Ultrasonic treatment or Sonication

2.1.7.1 Working Principle

In ultrasonic treatment, sound energy is used to agitate particles in solution. Sound is
a mechanical wave that results from the back and forth (longitudinal) vibration of the
particles of the medium through which it propagates and thus the wave exerts cycles
of pressure on the medium molecules. These cycles of pressure form thousands of
microscopic vacuum bubbles in the solution during sonication. Generally,
ultrasonic wave of frequencies greater than 20 kHz are used for this purpose. The

bubbles then collapse into the solution in a process called cavitation. This leads to
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release of enormous energy in the cavitation field. It is able to disrupt molecular
interactions such as interactions between molecules of water, separates clumps of
particles, helps in dissolution of solids in the medium and facilitates mixing. Also, the
vibration by sound waves creates friction in the solution, which causes the heating
effect. In nanoscience, sonication is used for synthesis of nanomaterials (Chapter 1,
sonochemical synthesis), solubilizing chemicals like surfactants, purification by
separation of desired nanomaterials from clumps and also for checking the mechanical

stability of the material.

2.1.7.2 Instrument Details

A bath sonicator (Ultrasonic Cleaner, Model SK3210HP) with an operating frequency
53kHz was used to determine the robustness of polymer screened nanoparticles
against mechanical force compared to the bare one mentioned (Chapter 6).

2.1.8 Grazing Incidence Small Angle X-ray Scattering

2.1.8.1 Working Principle

Small-angle X-ray scattering (SAXS) is an analytical technique that measures the
intensities of X-rays scattered by a sample as a function of very small scattering angle
typically in the range of 0.1° to 5°. Bragg's law (2d sin 8 = nA, where d = interplanar
distance in a lattice, ¢ = scattering angle,n = a positive integer and 1=
the wavelength of the incident wave) indicates that with decreasing the scattering
angle 6, increasingly larger structural features (d) can be explored. SAXS signal is
observed from a material containing structural features on the length scale of
nanometers, typically in the range of 1-100 nm. By wide-angle X-ray scattering

(WAXS), on the other hand, structural features on much smaller length scale, that of
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interatomic distances, can be probed. As the name says, it analyses the Bragg peaks
scattered at a much wider range of angles (10° to 90°).

In last few years, Grazing Incidence Small Angle X-ray Scattering (GISAXS) has
emerged as a useful tool to characterize micro- and nano-scale features, density
correlations and shape analysis of objects at surfaces or at buried interfaces of the
specimen. Though it operates in real space, GISAXS gives results in reciprocal space
as an advanced feature. The experimental setup for SAXS measurements uses
a transmission geometry where GISAXS setup is based on reflection geometry!’’,
Therefore, SAXS data is more related to substrate scattering (can reveal information
from deeper region from the surface) whereas GISAXS data is more related to surface
scattering. GISAXS basically combines SAXS applying reflection geometry, a sort of
diffuse reflectivity and an extended version of grazing incidence diffraction (GID)*'8,
Only a minimal volume of sample is sufficient for GISAXS measurements. It does not
demand much sophisticated sample preparation too like TEM. Moreover, being an
ensemble technique, GISAXS can provide statistically richer data averaged out over a
large sample volume than common microscopic techniques. The samples may be any
solid objects - powders, amorphous, crystalline or semi-crystalline, it may be gels or
even liquid dispersions. It practically covers a range of materials, such as thin films,
polymers, biopolymers, soft matters as well as metals, semiconductors, nanoparticles
etc. Also, in situ measurements are often feasible by GISAXS. These characteristics
have made it advantageous over the more conventional nano-scale structural probes.
However, applicability of GISAXS measurements performed at laboratory sources is
very limited. It can be utilized with full potential using a synchrotron radiation source

in combination with two-dimensional detectors.
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SAXS method is one of the most versatile techniques for the structural
characterization of nanomaterials. From the evaluation of the measured scattering
profiles a wide range of information about the structure and properties of the materials
can be obtained, such as: nanoparticle size distribution, particle shape, lattice details,
particle structure (e.g. core-shell), specific surface area, aggregation behavior of

nanoparticles, pore size distribution, liquid crystalline phases, etc.

2.1.8.2 Instrument Details and Operating Parameters

The experiment was performed at the Indian Beamline (BL-18B), Photon Factory,
KEK using the GISAXS experimental setup. The energy of the X-ray beam used was
16 keV. The sample was kept at a fixed angle of 0.04°. The detector used was Pilatus
1M which was placed at 3850 mm distance apart from the sample. An evacuated beam
path between the sample and the detector was used to reduce the background air

scattering.

2.2 Methodologies

The protocols executed for synthesis and characterization of nanomaterials and that
for MTT assay, cell culture and photothermal therapy have been presented in
respective chapters in details.

2.2.1 Washing for Synthesis

All the glasswares used in the experiment are washed and cleaned thoroughly with the
help of the liquid detergent extran. First, they are washed with copious amount of tap
water and then washed thoroughly with double distilled water. Finally they are rinsed

with Milli-Q water once or twice and dried in an oven before use.
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2.3 Materials
Almost all the chemicals were purchased from Sigma Aldrich (listed in Table 2.2) and
used without any further purification. Except the organic phase synthesis of

superlattices (described in details in chapter 7), Milli-Q water with a resistivity of 18.2

MQ.cm at 25 °C was used for all of the preparation steps.

Table 2.2: List of reagents with the specifications and company names.

Reagent Name Specification Company
Silver nitrate AgNQO3; Bioxtra, 99%, (titration) Sigma Aldrich
Ethylene glycol EG, 99% Sigma Aldrich
Poly(vinyl pyrrolidone) | PVP, [CeHoNO]n, average Mw~ 40,000 | Sigma Aldrich
Poly(vinyl pyrrolidone) | PVP, [CeHoNO]n, average Mw~55,000 | Sigma Aldrich
Sodium fluoride NaF, 99% Sigma Aldrich
Sodium chloride NaCl, AR, >99.9% Sigma Aldrich
Sodium bromide NaBr, 99% Sigma Aldrich
Sodium iodide Nal, 99% Sigma Aldrich
Sodium sulfide NaS, 99% Sigma Aldrich
4-Mercaptobenzoic acid | HS—CsH4—COOH, 99% Sigma Aldrich
DL-Dithiothreitol HS-CH>-CH(OH)-CH(OH)-CH>-SH, | Sigma Aldrich
99%
Gold(11) chloride HAUCI4.3H20; >99.9%, trace metals Sigma Aldrich
trihydrate basis
Sodium citrate tribasic CsHsNazO7.2H20; Bioultra, for Sigma Aldrich
dihydrate molecular biology, >99.5% (NT)
L-Ascorbic acid CeHsOs, BioXtra, >99.0%, crystalline Sigma Aldrich
Rhodamine 6G C28H31N203Cl, Dye content 99% Sigma Aldrich
Didodecyldimethyl- C26Hs6BrN, 98% Sigma Aldrich
ammonium bromide
1-Dodecanethiol C12H26S, >98% Sigma Aldrich
Sodium hydroxide NaOH, BioXtra, >98% Sigma Aldrich
Hydrochloric acid HCI, ACS reagent, 37% Merck
Ethanol C2HsOH, EMSURE,ACS,ISO, Reag. Merck
Ph Eur
Toluene C7Hg, extrapure AR SRL
Water Ultrapure, Milli-Q, resistivity 18.2 Merck
MQ.cmat 25 °C Millipore
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CHAPTER 3

ASPECT RATIO TUNABLE SILVER-NANOWIRES IN SERS-

BASED ppt LEVEL Hg?* SENSING

OUTLINE: What does the study offer?

Plausible mechanism of silver nanowire formation based on real time direct

experimental observation

Synthesis of aspect ratio tunable silver nanowire, simply by varying the

concentration of common salts

SERS based detection of Hg?* from ground water up to 50 ppt by silver nanowire-
4AMBA composite
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3.1 Introduction

One dimensional metallic nano-structure with variable aspect ratio®” attract
demanding interest of vast scientific community because of their potential applications
in nanoscale electronic device fabrication'®%2 nano-optoelectronics®®, opto-
mechanics and non-linear optics'®-%, light-harvesting!®8°, integrated circuits®!%
192 and in ultra-sensitive molecular sensing devices'®*¥%. To find their
multidimensional applications, we need to know the exact mechanism of their real-
time formation along with a simple but controlled synthetic methodology to tune their
physicochemical and mechanical properties. The literature is rich with methods of
synthesis of silver nanowires!#180186.193.195-1983nq 3 number of chemical approaches
have been actively explored to process silver into 1D nanostructures. For example,
silver nanowires have been synthesized by reducing AgNOsz with a developer in the
presence of AgBr nanocrystallites’®®, or by arc discharging between two silver
electrodes immersed in an aqueous NaNOs solution?®, Silver nanorods have also been
produced by irradiating an aqueous AgNOs solution with ultraviolet light in the
presence of poly-(vinyl alcohol)®®t. The final products of all these methods are,
however, encountered by problems such as low vyields, irregular morphologies,
polycrystallinity, and low aspect ratios'®®?%°2%2 |n contrast, the template-directed
synthesis offers a better-controlled route to generate 1D silver nano-structure. A
variety of templates have been successfully demonstrated by using this process, and
typical examples include channels in macroporous membranes?®®2%, mesoporous
materials?%2%7 or carbon nanotubes?®®2%°, plock copolymers?*® DNA chains?*!, rod-

shaped micelles?*22'3 arrays of calix[4]hydroquinone nanotubes®* and steps or edges

on solid substrates?!>21®, Previously, Xia et al.* reported a uniform silver nanowire
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synthesis by a seeded (Pt seed) growth technique and later'®® modified this method to
synthesize nanowires without using any seed. In both these methods though the
authors have tried to study their growth kinetics and explored their growth mechanism,
but have not tried to vary their aspect ratio by controlling their epitaxial unidirectional
growth and hence have not achieved any aspect ratio tunability. Synthesized silver
nanowires by Xia et al.1*!%" show a mean diameter of ~38 nm with 6um in length to
give an aspect ratio of ~150. In a more recent paper, Gongxuan Lu and coworkers'®®
have reported a NaCl induced silver nanowire synthesis without providing their actual
dimensions. In this chapter we are reporting for the first time a simplified
methodology for controlled aspect ratio tunable synthesis of silver nanowire just by
varying the concentration of common salt. Moreover we used ethylene glycol as
reducing agent compared to their higher glycols, which direct us to find an alternate
route to synthesize them through a cost effective way as well as to make them more
bio friendly. Besides that, as we use different salt samples (NaF, NaCl, NaBr, and Nal)
for efficiently blocking different crystal facets, depending on their solubility product
of the in situ generated sparingly soluble silver halides, we can vary their aspect ratio
by allowing them to grow in a single direction. Generated nanowires are extremely
stable for months and show different extent of surface properties depending on their
aspect ratios. Though Xia et al.}* have presented a plausible mechanism of silver
nanowire formation by considering homogeneous and heterogeneous nucleation of the
seeds based on TEM and SEM characterization, real-time observations lacks the
explanation of how the in situ generated seeds attached to each other energetically to
form the bigger nucleation center to queue up the seeds and in situ generated silver

atoms to cover the space between nucleation centers in a stream line arrangement
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(string with several knots) which transfigure them into bigger nanowires. This study
explains in details about the real-time direct observation (based on HRTEM) of
nanowire growth starting from the formation of seed, inter seed interaction for the
generation of bigger nucleation center, pentagonal nucleation site, stream line
arrangement of pentagonal nucleation site-in situ generated seeds-silver atoms, and
finally to transform this arrangement into bigger nanowires. We used a combined
variable sonication cum fractional centrifugation technique to separate in situ
generated unsymmetrical silver spheroids from silver nanowires. Besides their aspect
ratio variated synthesis, we can effectively leach them by adopting galvanic
replacement of silver by gold using HAuCIls to make them controlled hollow
bimetallic nanotubes which is a completely different result obtained by Lu et al.!*®
Once we synthesized and washed the nanowire, due to high specificity of mercury
(compared to other metals)?t’22% we have successfully used them for ultrasensitive
Hg(Il) detection from ground water. Mercury has adverse effect on living system as it
can damage DNA, causes malfunctioning of central nervous system, kidney, lungs,
endocrine systems, etc. leading to fatal diseases. The types and extent of disruption
varies with mercury present in zero oxidation state, as ions or as organomercuric
compounds. The Environmental Protection Agency (EPA), United States, has
prescribed a maximum uptake limit of 2 ppb for inorganic mercury in drinking water.
Based on Localized Surface Plasmon Resonance (LSPR) effect, mercuric ion sensing
in aqueous medium with silver nanowires produced in polyol method has been
investigated with a detection limit in the mM (~1000 ppm) range??t. With best of our
knowledge, this is the only report to use silver nanowires successfully for highly

specific (easy to distinguish between Au®* and Hg?*, in presence of other metal ions)
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and ultrasensitive (up to 50 ppt-level detection) mercury sensing by using a SERS-

based technique.

3.2 Preparation of Silver Nanocubes

Silver nanocubes are synthesized by adopting a standard protocol reported before?’ by
using AgNOz as building block, PVP (Mw ~ 40,000) as surfactant, Na>S as facet
blocking agent, and EG as solvent as well as reducing agent. After synthesis, the
obtained aliquot was centrifuged at 6,000 rpm for 1 h to remove unreacted reagents

from nanocubes.

3.3 Preparation of Silver Nanowires

Silver nanowire is synthesized in a three-neck flask. In the first step, 54 mL of EG was
heated at 165 °C (below the boiling point of EG) for 1 h with continuous stirring to
remove any dissolved oxygen. Then 13.5 mL of 0.18 M PVP (average Mw =~ 40,000)
in EG solution (considering the molecular mass of vinylpyrrolidone monomer unit as
111.14 g), 1 mL of 2.7 mM NaCl in EG solution, and 4.5 mL of 0.28 M AgNOs in EG
solution were added sequentially. Heating was continued for another 25 min. Colour
of the solution changes from colourless to yellow initially and then it changes to
orange, red, and then finally to muddy off-white when temperature reached again at
near 165 °C. Same set of synthesis was repeated with 0 mL, 0.125 mL, 0.25 mL, 0.5
mL, 1 mL, 2 mL, 3 mL, 4 mL, 8 mL, 16 mL, 32 mL, 50 mL, and 64 mL NaCl
solutions (stock solution of NaCl: 2.7 mM) to synthesize aspect ratio variated silver
nano-wires. It's been observed that, below 1 mL NacCl there is no production of silver
nanowire and forms only spherical nanoparticles. Our synthesized silver nanowires

show moderate monodispersity (>50%) which is a well known problem in the
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literature to achieve single sized nanowire. To quantify the aspect ratio of the
synthesized nanowires by varying the concentration of added salt we have considered
10 or more image frames with each frame having more than 100 nanowires and
measured not only the number averaged length distribution (X axis: length of silver
nanowire and Y axis: number of nanowires at that particular length) but also estimated
their average length (ensemble average) to report their mean length or aspect ratio in
Figure 3.1 and 3.2. We have used simple but modified techniques for clean
monolayer sample preparation both for TEM and SEM. For TEM measurement we
used 300 mesh copper Formvar/carbon grid. We used dip-and-dry technique to make
TEM samples. In this sample preparation technique we dip a TEM grid in the
concentrated nanomaterial sample solution by using a tweezer and the hydrophobic
carbon coating allow a monolayer of sample to stick on the copper mesh which we dry
on a soft tissue paper. After complete drying we use this grid for TEM measurement.
For SEM measurement we used a piece of mirror polished silicon wafer as sample
support. We inject about 20 uL of the concentrated nanomaterial sample on the tilted
silicon wafer and the hydrophobic nature of the wafer allows only a single layer of
sample to stick on the surface which dries quickly to allow us for immediate SEM

measurements.
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Figure 3.1: TEM-images of silver nanowires, synthesized by using different amount
of NaCl. From left to right for first, second and third row we have added 1 mL, 2 mL,
3mL, 4 mL, 8 mL, 16 mL, 32 mL, 50 mL, and 64 mL of 2.7 mM NaCl. Along with
the measurement scale, an approximate length of the obtained silver nanowires has

been mentioned on the top of each image.

100nm g g 500nm

~25pum

Figure 3.2: SEM-images of silver nanowires, synthesized by using different amount

of 2.7 mM NaCl. From left to right for first, second and third row we have added 1
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mL, 2 mL, 3 mL, 4 mL, 8 mL, 16 mL, 32 mL, 50 mL, and 64 mL of 2.7 mM NacCl.
Along with the length scale marker at the lower right corner, approximate length of a
randomly selected silver nanowire from each of the micrographs has also been

mentioned at the upper right corner of the SEM images.

From the TEM and SEM measurements as shown in Figure 3.1 and 3.2 respectively,
it is evident that as we increase the concentration of NaCl, particles with bigger aspect
ratio are originating. In fact both from the TEM and SEM images it was found that the
aspect ratio of these nanowires changes from 10 to 500. Quantification of aspect ratio

of synthesized nanowires has been shown in Figure 3.3.
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Figure 3.3: Quantification of aspect ratio of the synthesized nanowires by varying the
concentration of added salt. We have considered 10 or more image frames with each
frame having more than 100 nanoparticles for individual nanowires synthesized at
different concentration of salt. Measurement shows the number averaged length

distribution (X axis: length of silver nanowire and Y axis: number of nanowires at that
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particular length) which corresponds to the estimated average length (ensemble
average) as reported their mean length in Figure 3.1 & 3.2 of the main text. From A-I
we have added 1 mL, 2 mL, 3 mL, 4 mL, 8 mL, 16 mL, 32 mL, 50 mL, and 64 mL of
2.7 mM NacCl.

By keeping the salt concentration same, we have synthesized silver nanowires by
using different salts (NaF, NaBr, and Nal) to explore the effect of halogen atom in the
salt. Detailed effect of halide variation and salt concentration have been discussed in

the result and discussion section.

3.4 Preparation of Silver tubular nanocages

Once we synthesize aspect ratio variated silver nanowires, we made silver tubular
nanocages by galvanic replacement reaction. We performed this reaction under two
different conditions. In one method, we dissolved 1 mL of concentrated Ag nanowire
in 50 mL milli-Q water and then increased the solution temperature up to the boiling
point. After that we added different volumes of 10° M HAuUCI4.3H20 solution to
prepare silver tubular nanocages. In another method, we took a dispersion of 200 pL
of concentrated Ag nanowire in 10 mL ethylene glycol and added different volumes of
10° M HAUCI4+.3H,0 solution under continuous stirring at room temperature. The
structural difference of the nanostructures so produced has been discussed in details in
the Results and Discussion section. Generated Silver tubular nanocages were purified
by 3-times alternate centrifugation (at 2500 rpm for 1 h) followed by washing in water

medium.

3.5 SERS
For the SERS measurement of the extent of mercury (I) present in the environmental

samples, each Raman active analyte was made by mixing 5 uL of the concentrated
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silver nanowires with 5 uL pure water or 5 uL of different concentration of Hg(Il)
solution in a small micro centrifuge tube cap and then finally diluted with 190 uL of
4-mercaptobenzoic acid (4-MBA, 102 M) to make a total 200 pL aliquot for the
control and mercury sensing measurements by exposing the sample at 532 nm laser
light and the scattering signal was collected with 30 s acquisition time and 5 scan
averaging. Each experiment has been performed 5-6 times and the average values are

reported in this chapter. Laser power was kept at 3 mW for the entire experiment.

3.6 Result and Discussion

The central theme of this work is to establish a plausible mechanism of silver
nanowire formation based on the real-time direct observation of each and every
intermediate step either through colorimetrically or through electron imaging. This is
the first experimental report where we could clearly see how the bigger nucleation
centers, in situ generated seeds, and atomic silvers queue up in a stream line
arrangement (string with several knots) to transfigure this assembly into bigger
nanowires. Though there are few reports on real-time measurement to explain the
mechanism of nanowire formation'#18%1% due to the lack of finer intermediates in the
imaging studies the picture of step-by-step nanowire growth was unclear and in that
respect our study is unique to provide the complete picture of nanowire growth. Along
with the microscopic full view of nanowire growth mechanism, a new synthetic
strategy to fabricate silver nanowires with dimensional as well as plasmonic tunability
has been explained in this chapter to find their enormous applications in tunable
Plasmon spectroscopy. The plausible explanation based on the real-time direct
experimental observation has been put forward to explain the formation of salt

induced nanowires by considering the solubility product of the in situ generated silver
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halides, binding affinity of the added halides at the {111} facets on growing front, and
the free energy associated with the crystallographic planes (obtained from HRTEM
study) as the driving force. By virtue of their size tunability, our ultimate goal is to
attune their physicochemical and mechanical properties for ultrasensitive chemical
recognition. The originality of this work lies in its ability of tuning properties through
a cost effective as well as green synthetic route and a supporting real-time direct
experimental (HRTEM) observation—based growth mechanism has been illustrated in
great details. Moreover, an easy technique has been prescribed to remove in situ
generated silver spheroids from the high aspect ratio nanowires to make them highly
mono-dispersed silver nanomaterials. As a whole; synthesis, purification, and
preservation of high aspect ratio silver materials is such an easy venture that we can
easily adopt our technique for industrial level of nanowire production. Moreover by
adopting simple chemical treatment we can make improved nanowire networking for
selective molecular trap or to transform them into controlled hollow bimetallic
nanotubes. Following are the sections explained in details about the obtained results
and a scientific discussion in support of the obtained results.

3.6.1 Role of common salt for the generation of silver nanowires

Though there are several reports'*18:1% which explains the mechanism of salt-induced
silver nanowire (SNW) formation, this is the lone report which describes the complete
visualization of their microscopic growth and explain the aspect ratio dependent SNW
formation depending on the variation of salt concentration as well as the halogen
substituent in the salt. First reported production of SNW was achieved via reducing
AgNOs with ethylene glycol (EG) in presence of platinum seeds and

polyvinylpyrrolidone (PVP)*% where EG serves as reducing agent while PVP serves
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as the surfactant. Later Slawinski et al.??? reported another seeded growth technique
by using gold nanoparticle as seed while cetyltrimethylammonium bromide (CTAB)
as surfactant, silver nitrate as precursor, and ascorbic acid as reducing agent. Silver
nanowires can also be prepared by a self-seeding process without external crystal
seeds, in which initially generated silver particles serve as seeds for nanowire
growth??, Scientists have reported several other self-seeded aqueous-phase methods
to prepare SNW where EG has been replaced by N,N-dimethylformamide (DMF),
potassium tartrate (K2CsH4Os), anionic surfactant dodecyl benzene sulfonic acid
sodium (DBS) salt, and L-cysteine??*2%’. Gongxuan Lu!® and coworkers have
synthesized rectangular-SNW by using 1,2-propylene glycol as reducing agent
followed by the same protocol as we have adopted in this work. So, it is clear from the
above reported methods that we can easily control their morphology® by adjusting
several parameters such as seeding condition, surfactant, surfactant to precursor ratio,
reaction temperature, reaction time, etc. Silver nanowires synthesized in this study
have the average diameter of ~50 nm (% average of SNWs with diameter ~50 nm is
>90%) associated with variable length between 500 nm and 30um and pentagonal
cross section (as shown in Figure 3.4), with {100} facets on side surface and {111}

facets on growing front as reported earlier??®,
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Figure 3.4: High and low magnification SEM images of the silver nanowires taken at
tilted (A and B) and non-tilted (C and D) configuration of the sample mounting stage.
E, F, and G are tilted TEM images. Comparison between tilted and non-tilted images

clearly shows their pentagonally twinned face and pyramidal tipped structure.

In this study our aim is to investigate how these active crystal planes are affected by
the increasing amount of added salt to produce aspect ratio variated SNWs and how
the achieved aspect ratio affects their sensing ability. In case of silver nanocube
synthesis (Figure 3.5), added Na>S could act as facet blocking agent in two different
way: (i) spontaneous dissolution of NazS can generate sulfide anions (S%) or atomic
sulfur (S, by in situ oxidation) which has unbiased affinity to block all the facets
equally to result nanocubes, or (ii) it could react with AgNO3s to generate highly
insoluble Ag.S with solubility product, Ksp = 6.3x10° at 20 °C to block selective

facets.
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Figure 3.5: TEM images of the silver nanocubes at different magnifications
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Obtained results indicate that the first path is much more favorable over the second
one and hence the facet selective blocking is not possible by Na>S. To avoid this
situation and to allow the facet selective blocking for the production of one
dimensional silver nanostructure, different halide salts have been used. The addition
of NaCl to the AgNOs solution leads to immediate formation of AgCl, which can play
an important role in the shape control mechanism. It has been suggested that
underpotential deposition of silver halides occurs on the crystal facets of in-situ
generated nano-seed, leading to symmetry-breaking nanoparticle formation®6229-2%2,

It is clear from Figure 3.1 and 3.2 that for a particular common salt (viz. NaCl),
aspect ratio of the generated silver nanowires gradually increases as we increase the
concentration of the added salt with respect to a fixed concentration of AgNOs. Since
the produced nanowires length varies between 500 nm-30 pm, recording the
longitudinal plasmon mode is not possible by using our NIR spectrometer due to their
out of range plasmons and only gives the information about their transverse plasmon
mode which has been shown in Figure 3.6. NIR absorption spectra beyond 1750 nm

was completely quenched due to strong absorption by EG and not presented in this

figure.
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Figure 3.6: (A) UV-Vis and (B) Vis-NIR absorption spectra of NaCl induced

nanowires. Amount of NaCl varies between 1 mL-32 mL.
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To understand the nanowire growth phenomenon we studied the real-time HRTEM of
the growth process which gives the microscopic mechanistic pathway of nanowire
formation. As it is clearly visible from Figure 3.7 that as the reaction proceeds the
mother solution changes its colour from colourless to yellow initially and then it
changes to orange, red, brown, gray, muddy off-white, and then finally to a silky off-
white colour when temperature reaches again at 165 °C. We have taken ~100 pL
aliquot from this mother reaction mixture during colour transitions and immersed into
ice water to freeze the reaction and preserve the formed intermediate structure. In this
technique we have collected several intermediate samples (100 uL each) over the time
and made TEM grid from each sample to study their real-time growth process. NaCl-
induced silver nanowire growth process is shown in Figure 3.7 which explains their
real time colour change as well as the in-situ growth as the reaction proceeds. It is
clear from this real-time TEM, appearance of yellow color in the initial stage indicates

the formation of in situ seeds.

Figure 3.7: Real-time growth steps as anisotropic silver nanomaterials grow from

seed to high aspect ratio nanowires. Attached TEM images explain their nanoscopic
material development, attachments, and subsequent stream line arrangement to finally
generate nanowires with high aspect ratio.
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It is clear from the HRTEM study (Figure 3.8) that the in situ generated seeds are
about 5 nm in diameter (Step 1, Figure 3.7) and pentagonally twinned single crystal

(Figure 3.8) with all the active crystal facets grow up along {111} facial planes.

Figure 3.8: HRTEM images of the Pentagonally twinned seeds along with the finally
developed silver nanowires. It is evident from the HRTEM study that all the five faces
of the pentagonally twinned seeds are {111} facets. The growing front of the
nanowire is also having low energy {111} facets and the side face is having {100}

facets.

Immediately after the formation, seeds attached each other along {111} facial planes
both axially as well as side wise (with respect to the final SNW axis) due to the lack of
crystal selectivity to generate bigger nucleation site which has been shown in step 2 &
3 of Figure 3.7 respectively. These intermediate steps we can term as attachment
steps and initiate the formation of pentagonal-faced and pyramidal tipped rods by
epitaxial deposition of silver atoms over {111} facial planes. Once a clear pentagonal
nucleation site develops, the in situ generated seeds queue up and silver atoms cover
the space in between them so that a stream line arrangement results as shown in step 4

& 5 of Figure 3.7. A structure resembling “string with several knots” is actually
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evident in the TEM pictures (Figure 3.9) and those later transfigure into bigger

nanowires (Final step).

Y 2

100 nm

Figure 3.9: “String with several knots”— TEM image of ligation between seeds to
form wire. Seeds queue up in a streamline arrangement and ligate face to face or side

by side.

Formation of nanowire with greater surface area at the expense of these small
nanospheres occurs following the principle of Ostwald ripening process?33. A proof of
this ligation process among seeds along with close views of the multiply twinned
seeds themselves under the process of growth along {111} axis is also visible from the
obtained HRTEM (Figure 3.8) image.

When the attachment and jacketing of seeds is completed, the newly generated {100}
surface tends to smoothen up and be continuous. According to literature, the free
energies associated with the crystallographic planes of an fcc metal increases in the
order: y(111) < y(100) < vy(110)?%%. Due to high energetic nature of the {100} facets,
produced silver halides in the medium have higher tendency to deposit and ultimately
blocks the {100} facets to increase the stability of the generated nanorods. Blocking
of {100} facets indirectly influence the axial growth by continuous deposition of
atomic silver or in-situ generated silver nanoparticles on {111} facet in a stream line
arrangement fashion®®228 Diffusion of atomic silver or in-situ generated silver

nanoparticles is facilitated by elevated temperature of the reaction medium.

98



Nanowires of several micron (um) lengths can be synthesized by this method. The
silver halides have a definite role in termination process of the {100} facet growth
leading to finite wire shape. With increasing concentration of silver halide (when we
add greater amount of sodium halide in the reaction mixture), relative deposition of
silver halides on {100} facets and stream lining of atomic silver on {111} facets
results generating silver nanowires with very high aspect ratio. However, at very high
silver halide concentration, the selectivity of generated silver halides on {100} facet
over {111} reduces due to the lack of available atomic silver for axial deposition and
eventually gives rise to spherical particles and the situation merges to the same when
there was no blocking agent.

We attempted to illustrate the effect of solubility product of silver halides on the
aspect ratio of the synthesized nanowires. To do so, we have taken fluoride, chloride,
bromide and iodide salts of sodium to produce AgF, AgCl, AgBr and Agl respectively
in course of the reaction and the nanostructures we ended up are presented in Figure

3.10.

- 10:im

Figure 3.10: Efficiency of generating high quality (HQ) nano-wire based on the

electronegativity of halides in the common salts. Where (A) NaF-based Ag-nano
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sphere, (B) NaCl-based Ag-nano wire, (C) NaBr-based Ag-nano wire, and (D) Nal-
based Ag-nano sphere/wire indicates their relative efficiency to generate high aspect

ratio nanowires.

Ethylene glycol is freely miscible in water and it can be assumed that the trends in
solubility in the latter will be similarly effective as that in the former. AgF is highly
soluble in water and as a result it remains dissolved in the reaction medium and does
not block any facet and results the formation of spherical particles only.

The solubility product of the other silver halides in water at 25 °C follows the order®®:
K99 (1.77x10719) > K957 (5.35x10713) > K9 (8.52x10717)

As the temperature rises, the solubility increases following the equation below!%:

n(E4) =22
Where, AHp is the standard value for enthalpy of dissolution (Enthalpy of precipitation
has same value but opposite sign) and R is the gas constant = 0.008314 kJ.mol.K™,
AHp for AgCl, AgBr, and Agl are 65.72, 84.83, and 111.13 kJ.mol, respectively?3®,
The increasing order of solubility product thus derived from the above equation at
165°C is

Kot 65(8.5x1077)>K 490 (3.0x1078)>K g | - (1.4x10710)

In the reaction mixture (considering the case for 8 mL 2.7 x 1073 M halide salt
solution in 54 mL EG), the product of the concentrations of silver ion (C,4+) and the
corresponding halide ion (Cx-) in the final volume is ~4.3 x 107¢. Therefore
precipitation in the reaction medium is expected in case of all the silver halides (X= ClI,
Br, and 1). The extent of deposition will increase in the order AgCl <AgBr <Agl and

enhances the AgX deposition as the reaction medium cools down to room temperature.
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The preferred facial deposition will steer the anisotropic growth and this finally leads
to extended nanowire moving from chloride to bromide as shown in Figure 3.10 and
in practice we could increase the aspect ratio of the generated nanowires by two times
by adding NaBr instead of NaCl and the synthesized nanowires were as elongated as
50-60 um in length. The presence of iodide ion is, however, observed to inhibit wire
formation and a mixture of quasi-spherical particles and much smaller rods are the end
products. The role of iodide ion is not totally comprehensible but it is suggested that I’
preferentially bind to {111} facets and thereby preventing further growth along that
direction’®,

3.6.2 Purification, networking, leaching, and preservation of synthesized silver
nanowires

Once we synthesize silver nanowires with variable aspect ratio; un-reacted NaCl, PVP,
AgNOs, and smaller silver spheroids formed in the course of reaction have been
removed by repeated low speed centrifugation in EG as solvent. Depending on the
dimension of the generated silver nanorods we applied variable centrifugation speed
between 1000-3500 rpm for selective nanorod/wire precipitation and removal of the
un-reacted chemicals along with smaller silver spheroids as top decant. Due to parallel
arrangement as well as cross linking nature of the nanowires in the solution, bigger
silver spheroids as side product got stuck in to the nanowire network and difficult to
remove them by simple fractional centrifugation. To remove the bigger spheroids, we
adopted a sonication cum fractional centrifugation technique where we sonicate the
purified nanowires at 40% power of 53 kHz frequency at 20 °C for 1.0 min followed
by centrifugation to remove the spheroids and collected the lower portion as pure

nanowires. In sonication process, sound wave with high frequency (>20 kH;) used
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here to shake off the nanowires to remove bigger silver spheroids in cleaning purpose
for making ultrapure silver nanowires. Purity of the nanowires before and after
centrifugation has been depicted in Figure 3.11 which clearly shows that we could
effectively remove almost all the silver spheroids by using this sonication cum

fractional centrifugation method.

Figure 3.11: Improvement of wire quality (A) before and (B) after sonication cum

fractional centrifugation to remove the spheroids and obtain purified silver nanowires.

After this purification step we followed the leaching technique as described in section
3.4 and simply by controlling the extent of gold ion (10 M) addition we could easily
achieve fractional leaching to generate differently hollowed Au-Ag hybrid nanotubes.
Details of this controlled generation of hollow nanotubes have been shown in Figure
3.12. It is noticeable that in boiling water, the nanotubes so produced have much even
and smoother outer wall. Compared to water, nanotubes synthesized in EG have much

rough surface as clearly observable from Figure 3.12.
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Figure 3.12: Controlled generation of hollow nanotubes: (A-C) stirring in boiling
water, A: Without gold leaching, B: Less leaching, and C: More leaching and (D-I)
stirring at room temperature in ethylene glycol, in presence of different amount of 10
M HAuUCI4.3H20 solution, D: 20 uL, E: 50 pL, F:100 pL, G: 200 pL, H:500 pL, |
1000 pL.

To make interlinked nanowire networking, we have used dithiothreitol (HS-CH.-
CH(OH)-CH(OH)-CH-SH) as a linker in the reaction mixture. Keeping the reaction
condition same, we have used different amount of 10* M dithiothreitol (DTT)
solution in the reaction mixture. Though we have observed the nanowire formation at

165 °C in absence of DTT, nanowire networking starts at 185 °C in presence of DTT
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with a creamy yellowish colour appearance as the end product. The effect of

dithiothreitol addition in the mixture is clearly shown in Figure 3.13.

Figure 3.13: The effect of dithiothreitol addition in the reaction mixture when the
synthesis was performed (A) without DTT, and (B) with DTT.

The corresponding UV-Vis spectra are shown in Figure 3.14. This not only gives us
the ability to form the nanowire networking but also can be used as effective resources

for atomic/molecular trapping material.
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Figure 3.14: UV-Vis absorption spectral comparison of silver nanowires synthesized

in absence (Black) and in presence (Red) of DTT (dithiothreitol).
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3.6.3 Highly specific and ultrasensitive Hg (I1) detection by silver nanowires

By looking toward the adverse effect of mercury on living systems and
the Environmental Protection Agency (EPA) regulated maximum uptake limit of 2ppb
for inorganic mercury in drinking water, present society seeks an efficient sensing
assay for highly selective and ultrasensitive detection of mercury in ground water.
Localized Surface Plasmon Resonance (LSPR)-based UV-Vis spectral detection
technique??! could measure soluble mercury concentration in the range of 104-10° M
(20-2 ppm) which is well above the EPA-limit. In a recent publication, Fan et al.?’
presented a colorimetric method for quantitative recognition of Hg?* with excellent
selectivity up to a detection limit of ~5 ppb which is close to the EPA-limit of Hg?" in
drinking water. In this work we have demonstrated a SERS based sensing of Hg?* ion
up to a detection limit of 50 ppt (10*° M in solution), a value much lower than the
granted upper limit fixed by EPA. SERS has been studied extensively in the last few
decades!3%:238-241 and promised to be one of the most useful analytical techniques for
the future applications in diagnostics and sensing®*?24®. The usefulness of this
technique lies in its ability to provide the chemical signature along with its signal
amplification (108-10'* order) leads to state-of-the-art highly specific and sensitive
assay for diagnosis, sensing and real-time monitoring®*?2*, Though bulk SERS
enhancements have been understood as largely plasmon-based!®® since the first
experimental demonstrations'®®, resonance?**?*® and chemical contributions*®24’ can
also be quite large under certain conditions. Noticeable Raman signal from 4-
Mercaptobenzoic Acid (4-MBA) is achieved by surface adsorbing them on silver
nanowires with high aspect ratio. The Raman enhancement factor, G, for this study is

measured experimentally by direct comparison of Raman signal originating from
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V(CC)Ring stretching at 1589.7 cm™ in presence of nanomaterials and in absence as
described in details elsewhere®. All spectra are normalized for integration time. The
enhancement factor estimated from the SERS signal is approximately 5x10° which is
about two orders less than the corresponding spherical silver nanoparticles obtained
by adding 250 uL of 2.7 mM NaCl in the reaction mixture. This intrinsically low
Raman cross section of silver nanomaterials is clearly observable in Figure 3.15.
Variation of SERS intensity with aspect ratio (AR) for NaCl induced (synthesis
protocol remains same but only the NaCl concentration changes) silver nanowires
have been depicted in Figure 3.15 with an inset which shows the effect of halogen

containing common salt for maximum achievable Raman intensity.
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Figure 3.15: Variation of Raman intensity of the surface adsorbed 4-MBA on

different aspect ratio SNW. Different spectra indicate the nanostructures obtained by

using different amount of 2.7 mM NacCl in the reaction mixture. Black: 250 uL, Red:

750 uL, Green: 4 mL, Cyan: 16 mL, and Yellow: 64 mL NaCl. Halide effect of

common salt on SERS enhancement factor is shown as inset.
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It is evident from the figure that the SERS signal decreases gradually with AR and
gives maximum Raman intensity for a sample which is mostly composed by spherical
particles. Lower Raman cross section of silver nanowires compared to their spherical
counterpart can easily be explained?! by considering their relative surface-to-volume
ratio (S/V). If we consider a spherical particle with radius Rsp then the (S/V)sp= 3/Rsp
and (S/V)w= 2/Rwr for a nano-wire with radius Rwr and length h. Since in the present
set of experiment Rsp (~6 nm) <Rwr (25 nm), (S/V) offered by the nano-wire is ~6
times less than the spherical particles obtained at lower concentration of NaCl (12 nm
diameter Ag nanoparticles obtained in presence of 250 uL 2.7 mM NaCl).

Moreover, the relative Raman cross section due to S/V ratio is length independent,
obtained Raman intensity from surface adsorbed molecules (4-MBA in this work) on
different length nanowires remain more or less same if their diameter is approximately
constant at 50 nm and this is clearly observable from Figure 3.15. It is logical to think
that this independency of Raman cross section on the length of the nanowire is
applicable only for same kind of nano-surface and Raman enhancement which is
highly dependent on the surface composition should be different for nanowires
synthesized by using different halogen containing common salts (NaCl, NaBr, and
Nal). Dependence of Raman cross section on surface composition is clearly shown in
the inset where we have observed maximum Raman cross section for NaBr-induced
nanowires and minimum from Nal-induced one. This could be explained by the
networking structure of the NaBr-induced nanowires which has enhanced adsorption
ability compared to the NaCl-induced nanowires which mostly generates non-
interacting individual nanowires. In case of Nal, generated nanoparticles are spherical

in nature with average diameter of ~100 nm should produce 1.3 times less Raman
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cross section than a nanowire with average diameter of 50 nm as we have argued
before and clearly observable from the inset of Figure 3.15. Though the offered SERS
is more for a smaller spherical Ag nanoparticle, nanowires are suitable for Hg®*
sensing experiment due to the preferential binding of Hg?* on the {111} facet as all
the {100} facets are blocked by insoluble silver halides which prevent the direct
access of analyte to the nanowire surface and initiate the leaching process through tips.
Here preferential binding of any added metal on the {111} facet is stem from the
unavailability of {100} facet and not due to their selective binding. It is worth to
mention that the literature is rich to show the higher specificity of mercury to form
silver amalgam compared to other metals?!’2%, As a result of this unavailability of
{100} facet for binding, any of the added metals will be directed towards the {111}
facet only but due to greater specificity to form silver amalgam other metals will show
negligible binding to offer highly specific and selective detection through SERS
quenching experiment. It is also well-known that most exciting optoelectronic
activities of nanomaterials stem from their nanoscale sharp tips?43-2*°, Expected more
catalytic and plasmonic activity at sharp features (e.g., corners, crease edges, cracks,
branches, tips, etc.) of the nanoparticles stem from their very low neighbouring atom
density surrounding the corner atoms compared to edge atoms which offers little
restoring force® and opens up the gate for easy access to Hg?" ions for chemical
reaction through tips. Though the obtained maximum Raman signal enhancement is
offered by NaBr-induced silver nanowires, NaCl-induced nanowires gives the most
consistent result with relatively high Raman signal strength and we have done all our
sensing experiments by using NaCl-induced silver Nanowires. When Hg?" is added in

the solution it causes leaching of the nanowires and is expected to form silver-mercury
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alloy. Unlike the bulk silver which has comparable reduction potential as that of
mercury (the standard electrode potential of Ag*/Ag = 0.80 V vs. SHE and Hg?**/Hg =
0.85 V vs. SHE), at nano level the reduction potential of silver is reduced with
decrease in size?®! and Hg?* is capable to oxidize Ag to Ag* efficiently. As a result,
partial deformation of the nanowires takes place and there is a gradual decrement of
the SERS signal produced as we move from lower concentration of mercury to a
higher one. As a control experiment we have performed the same study of nanowire
deformation by using Au®* instead of Hg?**. Due to large difference in reduction
potential of the two metals (the standard electrode potential of Ag"”/Ag = 0.80 V vs.
SHE and AuCls/Au = 0.99 V vs. SHE)®?, gold ions can easily oxidize silver
nanowires to form silver ions in a nano-galvanic cell reaction and our usual
expectation to achieve more Raman intensity quenching as a result of the nanowire
deformation. In reality, we have observed a much less nanowire etching in case of
Au®* addition compared to Hg?* addition. This could be possibly because of the large
lattice mismatch between Hg and Ag and not the case for Au and Ag (Au = 4.08 A,
Ag = 4.07 A)®3. As a result of this crystal lattice matching, gold crystallizes on {100}
facets [y(111) < y(100) < y(110)?**] to produce hollow tubes with comparable surface
for Raman activity but Hg?* leaches silver nanowires through {111} facets to deform
nanowires and results reduction in Raman intensity. The difference in SERS intensity

due to the addition of Au®*" and Hg?* is shown in Figure 3.16.
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Figure 3.16: Relative ability of silver nanowire leaching by added gold and mercury

ions (performed at 50 ppm concentration) and the resultant Raman signal (originated

from surface adsorbed 4-MBA) quenching.

At lower concentration of Au®* (below 10* M), apparently no change in Raman
intensity offered by the surface adsorbed 4-MBA is due to not much effective surface
area change. At 50 ppm concentration of Hg?*, the deformation of silver nano-wire
can be vividly observed in naked eye. At this level the signal is almost totally
quenched. To verify the efficiency of silver nanowire-induced Raman signal of 4-
MBA for ultra-sensitive quantification of Hg?*, we have performed the SERS
experiment at different concentration of Hg?" prepared from one stock solution of 1M.
The 4-MBA and Hg?* solutions were made in a buffer of pH-4 throughout the
experiment so that the metal ions stay stable in the medium and can effectively bind
on the nanowire surface. Concentration dependent Hg?" sensing by using NaCl-
induced silver nanowire is shown in Figure 3.17. Left side inset of Figure 3.17
indicates how the Raman intensity at 1589.7 cm™ [v(CC)ring stretching: 1584 cm™]%*
quenched as we increase the concentration of Hg?*. It is clear from the plot that at

lower concentration of Hg?* the extent of Raman quenching at 1589.7 cm™ varies
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linearly up to a certain limit (~1 ppb) but after that the variation is not linear anymore
and remain almost constant before the concentration of Hg?* is too high to completely

dissolute the nanostructure and results maximum possible Raman quenching.
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Figure 3.17: Concentration dependent Hg?" sensing by using NaCl-induced silver
nanowires. Concentration of Hg?* has been varied between 50 ppt and 50 ppm. Left
side inset indicates how the Raman intensity at 1589.7 cm™ quenched as we increase
the concentration of Hg?*. It shows linear variation of Raman quenching at 1589.7cm™
with Hg?" concentration up to ~1 ppb limit which has been shown in the right side
inset. The experimental data in right inset is represented by (m), and the line represents

the linear fit with R=0.98.

At low concentration range (50-700 ppt) we have plotted SERS quenching at 1589.7
cm™ against Hg?* concentration which has been shown as the right side inset in
Figure 3.17. It is clear from the plot that the SERS quenching signal intensity varies

linearly (a prerequisite of a sensor) with the concentration of Hg?* up to 700 ppt,
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which clearly demonstrates that it is possible to use our SERS assay as a sensor for the
quantification of Hg?* from water sample at low impurity level. The obtained Hg*
detection limit of our study is 50 ppt which is of the order of 101 M in solution, a
value much lower than the EPA granted upper limit of Hg?" in drinking water. For
real-life applications, e.g., in an environmental sample, there could be several different
impurities due to other common metal ion. To check the selectivity of our assay for
Hg?* over other metal ions, we performed same SERS experiment with the chloride
salts of Pb?*, Fe3*, Cu?*, As®*, Cr¥*, Cd?*, Zn?*, Co?*, Ni?*, Sr**, K*, and Na*. It is
observed that at 50 ppm level (102 M concentration) of the salt solutions, many of
these ions seem to interfere strongly whereas at 5ppm level (10° M concentration)
only Pb?, Cu?*, As®*, and Cr® ions produce noticeable quenching interference.
However, at 500 ppb (10* M concentration), the interferences of Pb?*, Cu?*, As®*", and
Cr®* are evidently much weaker and at 50 ppb (10° M concentration) or below Hg?
shows selective Raman quenching as shown in Figure 3.18. However, it can be stated
that the extent of quenching caused by Hg?" ion always remains sufficiently enough
compared to others for the detection of this notoriously toxic element in a sample

mixture.
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Figure 3.18: Raman quenching efficiency of Hg (1) at different concentrations (A: 50
ppm, B: 5 ppm, C: 500 ppb, and D: 50 ppb) which shows that the silver nanowire-
4AMBA composite can act as an excellent sensor for selective mercury ion detection in

aqueous solution on or below 50 ppb concentration.

To demonstrate the potential and practical applications of our assay to measure the
Hg?* content in environmental samples, spiking experiments were performed and
recovery values were determined. For this purpose, we have collected water samples
from Calcutta Municipality Canal, Saha Institute of Nuclear Physics tap water, and
bottled purified drinking water. We have filtered out the water samples by using a
0.2um syringe filter to remove any bigger contaminants present in the water samples.
Subsequently, different concentrations of Hg?* were spiked and SERS was performed
to determine the Hg?* concentration. In Table 3.1, the supplied Hg?* concentration

and Hg?* concentrations determined by our SERS probe are compared. Our data show
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that the recovery values are quite good within the experimental error. Our
experimental data confirms the capability of our assay to detect a low concentration of

Hg?* ions (below 1 ppb) from environmental samples.

Table 3.1: Comparison of supplied and measured concentrations for Hg?* from
different source of water samples.

Water Sample

Supplied Hg?*

Determined Hg?*

Kolkata Canal Water 600 ppt 670+40 ppt
SINP Tap Water 500 ppt 480160 ppt
Bottled Drinking Water | 400 ppt 370120 ppt

To check the structural effect of silver hollow wire on Hg?" sensing, we have
performed the same set of SERS experiments but the results were not encouraging as
the initial Raman signal originating from adsorbed 4-MBA on hollow nanowires were

intrinsically very low and is not suitable for high throughput sensing experiment.

3.7 Conclusions

In this work we have put forward a plausible explanation based on the real-time direct
experimental observation (by HRTEM) of each and every intermediate state during
growth for the common salt induced aspect ratio tunable Pentagonal Faceted
Pyramidal Tipped (PFPT) silver-nanowire synthesis. Real-time direct experimental
observation and the subsequent nanowire growth has been explained by considering

the free energies associated with the crystallographic planes, solubility product of the
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in situ generated silver halides, and binding affinity of the added halides at the {111}
facets on growing front. Reported results present the first controlled aspect ratio
tunable nanowires synthesis technique simply by varying the salt concentration or by
changing the halogen substituent in the common salt. This research work also
prescribes an easy way to purify nanowires from spheroids, ligation technique for
nanowire networking, and tubular silver nano-cages which may find several future
applications. Driven by the needs, we have used these synthesized nanowires for
higher specific (preferential binding of Hg?* on {111} facets of silver nanowires over
other metals) and ultra sensitive Hg?* detection in the ppt level (50 ppt) which is 40
times lower in concentration than the EPA approved upper limit of Hg?" in the
drinking water. We strongly believe that this detailed study on silver nanowire will

find enormous applications in future trace level sensing technology.
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ULTRA-TRACE GOLD (Au) DETECTION BY A COLORIMETRY

CHAPTER 4

BASED OPTICAL RULER

OUTLINE: What does the study offer?

A highly selective and ultrasensitive colorimetric sensor to detect trace level gold

i.e. up to 30 ppt in presence of common mining elements in natural gold ore

An optical ruler based sensing that uses decoupling of in-plane dipole resonance

modes

Low cost, handy, precise and efficient way for analyzing gold quantity in

environmental samples

Plausible explanation for silver nanoparticles formation in presence of catalytic

amount of gold-ion
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4.1 Introduction

Sensor technology always looks for a reliable and handy tool with greater specificity
and ultra-sensitivity. The detection may be based on electrical or optical signal output.
However, due to the easiness of understanding and performing optical sensors are
more acceptable. Out of several optical sensors, colorimetric sensor is the simplest one
due to the efficient readout by our own eyes undemanding an extra detector with
additional cost of sensing. In the past, chemists and biologists have extensively used
colorimetry for the detection of toxins,*42%2% pjological components,?5’-2%°
explosives,?%%-252 pollutants,?%32%* and nutrients?®>2%¢ both from commercial as well as
environmental samples. These colorimetric sensors have been developed not only for
their accurate identification through specific chemical interactions®®® but also for their
ability to detect in trace level applicable for early stage detection of cellular
components®° in a biological process as well as for a chemical compound?®3264 as an
active ingredient. Throughout the globe scientists have invested their time and effort
to develop robust colorimetric sensors for heavy metals which include As(lll and V),
Pb(11), Hg(l1), Cd(I1) etc.1®2°6:267 considering the severe health disorders they cause.
Compared to these toxic heavy metals, efficient colorimetric sensors for precious
metals like Au, Ag, Pt, Pd, Ru, etc. are very rare in the literature. Most of these
colorimetric detections are based on change of the color or color intensity of the
nanoparticle solution on exposure of the analyte to the mother solution. The deviated
color or the degree of color intensity change measures the extent of analyte present.
However, change in color based on decoupling of different plasmon modes offered by
a nanoparticle upon exposure to a particular analyte (here gold-ion) at different

concentrations to offer a color-coded sensing is probably the rarest report in the
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literature. Due to its attractive characteristics like, malleability, good conductivity of
heat and electricity, strong reflectivity in infrared region, high density along with
chemical resistivity, gold (Au) has widely been used as a precious metal in several
fields such as jewellery, medicine, high-tech industries, electrical & electronic
industries, catalysis, and corrosion-resistant coatings.'%2%-2"* Driven by the needs,
here we have reported a highly selective (over other metal ions) and ultrasensitive (up
to ppt level) turn-on colorimetric assay-based optical ruler for accurate gold
quantification. This assay is based on decoupled in-plane dipole resonance. In this
study different silver nanodiscs (AgNDs) are generated in situ and as their disc
diameter changes they show different extent of red shifting of the in-plane dipole
resonance (longitudinal mode) based on their increased particle size as a result of
decrease in the Au-ion concentration in the assay. In past, different instrumental
techniques like, inductively coupled plasma mass spectrometry (ICP-MS), inductively
coupled plasma optical emission spectrometry (ICP-OES), electrothermal atomic
absorption spectrometry (ETAAS), energy-dispersive X-ray spectroscopy (EDX),
flame atomic absorption spectrometry (FAAS), and spectrophotometry?’>-?3have been
employed to detect the extent of Au present in a sample. Among them, ICP-MS and
ICP-OES are the most sensitive techniques to trace very low level of Au content.
However, due to their high cost, intricate instrumentation and time-consuming nature

have limited their use for routine applications.

Along with numerous sensitive detection techniques, several pre-concentration
methods (e.g., ion exchange, membrane separation, co-precipitation, solvent
extraction, cloud point extraction, and sorption on a solid phase) are also there to

make enriched Au samples for easy detection through stable complex formation
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mechanism.?8+-2%4 They are simple and effective techniques, but have disadvantages of
high cost, time consuming nature, and the use of large volume of toxic solvents as
extractants.?®>-2%" A rapid and selective Au-ion recognition and recovery was reported
recently by a new type of mesoporous adsorbent,?® where the solution acidity plays
an important role to bind trace level of Au-ions. The specificity and fast complexation
of the metal ions with ligand immobilized conjugate adsorbent was investigated for
selective and sensitive detection and recovery of Au-ions from waste scrap.?®
Different functional-group ligands trapped on various solid matrices have also been
used for sensitive determination of trace level Au-ions based on easy to use and cost
effective adsorbents.3%

The objective of this study was to develop a low cost turn-on colorimetric sensor for
highly specific and ultrasensitive detection of trace level gold content simply by
controlling the extent of decoupling of the in-plane dipole resonance (longitudinal
mode) of the in situ generated AgNDs and tuning the same. In presence of different
concentration of Au-ion (ppm to ppt level), a homogeneous mixture of sodium citrate
tribasic dihydrate (TSC), silver nitrate (AgNOs3) and L-ascorbic acid (AA) in water
which we termed as ‘growth solution’ forms different sized AgNDs (along with
spherical silver nanoparticles, AgNPs). Controlling the decoupling of in-plane dipole
resonance from out-of-plane dipole resonance and thereby tuning the in-plane dipole
resonance of these in situ produced AgNDs generate different complementary colors.
These colors indicate the extent of catalytic amount of gold present in the solution.
This turn-on colorimetric assay-based optical ruler can be used as a potent tool for Au-
ion detection as the appearance of color positively confirms the presence of gold as

gold ion and the longitudinal plasmon (in-plane dipole resonance) tuning measures the
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extent of Au-ion present as tracer. A plausible mechanistic explanation, based on the
relative oxidation/reduction potentials of active redox systems present in the sensor
assay has been provided in great details. It elucidates the use of AA as a reducing
agent catalyzed by Au-ion to reduce available soluble metal ions. Present study also
investigates the extent of interference from foreign metal ions not only to measure the
specificity of this sensor but also to understand the enhanced sensitivity and their
stability with time. Finally, we have tested our assay to detect and measure gold
concentration from real ore samples and to find out the possible interference of such
real matrix. The interference actually helped to extend the detection limit without

disturbing the overall specificity of the assay.

4.2 Growth Solution Preparation

Under continuous stirring condition 175 pL of 1% sodium citrate tribasic dihydrate
(TSC), 250 puL of 102M silver nitrate (AgNO3) and 50 L of 10"t M of ascorbic acid
(AA) were added one-after-another into 10 mL of Milli-Q water. This homogeneous

solution was marked as the ‘growth solution’.

4.3 Synthesis of Silver Nanoparticles (AgNPs)

Under continuous stirring condition different concentration of Au-ion was added to
the ‘growth solution’ and the whole solution turned colored within few minutes,
indicating the formation of silver nanoparticles (AgNPs). The reaction was carried out
at room temperature in a 15 mL Borosil glass bottle placed on a magnetic stirrer
allowing continuous mixing of chemicals. The reaction was allowed to proceed for
another ~2 min after the addition of all reagents. We also added different metal ions to

the solution to check their influence in AgNP formation. The schematic representation
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of the stepwise synthetic procedure of the Au-ion catalyzed AgNP synthesis has been
explained in Figure 4.1(1) and their corresponding plasmon peaks with variable shape
and size have been presented in Figure 4.1(11) with detail description in the later
section. Associated control experiments to confirm the necessity of gold ion’s
presence has been tested in a systematic way. Influence of other heavy metals and
alkali metals for the possible false positive sensing or for the improvement of the
sensitivity of gold detection has also been discussed in details in the result and

discussion section.
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Figure 4.1: (I)A stepwise Au-ion catalyzed AgNDs synthesis process at room

temperature in TSC medium by reducing AgNOs in presence of ascorbic acid and (I1)
UV-vis spectra of in situ generated AgNPs (mixture of nanospheres and nanodiscs)
synthesized at different concentrations of Au-ion. The spectra show one strong peak at
265.5 nm and a small hump (Figure 4.2) near 335 nm due to the absorption of AA and
out-of-plane quadrupole resonance of AgNDs respectively. The out-of-plane dipole
resonance of AgNDs and both the in-plane and out-of-plane dipole resonances of
AgNPs (nanospheres) give rise to a peak near 400 nm. Another tunable band between
500 and 800 nm originates from the in-plane dipole resonance of AgNDs. Tuning of

in-plane dipole band maxima with gold ion concentration is shown as inset.

4.4 Extraction of Gold as Gold lon from the Ore
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Gold occurs in nature mainly in the metallic form,
usually alloyed with silver as electrum, or with mercury as anamalgam and
comparatively rarely with other elements in chemical composition. They may be
either insoluble or highly soluble in water. For validating the optical ruler with real
mining sample, gold ore was collected from Bugunda Gold Deposit in Tajikistan. To
get Au in soluble form, extraction has been done by treating 0.01 g of oxidized ore
with 100 pL of 10-times diluted aqua regia for 10min and then the extracted solution
was centrifuged at 12000 rpm for 10 min to remove any insoluble materials. Top
decanted solution after centrifugation was diluted 10 times further and used as stock

solution for the entire sensing experiments.

4.5 Results and Discussion

Reagents which are commonly used to reduce Ag* to Ag’ include N,N-
dimethylformamide, hydrazine, ferric ions (Fe®"), and sodium borohydride.
Unfortunately, most of these reducing agents exhibit undesired toxicity, which limit
their application in medical and packaging products. In this study, ascorbic acid, a
non-toxic chemical, has been employed for the reduction of silver ions to form a
mixture of spherical- and disc-shaped (AgND) silver nanoparticles. In the present set
of demonstration, presence of trace level Au-ion is essential to generate these AgNPs.
This observation is clearly illustrated in Figure 4.2(1), where right most bottle with
Oppb concentration of Au-ion did not produce any color and hence confirms the
absence of any plasmonic nanoparticle formation. As the concentration of Au-ions
increases gradually from 2 ppb to 200 ppb, the ‘growth solution’ tuned its color from
light green to yellow. This has been explained by considering the formation of

different sized AgNDs.
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4.5.1 In-plane and Out-of-plane Surface Plasmon Modes and their Decoupling

The UV-vis absorption spectra corresponding to the turn-on colorimetric assay in
presence of different concentration of Au-ion (sample A-G) and in absence of Au-ion
(Sample H) at room temperature in aqueous medium was recorded and presented in
Figure 4.1(11). The absorption spectrum of the sample H doesn't show any surface
plasmon band rather absorbs strongly at 265.5 nm due to the presence of AA. For
samples A-G, in addition to this 265.5 nm peak they show a small hump near 335 nm
and additional two surface plasmon absorption bands, one near 400 nm with smaller
tunability between 397 nm and 427 nm and another tunable band between 500 nm and
800 nm. Due to the very low intensity and presence of several absorbance profiles, the
out-of-plane quadrupole resonance near 335 nm is not clearly visible in Figure 4.1(11)
and plotted separately as Figure 4.2. This clearly shows a hump at 336 nm along with
two intense plasmon band, one at 400 nm due to the out-of-plane dipole resonance
(transverse plasmon band) and another one at 525 nm due to the in-plane dipole

resonance (longitudinal plasmon band).
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Figure 4.2: Out-of-plane quadrupole resonance at 336 nm observable from the

‘growth solution” with 40 ppb Au-ion concentration.
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Surface plasmon resonances are unevenly distributed around non-spherical metallic
nanoparticles and this demonstrates their shape dependent localized surface plasmon
resonance spectra®®3%2, For spherical silver nanoparticles both the in-plane and out-
of-plane dipole plasmon resonances appear in the same energy and hence remain
coupled in the extinction spectra to demonstrate a single intense sharp peak near 400
nm. When silver nanoparticles change their shape from spherical to two-dimensional
disc, in-plane and out-of-plane resonances start appearing in different energy range of
the electromagnetic spectrum and ‘decouples’ from each other. Despite forming
spherical particles, decoupling of plasmons in the present study occurs mainly due to
the formation of two dimensional AgNDs and depending on their dimension the in-
plane dipole resonance tunes over a wide range (between 500 nm and 800 nm).
According to the previous reports®®3%3-3%the appearance of the hump near 335 nm is
due to the out-of-plane quadrupole resonance, surface plasmon band near 400 nm
originates from out-of-plane dipole resonance (transverse mode), and in-plane dipole
resonance (longitudinal mode) band varies between 500 nm and 800 nm depending on
the diameter and thickness of the in situ generated AgNDs. Expected in-plane
quadrupole resonance band near 470 nm3%-3% does not appear as a clear band and
could be enveloped inside the out-of-plane dipole resonance to make it difficult to
decouple. Two times increment (from 60 nm to 130 nm) of full width at half maxima
(FWHM) by moving the particle diameter from 5 nm to 50 nm indirectly proves our
assumption. It is also noticeable from the absorption spectra that irrespective of the
size and shape of the generated AgNPs, dipole resonances (in-plane and out-of-plane)
are always more intense compared to their corresponding quadrupole resonances

which is expected from their transition probabilities.3®* When the particle size is very
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small (below 5 nm), in-plane and out-of-plane dipole resonances appear close to each
other and intend to merge into a single peak. Contrary to that as the particle size
increases, the in-plane and out-of-plane dipole resonances start decoupling from each
other depending on their diameter and thickness. As the diameter of the particle
increases, both the out-of-plane and the in-plane dipole resonances red shifted with
respect to their smaller particle counterparts. In case of out-of-plane dipole resonance
the extent of red shifting is only 30 nm (between 397 nm and 427 nm) whereas for in-
plane dipole resonance the extent of red shifting shows a much wider plasmon tuning
of 313 nm (between 463 nm and 776 nm). The kinetics of the structural transition and
the stability of the so-produced AgNDs was monitored by real-time UV-vis
spectroscopy (Figure 4.3). It is clearly observable from Figure 4.3 that the in-plane
dipole resonance peak or the longitudinal plasmon band (685.5 nm for Set-E and 770
nm for Set-F of Figure 4.1(1)) shifts gradually towards shorter wavelength. This
gradual blue shifting of the coupled plasmon peak correlates to the formation of
AgNDs of smaller particle size and hence the reduced aspect ratios as the particles get
stabilized. Kinetics of morphology transition for two different sets (Set-E with 10 ppb

Au-ion and Set-F with 6 ppb Au-ion) has been presented in Figure 4.3.
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Figure 4.3: Kinetics of morphology transition for two different sets, (A) Set-E with 10
ppb Au-ion and (B) Set-F with 6 ppb Au-ion. Kinetics study has been performed over
26 h for both the samples, keeping all the other physical parameters constant except

the concentration of Au-ion.

It is clear from the recent study of O’Brien et al.>®® that a very thin disc (below 10 nm
thickness) does not generate any noticeable out-of-plane resonance band due to the
lack of oscillating free electron in the perpendicular direction to support a plasmon. So
the intensity of out-of-plane dipole resonance indirectly measures the thickness
whereas the intensity of in-plane dipole resonance measures the diameter of the disc
and aspect ratio of the disc controls the decoupling and hence tuning of their
plasmons. Disc natures of the in-situ generated nanoparticles are clearly shown in
Figure 4.4(a-c) by recording their energy filtered TEM images.®It is clear from our
energy filtered TEM image for Sample-F (of Figure 4.1(1) with 6 ppb Au-ion) that the
measured average thickness profile over the entire nanoparticle is showing flat-top
morphology with an average thickness of ~9.75 nm which should not be able to
support an out-of-plane dipole resonance. Hence the entire intensity of out-of-plane

dipole resonance comes from in situ generated spherical AgNPs.
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Figure 4.4: (a-c) Energy filtered TEM images: (a) Elastic image, (b) Relative
thickness map, (c) Average thickness profile over dotted area marked in (b) showing
flat-top morphology. From the figure (c) the relative thickness of nanodisc is about
0.065 which corresponds to about 9.75 nm (by considering A at 150 nm), the average
thickness of the nanodisc. (I)-(\V1I) present TEM images of size variable AgNDs with
spherical AgNPs present in mixture using different concentration of catalytic gold (I:
2 ppb, 11: 6 ppb, I11; 10 ppb, IV: 40 ppb, V: 200 ppb, VI: 50 ppm, VII: 200 ppm).

4.5.2 Analytical Study illustrating Plasmon Shifting with Stress

The extent of plasmon shifting for a nanodisc to that of a nanosphere by applying
same optical force has been calculated analytically. The aspect ratio for any sphere,
ARsphere, is always 1. However, that of a nanodisc of diameter d and of thickness h is
d/h, so ARudisc increases as d increases for a fixed value of h. Let us consider five
nanospherers: S1, S2, S3, S4, S5 and five nanodiscs: D1, D2, D3, D4, D5 (Figure

4.5A). By considering five spheres and five discs with diameters, d = 10 nm, 20 nm,

127



30 nm, 40 nm, 50 nm and a constant thickness of all the nanodiscs as 9.75 nm (relative
thickness of nanodisc is about 0.065 which corresponds to about 9.75 nm (by
considering A at 150 nm), the average thickness of the nanodisc), calculated ARuisc are

presented in Table 4.5B.
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Figure 4.5: (A) Variation of aspect ratio of nanodisc by varying their diameter (d) at a
fixed thickness (h). Aspect ratio of a sphere with any diameter is always 1, (B)
Gradual increment of the ratio of stress between disc and sphere at a particular optical
force as the aspect ratio of nanodisc increases by varying their diameter (d) at a fixed
thickness, h and (C) Variation of relative stress between disc and sphere with disc

diameter at a constant disc thickness.

The extent of plasmon shift for a nanostructure towards higher wavelength may be
correlated to the easiness with which the electron cloud over it can take part in
collective oscillation. The more accessible and pliant the electron cloud is the less is

the energy required to excite them. Gradual red shifting of plasmon is expected if the
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amount of required excitation energy also reduces gradually. Now, this pliancy is a
measure of how easily the electron cloud can be disturbed or deformed.
Theoretically, we can have an idea of this by calculating the stress factor.

Force(F)
Area (A)

Stress(S) =
If r = radius of the disc = radius of the sphere and h= thickness of the disc, then
Surface area for the disc, A4 = 2nr? + 2nrh = 2nr(r + h)

and Surface area for the sphere, Ag,pere = 4112

The ratio of stress between disc and sphere at a particular optical force is then

defined as

Sdisc/ _ Asphere/ — 47rr2/ — 27”/
Ssphere Agise 2nr(r + h) (r+h)

_ (zr/h)/ — ARdiSC/
{(21‘ + Zh)/zh} {(ARdisc/Z) + 1}
Where ARgisc = Aspect Ratio of the Disc = d/h = 2r/h

By applying the above formula, values of Sdi“/s are obtained for the discs
sphere

which have been provided in Table 4.5B and the corresponding plot of of Saisc/Ssphere
vs. Diameter has been presented in Figure 4.5C. From Figure 4.5C it is clearly
evident that Saisc/Ssphere iNCreases with increasing the diameter which means stress is
more effective in case of a nanodisc than a nanosphere but the extent of this increase
of stress reduces gradually as higher value of diameter is approached. This increment
of stress with diameter of nanodisc can be compensated by relaxing the electron cloud
on nanosurface more easily and results surface plasmon shifting into red wing as we
observed from the recorded tunable plasmon spectra (Figure 4.1(11)). Stress induced

tuning of localized surface plasmon resonance wavelength for silver nanoparticle by
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mechanical force has been reported before by J. N. Aner et al.*" In this work we have
reported optical force induced large scale plasmon tuning simply by changing their

aspect ratio where the induced stress directly depends on their aspect ratios.

4.5.3 Control Experiments

By any way we don’t mean to establish this synthetic protocol as a methodology to
generate AgNDs exclusively rather provides an easy colorimetric assay-based optical
ruler technique for the trace-level quantitative gold detection simply by decoupling in-
plane dipole resonance from their out-of-plane dipole resonance. As it is clear from
the obtained TEM images that the gold-catalyzed silver nanomaterials synthesis
generates both solid spherical particles as well as disc particles, it is expected to
observe both in-plane and out-of-plane dipole resonances in their recorded UV-vis
spectra where the in-plane dipole resonance contribution comes mainly from silver
nanodiscs and out-of-plane contribution mostly comes from spherical silver
nanoparticles. Relative intensity of out-of-plane and in-plane resonance measures their
abundance and it is also clear from the UV-vis spectra that the extent of spherical
particles formation is always much more compared to the nanodiscs.

The UV-vis peak at 265.5 nm indicates the presence of unreacted AA present in the
solution and its intensity acts as a ruler to measure the catalytic efficiency of Au-ion to
force AA to act as an efficient reducing agent. When we vary the final concentration
of Au-ion in our assay between 200-2 ppb, an increment of the size of the generated
AgNPs (between 5-50 nm) has been observed as evident from their UV-vis spectra
(Figure 4.1(11)) as well as from TEM images in Figure 4.4(1-VI1I). A dip-and-dry
technique has been adopted to make TEM samples. After completion of the reaction, a

TEM grid was immersed in the concentrated nanomaterial sample solution using
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tweezers, and the hydrophobic carbon coating allowed the formed monolayer of the
sample to stick onto the copper mesh, which was dried on a soft tissue paper. After
complete drying, the resulting grid was used for TEM. From Figure 4.1(11) it is also
clear that the plasmon peak responsible for out-of-plane dipole resonance which
indirectly measures the diameter of the generated spherical nanoparticles moves from
427 nm to 397 nm as we vary the added gold ion concentration between 2-200 ppb.
Compared to the out-of-plane dipole resonance, the in-plane dipole resonance which
measures the dimension of the AgNDs tuned between 800 nm and 500 nm by varying
the Au-ion concentration in the same range.

To avoid any ambiguity of color coding, we have conducted several control
experiments which include: (i) if we add variable amount of Au-ion solution in
absence of TSC which acts as a surfactant in the composition (acts as a reducing agent
only at elevated temperature) of ‘growth solution’, we have not observed any color
appearance or color change, (ii) in absence of AA which acts a reducing agent (acts
also as a stabilizing agent®”), we could not achieve the reduction of Ag" and the
subsequent formation of AgNDs to result color coding, (iii) in absence of both TSC
and AA, formation of AgNDs is prohibited, and (iv) even in absence of TSC and
AgNO:s (to prove that the appearance of color is not due to the reduction of Au-ions by
AA) there is no appearance of color. In situ generation of AgNDs are achieved only
when all the essential components of the ‘growth solution’ with the optimal
concentration (i.e. 5.3x10* M TSC, 2.5x10* M of AgNOs, and 5x10* M of AA)
reacts with an aqueous solution containing variable amount (200-2 ppb) of Au-ions
and results different distinct colors. To confirm the fact further that the color of the

growth solution is originating from AgNPs only, we performed another set of control
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experiments by varying the gold-ion concentration from 2 ppb to 1000 ppb in absence
of silver nitrate solution while keeping other ingredients (TSC, AA) present in the
above mentioned concentrations.

Several control experiments have been performed to make sure that we need the
pre-formulated ‘growth solution’ to achieve the color-coded sensing of Au-ion. Figure
4.6(1) and (II) clearly explain the necessity of the ‘growth solution’ composition to
generate in situ AgNDs to generate different colors in presence of variable amount of
soluble gold impurity. We have performed a number of control experiments to test the
necessity of all of the four (4) components namely, TSC, Ag-ion, AA, and Au-ion in
the ‘growth solution’, which are as follows:

(i) We performed the same experiment in absence of TSC, which known to be a
stabilizing agent for spherical gold and silver nanoparticle synthesis, cannot generate
any nanoparticle (gold or silver nanoparticle) and hence we have not observed any
color appearance. This is clearly observable from the color of left most bottle of
Figure 4.6(1). This directly proves that the adequate amount of TSC is an essential

component of the ‘growth solution’ to perform the color coded sensing of Au.
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Figure 4.6: (1) 10 mL water solution containing (1) 250 pL 102 M AgNOs + 5 uL 10*
M HAUCIs + 50 uL 100 mM AA, (2) 175 uL 1% TSC+ 250 uL 102 M AgNOs + 5 puL
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10* M HAUCl4, (3) 250 uL 102 M AgNOz + 5 pL 10* M HAUCl4, (4) 5 pL 10 M
HAUCI4 + 50 uL 100 mM AA, (5) 175 uL 1% TSC + 250 uL 102 M AgNOs + 50 pL
100 MM AA + 2.5 uL 102 M (or 250 uL 10 M) HAUCI, or 500 ppb HAUC. (11) 10
mL water solution containing 175 pL 1% TSC + 50 pL 100 mM AA + variable
amount 10* M HAUCI4 (A — 1 pL or 2 ppb, B — 3 uL or 6 ppb, C — 5 pL or 10 ppb, D
— 10 pL or 20 ppb, E — 20 uL or 40 ppb, F —50 uL or 100 ppb, G — 100 uL or 200 ppb,
H — 200 pL or 400 ppb, 1 — 350 uL or 700 ppb, J — 500 pL or 1000 ppb).

(if) Next we explored the role of AA by performing the colorimetric test in absence
of AA while keeping all the other components present in the solution. In absence of
Ascorbic acid, which generally acts as reducing agent (can act also as a stabilizing
agent3%®), we could not achieve the reduction of Ag* and the subsequent formation of
AgNDs and resultant color coding. The essential role of AA in the ‘growth solution’ is
clearly visible from the color of the second bottle.

(iii) In the third bottle where we have added neither TSC nor AA and as we expect,
addition of Au-ion does not produce any AgNDs and hence doesn’t show any
colorimetric change.

(iv) To make sure that the appearance of color in presence of soluble Au-ion is not
due to the reduction of gold ions by AA, we performed the experiment in absence of
TSC and AgNOs. Generation of no color indicates that the added amount of Au-ion is
not sufficient to show any visible color arising from gold nanoparticles which has
been demonstrated in fourth bottle of Figure 4.6(1).

(v) Bottle 5 represents the ideal case when all the essential components of the
‘growth solution’ are present in adequate amount and shows the yellow color from the

generated AgNDs due to the addition of 500 ppb Au(III) in the ‘growth solution’.
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(vi) For further confirmation of the fact that the colours are originating from Ag
nanoparticles and not interfered by any Au nanoparticle, we performed another set of
control experiments by varying the gold solution concentration from 2 ppb to 1000
ppb (bottle A-J) in absence of silver nitrate solution which showed no noticeable
colour arising in the visible region as reflected in Figure 4.6(11).

It is known in the literature®®® that AA can effectively act both as a stabilizing agent
as well as reducing agent to generate gold nanoparticles. To cross check this, we have
performed the same set of control experiments at higher concentration of Au-ion
(>200 ppb) which generate nanoparticles predominated by gold nanoparticles and the
subsequent color varies from yellow to red and finally to brown with a strong plasmon
near 500 nm, a characteristic plasmon peak for gold nanoparticles. Effect of higher
concentration of Au-ion to the ‘growth solution’ is described in Figure 4.7. This
figure also explains that the presence of Hg?* (HgCl2) which enhances the detection
sensitivity of Au by three times (x3), alone can't produce any color change; rather

generates a grey color originating from insoluble AgCI.
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Figure 4.7: (A) (Left to right): 10 mL water with 175 uL 1% TSC, 250 pL 102 M

AgNOs, 50 pL 100 mM AA, and different amount of 102 M soluble gold (1) 25 pL,

(2) 100 pL, (3) 250 pL, (4) 1000 pL, and (5) 3 puL of 102 M Hg?* in absence of Au-
H M M K

0.0

ion. (B) Plasmonic response of ‘growth solution’ as we increase the concentration of

Au-ion from ~1 uM to 1 mM.

4.5.4 Plausible Role of Au in Ag Nanoparticle Formation

Reported EDX data (Figure 4.8) show trace of Au only when the added Au-ion
concentration is above 40 ppb. Elemental mapping of synthesized AgNDs have been
performed by recording their EDX spectra. EDX spectra rely on the interaction
between incident electrons and the materials inside the nanoparticles to provide
unique set of X-ray emission®®® which gives the signature of the elemental
composition®*. Our measured EDX spectra in Figure 4.8 show trace of Au only when
the added Au-ion concentration is above 40 ppb. Below 40 ppb of Au-ion, recorded
EDX spectra does not show any signature of the Au-ion’s presence but could easily be

detectable by our colorimetric assay-based optical ruler which indirectly proves the
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sensitivity of our ‘growth solution’ based methodology for trace level of Au-ion

detection.
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Figure 4.8: EDX spectra of the in situ generated AgNDs from the ‘growth solution’ in
presence of Au-ion (top) > 40 ppb and (bottom) < 40 ppb.

Control experiments show the unusual and striking role of trace level Au-ions for the
formation of AgNDs and offer a reliable methodology for highly specific sensing of
different level of Au tracer. The role of trace level Au-ion can be explained by
considering the reduction potentials of the component redox systems (a. Au**/Au°, b.
Ag'/Ag® and c. AAZ*/AA) present in the ‘growth solution’. Reduction potentials for
AU /AU, Ag'/Ag® and AAZ/AA are 1.5, 0.81 and -0.066 V (at pH 7)
respectively.?5>310312 |n absence of Au-ions, when the system is loaded by Ag* and

AA, comparison of reduction potentials indicates that the available Ag™ions should be
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reduced by AA due to more +ve reduction potential of Ag*/Ag® system and those
electrons should be supplied by AA. Oxidation potential of AA is only +0.066 V and
hence the differential reduction potential (between Ag*/Ag®and AA2*/AA) of ~0.8 V
results a very low tendency to lose electrons to reduce Ag* for AgND formation and a
large portion of AA (signifies the absorbance at 265.5 nm) remains un-reacted as
evident from Figure 4.9. Though the differential reduction potential between Ag*/Ag°
and AA/AAZ which is ~0.8 V results a very low tendency to reduce Ag* to Ag° for
AgNP formation and a large portion of AA (absorbance at 265.5 nm) remain
unreacted, presence of substantial amount of Au-ions changes the situation
dramatically as the reduction potential of Au®*/Au® is substantially higher than
Ag*/Ag® and the resultant differential reduction potential (between Au**/Au’ and
AA/AAZ is 1.5 V) forces AA to acts as an efficient reducing agent. As a result, all the
available AA is being used in the reduction process which corresponds to the
disappearance of 265.5 nm peak from UV-vis spectra in Figure 4.9. Efficient use of
AA as a reducing agent, catalyzed and regulated by Au-ion to reduce the available

metal ions present in the ‘growth solution’ is clearly observable from Figure 4.9.
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Figure 4.9: Au-ion regulated differential reduction potential to efficiently use AA as

reducing agent. Disappearance of 265.5 nm absorbance originating from AA proves
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the efficient use of AA as a component in the ‘growth solution’ to reduce Ag-ion in

presence of substantial amount of Au-ion.

So, here Au-ions act as a catalyst to initiate the ascorbic acid oxidation process and the
released electrons are mostly captured by silver ions due to 1000-fold more
concentration of silver ions present in the solution compared to Au-ions. Observed
EDX data (Figure 4.8) show that the generated nanoparticles are composed by silver

only which alternatively proves our argument.

4.5.5 Selectivity of Sensing

Main challenge for any potential sensor is its selectivity towards the targeted one over
competitive impurities present in the system. To show the specificity of this 'growth
solution' towards Au-ions, we have tested this novel sensor in a multi elemental
environmental sample. Preparation of the ‘growth solution’ remains same as we
explained before and then added 600 ppb of different metal salts (Na*, Pd**, Ru®*,
As®*, Hg?*, Mg?*, Zn?*, Cd?*, Pb?*, and Cr®") individually instead of Au salt to this
‘growth solution’ under constant stirring. We have not tested Pt as most of their salts
are insoluble in water. As it is clear from Figure 4.10A that, in absence of Au-ions
none of these samples (contaminated by different salts) are capable to generate
AgNDs and thereby produce any visible change (Hg?* gives gray color originating
from insoluble AgClI) in the solution color for easy colorimetric detection. This proves

the necessity of trace level of Au-ion for efficient formation of AgNDs.
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Figure 4.10: (A) Selective Au-ion sensing by the ‘growth solution’ in presence of
different metal ions (600 ppb). From left to right: Na*, Pd**, Ru®*, As**, Hg?*, Au®*
(20 ppb), Mg?*, Zn?*, Cd?*, Pb?*, and Cr3*. (B1) Effect of different interfering metals
(600 ppb) in presence of 2 ppb Au(lll). From left to right: Blank [2 ppb Au(l11)], Na*,
Pd**, Ru*, As®*, Mg?*, Hg?*,Zn?*, Cd?*, Pb?*, and Cr®*, (B.) Effect of Hg?* to enhance
the detection limit of Au tracer. From left to right: ‘Growth solution’ in presence of

700 ppt Au(111) without 600 ppb Hg?* and with 600 ppb Hg?*.

To find out the interfering aptitude of the other metals while gold present in the
system, we have tested the sensing ability of our ‘growth solution’ by adding 2 ppb of
Au(l11) with 600 ppb of other metal salt solution individually or collectively. Except
mercury, none of the other metal salts show much noticeable effect observable by
simple colorimetric change. Worthwhile to mention that the presence of mercury
(along with Au) doesn’t change the color, plasmon resonance or the characteristics of
the synthesized AgNDs rather it intensifies the color compared to the assay with equal
amount of Au-ion without mercury impurity as clearly observable from Figure
4.10B1. Presence of 600 ppb of Hg?* enhances the Au-ion detection limit by three

times and we could easily detect up to 700 ppt concentration. Effect of 700 ppt Au-ion
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in presence of 600 ppb of Hg®" ions is shown in Figure 4.10B2. Maximum
interference limit for other metal ions achieved from our experiment is 1 ppm.

4.5.6 Optical Ruler and its Sensitivity

4.5.6.1 Construction of Optical Ruler

Quantification of Au-ion can easily be achieved either from the observed color change
or from the measured in-plane dipole resonance. Variation of in-plane dipole
resonance with the concentration of added Au-ion has been plotted in Figure 4.11
which shows an exponential fitting. We have repeated this detection several times
(due to its low cost and one step detection nature) and gives absolutely reproducible

result both spectroscopically as well as colorimetrically.
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Figure 4.11: Variation of in-plane dipole resonance with the concentration of added
Au-ion where the plotted in-plane dipole resonance peak maxima are in nm and the

gold ion concentrations are in part-per-billion.
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To find the universal applicability of our turn-on colorimetric sensor, we have verified
the detection and quantification ability of our assay by performing colorimetric test
with cross examination by standard ICP-OES detection of available Au present in the
assay. As an unknown gold sample we have taken trisodium citrate (TSC)-based gold
nanoparticle solution with unknown concentration but doesn’t have contamination of
other metals except gold. 10 uL of this gold nanoparticle solution first evaporated to
dryness and then dissolved in 10 uL of a 5-time diluted aqua regia solution as Au-
ions, which further diluted to 1mL to get the stock solution. From this stock solution
we have taken 5, 10, 25, 50 and 90 uL of dissolved gold solution and mixed with our
‘growth solution’, which generates light green, deep green, deep red, orange and
yellow color with tunable in-plane dipole resonance appearing at 759, 687, 583, 526
and 465 nm respectively. These specific colors correspond to the Au-ion concentration
of 6, 10, 20, 40 and 100 ppb from our known colorimetric assay (Figure 4.1(1)) and 4,
10, 23, 37 and ~100 ppb from our optical assay as depicted in Figure 4.11.

We studied these aqueous phases obtained from our turn-on colorimetric assay by
ICP-OES to measure the actual Au-ion concentration. For ICP-OES calibration, a
1000 ppm Au solution from NIST was used as known standard. Details of the
employed operating conditions are listed in Table 2.1 of Chapter 2.

Obtained gold concentration from the ICP-OES measurement for the above five
solutions are 7.365, 10.8, 18.392, 43.7 and 110.61 ppb respectively that matches well
with our expected values (average error: ~12% and obtained by calculating the % of
error in Au-ion concentration measurement both from colorimetric and optical assay
with respect to the standard ICP-OES method and then taking a final average of all

detections from Table 4.1) and proves the robustness of our turn-on colorimetric
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assay for accurate Au-ion concentration measurement suitable for field applications

both in mining industry as well as in forensic science.

4.5.6.2 Calculation of Average Error and Comparative Study for Sensitivity
Analysis

We have taken 5, 10, 25, 50 and 90 pL from the stock solution of unknown Au-ion
concentration and the measured values from different methods are recorded in Table
4.1 against set-A, B, C, D and E respectively. The average error is obtained by
calculating the % of error in Au-ion concentration measurement both from
colorimetric and optical assay with respect to the standard ICP-OES method following

equation (1) and (2) and then taking a final average of them.

|[Au]optical - [AU]ICPOES |

% Erroroptical = | x100

[AU]cpoes | 4.1)

Au] o orimetic — AU
% Errorcolorimetric — |[ ]colorlmetnc [ ]ICPOES |X100

[Au] cpoes (4.2)

Table 4.1: Au-ion concentration measurement from ICPOES, colorimetric and optical
assay and the error calculated in colorimetric and optical assay with respect to the
standard ICP-OES method.

Set A B C D E
[AU] cpoes 7.365 10.8 18392 | 437 110.61
[AULopucar 4 10 23 37 100
[AU] o orimeric 6 10 20 40 100

% EITOfoptica 45689 | 7.407 25.054 | 15331 | 9.592
% EfOfcolorimeric | 18.533 | 7.407 8.742 8.466 9.592
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As the optical error corresponding to Set A is ~46% and justifiable to consider as an
outlier data, it has been ignored in Average Erroroptical calculation. So,

Average Erroroptical = 14.346%

Average Errorcoiorimetric = 10.548%

Average Error = % (Average Erroreptical + Average Errorcoiorimetric) = 12.447% ~12%

A comparative sensitivity of Au-ion detection by our colorimetric assay-based optical

ruler with respect to the ICP-OES as standard analytical sensing tool is shown in

Figure 4.12.
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Figure 4.12: A Comparative sensitivity analysis of Au-ion detection by our

colorimetric assay-based optical ruler with respect to the ICP-OES as standard
analytical sensing tool is shown as bar plots. Average error both for colorimetric assay
and optical ruler is estimated about ~12%.

4.5.6.3 Detection of Gold from Real Ore Sample

For any reliable sensor, the major concern is the possible interference of the matrix for

real sample detection. To prove the reliability of our technique, we have verified our
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assay further by testing real environmental samples. We have received (from MISIS,
Moscow, Russia) an oxidized gold ore and its tailing (Bugunda Gold Deposit,
Tajikistan) with average gold content of 6 g/ton and 3 g/ton respectively. We have
extracted gold from the oxidized ore by converting metallic gold (Au®) into soluble
gold (Au®") by dissolving the ore into aquaregia solution. To avoid the effect of pH on
the detection efficiency we have pre-diluted the aquaregia which is sufficient to
dissolve the deposited gold in the ore but the pH of the “growth solution” remains
neutral after the addition of gold impurity. Due to the presence of several other heavy
metals as co-minerals (silver, copper, iron, mercury, arsenic, etc.) in the ore,
solubilization of gold ore also solubilizes other metals as ions and hence the resultant
ore solution is a mixture of several different metal ions. As mentioned before that the
detection efficiency highly depends on the concentration of mercury ion as impurity in
the gold solution, contamination by several other metal tracer may influence the
detection efficiency several orders compared to the ideal case as we have explained
for pure gold ion detection. Details about the soluble gold extraction from oxidized
ore and tailing has been described in the experimental section. We have taken 3, 5, 10,
15, 20, 25, 35 and 50 pL of the extracted stock solution from oxidized ore and added
to the “growth solution” which generates gray, light green, deep green, red, orange
and different shades of yellow color respectively after few minutes of treatment as has

been shown in Figure 4.13.
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Figure 4.13: Colorimetric response from oxidized ore samples as we vary the
concentration of gold ion (L-R: 300, 210, 150, 120, 90, 60, 30 and 18 ppt).

By considering the initial gold content of 6g/ton (Confirmed by ICP-OES) for
oxidized ore, the final concentration corresponding to different colors are 18 ppt: gray,
30 ppt: light green, 60 ppt: deep green, 90 ppt: red, 120 ppt: orange, 150 ppt and
above: different shades of yellow. The detection limit (30 ppt concentration shows the
first colorimetric signature) obtained from the oxidized gold ore sample is thus at least
10 times more sensitive compared to the pure gold or gold with mercury samples.
Despite the more sensitivity of gold detection from ore sample, the pattern of color
change with increasing concentration of gold content remains unchanged and this
more sensitivity of gold detection could be due to the presence of innumerable
different metals and nonmetals present in the ore samples which in general gives more
sensitivity with unchanged specificity as has been described for Hg(Il) impurity of

gold sample.

4.6 Conclusion

In summary, present study reports the development of a turn-on colorimetric sensor
assay for highly specific and ultrasensitive detection and quantification of gold (Au)
content in a multi-elemental environmental sample (gold ore) with achievable
sensitivity way down to 30 ppt. Detection and quantification of gold was achieved by

a low cost green synthetic route mediated decoupled in-plane dipole resonance
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modulated colorimetric assay-based optical ruler of in situ generated variable sized
AgNDs. We have put forward a plausible explanation of the role of Au-ion tracer to
initiate the shape variable silver nanoparticle formation in the ‘growth solution’ by
considering the reduction potentials of the component redox systems. By considering
the cost, toxicity, and simplicity to perform a sensing experiment, our turn-on
colorimetric sensor offers a robust analytical assay for accurate gold (Au)
concentration measurement suitable for field applications both in mining industry as

well as in forensic science.
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CHAPTER 5

HEDGEHOG GOLD NANOPARTICLES SYNTHESIZED BY
APPLYING LE CHATELIER’S PRINCIPLE OFFER TUNABLE

PLASMONICS AND HIGH SERS SIGNAL

OUTLINE: What does the study offer?

= A seed-less surfactant-less one pot -
synthetic strategy that produces % //\

highly anisotropic nanostructures Wavelength

oD

. T A 4 A\ Electr foud ? ? Light wave
resembling ‘Hegdehog’. £ | (L) ectron do *1 \
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»  Detailed mechanistic study of the £ b4 . NI}
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light of Le Chatelier’s principle.

=  Anisotropic noble metal
nanostructures  with  tunable
plasmonics and optical properties

in physiological window.

=  Tipped structure with sharp spikes,

Raman intensity

inter-spike space and highly

exposed surface area exhibiting 500 1000 ,"'°°
Raman shift, cm
high SERS throughput signal.

= Discrete Dipole Scattering (DDSCAT) model for theoretical correlation of

observed results.

= Nontoxic nanomaterials stable in high saline environment and optimum pH

mimicking physiological condition - apt for theranostic application.
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5.1 Introduction

Although the literature is rich with reports of anisotropic nanomaterial
synthesis®246313314 by adopting a template-based reaction mechanism or multi-step
seeding methodology, a simple seed-free and surfactant-free synthesis at room
temperature by exploiting Le Chatelier’s principle®'®-based ‘common ion effect’ is not
only rare but also unique in the utilization of the chemical equilibrium conditions for
controlling the degree of anisotropy of the synthesized nanoparticles. A new synthetic
methodology with the ability to produce more benign nanostructures by avoiding toxic
templates'® while retaining plasmonic attributes, especially within the physiological
window, is in high demand. The generation of highly anisotropic gold nanomaterials
with the sharpest nanoscopic surface features able to support broad-band plasmon
tunability and high throughput Raman scattering activity by a single-pot synthetic
route could be advantageous both for cost-effective technological** and medicinal®”’
applications due to their unusual optical, mechanical, electrical and magnetic
properties,®'® along with their photo-chemical stability, negligible toxicity, easy
synthesis, and standard protocols for surface modifications.®

Here we have demonstrated an anisotropic gold nanoparticle (GNP) synthetic strategy
devoid of seed and shape-templating agents at room temperature simply by controlling
the added salt (NaCl) concentration where trisodium citrate (TSC) and ascorbic acid
(AA) were employed as a particle stabilizing agent and mild reducing agent,
respectively. Effective deposition of the in situ generated ‘common ion (CI") effect’-
induced solubility-tuned AgCI was investigated as the driving force for selective facet

blocking to generate highly anisotropic sharper GNPs resembling ‘hedgehog’ (Figure
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5.1). Because of structural similarities, we have named them hedgehog gold

nanoparticles i.e. HHogGNPs.

Figure 5.1: Synthesized Nanostructures with structural similarity of spines of a
‘hedgehog’ (inset picture taken from Ref.3!’) which we have named as — Hedgehog

gold nanoparticles, HHogGNPs.

The synthesized HHogGNPs showed broad-band Plasmon tunability along with
improved surface enhanced Raman scattering (SERS) efficiency as we incrementally
tuned the NaCl concentration. A plausible explanation has been put forward in detail,
to explain the highly anisotropic nature and superlative SERS activity as a function of
the ‘common ion’ concentration in the mother solution.

Discrete dipole approximation for the scattering (DDSCAT) calculation has been used
to understand the plasmonic and scattering properties of HHogGNPs as a function of
their tip size. MTT-based dark toxicity test results prove their non-toxic nature in the
absence of light. To the best of our knowledge, this is the first report where Le
Chatelier’s principle in the form of the ‘common ion effect’ is successfully used to
generate highly anisotropic nanomaterials with regulated exposed surface areas,

variable tip curvatures, and improved aspect ratios without employing any template

149



ligand or seed to achieve the broad-band plasmon tunability with outstanding Raman

activity.

5.2 Synthesis of HHogGNPs

There are reports where anisotropic gold nanostructures have been synthesized using
TSC based spherical Au Nano seed which involves boiling gold chloride solution in
presence of 1% TSC34. TSC works as reducing agent as well as stabilizing agent in
these cases. We wanted to avoid any seed-mediated growth rather generating in situ
seed simply by reducing the gold chloride solution in presence of ascorbic acid where
variable amount of 1% TSC acts as a stabilizing agent and this is the logic behind the
utilization of 1% TSC in the mother solution. The schematic representation of the
comprehensive synthesis of seed-free and template-free gold nanostructure (nano stars
and HHogGNPs) as a function of pH and the concentration of TSC, AgNO3 and CI" is
summarized in Figure 5.2. The role these parameters in controlling the growth and

structure has been illustrated later in the Results and Discussion section.
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Figure 5.2: Schematic representation of seed-free and template-free gold

nanomaterials synthesis by varying the concentration of TSC (top), AgNO3z (second
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from top), pH (second from bottom) and NaCl (bottom). The corresponding change of
color of solutions with gradual increment of TSC, AgNOs, pH and NaCl is

represented beside each scheme.

In a typical synthetic protocol, 49 mL Milli-Q water was taken in a conical flask to
which we added variable amount (0-2500 pL) of 1% TSC, 1.25 mL of 10 mM
HAuUCI4.3H20 solution, 500 pL of 1.5 mM AgNO; and 250 pL of 10 M ascorbic
acid solution (drop wise) in the mentioned sequence with continuous stirring (300 rpm)
at room temperature (~25 °C). This protocol gives nanoflowers and nanostars (Figure

5.3) based on different amount of TSC.

100 nm

200 im

i ] »

Figure 5.3: Structural evolution of gold nanomaterials as we increased the extent of
TSC (A) 50 pL, (B) 250 pL, (C) 500 uL, (D) 875 uL, (E) 1000 pL and (F) 1250 pL.

It was noticed that though we could generate branched structures in absence or in
presence of low concentration TSC, we cannot make them stable for longer period due
to the lack of sufficient stabilizing agent to create enough electrostatic repulsion
among them. In contrary, synthesized nanostructures tend to become spherical in

shape with larger stability when we use higher concentration of TSC in the mother
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solution. Figure 5.3 shows that the resultant nanomaterials evolved from flower
shapes to spherical one as we increase the concentration of TSC. To avoid their
instability while keeping their anisotropic nature intact, we have selected an optimum
amount of 750 uL of 1% TSC in the mother solution and varied other reaction
parameters. For example, to synthesize variable amount AgNOz-based nanostars we
took 750 uL of 1% TSC and the same reaction was carried out with 200-2500 uL of
1.5 mM AgNOs. We prepared different pH solutions in the range of 1-12 either by
adding controlled volume of HCI (for pH 1-4) or NaOH (for pH 5-12) in the mother
solution. Keeping the molar ratios of TSC, HAuCl4.3H.0, AgNOs and ascorbic acid
constant (750 pL of 1% TSC mixed with 1.25 mL of 102 M HAuUCl4.3H20, 500 uL of
1.5 mM AgNO; and 250 uL of 101 M ascorbic acid) we have generated highly
anisotropic hedgehog gold nanoparticles (HHogGNPs) approaching lower pH (pH 1-
4). Considering the role of HCI by decreasing the solubility of AgCI through ‘common
ion’ effect, we have implemented NaCl (the salt also generates additional chloride
ions, CI', in the mother solution to offer same ‘common ion’ effect as offered by HCI)
as a replacement of HCI to form HHogGNPs by keeping pH of the reaction mixture
close to neutral. We took 0-1200 pL of 1.7 M NaCl solution to vary the CI
concentration between 250 uM to 40.25 mM (HAUCI4 solution is the source of 250
uM CI in the reaction mixture in absence of NaCl) into 49 mL water and added 750
uL of 1% TSC, 1.25 mL of 102 M HAuUCI4.3H20, 500 uL of 1.5 mM AgNOs and 250
uL of 101 M ascorbic acid in sequence with continuous stirring at 300 rpm at room
temperature as mentioned above. In this case, hedgehog nanostructures are obtained

particularly when NaCl concentration in the mother solution is 170 uM or higher.
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After the synthesis of shape tunable HHogGNPs, aliquots were taken from the
solutions to centrifuge at 2000-4000 rpm for 2 h depending on particle size to remove
unbound reagents. These concentrated samples were the used for making TEM grids
and for carrying out further SERS and toxicity experiments.

The synthesis with ascorbic acid only (in the absence of TSC, AgNOz and NaCl) has
also been attempted. 1 mL of 102 M ice-cooled HAuUCI4.3H20 solution was rapidly
added into 20 mL of ice-cooled solution of 10t M ascorbic acid with constant stirring
(300 rpm); the mixture was then kept on ice. A deep blue colour appeared and the
corresponding absorption spectra and TEM image has been shown in Figure 5.4. The

solution remains stable for months if we kept them in refrigerator.
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Figure 5.4: (A) Absorption spectra of gold nanostars synthesized by reducing Au(lll)
with ascorbic acid only in the absence of TSC, AgNOsz and NaCl and (B)

corresponding TEM image of the obtained gold nanostars.

5.3 Results and Discussion

5.3.1 Alteration of Structural Parameters with NaCl Variation
To understand how NaCl controls the growth and structure of the HHogGNPs, we

synthesized them in the presence of variable (35 pM-20 mM) ‘common ion’
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concentrations and recorded the corresponding TEM and SEM images of the
HHogGNPs (represented in Fig. 5.5). Except at very low concentrations, the diameter
of the synthesized HHogGNPs is independent of [CI] and remains constant at 220 nm,
although the numerical exposed surface area gradually increases and ultimately results

in coreless particles.

Figure 5.5: TEM images of the HHog nanomaterials synthesized using (A) low
concentrations of NaCl (up to 136 puM) and (B1—Bs) tunable high concentrations of
NaCl (170 uM-20 mM). Schematic representations of (C1) a 2D TEM image of an
individual HHogGNP; (C>) a cone-shaped individual sharp tip; (Cs) a model HHog
structure for DDA and DDSCAT calculations created by Blender software; (C4) a 3D
SEM image of a discrete HHogGNP.
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However, recording of large area TEM and SEM is very important to find out their
monodispersive nature and to evaluate their aggregation behaviour. Figure 5.6
represents the corresponding large area TEM and SEM recorded from 10 mM NaCl-

based HHogGNPs. All HHogGNPs synthesized in the presence of 20 mM NaCl or

less remains stable for months.

Figure 5.6: (A) Large area TEM and (B) SEM image of HHogGNPs synthesized by

using 10 mM NaCl in the mother solution.

To find out the number of tips, N, we had first taken TEM images for ~30 different
hedgehog structures synthesized at a particular NaCl concentration. Then we counted
the total number of visible spikes for 27 solid angles to get an idea about the possible
number of spikes for 4n solid angles (3D-space) for each of the structures. In the
Figure 5.7 the tips are marked based on which we have counted and obtained the

average number of tips.
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Figure 5.7: (A1-Ag) are TEM images of HHogGNPs synthesized at different NaCl
concentration: Ay — 170 uM, A2 — 340 UM, Az — 1.7 mM, Az — 3.4 mM, As — 10 mM,
As — 20 mM and B1 is the SEM image of a HHogGNP synthesized in presence of 10
mM NacCl.

The SEM and TEM images show very sharp tips projected throughout the 4n solid
angle of the tiny central core with gradual increments of tip curvature (x) and average
aspect ratio (AAR) and a steady reduction of the central spherical core diameter (2R),
the number of tips (N) projecting out from the core, and the 2D-projected angle
(degree) covered by tips as we increase the ‘common ion’ concentration. Detailed
structural statistics of the synthesized HHogGNPs are listed in Table 5.1.

As discussed earlier,>? by considering each sharp tip as a cone with ‘r¢’ as the average
radius of the base, ‘h¢’ as the average length of the tips and ‘R’ as the average radius
of the HHogGNP core, the relative surface area (RSA) offered by the collective face
of the surface tips over the uncovered (by sharp tips) central spherical core can be

formulated and calculated as:
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Nnrc< , hc2 +rC2>

4nR%2—Nnry2

RSA = (5.1)

In equation (5.1), numerator is the collective surface area of sharp tips and the
denominator is the effective surface area of the central spherical core which is not
covered by sharp tips. The mathematical term Nmr? measures the extent of the
surfacearea of the central core which is covered by sharp tips. Detailsof the
mathematical formulation of equation (5.1) can be understood from Fig. 5.5C1 and
5.5Cz. Due to the rapid reduction of the spherical core diameter compared to the base
diameter of sharp tips, incremental modulation of common [CI] results in a ~3 times
increment of RSA which indirectly controls the SERS activity and is discussed in

details in later sections.
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Table 5.1: Detailed structural statistics of Le Chatelier’s Principle based common €1~
induced synthesized HHogGNPs.

NaCl 170x10° | 340%10° | 170x10° | 340x10° 10x1073 20x107
concentration
(M)

Average 220+19 | 220+16 220+09 220121 220+11 220+13
particle
diameter
(nm), 2R,

Average 60+11 69+15 80+09 89+09 93+11 95+06
surface-tip
length (nm),
he

Average core 100+17 94+17 73+05 68+11 50107 30104
diameter
(nm), 2R

Average 32106 28107 26105 20+03 16+04 10+03
number of
tips, N

Average 5.0+0.9 3.6x1.1 3.2+0.6 2.6+0.7 2.4+0.2 2.0£1.0
diameter at
the tip (nm),
2r

Curvatureat | (4.2+0.7) | (6.1+1.9) | (6.5+1.2) | (8.3+2.2) | (8.4+0.7)x | (1.310.7)
the tip cm™), |  x10° x10° x10° x10° 10 x107

k=()"

Tip base 10+1.3 9+0.8 8+0.8 7.5+0.5 5.6+0.6 5+0.2
diameter
(nm), 27,

2D projected 12.8+1.3 | 10.3+1.8 | 7.6+0.4 7.14£0.7 5.6+0.3 4.7+0.1
angle covered
by the tip
(degree)

Average 9+3.0 144446 | 175475 | 23.1+11.2 | 27.7+11.1 | 33.3£13.7
Aspect Ratio
(AAR) of
surface tips

Zeta potential -32 -29 -22 -20 -17 -16
(mV)

RSA 1.04+0.1 | 1.05+0.2 | 1.74+0.6 | 1.5£0.2 1.75+£0.5 2.8+0.7
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5.3.2 Theoretical Correlation from Discrete Dipole Scattering (DDSCAT)
approximation

Here we have used the DDSCAT?3!® calculation by modeling the TEM images of the
HHogGNPs to understand their experimentally observed scattering and absorption
patterns. More than 15 spikes are modelled in each of the HHogGNPs where ImageJ
software is used to model the three-dimensional HHog shape from the two-
dimensional projection of TEM images. With the help of Blender software, we have
considered more than 40 objects to make a HHog shape as shown in Fig. 5.5Cs. From
the ImageJ analysis and experimental observations, we have considered the maximum
tip-to-tip distance of 853 nm where +3 represents the anisometric shape of the
nanoparticles. To implement the idea of rapid growth of the tips compared to their
core, the length of the individual tip to the spherical core is considered in the ratio of
2.5:1.5. Water is used as the surrounding medium (n = 1.33) for the surface Plasmon
resonance (SPR) calculation. We have calculated the extinction constant factor (Qext),
scattering constant factor (Qsca), and absorption constant factor (Qaps) (Where Qext =
Qabs + Qsca)®™® and have listed these values in Table 5.2 in order to quantify the

extinction coefficient (¢ in M*cm™) for the HHogGNPs using the following formula:

1

e = (24) () V5Q ene (5.2)
Here, Na is Avogadro’s constant and V is the volume of the HHogGNPs. The
variation of the calculated molar extinction coefficient (g), extent of scattering, and
SPR maxima (in um) shows the same incremental trends as we observed

experimentally with the growing tip-to-tip distance and the theoretically calculated

result is depicted in Fig. 5.8.
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Figure 5.8: (A) Variation of molar extinction coefficient (¢) with the volume of the

HHog nanoparticles and SPR maxima (in um) for different tip-to-tip distances (B1: 9
+ 1 nm, Bz: 15+ 1 nm, Bs: 23+2 nm, B4: 35+3 nm, Bs: 55+3 nm, Bs: 85+3 nm,)

nanoparticles.

Our calculated SPR maxima and extinction coefficients show that the values increase

with particle size. Similarly, the effect of scattering is also observable as we increase

the particle size. Furthermore, our results show that surface plasmon resonance (SPR)

depends on the size/area of the nanoparticle. In the case of a smaller tip-to-tip distance,

the SPR value depends only on the dissipation of energy due to inelastic collisions
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(Qabs); whereas for particles with bigger tips, the RSA increases gradually which
results in higher-order electron oscillations on the surface in order to enhance both the
scattering cross section and extinction coefficient.3?° These trends are very much in

agreement with previous reports.321:3%

Table 5.2: The calculated geometrical properties (Tip-to-tip distance, volume, and
surface area), SPR maxima, absorption constant factor (Q ans), Scattering constant

factor (Q_sca) and extinction coefficient (¢) for modelled HHog nanoparticles.

Tip-to-tip Volume Surface SPR maxima | Q_as | Q_sa | €

distance (nm) | (x10® nm®) | (x10°nm?) | (um) (M tem™)
9+1 0.0027 0.037 0.548 0.551 | 0.000 | 3.37x10°
15+1 0.0222 0.150 0.597 0.904 | 0.002 | 22.63x10°
23+ 2 0.0750 0.339 0.658 1.180 | 0.010 | 6.69x10%
3H+3 0.2534 0.762 0.731 2.025 | 0.035 | 2.60x10%
55+3 0.9136 1.793 0.852 3.360 | 0.161 | 1.04x10%°
85+3 3.0834 4.035 0.960 5.108 | 0.703 | 3.89x10'?

5.3.3 Growth Governed by Le Chatelier’s Principle

The role of NaCl in the crystal stabilization in absence of any seed or shape
templating reagent has been explored by recording their high resolution TEM
(HRTEM) data as depicted in Figure 5.9. It is well known in the literature®?® that most
of the noble metal nanomaterials crystallize in the face-centered cubic (fcc) crystal
structure and surface energy considerations are very crucial to explain their stability. It

is clear from the diffraction pattern (strong diffraction ring in Figure 5.9A2) and
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lattice spacing in Figure 5.9 that the entire sharp tips projecting out of the central

spherical core are oriented in {111} direction.
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Figure 5.9: HRTEM of the seed-free, template-free salt-induced HHogGNPs
synthesized in presence of 3.4 mM NaCl. (A:-As), (B1-Bs), (C1-Cs) represent data for

three different HHog gold nanostructures.

The free energies associated with the crystallographic planes of an fcc metal increases
as the coordination number of the respective facets reduces (highest number of
breaking bonds per unit cell) in the order: y(111) < y(100) < y(110).2** Since these
HHogGNPs form instantaneously, our result is consistent with the existing literatures
to form energetically most stable structure with predominant crystal facets oriented in
{111} plane. As argued before,3* other facets like {110} and {100} of fcc unit cells
also take part actively in the process of crystal growth to generate the final HHog
nanostructures. Though we used variable amount of NaCl during the synthesis of
HHogGNPs, the extent of insoluble AgCl (Origin: CI~ + Ag™ = AgCl|; Source of
Cl7ion: both NaCl and HAuCl4) production is independent of NaCl concentration as

the concentration of Cl-originates from HAuCls (2.5 x 10~* M) itself is enough to
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capture all the available Ag* (1.5x 107>M) present in the mother solution.
Considering the molar solubility (S) and solubility product (Ksp) of AgCI in water at
25 °C as 1.33 x 10™> molL™! and 1.76 x 10710 respectively, addition of NaCl
(between 250 puM to 20 mM) in the mother solution not only contributes additional CI
but also acts as a source of ‘common ion’ to repress the solubility of AgCl (as ions)
according to the Le Chatelier’s principle.>!® Ignoring the negligible contribution from
solid AgCl and by considering the variation of [Cl™] between 250 UM to 20 mM,
solubility of the in situ generated AgCIl varies between 7 x 1077 and 9 X
10~ molL"1. This clearly shows that the presence of excess CI" reduces the molar
solubility of the in situ generated AgCl between 2 to 4 orders by repressing the
solubility of AgCl to control their facet dependent growth mechanism.3'® These in situ
generated AgCI has higher propensity to deposit on highly energetic {110} and {100}
facets by leaving all the reduced gold ions for selective nucleation of {111} facets to
grow smaller number of sharper (smaller base) and longer tips (6-times increment of
AAR) with higher tip-to-tip distance to result incremental plasmon tuning. Though the
average particle size remains more or less constant at 220 nm, the core size decreases
and the tip length increases gradually. This is clearly observable from our present
TEM data in Figure 5.5(B1-Bs) or previously reported results on silver nanowire®?*
and supports the expected trend from the free energy point of view. Figure 5.10
schematically illustrates how the extent of blocking by AgCI affects the number,
length, sharpness of tips along with the core size of the nanostructures with increase in

NaCl concentration.
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Figure 5.10: Schematic diagram illustrating the pattern of HHogGNPs produced with
increase in NaCl concentration (indicated by the arrow) in support of Figure 5.5 (B1—
Bs). With increase in NaCl concentration, the extent of AgCI deposition also increases
which is marked by the white colored random patches over the cores. It indirectly
controls the number, length, sharpness of tips, intra-tip distance and the diameter of

the core size of the nanostructures.

Thus the Le Chatelier’s principle plays the pivotal role not only to generate the
HHogGNPs but also to tune their tip curvature, AAR and RSA by exploiting the
NaCl-based ‘common ion’ effect. A step-by-step view of the anisotropic growth
leading to the formation of the final HHogGNP starting from seed has been presented

in Figure 5.11.

A

20 nm 50 nm 50 nm

Figure 5.11: (A-F) Stepwise transition from seed to HHogGNP recorded by TEM

imaging.
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5.3.4 Tunable Plasmon Spectroscopy
Variable reaction condition dependent plasmon tuning has been summarized in Fig.
5.12, where along with the extent of NaCl, variation of TSC and AgNOs concentration

or the alteration of pH are also used as growth regulating factors.
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Figure 5.12: Details of UV-vis-NIR absorption spectra obtained by (A) 1% TSC
variation (Navy: 50 pL, Dark yellow: 100 pL, Yellow: 250 uL, Magenta: 500 uL,
Cyan: 875 uL, Blue: 1000 uL, green: 1125 ulL, Red: 1250 puL, Black: 2500 uL); (B)
1.5 mM AgNOs variation (Black: 100 uL, Red: 200 uL, Blue: 350 pL, Green: 500 pL,
Magenta: 875 uL, Cyan: 1000 pL, Orange: 1125 uL, Purple: 1250 pL, Dark cyan:
2500 uL); (C) pH variation (Wine: pH 1, Dark cyan: pH 2, Violet: pH 3, Dark yellow:
pH 4, Magenta: pH 5, Cyan: pH 6, Olive: pH 7, Orange: pH 8, Blue: pH 9, Green: pH
10, Black: pH 11, Red: pH 12); (D) 1.7 M NaCl variation (Black: 1 uL, Red: 5 uL,
Cyan: 10 plL, Magenta: 20 uL, Olive: 50 uL, Blue: 100 uL, Pink: 200 pL, Dark
yellow: 300 pL, Navy: 400 pL, Wine: 500 uL, Orange: 600 uL, Dark cyan: 800 puL,
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Purple: 1000 pL, Green: 1200 pL). In each plot, the arrow indicates the direction of
shift of the wavelength with increments of the variables.

As already mentioned, upon increasing the TSC concentration, experimental
observation shows the formation of more stabilized but less anisotropic (mostly
spherical) nanoparticles whereas decrease of TSC concentration make them more
anisotropic with less electrostatic stability. As a result of this we observed a blue shift
in their absorption spectra as we increase the concentration of TSC during their
synthesis. This has been clearly shown both in the Figure 5.2 (colorimetry with TSC
variation) as well as in Figure 5.12A. In case of AgNO3 variation, in situ generation
of AgCIV varies incrementally with increasing AgNOs concentration. Insoluble AgCl
blocks the high energy {110} and {100} facets and directs the growth along {111}
plane to generate more anisotropic structures which has already been discussed in
previous sections. As a result of this we have observed a red shift in the absorption
spectra (Figure 5.12B) by tuning (100-2500 L) the amount of AgNOs. Regulation of
AgNOs beyond 2500 pL has not been performed to avoid the formation of any silver
nanoparticle in the system. To check the effect of pH variation we prepared different
pH solutions in the range of 1-12 either by adding controlled volume of HCI (for pH
1-4) or NaOH (for pH 5-12) in the mother solution. At lower pH solutions, addition of
HCI increases the concentration of Cl” ion and due to common ion effect the
insolubility of AgClI increases which results higher anisotropy and clearly observable
from the corresponding absorption spectra (Figure 5.12C). On the other hand when
NaOH is added to raise the pH of the solution, Ag20 is formed by consuming
available Ag® ions (2AgNQO3z + 2NaOH — Ag,O + 2NaNOs + H,0) present in the

reaction medium that reduces the anisotropy. The effect of pH driven common ion
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effect (blue shifting in the higher pH and red shifting in the lower pH) has been
depicted in Figure 5.12C. However, maximum plasmon tunability (530-1100 nm) is
observed for Figure 5.12D as we vary the ‘common CI” concentration in the mother
solution. Due to their salt induced synthetic modality, reported HHogGNPs obviously
show much greater stability in saline compared to other common plasmonic

nanomaterials.®°232%326 to work as a suitable material for plasmon spectroscopy.

5.3.5 SERS Measurement

To measure the enhanced Raman cross section offered by the HHog surface, we have
used Rh6G as a Raman tag in this study. Since most of the surface-induced optical
phenomena (e.g., SERS, NSET, etc.) are the result of short-range forces between
metal surface and surface-adsorbed analytes, surfactant-free naked HHogGNPs should
act as a better transducer®?’3?8, Details about the mechanism of SERS and the
mathematical formulation of the Raman enhancement factor, G, has been described in
details elsewhere.'®® It is derived by the following equation:

ISERS/Nsurf
G = ==K surf 5.3
INrs/Nyol (5.3)

where Igpps is the surface enhanced Raman intensity, Ny, is the number of

molecules bound to the nanometallic substrate, Iygs iS the norman Raman intensity
and N,,,; is the number of molecules in the excitation volume. Comparing the Raman
intensity of the 1511 cm™ normal mode?®® both in the bulk as well as in the HHogGNP
surface, the obtained G factor for 670 nm excitation is approximately 8.9x10%° which
is at least 15 times more compared to the 25 nm diameter TSC-stabilized spherical
gold nanoparticle having similar plasmonic properties and has been represented in

Figure 5.13.
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Figure 5.13: Recorded SERS signals and relative SERS strength of 1511 cm™ Raman
band (inset) from Rh6G with different samples (HHogGNPs induced by varying
concentration of NaCl, Red: 0 uM, Blue: 170 uM, Green: 680 uM, Magenta: 1.7 mM,
Cyan: 3.4 uM, Orange: 10.2 uM, and Violet: 25 nm diameter TSC-based spherical

gold nanoparticle) for laser excitation at (A) 670 nm and (B) 780 nm.

Due to the resonance excitation of 670 and 780 nm plasmon bands, 170 puM and 1.7
mM NaCl-based HHogGNPs provide maximum Raman enhancement respectively.
This observed gigantic Raman cross section could be due to several factors (as
illustrated in Figure 5.14) including (a) template-free more widely exposed surface
area (RSA) of HHogGNPs to hold more analytes on their surface, (b) enormous
number of pointed sharper tips and edges on each HHogGNP surface for efficient
focusing of electromagnetic field at their apexes to enhance the field strength, and (c)
close-by spikes, inter-spike space, and finer teethes (as seen from HRTEM) on each
spikes act either as active ‘nano-pockets’ to trap more Rh6G molecules or to form
natural hotspots through capacitive coupling between nano surfaces®?® without

aggregates to maximize the SERS signal.
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Figure 5.14: Figures illustrating the probable factors responsible for high Raman
cross section: (A) more exposed surface are without a surfactant layer; (B) sharp,

pointed spikes and (C) inter-spike space between adjacent spikes.

5.3.6 Toxicity test of HHogGNPs by MTT assay in dark

5.3.6.1 MTT Assay protocol

For dark-toxicity study we have selected RAW 264.7 mouse macrophage cell lines.
RAW 264.7 cells were plated onto a 96-well plate (2x10* cells in 180 puL of DMEM
culture medium supplemented with 10% heat inactivated FBS, 2 mM L-glutamine, 10
mM HEPES and 1 mM sodium pyruvate). After 24 h of incubation at 37 °C in 5%
CO:2 environment, 20 puL of each of the NPs were added to each well. Plates were
again incubated at 37 °C in 5% COz environment for an additional 24 h. After the
incubation, MTT solution was added to each well and incubated for another four hours
maintaining the same conditions. The cells were washed twice with 1xPBS and the
formazan crystals were dissolved with MTT dissolving solutions (11 g SDS in 50 mL
0.02 M HCI mixed with 50 mL isopropanol). The plate was incubated for 20 min in
room temperature and absorbance was recorded at 570 nm. For each set we have
performed three independent experiments keeping all the parameters same. The cell

viability (% survival) was calculated as % related to the untreated control cells.

5.3.6.2 Result of MTT-based cell viability assay in dark
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To check the nontoxicity of the HHogGNPs in the absence of light, we carried out the
MTT-based dark-toxicity test by selecting RAW 264.7 mouse macrophage cell lines.
Details about the samples used for the dark toxicity test and the corresponding ‘%
Survival’ of the HHogGNP treated cells for different doses are listed in Table 5.3, and
their relative cell viabilities are shown in Fig. 5.15.

Table 5.3: Different samples used for the MTT-based dark toxicity test with variable
NaCl concentrations and the average cell viability results for RAW 264.7 mouse

macrophage cell lines.

Dose Type of Nanomaterial | Concentration of NaCl | % Survival | Standard
in the HHogGNPs Deviation

Control | Without Nanomaterials | Without Nanomaterials | 100.0 0

1A Mother Solution 1.7mM 89.8 4.1

1B Centrifuged 1.7 mM 110.9 6.8

2A Mother Solution 3.4 mM 88.6 6.9

2B Centrifuged 3.4 mM 120.8 8.2

3A Mother Solution 10.2 mM 89.4 8.6

3B Centrifuged 10.2 mM 101.7 4.7

4A Mother Solution 17 mM 100.0 1.7
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Figure 5.15: A comparative study (n=3) among the obtained cell viability results for

samples mentioned in Table 5.3 applied on RAW 264.7 mouse macrophage cell lines.
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It is clear from Table 5.3 and Figure 5.15 that the extent of survival remains
unchanged after the addition of different doses of HHogGNPs in dark conditions, in

other words the applied HHogGNPs are nontoxic in the absence of light.

5.4 Conclusion

In conclusion, here we have altered the chemical equilibrium condition of a reaction
by exploiting Le Chatelier’s principle to generate up to 4-orders of magnitude more
insoluble AgCI for the efficient blocking of highly energetic fcc facets and selective
growth of {111} facets in a seed-free and template-free pathway to generate not only
energetically more stable HHogGNPs in a cost effective way but also to regulate the
AAR, tip curvature and RSA to tune their broad-band plasmonic and exceptional
Raman enhancement properties. Due to the broad-band plasmon tunability throughout
the biological window together with the large Raman activity and enhanced stability
in the highly salted environment with non-toxicity, the synthesized HHogGNPs can

find potential applications in medical imaging and photothermal therapy.
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CHAPTER 6

DEPLETION STABILIZED HEDGEHOG GOLD

NANOPARTICLES IN THERANOSTICS

OUTLINE: What does the study offer?

= A way to stabilize nanomaterials with benign polymer by applying depletion
force

= Modified HHogGNPs withstanding wide range of physical and chemical
condition

= Significant SERS output from depletion stabilized HHogGNPs for real time
monitoring

= Theoretical calculation of temperature attainable at tips for photothermal
therapy

=  Application of HHogGNPs: in vitro photothermal treatment of cancerous cells
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Heat Treatment 5 >
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pH Change
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6.1 Introduction

Two classes of nanomaterials are represented either by Class I. the materials with

novel optical,>®324326:33%mechanical, 333 electrical®**=2%* and magnetic®®

properties
without considering their toxicity for the applications in biomedicine and Class II:
low-to non-toxic nanomaterials capable of a prolonged retention in the body without
changing their size and shape yet structurally and plasmonically suitable for effective
therapy. Although the literature is effluent by the Class-1 materials, the suitable Class-
I compounds remain much less common*®3%: therefore, the need for nanomedicine is
still unmet®37:3%8, After an intense research on noble metal nanoparticles, evidences are
accumulated in support of gold nanomaterials to be useful for both classes mentioned
above®®. Driven by the needs our recent invention of hedgehog gold nanoparticles
(HHogGNPs) without adopting any seed-mediated and template-based synthetic
modality at room temperature under a highly salted condition guaranteed the birth of
new generation smart materials for theranostics application®. Intrinsically stable

crystallization without toxic templating ligands®3®

promotes these HHogGNPs to be an
efficient nontoxic biocompatible material in nanomedicine. Due to their broad-band
plasmon tunability with improved surface-to-volume (S/V) ratio and very high tip
curvature, they emerge as promising materials for improved optical and spectroscopic
sensitivity necessary for theranostics. Along with that, depletion stabilization of
individual HHogGNPs by low-dose (0.01%) high molecular weight (Mw~55,000)
polymer (polyvinyl pyrrolidone, PVP) improves their long-term stability in
physiological salt condition. A plausible explanation has been provided to describe the

depletion of London attractive force by introducing PVP. PVP acts here as a non-

adsorbing floating polymer that increases the stability of individual nanoparticles by
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modulating their excluded volume. Combination of effective theranostics and long
retention ability makes them appropriate for in vivo real-time therapeutic sensing.
Transportation of nanoparticles with enhanced ability to kill cells photothermally
without making any aggregation in the physiological saline condition is the most
essential characteristics of our synthesized and surface screened materials. This
challenge of prolonged retention in the body (better chance to reach and interact with
tumor cells) to enhance therapeutic effect and to reduce their side effects**°has been
achieved for these HHogGNPs. Depending on the cellular environment
(internalization vs. membrane binding), growth stages, degree of cell division (normal
vs. tumor cells) and differential stress conditions the physiological pH may vary
which demands a stable nanostructure to sustain this change for an effective
theranostics®*1343, Any photothermal therapy associated with hyperthermia raises the
surrounding temperature beyond 38 °C due to failed thermoregulation of the body®**
during photothermal conversion and necessitates the plasmonic nanostructure with
enhanced stability at elevated temperature. Along with these, for any photothermal
therapeutic process the limiting condition for desired success is to design a material
with maximum photostability and best electron-phonon coupling for efficient
photothermal conversion. Designed and modified nanoparticles thus need to be stable
throughout the biological optical window to reduce both the toxicity and to preserve
their nanomedicinal properties. Optical imaging coupled with acoustic image based
theranostics requires plasmonic nanoparticles with greater stability in presence of high
frequency sound wave (>20,000 Hz) to guarantee its stability during therapy. Detailed
experiment on HHogGNPs stability in different harsh conditions has been studied to

ensure their theranostic applicability. Associated results of dark toxicity test in
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presence of these nanoparticles has been described in our previous study®®(chapter 5).
Here the cell death studies after the completion of illumination using MTT conversion
and propidium iodide (PI) staining have been performed to understand the cell death
pattern caused due to effective photothermal therapy both in quantitative and
qualitative manner respectively. By considering the role of nanoparticle’s absorption
cross section, laser intensity, size of the nanoparticle, number of heat releasing points
and the thermal conductivities of both the plasmonic metal and surrounding medium
(profile of temperature increase, AT, given by Coulomb potential outside the particle
under uniform-temperature approximation)3#-34° we have calculated the approximate
temperature at individual tips of a HHogGNPs when excited by a particular
wavelength of light (red light with wavelength ~623 nm) which explains the observed
cell death results when we consider the applied HHogGNPs as photothermal

therapeutic agents for colon carcinoma cells.

6.2 Preparation of depletion force stabilized HHogGNPs

For screening the HHogGNPs produced in situ, aqueous solution of PVP (av. Mw ~
55K) is used. The details of HHogGNPs synthesis is described in the previous
chapter®®. In a typical course of reaction, 0-4500 pL 1.7 M NaCl (equivalent to O-
0.9% NaCl in 50 mL of growth solution), 750 pL 1% TSC, 1.25 mL 102 M
HAUCI4.3H20, 500 pL 1.5 mM AgNOs and 250 pL 10 M ascorbic acid are
added to 49 mL water in sequence and after 30 s, 50 pL of 10% PVP solution
(0.01% PVP in 50 mL) is added to it under continuous stirring. For characterisation,
checking the stability of so obtained HHogGNPs under different harsh conditions and

for assessing the MTT assay-based photothermal lysis efficiency of them, 3.4 mM
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NaCl-induced (taking 100 pL of 1.7 M NacCl) and 0.01% PVP-stabilised HHogGNP

stock solution is used.

6.3 Results and Discussion

The major aim of this study is to formulate a methodology to achieve depletion
stabilized HHogGNPs suitable for real-time theranostic application with long
retention in the physiological condition to use them as in vivo nanomedicine. To the
best of our knowledge this is the first experimental report where we have successfully
used our recently synthesized salt-induced in situ generated non-toxic HHogGNPs
after depletion screening by a low dose high molecular weight polymer exhibiting
enhanced retention in the physiological condition and very high photothermal
efficiency. Only a minimal laser exposure involving low power and very short time
period is required for the photothermal treatment in our case and also, a low dose of
as-synthesized nanoparticles is sufficient. These depletion stabilized HHogGNPs also
show desirable stability in harsher therapeutic and physiological conditions. Following
sections explain the obtained results in greater details and raised a scientific discussion

in support of the results.

6.3.1 Depletion stabilization of HHogGNPs

Due to their salt-induced synthetic modality, HHogGNPs reported in this work
show greater stability in saline condition compared to the other common plasmonic
nanomaterials like, TSC-based spherical nanoparticle, cetyltrimethylammonium
bromide-based nanorod or polyvinylpyrrolidone-based nanoprism®%35!, However,

despite their noticeable stability in highly salted environment, it is clear from their
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absorption spectra (Figure 6.1A) and TEM image (Figure 6.1B) that they show
substantial aggregation beyond 20 mM NaCl concentration.

As we have already discussed in the introduction section, the main goal of this
targeted research is to modify the anisotropic HHogGNPs with dual functionality of
photothermal cell-killing and prolonged retention in the physiological condition,
stabilization of nanoparticles in highly salted (0.6% to 0.9% salt solution)
physiological condition is one of the biggest challenges to use them in medicinal

application®°, Hence, we need to formulate a methodology to modify the nanoparticle

Absorbance

0.0

600 800 1000 1200
A Wavelength(nm)

Figure 6.1: (A) Absorption spectra of synthesized HHogGNPs as a result of 1.7 M
NaCl variation (1-1200 pL) during their synthesis. Arrow indicates the direction of
shift of absorption peak with incremental variation of NaCl concentration. The
spectrum in green colour with a broad peak is for 1200 puL NaCl (40 mM NacCl in the
growth solution). (B) TEM image of HHogGNPs synthesized using 1200 uL NaCl.

Dark part in Figure 6.1B shows the initiation of aggregation process.

or the HHogGNP solution to achieve stable dispersion with intact physico-chemical
properties beyond 20 mM salt concentration. In physiological condition, electrostatic
repulsion between charged nanoparticles reduces due to the opposite ion (sourced
from the salts present in the body fluid) induced charge screening and nanoparticles

approach each other by experiencing London attractive force®*? to induce nanoparticle
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aggregation. By using several thiolated ligand (e.g., thiolated DNA, thiolated PEG, etc)
or high molecular weight PEG or micellar surfactant (e.g., CTAB, CTAC, etc) to coat
the nanoparticle surface with a thickness greater than London interaction range353-3%,
we can achieve dominating steric stabilization to counter the London interaction
induced aggregation.

But, this steric stabilization prevents nanoparticle surface to interact with any
foreign substrate to achieve the most striking surface induced effects (e.g. surface
enhanced spectroscopy, nanoparticle bioconjugation, catalysis, heavy metal detection,
drug delivery, etc.) originated from nanoparticles. However, in presence of low dose
(0.01%) high molecular weight non-adsorbing and nontoxic polymer like polyvinyl
pyrrolidone (PVP, My: 55,000, used as a binder in many pharmaceutical tablets,
essential ingredient in personal care products and as old style adhesive used in postal
system), these nanoparticles experience a depletion of attractive force originated from
the excluded volume effect which is referred as depletion stabilization®73%® and
remain stable even in 100 mM (equivalent to 0.6%) external salt solution which is
close to the physiological concentration of salt in the blood. The optimal dose of PVP
is decided by taking the HHogGNPs solution in a series of different concentrations of
PVP and treating them in 0.9% NaCl. Concentration dependent depletion stabilization
offered by Mw: 55,000-PVP has been shown in Figure 6.2 (1). The stability of these
solutions is then examined by colorimetry i.e. noticing visible changes in colour in
presence of 0.9% NaCl and confirmed further from their absorption spectra. Figure
6.2 (I1) and 6.2 (I11) shows the effect of 0.9% NaCl on the absorption spectra of
HHogGNPs before and after PVP screening respectively. A slight reduction in

absorbance in presence of 0.9% is partly due to increased dilution.
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Figure 6.2: (I) Depletion stabilization of HHogGNPs offered by different
concentration of 55K PVP in presence of 0.9% NaCl. In each set between A and B we
have compared the extent of HHogGNP aggregation by examining their colorimetric
and spectral change (all spectral data not shown here). Two centrifuge tubes labeled
with WO and W represents the effect without and with 0.9% NaCl for PVP screened
HHogGNPs respectively. For example, set 1A and 1B represents HHogGNPs without
PVP without (WO) 0.9% NaCl and without PVP with (W) 0.9% NaCl respectively.
Concentration of 55K PVP in depletion stabilized samples decreases gradually from
set 2 to 11 (set 2: 10%, set 3: 5%, set 4: 2%, set 4: 1%, set 6: 0.5%, set 7: 0.1%, set 8:
0.05%, set 9: 0.01%, set 10: 0.005% and set 11: 0.001%). It is observed that at and
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above 0.01%, PVP stabilizes the HHogGNPs for hours (faint colour of solutions of set
2 and set 3 are due to dilution of nanoparticle solution upon addition of 20% of mother
PVP solution only) whereas below 0.01% evident color change proves destabilization
due to aggregation; (I1) Absorption spectra of sample 1A (without PVP without 0.9%
NaCl) and 1B (without PVP with 0.9% NaCl); (I11) Absorption spectra of sample 9A
(with 0.01% PVP without 0.9% NaCl) and 9B (with 0.01% PVP with 0.9% NaCl).

Figure 6.3 shows the TEM picture (A and B) and absorption spectra (C and D) of
HHogGNPs before and after PVP screening. The images clearly reveal that regularity
in size and morphology is relatively higher in case of PVP stabilized HHogGNPs.
This narrower size distribution is also reflected in their respective spectral data. Also,
there occurs a red shift of ~20-40 nm in the peak position for the PVP screened
sample and they remain stable for months. This slight red shifting of absorption
spectra with narrower size distribution may be due to the change in refractive index of

the suspending media.
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Figure 6.3: TEM pictures of HHogGNPs (A) before and (B) after PVP addition and

(C and D) their respective absorption spectra.

To understand the role played by PVP, we tried to understand their distribution
surrounding the nanoparticles in the sample solutions. By considering the molecular
mass (Mw) of a monomer unit of PVP as 111.0 and the average molecular mass of
individual polymer chain as 55,000, we have approximately 55000/111 = 496
repeating units in a single polymer chain having effectively two C-C single bond
length offered by each monomer unit along with a side chain of pyrrolidone group
(Figure 6.4A). Therefore, if we assume a linear chain of PVP polymer the length
should be around 2 X 0.154 nm X 496 =~ 152.6 nm and it would practically get reduced
for folding or any sort of intra-chain coiling which would further shorten the effective
screening length of the polymer. By considering the average diameter of the

HHogGNPs as 220 nm (average circumference,2nr = 690 nm), each PVP chain may
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block the surface only partially (~1/5" of the circumference of the HHog nanoparticle)
without making any continuous shell on the surface (Figure 6.4B). So, the extent of
blocking (or the excluded volume offered by the PVVP chain for enhanced depletion of
attraction) offered by 0.01% of Mw: 55,000-PVP is sufficient to avoid the London
attractive force while keeping enough room for surface adsorption. The working
principle of depletion stabilization is thus very simple to understand where the high
molecular weight PVP molecules acts as floating random blocker to prevent
nanoparticles to come close to each other (by Brownian motion) but does not make a
continuous thick screen over the surface to prevent the interaction between
nanoparticle and foreign substrate (Figure 6.4C). This controlled screening helped us
to increase their colloidal stabilization along with the scope for necessary surface

interaction.
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Figure 6.4: (A) Structural illustration of polyvinylpyrrolidone, PVP, monomer unit
and its repetition; (B) schematic diagram of PVP coverage over a HHogGNP
considering the average circumference of the nanoparticle (not to scale); (C)

Depletion stabilization by partially coiled floating PVVP polymer as random blocker.
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To confirm the random blocking by PVP, we took the help of EDX spectra and
elemental mapping (figure 6.5). Each PVP monomer unit has a nitrogen in its
pyrrolidone ring. If PVP makes continuous layer over the HHogGNPs, enhanced
localized density of N atoms over the nanoparticles is expected. But the observed
mapping indicates random distribution of N atoms in the surrounding solution of the
nanoparticles instead. It approves the fact that PVP does not make a mask over the

nanoparticles and remains randomly floating in the solution.
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Figure 6.5: EDX spectra and elemental mapping of depletion stabilized HHogGNPs
after addition of 0.01% 55K PVP.
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We have also tested the stability of the 0.01% of Mw: 55,000-PVP screened
HHogGNPs in physiological saline (0.9% NaCl solution in PBS buffer) and found that
the dissolved salt has no effect on nanoparticle aggregation or plasmon even after
prolonged (hours) incubation (data not shown). Therefore, it is highly probable that
our depletion stabilized nanomaterials would be stable in the body fluid too. The
depletion stabilized nanoparticles show no morphological or optical property change
overall and rest of the studies we have performed by using these PVP screened
HHogGNPs.

6.3.2 Depletion stabilized HHogGNPs under different external conditions

The stability and robustness of the PVP modified HHogGNPs are checked under
different external environments - applying drastic change in pH, temperature,

mechanical force and high intensity radiation and the results are described below.

6.3.2.1 pH response of Depletion stabilized HHogGNPs

To find out the structural integrity of the depletion stabilized HHogGNPs we
have treated them in various pH solutions in the range of 1-12. Shifting of pH of a
solution from neutrality either increases the concentration of H* for acidic solution
(pH: <7) or OH" for basic solution (pH: >7) compared to the neutral solution (pH:7)
with equal concentration of H* and OH". By considering H"* or OH" simply as
individual ions, depletion stabilized HHogGNPs follow the same working principle to
block these ions to come within the excluded volume of the nanoparticles and thereby
prevent the pH induced aggregation or degradation. Figure 6.6 clearly signifies their
improved stability under the influence of tunable pH in a considerable range (~pH 3-
13), specially at high pH region they show extraordinary stability. Instability of both

types of samples in very low pH solutions should not be an issue for implementing
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them in therapy because in human body only the pH of gastric acid in the stomach

lumen is very low, but the nanoparticles are applied by intravenous treatment and

hence do not come into its contact.
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Figure 6.6: HHogGNP samples without PVP (A1) and with 0.01% PVP (B,) treated at
different pH solution (starting from blank sample in water to pH ~1-13 from left to
right). A2 and As represent the absorption profile of the samples without PVP at lower
(1-5) and higher (6-12) pH region respectively whereas B> and Bz show similar

profiles by taking samples with PVP.
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6.3.2.2 Thermal response of Depletion stabilized HHogGNPs

As mentioned before in the introduction section, any successful
photothermal therapeutic reagent should sustain the temperature raise beyond 38 °C

due to failed thermoregulation of the body. To justify the thermal stability of the
formulated HHogGNPs beyond hyperthermic point we have studied their thermal
response by recording their absorption spectra (i) at variable temperature well above
the room temperature and (ii) at a constant temperature of 42 °C (=107.6 °F, an
extremely elevated body temperature in case of hyperpyrexia) for 1 h. Obtained
absorption spectra in Figure 6.7 show their relative stability by reservation of spectral

pattern upon thermal treatment.
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Figure 6.7: (A1) HHogGNP samples without PVP (WO) and with 0.01% PVP (W)
after treating at 99 °C starting from 28 °C. (B1) and (Cy) represent the corresponding
absorption profiles of these samples respectively at different temperature. (A2) and (B>)
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show the effect of constant heat treatment for same HHogGNP samples without PVP
(WO) and with 0.01% PVP (W) respectively at 42 °C (=108 °F) for 1 h.

6.3.2.3 Photo-stability of Depletion stabilized HHogGNPs

Photostability of nanomaterials throughout the biological window (600-900
nm) is a must for a successful therapeutic material. Due to very high extinction
coefficient of the HHogGNPs and enhanced photochemical process of the templating
ligands we may expect an unprecedented photo-chemical reaction during their photo-
physical (photothermalization) processes. Prevention of photochemical processes has
been achieved by formulating depletion stabilized HHogGNPs and has been
demonstrated in Figure 6.8. Here the HHogGNPs have been irradiated by 637 nm
continuous laser source at different power before and after depletion stabilization and
the spectral change has been recorded with time. It is clear that the depletion stabilized
HHogGNPs show prolonged stability not only within broad-band biological window
but also at variable photon energy which gives an indirect estimation of the limiting

‘photon-injection-input’ for non-degradative hyperthermia therapy.
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Figure 6.8: (A1 and A2) Time dependent absorption spectra of HHogGNP samples
without PVP and with 0.01% PVP respectively, irradiated by 637 nm continuous laser
source at 33 mW power. (B1and B2) Time dependent absorption spectra of HHogGNP
samples without PVP and with 0.01% PVP respectively, irradiated by 637 nm

continuous laser source at 108 m\W power.

6.3.2.4 Depletion Stabilized HHogGNPs under Ultrasonic Wave

To face the potentiality for several acoustic image based theranostics along
with the traditional optical imaging, formulated depletion stabilized HHogGNPs
should show greater stability in presence of high frequency sound wave (>20,000 Hz).
We have checked their stability by systematically studying under the influence of
variable frequency ultrasonic exposure for variable time. Obtained results of structural
integrity for PVP stabilized samples over samples without PVP has been included in

Figure 6.9.
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Figure 6.9: (A1) HHogGNP samples without PVP (WO) and with 0.01% PVP (W)
after treating them with ultrasonic wave operating at 53 kHz for 20 min at 40% power.
(By) and (Ci) represent the corresponding absorption profiles of these samples
respectively at different time interval. (A2), (B2) and (Cz) are similar records of

sonication at 100% power for longer time (60 min).

6.3.3 Surface Properties retained by depletion stabilized HHogGNPs

The objective of this work is to generate a highly anisotropic nanoparticle with
decent surface tagging by probe molecules, sufficient enough for sensing without
altering their physical and chemical properties for high throughput theranostic
applications. For this, the HHogGNPs must be able to retain their useful plasmonic
and surface properties after depletion stabilization i.e. their tunable broad band
absorption in the physiological window and gigantic SERS enhancement. The
absorption spectra of the PVP modified HHogGNPs synthesized varying the NaCl

concentration have been represented in Figure 6.10 that shows desired tunability.
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Figure 6.10: Plasmon tuning of depletion stabilized HHogGNPs synthesized by using
1.7 M NaCl variation (1-1200 pL). Arrow indicates the direction of shift of absorption

peak with incremental variation of NaCl concentration.

To check the SERS activity, the as-synthesized HHogGNPs’ bare surface was tagged
by using low concentration (2.5x10°® M) Rh6G which we used as a Raman probe to
measure the enhanced Raman cross section offered by the HHog nanosurface. Due to
the low concentration of Rh6G and the resultant incomplete surface coverage, dye
tagged HHogGNPs can’t make hotspot driven aggregation and remain stable in the
solution. Immediately after the surface tagging by Rh6G, these dye tagged
HHogGNPs were depletion stabilized by using a low-dose (0.01%) high molecular
weight polyvinylpyrrolidone (PVP, Mw: 55,000) polymer and they remain stable for
months without showing any significant aggregation at higher salt concentration (up
to 0.6% NaCl which is close to the salt concentration in human blood) or in harsher
physical and chemical environment. In contrary, at higher concentration of Rh6G (>
5x10° M) they aggregated precipitously almost instantaneously as shown in Figure

6.11A1 and we could not achieve to formulate dye tagged depletion stabilized
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individual HHogGNPs. Aggregation of nanoparticles in highly salted physiological
condition is a longstanding issue that hampers their use in nanomedicine and in this
respect our reported newly invented salt-induced synthesis of gold nanomaterial in the
absence of any template®® without employing a seeding method and subsequent low-
dose polymer-based depletion stabilization provides a unique way to formulate
nanomaterials suitable for long retention to act as an efficient nanomedicine. Most of
the surface-induced optical detection techniques (e.g., SERS, NSET, etc.) are the
result of a short-range force between metal surface and surface-adsorbed analytes (e.g.,
organic ligands, small chain peptides, etc.). The template which may form a finite
double layer on the nanoparticle surface prevent the surface adsorbed molecules from
accessing electromagnetic field generated by the metal core. Therefore, the naked
nanoparticles synthesized by the above described protocol without using any template
yet stable should acts as a better transducer®?®. Besides, very long (up to 95 nm) and
sharp needle shaped spikes with tip diameter 2-5 nm on the central metal core offers
very high SERS activity compared to the spherical gold nanoparticles having similar
plasmonic properties. Details of the SERS activity and shape variable Raman signal
enhancement for HHogGNPs has been described in Chapter 5 and published before®®
which measures a huge Raman enhancement factor (G) of 8.9x10%° for surface
adsorbed Rh6G and due to this huge Raman cross section we could observe
substantial SERS signal even in this low concentration Rh6G (10° M). Due to their
enhanced stability in the physiological condition under even harsher environment
along with very high Raman intensity indeed these depletion stabilized HHogGNPs
show potential application for high throughput theranostics. Moreover, due to the

treatment of dye tagged HHogGNPs with low dose (0.01%) high molecular weight
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(Mw ~55,000) PVP molecules, we have not observed any Raman spectral change

(Figure 6.11B) which guarantees their application in finger printing.
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Figure 6.11: (A and A:) TEM images of HHogGNPs with 2.5x10° M Rh6G for low
coverage Raman tagging and with 10° M Rh6G for high coverage Raman tagging
before depletion stabilization. Higher concentration of Rh6G triggers analyte-bridged
aggregation as shown in Figure 5A1; (B and B1) SERS spectra from Rh6G tagged
HHogGNPs before and after depletion stabilization respectively (Figure B1 should be
replaced by less Raman intensity). Except substantial change in intensity of specific
peaks, SERS spectra of Rh6G tagged HHogGNPs shows similar behavior (peak
position) before and after depletion stabilization.

As discussed earlier, these dye tagged depletion stabilized HHogGNPs do not show
any significant aggregation at higher salt concentration, we can potentially use them
as active Raman tag in physiological condition and also can modify the surface by

aptamer for specific targeting followed by photothermal therapy.
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6.3.4 Photothermal Lysis Efficiency of Depletion Stabilized HHogGNPs

6.3.4.1 Protocols followed for Cell culture, Photothermal Therapy and MTT
assay

Photothermal therapy (PTT) is emerging as a promising alternative towards next
generation cancer treatment. Exposure of light to the cancerous cells are known to
generate heat, which can elevate the temperature of tumor to an extent which is
sufficient to induce necrosis or apoptosis leading to irreversible cellular damage and
cell death. The cytotoxic activities of the nanomaterials were checked in both
cancerous (HCT 116) as well as normal cells (RAW 264.7). For light independent
toxicity study we have selected RAW 264.7 mouse macrophage cell lines (details
have already been mentioned in chapter5). To find out the photothermal cell killing
ability of the PVP stabilized HHogGNPs, we have performed systematic cell lysis
experiments on HCT-116 colon carcinoma cells. At first we have tested the effect of
red light (750 lumen, 8 W energy saving LED lamp equivalent to 75 W regular lamp
with red filter to allow light with central wavelength at 623 nm) on the cell viability
by using four different sized HHogGNPs and compared the obtained result with four
different spherical nanoparticles. Then one of these suitable HHogGNPs have been
chosen for further standardization with PVP screening in presence of 671 nm laser
source at low power and short time. HCT-116 colon carcinoma cells were plated onto
a 96-well plate (5x10° cells in 190 pL of DMEM culture medium supplemented with
10% heat inactivated FBS, 2 mM L-glutamine, 10 mM HEPES and 1 mM sodium
pyruvate. After 24 h of incubation at 37 °C in 5% CO. environment, different amount

(12, 25 and 50 pL of the equally concentrated) of each NPs were added to each well.
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Plates were again incubated at 37 “C in 5% COz environment for an additional 24 h
and then illuminated by red light (red filtered white light) at the central wavelength of
623 nm for 50 min. No heating of the plate was registered as a result of the photo-
exposure. Cell death was assessed immediately after the completion of illumination
using MTT conversion and propidium iodide (PI) staining. Pl was added only to the
wells with the highest volume of NP (50 uL). We have not used any aptamer tagged
HHogGNPs for antigen specific binding of HCT-116 colon carcinoma cells but
simply studied their photothermal lysis ability to find out the applicability of these
nanomaterials as hyperthermia agents and planning for cell specific targeting in the
future experiments.

As already mentioned, we also checked the cell viability of HCT-116 cells with PVP
screened HHogGNPs in presence and absence of light using MTT assay. HCT-116
cells were grown in DMEM medium as described earlier. Different volumes of PVP-
HHogGNPs (20, 35, 50 and 75 pL) were treated to the cells for 4h at 37 °C, 5% CO..
One set of NP-treated cells were exposed to red laser light of wavelength 671 nm (38
mW power) for 1min and the other set was kept unexposed to light. Cells without NP

treatment and unexposed to light served as control.

6.3.4.2 Results of Photothermal treatment and MTT assay

Modulation of surface plasmon in the near infrared with very high absorption cross
section for photon harvest and efficient photothermal conversion for the effective cell
death leads to the fabrication of suitable nanomedicine. To achieve the controlled load
dependent photothermal necrosis or apoptosis, applied nanomaterials must show
nontoxicity in absence of light. The HHogGNPs indeed show nontoxic behavior in

dark®. However, they are highly reactive to create substantial lysis in presence of
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light. This high throughput photolysis ability of the HHogGNPs can effectively be use
for the application in therapy as therapeutic nanomedicine. Phototherapy could be
either (i) photoradiation therapy where the photon source in the UV-vis wavelength
range is directly used to degrade the toxic cell line and toxins or (ii) photothermal
therapy where the adsorbed photon in the NIR-IR range (biological window) by the
nanomaterials effectively converts photon energy into thermal energy by electron-
phonon and phonon-phonon coupling. Photothermal conversion of energy by
nanomaterials has been described in great details in Chapter 1 and elsewhere.r*
Efficient photothermal conversion for photo excitation of HHogGNPs depends on few
factors which include (a) extinction coefficient (electron-electron coupling) of the
nanoparticle, (b) resonance condition between the surface Plasmon of that particular
nanoparticle and excitation wavelength, (c) efficient electron-phonon and phonon-
phonon coupling to initiate thermalization of nanoparticle through nanocrystal
vibration, and (d) thermal conductivity and specific heat of the surrounding medium
for heat transmission and preservation. Since the surrounding water medium for
different doses remain same and all the different HHogGNPs are mainly made of by
{111} facets, the extent of photothermal conversion efficiency depends heavily on
their absorption cross section and resonance excitation. As we increase the
concentration of NaCl in the mother solution during HHogGNPs synthesis, absorption
cross section gradually increases due the enhancement of relative surface area, RSA
(Listed in Table 6.1) and diameter but the probability of photo excitation (electronic
transition) at a particular wavelength, 623 nm central wavelength, gradually reduces
as the surface plasmon gradually moves towards 1100 nm to create a non-resonant

condition.
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Effective cell death not only depends on the extent of photothermal conversion but
also depends on the effective temperature at the tip through which anisotropic
nanomaterials attach with the cell membrane. More the nanoscopic temperature at the
tip more is the probability of thermal cell damage. Nanoscopic temperature at the
HHogGNPs tip depends on several factors which include (a) tip curvature, (b) 2D
projected angle covered by the tip, (c) average Aspect Ratio (AR) of surface tips, and
(d) relative surface area (RSA) offered by the tips. It is clear from Table 5.1of
Chapter 5 that as we increase the concentration of NaCl (from 170 uM-20 mM) in
the mother solution during synthesis, all the four above factors favor to result better
thermal lensing® at the tip to destroy the cell membrane more efficiently. We have
used four different HHogGNPs (NPs, 6, 7,8) synthesized by using 170 uM, 10.2 mM,
3.4 mM and 20 mM NacCl respectively with in plane surface Plasmon maxima at 540,
800, 660 and 870 nm. Along with these we have synthesized four different spherical
shaped nanoparticles (NP1, 2, 3, 4) with diameters 8, 20, 40 and 100 nm by well-
established TSC-based heating method with absorption maxima at 518, 524, 531 and
578 nm respectively to compare their ability as effective hyperthermia agents. Figure
6.12 explains the details of the effect of HCT-116 colon carcinoma cells before and

after the treatment with HHogGNPs in presence of photoexcitation.
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Figure 6.12: (A1) Phase contrast and (B1) fluorescence optical images of the HCT-116
colon carcinoma cells in absence of NPs after photoexcitation by a red light (750
lumen, 8 W energy saving LED lamp equivalent to 75 W regular lamp with red filter
to allow light of central wavelength 623 nm). C;: is the phase contrast image of the
HHogGNPs treated cells after photoexcitation. D1 shows the cytotoxicity effect of
different spherical shaped (NPg, 2,3 4) and Hedgehog shaped (NPs,¢,7,8) GNPs and the
table shows that the GNPs are divided accordingly in three groups A, B, C and (A2-C>)
show differential effects of NPs on permeability of the plasma membrane for Pl where

A: corresponds to group A, Bz to group B and Cz to group C.

Here Figure 6.12A:1 and 6.12B:1 are the phase contrast and fluorescence optical images
of the HCT-116 colon carcinoma cells after photoexcitation in absence of HHogGNPs
which show well spread healthy cells. Figure 6.12C: is the phase contrast image of
the HHogGNPs treated cells after photoexcitation which shows that the morphology

of the cell is not altered. To determine the apoptotic changes, cells were treated with
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an MTT reagent followed by colorimetric detection. As shown in Figure 6.12 D1, NP4
was the most cytotoxic whereas other 7 samples were also active but to a lesser extent
than NP4. The potency of NP1.g was categorized into three groups as described in the
Table given in Figure 6.12. The lowest ICso (highest cytotoxicity) values were
registered for NP2, 3 4 5 7 (group C) where as NP1 (group B) and especially NPg, g
(group A) were less potent. Finally, Figure 6.12 A2-C. demonstrated differential
effects of individual NP preparations on permeability of the plasma membrane for Pl
where Az corresponds to group A, B2 to group B and C2 to group C. The increase of
red fluorescence which indicates the photodamaging potency of NPs: group C
compounds yielded the most pronounced necrosis/apoptosis, with ~100% cells
damaged whereas for group A & B only a portion of cells included PI. Since the
central wavelength of excitation at 623 nm has been used for the photothermal lysis is
in close resonance with the surface Plasmon offered by NP2, 3 4,5 7 it is expected that
these particles will offer better photon harvesting for their higher absorption cross
section at 623 nm and in addition due to efficient thermal lensing by the sharp tips by
NPs, 7 the nanoscopic rise in temperature will be very high for these particles to initiate
the nanoscopic photolysis process. In contrary for NP1 and NPg g shows absorbance at
518, 800 and 870 nm respectively is in off resonance with the excitation wavelength at
623 nm to show very low photo harvest to offer minimum photothermalization.
Observed results explains well of our hypothesis of photothermalization. This study
also indirectly proves that the spherical as well as HHogGNPs without aptamers act as
potent photothermal sensitizer and the extent of photodamage depend heavily on their
shape and Plasmon nature. Moreover, rapid apoptosis or necrosis may co-exist and

form the underlying mechanisms of cellular photodamage by HHogGNPs. To check

199



the photothermal lysis efficiency of the depletion stabilized HHogGNPs, we took 3.4
mM NaCl mediated, PVP-stabilized HHogGNPs suitable for 671 nm laser excitation
having plasmonic peak closer to it (Figure 6.3D). We checked for its photothermal
cytotoxicity at 671 nm light in HCT-116 cells and compared the same with the light
unexposed cells. The NP treated but light unexposed cells showed no toxic effect to
HCT-116 cells whereas light exposure conditions showed significant cell death,
decreasing the viability to approximately 50% with 75 puL of NP (Figure 6.13).
Interestingly, cell without NP treatment but 1 min light exposure showed no

observable cell death.
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Figure 6.13: Cell viability results of HCT-116 cells with PVP screened HHogGNPs in
(A) presence and (B) absence of light.

6.3.5 Analytical Calculation of the Local Temperature generated at tips of
HHogGNPs

To understand and to estimate the extent of thermalization offered by the HHogGNPs
we have adopted an analytical calculation by considering Coulomb potential outside
the particle under uniform-temperature approximation3*>=2%°, The localized increase in

temperature (AT) around a single nanoparticle depends upon the absorption cross
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section, laser intensity, size of the nanoparticle, and thermal conductivities of both the
metal and the surrounding medium.*®® The temperature change on the surface of an

individual nanoparticle in aqueous solution can be obtained following the equation

below:

a SI
ATyp = #Zﬁ,( (6.1)
Where o, = absorption cross section (cm?) of the HHogGNP, | = intensity of the

incident light (Wcm™), 7,¢ = effective radius of a sphere with the same volume of
one sharp tip, B = thermal capacitance coefficient of the nanoparticle and k = thermal
conductivity of water. By considering the absorption coefficient (o) of the

HHogGNP as ~101°cm? and for an excitation source with 200 mW power and 2 mm

diameter, we can calculate the intensity of the incident light as

_100mw _2
I =~ = 3.183098 Wem (6.2)

We considered g = 1 by neglecting the dependence of £ on nanoparticle aspect ratio.
By considering a sharp tip as a cone (Chapter 5 describes the geometrical details of
each sharp tip) with base radius . nm and height h, nm, the calculated volume of the

tip V. can be mathematically defined as

are?he

Ve ==X 10721 cm3 (6.3)
If we consider N number of such tips per HHogGNP, then .., which is the

equivalent radius of a sphere having same volume of the total number of cones, can be

calculated as follows

2
X 1072 cm3 OR 1ff = %/(NTCThC X 10‘21) cm

are?he

4
Verr = smrepp = N X Vo = N=—=

(6.4)

By considering « = 0.6 Wm?2K ! for water,
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1071%¢m?x3.183098Wcm 2

(6.5)

AT =

47rx1><\3/(NTCTZhC><10‘21)><10‘2m><0.6Wm‘1K‘1
If we consider the release of thermal energy only through the tips (not through the
surface, lensing effect) then we need to evaluate the tip volume out of the total

hydrodynamic volume of the HHogGNP, i.e.

i7zR3
Relative Viume = §— Where, R= hydrodynamic radius and r,= radius at the tip
3t
(6.6)
—-10 3
Hence, AT per tip = AT x Relative Volume = 107 x3.183098XK K

2
4-7rx1><\3/(NTCThC><10‘21)><10‘2><0.6><rg’

Details about the necessary parameters used to calculate average temperature change
per tip is listed in Table 6.1.

Table 6.1: Calculated average temperature change per tip for variable HHogGNPs

synthesized by varying NaCl concentration between 170 uM and 20 mM.

NaCl Concentration | 170x10° | 340x10° | 170x10° | 340x107° | 10x10" | 20x10°
(M) 3 3
Average 110 110 110 110 110 110
hydrodynamic
radius R, (nm)
Tip base radiusr, 5.0 45 4.0 3.75 2.8 2.5
(nm)
Average surface tip 60 69 80 89 93 95
length A, (nm)
Average number of 32 28 26 20 16 10
tips N
Average radius at 2.5 1.8 1.6 1.3 1.2 1.0
the tip r’ (nm)
RSA 1.04 1.05 1.74 1.5 1.75 2.8
Average AT per tip 157 451 677 1388 2276 4926
(K)

This calculation implies that the nanoscopic temperature generated at the tip varies

between ~150-5000 K which is high enough to initiate the photothermal therapeutic
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process to lead the effective cell death. Similar effect of photothermalization of carbon
nanotube in the range of 1000-5000 K followed by IR excitation has already been
reported by A. H. Zewail®*® though has not described in details by considering the
geometrical and optical parameters of nanomaterials. Obtained tip temperature by
analytical calculation and observed photothrmal necrosis establishes our hypothesis to
use the synthesized HHogGNPs as potential hyperthermic cell killing agent. Real life
application of these synthesized HHogGNPs is under investigation on animal model

(mice) and the obtained results will be communicated in the near future.

6.4 Conclusion

By considering their broad-band Plasmon tunability for effective photoexcitation in
the biological window coupled with nontoxic behavior in absence of light along with
gigantic Raman cross section made our synthesized HHogGNPs as a potential
candidate for efficient nanotheranostics. In addition, depletion stabilization of these
HHogGNPs by low-dose (0.01%) high molecular weight PVP (Mw: 55,000) make
them absolutely stable in highly salted condition equivalent to physiological
environment (0.6% NaCl in blood or 0.9% NaCl in PBS) for long retention along with
their effective photothermal conversion by electron-phonon and phonon-phonon
coupling to generate as high as 5000 K temperature at the tip. With their long
retention in physiological condition, high throughput Raman cross section, and
nanoscopic ultrahigh temperature generation at the tip has been testified by checking
their cell killing ability on HCT-116 colon carcinoma cells. Reported results prove
that the depletion stabilized HHogGNPs have enough potential both as Raman sensor
to follow the real-time therapy as well as nontoxic highly efficient photothermal

therapeutic material to reduce side effects.
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CHAPTER 7

FUTURE DIRECTION AND CONCLUSION

OUTLINE: What does this chapter brief?
= Introduction to nanomaterial assembly

= Designing Superlattice with monometallic and bimetallic building blocks

= A general conclusion drawn from the overall study
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7.1 Introduction

In the previous four chapters, we mainly focused on the strategies of development of
different anisotropic nanomaterials and their application in sensing and therapy.
Basically, in all applications, we utilized the properties displayed by the nanomaterials
as an ensemble effect. This ensemble effect can be enhanced further if an ordered
assembly of nanomaterials is taken into consideration®3361363 Collective effects are
also exhibited by assemblies without order i.e. mere aggregates®®+=, but these effects
are not manifested in a regular and precise way due to their (i) uncontrolled
development, (ii) random and complex three-dimensional structure and (iii) instability
with time. In comparison, properties exhibited by an ordered assembly are more
consistent and controllable and predictable. Different strategies have been adopted for
designing  ordered  assemblies of both  isotropic and  anisotropic
nanoparticles313261:362367 'Eor jsotropic nanoparticles, properties vary uniformly along
all the directions, so there is limited scope to make a directed assembly. But
anisotropic nanomaterials have an inherent direction dependence. This allows the
assemblies to grow in a specific direction or orientation utilizing preferred interaction
among nanoparticles in that particular direction over others. This gives more scope to
play with the resultant properties of the nano-assemblies too. For example, an end-to-
end assembly of nanorods results in increase in the aspect ratio and a red shift is
expected in the absorption spectrum whereas a side-by-side assembly may reduce the
overall aspect ratio compared to the individual nanorods (depending on the aspect
ratio of the individual nanorods and their average number forming side-by-side

assembly) and there would be a blue shift then.3!3
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Nanoparticle superlattices are a class of periodic assembly composed of nanoscale
building blocks. They show novel chemical and physical properties arising out of the
interactions between the constituent particles as discussed in the first chapter. For
making this large-scale lattice, uniformity in shape and size of the constituent
nanoparticles (NPs) is a prerequisite. In this respect, designing a superlattice of
structurally anisotropic nanomaterials are even more challenging. Reports are there
where supercrystals have been formed by morphologically anisotropic
nanomaterials®®2. One established and well-practised way to design nanosuperlattices
is to rationally arrange isotropic as well as anisotropic noble metal nanoparticles
tethered by strands of thiolated DNA and a suitable linker DNA strand complimentary
to them®®83%°, The main advantage of this assembly process is that it can be reversed
by thermal denaturation. But for any DNA-mediated assembly, there are issues like,
standardizing optimum salt concentration required for DNA annealing avoiding
nanoparticle aggregation, optimum removal of positive surfactants (if used any as
capping agent) over the nanoparticles to stop possible random interference of negative
strands of DNA, cost of specified conjugate DNA strands etc. Muliti-component
nanoparticle superlattices made of combinations of nanospheres and nano triangular
plates of metal, semiconductor, magnetic and dielectric materials are also
reported**®3%. As we had mentioned in the very first chapter, anisotropy can arise
from morphology as well as from chemical composition. We have opted to make
superlattices by taking chemically anisotropic nano-building blocks. Our aim is to
study some physico-chemical properties of 2D thin films and 3D superlattices made of
multimetallic alloy nanoparticles. Though alloy nanoparticle superlattices are not new

in literature®*32 put the nano-alloys often show unexpected properties which is
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observed in neither of the pure components and alters with their composition3”. Here,
we have first made monometallic superlattices following a well-known procedure
called ‘digestive ripening’3"#, checked their gradual development step by step with
time, explored the lattice parameters from both TEM and GISAXS. We have then
taken bimetallic precursors and followed similar protocol. In this last chapter, the data
obtained for this till date have been included along with a general conclusion drawn

from all the preceding studies.

7.2 Synthesis of Superlattice

7.2.1 Superlattice of monometallic nanoparticle units

As already mentioned, we have adopted a reported protocol®” involving digestive
ripening method for the synthesis of superlattices with slight modifications. Precisely,
0.1018 g of didodecyldimethylammonium bromide (DDAB) was dissolved in 10 mL
toluene to make a 2.2x10 M DDAB solution.0.034 g of HAuUCl4.3H,0 (0.0086 M)
was then added to it. From a freshly prepared ice-cooled aqueous solution of 0.96 M
NaBH; (0.1816 g NaBH4 in 5 mL water) an amount of 500 pL was then added drop
by drop with vigorous stirring for reduction of the gold salt and it was left under this
stirring condition for another 1 h. After that, 200 pL 1-dodecanethiol was added to 2.5
mL of the as-prepared gold colloid. This was followed by nanoparticle precipitation
with 7.5 mL of ethanol in order to purify the system from any byproducts. Once the
particles are precipitated down, the upper layer of ethanol is discarded and it was
allowed to get dried under ambient condition. It was then re-dispersed in 2.5 mL of
toluene and 200 pL of 1-dodecanethiol was again added to it. This solution was taken

in a round bottom flask and subjected to reflux at 110 °C with constant stirring for
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90min under argon atmosphere. The refluxed solution is left undisturbed till it cools
down to room temperature.

For GISAXS measurements, samples were prepared in two ways: (i) part of this
refluxed solution was first taken in a watch glass where nanoparticles are allowed to
form self-assembly with gradual evaporation of the solvent. The black precipitate so
obtained was carefully placed on the center of properly washed (with extran, ethanol
and milli-Q water) double frosted (ISO 8037) microscope glass slides (9100D01,
Borosil) for a thicker sample and (ii) 50 pL of the solution was dropped directly on to
the glass slides to form a thin layer of nanocrystals by solvent evaporation. For TEM
measurement we used dip-and-dry technique (described in chapter 3) to make samples
with 300 mesh copper Formvar/carbon grid.

7.2.2 Superlattice of bimetallic nanoparticle units

For preparing superlattices comprised of bimetallic nanoparticle units we took 1:1, 1:2,
1:3, 1:4 and 1:5 solutions of Au and Ag salts by molarity. To be specific, for each of
the five sets, 0.017 g of HAUCI4.3H20 (0.0043 M) was dissolved in 2.2x102 M DDAB
solution. Then 0.0073 g (0.0043 M), 0.0146 g (2x0.0043 M), 0.0219 g (3x0.0043 M),
0.0292 g (4x0.0043 M) and 0.0365 g (5x0.0043 M) of AgNO3 were added to make the
1:1, 1:2, 1:3, 1:4 and 1:5 AuAg samples respectively and they were reduced by 500
ML, 750 pL, 1000 pL, 1250 pL and 1500 pL of freshly prepared ice-cooled aqueous

solution of 0.96 M NaBHa.. Rest of the process was exactly same as described above.

7.3 Results and Discussion
Absorption spectra of both types of samples, monometallic (only Au) and bimetallic
(2:1 AuAg), have been provided in Figure 7.1A which shows that before and after

reflux, the absorbance maxima practically remain unchanged (typically 511 nm for 1:1
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AuAg sample and 523 nm for only Au sample). This is in accordance with the fact
that assembly starts only with gradual evaporation of the solvent and before that
though linked by sulfur atoms, they remain well separated in solution just as
individual nanoparticles. Figure 7.1B shows the absorption of all the bimetallic
samples before reflux with Au:Ag ratio varying from 1:1 to 1:5. There occurs a
gradual blue shift of the plasmon maxima (towards the characteristic plasmonic peak
position of Ag nanoparticles) as the proportion of Ag increases with respect to Au in
the sample. We have taken two samples made of only Au and 1:1 Au:Ag for rest of

the studies.
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Figure 7.1: (A) Vis-NIR absorption spectra of 1:1 AuAg sample and only Au sample
before and after reflux, (B) Vis-NIR absorption spectra of bimetallic AuAg samples

with varying molar ratio between Au and Ag (1:1 to 1:5) before reflux.

Steps of the Au-nanosuperlattice formation have been interpreted in details
elsewhere®’*, We attempted to capture it by taking TEM images for the monometallic
Au-samples collected at different stages of the reaction (Figure 7.2). It shows that,
initially, just after the reduction or purification by ethanol or even after addition of

thiol before reflux, the particle-size-distribution remains broad (7.2A-C respectively),
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after which they tend to get leached in presence of excess thiol, a strongly interacting
ligand, and under refluxing condition till they attain a size distribution close to
uniformity. We stopped the reflux at different time intervals — 30, 60 and 90 min and
collected samples for the images shown in figure 7.2D, E and F respectively. Figure
7.2 (G-J) are images of the sample collected at different time intervals (2, 10, 24 and
48 h respectively) after the reflux. It is worth to mention that after reflux the pattern

(shape, size), or distribution (2D or 3D structure) of the self-assembly of the

nanoparticles is not observed to be dependent on time in our case.

Figure 7.2: TEM images of only Au samples collected at different stages of the
synthesis, (A) after reduction, (B) after purification by ethanol, (C) before reflux, (D-F)
three different samples after 30 min (D), 60 min (E) and 90 min (F) reflux and
subsequent cooling, (G-J) after complete 90min reflux when we cooled and allowed
the sample for crystallization for different time range (2, 10, 24 and 48 h respectively).
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The lattice structure of Au nano superlattice has been already studied for different
synthesis methods®"® and from the illustration of TEM images, small and wide-angle
electron diffraction pattern, XRD pattern etc. it has been observed that following
digestive ripening method, where Au nanoparticles are synthesized by gold salt
reduction in an inverse micelle system, arrangement in an fcc lattice is preferred under
equilibrium control. In our case, this has been evaluated by measuring the scattering
signals obtained from GISAXS experiments for the only Au sample, where the 2D
detector image is integrated to yield 1(q) vs. . in A (details of the experimental
parameters have been mentioned in chapter 2). Two peaks appear at g, = 0.242 A!
and 0.262 A ! as shown in Figure 7.3 which corresponds to two lattice parameters, di
=25.96 A and d> = 23.98 A respectively following q- = 2rt/d. For an fcc lattice, 2d = a
(where a is the unit length or inter-particle distance in the lattice as shown in Figure
7.4A), but presence of two peaks indicates a distortion in one direction. Considering
that, a comes out to be 70.69 A or ~7 nm as the inter-particle spacing (illustrated in
Figure 7.4B). This is in accordance with the spacing assessed from TEM images for
these nanoparticles of ~5 nm diameter. However, there is a deviation in the degree of

distortion as reflected by the spread of the second peak.
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Figure 7.3: 1(q) vs. g; plot of the only Au sample two peaks at 0.242 At and 0.262 A-

! (initial two peaks have appeared from the leakage of the beam stopper) with respect

to the signals from the background and empty slide.
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Figure 7.4: (A) Schematic diagram illustrating a, the unit length or inter-particle

distance in an fcc lattice with respect to the lattice parameter d and (B) its derivation in

our case considering two lattice parameters.

The TEM image (Figure 7.5A) of the Au-Ag samples just after the reduction step

shows much better size distribution compared to the only-Au sample. The co-

crystallization of Ag and Au has been assessed from their chemical mapping shown in

Figure 7.5(B) and (C).
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Figure 7.5: (A) TEM image of the Au-Ag sample after reduction before purification
and reflux. (B) and (C) shows the chemical mapping for Ag and Au atoms in the

sample.

After reflux, the samples show discrete Au-Ag nanoparticles of size ~5 nm distributed
in 2D-plane (Figure 7.6A) as well as in 3D-structured assembly (Figure 7.6B). The
presence of both the elements Au and Ag in the sample (after reflux) is further

supported by the EDX spectra presented in Figure 7.6C.
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Figure 7.6: (A and B) TEM images of Au-Ag samples after reflux. (C) Acquired EDX
spectra for the Au-Ag samples after reflux (inset shows the selected HAADF area

highly illuminated due to the presence of Sulphur atoms in thiol).

To confirm the periodicity in our Au-Ag sample, and to find out its lattice parameters,
we studied the small angle electron diffraction pattern for its different parts (Figure
7.7). From the ratio of the principal spot spacings and the angles between the principal
plane normals, it is found that the diffraction pattern matches with the standard,

indexed diffraction pattern for fcc crystals in the [011] beam directions®”.
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Figure 7.7: (A) and (B) TEM images of Au-Ag sample at different magnifications.
(A1- Az) and (Bs, Bs) are the small angle electron diffraction patterns obtained for
different parts (marked in frames 1, 2, 3, 4 and 5 respectively) of it. (C) represents the
distances between the spots in real space mentioned in yellow calculated from the red
lines indicating the same in reverse space. Ratio of the principal spot spacings,% IS
~1.12 here. The corresponding angles between the principal plane normals are marked
in green in (D). All the spacings and angles have been averaged over several frames of

different diffraction patterns and the average values have been shown here.
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For unit length a of (hkl) lattice plane, the inter lattice spacing dy; can be obtained
from,

a
it = G (7.1)

In our case, dyx; = dy10 = 51.53 A

This implies that the inter lattice spacing, a = 51.53 x V2 = 72.87 & = 7.287 nm
Therefore, the inter-particle distance for AuAg nanoparticles (of diameter ~5 nm) in
the assembly is ~7.2 nm. However, these results are based on the data obtained till
now. It can be confirmed after some more experiments and further standardization
which include structure and property analysis of these alloy-nanomaterial-assemblies
as our future endeavor in this direction. We have already designed a GISAXS
measurement mount (Figure 7.8) that can record the SAXS data with variable
temperature. This would be helpful for understanding the crystal growth with
temperature alteration and to determine the reversibility of superlattice or any periodic

assembly formation.
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Figure 7.8: (A) Design of the temperature variable GISAXS measurement mount
where the sample can be placed in a capillary and (B) schematic outline of its working

principle.
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7.4 A General Conclusion

In this thesis, an elaborate study has been recorded on the development strategies and
application perspectives of different anisotropic nanomaterials. Literature is now
extensively rich with plenty of such materials of various size, shape, composition and

distribution (arrangement). Only the controlling factors are crucial to obtain the
material of desired activity every time and modifying them for enhanced performance
at user-end. In this respect, we chose anisotropic noble metal nanoparticles as our
working system and focused on three aspects mainly - fabrication, detection and
theranostics. A variety of such materials has been synthesized following bottom-up
strategy, following modified or new protocols. Detail analysis has been done on the
growth dynamics and developed nanostructure to find out the origin and controlling
factors of their anisotropy. Then we attempted to assess their utility in sensing and
biomedical applications using UV-vis-NIR Spectroscopy, electron microscopy and
surface enhanced Raman scattering, optical and fluorescence microscopy and MTT
assay. Application in sensing has been performed by taking silver nanowires and
silver nanodiscs whereas hedgehog gold nanoparticles have been applied in
theranostics. Then we have moved towards making ordered assemblies of the Au-Ag
alloy nanoparticles to check their synergic effect. Depending on the reaction
parameters, the physical and chemical properties of the end nano-products, either in
individual or in assembly, varies. In near future may be any type of synthesis and
assembly would be executed totally by machines®’®3%, But guidelines would be still
required to get a nanomaterial with higher specificity, precision, reproducibility and
yield for a particular function. This study is an addition of some such guidelines based

on experimental based observations.
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