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SYNTHESIS, FUNCTIONALIZATION AND
CHARACTERIZATION OF HYBRID NANOSYSTEM

Abstract

Nanotechnology is defined as the engineering of structures, devices and systems
by controlled manipulation of size and shape at nanometer scale to produce newer ones
with at least one novel/superior characteristic or property. Nanoparticles are the basic
constituents of nanomaterials with at least one of the three dimensions in the range of 1-
100 nm. Nanoparticles have been attracting a considerable attention because of their
unique physical and chemical properties enabling them to find multidisciplinary
applications [1-3]. Due to the enhanced implementation of nanoparticles in biomedical
field, research on the development of multifunctional hybrid nanosystem is gaining
momentum since last few years. Hybrids are developed by integrating more than one
nanocomponent either in host template or by conjugating them directly [4-5]. They are
multifunctional in the sense that they can impart more than one function synergistically.
For example, magneto-fluorescent hybrid nanosystem developed by combining magnetic
and fluorescent nanoparticles together are useful for dual imaging application with
enhanced contrast property [6]. Magnetic nanoparticles can serve as contrast agent for
magnetic resonance imaging (MRI) technique whereas fluorescent nanoparticles are

used in real time monitoring of tumor targeting and treatment.

In the thesis, we have presented an in-depth study on synthesis and properties of
magnetic and fluorescent nanoparticles and their magneto fluorescent hybrid
nanosystems developed by using silica as template. The multifunctional applicability of
the so prepared hybrid nanosystems has been demonstrated in biomedical applications.
Also, multifunctionality in a single moiety nanosystem as potential MRI contrast agent

as well as therapeutic agent has been discovered.



Chapter 1 gives a general introduction and background of scientific research in

hybrid nanosystem. This is followed by brief discussions of different imaging
functionalities of hybrid nanosystems. Also, the strategy for delivery of such systems to
targeted locations is touched upon. Then the synthetic approaches of multifunctional
hybrid nanosystems are discussed. A brief introduction to the magnetic and optical
imaging is also presented. Finally, the objectives of the thesis are identified at the end of

this chapter based on the literature review.

In Chapter 2, the experimental details of the thesis work is outlined. All the
chemicals used, the synthetic routes followed and the instrumentation techniques that

were used to analyze the samples, are introduced in this chapter.

Chapter 3 is divided into two parts. Part A describes the synthesis of fatty acid
capped superparamagnetic iron oxide nanoparticles (SPION) by a non-aqueous method
involving thermal decomposition of precursor followed by isothermal heat treatment.
Then a facile method is reported for controlled replacement of fatty acid from
nanoparticle surface with a hydrophilic ligand to obtain ultrastable hydrophilic
nanoparticles with unaltered morphology, phase and properties. The surface chemistry
of functionalized SPIONs is analyzed by Fourier Transform Infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA) and X-ray photoelectron spectroscopy (XPS)
revealing the presence of bound and unbound thiol groups and disulfides, leading to its

prolonged stability in aqueous medium.

Part B of Chapter 3 describes a facile, aqueous, thermo-free, green synthetic
route for developing an iron-platinum nanosystem using ascorbic acid as both reducing
and capping agent. Detailed microstructural, magnetic and surface properties of the
nanoparticles are studied with the aid of high resolution transmission electron
microscopy, X-ray diffraction, vibrating sample magnetometer (VSM), FTIR and XPS

results. Optimization of reaction conditions such as reducing agent, pH and sequence of



precursor addition is explained to obtain highly water soluble, superparamagnetic iron-

platinum nanosystems stabilized with ascorbic acid.

Chapter 4 is divided into two parts. Part A describes the aqueous colloidal
synthesis of a size-tunable undoped and Mn**-doped cadmium telluride (CdTe) quantum
dots with emission wavelength varying between 500 to 680 nm. Differentially tunable
optical properties of doped and undoped CdTe quantum dots have been explained from
UV-Visible absorption and photoluminescence spectroscopy. The size tunable emission
of the QDs is achieved through Ostwald ripening phenomenon while in case of doped
QDs, surface adsorbed Mn promotes ripening of the system as well as disintegration into
smaller fraction after saturation in growth occurs. In the present chapter, photophysics of
Mn?*-doped nanocrystals is explained as well as an optimum size fraction is identified

for both the doped and undoped QDs based on their PL quantum yield.

Part B of Chapter 4 describes the facile synthesis of organic dye from
oleylamine and glutaraldehyde. The dye compound is synthesized by dimer formation of
glutaraldehyde molecules in alkaline pH and then its Michael addition with oleylamine.
The identification of the compound is done with the help of GC-MS technique and is
named as O-complex. The fluorescent property of O-complex originating from

electronic transition is examined through UV-Visible absorption and PL spectroscopy.

Chapter S describes the synthesis of silica based magneto-fluorescent hybrid
nanosystems by employing template and template-free routes. Then their detailed
microstructural, surface, magnetic and fluorescent properties are studied based on
different characterization results. Also, formation mechanism of the nonporous,
mesoporous and microporous hybrids with radial distrinution of pore channels are

proposed with schematic diagrams.

Chapter 6 has reported an intensity quantized effect in the developed hybrid
nanosystems. In the emission characteristics of the hybrids, Quantum Confined Stark

Effect is observed due to the local electric field induced by charge dispersion at



SiO,/polar solvent interface. Also, enhancement in the Stark shift is observed in case of

mesoporous hybrid nanosystem due to greater specific charge in these nanosystems.

MRI contrast property results of the pristine magnetic nanosystems and their
hybrids with fluorescent nanosystems are analyzed in Chapter 7. Along with it, other
potential functions of the nanosystems are explored in biomedical application to obtain

multifunctionality from the systems.

The main conclusions drawn from the complete thesis work and future prospects

of it are described in Chapter 8.
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Symbols Meanings

T, longitudinal relaxation time in MRI
T, transverse relaxation time in MRI
K anisotropy constant
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k, radiative rate constant

kyr nonradiative rate constant

T decay lifetime

Ts Blocking temperature

kg Boltzmann constant

I(g) scattering intensity

A wavelength

q scattering wave vector

electronic charge
Ry transverse relaxation rate

rs transverse relaxivity
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Chapter 1

Introduction

Nanotechnology is an interdisciplinary area being founded on the marriage
between science and technology. The outbreak of its revolutionary transformation is
expected to occur in all aspects of technology dependent sectors. Due to the enhanced
implementation of nanostructured materials in biomedical applications, research on the
development of multifunctional nanosystem is gaining momentum since last few years.
Utilizing the nanomaterials, a robust platform, referred to as hybrid nanosystem, can be

designed by incorporating multiple components in a nanoassembly.

1.1 Multifunctionality:

The hybrid nanosystems are multifunctional in the meaning that they can deliver more
than one function synergistically. The concept of hybrid system has been actualized and
then became popular from last few years [1,2]. For instance, the therapeutic application
is a combination of functionalities viz. detection, targeting and delivery which can be
brought about by an efficient multifunctional nanosystem. Figure 1.1 shows the

schematic of a multifunctional hybrid nanosystem.
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Figure 1.1: Schematic diagram of a multifunctional hybrid nanosystem
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1.1.1Imaging functionalities of hybrid nanosystem:

The hybrid nanosystems can be developed to function as imaging probes in biomedical
applications. Considering the multi-modal imaging prospect for detection, the probes

can be classified as:
1.1.1.1Nuclear-optical dual imaging:

It consists of a radioactive component useful for positron emission tomography (PET)
and a fluorescent component for optical imaging. An example of this kind is composed
of quantum dot (QD) with near-infrared (NIR) fluorescence and a chelating agent to
bind radioactive nuclei **Cu for PET imaging and to a vascular endothelial growth factor

(VEGF) protein [3].

1.1.1.2 Cerenkov luminescence imaging (CLI):
Cerenkov radiation occurs when a charged particle travels faster than light in an
insulating medium and in multimodal strategy acts as an energy donor for the adjacent
fluorophore. A combination of PET isotope and QDs can be excited by a wide range of
wavelengths and produce fluorescent light with high Stokes-shift [4].

1.1.1.3 Magneto fluorescent imaging:

The superparamagnetic and fluorescent nanoparticle combination provides simultaneous
anatomic imaging and real time monitoring of molecular targeting through magnetic
resonance (MR) and optical imaging respectively. Enhanced biomedical imaging of
diseased cells Fan be realized through this magnetic resonance (MR) and optical
imaging. An excellent example of such multifunctional nanosystem having tremendous
potential in biomedical imaging has been reported by Medarova et al. in 2007 [5].Their
system consists of a magnetic nanoparticle labeled with an NIR fluorescence dye and
covalently linked therapeutic agent siRNA such that in vivo transfer of siRNA and its
simultaneous accumulation in tumors can be probed by optical and magnetic resonance

(MR) imaging respectively.
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1.1.1.4 Non-Nanoparticulate Chemical-Exchange
Saturation Transfer (CEST) Agents for MR imaging:

An MRI contrast scheme relying upon a novel contrast agent known as chemical
exchange saturation transfer (CEST) has been developed recently. These contrast agents
can vary the signal of water protons through chemical exchange sites on the agent via
saturation transfer [6]. In 2007, Gilad et al. have reported a non-metallic, bio-
degradable, lysine-rich protein (LRP) receptor, expressing frequency selective contrast
[7]. Depending on the transfer of radiofrequency labeling from the receptor’s amide

protons to water protons, the contrast can be switched ‘on’ and ‘off’.

1.2Delivery of multifunctional hybrid nanosystem to target:

For 'therapeutic applications, the multifunctionality of nanosystem lies in bringing
together the targeting, delivery of an active agent and imaging for both detection and
visualization of delivery. Hence combination of biological entities brings off target-
specific imaging and drug delivery with the multifunctional nanosystem. Different

aspects of targeting are described below:

1.2.1 Passive targeting:

It is the accumulation of the nanoparticles within the tumor matrix by enhanced
permeability and retention (EPR), caused by leakiness of the tumor vasculature
combined with poor lymphatic drainage [8]. This kind of targeting is dependent on the
nanoparticle circulation time which in turn is a function of nanoparticle size [9]. To
increase vascular permeability of nanoparticles, several strategies showed potency like
administrating different agent for disruption of endothelial cellular function or

vasoconstrictor infusion [10].

1.2.2 Active targeting:

Functionalization of nanoparticles with targeting ligands which can bind to its
counterparts expressed on the target cells can prove to be valuable where EPR effect is

not exhibited [11].
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1.2.3 New targeting strategy:

A novel kind of targeting uses the pH-sensitive drug release from the multifunctional
nanoparticles. The microenvironment of tumor becomes acidic due to increased
glycolysis and reduced use of oxidative phosphorylation leading to increased level of
lactic acid and low extracellular pH [12]. Iron oxide nanoparticles stabilized with
PAMAM dendrimer and loaded with anticancer drug, DOX, through acid cleavable

hydrazone bonding, can be used as a pH-responsive drug release system [13].

1.3 Synthetic approaches of multifunctional nanosystem:
The synthetic approaches for developing multifunctional nanosystem can be broadly

divided into three general categories:

1.3.1 Encapsulation:

This general strategy works by filling matrix particles, which have channels of
appropriate pore sizes, with different preformed nanoparticles. It can again be

subdivided into two aspects —

1.3.1.1 Silica based:

In this approach, mesoporous or microporous silica particles are synthesized by
following Stober method, modified Stober method or reverse microemulsion method
[14, 15, 16]. The already synthesized nanoparticles are loaded in the mesopores of silica
during its synthesis itsclf [17]. The stable conjugation is obtained through electrostatic

force of attraction between silica and nanoparticle surface (schematic in Figure 1.2).
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Figure 1.2: Schematic diagram
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1.3.1.2 Polymer based:

The encapsulating materials that have been generally used for this purpose ranges from
natural polymers to synthetic organic/inorganic molecules [18-19]. In this approach,
polymer spheres of size 50-500 nm are prepared, the hollow core of which are large
enough to accommodate more than one kind of nanoparticles by simple mechanical
stimulation viz. sonication, stirring etc. The working force behind stable conjugate
formation is again electrostatic force of attraction. Recently, to avoid any possible
quenching of individual property of the nanoparticles due to conjugation, preparation
strategies are applied so that different kind of nanoparticles are remained spatially
separated from each other within nanocapsules [20]. Figure 1.3 shows the schematic

diagram of a hybrid of dendrimer capped core nanosystem.

Nanoparticle core

G 28
@3?‘&

~s

Dendrimer

Figure 1.3: Schematic diagram of dendrimer based synthesis of hybrid

1.3.2 Direct conjugation:

In this procedure, nanoparticles functionalized with different functional groups can be
linked covalently to form the hybrid [21]. If direct reaction between functional groups
cannot take place, then by adding cross-linkers or spacers, this kind of conjugation is

performed [22]. Figure 1.4 is the schematic diagram of such assembly.
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1.3.3 Inorganic synthesis:
Inorganic nanoparticles made of different phases of different materials are formed by
direct chemical synthesis route. Heterodimer nanoparticles of magnetic and
semiconductor materials have been developed by a one-pot chemical synthesis method
by taking advantage of lattice mismatching and selective annealing at a relatively low
temperature [23]. Similarly, FeCo/graphitic-shell nanocrystals of advanced magnetic
and optical properties have been synthesized by a scalable chemical vapour deposition
method and explored for potential use for integrated diagnosis and therapeutic

applications [24].

1.4 Magnetic imaging:

Basic principle of use of magnetic nanoparticles as contrast agent in MRI technique:

Magnetic Resonance Imaging (MRI) is a noninvasive medical imaging technique used to
visualize internal structures of the body in detail. The MR image is the map of very
weak magnetization, originated from some of the atomic nuclei in the body tissue, in the
presence of an external magnetic field [25]. The potential of Magnetic Resonance
Imaging (MRI) lies in the intrinsic contrast between tissues that it produces in the image.
The contrast arises due to the signal intensity difference between adjacent pixels in the

image and it results mainly because of the differences in the 7 and/or 75 relaxation
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times of the tissues under observation. Hence, the contrast between pathologic and

normal tissue in MRI image depends completely on differences in T\ and T». To have an
MRI image with sharp contrast between normal and pathogenic tissue, contrast agents
are administered to increase this signal intensity difference [26]. MRI contrast agents are
indirect agents in the sense that they are not imaged directly, but affect 7\ or 75 of the
water protons in the tissue around them. Shortening of T} leads to increase in signal
intensity while shortening of 7, produces broader lines with decreased intensity. The
ultimate result is a nonlinear relationship between signal intensity and contrast agent
concentration [27]. The concentrated T agents shorten 7, times and diluted T, agents

shorten 7 times.

1.4.1 T1 agents:

T, is the time required for the z component of magnetization to return to two third of its
original value following an excitation pulse [25]. By this relaxation, the excited protons
give up their energy to the surrounding lattice to return to their original orientation. 7,
contrast agents work as relaxation sinks for water protons. One important example of it
is paramagnetic metal ions chelated with organic ligands, addressing less toxicity effect.
Gadolinium-DTPA complex, a renally excreted chelate was approved by Food and Drug
Administration of USA for clinical use in mid-1988 [27]. The compact chelate
molecules reduce the free space in the coordination sphere. Because of this the large
molecules, e.g. fat, cannot come close to the metal ions for efficient energy transfer. But
the tissue water can easily diffuse into the vicinity of metal ions, relax and exchange
with bulk tissue water. This process is very fast (~10° times per sec) and therefore, the
tissue water near the contrast agent has a larger net magnetization than the neighboring

tissue and will appear brighter in the MRI image [25].

1.4.2 Tz agents:

T, is the time required for the magnetization in xy plane to return to one third of its

original value via irreversible process [25]. Initially, magnetization orients only in z
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direction; but with absorption of 90° radiofrequency pulse, it rotates entirely into the xy
plane. T, is also known as transverse relaxation or spin-spin relaxation process. The
latter refers to the energy transfer from an excited proton to another nearby proton [25].
One very common kind of agents under this category is superparamagnetic iron oxide
nanoparticles (SPION), consists of ultrafine iron oxide nanoparticles with large magnetic
moment and zero remnant magnetization. The nanoparticles are generally encapsulated
with inert materials to address the biocompatibility issue. The large magnetic moment of
the molecules distorts the local magnetic field in the vicinity of the agent, causing the
adjacent water protons to dephase more rapidly than the surrounding tissue [25]. This
results into significant signal loss in T,-weighted spin-echo images. These agents are
taken up by the normal tissue and produce low intensity 7>-weighted image while the

lesions that do not absorb the agents appear with dark contrast than the earlier one.

1.50ptical imaging:

Basic principle of use of fluorescent material for optical imaging:

Optical imaging is based on the absorption of light by endogenous or exogenous
chromophore resulting into a contrast between diseased and normal surrounding tissue.
Because of its capacity for wide range of spatial imaging from cells to organ systems, it
has evolved out as an important technology for medical imaging. Based on contrast

agent type, optical imaging technology can be classified as follows:

1.5.1 Endogenous optical contrast agent:

Due-to the interaction of light with biological tissue, number of phenomena arise viz.
scattering, absorption etc. Mie scattering governs the scattering phenomenon in tissue
and the intensity of Mie scattered radiation is a function of wavelength and tissue
morphology [28]. Hence, change in size of the major scatterers in tissue can be
distinguished in pathogenic tissue from the healthy ones. By the phenomenon of
absorption, variations in total saturation of endogenous chromophores like

oxyhemoglobin, deoxyhemoglobin, melanin, myoglobin etc. can be inferred. The
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excited chromophores relax by releasing their energy in the form of heat or by a
radiative decay.

Some fluorophores present in tissue like amino acids (phenylalanine, tyrosine,
tryptophan etc.) emit light of different wavelength after photon absorption — a
phenomenon known as tissue autofluorescence [29]. It is used to understand the basic
mechanisms of molecular interactions and signaling processes under their native
conditions [29]. The emitted fluorescence are obtained from one and two-photon

confocal microscopy [30] as well as with diffuse spectroscopy [31].
1.5.2 Exogenous optical contrast agent:

Commonly useq exogenous contrast agents are fluorescent molecules,
fluorescent proteins and nanoparticles [29]. Among them, the nontargeted contrast
agents concentrate in tumors by passive targeting as explained in section 1.2.1. To
overcome the shortcomings of low selectivity for tumors where EPR effect does not
work, targeted contrast agents are designed. For that, first of all biomarkers are
identified such as over expressed proteins or enzymes in the tumor and their counter
molecules to bind with them. After that the targeting molecules are attached to the
contrast agent to make them targeted. Exogenous contrast agents emitting in the visible
range are mainly used for superficial tissue imaging as these are associated with
background tissue autofluorescence signal while the NIR probes are used for deep tissue

imaging [32].
1.6 Aspects of literature review and objective of thesis:

The literature review presented above is a detailed description on multifunctional
hybrid nanosystem development and some of their uses in biomedical applications.
Hybrids are basically hierarchical structures built on nanoscale units. The understanding
of hierarchical structure and physical properties of the multifunctional nanosystems is of

immense importance for assuring its best application. During this literature search, I was
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inclined to develop silica based magneto-fluorescent hybrid nanosystem for (i) the

efficacy of magneto-fluorescent hybrid nanosystem as imaging probe, described under
subﬁeading 1.1.1.3; and (ii) for the FDA acceptance of the biocompatibility of silica as
“Generally Recognized as Safe” (GRAS) [33]. Additionally, the silica coating prevents
free ions release from the nanoparticles and creates suitable sites for
biofunctionalization. By simple variation of precursor concentration and reaction
conditions, silica encapsulation of different morphology and mesopore structure can be
obtained [34].The most important objective of multimodal probe is the retention of their
dual imaging property execution after conjugate formation [35] which remains intact in
case of silica encapsulation. Sometimes, deviations from the original properties of the
pristine components are observed in case of silica conjugation [36,37,38]. Valid
explanations are being forwarded in those regards. Following these facts, 1 became
motivated to develop pristine magnetic, fluorescent nanoparticles as well as silica based
magneto-fluorescent hybrid nanosystems through templated and non-templated methods
and carry out a detailed microstructural, optical and magnetic property study of them. By
varying the fluorescent components, different combinations of hybrids are developed. |
have sought a deeper insight into the above mentioned properties of the nanosystems.
Moreover, developing multifunctional nanosystem through a simple, one-pot procedure
rather than the long, multi-step processes is also explored. The multifunctional
applicability of the developed systems is examined in their respective fields. Also.
quantum confinement effect exhibited by the hybrids is studied in the thesis work.

Materials that I have synthesized are:
1. Magnetic nanoparticles: iron oxide and iron platinum
2. Fluorescent nanoparticles: CdTe quantum dots, oleylamine based organic dye
3. Hybrid system: Silica based magneto-fluorescent system, FePt based single moiety,
multifunctivonal system.

The applicability of the systems is appraised as MRI contrast agent, therapeutic

agent and as drug-protein loading vehicle.



Synthesis, Functionalization and Characterization of Hybrid 11
nanosystem

References:

[1] Holtz, J. H. and Asher, S. A., Polymerized colloidal crystal hydrogel films as
intelligent chemical sensing materials, Nature 389 (6653), 829-832, 1997.

[2] Yin, Y., et al. Template-assisted self-assembly: a practical route to complex
aggregates of monodispersed colloids with well-defined sizes, shapes and structures, J.
Am. Chem. Soc. 123 (8), 8718-8729, 2001.

[3] Kobayashi, H., et al. Dual-modality optical and positron emission tomography
imaging of vascular endothelial growth factor receptor on tumor vasculature using
quantum dots, Eur. J. Nucl. Med. Mol. Imaging 35 (12), 2235-2244, 2008.

[4] Dothager, R. S., et al. Cerenkov radiation energy transfer (CRET) imaging: a novel
method for optical imaging of PET isotopes in biological systems, PLoS One § (10),
€13300 (1-7), 2010.

[5] Medarova, Z., et al. In vivo imaging of siRNA delivery and silencing in tumours,
Nature Med. 13 (3), 372-377, 2007. '

[6] Terreno, E., et al. Encoding the frequency dependence in MRI contrast media: the
emerging class of CEST agents, Contrast Media Mol. Imaging 5(2), 78-98,2010.

[7] Gilade, A. A., et al. Artificial reporter gene providing MR contrast based on proton
exchange, Nature Biotech.25 (2), 217-219, 2007.

(8] Cheng, Z., et al. Multifunctional nanoparticles: cost versus benefit of adding
targeting and imaging capabilities, Science338 (6109), 903-910, 2012.

[9] Danhier, F., Feron, O. and Préat, V. To exploit the tumor microenvironment: passive
and active tumor targeting of nanocarriers for anti-cancer drug delivery, J. Control.
Release 148 (2), 135-146, 2010.

[10] Chrastina, A., et al.Overcoming in vivo barriers to targeted nanodelivery, Wiley
Interdiscip. Rev. Nanomed .Nanobio technol.3 (4), 421-437,2011.



Synthesis, Functionalization and Characterization of Hybrid 12
nanosystem

[11] Hrkach, J., et al. Preclinical development and clinical translation of a PSMA-
targeted docetaxel nanoparticle with a differentiated pharmacological profile, Sci. Trans.
Med. 4 (128), 128ra39(1-11), 2012.

[12] Crayton, S. H. and Tsourkas, A. pH-titrat able superparamagnetic iron oxide for
improved nanoparticle accumulation in acidic tumor microenvironments, NANO 5 (12),
9592-9601, 2011.

[13] Chang, Y., et al. Novel water-soluble and pH-responsive anticancer drug
nanocarriers: doxorubicin-PAMAM dendrimer conjugates attached to
superparamagnetic iron oxide nanoparticles (IONPs), J. Coll. and Interf. Sci. 363 (1),
403-409, 2011.

[14] Stober, W. and Fink, A. Controlled growth of monodisperse silica spheres in the
micron size range, J. Colloid Interface Sci. 26 (1), 62-69, 1968.

[15] Bogush, G. H., Tracy, M. A. and Zukoski IV, C. F. Preparation of monodisperse
silica particles: Control of size and mass fraction, J. Non-Crystl.Solids104 (1), 95-106,
1988.

[16] He, D. G., et al. A facile route for shape-selective synthesis of silica nanostructures
using poly-L-lysine as template, Chin. Chem. Lett.24 (2), 99-102, 2013.

[17] Wan, L., et al. Novel hybrid organic-inorganic monolithic column containing
mesoporous nanoparticles for capillary electrochromatography, Talanta 98 (30 August
2012), 277-281, 2012.

[18] Chelebaeva, E., et al. Nanoscale coordination polymers exhibiting luminescence
properties and NMR relaxivity, Nanoscale 3 (3), 1200-1210, 2011.

[19] Lu, G., et al. Imparting functionality to a metal-organic framework material by
controlled nanoparticle encapsulation, Nat. Chem. 4 (4), 310-316, 2012.

[20] Chu, M., et al. Preparation of quantum-dot coated magnetic polystyrene
nanospheres for cancer cell labelling and separation, Nanotechnology 17 (13), 3268-
3273, 2006.

[21]Ebrahiminezhad, A., et al. Preparation of novel magnetic fluorescent nanoparticles
using amino acids, Colloids Surf., B102 (1* February), 534-539, 2013.

[22] Das, M., et al. Bio-functionalization of magnetite nanoparticles using an
aminophosphonic acid coupling agent: new, ultradispersed, iron-oxide folate



Synthesis, Functionalization and Characterization of Hybrid 13
nanosystem

nanoconjugates for cancer-specific targeting, Nanotechnology 19 (41), 415101 (1)-
415101(14), 2008.

[23] Gu, H., et al. Facile one-pot synthesis of bifunctional heterodimers of
nanoparticles: A conjugate of quantum dot and magnetic nanoparticles, J. Am Chem
So0c.126 (18), 5664-5665, 2004.

[24] Seo, S. W., et al. FeCo/graphitic-shell nanocrystals as advanced magnetic-
resonance-imaging and near-infrared agents, Nat. Mater.5 (12), 971-976, 2006.

[25]) Panepucci, H. and Tennds, A., Magnetic Resonance Imaging Tutorial I, Instituto de
Fisica de Sdo Carlos — Universidade de Sdo Paulo — USP, Department de Fisica e
Informatica, Sdo Carlos — SP ~ Brasil, 1994.

[26] Brown, M. A. and Semelka, R. C. MRI Basic Principles and Applications, Wiley-
LISS, New Jersy, 2003.

[27] Volkov, A. Contrast agents in magnetic resonance imaging, CENTRAL LIBRARY, T. U.
www.cc.utah.edu/~av6a5 1/mri.htm, 1997. ACC. NOT—% 0

[28] Wang, L. V. and Wu, H.1. Biomedical Optics: Principles and Imaging, Wiley
Interscience, Hoboken, 2007.

[29] Berezin, M. Y. and Achilefu, S. Fluorescence lifetime measurements and biological
imaging, Chem. Rev. 110 (5), 2641-2684, 2010.

[30] Richards-Kortum, R. and Sevick-Muraca, E. Quantitative optical spectroscopy for
tissue diagnosis, Annu.Rev. Phys. Chem.47, 555-606,1996.

[31]Soliman, H., et. al. Functional imaging using diffuse optical spectroscopy of neo
adjuvant chemotherapy response in women with locally advanced breast cancer,
Clin.Cancer Res. 16 (9), 2605-2614, 2010.

[32] Solomon, M., et. al. Optical Imaging in Cancer Research: Basic Principles, Tumor
Detection, and Therapeutic Monitoring, Med. Princ. Pract. 20 (5), 397-415, 2011,

[33] Lee, J. E., Lee, N., Kim, T., Kim, J. and Hyeon, T. Multifunctional mesoporous
silica nanocomposite nanoparticles for theranostic applications, Acc. Chem. Res.44 (10),
893-902, 2011. ’

{34] Zhang, H., et al. Facile synthesis of monodisperse microspheres and gigantic hollow
shells of mesoporous silica in mixed water-ethanol solvents, Langmuir 23 (3), 1107-
1113, 2007.




Synthesis, Functionalization and Characterization of Hybrid 14
nanosystem

[35]Koktysh, D., Bright, V. and Pham, W. Rapid turnaround scanning probe
Nanolithography, Nanotechnology 22 (27), 275606(1)-275606(7), 2011.

[36] Salgueirifio-Maceira, V., et al. Composite Silica Spheres with Magnetic and
Luminescent Functionalities, Adv. Funct.Mater.16 (4), 509-514, 2006.

[37] He, R, et al. Core/shell fluorescent magnetic silica-coated composite nanoparticles
for bioconjugation, Nanotechnology 18 (31), 315601(1)-315601(7), 2007.

[38] Wolcott, A., et al. Silica-coated CdTe quantum dots functionalized with thiols for
bioconjugation to IgG proteins, J. Phys. Chem. B110 (11), 5779-5789, 2006.



Synthesis, Functionalization and Characterization of Hybrid | 15
nanosystem

Chapter 2

Experimental details
2.1 Materials used:

Following chemicals were used during the entire study of the experiments. All are
commercially available with reagent grade and were used without further purification

1. Stearic acid [C13H3602]

2. Iron (IIT) nitrate 9-hydrate [Fe(NO3);.9H,0]

3. Tetrahydro furan {CsH40Os]

4., Ascorbic acid [CsHgOg]

5. Disodium platinum hexachloride [Na,PtCls.6H,0)
6. Sodiumboro hydride [NaBH,4]

7. Tetramethyl ammonium hydroxide [N(CH3), OH]
8. 2',7"-dichlorofluorescin diacetate [C4H,6C204]

9. Sodium hydroxide [NaOH]

10. Phosphate buffer [CsHgOg)

11. Tris-HCI buffer

12. Hydrogen peroxide [H,O,]

13. Cadmium chloride [CdCl,]

14. Sodium tellurite [Na,TeOs]

15. Mercapto succinic acid [C4HsO4S]

16. Borax [NazB407.10H20]

17. Manganese chloride [MnCl,]

18. Rhodamine 6G

19. Oleylamine [C;gH37N]

20. Glutaraldehyde [CsHgO3]

21. Ethanol [C,HsOH]

22. Cetyl-trimethyl ammonium bromide [Cj9H4;BrN]
23. Tetraethylorthosilicate [SiCgH004]

24. Ammonia solution 25% [NH,OH]

25. Aminopropy! trimethoxysilane [CoH23NO;Si]

26. Dimercapto succinic acid [C4HsO4S;]

[7. Bovine serum albumin

18. Citric acid [CsH3O7]
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2.2 Synthesis techniques:

Iron oxide nanoparticles
» Thermal decomposition of iron nitrate 9-hydrate
> Phase change by ligand addition
Iron platinum nanoparticles
» Facile, one-pot, aqueous chemical route
Pristine and Manganese doped Cadmium telluride quantum dot
> Colloidal synthesis: size tuning by refluxion
Organic fluorescent dye
> Schiff base formation
Silica based Magneto-fluorescent hybrid
» Template-free method

» Templated method

2.3 Analytical equipment:

1. X-ray diffractometry: The phase composition of the nanoparticles were examined by
powder X-ray diffraction analysis (Rigaku diffractometer with CuKa radiation).

2. UV-Visible absorption: The optical properties were studied by UV-Visible
absorption spectrometry (Shimadzu, UV-2450).

3. PL spectroscopy: The emission properties were measured by PL spectroscopy
(Perkin Elmer, LS55).

4. Fourier Transform Infra-red spectroscopy: The surface functionalities of the
nanoparticles were examined by FTIR spectroscopy (Nicolet Impact 1-410).
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5. Transmission Electron Microscopy: The microstructural properties were studied by
high resolution TEM and associated selected area diffraction (SAED) method (Jeol
JSM-2200FS operated at 200KV)

6. Scanning Electron Microscopy: Scanning Electron Microscopy was done on JEOL
6390 LV operated at 30 KV.

7. EDX: The compositional characterizations were done with energy dispersive X-ray
microanalysis (EDX 7582, Oxford Instrument, UK).

8. Vibrating sample magnetometer: The magnetic characterization was done with
vibrating sample magnetometer (Lakeshore 7410).

9. Atomic Force Microscopy: AFM study has been performed in tapping mode using
Nanonics Multiview 2000.

10. Fluorescence Microscopy: The fluorescence images were taken by a fluorescence
microscope (LEICA DMI6000B).

11. Thermogravimetric analysis: TGA was performed with TGA-50 (Shimadzu).

12. Gas Chromatograpy Mass spectroscopy: Unknown compound was identified with
GC-MS scpectroscopy (Perkin Elmer).

13. ICP-OES: The compositions were determined with the help of ICP-OES (Perkin
Elmer).

14. Streaming potential measurement: The surface charge of the nanoparticles were
determined by using the charge titration system stabilizer (Particle Metrix GmbH,
Germany).

15. X-ray Photoelectron Spectroscopy: The compositions and surface characteristics
were measured by X-ray photoelectron spectroscopy (XPS, Quantum 2000, Physical
electronics, USA). For XPS analysis, particle dispersions were placed on a freshly
cleaned silicon wafer and the solvent was evaporated. The spectra were measured using
a monochromatic Al Ka source (hv = 1486.6 eV) at 45° take off angle and pass energies
of 23.5 eV and 93.9 eV for the high resolution and survey spectra, respectively
Calibration of the binding energy (BE) of the measured spectra was performed at the
Cls peak of the adsorbed hydrocarbons (BE = 285 eV) as internal reference.
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16. SAXS: SAXS experiments have been performed using the SAXS goniomter
mounted on a rotating anode X-ray source at Bhabha Atomic Research Centre,
Trombay.

17. SANS: SANS experiments have been performed using a double crystal-based small-
angle neutron scattering instrument at the Guide Tube Laboratory of Dhruva reactor.
BARC, Trombay.

18. MRI: Contrast agent efficiency of magnetic nanoparticles for MRI application has
been tested both in vivo and in vitro using Wide Bore 600 MHz (14T) NMR Micro-
imaging and Spectroscopy facility in CCMB, Hyderabad.

19. NMR: Unknown compound identification is done by NMR spectroscopy (Jeol, 400
MHz).
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Chapter 3

Magnetic nanoparticles

3.1 Introduction:

Magnetic materials find a wide range of applications in many present day technologies.
While the permanent magnets are used in industrial applications, the soft magnetic
materials, with high saturation magnetization, larger permeability and very small energy
dissipation are used in telecommunication and electronics [1]. Nanosized magnetic
particles have come forth as versatile materials for different applications with better
efficiency than their bulk counterparts. Magnetic nanoparticles with high remanence
magnetization find applications in magnetic storage [2] while the superparamagnetic
nanoparticles i.e. with zero remanence and coercivity, are the most suitable candidate for
biomedical application [3]. Magnetic nanoparticles have been prepared by variety of
methods viz. sonochemical reactions [4], hydrothermal synthesis [5], thermolysis of
precursors as well as coprecipitation technique [6]. In this study, the stearic acid capped
iron oxide nanoparticles are synthesized by a non-aqueous, thermal decomposition
method [7] and the ascorbic acid capped iron platinum nanoparticles by a simple, one-

pot, aqueous method [8].
3.2 Superparamagnetic nanoparticles:

Coercivity of magnetic nanoparticles is an important characteristic as depending on it,
application of magnetic nanoparticles vary from field to field. The coercivity of fine

particles is dependent on their size [9].
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Figure 3.1 Variation of coercivity with particle diameter.

As depicted in Figure 3.1, below a critical diameter (Dp), the coercivity becomes zero
because of thermal effects, which can spontaneously demagnetize a previously saturated

assembly of particles. Such particles are known as superparamagnetic particles.

To illustrate the phenomenon let us consider, an assembly of uniaxial, single-
domain particles, each with energy density, £=K Sin’6, where, K is the anisotropy
constant and @ the angle between Mg and the easy axis. Then according to Néel-
Arrhenius Law, the relaxation time is given by an equation of the form: =1y exp
(KVIKpT) [10], where, V' is the volume of each particle, Kz is the Boltzmann constant
and 7 is temperature. Now for reversing its magnetization, the energy barrier that has to
be overcome is AE=KV. According to Néel, if single-domain particles become small
enough, KV would become so small that thermal fluctuations could overcome the
anisotropy forces and spontaneously reverse the magnetization of a particle from one
easy direction to the other, even in the absence of an applied field. Hence, paramagnetic
behavior is exhibited by the particle assembly; the applied magnetic field will tend to
align the moments of the particles, whereas thermal energy will tend to break the
alignment in them. However, because of the enormously higher magnetic moment
associated with a particle consisting of no of atoms than the magnetic moment per atom

of normal paramagnetic atom or ion, the former is termed as superparamagnetic.
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3.3 Synthesis of iran oxide nanoparticles:

For developing the iron oxide nanoparticles, a method that has been used by our group
since long, is applied with slight modification [11]. Briefly, 0.7932 gm (2.8 mmole) of
stearic acid is taken in a 20 ml beaker and heated to melt at 70°-80° C. Then 1 gm (2
mmole) of Fe(NO3)3.9H,0 are added to it in stepwise fashion and the temperature is
raised to 125°C with mechanical stirring. The motivation behind increasing the stearic
acid content in the synthesis technique is to obtain particles with lower dimension.
Heating is continued till evolution of brown fumes of NO, gas stops indicating
completion of decomposition process. A dark brown viscous mass is obtained which is
allowed to cool for 24 hrs. The solid material is crushed down to fine powders and
treated with tetrahydrofuran of a volume four times more than that of the bed volume of
the powder. The purification with THF and subsequent centrifugation is done 2-3 times
to remove excess stearic acids and undecomposed iron precursor. The precipitate is
dried in hot air oven at 70°C and then heat treated at 250°C with 30 min holding, in a
tube furnace to obtain the nanoparticles.

3.4Surface maodificatian of stearic acid capped iron oxide

nanoparticle:

Surface modification by dimercapto succinic acid (DMSA) addition over iron oxide
nanoparticles is done by a direct method [7]. For that 20mg of stearic acid capped iron
oxide nanoparticles are mixed with 5 ml of water by sonication and 4.5 mg of DMSA
with another 5 ml of water by stirring. Both are mixed and kept for overnight standing.
Then the mixture is sonicated for 3 X 15 min and pH adjustment is done with
tetramethyl ammonium hydroxide (TMAOH) from pH 4.06 to 11. Again it is adjusted
to physiological pH with 0.6 M HNOs;. The mixture is sonicated for 24 hrs using a
bath sonicator and then centrifuged. The obtained precipitate is dried in oven and is

found to form stable aqueous dispersion in the whole pH range.
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3.5 ‘Results and discussion:

The microstructural characterization results of the two samples are presented in Figure
3.2. From the XRD pattern of the two samples, two prominent peaks are identified as the
peaks corresponding to the planes (311) and (440) of maghemite (y-Fe;O3) phase at 26 ~
35.6° and 62.9° respectively [JCPDS File no. 89-5892] [Figure 3.2 (a) and (b)}.
Moreover, some low intensity peaks are observed at 28 ~ 30°, 43°, 53° and 56° for the
magnetite (Fe;04) phase which are indicated by black squares in the figure [JCPDS File
no. 89-0950]. The average crystallite sizes are determined by a pattern decomposition
procedure using a pseudo-Voigt profile shape function and subsequent single-line
analysis, based on the equivalent Voigt representation, and found to be ~ 2.8 nm. From
the M-H plot of Figure 3.2 (c) and (d), it is observed that the iron oxide nanoparticles are
superparamagnetic in nature and the surface modification has not caused any alteration
to the magnetic property. The HRTEM images presented in Figure 3.2(¢) and (f) show
the spherical morphology of both the stearic acid capped and DMSA functionalized iron
oxide nanoparticles. Almost similar average particle size for both the samples (~ 3 nm)
is observed from the size distribution plot of the TEM images. However, the particle
distribution has been changed on surface modification as the DMSA molecules become
interlinked with neighboring molecules through disulfide bond formation whereas this
favors the stability of the colloidal dispersion [12]. The EDX patterns of both the
SPIONS are presented in Figure 3.2(g) and (h). The EDX pattern of stearic acid capped
SPION [Figure 3.2(g)] clearly shows the presence of only Fe, O and C in the sample
without any impurity peak while that of DMSA modified SPION [Figure 3.2(h)] shows
the presence of S in the sample along with the other elements after surface modification

with DMSA. The Pt peak is coming from the coating over the sample for EDX study.
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Figure 3.2 XRD patterns (a) and (b), VSM curves (c¢) and (d), HRTEM images (e) and

(f), EDX patterns (g) and (h) of stearic acid capped and DMSA functionalized SPIONs
respectively.
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To investigate the surface functionalities before and after surface modification,
XPS characterization is carried out with both SPIONs. Figure 3.3 presents the Cls, Ols
and Fe2p XPS spectra for stearic acid capped SPION sample. Figure 3.3 (a) shows a
composition of the Cls peak, where 3 different components are present. Aliphatic
carbon from stearic acid is present at 285 eV [13]. Two peaks at higher binding energies,
286.6 eV and 288.3 eV are for the carbon atoms of —C-O group and for COO™ or
COOH groups respectively [14-15 |. The Ols region contains two components which
are easily distinguishable; among them the peak at 530.1 eV is due to oxygen bound to
Fe atoms as oxide [16] [Figure 3.3 (b)]. Another peak at 531.5 eV is due to the presence
of —OH groups [16] which may come from the iron oxyhydroxides (FeOOH) as by
thermal decomposition of Fe(NO3)3.9H,0, initially FeOOH is formed which later yields
maghemite phase of iron oxide on heat treatment. The XPS spectra of Fe 2p peak shown
in Figure 3.3 (c) gives the evidence of presence of Fe2p;/, peak at 710.8 eV [17] along
with satellite peaks at 713.5 eV [18] and 719.4 eV [19]. Besides the presence of Fe2p;,
peak at 724.6 eV point towards the Fe’" state of y-Fe,O5 phase in the sample [20].
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Figure 3.4 High resolution XP spectra of DMSA@SPION on Si wafer in the (a) S2p,
(b) Ols, (¢) Cls and (d) Fe2p regions.

Figure 3.4 shows the XPS spectra of (a) S2p, (b) Ols, (¢) Cls and (d) Fe2p of
DMSA modified SPION. For sulfur, three different species can be distinguished. From
the peak positions, they are assigned to bound thiols (160.8/162 eV -S ), unbound thiols
and disulfides (163.2/164.4 eV -SH and -S-S-) and oxidized thiol groups (167.3/168.4
eV; -SOH) [21, 22, 23]. Part of the —SH groups become oxidized to form —SO.H, may
be because of the use of HNO; during pH adjustment or air exposure [24]. For carbon,
the Cls region shows two components present in equal amounts, one of them (285 eV)
typical for aliphatic carbon, the other one (286.5 eV) for carbon of ~C-O- group [14-15].
Equal intensity of the two components and the absence of free COOH signature in the
Cls spectra of this sample point towards the absence of stearic acid in the sample.
Because in case of long carbon chain molecule of stearic acid, the Cls signature from
C-C bond (285 ¢V) should have emerged out with higher intensity as observed in Figure
3.3 (a) for stearic acid capped SPION. However, the Ols spectra shows same peak
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positions as in Figure 3.3 (b) for stearic acid@SPION. In the raw XPS spectra of this
sample, there is the evidence of N1s peak whose existence is quantified from the FTIR

spectra presented hereafter.

To see any influence of pH adjustment on the characteristics of SPION, FTIR is
done with stearic acid@SPION under two conditions. Sample A is the stearic
acid@SPION powder, whose pH is found to be 3 when tried to make a suspension in
water by prolonged sonication. Sample B is the solution of stearic acid@SPION in
alkaline water of pH 11. In acidic pH, free carbonyl stretch is observed over the SPION
surface characterized by the 1713 cm™ peak appearing as a shoulder peak [from the inset
of Figure 3.5(a), it is seen clearly]. On the other hand, the broad peak at 1635 cm™ for
curve (i) consists of more than one peak. Comparing with curve (ii) the constituent peaks
of curve (i) can be identified as 1635 cm’! peak for O-Hpending Vvibration of surface
adsorbed water molecules [25-26] and 1534 cem’! peak for COOganusymmeninic Vibration
[27]. All these signatures point towards the presence of strongly bonded stearate over
SPION surface linked through COO group as well as weakly bonded stearic acid
molecules interpenetrated between strongly bonded layer by tail to tail hydrophobic
interaction. Other than that, the peaks identified in curve (i) are 546 cm’! for Fe-O bond
vibration [28], 1386 cm’" for C-Hpending, 2856 cm™ and 2922 cm™ for antisymmetric and
symmetric C-Hgyreiching modes of CH, group of stearic acid. While the O-Hgyeicning band
has appeared at ~3400 cm’’, the small peak at 2350 cm™' is because of atmospheric COs.
FTIR bands at 796 and 892 cm’" in Figure 3.5(a) for stearic acid@SPION are assigned to
Fe-OH.....H bending vibrations. In curve (ii) the extra peaks observed at1064 cm™, 1326
cm” and 1481 cm™ are due to C-Ostretchings C-Nstretching [29] and COOsymmentrie Vibrations
[27] respectively. It is worthwhile to mention here that pH adjustment to pH value 11 is
carried out by the addition of tetramethyl ammonium hydroxide (TMAOH). With this,
ionization of the carboxylic acid group of weakly bonded stearic acid is assumed to be

occurring, resulting in the dispersibility of the SPION in aqueous medium
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along with the formation of ammoniumstearate. This fact is corroborated by the absence

of free C=0 peak at 1713 cm™ and appearance of C-Nyiprational mode in curve (ii).
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Figure 3.5 FTIR spectra of (a) stearic acid@SPION at pH 3 (curve i) and 11 (curve ii)
and (b) stearic acid@SPION (curve i) and DMSA@SPION (curve ii). The inset of (a)
shows the enlarged plot of the two samples in the wavenumber range 1800-1200 cm™.
Figure 3.5(b) shows the FTIR spectrum of DMSA@SPION and stearic
acid@SPION samples. The major difference observed is that the free C=0O peak at 1713
cm’ is absent in the former. Moreover, the 1386 cm™ peak for C-Hpenging has decreased
in intensity and become broadened. This broad peak and the antisymmetric peak at 1635
cm’ are assumed to be masking the antisymmetric and symmetric COO stretches of

DMSA at 1457 cm™ and 1523 cm™ respectively.
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Figure 3.6 (a) TGA plot of stearic acid@SPION (curve i) and DMSA@SPION (curve
ii) and (b) Streaming potential plot of DMSA@SPION.
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To have a better idea of the nature of interaction of stearic acid surfactant with
the nanoparticle surface, TGA analysis of the stearic acid capped and DMSA
functionalized SPIONs have been done. In Figure 3.6(a), curve (i) presents the typical
TGA curve of stearic acid@SPION revealing three distinct mass losses. The first dip in
curve (i) near 100°C is due to loss of water molecules while the other two well defined
dips are over temperature ranges from 160°C to 212°C and from 220°C to 300°C
respectively. For all surfactant capped particles with both strongly bonded and weakly
bonded surfactants, the heating curves are characterized by mass losses with two distinct
steps, revealing a different pattern from that observed for monolayer surfactant coated
particles [27, 30]. It is worthwhile to mention here that the nature of the interactions
affects the deviation of the inflection temperature of the same surfactant [31]. Stronger
chemical interactions can be responsible for the higher inflection temperature in case of
the second mass loss and hence the fraction of mass loss (6.2%) centered at ~250°C is
attributed to desorption and subsequent evaporation of the strongly bonded stearate to
the nanoparticle surface through carboxylate head groups [30]. In the meanwhile, the
higher % of mass loss (13.2%) centered at 170°C is due to the dissociation and
evaporation of weakly bonded stearic acid molecules. On the other hand, TGA plot of
DMSA@SPION [curve (ii) of Figure 3.6(a)] is characterized by two mass losses: one at
~100°C is due to loss of water and the second one (12.2%) at 250°C is due to the
decomposition of DMSA ligands over the SPION surface.

Figure 3.6 (b) shows the streaming potential of the DMSA modified SPION. The
streaming potential of it, measured in a Teflon capillary is found to be negative in the
whole pH range from 2-11. At physiological pH, it is quite stable in solution form as
found by its high streaming potential of -231 mV. The streaming potential measurement
points out that the surface of stearic acid capped SPION is efficiently modified with the
ligand DMSA.
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Figure 3.7 (a) Dispersion of stearic acid@SPION in different solvents and (b) in water
atpH 11.

To check the dispersibility of stearic acid@SPION, it is tried to disperse in
organic solvents and in acidic as well as alkaline aqueous medium and these are found to
be dispersible in all organic solvents and in highly alkaline water [Figure 3.7(a) and (b)].
Based on the above findings and observations, surface model is developed comprising of
the multilayer coating of stearic acid on SPION and for SPION surface modified with
DMSA ligand. However, the number of surfactant layers cannot be predicted exactly. In
case of the alkaline water soluble SPION, the stearic acid is strongly bonded on the
nanoparticle surface through COO groups, leaving behind the tails towards outward.
Since excess stearic acids are present in the reaction mixture so some of them remain as
intercalated layer by physisorption through tail to tail hydrophobic interaction with the
strongly bonded layer as depicted in Figure 3.8A. The remaining free stearic acid
molecules are washed out during THF washing for several times. Now, in aqueous
medium, the added TMAOH for making the pH highly alkaline (pH 11), ionizes the
carboxylic group of weakly bonded layer to produce COO™ ions which may combine
with (CH3);N" ions to form ammonium carboxylate (Figure 3.8B). Because of this, in
highly alkaline water, the stearic acid@SPIONs become dispersible as evident from
Figure 3.7(b). Now, during surface modification with DMSA ligand, the highly alkaline
pH weakens the hydrophobic force between the weakly bonded and strongly bonded
layers due to strong hydration of carboxylate groups [32]. Simultaneous agitation in the
form of sonication leads finally to the detachment of the weakly bonded layer and
subsequently dithiol molecule of DMSA having higher affinity for iron replaces the
strongly bonded stearic acids on SPION surface. Analyzing the EDX [Figure 3.2(h)],
XPS [Figure 3.4(a)] and FTIR results [Figure 3.5(b)] of DMSA@SPION, it is
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understood that DMSA molecules are present as bound, unbound thiols, disulfides as
well as adsorbed species on SPION surface through carboxyl heads. This whole
arrangement of DMSA molecules over SPION surface results into their prolonged
stability in water medium. In this regard, it is worthwhile to mention that disulfide bonds

enhance stability [12]. The schematic diagram of DMSA@SPION is depicted in Figure

3.8C.
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Figure 3.8 Schematic diagram of (A) multilayer coating of stearic acids on SPION

surface, (B) deprotonation of weakly bound stearic acids in highly alkaline aqueous

medium and (C) DMSA functionalization over SPION surface.
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3.6 Synthesis of Iron-Platinum nanoparticles:

The synthesis technique used to develop iron platinum nanoparticles is a facile, aqueous,
thermo-free, one-pot chemical route using vitamin C as both capping agent and reducing
agent.Three samples were prepared varying the reduction method, pH of the reaction

mixture and sequence of precursor addition. The samples were named as P1, P2 and P3.

P1:A typical direct aqueous synthesis procedure is performed as follows.Ascorbic acid
(CsHsOg) (10 mL, 0.1M) was dissolved in water and mixed with Fe(NO;);.9H,0 (2 mL,
0.033M in water) solution at room temperature by magnetic stirring. After 1.25 hr,
Na,PtCls.6H,O (2 mL, 0.005M in water) was added to the above mixture in a dropwise
fashion and then the reaction mixture was aged for 24 h without stirring. A fterwards, the
black precipitate was obtained by centrifugation at 14000 RPM for 15 min. Purification

of the product was done by washing with water, ethanol and acetone for several times.

P2:To see the effect of coreduction method in the synthesis of nanoparticles, a
secondary reducing agent, NaBH, was introduced along with ascorbic acid. Hence,
keeping the molar ratios of precursors same as before (P1 synthesis), only NaBH, (0.033
M, 0.2548 gm) was newly introduced to the reaction mixture after all other precursors
are added.

P3: In this method, CsHzOs (10 ml, 0.1M) and Fe(NOs);.9H,0 (2 ml, 0.033M) solutions
were mixed at room temperature. This mixture was kept on stirring for 20 min and then
0.2548 gm or 0.033M of NaBH, was added to it. Instantly, black colored ppt was formed
which was characterized to be iron particles from EDS spectra [Figure 3.9 (d)]. But, this
reaction continued for very short period of time and the solution became completely
clear within 30 min i.e. the formed iron particles dissolute. After that the platinum
. precursor, Na;PtCls.6H,O (2 ml, 0.005M) was added to the above mixture dropwise.
The reaction mixture was left as such for 24 hrs and then the black precipitate
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was obtained by centrifugation at 14000 RPM for 15 min. The purification of the ppt

was done by water, ethanol and acetone washing for several times.

To evaluate the effect of pH during synthesis, on the composition of the resulting
FePt nanoparticles, P3 synthesis is carried out at alkaline pH. In the method, ascorbic
acid (10 mL, 0.1M) and Fe(NO3)3.9H,0 (2 mL, 0.033M) are mixed at room temperature.
The pH of the mixture is found to be ~2.3 which is adjusted to 10 by dropwise addition
of tetramethyl ammonium hydroxide (TMAQH). This mixture is kept on stirring for 20
min. Subsequently, 14 mL 0.033M of NaBH, is added. Instantly, black precipitates are
formed in a vigorous reaction which are confirmed to be Fe particles later from EDX
characterization. The pH of this solution remained at 10. Unlike in the synthésis of P3,
the solution does not become clear within 30 min. Then platinum precursor,
Na,PtClg.6H,O (2 mL, 0.005M) is added to the above mixture dropwise. The reaction
mixture is left as such for 24 h. Finally black precipitate was obtained by centrifugation
at 14000 RPM for 15 min. The purification of the product is done by water, ethanol and

acetone washing for several times.

A naturally occurring vitamin, ascorbic acid is used as reducing agent to
synthesize metal nanoparticles due to its high water solubility, biodegradability and low
toxicity. Because of significant difference in their standard reduction potential, ascorbic
acid is a good reducing agent for noble metal precursors [E° (P**/Pt) = +12 V, E°
(ascorbic acid) = +0.06 V]. While acting as a reducing agent, its oxidized form is
coordinated to the nanoparticle surface which serves to act as a capping agent. However,
ascorbic acid also plays the role of antioxidant by scavenging the free radicals during
nuclei formation [33]. In samples P2 and P3, ascorbic acid and NaBH,; perform
coreduction in which nucleation is initiated by the action of NaBH4, while growth is
followed by the synergistic reduction by ascorbic acid at room temperature. P2 synthesis
consists of simultaneous reduction of Fe and Pt precursors while in P3, Fe particles are
formed initially and re-dissolve before addition of the Pt precursor due to the acidic pH

of the reaction medium, which is substantiated by the disappearance of black precipitate
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followed by formation of a clear solution within 15 min. The initial pH of the ascorbic
acid and Fe(NO3)3 solution mixture is found to be 3, while after NaBH, addition, pH is
increased to 4. Studies on pH dependent dissolution of iron particles reveal the
possibility of dissolution at such pH [34]. Therefore, when the Pt precursor is added to
the reaction mixture containing the reducing agent, rapid formation of Pt particles

occurs, while Fe particles slowly reform after initial dissolution.
3.7 Results and discussion:

Compositional analysis of the nanoparticles is done with the aid of energy
dispersive X-ray spectroscopy (EDS) and results are shown in Figure 3.9. The average
Fe and Pt atomic compositions for the three samples as determined from 5-6 different
locations are found to be FegosPtoos (P1), Fep14Ptogs (P2) and Fep2Ptogs (P3)
respectively. The composition of the P3 sample synthesized at alkaline pH is found to be
FepgsPto 12 [EDX spectrum is shown in Appendix A]. Figure 3.9 (d) shows the EDS

spectra of Fe particles formed during P3 synthesis.
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Figure 3.9 EDS spectra of (a) P1, (b) P2, (¢) P3 samples and (d) Fe particles formed
during P3 synthesis.
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The XRD pattern of all three samples show the highest intensity peak ~39° for 26
assigned to (111) planes of cubic Pt phase [PDF: 88-2343]. The XRD pattern of P1,

shown in Figure 3.10, indicates the presence of both tetragonal L1y and cubic Al phases

of FePt along with cubic Pt phase. But in samples P2 and P3, the L1j phase of FePt is
not observed. Ascorbic acid is a good reducing agent for the synthesis of noble metals
[35] and hence the reduction of the noble metal precursor becomes faster in case of P1.
Under the condition of rapid reduction, there will be sufficient Pt atoms leading to fast
surface growth (as evident from microstructural analysis) and also resulting in evolution
of ordered L1j phase in P1 sample. P2 synthesis incorporates the simultaneous reduction
of Fe and Pt precursors resulting in less intense and broad XRD peaks for cubic Pt phase
as seen in Figure 3.10. The reaction conditions of sample P3 is similar to sample P1 but
the coreduction by ascorbic acid and NaBH4 may be responsible for the absence of L1g
FePt phase, in contrast to sample P1. Only peaks for A1 FePt phase along with cubic Pt
phase are observed in the XRD spectra of P3. The XRD analysis of three samples is
presented in Table 3.1.

Table 3.1 Analysis of XRD patterns of three samples

Value of | Plane | System | Reference PDF
20

33° 110 | L1, FePt 65-4674

Intensity (a.u.)

39° 111 | Cubic Pt 88-2343
’/“f/\/\‘,‘/\,,3 44° 200 | Cubic Pt 87-0644
46° 200 | Al FePt 65-2868

10 20 30 40 S0 60 70

Value of 20 — 65.9° 220 | Cubic Pt 88-2343

67° 220 | L1, FePt 89-2051

Figure 3.10 XRD patterns of three

samples.

To assess the magnetic property of the samples, M-H characterization of the

three samples was done and the results are presented in Figure 3.11. The coercivity of
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magnetic nanoparticles is mainly dependent on two factors: (i) particle size and (ii)
ordering [36). The P1 sample is soft ferromagnetic in nature, as observed from its M-H
curve with coercivity of ~240.5 G [Figure 3.11(a)]. The ferromagnetic behavior is quite
obvious since the ordered L1ofct phase of FePt is present in this sample, along with the
Al fcc FePt with disorder in lattice site occupation, and cubic Pt phases. It is
worthwhile to mention here that pure Pt particles were synthesized following the same
procedure and their magnetic properties were checked. From Figure 3.11(a), the
diamagnetic behavior of pristine Pt particles is clearly visible. Therefore, the cubic Pt
phase in the nanoparticle should not contribute to the soft ferromagnetic property of the
nanoparticles. The M-H curve of P1 sample is replotted within magnified X and Y
range around the origin [Figure 2.11(b)]. From this plot, shifting of the hysteresis loop
away from the origin is observed which is the signature of the exchange bias
phenomenon [10]. As estimated from the M—H plot, the exchange bias field is 47.5 G
for P1. From this, formation of antiferromagnetic L1, FePt; phase can also be assumed
due to the utilization of ascorbic acid as reducing agent leading to the Pt rich phase.
Sample P2 is superparamagnetic by nature with negligible coercivity as evident from its
magnetization curve [Figure 3.11(c)]. The superparamagnetic behavior in this iron-
platinum nanoparticle can be attributed to their ultrafine dimension. Most interestingly,
sample P3 is paramagnetic [Figure 3.11(a)]. In alloys like FePt, the magnetization
decreases as the atomic percentage of Pt increases in the overall composition. Therefore,
it can be inferred that Pt acts as a diluent of magnetization. In such dilute conditions, Fe
atoms (magnetic) are much far apart and hence the exchange interaction is unable to
align the spins of nearest neighbor Fe atoms in parallel arrangement, resulting in

paramagnetic behavior as a whole.
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Figure 3.11 (a) M-H curves of P1, P3 and Pt particles, (b) The enlarged magnetization
curve of P1 sample near origin and (c) M-H curve of P2 sample.

HRTEM images along with size distribution histograms of three samples are
shown in Figure 3.12(a, ¢, ¢). From the HRTEM micrographs the size distribution curves
were prepared. Average particle sizes are found as ~ 2.3 nm, 1.9 nm and 1.7 nm for P1,
P2 and P3, respectively. The selected area electron diffraction (SAED) pattern of P1
[Figure 3.12(b)] clearly shows the bright spots of (110) plane, which is a fingerprint of
the L1y FePt phase. Moreover, (200) and (210) planes of Al phase of FePt and (111)
plane for pure Pt are identified from the SAED patterns of P1, P2 and P3 [Figure 3.12

(b). (d). (DI
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Figure 3.12 (a), (c) and (¢) HRTEM images with size distribution histograms in inset
and (b), (d) and (f) show the SAED patterns of P1, P2 and P3 samples, respectively.

The surface characteristics of the synthesized samples are examined through
Fourier transform infrared spectroscopy (FTIR) and streaming potential measurements.

The FTIR spectra and streaming potential plots of three samples are shown in Figure

3.13.
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Figure 3.13 (a), (b), (c) FTIR spectra and (d) Streaming potential plot of P1, P2 and P3.

As observed from Figure 3.13 (a), (b) and (c), the typical bands for ascorbic acid
in the fingerprint region are present in all the samples. In case of P1 and P3 samples,
almost similar bands are observed in the FTIR spectra [Figure 3.13(a) and (c)]. As
described earlier, ascorbic acid acts as a reducing agent by oxidizing its C=C double
bond as well as its oxidized form, dehydroascorbic acid, acts as a capping agent through
the interaction of its carbonyl group with the FePt nanoparticles [37]. This fact is
corroborated by the absence of C=Ciyerching band at ~1650 cm™ and the presence of a
band at 1626 cm™ due to the adsorption of dehydroascorbic acid carbonyl to the
nanoparticle surface [37]. Another band observed at 1725 em™ is due to the oxidated
ester carbonyl of dehydroascorbic acid [38]. However, the scissoring, symmetric and
antisymmetric stretching of C—Hyipraionai bands are observed at 1474, 2853 and 2924
cm' respectively [39]. Also the bands corresponding to lactone ring deformation as well
as Cs-O stretching vibration are observed at 1030 and 1165 cm ' respectively [40]. In the
spectra of P3 sample, a band at 1379 cm™ is observed corresponding to C—O-H bending
vibration [Figure 3.13(c) [39]. In case of P2 sample, only the 1630 cm ' band is
observed prominently corresponding to the coordination of dehydroascorbic acid to
nanoparticles [Figure 3.13(b)]. Furthermore, presence of strong O—Hgyeiching mode at
around ~ 3300 cm ' confirms the presence of hydroxyl groups in all three samples,
which provide hydrophilicity to the nanoparticles increasing their water solubility. As

observed from Figure 3.13 (d), all the three samples show negative streaming potential
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almost over the whole pH range starting from 2 to 12. The above findings corroborate to
the organic functionalization of the nanoparticles. The schematic diagram of bonding of

dehydroascorbic acid to nanoparticle is depicted in Figure 3.14.
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Figure 3.14 Schematic diagram of interaction of oxidized form of ascorbic acid with

nanoparticle surface.

Being superparamagnetic in nature, sample P2 is carried forward for examining
multifunctionality in a single system; suitable in biomedical application. Surface
analysis of P2 sample has been carried out by X-ray photoelectron spectroscopy (XPS). .
Figure 3.15 (a) shows the XPS spectra of Pt 4f peak of sample P2. The binding energy
(BE) position for Pt 4f7, peak in bulk Pt” state is at 71.2 eV which is observed at 70.9
eV in this case [41]. This negative shift in BE for nanoparticles of size <7 nm is obvious
[42]. One of the reasons behind it is the increase of core electron BE values with reduced

cluster size and the other is the interaction between organic capping agent (in this case
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ascorbic acid) and Pt atoms. Also, it is to be noted that if Pt atoms act as electron
acceptor in the interaction, then its BE decreases [42]. The other peak at BE 74.3 ¢V is
for Pt 4f5/; of metallic Pt [43]. It is observed from Figure 3.15(b), the Cls peak consists
of three components, among which the 285 eV peak is due to aliphatic carbon and the
286.5 eV peak is assigned to carbon of —C-O group [7], while the peak at 288.8 ¢V is
because of —C=O0 group [44]. Figure 3.15(c) shows that the Ols spectra consists of two
peaks at 530.3 eV and 531.8 eV which correspond to the O atoms of FeOOH and C=0
or O-H respectively [45-46]. Figure 3.15(d) shows the XPS spectra for Fe 2p;, peak.
The peak for Fe” state has been shifted from 706.6 eV to 704.4 eV [47] while the peak at
711.5 eV is for Fe'" [48].
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Figure 3.15 XPS spectra of (a) Pt 4f7,> and Pt 4f5,, (b) Cls, (c¢) Ols and (d) Fe 2p peaks
for P2 sample.
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3.8 Conclusion:

Both the iron oxide and iron platinum nanoparticles are superparamagnetic in
nature which make them suitable for biomedical application. The ultrastable surface
hydrophilic SPIONs are obtained through controlled displacement of stearic acid by
DMSA without any alteration in particle microstructure. SPIONs with average diameter
of ~3 nm were synthesized using stearic acid as surfactant. Presence of strongly and
weakly bound stearic acid layers over SPION surface is evidenced from characterization
results. With these particles, stable dispersions in organic solvents as well as in aqueous
medium at high pH can be obtained. Controllied replacement by DMSA enabled the
generation of stable aqueous dispersions over a wide range of pH values. On the other
hand, the iron platinum nanoparticles are obtained by a simple, aqueous, one-pot
chemical route whereas the ascorbic acid coating renders hydrophilicity and
biocompatibility characteristic to the nanoparticles. Optimized reaction condition has
been determined to produce iron platinum nanoparticles with superparamagnetic

characteristic.
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Chapter 4

Fluorescent probe

4.1 Introduction:

Optical detection or imaging in life science is obtained by the interaction of
biomolecules with fluorescent probes and hence is dependent on physicochemical
properties of the same. Fluorescent probes can be broadly divided into three groups: —
(i) molecular systems with defined structures (e.g. organic dyes, metal-ligand
complexes), (ii) nanocrystal chromophores with size-dependent optical and
physicochemical properties [e.g. II-VI and III-V semiconductor quantum dots (QD)] and
(iii) nanometer to micrometer sized particles with size-independent properties (e.g.
carbon nanoparticles, polymer beads etc.). Optical properties of QDs are controlled by
constituent material, particle size and surface chemistry, particularly number of dangling
bonds favoring nonradiative deactivation [1]. Often surface passivation is done in QDs
to prevent heavy metal ion leakage either by growing a shell or by using capping agent
[2]. The fluorescence property of organic dyes originate either from optical transition

delocalized over the whole molecule or from intramolecular charge transfer transition

31

QDs have advancements over organic dyes in having absorption and emission
properties tunable by particle size, known as quantum-size effect [4]. This leads to
multiplexing detection i.e. simultaneous analysis of different analytes which are
obtained by single wavelength excitation of a size series of QDs. However,
monoexponential decay kinetics of organic dyes makes them suitable in lifetime
measurement [5]. Also, solubility of the probes in relevant media is important, for which
QD dispersibility is taken care by chemical nature of surface coating while in case of
organic dyes substitution is done without affecting optical properties. But regarding the

bioconjugation aspect to the fluorescent probe, the quantum yield decreases both in case
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of QDs and organic dyes. However, stability of the fluorescent probe under relevant

condition is another important aspect to be concerned. In this regard, it is worthwhile to
mention that adequately surface-passivated QDs possess thermal and photochemical
stability, where organic dyes experience limitations. Considering the cytotoxicity of
fluorescent probes for in vivo imaging, organic dyes do not exhibit major problem but in
case of QDs, cytotoxicity was observed due to leaking of heavy metals, presence of
cytotoxic surface ligands and/or nanoparticle aggregation [6-7]. Efforts are put
forwarded to prevent these aspects by growing shell or functionalizing biocompatible

ligand over the QD surface or by synthesizing I1I-V QDs doped with Mn*" [8].

Part A

4.2 Synthesis of undoped and doped CdTe quantum dots (QDs):

The pristine CdTe QDs are prepared by following a reported procedure [9]. To describe
it briefly, a buffer is prepared initially by mixing 25 ml of 15 mM Na,B,0; and 25 ml of
15 mM citric acid of pH 7.2. The precursor solution is prepared by mixing a solution of
10 ml of each CdCl, (1mM), Na;TeO; (0.25 mM) and MSA (3 mM) in the above buffer
solution in a two-necked flask at room temperature. To ensure complete mixing of
precursors, the reaction mixture is put under vigorous stirring for 5 min followed by
rapid addition of 20 mg of NaBH,. After S min, the flask is attached to a condenser and
put under refluxion at 100°C under open-air condition. Samples are collected from the
room temperature reaction as well as from the refluxing solution with 1 hr interval to

obtain a size series of QDs.

To synthesize Mn>* doped CdTe QDs, the above procedure is repeated and Mn
dopant is added to the CdTe nuclei formed, just after the reaction is put under refluxion
at 100°C. A molar ratio of 1:22 is maintained between the precursors of Mn dopant and

Cd precursor. For the synthesis of doped QDs, initially the dopant, Mn(St); is
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synthesized from MnCl, and stearic acid [10]. To describe it briefly, initially three

precursors are prepared by mixing 5.7 gm of steraic acid in 30 ml of methanol (20
mmol), 1.44 ml of TMAOH in 10 m! of methanol (20 mmol) and 1.62 gm of MnCl; in
10 ml of methanol (10 mmol). The first precursor is melted at 50-60 °C for complete
dispersion. Then second precursor is added to it and stirred for 15 min. The third
precursor is then added dropwise with vigorous stirring and stirring is continued for
another 30 min. White precipitate is separated and washed with hot water and hot

methanol to remove formed NH,Cl and free stearic acids.

A}

4.3 Results and discussion:

4.3.1 CdTe QDs:

The X-ray diffraction and HR-TEM image of the MSA@CdTe QDs along with the fast
Fourier transform (FFT) pattern, particle size distribution and singular particle are
shown in Figure 4.1. The average crystallite size is estimated as ~1.5 nm from the XRD
pattern analysis using a pseudo-Voigt profile shape function and subsequent single-line
analysis, based on the equivalent Voigt representation. The XRD reflections of CdTe
QDs synthesized under prolonged refluxing in the presence of mercaptosuccinic acid are
intermediate between the values of pure cubic CdTe and a pure cubic CdS crystal
[Figure 4.1 (a)]. Table 4.1 shows the 26 values for the planes in both the crystals in their
bulk form while the same are obtained for the developed QDs at 27.05 and 43.78
respectively. Due to the small size of the dots, the background intensity is very high in
this case and hence the obtained data do not provide unambiguous evidence for CdTe
and CdS. Analyzing the FFT from the particle, the SOLZ (second order Laue zone) and
HOLZ (higher order Laue zone) rings are found to be corroborating to the planes of
cubic CdTe (indexing is done according to International Center for Diffraction Data,
PDF No. 00-010-0207). But, for the FOLZ (first order Laue zone) ring, the d-spacing is
found to be 0.264 nm which is not matching exactly with CdTe or CdS phases. However
it is very close to that of the (101) plane of cubic CdTe (0.26368 nm, JCPDS, File No.
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658076). These results indicate that the particles consist of cubic CdTe phase only and

no any CdS formation occurs even after prolonged refluxion at moderate temperature.
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Figure 4.1 (a) XRD pattern of CdTe quantum dots. The red line shows the exact peak
positions of CdS and green line shows that of CdTe crystals, (b) HRTEM image of CdTe
QD along with insets showing the single particle, Fast Fourier Transform (FFT) from it

and size distribution of QDs as estimated from HRTEM image.

Table 4.1 Standard XRD peaks of CdTe and CdS bulk crystals

CdTe (cubic) CdS (cubic)

Value of 20 (hkl)  Value of 20 (hkl)
29.49 001 2645 111
43.93 101 43.88 220

HR-TEM investigations of 4 hr refluxed MSA@CdTe QDs corroborate XRD
analysis results. As observed from Figure 4.1(b), the thiol capped CdTe QDs are
monodispersed and well separated from each other. The average particle size of the QDs

after 4 hr of refluxing is found to be 3.5 nm from the estimated size distribution graph
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from HR-TEM image as shown in inset of Figure 4.1(b). Another inset of this figure

shows the singular particle with spherical morphology.

Figure 4.2 shows the FTIR spectra of representative MSA@CdTe QDs. The
broad peak observed at 3432 cm’! is due to O-Hgrerch vibration and the sharp peak at
1700 cm™ is due to free C=Ostreten vibration of mercaptosuccinic acid [11]. Absence of
S-Hswreren peak at 2500 cm™ and presence of free carbony! peak indicates that MSA is
adsorbed to CdTe surface through S atom.
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Figure 4.2 FTIR spectra of MSA@CdTe QD.

Figure 4.3(a) shows typical absorption spectra of the size series of CdTe QDs.
The spectra were measured on as prepared QD colloidal solution as well as on the
samples taken out from the refluxing reaction mixture at an hr interval of time. All
samples show well distinct single absorption peak, tuneable in the range from 469 nm to
591 nm. The peak has been assigned the excitonic transition 1S3,-1S. [12-13]. Inset of
Figure 4.3(a) shows the plot of calculated particle size of each fraction taken out from
the refluxing mixture. It is obvious that the quantum dots are in the strong confinement
regime since the largest size is lesser than the exciton Bohr radius in bulk, ag = 7.3 nm
[14]. Figure 4.3(b) shows size dependent extinction coefficient (€) values per mole of the

nanocrystals of each size fraction and the plot of energy band gap values. The sizes and
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the extinction coefficient (¢) values of the CdTe QDs were calculated according to the
method proposed by Peng et al. in 2003 [15]. The diameter of the CdTe QDs can be

estimated from the relationship.
D=(9.8127 x 107 = (1.7147 x 10)A? + (1.0064)A — (194.84) (1)
where A is the wavelength of first excitonic absorption peak.
Then the extinction coefficient of the CdTe QDs are calculated from the equation
£ = 10043 (D)*"? ©)

Though it was predicted theoretically that the oscillator strength or € values per
mole of the particle are independent of particle size [16-17] but the proposed relation
between extinction coefficient and particle size by a definite power law (Equation 2) has
also been supported by the fact that the oscillator strength of the relevant optical
transition increases with the size of the crystallite as long as the excited state is coherent
[18]. In this case, the exciton energy is greater than the electron and hole size-

quantization energies.

The HOMO-LUMO gap is calculated as a function of particle size applying the
formula based on effective mass approximation combined with the Coulomb interaction

within the strong confinement regime for quantum dot [19].
AEg e = E-E, + Ry = (F**)2uR* — (1.786€%)/e'R + 0.752R, 3)

where, E; = 1.606 eV is the band gap energy of bulk CdTe, R is the radius of the dot,
4=0.0774my is the reduced mass of an electron mass m.*=0.096m, and a hole mass
my*=0.4mp, €=7.1 is the dielectric constant and R,=10 meV is the exciton Rydberg

energy.
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Figure 4.3 (a) UV-Visible absorption spectra and inset shows the estimated particle

sizes and (b) extinction coefficient and band gap energy of size series of CdTe QD.

From Figure 4.3(b), it is observed that the largest size fraction of 3.68 nm
quantum dot possesses the smallest band gap of 2.05 eV while the bulk CdTe has the
band gap of 1.44 eV only, at room temperature. This blue shift of band gap energy as
well as the absorption edge [Figure 4.3(a)], with decreasing particle size is due to the
quantum confinement effect. The change in kinetic energy due to quantum confinement

effect will increase the band gap and the energy separation of allowed transitions near

the absorption edge [20].
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As evident from Figure 4.4(a), the PL spectra of the CdTe QDs are tuneable in
the emission range from 497 nm to 628 nm. The QD emitting at 592 nm (size 3.48 nm),
obtained after refluxing for 4 hours is found to possess the highest emission efficiency of
~74% as observed from ‘Figure 4.4(b) [Quantum efficiencies are calculated by
comparing with Rhodamine 6G] [21]. This can be explained on the basis of the dynamic
growth process of quantum dots. When growth and dissolution are in equilibrium, the
nanocrystals possess the highest photoluminescence quantum efficiencies and the best
photostability because those particles are supposed to have zero growth rate and highly
ordered surfaces [22]. In contrast, the nanocrystals grown under conditions far away
from the equilibrium, are supposed to possess a rougher surface with various defects
giving rise to nonradiative recombination pathways [23]. However, the PL. FWHM
values [Figure 4.4(b)] are in the range of 44-75 nm indicating the narrow size

distribution of the QDs.
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Figure 4.5 (a) Photostability study of highest QY size fraction QD and (b) Stokes shift

values of the size series of QDs. The black line is to guide the eye.

Photoetching study was carried out with the highest PL efficiency fraction of QD
and enhanced photoluminescence is observed with increase in photoetching time [Figure
4.5(a)]. This increase can be attributed to the fact that UV irradiation is useful in

removal of dangling bond associated with unsaturated Te atoms present on the surface
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which act as a hole trap through annealing [22]. But no blue shift in PL spectra of photo
etched QD is observed in this case which confirms the prior better quality surface of the
QD with lesser defects. Moreover, it is observed that the PL spectra got red shifted with
respect to absorption spectra which indicates that emission is from radiative
recombination in shallow surface states. To examine this, we have plotted the Stoke’s
shift graph with respect to particle size [Figure 4.5(b)]. It is seen that the size fraction of
QD having the highest PL efficiency is having the smallest Stokes shift which can be
related to a detrapping of carriers from extremely shallow trap levels. On the other hand,
wider distribution of trap states in the other QDs leads to stronger nonradiative energy

dissipation due to unfair surface quality, resulting in higher Stokes shift [24-25].
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Figure 4.6 (a) PL decay curves measured at the respective emission peak wavelengths
for four different sized CdTe QDs. The inset shows the plot between decay rate

constants against particle size and (b) Decay lifetimes of the four QDs.

To see the radiative or nonradiative decay time of the excited states of the
quantum dots, time resolved photoluminescence (TRPL) characterization has been
carried out. Figure 4.6(a) shows decay curves of four different sized QDs. The curve of
each sample is fitted with chi”2=1, using a biexponential function, resulting in a shorter

lifetime equal to 101-206 ns, and longer one equal to 302-444 ns. The fitted equation is:
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y=yo+ A exp (=x/t)) + A, exp (—x/t2) )

The shorter lifetime can be attributed to the intrinsic radiative recombination of excitons
while the longer lifetime can be associated with involvement of surface states in the
exciton recombination process leading to non radiative emission [26]. Figure 4.6(b)
shows the plot of both radiative and non radiative decay time of the same four different
sized QDs. From the figure, it is evident that the QD fraction of size 3.48 nm, exhibiting
the smallest Stoke’s shift [Figure 4.5(b)], is having the smallest non radiative lifetime
also. To obtain a quantitative information about recombination processes of
luminescence of QDs, the radiative (k) and nonradiative rate constants (k,) have been
calculated out by taking into account the quantum efficiencies (QY) and decay lifetime
(t) of the QDs. The equations used are [24]:

1. k +k, ©)-
T
kl'
R ©
QY
= (7

The inset of Figure 4.6(a) shows the plot of both radiative and nonradiative rate
constants against the four QD sizes. From this figure, it is clear that the QD size fraction
of 3.48 nm, obtained after 4 hr of refluxion, is having the minimum nonradiative decay
rate which is corroborating to the PL quantum efficiency and Stoke’s shift results. This
confirms the presence of least amount of surface defects on it to behave as trap for
excitons due to its formation at the equilibrium of growth and dissolution processes as

explained before.
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4.3.2 Mn doped CdTe QDs:
With the ICP technique the amount of Mn and Cd in the Mn:CdTe d dots is determined.
From this result the Mn/Cd at. % is found to be 7 which is ~3 times lower than the
targeted value of 22 at. %.

Figure 4.7(a) presents the EDX graph of Mn(St), showing the presence of only
Mn, C and O and impurities like CI, N are absent in it. Figure 4.7(b) is the UV-Visible
absorption spectra of Mn:CdTe d dots. The absorption corresponds to the excitonic
absorption in the QDs. Here, refluxion was done upto 18 hr. An interesting behaviour is
observed in the absorption spectra of the d dots. After usual red shifting of the
absorption peak position with increasing refluxion time of the dots, there appears a
lower wavelength peak in the absorption spectra along with the initial peak. With
further refluxion, the initial peak starts decreasing in intensity and finally disappears
while the new peak starts red shifting. We have observed that as prepared CdTe fraction
shows the absorption at 460 nm and after Mn addition and then on refluxing upto 7 hr,
this peak has been shifted to 600 nm. But in the 8 hr sample’s spectra, a hump appears at
400 nm and the peak at 615 nm gets detensified. With further refluxed sample§ the
newly observed peak is the only peak and shows red shifting upto 430 nm in 16 hr
sample. But again a new peak at 274 nm appears in the spectra of the sample of 17 hr

refluxion and the earlier peak diminishes which is observed in 18 hr sample too.
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Figure 4.7 UV-Visible absorption spectra of Mn:CdTe QD.
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In the above spectra [Figure 4.7(a)], it is observed that the higher wavelength

peak diminishes on appearance of the lower wavelength peak with continuous red
shifting instead of coexistence of the two. Presence of more than one peak in the
absorption spectra in case of ZnSe quantum dots was reported as discontinuous growth
[27]. But complete disappearance of one peak on evolution of the second one leads to
the assumption of disintegration followed by saturation in growth. This kind of growth
and disintergration of nanocrystals was observed earlier also by our group in case of iron
oxide nanoparticles with heat treatment holding time [28]. To have a better account of
the phenomenon, the variation of size (obtained theoretically) w.r.t. refluxing time is
plotted in Figure 4.8(a). The sizes of the samples were calculated using Equation 1. For
all the samples, emerging peak positions are counted for size calculation rather than the
diminishing peaks. Though the calculated sizes are not obtained as exact value
[indicated by negative values in Figure 4.8(a)], but the trend of growth, disintegration
and again growth is clearly observed. To see the possibility of nanocrystal disintegration
with increase in refluxion time in case of pristine CdTe the same refluxing procedure is
carried out for 18 hr but no such behaviour is observed other than saturation in growth

after sometime.
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Figure 4.8 (a) Estimated particle sizes and (b) LSW plot of Mn:CdTe QD with refluxing

time variation.
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To explain the phenomenon of growth and disintegration, two points are worthy

to be mentioned beforehand: (i) lower activation energy is required for diffusion of
atoms in liquid phase solution and (ii) smaller size of Mn atom as compared to Cd,
facilitates the diffusion of Mn atoms towards the surface of the growing nanocrystals by
self purification method [29]. Moreover, the mercaptosuccinic acid ligand has similar
affinity towards Cd and Mn as both of these are in +2 oxidation state. Hence there is the
maximum probability of the presence of surface adsorbed Mn atoms in the d dots which
is thought to be the origin of this unusual behavior. To have a quantified explanation of
it, we have drawn the LSW plot for both doped and undoped CdTe QDs refluxed upto 8
hr [Figure 4.8(b)]. From the slopes of the LSW plots of d dot and q dots, the ripening
reaction coefficients (K values) are obtained as 6.5618 and 4.2223 respectively. LSW

plots are developed according to Equation 8, shown below [30]:
r-ro’=Kt (8)

where, rp is the average initial size of the original nanocrystals before ripening occurs, r
is the average size of nanocrystals after ripening occurs, K is the ripening rate coefficient
and ¢ is the ripening time. It is seen that surface adsorbed Mn promotes ripening of the d
dots as well as disintegration into smaller fraction after saturation in growth occurs.
Increase in strain experienced by the dopant ions due to lattice mismatch during the

growth of the host crystal structure may be thought of as the reason behind it.
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Figure 4.9 PL spectra of Mn:CdTe d dots.
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In case of d dots, the absorption peak is due to the excitonic absorption of the

host materials but the emission peak may not correspond to it. Because the excited
electrons undergo transition to 3d states of Mn”* ions and hence are responsible to Mn?*
d-emission assigned as °A, «— *T| transition but because of the smaller orbital spread
of atomic like states of Mn®* than the NC size, there is no significant effect of NC size
on dopant emission [31]. The PL spectra shown in Figure 4.9 for the synthesized d dots
exhibits a continuous red shift of emission peak with increase in refluxion time of the
samples. The observed red shift is from 610 nm to 678 nm for samples with 1-18 hr
refluxion. But, it is not in agreement with the absorption spectra (Figure 4.7) as there is
blue shift in the absorption peak at intervals of refluxing period, and hence assigning the
emission peak as only excitonic emission is difficult. So, this emission peak can be
considered as the surface-adsorbed Mn**-related emission. And the continuous red-
shifting of emission peak is attributed to increasing symmetry of the lattice field around
the surface Mn atoms with growth of the host crystal on refluxing. Because of this the d-
orbitals of the Mn centre experience less electric field difference along different

directions and hence a lesser crystal field splitting [10].

From the PL intensity plot of the d dots (Figure 4.10), it is observed that sample
2 possesses the highest intensity emission peak. Here, sample O is the as prepared CdTe
fraction collected before refluxing while sample 1 is the fraction just after addition of
Mn dopant. Sample 2 is Mn:CdTe collected after 1 hr refluxion and hence sample 19 is
the fraction with 18 hr refluxion. This observation again points towards the assumption
of the PL emission peak originating from surface-adsorbed Mn*" ions as just after the
addition of dopant the adsorption of it at the NC surface will be the highest. With
increase in refluxion time, growth of the NC occurs via ripening and though by self
purification mechanism Mn*" ions (impurity) are pushed out towards surface still the
number density of dopant ions on surface will be lower than the instant doping situation.
On the other hand, the rest portion of the plot does not follow any regular trend due to

unambiguous reason. One of the obvious cause is that NCs which are already in
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quantum confined region and hence have larger surface to volume ratio, have greater

contribution from surface adsorbed Mn** emission for the higher sized NCs. From
quantum Yyield calculation, sample 2 is found to be possessing the highest emission

efficiency among Mn:CdTe as ~58%.
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Figure 4.10 PL intensity plot of Mn:CdTe d dots.

From TRPL plot of the d dots shown in Figure 4.11(a), it is evident that the PL
emission is not due to core doped Mn>* ions as decay lifetime associated with such sp-d
transition is of msec order [32]. The PL decay curve of the samples show biexponential
decay behavior. The extremely short lifetime corroborates to the presence of surface
adsorbed Mn** ions in the d dots. Because when the excited defect states (mainly surface
states) and the Mn?* ions coexist, then there is the probability of nonradiative energy
transfer from the excited defect states to the Mn states [33] and results to rapid decay via
surface adsorbed d emission. The schematic diagram of probable electronic transitions in

this regard is depicted in Figure 4.11(b).
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Figure 4.11 (a) TRPL of three Mn:CdTe d dots representative of different refluxion

times and (b) schematic diagram of probable electronic transitions in this case.

Figure 4.12 HRTEM images of (a) 12 hr refluxed Mn:CdTe d dots and (b) SAED

pattern.

From the HR-TEM images (Figure 4.12), pearl necklace aggregates of Mn:CdTe
d dots are observed, while for pristine CdTe no such feature is evidenced [refer Figure
4.1(b)]. Pearl necklace formation in CdTe and Mn doped CdTe after partial removal of

stabilizer, was earlier assumed to be due to dipole-dipole interaction between
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nanocrystals [33-34]. In the present experiment, this kind of self assembly is observed
without performing any stabilizer removal process. Presence of surface-adsorbed Mn**
ions may have some role in it, which requires extensive studies on crystallographic and
magnetic properties of the system. On the other hand, from the SAED pattern, the spots
are identified as diffraction spots of (200) and (220) planes of cubic CdTe phase.

Part B

4.4 Synthesis of organic dye:
The dye is prepared by mixing 0.5 ml of ethanol, 10 pL of glutaraldehyde and 17 pL of
oleylamine in a 20 ml beaker. It is allowed to stand for 24 hr without stirring. Next day,

clear wine red solution of the dye is obtained.

4.5 Identification of the dye:

Glutaraldehyde is well known as cross linker used from earlier [35-36]. The structure of
glutaraldehyde is dependent on the pH of the aqueous solution [37] for example; it
remains as free aldehyde, in hydrated form or as its cyclic hemiacetal form in acidic or
neutral pH conditions. But in alkaline aqueous solution, glutaraldehyde exists as
polymer or as the hydrated form of the polymer. Also there is the evidence of formation
of dimer of glutaraldehyde by aldol condensation between two molecules with the
elimination of one water molecule in alkaline aqueous medium [38]. From the GC-MS
data of our dye molecule (Figure 4.13), the major mass fraction is obtained to be
m/z=170, which corresponds to the dimer of glutaraldehyde (structure I) formed by aldol
condensation. This is possible in the less polar solvent ethanol in the presence of amine
bases. Hence the plausible mechanism for crosslinking of glutaraldehyde with

oleylamine will be through Michael addition reaction.
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Such adducts (structure II) are stable and no reduction is necessary to stabilize [37]. The
reactions of dimer formation of glutaraldehyde and then its addition with oleylamine are

shown in Figure 4.14. The structure II is named as oleylamine complex or O-complex.
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Figure 4.13 GC-MS spectrum of O-complex.
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Figure 4.14 Glutaraldehyde dimer (structure I) formation and Michael-type addition of

glutaraldehyde with oleylamine (structure 1I). R-NH; is oleylamine molecule.

4.6 Result and discussion:
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Figure 4.15 (a) UV-Visible absorption and (b) PL spectra of O-complex.

The optical properties of the O-complex are studied with the help of absorption
and PL spectroscopy. From the UV-Visible spectra of the O-complex in Figure 4.15(a),
the characteristic peaks of glutaraldehyde are seem to be present at 249 nm and 302 nm

corresponding to n —»o* and n —» m* transitions for aldehydic group respectively
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[38-39].The PL peak of the O-complex is broad and asymmetric, characteristic of
organic dye emissison peak [Figure 4.15(b)).
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Figure 4.16 FTIR spectra of O-complex.

From the FTIR spectra of Q-complex, the bands for oleylamine are distinctly
observed (Figure 4.16). The single N~Hggewcning band at 3414 cm’! and N—Hqcissoring band
at 1587 cm' confirm the secondary amine character of oleylamine conjugated to
glutaraldehyde (structure II). Also the bending modes of N-H are observed in the range
600-900 cm™ [40). Other than that, the C—Hipetchings C=Cstretchingand C—Ngtrerching modes
are observed at 2860, 2925, 1650and 1076 cm™' [40-41]. But the characteristic peaks of
aldehyde moiety (i. €. the carbonyl feature) are not observed may be due to the long

chain of oleylamine molecules have masked the glutaraldehyde part of O-complex.

4.7 Conclusion:

The fluorescent probes obtained from both inorganic and organic compounds have been
studied in depth. The size controlled optical property tunability and its mechanistic
understanding has been carried out on undoped and doped CdTe QDs. We find that the
size fraction of pristine CdTe formed at the equilibrium of growth and dissolution
processes possesses the highest luminescence efficiency at room temperature. The same
size fraction exhibiting luminescence enhancement on photoetching, smallest Stokes
shift and minimum nonradiative decay rate correlates to their prior better quality surface.
On doping these CdTe QDs with Mn*, it is observed from UV-Visible absorption
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spectra that surface-adsorbed Mn?* promotes faster growth rate of the d dots and then

disintegration into smaller fraction after reaching saturation in growth with refluxing
time. PL emission of the d-dots can be controllably tuned in a narrow optical window.
TRPL measurements show extremely short lifetime, confirming emission due to surface-
adsorbed Mn?" states. On the other hand, the organic dye synthesized in a very simple
method is named as O-complex formed by Michael type addition between oleylamine
and dimer of glutaraldehyde molecules. The fluorescence property of O-complex is
found to be governed by electronic transitions basically. Based on the characterization
results, optimized size fraction of the undoped CdTe QD and O-complex are carried

forward for developing hybrid along with magnetic nanoparticles.
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Chapter 5

Magneto-fluorescent hybrid nanosystems

5.1 Introduction:

Nanomaterials with novel engineered structures assure applications in many
fields such as biological applications [1], superconducting materials [2], nanocatalysis
[3], energy (4], environmental remediation [S] etc. Such exciting and potential
applications have inspired the development of hybrid nanostructure having
multifunctional attribute. Qunatum dots (QD) and magnetic nanoparticles are two
prominent examples of such kind which have found enormous potential applications
because of their advantageous properties. QDs possess excellent properties viz.
photostability, narrow emission profile with broad excitation range, size dependent
emission characteristic etc. for which they are of great interest in biomedical
applications [6]. Also, organic dyes are used as optical imaging probe in this field and
both QDs and organic dyes have some advantages and disadvantages as well. Similarly,
magnetic nanoparticles possessing superparamagnetic property find immense
importance in biomedical applications by facilitating magnetic resonance imaging [7],
hyperthermia [8], magnetic separation [9] etc. Therefore, recent efforts have been
directed towards designing nanocarriers that contain both fluorescent and magnetic
nanocomponents producing a hybrid nanosystem with combined functionalities
[10,11,12].These hybrids are hierarchical nanoarchitectures assembled from nanoscale
units. SiO; and polymer are two potentially identified templates of hybrid nanosystems.
However, silica based nanocarrier can lead to improved stability, low toxicity, higher
biocompatibility of the hybrid and protects the nanocomponents against corrosion in the

biological medium. In addition, the hydrolyzed silica surface contains a high coverage of
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silanol groups to which bioconjugation can be done conveniently. Above all these, the

structure of silica can be tuned to porous structures which is beneficial in making the
hybrid a potential carrier of drug and protein by embedding them in porous structures
along with magneto-fluorescent bi-functionality. Studies have been carried out to
understand the formation mechanism of the silica structure of the hybrid [13]. It is
obvious that structure-property-application correlation study of hierarchically structured
hybrid nanosystem is of immense importance along with its synthesis, to ensure its best

applicability in any field.

Part A
5.2 Synthesis of hybrids of QDs and SPIONs:
5.2.1 Synthesis of silica hybrid of SPIONs:

Hybrid formation of SPION in silica was done by modified sol gel method [14], which
involves hydrolysis and condensation of tetraethylorthosilicate (TEOS) into silica in
alkaline condition at room temperature. First, 3.2 mg of stearic acid@SPIONs were
dispersed in 0.5 ml chloroform and mixed with an aqueous solution of CTAB (30 mg in
3ml water). The mixture was stirred to make an emulsion and then heated at 60°C to
evaporate chloroform. To a diluted amount of the aqueous iron oxide solution, 2ml of
ethylacetate was added for better solubility. Then 0.48 ml of NH4OH was added for
making the solution alkaline followed by addition of 0.14 ml of TEOS with continuous
stirring. After adding all these, the reaction mixture was stirred for 30 sec and aged for 3
hours. The precipitate was separated by centrifugation and washed with ethanol and
water for three times. The obtained precipitate was dried in oven and then calcined at

540°C for 2 hr to remove the organic templates. This hybrid is named as A.

5.2.2 Synthesis of silica hybrid of SPIONs and CdTe QDs without template:
The silica hybrid of stearic acid@SPIONs and MSA@CdTe QDs is prepared without
using any CTAB template. For the hybrid synthesis, initially the stearic acid coating of
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SPIONs was replaced by DMSA ligand as described in Chapter 3, to make the

nanoparticles hydrophilic. The synthesis of the silica hybrid comprises of mixing of
equal volume of aqueous solutions of SPION and MSA@CdTe QDs (3.2 mg in 2 ml).
Then the mixture was diluted with 40 ml water and put under magnetic stirring.
Subsequently, ethylacetate (8 ml), NH4OH (4.8 ml) and TEOS (0.8 ml) were added in
sequence and the whole reaction mixture was stirred for ~ 6 hrs. After that a brown color
gel was obtained by centrifugation which was washed three times with ethanol and
water. It was dried in hot air oven first and then calcined at 540°C for 2 hr in furnace for

removal of any organic material. This hybrid is named as B.

5.2.3 Synthesis of silica hybrid of SPIONs and CdTe QDs using template:
This procedure was accomplished in two steps. In the first step, MSA@CdTe QDs were
functionalized with oleylamine to make them hydrophobic by following a
glutaraldehyde cross-linking procedure [15]. For this, a solution was prepared by mixing
17 uL oleylamine and 10 pL glutaraldehyde in 0.5 ml ethanol. To it, 1 ml of carbonate
buffer of pH 10 and 2 ml of aqueous MSA@CdTe QD were added and kept for | hr.
After that, 200 pL of 0.6M NaBH, solution was added to it dropwise and left for 24 hr
standing. Then, oleylamine functionalized CdTe QDs were found to be remained
separated from the aqueous solution and were dispersible in chloroform. The hybrid
synthesis procedure is same as that of hybrid A. The only difference is that CdTe is also
CTAB stabilized and equal volume of both CTAB stabilized SPION and CdTe aqueous
solutions are mixed together before hybrid formation. The precipitate formed was
separated by centrifugation and washed with water and ethanol and dried in oven. The
calcination was done at 540°C for 2 hr to remove the organic templates. This hybrid is

named as C.
5.3 Results and discussion:

The schematic representation of magneto-fluorescent hybrid formation is shown in

scheme 1. The hierarchical architecture leading to core shell structure of silica with



Synthesis, Functionalization and Characterization of Hybrid | 73
nanosystem

nanoparticles in shell and hollow core of hybrids A and C is realized from the formation
mechanism (Figure 5.1). The stearic acid@SPIONs in chloroform are entrapped in the
hydrophobic core of the micelles formed by CTAB in aqueous solution. On drying at
60°C, chloroform gets evaporated forming a microemulsion. When this microemulsion
is added with water, ethylacetate and TEOS; both ethylacetate and TEOS form droplets
in alkaline aqueous medium, inside of which is hydrophobic with silicate. The
hydrolysis of TEOS occurs at the water-TEOS interface and forms the shell. Therefore,
TEOS and ethylacetate diffuse outward to get hydrolyzed while CTAB micelles, CTAB
stabilized nanoparticles and water diffuse inward. However, since the core of the
droplets are hydrophobic, so the hydrophilic species are confined in the Si-(OH),
network of the shell leaving the core empty. On drying, silanol groups are condensed to
silica and calcination at high temperature (540°C) results in the removal of organic
templates like CTAB, ethylacetate. Consequently, the hierarchical structure of

mesoporous silica particles with nanoparticles in shell and hollow core are formed.

On the other hand. the nontemplated synthesis of magneto-fluorescent silica
hybrid system i.e. hybrid B is based on the electrostatic forces of attraction between free
Cd*", Fe'" ions of nanoparticle surface and OH ™ ions of silica surface as the MSA and
DMSA coatings are assumed to be removed from QD and SPION surface during its

synthesis due to stirring vigorrously for prolonged period (~6 hrs).
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Figure 5.1 Schematic representation of formation of hierarchically structured hybrid (a)

A and C and (b) B.
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In order to substantiate the hierarchical architecture of the hybrids proposed
through the above analysis, small angle X-ray scattering (SAXS) experiments were
carried out with all the three hybrids. SAXS data has been analyzed in the light of multi
component polydisperse spherical particle model. In such a case, the scattering intensity

may be expressed by the cumulative contributions from various components

1) = Imag(q) + ]Q/)(q) +1,, . (@)+1,,,.(q) (h

where, mag, OD, Pore and grain refer to the magnetic nanoparticle, quantum dots, meso
pores and overall grain i.e. silica particles, respectively. Each term in the RHS was

expressed as
1:(@)=C[ P (q.R)D, (r)V(R)S, (q. R)dR @)
0

where, C is a scale factor that depends on the scattering contrast and the number density.
Py(q.R) represents the form factor, Dy(R), the radius distribution, Vx{(R), the volume of
the particle of radius R and Sx(g,R) represents the interparticle structure factor for the
component X. The cross terms were neglected for simplicity. In order to estimate the
overall grain size (i.e., the largest length scale), ultra small-angle neutron scattering
(USANS) measurements were performed using the double crystal based medium
resolution SANS instrument at the guide tube laboratory, Dhruva reactor, India. The
average particle size was estimated by fitting polydisperse spherical particle model to

the data. For sample C, two distributions in well separated length scale was observed.
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Figure 5.2 (a), (b), (c) SAXS and (d), (e), (f) USANS plots and the fittings of hybrid A,
B, C respectively.

Table 5.1 The fitting parameters obtained from the fitting of model to SAXS data

Hybl'ld RSPION OGSPION RMesopor Gmesopore RQuantum dot  OQuantum Dot R(}rain

name

A 4nm  0.19 17 nm 0.259 — — 94 nm
B 5nm  0.20 — — 2 nm 0.14 ~

C 42nm 054 16.2nm — 3.2 nm 027 —

Table 5.2 The fitting parameters obtained from the fitting of model to USANS data

Hybrid RgGrain 1 GGrain | Rerain2 GGrain2
name

A 91 nm 0.25 170 nm 0.57

B — — 435 nm 0.67

5 110 nm 0.22 285 nm 0.59

Figures 5.2(a), (b), (c) show the small-angle X-ray scattering (SAXS) data

measured for the powders of hybrids A, B, C respectively. The X-ray beam used is of
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strength 8 keV and wavelength, A = 1.5 A. Hybrids A and C with hollow core and

nanoparticles in the shell giving it an increased electron density, exhibit a stronger
scattering, especially in the lower q region (< 0.1 nm™) predominant for the global core-
shell structure [16]. Also, the SAXS patterns with shoulder at higher q region result from
intraparticle interferences [17]. Here the scattering wave vector q is specified by
4m\'Sin 0 (with 26 as the scattering angle). In the higher q region, the scattering is
mostly due to pores or is filled with nanoparticles. A model of multicomponent
polydispersed spherical particle fits the data well. The fitted parameters include the
overall grain size of 94 nm with mesopore of size 17 nm and SPION of 4 nm in hybrid
A. While for hybrid C the analysis of fitted SAXS plot estimates SPION of 4.2 nm, QD
of 3.2 nm and mesopore of size ~ 15 nm. The structure parameters so obtained are
tabulated in Table 5.1 and are found to be consistent with those observed from following
HR-TEM image analysis. In contrast, hybrid B, developed by without using any CTAB
template, yields nonporous solid spheres whose size could not be determined from
SAXS fitting parameters. Only the presence of the SPION of size 5 nm and QD of size
~2nm in the hybrids could be revealed from the analysis of hybrid B’s SAXS plot.

Figures 5.2(d), (e) and (f) present the ultra small-angle neutron scattering
(USANS) data of the threes hybrids A, B and C respectively. The neutron beam was
monochromatized to a wavelength spread of 3.1A. In order to check for possible
aggregation in the samples, a q value as low as 0.003 nm” was reached. The samples
were placed in Al container of diameter 1.5 cm and thickness 3 mm. From the figures,
the extended SANS data to lower q are observed corroborating to the presence of
aggregates in the samples. The fitting parameters of the SANS data as tabulated in Table
5.2 point towards the bimodal distribution of particles in hybrids A and C.

The hierarchical structure of the hybrids formed based on the nanoscale units like

QD, SPION and mesoporés have been revealed through above scattering analysis.
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Figure 5.3 (a) HR-TEM image and (b) FTIR spectra of hybrid A (curve i) and stearic
acid@SPION (curve ii).
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Then the microstructural characterization of the three hybrids were carried out.
From the HR-TEM image of hybrid A in Figure 5.3(a), the silica spheres with hollow
core and thick shell with SPIONs (distinct by dark contrast) are observed. From the
FTIR comparison curves between stearic acid@SPION and hybrid A in Figure 5.3(b),
the silica embedment of iron oxide is distinct. For the stearic acid@SPIONs, apart from
OH stretching band at 3400 cm™ and Fe—O stretching band at 500 cm™, two intense
bands appear at 1361 cm™ and 1640 cm™. The earlier one is due to bending vibration of
C-H in CH; group [18] and the later is assigned to O—Hgeformation [ 19] of stearic acid. The
FTIR spectra of the hybrid exhibits the characteristic peaks for SiO,. The sharp peak at
469 cm’ is assigned to O—Si—Obending: 800 cm™" t0 Si—O-Sipending and 1075 cm™ to Si-O-
Sisym stretching Vibration of SiO, [20]. Similarly, the 950 cm” band is due to the Si—
OHgyretching Vibration of surface hydroxyl groups [20] and the shoulder peak at 1245 cm’
may be the peak of optically weak oxygen antisymmetric stretch longitudinal-optic (LO)
stretching mode [21]. The lower frequency bands at 576 cm and 718 cm are assigned

t0 Fe—Ogyreiching Vibration and O—C—Openging Vibrations respectively [22].

The results of the microstructural caharacterization of hybrids B and C are
presented in Figure 5.4. In the FTIR spectra of hybrids B and C in Figures 5.4(a) and

(d), almost same vibration bands of SiO, are observed as in case of hybrid A [refer
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Figure 5.3(b)], confirming the presence of silica embedment. The FTIR spectra of

MSA@CdTe QD and DMSA@SPION were explained in detail in the previous chapters.

=l e o\ (b)

% Transmittance (a.u.)

g?“*?

3500 3000 2500 2000 1500 1000 500

% Transmittance (a.u.)

4000 3900 2000
Wavenumber {em” 1)

Figure 5.4 FTIR spectra of (a) stearic acid@SPION (curve i), hybrid B (curve ii),
MSA@CdTe QD (curve iit), (d) DMSA@SPION (curve i), MSA@CdTe QD (curve ii),
hybrid C (curve iii), HR-TEM images of (b) hybrid B and (e) hybrid C, Fluorescence
microscopy images of (c) hybrid B excited with green light (Filter N2.1) and (f) hybrid
C excited with UV light (Filter A).

From the HR-TEM image of Figure 5.4(b), the solid spherical silica particles of hybrid
B of size ~ 400 nm are observed whereas from Figure 5.4(e), the silica particles of size ~
200 nm of hybrid C are observed with nanoparticles present mostly at the shell. Grain 2
sizes obtained from SANS data match fairly with the corresponding HR-TEM
investigation of the hybrids [refer Table 5.2]. On the other hand, the fluorescence
microscopy images of hybrids B and C shown in Figures 5.4(c) and (f) respectively,

corroborate to their fluorescent property.
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Figure 5.5 M-H characterization curves of hybrid (a) A, (b) B, (c) C with comparison to
that of SPION. M-T characterization curves of (d) SPION, (e) A, (f) B and (g) C in

presence of magnetic field 100 Oe.

A comparative magnetic property study of the SPION and its corresponding
hybrids were done with the help of M-H and M-T characterization techniques. From the
M-H characterization results, it is observed that the superparamagnetic character of
SPION is retained after hybrid formation with SiO, and QDs though there is a decrease
in the saturation magnetization after hybrid formation [Figures 5.5(a), (b) and (c)}. This
is due to the diamagnetic contribution from the thick silica coating to the total

magnetization of the hybrids.



Synthesis, Functionalization and Characterization of Hybrid | 80
nanosystem

i R e e o

From the M-T characterization plots of SPION as well as its hybrids with QDs
and SiO,, the irreversibility of ZFC and FC curves beyond irreversible temperature, T,
and a maximum in the ZFC curve known as the blocking temperature, Ty are observed
which further indicate to the superparamagnetic nature of the systems [23]. From
Figures 5.5(d).(e), (f) and (g), it is observed that the Ty decreases with SiO, coating.
This decrease is attributed to the reduction of the average effective volume, Vg of the y-
Fe>Os3 nanoparticles due to interfacial interaction between SiO, and outer layer of the
iron oxide [23]. Whereas the reduction in Vg is due to that the interaction may produce
disordered Fe spins near the surface which should have a negligible contribution to the
total magnetization of the sample. From the relation of Blocking temperature,

Tp=KV.n/25kp, the decrease in Ty can be corroborated [24].

It is observed from the above study that magneto-fluorescent hybrids B and C do
not differ much from each other as long as magnetic and fluorescent properties are
concerned. Therefore, based on the detailed microstructural, magnetic and fluorescent
property study of the developed systems, hybrid C is chosen for checking the
multifunctional applicability in biomedical field due to their smaller size of around 200
nm, mesoporous structure and magneto-fluorescent characteristics. Prior to that, a

compositional study of the hybrid has been carried out with XPS analysis.

7504  SiOH, 104 eV Fe2p,,, 710.8 eV

(b) Fezp,,. 7246ev

g

Si05, 102.8 eV

Counts per sec
g
Counts per sec

y§ 8

450

400

350 +— 7 T T M v T N 1000 T =y v T
108 106 104 102 100 98 96 94 740 730 720 710 700

Binding energy (eV)

Binding energy (eV)




Synthesis, Functionalization and Characterization of Hybrid | 81
nanosystem

5000 - - 580
Si-0-Si, 532.4 eV Cd3dsp,, 405 eV
(c) (d) 512
4500 2 560
© 4000 9 Cd3dap, 412 eV
@ # 540
; 3500 4 ;
3
2' 3000 F‘e/-O, 530eV ;- 520
S 2500 S 500
3 3 500
© 2000 °
480
1500 T —— — x
540 538 536 534 532 530 528 526 524 415 410 405
Binding energy (eV) Binding energy (eV)
2500
2e50]\(€)
8 Te3d,, 573 eV
(]
1Y
]
Q
2
c
3
o
(&1
2250 +——1————————r————
582 580 578 576 574 572 570 568 566
Binding energy (eV)

Figure 5.6 XPS spectra of (a) Si2p, (b) Fe2p, (c) Ols, (d) Cd3d and (e) Te3d peaks of
hybrid C.

Figure 5.6(a) shows the XPS spectrum of Si 2p peak of hybrid C. The high
binding energy peaks are observed for Si 2p due to oxidized species of Si. Among them,
the peak at 102.8 eV is assigned to Si-O-Si groups whereas that at 104 eV to free Si-OH
groups [25]. Presence of both Fe 2p3, peak at 710.8 eV and Fe 2p, peak at 724.6 eV
along with the satellite peak at 719.4 eV points towards the Fe®* state of y-Fe,O3 phase
in the hybrid [Figure 5.6(b)] [26]. Two peaks are observed in the O Is spectra at 532.4
eV and 530 eV [Figure 5.6(c)]. These are assigned to O atom bound to Si in SiO; and to
Fe in y-Fe,O; respectively [26-27). From Figure 5.6(d), Cd 3d lines are observed
distinctly for Cd 3dsp at 405 eV and for Cd 3ds;; at 412 eV which corroborates to the
Cd?** state of CdTe in the hybrid [28]. In accordance to it, the Te spectra shows the peak
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of Te 3dsp at 573 eV which confirms Te™? state to be present in the form of CdTe
[Figure 5.6(d)] [29].

Part B

5.4 Synthesis of silica hybrid of SPIONs and the fluorescent dye using

template:

The preparation of the fluorescent dye has been described under the section 4.4 in
chapter 4. The so obtained dye is dispersed in 0.5 ml of chloroform. Now in order to
develop a hybrid of the dye and SPION in silica matrix, the individual components need
to be stabilized with CTAB first. For that 3 ml solution of CTAB is made in water with a
concentration of 1 mg/ml. Both CTAB and dye solutions are mixed and stirred
vigorously for 1 hr. The formed emulsion is kept in oven for 15 min at 60°C to
evaporate chloroform. Hence, an aqueous solution of CTAB stabilized dye is obtained.
Also, the CTAB stabilization of stearic acid@SPION is done as explained in subsection
5.2.1.

Both the aqueous solutions of SPION and dye are mixed together and diluted
with 20 ml water. After that 2 ml ethylacetate, 0.48 ml NH4OH and 0.14 ml TEOS are
added to it sequentially with stirring. Stirring is continued for another 30 sec and then
the reaction mixture is allowed to stand for 12 hr. The pinkish precipitate is obtained by
centrifugation and purification is done by washing with water and ethanol. To remove
the organic templates viz. CTAB, ethylacetate etc., calcination cannot be done with this
hybrid powder as it will lead to decomposition of the organic dye. Therefore, a novel
extraction procedure is carried out to remove the water soluble templates. It comprises
of mixing of 34 mg of hybrid in 15 ml of water by sonication for 30 min. Then, this
solution is put under refluxion at 90°C for 12 hr with magnetic stirring. After that,

refluxion is stopped and the product is separated by centrifugation.
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5.5 Result and discussion:

Figure 5.7 (a) EDX spectra and (b) AFM image of the hybrid, (¢) HR-TEM image of
one hybrid particle with radial distribution of pore channels and (d) the enlarged image

of the small portion of (c).

In order to confirm the CTAB template removal by water extraction procedure,
EDX characterization of the hybrid is performed. The EDX spectrum in Figure 5.7(a)
shows no presence of Br which corroborates to the absence of CTAB in the hybrid.
From the AFM image of the hybrid in Figure 5.7(b), a distribution of size is observed.
However, most of the particles are seem to be in the size range of 100-150 nm which
corroborates to the HR-TEM image in Figure 5.7(c). The enlarged image of the portion
of (¢) indicated by green box is shown in Figure 5.7(d), from which the radial
distribution of the pore channels normal to the particle surface is clearly observed. To

explain the evolution of such kind of microstructure of the hybrid, it is required to
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understand its formation mechanism. In this regard, the pictorial representation of the
mechanism is illustrated in Figure 5.8. As depicted in Figure 5.8(a), the phase
transformation of O-complex and SPION from oil to water phase is done with the help
of cationic surfactant CTAB. Initially, an oil-in-water emulsion is formed by CTAB
micelle formation [diagram 2 in Figure 5.8(a)] due to vigorous stirring of the mixture of
chloroform solution of O-complex and CTAB solution. From this, the oil phase i.e.
chloroform is evaporated out to obtain CTAB stabilized O-complex and SPION
[diagram 3 in Figure 5.8(a)]. Next, during the silica hybrid formation, rod-like surfactant
micelles containing nanoparticles in the core are formed in the reaction mixture due to
vigorous agitation for Ccrap>CMC [diagram [ in Figure 5.8(b)] [30]. Then the
negatively charged hydrolysis products of TEOS start attaching to the positively charged
head groups of CTAB micelles and form a layer over it [as shown in the enlarged
diagram 2 in Figure 5.8(b)]. These rod-like micelles coated with SiO, layer are
organized into clusters under the influence of van der Waals forces to form silica
particles of size ~ 100 nm [diagram 3 in Figure 5.8(b)] [30]. Then with CTAB removal
by water extraction method, the micelles are washed out to yield the silica particles with
radial distribution of pore channels, whereas the O-complexes and SPIONs remained
attached to the walls of pores and in some cases the long chain molecules of O-complex

can penetrate to the silica layer [diagram 4 in Figure 5.8(b)].
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Figure 5.8 Schematic representation of (a) the phase transformation of the O-complex
and SPIONs from oil to water phase and (b) the hybrid formation with radial distribution

of pore channels.

To corroborate the porous morphology of the hybrids, pore size, BET surface
area and pore volume were determined by using N,-sorption technique at —196°C. The
BET surface area was estimated using relative pressure in the range of 0.05 to 0.90. The
pore size distribution was calculated from the adsorption branch by using Barett-Joyner-
Halenda (BJH) method. Figure 5.9 (a) shows the N,-sorption isotherm of the hybrid.
The isotherm is observed to be of type Il, indicating that the silica hybrid is mainly
composed of microporous structures [31]. The BET surface area of the system is found
to be 105.86 m*/gm. The pore size distribution of the silica hybrids is depicted in Figure
5.9 (b). From this plot, the average pore diameter is observed to be ~ 2.4 nm and from
the BJH data, average pore surface area and volume are obtained as 68.8 m*/gm and

0.14 cc/gm respectively.



Synthesis, Functionalization and Characterization of Hybrid | 86
nanosystem

0.18 —
3 100 | .
¥ 3 /\
£l (a) E o1 (b) \
3 3 \
© Eeo = 0.14 \
5 = \
u -~ m \
o o -
5 41 :3 0.12- a
[ >
E MT ° -y
2 0.10
o
> o 7 ¥ L4 L ——r——r—
0.0 02 04 0.6 0.8 1.0 14 16 18 20 22 24 26 28 3.0
Relative pressure (P/Pg) Pore diameter (nm)

Figure 5.9 (a) N>-sorption isotherm and (b) Pore size distribution plot of the hybrid.
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Figure 5.10 (a) UV-Visible absorption spectra, (b) Photoluminescence spectra, (c) FTIR
spectra of O-complex and hybrid and (d) Fluorescence microscopy image of hybrid
excited with UV-light (Filter A).

The optical and surface characteristics of the hybrid are studied and the results

are shown in Figure 5.10. From the comparison plot of UV-Visible spectra of the O-
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complex and its hybrid in Figure 5.10(a), the characteristic peaks of glutaraldehyde are
seem to be present in O-complex at 249 nm and 302 nm corresponding to n * ¢* and
n-+n* transitions for aldehydic group respectively [32-33]. But in the hybrid these peaks
have got suppressed due to the thick silica coating whereas the other peaks are intact.
From the combined PL spectra of the dye and its hybrid, the broad emission peak is
observed [Figure 5.10(b)]. This is the characteristic of dye molecule because of its
complexity leads to line splitting producing broad absorption and emission curves. From
the comparison, the hybrid emission peak seems to be quenched and slightly red shifted
from that of the pristine dye. Intensity quenching is due to absorption of visible range
wavelength by SPIONs and red shift is occurring may be because of nonradiative
transition of electrons from excited dye molecules to new states on hybrid formation,
before undergoing emission process. From the FTIR spectra of Figure 5.10(c), the
characteristic silica peaks are observed as explained under the section 5.3 for silica
hybrid A of SPION [refer Figure 5.2 (b)]. However, the broad peak at 3424 cm™ is
assigned to N-Hgyeten as it is weaker in strength as compared to O-Hsyreich While the 1652
cm™ peak is assigned to the N-Hpeng vibration of amine group in the O-complex [34]
The symmetric and antisymmetric C-Hggetch and C-Hscissoring bands of long alkyl chain of
the O-complex are observed at 2854 em™, 2931 em™ and 1470 cm™ respectively [26].
Figure 5.10(d) shows the fluorescence microscopy image of the hybrid excited with UV
light. From this, the bright fluorescent property of the hybrid is evidenced clearly which
is beneficial in making the hybrid a potential optical imaging probe along with the

magnetic functionality.
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Figure 5.11 M-H curves of (a) SPION and (b) hybrid at 300 K. M-T curves of (c)
SPION and (d) hybrid measured at 500 Oe.

The magnetic properties of the hybrid of the synthesized dye and SPION are
studied through M-H and M-T characterization techniques. From the M-H
characterization results, it is observed that the superparamagnetic character of SPION is
retained after hybrid formation with silica and O-complex though there is a decrease in
the saturation magnetization after hybrid formation [Figure 5.11 (a) and (b)]. This is due
to the diamagnetic contribution from the thick silica coating as well as from the organic
dye, O-complex. Also, it can be correlated with the surface spin disorder of SPION
induced by silica coating [35]. From the M-T characterization curves of SPION and its
hybrid, the superparamagnetic property is further confirmed with splitting of FC and

ZFC curves at a temperature above Blocking temperature, Tg. It is also observed that Tg
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of SPION decreases from 218 K to 145 K on hybrid formation. The decrease in Tp on
silica hybrid formation can be justified due to similar reasons as explained already in

case of hybrids A, B and C [refer Figures 5.5 (e), (f) and (g)].
5.6 Conclusion:

In summary, silica based magneto-fluorescent hybrids of QD and SPION have been
synthesized by both templated and non-templated route. The hierarchically architectured
structure of the hybrids based on nanocomponent units was studied by small angle X-ray
and neutron scatterings. The SANS and SAXS results exhibit that the silica hybrids
synthesized by templated route are mesoporous in nature and are of size range ~ 100 nm.
This analysis corroborate to the findings obtained from microstructural property studies.
A mechanistic understanding of the formation of both porous and nonporous hybrids is
put forwarded with schematic. However, superparamagnetic and fluorescent
characteristics are observed to be retained in both the hybrids without significant
differences. Therefore, the magneto-fluorescent hybrid with mesoporous structure and of
relatively smaller size has been carried forwarded for multifunctional applicability study
and a detailed compositional analysis of it has been performed with X-ray photoelectron
spectroscopy. The XPS results show the presence of Si-O-Si and free Si-OH groups, y-
Fe,0; phase of SPION, Cd** and Te® states of CdTe in the hybrid. Also by the
templated method, a second hybrid of the synthesized dye, O-complex and SPION is
developed and its microstructural, optical and magnetic characteristics have been
studied. To understand the evolution of the pore channels with radial distribution in the
hybrid as evidenced from HR-TEM image, a mechanism has been described with
schematic. The hybrid particles seem to be in the size range of 100-150 nm from AFM
study. The Nz-sorption measurements reveal the microporous characteristics of the
hybrid whereas the superparamagnetic and fluorescent properties have been

corroborated from magnetic and optical property studies.
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Chapter 6

Quantum confined Stark effect in magneto-fluorescent hybrid
nanosystems

6.1 Introduction:

In the primitive days, Stark effect was defined as spectroscopic observation of an
occasional transition between quantum states of a physical system due to the effect of a
relatively weak perturbation varying sinusoidally in time ([1]. In case of bulk
semiconductors, application of electric field leads to broadening of the band-edge
absorption, which was named as Franz-Keldysh effect [2]. However, proper inclusion of
the Coulomb correlation of electron and hole leads to Stark effect of the exciton
resonance to lower energies [3]. Large shifts in band-edge absorption in GaAs-AlGaAs
quantum wells were observed for electric fields perpendicular to the layers which was
explained in terms of quantum confinement in the thin semiconductor layers in contrast
to Franz-Keldysh effect [4-5]. In general, the wavelength modulation of exciton
emission/absorption of quantum confined system by applying an external electric field is
described as Quantum Confined Stark effect (QCSE) [6-7]. Stark effect due to internal
electric field is observed in case of unstrained GaN quantum wells with strained AlGaN
barriers [8].The presence of strong electric field originated in this case due to balancing
of the piezoelectric and spontaneous polarization in the well and barrier layers so that a
flat Fermi level is obtained throughout the heterostructure. The initial QCSE studies in
quantum well and wire were extended to quantum dots (QD) in subsequent years. In a
capacitor-like geometry of single self-assembled CdSe/ZnSe QD, Stark shift was
observed in the emission spectra under the influence of an external electric field [9].
Similarly, local electric field induced Stark shift, spectral diffusion and inhomogeneous
broadening are reported in single CdSe QD [10]. Also, the luminescence of QD

conjugated to functionalized carbon nanotube exhibited Stark shift under a local electric
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field induced by surrounding cations or anions of nanostructures in polar solvents [11].

Appropriate theoretical and experimental explanations were being forwarded for
observed redshifted and blueshifted QCSE in quantum dot systems — governed by

Coulomb dominance and the field induced effects [12].

Integration of QD with magnetic nanoparticles to develop magneto-fluorescent
hybrid nanosystems will have enormous potential biomedical applications as
simultaneous anatomic imaging and real time monitoring of molecular targeting through
magnetic resonance (MR) and optical imaging [13]. For deep tissue imaging, there is an
urgent need to develop bright and stable QDs that are broadly tunable in the far-red and
infra-red spectral regions [14]. Also, to achieve simultaneous magneto-fluorescent
imaging through diffuse optical tomography (DOT) and MRI, the fluorescent probes
should emit in the NIR range (600-1000 nm) so that photon propagation in tissues is
dominated by scattering rather than absorption [15-16]. Such QDs have been prepared
by core-shell methods with tunable emission towards longer wavelength [17] but their
application is limited to single functionality. Therefore, developing a hybrid of QD and
magnetic nanoparticle with emission tuned towards longer wavelength without any
external stimuli is of immense importance as multifunctional probe for magnetic

resonance and optical imaging.

6.2 Experimental details:

Silica based magneto-fluorescent hybrid system of CdTe QD and
superparamagnetic iron oxide nanoparticles (SPION) are developed by the procedures as
described under the subsection 5.2.2 and 5.2.3 of chapter 5. Hybrid B and C are the
systems prepared by template-free and templated route respectively. In their emission
characteristics QCSE is realized by comparing the emission spectra of the pristine QD
and that of its hybrids B and C. The Stark shift is measured for both the hybrids from

the emission maxima in the photoluminescence (PL) spectra.
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6.3 Results and Discussion:

Optical characterization of the two hybrids are done with the help of UV-Visible
absorption and PL spectroscopy. Figure 1 presents the UV-visible absorption and PL
spectra of hybrid B.
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Figure 6.1(a) UV-Visible absorption spectra of SPION (curve i), hybrid B (curve ii) and
QD (curve iii), (b) PL spectra of QD (curve i) and hybrid B (curve ii).

From the comparison plot of UV-Visible absorption spectra of QD, SPION and
hybrid B in Figure 6.1(a), it is clearly evident that the hybrid possesses broad absorption
peak of SPION covering almost the whole visible range and the QD absorption peak is
masked under this peak. It is interesting to note from the comparative PL spectra of QD
and hybrid B [Figure 6.1(b)] that significant red shifting of emission peak is observed in
the hybrid from their pristine peak positions. For instance, the QD emission peak is red
shifted by ~ 12 nm on hybrid formation and decreases in intensity too. In terms of
energy, this can be quantified as a blue shift of 40.8 meV [Energy
(eV)=1240/Wavelength (nm)]. The intensity quenching is attributed to the intense
absorption by the SPIONs in the visible range as observed from the UV plot [refer
Figure 6.1(a)] and thereby absorbs the emitted wavelength from the QDs in the hybrid.
The observed shift in emission peak of QD in hybrid B can be ascribed due to the
Quantum Confined Stark effect under local electric field, induced by the ionic

environment of the hybrid sample surface. The development of this silica hybrid without
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template is mediated by the electrostatic force of attraction between free Cd**, Fe** ions

of nanoparticles and OH ions of SiO, surface. Hence the dispersion of charges at the
SiO; and solvent (polar) interface raises maximum possibility for the induction of a net
local electric field around the SiO, particles [11]. Due to spherical shape of silica
particles as evident from the HR-TEM image [refer Figure 5.4(b)}, there should not be
any net electric field at the core. Therefore, only the silanol groups present on SiO,

surface contribute to the local electric field.
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Figure 6.2 (a) UV-Visible absorption spectra of QD (curve i) and hybrid C (curve ii),
(b) PL spectra of hybrid C (curve i) and QD (curve ii).

Similar optical investigations were carried out for hybrid C and the results are
presented in Figure 6.2. The UV-Visible absorption spectra in Figure 6.2(a) shows that
the QD absorption peak is entirely masked by the broad hump of SPION absorption in
hybrid C. It is worthwhile to mention that the emission peak in this hybrid (curve i) is
observed to be red shifted by ~27 nm from that of pristine QD [curve ii in Figure 6.2(b)]
and in terms of energy, this can be correlated to a blue shift of 9.5 meV. The mentioned
shifting in hybrid C is associated to ‘Quantum Confined Stark effect’ as well. To explain
the presence of QCSE in this hybrid, its formation mechanism can be recalled. The
development of hybrid C is followed by the templated synthesis mechanism resulting in
silica structures with hollow core and the mesoporous shell containing the nanoparticles.
With calcination, though the internal silanol groups condense to form solid silica but the

groups present on the outer surface as well as on the walls of the mesopores remain
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intact. Hence, the existence of induced local electric field at the SiO,/solvent (polar)

interface is expected here.
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Figure 6.3 (a) Comparative Stark shift in hybrid samples and (b) Streaming potential
plot of hybrids B and C.

To elucidate the effect of the superparamagnetic component, if any, in the
observed QCSE, another two hybrids (D and E) were prepared without SPION and their
optical properties were analyzed. Hybrid D and E are silica embedment of QD only,
developed by template free and templated route respectively. From the analysis of
Figures 6.1(b) and 6.2(b), it is observed that the Stark shift in the QD emission is
significantly enhanced in case of mesoporous, smaller average particle sized hybrid C
than B. In terms of energy, the Stark shift percentage is found to be 1.96% and 4.31% in
hybrids B and C respectively w.r.t. the QD emission peak at 598 nm. It is interesting to
note that exactly the same difference in Stark shift is observed between hybrids D and E
also [Figure 6.3(a)]. Therefore, the Stark effect seems to be consistent with similar
characteristics in the hybrids without the superparamagnetic component. The shift is a
direct function of the induced local electric field that in turn is dependent on the density
of charge present over the silica particles in polar solvents. In this regard, it is
worthwhile to mention that the total charge developed by silica particles suspended in
aqueous media vary widely depending on the size and porosity of the particles but the

charge density at the outer surface is approximately constant, as is the density of surface
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hydroxy! group [18]. We are observing the Stark shift in emission spectra in the calcined
samples of B and C. Due to calcination, the internal silanol groups condense to form
siloxane bridges with simultaneous elimination of water. Therefore, the effect of density
of charge due to internal silanol groups on the Stark effect for both the samples is
nullified. Hence, the lone factor influencing the variation in Stark shift in hybrids B and
C is the structure. Hybrid B is nonporous by nature. Therefore, the density of charge per
unit mass, i. e. the specific charge is expected to be greater in hybrid C than in hybrid B.
This is because of the fact that the ionization of silanol groups is confined to both outer
surface and the walls of the mesopores of hybrid C while in hybrid B it is confined to the
outer surface only. It is correlated with the streaming potential characteristics of the
hybrids [Figure 6.3(b)]. For hybrid C, the streaming potential is found to be — 209 mV
while for hybrid B is — 137 mV at the neutral pH. Moreover, the overall streaming
potential seems to be higher for hybrid C in the whole pH range.

To estimate the order of the local electric field induced in the hybrid, a
Hamiltonian is developed and Perturbation theory is applied to the exciton [19]. This is
performed by considering the exciton as an analogous to hydrogen atom [20]. The
electric field required to induce the first-order energy shift can be obtained from the

following relation,
{ AE= 3eaglE]| M

where, AE is the energy shift, e is the electronic charge having a value of 1.6 X 107 C,
ag is the exciton Bohr radius of CdTe having a value of 7.3 nm [21] and [E| is the
magnitude of electric field. Using this formula, the local electric field is evaluated as 1.8
X 10* V/cm and 4.0 X 10* V/em in hybrids B and C respectively. Such strong electric
field pulls the electron and hole inside the QD to opposite sides of the QD leading to a

decrease of band gap and a red shift of the emission wavelength [9].



Synthesis, Functionalization and Characterization of Hybrid | 99
nanosystem

6.4 Conclusion:

In summary, quantum confined Stark effect (QCSE) in the emission characteristic of the
hybrid of QD and SPION in silica matrix has been demonstrated. The observed QCSE is
caused by local electric field, induced by the charge dispersion on SiOy/polar solvent
interface. The experimental results exhibit a Stark shift of 40.8 meV and 89.5 meV in
the emission characteristics of the QD in a nonporous to mesoporous silica hybrid
system respectively. The magnitude of the corresponding local electric fields are
obtained as 1.8 X 10* V/em and 4.0 X 10* V/cm in hybrids B and C. The observed
enhancement in QCSE in case of mesoporous hybrid is assumed to be due to greater
density of charge per unit mass, i)ecause the ionization of silanol groups is confined to
both outer surface and the walls of the mesopores. However, the conjugation of SPION
to the hybrid to achieve multifunctional attribute has no influence on the observed
QCSE. Such a magneto-fluorescent hybrid system with emission wavelength modulation
towards red end without the use of any external electric field has potential in biomedical
imaging. Further tuning of emission characteristic of QDs upto NIR range by varying
the parameters during hybrid formation will surely create a giant leap in simultaneous

magnetic and fluorescent biomedical imaging application through DOT/MRI techniques.
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Chapter 7

Potential applications of developed nanosystems

7.1 Introduction:

Magnetic nanoparticles have controllable size ranging from few to tens of nm which
places them at comparable dimension to those of biological entity viz. a cell (10-100
um), a virus (20-450 nm), a protein (5-50 nm) or a gene (2 nm wide and 10-100 nm
long). Thereby, they can be applied for addressing the biological entity of interest in a
controllable means. Also they can be manipulated by an external magnetic field
gradient. These two combined functionalities open up many potential applications for
magnetic nanoparticles involving transport or immobilization to a targeted region of the
body (such as tumor) or by making the magnetic nanoparticles to resonantly respond to a
time-varying magnetic field (MR imaging). Developing hybrid of magnetic
nanoparticles with other nanosystem yield multifunctional nanosystem which combines
more than one functionality in a single stable construct. In this chapter, we have
investigated the potential application of representative so developed nanosystems in
MRI technique as contrast agent as well as drug-protein loading capability. Moreover,
multifunctional applicability as MRI contrast agent and therapeutic agent has been tested

for a so developed single moiety nanosystem.

7.1.1 Basic principle of MRI technique:

MRI can provide both morphological and anatomical information noninvasively with
high spatial resolution and without any limit on penetration depth [1]. Magnetic
resonance is based upon the interaction between an applied magnetic field and a nucleus
that possesses spin. It can be explained by considering an arbitrary volume of tissue

containing protons (H'). In absence of applied magnetic field, there will be random
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orientation of spin of the protons in all directions resulting in zero net magnetization in
the tissue. However, in presence of a magnetic field, By, the individual protons begin to
rotate perpendicular to, or precess about, the magnetic field [2]. The geometrical
representation of the axis of precession is depicted in Figure 7.1, where, B, and the axis
of precession are oriented in the z direction of Cartesian coordinate system. The x and y
coordinates of the precessional motion vary with time but the z component is constant
with time. The frequency of precession is known as Larmour precession and is

expressed by equation (1) [2]:
(O YBo/zTE ( l )

where, @ is the Larmour frequency in megahertz (MHz), B, is the magnetic field

strength in Tesla (T) and y is a constant known as gyromagnetic ratio.

]
)
il
[l

Figure 7.1 Schematic representation of Larmour precession of magnetic nucleus in

presence of applied magnetic field.

Hence, due to the application of By, a net magnetization, M, is formed within the sample.
Now, a pulse of radiofrequency energy containing many frequencies spread over a
narrow range is applied to the protons. During the pulse, the protons absorb the portion

of this energy at a particular frequency and get excited from spin up to spin down
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orientation. After the pulse, the protons emit the energy at same frequency. The energy

difference between spin up and down levels is expressed by the following equation [2]:
AE = hwo = hyBo/2n 2)

where, h is Planck’s constant and h is h divided by 2r. This quantized energy absorption
is known as resonance absorption and the frequency of energy is known as resonant
frequency. From the instant that the radio frequency pulse is turned off, the relaxation is
measured via induced current in pick-up coils in the scanner. The relaxation signals are

of the form [3]:
My,=M,({1-e"") 3)
M, =M, Sin(o,t+ o) “4)

where, 71 and 7, are longitudinal and transverse relaxation time and ¢ is a phase
constant. Both 7' and T can be shortened by the use of contrast agent so that the contrast
between lesions and nearby healthy tissue is amplified. The details of two types of
relaxation time and the role of nanoparticles in shortening the relaxation time (i.e. acting

as contrast agent) have been described under the section 1.4 of chapter 1.

Part A

7.2 Multicomponent multifunctional hybrid of SPION and QD:

The silica based magneto-fluorescent hybrid C of SPION and QD with mesoporous
structure and of relatively smaller size (details in part A of chapter 5) has been
investigated for potential multifunctional applications as MRI contrast agent and drug-
protein loading vehicle. Also, due to the bright fluorescent property of the hybrid [refer

Figure 5.4(f)], this can be used as a potential fluorescent probe in optical imaging.
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7.2.1 Contrast property of SPION and its hybrid:

The MRI contrast property of the hybrid was evaluated by observing the transverse
relaxation time (73) of water at 25°C with five different concentrations of hybrid (1.26,
0.63, 0.32, 0.1, 0.05, 0.025 and 0.01 mg/ml). The spin echo sequence of the microfuge
tubes containing water was measured with different echo times with a 14.1T NMR
microimager using repetition time TR=6 sec and echo time TE in the range of 7-600 ms.
The MRI signal intensities with different echo times were fitted to a single exponential
function STE=Sm=o(l—e'm2) to derive T5. Transverse relaxation rate (R,=1000/7>) was
calculated and plotted against hybrid concentration. Same measurements were taken for

SPION only and the results are presented below.
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Figure 7.2 Comparison plot of (a) transverse relaxation time (75) and (b) variation of

transverse relaxation rate (R;) w.r.t. concentration of SPION and hybrid C.

It is observed from the comparison plot of transverse relaxation time in Figure
7.2(a) that T, of water decreases almost similarly with SPION and hybrid C (1.89 ms for
SPION concentration of 1.03 mg/ml while 3.1 ms for hybrid C concentration of 1.26
mg/ml). The transverse relaxivity, r,, determined from the slope of the plot between the
transverse relaxation rate, R, against the concentration of hybrid C, is found to be 214
mg™' mL s~ whereas for SPION it is 436 mg™ mL s™' [Figure 7.2(b)]. The decrease in
relaxivity, r;, on hybrid formation can be understood from decrease of saturation

magnetization value of it as described in the section 5.3 of chapter 5 [refer Figure
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5.5(c)]. While for commercial T, contrast agent, feridex (Dextran coated SPION), the

transverse relaxivity value is160 mM™' sec™ at a magnetic field of 0.47 T [4]. However,
the above study indicates the potential of the hybrid as a promising 7> contrast agent for

MRI application.

7.2.2 BSA protein loading on mesoporous silica based hybrid
nanosystem:
Different concentrations of hybrid C were added to four batches of BSA solution (7.31
uM) in PBS buffer of pH 6.9. Then the mixtures were kept on shaking for 3 hours at
room temperature. The resulting solutions were seemed to be clear and all the samples
showed absorbance at 280 nm in the UV-Visible absorption spectra. The calculations for
BSA loading were made according to Beer Lambert’s law with extinction coefficient of

BSA, € = 43,824 M cm™'and path length, I=1cm.
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Figure 7.3 BSA adsorption on mesoporous silica based hybrid nanosystem.

Bovine serum albumin (BSA) is used as the model for human serum albumin. It
is the major constituent of bovine blood plasma which can bind to various drug species
[5). The BSA adsorption efficiency of the mesoporous silica based hybrid C is studied as
described above. It is observed from Figure 7.3 that with increase in concentration of the
sample, the adsorption increases which is confirmed by attenuation in absorbance at 280

nm (characteristic absorption peak of BSA) in the UV-Visible absorption spectra of the
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solutions. This suggests a strong interaction between surface hydroxyl groups of silica

particles and amine groups of protein molecules, leading to increase in amount of
loading per surface area. The loading amount of BSA was determined as 9.6wt% by
hybrid C. The loading amount increases with the increase of the concentration of the
hybrid which suggests a strong interaction between the two. The mesoporous
morphology adds to an enhancement of the total surface area of this hybrid leading to

more no. of adsorption sites for BSA on its surface.

7.2.3 Drug loading on mesoporous silica based hybrid

nanosystem:

Before performing the drug loading experiment, amine functionalization was done on
the hybrid surface. For that, 12.3 mg of hybrid C was dispersed in 20 ml of toluene by
sonication for 30 min. Then 2 ml of APTES was added to the mixture and the whole
solution was put again under sonication for 15 min. Then the reaction was refluxed at
100°C for 12 hr under continuous N, flow. The final reddish colored product was
obtained by centrifugation with more toluene addition and washed three times with 1:1

volume ratio of ethanol and water and then left for drying at 50°C.

Aspirin (acetylsalicylic acid) is a salicylate drug, often used as an analgesic. The
commercially available drug is first extracted with ethanol to melt the base, following a
reported procedure [6]. Then, four batches of PBS buffer solutions (pH 6.9), each of 5
ml, are mixed with four different concentrations of APTES functionalized hybrid silica
samples. The concentrations of the samples used are 3 mg, 17 mg, 34 mg, 77 mg and
100 mg. To each of the solution, an amount of the drug 5.4 mg/ml was added and the
mixtures were shaken for 24 hr at room temperature. The drug loading calculations were
performed using the UV-Visible absorption spectra of the centrifuged solutions,

assuming extinction coefficient of aspirin to be 14464 M cm™ and path length as 1 cm.

The results of APTES functionalization and drug loading experiment are

presented in Figure 7.4. All the FTIR bands observed in Figure 7.4(a) are assigned to
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various stretching and bending vibrations of bonds in SiO, [refer to Figures 5.3(b), 5.4(a)
and 5.4(d) of chapter 5]. The additional bands which appear in the functionalized hybrid
are the bands at 1564 cm™, 1324 cm™ and 604 cm™'. These bands are assigned to N-
Hpendings C-Nitretching and N-Hyageing vibrations of APTES molecule, respectively [7]. It is
of interest to observe that the Si-OH band at 950 ecm™ appears distinctly even after
APTES functionalization, making the hybrid system functionalized with different
functional groups. From the drug loading experiment result in Figure 7.4(b), it is
observed that with increase in concentration of the hybrid, the amount of loaded drug
increases. The adsorption is occurring due to electrostatic attraction between positively
charged amine groups of APTES functionalized silica particles and negatively charged

salicylic acid molecules.
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Figure 7.4 (a) FTIR comparison plot of hybrid C before (curve i) and after (curve ii)
APTES functionalization and (b) drug loading efficiency of hybrid particles.

Part B

7.3 Single moiety, multifunctional iron-platinum nanoparticles:

Among the ascorbic acid capped iron-platinum nanoparticles synthesized by facile
chemical route, sample P2 is superparamagnetic in nature (details in part B of chapter 3).
Therefore, the potential application of so developed iron-platinum nanoparticle as MRI

T, contrast agent has been studied. Moreover, the presence of cubic Pt phase along with
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cubic FePt phase in this sample, confer its potency as a therapeutic agent also.
Therapeutic property of the sample has been realized by reactive oxygen species (ROS)
generation from H,O, (mimicking the cellular production of H,O,) at physiological pH
by employing the catalytic property of Pt. Hence, this nandparticle can serve as single

moiety, multifunctional nanosystem in biomedical application.

7.3.1 Contrast property of nanoparticles in MR Imaging:

T, of water with different concentrations (0.05, 0.10, 0.25 and 0.5 mg/mL) of P2 sample

was measured using a spin echo sequence as described under the section 7.2.1.
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Figure 7.5 (a) Transverse relaxation time (72) and (b) Transverse relaxation rate
(R>=1000/T>) with varying concentration of P2. The slope of the line in panel b

indicates the relaxivity.

It is observed from relaxivity measurement of 7,-weighted proton that T, of
water decreases drastically (55 ms vs 200 ms for pure water) at a concentration of 0.05
mg/mL nanoparticle [Figure 7.5(a)]. T, values further decrease with the increase of the
concentration of FePt nanoparticles. The transverse relaxivity, r,, determined by
plotting the transverse relaxation rate, R;=1000/7,, against the concentration of

nanoparticles, was found to be 189 mg™' mL s™ [Figure 7.5(b)).
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7.3.2 Therapeutic— catalytic activity of the nanoparticles in
generation of ROS:

To mimic the cellular production of ROS, the primary defense of the body, exogenous
oxidant H,0, was used. Fenton’s reaction employs Fe-catalyzed H,O, decomposition in
which highly reactive oxygen species such as OH' radicals are generated to cause death
of tumor cells; in which acid etching of Fe-based nanoparticles was carried out for Fe
release to take place [8]. To achieve similar kind of therapeutic at physiological pH and
avoiding harsh processes like acid etching, the catalytic efficacy of Pt phase in

decomposing H,0, to generate ROS, was examined.

Generation of ROS from Pt-catalyzed H,O, decomposition was evaluated by
using 2',7'-dichlorofluorescein (DCFH) as the indicator dye. DCFH was produced
immediately before each assay by incubating 2',7'-dichlorofluorescein diacetate
(DCFHDA) in NaOH (0.1M) for 20 min. After incubation, basic DCFH solutions were
diluted in phosphate buffer at neutral pH, for the experiments. To carry out the H,O,
decomposition experiment, six reaction flasks were taken. To each reaction flask, 0.125
mL of 0.01 M DCFH, 0.05 mL of 0.32 M H,0, and 4.825 mL of Tris-HCI buffer
solutions were added. The pH of the solution was checked to be 7.4. Then, five different
concentrations of nanoparticle solution in water were added to thé five flasks and one
was the control reaction flask without nanoparticles. Then, room temperature shaking
was applied for 12 h, followed by centrifugation to separate the nanoparticles. With the
supernatant solutions, UV-Visible absorption spectroscopy was done. All the reactions

and characterizations were carried out in the dark (light protected chamber).

For fluorescence microscopic study of ROS generation from H,O, with 2',7'-
dichlorofluorescin (DCF is the oxidized form of DCFH) as the indicator, solutions from
control as well as supernatants of the reaction mixtures were drop cast over glass slides
and then covered with cover slips. They were allowed to dry for some time, and then

were observed under fluorescence microscope, excited with wavelength 340-380 nm.
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Wavelength (nm)

Figure 7.6 (a) Decomposition of H>O, using P2 indicated by increasing absorbance of
ROS-sensitive DCF. Here sample 1,2,3.4 and 5 are differentiated by the amount of P2
used as 50pl, 100 pL, 150 pl, 200 pLL and 250 pl of a solution of concentration |
mg/mL. Figure 7.6(b) and (c) show the fluorescence micrographs of control and sample
5.

Fluorescent product 2', 7'- Dichlorofluorescin (DCF) is formed by oxidation of
non-fluorescent DCFH [9]. Figure 7.6(a) shows an increase of absorbance in the UV—
Visible absorption spectra of DCF at ~502 nm with increase in nanoparticle
concentration. Increase in nanoparticle concentration leads to increased H,0-
decomposition, hence to increased oxidation of the DCFH, which is shown by the
increased absorbance of the oxidation product DCF. The same conclusion follows from
the observed many-fold increase in fluorescence intensity in fluorescence micrographs

[Figure 7.6(b) and (c)].
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7.4 Conclusion:

The potential application of hybrid of SPION and QD embedded in mesoporous silica
matrix has been investigated in multifunctional aspects. To be a promising MRI T
contrast agent, the transverse relaxivity of this hybrid is obtained as 214 mg™" mL s™'.
Then the efficacy of the hybrid has been tested as drug and protein loading vehicle. BSA
protein is assumed to be adsorbed on hybrid surface through electrostatic interaction
between surface hydroxyl groups of silica and amine groups of protein. Further APTES
functionalization was done on silica surface and aspirin drug has been loaded on it by
utilizing the same electrostatic interaction between amine groups of APTES and salicylic
group of drug.

Also, the so developed ascorbic acid capped iron-platinum nanoparticles can act
as single moiety, multifunctional nanosystem because of its unique composition. The
iron-platinum nanoparticles exhibit efficiency in generating ROS from H,0;
decomposition, useful for tumor cell death and the transverse relaxivity of water against

concentration of nanoparticle was found to be 189 mg™"' mL sec™.
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Chapter 8

8.1 Conclusion and future prospect:

In the present thesis, an in-depth study on synthesis and structure-property correlation of
magneto-fluorescent hybrid and its constituent nanocomponents have been presented.
Applicability of so developed optimized systems as potential MRI contrast agent,

therapeutic agent and drug-protein loading vehicle have been investigated.

Superparamagnetic iron oxide nanoparticles (SPION) have been synthesized and
successfully surface modified to transfer from hydrophobic to hydrophilic phase [1]. Our
study shows that in presence of excess surfactant, there are multilayers of stearic acid
molecules on nanoparticle surface. The first layer is chemisorbed over it while the
subsequent layers are physisorbed through tail to tail hydrophobic interaction. Therefore,
by pH adjustment from acidic to basic, the stearic acid capped SPIONs can be made
water soluble. However, to obtain an ultrastable SPION suspension in water, useful for
biomedical applications, controlled replacement of stearic acid by hydrophilic, small
ligand DMSA has been carried out. Then size-tunable undoped and Mn**-doped CdTe
QDs have been developed through an aqueous method. It is observed that though in
pristine CdTe preparation, a size-series of QDs can be obtained through refluxing
governed by Ostwald ripening, but in case of Mn**-doped CdTe system, refluxing for
similar period results into growth, disintegration and again growth of NC. Surface
adsorbed Mn** promotes faster growth rate of the NCs to reach saturation and then
disintegration into smaller fraction with refluxing time [2]. After that silica based
magneto-fluorescent hybrid of SPION and optimized size fraction of CdTe QD have
been developed through templated and template-free methods. The hierarchical structure
formation of the hybrid based on the nanocomponent units have been revealed through
small angle X-ray and neutron scattering studies and are corroborated by corresponding

microstructural analysis [3]. In addition, an organic dye has been synthesized by a facile
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method and a magneto-fluorescent hybrid of the dye and SPION has been developed
using silica as the matrix. The so developed hybrid evolved out as microporous structure
with radial distribution of pore channels perpendicular to the surface [4]. A mechanistic
understanding of the nonporous, mesoporous and microporous hybrids have been
proposed with schematic diagrams. Interestingly, the emission characteristic of the
magneto-fluorescent hybrid of SPION and QD exhibit quantum confined Stark effect
under the influence of local electric field induced by charge dispersion at SiOz/polar
solvent interface. In case of the mesoporous hybrid, the Stark shift is observed to be
enhanced which is demonstrated by increased specific charge over the mesoporous
hybrid surface as compared to the nonporous one. A quantitative estimation of the
magnitude of the induced local electric field has been carried out by consideriﬁg the
exciton as an analogous to hydrogen atom [5]. Then the transverse relaxivity of SPION
and its silica based hybrid are measured to ascertain its potency as MRI T, contrast

agent.

Another magnetic system i.e. iron-platinum nanoparticles have been synthesized
by a simple, one-pot and aqueous chemical route using ascorbic acid as reducing as well
as capping agent. While performing reduction, the ascorbic acid gets oxidized to
dehydroascorbic acid which acts as the capping agent of the nanoparticles. Variation in
reaction conditions such as reducing agent, pH and sequence of precursor addition has
resulted in significant differences in composition and magnetic property of the
synthesized nanoparticles [6]. Due to the presence of cubic Pt phase along:with the cubic
FePt phase in the superparamagnetic iron-platinum nanoparticles, the potential
application of the nanoparticles has been demonstrated to serve as therapeutic agent

(utilizing the catalytic property of Pt) and MRI 73 contrast agent.

The future outlook of this thesis can be extended to synthesize various
combinations of QD/dye and magnetic nanoparticles to develop hybrids. Also, more
fucntionalities can be integrated to the hybrids in addition to the explored ones in the

present thesis. Efficiency judgment of the developed systems in real applications like in
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vivo can be researched. In this regard, MRI has been done in mouse abdomen injected

with iron-platinum nanoparticles and the results are presented in APPENDIX B. One
can utilize the QCSE governed red shifting of the hybrid emission characteristic to
develop NIR emitting fluorescent probe and investigate the simuitaneous dual contrast

property of the magneto-fluorescent hybrid through DOT/MRI techniques.
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APPENDIX A
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Figure C-1. The EDX spectra of the P3 sample synthesized at alkaline pH.
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APPENDIX B

Experiment: 7>-weighted MR images of the abdomen of mouse were obtained before
and after (45 min) administration of the nanoparticles of P2 sample using the
parameters: TR = 4000 ms, TE = 14 ms, slice thickness = 0.5 ms, FOV = 28 x 28 mmz;
matrix size = 128 x 128 and number of averages =2. The ascorbic acid capped FePt
nanoparticles were injected through tail vein, 5 mg/kg (0.5 mg/ml) in mouse (~30 g).
The acquisition of the MRI image was synchronized with the respiration of the animals
(measured by placing a balloon under the lung) to correct the artefacts related with the
respiration.
The mathematical calculation followed is shown below:
Mouse weight ~ 30 gm
Dose required ~ 5 mg/kg
So, amount of nanoparticles to be injected in mouse = 0.03 kg X (Smg/kg)
= (.15 mg of nanoparticle

Initial concentration of the nanoparticle solution ~ 0.5 mg/ml
SO, from C1V|:C3V3
05mgXV, =0.15mgX1ml

VvV, =(0.15/0.5) ml=0.3 ml

Hence, 0.3 ml of 0.5 mg/ml solution is injected in mouse of 30 gm at a dose of 5 mg/kg.
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Figure D-1. The T, weighted MR images of mouse abdomen pre (a and b) and post (c
and d) administration of P2. The hypointensity in liver following administration of P2 is

indicated with white arrow (¢, d).
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Observation: From the MR imaging in vivo, it is clear that the signal intensity is
reduced significantly in the liver [Fig D-1(c) and (d), indicated with arrows] following
administration of FePt nanoparticles as compared to the corresponding pre-administered
images [Figure D-1(a) and (b)].
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