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ABSTRACT

This thesis study focuses on synthesizing and characterizing gold-magnetite
optically active magnetic nanoparticle and its conjugation with biomolecules for
biomedical applications, especially magnetic fluid hyperthermia treatment for cancerous
tissue. Gold nanoparticles have already displayed their potential in the biomedical field.
They exhibit excellent optical properties and possess strong surface chemistry which
renders them suitable for various biomolecule attachments. Studies have showed gold
nanoparticles to be a perfect biocompatible vector. However, clinical trials for gold
mediated drug delivery and treatment studied in rat models identified some problems. Of
these problems, the low retention time in bloodstream and inability to maneuver
externally has been the consequential. To further enhance their potential applications and
overcome the problems faced in using gold nanoparticles alone, many researchers have
synthesized multifunctional magnetic materials with gold at one terminal. Magnetite,
among the investigated magnetic materials is a promising and reliable candidate because
of its high magnetic saturation moment and low toxicity. This thesis showcases a simple
and facile one pot synthesis of gold-magnetite nanoparticles with an average particle size
of 80 nm through hot injection method. The as-synthesized nanoparticles were
characterized by XRD, TEM, Mossbauer spectroscopy, SQUID and MTS toxicity
studies. The superparamagnetism of the as-synthesized nanoparticles has an interestingly
high saturation magnetization moment and low toxicity than the literature values reported
earlier. L-cysteine and (-)-EGCG (epigallacatechin-3-gallate) were attached to this
multifunctional nanoparticles through the gold terminal and characterized to show the

particles applicability through Raman, FTIR and UV-Vis spectroscopy.
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1. INTRODUCTION

Nanobiotechnology, the combination of nanotechnology and molecular biology is
a tremendously powerful technology. It holds a huge promise for the design and
development of many types of novel products with potential applications in the fields of
biology and medicine, including early disease detection through advanced noninvasive
medical imaging, treatment through high site-specific drug delivery and protein
purifications. Many metal nanoparticles have been synthesized using various synthetic
methods for this purpose. Among all the candidates investigated, gold nanoparticles have
proven to be extremely useful and reliable candidate. They serve as highly biocompatible
vectors capable of selective and nuclear targeting for site-specific diagnosis and treatment
with extremely low toxicity. Hence, gold nanoparticles were synthesized in different
morphologies including nanoshells, nanorods, tripods, nanocages and nanotubes for
various applications. Despite their numerous advantages, researchers have found some
disadvantages such as the lack of ability to manipulate them externally and low retention
time in the bloodstream.

To overcome these disadvantages and for the potential benefits of multimodal
functionality in biomedical applications, researchers have attached gold with other
magnetic materials. These attached nanomaterials are more precisely described as
multifunctional magnetic nanomaterials, since they exhibit two or more distinctively
different functionalities within a single nanostructure. One of the successful and
promising multifunctional magnetic nanomaterials is the gold-magnetite (Au-Fez0,)
nanoparticles because magnetite offers high magnetization saturation moment and
susceptibility with low toxic nature. Magnetite nanoparticles by themselves have also
demonstrated their potential for biomedical applications in magnetic resonance imaging
(MRI) and hyperthermia (local heat treatment for destruction of cancer cells). This
research work outlines the synthesis, characterization of gold-magnetite (Au-Fe3O,)
nanoparticles and their conjugation with biomolecules such as L-cysteine and (-)-EGCG
(epigallocatechin-3-gallate).
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1.1. GOLD NANOPARTICLES: PROPERTIES AND APPLICATIONS

Gold is one of the subjects for most ancient themes of investigation in science.’
Its renaissance now leads to an exponentially increasing number of publications for its
applications in electronic, medical and biological fields, especially in context with the
emerging nanoscience and nanotechnology. Gold nanoparticles are mostly isolated as
stable colloidal solution of clusters of gold atoms in the size range of 1-100 nm. They are
amongst the most stable metal nanoparticles. In this dimensions, gold nanoparticles
exhibit some special optical properties when compared to bulk gold.>* For example, the
color changes from yellow to ruby red when bulk gold is converted to gold nanoparticles.
This change in color can be explained using the “surface plasmon resonance” theory

(figure 1.1).

Electric field

Metal sphere

\ :
| |

Figure 1.1. Schematic representation of a localized surface plasmon. Reprinted with
permission from reference 4. Copyright 2007 by Annual Reviews.

Surface plasmon resonance® theory states that when a cluster of gold atoms are hit
by an electromagnetic field, the surface electrons of the gold atoms (occupying the 6s
levels of the gold-atom clusters) present in the conduction band of gold nanoparticles
oscillate back and forth, creating a plasmon band with an absorption peak in the visible
region at 520-550 nm. Gustav Mie proposed an explanation for the phenomenon® in 1908
which rationalizes the nature of surface plasmon resonance. According to Mie theory, the
total cross section composed of the surface plasmon absorption and scattering is the
summation over all the electric and magnetic oscillations. These surface plasmons were
described quantitatively by solving Maxwell’s equations for spherical particles with

appropriate boundary conditions. Thus, surface plasmon resonance band is absent for
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gold nanoparticles with size less than 2 nm and greater than 500 nm. The surface plasmon
resonance band maximum and bandwidth are also influenced by the particle shape,
medium dielectric constant and refractive index of the solvent in which gold
nanoparticles are suspended, density of electrons and effective electron mass. For small
spherical particles, the collective oscillation of electrons is called dipole plasmon
resonance of the particle. As the geometry of the nanoparticles changes, these boundary
conditions are no longer valid. Modern day approaches such as discrete dipole
approximation’ can applied to calculate the surface plasmon absorption for arbitrary
geometries. These approaches account for the longitudinal plasmon resonance or
quadrupole plasmon resonance which is in accordance with experimental values. The
increase in intensity and wavelength maximum as the aspect ratio (length divided by
breadth) increases. Figure 1.2 represents the change in absorption spectra as the shape

and size of gold nanoparticles varies.

old Nanoparticles

b

/\
.e' [\
.‘\\\ /| \\ )/ \
| .
06 , |\ /| —— 15nm nanospheres
2 \ /| = 30nm nanospheres
s L. 2.5AR nanorods
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Figure 1.2. Gold nanoparticles-absorption spectra of various sizes and shapes.
Reproduced from reference 8 with permission of The Royal Society of Chemistry.
Copyright 2005 by Royal Society of Chemistry.
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Several research groups have fabricated gold nanoparticles with monodispersity
and controlled size by reduction of gold salts in presence of appropriate stabilizers that
prevent particle agglomeration. Electro deposition and physical methods like
sonochemistry, radiolysis have also been employed for their synthesis. Some of the most

common synthetic methods are listed in table 1.1.

Table 1.1. Common synthetic methods and capping agents for gold nanoparticles

Core size

Synthetic methods Capping agents
(nm)

Phosphine
Reduction of AuCI(PPh3) with diborane or
1-2 (PR3; R=alkyl
sodium borohydride.®

groups)
Biphasic reduction of HAuCl, by sodium
1.5-5 Alkanethiol
borohydride. 0!
10-150 Reduction of HAuCI, with sodium citrate.? Citrate

The affinity of gold towards the sulfur head of the thiols and amines make them very
responsive towards biofunctionalization with appropriate biomolecules, leading to
significant medical and biological applications.***** Figure 1.3 illustrates some of the

biomedical applications of gold nanoparticles and few applications are discussed in detail
later.
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Gene delivery Drug delivery

Photothermal Targeting
therapy
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Figure 1.3. Biomedical applications of gold nanoparticles. Reprinted from reference 14
with permission from Elsevier. Copyright 2008 by Elsevier.

1.1.1. Bio-Sensing. Gold nanoparticles based bio-sensors*? functions by
detecting the change insensitivity of plasmon resonance frequency as it is a very reliable
intrinsic feature. The binding of biomolecules to the surface of gold nanoparticles can
change the plasmon resonance frequency directly. This change in the plasmon resonance
frequency is called plasmon coupling and can be used for colorimetric detection of
analytes. This method was first pioneered by Mirkin et al. who developed an assay for the
detection of DNA.®'" In this assay, the gold nanoparticles were conjugated with
oligonucleotides containing sticky ends that are complementary to the target sequence
which is to be detected. The initial color of the conjugated gold nanoparticles appeared
red but after hybridization with the target sequence, the colloidal solution appeared
violet-purple. Several other DNA assays have been developed based on this concept for
guantitative analysis and the same concept can be applied for other analytes apart from
DNA. Also, from the change in color one can predict the change in size of the gold

nanoparticles.
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1.1.2. Hyperthermia. Hyperthermia is a local heat generation technique to kill
cancerous cells by stimulating the nanoparticles with an external stimulus, in this case
light. When gold nanoparticles absorb light, the free electrons on the surface are excited.
This excitation causes collective oscillation of the free electrons. Interaction of these free
electrons with the crystal lattice causes the electrons to relax by transferring the thermal
energy to the lattice. Subsequently, the heat is dissipated to the surrounding
environment.'®*° The ideal average human body temperature is 37°C. Body temperatures

between 37-42°C can lead to fever and above 42°C can be lethal.?°

Hyperthermia is based
on this fact and is carried out in two steps. First, gold nanoparticles conjugated with
specific receptors for cancerous cells are enriched in the cancerous tissue (i.e. cell
internalization). Second, the particles are excited by an external stimulus to generate heat
and dissipate to the surroundings for selective killing.

1.1.3. Contrast Based Imaging. Imaging studies are based on the comparisons
of contrast produced by variations in the electron densities from different tissues. Since,
gold nanoparticles have high electron density; they can effectively be used as contrast
enhancing imaging agents. Again, the gold nanoparticles are conjugated with the
appropriate biomolecules to target the specific tissue or organ and administered in to the
body. When the particles are administered and enter the bloodstream, they bind to the
specific organ or tissue through receptor-ligand interactions. The particles bound to the
tissue or organ provides high contrast difference for better imaging. Gold nanoparticles
can be imaged with high signal to noise ratio by X-ray computer tomography with short
exposure time, which helps in reduced damage to the nearby tissues through long
exposed radiation sessions, if needed.?!?

1.1.4. Targeted Drug Delivery. Cells have the ability to ingest nanoparticles
naturally, so nanoparticle incorporation can be specific (via receptor-ligand interaction)
or non-specific.® After the ingestion, cells store the ingested nanoparticles in
endosomal/lysosomal vesicular structures in them.?* For successful release of the
particles to the cytosol, the nanoparticle surface can be coated with disruptive polymer or
peptide which allows their direct entry in to the cytosol.>?® Gold nanoparticles can be
modified by conjugation with various drug molecules and coating for release into cytosol

depending on the specific uptake of the targeted cells while retaining their
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biocompatibility. Generally, they are used in gene therapy®’ and anti-cancer drug delivery
to cancerous cells.?®
1.2. MAGNETITE NANOPARTICLES: PROPERTIES AND APPLICATIONS
Iron oxide is a generic name given for iron oxides, hydroxides, oxyhyrdoxides
and other related compounds. All together there are 16 different types of compounds
known. Among them, magnetite, Fe3O, is the most magnetic and naturally abundant
mineral. Loadstone, a naturally magnetized form of magnetite was historically used by
navigators to locate the geographic north. They were also used as pigments in paints and
paleomagnetism (tectonic plate studies). Recently, magnetite nanoparticles have become
important due to their widespread applications such as ferrofluids,? digital media
recording,® MRI contrast agents,®* targeted drug delivery,3 magnetic hyperthermia,®

sorbent for wastewater treatment etc.

Magnetite has an inverse spinel structure with Fd3m space group. The unit cell is
made up of eight formula units. It has oxygen in cubic close packed lattice with Fe**
occupying the tetrahedral and octahedral sites, where it co-exists with Fe?*in the
octahedral sites. Thus the formula for magnetite can be precisely written as
tetFe** [OctFe**Fe?*]0,. The tetrahedral site is often referred as A site and octahedral site
as B site. There are 16 Fe** ions with equal distribution on A and B sites, 8 Fe** ions on
the B site and 32 O atoms.

Generally, magnetic materials can be classified as paramagnetic, ferromagnetic,
ferrimagnetic or anitferromagnetic based on the orientation of the magnetic dipoles
within the material in presence of an external magnetic field (figure 1.4). Magnetic
behavior of a material is strongly dependent on size of the material, temperature and the
applied magnetic field. Bulk magnetite is a ferrimagnetic material, however magnetite
nanoparticles exhibit superparamagnetism.®*=° It is the nano-size effect of ferro or
ferrimagnetism. Below a critical size, a ferro or ferrimagnetic material is reduced to a
state which consists of single magnetic domain and with no internal domain boundaries.
It is in a state of unified magnetization within the particle at any applied field. The
direction of collective magnetization of an ensemble can rotate thermally and behave as a

superparamagnet with a very large moment (figure 1.5).
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(a) paramagnetism (b) ferromagnetism
#

b —
VAN .

(c) anti-ferromagnetism (d) ferrimagnetism

Figure 1.4. Magnetic ordering in (a) paramagnetic, (b) ferromagnetic, (c) anti-
ferromagnetic and (d) ferrimagnetic materials.

Single particle magnetic domain in nanoparticles
(under no external magnetic field)

external
magnetic
field

Magnetic domain of bulk ferromagnet material
(under no external magnetic field)

Single particle magnetic domain in nanoparticles
(under applied external magnetic field)

Figure 1.5. Schematic representation of magnetic ordering in bulk ferromagnet material
and single particle domain (in absence and presence of external magnetic field).
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Frenkel and Dorfman®’ were the first to predict this behavior. Later, Kittel®® and
others estimated the critical dimension for a spherical particle of common ferromagnetic
materials. In 1949, Neel pointed out that if the single domain particles were small
enough, thermal fluctuations could cause its direction of magnetization to undergo a sort
of Brownian motion and also derived an equation for the particles to arrive at thermal
equilibrium in a given time. In 1959, Bean and Livingston® explained
superparamagnetism using a model system of spherical particles with uniaxial anisotropy
that were first fully magnetized along the easy axis of symmetry. By considering
spherical particles, the magnetic anisotropy can be approximated to be proportional to the
particle volume, V. To approach zero remanence corresponding to thermal equilibrium, a
sufficient number of particles must be reversed by thermal activation. The energy barrier
that separates easy magnetization axes is the magnetic anisotropy energy, K,V, where K,
is the volume anisotropy constant (figure 1.6). For nanoparticles, the particle size is small
and the magnetic anisotropy energy is comparable with thermal energy (equation 1.1).
Thus, the magnetic moment of the particle may fluctuate behaving as a superparamagnet
but with a total moment exceeding that of the bulk by approximately 1000 times.

K,V < 25kgT (L)

Now applying the Boltzmann distribution for the total magnetization of the
particles ensemble when subjected to external applied field and thermal equilibrium can

be given by Langevin equation (equation 1.2).

1

M = Mo [coth (:,THT) N (12)

Where M = magnetization, M = saturation magnetization, H = applied magnetic field, p

= magnetic moment, T = temperature and kg = Boltzmann constant.

Besides, the dependence of magnetization on particle size, shape and composition
it greatly depends on temperature also. The critical temperature above which ferro or
ferrimagnetic particle will behave as superparamagnetic, a state where spontaneous
fluctuations of the particle moment are allowed causing loss of magnetic ordering is

39,40

called as blocking temperature (Tg)™™ and can be predicted by equation 1.3 i.e. thermal

energy is equal to the magnetic anisotropy energy.

KpV

Tp = 7o ..(1.3)
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Magnetic Energy

Angle between easy axis and magnetization

Figure 1.6. Schematic representation of the magnetic energy versus angle between easy
axis of magnetization and applied magnetic field.

In 1939, Verwey*! observed a phase transition (cubic to triclinic) in magnetite
below 120 K due to first order transition. The resistivity of magnetite increased by a
factor of the order 100 due to this transformation. This was later explained by charge
ordering of divalent and trivalent ions on the octahedral sites in alternation layers.** This
temperature at which phase transformation occurs is called Verwey temperature (Ty).
When the particle size reduces from bulk to nanoparticle regime, the Verwey temperature
decreases or disappears.

Superparamagnetic particles by virtue of their unique magnetic properties show
usefulness in avariety of diverse applications. Superparamagnetic magnetite nanoparticles
are being used for the following applications due to high magnetization saturation
moment and low toxicity.

1.2.1. Ferrofluid. Ferrofluids®®*® are colloidal suspensions of permanently
magnetized nanoparticles in a carrier fluid, usually organic solvent or water with no long
range ordering. Brownian motion keeps them from settling and the influence of gravity
and the coating around these particles provide short range steric repulsions which prevent
particle agglomeration under non uniform magnetic field. Ferrofluid was first invented by
NASA’s Steve Papella* as a low density and low viscosity magnetic propellant usable
under zero gravity conditions. These ferrofluids also have potential applications in

www.manaraa.com
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micro/nanoelectromechanical systems (MEMS/NEMS), analytical and medical devices,
sealing, heat transfer, bearing etc.

1.2.2. Wastewater Remediation. Industrial wastewater contains hexavalent
chromium compounds that usually exist as chromate (CrO,*) and dichromate (Cr,0+%).
They are highly toxic agents that act as carcinogens and mutagens. So their treatment is
very important and generally carried out by applying a reducing agent such as ferrous
sulfate. This method consumes large quantities of reagents, utilizes large volume sludge
treatment reactors and is a high cost operation. Whereas using magnetite nanoparticles
overcomes these problems with additional advantages. The advantages include (i)
utilization of minimal quantity of nanoparticles, (ii) higher adsorption capacity of
nanoparticles due to larger surface area, (iii) regeneration of the nanoparticles by
desorption technique is easy and faster, (iv) ease of separation from treated water by
using external magnetic field.*>#4/

1.2.3. Biological Applications. Similar to gold nanoparticles, the surface of the
magnetite nanoparticles can be functionalized and can be used for various biological
applications such as magnetic fluid hyperthermia, MRI, targeted drug delivery etc.
Researchers have used the magnetite nanoparticles conjugated with TAT protein derived
peptide sequence to tag cells magnetically for effective imaging. Another promising
application of these magnetite nanoparticles is in drug delivery. Widder et al.
demonstrated the usefulness of magnetic albumin microspheres in animal tumor
models.*® These modified microspheres achieved significantly greater responses than
adriamycin alone. Gallo et al. have later demonstrated the same in normal rats.*® In their
work, they report that the retention time of these microspheres was up to 72 hours. Other
researcher groups have also proved magnetite nanoparticles effective use in DNA
analysis, cell separations, cell specific targeting and hyperthermia.®*%!

Significant efforts have been devoted in the synthesis of magnetite nanoparticles
with different characteristics for various applications. Some of the common methods
include hydrothermal treatment, thermal decomposition, co-precipitation, sonochemical
and solvothermal.*®*! Among them, thermal decomposition and co-precipitation are the
most common techniques adopted by researchers. The co-precipitation process involves

the precipitation of iron precursors Fe?* and Fe** in the ration of 1:2 by using an alkali,
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usually sodium hydroxide or ammonium hydroxide, which leads to the formation of a

black precipitate of magnetite nanoparticles. On the other hand, thermal decomposition
process involves decomposition of an organic precursor for the formation of magnetite
nanoparticles in presence of capping agents, usually eqimolar mixture of oleic acid and

oleylamine. Some common synthetic techniques are listed below in table 1.2.

Table 1.2. Common synthetic methods and reaction factors for magnetite nanoparticles

Synthetic methods Reaction Factors

Co-precipitation of divalent and trivalent iron 8< pH <12, ratio of divalent

52,53,54

salts, usually chloride or sulfate salts iron to trivalent iron = 2:1

Hydrothermal synthesis™ Solvent, temperature and time

Surfactant, stabilizer,

Thermal decomposition®®*’

temperature

1.3. MULTIFUNCTIONAL MAGNETIC MATERIALS

From the earlier sections, it can be stated that gold and magnetite nanoparticles
have potential benefits in electronic, mechanical, biological and medical applications. But
they have their own disadvantages too. Gold nanoparticles have short circulation time in
the bloodstream and only a small fraction of the particles have a chance to bind with the
organ or tissue when used as MRI contrast agents. They are readily cleared in the body
by the liver and kidneys. The other problem faced by using gold nanoparticles for
hyperthermia is that the local particle enrichment. Tissues absorb light in the visible
region and infrared light can only penetrate through thin tissues. Therefore, gold
nanoparticles can be used for tissues close to the skin and not deep inside. Magnetite
nanoparticles on the other hand also have some disadvantages despite their potential

applications. For colloidal suspensions of magnetite nanoparticles, a polymeric or organic
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coating is indispensable. Also, unlike gold nanoparticles, magnetite nanoparticles cannot
bind with a wide range of biomolecules.***°

Hence, to overcome these problems researchers have devoted significant amount
of time and hard work to attach gold with magnetite nanoparticles using different
synthetic techniques. Several groups have reported the formation of gold-magnetite
nanoparticles in different morphologies such as core-shell, core-hollow shell, dumbbell
shape, nanoflower etc.’®**%° S_ Sun et al. have proposed a mechanism for the formation
of these multifunctional nanomaterials.®® They state that if a polar solvent is used in the
synthesis process, the electron deficiency on the gold is replenished by the solvent itself
which allows multiple nucleation sites to be formed. And as the process continues, the
nucleation lobes grow, connect and eventually form a shell on the gold surface. If the
synthesis process involves the utilization of non-polar solvent, once a single nucleated
site depletes the electrons from gold, the electron deficiency cannot be replenished in the
reaction i.e. solvent preventing the formation of new nucleation site on the gold surface.

This process eventually results in formation of dumbbell shaped nanoparticles.

N

~

Figure 1.7. Schematic representation showing the mechanism of formation of (a) core
shell nanoparticle (polar solvent) and (b) dumbbell shaped nanoparticles (non-polar
solvent). Reused from reference 58 with permission from Wiley. Copyright 2008 by

Wiley-VCH GmbH & Co. KGaA, Weinheim.
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Multicomponent nanomaterials integrate several functionalities in a single particle
ensemble. Hence, the plasmonic, magnetic and magneto-optical properties change when
compared to the individual components alone. In the earlier section, it was stated that
gold nanoparticles exhibit strong surface plasmon resonance absorption. These
multicomponent nanomaterials also exhibit surface plasmon resonance absorption but it
is significantly red shifted. The reason for this behavior can be given using Mie theory.
Surface plasmon resonance depends on the refractive index, dielectric constant etc., and
the attachment of magnetite to the gold alters these parameters causing the red shift in the
absorption peak. Second, the magnetic properties of multicomponent nanomaterial also
changes. The observed changes include decreased magnetization saturation, increased
coercivity and decreased remanence ratio. This change in behavior can be explained by a
new surface anisotropy induced by the attachment: Fe atoms at the interface have reduced
number of nearest neighbors, which in turn decreases the interatomic exchange coupling.
The new uniaxial anisotropy dominates the original cubic anisotropy i.e. the non-
magnetic gold acts as a template blocking the spins at the interface.

1.4, RESEARCH PROBLEM

In context with the previous section topics it can be said that multifunctional
magnetic nanomaterials are very important in biological and medical applications. The
research problem for this thesis is the synthesis of multifunctional gold-magnetite
nanoparticle-biomolecule conjugates with higher magnetization saturation moment and
lower toxicity compared to earlier reported values, using novel synthesis routes. These
bifunctional gold-magnetite nanoparticles were synthesized using one pot hot injection
method. Further, the thesis also focuses on the validation of these nanoparticles and their
conjugation with biomolecules like L-cysteine and (-)-EGCG using various microscopic
and spectroscopic techniques such as SEM, TEM, Mdéssbauer and SQUID magnetization
studies, Raman and FTIR, etc. The upcoming chapters deal with the experimental
procedures followed and their results.
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ABSTRACT

Superparamagnetic Au-Fe;O,4 bifunctional nanoparticles have been synthesized using a
single step hot-injection precipitation method. The synthesis involved using Fe(CO)s as
iron precursor and HAUCI, as gold precursor in presence of oleylamine and oleic acid.
Oleylamine helps in reducing Au®* to Au® seeds which simultaneously oxidizes Fe(0) to
form Au-Fe;0, bifunctional nanoparticles. Triton® X-100 was employed as a highly
viscous solvent to prevent agglomeration of Fe3O4 nanoparticles. Detailed
characterization of these nanoparticles was performed by using X-ray powder diffraction,
transmission electron microscopy, scanning tunneling electron microscopy, UV-visible
spectroscopy, Mdssbauer and magnetometry studies. To evaluate these nanoparticles
applicability in biomedical applications, L-cysteine was attached to the Au-Fe3O4
nanoparticles and cytotoxicity of Au-Fe3O4 nanoparticles was tested using CHO cells by

employing MTS assay. L-cysteine modified Au-Fe;O4 nanoparticles were qualitatively
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characterized using Fourier transform infrared spectroscopy and Raman spectroscopy;
and quantitatively using acid ninhydrin assay. Investigations reveal that that this approach
yields Au-Fe;O,4 bifunctional nanoparticles with an average particle size of 80 nm.
Méssbauer studies indicated the presence of Fe in Fe** in A and B sites (tetrahedral and
octahedral, respectively) and Fe?* in B sites (octahedral). Magnetic measurements also
indicated that these nanoparticles were superparamagnetic in nature due to Fe3O4 region.
The saturation magnetization for the bifunctional nanoparticles was observed to be ~74
emu/g which is significantly higher than the previously reported Fe3O4 nanoparticles.
Madossbauer studies indicated that there was no significant Fe(0) impurity that could be
responsible for the superparamagnetic nature of these nanoparticles. None of the
investigations showed any presence of other impurities such as Fe,O3 and FeOOH. These
cysteine functionalized Au-Fe;O, bifunctional nanoparticles showed no significant
cytotoxicity to the CHO cells up to 48 h even at concentrations of 1 mg/ml making them
suitable for biomedical applications such as local heat generators (hyperthermia) for
cancer treatment and drug delivery vehicles.
1. INTRODUCTION

Multifunctional nanomaterials have recently attracted the attention of the materials
science community owing to their vast applicability in a diverse range of applications [1-
6]. One of the most promising applications for these multifunctional nanomaterials is
related to the biomedical field where they have been used as photothermal killing of
cancerous cells [7], magnetic resonance and fluorescence imaging [8-11], cell targeting
and sorting [12], and drug delivery [13-15]. In these multifunctional nanostructures
which are made by fusion of two entirely different materials with diverse properties into
one single nanostructure, Au has been the preferred choice as one of the components.
Traditionally, Au nanoparticles have demonstrated their importance in biological and
medicinal applications, including immuno-sensing [16], phagokinetic studies [17], as
carrier vehicles for delivery of nucleic acids via covalent and non-covalent conjugation
[18], labelling and cell visualization by photothermal or photo acoustic methods [19],
separation and purification of biomolecules, hyperthermia agents (local heat generation
for tumor destruction), contrast enhancer, tissue engineering and highly selective bio-

sensors[16-18]. The reason for their extensive applications in biology and medicine is not
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only because of their robust interaction with biomolecules containing thiol and disulfide
functional groups but also due to their unique optical properties. However, despite the
numerous advantages, the ability to manipulate Au non-invasively is rather limited.
Recently, many researchers have tried to find a solution to this problem by using
multifunctional nanomaterials where Au is combined with other suitable magnetic
materials thereby producing an optically active magnetic nanostructure. Among these,
magnetite (Fe3O,) is the most appropriate candidate to be coupled with Au, due to its low
toxicity, high saturation magnetization and high susceptibility. Magnetite nanoparticles
have also been used as drug delivery vehicle (therapeutics) [20], to generate local heat in
alternating magnetic field leading to necrosis of cancer cells (hyperthermia) [21], MRI
contrast enhancer and magnetic separator when labelled with appropriate biomolecules
[22-26]. The functionality of the magnetic nanoparticles depends predominantly on their
unique magnetic properties in the nanoscale including superparamagnetism. As the size
of a ferromagnetic particle is reduced from the bulk state to below several tens of
nanometers (i.e. critical size), the particle behaves as a monodomain magnetic particle.
This behavior is termed as superparamagnetism and the material is called
superparamagnetic [27]. The minimum temperature above which spontaneous flipping of
the particle moment under an applied field occurs is called as the blocking temperature,
Tg. Above Tg the particles behave as superparamagnets with randomly oriented particle
moments, while below Tg they may exist in blocked (i.e. ordered) state.
As a bifunctional nanoparticle, gold-iron oxide nanoparticle can inherit excellent surface
chemistry characteristics, unique optical properties (attributed to Au) and
superparamagnetic characteristics attributed to Fe-oxides. Drugs attached to these
bifunctional nanoparticles can have more advantages over ordinary drugs. First, they
offer size controllability, ranging from few to hundreds of nanometers with different and
unique size-dependent properties. Second, they can be easily controlled and manipulated
from outside with the help of external magnetic field being operated from a distance.
Third, they can provide enhanced contrast in medical imaging that can be used to
diagnose the situation efficiently. Fourth, with their highly selective binding properties,
drug molecules can also be attached to the surface of these nanoparticles. Fifth, they also

exhibit high rate of absorption in the human body due to their high surface area to volume
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ratio. These characteristics would further enhance and broaden the application of these
nanoparticles for theranostic applications.

Given such importance of the gold-iron oxide nanoparticles in theranostic
applications, there have been considerable efforts directed towards synthesis of these
bifunctional nanoparticles. Reported synthesis protocols for Au-Fe3O, include
decomposition of iron precursors (e.g. iron acetylacetonate) on gold nanoparticle seeds,
reduction of Au®* on iron oxide nanoparticles with porous silica shell, by chemical bond
linkage using intermediary molecules to form core-shell, core-hollow shell, and
dumbbell-like nanostructures [28-34]. However, most of these methods were multi-step
processes, which might be detrimental for large scale synthesis of these potentially
transformative nanoparticles. Hence, there is still a need for producing these gold-iron
oxide nanoparticles through simpler reactions involving less number of steps and more
biocompatible precursors.

In this article we report a facile one-pot synthesis of bifunctional Au-Fe3O4
superparamagnetic nanoparticles and their biofunctionalization with simple amino acid
like cysteine. These bifunctional nanoparticles were synthesized in a single step from
reaction between HAuUCI, and Fe(CO)s in presence of oleic acid and oleylamine.
Magnetic and optical properties of these nanoparticles were studied in details. Cell
viability and toxicity studies were also carried out on these nanoparticles which revealed
that these were not toxic to CHO cells even at moderately high exposure. The
superparamagnetic nature with high saturation magnetization and very low toxicity
makes these Au-Fe;O4 nanoparticles very suitable for theranostic applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Iron pentacarbonyl (Fe(CO)s), oleylamine, ninhydrin,
Dulbecco’s Modified Eagle Medium (DMEM) / Nutrient mixture F-12 Ham culture
media, penicillin streptomycin sterile solution and L-cysteine were purchased from
Sigma Aldrich. Oleic acid, acetic acid and phosphoric acid were purchased from Fischer
Scientific. Triton® X-100 and hydrogen tetrachloroaurate (I11) trihydrate
(HAuUCI4-3H20) were purchased from Acros Organics. Fetal bovine serum (FBS) was

purchased from Atlanta Biologicals. MTS assay dye was purchased from Promega.
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Solutions were prepared according to standard laboratory procedures. All chemicals used
were reagent grade and were used as supplied.

2.2. Synthesis of bifunctional Au-Fe;O4 nanoparticles. The synthesis of
Au-Fe30,4 nanoparticles was carried out in air by simultaneous addition of Fe(CO)sand
HAuUCI, with excess oleylamine (OLAM) and oleic acid (OLAC). 5 mL Triton® X-100
was added to a three neck round bottom flask equipped with a magnetic stir bar and air
condenser. The solution was heated to 85 °C. 2.5 mM of Fe(CO)s, 0.25 mM of HAuUCl,,
2.5 mM OLAC, and 2.5 mM of OLAM were injected in this hot solution. The
temperature was then ramped to 300 °C. Upon injection of the Au and Fe-precursors, the
solution turned black with rapid evolution of gases. After 10 min the gases subsided and
the black solution was allowed to reflux for 1 h. After 1 h, heating was stopped and the
reaction was cooled to room temperature.

2.3. Purification of crude product. The product was isolated from the reaction
mixture by washing and centrifugation at least 3-4 times with ethanol using
ultrasonication to remove excess Triton® X-100 and any unreacted precursors. The
powder collected at the bottom of the centrifuge tube was dried in air. The black powder
obtained after drying was characterized further through powder X-ray diffraction
(PXRD), scanning and transmission electron microscopy (SEM and TEM, respectively),
energy dispersive spectroscopy (EDS), UV-Vis, Mdssbauer and magnetometry studies.
Millipore water was used throughout to disperse the nanoparticles as needed for
characterization as well as further studies.

2.4. Characterization of bifunctional Au-Fe3;O,4 nanoparticles.

PXRD: As-synthesized nanoparticles was ground and used for PXRD, which was carried
out on Philips Xpert diffractometer scanning from 5°to 90 °.

TEM & SEM: TEM images were taken by using Tecnai F20 transmission electron
microscope with FEG at an accelerating voltage of 200kV. A dual beam Helios 600 Nano
was used for SEM and STEM studies. Samples for TEM and STEM studies were made
by dispersing as-synthesized nanoparticles in ethanol by ultrasonication for 2 h and
adding drops from the diluted dispersion on a carbon coated 300 mesh Cu grid followed

by drying in air overnight.
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Optical studies: The UV-vis absorption studies were carried out with Cary 50 UV-vis
spectrophotometer.

Magnetic characterization: Temperature dependent magnetic moment at constant field
and field dependent isothermal magnetization measurements were performed with
SQUID (Superconducting quantum interference device) magnetometer. The powdered
sample of a known mass (8.8 mg) was loaded in a gel cap, which was inserted into the
magnetometer with the help of standard sample loader. Background signal was collected
from the diamagnetic gel cap separately and subtracted from the sample signal. Zero field
cooled (ZFC) data was collected after cooling down the sample under zero magnetic
field, and them recording magnetization as a function of warming temperature under an
applied field of 100 Oe. The field cooled data (FC) on the other hand, was collected by
cooling down the sample under an applied magnetic field and simultaneously recording
the sample magnetization as a function of decreasing temperature. The isothermal
magnetization at various temperatures (5 K, 100 K and 300 K) was collected by varying
applied magnetic field from -20000 Oe to 20000 Oe and recording the change in sample
magnetization.

Méssbauer spectroscopy: The transmission °’Fe Mdssbauer spectrum of the powdered
sample was recorded at room temperature using a gamma-ray source of °’'Co in a
Rhodium matrix. The spectrum data was fitted using Lorentzian function in RECOIL
software [35]. Isomer shifts and quadruple splitting are given with respect to a-Fe foil at
298 K.

2.5. Preparation of L-cysteine modified bifunctional Au-Fe;O4 nanoparticles.
Cysteine solution of concentration 0.5 mg/mL was prepared by dissolving 50 mg of L-
cysteine in 100 mL Millipore water. 10 mL of this solution and 20mg of as-synthesized
Au-Fe304 nanoparticles were taken into a flat-bottomed conical flask with glass stopper.
The flask was sealed with parafilm and placed on an orbital shaker for 24hrs at 150 rpm.
After incubation, the nanoparticles were separated by attraction to a magnet and 0.5 mL
from the supernatant was taken for acid ninhydrin assay [36]. The magnetically separated
nanoparticles were further dried and characterized by FTIR and Raman spectroscopic

studies.
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2.6. Characterization of L-cysteine modified bifunctional Au-Fe;O,
nanoparticles. IR spectra were acquired with a Thermo Nicolet Nexus 470 FTIR
spectrometer. The functionalized nanoparticle powder was intimately mixed with dry
KBr into a homogenous fine powder with a mortar-pestle. Pellets were made from this
homogenized mixture by compression using Carver Press at 15000 psi. The spectra were
collected over a range of 400 — 4000 cm™. Horiba Jobin Yvon Lab Raman ARAMIS
model was used to perform Raman microspectroscopy on the functionalized
nanoparticles. The laser used was He-Ne with a power of about 1.7 mW over a range of
100 — 2000 cm™. The spectra were iterated over an average of 25 scans.

2.7. Acid ninhydrin assay. Acid ninhydrin assay was performed according to
the literature as an instant method of L-cysteine detection. The reaction mixture for
standard containing 0.5 mL of L-cysteine solution (0 — 0.5 mg/mL), 0.5mL of acetic acid
and 0.5mL of acid ninhydrin reagent was mixed thoroughly. The test tubes were covered
with caps and heated in boiling water for 10 min. They were rapidly cooled under
running tap water, and the contents were diluted to 5 mL using 95% ethanol. A blank
containing only sample solution from the supernatant without L-cysteine was also
prepared under the same conditions. The absorbance standard plot was calculated at 560
nm with Shimadzu UV 1700 spectrophotometer. Acid ninhydrin reagent was prepared by
dissolving 250 mg of ninhydrin in a mixture of 6 mL of acetic acid and 4 mL of 0.6 M
phosphoric acid. The reagent was stable for 2 weeks at 4 °C.

2.8. Cell culture. CHO cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) / Nutrient mixture F-12 Ham culture media supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cell cultures were incubated at
37 °C in a humidified atmosphere of 5% CO, and 95% air.

2.9. Cytotoxicity. Cell viability was assessed by the MTS assay (CellTiter 96®
AQueous One Solution Cell Proliferation Assay), based on the conversion of a
tetrazolium compound, 3-(4,5-dimethylthiazol-2 yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H tetrazolium (MTS), to a colored formazan product by living cells [37].
Absorbance was read by a microplate reader at 490 nm. The quantity of formazan
product, as measured by the amount of absorbance, was directly proportional to the

number of viable cells in the culture.
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10,000 CHO cells were seeded in each well of 96-well plates. After 24 h, the
medium was then discarded and replaced with serum free fresh medium containing the
Au-Fe;0, nanoparticles at different concentrations for 48 hr. CellTiter 96® AQueous One
reagent (20 pl/well) was added to each well and the plate was incubated for 1.5 h at 37 °C
in a humidified atmosphere of 5% CO, and 95% air, and then centrifuged to get rid of
nanoparticles. The MTS formazan product was measured by determining the absorbance
of the supernatant (100 pL) at 490 nm using a 96-well plate reader (FLUOstar, BMG
Labtechnologies, Durham, NC, USA). The relative cell viability (%) related to control
wells containing culture medium without nanoparticles was calculated by [Alest/[A]control
x 100.

3. RESULTS AND DISCUSSION
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Figure 1. PXRD pattern of Au-Fe;O, bifunctional nanoparticles synthesized at 300°C

Figure 1 shows the formation of highly crystalline Au-Fe3;O4 nanoparticles confirmed by
PXRD pattern, which corroborated very well with the standard patterns of FesO4 with
inverse spinel structures(JCPDS 04-007-2718) and Au (JCPDS 00-004-0784). The PXRD
pattern was very clean and did not show any impurity peaks corresponding to other iron
oxide phases like Fe,O3 and FeOOH. From Schrerrer equation the size of these particles

was calculated to be 75 nm with the Fe3O4 region being around 60 nm while the Au part
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was around 15 nm in average [38]. The size of nanoparticles could be tuned by
controlling the time at which HAuCl, was injected, presence of OLAM in the reaction
mixture (excess OLAM led to bigger gold particles), reflux time and the HAuCl,/Fe;0,
ratio. Specifically, injecting Fe(CO)s in large excess compared to HAuCl, (~20:1 Fe:Au
molar ratio) led to overgrowth of Fe3O,4 part while refluxing the reaction mixture for
longer time resulted in agglomeration of Au-Fe3O4 particles. Presence of OLAM helps in
reduction of Au*to Au® onto the Fe;0, surface. The role of Triton® X-100 was more as
a highly viscous solvent which inhibited overgrowth of the Fe;O,4 part and changing the

concentration of Triton® X-100 had very minimal effect on the morphology of the Au-

Fe304 nanoparticles.

Figure 2. (A) TEM image of the bifunctional nanoparticles showing decoration of FezO,4

with Au. (B) HRTEM showing the attachment of Au to Fe;O,4 and the crystallinity of the

individual regions. Lattice fringes from the Au and Fe3;O, regions corresponds to <111>
and <311> planes, respectively.

The morphology and composition of the bifunctional nanoparticles were
characterized by transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). Investigations from TEM and SEM showed a high yield of
bifunctional nanoparticles in the product with uniform particle size distribution. Figure
2(A) shows a typical distribution of the Au-Fe3;O4 nanoparticles where each Fe3;O,4 region

is decorated with several Au dots. Typically the Fe;O,4 regions (lighter contrast in the
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images) were 80 nm while the Au part (darker contrast) was approximately 20 nm.
Several wide area SEM images were obtained to calculate the average particles size. The
size of the Au and Fe3O4 particles ranged from 5-20 nm and 50-80 nm, respectively, with
average bifunctional particle size around 80 nm. This kind of morphology is slightly
different than the dumbbell shaped particles and is closer to multifaceted Janus particles
[39, 40]. This kind of morphology (Au-decorated Fe3zO,) gives the added advantage that
both Au and Fe3O4 functionalities are available for full utilization of their potential,
while, several Au dots on the Fe3O4 host ensures that there are maximum number of spots
for molecular recognition since Au-terminal acts as anchor for the aptamers used as
targeting agents. Au-Fe;O,4 nanoparticles were highly crystalline as revealed by the high
resolution TEM (HRTEM) image shown in figure 2(B). The HRTEM image exhibited
lattice fringes corresponding to (111) planes of Au and (311) lattice planes of Fe;O,.
Through these HRTEM images we also looked in detail at the interfaces between the Au
and Fe304 regions. The interface in these nanoparticles was very clean and well-defined
with minimal mixing of the Au and Fe;O, phases. There was no fuzziness or presence of
any other crystalline phase at the interface. Interfacial surface can be very important in
these superparamagnetic nanoparticles as depending on the composition on both sides of
the interface they might lead to exchange bias magnetic interactions leading to

interparticle interaction and ordering.
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Figure 3. Absorption spectra of the bifunctional Au-Fe;O4 nanoparticles and Fe;O4
nanoparticles
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Gold nanoparticles ranging in size from 5-20 nm are reported to show a plasmon
resonance band at 520 nm. This phenomenon can be attributed to the resonance condition
satisfied between the incoming light frequency and natural frequency of the surface
electrons oscillating against the positive force of nuclei. The bifunctional Au-Fe;O4
nanoparticles reported here show red shift of plasmon resonance band due to the
attachment of Au with Fe;0,4 nanoparticles although the exact position of the absorption
maxima varied with the gold particle size attached to Fe;O4 part. A typical spectrum
exhibited that the Au-Fe3;O4 nanoparticles in ethanol shows a plasmon resonance band
~540 nm (figure 3), which is shifted by ~20 nm from pure Au nanoparticles. This red
shift can be accounted for the deficiency of electrons on Au due to the interaction with
Fes04[41, 42]. The absorption spectra collected from pure Fe;O4 nanoparticles did not
show any peak in the 300 — 800 nm regions.

These bifunctional Au-Fe3O4 nanoparticles deserve a very careful magnetic
characterization since Magnetite (Fe3O,) is one of the oldest and interesting magnetic
materials known to the scientific community. Bulk magnetite is ferrimagnetic with Curie
temperature around 858 K. In 1939, Verwey [43] observed first order transition on
cooling below 120 K which resulted in increased resistivity and distortion of the cubic
symmetry of magnetite. Charge ordering of different states of iron (Fe** and Fe**) on the
octahedral sites in alternating layers was ascribed to be the reason for this transition [44].
The temperature below which this transition occurs is termed VVerwey temperature (Ty).
To better understand the magnetic properties of these gold-magnetite nanoparticles, we
performed detailed magnetization measurements as a function of temperature and applied
magnetic field. The magnetization behavior of the sample as a function of temperature
was measured under ZFC and FC conditions under an applied magnetic field of 100 Oe
are shown in figure 4(A). These nanoparticles show a clear Verwey transition at 120 K
visibly prominent in the ZFC curve. For the superparamagnetic nanoparticles there are
two basic criterions. First is that the magnetization as a function of H/T for non-
interacting single domain particles must be fitted by Langevin equation (1) [27, 45] as
shown below.

M = Mo [coth (:THT) — <£)] ..(1)

kgT
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where M = magnetization, My = saturation magnetization, H = applied magnetic moment,
K = magnetic moment, T = temperature and kg = Boltzmann constant. The plot of M
versus H/T at 5 K, 100 K and 300 K converge into a single universal curve and could be
fitted using Langevin equation with R?=0.9981 as shown in figure 4(B). Second
condition for superparamagnetic particles is the anhysteretic nature of isothermal
magnetization against applied magnetic field with zero coercivity, which is also

temperature independent above blocking temperature (Tg).
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Figure 4. (A) ZFC and FC curves of the Au-Fe304 nanoparticles under an applied field of
100 Oe. (B) M vs H plots at 5 K, 100 K and 300 K. (C) The Langevin fit at 300 K. (D) M
vs H plots at 5 and 100 K magnified to show the coercive fields.

Figure 4(C) shows the isothermal magnetization curves as a function of applied
magnetic field at 5 K, 100 K and 300 K for the bifunctional nanoparticles. The presence
of coercivity was very apparent at 5K and 100K. At 300 K on the other hand, the M vs H

was anhysteretic in nature typical for a superparamagnetic nanoparticle, as shown in
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figure 4D. This indicates that the Au-FezO4 nanoparticles were superparamagnetic at 300
K with Tg lying in between 100 — 300 K. Generally for magnetite nanoparticles, it is
assumed that Ty is greater than blocking temperature with the exemption of any chain
formation of the particles which is absent in our particles [46]. However, it is also known
that for superparamagnetic nanoparticles the Tg increases with increasing particle size
within the single domain range [27, 45]. For Fe3O4 nanoparticles it has been estimated
that the maximum allowable size for single domain particle is ~120 nm [45]. The average
size of Fe3O,4 region in the Au-Fe3O4 ensemble was ~60 nm which indicates that these
nanoparticle ensembles may be on the realm of single domain superparamagnetic
behavior and multi-domain characteristics. Skumryev have recently shown that it is
possible to beat the superparamagnetic limit by formation of exchange bias interactions
[47] caused by several factors including magnetic coupling at the interface,
uncompensated spins on the surface, as well as the presence of multiple interfaces in
these composite magnetic nanoparticles [48]. Previously, Sun et al. have shown that
higher Tg and higher coercivity could be obtained due to exchange bias in nanoflower-
like Au-Fe;04 nanoparticles [48]. According to the literature Fe;O4 nanoparticles with an
average size in the range of 50 nm shows a Tg close to room temperature [49]. In the
current case the anhysteretic nature of M vs H curve for the Au-FezO4 nanoparticle
ensemble at 300 K along with the nature of the ZFC-FC curves indicate that the Tg is
very close to room temperature. At 300 K the Au-Fe3O4 nanoparticle ensemble is right at
the interface of superparamagnetic and ordered states thereby possessing high magnetic
moment as well as the thermally activated spontaneous particle moment fluctuations. The
coercivity observed at 5 K and 100 K might indicate that near the Verwey phase
transition, changes in resistivity and distortion of symmetry may occur due to charge
ordering. The saturation magnetization for these Au-Fe3O,4 nanoparticles was 73.68
emu/g at 300 K which is almost 80% of the saturation magnetization of bulk magnetite
(~92 emu/g) [50]. Such enhanced magnetic properties can be also attributed to the typical
morphology of these Au-Fe;O4 nanoparticles where each Fe;O, is decorated with several
non-magnetic Au dots which can function as surface passivation agents thereby pushing
the superparamagnetic limit. Additionally, if the nanoparticles are not absolutely

immobilized and well separated, inter-particle interactions will influence the relaxation
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and if the magnetic interaction energy exceeds the thermal energy, it will lead to a degree
of ordering of the particle moments, resulting in behavior typically referred to as
superferromagnetism [51]. These phenomena can give rise to higher saturation
magnetization compared to bare Fe;O4 nanoparticles with smaller sizes.

The average particle volume of superparamagnetic nanoparticles could be also estimated

using the following equations along with the Langevin equation (1).

y=a [coth(bx) - ﬁ] ..(2)

where X = H/T; y =M, a= Mg and b = p/Kg.

Particle moment, 4 = Ms<V> ...(3)
where Ms = saturation moment of Fe3O,4 nanoparticles; and <V> = average particles
volume.

The observed saturation moment of Fe3O, is ~74 emu/g from the Langevin fit.
Parameters a and b could be obtained from the Langevin fit of M vs H/T at 300 K and
through proper substitution of these parameters in equation 3, the average particle volume
can be calculated (the density of Fe3O,4 was taken to be 5.197 g/cc corresponding to the
literature). Assuming the particles were spherical, the average particle diameter obtained
using this approach was approximately 58 nm. Since this approach only accounts for the
superparamagnetic part in these bifunctional nanoparticles (i.e. Fe3O4 region), the overall
size of the nanoparticles including the average diameter of the Au region (~20 nm) would
be approximately 78 nm, which was close to the average particle size observed through
STEM and TEM investigations (~80 nm).

These bifunctional nanoparticles were also characterized by Méssbauer
spectroscopy. The Mdassbauer spectrum collected from the as-synthesized nanoparticles
ensemble at room temperature showed two sextets characteristic for A and B sites of iron
in a stoichiometric inverse spinel crystal structure of FesO4[52]. The two sextets with
isomer shifts, quadruple splittings, quadrapole shifts and hyperfine field for one
subspectra (0.66 mm/s, 3.11 mm/s, 0.005 mm/s, and 46 T, respectively) and the other
(0.29 mml/s, 3.33 mm/s, 0 mm/s, and 49 T, respectively) relative to the a-Fe metal
suggests the existence of Fe** in A site and the co-existence of Fe?* and Fe** in B site
(figure 5). The ratio between areas under the subspectra A and B is ~1.75 [53-56]. The

slight broadening of peaks can be attributed to reduced size and polydispersity in these
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nanoparticle ensembles. The observed Mdéssbauer spectra were very similar to the ones
reported in the literature for Fe;O, albeit with size ranges close to 50 — 100 nm [50]. It
should be noted that two sets of sextet observed in Mossbauer spectra was more closely
related to the ordered state rather than the superparamagnetic state for Fe3;O4
nanoparticles. This also corroborates with our hypothesis that at 300 K the ensemble is on
the cusp of superparamagnetic and ordered states. Typically, Tg is very dependent on the
analysis method since the relaxation time for the moment fluctuation (t,) is dependent on

the measurement time of the instrument (t) as shown below in equation 4 [47].

KV
Tm = To€Xp (kTT)

...(4)
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Figure 5. Mossbauer spectrum of Au-Fe3O4 nanoparticles collected at room temperature
with zero magnetic field showing the two characteristic sextets corresponding to Fe** and
Fe?* states.

Since, y-ray detection in Mdssbauer spectroscopy is a comparatively fast technique (1, =
107 s), the Tg estimated from Mdsshauer data is typically higher than that obtained from
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magnetization studies. In general the Tg determined from these two techniques is related

by the following equation 5 [47].

Tg(Mdssbauer)

~ 5.5 ..(5)

Tg(Magnetometer) =

Hence, it can be concluded that at 300 K with respect to Mdssbauer studies the
Au-Fe304 ensembles still behaves as if it is in the ordered state (i.e. below Tg) while in
magnetization studies under an applied magnetic field it behaves closer to a
superparamagnet. The similarity between these spectra with that observed for bulk Fe3O4

also ruled out the presence of Fe in any other oxidation states.

Fe(CO)s

Triton X—il][l{,

Figure 6. Scheme showing the functionalization of Au-Fe;O, bifunctional nanoparticles
by attachment of L-cysteine to the Au-terminal.

As mentioned previously, one of the most potentially transformative applications
of these magnetic nanoparticles is in biomedical fields. Hence, to demonstrate the
feasibility of using these bifunctional nanoparticles for biological applications, we
functionalized the nanoparticles taking advantage of Au-thiol facile interactions to make
these composite structures more biocompatible. In this regards, we have successfully
attached L-cysteine to Au terminal of the bifunctional nanoparticles by the process
described in the experimental section. The process for functionalization with L-cysteine
and the expected morphology has been schematically shown in figure 6. Both qualitative
(through FTIR and Raman) and quantitative (through acid ninhydrin assay) analysis of
the L-cysteine-modified Au-Fe3O, bifunctional nanoparticles were performed. Figure
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7(A) shows the FTIR spectra of L-cysteine-modified Au-Fe;O4 bifunctional nanoparticles
(curve 2) as compared with that of free L-cysteine (curve 1). While most of the bands
assigned to cysteine were visible for both the samples, the absence of band at ~2551 cm™
corresponding to the stretching vibration of S-H bond was prominent in the FTIR spectra
of the cysteine functionalized nanoparticles as shown in curve b. This indicates breakage
of the S-H bond on attachment of cysteine to the Au —terminal through S, and has been
accepted as a signatory evidence for successful molecule attachment. [57-59]. Trans C-S
stretching vibrational modes can be assigned to the presence of band at ~637 cm™. The
band at ~3422 cm™ can be assigned to N-H stretching vibrations [59], while bands in the
range 1510 to 1680 cm™ can be assigned to carbonyl and N-H stretching vibrations [60].
Detailed analysis of the FTIR spectra confirmed the attachment of L-cysteine to the Au-
Fe304 bifunctional nanoparticles.

* FegOy peaks ¢ Au peaks (B)
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Figure 7. (A) FTIR spectra of (1) pure L-cysteine and (2) L-cysteine modified-
bifunctional Au-Fe,O, nanoparticles (B) Raman spectra of (1) bifunctional Au-Fe,O,

nanoparticles and (2) L-cysteine modified Au-Fe,O, nanoparticles.

From a purely group theory-based analysis, Fe3O,4 should exhibit 14 Raman active
modes (3A1+3E+8T,). But, experimentally all modes cannot be detected due to the
mutual exclusion of vibrational modes caused by the presence of inversion center of
symmetry. Additional peaks may be present if the sample has any defects or vacancies.
Group theory analysis doesn’t account for these factors [61]. In our study, we observed

six peaks corresponding to FesO, at 215, 329, 393, 516, 597, 672 cm™ and two peaks
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corresponding to Au at 1113 and 1552 cm™ as shown in figure 7(B). Curve (1)
corresponds to as-synthesized Au-Fe3O,4 nanoparticles while curve (2) corresponds to L-
cysteine attached Au-Fe;O, nanoparticles. Results were compared to the previously
published data on magnetite [62-65]. According to the literature, peaks at 215, 516, 597
cm™ correspond to Tag, 329 cm™ corresponds to Eq and 672 cm™ corresponds to Ay
mode. Peaks at 278 and 1314 cm™ indicate the presence of defect or transformation of the
magnetite region to hematite which could be a consequence of the power of the laser used
(1.7 mW) [40]. The peak at 393 cm™ corresponds to the surface magnon excitation [66].
Peaks at 458 and 840 cm™ in curve (2) of figure 7(B) correspond to the (C-C-N) bending
and (O-C-0) wagging from the L-cysteine attached to the nanoparticles [67]. Peaks
corresponding to gold at 1113 and 1552 cm™ maybe damped by the attachment of gold in
curve (2) of figure 7(B) [68].

While qualitative analysis showed that the Au-FezO4 nanoparticles could be
actually functionalized with L-cysteine attachment, the quantitative analysis was
performed by estimating the amount of leftover cysteine in the supernatant through acid
ninhydrin assay, an instant spectrophotometric method [58]. In this assay, the supernatant
was analyzed for L-cysteine after magnetically separating the nanoparticles from the L-
cysteine solution. This indirect approach was employed due to presence of Au-Fe;04
nanoparticles in the product, where Au exhibits unique optical properties, which could
interfere with the absorbance readings. After 24 h vigorous shaking of nanoparticles in L-
cysteine solution, the functionalized nanoparticles were separated using a magnet since
the nanoparticles were quickly attracted to the magnet as shown in figure 8(A). Then acid
ninhydrin reagent was added to a portion of the supernatant and was kept in boiling water
bath for 10 min. Figures 8(B) and 8(C) show the color change in the reaction solution
after boiling. Figure 8(D) shows the standard curve of absorbance versus L-cysteine
concentration (in mg/mL). From an initial concentration of 10 mg L-cysteine, 4.53 mg of

L-cysteine was found to be in the supernatant (i.e. unattached to the nanoparticles).
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Figure 8. (A) Magnetic separation of the nanoparticles from the L-cysteine solution. (B)
Color of supernatant after adding acid ninhydrin and (C) after heating in water bath for
15 minutes. (D) Standard curve of absorbance versus L-cysteine concentration.

Assuming 100% of L-cysteine activity, the loading capacity of the bifunctional
nanoparticles used in the study is approximately 1 mg of L-cysteine per 4 mg of
nanoparticles. We are presently trying to attach various other biomolecules to gain a
better insight into the loading capacity of these bifunctional nanoparticles.

Au-Fe30,4 nanoparticles are intended to be applied for magnetic fluid hyperthermia and
delivery of biomolecules. Hence the cytotoxicity of these nanoparticles was also
evaluated. For this study, the cell viability of CHO cells was evaluated after 48 h
incubation at various increasing concentration of nanoparticles ranging from 0.1 — 1
mg/ml by MTS assay. The nanoparticles didn’t show any sign of cytotoxicity even at 1
mg/mL (figure 9). The results obtained corroborates well with polymer coated magnetite
nanoparticles and other morphologies [69-73].
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Figure 9. Cytotoxicity of Au-Fe3O4 nanoparticles at various concentrations for CHO
cells after 48 h incubation.

4. CONCLUSION
We have successfully synthesized optically active superparamagnetic Au-Fe;O4
bifunctional nanoparticles using a simple one-pot synthesis method based on hot inject
precipitation techniques. The morphology of the nanoparticles consisted of Fe3O4 (~70
nm) host decorated with several Au dots (~20 nm) (scheme 1). This kind of morphology
would be very attractive for theranostic applications since they provide maximum points
of attachment for aptamers and other cell recognition agents, while maintaining the
pristine functionality of both the regions. The superparamagnetic nature of these
nanoparticles was confirmed by the anhysteretic nature of the isothermal magnetization
plot at 300 K. These Au-Fe3O,4 nanoparticles could be functionalized with L-cysteine.
The cell viability studies of these nanoparticles revealed their very low toxicity to CHO
cells even at very high loading. These studies indicate that such decorated Au-Fes;O4
nanoparticles would be ideal candidates as magnetic fluid hyperthermia agents.
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SECTION

2. CONCLUSION AND FUTURE WORK

Optically active superparamagnetic gold-magnetite nanoparticles were
synthesized using one pot hot injection precipitation method. The synthesis involved
using Fe(CO)s as iron precursor and HAuCly as gold precursor in presence of oleylamine
and oleic acid. Oleylamine helps in reducing Au’" to Au’ seeds which simultaneously
oxidizes Fe(0) to form Au-Fe;O,4 bifunctional nanoparticles. Triton® X-100 was
employed as a highly viscous solvent to prevent agglomeration of Fe;O4 nanoparticles.
The morphology of the nanoparticles consisted of magnetite (~70 nm) part with gold dots
(~20 nm). The superparamagnetic nature was confirmed by the anhysteretic nature of the
isothermal plot at 300 K. The observed magnetization was approximately 74 emu/g
which is significantly higher than previously reported values. By attaining high
magnetization saturation, the patient need not be exposed to high magnetic fields for
treatment. The pXRD pattern also didn’t show any peaks corresponding to maghemite or
iron oxyhydroxide. The toxicity of the nanoparticles was evaluated using MTS assay on
CHO cells. They showed no significant toxic effect on CHO cells up to 48 hours.

L-cysteine was attached to these nanoparticles and was characterized qualitatively
and guantitatively. Results showed that the loading capacity of the nanoparticles was 1
mg of L-cysteine per 4 mg of nanoparticles. The methods adopted in this thesis serve as
facile and feasible method for synthesis of gold nanoparticles and their biomolecule
conjugation through the gold terminal. The L-cysteine attached nanoparticles couldn’t be
dispersed in water. Future steps, would be to conjugate (-)-EGCG (epigallocatechin
gallate) to these nanoparticles for specific binding to tumor cells.

Epigallocatechin gallate is the most abundant catechin in tea and is a potential
antioxidant that has many therapeutic applications. Recent research shows that EGCG
may be useful in preventing or treating various gastrointestinal, prostrate and other
cancers. Initial studies show that the (-)-EGCG conjugated nanoparticles can be water
dispersed. Figure 3.1 illustrate the attachment of EGCG to gold-magnetite nanoparticles.
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Figure 2.1. Schematic representation of gold magnetite nanoparticle conjugation with
EGCG

These studies indicate gold magnetite nanoparticle-biomolecule conjugate would be ideal

candidate as magnetic fluid hyperthermia agents.
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