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Effect of Decorating Super Paramagnetic Iron Oxide Nanoparticles with

Silver Nanoparticles on Their Magneto-Photo Thermal Heating Efficiency

ABSTRACT BODY

Cancer treatment is rather dangerous to the body, often involving many secondary
effects, including nausea, hair loss, and weight fluctuations. The search for non-invasive,
highly efficient, and targetable treatments ameliorates these issues. Super paramagnetic
iron oxide nanoparticles (SPIONS) have been used for other medical purposes such as
magnetic resonance imaging contrast agent and is being extensively studied as a potential
candidate for many cancer therapeutic and diagnostic approaches due to its
biocompatibility and superior magnetic properties. When subjected to an external
alternating magnetic field SPIONS generate heat mainly due to the friction of the
SPIONS against the fluid it is suspended in. Upon exposure to this magnetic heating, at
the temperatures about 42-45°C, cancer cells have reduced viability than the healthy
cells. SPIONs show promising properties for being a localized magnetic hyperthermia
treatment agent. There are limitations in this approach, however. When interacting with
cell structures the magnetic heating effect is diminished. To overcome this, alterations to
the SPIONS are sought out. In this study SPIONS, and SPIONS decorated with a photo
thermal agent, Silver, were successfully synthesized and characterized. The dual heating
approaches, magnetic and Photothermal, are tested on the SPIONS and Ag-SPIONS in
hopes of achieving bimodal therapy. Additionally, conventional synthesis methods versus

green methods will be investigated.
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Chapter 1: Introduction
1.1 Cancer

Treating cancer has been an ongoing concern since 3000 BC when it was first discovered.
Various amounts of effort (with varying degrees of efficacy) have been made throughout
the history of medicine with more recent attempts becoming increasingly targeted and
sophisticated. With the introduction of biocompatible nanotechnology, we are on a new
forefront of being able to treat this disease of the cell. With cancer rates predicted to rise’,

finding new methods to treat cancer are important.

Cancer occurs when a cell has reproduced in an abnormal manner and continues to grow
uncontrollably". Removing or otherwise preventing the tissue from reproducing is the
primary mode of treating this disease. The current methods such as chemotherapy,
removal of organs, and radiation while better than nothing, do often come with intense

side effects.

CANCER DEVELOPMENT PROCESS

GENETIC CHANGES

"**@**O*l

NORMAL CELL CANCER CELL DOUBLING

r-®
e

MALIGNANT CANCER CELLS

Figure 1: Diagram outlining the rapid growth process of cancer cells'i.



Since cancer cells tend to grow fast, chemo drugs are designed to kill fast-growing cells.
Due to the way they function chemo drugs travel throughout the body where they interact
with healthy cells that are fast-growing. The resulting damage to healthy cells causes side
effects. These include fatigue, nausea, hair loss, anemia, and fertility problems. The
healthy cells most often damaged by chemo are blood-forming cells in the bone marrow,
hair follicles, cells in the mouth, digestive tract, and reproductive system. Additionally,
chemo drugs can damage cells in the heart, kidneys, bladder, lungs, and nervous system™.
For radiation therapy the side effects often include general damaging or weakening of the
selected area including rib fractures if the thoracic cavity is the target area. For the heart
it increases the risk of heart disease. Generally, the bombardment of the area with high

energy particles damages the healthy tissue".

1.2 Nano Particles and Cancer Therapy

Nano particles are particles that range in size from a few to several hundred nanometers
(10° m). Nanotechnology is the field concerning their intentional usage to achieve
specific goals. Their physical characteristics often bridge the gap between behaviors at
the atomic and molecular level and bulk materials, once a certain amount of the material
is present. Their usages vary from drug delivery, pathogen detection, DNA reading, and
tissue alteration, just to name a few"'. There are many different types of nanoparticles that

are being investigated for various biomedical applications as shown in Figure 2:
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Figure 2: Diagram showing the different types of nanoparticles used in biomedical applications"i.

In recent years, studies on magnetic nanoparticles (MNPs) have been dramatically
increasing for usage in cancer therapy and diagnostic (also known as theranostic)
applications due to their unique physical and chemical properties, magnetic resonance
imaging (MRI) contrast, facile synthesis, easy surface decorations, low toxicity, and good
biodegradability. These characteristics assist them to serve as outstanding imaging
agents, and delivery vehicles in cancer theranostics“'". Being magnetically responsive,
they also can be delivered to specific sites within the body and are excellent for localized
usage and treatment. To date, MNPs have been developed from nickel, cobalt, Prussian

Blue, and gadolinium. Iron oxide, however, has been the most extensively studied.
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Figure 3: Various different uses for MNPs in biomedical applications™.

1.3 Super Paramagnetic Iron Oxide Nanoparticles (SPIONSs)

Among the other MNPs, iron oxide has been chosen for its superior saturation
magnetization, its facile and abundant nature, its exceptional biocompatibility, and a
plethora of surface functionalization capabilities*. Super Paramagnetic Iron Oxide
Nanoparticles (SPIONs) have found many uses, especially as an oncological diagnostic
and treatment vehicle. It has found use in medical imaging through Magnetic Resonance
Imaging compared to other Magnetic Nanoparticles. SPIONs boast a superior
magnetization value increasing the effect of magnetic fields needed and reducing the

amplitude of those fields to operate in the body.



Figure 4: SPION specific biomedical applications*.

1.4 Magnetism

Magnetic behavior arises from the orbital and spin angular momenta of electrons in
material and their aggregate interactions. This is quantitatively described by the quantity,
magnetization. This is defined as net magnetic dipole moment per unit volume of
material. The proportionality of a magnetic response of a material is given by its

magnetic susceptibility.

In the absence of long range magnetic momenta ordering, the materials can be put into
two groups; dia and paramagnetic do not form long range magnetic orderings. In the case
where long range magnetic momenta orderings are present, they are classified as ferro,
ferri, and antiferromagnetic materials. Based on the susceptibility, materials can be

divided into diamagnetic and paramagnetic materials.
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Figure 5: Diagram depicting the behavior of Diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and
antiferromagnetic materials respectivelyi,

Diamagnetic particles have a negative susceptibility, or will oppose an externally applied
magnetic field. Meanwhile paramagnetic materials are the opposite and will align with an
applied external magnetic field. This is a result of the conservation of momentum as
diamagnetism occurs when the shells are filled resulting in net zero orbital and spin
angular momentum. Paramagnetic materials have a net dipole moment per particle of
material. These moments align randomly into domains, due to thermal effects resulting in
a bulk net zero magnetic moment. These domains are also governed by energy exchanges

within the system of particles:

1. The energy involved in aligning the magnetic moments

2. The magneto-crystalline structure energy that comes from the spin-orbit

coupling

3. Magnetostatic energy

When an external field is applied, all of the domains align with the external magnetic
field. Upon removal of the external field and sufficient time the paramagnetic materials
reach net zero spin within newly formed domains. The temperature dependency is

described by the Curie Weiss law, which states that the magnetic susceptibility of a



material below a specific temperature (The Curie Temperature) becomes
ferromagnetic'. Ferromagnetism is the phenomenon of spontaneous magnetization, or
magnetization that appears in the complete absence of applied magnetic fields. Below
this temperature materials tend to be antiferromagnetic and ferrimagnetic. Ferromagnets,
unlike their paramagnetic counterparts, do not relax to the same domains, making a non-
reversible change known as hysteresis. When characterizing this relationship of applied

field and saturation magnetization an M-H curve is used detailing the hysteresis.

T Ms

= Mr ,

=) “ Ferromagnetic

N R Superparamagnetic
© Paramagnetic

é Diamagnetic
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<— Field —

Figure 6: Hysteresis loops for the different magnetic behaviors<.

Magnetic saturation refers to the state reached in a sample when increases in applied
external magnetic field H cannot increase the magnetization of the material further. At
saturation, the total magnetic flux density B does not increase with increases in applied
external fields, resulting in diminishing returns for magnetic energy applied. Saturation is
a characteristic of ferromagnetic and ferrimagnetic materials, such as iron, nickel, cobalt,
and their alloys. Saturation is most clearly seen in a hysteresis loop. As the H field

increases, the B field approaches a maximum value asymptotically, and from this the



saturation magnetization of the material is determined. This phenomenon arises from the

non-linear permeability of free space for materials at large scales.

The magnetic properties of individual domains as they relate to a group of domains in the
same bulk material is also given by a quantity known as anisotropy. Anisotropy refers to
having a physical property that has a different value when measured in different
directions. In the magnetic sense it refers to the magnetic energy required to change the
direction of a magnetic dipole, measured from the energetically favorable direction
(minimum), and increasing in required energy. The energetically favorable direction is

along an axis called an “casy axis.”

The three most important types of anisotropies are shape anisotropy, surface anisotropy,
and magneto-crystalline anisotropy. As the size decreases, the surface anisotropy
decreases and since the particles are spherical their shape anisotropy is minimized.
Hence, the dominant anisotropy for spherical nanoparticles will be magneto-crystalline in

nature.

With small enough particles the thermal energy is comparable to the anisotropy energy,
or the energy required to flip along the energetically favorable axis. When this thermal
energy is large compared to the anisotropic energy then the particle can freely flip along
the energetically favorable axis. The relaxation time, the average time one of these jumps
takes is given by the Neel-Brown relation:

K=*V
kB*T

Tp = To *exp (

)



Where 1,is a microscopic timescale for transitions, usually around 10° — 10 35, kj is
the Boltzmann’s constant and T is temperature, K is the anisotropic energy density and
Vis the volume. As the temperature decreases, the relaxation time increases. From here we
get the temperature at which this freedom occurs, known as the blocking temperature.
This temperature is determined in the Zero-Field Cooling (ZFC) measurement. The
magnetization changes in response to the temperature. The peak magnetization as a
function of temperature gives the blocking temperature. Below this temperature the spins
are essentially frozen in place, removing their ability to behave as paramagnets. Above
this temperature the particles are able to flip freely enabling paramagnetic behavior,

aligning with applied external magnetic fields.

TN Multi
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Figure 7: A diagram describing the coercivity required for the various particles size.

When the size of magnetic particles get below a critical value, the energy cost of domain
wall formation is higher and subsequently unfavorable. Single domain particles become
favorable. Within these single domains all of the spins are aligned, which is also known

as possessing a super spin. These super spins yield a large magnetic moment for the
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individual domain. Super-paramagnetism occurs when a super spin paramagnetic domain
shows no hysteresis with a changing magnetic field. For Iron oxide this behavior is

observed when it is in nanoparticle form.

Ferromagnetic Superparamagnetic

Figure 8: Comparison of Ferro magnetic behavior and super paramagnetic behavior.

Applied
magnetic field

No
magnetic field

In this study the model which will be used will be the Langevin function for describing
the magnetization for a collection of non-interacting superparagmagnetic nanoparticles.
This is usually indicated by an “S” shape on the M(H) curve taken by a magnetic

characterization machine. The Langevin is denoted by:
1
M = M, * [Coth(y) — @

And

_ M xV+H
X= kb*T

Where M, is the saturation magnetization, My magnetic moment, H is the applied

magnetic field, V is the volume, T is the temperature and kj is Boltzmann’s constant.
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1.5 Magnetic Heating and Linear Response Theory

Applied magnetic heating can be understood via the Linear response theory, an
approximation method that describes the evolution away or toward equilibrium under
perturbative conditions®”. The work done on a magnetic system is converted into internal
energy for that system. The heat generation is primarily through the processes of Néel
and Brownian relaxations. During Néel relaxation the moments fluctuate under the
applied alternating Magnetic Field. This is interacting with the magnetic crystalline
energy barrier. Meanwhile, during Brownian relaxation the particles heat the suspension
due to drag between the particles and the liquid, when the particle rotates to align with
the applied field. Both of these occur in parallel so a combined relaxation effect is

observed.

Néel ‘ N

Figure 9: Brownian and Neel relaxations®i,

The Linear response theory in this scenario surmises that the energy applied by the

magnetic field to be proportional to the response of the system of magnetic particles.
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_wrHirxreter 1

P
2 *1+(a)*r)2

In the low frequencies limit, where w * t << 1 the second portion approaches zero, then

we get:

Ww?*T

P = pgxHxxx

Where P is the power dissipated, , is the permeability of free space, HZ is the square of
the amplitude of the oscillating magnetic field, y is the magnetic susceptibility of the
magnetic particles, w is the frequency of the alternating magnetic field, and t is the

effective relaxation time, which is given by:

Where T is the Néel relaxation time and tzis the Brownian relaxation time.

1.6 Hyperthermia

Hyperthermia, from Latin which means literally “above heat” refers to when heat
regulating mechanisms of organisms fail. In the case of medical treatment, the goal is to
cause these regulation mechanisms by inducing hyperthermia to fail in order to kill the
offending organism. As a treatment hyperthermia falls into three categories: local,

regional, and whole body. Whole body refers to treating the entire body through
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something like hot wax or full body infrared radiation. Regional refers to a specific organ
or subsystem of the body, usually with ultrasound or radio electromagnetic radiation
(usually around 13.56 MHZz*"). Finally, local refers to heating a smaller area of interest,
in the case of this research, a tumor. Localized hyperthermia is quite difficult due to the
size involved and methods of heat transfer to smaller targets. However there are studies
that show that Magnetic Hypethermia (MHT) is superior to other hyperthermic

treatments, specifically hot water™'""

Cancer cells are not able to tolerate heat as well as healthy cells due to reduced blood
flow and increased oxidative stress due to being acidic. Many studies** have found that
increasing the local temperature to 42 to 46 degrees Celsius induces localized
hyperthermia, causing damage and subsequent death of cancer cells. Within this
threshold, healthy cells are able to dissipate the heat and avoid detrimental effects.
Utilizing the lower viability cancer cells have after exposure to high temperatures, an
alternating magnetic field is applied to the nanoparticles in order to create localized heat

to the area of interest/infection known as local Magnetic Hyperthermia (MHT).
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Figure 10: A diagram depicting how functionalized MNPs are used in MHT*,

g

The cell viability drops rather quickly after exposure, while allowing the non-cancerous
cells to survive. Additionally, some studies have found that MHT can kill tumors at

distant sites including metastatic cancer cells*.

1.7 Photothermal Therapy (PHT) and Photon Plasmon resonance
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Inorganic Nanoscale metal chalcogenides
materials (e.g., Cu,,E,E=S, Se, Te)

P
Transition metal dichalcogenide
nanostructures

Photothermal (e.g., WS,, MoS,, WSe,)
Agents

(e.g., W05, M0Os;,,, Fe;0,)

Metal oxide nanoparticles ’

Dyes (cyanines, squarines,
Organic materials phtalocyanines, porphirin

derivatives)

Figure 11: Like nanoparticles, there is a large array of photothermal agents as well. The present study will focus on
metallic nanostructures and metal oxide nanoparticles®™,

14
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According to the literature, there are different organic and inorganic materials that are
being investigated as potential photothermal agents, as shown in Figure 11. This study
will focus specifically on metallic nanoparticles for decorating SPIONSs. In metals,
photothermal effects arise from the property known as surface plasmon resonance. When
metals are formed from the individual atoms the electrons become delocalized over the
surface of that metal. These electrons are known collectively as Surface Plasmon. The
term plasmon refers to a quantum or a quasiparticle connected to a local collective
oscillation of a charge density. In this case the surface plasmon is referring to the free

electrons in the conductive band of our metals. The energy levels for electrons in atoms

increased, the number of viable energy levels also increases. In bulk metal this effectively

gives a continuous energy range.

With nanoparticles this range becomes quasi-continuous. In bulk metal the surface
plasmon resonates in phase with incoming light. This oscillation is scattered back into the
incident medium. Due to their semi-discrete or quasi-continuous nature, nanoparticles
cannot resonate with all wavelengths of light. As the wavelengths change there is a
particular frequency that causes no-net oscillation due to destructive interference on the
surface plasmon. This energy is converted into heat through relaxing a photo-excited
electron. This heat is then dissipated through phonon-phonon coupling after the

relaxation period.
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Figure 12: Diagram depicting the interaction of incoming light with the localized plasmon, usually conduction band
electrons, causing a resonance on the surface of the particle®V,
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Figure 13: Depiction of the photo thermal conversion process due to plasmonic resonance*.

The physical characteristics of the particle also affect the photothermal effect, specifically
the peak frequency that generates the maximum heat. Most notably, the shape and size,
which will affect the wavelengths and amplitudes that the surface plasmon will have a
resonance response. Silver®v Vil js a prime choice since there exists a large number of
studies on the photothermal characteristics it possesses. One of the reasons it has been
studied so much in medicine is because silver also has the ability to bind to and
destabilize DNA of target cells. Silver in general has seen a wide variety of biomedical
applications in cancer therapy as Figure 14 shows. In the case of treating cancer,

preventing their reproduction is a superior trait when dealing with metastasizization.
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Figure 14: The various uses of silver in cancer therapy has a similar number of complimentary applications to that of
SPIONgii,

The combination of this platform with SPIONs allows them to be placed and injected
near and into cancerous cells in addition to generating localized hyperthermia.
Additionally, several studies have found SPIONSs to have a photo-induced plasmonic

resonance response in a range that overlaps with that of silver for incoming light.

1.8 Specific Absorption Rate (SAR)

The heating efficiency of the SPIONs during MHT in this study are given by Specific
Absorption Rate (SAR). This is defined as the thermal power per unit mass of magnetic
material generated while in an alternating magnetic field. For ferrofluids it depends upon
the fluid characteristics, the applied magnetic field properties, and the properties of the
SPIONSs, such as shape, size, distribution, and concentration™*. The ideal fluid is limited
to biocompatible fluids, in this case water-based is ideal. Additionally, there are

limitations on how the alternating magnetic field can be used on the human body.
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The upper limit of the product of the amplitude and the frequency of the AC magnetic
field that can be used in clinical trials without generating eddy currents and nerve
stimulation is 5 *10° A*m™s2 ! Finally, there is a requirement to have the SPIONSs be
biocompatible and have superparamagnetic properties at physiological temperatures. This

is to avoid toxic effects of SPION aggregation and toxic immune response.

The heating efficiency of the materials will be given by the SAR®*! which is determined

by the rate of change in heat per unit of material. First, the heat flow rate is determined

by:

Where Q is the heat in Joules, m is the mass of the sample, c is the specific heat of the

suspension, T is the temperature, and t is the time. From here we calculate the SAR as:

daQ
dt
Mrpe304

(SAR) =

1.9 Scope of this thesis

Objectives, Significance, and Justification

This methodology of localized hyperthermia is very useful when compared to other
methodologies of oncological treatment, which essentially bombard the body with

radiation or drugs to kill cells that develop quickly. There is often a lot of collateral
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damage or undesired side effects resulting in secondary and tertiary ailments to the

patient which complicate recovery and reduce quality and length of life.

Additionally, reducing the amount of resources that the body needs to use to repair itself
improves health outcomes. Reducing the number of other treatments for these undesired

effects benefits the patient and the medial system as a whole.

With current methods of functionalization there is a limit to how much heat generation
potential there is for SPIONSs using only MHT. There is a limit to how the concentration
of the SPIONSs are acceptable to prevent toxic effects® ", There is also a limit to the
amplitude and frequency of the alternating magnetic field. The main obstacle to the
current usage of SPIONSs is that when debris and cellular structures interact with the
SPION, it increases the moment of inertia for the particle, reducing the amount of

rotation, and by extension, the amount of heat produced by the alternating magnetic field.

There are several methods to overcome this reduction in heat generation. One is the
shape®™V of the particles, as this affects the ability to rotate by altering the shape
anisotropy. This is affected by the functionalization process. There are many factors that
can go into the differing shapes and their uses but this requires a great deal of study for
fine tuning. Generally, spherical functionalization has been regarded as the most
utilitarian shape. The second method to overcome the reduction in heat generation is
altering the magnetic saturation of the SPION composition™*¥. Adding other magnetic
metals has a pronounced effect on the magnetic saturation of the composition but is often

not facile to manufacture and requires tuning to avoid cytotoxicity™'. A third method is
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a mixture of these two methodologies to blend their properties. This has seen some

success but is not facile®Vvi,

An alternative method, which will be the primary focus of this study, was introducing
photothermal agents into the SPION composition. This represents a very facile and
effective method for improving the thermal output of the SPION composition. In
particular, silver atoms added to the SPION composition will be the focus of this
research. If the total heat generated from the alternating magnetic field of the compound
comprised of both SPIONs and Silver atoms is comparable to a pure SPION compound,
then this methodology would lead to new avenues of research for SPION based
oncological treatments. There has been promising research carried out regarding the use
of MHT and PHT simultaneously on SPIONSs to help them overcome the barriers to

successful treatment presented in either case alone®*Vii!,

The scope of this thesis will be in three parts: first, to explore the effect on magnetic
response when decorating SPIONs with silver NPs; second, to compare the relative SAR
values for MHT, PHT, and combined heating; third, to compare green synthesis and

conventional synthesis of the SPIONs and Ferrofluids for their heating performances.
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Chapter 2: Synthesis and Characterization Methods of Magnetic
Nanoparticles
2.1 SPION Synthesis methods

When generating SPIONs and AgNPs there are many methods that have been utilized.
Physical methods include: Gas-Phase deposition, electron beam lithography, power ball
milling and combustion. While Chemical methods include: co-precipitation, thermal
decomposition, microemulsions, and hydrothermal. Finally there are biological methods
which utilize bacteria, fungi, and microorganisms®**, For many of the synthesis methods
there are issues with consistency in size, functionalization, and being biocompatible
during functionalization. Most studies use a host of chemicals during the synthesis
process, many of which require specialized lab conditions and the ability to store and
dispose of toxic chemicals. Additionally, for the physical methods there is a great deal of
specialized equipment needed for those processes as well. Co-precipitation and
hydrothermal provide monodispersed, facile, and biocompatible methods of synthesizing
nanoparticles. During co-precipitation iron precursors are reduced to iron oxides by a
weak reducing agent, conventionally sodium hydroxide, ammonia, and the like. The

reaction equation is:
Fe?*+2 Fe**+8 OH > Fe304+ 4 H,0

Meanwhile during hydrothermal crystal growth of minerals is encouraged using high
temperature and pressure, usually below 300°C and organic solvent. This study will use

coprecipitation for the generation of SPIONs and hydrothermal for silver decoration.
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Figure 15: the various chemical methods of SPION synthesis. This study will focus on co-precipitation without inert
gas.
2.2 Green Synthesis
This study will also explore the rising trend of green synthesis methods. With the

observable impacts on the environment due to human activity growing at exponential
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rates, methods that reduce the amount of environmental impacts are becoming more and
more desirable. Balancing the environmental impact with efficacy is at the front of this
effort. There are many promising avenues and the present study has gone the path of
utilizing Green Synthesis*"! processes for generating the nanoparticles. This also has the
added benefit in the medicinal usage to being bio-compatible. Green synthesis utilizes
plant extracts or bio-polymers for capping and stabilizing. Egg White (EW) show
promise to be among the best for its environmental, economic, and physiological impacts.
For the mono-colloidal suspension citric acid(CA) and water is used, in lieu of dextran¥"".
Honey will be used as a Hydrothermal reducing agent for the silver decoration of the

SPIONs¥iii,

The significance of this research is in further improving upon nanotechnology for a
growing area of concern for medical applications as well as exploring ways to minimize
human impact on the environment while pursuing new technologies. The justification is
tied to improving quality of life for both humans and the environment amidst increasing
health problems due to cancer and an increasingly unstable environment due to human

activity.

2.3 Surface modification/Functionalization

For particles in the nano particle range the surface energy is rather high. This arises from
having a larger surface to volume ratio*"V. Additionally, MNPs often have hydrophobic
characteristics on their surfaces. Due to this the particles tend to aggregate. In most

biomedical applications aggregation is not desired and results in clots or other harmful
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effects. This aggregation also leads to more chemical activity and generally depresses the
magnetic characteristics of the material. To alleviate the aggregation and improve the
stability of the nanoparticles, they are coated with a surfactant and suspended in a mono-
colloidal suspension. The two methods employed are steric and electrostatic repulsion.
Steric is often difficult to predict and make uniform while electrostatic is relatively easy

to understand given the ionic strength and pH of the solution during and after synthesis*".

Figure 16: (a) depicts electrostatic repulsion during surface modification, while (b) depicts steric repulsion from
surface modification.
The several most common surfactants that are used are Dextran, PEG, and citric acid.
The choice is often a result of the application. For instance, Dextran is highly
biocompatible, while PEG has the longest circulation time. For this study, citric acid has
been used. This is due to its large capacity to be further functionalized and in keeping

with the green synthesis methodology.
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Figure 17: Examples of different coating polymers for steric repulsionii,

2.4 X-Ray Diffraction (XRD)

Characterization techniques

Electromagnetic radiation with wavelengths between 0.1 to 10nms with energies from

100 eV to 100keV are known as X-rays. In determining the arrangement of atoms and

molecules within crystalline materials XRD is able to identify the materials present.

These rays interact with the different layers of atoms to diffract, when constructively

interfering, producing sharp maxima. The angles at which this occurs depends on the

crystalline structure of the material. The angle formed is between the incident ray and the

atomic planes.
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Figure 18: Depiction of XRDViii,

From here the Debye-Scherrer equation Is used to determine the average crystalline size

of the particles:

kA

d = =
avg 9
ﬁFWHM Cos

Where A is the wavelength of the incident x-ray, k is the shape factor(0.94 for spherical
particles), Brwhm IS the fullwidth half maxima measured from the unprocessed data and in

radians.

2.5 Tunneling Electron Microscope (TEM)

To determine the shape and confirm the size of the SPIONs and Ag-SPIONSs a Tunneling
Electron Microscope (TEM) was utilized. During operation, a high voltage electron beam
passes through the sample. The sample, originally in powder form, is suspended in an

acetone solution. The electrons either scatter, or tunnel through hitting a fluorescent
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screen. The gradations found on the fluorescent screen give a relief based on how thick
the material is, giving an image. This solution was placed into a vacuum inside the TEM
apparatus. From this the size distribution and shapes will be confirmed. To determine the

size distribution the log normal fitting equation below will be used:

D

1 [lnD—O]2
f(D) = mexp {_T}

Where D is the diameter, D, is the probable diameter, and o is the size distribution*'™™.
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In image plane of
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Projector lens <l

Screen
Image Diffraction pattern

Figure 19: Schematic of TEM operation. This study utilizes the imaging mode.
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2.6 Vibrating Sample Magnetometer (VSM)

A Vibrating Sample Magnetometer utilizes Faraday’s law of induction to measure the
magnetic properties of a sample placed into the sample holder. The holder allows for the
sample to vibrate and is on an arm that moves the sample through a magnetic field that is
sensed and recorded by electromagnets via their induced coil. The resulting current gives
data about the strength of the magnetic field of the sample'. The setup is described in the

following figures.

Sample Holder

Pickup
Coils 1

Vibration
along
z-Axis

Electromagnet

uniform magnetic field

Figure 20: Schematic of VSM as the sample is moved and vibrated inside the uniform magnetic field".
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Figure 21: External view of a VSM',

The information from this will generate an M(H) curve to which the Langevin model will

be applied.

2.7 Magnetic Hyperthermia

The SPIONs and Ag-SPIONSs are made into a ferrofluid. From here an alternating
magnetic field is applied. This generates a change in temperature as the particles relax.
The rate at which this heating occurs will determine the efficacy of the combined
platform. An Ambrell Easy heat station will be run an appropriate frequency until the
temperature of the fluids reach a range between 50-60° C. The temperature was measured
from the center of the container holding the ferrofluid. An alternating magnetic field is

applied to a solenoid producing an alternating magnetic field. To dissipate the heat in the
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circuit there is a water pump attached. During this measurement the fluid is placed inside
of the solenoid and a fiberoptic cable is used to record the temperature from inside the
center of the tube containing the ferrofluid. This is run to a program titled Opticon. From

here the temperature and the time is recorded.

Figure 22: MHT set up, with optical fiber thermometer, tube, and current carrying coil.

FLowmax j

Figure 23: Ambrell easy heat station and water coolant system. This is to prevent the coil from overheating.
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Figure 24: Complete MHT data taking station.

2.8 Photothermal Heating

A laser diode is used to provide to provide light of the correct wavelength and power, a
commercial laser'™ typically used for engraving, was used, with wavelength 808 nm and
a maximum output power of 1.2 W. LASER or Light Amplification by Stimulated
Radiation 'V, electrons are excited in a gain medium. As the electrons in the material
relax from their excited state monochromatic light is emitted to obey conservation of
energy. See figures 10 and 11 for a visual. This quantum mechanical effect has been used
following Einstein’s prediction of on the nature of discrete energy levels and their
transitions. The first laser was a modified maser (Microwave Amplification by

Stimulated Radiation), and focusing in the optical range. The first patent for the Laser
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was in 1957 by a Japanese engineer. The laser was turned on, shining onto the surface of
the ferrofluid. The temperature was measured from the center of the tube, in the same

fashion as the MHT.

EASYHEAT

A AMBRELL

Figure 25: Configuration for both PHT and combined heating measurements. The alternating magnetic field is turned

off while the laser, pictured above the coil, shines upon the ferrofluid.

Chapter 3: Experimental
3.1 Conventional Superparamagnetic Iron Oxide(SPION) Synthesis

Ferrous Chloride Lot 128205 and Ferric Chloride lot 931865 from Fisher Scientific were used
without further purification. Conventional SPIONs were synthesized with 3.014 g of ferrous
Chloride was dissolved into 5ml of 2M HCL. 8.105g of ferric iron chloride was dissolved into
20mL of 2M HCL. These were combined into a beaker and then stirred magnetically at 700 rpm

using a Fisher Scientific Isotemp magnetic stirrer. NaOH, at a molarity of 3M, was added drop



33

wise into the stirring solution until a pH of 11 was reached. The solution was stirred for 90

minutes. The resulting particles were then aggregated using a .1T magnet, washed, and dried.

Figure 26: Washing and separation of SPIONSs.

o Green Synthesis

3.2 Green Egg white Superparamagnetic Iron Oxide (EW SPION) Synthesis

3.003 grams of ferrous chloride and 8.114 grams of ferric chloride from the before mentioned
sources, were separately dissolved in two separate beakers with 90 mL of deionized(DI) water,
under magnetic stirring for a few minutes each. An egg white(EW) aqueous solution was
prepared by adding 0.775g of EW dissolved into 20mL DI water. The EW is used as a capping
agent in lieu of Hydrochloric acid, which is usually used. All three solutions were then combined
and stirred at 700 rpm. NaOH at 3M was added dropwise until a pH of 11 was reached, then
temperature was set to 65°C and the solution was stirred for 90 minutes. After, using a magnet to
aggregate the MNPs, they were rinsed in DI water until a neutral pH was reached. The slurries
were then set out to dry. In this procedure EW was used as a capping agent. This is in contrast to

Hydrochloric Acid being used in the non-green synthesis process.
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Figure 27: Precursors to green synthesis in solution form.

3.3 Silver Decoration of SPIONs and EW SPIONs
3.3.1 SPION silver decoration (Ag-SPION)

22 mg of Silver Nitrate, 1.013 g of commercial food-grade honey and 70mL of DI water were
stirred for 15 minutes. 305mg of SPIONs were added and sonicated for ten minutes. The solution
was then put into a Teflon lined autoclave and heated to 200°C for 75 minutes using a Blue oven,
model BF51848A. They were magnetically collected upon cooling and left to dry. This was

repeated twice.

3.3.2 EW SPION silver decoration (EW Ag-SPION)
18 mg of Silver Nitrate, 1.060 g of commercial food-grade honey and 70 mL of DI water were

stirred for 15 minutes. 299 mg of EW SPIONs were added and sonicated for ten minutes. The
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solution was then put into a Teflon lined autoclave and heated to 200°C for 75 minutes. They

were magnetically collected upon cooling and left to dry. This was repeated twice.

I BLUEM I

Figure 28: Oven used for hydrothermal silver decoration, Blue model BF51848A.

Creation of Ferrofluid

3.4 Ferrofluid preparation

A water based ferrofluid was prepared and synthesized using citric acid. 0.5g of SPIONs
were suspended into 50mL of DI water using a Bransonic 221 sonicator. A buffer
solution was prepared to bring the pH to 5.2 with SPIONSs, citric acid, and NaOH. This
was heated to 80° C and stirred at 700 rpm. After 90 minutes the solution was cooled and
brought to a pH of 10.7. this produced a stable ferrofluid. This was done for SPIONs, Ag-

SPIONs, EW SPIONs, and EW Ag-SPIONE.
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3.5 Characterization/measurements
3.5.1 XRD
All four samples were prepared in a powder form. A Rigaku Ultima-4 X-Ray
Diffractometer 1.5 A A radiation. A ®-20 scanning mode with 20°-80° range, operating
at a voltage of 40kV and current of 150mA was used to take the XRD spectrum for
identification of the crystalline structure of iron oxide and silver. Crystalline size was also

determine.

3.5.2TEM
All four samples were prepared into a solution from powedered form. This suspension

was loaded into a Thermo Fisher Talos F200X G TEM machine, with a beam current

around 11nA for CTEM and 0.5 nA for STEM.

3.5.3VSM
For all four samples the field dependence and temperature dependence of magnetization

were measured using a Quantum design VersaLab magnetometer.

3.5.4 Heating Measurements

Three sets of heating measurements were taken, MHT, PHT, and Combined. This was
done for SPIONs, Ag-SPIONs, EW SPIONs, and EW Ag-SPIONs. For MHT, an
Ambrell easy heat station was used to generate an alternating magnetic field of amplitude
240 Oe (19.1 kA/m) at a frequency of 375 kHz. A sample of the ferrofluid was placed
inside the current carrying coil. An Optocon fiberoptic thermometer was used to record

the temperature of the sample in the center every ten seconds, until 55-60°C was reached.
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For PHT, a commercial laser pointer was set to 600 mW and trained on the surface of the
ferrofluid. An optocon fiberoptic thermometer was used to record the temperature of the
sample, again at the center of the sample tube, until rate of change in temperature reached

zero or the sampled reached 49-55°C.

Then the heating sources were combined. The samples were placed into the current
carrying coil and had the laser trained on them. The Fiberoptic thermometer measured
from the center. This was done until the temperature reached 55-60° or the rate of change

in temperature was approaching zero.

Figure 29: Combined MHT and PHT heating configuration, with laser turned on.
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Chapter 4 Results and Discussion
4.1 XRD Results
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Figure 30: XRD Spectra for all four samples. Iron oxide and silver are present in the appropriate samples.

XRD Spectra from the SPIONs, Ag-SPIONs, EW SPIONs, and EW Ag-SPIONs were
taken and analyzed. The peaks confirm that FesO4 was present according to the literature
in the correct phase. For the composite peaks matching those of silver were found as
well. The crystalline sizes were found to be 9.7 £ 0.1 nm for FezOsand 31 + 9 nm for Ag
in the Ag-SPION sample, 10.8 £ 0.7 nm for FesO4 in the SPION sample, 8.0 + 0.4 nm for
Fe3O4in the EW SPION sample, 9.6 + 0.8 nm for FesO4 and Ag having a size of 23 £ 3

nm in the EW-Ag-SPION sample.



39

42 TEM

Figure 31:TEM images for A-SPIONs, B-EW SPIONs, C-EW Ag-SPIONs, D-Ag-SPIONs
Nanospheres were confirmed present in the prepared samples along with some
agglomeration. The average diameters for the samples were estimated to be 11 + 2 nm for
Ag-SPIONSs, 10 = 3 nm for SPIONSs, 7 + 2 nm for EW SPIONs, and 10 + 2 nm for EW

Ag-SPIONs. The presence of silver was confirmed in TEM images as well, as shown in

the figure below:
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Figure 32: Log Normal Fit for all four samples.

Figure 33: Silver decoration in EW Ag-SPION and Ag-SPION samples.
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4.3 VSM Measurements
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Figure 34: M(H) curve for the four samples. They display superparamagnetic behavior. The saturation magnetization
was found to be about half for the samples with egg white as the capping agent.

M(H) curve for the four samples. They display superparamagnetic behavior. The saturation

magnetization was found to be about half for the samples with egg white as the capping agent.

M(H) curve for the four synthesis methods. They were all found to display

superparamagnetic behavior with no hysteresis at 300K.

A fit was done of the magnetization as a function of the inverse of the magnetic field
applied to find the appropriate value of b. This expression was used from the relevant

methods found in the literature'V:

- b
M = M(1--—2)
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Where M is the magnetization, M,is the saturation magnetization, and H is the applied

magnetic field.
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Figure 35: Magnetic moment as a function of the inverse of the magnetic field applied. This was used to calculate the
effective anisotropy.

From the intercept of this fit the following saturation magnetization values were obtained, which

are in agreement with the saturation values obtained directly from the M(H) curves.

Table 1: Saturation magnetization of the four samples. The uncertainty from the fit was 3 orders of magnitude smaller

and were treated as negligible.

Sample Saturation Magnetization (emu/g)

Ag-SPIONs 70.0

SPIONs 63.3
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EW SPIONs 28.4

EW Ag-SPIONSs 29.9

The b values were estimated to be 8.11+ 0.05 *10® oe? for Ag-SPIONSs, 8.87 + 0.06*10°
oe? for SPIONS, 1.44 + 0.02 * 10° oe? for EW SPIONSs, and 1.15 + 0.01*108 oe? for EW

Ag-SPIONS.

The effective anisotropies, K, ¢, were given by the following expression using a method

from the literature'':

15 b

Keff=Ms* 4

Where Mis the saturation magnetization and b is a constant related with the
magnetocrystalline energy. From here the calculated effective anisotropies were found to
be 41 + 2 K J/m? for Ag-SPIONS, 41 + 2 K J/m? for SPIONSs, 32.3 + .8 K J/m? for EW

Ag-SPIONS, and 35.2 + 0.8 K J/m®for EW SPIONS.

As mentioned in chapter 2, the magnetization for a collection of non-interacting
superparagmagnetic nanoparticles is given by the Langevin function. Therefore, all four
magnetization curves were fitted to the Langevin function using OriginLabs software, as

shown.
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Figure 36: Langevin fit for all samples.

For the Langevin fitting the following expression was used:

Mﬂl*im‘p%)]

Which is a reworking of the Langevin function mentioned earlier. Where P;is the
saturation magnetization and:
T kg T

Where V is the volume, given by:
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m* D3

Where D is the diameter of the magnetic core, kgis Boltzmann’s constant, and T is the
temperature. For Ag-SPIONs the magnetic core diameters were estimated to be 6 + 2 nm,
SPIONs were found to be 5.1 £ 0.6 nm, EW Ag-SPIONs were found to be 4.9 + 0.5 nm,

and EW SPIONSs were found to be 4.4 + 0.4 nm.

In addition to the active magnetic core there are some studies that suggest the existence
of a magnetic dead layer on the surface of SPIONs'!'. Therefore, a magnetically dead

layer was calculated using the expression from a method found in the literature™'":

6=t
D

M = Ms,bulk(]- - )

Where Mg ,.,,is the bulk value of magnetization, here 92 emu/g was used, D is the
diameter of the particle estimated from XRD, and t is the magnetic dead layer. The
magnetic dead layers were found to be 0.38 £0.01 nm for Ag-SPIONSs, 0.56 + 0.02 nm

for SPIONSs, 1.08 + 0.08 nm for EW Ag-SPIONSs, and 0.92 + 0.04 nm for EW SPIONS.



Magnetic Dead Layer

Spin Canting Layer

Active Magnetic Core

Figure 37: Description of the layers of the SPION.
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According to these results it was found that a magnetic core that is less active in the EW

samples combined with a larger dead layer has lowered the magnetic response.

Additionally, the spin canting region, or not magnetically aligned layer, is the region

between these two.

Table 2: The relative sizes of iron oxide only for the four samples.

Sample XRD Diameter* TEM Diameter Magnetic Core size Dead Layer
(nm) (nm) (nm) (nm)

Ag-SPIONs 9.8 11 55 0.39

SPIONSs 10.8 10 5.1 0.56

EW SPIONs 8.0 7 4.4 0.92

EW Ag-SPIONs 9.6 10 4.9 1.08

*XRD sizes are for FesO4 only
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The Ag-SPIONSs have the highest saturation magnetization, which contradicts some of the
literature. This is possibly due to the decoration of silver altering the size distribution of
SPIONs present. This also is possibly explained by the spin glass freezing phenomenon'™,
which is known to be a dead layer covering the magnetically active core of MNPs. The
SPIONs and EW SPIONSs were not subjected to higher heats as they were precipitated at
ambient temperature. Meanwhile, the Ag-SPIONs and EW Ag-SPIONSs underwent high
temperature to introduce the silver decoration. This possibly reduced the effect of spin-
glass freezing. In the case of the EW SPIONs and EW Ag-SPIONSs the literature on egg
white properties suggest that heating the substance causes coagulation' at temperatures
above 65°C. Given that the EW preparation heated the solution to 80°C, it is likely that
coagulation occurred. The literature also suggests that spatial confinement on SPIONs
reduces their overall saturation magnetization™'. These two combined suggest that the
EW SPIONs and the EW Ag-SPIONSs exhibited a reduced saturation magnetization due

to coagulation during the synthesis procedure.
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4.4 Zero Field Cooling(ZFC)
The ZFC results show that at room temperature, particles above the blocked state and

exhibit super paramagnetic at ambient and physiological temperatures.
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Figure 38: ZFC and FC curves for all four samples. At ambient and physiological temperatures the particles were

found to not be in a blocked state.



4.5 Heating Measurements

The MHT heating profiles of the four samples are shown in the figure below:
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Figure 39: Comparison of MHT on all four samples.

It was observed that Ag-SPION had the highest heating rate of all four samples. With
little no heating in the EW samples, owing to their reduced magnetic response. EW Ag-

SPIONs were observed to have a higher response than undecorated EW SPIONSs.



The heating profile for PHT is shown below:
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Figure 40: Comparison of PHT for all four samples.

Undecorated SPIONs and EW SPIONs display a higher initial heating rate but Ag-
SPION and attains a higher temperature. Both Ag-SPIONs and EW Ag-SPIONs have a

slower initial heating rate and higher maximum temperature.
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The heating profile for combined heating is shown below:
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Figure 41: Comparison of combined heating on all four samples.

It was again found that Ag-SPIONSs had the highest heating rate, closely followed by
SPIONs. Again it was observed that EW SPIONSs heated at a higher rate than EW Ag-

SPIONs initially. Ultimately, however, the EW Ag-SPIONSs attained a higher
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temperature. Below are the heating profiles of each sample comparing the heating curves

under each heating condition:
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Figure 42: Heating profiles for each sample. Here the three methods of heating are compared to

each other on each platform.

As clearly seen from the figures combined heating is the most efficient. For Ag-SPIONs
and SPIONs MHT was more efficient than PHT and attained a higher temperature. There
is little to no MHT activity for the EW samples. However, there is PHT activity for the

EW samples, which is consistent with the conventional samples.
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From the calorimetric expression, the temperature dependent SAR values were obtained
for each and every heating profile. Using OriginLabs the derivative of each profile was

taken and plotted against the temperature.

The next highest were MHT with Ag-SPIONSs yielding an initial SAR of 61.5 W/g,

SPIONs 54.3 W/g, EW SPIONs 0.9W/g, and EW Ag-SPIONs 2.3 W/g, as shown below:

1 ¥ 1 ». T
60 A Ag-SPION-1 MHT g
€ SPION-1 MHT
m EW SPION-1 MHT
. A EW Ag-SPION-1 MHT
50
:'\) 40
=
o 30
<
n
20
10 - -
 ————

30 40 50
Temperature (°C)

Figure 43: SAR values for all four samples under MHT.

The poor EW response is expected due to the reduced saturation magnetization. For PHT
the Ag-SPIONSs yielded an initial SAR value of 20.8 W/g, SPIONs 59.3 W/g, EW

SPIONs 25.4 W/g, and EW Ag-SPIONs 16.8 W/g, as shown below:
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Figure 44: SAR values for all four samples under PHT.

For all heating measurements of all samples, the combined heating had the highest SAR
values, Ag-SPIONs yielding initial SAR values of 90.6 W/g, SPIONs 83.3 W/g, EW

SPIONs 31.5 W/g, and EW Ag-SPIONs 28.1 W/g.
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Figure 45: SAR values as a function of temperature for all four samples under combined heating conditions.

This suggests that combined MHT and PHT have the highest heating potential.

Table 3: Initial SAR values. Please see figure 44 for the temperature dependence. In particular for PHT. The

contribution of silver from PHT comes as the material heats up.

Sample MHT SAR(W/g) | PHT SAR(W/g) | Combined SAR(W/g)
Ag-SPIONs 61.5 20.8 90.6
SPIONs 54.3 59.3 83.3
EW SPIONs 0.9 25.4 315

55



56

EW Ag-SPIONs | 2.3 16.8 28.1

When under PHT or combined effects undecorated SPION samples showed a higher
initial SAR value, however they plateaued earlier than the silver decorated samples. In
the case of PHT, Ag-SPIONs and SPIONSs this transition occurs at 43°C, at which point
the Ag-SPIONs maintain a higher SAR value per temperature increase. In the case of
combined effects, EW Ag-SPIONs and EW SPIONSs transition at 30°C, A sharp drop in
the undecorated samples occurred while the decorated sample maintained a steady drop
in SAR as a function of temperature. It should be noted that SAR values decrease as a

result of heating loss capacities of the medium.

According to the literature, usage of AG-NPs for PHT takes place in a physiological
range, meaning that the beginning temperature would be higher than ambient.
Additionally, there is evidence from other studies that the Plasmonic Resonance redshifts
as the particles grow in size or they expand due to thermal expansion™. Additionally, the
effect could also be partially explained by a new resonance forming due to interactions
from the bonding of silver and SPION when forming Ag-SPIONs™. Combining them
would provide a more robust SAR profile through the different temperature ranges. Ag-
SPIONs produced the highest SAR value of all four samples, consistently, except in
purely PHT, until physiological temperatures were attained. Then the conventional

composite maintained a higher SAR and attained a greater temperature.
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Chapter 5: Conclusion

In this study three aspects of SPION based applications into cancer treatment were
investigated. The first was the magnetic properties of SPIONs upon decorating with
silver (Ag). The second was a comparison of MHT, PHT, and combined MHT and PHT
and their heating capacity. Finally, the third was comparing synthesis of SPIONs by

conventional co-precipitation with a green egg white based approach.

It was found that at a concentration of 5% silver to 95% SPION there was no significant
reduction of saturation magnetization. As a result, the effect of decorating SPIONs with
silver did not significantly reduce capabilities as an MHT platform. In fact, there was a
slight increase in saturation magnetization and MHT performance. Part of this is
potentially due to the synthesis method reducing spin glass effects, or size distribution

effects of the decoration process.

Combined MHT and PHT clearly provided the highest SAR value, followed by MHT for
most configurations. Bare SPIONs possessed a higher initial SAR with a plateau around
42°C, while all configurations with silver exceeded 49°C. The creation of a new
resonance frequency and red shift effects due to thermal expansion are the likely cause of
this phenomenon. While the SPIONs are an excellent candidate for magneto-

photothermal agents, the decoration of silver enhances this capability.

The green synthesis was found to have little to no response to the alternating magnetic

field. Plasmonic response was found to be significantly higher, while matching the trend
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of conventional synthesis. This is likely the result of coagulation from heat during the

synthesis procedure.

Based on the results, a combined platform of Silver decorated SPIONs seem to be a
highly viable candidate for heat generation in biomedical applications. Additionally,
using egg whites as a capping agent is feasible for less intense heat generation during

magneto-photothermal heating.

There is much room for further work. One area would be to vary the power of the laser,
studying the laser power dependence of combined MHT and PHT. Additionally, varying
the frequency as the peak frequency is higher than 808 nm for both materials. Adjusting
the size, shape, and concentration of each material before and during decoration would
also be a promising avenue. As for the EW SPIONs and EW Ag-SPIONSs studying the
effects of denaturing and coagulation on saturation magnetization explicitly would

facilitate more precise green synthesis along this procedure.
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