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ABSTRACT

This dissertation focuses on the development of a bifunctional nanoparticle system that can
potentially offer simultaneous imaging and therapy in the future. Recently, small platinum (Pt)
nanoparticles (< 5 nm) have shown great potential in therapeutic applications, such as DNA
dissociation, radiation therapy, and oxidative stress treatment. Therefore, the small Pt
nanoparticles of size comparable to DNA grooves are chosen as potential therapeutic
components in this research. However, such small sized Pt nanoparticles tends to aggregate, and
are difficult to target. Therefore, this research reports the synthesis, characterization, and DNA
interaction of small Pt decorated iron oxide nanoparticles. The iron oxide carriers provide

stability to the small Pt nanoparticles, and can potentially serve as MRI contrast agents. The

hypothesis of this research is that the Pt nanoparticles supported on iron oxide nanoparticle

surfaces can effectively interact with DNA molecules similar to the free Pt nanoparticles.

A reproducible synthetic technique was first developed to prepare iron oxide nanoparticles
with excellent size control and narrow size distribution. Subsequently, two different approaches
were utilized to produce multiple small Pt nanoparticle attached iron oxide nanoparticles. The
first route involved attachment of Pt nanoparticles onto iron oxide seeds of various shapes in an
organic solvent, followed by an aqueous phase transfer. Here, the shape of the nanoparticles was
controlled to facilitate heterogeneous nucleation of Pt nanoparticles. The protective
biocompatible polymer coating (polyacrylic acid) in this method could prevent interaction of the
Pt nanoparticles with undesirable biomolecules. Several non-spherical iron oxide nanoparticles

were explored, including whiskers, worms, plates, and flowers. In the second method, an

i



aqueous phase ligand exchange process was performed first, prior to the deposition of multiple
Pt nanoparticles. This facile method provided more accessibility of the Pt nanoparticles for DNA
interactions. The DNA interaction of these nanoparticles was investigated using gel
electrophoresis, electron microscopy, dynamic light scattering, and atomic absorption
spectroscopy. By comparing with control DNA, we suggested that two possible interactions
between DNA and Pt-iron oxide nanoparticles were present: (1) DNA molecules directly linked
to the Pt-iron oxide nanoparticles, and (2) DNA molecules de-attached the Pt nanoparticles from
the iron oxide support.

This reported nanodrug system could potentially open up new possibilities in the design of
therapeutic agents using multifunctional nanoparticles. Future efforts are to investigate the in

Vivo characteristics of this integrated nanostructure.
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CHAPTER 1
INTRODUCTION

Small Pt nanoparticles (NPs) have recently drawn much attention due to their reported
therapeutic abilities. For example, Pt NPs showed great potential as sensitizers for cancer
radiation therapy.' They could enhance the DNA double strand breaks in proton therapy by a
factor of 2.2 Here, the Auger electrons from de-excitation of the irradiated Pt NPs (< 5 nm) could
ionize the surrounding water molecules, and excite the adjacent atoms. This auto-amplification
of the radiation induced higher double strand breaks, lethal to the cancer cells. The radiation
energy deposition was calculated to be most effective for small, high- atomic number (Z) NPs (<
5 nm).>* Pt NPs also held great promise in free radical scavenging for oxidative stress treatment.
Polyacrylic acid (PAA) coated Pt NPs (2 nm) could effectively scavenge reactive oxygen species
(ROS).” The scavenging activity was comparable to that of antioxidant cellular defense enzymes
such as, superoxide dismutase.’ Recently, Pt NPs were shown to partially mimic the function of
mitochondrial complex I (nicotinamide adenine dinucleotide: ubiquinone oxidoreductase).” This
is attractive for the treatment of oxidative stress disease caused by mitochondrial complex I
deficiency. Another potential application of Pt NPs is chemotherapy. Pt complexes have served
as one of the most efficient anticancer drugs in chemotherapy.®® Intravenously administered Pt
complex drugs are activated by hydrolysis to form replication-inhibiting DNA adducts

(interstrand, intrastrand, and protein).lo’11

The hydrolysis of the inert Pt is slow compared to
other metals (e.g., Pd). Therefore, the hydrolyzed Pt complexes are more likely to reach the

target tumor.'” However, thiol groups in the body have a high affinity for Pt*", and limit the



DNA binding of Pt complexes on continued exposure.'>'* Consequently, the high doses of Pt
complex drugs required can cause nephrotoxic side effects, like kidney toxicity, nausea, hearing
impairment, and peripheral nerve damage. Recently, DNA templated synthesis of Pt NPs
suggested their ability to complex with DNA nucleobases (guanine).'>'®'” This observation
indicate the great promise of Pt NPs for chemotherapy.

A low ICs (drug concentration required to inhibit cell growth by 50% compared to controls)

18,19
"> Release of

of Pt based yolk-shell NPs supported the chemotherapeutic potential of Pt NPs.
Pt*" species following endocytosis® of the Pt NPs, or ROS production were proposed as
probable causes of increased cell (HeLa) death.”’ Folic acid capped Pt NPs showed such
endocytosis mediated Pt*" conversion to kill breast cancer cells.”> The second mechanism of
ROS production is often associated with the decrease of glutathione level in the body. Such
glutathione depletion was observed after uptake of Pt NPs by human colon carcinoma cells.
However, further analysis assigned this depletion to covalent DNA-NP and thiol-NP adduct
formation.” In Salmonella Enteriditis, the DNA-Pt NP bindings could disintegrate the cell
walls.** These results show the antitumor potential of Pt NPs. A key advantage of Pt NPs over Pt
complex anticancer drugs is the multiple therapeutic potential of these NPs. A simple, target-
specific delivery is also possible with the NPs.”> The high surface area NPs can be targeted via
conjugation with peptides, antibodies, or proteins. However, challenges such as aggregation and
poor circulation time need to be tackled for effective use of Pt NPs in chemotherapy. The small
Pt NPs show aggregation due to their high surface energy, and their quick detection by the
reticuloendothelial system (RES) is a challenge for targeting.”®

A structural support for the small Pt NPs could overcome the rapid clearance and

aggregation. Recently, small Pt NPs loaded onto a TiO,/SiO, support induced apoptosis of



glioma cells.””*®

Iron oxide NPs would provide more biocompatibility, compared to these
support materials.”’ First, Food & Drug Administration (FDA) approved dextran-coated iron
oxide NPs are currently in clinical use.**?! Second, human tissues contain approximately 3.5 g
iron (hemosiderin, ferritin, and transferring).>* Therefore, the iron oxide NPs can be potentially
reabsorbed through normal iron metabolic pathways. Additionally, iron oxide NPs hold great
potential as magnetic resonance imaging (MRI) contrast agents. Ferridex (Endorem-Guerbet,
Ferumoxide, AMI-25 in initial clinical development by Advanced Magnetics) was the first
superparamagnetic iron oxide NP contrast agent approved by the FDA. This compound had to be
slowly infused to avoid cardiovascular side effects. This led to the second clinically approved
iron oxide NP contrast agent, ferucarbotran (Resovist, Schering). Both of these compounds are
liver-specific. Recently, iron oxide nanoworms showed good circulation time for tumors in other

. 4
locations. >

The results suggested the good biocompatibility and imaging ability of the iron
oxide NPs. Therefore, an integrated Pt NP decorated iron oxide NP could potentially offer
simultaneous imaging and therapy.

This research reports the synthesis, characterization, and DNA interaction of multiple Pt NP-
attached iron oxide NPs. Here, multiple small Pt NPs are attached to iron oxide NP surfaces. The
hypothesis is that the Pt NPs attached to iron oxide seeds can effectively interact with the DNA,
similar to the free Pt NPs reported in literature (Figure 1). After successfully destroying the
cancer cell DNA, the nanodrug inside the dead cancer cell can be potentially removed from the
body by macrophages.”>® The small sized Pt NPs (~ 2 nm) can potentially fit into DNA

grooves®’ for efficient DNA-NP interaction.*® The multiple small Pt NPs could potentially serve

as the therapeutic agent in the future. The iron oxide NP support could act as the contrast agent



in MRI. To potentially increase the drug payload in the future, multiple small Pt NPs are attached
per iron oxide carrier NP.

Multiple Pt NP attachments had proved challenging so far. Single Pt attached iron oxide NPs
(dimer NPs) were synthesized by growing Fe on pre-formed Pt NP seeds.’”* However, the
strong interaction between metal NPs (electron flow at Fermi level from iron oxide NPs to Pt
NPs) limited further attachments in this method. In other reports, iron oxide NP overgrowth
caused Pt NPs to be completely embedded inside core-shell structures. The size of the Pt NPs
was difficult to control in all these methods. For example, uncontrolled reduction led to flower-
like Pt NPs.*' The limitations of most of these synthetic techniques arise from growing iron
oxide NPs on pre-formed Pt NPs. So, our approaches to obtain multiple Pt NP attachments
involve synthesis of iron oxide NPs, prior to Pt attachment reactions.

Two routes were followed to synthesize water soluble multiple Pt attached iron oxide NPs. In
the first method, Pt NPs were grown on iron oxide NP surfaces in an organic solvent, followed
by an aqueous phase transfer of the integrated NP. The organic ligand coating and shape of the
iron oxide NPs were modified to facilitate heterogeneous nucleation of Pt NPs.** Tron oxide
nanoplates, nanoflowers, nanoworms, and nanowhiskers were reproducibly synthesized in the
process. Here, the biocompatible polymer that coats the whole NP can potentially minimize the
loss of therapeutic Pt NPs before reaching the target. The second method involved bringing the
iron oxide NP seeds to the aqueous phase, prior to deposition of multiple Pt NPs onto the
biocompatible polymer coating the seeds. This approach makes the Pt NPs more accessible for
DNA interaction. Next, DNA interaction of the integrated NPs was investigated for proof of

concept.



Multiple Pt attached
1ron oxide NPs NP-DNA 1interaction

Figure 1. Research hypothesis: multiple small Pt NPs attached on iron oxide NPs can interact
with the DNA like free Pt NPs (NPs not drawn to scale).

This dissertation will include research background, methods and results, future work, and
conclusion. The research background will cover magnetic properties of NPs, spinel magnetic NP
structure, NP synthesis, shape control, characterization tools, and possible NP-DNA interaction
mechanisms (Chapter 2). Chapter 3 will discuss the experimental details and results.
Specifically, these studies are the single and multiple Pt NP attachments on spherical iron oxide
NPs in organic solvent, shape control of iron oxide NPs in organic solvents, synthesis and
formation mechanisms of iron oxide nanoworms, nanowhiskers, nanoplates, and nanoflowers, an
aqueous route for multiple Pt NP attachments, and DNA interaction experiments using aqueous
Pt attached iron oxide NPs. Finally, this will be followed by the future work (Chapter 4), and

conclusion (Chapter 5).
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CHAPTER 2
LITERATURE REVIEW

This chapter gives an introduction about the iron oxide NPs, Pt-iron oxide NP
heterostructures, DNA interactions of the free Pt NPs, and the different techniques used for NP
characterization. The goal of this research is to synthesize multiple Pt-attached iron oxide NPs
and to prove their ability to interact with DNA like the free Pt NPs. Therefore, the basic
magnetic properties and structure of the iron oxide NPs are first explained to better understand
the iron oxide NPs used in this research. Subsequently, the literature methods used to synthesize
iron oxide NPs and iron oxide supported Pt NPs are reviewed in detail. Next, the recent reports
of DNA interactions of free Pt NPs are overviewed to better understand the DNA-NP
interactions in this research. Finally, the characterization techniques used to study the size,
morphology, crystal structure, chemical composition, and DNA interactions of the NPs in this

research are introduced in detail.

2.1 Magnetism and Magnetic Properties of Nanoparticles
2.1.1 Magnetism

Magnetism is a result of the movement of the negatively charged electrons within the
material.' The electron spins around its axis to create a magnetic field known as the orbital
magnetic moment of the electrons. The spin magnetic moment of electrons comes from their
inherent parallel or antiparallel spin states. In an orbital, paired electrons with opposite spins

cancel the moment of each other. Materials with uncancelled moments can respond to an

12



external magnetic field.” The common terms to explain material magnetic properties are
summarized in Table 2.1. Table 2.2 lists the magnetic units (CGS, and SI).

Table 2.1. Magnetic terms.

Magnetic property Definition

Magnetic field, H A unit magnetic field exerts 1 dyne force on a unit magnetic pole

Magnetic flux density, B Magnetic field induced within a substance in external magnetic field

Magnetic moment, m Moment of couple exerted on the material by a perpendicular field
Magnetization, M Tendency of magnetic moments within the material to align with the applied field
Permeability, p B/H (Vacuum permeability, L, is treated as a universal constant)

Relative permeability, y, Tendency of the substance to get magnetized by an applied field

Magnetic susceptibility, y Indicates the response of the material to an applied field (=p,-1)

Table 2.2. Magnetic units.

Magnetic property Unit (CGS) Unit (SI) Conversion factor

H Oersted (Oe) A/m 1 A/m =47/10° Oe

B Gauss (G) Tesla (T) 1T=10"G

m emu Am’ 1 Am® = 10°emu

M emu/ cm’ A/m 1 A/m =107 emu/cm’
Lo - H/m 4nx 107 H/m =1 (cgs)
Ur dimensionless dimensionless

X dimensionless dimensionless 47 (SI) =1 (cgs)

Bulk materials can be classified as diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, or
antiferromagnetic depending on their response to an applied magnetic field (Table 2.3). In
diamagnetic materials, the electrons spin faster to resist the externally applied magnetic field.

The weak negative magnetization disappears with removal of the applied field. Diamagnetism

13




occurs when all the orbitals in an atom are filled with paired electrons. These materials show a
negative susceptibility that is temperature independent. All materials are diamagnetic to some
extent, as they possess electrons. However, if present, the other forms of magnetism dominate
over the weak diamagnetic phenomenon in a material. Examples of diamagnetic materials
include noble gases, metals (e.g., Cu, Ag, Au, Bi, and Hg), non-metallic elements (e.g., P and S),
diatomic gases (e.g9., H, and N), and organic compounds.

Incomplete cancellation of the magnetic moment (orbital or spin) in unpaired electrons
causes permanent atomic dipoles within the material. The dipoles show negligible interaction
with each other. This behavior is called paramagnetism, and can be explained via Langevin
theory. The Langevin theory explains that the atomic dipoles of a paramagnet orient randomly
(zero magnetization) in the absence of an external magnetic field. When a magnetic field is
applied, the dipoles try to align with the field. However, their random thermal motions prevent
such alignment. This creates a relatively small, but positive susceptibility. The magnetic
susceptibility of a paramagnet varies with temperature, according to Curie®s law."* Metals (Cr
and Mn), diatomic gases (O, and NO), salts, oxides, and ions of transition and rare earth metals
show paramagnetism.

In ferromagnetic materials, the electrons are not oriented to cancel the individual magnetic
moments like dia and paramagnets. Here, the atoms band together in magnetic domains, where
all electrons share the same orientation. However, different domains align randomly to be
energetically favorable. This leaves a net weak magnetic moment in ferromagnets. Domain walls
with rapidly changing electron spins separate the individual domains. An external field induces a
high magnetization in ferromagnets because the individual domains are forced to coalesce into

larger domains aligned with the field.” The ferromagnets show a large susceptibility, and retain
g g g g
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the magnetization even after removal of the external field. This property of ferromagnets is
called hysteresis.

* The flux density, B, in a ferromagnet is not proportional to the field, H. The domain
boundaries move such that the domains nearly parallel to the applied field grow in size at
the cost of unfavorably oriented domains. Therefore, M and B increase with H until
saturation. Here, the material becomes a single domain oriented with the field. Upon
reversal of the applied field, the single domain first rotates with the reversed field. The
domains then rearrange so that the domains oriented with the new field direction increase
in size. However, the increase of H in the opposite direction causes a resistance to the
movement of the domain walls. This induces a slower decrease rate of B or M compared
to H. The lagging of the M-field (or B-field) behind the H-field is the hysteresis effect. A
residual or remanent magnetization, My, exists even when the applied field is reduced
to zero. To reduce the magnetization of the ferromagnet to zero, it is necessary to apply a
magnetic field in a direction opposite to that of the original field. This opposite magnetic
field is called the coercivity, H¢ (Table 2.3).

= The shape of the hysteresis curve shows the ability of the material to get magnetized and
retain the magnetism. Soft magnetic materials (e.g., permalloy, commercial iron ingot,
and supermalloy) have a small hysteresis loop due to the relative ease of movement of
their domain walls during magnetization and demagnetization. They are used as
electromagnets or transformer cores. Hard magnets like tungsten and cobalt show more
difficult domain wall motion, and a larger hysteresis loop. These hard magnets are ideal

as permanent magnets because they are not easily magnetized or demagnetized.
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The parallel electronic orientation within the domains is destroyed by the thermal motion of
atoms above the Curie temperature.'” This temperature is higher relative to paramagnets. Fe,
Ni, Co, and many of their alloys are typical ferromagnetic materials.

Ferrimagnetism is closely related to ferromagnetism. Ferrimagnetic materials are ionic
compounds with M,-O-M, type linkage (Figure 2.1).* Here, superexchange interaction between
cation and anion wave functions indirectly couples the two cations. The oxygen anion interacts
with the d-electrons of the transition metal ions. Since, the a and b sublattices are dissimilar,
three possible interactions need to be considered for explaining the ferrimagnetic behavior. The
a-b interaction between nearest neighbors attempts to align the magnetic moments antiparallel to
each other. The a-a and b-b interactions in favor of parallel orientation of moments oppose the a-
b interactions. This leaves a net magnetization, lower than that of a ferromagnet even in the
absence of an applied magnetic field. Ferrimagnetism is destroyed above the Curie temperature.
The susceptibility of ferrimagnets follows the Weiss law of ferromagnets. Ferrites, such as cobalt

ferrite, manganese ferrite, magnetite, and maghemite, are the most important ferrimagnets.

Figure 2.1. Superexchange interaction between metals M, and M.

Antiferromagnetic materials also show superexchange interaction like ferrimagnets. The two
identical, interpenetrating magnetic ion sublattices in antiferromagnets show opposite magnetic
orientations below the Néel temperature.'” Therefore, below the Néel temperature,'”
antiferromagnets have zero net magnetization in the presence of an external field. However, the

antiparallel orientation is disrupted above this temperature. A paramagnet-like behavior is now
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induced. Transition metal oxides, such as, MnO, CoO, NiO, and Cr,Os; are typical
antiferromagnetic materials.

Table 2.3 summarizes the different material magnetic characteristics. These basic magnetic
properties will help in understanding the magnetic characteristics of iron oxide NPs used in this
research.” Magnetic behavior of NPs such as magnetophoresis, and magnetic relaxation is useful
for biomedical applications.’

Table 2.3. Classification of the magnetic materials
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2.1.2 Magnetic Properties of Iron Oxide Nanoparticles

The most interesting iron oxides found in nature are hematite (a-Fe,O3), the strongly
magnetic magnetite (Fe;O4), and its weathered form, maghemite (y-Fe,Os). The unpaired 3d
electrons (4 or 5) are responsible for the strong magnetic behavior of iron oxides (especially,
Fe;O4 and y-Fe,0;). However, magnetic properties of iron oxide NPs differ from the bulk
behavior. For example, the size, morphology, and surface coating of the NP greatly affect the
coercivity or susceptibility of the NP. In NPs below a critical size (radius, R¢), only one
magnetic domain is energetically favored, compared to multiple domains in the bulk. A single
domain particle contains high magnetostatic energy caused by the internal and external magnetic
field. However, there is no domain wall (or exchange) energy. The critical radius for a single
domain can be derived by balancing these two energies. The magnetostatic energy (e.x) of a
single domain sphere of radius R and saturation magnetization M; is given by:

1 4n

g, =—(—)’' MR’ 1
ex 2(3) s

Additionally, anisotropy is the dependence of magnetic energy on a particular direction. For
a sphere with a high anisotropy (K,), the total energy consists of the magnetostatic energy of a
half sphere and the domain wall energy:
&, =TR*(AK)"? 2
where A and K are the exchange stiffness and anisotropy constants, respectively. In this case, the

critical radius, R, for a stable single domain particle is given by:

9 AK 1/2
SEUSE 3
47M;
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If the single domain sphere has a low anisotropy, the magnetization alignment follows the

direction of the surface. In this case the exchange energy should be integrated over the entire

Eoy :3—6\{ln [Ej—l} 4
R a

where a is the radius of the core singularity. Here, the critical radius requires a graphical

R = o[22 5
4zM a

The radius of a single domain state of magnetite is ~ 70 nm.

surface of the sphere, as follows:

solution, and is expressed as:

Superparamagnetism is another attractive magnetic property found in NPs (Figure 2.2). In
this phenomenon the NPs rapidly magnetize with the applied magnetic field, and reach zero net
magnetization (H, = 0, M; = 0) on removal of the field. This rapid demagnetization will prevent
aggregation and rapid removal of NPs in vivo following application of a magnetic field (such as
MRI or hyperthermia). Therefore, superparamagnetism of NPs is attractive for biomedical
applications. The NPs exhibit superparamagnetism above the critical temperature, Ty, (blocking
temperature). Above Ty, the motion of individual magnetic moments within the NP (thermal
energy) is sufficient to flip the magnetic spin direction in a NP (anisotropy energy). However, it
cannot overcome the exchange energy. Therefore, in the absence of an applied field, Ty can be

derived by equating the thermal and anisotropy energies.

T 2 VK,
25k,

where, V is NP volume, Ky is anisotropy constant, and kg is Boltzmanns constant.
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The magnetic anisotropy constant is low in small NPs. This allows a blocking temperature that is
below the room temperature. Therefore, such NPs are superparamagnetic at normal
temperatures.’ Iron oxide NPs in the size range of 6 - 15 nm show superparamagnetism at room
temperatures. At elevated temperatures (above the Curie or Néel critical limit), the magnetic

order in iron oxide NPs is destroyed by vigorous thermal fluctuations.

Single domain Multi domain

@ @i

®
®@ No field

Superparamagnetic

— -

— =

Coercivity, H,

Rupercriticat R, NP diameter
Figure 2.2. Size-dependent magnetic behavior of small spherical NPs.

The magnetic property of iron oxide NPs depends on the crystal phase. Magnetite shows
ferrimagnetism at room temperature (Curie temperature = 850 K). The saturation magnetization
for bulk magnetite is 92 emu/g.*” However, magnetite NPs below 6 nm are superparamagnetic at
room temperatures.'® The magnetic properties of magnetite NPs is closely related to the synthesis
method and surface coatings. The morphology of magnetite NPs can also affect their magnetic
characteristics. For example, NP coercivity increases in the order sphere < cubes < octahedral.
Maghemite is also ferrimagnetic at room temperatures but undergoes a phase change to hematite
at ~ 400 °C. This irreversible crystallographic transformation to hematite makes it difficult to
measure the accurate Curie temperature for maghemite (~ 820 K — 926 K). Bulk maghemite

shows a saturation magnetization of 78 emu/g."' However, small (< 10 nm) maghemite NPs are
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superparamagnetic at room temperature. Interestingly, magnetic coupling (superferromagnetism)
is sometimes observed between aggregated maghemite NPs. Both the forms of iron oxide
described above are strongly magnetic, with the unique capacity of superparamagnetism in the
small size range. In contrast, hematite shows a weak ferromagnetism at room temperatures, and
becomes antiferromagnetic above the Morin temperature (260 K). The saturation magnetization
of bulk hematite (~0.4 emu/g) is low compared to maghemite. Therefore, the maghemite and
magnetite NPs are more suitable for biomedical research, such as imaging and drug delivery.

Both magnetite and maghemite show a spinel crystallographic structure.

2.1.3 Crystal Structure of Iron Oxide

There are approximately 30 oxide minerals in the class of spinel compounds. Their trademark
is to crystallize in a cubic system to generate an octahedral crystal structure. Generally, a spinel
has a chemical formula AB,O4.'”" Here, A represents a divalent ion of metals like iron,
magnesium, nickel, or zinc. B is the trivalent metal ion of iron, aluminium, chromium, or
manganese. Several different cationic combinations are possible in a spinel to match the eight
anionic charges. However, the two cations should be comparable in size to stabilize the structure
of oxide spinels. Therefore, spinels can be classified into aluminate (AI*"), magnetite (Fe’"), or
chromite (Cr’") series, depending on the trivalent cation (B). Cation exchange is widespread
within each series, but there is almost no exchange with the other series. Another important
classification of spinels is based on their crystallographic arrangement, as described below.*

The arrangement of atoms in a crystal can be imagined to consist of a stack of unit cells
called lattices. The lattice vectors, a;, a,, and a3 define this unit cell in space. The unit cell is also

expressed via k-space vectors (b;, by, and bs), the Fourier transform of lattice vectors. Miller
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index (Imn) denotes the planes orthogonal to the k-space, and is the parameter commonly used to
describe a lattice. A spinel lattice comprises at least eight AB,O4 molecules. The large oxygen
anions form a face-centered cubic (fcc) arrangement. This creates two dissimilar crystallographic
sites for cation occupancy, called tetrahedral (T-) having four surrounding oxygen ions and
octahedral (O-) containing six oxygen ions."” There are 64 such tetrahedral sites, and 32
octahedral sites in a spinel. Only 8 T- and 16 O- sites are occupied by the metal ions. Generally,
the trivalent cations, being smaller prefer the smaller O- sites instead of the T- ones (Figure 2.3).
* In a normal spinel the T- sites are filled up by the divalent cations. The trivalent metal
ions occupy the O- crystallographic sites. MgAl,O4 form the parent compound in this
series containing ZnAl,O4, FeAl,04, CoAl,04, MnAl,O4, and NiAl,O4.
* An inverse spinel has divalent metal ions at the T- sites, but the trivalent cations are
equally distributed at both T- and O- sites. Therefore, this class of spinels can be
represented as [B]* [A, B]°® O,. The ferrites such as, CoFe,04, FeFe,04 (magnetite),

117 Maghemite also

NiFe,O4, and MgFe;O4 are the most important inverse spinels.
possess an inverse spinel structure. Here, the Fe’* ions are filled up at the O- sites leaving
vacancies to minimize the lattice energy. In maghemite NPs smaller than 20 nm, the
vacancy ordering is absent due to the small size of the particle.'™"
= A mixed spinel is generated when the divalent and trivalent cations occupy T- and O-
o . 2+p 3+r A 2+p 3+1A 2 -
sites in a manner given by the formula A;s" B;" [ As" Bo.s” ]O4” , where 9 is called the

inversion factor. MnFe,O; is a typical mixed spinel.

Most spinels, including magnetite and maghemite are ferrimagnetic.”’
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Figure 2.3. AB,0O4 normal spinel structure.

2.2 Synthesis of Magnetic Iron Oxide Nanoparticles
2.2.1 Synthetic Approaches

The iron oxide NPs provided the platform for Pt NP attachments in our research. Therefore,
synthesis of monodisperse iron oxide NPs was required. Literature review suggested both

physical and chemical synthetic procedures for iron oxide NPs.*!*

The physical techniques such
as gas phase deposition, electron beam lithography, mechanical grinding, and biomineralization
lack the ability to control NP sizes. Alternatively, the wet chemical routes offer better size
distribution, crystallinity, easy surface functionalization, and good scale-up.'™* The reported
chemical approaches for iron oxide NPs include co-precipitation, microemulsion, hydrothermal,
sonochemical, electrochemical, pyrolysis, and thermal decomposition. Among these, the thermal
decomposition and co-precipitation®** routes are most widely used for biomedical purposes.

Co-precipitation: The co-precipitation method is simple, cheap, and environment-friendly
because only hydrophilic chemicals are used. Here, the Fe*™ and Fe’" salts (1:2 molar ratio) are
co-precipitated in an alkaline aqueous medium to form iron oxide NPs. The hydrophilic surface

stabilizers are either added during or after the reaction.”® This process is used in commercial
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dextran-iron oxide based MRI contrast agents.”” However, the iron oxide NP products obtained
via co-precipitation are polydisperse, and less crystalline.

Recently, the thermal decomposition method has shown great progress (Figure 2.4).%® This
approach offers good control over iron oxide NP size, size distribution, yield, crystallinity,
magnetic properties, and shape. Additionally, the process allows large scale synthesis of iron
oxide NPs.” The two types of thermal decomposition method are elaborated as follows.
Hot-Injection: Alivisatos and co-workers first showed that “hot-injection” of Fe(N-
nitrosophenylhydroxylamine)s;-octylamine solution into long-chain amine solvents at high
temperatures (250 - 300 °C) could form maghemite NPs.** Hyeon et. al. extended this “hot-
injection” thermal decomposition method to Fe(CO)s precursor with oleic acid surfactant.’’
Here, the zerovalent iron precursor decomposed into iron NPs, prior to trimethylamine oxide
induced oxidation to maghemite NPs. The process gave an improved size distribution. The NP
size could also be controlled with different precursor: surfactant molar ratios.”> However, the hot
injection method gave less control over the reaction parameters. For example, a seed-mediated
growth was required for NP sizes above 16 nm. Additionally, the sudden burst injection could
induce formation of intermediate species, and delayed nucleation.™
Heat-Up: Therefore, Sun et al. introduced the second thermal decomposition approach, the
“heat-up” method, to better control the reaction.** Here, the iron precursor, Fe(CsH70,);, was
heated at a constant rate in phenyl ether with surfactants, hexadecanediol, oleic acid, and
oleylamine. Monodisperse magnetite NPs of controllable sizes below 20 nm were synthesized in
this one-pot reaction. However, the limitation of this procedure was a seed-mediated growth for
larger NP sizes. Hyeon et al. used the “heat-up” method with an iron oleate precursor to produce

large-scale monodisperse magnetite NPs of controllable size.* The advantage of the method was
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the high reproducibility, one-step synthesis and use of a precursor much less toxic than Fe(CO)s.
The successful thermal decomposition technique is only limited by the organic chemicals used,
and the hydrophobic nature of the NPs. To make the synthesis greener, inorganic iron salts such
as, FeOOH and FeCls;. 6H,O were used as precursors for the thermal decomposition reactions.
Additionally, the toxic organic solvents were replaced by strong polar solvents like 2-
pyrrolidone,*® PEG, and polyvinylpyrrolidone to synthesize water-soluble iron oxide NPs via
thermal decomposition.””* However, the thermal decomposition of organometallic precursors in
high boiling non-polar solvents gave better results in terms of size, size distribution, and
crystallinity.*’

Formation of iron oxide NPs in the thermal decomposition method occurs via three stages:
pre-nucleation, nucleation, and growth.”” In the pre-nucleation stage, the precursor decomposes
to produce monomers (intermediate complex) for the reaction. Supersaturated monomer
concentrations cause nucleation. Nucleation can continue as long as the monomer concentration
is above the critical nucleation limit. In the next step, the iron oxide nuclei grow via diffusion
control*! or Ostwald-ripening,42 depending on the monomer availability. The nucleation and
growth significantly affect iron oxide NP morphology.

Modified Heat-Up: A slightly modified “heat-up” method was used for the synthesis of iron
oxide NPs in this research. Here an iron oleate precursor was heated in 1-octadecene in the
presence of a weak and a strong binding ligand. This method formed iron oxide NPs of the
desirable size (~ 12 nm) in a one-pot synthesis, and did not require a seed-mediated growth.

Additionally, the iron oleate precursor was less toxic than Fe(CO)s used in other researches.
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Figure 2.4. Synthesis of iron oxide NPs by thermal decomposition.

2.2.2 Shape Control of Iron Oxide Nanoparticles
Thermal decomposition method has proved promising for shape controlled synthesis of iron
oxide NPs. Pure and crystalline NP shapes could be obtained using thermal decomposition,

44.4 4
1*4°, or flame reactor® approaches. The solvent,

compared to the co-precipitation®, hydrotherma
ligand, precursor to capping molecule molar ratio, reaction heating rate, and self-assembly of the
NPs were tuned to achieve shape control in the thermal decomposition method. These
approaches are elaborated as follows.

Solvent and Precursor: Recently, iron oxide NP shape control studies using thermal

decomposition of fatty acid iron complexes were reported.*”*®

Here, the higher boiling solvents
were shown to induce larger sized NPs.*’ The NP formation was faster in the presence of an
activating agent (alcohol or amine).*® Additionally, ionic liquid solvents could also provide shape
control. Iron oxide nanorods were synthesized via thermal decompositon of Fe(CO)s in ionic
4,490

liqui However, the above methods were limited by a wide size distribution.
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Precursor: Capping Molecule Molar Ratio: Recently, Hyeon et al. reported a good control over
the shape and size distribution of iron oxide NPs. Here, the thermal decomposition of
Fe(CsH,0,); could form monodisperse, single domain iron oxide nanocubes (79 nm).”" It was
concluded that a high monomer concentration induced fast growth along <111> directions in
these oleic acid capped nanocubes. The nanocubes could be used in efficient separation of
histidine-tagged proteins. Using a similar procedure, Guardia et al. could synthesize iron oxide
nanocubes of tunable sizes (5-50 nm).”> Here, short carbon chain decanoic acid was used as the
capping molecule during the thermal decomposition of Fe(CsH;0;);. Decanoic acid provided a
less stable system compared to oleic acid. Therefore, the nanocube morphology could be
controlled by varying precursor to capping molecule ratios (p/c). At a low p/c (1:6), quasi-
spherical iron oxide nanospheres formed. Intermediate shapes (between a sphere and a cube or
pseudo-star-like) resulted at medium p/c (1:4 and 1:5). At higher p/c (1:3), well-defined iron
oxide nanocubes were formed. This could be from faster growth of iron oxide nuclei in the
presence of minimum capping molecules because the iron oxide unit cell also possesses a cubic
symmetry.

Heating Rate: A similar evolution from initial spherical, to cubic, to final star-shaped NPs was
observed for CoFe,04 NPs.” Here, the heating rate and precursor concentration were found to be
important shape control parameters.

Ligand: A popular shape control strategy in thermal decomposition is to induce crystal surface
energy difference via surfactants.”* For example, Shavel et al. formed iron oxide nanocubes with
sodium oleate surfactant.”> Here, the cubic morphology was facilitated by oleate anions from
sodium oleate decomposition. Iron oxide nano-octahedrons were formed when surfactant,

trioctylammonium bromide was used.’® Similarly, selective binding of two capping molecules
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(oleic acid and oleylamine) during thermal decomposition of Fe(CsH;0,); had induced magnetite
nanocube shapes.”” Recently, Hyeon et al. reported that the self-assembly of surfactant, 2,3-
dihydroxy-naphthalene induced plate-like manganese oxide NPs.*®
Self-Assembly: Alternatively, self-assembly of small nanoclusters could facilitate shape
anisotropy via thermal decomposition. In cobalt-ferrite NPs, periodic injection of hexane led to
particle coalescence and assembly into flower-like nanostructures.”” However, size-controlled
synthesis of such nanostructures is yet to be reported for the case of iron oxide.

The above results reported few iron oxide NP shapes, mostly of cubic morphology. Other
anisotropic shapes of iron oxide NPs remain unexplored. Therefore, our goal was to obtain

various anisotropic iron oxide NP shapes that could facilitate Pt NP attachments.

2.3 Synthesis of Platinum Attached Iron Oxide Nanoparticles

Pt NP based heterostructures have been synthesized to potentially reduce the use of
expensive Pt precursors, and stabilize the small Pt NPs. In these nanostructures, Pt NPs
heterogeneously nucleated on support surfaces to reduce surface energy. Sun et al. followed an
epitaxial growth of Fe on previously formed Pt NPs to obtain Pt-attached magnetite NPs.®
However, this method could only form dimer NPs.®’ They concluded that the electron transfer
from Fe to Pt could make the Pt NP surfaces unsuitable for multiple nucleations. The possibility
of multiple nucleations was investigated using Au and magnetite NPs.”> However, the strong
interactions at the metal surfaces often detached the third NP component. Hyeon et al.
synthesized oxide-metal heterostructures with metal-oleate and metal-oleylamine complexes to
reduce the cost of the precursors.®> However, this approach formed core-shell like nanostructures

with less control over size and accessibility of Pt NPs.** Synthesis of metal oxide NPs prior to
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the attachment reactions could potentially minimize the metal-metal surface interactions that
inhibited multiple attachments. Hyeon et al. used this method for Pt NP attachment.®> However,
an uncontrolled reduction formed larger Pt nanoflowers in this case. Another interesting
synthetic technique was to attach water soluble maghemite NPs to Pt NPs using lysine
(C¢H14N,0,) polymer linker.”” However, the maghemite NPs used here showed wide size
distributions. These results showed that multiple Pt NP attachments on iron oxide NP surfaces
had proved challenging. Therefore, our attempt was to synthesize multiple Pt NP-attached

monodisperse iron oxide NPs.

2.4 Interaction of Platinum with DNA Molecules
Recently DNA-guided synthesis and assembly of small metal NPs has been widely used.

These studies reported possible NP-DNA interactions such as electrostatic attraction, hydrogen
binding with DNA bases, and groove binding.®® Cationic polymer-capped NPs showed
electrostatic conjugations with negatively charged phosphate groups in the DNA backbone.®”*®
However, tris(hydroxymethyl)phosphine coated anionic Au NPs could also bind to the DNA. A
hydrogen bond formation with DNA bases was proposed to explain this result. The Au NPs
showed strong binding affinity for nucleosides guanine (N1), adenine (N7), and cytosine (N3),
compared to thymine.*”® Such nucleobase binding was also observed for Pt NPs in interactions
with peptide nucleic acids.”' Generally, Pt metal ions show a high affinity for DNA bases.”” A
strong interaction with all DNA bases was recently reported for Au and Pt NPs.” The interaction
was less strong for larger NPs. Affinity of DNA nitrogen bases for small metal NPs (< 5 nm) had

resulted in hydrogen bond breaks between dissimilar bases.”* This showed that the small NPs

could induce DNA destruction via double strand dissociations. Recently, DNA groove binding
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was also shown by Au nanoclusters (1.4 nm). Here, the Au NPs inside DNA grooves could
shrink the groove size via interaction with phosphate and oxygen atoms.” These different NP-
DNA conjugations could be efficiently detected using gel electrophoresis.”® For example, Pt NP-
DNA conjugation has been successfully investigated through electrophoresis.”” These studies
showed the probable DNA-NP interactions. However, most DNA interaction researches were
focused on Au NPs.

Recently, small Pt NPs have been used in many promising therapeutic applications, such as
DNA degradation, radiation therapy enhancement, and treatment of oxidative stress disease, as
explained earlier. Therefore, the aim of this research was to investigate the DNA interaction

ability of the Pt NPs supported on iron oxide NPs.

2.5 Characterization of Nanoparticles

Good characterization techniques are required to investigate NP properties such as DNA
interaction, size, morphology, crystal structure, and magnetic behavior. NP characterization is
important because human eye cannot resolve such small structures.

A transmission electron microscope (TEM) is used to determine the size, morphology, and
qualitative chemical composition of the NPs.”® The NP sample, dispersed in a volatile solvent
(e.g., hexane) is dropped on carbon-coated copper grids (3 mm) for viewing on the TEM.” In a
TEM, an electron beam interacts with the specimen loaded on the TEM holder. The interacted
beam contains specimen information that can be displayed through a charge coupled device
camera or film negative. Bright field imaging (BF) is used for size and shape overview of the
entire NP sample. The transmitted electron beam from the sample is the main contributor of this

image. Here, the NPs appear as dark spots on a bright background. However, only high-
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resolution transmission electron microscopy (HRTEM) can image NPs at the atomic resolution
to show crystallographic planes (lattice fringes). Here, strongly diffracted electrons from the
sample interfere with the transmitted electrons to give phase contrast. The TEM lenses must be
properly aligned, and the objective stigmation adjusted for such high magnifications. The crystal
phase of the sample can be determined using TEM electron diffraction (ED) patterns. Single-
crystalline NP samples show well defined points in ED, compared to concentric rings and
diffused concentric rings for polycrystalline and amorphous NPs, respectively. However, a high-
angle annular dark field (HAADF) is required to detect very small NPs (< 5 nm). The HAADF
operates at very high angles to detect slow secondary electrons that escaped from the sample.
Therefore, the HAADF image is negligibly affected by defocus and sample thickness (Bragg™s
reflections), compared to BF images. The TEM also gives a rough chemical composition of the
NP sample via energy-dispersive-spectrophotometry (EDS). The EDS plots the characteristic x-
ray count versus x-ray energy to show sample chemical composition. In this research, a FEI
Tecnai F-20 TEM operating at 200 keV was used for NP characterization. A JEOL-7000
scanning electron microscope (SEM) was also used in some cases for supporting data. SEM
scans an electron beam across the entire sample, unlike the converged electron beam used in
TEM. The signal created from electron-sample interaction gives the image in SEM.

X-ray diffraction (XRD) gives crystallographic information of the NPs. Here, the organic
surface coating of the NPs is washed completely to form a well-dried NP sample. The collimated
incident x-rays (~ 1 A) are scattered by the powdered NP sample.80 The elastically scattered or
Bragg diffracted x-rays are measured in the detector.®’ The sample and the detector are rotated at

0 and 26 respectively to obtain diffraction data of the entire sample. A 28 scan from 20°- 80° can

identify the NP crystal phase, based on the reference data (International Center Diffraction Data,
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ICDD).*? Here, a Bruker AXSD8 Advanced XRD was used to investigate the crystal phase of
iron oxide NPs.

X-ray photoelectron spectroscopy (XPS) can be used to distinguish iron oxide NP crystal
phases, y-Fe;Os; and Fe;O4. The XPS gives surface chemical composition (100 atom%- 0.1

838 Here, the

atom% concentration) of the powdered NP sample within a 1-10 nm surface range.
emitted photoelectron count is reported for corresponding binding energies. The peaks in the
survey scan (0~1100 eV, 1 eV/point) spectrum indicate the presence of specific elements on the
surface of the sample. A high resolution multiplex scan (20 eV window, 0.065 eV/point) gives a
closer view into spin-orbit coupling and oxidation states of the surface elements. Atoms at a
higher oxidation state show increased binding energies due to the extra Coulombic interaction of
the photo-emitted electron with the nucleus. The XPS can also gradually remove the sample
surface via ion sputtering to report elemental composition as a function of depth from the sample
surface. A Kratos AXIS 165 Multitechnique Electron Spectrometer was used in this research.
The metal ion concentrations in NP solution can be measured using atomic absorption
spectroscopy (AAS). The AAS can determine metal concentration from ultra trace to major
constituent level in a wide variety of sample type including nanomaterials. All analytes are
transferred to homogeneous solutions before analysis. AAS measures the decrease in light
intensity from a source (hollow cathode lamp or electrode less discharge lamp) when it passes

8586 The ground state atom absorbs light energy

through a vapor layer of analyte element atoms.
of a specific wavelength as it enters the ,,excited state”. As the number of atoms in the light path
increases, the amount of light absorbed also increases. A quantitative determination of the

amount of the analyte can be made by measuring the ,light absorbed™. Quantitative

measurements in atomic absorption are based on Beers law (the concentration is proportional to
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absorbance, C = KA). In an AAS, a light source emits the spectrum of the element of interest (e.
g., Pt, Fe hollow cathode lamps). The absorption cell or nebulizer-burner system produces the
sample atoms using the air-acetylene flame. Here, the flame temperature should be more than
2100 °C. The monochromator controls the light dispersion. The AAS detector measures the light
intensity, and amplifies the signal, prior to display. We used a Spectra 220 FS (Varian) AAS to
detect ions of Pt and Fe in our NP samples. Specific wavelengths are recommended for Fe ions
(248.3 nm), and Pt ions (265.9 nm). An air: acetylene flame is recommended for both Fe and Pt
metal determination. AAS is a very specific technique, but contains some chemical and spectral
interferences. Addition of 0.2% La in 1% HCI is necessary to eliminate other metal (Fe in this
case) interferences for Pt ions. Interferences for Fe ions can be controlled by using a very lean
flame.

Fourier transform infrared spectroscopy (FTIR) can analyze the chemical bonds and
functional groups in the NP sample.®” In FTIR, the incident infrared (IR) beam is first resolved
into its individual frequency components via an interferometer. The resolved beam induces
vibrational excitations in atoms of the sample.*® Vibrations in the sample molecule causes
symmetric or asymmetric changes in the inter-atomic distance along the bond axis (stretching),
or changes in the bond angle (bending). Stretching induces higher vibrational frequencies than
bending. The vibrational frequency increases with bond energy and atomic weight. The detector
measures the IR signal after interaction with the sample. A Fourier transform or recombination
of this signal gives the final IR spectrum in terms of transmission (or absorption). The spectrum
shows the characteristic vibrational frequencies of the sample. Single bonds show peaks in the
range of 3300 —2800 cm™. The double bond regime is 1750 -1500 cm™, and triple bonds fall

within 2300 -2100 cm™'. The fingerprint region of 1500 to 600 cm™ contains peaks characteristic
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to the particular sample. The closely spaced peaks in this region are difficult to identify, but each
compound gives a different peak pattern. This suggests the chemical composition of the NP.
Additionally, the surface functional groups detected provides information about NP-ligand
surface interactions. A PerkinElmer Spectrum 100 FT-IR spectrometer (Bucks, UK) was used in
this study.

Raman spectroscopy gives a cleaner spectrum than the FTIR, and interferences from water
and CO, are negligible. A monochromatic beam of photons from the laser source induces the
weak Raman scattering in the NP sample (powder). Filters, diffraction gratings, and sensitive
detectors used collect only the Raman scatterings. Finally, the Raman spectrum is plotted with
respect to the laser frequency. A Raman spectrum shows sharp bands, detectable even below 400
cm™, and strong peaks for symmetric molecular stretches. A Bruker Senterra system (Bruker
Optics Inc. Woodlands, TX) was used to analyze our NPs.

Thermogravimetric analysis (TGA) is useful for determining the surface coating of NPs.* In
TGA, the powdered NP sample is heated at controlled temperatures less than 1000 °C to monitor
the weight loss as a function of temperature and time.”’ A precision balance supports the sample
pan inside the furnace. The balance records the loss or gain in weight of the sample, during
controlled heating experiments. An inert or reactive purge gas flows over the sample to control
the sample environment. The TGA provides quantitative measures of mass changes related to
dissociation of bonds, oxidation, surfactant layer,”’ or decomposition of the NP sample.”**® It
can also be used to estimate the volatile content in the sample. A quartz crystal microbalance
also operates on the principles of TGA, but requires less sample (pg instead of a few mg). This is
especially favorable for NP samples that are difficult to precipitate.” Our experiments were

performed on a TA Instruments TGA 2950 thermogravimetric analyzer (New Castle, DE).
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Dynamic light scattering (DLS) is widely used to measure the hydrodynamic diameter and
surface charge of NPs. This technique is rapid and non-destructive. Here, light from a laser
source is first incident on the NP solution. Random Brownian motions of the sample solution
scatter the incident light. The diffusion rate of the NP molecules in solution controls the time-
dependent fluctuations of scattered light. This diffusion rate is related to the hydrodynamic
diameter of the NP. Therefore, the DLS can report the NP properties (hydrodynamic diameter,
surface charge) from the detected light scatter.”* The scattered light also shows randomness in
phase, and can interfere constructively or destructively. A Zetasizer Nano (Malvern) DLS was
used for this research.

An alternating gradient field magnetometer (AGM) allows fast magnetic measurement on
powdered NP samples. A measured weight of the sample is mounted on a quartz extension rod.
A large electromagnet is used to produce external magnetic field up to 15 kOe. Additionally, two
small electromagnets generate an alternating magnetic field in the air gap across the sample. The
alternating field exerts an oscillatory force proportional to the magnetic moment of the

sample.”>

This force causes the sample to deflect. A piezoelectric sensor detects the deflection,
and generates a proportional voltage signal. The magnetic moment of the sample is reported as a
function of the applied field using the voltage signal, and the alternating field gradient. The
corresponding magnetizations can be calculated from the known sample weight. The AGM has a
high sensitivity (~ 10° emu), and is suitable even for less magnetic NP samples. A Princeton
alternating gradient field magnetometer was used in our studies.

76,97
" Here,

The NP-DNA interaction can be best measured using agarose gel electrophoresis.
the samples migrate through the pores in the gel under an electric field gradient. The gel is

prepared by completely dissolving the agarose (GTG) in tris-acetate-ethylenediaminetetraacetate

35



(TAE) buffer solution via microwave (General Electric). The homogeneous solution is poured in
the gel tray to solidify. The weight of agarose per volume of the buffer solution controls the pore
size of the gel. In a uniform gel, the samples show different migration rates depending on their
charge and molecular weight.”® Negatively-charged DNA migrates towards the anode (positive
charge). DNA interactions can be investigated from the different sample migrations. A Thermo
Scientific agarose gel equipment was used for this research.

In summary, the recent researches and characterization techniques required for the
experiments in this project were introduced in this chapter. The magnetic properties, spinel
structure, and synthetic approaches were explained to better understand the properties and
formation mechanism of iron oxide NPs used in this research. Here, the iron oxide NP surfaces
formed the platform for attachment of multiple small Pt NPs. Therefore, recent reports of Pt NP
attachments on iron oxide NPs were discussed. These methods were limited by a less controlled
and a single Pt NP attachment. The goal of this research is to synthesize multiple Pt NP attached
iron oxide NPs, and to show the NP-DNA interaction. Recently the free Pt NPs showed
interesting DNA interactions that were described in this chapter. The hypothesis of this project
was that the Pt NPs attached to the iron oxide surfaces will interact with the DNA like the free Pt
NPs. The experiments designed and the results obtained to prove this hypothesis are detailed in

the following section.
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CHAPTER 3
EXPERIMENTS, RESULTS, AND DISCUSSION

The goal of this research was to prove the effective DNA interaction of the Pt NPs supported
on iron oxide carriers. The specific research tasks to achieve this goal involved reproducible
synthesis of the iron oxide NPs, attachment of Pt NPs to the iron oxide seeds, an aqueous phase
transfer of the NPs, and DNA interaction of the Pt-iron oxide NPs. This chapter will elaborate
each of these methods. The first section describes the synthesis of monodisperse iron oxide
nanospheres (Section 3.1). Subsequently, the Pt NPs were attached to the iron oxide seeds via an
organic route (Section 3.2). Interestingly, modifying the shape of the iron oxide NPs facilitated
Pt NP attachments in an organic solvent (Section 3.3). Here, iron oxide nanowhiskers (Section
3.3.1), nanoworms (Section 3.3.2), nanoplates, and nanoflowers (Section 3.3.3) were
reproducibly synthesized. The NPs in organic solution were made biocompatible via an aqueous
phase transfer using ligand exchange (Section 3.4). Subsequently, the water-soluble iron oxide
NPs were used for Pt NP attachments via an aqueous route (Section 3.5). This facile approach
provided better accessibility of the Pt NPs for the DNA interactions. Therefore, this integrated

NP was used as a model for the proof-of-concept DNA interaction experiments (Section 3.6).

3.1 Iron Oxide Nanospheres
The hypothesis of this research was that the small Pt NPs attached to iron oxide NP carriers
will interact with the DNA like the free Pt NPs. The iron oxide NPs will provide stability to

small Pt NPs, and could potentially act as MRI contrast agents. Multiple Pt NP- attached iron
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oxide NPs were first synthesized to prove the hypothesis. Attaching the Pt NPs to pre-formed
iron oxide NPs could provide better control over Pt NP sizes, as suggested by literature review.
Therefore, the first step was to synthesize monodisperse iron oxide NP seeds. Here, the synthesis
of crystalline and monodisperse iron oxide NPs is reported via a modified “heat-up” method.
Experiment
Synthesis of the precursor, iron oleate complex

The iron oleate complex was prepared by mixing ferric chloride (13 g), potassium salt of
oleic acid (192.4 g) in a solvent mixture (hexane, 280 mL and ethanol, 160 mL) at 65 °C for 4 h.
The mixture was phase-separated. The top organic phase contained the iron oleate complex. This
was washed with de-ionized (DI) water (3 times) to remove by-products such as KCI. The paste-
like iron oleate complex product was dried overnight in a chemical hood to remove volatile
solvents. The precursor complex was used for further synthesis of iron oxide NPs.
Synthesis of the iron oxide nanoparticles

The iron oleate complex (1.8 g) was heated at 320 °C for 2.5 h in the presence of different
capping molecules in 1-octadecene (13 mL). The precursor to capping molecule ratio (p/c) was
kept the same in these reactions. Oleic acid (OA), OA/oleylamine (ON, 1:3 OA:ON molar ratio),
and OA/trioctylphosphine oxide (TOPO, 0.6:1 OA:TOPO molar ratio) were the different
surfactants used.

Using a OA/TOPO surfactant mixture, the amount of iron oleate complex was varied (1.8 g,
4 g, 6 g, and 8 g) to tune the surfactant packing density on iron oxide surfaces. The
corresponding p/c were 2:1, 5:1, 8:1, and 10:1, respectively. All other reaction parameters were

kept the same.
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For transmission electron microscopy (TEM) analysis, the NPs were centrifuged out of the
solution using a 1:1 volume ratio of ethanol and hexane, re-dispersed in hexane, and dropped on
the TEM grid. In contrast, dry powder samples for crystal structure and magnetic property
measurements were prepared by magnetically separating the NPs from solution using acetone
and chloroform, followed by drying under vacuum.

Characterization

The size and morphology of the iron oxide NPs were examined on a FEI Tecnai F-20 TEM.
The crystal structure of the NPs in dry powder form was studied on a Bruker AXSD8-Advanced
XRD using a Co source (K,, A =1.79 A). The magnetic properties of these NPs in powder form
were measured using a Princeton AGM at room temperature.

Results and Discussion

Monodisperse iron oxide NPs were synthesized via thermal decomposition of the iron oleate
precursor in an organic solvent (1-octadecene) at 320 °C for 2.5 h using OA/TOPO surfactant
mixture (OA:TOPO molar ratio 0.6:1, p/c = 8:1). The bright-field image suggested a 12 nm size
of the NPs (Figure 3.1.1a). The high-resolution transmission electron microscopy (HRTEM)
could show a single iron oxide NP (Figure 3.1.1b). The size of the NP in HRTEM was consistent
with the bright-field data. This size is suitable for the potential use of the iron oxide NPs as
carriers for small Pt NPs in the body. Generally, particles < 100 nm could evade clearance via
macrophages. However, small NPs (< 5 nm) were rapidly removed by the reticuloendothelial
system (RES). Therefore, the 12 nm iron oxide NPs could potentially have a long blood
circulation time. They could also be conjugated to a targeting biomolecule without exceeding the
100 nm limit. The iron oxide NPs are crystalline, as suggested by the clear lattice fringes in the

HRTEM. The crystal structure of the NPs was investigated using XRD (Figure 3.1.1c). For a

50



good XRD data, the organic ligand coating on the iron oxide surface was washed off via
magnetic separation. Additionally, the vertical height (Z) of the powder sample was adjusted to
focus the x-ray. The 26 peaks at 35.1°, 41.4°, 50.4°, 63.1°, 67.5°, and 74.4° matched well with
the (220), (311), (400), (422), (511), and (440) crystal planes of the maghemite structure. A
maghemite structure was suggested, based on the (220) peak that is not seen in magnetite.' Since
this peak is small, the possibility of a magnetite structure cannot be completely excluded. The
measurement of magnetization of the sample versus applied magnetic field (M-H curve) is
shown in Figure 3.1.1d. The M-H curve showed zero coercivity at zero magnetic field, or
superparamagnetic behavior. The data also suggested no aggregation in the NP sample because
the large aggregates would give a ferromagnetic loop. The saturation magnetization is lower (50
emu/g) than bulk iron oxides (maghemite = 78 emu/g, magnetite = 92 emu/g),” likely due to the

surfactant coating.
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Figure 3.1.1. Iron oxide NPs with 8:1 p/c using OA/TOPO: (a) bright-field TEM, (b) HRTEM,

(c) XRD scan, and (d) M-H curve.
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The surfactant packing density on the iron oxide NP surface was tuned by using different
amounts of the precursor (p/c = 2:1, 5:1, 8:1, and 10:1), keeping all other parameters constant.
The OA/TOPO surfactant mixture (OA:TOPO molar ratio 0.6:1) was used for the investigation.
Monodisperse iron oxide NPs formed with 1.8 g iron oleate complex (p/c 2:1, Figure 3.1.2a).
Based on the HRTEM image, the NPs were 15 nm in size, and highly crystalline (Figure 3.1.2a,
inset). Figure 3.1.2b shows the uniform iron oxide NPs synthesized with 5:1 p/c. The HRTEM
image suggested ~ 13 nm size of the NPs (Figure 3.1.2b, inset). The NPs showed good
crystallinity, as seen from the clearly visible lattice fringes in the HRTEM. The iron oxide NPs
using 6 g iron oleate precursor (p/c = 8:1) showed good quality in terms of size, size distribution,
and crystallinity (Figure 3.1.1a and b). These results suggested that uniform iron oxide NPs
could be synthesized using different packing density of surfactant, OA/TOPO. However, at very
high precursor amounts (p/c = 10:1) slight aggregation was observed, likely from insufficient

surface coating.

Figure 3.1.2. Iron oxide NPs using OA/TOPO surfactant with p/c: (a) 2:1, HRTEM (inset), and
(b) 5:1, HRTEM (inset).

To investigate the effect of capping molecules on iron oxide NP synthesis, different
surfactants were used, keeping the precursor to surfactant ratio constant. Monodisperse iron

oxide NPs of size ~ 12 nm could be synthesized with only OA (Figure 3.1.3a) OA was used in
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the traditional iron oleate based ‘“heat-up” method, and is known to prevent NP aggregation
through a strong surface protection.”' During the high temperature synthesis, the conformation
of the OA is irreversibly changed to form a strong binding to the iron oxide surface.*” The result
with OA was consistent with earlier reports. However, OA/ON surfactant mixture (OA:ON
molar ratio = 1:3) induced an irregular morphology in iron oxide NPs (Figure 3.1.3b). This is
likely due to the competing surface binding forces of OA and ON. ON has a slightly stronger
attraction for the iron oxide surface.' The strong preferential binding of both ligands to the iron
oxide surface could facilitate the irregular NP shape. Therefore, the OA/ON ligand mixture
suggested a significant role of ligand binding energies on the NP size and shape. Interestingly,

the OA/TOPO surfactant mixture could form monodisperse NPs because TOPO had a much

lower binding energy, compared to OA (Figure 3.1.1 and 3.1.2).

N #:“

Figure 3.1.3. Bright-field TEM image of iron oxide NPs with other capping molecules: (a) only
OA, (b) OA/ON mixture.

The synthesis of iron oxide NPs showed good reproducibility. Figure 3.1.4 is a column plot
of the sizes of NPs obtained from 10 reactions using OA/TOPO surfactant (OA: TOPO molar
ratio, 0.6:1). The NP size variation was small (12-15 nm). The error bars showed low standard

deviation (£2 nm).
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Figure 3.1.4. Column graph showing repeatability of iron oxide NPs.
Conclusion

Monodisperse iron oxide NPs of good crystallinity were successfully synthesized using
thermal decomposition of the iron oleate complex. The surfactant binding energy played a
significant role in size and shape of the iron oxide NPs. Good spherical iron oxide NPs could be
obtained using OA, and OA/TOPO. However, irregular shaped iron oxide NPs formed with
OA/ON, likely due to the high binding affinity of both ligands to the iron oxide surfaces. The
effect of surfactant packing density on NP size distribution was investigated using OA/TOPO. It
was concluded that monodisperse iron oxide NPs could be formed up to 8:1 precursor/surfactant

molar ratios. The NPs with different surfactant packing density were similar in size.

3.2 Platinum Attached Iron Oxide Nanoparticles via Organic Route

Multiple Pt NP attachment was first investigated in an organic solvent (organic route) using
the iron oxide NP seeds. In this method, heterogeneous nucleation of small Pt NPs was induced
on iron oxide surfaces, prior to an aqueous phase transfer of the whole integrated NP (Figure
3.2.1). The advantage of this route for our purpose was that the biocompatible coating could

protect the therapeutic Pt NP components from non-target interactions.
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Figure 3.2.1. Pt NP attachments via organic route
Experiment

The powder Pt precursor, K,PtCls (5 mg) was dissolved in 1-octadecene (10 mL) with 1:1
molar ratio of the reducing agent, dodecanediol, until a clear yellow solution was formed at 70
°C. The homogeneous solution was cooled to 30 °C. Next, an iron oxide NP seed solution (5
mL) and reducing agent, oleylamine (1 mL) was injected, and the solution was allowed to mix
for 0.5 h. The reactants were heated at 140 °C for 4 h.

Different ligand (e.g., OA/TOPO, OA, and OA/ON) capped iron oxide NP seeds were used
to study the effect of ligand coating on Pt attachment reaction, keeping all other parameters
constant. The effect of surfactant packing density on Pt NP attachments in organic solvent was
investigated using OA/TOPO coated iron oxide seeds with different p/c (2:1, 5:1, 8:1, and 10:1).
The desired reaction temperature was varied (110 °C, 140 °C, and 180 °C) using OA/TOPO iron
oxide seeds to tune the Pt attachments. To study the influence of the Pt precursor, the molar ratio
of the Pt precursor to iron oxide seeds was changed (e.g., 120:1, 240:1, 360:1, and 540:1),
keeping all other reaction parameters constant.

Characterization
The NPs were imaged on a FEI Tecnai F-20 TEM. The magnetic properties of the powdered

NPs were measured using a Princeton AGM at room temperature. Samples for the TEM and
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AGM were prepared as described earlier.
Results and Discussion

Iron oxide seeds were injected into Pt precursor solution at 140 °C, in the presence of a
reducing agent to grow Pt NPs on iron oxide NP surfaces. K,PtCls, the powder Pt precursor, can
be reduced with more control, compared to other Pt salts (e.g., Pt(acetylacetonate),).
Additionally, Pt complexes are known to reduce easily at 140 °C.° According to classical
nucleation theory, the seed size can greatly influence heterogeneous nucleation.” Therefore, iron
oxide NPs of similar size (~ 12 nm) were used for reference. Figure 3.2.2 shows the influence of
capping molecules on the Pt attachment reaction, keeping all other parameters constant (140 °C,
5 h). The higher atomic number (Z) Pt NPs appear as small, darker dots compared to the iron
oxide seeds. With OA coated iron oxide NPs, many free small Pt NPs were observed (Figure
3.2.2a). Since the iron oxide seeds were very uniform, the small NPs could be assigned to Pt
NPs. The challenge in obtaining Pt attachments using OA surfactant was likely due to the strong
binding of OA.' The compact coating on the iron oxide seeds prevented heterogeneous
nucleation of Pt NPs. However, single Pt NP attachments were seen in the OA/TOPO coated
seeds (Figure 3.2.2b). Higher atomic number (Z) Pt NPs appear darker in the bright field image,
compared to the iron oxide NPs. This dark dot is clearly visible in the HRTEM image (Figure
3.2.2¢) that suggests single Pt NP attachment. Here, the size of the Pt NP is ~ 4 nm. The weak
binding ligand, TOPO likely facilitated Pt NP attachments via a less compact surface coating on
iron oxide seeds. Interestingly, increased Pt attachments were also observed in OA/ON coated
seeds (Figure 3.2.2d). The size of Pt NPs was slightly larger (~ 5 nm) than the OA/TOPO seeds
(Figure 3.2.2e). Here, the irregular NP shape with sharp edges and corners could have induced

the Pt attachments.®
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Figure 3.2.2. Single Pt attached iron oxide NPs: (a) OA coated seeds, (b) OA/TOPO coated
seeds, (¢) HRTEM image of sample b, (d) OA/ON coated seeds, and (¢) HRTEM of sample d.
Using the more reproducible OA/TOPO seeds, the Pt NP attachment was investigated at
different reaction temperatures (110 °C, 140 °C, and 180 °C). The observed results at 110 °C
(Figure 3.2.3a) were similar to the attachments at 140 °C (Figure 3.2.3b). However, free Pt
nanowires resulted at 180 °C from self-nucleation because the Pt self-nucleation rate increases
with temperature (Figure 3.2.3c). These results suggested that the OA/TOPO surfactant coating
and a 140 °C reaction temperature could best induce single Pt attachments. These reaction

parameters were further used for the multiple Pt attachment studies.
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Figure 3.2.3. Pt attachments at different temperatures, using OA/TOPO coated iron oxide seeds:

(a) 110 °C, (b) 140 °C, and (c) 180 °C.

The influence of surfactant packing density was investigated to obtain multiple Pt
attachments on iron oxide NP seeds. Here, OA/TOPO coated iron oxide NPs seeds with different
surface packing (p/c 2:1, 5:1, 8:1, and 10:1) were heated with the Pt precursor (molar ratio of Pt

precursor: iron oxide NPs, 120:1) at 140 °C for 5h. Figure 3.2.4 shows the Pt attachments
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obtained with the different iron oxide NPs. Few Pt attachments were observed using 2:1 p/c
seeds (Figure 3.2.4a). The 5:1 p/c iron oxide seeds also did not show much improvement (Figure
3.2.4b). However, significant Pt NP attachments were achieved using iron oxide seeds with 8:1
p/c (Figure 3.2.4c). Mutiple Pt NPs were attached on iron oxide surfaces of this seed, as
suggested by the dark dots surrounding the iron oxide NPs. The unprotected sites available for
nucleation of Pt NPs likely increased with reduced surfactant packing on the iron oxide surface.
The iron oxide seeds with 10:1 p/c showed slight aggregation from insufficient capping

molecules (Figure 3.2.4d), and were not suitable for uniform Pt attachments.

Figure 3.2.4. Bright-field TEM images of multiple Pt attachments using iron oxide NPs seeds
with P/C: (a) 2:1, (b) 4:1, (¢) 8:1, and (d) 10:1.

The molar ratio of Pt precursor to iron oxide seeds was increased to 240:1, 360:1, and 540:1
to further increase the density of Pt NPs on the iron oxide surfaces. Although the experiments
were performed using all four iron oxide seeds, the 8:1 ratio seeds were found to be most suitable

as seen earlier. At Pt precursor to iron oxide molar ratio 540:1, Pt NPs showed considerable self
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nucleation due to the presence of excess Pt precursor. Figure 3.2.5 shows a representative TEM
image of the multiple attachments of Pt NPs obtained at a ratio of 360:1, which gave the best
results. Multiple Pt attachment was apparent from the rough edges of the iron oxide surfaces that
were relatively smooth prior to attachment reactions (Figure 3.2.5a). Additionally, the HRTEM
image (Figure 3.2.5a, inset) showed several Pt NPs of size 2 nm attached to the surface of the
iron oxide NP seed. However, it was challenging to identify the Pt NPs in a XRD scan due to the
significant size broadening of the small Pt NPs. Alternatively, EDX and HAADF imaging of the
TEM was used to confirm the presence of Pt NPs on the iron oxide seeds. The high angle annular
detector used to record HAADF images minimizes Bragg®s reflections. The major contributor in
HAADF imaging is the thermal diffused scattering, which is negligibly affected by the sample
thickness and defocus. Consequently, even though the Pt NPs on the iron oxide surface were
small in size, they were effectively captured in a HAADF image (Figure 3.2.5b). The contrast in
a HAADF image depends on the atomic number (Z) of the element such that the heavier
elements appear brighter. Hence, the scattered bright dots on the darker iron oxide suggested the
presence of Pt attachments on iron oxide surfaces. The EDX spectrum provides useful
information about the chemical composition of the sample. Here, the characteristic x-rays
scattered by the individual elements in the sample are recognized. The EDX spectrum of this
sample was obtained by focusing the nanoprobe on the surface of the iron oxide NPs. The
elements, Fe, O, and Pt were clearly visible in the spectrum (Figure 3.2.5c). The high Cu peak
came from the TEM grid, while the K was likely from the trace amounts of remaining by-
product (KCI) formed during the synthesis of the iron oleate precursor. Therefore, the EDX
spectrum supported the presence of attached Pt NPs on the iron oxide NP surfaces. However, the

addition of Pt NPs on the surface did not cause any significant change in the magnetic
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characteristics of the iron oxide seeds, according to the room temperature M-H curve (Figure

3.2.5d).
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Figure 3.2.5. Multiple Pt-attached spherical iron oxide NPs. (a) TEM image, HRTEM image
(inset), (b) HAADF images, (¢) EDX spectrum, and (d) M-H curve.
Conclusion

In conclusion, the reaction parameters suitable for Pt NP attachments onto iron oxide
surfaces were investigated via an organic route. Capping molecule binding to the iron oxide
surface played a key role in Pt NP attachment. The OA/TOPO capped iron oxide NPs gave the
most reproducible single Pt NP attachments. The attachment reactions were favorable at 140 °C,
the temperature known for easy Pt reduction. At higher reaction temperatures, the Pt showed

self-nucleation. It was concluded that a low surface packing density of OA/TOPO on iron oxide
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NPs (p/c 8:1) could facilitate multiple Pt NP attachment. An increase in the molar ratio of Pt

precursor to iron oxide NPs (360:1) also induced high quality Pt NP attachments.

3.3 Shape Controlled Iron Oxide Nanoparticles

Shape controlled iron oxide NPs were synthesized with the aim to improve attachment
density of small Pt NPs on iron oxide seed surfaces. Heterogeneous nucleations, such as Pt NPs
on iron oxide surfaces are known to prefer irregular surfaces with sharp edges and corners.”
Here, the synthesis of iron oxide nanowhiskers, nanoworms, nanoplates, and nanoflowers via
thermal decomposition of iron oleate precursor is reported. Multiple Pt NP attachments were
investigated using each of these shapes. The attachments were performed with 360:1 molar ratio

of Pt precursor to iron oxide seeds, using the organic route described in Section 3.2.

3.3.1 Iron Oxide Nanowhiskers
Experiment
Synthesis of the Fe (111) oleate complex

The iron oleate complex was prepared by mixing ferric chloride (13 g), potassium salt of
oleic acid (192.4 g) in a solvent mixture (hexane, 280 mL and ethanol, 160 mL) at 60 °C for 4 h.
The mixture was phase-separated and washed with de-ionized (DI) water to remove by-products.
The paste-like iron oleate complex was dried overnight in a chemical hood to remove volatile
solvents. The precursor complex was subsequently used for nanowhisker synthesis.
Synthesis of the Fe (111) laurate complex

Typically, iron laurate complex was prepared by mixing ferric chloride (13 g), potassium salt

of lauric acid (192.4 g) in a solvent mixture (hexane, 280 mL and ethanol, 160 mL) at 60 °C for
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4 h. The mixture was phase separated, washed with de-ionized (DI) water, and dried as described
earlier. The complex was subsequently used for nanowhisker synthesis.
Synthesis of the Fe (1) oleate and Fe (I11)/Fe (11) oleate complexes

The Fe (II) oleate and the Fe (III)/Fe (II) oleate complex mixtures were prepared to better
understand nanowhisker formation. Typically, Fe (III) chloride (4.3 g) and Fe (II) chloride (1.69
g, Fe’*/Fe*" = 2:1) or Fe(I) chloride (5.07 g) were reacted with the sodium oleate (36.5 g) in a
solvent mixture (hexane-140 mL, ethanol-80 mL, and DI water-60 mL) at 60 °C for 4 h. The
mixture was processed like the Fe (III) oleate complex. The entire preparation was performed
under an argon atmosphere to prevent oxidation of Fe (II).
Synthesis of iron oxide nanowhiskers

Typically, iron oxide nanowhiskers were synthesized by heating the iron oleate complex (1.8
g) in 1-octadecene (13 mL) at 150 °C in the presence of surfactants (0.3 mL OA, 0.1 OA mL/0.2
g TOPO, or 0.1 mL OA/0.2 mL ON) for 2.5 hours. A time-dependent study was performed at
different reaction times (e.g., 0.5 h, 1.5 h, 2.5 h, 6 h, and 22 h), keeping all the other parameters
same. The Fe (III) oleate nanowhiskers were also synthesized in toluene (13 mL) using
OA/TOPO as the surfactant. NP syntheses using Fe (II) oleate, Fe (II)/Fe (III) oleate mixture,
Fe(Il) stearate (purchased), Fe (III) stearate (purchased), and Fe (III) laurate as precursors were
performed under the same conditions. Samples for TEM were prepared as described earlier.
Powder samples were prepared for XRD, XPS, Raman spectroscopy, TGA, AGM and FTIR.
Characterization

The size and morphology of the iron oxide nanowhiskers were studied using a FEI Tecnai F-
20 TEM. The crystal structure of the nanowhiskers in dry powder form was investigated by a

Bruker AXSD8-Advanced XRD using a Co source (Kq, A =1.79 A). We used a Kratos AXIS 165
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Multitechnique Electron Spectrometer to confirm the nanowhisker crystal phase. The Raman
analysis was performed on a Bruker Senterra system (Bruker Optics Inc. Woodlands, TX). The
TGA of the nanowhiskers was performed on a TA Instruments TGA 2950 thermogravimetric
analyzer (New Castle, DE). The magnetic properties of the powdered nanowhiskers were
measured using a Princeton AGM at room temperature. PerkinElmer Spectrum 100 FT-IR
spectrometer (Bucks, UK) was used to investigate the surface functional groups of the
nanowhiskers.
Results and Discussion

Iron oxide nanowhiskers were formed by heating the iron oleate precursor in octadecene at
150 °C using the usual surfactant mixture of OA/TOPO (0.6:1 molar ratio of OA:TOPO, p/c =
2:1). The nanowhiskers, approximately 2 x 50 nm in dimension were repeatedly observed at the
above reaction conditions (Figure 3.3.1.1a). Due to the high aspect ratio of the thin
nanowhiskers, it was difficult to focus them for HRTEM imaging. Even then, the lattice fringes
were clearly visible, suggesting a crystalline morphology of the nanowhiskers (Figure 3.3.1.1b).
Additionally, the calculated interfringe distance of 0.298 nm was approximately equal to the d-
spacing of (220) crystal plane in a cubic iron oxide spinel structure. Figure 3.3.1.1c shows a plot
of magnetization versus applied field for the iron oxide nanowhiskers. A combination of
superparamagnetism and paramagnetism was observed with no saturation magnetization. The
nanowhiskers had a large number of surface atoms due to their high surface-to-volume ratio.
Therefore, the large number of paramagnetic ligand molecules on the surface of the iron oxide
nanowhiskers could generate a magnetic “dead-layer” via enhanced surface spin disorder. This
dead-layer accounts for the paramagnetic region in the M-H curve.’ Increased ligand molecules

on the surface of the iron oxide nanowhiskers made it difficult to obtain crystal structure
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information of the powdered sample via XRD. However, the XRD scan using a Co source
showed peaks for (220), (311), and (411) crystal planes of maghemite (Figure 3.3.1.1d). This led

us to believe that the nanowhiskers could belong to a maghemite crystal phase.
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Figure 3.3.1.1. Iron oxide nanowhiskers: (a) bright-field TEM image, (b) HRTEM, (¢) M-H
curve, and (d) XRD scan.

Since, only three peaks were visible in the XRD scan, additional characterization was
performed on the iron oxide nanowhiskers to remove any doubt about its crystal phase. Figure
3.3.1.2a shows the Raman spectrum obtained from a Bruker Senterra system. The main peaks of
the spectrum at 725, 1295, and 1430 cm™ could be assigned to iron oxide.'” However, the
characteristic peak of magnetite at 670 cm™ was absent, excluding the possibility of a magnetite

crystal phase. Although, bulk maghemite is metastable and undergoes a phase transition to
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hematite above 300 °C, nanoscale maghemite is known to be thermodynamically stable.
Hematite shows sharper peaks in the Raman spectrum, especially in the interval 200 cm™- 400
cm’'. It is unlikely that the nanowhiskers were hematite because they showed no sharp peaks in
this range. This strengthened our belief that the nanowhiskers showed a maghemite crystal
structre. The broad peak at 1610 cm™ can be assigned to adsorbed moisture on the surface or —
OH groups. Further, a core-level XPS plot in the Fe 2p region was obtained to determine the
atomic ratio of iron and oxygen in the nanowhiskers (Figure 3.3.1.2b)."" This method has been
effectively used to distinguish between the maghemite and magnetite phases. The two major
peaks at 710 eV and 725 eV matched perfectly with the 2ps;, and 2p» core-levels of iron oxide.
Hematite crystal phase shows two distinct 2ps, peaks in the XPS pattern. A single 2ps/, peak was
observed in our sample, ruling out the possibility of a hematite phase. Small shoulder peaks at
718 eV, 730 eV, and 745 eV, which are characteristic of maghemite indicated the presence of a
maghemite crystal structure, not magnetite.'>'"> Additionally, an electron diffraction pattern (ED)
from the TEM also supported the maghemite phase (Figure 3.3.1.2¢). From the ED pattern, the
d-spacing of the crystal planes (d) can be calculated as follows:
LA=Rd 7

where L (= 680 mm for the TEM used) is the distance between the film and the sample known as
the camera constant, A ( = 0.0251 A) is the wavelength of the electron beam, and R is the radius
of the diffraction rings.'* The diffraction pattern indexed using equation 7 corresponded well to
the (220), (311), (400), (511), (440), and (533) crystal planes of maghemite. The small dots in

the ED, instead of the rings showed that the nanowhiskers were single-crystalline.
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Figure 3.3.1.2. Additional characterizations confirming the maghemite crystal structure of
nanowhiskers: (a) Raman spectrum, (b) Fe 2p core-level spectrum, and (c) electron diffraction
pattern.

A TGA analysis was performed on the synthesized iron (III) oleate precursor. The TGA
gave an indirect estimation of the ligand binding strengths by recording the weight loss of the
precursor under thermal decomposition (Figure 3.3.1.3). The initial weight loss around 100 °C
could be assigned to the evaporation of volatile solvents used to synthesize the iron (III) oleate
complex (3.3.1.3). The second major weight loss from 150 — 230 °C was correlated to the
dissociation of the two symmetric oleate ligand molecules from the iron oleate (Figure 3.3.1.3-a).
These two ligands had lower binding energies compared to the third oleate ligand, according to
theoretical calculations.'> The small percentage loss in weight in the range 230 — 295 °C was
from the dissociation of the third ligand with higher binding energy (Figure 3.3.1.3-b). In these
two decompositions, release of CO, was responsible for the weight loss. Therefore, the
dissociation process is best explained by the ketonic decarboxylation reaction suggested in many

other studies on iron carboxylate complexes (equation 8).'®!
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Fe(OOCR), -2> RCOR+ RCOOFe— O+ CO, 8

A continuous loss in weight was observed from 295 — 345 °C due to desorption of the
dissociated ligands (Figure 3.3.1.3-c). When the complex was heated above 350 °C, all the
organic components evaporated, which accounted for the final weight loss (Figure 3.3.1.3-d).
The results from the TGA and DFT calculations suggested a difference in the binding strengths
of the three ligands in the iron oleate complex. In our synthesis at 150 °C, the symmetrically
attached ligand arms having lower binding energies could decompose, leaving the strongly
bound third ligand to direct the crystal growth of the iron oxide nanowhiskers. At higher
temperatures, however, the third ligand gradually decomposed, causing the nanowhiskers to

break down.
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Figure 3.3.1.3. TGA plot of iron oleate complex.

The morphology of the nanowhiskers was studied at different reaction times (e.g., 0.5, 1.5,
2.5, 6, and 22 h) to understand the growth mechanism. The samples were directly observed in the
TEM without further treatment. No nanowhiskers were visible at 0.5 h, and the paste-like
structure indicated the presence of an un-decomposed precursor complex (Figure 3.3.1.4a).
Nanowhisker formation began after 1.5 h, but the product was not pure and crystalline. Fully-
formed crystalline, maghemite nanowhiskers resulted at the normal reaction time, 2.5 h (Figure
3.3.1.1a). The nanowhisker morphology was retained after 6 h (Figure 3.3.1.4b). These

nanowhiskers showed improved crystallinity, and were easier to focus in the TEM. However,
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some aggregation was observed. Unfortunately, the nanowhiskers formed bundles or aggregated
assemblies with increased reaction time (22 h), likely to reduce their surface energy (Figure
3.3.1.4¢c). However, the nanowhisker morphology could still be distinguished, suggesting good
structural stability under prolonged heating. The nanowhisker bundles did not show a
combination of paramagnetism and superparamagnetism like the isolated nanowhiskers. A
ferromagnetic loop was seen on measuring the magnetization of the nanowhisker bundles against

the applied magnetic field (Figure 3.3.1.4d).
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Figure 3.3.1.4. Time-dependent morphology evolution of the nanowhiskers: (a) 0.5 h, (b) 6 h, (c)
22 h, and (d) the M-H curve of assembled nanowhisker bundles.

Other precursors with iron oleate-like chemical structures (e.g., Fe (III) stearate and Fe (III)
laurate) were investigated for nanowhisker reactions. All these precursors had three ligand
molecules (oleate, stearate, or laurate) binding to the Fe'* cation. The only difference came from
the chain length or saturation of the anion C-chain. Interestingly, the Fe (III) stearate formed

crystalline, high aspect ratio nanowhiskers (Figure 3.3.1.5a). The Fe (III) laurate gave
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nanowhiskers with a porous morphology (Figure 3.3.1.5b). Further investigations are required to
understand the porous nature of these nanowhiskers. Incidentally, iron laurate had been used in
an earlier report to synthesize nanoporous frameworks.'® These results further supported the
possible role of the different binding energies of the three ligands in nanowhisker synthesis.
Additionally, the Fe (III) stearate was a stable commercially available precursor. Therefore,

artifacts during the precursor synthesis could not be responsible for these nanostructures.

Figure 3.3.1.5. Bright-field TEM images of iron oxide nanowhiskers using different precursors:
(a) iron stearate, and (b) iron laurate.

Selective adhesion of capping molecules is known to influence the NP morphology. In
nanowhisker synthesis, a mixture of strong binding ligand, OA, and weak binding ligand, TOPO,
was used as the surfactant. The morphology of the product was also investigated under the
influence of OA/ON and only OA, keeping the same overall molar ratio of precursor to capping
molecules (2:1). ON, being a stronger binding ligand than TOPO competes with OA for surface
adhesion, but the overall morphology of the nanowhiskers remained the same (Figure 3.3.1.6a).
Slightly aggregated nanowhiskers were observed with a single strong binding capping molecule,
OA (Figure 3.3.1.6b). However, all the surfactant combinations showed nanowhisker-like
morphologies. Therefore, the selective adhesion of the surfactant molecules could not be the
primary cause of the nanowhiskers. Additionally, nanowhiskers could be synthesized with a

different solvent (toluene), keeping all the other parameters same (Figure 3.3.1.6¢). Toluene had
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a low boiling temperature (110 °C). This ruled out the influence of the solvent in nanowhisker

morphology.

Figure 3.3.1.6. Influence of capping molecules and solvent on the nanowhisker morphology,
using: (a) surfactant mixture of OA/ON, (b) surfactant OA, and (c) solvent toluene.

A temperature-dependent study was performed to understand the growth mechanism of
the nanowhiskers. At 100 °C, the dark paste-like product suggested incomplete decomposition of
the precursor (Figure 3.3.1.7a). Pure iron oxide nanowhiskers formed between 110 °C and 160
°C. A reaction temperature of 150 °C was found to be most suitable (Figure 3.3.1.1a).
Decomposition of the two oleate ligands in the precursor occurred in this temperature range, and
could be responsible for the nanowhiskers. However, at 180 °C, cavities began to form within
the nanowhiskers (Figure 3.3.1.7b). On further increasing the temperature to 230 °C, irregular
shapes were observed (Figure 3.3.1.7c¢). The nanowhiskers became porous and finally broke
down at high temperatures, forming normal iron oxide NPs at 300 °C. This suggested that the
decomposition of the third oleate ligand at higher temperatures damaged the surface stability of

the nanowhiskers. The result was consistent with our TGA analysis.
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Figure 3.3.1.7. Temperature-dependent nanowhisker morphology at: (a) 100 °C, (b) 180 °C, and
(c) 230 °C.

A FTIR analysis could give information about the surface coordination of the iron oleate
complex and the nanowhiskers to confirm the proposed ligand-directed growth mechanism
(Figure 3.3.1.8). The coordination bonds in a metal carboxylate can be estimated from the
difference between their symmetric and asymmetric COO- vibrations (A). The bonds could be
monodentate (A = 200 — 300 cm™), bridging bidentate or ionic (A = 110 — 200 cm™), and

chelating bidentate (A <110 cm™)."”

The iron (III) oleate complex showed characteristic FTIR
bands of metal carboxylates at 1176, 1418, 1580, and 1710 cm’™!. The band at 1710 cm™ could be
from free OA®® or asymmetric unidentate carboxylate.”’ The A was 162 cm™, calculated from
the two characteristic bands of iron (III) oleate at 1580 cm™ and 1418 cm™. This suggested a
bridging coordination of the ligand molecules with two low-dissociation symmetric ligands and
one strongly bound ligand. The band at 1710 cm™ was not seen for the iron oxide nanowhiskers,
suggesting that the remaining ligands were directly attached to the iron oxide surface. The

nanowhiskers also showed a bridging coordination (A = 128 c¢m™), much like the iron oleate

precursor.
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Figure 3.3.1.8. FTIR spectra of the iron oleate complex (bottom), and iron oxide nanowhiskers
synthesized with OA (top).

Finally, the role of the third ligand was indirectly confirmed using Fe (II) oleate and Fe (II)/
Fe (III) oleate precursor complexes for the nanowhisker synthesis reaction. These complexes
were prepared carefully under inert gas protection to prevent oxidation. The Fe (II) precursor
gave irregular and somewhat aggregated NPs, significantly different from the nanowhiskers
(Figure 3.3.1.9a). This could be explained from the absence of the growth-directing third ligand
in the Fe (II) oleate. A mixture of nanowhiskers and sphere-like NPs were formed with the Fe
(IT)/ Fe (III) oleate complex, likely due to the presence of oleate structures both with and without

the third ligand (Figure 3.3.1.9b).

Figure 3.3.1.9. (a) Irregular particles from decomposition of Fe(Il) oleate, and (b) a mixture of
sphere-like NPs and nanowhiskers from the decomposition of the Fe(Il) and Fe(IIl) oleate

complex mixture.
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Conclusion

Iron oxide nanowhiskers of dimension 2 x 50 nm were synthesized by selectively heating the
iron oleate complex at 150 °C. So far, the formation of thin, one-dimensional iron oxide NPs has
not been reported. Based on XRD, XPS, and Raman analyses, the nanowhiskers belonged to a
maghemite crystal phase. TGA analysis and electronic structure calculations suggested an
important role of ligand coordination microenvironments in nanowhisker formation. We
proposed a ligand-directed growth of the nanowhiskers, based on time-dependent reactions. The
result obtained from decomposition of Fe (II) and Fe (III) oleate complexes, and FTIR analysis

was consistent with the hypothesis.

3.3.2 Iron Oxide Nanoworms
Experiment

The iron oxide nanoworms (NWs) were synthesized using a modified “heat-up” method. The
iron oleate complex (1.8 g) was heated in 1-octadecene (13 mL) in presence of OA (0.1 mL).
During the reaction, a solution of TOPO (0.8 g) in l-octadecene (7 mL) was injected in the
reaction mixture at 290 °C. The reactants were then heated at 320 °C for a total reaction time of
2.5 h. The growth mechanism of the NWs was investigated through different reaction times (1 h,
2.5 h, and 5 h), keeping all the other parameters constant.
Characterization

FEI Tecnai F-20 TEM was used to examine the size and morphology of iron oxide NWs. The
crystal structure of the powdered NW sample was investigated with a Bruker AXSD8-Advanced

XRD (Co K, source, A = 1.79 A). The magnetic behavior of NWs was studied on a Princeton

AGM at room temperature.
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Results and Discussion

Iron oxide NWs were synthesized via thermal decomposition of the iron oleate precursor in
the presence of TOPO/OA (TOPO: OA molar ratio, 6.3:1) surfactant mixture. The surfactant,
OA, is known to form iron oxide spheres with good size distribution via a compact surface
coating.” We had used TOPO/OA surfactant mixtures to synthesize uniform iron oxide NPs in
earlier reactions. Here, the modification was the increased percentage coating of TOPO, and the
injection of TOPO at 290 °C. The injection was designed to tune NP growth only, not nucleation.
The injection temperature was chosen based on earlier reports of a burst nucleation event around
250 °C.*** Interestingly, these modifications induced a NW morphology (Figure 3.3.2.1a).
Clearly visible lattice fringes in the HRTEM image suggested good crystallinity of the NWs
(Figure 3.3.2.1b). The calculated interfringe distance was closely related to (400) crystal plane of
maghemite crystal structure. The XRD scan showed 20 peaks at 35.1°, 41.4°, 50.4°, 63.1°, 67.5°,
74.4°, and 88.7°. The peaks corresponded closely to (220), (311), (400), (422), (511), (440), and
(533) maghemite crystal planes. A magnetization versus applied magnetic field measurement
(M-H) showed ferromagnetic behavior of the NWs. The lower saturation magnetization of the
NWs (60 emu/g), compared to bulk maghemite (78 emu/g) was likely caused by the surfactant
coating.

Curiously, a few spherical NPs are also present in the NWs prepared by the above method.
To obtain pure NWs and to understand their growth mechanism, we conducted a time dependent
study at different reaction times (1, 2.5, and 5 h), keeping all other parameters constant. Mostly
spherical NPs (diameter, 12 nm) with a few 50 nm long NWs were observed at 1 h reaction time
(Figure 3.3.2.2a). At the normal reaction time of 2.5 h, many NWs (100 nm long) were formed,

but a few spherical NPs remained (Figure 3.3.2.2b). When the reaction time was increased to 5 h,
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spherical NPs almost disappeared, while the NWs grew significantly longer (200 nm, Figure

3.3.2.20).
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Figure 3.3.2.1. Iron oxide NWs: (a) bright-field TEM, (b) HRTEM, (c) XRD, and (d) M-H curve.

Figure 3.3.2.2. TEM image of iron oxide NWs at different reaction times: (a) 1 h, (b) 2.5 h, and
(¢)5h
The results suggested aggregation of spherical iron oxide NPs to finally form the highly

crystalline NWs (Figure 3.3.2.3). Figure 3.3.2.3a shows superparamagnetic iron oxide NPs
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during early reaction stage. The spherical NPs aggregated in a linear chain with reaction time, as
seen from the TEM image of a NW in the intermediate stage of formation (Figure 3.3.2.3Db).
Aggregation of the spherical NPs was supported by similar diameters of the NWs and the NPs.
An increased amount of the weak binding ligand, TOPO, played an active role in the one-
dimensional aggregation. The dynamic behavior (constant attachment-detachment) of TOPO at
the elevated reaction temperatures, facilitated aggregation of the neighboring spherical NPs.
Additionally, the three bulky arms of TOPO prevent it from forming a compact surface coating,
which leaves open spots for aggregation on the NP surfaces.”** The aggregated structures

transformed into the crystalline, ferromagnetic NWs with reaction time (Figure 3.3.2.3¢).
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Figure 3.3.2.3. Formation mechanism of iron oxide NWs: (a) superparamagnetic iron oxide NPs,
(b) aggregation of spherical NPs, and (c) ferromagnetic iron oxide NWs.
Conclusion

In summary, crystalline iron oxide NWs with tunable length were synthesized using a
modified ‘“heat-up” method. Based on our time-dependent studies, the NWs formed from

aggregation of individual iron oxide NPs. The weak binding ligand, TOPO played a key role in
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the aggregation process. Ongoing efforts are directed to synthesize thin, superparamagnetic NWs

with smaller sized NP seeds.

3.3.3 Iron Oxide Nanoplates and Nanoflowers
Experiment
Synthesis of the precursor, iron oleate complex

The iron oleate complex was prepared by interacting ferric chloride (6.5 g) and potassium
oleate (96.2 g) in a solvent mixture (hexane/water/ethanol) following a similar procedure
reported elsewhere.' After phase separation, the hexane phase containing the iron oleate complex
was washed with de-ionized water to remove the by-products, and stored as a precursor, where
the hexane accounted for 6.5 wt%. Here, the iron oleate hexane solution was used as a precursor
for easy operation, instead of well-dried iron oleate waxy paste. The presence of hexane, a low-
boiling temperature solvent, allows for controlling the reaction temperature at 290 °C, instead of
above 317 °C for nanosphere synthesis.
Synthesis of the iron oxide nanoplates and nanoflowers

The iron oxide nanoplates and nanoflowers were synthesized via a similar procedure with the
only difference in the amount of TOPO, a weak bound ligand to iron. Specifically, iron oleate
precursor (1.82 g) in 1-octadecene (13 mL) was heated at 290 °C for an hour in the presence of
oleic acid (0.1 mL) and TOPO (0.2 g-nanoplates or 1 g-nanoflowers). After synthesis, the
nanoparticles were centrifuged out of solution for further characterization.
Mechanistic study of the nanoplate and nanoflower formation

First, time-dependent growth studies for both samples were conducted by taking samples out

of reaction solution at various time intervals (20 min, 30 min, 40 min, and 1h). Further, to
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elucidate the growth mechanism of nanoplate, potassium ethoxide was prepared and injected into
the reaction to understand the role of CH;CH,O'. In contrast, for nanoflower formation, hexane,
extra precursor, or additional TOPO were injected into the reaction.
Characterization

The size and morphology of the iron oxide nanoplates and nanoflowers were examined on a
FEI Tecnai F-20 TEM. The nanoplate thickness was determined by the TEM tilting experiment.
The x-ray diffraction patterns of the nanoplates and nanoflowers were collected on a Bruker
AXSD8-Advanced XRD using a Co source (Ky, A =1.79 A). The magnetic properties of these
nanoplates and nanoflowers were measured using an AGM at room temperature.
Results and Discussion

We have shown that the weakly-bound ligand, TOPO, played an important role in the shape
control of iron oxide NPs and subsequent surface modification. For instance, introducing a weak
ligand molecule facilitated aggregation of iron oxide nanospheres into NWs.?® It was also shown
that the reaction temperature provided another effective means to tune the shape of iron oxide
NPs based on the iron oleate decomposition behavior, as shown in the study of nanowhisker
formation."” Here, the importance of TOPO in controlling the nucleation event was further
demonstrated. The presence of hexane, a low boiling temperature solution, allowed for
controlling the reaction temperature at 290 °C, a temperature above the decomposition of all
three oleate ligands, but below the burst nucleation event (310 °C). When TOPO/OA (1.67/1)
was used, plate-like nanostructures about 18 nm in size were observed (Figure 3.3.3.1a). The
nanoplate was highly crystalline as seen in the HRTEM image (Figure 3.3.3.1b), which was also
supported by a dot pattern in the fast Fourier transformation (FFT) image (Figure 3.3.3.1Db, inset).

The interspacing shown in the HRTEM image corresponds to the (111) plane of the iron oxide
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spinel structure. The inter-fringe distance was measured to be 0.483 nm, and closely corresponds
to the (111) lattice plane of both maghemite and magnetite. The thickness of the thin plate was
confirmed by a TEM tilting experiment (30° a.-tilt) to be about 3 nm (Figure 3.3.3.1c). Because
of the thin morphology, these nanoplates have very large surface area, leading to a large
component of the paramagnetic signal in the magnetic measurement (Figure 3.3.3.1d).
Unfortunately, the XRD pattern could not provide a conclusive confirmation of the crystal

phases of the iron oxide NPs due to size broadening and the similarity between magnetite and

maghemite (Figure 3.3.3.1¢).
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Figure 3.3.3.1. Iron oxide nanoplates: (a) TEM image, (b) HRTEM, fast Fourier transformation
(FFT) image (inset), (c) HRTEM after 30° a-tilt (d) XRD, and (e) M-H curve.

Interestingly, under a similar reaction condition, nanoflowers (~ 20 nm) were produced by
simply increasing the TOPO to OA ratio 5 times (Figure 3.3.3.2a). The HRTEM clearly

indicated that the nanoflowers consisted of many small (~ 5 nm), single crystalline iron oxide
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nanocrystals (Figure 3.3.3.2b). This single crystalline structure was also supported by the dot
pattern of the FFT image (Figure 3.3.3.2b, inset). The magnetic properties of these nanoflowers
showed very similar M-H curves to small magnetic NPs with high saturation field (Figure
3.3.3.2¢). Similar to the nanoplates, the XRD pattern of the nanoflowers exhibited typical peaks
of iron oxide, but it was difficult to confirm magnetite of maghemite due to their similar crystal

structures (Figure 3.3.3.2d).
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Figure 3.3.3.2. Iron oxide nanoflowers: (a) TEM image, (b) HRTEM, fast Fourier transformation
(FFT) image (inset), (c) XRD scan, and (d) M-H curve.

To understand the growth mechanism of nanoplates and nanoflowers, time-dependent growth
studies for both samples were conducted by talking samples out of the reaction solution at
various time intervals (20 min, 30 min, 40 min, and 1h). For the nanoplate reaction, small, non-

spherical iron oxide nuclei (4 nm) were observed after 20 min (Figure 3.3.3.3a). After 30 min,
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plate-like nanostructures with a wide size distribution appeared, indicating the onset of a particle
growth phase to reduce surface energy (Figure 3.3.3.3b). The uniform iron oxide nanoplates
were the major product after a 40 min reaction (Figure 3.3.3.3c). Monodisperse iron oxide
nanoplates of size 18 nm were formed (Figure 3.3.3.3d) after 1 h reaction. It was hypothesized
that the nanoplates were formed through a diffusion-controlled growth and size focusing process

based on the time-dependent study.

Figure 3.3.3.3. Time-dependent nanoplates: (a) 20 min, (b) 30 min, (c) 40 min, and (d) 1 h.

The additional ligands in the system played a key role for the formation of the plate
morphology. Several reactions were performed with an additional ligand (hexane, potassium
ethoxide, and sodium oleate) and a well-dried precursor that is known to produce iron oxide
spheres to confirm the ligands that influence the growth process. The three components, hexane,
potassium ethoxide, and sodium oleate could be present, according to the precursor preparation
process. Figure 3.3.3.4 shows the nanostructures produced with the injection of hexane (Figure

3.3.3.4a), potassium ethoxide (3.3.3.4b), and sodium oleate (3.3.3.4c). The nanostructure
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morphology suggested that the presence of a small amount of potassium ethoxide as the third

ligand facilitated the formation of nanoplates.

Figure 3.3.3.4. TEM image of iron oxide NPs formed after injections of: (a) hexane, (b)
potassium ethoxide, and (c) sodium oleate.

Interestingly, the time-dependent studies of the nanoflowers showed a totally different
growth pathway, as shown in Figure 3.3.3.5. Very small iron oxide nuclei (< 2 nm) appeared at
20 min (Figure 3.3.3.5a). As the reaction proceeded to 30 min (~ 285 °C), only a few
nanoflowers (~ 20 nm) were formed. The sample mostly consisted of low crystalline aggregates
of small NPs (Figure 3.3.3.5b). Iron oxide nanoflowers were the main product after a 40 min
reaction, although a few small NPs were present (Figure 3.3.3.5¢). Nanoflowers of size ~ 25 nm
with good crystallinity, and size distribution were obtained at 1 h reaction time (Figure 3.3.3.5d).

The nanoflower formation could result from the high concentration of nuclei, induced by the
high percentage of the weakly-bound ligands. This has been observed in other systems. The high
concentration of nuclei only allowed the nuclei to grow to a certain size, and the monomers were
used up. Subsequently, the high energy of the small nanocrystals led to aggregation to minimize
the surface energy. Three reactions were designed to further confirm this growth mechanism
(Figure 3.3.3.6): (1) TOPO injection to a typical nanosphere reaction to confirm that the TOPO

will cause high concentration of nuclei and subsequent aggregation growth process, (2) injection
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of hexane, which has been shown to induce nuclei aggregation due to local concentration
increase from the evaporation of hexane, 2’ and (3) injection of excess precursor to induce
multiple nucleation events. Injection of TOPO induced a large number of nuclei in the reaction,
suggested by the small NPs seen in the bright field image (Figure 3.3.3.6a). However, aggregated
flower-like NPs formed with hexane (Figure 3.3.3.6b). The evaporation of hexane during the
synthesis could facilitate multiple nucleation events, followed by aggregation of the small nuclei.
When multiple nucleations were forced with iron oleate injections, the flower-like NP

morphology was clearly visible, although the size of the NPs was larger (Figure 3.3.3.6¢).

Figure 3.3.3.5. Time-dependent nanoflowers: (a) 20 min, (b) 30 min, (c) 40 min, and (d) 1 h.
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Figure 3.3.3.6. TEM image of iron oxide NPs formed after injections of: (a) TOPO, (b) hexane,
and (c) iron oleate.

The above results indicated that although the same precursor as that of the nanoplates was
used for the synthesis of nanoflowers, a very different reaction mechanism was observed. The
nanoplates followed a surfactant controlled growth, characteristic of systems with low nuclei
concentration. In the nanoflower reaction, more nuclei were formed using a higher percentage
coverage of weak binding ligand, TOPO.

Two different growth pathways were rationalized for the nanoplates and nanoflowers based
on the detailed mechanistic studies. The nanoplate morphology was induced by the C,HsO
anion, which provided different surface stabilization compared to OA/TOPO. The nanoflowers
did not show a surfactant controlled growth because a higher percentage of TOPO led to more
nuclei. The iron oxide nanoflowers resulted from multiple nucleation events, and oriented
attachment of the small NPs. The reflux of volatiles induced changes in local monomer
concentrations that led to multiple nucleations. Additionally, inadequate surface stabilization
provided by TOPO facilitated the oriented attachment in nanoflowers.

The reproducibility of iron oxide nanoplate and nanoflower syntheses was investigated over a
batch of repeat reactions. Figure 3.3.3.7a plots the average size of the nanoplates over ten
repeating reactions, with £2 nm standard deviation error bars. The longest edge of the nanoplate

was considered for measurement. Almost each reaction fell within this range of standard
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deviation. Figure 3.3.3.7b shows the average size of the iron oxide nanoflowers (22 nm) for five
synthetic reactions repeated under similar conditions. The reactions showed +2 nm standard
deviation, proving good repeatability. The synthesis of both the iron oxide nanoplates and
nanoflowers, described above were reproducible in terms of NP size and shape, based on these

results.
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Figure 3.3.3.7. Column graphs showing reproducibility: (a) nanoplate reactions, and (b)
nanoflower reactions.

The nanoplates, nanoflowers, NWs, and nanowhiskers were used for multiple Pt attachment
reactions in organic solvent, using 360:1 Pt precursor to iron oxide NP molar ratio. The iron
oxide nanoplates were most suitable for the multiple Pt NP attachments (Figure 3.3.3.8a). The
attachments were visible from the dark image contrast on the nanoplate surfaces. The Pt NPs of
size ~ 2 nm attached to the corners and sharp edges of the nanoplates (Figure 3.3.3.8b) based on
the HRTEM. The reaction was more reproducible, compared to the organic route attachment
reactions on spherical NP surfaces. The sharp corners of the nanoplates likely provide more

active surfaces for heterogeneous nucleation of Pt NPs.
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Figure 3.3.3.8. Multiple Pt-attached plate-like iron oxide NPs synthesized in an organic solvent:
(a) TEM image, and (b) HRTEM image.
Conclusion

Highly crystalline iron oxide nanoplates and nanoflowers were synthesized with excellent
reproducibility following a slightly modified “heat-up” method. The time-dependent studies and
control experiments indicated that the nanoplates were formed from preferential surfactant
binding. Here, C;HsO" played a significant role as a third ligand molecule along with OA/TOPO.
However, the nanoflowers were facilitated by multiple nucleations from volatile reflux, followed
by oriented-attachment of the iron oxide NPs. Here, a high nuclei count induced by the higher
percentage coverage of weakly-bound TOPO prevented surfactant controlled growth. In
conclusion, this study provided a simple, repeatable synthesis of iron oxide nanoplates and
nanoflowers, and insights into their detailed mechanistic pathways. The iron oxide nanoplates
facilitated easy Pt NP attachments via an organic route. The sharp corners of the nanoplates

could likely provide active nucleation sites for small the Pt NPs.

3.4 Water Soluble Iron Oxide Nanoparticles

The iron oxide NPs with toxic organic surfactant coating cannot be used for bio-applications.
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Therefore, the Pt attached NPs in the organic solvent were transferred to an aqueous phase via a
ligand exchange process. The reaction parameters for effective phase exchange were investigated
with iron oxide NPs. The multiple Pt attached NPs were then transferred to the aqueous phase
using these reaction conditions.
Experiment

The as-synthesized NPs were precipitated out of solution and vacuum-dried to completely
wash off the organic surfactant layer. The dried powder sample was dissolved well in chloroform
under sonication to form the stock solution (5 mg/mL).*® The biocompatible polymer solution,
freshly prepared polyacrylic acid (PAA, My, 100,000) in dimethylsulfoxide (DMSO, 4 mL) was
mixed with the NP stock solution and DMSO (45 mL) under sonication (15 min). The
homogeneous solution containing the NPs and PAA was reacted at 20 °C in the shaker (24 h) for
phase exchange. The iron oxide NPs in solution were magnetically separated and redispersed in
DI water. The pH was adjusted to ~ 7-8 using one drop of NaOH solution to stabilize the anionic
PAA polymer.
Characterization

FEI Tecnai F-20 TEM was used to study the size and morphology of the NPs. The
hydrodynamic diameter of NPs was investigated on a Malvern Zetasizer Nano DLS.
Results and Discussion

The iron oxide NPs capped with OA/TOPO were mixed with the biocompatible polymer,
PAA for phase transfer. In a typical synthesis, the organic surfactants were removed in several
washes with chloroform and acetone, prior to mixing (24 h) with PAA and DMSO. The dipolar
solvent, DMSO can dissolve both the organic NPs and the hydrophilic ligand molecules, and

facilitates good phase transfer. During mixing, the hydrophilic PAA gradually capped the iron
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oxide surfaces (molar ratio of exchanged ligand-to- NP surface Fe atoms = 5:1). The carboxylic
groups of PAA bound to the iron oxide surface. The remaining functional groups at the other end
of the polymer protruded out from the NP surface to make them water soluble. A good wash of
the exchanged NPs in DI water could prevent aggregation caused by hydrogen bonding between
the polymer coatings of adjacent NPs. Figure 3.4.1a is a TEM image of ligand exchanged iron
oxide NPs coated with PAA. The NPs showed negligible aggregation. However, the electron
beam transparent polymer coating could not be viewed in the TEM. Therefore, the
hydrodynamic diameter of the phase exchanged NPs were investigated with a DLS. The DLS
measurements suggested an increase in the hydrodynamic diameter of the NPs from 12 nm in the
organic phase to 40 nm in water solution (pH ~7) (Figure 3.4.1b). This is likely from the long-
chain PAA polymer coating. However, the NPs were still well below the macrophage clearance
limit. The aqueous phase iron oxide NPs showed good stability because no precipitation from NP

aggregation was observed even after 30 days (Figure 3.4.1c¢).
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Figure 3.4.1. PAA capped water soluble iron oxide NPs: (a) bright-field TEM, (b) DLS plot, and
(c) aqueous NP solution after 30 days.
A ligand exchange was performed on the multiple Pt attached iron oxide NPs from organic

route to make them water soluble for bio-applications. Figure 3.4.2a shows a bright-field image
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of the NPs after phase transfer. The NPs showed minimum aggregation based on this image. In
the HRTEM, the small dark spots on the iron oxide surface suggested no loss of attached Pt NPs
after phase exchange (Figure 3.4.2a, inset). This showed good integrity of the NPs because they
could withstand the long periods of sonication involved in the surfactant exchange. The

hydrodynamic diameter of the aqueous phase NPs was 60 nm, likely from slight aggregation

(Figure 3.4.2b).
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Figure 3.4.2. Multiple Pt-attached iron oxide NPs (organic route) after surfactant exchange: (a)
TEM image, HRTEM (inset), and (b) DLS plot.
Conclusion

Iron oxide NPs from the modified “heat-up” method could be successfully transferred to an
aqueous phase via a ligand exchange with biocompatible polymer, PAA. The same process could
make the multiple Pt-attached NPs water soluble. The water soluble NPs could now be used for

potential bio-applications.

3.5 Platinum Attached Iron Oxide Nanoparticles via Aqueous Route
The organic route for Pt attachments formed small Pt NPs well protected inside the

biocompatible polymer surrounding the whole NP. An aqueous synthetic route was designed for
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better accessibility of the small Pt NPs for in vitro DNA interaction studies (Figure 3.5.1).29

First, the iron oxide NPs were transferred to an aqueous phase via a ligand exchange process
(Section 3.4). Next, the small Pt NPs were deposited on the biocompatible polymer capping the
iron oxide seeds. The surface Pt NPs could easily interact with the therapeutic target, such as

DNA.

Pt
Phase transfer
Multiple Pt ttached iron
Iron oxide NP Aqueous phase iron oxide NP oxide NP via aqueous route

Figure 3.5.1. Multiple Pt NP attachments via an aqueous route.
Experiment

In a typical room temperature synthesis, iron oxide NPs (PAA coated, 3 pg/mL) in water
were mixed with H,PtCls water solution (pH 7, 0.5 mg/mL) at 1:5000 molar ratio. The well
mixed solution was subjected to UV radiation for 0.5, 1, 1.5, and 2 h, respectively, to deposit the
Pt NPs on PAA-coated iron oxide seeds. A UVGL-55 handheld UV lamp (6 watt, 365 nm) was
the UV radiation source. The resultant solution was centrifuged for 5 min at 15,000 rpm to
remove the free Pt NPs.
Characterization

The size and morphology of the integrated NPs were examined on a FEI Tecnai F-20 TEM.
High-angle annular dark-field (HAADF) imaging was used to confirm the Pt attachments as
shown in earlier sections. The Pt-iron oxide NPs in aqueous solution were directly dropped on

the TEM grids without any treatment.
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Results and Discussion

The PAA coated iron oxide seeds were used for growing multiple Pt NPs via an aqueous
route. PAA ligand is known to provide an effective surface capping for both iron oxide™ and Pt
NPs’!. H,PtCly, the liquid Pt precursor, was chosen because it could form a homogeneous
mixture with the iron oxide NP solution. However, the pH of H,PtCls must be adjusted (pH 7) to
prevent the iron oxide NPs from dissolving in the highly acidic Pt precursor. Here, a UV
reduction source could control Pt NP growth through different exposure times. The metal salts
are reduced to metallic NPs by solvated electrons and free radicals under irradiation.”” A
radiation time-dependent study suggested the optimal exposure time (1 h) for 2 nm sized Pt NPs.
Few Pt NPs were formed at 0.5 h, but heavy aggregation of Pt NPs was observed for longer UV
exposures. A 5000:1 molar ratio of Pt precursor to iron oxide seeds was used for all these
reactions to obtain a high density of Pt attachments on iron oxide seeds.

Figure 3.5.2a shows a representative Pt attached iron oxide NP sample using 5000:1 Pt
precursor to seed molar ratio at 1 h UV exposure. The bright field image shows thickness or
atomic number (Z) based contrast. Therefore, the higher Z Pt NPs appear darker than the iron
oxide seeds. Based on our bright-field results, a high density of Pt NPs were deposited on the
iron oxide seeds. The HRTEM image suggested good crystallinity and uniform size (2 nm) of the
Pt NPs (Figure 3.5.2b). Additionally, the gap between the Pt and iron oxide NPs showed that the
Pt NPs nucleated on the polymer surrounding the iron oxide seeds, rather than the iron oxide
surfaces. High angle annular dark-field (HAADF) imaging was used to investigate if free Pt NPs
were present in the sample. The annular detector for HAADF is negligibly affected by defocus

and sample size (Bragg"s reflections) because it operates at very high angles to detect primarily
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the incoherent thermal diffused scatterings. The HAADF image of Pt-iron oxide NPs (Figure

3.5.2¢) clearly shows the absence of any unattached Pt NPs.

Figure 3.5.2. Aqueous phase Pt-iron oxide NPs: (a) TEM image, (b) HRTEM image, and (c)
HAADF image.
Conclusion

In conclusion, a simple and reproducible synthesis of multiple Pt attached iron oxide NPs
in aqueous phase was reported. The HRTEM and HAADF image confirmed high quality Pt
attachments on the polymer coating surrounding the iron oxide seeds. Additionally, the size of Pt

NPs could be controlled to 2 nm using different UV reduction times.

3.6 DNA Interaction of Platinum Attached Iron Oxide Nanoparticles

DNA interaction of the NPs was investigated to prove the research hypothesis that small Pt
NPs attached to iron oxide surfaces could interact with the DNA. The multiple Pt attached NPs
synthesized via an aqueous route and plasmid DNA were used as models for the DNA
interaction studies.
Experiment

Plasmid DNA (63 pg/mL) was extracted from K91 bacteria via a standard protocol using a
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miniprep DNA extraction kit (Invitrogen). The plasmid (4 pL) was incubated with 8 pL of Pt-
iron oxide NPs at 37 °C for 0.5, 4, and 24 h, keeping all other parameters constant. The non-
specific interaction of the Pt-iron oxide NPs was studied by incubating 8 uL NPs with bovine
serum albumin (BSA, 4 pL) and glutathione (GSH, 4 uL) at 37 °C for 4 h.

Characterization

The size, morphology, and chemical composition of the Pt-iron oxide NPs before and after
DNA interaction were examined on a FEI Tecnai F-20 TEM and a JEOL-7000 SEM. The
hydrodynamic diameter of the NPs was measured using a Zetasizer Nano (Malvern) DLS.

Spectra 220 FS (Varian) AAS was used to analyze Pt and Fe concentration changes in the NP
solution after DNA interaction. The NP solution was magnetically separated after 4 h of DNA
interaction, to remove any free Pt NPs. All unknowns were prepared in 10 mL nanopure water
containing one drop (0.01 mL) HCI (1%). The Pt standards used contained freshly prepared
solutions of 0.8 mg/mL, 0.16 mg/mL, 0.11 mg/mL, and 0.08 mg/mL H,PtCls in nanopure water.
The Fe standards (0.005 mg/mL and 0.0025 mg/mL) were freshly prepared by serial dilutions of
Fe atomic spectroscopy standard stock solution. Calibration curves for both Pt and Fe ions were
linear with R > 0.98. The AAS was operated at 345-450 kPa compressed air flow, and an
acetylene output pressure of 85-100 kPa.

The interaction of the plasmid with Pt-iron oxide NPs was compared with control plasmid
using agarose gel electrophoresis (Thermo Scientific). The electrophoresis was performed at 110
V. The gel was viewed under short wavelength UV light, and photographed subsequently.
Results and Discussion

The NP-DNA interaction was studied using agarose gel electrophoresis. Gel electrophoresis
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has been shown to effectively isolate Au and Pt NP-conjugated DNA.*** Here, the gel
electrophoresis studies suggested two types of interactions between the DNA (plasmid) and the
Pt-iron oxide NPs when compared with the control DNA (Figure 3.6.1a). One band that ran
slower (circled, lane 3 and 4) than the control DNA could be assigned to the plasmid directly
interacted with the Pt NPs on the iron oxide seeds, where the integrity of the NP remained. The
bright band (lane 3 and 4) migrated slightly faster compared to the supercoiled control plasmid,
likely due to the added negative charge from the anionic polymer-coated iron oxide NPs.
Therefore, the bright band could belong to the supercoiled DNA. The other band moving slightly
faster (circled, lane 3 and 4) than the control was likely related to the DNA attached to the small
Pt NPs. Figure 3.6.1b shows the two forms of NP-DNA interactions. Some of the plasmids
covered the surface of the Pt-iron oxide NPs. This ligand-like behavior of the DNA has been
reported earlier for single strand DNA mediated growth of Pt NPs.”> In the second type of
interaction, the small Pt NPs could fit perfectly into the DNA grooves. Earlier, small Au
nanoclusters were reported to fit inside DNA grooves.36 The strong affinity of the plasmid was
sufficient to detach the small Pt NPs from the iron oxide seeds. The plasmid then stabilized the
surface of the Pt NPs.

The DNA interactions at different incubation times (e.g., 0.5, 4, and 24 h) were analyzed
using TEM. Some Pt NPs were found to detach from the iron oxide seeds after a 0.5 h incubation
with the plasmid (Figure 3.6.2a). Figure 3.6.2b shows the Pt-iron oxide NPs after 4 h DNA
interaction. Here, the majority of the Pt NPs detached from the iron oxide NPs. The detached Pt
NPs were barely seen in the bright field TEM image because of their small size. However, these
small Pt NPs became visible under HAADF imaging (Figure 3.6.2c). The annular detector for

HAADEF is less affected by defocus and sample size (Bragg“s reflections) because it operates at
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very high angles to detect the incoherent thermal diffused scatterings. The free Pt NPs observed
under HAADF were well dispersed with no signs of aggregation. In the absence of a capping
molecule, the high surface energy of such small NPs (2 nm) induce heavy aggregation.

Therefore, the well dispersed Pt NPs suggested possible surface stabilization by the DNA.

PtNP attached DNA  DNA on the surface of the NP

Figure 3.6.1. Pt-iron oxide NP-DNA interaction: (a) Gel electrophoresis; (lane 1) ladder, (lane 2)
control plasmid, (lane 3) plasmid-NP interacted for 4 h, and (lane 4) plasmid-NP interacted for

0.5 h, and (b) DNA interaction mechanisms.

Figure 3.6.2. TEM images of Pt-iron oxide NPs incubated with plasmid for different times: (a)
0.5 h, (b) 4 h, and (c) HAADF image of sample b.

The hydrodynamic diameter of the Pt-iron oxide NPs before and after DNA interaction was
monitored using DLS (Figure 3.6.3a).” The NP size was 40 nm before incubation with the

plasmid. The size increased to 65 nm after DNA interaction, and a broad tail in the measurement
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suggested DNA interaction on the NP surfaces. However, the free Pt NPs (~ 2 nm) were not
detected by the DLS, likely due to their low percentage in the solution. The plasmid DNA used
for the NP interactions showed a hydrodynamic diameter of 7 nm (Figure 3.6.3b). This
observation suggested the conjugation of approximately 3 plasmids to the Pt-iron oxide NP

surfaces based on the size increase of the NPs (~ 25 nm) after DNA interaction.
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Figure 3.6.3. DLS plots of: (a) Pt-iron oxide NPs before and after DNA interaction and (b)
plasmid DNA.

The energy dispersive x-ray (EDX) analysis was performed on the Pt-attached iron oxide
NPs to estimate how much Pt was attached to the iron oxide seeds. First, TEM was used for the
analysis. The atomic ratio of Pt:Fe was 5.4:1 before interaction with the DNA (Figure 3.6.4a).
After DNA interaction this ratio reduced to 0.815:1 suggesting loss of Pt NPs from the iron oxide
seed surfaces (Figure 3.6.4b). Additionally, phosphorus and nitrogen were detected on the NP
surface after DNA interaction. This suggested presence of DNA on the NP surfaces because
DNA consists of nitrogen bases on a phosphodiester backbone. The EDX was also performed
using a SEM to support the TEM results. Here, the atomic ratio of Pt:Fe decreased from 0.17:1

before DNA interaction (Figure 3.6.5a) to 0.076:1 after interaction (Figure 3.6.5b). The decrease
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in Pt was consistent with the loss of Pt from iron oxide seeds observed earlier. However, the low

Pt percentage was likely because the small Pt (~ 2 nm) NPs were difficult to detect in the SEM.
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Figure 3.6.4. EDX of Pt-iron oxide NPs before and after DNA interaction using TEM: (a) before,
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Figure 3.6.5. EDX of Pt-iron oxide NPs before and after DNA interaction using SEM: (a) before,

and (b) after.
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A quantitative estimate of the Pt NPs detached from the iron oxide seeds after DNA
interaction was obtained using AAS. The AAS was used to measure the Pt ion and Fe ion
concentrations in the sample solution before and after DNA interaction. Figure 3.6.6 shows the
calibration curves for Pt ions (Figure 3.6.6a) and Fe ions (Figure 3.6.6b). 0.036 mg/mL Pt ion
was present in the Pt-iron oxide NP sample before incubation with the DNA. The sample
contained 0.00109 mg/mL of Fe ion. Therefore, the molar ratio of Pt ion to Fe ion was 10:1
before DNA interaction. Next, the sample was incubated with the plasmid (4 h), followed by a
magnetic separation to remove the detached Pt NPs (supernatant solution). The Pt ion
concentration of the magnetically-separated NPs, as obtained from the AAS was 0.039 mg/mL.
The Fe ion concentration of this solution was 0.00273 mg/mL. Therefore, the molar ratio of Pt
ion to Fe ion was 4:1 after DNA interaction. The results suggested decrease in the Pt
concentration, following DNA interaction. Alternatively, the DNA extracted nearly half the Pt
NPs attached to the iron oxide seeds. However, the rest of the Pt NPs remained attached to the
seed surfaces.
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Figure 3.6.6. AAS calibration curves for ions: (a) Pt, and (b) Fe.
A major concern with these integrated nanostructures is the possibility of losing Pt NPs

before reacting with the target (DNA). Therefore two model biological molecules were used to
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interact with Pt-iron oxide NPs: GSH and BSA. GSH is a major antioxidant in the human body
with concentrations up to 100 mM at certain locations.” It has a high affinity for Pt*", and can
limit the interaction of Pt complex anticancer drugs with tumor DNA.*’ Loss of Pt NPs from iron
oxide surfaces was observed after 4 h incubation with GSH (Figure 3.6.7a). Serum albumin is the
most abundant blood plasma protein in the human body. BSA is an easily available serum
albumin derived from cows. Therefore, interaction of Pt-iron oxide NPs with serum albumin was
investigated using BSA as a model. The loss of Pt NPs from iron oxide surfaces was observed
following BSA interaction (Figure 3.6.7b). These results suggest that the interaction of Pt-iron
oxide NPs is not specific to DNA. The high binding affinity of Pt NPs with DNA and GSH is
consistent with earlier reports.”’ Non-target interactions of the NPs should be prevented for the
potential therapeutic applications. The future efforts will focus on polymer encapsulation (e.g.,
liposome) of the integrated NPs for effective surface protection, or utilizing the NPs synthesized

via an organic route. These potential solutions are elaborated in Chapter 4.

Figure 3.6.7. Interaction of Pt-iron oxide NPs with biomolecules: (a) GSH, and (b) BSA.
To reach the DNA molecules, the NPs have to be effectively internalized by cells. One of the
most common cell internalization mechanisms is endocytosis. Depending on the ultimate

localization of the NPs, the surrounding pHs can be totally different, such as 7.2 in cytosol and
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4.6 in lysosome. Therefore, pH dependent stability experiments were performed to study the
behavior of the NPs. The integrity of the Pt-iron oxide NPs was analyzed at different pH (e.g.,
pH 4, pH 5, and pH 6). pH 4 was chosen because the stabilizing polymer for iron oxide seeds,
PAA has a pKa value of 4-4.5.*! PAA prevents aggregation of the iron oxide NPs via repulsion
from adjacent charges. However, below the pKa, protonation of the carboxylic acid groups of
PAA could reduce the surface charge and stabilization capacity. The Pt-iron oxide NPs showed
aggregation at pH 4, likely from the reduced surface charge of PAA (Figure 3.6.8a). However,
no loss of Pt NPs from the iron oxide surface was observed. The Pt-iron oxide NPs was also
observed at pH 5 and pH 6 because the pH range varies from ~ 6 for early endosomes to ~ 4.6
for lysosomes.* NP aggregation observed at pH 5 and pH 6 suggested low surface protection by
PAA in acidic pH (Figure 3.6.8b and c). However, there was no loss of surface Pt NPs. These

results showed good pH stability of the Pt attachments.

Figure 3.6.8. Aqueous Pt-iron oxide NPs in different pH: (a) pH 4, (b) pH 5, and (¢) pH 6.
Conclusion

The DNA and NP interactions were studied using an agarose gel electrophoresis of the
interacted plasmids. The Pt attachments were not lost in acidic pH. Two types of DNA-NP
interactions were observed based on the electrophoresis. First, the DNA could detach Pt NPs

from the iron oxide support. Second, the DNA directly linked to the integrated nanostructure
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(Figure 3.6.9). DLS, TEM, SEM, and AAS analyses supported both types of DNA-NP
interactions. We also demonstrated that the Pt NPs could interact with other biomolecules, such
as GSH and BSA. In conclusion, our proof-of-concept experiments showed that Pt NPs on iron

oxide surfaces were able to interact with the DNA.
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Figure 3.6.9. DNA interactions of Pt-iron oxide NP.
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CHAPTER 4
FUTURE WORK
The Pt NPs on iron oxide support showed effective DNA interactions in this research. The
future work would involve further synthesis, characterization and in vitro biological studies to
consolidate the research hypothesis. The potential applications of the Pt-attached iron oxide NPs

would also be investigated. These studies are elaborated as follows.

4.1 Synthesis

The prospective future syntheses would include formation of new iron oxide NP
morphologies such as NWs and nanofishes, multiple Pt NP attachments on other iron oxide NP
shapes, a phase transfer of the Pt attached non-spherical iron oxide NPs, and a protective

polymer encapsulation of the integrated NPs in aqueous solution.

4.1.1 Iron Oxide Nanoworms and Nanofishes

The first synthetic goal would be to reproducibly form pure NWs and nanofishes in an
organic solvent. Superparamagnetic iron oxide NWs (Figure 4.1a and b) and nanofishes (Figure
4.1c) were developed in this research using a thermal decomposition technique (iron oleate
precursor). However, the formation mechanisms of these nanostructures were unclear. Therefore,
future experiments would attempt to discover the growth mechanism of these morphologies for
good reproducibility. It would be interesting to study the magnetic properties of these iron oxide

nanostructures because they could potentially be used for drug delivery and imaging.
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Figure 4.1. Different shapes of iron oxide NPs to be reproducibly synthesized in the future: (a)

superparamagnetic NWs, (b) M-H curve of sample a, and (c¢) nanofishes.

4.1.2 Platinum Attachments on Iron Oxide Nanoparticles of Other Shapes

The Pt NP attachments in an organic solvent would be investigated with other shapes of iron
oxide NPs, such as nanocubes and superparamagnetic NWs. This would give a complete
understanding of the influence of NP shapes on the Pt attachments via an organic route. These
results would help predict the most suitable morphology of the support for general heterogeneous

nucleations of small NPs.

4.1.3 Phase Transfer of the Integrated Nanoparticles Synthesized via Organic Route

The iron oxide nanoplates provided good Pt NP attachments using the organic route.
However, it was challenging to bring the nanoplates in an aqueous solution due to the heavy
organic surfactant coating. Therefore, a ligand exchange technique would be developed to
transfer the multiple Pt NP-attached nanoplates to an aqueous phase for the future DNA
interaction studies. The method would also be extended to other organic phase nanostructures

with good Pt attachments.
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4.1.4 Polymer Encapsulation of the Platinum-Iron Oxide Integrated Nanoparticle

The interaction of Pt attached iron oxide NPs with biomolecules was not specific to DNA.
Common biomolecules found in the body, such as glutathione (mitochondria) and serum albumin
(blood plasma), also showed interaction with these NPs (Chapter 3). The integrated NPs can
reach their therapeutic target efficiently if these non-target interactions are minimized. Easy
accessibility of the Pt NPs in these aqueous route based NP samples could possibly facilitate the
non-target interactions.

One solution would be to use the NPs synthesized via an organic approach. Here, Pt NPs
were directly attached to the iron oxide surface, and the polymer surrounding the integrated NP
could minimize non-specific interaction. Tumor targeting agents, such as peptides, antibodies, or
proteins could be conjugated to the biocompatible polymer for more specific interaction. Peptide
conjugation is more economic and favorable because antibodies and proteins, cause a large
increase in the hydrodynamic diameter of NPs.' These targeted NPs will likely be endocytosed
by the cancer cells.>” The protective polymer will possibly degrade in the acidic environment of
endosomes.* The released NPs can then potentially interact with the DNA.

Alternatively, biocompatible polymers such as lipids®” or micelles™ could be used to
encapsulate the Pt attached iron oxide NPs made via an aqueous route (Figure 4.2). Recently,
amphiphilic block copolymer encapsulated iron oxide NPs showed a promising blood circulation
time and drug carrying capacity.'® Such polymer encapsulated NPs show easy uptake by cancer
cells via enhanced permeability and retention.'' The release of NPs can be controlled via proper
choice of the encapsulating polymer. These simple approaches could potentially reduce the loss

of Pt NPs from the integrated nanostructures.
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Figure 4.2. Polymer encapsulation of the Pt-iron oxide NPs to minimize non-target interaction

4.2 Characterization

The future characterizations would serve to better understand the DNA interaction
mechanism of the Pt-iron oxide NPs. The DNA interaction of the Pt-iron oxide NPs would be
characterized by local electrode atom probe (LEAP), XPS, and FTIR. The interactions would

also be investigated in detail via simulation.

4.2.1 Quantification
The NP-DNA interaction could be further quantified via XPS, Imago LEAP and FTIR.

FTIR: The chemical bonds on the NP surfaces can be detected in an FTIR analysis. Therefore,
the FTIR on a powder sample of Pt-iron oxide NPs interacted with DNA would effectively
identify the DNA on the NP surface.

XPS: The powdered sample would also be used for the XPS analysis. The XPS detects all the
principal elements of the DNA (N, P, C, and O), except H. Therefore, the XPS could be used to
quantify the adsorbed DNA on the NP surfaces.'? The quantification based on N and P detections
would be most accurate because these elements are less affected by the contaminations during

sample preparation.
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LEAP: The LEAP allows three-dimentional mapping of the atoms in a conducting sample. The
DNA-NP sample would be deposited on a conducting probe for analysis on the Imago LEAP.

This would provide a good quantitative estimate of the DNA interacted with the NPs.

4.2.2 Simulation

Small, heavy metal NPs, such as Au and Pt, showed strong interaction with DNA bases
according to previous theoretical reports. These reports used Becke, 3-parameter, Lee-Yang-Parr
(B3LYP) density functional theory calculations to predict DNA-NP binding energies.'” Based on
binding energy, formation enthalpy, and formation free energy calculations, Au NPs showed
preferable binding to the free N atoms of guanine (G), cytoseine (C), adenine (A), and the O
atom of thymine (T)."” However, the complexation was strongest with G bases. This study had
used size expanded DNA bases (y-bases) as a model system. Pt NP binding was studied using a
peptide nucleic acid (PNA) model system.'* PNA contains DNA bases, but has a peptide
backbone instead of phosphodiesters. Based on relative energy calculations with respect to
highest occupied molecular orbital (HOMO), it was concluded that G-binding was most energy
efficient for Pt NPs. However, the close energy gap between the nucleobases suggested nearly
equal complexation capacity of all four bases. The affinity of DNA nucleobases and the
phosphodiester backbone for Pt attached iron oxide NPs could be calculated, using similar

methods. This could predict the accurate DNA binding site for these NPs.

4.3 Biological Studies

The purpose of the biological studies would be to investigate the intracellular behavior of the
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Pt attached iron oxide NPs for future therapeutic applications. Additionally, the potential of the

integrated NPs in radiation therapy would also be explored.

4.3.1 DNA Interaction of Platinum Attached Iron Oxide Nanoparticles In Vitro

The Pt-iron oxide NPs synthesized via an aqueous phase was used to show successful DNA
interactions in Chapter 3. These NPs would be used for in vitro experiments with mammalian
cell lines to show the distribution and DNA interaction of the NPs within the cell. The
cytotoxicity of the NPs towards mammalian cells could be estimated from these studies using an
MTT (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) assay.

Next, the DNA interaction of Pt-iron oxide NPs synthesized via an organic route would be
investigated for comparison. Here, gel electrophoresis experiments would be designed with DNA
samples interacted with free small Pt NPs, Pt-iron oxide NPs synthesized via an aqueous route,
and Pt-iron oxide NPs synthesized via an organic route. Subsequently, in vitro studies could be

performed with the Pt NP-attached iron oxide NPs, synthesized via an organic route.

4.3.2 Platinum Attached Iron Oxide Nanoparticles as Radiation Therapy Enhancers
Noninvasive radiation therapy is attractive for treatment of inoperable tumors (€.9., brain

tumors) and solid tumors. Conventional radiation therapy (such as x-rays or y-rays) dosages are

limited by normal cell damage in the path of radiation.”> Recently, heavy metal (Au) NPs were

16.17 The NPs could localize the radiation to the tumor site.

used as radiation therapy sensitizers.
The ionizing radiations of different energies induced different types of interactions in Au NPs.'®

For example, 10-500 keV photons produced electrons, characteristic x-rays, and auger electrons
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from Au NPs (photoelectric effect). Photons above 500 keV induced phonon emissions
(Compton effect). Photons and positrons resulted from high energy photon (> 1.02 MeV)
irradiations. However, Auger cascades were considered to be the major contributors for radiation
enhancing effect of Au NPs."” Such Auger cascades resulted when electrons from outer shells
dropped to fill radiation induced, inner-shell electron vacancies.

Small Au NPs had shown great potential as radiation enhancers because they could induce
86% one-year survival rate in tumor-bearing mice compared to 20% for x-rays alone (250
kVp). Theoretical calculations also predicted a high radiation enhancing effect for small Au
NPs.*! Recently, a high molar concentration of Au NPs (~1:1 DNA: NP molar ratio) was found
to facilitate highest radiation dose enhancement (6 times).”> However, this report involved larger
Au NPs (8-92 nm), likely due to the challenge in targeting the ultrasmall NPs.

The targeting inefficiency could be largely overcome by using our Pt attached iron oxide
NPs. Pt is a heavy metal like Au, and could potentially induce radiation enhancement.”
Therefore, a promising future scope would be to investigate the radiation enhancing capacity of

these integrated NPs (Figure 4.3).
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Pt-attached iron oxide NP Free radical and anger electron induced radiation 'danmge

Figure 4.3. Future application of Pt-attached iron oxide NPs as radiation therapy sensitizers
In conclusion, the multiple Pt-attached iron oxide NPs synthesized in this research could be
potentially used for applications, such as chemotherapy and radiation therapy enhancement. This

chapter described the future work to prove the therapeutic potential of the integrated NPs, and
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the prospective future scope of the NPs. Successful DNA interaction of Pt-iron oxide NP has
been shown in this research (Chapter 3). This could be very promising for chemotherapeutic
purposes, although further investigations are still required. The following chapter summarizes all

the promising results obtained, including the DNA interactions.
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CHAPTER 5
CONCLUSION

This dissertation reports the reproducible synthesis, characterization, DNA interaction, and
future scope of multiple Pt NP decorated iron oxide NPs (Figure 5). The work is novel because
multiple attachments of Pt NPs on iron oxide NP surfaces has proved challenging in earlier
reports.”” Crystalline and size-tunable (~ 2 nm) multiple Pt NP attachments were obtained in this
research, which has not been reported so far.’ Additionally, the crystalline iron oxide
nanowhisker, nanoflower, and nanoplate morphologies have not been synthesized earlier via the
thermal decomposition technique.*” The iron oxide nanoworms were also synthesized with good
crystallinity and size control compared to earlier literature reports.® Finally, the DNA interactions
were reported for the Pt NPs attached on iron oxide seeds. Previous reports have shown DNA

interaction with free Pt NPs.”!!

The following paragraphs summarize the results obtained in this
research.

First, single Pt NPs were attached on iron oxide nanospheres in organic solvent (Figure 5a).
The reaction parameters for controlled Pt NP (~ 2 nm) attachment were investigated using this
model system. A modified “heat-up” method was used for the spherical iron oxide (y-Fe,O3)
NPs. It was concluded that 140 °C reaction temperature and the presence of a weaker binding
ligand (e.g., trioctylphosphine oxide, TOPO) on iron oxide NP surfaces facilitated Pt NP
attachment in organic phase.

Second, multiple Pt NPs were attached to spherical iron oxide NPs via two synthetic

approaches (Figure 5b). One method (organic phase) involved growing the Pt NPs on iron oxide
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seeds in organic solvent, followed by an aqueous phase transfer of the integrated NP. It was
discovered that a high packing density of TOPO on the iron oxide seed surface could induce
multiple Pt NP attachments. This method could potentially minimize loss of therapeutic Pt NPs
before reaching the target due to the protective polymer coating on the integrated NP. In another
simple approach, small Pt NPs were deposited on already phase transferred polyacrylic acid
(PAA) coated iron oxide NPs. Here, UV reduction time played a key role in the size control of Pt
NPs. The small Pt NPs were linked to the PAA surface coating of iron oxide seeds, and could
potentially be more accessible for interaction.

Third, different shapes of iron oxide NPs were synthesized to increase the Pt NP attachment

density on iron oxide surfaces via an organic phase approach (Figure Sc, upper).
Selective decomposition of the iron oleate precursor at 150 °C could form thin iron oxide (y-
Fe;0;) nanowhiskers (2 x 20 nm). A ligand (undecomposed oleate arm)-directed growth
mechanism was proposed based on theoretical calculations and thermogravimetric analysis. The
nanowhiskers were superparamagnetic, but showed some paramagnetic behavior, likely from the
heavy ligand coating. Such ultrathin, one-dimensional iron oxide NPs has not been reported so
far.

Highly crystalline, one-dimensional iron oxide (y-Fe;O3;) nanoworms could be synthesized
via a modified “heat-up” method using large percentage coverage of TOPO. The reaction time
controlled the length of nanoworms (diameter 12 nm) from 50-200 nm. Time-dependent
reactions showed that aggregation of spherical iron oxide NPs resulted in the ferromagnetic
nanoworms. The aggregation was likely induced by the increased surface coverage of weakly

bound ligand, TOPO.
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Iron oxide nanoplates (18 x 18 x 3 nm) and nanoflowers (15 nm) were formed from less
dried and easy to handle iron oleate precursor. The nanoplates were thin and highly crystalline.
They showed a mixture of superparamagnetism and paramagnetism, likely due to the high ligand
coated surface. Based on mechanistic studies we concluded that preferential binding of
potassium ethoxide (C,HsOK) played a significant role in nanoplate growth. Here, C;HsOK, a
by-product from precursor synthesis, served as the shape-directing ligand. However, the growth
mechanism for superparamagnetic iron oxide nanoflowers was very different. Here, the volatile
reflux and large percentage of TOPO induced multiple nucleation events to produce a high nuclei
count. The small nuclei followed oriented attachment to form the nanoflowers.

The organic phase Pt NP attachment was investigated using the different iron oxide NP
morphologies. We concluded that nanoplates facilitated the most Pt NP attachment.

Finally, DNA interaction studies were reported using Pt attached iron oxide NPs produced in
aqueous solution as a model system (Figure 5c, lower). Plasmid DNA-NP interaction was
investigated using electrophoresis. Two types of interactions were concluded based on the
agarose gel bands by comparing with the control DNA. This conclusion was further supported by
electron microscopy, dynamic light scattering, and atomic absorption spectroscopy.
Unfortunately, the Pt attached iron oxide NPs also showed non-specific interactions with other
biomolecules, such as glutathione and bovine serum albumin. Even though this proof-of-concept
study proves the DNA interaction ability of iron oxide supported Pt NPs, further consideration
and medications are needed to reduce non-specific interactions. For example, polymer-
encapsulation could significantly reduce the non-specific interaction of Pt NPs with other

12
molecules.
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Figure 5. Conclusion: (a) single Pt NP-attached iron oxide NPs via an organic route, (b) multiple
Pt NP attachments via organic (upper) and aqueous (lower) routes, and (c) Pt NP-attached

nanoplates (upper) and DNA interaction of aqueous Pt-iron oxide NPs (lower).
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