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Magnetic particle imaging (MPI) and magnetic fluid hyperthermia (MFH) are
emerging imaging and therapy approaches that have the potential to improve diagnostic
safety and disease management of heart disease and cancer — the number 1 and 2 lead-
ing causes of deaths in the United States. MPI promises real-time, tomographic and
quantitative imaging of superparamagnetic iron oxide nanoparticle (SPION) tracers dis-
tributed in vivo, and is targeted to offer a safer angiography alternative for its first clini-
cal application. MFH uses ac-fields to dissipate heat from SPIONs that can be delivered

locally to promote hyperthermia therapy (~42°C) in cancer cells.

Both technologies use safe radiofrequency magnetic fields to exploit the funda-
mental magnetic relaxation properties of superparamagnetic iron oxide nanoparticles
(SPIONSs), which must be tailored for optimal imaging in the case of MPI, and maximum
hyperthermia potency in the case of MFH. Furthermore, the magnetic core and shell of
SPIONSs are both central to the optimization process; the shell, in particular, bridges the
translational gap between the optimized core and its safe and effective use in the physio-

logical environment. Unfortunately, existing SPIONs that were originally designed as



MRI contrast agents lack the basic physical properties that enable the clinical transla-
tion of MPI and MFH.

In this work, the core and shell of monodisperse SPIONs were optimized in con-
cert to accomplish two equally important objectives: (1) biocompatibility, and (2) MPI
and MFH efficacy of SPIONs in physiological environments. Critically, it was found that
the physical and physiological responses of SPIONs are coupled, and impacting one can
have consequences on the other. It was shown that the poly(ethylene glycol) (PEG)-
based shell when properly optimized reduced protein adsorption to SPION surface and
phagocytic uptake in macrophages — both prerequisites for designing long-circulating
SPIONSs. In MPI, tailoring the surface coating reduced protein adsorption and improved
colloidal stability, which were critical in retaining the magnetization relaxation proper-
ties of the SPIONs. The improvements in surface coatings enabled the use of larger SPI-
ON cores (> 20 nm core diameter), which were used to demonstrate benchmark-
imaging performance in some of the world’s first MPI scanners at Philips Medical Imag-
ing and University of California, Berkeley. In MFH, it was shown for the first time that
optimization of heat loss from SPIONs (W/g) is possible by tailoring the core size and
size distribution for the given ac-field conditions. Biodistribution and blood circulation
studies in mice showed that SPIONs accumulated primarily in the liver and spleen with
minimal renal involvement, and demonstrated gradual clearance. Circulation time was
evaluated using the MPI signal detected over time in blood, which offered insight on the
relevant circulation time for angiography applications. In comparison with carboxy-
dextran coated Resovist® SPIONSs, the PEG-coated SPIONs developed in this work cir-
culated substantially longer; furthermore, reducing the hydrodynamic diameter showed

a 4.5x improvement in blood half-life.

The work presented in this thesis demonstrates that the combined effort in opti-
mizing the core and shell properties of SPIONs enhances biocompatibility and efficacy,
with the in vivo studies providing critical feedback on the success (or failure) of the op-

timization process. Future work will entail designing functionalized SPIONs for target-
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ing specific disease sites, which will further enable the molecular level diagnosis and

therapy of diseases.
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GLOSSARY

ATP: Adenosine Triphosphate — the molecule responsible for the storage and generation

of energy in cells.

BD: Biodistribution — a study used to determine the distribution and accumulation of

materials in an in vivo model.

CHD: Coronary Heart Disease — a disease that affects blood flow to the heart due to nar-

rowing of the coronary arteries.

CIN: Contrast induced Nephropathy — an impairment of kidney function that is preva-
lent after intravenously administering iodinated contrast media to patients with chronic

kidney disease.

CKD: Chronic Kidney Disease — a condition characterized by a gradual loss of kidney

function.

CT: (x-ray) Computed Tomography — an x-ray based imaging modality that produces

image slices of the scanned region of interest.

DLS: Dynamic Light Scattering — also known as photon correlation spectroscopy, it is a

technique used to measure the hydrodynamic size of particles dispersed in a liquid.

FFP: Field-free point — a point of zero magnetic field generated by electromagnets in

MPI scanners; it is the point sensitive to the presence of SPIONS.

ICM: Iodinated Contrast Media — contrast agents used in x-ray CT angiography to high-

light lumina of blood vessels.

LDH: Lactate dehydrogenase — an enzyme present inside viable cells; an LDH assay is a

quantitative measure of cell toxicity, determined from the amount of extracellular LDH.
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LRT: Linear Response Theory

MFH: Magnetic Fluid Hyperthermia
MPI: Magnetic Particle Imaging
MPS: Magnetic Particle Spectrometer

PEG: Poly(ethylene glycol) — a biocompatible polymer containing ethylene oxide as the

repeating unit.

PK: Pharmacokinetics — a study that helps determine the in vivo circulation kinetics,

such as blood half-life, of intravenously administered materials.

PMAO: Poly(maleic anhydride-alt-1-octadecene) — a block co-polymer containing alter-

nating units of maleic anhydride and octadecene.

RES: Reticuloendothelial System — also known as the mononuclear phagocytic system,
it is part of the immune system that contains phagocytic cells — monocytes and macro-

phages — housed mainly in the liver, spleen, lymph nodes and bone marrow.
RPMI: Roswell Park Memorial Institute media — a cell culture growth medium.
SPIONS: Superparamagnetic Iron Oxide Nanoparticles

TEM: Transmission Electron Microscopy

VSM: Vibrating Sample Magnetometer
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Chapter 1.
INTRODUCTION

Superparamagnetic iron oxide nanoparticles (SPIONs) have a history of clinical
use, most notably as magnetic resonance imaging (MRI) contrast agents for detecting
liver lesions. In MRI, SPIONs are used as ‘negative’ contrast agents — they diminish the
pre-existing signal emanating from tissues, thereby resulting in dark image contrast.
However, negative contrast is often difficult to interpret in the presence of ubiquitous
background signal from tissues; thus the clinical use of SPION-based MRI has been
short-lived, ultimately leading to discontinuation of all commercial SPION contrast
agents. On the other hand, clinical interest for novel technologies that exploit the intrin-
sic properties of SPIONs, such as magnetic particle imaging (MPI) and magnetic fluid
hyperthermia (MFH), is growing. Though the intended clinical outcomes of MPI and
MFH are clearly distinct, yet complementary, both technologies rely on the unique mag-
netic properties of SPIONs — MPI exploits the magnetization reversal dynamics of SPI-
ONs for diagnostic imaging, while MFH harnesses the same process to generate heating
for cancer therapy. Unfortunately, the lack of biocompatible SPIONs with magnetic
properties tailored specifically for MPI and MFH impedes the clinical translation of the-
se novel technologies. The challenge here is not the inability to synthesize SPIONs with
tailored magnetic properties or rendering them biocompatible — both have been accom-
plished as separate goals — but to balance the two whilst ensuring that SPIONs deliver
optimal MPI or MFH performance within the constraints imposed by the physiological
environment. It turns out that the physical and physiological optimizations of SPIONs
are not mutually exclusive processes; thus, it is critical that these are carried out in con-

cert.

Previous work conducted in our group in optimizing SPIONs for MPI (R. M. Fer-
guson, PhD thesis 2012) and MFH (M. Gonzales-Weyhmiller, PhD thesis 2007) has fo-

cused on tuning the magnetic core properties of SPIONs by controlling their size and



size distribution. In this work, SPIONs were tuned for optimal MPI and MFH perfor-
mance and further engineered to translate their optimal performance in vitro, and ulti-
mately to the more realistic in vivo system. It will be shown that due to the numerous
physical and physiological limits (Chapter 2 and Chapter 3), both the superparamagnet-
ic core and the biocompatible polymer shell are integral components that determine the
final MPI or MFH performance. Critically, the polymer shell bridges the translational
gap between optimizing the magnetic core and its safe and efficient use in the body; as a
result, a polymer shell that preserves the optimized magnetic properties in the physio-
logical environment was developed (Chapter 4 and Chapter 5). Finally, in vivo biodistri-
bution of SPIONs and their blood circulation time pertaining to MPI angiograms were

evaluated in a rodent model (Chapter 6).

The following sections provide the clinical motivations — heart disease (§1.1) and
cancer (§1.2) — for MPI and MFH and their potential impact on diagnostics and therapy,
followed by an outline and scope of this thesis (§1.3).



1.1  MOTIVATION — HEART DISEASE

MPI is an emerging real-time, highly sensitive and quantitative imaging modality
that uses safe magnetic fields (no ionizing radiation) for imaging SPION tracer distribu-
tions [1]. Table 1-1 highlights the characteristics and the fairly competitive position of
MPI in comparison with existing imaging modalities — a prerequisite for introducing
any new technology. Another crucial prerequisite for the successful introduction of new
clinical procedures is their potential to improve patient safety and healthcare. For its
first clinical application, MPI is initially being developed as a safer angiography alterna-
tive for diagnosing coronary heart disease (CHD) — the leading cause of deaths in the
United States according to the National Vital Statistics Report released in 2011 (Figure
1-1) [2]. In angiography procedures, contrast agents highlight lumina of coronary arter-
ies and aid in delineating occlusions (blockages) or aneurysms (abnormal widening)

that may affect blood flow in the heart.



Table 1-1. Comparison of MPI with existing imaging modalities (modified from [3]). Spatial res-
olution and sensitivity of MPI are theoretical predictions.

- Spatial Temporal Contrast Sensitivity
Radiation . . agent (~qty. Summary
resolution | resolution [mol/L]
used)
Positron
Emission . Radio- 12 el e e
Tomography y-rays 1-2mm s to min isotopes (ng) 10°°-10 Sensitive; quantitative;
(PET) many probes
Sinelenhot available; no tissue
lléﬁ-pi onon contrast; short probe
SS10 . Radio- 0 | shelf-life (min-hrs) —
Computed y-rays 1-2mm min isot 107 °-10 requires cvelotron
Tomography isotopes (ng) q y
(SPECT)
Angiography requires
X-ray . : b catheterization;
angiography x-rays 50-200um s o min ICM (mg-g) ) background tissue
noise; fast
Magnetic Highest spatial
Resonance DC-field & . a 53 resolution;
Imaging radiowaves | 2>-100um [ min to hr GdBCA (g) 107-10 background tissue
(MRI) noise; slow
Magnetic . .
Particle | DC-field& |  200- | SPIONs (ug- | o . s Qmemiiziive v
. . s to min d 107-10 good sensitivity; no
Imaging radiowaves 500pum mg) . :
(MPI)’ tissue contrast; fast

a — typical dose used in angiograms
b — not well characterized
¢ — spatial resolution & sensitivity of MPI are theoretical estimates
d — estimate for angiograms

The current standard in coronary angiography uses x-rays to image iodinated
contrast medium (ICM) administered through an arterial catheter; computed tomogra-
phy (CT) angiography is an alternative that does not require catheterization but still us-
es x-rays and intravenously administered ICM. In addition to the safety concerns asso-
ciated with high doses of radiation exposure to both patients and physicians, there are
significant risks associated with the use of ICM agents in x-ray angiography. Since ICM
agents undergo renal clearance, patients with impaired renal function or chronic kidney
disease (CKD) are at a high risk of contrast induced nephropathy (CIN) [4] — commonly
defined as the occurrence of acute renal failure within 48 hours of exposure to contrast

material. Furthermore, CKD is prevalent with age (nearly 25% of persons over 65 in the



U.S. have CKD [5]), diabetes (~33%) and hypertension (~21%) [4] — all significant risk
factors for developing CHD. Thus, the coincidence of CKD and CHD suggests a large
population that would benefit from angiograms is also at a high risk of developing some

degree of CIN due to angiography procedures.

MPI promises a safer alternative to the CKD population because it uses SPION
tracers for generating images, which do not undergo renal clearance like ICM and Gado-
linium-based T1 contrast agents (GdABCAs) used in MR-angiography (MRA) [6,7]. SPI-
ONss are significantly larger than molecular contrast agents — the total (hydrodynamic)
size can range from 20-150 nm [diameter] [6] — and escape filtration through the 6-15
nm fenestrae found in kidney glomeruli [8]. Depending on the hydrodynamic size and
surface characteristics, circulation times may vary, but most SPION formulations are
eventually cleared by the mononuclear phagocytic system: a collection of phagocytic
cells housed in the liver, spleen and lymph nodes (Chapter 3). To further highlight the
safety of SPIONs for CKD patients, Feraheme™ (ferumoxytol), a dextran-coated iron
oxide nanoparticle formulation (30 nm hydrodynamic diameter [6]) administered as
two 510 mg IV injections was approved in 2009 specifically for iron replacement thera-
py in CKD patients [9]. In addition to negligible renal involvement, SPIONs designed to
circulate in blood for long periods may not require cardiac catheterization, but can be
safely administered intravenously, and offer both, first-pass and blood pool imaging op-

portunities.
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Figure 1-1. Age-adjusted death rates for selected leading causes of death: United States, 1958-
2008 (adapted from [2])

The physical basis of MPI using SPIONSs is fundamentally different from MRI; as
a result, existing SPIONs optimized for MRI are grossly inadequate for MPI. Unlike
MRI, where the large magnetic moment of SPIONs increases T2-relaxivity of nearby
protons to enhance negative tissue contrast, MPI exploits the characteristic nonlinear
magnetization of SPIONs to construct high temporal (millisecond time-scales) and spa-
tial resolution (sub-mm) images of nanoparticle distributions. Physical simulations and
models [10-12] suggest the possibility of sub-mm resolution and nanomolar sensitivity
in MPI, while experimental results [13,14] show that micromolar sensitivity and ~1 mm
resolution are already attainable [1]. However, as demonstrated in the work presented
here, further development and clinical validation of MPI requires tailoring the magnetic
properties of SPIONs for optimal performance in physiologically relevant in vivo envi-

ronments.



1.2 MOTIVATION — CANCER

In 2009, cancer was still the second leading cause of deaths in the US behind
heart disease, but trends indicate that it will soon surpass it (Figure 1-1). Conventional
therapy typically requires surgical removal of the tumor mass (if its location is known)
as the first option, followed by high doses of chemotherapy, radiation or a combination
of the two; high doses are required to effectuate a therapeutic outcome, but often result
in adverse side effects that cause severe patient discomfort. Alternatively, the potency of
chemo- and radiotherapies can be increased using adjuvant therapies, ultimately lower-
ing their effective dose and alleviating the subsequent side effects. One approach is to
heat cancer cells, typically to ~ 42-46°C, to disrupt cellular metabolism, which is long
known to improve the effectiveness of the above mentioned conventional therapies [15-
17]. The challenge, however, is to restrict heating to the disease site in order to minimize
non-specific heating of healthy tissue. Magnetic Fluid Hyperthermia (MFH) — the heat-
ing of SPIONs under the influence of ac-fields (§2.3) — offers the possibility of focusing
hyperthermia therapy to the affected site through active or passive targeting of SPIONs
to the disease site [18-23]. Active targeting requires surface conjugation of targeting
moieties that have specific binding affinity for over-expressed receptors on tumor cells
[24]; on the other hand, an example of passive targeting is the enhanced permeability
and retention (EPR) of SPIONs in tumors due to the leaky tumor vascular network that
is coupled with poor drainage to the lymphatic system [25]. However, there are several
fundamental steps that must be achieved before MFH can be successfully implemented;
particularly, the heating capacity of SPIONs must be maximized for a given amount of
material. The latter is crucial since the localization of nanoparticles at the disease site is
typically low due to the host of pre-existing physiological barriers encountered in vivo
(Chapter 3).

Like MPI, MFH exploits the fundamental magnetic properties of SPIONSs. Details
are provided in §2.3, but briefly, the ac-field performs ‘excess’ work on the magnetiza-
tion that gets released in the form of heat. Critically, to optimize the amount of heat re-

leased over time, per mass of material (also called the specific loss power (SLP); W/g),



the magnetization response of the SPIONs must be tuned for the given ac-field condi-
tions. Thus far, MFH has been studied in both in vitro [20,23,26-28] and in vivo [20,27]
platforms, but without much effort devoted to tailoring SPION properties for optimum
performance. Since magnetization response depends on SPION size, it is assumed that
SLP is also size-dependent. Furthermore, magnetization response of SPIONs varies with
field conditions; thus, the key question is whether there is an optimum size for a given
set of ac-field conditions. For safety reasons, ac-field parameters are constrained — ear-
lier experiments indicated that the product of frequency (f) and amplitude (H,) must be
less than 5x109 Am-s? to prevent non-specific inductive heating of tissues [29]. In this
work, a dedicated commercially available MFH system operating at f = 375 kHz and Ho
=17 mTpo? (f *Ho ~ 5x109 Am-s?) was used to determine whether SLP is indeed size-
dependent and how well experimental results match with theoretical predictions. The
work presented in this thesis focuses on tuning the physical properties of SPIONs (size
and size distribution) for optimizing SLP for the chosen set of ac-field conditions, and

further demonstrating hyperthermia efficacy in cancer cells.



1.3 THESIS OUTLINE AND SCOPE
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Figure 1-2. Thesis outline and scope: the main objectives of this work are to optimize the core
and shell properties of SPIONs to demonstrate (1) biocompatibility and (2) MPI and MFH effica-
cy in physiological environments.

The work discussed in this thesis is graphically outlined in Figure 1-2. First, we
describe some of the physics of superparamagnetism that underline the working princi-
ples of MPI and MFH (Chapter 2). The goal here is to highlight the significance of SPI-
ON (specifically, superparamagnetic magnetite: Fe;0,) size and size distribution in op-
timizing MPI and MFH performance. Next, we consider the physiological barriers that
lay down the criteria for designing biocompatible long-circulating SPIONSs; critically, the
role of the polymer surface coating is highlighted. The polymer shell must (1) render the
SPIONSs biocompatible and safe for physiological use and (2) retain the magnetic prop-
erties of the core — responsible for MPI and MFH - in physiological environments. In

this work, a PEG-based amphiphilic polymer was used to disperse monodisperse, yet



hydrophobic, SPIONs in the aqueous phase (synthesis and characteristics are discussed
in 4.1). Colloidal stability in biological media (§4.2.2), in vitro phagocytic uptake
(84.2.3) and cytotoxicity (§4.2.4) were evaluated to demonstrate the overall biocompati-
bility of the SPIONs. As mentioned above, both biocompatibility and efficacy are equally
important, thus MPI performance of SPIONs was evaluated in serum-rich biological
media, gel and blood to simulate the various physiological environments. For MFH, the
efficacy of hyperthermia therapy in cancer cells was evaluated in vitro. Finally, biodis-
tribution and blood circulation characteristics, with specific relevance to MPI angi-
ography, were evaluated in a rodent model. The main objectives of this work are to op-
timize the core and shell properties of SPIONs to demonstrate both biocompatibility and
efficacy in physiological environments. However, demonstrating complete safety, which
requires statistically rigorous animal studies, is not in the scope presented here. It
should be noted, however, that the in vivo studies presented here demonstrate basic bi-

ocompatibility and are the first of many steps towards achieving clinical translation.
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Chapter 2.
THE PHYSICS OF MPI AND MFH

Magnetite (Fe2*Fe.3+02,) consists of both ferrous (Fe2*) and ferric (Fe3*) ions,
which are arranged in the inverse spinel structure (Figure 2-1(a)). The unit cell is face-
centered cubic constructed from 32 O2 ions packed in the [111] direction, 8 Fe2* ions
occupying the octahedral sites and 16 Fe3+* ions distributed equally between octahedral
and tetrahedral sites. The magnetic moments of the Fe2+ and Fe3+* ions are arranged in
an antiparallel alignment, and their unequal magnitudes gives rise to a net non-zero
magnetic moment per unit cell, which gives bulk magnetite its characteristic ferrimag-
netic properties. Similar to ferromagnets, ferrimagnetic materials have multiple do-
mains and exhibit spontaneous magnetization below the Curie temperature (850 K for
magnetite [30]), and also show magnetic hysteresis in response to an external field — a
phenomenon characterized by a non-zero coercive field (uoHc) and remnant magnetiza-
tion (Mr) (Figure 2-2 (a)). However, below the critical single domain size (dsq4), multiple
domains cease to exist because the exchange energy cost of maintaining a domain wall is
greater than the competing anisotropy energy, which aligns magnetization in preferred
directions determined by the relative contributions from magnetocrystalline and shape
energy densities [31]. Further reduction in size results in superparamagnetism — a
thermally excited state where the magnetization response to an external field, for a given
measurement time, is nonlinear — characterized by the Langevin theory of paramag-
netism [32,33] — and shows non-hysteretic behavior, i.e. both the coercive field and

remnant magnetization are zero (Figure 2-2 (b)).
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Figure 2-1. Adopted from [30]. (a) Ball-and-stick model showing the cubic inverse spinel struc-
ture of magnetite. 8 Fe*" ions occupy the octahedral sites and 16 Fe*" ions are distributed equally
between octahedral and tetrahedral sites. Unit cell is outlined using dashed line. (b) A closer look
shows that an octahedral site is coordinated by 6 O ions and 4 O* ions for a tetrahedral site.
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Figure 2-2. Similar to ferromagnetic materials, ferrimagnetic materials have a net non-zero mag-
netization below the Curie temperature, and show (a) hysteresis or an open loop magnetization
response to the applied field. The magnetization requires a coercive field (upH.) to reverse mag-
netization and shows remanence (M) in the absence of a field. (b) Below a critical size, however,
the magnetization becomes thermally unstable, resulting in superparamagnetism. The magnetiza-
tion shows no hysteresis, but a nonlinear response that is described by the Langevin function for
paramagnetism.
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Superparamagnetism is a nanoscale phenomenon that is observed in magnetite
(Fe30,) particles smaller than ~30 nm in diameter [32], and forms the physical basis for
biomedical applications of SPIONs. The characteristic nonlinear magnetization re-
sponse of SPIONs to an external field is central to their applications in both MPI and
MFH. In the following sections, we will consider the physics of magnetization reversal in
SPIONS, the various parameters that influence reversal, and ultimately, the theoretical
and practical relevance of magnetization reversal to MPI and MFH. Finally, it should be
mentioned that in addition to the critical role of superparamagnetism in MPI and MFH
physics, it also offers some practical utility — the zero remnant magnetization of SPIONs
in the absence of an external field prevents agglomeration in solution or when adminis-
tered in vivo, which would otherwise induce an immunogenic response (§3.1) or even
block blood flow in capillaries due to the larger hydrodynamic size of aggregated SPI-
ON .

13



2.1 NANOPARTICLE RELAXATION AND SUPERPARAMAGNETISM

Depending on the field and temperature conditions, magnetization reversal in
single domain superparamagnetic particles is explained either by the linear response
theory (LRT) (§2.1.2) [34,35] or the Stoner-Wohlfarth model (§2.1.3) [36,37]. The LRT
is valid in low field conditions (H = 0), whereas the Stoner-Wohlfarth model assumes
the temperature T' > 0. When considered separately, the assumptions are invalid for
MPI and MFH applications, where both H and T are non-zero; however, a combined
treatment of the two will help lay the foundation for magnetization reversal in single

domain nanoparticles.

Before tackling the details of the two theories in the presence of external fields, a
general description of a typical single domain nanoparticle and its magnetization relaxa-
tion characteristics in the absence of external fields is necessary. Consider the single
domain nanoparticle in Figure 2-3(a) of volume V. [m3] and a saturated magnetic mo-
ment [Am?2] per unit volume, M; [A/m], resulting from the exchange coupling between
individual atomic spins in the nanoparticle. The preferred or ‘easy’ directions of magnet-
ization are determined by the effective magnetic anisotropy energy density Kes [J/m3].
The latter is a material property of either crystalline or shape origin; nanoparticles have
an additional contribution from surface spins due to the large surface area to volume
ratio. For simplicity, we neglect its origin and assume the effective anisotropy is uniaxi-
al, which results in two preferred magnetization directions as indicated by the dashed
line in Figure 2-3(a). In the absence of an external field (H = 0 Tuo), the magnetic en-
ergy is predominantly determined by the effective anisotropy, which for the uniaxial
case varies sinusoidally with 6 — the angle between the magnetic moment and easy axis
— such that Eanisoropy = KefVesin2(0) (Figure 2-3 (b)). The energy of the system is mini-
mum when M; is aligned either parallel (60 = 0) or antiparallel (0 = ) with the easy axis,
while the energy maximum, also called the energy barrier (AE) to switch between the
two easy directions is KV, — it is located at 6 = /2, which is the ‘hard axis’ of magneti-

zation for the uniaxial case.
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Figure 2-3. (a) A single domain nanoparticle with uniaxial anisotropy. (b) The magnetic energy
profile in zero field, where the energy barrier, 4E, depends solely on the anisotropy energy.

In the subsequent sections, we will consider nanoparticle relaxation mechanisms
in the absence of a field and conditions that dictate whether or not a single domain par-
ticle is superparamagnetic. Finally, we will examine the magnetization reversal process-
es in the presence of non-zero alternating magnetic fields to simulate conditions en-

countered in MPI and MFH applications.
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2.1.1 Néel and Brownian relaxation

When the thermal energy, kT (~ 25 meV at T = 298 K), is large enough to over-
come the energy barrier (KesVe/ksT < 1), the single domain uniaxial particle in Figure
2-3(a) is thermally excited and is referred to as magnetically ‘unblocked’. In this condi-
tion, and in the absence of an external field, magnetization direction alternates between
parallel and anti-parallel alignment with respect to the easy axis. The atomic spins ro-

tate coherently inside the particle at a rate given by the Néel relaxation time 7~ [38]:

K.V,
TN == TO eXp( Iecf];_'c>
b
Eq. 2-1

where 7, is the attempt time typically in the range of 10-9-10* seconds [38]. For a

spherical particle of core diameter d., Eq. 2-1 becomes:

TN =T08Xp( 6ka

Eq. 2-2

On the other hand, when KeiVc/kyT > 1, the magnetization is blocked in the easy

axis direction. As a result, when a static field is applied, the particles must physically ro-
tate to align the easy axis with the field direction. The time it takes for the particles to
randomize their easy axes once the field turns off is called the Brownian relaxation
time — particles relax due to rotational diffusion and random collisions. In this particu-
lar case, the energy barrier is a combination of drag forces that resist the rotation pro-
cess, such as the solution’s viscosity (1) and the nanoparticle’s hydrodynamic volume
(V4); thus, the Brownian relaxation time constant (7z) in the absence of a field is ex-

pressed as:
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Tg =

Eq. 2-3
For a spherical nanoparticle with a uniform shell thickness, t, the Brownian re-

laxation time can be expressed as a function of the core diameter d.:

dnm (% + t)3

T T
Eq. 2-4
In summary, Eq. 2-2 and Eq. 2-4 give us the two fundamental magnetization re-
laxation times of nanoparticles in solution in the absence of an external field; critically,
the interplay between thermal energy and the anisotropy energy barrier dictates the
dominant magnetization reversal mechanism. When the thermal energy is greater than
the anisotropy energy barrier, magnetization is unblocked and Néel relaxation occurs
via coherent reversal of magnetization inside the particle; on the other hand, when the
thermal energy is less than the anisotropy energy barrier, magnetization is blocked in
the easy axis direction and Brownian relaxation occurs via physical rotation of the entire
particle. Figure 2-4 shows a plot of the two time constants associated with each relaxa-
tion mechanism as a function of nanoparticle diameter; the shorter of the two times de-
termines the relaxation mechanism, and the effective relaxation time () near the tran-

sition region is given by:
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Figure 2-4. Plots for Néel and Brownian relaxation times as a function of nanoparticle diameter.
The effective relaxation time 7. is determined by the shorter of the two time constants. For the
Néel plot, 7= 10""" s and the bulk crystalline anisotropy of magnetite are used. For the Brownian
plot, a shell thickness (¢) of 15 nm and the viscosity of water ( = 10” Pa.s) are used.

It should be mentioned that the Néel and Brownian relaxation times are relative
quantities and must be compared with the measurement frequency for the proper con-
text. For instance, an infinite measurement frequency (1/t», = fm = ) relative to the na-
noparticle relaxation time will depict the magnetization reversal of single domain parti-
cles as hysteretic, which is the assumption made in the Stoner-Wohlfarth model dis-
cussed later in §2.3.3. Superparamagnetism is therefore a relative phenomenon that is
meaningless without clearly defining a measurement time (t,); unless explicitly speci-
fied, a standard measurement time of 100 seconds is used to define the critical transi-
tion from ferromagnetic to superparamagnetic behavior. Thus, using Eq. 2-1 — the re-
laxation time for a magnetically unblocked particle — we can derive a general condition

that meets the requirement of superparamagnetism in a single domain particle:
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Eq. 2-6
For the standard 100 seconds measurement time, it is convenient to remember
that nanoparticles are superparamagnetic when KoV, < 25ksT. Eq. 2-6 can be further
rearranged to give the critical superparamagnetic diameter (dsp) for a spherical nano-
particle:
1
] In (t—’:) 6k, T|*
P Kegrm
Eq. 2-7
For comparison, the superparamagnetic transition sizes for magnetite (Fe30,: Kefr
= 11 kJ/m3), maghemite (Fe.O;: Ko = 6 kJ/m3) and cobalt ferrite (CoFe.O4: Kefr = 60
kJ/ms3) are shown in Figure 2-5; in general, the transition size is higher for lower anisot-
ropy values. Table 2-1 further illustrates the effect of measurement time (¢t = 1/2fac;
where fic is the frequency of an ac-field)” on ds, of magnetite nanoparticles for different
anisotropy values; in general, increasing the frequency shifts the superparamagnetic
transition size lower. Note that the first order magnetocrystalline anisotropy for bulk
magnetite is around 11-13 kJ/m3 [39], however nanoparticle anisotropy values can range
from 23-40 kJ/ms3 for magnetite — higher values are possibly due to the increased con-
tribution from disordered surface spins with decreasing particle size [39-42]. Further-
more, the choice of the three measurement times is intentional; particularly, 2ous and
1.3us correspond to the measurement times imposed by the ac-fields used in this work
for MPI and MFH, respectively.

"1t takes 2 a period of an ac-field to rotate the moment x rad, i.e. parallel to anti-parallel alignment,
hence tm = 1/2fac and NOT 1/fac
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So far we have looked at nanoparticle relaxation and the resulting magnetization
reversal process in the absence of an external field. However, both MPI and MFH appli-
cations require alternating fields with non-zero field amplitudes to drive magnetization
reversal. In the following sections, we will consider the effect of such alternating fields
on the magnetization reversal process and their implications on MPI and MFH perfor-

mance.

T=298K;t,=100s

40
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Figure 2-5. The critical transition from magnetically blocked to superparamagnetic (unblocked)
behavior as the core diameter decreases at room temperature (298 K) for a measurement time of
100 seconds. The anisotropy energy densities used in the plot are 11 kJ m™, 6 kJ m™ and 60 kJ m™
? for Fe;04, Fe,0; and CoFe,0,, respectively.

Table 2-1. Range of superparamagnetic transition sizes (dy,) for magnetite at room temperature (T
= 298K) as a function of measurement time and various K. values.

Magnetite (Fe;04) at T = 298 K; uoH = 0

dsp for various Kefr

tm [sec] fac[Hz] 11 kJ/m3 (Bulk) 23 kJ/ms3 40 kJ/ms3
1.00E+02 5.00E-03 27.0 21.1 17.6
2.00E-05 2.50E+04 20.6 16.1 13.4
1.33E-06 3.75E+05 18.9 14.8 12.3
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2.1.2 The linear response theory (LRT)

The magnetization response of superparamagnetic nanoparticles (Figure 2-2 (b))

to an external field, M(H), is characterized by the Langevin theory of paramagnetism

[43]:

M(H) = M, [coth(f) - %

Eq. 2-8

HoHMsV,

where ¢ = and M; is the saturation magnetization value. In Figure 2-6(a),

»T
a comparison between simulated (lines) and experimentally measured (symbols) mag-
netization responses of monodisperse magnetite nanoparticles for various sizes shows
excellent agreement with the Langevin function. At very low fields (¢ < 1), the magneti-

Ms§ _ poHMZVc
3 3kpT

zation response is linear, and Eq. 2-8 simply reduces to M(H) = . The slope

of the linear response region (m’(H)) is called the susceptibility (xo), which is expressed

as following for spherical nanoparticles with a core diameter d.:

dM poM?2md?

Xo = [ﬁ woo | 18k, T
Eq. 2-9
The above expression confirms experimental observations (Figure 2-6(a)) that
susceptibility increases with size; critically, the two share a cubic relationship (Figure
2-6(b)). Note that the susceptibility as defined in Eq. 2-9 is a dimensionless quantity
called the volume susceptibility. Experimentally, it is more convenient to use the mass
susceptibility (units: m3 kg*) — obtained by dividing the volume susceptibility by the
material density. Mass susceptibility is often used for comparative purposes because the
mass/concentration of a sample is accurately measured using elemental analysis meth-

ods (e.g. ICP — see §4.2). Note that Eq. 2-9 is not valid for sizes above the critical super-
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paramagnetic size (dsp) because the magnetization response shows hysteresis and no
longer adheres to the Langevin model. By convention, ds, is defined for a measurement
time of 100 seconds; however, ac-fields used in MPI and MFH impose shorter time win-
dows that shift the superparamagnetic transition to smaller sizes (Table 2-1), adjusting

the susceptibility response accordingly (Figure 2-6(b)).

’
3 —
X . =
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I
=1
O T T T T T
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dc [nm]
— tm=100s - tm =1.3us 10 20 30
| HoH [mT] b I de [nm]

Figure 2-6. (a) Simulated and experimentally measured magnetization responses of monodisperse
SPIONs of various sizes shows an increase in susceptibility with size; critically, the two share a
cubic relationship. (b) Furthermore, since the superparamagnetic transition size (dy,) depends on
the measurement time, the normalized susceptibility (yo/xas) adjusts accordingly. Note that the
linear response region, and thus the validity of LRT, decreases rapidly with size, as seen in (c).

Furthermore, in low amplitude ac-fields that meet LRT’s ¢ < 1 condition (Figure
2-6(c)), the susceptibility has an in-phase (real) and out-of-phase (imaginary) compo-
nent. Early experimental measurements of the susceptibility as a function of frequency
have shown that the complex susceptibility (y = ¥’ — ix") models after the Debye spec-
tra for polar molecules [44]; thus, the real (¥) and imaginary (x”) components are ex-

pressed as follows:
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¥ = Xo
1+ (zanCTeff)z

Eq. 2-10

_ onanCTeff
- 2
1+ (ZﬂfACTeff)

Eq. 2-11

where 7.5 [sec], introduced earlier in Eq. 2-5, is the effective relaxation time of
superparamagnetic nanoparticles and fac [sec] is the ac-field frequency. Normalized
plots of x’ and x” in Figure 2-7(a) show that the out-of-phase component is maximum
when 2mf,.7.sr = 1, and coincides with (¥2) x" ;4. At the peak position of x”, magnetiza-
tion is perfectly out-of-phase with the applied field — in other words, it shows maximum
hysteresis, and any further increase in fac reduces xy” because the magnetization is una-
ble to keep up with the rapidly changing field. The peak in x” shifts to higher frequencies
(fast relaxation times) as particle size decreases, which is consistent with the calcula-
tions in Table 2-1 that suggest a shift to lower sizes when the frequency increases. It
should be mentioned that the out-of-phase susceptibility has practical implications, as
will be discussed later in §2.3.2 — it is a critical parameter for MFH optimization in low
amplitude ac-field conditions and is called the “loss” component due to its role in power

losses.

In order to test the validity of the LRT, complex susceptibility measurements of
PEG-coated SPIONs were performed in collaboration using the DynoMag AC suscep-
tometer system (IMEGO — Gothenburg, Sweden). The hydrodynamic diameter of the
two samples with median core diameters 26 and 23 nm was measured using dynamic
light scattering and was approximately 40 nm (volume weighted) [45]. The 26 nm sam-
ple, which lies in the Brownian relaxation regime (Figure 2-4), shows a distinct peak at
~1 kHz in Figure 2-7(b), which is characteristic of Brownian relaxation; in contrast, the
20 nm sample, which is near the Néel to Brownian transition in Figure 2-4, shows

mixed relaxation behavior — a Brownian peak is observed near 10 kHz and a wide Néel
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relaxation peak at ~100 kHz (Figure 2-7(c)). Compared to Brownian relaxation, Néel re-
laxation time is highly sensitive to variations in the core diameter: v ~ exp[dc3] (Eq.
2-2); consequently, there is a wide distribution of relaxation times for an otherwise
modest spread in core diameters. As a result, the x” peak in the 20 nm sample is broad
even though the size distribution — as indicated by the standard deviation of the
lognormal distribution — is less than the 26 nm sample. Our experimental measure-
ments confirm that magnetization reversal in the linear response region (§ < 1) is similar

to the Debye model for relaxation of polar molecules [44,46,47].
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Figure 2-7. (a) Simulated real (y’) and imaginary (y”) components of the complex ac-
susceptibility. The out-of-phase component, which is also called the “loss” component due to its
role in power losses (§2.3.2), is maximum when 2mfscT.rr = 1. (b) and (c) are experimental
susceptibility measurements of 26 nm and 20 nm SPIONSs, respectively, taken in IMEGO’s Dy-
nomag AC susceptometer (Gothenburg, Sweden). The values in parenthesis are standard devia-
tions assuming a lognormal size distribution. The distinct peak at ~1 kHz in (b) corresponds to
Brownian relaxation, while the broad peak at ~100 kHz is characteristic of Néel relaxation. Ex-
perimental data shown is stitched from low (black) and high (orange) frequency (HF) systems.
Field amplitude was ~0.5 mTp, .

" The magnetic field strength is constant below 1 kHz, but falls off at higher frequencies — Dynomag data

sheet:
http://www.imego.com/CommonResources/Files/www.imego.com/Documents/DataSheets/AC_Suscept
ometer.pdf
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2.1.3 Field-driven relaxation: the Stoner-Wohlfarth model

So far, we have discussed magnetization reversal mechanisms in zero or very low
field amplitude (¢ < 1) conditions that ensure the magnetization response is always in
the linear response region. We will now use the Stoner-Wohlfarth model [36] to explore
the effects of applying higher field amplitudes that begin to excite the nonlinear region
of the magnetization response. Consider the single domain particle with uniaxial anisot-
ropy introduced earlier in Figure 2-3(a). When a non-zero field, uoH, is applied, it exerts
a torque of magnitude u,M,V,H sin(¢ — 8) on the magnetic moment m (= M;V.). The en-
ergy expended by the field to rotate the magnetic moment is called the Zeeman energy

and is expressed as:

E, = f,uOMSVCH sin(¢p — 0) df = —uoM,V,Hcos(¢p — 6) +C

Eq. 2-12

On the other hand, the competing anisotropy energy (Ea) forces the magnetic
moment to align in the easy axis direction, which is expressed as K,V sin*(8) for the
first order uniaxial case [31]. A critical assumption in the Stoner-Wohlfarth model is
that the temperature T = 0 K; hence, thermal fluctuations are neglected and the total
energy of the system is simply the sum of the Zeeman and anisotropy energies. For the
simple case when the field is aligned with the easy axis (¢ = 0), the total energy of the

system is:

E = E4+ E, = KgpfV, sin*(8) — uoMsV.H cos(6) + C
Eq. 2-13

In order to find the energy minima and maxima, we differentiate Eq. 2-13 with

respect to 6 and set it equal to zero:
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dE

0= 0 = 2K, ¢V, sin(8) cos(0) + uoM,V.H sin(8)

ZKeff
UoH = — (—) cos(0)

Eq. 2-14

The energy is minimum when the moment is aligned with the easy axis (6 = 0),

which also happens to be the field direction for the ¢ = 0 case. Secondly, at 6 = 7, we

ZKeff
s s

find the anisotropy field, uyHy =

which is the coercive field required to overcome

the anisotropy energy barrier for the aligned case (¢ = 0). Unlike the energy minimum,

we find that the location of the maximum depends on the field strength:

0 =cos™1[— Hi]; as a result, the energy barrier (AE) for magnetization reversal, which is
K

the difference between the maximum and minimum energies, also depends on the field

strength (Figure 2-8).

H/Hk
—0

£ 0.2
-—- 0.4
.— 06

Energy

Figure 2-8. The energy barrier for magnetization reversal depends on the field strength. Note the
energy maximum is located at 8 = n/2 — the ‘hard’ axis of magnetization — in the absence of an
external field (H/Hg = 0).
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Mathematically, AE is the difference between the maximum, at 8 = cos™?! [— Hi],
K

and the local minimum, at 0 = 7t (for ¢ = 0). Inserting the corresponding 6 values in Eq.

2-13, and replacing Ms with 2K./u0Hg we get:

H 2

K

Eq. 2-15

2H

Emin = KegrVe [H_] +C

K

Eq. 2-16
Thus, the energy barrier, AE, for magnetization reversal is:
H 2
AE = Enax — Enmin = KegrVe (1 - H_>
K

Eq. 2-17

Substituting the energy barrier in Eq. 2-2 with the field-dependent barrier above,

we get the expression for Néel relaxation time in the presence of an external field:

K,prmd? (1 — i)2

Hg

6k, T

TN-field = To €XP

Eq. 2-18

Thus, by reducing the energy barrier (Figure 2-8), an applied field shortens the

Néel relaxation time; consequently, increasing the probability for magnetization rever-
sal. Figure 2-9 shows the effect of field amplitudes used in MFH (17 mTuo*) and MPI

(20 mTpo?) on the Néel relaxation time. The corresponding measurement times im-
posed in MPI and MFH are highlighted as well.
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Figure 2-9. Increasing field strength shortens the Néel and Brownian relaxation times. The
measurement times — typ; and tyry — pertaining to the respective frequencies used in MPI and
MFH are shown. For magnetite, Kr.304= 11 kJ/m® and M pu= 460 kA/m [30] at 7= 298 K).

Now, replacing 7n-fiela With the measurement time t,, and rearranging Eq. 2-18
gives the switching, or the coercive field (H.) for any combination of measurement time

and temperature as a function of the core size d.:

In (t—’:) 6k, T :

H.=Hg|1—
¢ K Keff”dg

Eq. 2-19

Combining Eq. 2-7 with the equation above and normalizing the coercive field

with the anisotropy field (H./Hk = hc) simplifies Eq. 2-19 to:
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Eq. 2-20

It should be noted that the above equation is only valid for d. < dsq, where dsq is

the single domain size limit. Nanoparticles larger than dsq have multiple domains sepa-
rated by domain walls, resulting in incoherent magnetization reversal due to domain
wall motion. Compared to single domain structures, the switching field in multiple do-
main structures is lower [48]. At the other extreme, nanoparticles below the superpara-
magnetic limit (d. < dsp) are thermally activated, i.e. AE < In(tm/70)ksT, and the magnet-
ization with respect to the applied field shows closed loop behavior (hc = 0). Further-
more, Eq. 2-20 is derived under the assumption that the easy axes of all nanoparticles
are aligned with the field — an unrealistic situation for non-interacting nanoparticles
dispersed in solution; it is possible for nanoparticles to align with applied field if the na-
noparticle concentration is high enough to promote dipole-dipole interaction. Conse-
quently, Stoner and Wohlfarth averaged the directional cosines of the various angles the
field makes with the magnetic moment to derive the coercive field expression for ran-

domly oriented easy axes with respect to the applied field [36]:

H dsp,\?

hC:H—;:0.48 1—(%’)

Eq. 2-21

Figure 2-10 shows a plot of the reduced coercive field for magnetite (Kpux =
11,000 kJ m3) as a function of core diameter for three measurement times at room tem-
perature, emphasizing its effect on the switching field; critically, reducing the measure-
ment time shifts the superparamagnetic transition size (dsp) lower, which is where the
plots intercept the x-axis in Figure 2-10. As mentioned earlier, the theory is only valid
for particles below the critical single domain size (d. < dsp) — approximately 83 nm for

magnetite [32] (shaded region in Figure 2-10 indicates the multiple domain region). Fi-
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nally, overlaying the the field amplitudes used in MPI and MFH, labeled as hupr and
hwmrh, respectively, provides some practical insight on the magnetization reversal pro-
cess; critically, SPIONs with diameters below these horizontal lines (20 mTuo* for MPI
and 17 mTuo for MFH) have coercive fields less than the field amplitude, and will un-

dergo field-driven magnetization reversal.
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Figure 2-10. The effect of frequency, or the measurement time (#,) on the coercive field as a
function of core diameter (Kr,304 = 11 kJ/mS; M= 460 kA/m). Reducing measurement time shifts
the superparamagnetic transition (closed-open loop) size to smaller diameters.

Finally, the effect of non-zero fields on the Brownian time should also be men-
tioned. Since analytical solutions of the field-dependent Brownian relaxation time are
rather complicated, Yoshida et al performed numerical simulations to derive the follow-

ing expression for the field-dependent Brownian relaxation time [49]:

TB—field = Tg+/ 1+ 00762

Eq. 2-22

UoMgVH

T The above expression suggests that the
b

where 713 is given by Eq. 2-4 and ¢ =

Brownian relaxation time is shortened when an external field is applied; however, com-
pared to its effect on the shortening of the Néel relaxation time (Eq. 2-18), the external

field has a relatively subtle effect on the Brownian relaxation time.
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Eq. 2-18 and Eq. 2-22 summarize the Néel and Brownian relaxation times of a
single domain nanoparticle in the presence of an applied field. As mentioned earlier in
§2.1.1, the shorter of the two relaxation times will determine the predominant reversal
mechanism. For the work presented in this thesis, we will see later (§2.2.2) that Browni-
an relaxation can be neglected because it is often slower than Néel relaxation time, and
not the predominant reversal mechanism for the field conditions used in MPI (25
kHz/20 mTuo'max) and MFH (375 kHz/17 mT o max).
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2.1.4 Summary of relaxation theory

To summarize the preceding discussion, we will conduct a few thought experi-
ments to illustrate the various conditions for magnetization reversal. Firstly, if the mag-
netically unblocked condition described in Eq. 2-6 is met (KefVe < kpT * In(tm/75)), then
the thermal energy will reverse the magnetization inside the particle via Néel relaxation,
resulting in a closed loop response to the field (Figure 2-2(b)) that is independent of the
solvent viscosity and nanoparticle hydrodynamic size. However, if the magnetization is
blocked along the easy axis direction for a given measurement time and temperature,
then the nanoparticle must physically rotate (Brownian relaxation) in order to align it-
self with the field direction; thus, the solvent viscosity and hydrodynamic size dictate the
energy barrier. In the latter case, unless 7z from Eq. 2-3 is less than t,, the magnetiza-
tion response will show hysteresis (Figure 2-2(a)). In general, the shorter of the two re-
laxation times determines the reversal mechanism and the effective relaxation time 7ef.
Furthermore, the equilibrium magnetization response will be linear and closed loop as
long as the field amplitude satisfies ¢ < 1; however, under non-equilibrium conditions,
the susceptibility (y) varies with measurement frequency. The corresponding magnetiza-
tion response can show hysteresis, which is maximum when 2mfy 7. = 1. Finally, if
the field amplitude is large enough such that the energy barrier for Néel reversal reduces
as per Eq. 2-18, and the resulting relaxation time v < 7p < tn, then the magnetization
will reverse inside the nanoparticle before it can physically rotate. The switching occurs
when the applied field uyH > uyH, and the magnetization response is open loop as illus-

trated in Figure 2-2(a).

In conclusion, for a given combination of field and temperature conditions, the
shortest relaxation time will dictate the primary magnetization reversal mechanism in a
perfectly monodisperse ensemble of nanoparticles with uniform shell thickness and
dispersed in solution. However, real nanoparticle solutions invariably have a distribu-
tion of sizes. For small particle solutions, the size distribution is usually described by a

lognormal distribution [43]:
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Eq. 2-23

where d is the range of core diameters, o is the standard deviation of In(d) and d,
is the median diameter. Thus in a real dispersion of superparamagnetic nanoparticles,
the energy barriers and coercive fields (for d. > dsp) will take a range of values; conse-
quently, a broad size distribution will result in a mixture of Néel, Brownian and field-
driven reversal mechanisms, which ultimately deteriorates performance in MPI and
MFH.

In the following sections, the working principles of MPI and MFH using the re-
laxation theory physics introduced in the foregoing sections are discussed. The effects of
relaxation on MPI and MFH performance, particularly in physiological environments,

are also discussed.
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2.2 BASIC PRINCIPLES OF IMAGE GENERATION IN MPI

In a 2-D or 3-D magnetic particle imaging scanner, a time-independent field gra-
dient (~2-8 Tuo'm™) is superimposed with a time-varying field (25 kHz and 20 mTu,?)
within the region of interest (ROI). The field-gradient creates a single point of zero-field
(Figure 2-11(a)) called the field-free point (FFP), while the time-varying field excites the
nonlinear magnetization of SPIONs distributed within the FFP (Figure 2-11(b)). Accord-
ing to Faraday’s law of induction, the resulting time-varying magnetic moment, m(H(t))
[Amz2], induces a voltage in the receive coil that is proportional to its time derivative,
m’(H(t)) [Amz2s] (Figure 2-12). The constants of proportionality relating the latter to
the measured voltage, V(t), are the coil sensitivity, S [m], and permeability of free
space, o [471x107 VSA'm]: V(t) = —pu,Sm'(H(t)) = —u,Sm'(H)H(t). Due to the non-
linearity of the magnetic response, m’(H(t)) is a bell-shaped curve as illustrated in Fig-
ure 2-12(c); the latter is a parametric plot of m’(H) [m3] vs H(t) [Ams] that depends
on SPION size and size distribution — see §2.2.1. On the other hand, SPIONs located
outside the FFP experience magnetic saturation and do not show any signal (Figure
2-11(b)). In order to localize the m’(H(t)) signal from SPIONs located in the FFP, the
FFP is steered in 3D space using a set of orthogonally located drive coils (see [1,50,51]
for more details). The m’(H(t)) signal from SPIONS is spatially correlated with the FFP’s
real-time position in the ROI. Secondly, the volume of the FFP determines the instru-
ment’s viewing window within which SPIONs are resolved in space. Large field gradi-
ents result in small FFP, and thus improve spatial resolution; for instance, a 6 T po*m
field gradient generates an approximately millimeter scale spheroid FFP [51]. Together,
the SPION tracer’s response, governed by m’(H), and the MPI scanner’s field gradient
strength [T po*m=] and FFP velocity [m/s], determine the system Point Spread Func-
tion (PSF); critically, the PSF is a property of the tracer and hardware. The full width at
half maximum (FWHM) of the PSF, in units of distance [mm], is the system spatial
resolution and the height is the signal intensity that scales linearly with the amount of
SPIONSs. Finally, it should be mentioned here that there are currently two primary ap-

proaches employed for image reconstruction: the x-space approach [52] and the system
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matrix approach [53]. In the former technique, image reconstruction is achieved by a
convolution of the tracer distribution and PSF, while the latter uses matrix inversion of
system function measurements*. Regardless of the reconstruction method, the funda-
mental working principle of MPI is identical and SPION properties must be tailored to
the field conditions used in MPI.

Since commercial MPI scanners were still in early stages of development during
the span of this thesis, a home-built magnetic particle spectrometer (MPS) [54] operat-
ing at the same ac-field conditions planned for future MPI scanners (25 kHz and 20
mTuo*) was used as the primary tool for evaluating m’(H). An MPS is a 0-dimensional
MPI scanner that is used to characterize the raw SPION signal without actually generat-
ing an image; thus, it is a precursor to MPI, similar to nuclear magnetic resonance
(NMR) is a precursor to magnetic resonance imaging (MRI). In this thesis, MPS was
specifically adopted to evaluate in vitro performance of SPIONs in simulated physiolog-
ical environments, and further evaluate their in vivo performance and bioavailability

(circulation time) in a rodent model.

*The system function measurement maps the particle response to the frequency in the field of view. The
data, which is stored in frequency-space and used as a background for the actual image, is later inverted
in real-space for image reconstruction.
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Figure 2-11. The basic principle of signal localization in MPI. (a) A field gradient is used to cre-
ate a zero-field region called the field free point (FFP) — the volume of the FFP depends on the
field gradient strength (~2-8 Tpo'lm'l) and determines the viewing window within which nanopar-
ticles are detected. (b) The FFP is superimposed with a time-varying field indicated by the sinus-
oidal wave. SPIONs, shown schematically as black circles, in the FFP exhibit the characteristic
non-linear change in magnetic behavior that induces a signal in the receive coil. On the other
hand, saturated SPIONs located outside the FFP undergo negligible change in magnetic moment
with time. The FFP is steered in space using drive coils to image the distribution of SPIONSs in

the entire region of interest.
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Figure 2-12. The working principle of MPI: (a) the characteristic nonlinear magnetization
response of SPIONSs is excited in a sinusoidal ac-field. (b) The resulting change in magnetization
induces a voltage in the receive coil that is proportional to (c) the rate of change of magnetization

with field (m '(H)) — a unique property of every SPION formulation.
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2.2.1 Optimizing SPIONs for MPI

In order to optimize SPIONs for MPI, the magnetic moment must reach satura-
tion quickly in response to an applied field — in other words, have the maximum possi-
ble susceptibility. The cubic relationship (Eq. 2-9) between susceptibility (x») and core
diameter (d.) suggests that bigger particles, relative to smaller particles, have a higher xo
(Figure 2-6(a)) and thus a narrower and sharper m’(H) curve. However, above the su-
perparamagnetic size (d. > dsp) magnetic reversal is hysteretic (open loop) and further
increases in x, are negligible [55]; instead, the m’(H) peak position begins to shift to-
wards the coercive field value (uoH:) corresponding to the core size. The evolution of
m’(H) as the core size crosses the superparamagnetic size limit is illustrated schemati-
cally in Figure 2-13(a-c). Note for d. > dsp, the two m’(H) peaks are from the ascending

(solid) and descending (dashed) branches of the hysteresis curve.

L
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= Effect of size

E distribution on m'(H)

Figure 2-13. Schematic drawing illustrating the effect of core size (d.) — (a) d. < d,, (b) d. ~ dy,
and (c) d. > d,, where d,, is the superparamagnetic transition size — and (d) size distribution on
m’(H). In (c), the two m’(H) peaks represent the ascending (solid) and descending (dashed)
branches of the hysteresis curve.
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From the above discussion it is clear that m’'(H) for a perfectly monodisperse
sample is optimal when the core size is equal to dsp. In real samples, however, some size
distribution is inevitable; consequently, m’(H) represents an effective curve that incor-
porates a range of nanoparticle sizes as illustrated in Figure 2-13(d). It can be seen that
size distribution in general has a deteriorating effect on m’(H) and must be as narrow as
possible to optimize the effective m’(H) response of SPIONs. Moreover, the cubic rela-
tionship between susceptibility and diameter suggests that m’(H) of nanoparticles below
dsp is very sensitive to size distributions. On the contrary, models indicate that suscepti-

bility change is negligible above ds, [55]; only the coercive field changes modestly as a

function of core size — pyH, « ll — dc_gl sdsq > d. > dg, (Eq. 2-21) — as a result, it is
beneficial to tailor SPIONSs such that their median diameter falls above, rather than be-
low the superparamagnetic transition size. However, increasing SPION size above ~27
nm results in ferromagnetic behavior at room temperature (7' = 298 K; Table 2-1), and
the permanently magnetized nanoparticles can spontaneously aggregate even in zero
field conditions. Thus, in theory the optimum size for MPI in a 25 kHz field is between
20.6-27 nm. In practice, however, the optimum size is skewed towards bigger sizes due

to size distribution effects.

It should be noted that the optimum size range depends on the effective anisot-
ropy. In the case above, the bulk anisotropy of magnetite (11 kJ/ms3) is assumed, but the
anisotropy constant of SPIONs often varies with size [39-41] — the high surface area to
volume ratio increases the contribution from disordered surface spins; as a result, the

anisotropy typically increases as size decreases.
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2.2.2 Nanoparticle aggregation and MPI performance

We will now consider MPI performance of SPIONs within the physiological
framework of in vivo systems, which is necessary for demonstrating potential clinical
applications such as vascular imaging for diagnosing heart diseases and quantitative
perfusion-weighted imaging for detecting inflammation sites such as plaques and tu-
mors. In order to realize the several clinical possibilities of MPI, significant innovation
and advancement in both imaging hardware and SPION tracers will be necessary. The
latter in particular must be tailored such that the signal and FWHM of m’(H) are pre-
served in the in vivo environment, which presents a host of physiological and immuno-
logical barriers. Foreign entities, such as SPIONs, that stimulate an inflammatory or
immunogenic response — either due to poor surface coating or a net surface charge (§3.2
and §3.3) — tend to aggregate due to adsorption of specialized proteins called ‘opsonins’,
and are eventually sequestered by the mononuclear phagocytic system (see Chapter 3).
The result of such SPION aggregation is unpredictable, and often adversely affects the
critical relaxation processes (Néel and Brownian) that govern the m’(H) response of
magnetic nanoparticles; as a result, in vivo MPI efficacy of SPIONs would be significant-
ly diminished. Appropriately designed surface coatings are central in preventing SPION
aggregation and ensuring the preservation of magnetization reversal processes that gov-
ern MPI performance. Comprehensive discussion on the role of surface coatings in SPI-
ON pharmacokinetics and MPI performance is presented in Chapter 3, while experi-
mental measurements demonstrating the same are presented in Chapter 4, Chapter 5
and Chapter 6; in this section, we will consider the impact of aggregation — an eventuali-

ty in physiological systems — on Brownian and Néel relaxation mechanisms.

As mentioned earlier in §2.1.1, Brownian relaxation is the physical rotation of
SPIONSs to align magnetic moments with the applied field; hence, SPION hydrodynamic
volume and the viscosity of the surrounding environment are critical parameters that
affect the relaxation time (Eq. 2-3). Physical rotation of SPIONSs in the aggregated state,
which increases the hydrodynamic volume, or entrapped in high viscosity environments

such as the fibrous extra-cellular matrix, may be either partially or completely blocked.
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Thus, designing SPIONs that primarily rely on physical rotation (Brownian relaxation)
for magnetization reversal may not be an ideal approach to optimization because of the
sensitivity to the surrounding environment, which is highly dynamic and often unpre-
dictable in physiological systems. Furthermore, calculations indicate that the Brownian
relaxation time of SPIONs in the optimal core size range (~20.6-27 nm) for the field
conditions used in MPI (25 kHz and 20 mTuo'max) and ~15 nm thick outer shell is slow.
For instance, using Eq. 2-18 and Eq. 2-22, we find that the Néel and Brownian relaxa-
tion times of 25 nm [core dia.] SPIONs with a shell thickness of 15 nm (typical for poly-
mer coated SPIONs in water) are ~0.1 pus and ~23 ps, respectively, in a 25 kHz ac-field
with a 20 mTp,* field amplitude. Since the Néel relaxation time is significantly slower
than the Brownian relaxation time, it is also the predominant magnetization reversal
mechanism, and the role of physical rotation can be neglected for the field conditions
used in MPI.

On the other hand, aggregation can have an adverse effect on Néel relaxation as
well. SPIONs with core diameters in the optimal size range for MPI field conditions
(20.6-27 nm) are also above the superparamagnetic transition size; as a result, the mag-
netization reversal process is governed by the field-driven Néel mechanism (§2.1.3). The
formation of aggregated clusters promotes magnetic dipole-dipole interactions that can
arrange SPIONSs in either linear chains or loop structures to minimize stray fields [56-
58]. Since the clusters form at random and are of non-uniform sizes and shapes, the
magnetization reversal process spreads out over a range of field strengths and conse-
quently broadens the effective m’'(H) plot. In summary, regardless of the magnetization
reversal mechanism — Néel vs. Brownian — it is important that nanoparticle aggregation
is avoided, or realistically speaking, delayed to preserve MPI performance of SPION

tracers in the physiological environment.
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2.2.3 Summary of MPI optimization

MPI is an inductive method that exploits the nonlinear magnetization response of
SPIONSs to generate 3-dimensional images of particle distributions. The rate of change
of SPION magnetic moment (m’(H)) under the influence of an ac-field is the source of
the MPI signal — it induces a voltage in the receive coil, which is then spatially localized
by moving the field-free point in the region of interest (§2.2). On the other hand, an
MPS is a o-dimensional MPI scanner that measures the m’(H) response of SPIONs in
the absence of field gradients, thus providing a first order evaluation of SPION perfor-
mance independent of MPI scanners. For the field conditions used in MPI (25 kHz and
20 mTHomax), the optimal size range that promises the best m’(H) response, and thus
MPI performance, is between 20.6-27 nm (§2.2.1). Finally, colloidal stability of SPIONs
in physiological environments is a prerequisite for translating the optimized perfor-
mance to in vivo systems. Consequently, surface coatings that form physical barriers be-
tween the iron oxide cores and the surrounding environment play a central role in pre-
venting surface adsorption of blood serum proteins and subsequent nanoparticle aggre-
gation, which can otherwise disrupt magnetization reversal processes (Néel and Brown-

ian) that form the basis for MPI and also alter particle pharmacokinetics (see Chapter

3).

In this work, the core and surface coating properties of SPIONs were tailored to
optimize m’(H), that was experimentally characterized using a home-built MPS operat-
ing at 25 kHz frequency and 20 mTu,* amplitude. Colloidal stability and MPS perfor-
mance were characterized in serum-rich culture media to study the ability of surface
coatings to preserve both MPI performance and stability in physiological environment.
Finally, SPIONs administered in the tail veins of mice were allowed to circulate and
blood samples were collected at various time points to characterize the blood half-life of
SPIONs using MPS and a Vibrating Sample Magnetometer (VSM), which provided a
glimpse into the future clinical potential of MPI-optimized SPIONSs.
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2.3 MAGNETIC FLUID HYPERTHERMIA

Hyperthermia therapy of cancer is an alternative treatment option that uses fo-
cused heating to treat tumor sites. A temperature rise of 3-5°C above the physiological
temperature (37°C) has been shown to synergistically improve the potency of conven-
tional radiation and chemotherapy approaches [16]; as a result, such mild heating can
be employed as an adjuvant treatment option [27]. On the other hand, prolonged expo-
sure to a temperature greater than 5°C above 37°C can overcome “thermotolerance” of
cells — induced by the generation of heat-shock proteins (HSPs) that protect the cells
from subsequent heating cycles — and has been demonstrated to cause significant cell
death [16]. Even greater temperatures (up to 56°C) can lead to “thermoablation”, which
results in significant cell necrosis due to carbonization [18,20]. A major challenge in
promoting effective hyperthermia therapy, however, is focusing heat dissipation to the
disease site in order to prevent damage to healthy tissue — SPION-induced hyperther-
mia, or magnetic fluid hyperthermia (MFH), offers the possibility of localizing heat dis-
sipation if nanoparticles with optimized heating properties can be targeted and confined

to the tumor site.

In MFH, an ac-field performs additional work in reversing the magnetization of
SPIONSs, which is consequently released in the form of heat to the surrounding envi-
ronment, raising the temperature proportional to the environment’s heat capacity [JK-
1]. The amount of heat dissipated, and thus temperature rise achieved, depends largely
on the magnetic response of SPION cores to the chosen ac-field conditions. Further-
more, in order to prevent non-specific inductive heating of tissues (due to eddy cur-
rents), the parameters of the ac-field — frequency and amplitude — are restricted; typi-
cally, safety dictates that the product of field amplitude and frequency (Hmax*fac) be less
than ~5 x 109 Ams*[29]. Furthermore, field conditions are often fixed in a particular
device, thus SPION properties must be tuned such that their magnetic response matches
the latter and offer the maximum possible heating; in this work, the field conditions

chosen are near the safety threshold: 375 kHz and 17 mTomax. In the following sections
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we will survey the underlying principles of heat generation in MFH, and highlight the

key SPION properties that must be tuned for optimizing heating performance.
2.3.1 Principles of SPION heating in MFH

An external field applies a torque on the magnetization of SPIONs, and conse-
quently, performs a certain amount of work. Thermodynamically, the work performed

by the external field in aligning magnetization is expressed as follows [41]:

AU = —p, f MdH

Eq. 2-24

where AU is the change in internal energy density [Jm-3] of the system, and the
closed integral indicates that the energy is proportional to the area enclosed by the M vs.
H curve. It is immediately clear from the above equation that a lack of hysteresis will
produce no heat; critically, for a given measurement time (tm = 1/fac), if d. < ds,’, the
magnetization response is closed loop (superparamagnetic) and no heat is generated.
The rate of energy dissipation is called the volumetric power loss, P [Wm3], and is
simply the product of the internal energy density, AU [Jm3], and the applied field fre-
quency, fac [s™]:

AUfac = P = —faclo f}g MdH

Eq. 2-25

In practice, it is easier to determine the total mass, rather than the volume, of na-

noparticles using mass spectrometry techniques; as a result, the specific loss power

¥ The superparamagnetic transition size, ds,, depends on the measurement time and will shift to lower
sizes as the ac-field frequency (fac) increases (see Table 2-1).
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(SLP: Wkg1) is typically used as the metric for characterizing heating capacity of SPI-
ONs. Mathematically SLP is simply the volumetric power in Eq. 2-25 divided by the
SPION density: P/preso04, Where preso, is the bulk density of magnetite [5,200 kg m-3].
However, experimental determination of SLP is more involved and entails careful
measurement of the temperature ramp rate, AT/At [°C s], of the colloidal solution con-
taining a known amount of SPIONs [mspron] dispersed uniformly in a known amount of
solvent [Msomwent]. The SLP and temperature ramp rate are related by the constant c [J kg
1 °C1], which is the specific heat capacity of the solvent. Using water as the solvent [cx-0
= 4,186 J kg °C1], the following expression gives SLP from experimentally measured

parameters:

My o \ (AT
$LP = o (5 22) (3;)
Mspron t

Eq. 2-26

Notice that the expression above only gives information regarding the experi-
mental determination of SLP; however, the underlying parameters that influence power
loss are highlighted in Eq. 2-25. Power loss depends on the ability of both extrinsic (field
frequency and amplitude) and intrinsic (magnetization reversal properties of SPIONs)
parameters to induce magnetic hysteresis. Depending on the field amplitude, the mag-
netization response is either in the linear or nonlinear region. In the former case, the
field amplitude is small such that £ < 1, and the LRT — introduced in §2.1.2 — is used to
define the evolution of hysteresis loops. However, for cases when & > 1, the magnetiza-
tion response is nonlinear; consequently, LRT is no longer valid and Stoner-Wohlfarth
model based theories (SWMBT) prove more useful — especially when & >> 1 — in predict-
ing hysteresis profiles. In the following sections, we will consider the evolution of mag-

netic hysteresis due to time-varying fields in both LRT and SWMBT domains.
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2.3.2 Hysteresis losses: LRT

In MFH, the applied field is typically time-varying of sinusoidal form: H(t) =
H,,.x cos(wt), where the angular frequency w = 27f,.; and H,,,, is the field amplitude.
In the linear response domain (£ < 1), the magnetization response, M(t), is related by the
complex susceptibility, x, which has both in-phase (x: real) and out-of-phase (x”: imagi-
nary) components; thus, M(t) = yH(t), where y = ¥’ — iy”. Substituting the expressions
for H(t) and x, and using Euler’s formula to expand, we get the following expression for
the magnetization response: M(t) = H,q.[x’ cosQRufyct) + x”sin(2mfyct)] [41]. Substi-
tuting the latter in Eq. 2-25 and solving the integral gives us the volumetric power loss

in terms of fac, Hmax and the out-of-phase susceptibility x:

P = .HOT[X"fACHrznax

Eq. 2-27

From the above equation, we can see that power loss depends on both extrinsic —
the applied field (fac and Hmax) — and intrinsic — out-of-phase susceptibility (x”) of SPI-
ONs — parameters, and for a fixed set of field conditions, power loss is maximum when
x” is maximum. The latter occurs when the field frequency (fac) matches the nanoparti-
cle effective relaxation time (z.rr) and satisfies the condition 27f,c7.rf = 1, where
Toff (Hmax) = T (Hpax) + 75" (§2.1.1). Eq. 2-27 makes physical sense because maxi-
mum hysteresis area, and thus energy loss, is achieved when the rate of magnetization
reversal (wr = 1/7e) lags and is perfectly out-of-phase with the applied field. Secondly,
for a given nanoparticle size, there is a peak in y” (Figure 2-7) and therefore a peak in
power loss as a function of frequency. Figure 2-14(a) illustrates that the inverse — for a
given frequency there is a peak in power loss vs. size — is also true. It should be empha-
sized that normalizing the power loss as in Figure 2-14(a) does not remove the field de-
pendence because x” is inherently dependent on both frequency and field amplitude.

Figure 2-14(a) also shows that reducing the frequency shifts the peak to bigger sizes
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since magnetization reversal time slows down with size. A concurrent inspection of Eq.
2-9, Eq. 2-11 and Eq. 2-27 further indicates that power loss is directly proportional to
nanoparticle volume; thus, small variations in diameter (V « d3) can adversely affect

power loss, as the model in Figure 2-14(b) illustrates.
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Figure 2-14. (a) Plots constructed from Eq. 2-27 show normalized power loss as a function of
core diameter for two frequencies — 375 and 100 kHz — and 1 mT field amplitude; K. (11 kJ m?)
and M; (460 kA m'l) values for bulk magnetite are used. Shaded area falls outside LRT’s valid
domain (&> 1). (b) Power losses decline significantly with increasing size distribution. The medi-

an diameter, dj, is 20 nm and ¢ is the standard deviation of In(d.). Field conditions: f;c= 375 kHz
and poHpey = 1 mT.

Table 2-2. MFH optimum diameters for various K. values using Eq. 2-27 in a 375 kHz ac-field.
toH ey = 1 mT; M, =460 kA/m (magnetite)

Keff | EJ/m3] dopt

11,000 18.5
23,000 14.4
40,000 11.9
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Finally, the role of the anisotropy constant on the optimum size is highlighted in
Table 2-2. The effective anisotropy of nanoparticles is usually assumed to be a constant,
and in the models in Figure 2-14, the bulk value of magnetite (11 kJ m=3) is used. Howev-
er, it can vary with nanoparticle size, making accurate determination of the optimum
diameter using models alone challenging. In general however, a reduction in anisotropy
shifts the optimum diameter for MFH to larger particles, which subsequently improves

power loss since it is directly proportional to nanoparticle volume.

2.3.2.1 Limitations of LRT

The linear response theory is valid for either very small particles or low ampli-
tude field conditions that fulfill the £ < 1 requirement. Inducing hysteresis and subse-
quent heating in small particles requires the application of alternating fields in the MHz
range, which is often impractical due to the biological safety limits discussed earlier in
§2.3. Additionally, low amplitude fields only excite minor hysteresis loops (Figure 2-15),
which as the name implies, represent only a fraction of the full or major hysteresis area.
In order to generate significant amounts of heat in MFH, bigger particles with large hys-
teresis area and high amplitude fields that cover the entirety of the hysteresis loop are
needed. Since the latter results in nonlinear magnetization behavior, LRT is no longer
the valid model for describing power loss. In the following section, we will discuss the
evolution of magnetic hysteresis in large alternating fields that excite magnetization be-

yond the linear response domain.
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Figure 2-15. Evolution of the hysteresis loop as a function of w7z (adopted from [35]), where @ =
2afsc and 1z is the nanoparticle relaxation time. Maximum hysteresis area is obtained when wtg =
1, which is consistent with the peak position in y” (Eq. 2-11).
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2.3.3 Hysteresis losses: Stoner-Wohlfarth model

As discussed earlier, power losses in MFH are directly proportional to the hyste-
resis area, and the linear response region only represents a fraction of the entire hyste-
resis curve. In order to excite major hysteresis loops, the field amplitude must be greater
than the coercive field, which is simply the anisotropy field yoHk for the ideal case when
the easy axis of a single domain uniaxial particle is aligned with the field direction (¢ =
0) — see Figure 2-3(a) in §2.1. Furthermore, since the loop is a perfect rectangle when
the easy axis is aligned with the field (Figure 2-16(a)), the enclosed area, A, is simply
4oHxM;. The product of the area and the field frequency gives the corresponding volu-

metric power loss:

P = Afyc = 4ugHx M, fyc (aligned case; ¢p = 0)
Eq. 2-28
Thus, in the aligned case a field amplitude greater than or equal to uoHk is suffi-
cient to excite the major hysteresis loop. For the more realistic case however, the easy
axes of an ensemble of nanoparticles are oriented at random angles with the field direc-

tion; consequently, the coercive field is reduced to approximately half the anisotropy

field, or uoH: ~ 0.48uoHk as shown in Figure 2-16(b).
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Figure 2-16. Simulated hysteresis loops for uniaxial ferromagnetic nanoparticles at T= 0K —
adopted and modified from Stoner et al [36]. For convenience, the single domain uniaxial particle
from Figure 2-3(a) is shown. The magnetization component parallel to the field — where 6 and ¢
are the same angles labeled in Figure 2-3(a) — is plotted as a function of the reduced field: H/Hy.
(a) For the aligned case (¢ = 0), the hysteresis loop is square shaped and the coercive field
coincides with the anisotropy field. In contrast, the magnetization response for the field in the
hard axis (¢ = 7/2) shows no hysteresis (dashed line in (a)). (b) Hysteresis profile for a realistic
case where the easy axes of an ensemble of nanoparticles are oriented at random w.r.t. the applied
field.

-

Note that the latter is simulated assuming ideal Stoner-Wohlfarth conditions
[36], including a temperature of 0K — a condition certainly not true in MFH; neverthe-
less, the simulation is still a fairly accurate representation and adequate in predicting
hysteresis loops of uniaxial ferromagnetic nanoparticles [37]. It is apparent from the
shape of the hysteresis loop in Figure 2-16(b) that the field amplitude has to slightly ex-
ceed the coercive field in order to take advantage of the entire hysteresis curve; in fact,
Carrey et al [35] performed numerical calculations and found that the field amplitude
(uoHmax) has to be ~20% greater than the coercive field to cover full hysteresis. Accord-

ingly, the coercive field for randomly oriented nanoparticles as a function of the applied
field is:

toHc = 0.81p0Hypgx
Eq. 2-29

The resulting hysteresis area is:
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A = 1.56ugHpy, 4 M;s (random orientation)

Eq. 2-30
Combining Eq. 2-29 with Eq. 2-21, and replacing Hx with 2Kes/t10Ms, we derive
the expression below. For a given combination of frequency (f = 1/2t,,) and field ampli-

tude (uoHmax), Eq. 2-31 gives us the optimum diameter for maximum heating in MFH:

1

In (t—m) 6k, T

To

dopt =

4

1.6910 HmaxMs \3

Keffﬂ: (1_ Hoflmax s)
ZKeff

Eq.2-31
For the field conditions used in this work, 375 kHz and toHmax = 17 mT, the op-
timum diameter for magnetite nanoparticles are listed in Table 2-3. Like the earlier dis-

cussion in §2.2, the optimum size as per SWMBT also depends on the anisotropy con-
stant.

Table 2-3. Optimum diameters derived from Eq. 2-31 for various values of K. f4c = 375 kHz;
WoH ey = 17 mT; M, =460 kA/m (magnetite)

Ko [ /mo] ope (O]

11000 28.0
23000 16.9
40000 13.1

There are a few differences between the two models used to describe hysteresis
losses in MFH. In the LRT, the hysteresis area peaks when the SPION size, and thus
effective relaxation time, matches the applied frequency (27fac*Tefr = 1). On the other

hand, according to the Stoner-Wohlfarth model, hysteresis area peaks when the field
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amplitude is greater than the coercive field; in fact, as long as the SPION size falls
above the superparamagnetic size for the applied frequency (measurement time), the

hysteresis area depends entirely on the field amplitude (Eq. 2-30).
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2.3.4 Summary of MFH optimization

Hyperthermia is the use of heat therapy to kill cancer cells directly or indirectly
by disrupting the local blood supply. Depending on the temperature rise and exposure
time, cancer or other targeted cells experience either thermal ablation (>46°C) or pro-
grammed cell death (43-46°C). In MFH, an ac-field is applied to remotely trigger hyste-
resis losses in SPIONSs that result in heat loss. Since SPIONs can be designed to specifi-
cally target cancer cells by surface conjugation of targeting moieties with a known bind-
ing affinity to receptors unique to or over-expressed on cancer cells [24], MFH offers the
promise of focusing hyperthermia therapy only to the disease site and minimize damage
to healthy tissue. There is also the prospect of using MFH as an adjuvant therapy ap-
proach with traditional chemotherapy or radiation therapy — in this case, even small in-
creases in temperature (37-42°C) significantly enhance the potency of traditional thera-

pies [16].

The thermodynamic basis of MFH is that the alternating field performs excess
work in reversing magnetization of the SPIONs. The resulting energy loss is proportion-
al to the area of the hysteresis loops; thus, maximizing the hysteresis area is a central
goal in optimizing SPIONs for MFH. There are two basic models that help predict the
evolution of magnetic hysteresis in SPIONs: (1) The linear response theory (LRT) and
(2) the Stoner-Wohlfarth model. Both models are accurate within their respective do-
mains. In the former case, magnetization response is restricted in the linear region (£ <
1) where the susceptibility is a complex function similar to the Debye spectra for polar
molecules. The power losses resulting from the elliptical minor hysteresis loops (Figure
2-15) rely on maximizing the out-of-phase susceptibility (x”), which occurs when the
field frequency matches the effective relaxation time (27fac*tes = 1) of optimum sized
SPIONS. In practice, large amplitude alternating fields are used in MFH, and magnetiza-
tion response is pushed outside LRT’s domain of validity (§ > 1). In the latter case, the
Stoner-Wohlfarth model is more useful in predicting the major hysteresis loops. The re-

lation between field amplitude (uoHmax) and coercive field (uoH:) determines whether
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the major hysteresis loop is excited; for instance, toHmax = 1.23UoH.: ~ 0.48oHk to take
advantage of the entire hysteresis loop in randomly oriented SPIONs. Both models pre-
dict the existence of an optimum diameter for a given set of field conditions; thus, con-
trol over nanoparticle size and size distribution is central to improving the MFH per-

formance.

Finally, the anisotropy constant plays a critical role in the determination of the
optimum size using either model; however, it varies with size, which makes finding the
optimum size difficult using a ‘models-only’ approach. Due to the fundamental chal-
lenge in characterizing the anisotropy constant and its subsequent variance with size, a
more direct approach was taken in this thesis. In this work, the optimal diameter for
MFH was determined empirically using a dedicated hyperthermia device operating at
375 kHz and 17mTy., drive field. Furthermore, the in vitro efficacy of MFH was evaluat-
ed in cells to demonstrate the translation of MFH as (1) a stand-alone approach, and (2)
its role as an adjuvant therapy when couple with conventional options such as chemo-

therapy.
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Chapter 3.
PHYSIOLOGICAL LIMITS: FACTORS AFFECTING SPION

PHARMACOKINETICS AND BIODISTRIBUTION

SPIONSs designed for in vivo use are typically coated with surface coatings that
serve as aqueous dispersants and biocompatible layers (non-toxic and non-
immunogenic) that impart characteristics necessary for favorable pharmacokinetics
(PK) and biodistribution (BD). Pharmacokinetic studies of intravenously administered
nanoparticles help determine their circulation kinetics, such as blood half-life, while bi-
odistribution studies provide a preliminary evaluation of their clinical tolerability by ob-
serving distribution and accumulation of nanoparticles in various organs after clearance
out of the circulatory system. Surface coatings contribute significantly to the hydrody-
namic diameter (HD) and the net surface charge — both critical design parameters that
determine the in vivo fate of nanoparticles. Furthermore, pre-existing physiological bar-
riers, which comprises the mononuclear phagocytic system, and the filtration systems of
the kidneys, liver and spleen, impose rules on the design parameters of nanoparticles;
thus, knowledge of the physiological limits will aid in designing the first generation of
biocompatible SPIONs optimized for MPI and MFH. The following discussion presents

an overview of factors that affect nanoparticle PK and BD™.

The vasculature network is the most commonly employed route for administering
nanoparticle formulations, and presents several physiological barriers. It is comprised of

blood vessels that are at some regions continuous with limited porosity to allow delivery

™ It should be noted that a significant portion of evidence that defines physiological limits is circumstan-
tial, often originating from experiments that test the PK and BD of plastic microspheres and nanoaparti-
cles of various sizes, shapes and surface coatings. There is also diversity in characterization techniques
and animal models in the literature, which adds to inconsistencies in information. Nevertheless, basic
physiological clearance mechanisms are well understood, and knowledge of the same highlights nanopar-
ticle parameters that affect PK and BD.
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of nutrients (e.g. arteries, heart, muscles, lungs, brain etc.), and in other regions discon-
tinuous and highly fenestrated to allow molecular and macromolecular exchange of ma-
terials (e.g. liver, spleen, lymph nodes, etc.). Continuous vessels with pore sizes of ~6-15
nm in the kidneys [8] prevent extravasation of most larger SPIONSs, which are ultimately
cleared in highly fenestrated filtration organs like the liver and spleen. SPIONs can also
passively accumulate in tumor tissues or within small capillaries supplying oxygen and
nutrients to these tissues; enveloped in a network of leaky vasculature with poor lym-
phatic drainage, tumor vessels have fenestrae up to 4 um in size, which enhances per-
meability and retention (the “EPR” effect) of nanoparticles [59]. Nevertheless, in a
healthy organism, the liver, spleen and kidneys are primarily responsible for nanoparti-
cle clearance. The former two house a significant portion of the cells comprising the
mononuclear phagocytic system — a collection of highly phagocytic cells including blood
monocytes and other tissue-specific macrophages [60]. Macrophages remove large for-
eign particles through endo-phagocytic pathways, for instance, SPIONs that are either
hydrophobic, aggregating, cationic or tagged with specific proteins called opsonins are
quickly recognized and taken up by MPS cells [61]. The resident macrophages in the liv-
er (Kupffer cells) line the interior of fenestrated sinusoidal capillary walls; unlike fenes-
trated non-sinusoidal capillaries (e.g. kidney glomerulus), sinusoidal capillaries lack a
continuous basement membrane and consist of very large fenestrations ranging from
50-180 nm in the liver [8]. Macrophages in the spleen are located in the red pulp, the
primary site of splenic filtration, and also the marginal zone between the red and white
pulps [62]. The red pulp is part of the “open” circulation route in the spleen, which as
the name suggests, lacks direct connections between the arterial and venous capillaries.
Blood from the arterial capillary openings flows into the red pulp and re-enters circula-
tion by seeping through the 200-500 nm inter-endothelial slits (IES) in the venous bed
[8,63]. The deformability of healthy erythrocytes allows passage through the IES, while
dead or rigid erythrocytes accumulate in the red pulp and are eventually cleared by the

resident macrophages [63].
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With the primary framework of physiological barriers laid out, we can now dis-
cuss the effects of SPION hydrodynamic size, surface charge and surface coating on na-
noparticle PK and BD, and ultimately designing long-circulating SPIONs. Long-
circulating SPIONs are necessary for both MPI and MFH applications. In MPI, SPIONs
with long-circulating times that postpone clearance from the vasculature will enable
physicians to not only carry out first-pass angiograms (§1.1) — the first targeted clinical
application — but also allow for steady-state blood pool imaging. The latter will enable
imaging of extremities to diagnose presence of vulnerable plaques or other diseases of
the vascular network. Existing blood pool agents like Ablavar®, which is a T1 MRI con-
trast agent, circulates for up to 1 hour [www.ablavar.com]; however, given the real-time
imaging capability of MPI, tracers with shorter circulation times may prove to be suffi-
cient. For cancer diagnosis using MPI and therapy using MFH, long-circulating SPIONs
will increase the probability to reach the disease sites — either through passive accumu-
lation of SPIONs in tumors exhibiting leaky vasculature or via active targeting using
functionalized SPIONSs. Studies indicate that cancer targeting and therapy may require
several hours of circulation time to reach the affected sites [64,65] and possibly remain

at the site for days if repeated therapeutic exposure and imaging is desired [66].
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Figure 3-1. Illustration highlighting the key physiological barriers encountered by nanoparticles
in circulation. (a) In human kidneys, nanoparticles less than ~15 nm in diameter are filtered out,
thus imposing a lower size limit for designing long circulating nanoparticles. (b) Sinusoidal capil-
laries in the liver are fenestrated (50-180 nm) and lined with the Kupffer cells, which rapidly up-
take large nanoparticles or agglomerates tagged with opsonins, and larger nanoparticles are
trapped in the disse space. Meanwhile, nanoparticles <100 nm in diameter with non-fouling (pre-
vent protein adsorption) and non-immunogenic (prevent immune response) coatings continue cit-
culating. (c¢) The Spleen imposes the true upper limit in optimal size for circulation — nanoparti-
cles larger than about 200 nm get trapped in the red pulp, where they are sequestered by the
splenic macrophages. (d) Finally, opsonization is the tagging of nanoparticles with specialized
proteins called opsonins for removal by phagocytic cells of mononuclear phagocytic system,
which includes the Kupffer cells in the liver and the splenic macrophages in the red pulp.

59



3.1  EFFECT OF SIZE

Nanoparticles with a hydrodynamic diameter (dn) smaller than kidney fenestrae
(6-15 nm) are typically eliminated through renal filtration [61,67]; as a result, long-
circulating SPIONs must at the minimum have a dj, larger than kidney fenestrae to avoid
rapid renal clearance. Alternatively, SPIONs with dj larger than the average spacing be-
tween inter-endothelial slits in the spleen (200-500 nm) will be retained and eventually
cleared by macrophages in the red pulp (Figure 3-1). Thus, strictly based on the lower
and upper size limits of physiological barriers, SPIONs with dx between 15 and 200 nm
should have long circulation times. However, PK and BD studies of dextran-coated SPI-
ONs showed that circulation time trends higher with decreasing dn (unless dy is smaller
than kidney fenestrae, in that case clearance is rapid through renal filtration). For in-
stance, one study reported ferumoxtran-10 (dr» = 30 nm) had a blood half-life of 97-222
minutes, compared to merely 6 minutes for the substantially larger ferumoxides
(Feridex I.V. — dr = 150 nm) [68]; yet another study reported an increase in liver uptake
with an increase in dr — from 33 to 90 nm — of dextran-coated magnetite nanoparticles
[69]. In general, in vivo cellular uptake increases with hydrodynamic size [70,71], sug-
gesting larger nanoparticles are more susceptible to opsonization — an immune response
that adsorbs a class of proteins called opsonins to foreign materials. MPS cells, such as
the Kupffer cells in the liver, readily recognize opsonin-labeled nanoparticles for rapid
removal through phagocytic processes [72-75]; indeed, Fang et al showed that protein
adsorption to nanoparticles coated with the same 5,000 Da PEG, but different hydro-

dynamic diameters — 80 and 243 nm — increased from 6% to 34%, respectively [64].
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3.2 EFFECT OF SURFACE CHARGE

Reducing opsonin binding is critical to designing long-circulation SPIONs, and
while numerous factors contribute to protein adsorption on nanoparticle surfaces, sur-
face charge is one of the most significant determinants. Unlike physical characteristics
such as size, shape and curvature that only affect the number of bound proteins, surface
charge plays a significant role in their identity; positively charged nanoparticles prefer-
entially adsorb negatively charge proteins and vice versa [75]. A survey of the literature
shows that nanoparticles with a neutral surface charge have lower opsonization rates
than charged particles, and thus retained longer in circulation [61,72,75]. Metz et al [70]
showed that carboxy-dextran (negatively charged) coated SHU 555C (dn ~ 21 nm)
showed greater uptake in monocytes than the comparable sized nonionic-dextran coated
ferumoxtran-10 (dr ~ 20-50 nm). In fact, the study suggested that surface charge in-
duced a greater phagocytic effect than size; for instance, carboxy-dextran coated Feru-
carbotran (dr = 62 nm) showed 3x more uptake in monocytes than the significantly
larger (dr = 150 nm) nonionic-dextran coated Endorem. Finally, compared to nanopar-
ticles coated with neutral or nonionic polymers that rely on steric repulsion between
polymer chains for stabilization, charged nanoparticles rely on electrostatic repulsion,
which is sensitive to changes in pH and can result in particle agglomeration. On the oth-
er hand, surface charge may be useful if efficient cell penetration is desired, which is the
case for the non-viral delivery of DNA or siRNA to cells using charged polymers [76,77];
typically, positively charged polymers such as poly(ethyleneimine) (PEI) enhance cell
penetration due to electrostatic attraction to the negative charge of phospholipids lining

the cell membranes.
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3.3 EFFECT OF SURFACE COATING

The physicochemical property of surface coatings influences the final hydrody-
namic size, surface charge and hydrophobicity of SPION formulations. Hydrophobic
surfaces, due to their insolubility in aqueous environments, often undergo rapid non-
specific protein adsorption and are unsuitable for designing long-circulating SPIONSs. As
a result, hydrophilic polymer coatings, such as the polysaccharides (e.g. dextran) and
the polyethers (e.g. PEG), which allow sufficient hydration (interaction of water mole-
cules with the polymer shell), are widely used in stabilizing SPIONs; PEG coatings are
particularly attractive due to their exceptional non-fouling (resistance to protein adsorp-
tion) characteristics [66,78]. Nevertheless, even partially hydrophobic regions, which
may not affect solubility in aqueous media, can agglomerate SPIONs in biological media
due to opsonization. For instance, hydrophilic polymers are often used to encapsulate
and stabilize nanoparticle cores that are either intrinsically hydrophobic or coated with
hydrophobic surfactants such as oleic acid, and large exposed regions, due to insuffi-
cient polymer coverage, can lead to protein adsorption and subsequent removal by the
MPS. Thus, the density or surface coverage of coatings is a critical parameter in design-
ing long-circulating SPIONs. For PEG coated nanoparticles, Storm et al suggest that low
or high surface coverage results in either a ‘mushroom’ or ‘brush’ configuration, respec-
tively (Figure 3-2) [74]. In the mushroom state, PEG chains are more flexible, and on
average lay closer to the surface; critically, the low coverage exposes significant portions
of the underlying core to opsonins. At the other extreme, high surface coverage extends
PEG chains further into the solvent, but also reduces chain flexibility and mobility —
critical features responsible for steric stabilization and non-fouling characteristics [78].
Thus, optimal PEG conformation facilitates both, sufficient cloaking of the underlying
core from opsonins, and chain mobility to enhance nanoparticle solubility — a balance

between the ‘mushroom’ and ‘brush’ configurations.
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Figure 3-2. Schematic diagrams of PEG configurations on nanoparticle surface as a function of
surface coverage (adopted from [72]). (a) In the ‘mushroom’ state, PEG chains are more mobile,
but low surface coverage exposes the core to plasma proteins. (b) In the ‘brush’ configuration, the
dense PEG coverage provides sufficient cloaking from plasma proteins, but minimizes chain mo-
bility and flexibility, which is a critical characteristic that gives PEG its non-fouling characteris-

tics.
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3.4 SUMMARY

It is clear from the preceding discussion that the design of SPIONs intended for a
specific in vivo application is constrained by the pre-existing anatomical and physiologi-
cal framework. While the magnetic properties of SPION cores largely dictate their MPI
and MFH performance, the physicochemical properties of the shell dictate their in vivo
fate; critically, the pharmacokinetics and biodistribution. With the clinical end-use in
perspective, the first generation of SPIONs designed for either in vivo MPI or MFH
therapy must be biocompatible and demonstrate sufficient circulation times to enable
vascular imaging or site-specific heating, respectively. For performing first-pass and
subsequent blood pool imaging, a circulation time of approximately 1 hour should pro-
vide clinicians sufficient time; for instance, Ablavar® (Lantheus Medical Imaging) — a
gadolinium-based MRI blood pool agent remains in circulation for up to 1 hour
[www.ablavar.com]. However, given the real-time imaging capability of MPI, even
shorter circulation times may be sufficient; ultimately, practical considerations such as
the preferred administration route (intravenous injection or cardiac catheterization; the
latter is preferred if in situ interventional procedures are deemed necessary) and the ac-
tual time it takes to ready patients for MPI scans will determine the optimum circulation
time of SPIONs. On the other hand, studies indicate that cancer targeting — measured
by targeting efficiency and not imaging speed — requires several hours (>1 hour) of cir-
culation time [64,65]; typically, longer the circulation time, greater the probability of

reaching the disease site [67].

In order to produce long-circulating SPIONs, the various parameters that affect
colloidal stability, opsonization dynamics, PK and BD must be considered. First, the hy-
drodynamic diameter must be as small as possible, but no less than the size of kidney
fenestrae (dr ~15 nm) to avoid rapid renal clearance. Secondly, a nonionic (neutral sur-
face charge), flexible polymer coating such as PEG that adequately cloaks the surface
from opsonins is preferred. Based on these design criteria, and with the goal of design-
ing long-circulating SPIONs, nanoparticles in this work were coated with a polymer con-

taining a nonionic PEG outer shell. Surface density of the PEG outer layer was modified
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and the resulting in vitro phagocytic uptake of SPIONs was evaluated as a function of
hydrodynamic diameter and for different surface coatings (§4.2.3). Finally, biodistribu-

tion and blood circulation studies were performed in a rodent model (Chapter 6).
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Chapter 4.
PHASE TRANSFER OF MONODISPERSE SPIONS: COLLOI-

DAL STABILITY AND IN VITRO CHARACTERISTICS

Monodisperse SPIONs were synthesized via the thermal decomposition of
Fe(III)-oleate in organic solvents; details of synthesis are included in Appendix A. Syn-
thesis in organic solvents provides precise control over SPION size and size distribution
— critical for optimizing the performance for MPI and MFH. The exceptional size selec-
tivity, and the resulting tailored magnetic properties of the synthesis method are
demonstrated in Figure 4-1, which shows the transmission electron microscopy (TEM)
images and the normalized static magnetization curves for a range of SPION sizes. TEM
size was determined using the free PSAri2 imagej plugin
[http://code.google.com/p/psa-macro/], and the resulting histogram was fitted to a
lognormal distribution function to obtain the median diameter and standard deviation
(0). The median magnetic core diameter and distribution were also determined by fit-
ting magnetization curves to the Langevin function using the method developed by
Chantrell et al [79] — see §B.1 in Appendix B for more details on the Chantrell method. A
summary of comparison between the two measurements in Table 4-1 shows that the av-
erage discrepancy is <3%. Typically the TEM size is slightly larger than the magnetic size
because the presence of disordered spins on the surface usually results in a magnetically

‘dead’ layer, which is undetected in the magnetic measurements.
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Figure 4-1. TEM images and magnetization curves (bottom right) of various size SPIONSs. Insets
in the TEM micrographs show histograms constructed using the free PSAr12 plugin in imagej
software, which are fit to the lognormal size distribution to obtain the median diameter and the
number size distribution. A comparison of size results from TEM and VSM measurements is pro-
vided below in Table 4-1.

Table 4-1. Comparison of core size and size distribution measurements obtained using TEM and

VSM.
TEM: d. nm (o) VSM: d. nm (0)
12.1 (0.24) 11.8 (0.12)
14.3 (0.25) 13.9 (0.11)
17.4 (0.21) 16.9 (0.20)
18.6 (0.22) 18.5 (0.19)
22.5(0.24) 21.4 (0.25)
24.9 (0.15) 25.1(0.18)
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Powder x-ray diffraction 6-26 scans (Figure 4-2) suggested that SPIONs have the
same crystal structure as the cubic inverse spinel structure of magnetite (Fe;O,) and
maghemite (y-Fe.O3), but it was difficult to conclude the exact phase — whether magnet-
ite or maghemite — using XRD alone; as a result, electron energy loss spectroscopy
(EELS) was also performed in collaboration with the Technische Universitat Graz (Graz,
Austria). EELS is sensitive to the local ordering and valence of the iron cations in the
crystal lattice, which enables differentiation between magnetite and maghemite [80].
Our results confirmed that the SPIONs were magnetite — the EELS spectrum for UW
SPIONSs (Figure 4-3(a)) showed excellent overlap with the magnetite (Fe;O,) reference
(Figure 4-2 (c)) and did not show any pre-peaks that were clearly present in the ma-

ghemite (y-Fe.Os) spectrum (Figure 4-3(b)).
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Figure 4-2. Powder X-ray diffraction, 8-20 scans, of our SPIONs. Sizes indicated in legends were
determined by Scherrer’s formula’’ using the peak at 20=35.4°. Magnetite and maghemite refer-
ences (bottom) were obtained from the International Centre for Diffraction Data (PDF# 019-0629
and PDF# 039-1346).

a= % , where d is the crystal size, A is X-ray wavelength (1.54 A for Cu-K(a)), W is the peak width

(rad) at FWHM and 6 is the Bragg angle in consideration.
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Figure 4-3. Electron energy loss spectroscopy data of (a) UW SPIONs compared with (b) Fe,O3
and (c) Fe;04 references. Note that the sample spectrum shows excellent overlap with Fe;O4 ref-
erence spectrum, with no sign of the additional pre-peak otherwise observed in Fe,O; reference.

Despite the excellent size control of the above synthesis method, SPIONs synthe-
sized using this method are hydrophobic, and thus insoluble in the aqueous phase. In
order to render the SPIONSs usable in biological systems, they must be transferred to the
aqueous phase. The following section discusses the phase transfer of SPIONs from or-
ganic to aqueous phase using a PEG-based amphiphilic polymer. SPIONs must be stable
in water and serum-rich biological media, and their magnetic properties that govern

MPI and MFH performance must be preserved in physiological environments.
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4.1 PMAO-PEG POLYMER

In this work, monodisperse SPIONs synthesized in organic solvents were trans-
ferred from the organic to aqueous phase using an amphiphilic polymer, poly(maleic
anhydride-alt-1-octadecene) (PMAO) that was modified with poly(ethylene glycol)
(PEG). The structure of PMAO is shown in Figure 4-4(a); it has an average molecular
weight (M») of 30,000-50,000 Da and consists of alternating octadecene (hydrophobic)
and anhydride (hydrophilic) repeating units. The octadecene chains can form hydro-
phobic-hydrophobic bonds with the oleic acid coated SPIONSs, while the anhydride rings
undergo hydrolysis in the aqueous phase, each releasing two carboxylic acid groups. Due
to the negative charge of carboxylic acid, the solubility of PMAO-coated nanoparticles is
usually enhanced in alkaline conditions that deprotonate the carboxylic group. The ro-
bustness of a PMAO coating can be further improved using diamine cross-linkers that
form bridges between neighboring chains. For instance, Pellegrino et al used a slight
variation of PMAO, poly(maleic anhydride-alt-1-tetradecene), to solubilize hydrophobic

nanocrystals in water using bis(6-aminohexyl)amine — a diamine cross-linker [81].

[ CH,(CH,),CH; |~
H3C OH

(a) (b)

Figure 4-4. (a) Chemical structures of poly(maleic anhydride-alt-1-octadecene) (PMAO) and (b)
poly(ethylene glycol) capped with a methyl ether group.
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Alternatively, the solubility and biocompatibility of PMAO-coated nanoparticles
can be improved through ‘PEGylation’, which is the process of attaching PEG [82,83].
PEG is an FDA approved biocompatible polyether compound that comes with a variety
of end groups — the structure of a PEG molecule with a methyl ether with two hydroxyl
end groups (Figure 4-4(b)) that has been widely used to improve the pharmacokinetic
properties of several pharmaceutical carriers [84]. Some of its non-fouling properties
discussed in §3.3 are critical in reducing the immunogenicity of PEG-coated nanoparti-
cles. It is commercially available in a wide range of molecular weights (500 Da to
30,000 Da) and functional groups — both play a critical role in the non-fouling and sur-
face charge properties of the polymer. PEGylation of PMAO is achieved by forming an
ester-linkage between one of the PEG hydroxyl end-groups and a carboxylic acid group
in PMAO. In order to prevent cross-linking, a monofunctional PEG with a free hydroxyl
group on one end and an inert methoxy group at the other end was used in this work
(methoxy-PEG). The reaction scheme for the proposed chemistry is shown in Figure
4-5; under acid catalysis, the hydroxyl end group reacts with the anhydride to achieve
PEGylation via the formation of an ester bond. Furthermore, based on the molecular
weight of PMAO (~40,000 Da), it has approximately 114 anhydride rings, which offers
the possibility of varying the PEGylation density by simply adjusting the PEG/PMAO

molar ratio.
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Figure 4-5. Reaction scheme showing the grafting of methox-PEG to PMAO.

The molecular weight of PEG is an important parameter that dictates the final
hydrodynamic size and the surface adsorption of proteins, which are critical determi-
nants in the in vivo fate of nanoparticles (Chapter 3). Gref et al studied the plasma pro-
tein adsorption rate and phagocytic uptake of polymeric nanoparticles coated with PEG
chains ranging from 2,000-20,000 Da and found that 5,000 Da PEG demonstrated
maximum reduction in protein adsorption [85], while Maldiney et al showed that in-
creasing the molecular weight of PEG from 5,000 to 20,000 Da had only ‘negligible in-
fluence’ on the in vivo biodistribution of silicate-based nanoparticles [86]. In an in vitro
cytotoxicity study, Hafeli et al concluded that magnetite nanoparticles coated with
triblock polymers containing PEG lengths above 2,000 Da are biocompatible and ap-
propriate for in vivo application [87]. Finally, literature reviews [66,84] on PEG coat-
ings for nanoparticles and drug delivery show that lower molecular weight PEGs, rang-

ing from 1,000-5,000 Da, are preferred for large nanoparticle systems (50-100 nm) and
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further increase might deteriorate pharmacokinetics due to the increase in hydrody-

namic size.

In this study, a 5,000 Da methoxy-PEG was used for all in vivo experiments. Fur-
thermore, colloidal stability and m’(H) (MPI performance) in serum-rich cell culture
medium, macrophage uptake, and in vivo biodistribution of SPIONs coated with two
surface densities PEG/PMAO ratios of 20 and 30. Finally, more recent measurements of
SPIONSs coated with a 20,000 Da PEGylated PMAO are also shown, and demonstrate
excellent colloidal stability and sustained MPS signal in serum-rich environments. In
the following section, the general experimental procedure used for synthesizing PMAO-
PEG polymers, and their characterization using Gel Permeation Chromatography (GPC)

is presented.
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4.1.1  Synthesis of PMAO-PEG

In this work, methoxy-poly(ethylene glycol) of various molecular weights (m-
PEG, My = 750/2,000/5,000/20,000 Da; Sigma Aldrich) were used to PEGylate
PMAO* (Sigma Aldrich). Under acid catalysis, the hydroxyl group on m-PEG forms an
ester bond with the anhydride ring on PMAO [82,83]. In a typical reaction for the syn-
thesis of PMAO-PEG(5000) with a PEG/PMAO = 20, 2 g of PMAO (= 50 umol) was re-
acted with 5 g (for m-PEG(5000)) of m-PEG (= 1000 umol) in 20 ml of acetone; 100 pl
of concentrated sulfuric acid was added as a catalyst. For higher density PMAO-PEG,
only the amount of m-PEG was changed, keeping PMAO amount constant at 2 g. The
mixture was refluxed at 58°C in an argon atmosphere. After 24 hours, the mixture was
cooled to room temperature and the polymer was obtained by precipitation in excess DI
water. After several more DI water washes by sonication and centrifugation, the white
polymer cake was freeze dried for 24 hours. The final product was obtained as a white
powder and stored at room temperature. Gel Permeation Chromatography (GPC) data
in Figure 4-6 compares the elution spectra of PMAO-PEG(5000) and PMAO-PEG(750)
— both have a PEG/PMAO = 20 — with PMAO-only control. In GPC the highest molecu-
lar weight materials come out first, thus the shift in the peak positions (arrows) to earli-
er times with PEG conjugation confirms successful conjugation. Furthermore, con-
sistent with their expected molecular weights, the PMAO-PEG(5000) elutes out before
PMAO-PEG(750).

* Note that the PMAO-PEG polymer synthesized using the 20,000 Da PEG is a recent development; as a
result, only preliminary evaluation, such as colloidal stability (§4.2.2) and MPS results (§5.1.2) are pre-
sented for SPIONs coated with this polymer. Future work will entail in vivo pharmacokinetics and biodis-
tribution studies similar to those in Chapter 6.
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Figure 4-6. GPC data shows an increase in molecular weight with PEGylation of PMAO, suggest-
ing successful conjugation. As expected, PMAO conjugated with higher molecular weight PEG
(5000 Da) elutes before lower molecular weight (750 Da). The molar ratio of PEG/PMAO is 20
for both high and low molecular weight PEGs.
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4.2 PHASE TRANSFER OF HYDROPHOBIC SPIONS USING PMAO-PEG

In a typical phase transfer process (Figure 4-7), about 10 mg of oleic acid coated
SPIONs (SPION@OA) and 10 mg of PMAO-PEG were dissolved in 1—2 mL of chloro-
form. The mixture was sonicated in an ultrasonic bath for about 15 min and dried under
a stream of argon. The dried nanoparticle-polymer complex was dispersed in 1 mL of 1x
Tris-acetate-EDTA (TAE) buffer by a 30-min sonication step. SPION coated PMAO-PEG
(SPION@PMAO-PEG) were filtered using a 0.2-um nylon syringe filter. To remove ex-

cess unbound polymer, SPION@PMAO-PEG were passed through a Sephacryl™ S-200
HR gel column (GE Healthcare Life Sciences). Either deionized (DI) water or 1x phos-

phate buffered saline (PBS) was used as the eluent. Nanoparticles were stored at 4OC un-
til further use. Iron concentration was determined using an Inductively Coupled Plas-
ma-Omission Emission Spectrophotometer (ICP-OES, Perkin Elmer). The core size of
SPIONs was determined from TEM and VSM measurements. In the latter method,
magnetization curves were fit to the Langevin function using the Chantrell method to
determine the median core diameter and the standard deviation assuming a lognormal

distribution of sizes [43].
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Figure 4-7. Schematic depiction of the PMAO-PEG coating on oleic acid coated SPIONs. The
hydrophobic octadecene chains (red) in PMAO interact with the surface oleic acid (black)
through hydrophobic-hydrophobic interactions. The hydrophilic PEG chains (blue) extend out-
wards in the aqueous phase, providing the necessary solubility.
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4.2.1 Surface properties of PMAO-PEG coated SPIONs

The colloidal stability of SPIONSs transferred in the aqueous phase was evaluated
using Dynamic Light Scattering (DLS; Malvern), which measures the hydrodynamic di-
ameter of nanoparticles dispersed in liquids. DLS size data is typically presented as in-
tensity, number and volume distribution. In order to understand the differences be-
tween the three distributions, consider a colloidal dispersion of spherical nanoparticles
containing equal numbers of particles at 2 sizes, say 5 nm and 50 nm. The number dis-
tribution will show two peaks of the same height at 5 nm and 50 nm. The volume distri-
bution, since it scales as cube to the diameter, will show a peak at 50 nm that is 1000x
the height of the peak at 5 nm. Finally the intensity distribution will show a peak at 50
nm that is 1,000,000x the peak at 5 nm, because the intensity, from Rayleigh’s approx-
imation, scales to the sixth power of diameter. For a perfectly monodisperse size distri-
bution, peaks from the intensity, volume and number distribution line up. However,
small variations in size that show up only minutely in the tails of the intensity distribu-
tion are magnified in the volume and number distributions; in general, the number and
volume distributions give more information on the various size fractions present in a
polydisperse sample. In order to get a more complete picture of the evolution of SPION
hydrodynamic size, all three distributions will be studied. Furthermore, zeta potential
measurements as a function of pH were done to determine the net surface charge of
SPIONSs. Unlike hydrodynamic size, zeta potential provides information on the physical

basis of colloidal dispersion, i.e. electrostatic versus steric repulsion.

Depending on the core size of SPIONS, the ratio between PEG and PMAO and
PEG molecular weight (chain-length), the mean hydrodynamic diameter of PMAO-PEG
coated SPIONs was found to range from 40-60 nm in DI water. Variability in phase
transfer from batch to batch also plays a significant role in the final hydrodynamic di-
ameter as indicated in Table 4-2, which shows that smaller core size did not always cor-
relate with a smaller hydrodynamic diameter. It is also possible that smaller SPIONs get
coated in clusters, which may explain their relatively larger hydrodynamic diameters.

Variability in phase transfers can potentially be minimized in more controlled or auto-
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mated processes. Finally, zeta potential measurements showed a nearly neutral surface
potential as a function of the solvent pH, suggesting the SPIONSs are stabilized primarily

via steric repulsion (Figure 4-8).

Table 4-2. Hydrodynamic diameters of various SPION cores coated with PMAO-PEG(5000) in
DI water; PEG/PMAO = 20 for all samples.

VSM-d. (o) DLS-d, (PDI)
11.8 (0.12) 61.9 (0.15)

13.9 (0.11) 47.1(0.13)
16.9 (0.20) 61.2 (0.15)
18.5 (0.19) 51.1 (0.14)
21.4 (0.25) 54.8 (0.15)
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Figure 4-8. Zeta potential measurements of SPIONs coated with PMAO-PEG(5000) and a
PEG/PMAO = 20. The surface charge is neutral across a range of pH values, suggesting
stabilization via steric repulsion of PEG chains.
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4.2.2 Colloidal stability in physiological environments

In Figure 4-9, the hydrodynamic size evolution of SPIONs in RPMI cell culture
medium, containing 10% fetal bovine serum (FBS), is shown. The core diameter of the
SPIONs was greater than 20 nm; for more information on core diameter see the title
column. SPIONs were coated with either one of the two PMAO-PEG(5000) polymers —
PEG/PMAO = (a) 20 or (b) 30 — or (¢c) PMAO-PEG(20,000) with a PEG/PMAO = 30.
For reference, DLS size data of RPMI+10%FBS (dashed curve) was collected for each
sample as a background reference. The mean hydrodynamic diameters (dn) of all three

samples in DI water are summarized in Table 4-3 below.

Table 4-3. Hydrodynamic size data of SPIONs in DI water; for more information on core diame-
ter, see Figure 4-9. SPIONs were coated with either PMAO-PEG(5000) or PMAO-PEG(20,000).
The hydrodynamic size increases with PEG chain length, but remains nearly constant when the
density (PEG/PMAO) increases from 20 to 30.

PEG — My[Da] PEG/PMAO DLS: d; nm (PDI)

5,000 20 44.1(0.13)
5,000 30 46.1(0.13)
20,000 30 62.1 (0.06)

The hydrodynamic diameters of SPIONs coated with the same chain-length
PEGylated PMAO (5,000 Da PEG), but different PEG density coatings are quite similar.
On the other hand, SPIONs coated with similar PEG density, but different chain lengths
show more significant differences in hydrodynamic size; typically, a longer chain length
resulted in a larger hydrodynamic size for the same core size particles. Colloidal stability
measurements in cell culture medium, shown in Figure 4-9, provide a more complete
and relevant evaluation of the surface coatings. The intensity distribution in both short-
er chain-length PEG-coated SPIONs suggests that the hydrodynamic size increases
dramatically immediately after dispersion in RPMI+10%FBS; however, closer inspec-

tion shows that the new peaks at larger sizes coincide with the background spectrum of
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the media. Since sample preparation process for DLS measurements requires diluting
SPIONSs by a factor of almost 100 (v/v), the size peaks attributed to SPIONs are indistin-
guishable due to their relatively dilute concentration compared to the various proteins
present in RPMI+10%FBS cell culture medium. As a result, we turn our attention to the
volume and number distribution plots, which provide more discernable information
about the evolution of hydrodynamic size with time. Let us first consider the size evolu-
tion of SPIONs coated with the lower PEG-density polymer (Figure 4-9(a)). Immediate-
ly after dispersing in RPMI [t = oh], both the volume and number distributions show a
decrease in the peak positioned at around 10 nm, which corresponds to the proteins
present in RPMI, and new peaks appear at larger sizes. Critically, the new peaks are lo-
cated at several hundreds of nm and do not coincide with the original DI water DLS size
spectrum (solid lines). The latter observation suggests the potential formation of nano-
particle agglomerates. The decrease in the 10 nm protein peak reflects reduction in the
number of free proteins, potentially due to their role in adsorbing to the SPION surface.
At the 0.5-hour time-point, the 10 nm peak corresponding to the free proteins shifts to-
wards larger size in both volume and number distribution plots, suggesting a large frac-
tion of the free proteins are actively adsorbed to the nanoparticles. Furthermore, the
number distribution indicates a bimodal distribution of nanoparticles. Finally, 1 hour
after dispersion in RPMI+10%FBS, the volume distribution shows an additional peak
between 5,000-10,000 nm, indicating very large agglomerates, while both distributions

show nearly no peak corresponding to the free proteins at 10 nm.

Next we consider the size evolution of SPIONSs coated with the 5,000 Da PEG and
a PEG/PMADO of 30 (Figure 4-9(b)), which is 1.5-fold greater than the polymer discussed
above. Immediately after dispersion in RPMI [t = oh], the volume and number distribu-
tion curves, similar to the intensity distribution curve, only show peaks corresponding to
the free proteins; no peaks from the highly diluted SPIONs suggests nanoparticles are
still stable. The stability is preserved even 1 hour after dispersing in RPMI, but 24 hours
later, reduction in the peaks corresponding to free proteins and appearance of new

peaks at the larger sizes suggests the onset of agglomeration. Moreover, at the 24 hour
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time-point, there is a significant peak corresponding to the original SPION size spec-
trum in DI water (solid lines), suggesting the fraction of free SPIONS is still significant,
while the amount of agglomerates are few, as seen by the small peaks in the volume dis-

tribution at >100 nm.

Finally, we look at the effect of keep PEG/PMAO constant at 30, but changing the
PEG chain-length by increasing the molecular weight 20,000 Da (Figure 4-9(c)). As
mentioned above in Table 4-3, the hydrodynamic size does increase with an increase in
chain-length despite having similar surface PEG densities. However, the alignment of
volume and number distributions with the RPMI+10%FBS peaks after SPION disper-
sion in culture medium suggests that the nanoparticles, despite having the largest core
diameter among the three samples, show the best long-term stability. The protein peaks
almost completely dominate the size profile even after incubating SPIONs for 24 hours

in the serum-rich environment.
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Figure 4-9. Hydrodynamic size evolution of PMAO-PEG coated SPIONs in RPMI+10%FBS cell
culture medium. SPIONs with median core diameters over 20 nm were coated with 5,000 Da
PEG and a PEG/PMAO surface density of either (a) 20 or (b) 30, or (c) 20,000 Da PEG with a
PEG/PMAO = 30. The background DLS spectrum from cell culture medium showed some vari-
ance with time alone; hence was measured separately each time (dashed lines).

In summary, increasing the molar amount of PEG conjugated to PMAO from 20
to 30 does improve the colloidal stability of SPIONs in serum-rich cell culture medium,
but a longer chain-length PEG shows the most improvement in colloidal stability. The

effects of PEG surface density versus chain length were discussed earlier in Chapter 3;
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critically, the two counter each other and must be balanced to achieve the optimum con-
figuration on the surface. Increasing polymer density provides SPIONs a higher degree
of protection from serum proteins. However, a high surface density also reduces the
characteristically high mobility of PEG chains that give the polymer its excellent non-
fouling properties. Increasing the chain length alleviates this problem, since mobility
increases with molecular weight. The DLS results presented here confirm that balancing
the polymer surface density and chain length results in improved long-term colloidal

stability in the protein-rich cell culture environment.
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4.2.3 Macrophage uptake: an in vitro study

The amount of SPION uptake in macrophages is essentially an in vitro evaluation
of the potential for removal of SPIONs from circulation by the mononuclear phagocytic
system (see Chapter 3). Demonstrating low macrophage uptake is crucial in designing
SPIONs with long blood circulation times — it enables blood pool imaging in MPI, while
in MFH, the longer bioavailability of SPIONs increases the probability of reaching the
disease site and delivering high concentrations for efficient hyperthermia therapy. In
this section, we will discuss the phagocytic activity of PMAO-PEG coated SPIONs in
THP-1 cells. The THP-1 cell line is a monocytic leukemia line that can be differentiated

into active phagocytic macrophages using phorbol, 12-myristate, 13-acetate (PMA).

4.2.3.1 Methods

Experimental procedures for seeding and cell differentiation were adopted from a
previously published method [88]. Briefly, cells were seeded overnight in a 96-well plate
at 50,000 cells/well in RPMI+10%FBS cell culture medium containing 25 nM PMA. Fol-
lowing cell plating and macrophage activation, fresh RPMI+10%FBS media containing
SPIONSs at various concentrations were added to the adhered THP-1 cells. SPIONs and
cells were incubated at 37°C and a 5% CO. atmosphere for 72 hours. After 72 hours, the
supernatant was carefully decanted and cells were dispersed in sterile 1x phosphate
buffered saline (PBS). Cells were incubated at 37°C for 10 minutes to promote cell re-
lease, which were then collected and washed three times with 1xPBS by spinning at 500
rpm for 10 minutes. The washing step was done to ensure excess SPIONs not phagocyt-
ized were removed. The pelleted cells were dispersed in 200ul 1xPBS and counted in a
hemacytometer. For ICP iron quantification of phagocytized SPIONS, cells were digested
overnight in 100l concentrated HCI and diluted by a factor of 12.5 using DI water. In-
formation of samples tested in this study is provided below in Table 4-4. The goal of the
study was to evaluate the phagocytic activity as a function of PEG density in PMAO-
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PEG(5000) coated SPIONs and subsequently compare with Resovist® — a SPION agent
that is also the gold standard in MPI imaging amongst commercially synthesized iron

oxide nanoparticles.

Table 4-4. Core and hydrodynamic size information of SPIONs tested in the macrophage uptake

study
"PEG/PMAO VSM-d. nm (0) DLS-d», nm (PDI)
20 16.9 (0.20) 61.2 (0.15)
30 17.4 (0.25) 43.7 (0.18)
Resovist® 14.0 (0.45) 72.0 (0.17)

4.2.3.2 Results and discussion

Figure 4-10 summarizes results from two studies; in the first study, SPION up-
take in cells was tested as a function of incubation concentration (left, referred to as
concentration study), while the second study compared uptake of SPIONs coated with
different polymers (right, referred to as the surface coating study). In the concentration
study, SPIONs coated with PMAO-PEG(5000) and a PEG/PMAO density of 30 were
tested at three different concentrations: 0.1, 0.2 and 0.4 gFe L. In general, SPION up-
take in cells increased with the incubation concentration and did not show any satura-

tion for the range of concentrations tested.

Next, we look at the surface coating study, which offers some correlation between
the nature of surface coatings and their role in SPION phagocytosis. The difference in
macrophage uptake between the two PMAO-PEG coated SPIONs was small — despite
having different PEG densities and hydrodynamic diameters (Table 4-4), the two sam-
ples showed similar phagocytic activity considering the overlap in their respective error

bars. Resovist® however, showed about 6-fold more uptake in THP-1 cells than our
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PEG coated SPIONSs. Since Resovist® SPIONs have a negative surface charge, it is pos-
sible they attract a high degree of surface protein adsorption, which eventually results in
increased phagocytic uptake. The results presented here corroborate with previously
conducted studies that show charged nanoparticles (positive or negative) induce higher
phagocytic activity than neutral-surface nanoparticles [70]. More information on the
role of surface charge in phagocytic uptake and clearance is found in §3.2. It should be
noted that charged nanoparticles do have advantages when non-specific labeling of cells
is intended, such as in stem cell tracking studies [89,90]; however, the primary goal in
this work was to design long-circulating SPIONSs, in which case high phagocytic uptake
is undesirable. Our results suggest that the PEG coated SPIONs synthesized in this work

should demonstrate a longer blood circulation time than Resovist®.
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Figure 4-10. Cell uptake of various SPION samples (Table 4-4) in THP-1 cells differentiated as
macrophages; samples were incubated for 72 hours. (a) Uptake as a function of concentration us-
ing the same sample and (b) for samples with different PEG surface densities; Resovist® is
shown for comparison. The in vitro results in (b) suggest that the PEG-coated UW SPIONs
should have a longer circulation time compared to Resovist®, which shows substantially higher
phagocytic uptake.
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4.2.4 Cytotoxicity

Colloidal stability in cell culture medium and macrophage uptake studies give
critical information about SPION interaction with the physiological environment. How-
ever, additional information regarding the inherent cytotoxicity of SPIONSs is needed. In
vitro toxicity and viability studies, although not a replacement for in vivo studies, offer
an effective and inexpensive platform for evaluating cytotoxicity of nanoparticles in cell

cultures.

4.2.4.1 Methods

In this work, cytotoxicity of PMAO-PEG coated SPIONs was evaluated in Jurkat
cells — an immortalized line of human T lymphocyte suspension cells. In a typical exper-
iment, cells grown in RPMI 1640 medium+10% fetal bovine serum (FBS) were seeded at
20,000 cells/well in a 96-well plate under physiological conditions (37°C and 5% CO.).
In the results presented here, SPION concentrations of 150 ugFe/ml, 300 ugFe/ml and
450 ugFe/ml were tested for 24 hours incubation with cells. A Lactate Dehydrogenase
(LDH) assay (Cytotox-ONE®, Promega) was used to determine SPION toxicity by
measuring LDH release in medium due to cell membrane disintegration. To comple-
ment and verify the toxicity assay, a luciferase cell viability assay (Celltiter-GLO®,
Promega) that measures ATP levels was conducted. Appropriate controls were included
to ensure assay validity and test for any interference SPIONs or media may have with
the assay. A microplate reader was used to measure fluorescence at Aex = 560 nm and Aem
= 590 nm for LDH assay, and a luminescence counter (TopCount, Perkin-Elmer) was
used for the luciferase assay. Additionally, for qualitative analysis, bright field images of
cells incubated with SPIONs were examined to observe any gross changes in cell mor-

phology.
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4.2.4.2 Results and discussion

Cytotoxicity results of PMAO-PEG coated SPIONs (PEG/PMAO = 20) in Jurkat
cells are summarized in Figure 4-11. For the lowest concentration tested (150 pgFe/ml),
cell viability (luciferase assay) decreased by 25%, but further decrease was limited even
after concentration increased by a factor of 2 (300 pgFe/ml) and 3 (400 pgFe/ml). This
trend is also observed in the LDH toxicity study, which is complementary to the viability
study — it shows ~15% increase in toxicity at the lowest concentration, but negligible in-
crease thereafter. Furthermore, the increase in toxicity (~15%) is less than the decrease
in viability (~25%), which is probably due to fundamental differences between the
measurement assays. The Luciferase assay reacts with ATP — the energy molecule that
characterizes the metabolic activity in cells; in contrast, the LDH assay measures the
amount of LDH released from cells with disintegrated cell membranes. Thus, strictly
speaking the metabolic activity of Jurkat cells (not viability) decreases by ~25%, and the
number of cells with compromised cell membranes (not toxicity) increases by ~15%. Fi-
nally, bright field images (Figure 4-12) show that Jurkat cells, which are non-adherent
suspension cells (as indicated by their spherical shape), do not undergo any gross mor-

phological changes compared to the cells only control (no SPIONSs).

89



100 = gl eeeeeeeeeeeee e _I_._-|00
S [ g
z - i 3
2 - 8
-g 50138 - B 50 E:
£ ] i <
2 -

0- 0

T
0 150 300 450 Triton-X
Conc. [ugFe/ml]

@ Luciferase assay =~ O LDH assay

Figure 4-11. The Luciferase viability assay was used to measure the metabolic activity of live
cells, while the toxicity assay measured the amount of LDH released from compromised cell
membranes. Cytotoxicity data of PMAO-PEG(5000) coated SPIONs in Jurkat cells, showed that
viability (left ordinate) decreased by ~25-30% as SPION concentration increased; in comparison,
toxicity (right ordinate) was lower at ~15% (see discussion in §4.2.4.2 for more details).

Control 150 pgFe/ml 300 pgFe/ml 450 pgFe/ml

Figure 4-12. Bright field images of Jurkat cells after 24-h incubation with PMAO-PEG coated
SPIONSs. Images A—D were taken at 20X and E-H at 60X magnification.
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4.3 SUMMARY

As discussed earlier in §2.2 and §2.3, performance optimization in MPI and MFH
requires precise tuning of the SPION size and size distribution. While organic synthesis
methods offer the best control over SPION size and size distribution, the as-synthesized
monodisperse SPIONs are hydrophobic, and require additional processing before in vi-
vo administration. In particular, SPIONs must be transferred to the aqueous phase and
demonstrate long-term colloidal stability and biocompatibility/safety in physiological

environments.

In this section, the phase transfer of hydrophobic oleic acid-coated SPIONSs using
a PEGylated amphiphilic polymer (PMAO-PEG) was discussed. The amphiphilic PMAO
polymer presents numerous anhydride sites for PEGylation; thus, changing the
PEG/PMAO molar ratio during synthesis varied the PEG density. The molecular weight
of the PEG was also varied to study the effect of chain-length on colloidal stability in

physiological environment.

The hydrodynamic diameter of PMAO-PEG coated SPIONs in DI water was
found to range from 40-60 nm depending on the core diameter, PEG/PMAO ratio (20
or 30) and the PEG chain length; chain length had a greater impact on hydrodynamic
size than density. Zeta potential measurements indicated a nearly neutral surface
charge, suggesting SPIONs are stabilized primarily via steric repulsion. Furthermore,
DLS data showed that increasing PEG density (PEG/PMAO) from 20 to 30 improved
colloidal stability in cell culture medium, while increasing the PEG molecular weight
from 5,000 Da to 20,000 Da showed the most improvement in stability; the higher mo-
bility of longer PEG chains and surface density must be balanced to minimize protein

adsorption to SPION surface.

In the macrophage uptake study, SPIONs coated with PEG/PMAO of either 20 or
30 showed negligible differences in phagocytic activity; instead, SPIONs coated with
both variations of PEG showed significantly lower uptake than Resovist® SPIONS,

which have a negative surface charge. Finally, a cytotoxicity study in Jurkat cells showed
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that PMAO-PEG coated SPIONs (PEG/PMAO = 20) in general exhibit low toxicity
(~15% from LDH release assay) and reduced the cell metabolic activity by ~25% (from

luciferase assay).
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Chapter 5.
MPI AND MFH PERFORMANCE OF S1ZE-TUNED SPIONS

In this chapter, we will discuss the effects of subjecting size-tuned SPIONs (dis-
cussed in Chapter 4) to alternating fields used in MPI and MFH systems, and character-
ize their corresponding performance; critically, we will explore the effects of core size
and size distribution on both MPI and MFH performance. In addition to the core prop-
erties, the central role of surface coatings in translating the optimum performance of
SPIONSs in physiologically relevant environments will be discussed. It will be shown that
optimum MPI and MFH performance is ensured only if particles are coated in a non-
aggregating state, which allows SPIONSs to respond independent of neighboring particles
in ac-fields. Before discussing key experiments, an introduction to basic hardware used
to characterize MPI and MFH performance of SPIONSs is discussed below.

The MPI performance of SPIONs was evaluated experimentally using a home-
built magnetic particle spectrometer (MPS). As discussed earlier (§2.2), MPS is a o-
dimension MPI scanner that measures the fundamental SPION m’(H) signal used in 3-d
MPI scanners. The 25kHz ac-field frequency (fps) transmitted in the MPS was generat-
ed using an arbitrary function generator [Tektronix, Beaverton, OR], and amplified by a
200 W class A RF amplifier [Electronics & Innovation, Rochester, NY]; the excitation
field amplitude (uoHp-p) was ~ 36 mTy-p, or a oHmax ~ 18 mT. The SPION sample — 0.2
ml added to a 0.6 ml centrifuge tube — was inserted such that the sample was located in
the center of the transmitter/receive coil assembly. The particle response function
(m’(H)), introduced in §2.2, for each SPION formulation was obtained by gridding the
received signal (m’(H)) to the driving field amplitude (H(t)). Samples were measured in

triplicates and averaged to obtain the final m’(H).

For MFH measurements, a commercial hyperthermia system [magneTherm™,
Nanotherics, UK — Figure 5-1] operating at 375 kHz (fmmn) and 17mT field amplitude
(uoHmax) was used. The field conditions used in this study are near the upper threshold
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of the safety limit (Hmax*fac ~ 5 X 109 A ms?) mentioned earlier in §2.3.1. The instru-
ment’s transmit coil was wrapped around a hollow acrylic tube to prevent direct contact
with the sample tube. Furthermore, the sample tube was insulated with Sytrofoam to
minimize heat losses to the environment. For sample preparation, approximately 1 ml of
SPIONs was added to the plastic tube and the Styrofoam insulated tube was placed in
the center of the coil assembly (Figure 5-1). Temperature was monitored using a liquid
immersion fiber-optic thermocouple [Luxtron industrial monitor, Lumasense], which
was connected to a computer for real-time data acquisition using the provided

TrueTemp software.

7 g Fiber-optic TC
E?

k <4— Styrofoam jacket
<4— Plexiglas tube

Sample tube

< Coll

SPIONs

Figure 5-1. Photo showing setup of the commercial hyperthermia system, and a schematic illus-
tration of sample insertion in the coil assembly.
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5.1  OprTIMIZING SPIONS FOR MPI

In our previous work [R.M Ferguson, PhD thesis, 2011], we showed that tuning
SPION size and size distribution was necessary to optimize MPI performance. The focus
was primarily on ensuring the core size was uniformly distributed, and our results
showed that maximum MPS signal was achieved for ~20 nm core diameter SPIONs dis-
persed in DI water. However, theoretical arguments in §2.2.1 suggest that the optimum
size in a 25 kHz field is larger and in the size range of 20.6-27 nm, which is in stark con-
trast with our experimental findings [13]. This discrepancy was attributed to the pres-
ence of a broad distribution of sizes in the larger SPION samples, and the role of surface
coatings (hydrodynamic size) was thought to be minimal in the experimental study. We
later realized that even large SPION cores (>20 nm) with a fairly monodisperse size dis-
tribution can show poor MPS performance; hence, a closer inspection of the local SPI-

ON environment, and its effect on magnetization reversal, was necessary.

Large SPIONS, especially near the room temperature superparamagnetic transi-
tion size (~28 nm), pose a significant challenge in phase transferring due to the strong
magnetic attractive forces; as a result, SPIONs bigger than 20 nm core diameter often
end up with hydrodynamic diameters significantly larger than that anticipated for sin-
gly-coated nanoparticles. Early results indicated that the clustered SPIONSs, though in a
small fraction, had a mean hydrodynamic diameter of 100 nm and the resulting m’(H)
was broad and shallow. As discussed earlier in Chapter 2, the energy barrier for magnet-
ization reversal in aggregated nanoparticles increases due to dipole-dipole interactions;
consequently, an otherwise monodisperse sample will have a distribution of coercive
fields in the m’(H) plot if clusters or aggregates are present. One of the key goals of this
thesis was to optimize the phase transfer process and tune the PEG-based polymer coat-
ing to prevent clustering; thus enabling the use of larger, optimally sized SPIONs for
MPI.
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5.1.1  The critical role of surface coatings

In this section, we examine the critical role of surface coatings in preserving the
relaxation properties of iron oxide cores — the fundamental properties responsible for
MPI signal generation — and demonstrating significant improvements in MPS perfor-
mance; critically, we will examine the effect of removing clustered SPIONs — often the
product of phase transfers — on the MPS signal. Nanoparticle clusters were removed via
a series of centrifugation steps, followed by careful extraction of the dispersed SPIONs
ensuring the pelleted SPIONs remain unperturbed from pipetting; subsequently, the
mean hydrodynamic diameter and MPS signal were monitored. For instance, it was
found that the hydrodynamic size of 22.5 nm core diameter SPIONs progressively de-
creased post-centrifugation (Figure 5-2 (a)), while the MPS signal [V mgFe '] and shape
improved (Figure 5-2(b)). Specifically, the mean hydrodynamic diameter decreased
from 137.9 nm (PDI = 0.33) to 54.8 nm (PDI = 0.147), the mass normalized MPS signal
(Figure 5-2(b)-top) improved almost 1.7-fold, and the FWHM narrowed by ~24%
(Figure 5-2(b)-bottom).

It is clear that the improved MPS performance is a direct consequence of remov-
ing clustered SPIONs and reduction in hydrodynamic size. Figure 5-3 shows the im-
provement in MPS performance compared to our previous results that showed MPS sig-
nal peaking at around 20 nm [13]. The MPS signal in 25 nm SPIONs is approximately
0.22 V mgFe! — a 2.5-fold improvement from our results in [13]. These improvements
are highlighted in a recent publication [55]. We also compare the performance of Reso-
vist® SPIONs, which show significantly poor performance due to its bimodal size dis-
tribution [91]. The latter, despite its sub-optimal performance, offers the best MPI per-
formance amongst commercially available SPIONs and was used to demonstrate the
first 3-dimensional real-time in vivo MPI image in a mouse model [50]; thus, a direct
comparison is useful for benchmarking. Table 5-1 highlights the 4.4x greater signal and

56% narrower FWHM from 25 nm UW sample in comparison to Resovist®.
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Figure 5-2. (a) Hydrodynamic diameter of 22.5 nm [core dia.] SPIONs decreases after removing
clusters with centrifugation. The spin rate was held constant at 4,000g (4Kg), only varying the
time from 5-15 minutes. (b) The mass (top) and intensity (bottom) normalized m ’(H) plots of the
same SPIONs showed that the signal increased and FWHM narrowed, respectively, after centrif-
ugation. This study showed that removing clusters reduced hydrodynamic size, which correlated
directly with improved MPS performance.
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Figure 5-3. Intensity (left) and mass (right) normalized m '(H) curves of UW SPIONs with differ-
ent core diameters and coated with PMAO-PEG (5000); measurements were done in DI water in
our home-built MPS operating at 25 kHz and 36mTy,",,. These experimental measurements
confirm theoretical arguments that increasing core size increases susceptibility (§2.1.2), and as a
result, improves m’(H) response (§2.2.1). Resovist®, a commercially available carboxy-dextran
coated SPION contrast agent designed for enhancing T2-MRI, is shown for comparison. All
SPIONSs, except for Resovist®, were centrifuged at 4,000 rcf for 15 minutes before MPS meas-
urements.

Table 5-1. Comparison of physical properties and MPI performance between Resovist® and op-
timized SPIONs labeled as ‘UW’. Resovist® is used for comparison because it offers the best
MPI performance amongst commercially available SPION contrast agents; however, its perfor-
mance is significantly below theoretical predictions. We show that tuning the size to ~25 nm
(core dia.), which is optimal for the applied field conditions in MPI, the signal is 4.4-fold greater
and FWHM is 56% narrower than Resovist®.

VSM-d. DLS-dx Signal [V FWHM

Sample Coating [nm] [nm] mgFe1] [mTpo]
25.1 46.1

UW PMAO-PEG(5000) (0.14) (0.13) 0.22 5.5
14.0 72.0

Resovist®  Carboxy-dextran (0.47) (0.17) 0.05 12.4
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5.1.2 MPI performance of SPIONSs in cell culture medium

So far, we have looked at the MPS signal of SPIONs dispersed in DI water, which
is a highly favorable environment for preserving the colloidal stability of PEG-coated
SPIONSs. In vivo, however, SPIONs circulating in the blood face a host of proteins, such
as opsonins, that can promote inter-particle aggregation and subsequent sequestration
to the reticuloendothelial system (RES) if adsorbed to the surface (Chapter 3); hence, it
is critical that the surface adsorption of such proteins is postponed to prolong SPION
blood half-life. In order to test the colloidal stability of SPIONs in protein-rich environ-
ments, we characterized the MPI performance of optimized SPIONs in cell culture me-
dium containing 10% fetal bovine serum (FBS). This study provided a critical metric for
evaluating the robustness of surface coatings in preserving MPI performance of SPIONs

in physiologically relevant environments.

Three SPION samples within the optimum size range (23-27 nm, core dia.) for
MPI were coated with either one of three different kinds of PMAO-PEG polymers:
PMAO-PEG(5KDa), with a PEG/PMAO density of 20 or 30 and a PMAO-PEG(20KDa)
at a PEG/PMAO of 30. In contrast to the DLS data presented in Figure 4-9, MPS data
provides insight into the relaxation behavior of SPIONSs in the biological environment —
together the two methods enable us to probe the physical changes in SPIONs that can
affect MPS performance. In order to get a complete picture of the m’(H) plots, both for-
ward and reverse scans are shown in Figure 5-4. The low PEG density SPIONs show
immediate degradation in m’(H) after dispersing in RPMI medium; the appearance of
peaks at —10 mTpo?* and +10 mTu,! suggest a high coercive field required for magneti-
zation reversal, which occurs when SPIONs are interacting due to potential agglomera-
tion. The colloidal stability data for the same sample presented in Figure 4-9(a) con-
firms that SPIONs are indeed agglomerating. In contrast, the improvement in colloidal
stability (Figure 4-9(b)) of SPIONSs coated with a higher PEG density (PEG/PMAO = 30)
translates to MPS measurements (Figure 5-4(b)), which show that m’(H) curve is rela-

tively unperturbed even 24 hours post-RPMI dispersion.
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Figure 5-4. m’(H) plots in DI water and serum-rich cell culture medium of (a) 25 nm SPIONs
[core dia.] coated with PEG(5K)/PMAO of 20, (b) 23 nm SPIONs coated with PEG(5K)/PMAO
of 30 and (c¢) 25 nm SPIONSs coated with PEG(20K)/PMAO of 30.

Finally, the effect of increasing PEG molecular weight from 5,000 Da to 20,000
Da — without changing PEG density (PEG/PMAO = 30) — also preserves the native
m’(H) response of SPIONs in serum-rich medium. Note that the core size of SPIONs
tested in (a) and (c) is identical, including their respective m’(H) curves in DI water.
However, while the SPIONs coated with the 20,000 Da molecular weight PEG
(PEG/PMAO = 30) performed excellent in cell culture medium, the 5,000 Da coated
SPIONs, with a PEG/PMAO = 20 perform poorly.

Our results show that colloidal stability — measured using DLS (Figure 4-9) —
correlates directly with MPS signal (Figure 5-4). By preventing the SPION cores from
agglomerating and magnetically interacting, we preserve the magnetization reversal
characteristics of SPIONs, which forms the physical basis of signal generation in MPI
(§2.2). In summary, surface coatings play a critical role in preventing protein adsorption
— important for long blood circulation (§3.3) — and preserving the MPS performance —
important for acquiring images from circulating SPIONs — of MPI-optimized SPIONS in

physiological environments.
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5.1.3 Phantom imaging of MPI-optimized SPIONs

Before our MPI-optimized SPIONs can be administered in vivo for imaging in
some of the world’s first prototype MPI scanners at Philips Medical Imaging (Hamburg,
Germany) and University of California (Berkeley, CA), it was critical to evaluate their
imaging performance in simple phantoms, and perform a side-by-side comparison with
Resovist® — the commercial SPION agent used to establish a benchmark in the first
MPI images [1,50]. Phantom imaging experiments will also help determine the transla-
tion of MPS characterization to actual imaging, which is a necessary step before devot-

ing large number of resources for future animal experiments.

Philips and UCB are two pioneers in MPI hardware development — both employ
distinct approaches to image reconstruction. The former uses the fast system matrix
approach and the latter uses the x-space imaging approach. The system matrix ap-
proach uses the fourier transform of the m’(H) signal to generate and store a system
function that is unique for each SPION tracer — this enables rapid imaging using Lissa-
jous trajectories for the FFP in the imaging volume. On the other hand, x-space image
reconstruction correlates the m’(H) MPI signal from SPIONs to the current position of
the FFP — for details on the two image reconstruction methods, see [52,53]. Regardless
of the image reconstruction approach, SPIONs remain the centerpiece of MPI physics,
and optimizing their properties for the field conditions used in MPI (25 kHz and 20
mTuo'max) applies to both imaging approaches.

5.1.3.1 Methods

For the phantom images acquired at Philips and UCB, SPIONs with a core diame-
ter of 25 nm and a hydrodynamic diameter of 50 nm were compared side-by-side with
Resovist®. Both scanners applied a 25 kHz modulating field to excite SPIONs. The
Philips scanner applied a 16 mTo max field amplitude and the field gradient was 1.25

Tuo'm™ in the x and y directions, and 2.5 Tuo*m in the z-direction. The field amplitude
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in the UCB scanner was 23 mTo'max and the field gradients were 7 Tpo*m in the x di-
rection, and 3.5 Tuo*m™ in the y and z directions. Phantoms prepared at Philips — the
letters “P” and “H” — were constructed from clear plastic tubing with inner diameter of
1.5 mm (Figure 5-5(a and b)). The UCB phantoms containing the letters “U” and “W”
were laser-cut in 1.5 mm (width) x 1.5 mm (depth) channels in clear acrylic (Figure
5-5(d and e)). The concentration of both UW and Resovist® SPIONs was equivalent in
the corresponding phantoms: 0.95 gFe/L in the Philips image, and 0.29 gFe/L in UCB
image. In order to quantitatively compare signal and spatial resolution of UW SPIONSs
with Resovist®, point-source phantoms containing 0.8 gFe/L nanoparticles were im-

aged (Figure 5-5(f)) in the UCB scanner.
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Figure 5-5. Phantom imaging experiments showing side-by-side MPI image comparison between
UW SPIONSs and Resovist®. Imaging was performed independently in prototype MPI systems at
Philips (a and b) and UCB (d and e). For comparative purposes, concentrations of both UW and
Resovist® SPIONSs are identical. In both scanners, images from UW SPIONSs (a and d) are visibly
brighter than from Resovist® (b and e). (c) Intensity line profile across the phantom shows that
signal from UW SPIONSs is 3x greater than Resovist®. (f) In order to quantify the signal and spa-
tial resolution, point-source measurements (3pl SPIONs at 0.8 gFe/L; samples were contained in
1.59 (dia.) x 1.5 mm (len.) cylinders) were performed in the UCB scanner. UW SPIONs showed
3.1x greater signal (g) and 27% better spatial resolution than Resovist® (h).
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5.1.3.2 Results and discussion

Images taken in both Philips and UCB scanners show that UW SPIONS are visibly
brighter than Resovist®. The intensity profile of the “PH” phantoms in Figure 5-5(c)
shows that UW SPIONs produce a 3x brighter image than Resovist® SPIONSs. Point-
source measurements in the UCB scanner provide a quantitative comparison between
UW and Resovist® SPIONs — UW SPIONs show 3.1x greater signal and 27% better spa-
tial resolution than Resovist® SPIONs. A key conclusion of the phantom images is that
UW SPIONSs, which are optimized for MPI performance, show consistently better per-
formance than Resovist®), regardless of the imaging approach; critically, both imaging
approaches demonstrate a 3-fold improvement in signal. Spatial resolution is difficult to
compare in the Philips phantom image, but the FWHM of the point-source image in
Figure 5-5(h) shows a linear spatial resolution of 2.9 mm for UW SPIONs and 3.9 mm
for Resovist® SPIONSs. It should be mentioned that the FWHM of 25 nm UW SPIONs
from MPS measurements (6.5 mTuo?; Figure 5-3) predicts a 0.9 mm spatial resolution
in the 7 Tuo'm™ field-gradient used in UCB’s MPI scanner. This discrepancy in spatial
resolution is not yet understood, and may be due to fundamental differences in SPION
relaxation behavior in the 0D MPS and 3D MPI scanner, which consists of a large 7 Tuo

m field-gradient.
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5.2 OprTIMIZING SPIONS FOR MFH

Like MPI, MFH uses alternating magnetic fields to excite the superparamagnetic
response of SPIONs; however in MFH, the field performs additional work on magnetiza-
tion reversal, which results in energy loss in the form of heat. Theoretical discussions in
§2.3 suggest that the optimum size for MFH depends on the anisotropy constant (Table
2-2 and Table 2-3). However, experimental measurement of the anisotropy constant is
nontrivial and requires special equipment, such as ac-susceptometers or magnetic re-
laxometers, that are not readily accessible. Secondly, the anisotropy constant is found to
vary with the core size — often increasing with decreasing nanoparticle volume; as a re-
sult, using a single anisotropy value to predict the optimum diameter is not ideal. Here
we demonstrate an empirical approach to find the optimum SPION size by measuring
SLP as a function of nanoparticle core diameter. The latter is possible thanks to excep-
tional ability of the thermal decomposition synthesis method to control SPION core size
and size distribution over a wide range (5-30 nm). Finally, as was the case with SPION
optimization for MPI, measurements in samples containing clusters were performed
first [92]. After adopting the centrifugation step to remove clusters, larger SPION sam-

ples were tested again and compared with past results.

5.2.1 Methods

In this work, a commercially available MFH system was used to transmit a 375
kHz ac-field frequency with an amplitude of 17 mTpo ' max. Prior to measuring the heat-
ing rates (dT/dt) of samples in the ac-field, the background temperature was measured
for 60 seconds with the field turned off. The field was then turned on for 300 seconds
and the liquid immersion fiber-optic thermocouple was used to record real-time tem-
perature data. Figure 5-6 shows the concentration normalized heating rates of different
core diameter SPIONs in DI water. Data on the left was acquired before the centrifuga-

tion step was adopted as a routine step, and shows that 16 nm SPIONs show maximum
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rise in temperature — over 6°C in the 300 seconds of heating. On the other hand, after
incorporating the centrifugation step for removing clusters, larger SPIONs show even
higher heating rates — a maximum temperature rise of over 8°C was observed in 27 nm
SPIONSs. The specific loss power (SLP; W/gFe;0,) was subsequently calculated from the
heating rates according to Eq. 2-26, where the slope of the heating curve from 70 to 130
seconds is used to find dT/dt. SPION concentration — referred to as “MNP conc.” in the

figure — was determined from ICP analysis of the samples.

5.2.2 Results and discussion
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Figure 5-6. Concentration normalized heating rates of SPIONs with different core diameters.
Heating rates on the left were measured before employing the cluster-removal step; on the right,
clustered nanoparticles were removed.

Like the figure above, Figure 5-7 shows SLP measurements as a function of core
diameter (d.) both prior (Figure 5-7(a)) and after (Figure 5-7(b)) adoption of the cen-
trifugation step. In Figure 5-7(a), SLP is categorized for two sets of SPION samples
based on their average size distribution, where 0.y is the average standard deviation of
In(d.) — see §2.2.3 for more information on the lognormal distribution function. The da-

ta suggests that there is a peak in SLP at 16 nm for the frequency and amplitude used.
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Assuming 16 nm is indeed the optimum diameter, we can use Eq. 2-31"" to find the cor-
responding anisotropy constant, which comes out to ~26 kJ m-3 — more than twice the
bulk anisotropy value of magnetite (11 kJ m3). Additionally, SPIONs with a broader av-
erage size distribution (0ay = 0.33) showed an overall drop in the peak SLP value rela-
tive to SPIONs with a 0avg = 0.15. This general result agrees with theoretical models that
suggest a decrease in SLP as size distribution increases [34,35,41]; hence, it is critical

that size distribution must be as narrow as possible to get maximum heating in MFH.

Next, we turn our attention to more recent SLP measurements that were per-
formed with SPION samples that were centrifuged to remove clusters (Figure 5-7(b)).
Note that there is no peak in SLP as a function of size, as it continues to increase with
size. The slope does reduce, which in fact corroborates well with the Stoner-Wohlfarth
model used to predict power losses. The solid line is the fit to the raw data assuming the
Stoner-Wohlfarth model; best fit was obtained by allowing the anisotropy constant, Keg,
and the standard deviation, 0wy, to vary freely. The fitting curve expression was derived

from substituting Eq. 2-29 and Eq. 2-31 in eq. Eq. 2-30; the resulting expression for hys-

ATy £(d,), where pre,o,= 5.2 g cct and
pF63O4_

teresis area was used to plot SLP, which is
f(d.) is the lognormal size distribution function. Fitting the raw data with the SLP equa-
tion gives a Kefr ~ 22 kJ m3 and a 0wy ~ 0.3. The anisotropy value falls in the range ex-

pected for nanoparticles: 23-40 kJ m3 [41].

% For the field conditions and sizes used in this study, LRT is not valid since § > 1.
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Figure 5-7. Specific loss power (W g"'Fe;0,) as a function of size and size distribution measured
at 375 kHz and 17 mT,,,. (a) Results from 2011 [92] and (b) recent results after removing clus-

ters from larger SPION samples.

In conclusion, recent results presented in Figure 5-7(b) show that SLP continues
to increase with size for the field conditions used in this work (375 kHz; 17 mTmax), un-
like the previous case that suggested a peak in SLP around 16 nm. The reason for this
change can be attributed to the removal of clusters, which broaden the overall size dis-

tribution and also exhibit coercive fields potentially higher than the field amplitude.
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5.3 INVITRO MFH PERFORMANCE

In order to demonstrate MFH efficacy, we measured in vitro viability of Jurkat
cells (immortalized T lymphocytes cell line) after incubation with SPIONs and applica-
tion of an ac-field. Jurkat cells were cultured in triplicates at a density of 10,000
cells/well in 96-well plates. The SLP of three samples with core diameters of 12 (o =
0.09), 13 (0 = 0.22) and 16 (0 = 0.16) nm samples were measured at 375 kHz and 17mT
field amplitude (oHmax) in the magneTherm™ hyperthermia system; SLP values were
23.6, 54.1 and 140.0 W/gFe;0, for the 12, 13 and 16 nm SPIONS, respectively. SPIONs
with varying concentrations (0—600 pgFe/ml) were added to the cultured cells and in-
cubated at 37°C for 15 minutes to stabilize temperature prior to turning the ac-field on.
After temperature equilibration, the ac-field in the magneTherm device was applied for
15 minutes, and cells were returned again to the 37°C incubator for 15 minutes. Finally,
cells were allowed to equilibrate to room temperature for an additional 30 minutes be-

fore viability measurements were performed using the Celltiter-GLO®) luciferase assay.

As expected, increasing SPION concentration increases the absolute power loss;
consequently % viability decreases with increase in concentration (Figure 5-8), but in-
ducing cell death by increasing SPION concentration does not reflect an improvement in
the overall therapeutic potency of MFH due to possible interference from some cytotoxic
effects of incubating cells with SPIONs. Figure 5-9 demonstrates the significant decrease
in % viability due to the 16 nm sized SPIONs compared to the 12 and 13 nm SPIONSs at
similar concentrations, suggesting the higher SLP of the larger SPIONs is responsible
for the improvement in therapeutic potency of MFH. It is possible to get even greater
cell death using bigger nanoparticles that show higher heating rates; however, at the
time of the aforementioned experiment, bigger SPIONs contained clusters that deterio-

rated overall MFH performance and were unsuitable for the study.
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Figure 5-8. In vitro heating of Jurkats using SPIONs of diameters (A) 12 nm, (B) 13 nm and (C)
16 nm. The 375 kHz (17 mTp_puo'l) radiofrequency (RF) field was applied for 15 minutes.
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Figure 5-9. Decrease in cell viability relative to the control calculated as RF OFF,,, — RF ON,,.
The higher SLP of 16 nm SPIONs (140 W/gFe;0,) resulted in the maximum decrease in cell via-
bility due to heating in an RF field compared to 12 nm (SLP = 23.6 W/gFe;0,4) and 13 nm (SLP =

54.1 W/gFe;04) SPIONS.
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5.3.1 Intracellular MFH

The hyperthermia efficacy experiments presented above were conducted with the
SPIONSs dispersed in the same environment as the Jurkat cells; critically, cells were not
allowed to uptake SPIONs due to the short incubation times, and thus heating was pri-
marily thought to be extracellular. In this section, we attempted to test the efficacy of
hyperthermia therapy when cells are allowed to internalize SPIONs. Jurkat cells were
chosen for this experiment to facilitate a direct comparison between extra- and intracel-

lular MFH experiments.
5.3.1.1 Methods

In order to promote internalization in Jurkat cells, a modified protocol on elec-
troporation (EP) of Jurkat cells was adopted [93]. 1x10¢ Jurkat cells were dispersed in
500 pl serum-free RPMI medium containing SPIONs, and transferred to 0.4 cm elec-
troporation cuvette. The core and hydrodynamic diameter of SPIONs were 21 nm (0 =
0.13) and 63 nm (PDI = 0.08), respectively, and the SLP was 110 W g'Fe;0,4. Controls
for each SPION concentration (a total of 3 were tested) included cells+SPIONS,
cells+SPIONs+EP and cells+SPIONs+AC, where AC refers to the ac-field. The three con-
trols are referred to as “control”, “EP” and “AC” in the figure below to remove redundan-
cy and the test sample is labeled as “EP+AC”. The change in viability was measured
w.r.t. a single ‘cells only’ control (not shown in plot). The various mixtures were place on
ice for 10 minutes before EP, after which they were electroporated using the following
conditions: 250 V, 720 Q and 100 uF. After electroporation, the various mixtures (in-
cluding controls) were diluted to get the desired SPION concentrations for incubations:
33,333 and 667 ugFe/ml. Cells were allowed to recover for 48 hours, then harvested,
washed to remove excess non-internalized SPIONs and tested for viability using the lu-

ciferase assay.
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5.3.1.2 Results and discussion

Unfortunately, it was found that electroporation had a significant toxic effect
(Figure 5-10) on Jurkat cells even after using a much lower capacitance than the rec-
ommended value of 960 pF. Furthermore, the ‘control’ samples also showed significant
toxicity; as a result, the lack of appropriate controls for reference, the results are for the
most part inconclusive. In future experiments, it is recommended an alternative ap-
proach to internalization be used. Secondly, the 48 hours incubation time with SPIONs

might be too long and consequently show significant toxicity to cells; it is suggested that

shorter incubation times be used.
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Figure 5-10. Results from a preliminary experiment conducted to study the efficacy of intracellu-
lar MFH. To promote SPION internalization in Jurkat cells, electroporation was used.
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5.4 SUMMARY

The thermal decomposition method gives precise control over SPION size and
size distribution, and thus their magnetic properties — a critical requirement for synthe-
sizing size-tuned SPIONs that optimize MPI or MFH performance for any applied fre-
quency. In MPI, the role of surface coatings in ensuring non-interacting cluster-free
SPIONSs following their transfer to aqueous phase was found to be critical in translating
the tailored core properties for optimum m’(H) in the serum-rich physiological envi-
ronment. From DLS data (Figure 4-9) and m’(H) plots (Figure 5-4) measured in the 25
kHz home-built MPS, it was found that increasing the PEG density from 20 to 30 im-
proved colloidal stability and preserved MPS performance in serum-rich cell culture
medium. Furthermore, increasing the PEG molecular weight from 5,000 Da to 20,000
Da also provided excellent protection from protein adsorption as demonstrated by the
DLS and MPS data. By tuning the PEG-based surface coatings to prevent aggregation of
the magnetic cores, we were able to correct usage of bigger SPIONs (>20 nm dia.),
which showed a substantial factor of improvement over the commercial MPI standard
Resovist® — a factor of 4.4 improvement in signal and 2.25 in FWHM resolution (Table
5-1) as characterized in MPS. Such optimized SPIONs show promise as angiography
tracers and blood-pool agents for the emerging MPI imaging modality. However, it is
critical to evaluate the imaging performance of optimized SPIONs in phantoms before
devoting resources to animal experiments, and determine whether MPS evaluation of
SPIONSs translates to imaging in 3-d MPI scanners. Regardless of the imaging system —
Philips and UCB MPI scanners operating at 25 kHz drive frequency were used — 25 nm
(core dia.) UW SPIONSs consistently showed 3x greater signal than Resovist® SPIONs.
Furthermore, a point-source measurement showed a 27% improvement in spatial reso-

lution over Resovist®.

In MFH, SPIONs were evaluated in a 375 kHz/17 mTmax alternating field applied
using a commercial hyperthermia system. Previous results [94] had shown a peak at ap-
proximately 16 nm in SLP as a function of nanoparticle diameter; however, recent

measurements showed that SLP continued to increase with diameter. Unlike the previ-
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ous case, recent samples underwent a post-processing step that helped remove clustered
SPIONSs — the result was improved heating performance in bigger SPIONs that was con-
sistent with the Stoner-Wohlfarth model’s predicted SLP behavior (Figure 5-7). In vitro
heating in Jurkat cells using SPIONs dispersed in the surrounding medium (extracellu-
lar) demonstrated the feasibility of MFH therapy, whereas preliminary intracellular
heating experiment was inconclusive in determining whether intracellular heating is su-
perior than extracellular heating. The author Y. Rabin [95] argues through models that
there is no real advantage in intracellular hyperthermia; however, experimental evi-

dence is still lacking.

So far we have investigated the MPI and MFH performance of SPIONs in physio-
logically relevant environments, including serum-rich cell culture medium and cell cul-
tures. In the next section, in vivo biodistribution and pharmacokinetics of PMAO-PEG

coated SPIONSs in mice are discussed.
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Chapter 6.
IN VIvO BIODISTRIBUTION AND PHARMACOKINETICS

OF SPIONS

In Chapter 3, the physiological barriers that affect nanoparticle biodistribution
and pharmacokinetics were discussed. SPIONs with a neutral surface charge and ade-
quate surface coating coverage prevent protein adsorption and are prerequisites to de-
veloping long-circulating SPIONs. Furthermore, based on biodistribution and circula-
tion characteristics of previously developed SPIONs, a small hydrodynamic diameter —
though no smaller than fenestrations in kidney capillaries (~15 nm) — is preferred. The
surface characteristics of PMAO-PEG coated SPIONs discussed in §4.2.1 suggest they

are good candidates for long-circulation times.

In this section, in vivo studies designed to examine the tissue biodistribution and
circulation characteristics of PMAO-PEG coated SPIONs in mice are discussed. The
main objectives of the study were to (1) investigate tissue biodistribution and clearance
of intravenously injected SPIONs and (2) measure the blood circulation time in mice us-
ing MPS. While objective (1) is a preliminary assessment of biocompatibility and safety,
objective (2) represents a crucial step in developing SPION tracers for future applica-
tions in MPI-based vascular imaging. Since pre-clinical and clinical scanners are still
under development, MPS offers a rapid and accurate method for assessing SPIONS.
Here we will discuss in vivo results from a series of SPION samples listed in Table 6-1.
The UW samples are labeled so as to reflect their core (d.) and hydrodynamic size (dn):
UW-d.-dn. Furthermore, coating information is also provided; for the PMAO-PEG coat-
ed SPIONSs, the label 5K/20 refers to the PEG molecular weight (5K Da) and density
(PEG/PMAO = 20) respectively. In the case of Resovist®, CD is the abbreviation for

carboxy-dextran.

In the first set of in vivo studies, which were published in [96], a comprehensive

analysis of UW-17-86 was performed. Both biodistribution and blood circulation studies
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were performed in mice. Since the blood circulation time was characterized using MPS,
Resovist® — the only commercial tracer that provides reasonably good MPI perfor-
mance — was also included for benchmark evaluation. Next, a series of studies were
done to evaluate SPIONs as a function of their surface properties. Tissue biodistribution
of UW-17-86 was compared with UW-19-51 — both samples had similar core diameters
from TEM data and were coated with 5K/20 PMAO-PEG, but the hydrodynamic diame-
ters were different possibly due to the presence of SPION clusters in UW-17-86, and the
lack thereof in the case of UW-19-51. Finally, the blood circulation of UW-17-86 was
compared with UW-20-42, which has similar core properties but a significantly smaller

hydrodynamic size and a higher PEG density coating.
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6.1 PREPARATION OF SPIONS FOR IN VIVO STUDIES

Details of nanoparticle core synthesis are provided in Appendix A, and the
PMAO-PEG coatings were applied according to the procedures discussed in §4.2. For
injections in mice, excess polymer and trace organic solvents were removed using se-
phacryl S-200 HR gel columns [GE Healthcare]. For sterilization, SPIONs were filtered
with sterile 0.2-um syringe filters and dispersed in USP-grade 1X phosphate buffered
saline (PBS) at concentration of 0.5, 1.0 or 2.0 gFe/L. Resovist® (~27.9 gFe/L) was ac-
quired from Bayer Schering Pharma AG™" and was diluted to 2 gFe/L using USP-grade
1X PBS.

6.1.1 Physical properties of SPIONs tested in vivo

Physical characterization data of all SPION samples used for in vivo studies is
summarized in Table 6-1 (details of size characterization methods are presented in Ap-
pendix B). Measurements shown in Figure 6-1 confirm that the magnetic properties of
UW SPIONSs, as determined from VSM (Figure 6-1(c)) and MPS (Figure 6-1(d)) meas-
urements, are quite similar. Comparing the differences in MPS signal between UW SPI-
ONs, the FWHM - determined from the normalized signal plots shown in the inset of
Figure 6-1(d) — showed less than 3% difference, while the difference in signal intensity
(VmgFe) was no greater than 5-10%. Resovist®, on the other hand, showed ~20%
broader FWHM and ~50% less signal than all UW SPIONs. Furthermore, DLS data in
Figure 6-1(b) shows appreciable differences in hydrodynamic size due to the differences
in surface coatings. Note that TEM data for Resovist® in Table 6-1 is adapted from
Eberbeck et al, who have extensively characterized the commercial agent using various
complementary techniques [91]. Their results suggest that Resovist® has a bimodal dis-

tribution — it is composed of 5 nm and 24 nm particles. The larger size is a result of ag-

kk

sk
Production of Resovist® was discontinued in 2009.
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gregated nanoparticles that are frequently observed in TEM images of Resovist® [13].
As a result, the overall size distribution of Resovist® is considerably broader than all
UW SPIONSs.

Table 6-1. Information of samples tested in vivo.

d,. [nm] (c)* MPS 14T-MRI
Sample  Coating VSM TEM [nm]d(hPDI) [Vsril%gr;i'l] FEZ]I;I]V[ [mer_zl 5] Cent.*
UW-17-86  5K/20 17(0.20) 19(0.15) 86 (0.18) 0.102 9.9 209 No
UW-19-51  5K/200 19(0.19) 18(0.09) 51 (0.14) 0.115 9.6 435  Yes
UW-20-42  5K/30 20 (0.14) - 42(0.14) 0.110 9.9 348  Yes
Resovist CD 14(047) 5037 72(0.17) 0.048 12.4 268 No

* o is the standard deviation of the lognormal distribution function
® TEM data from Eberbeck et al
¢ Centrifugation conditions were 4,000 rcf for 15 minutes
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Figure 6-1. (a) TEM image of UW-17-86 and its corresponding histogram (inset) fit to a lognor-
mal size distribution. Characterization of various UW samples (solid colored lines) and Reso-
vist® (dashed) SPIONs in DI water: (b) hydrodynamic size measured using DLS; (¢) static mag-
netization response measured in VSM; (d) intensity (top) and mass (bottom) normalized m '(H)s
measured in our 25 kHz MPS. A summary of the characterization results of all samples is provid-

ed in Table 6-1.
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6.1.2 Methods and animal protocols

Female CD-1 mice [Charles River Laboratories], 25-30 grams, were used for all
animal studies. All studies were performed according to protocol # 4281-01 (approval
dates: 11/10/11 — 11/09/14), approved by the University of Washington’s IACUC. Details
of the studies as described in the IACUC protocol are presented in Appendix C.

6.1.2.1 In vitro evaluation

Prior to injecting SPIONs in animals, SPIONs were screened for MPI perfor-
mance in vitro. The m’(H) of tracers was measured using our MPS in biological envi-
ronments such as whole blood and RPMI+10% FBS cell culture medium. In order to
simulate the effect of physical immobilization in tissues, m’(H) of tracers dispersed in a

tissue equivalent 1-wt.% agar gel phantom [97] was measured.

6.1.2.2 In vivo circulation study

Mice (n = 15) were injected with 100 pl 2.0 gFe/L SPIONs dispersed in 1X PBS
through the tail-vein. From each mouse, approximately 100 pul of blood was drawn retro-
orbitally at two time points, after which the mouse was euthanized. A total of 5 mice
were used for 10 time points and the experiment was repeated a total of 3 times to ac-
count for variability; thus, 15 mice were used per formulation. Similar data sets were ob-
tained for the control (n = 15) and Resovist® groups (n = 15), which were administered
100 pul 1x PBS and 2.0 gFe/L Resovist® solution dispersed in 100 ul 1x PBS, respective-
ly. Blood samples were characterized in our 25 kHz MPS (36 mT-), while parallel char-
acterization in VSM was performed to compare the static (VSM) and dynamic (MPS)
measurements. For SPION quantification, a series of ICP-quantified dilutions were used
to calibrate the MPS and VSM signals as a function of concentration. Whole blood sam-

ples (100 pl), extracted at various time points after tail-vein injections, were transferred
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in 0.6 ml Eppendorf tubes and measured directly in the MPS; no processing steps were
necessary. The same samples were then transferred to polycarbonate capsules for meas-

urements in the VSM.

6.1.2.3 Biodistribution study

Mice were injected with either 0.5 (n = 3) or 2.0 (n = 3) gFe/L SPIONs through
the tail-vein. Control mice (n = 3) were injected with 100 ul 1X PBS. Mice were anesthe-
tized using 5% isoflurane and maintained at 1-2% during the imaging period in the 14-
tesla MRI [Bruker Biospin]. Respiration rate was monitored and maintained between
100-150 breaths/min. To acquire reference scans, all mice were imaged before injection.
After injection, mice were imaged at 0.5-hour, 1-hour and 24-hour time points. T2-
relaxivities (R2) of liver, spleen and kidneys were analyzed to quantify nanoparticle up-
take. Following the 24-hour time point, mice were euthanized and their organs were
harvested, fixed in 10% formalin and embedded in paraffin for histological analysis. Liv-
er, spleen, kidneys, heart, lungs and brain were collected. Tissue sections were stained

for iron using Prussian blue.

Note there are fundamental differences between SPION detection using MRI
and histology. MRI contrast is due to the superparamagnetic nature of SPIONs; on the

other hand, Prussian blue stain identifies the ionic form of iron.

6.1.2.4 Imaging parameters

A 14-tesla (600 MHz) vertical bore Bruker Magnetic Resonance Spectrometer
was used for imaging. Bruker’s MSME-T2 protocol was used to acquire a T2-map: 12
echo times; TR/TE = 4,000/6.28...12 x 6.28. For iron oxide quantification, the T2-
relaxivity as a function of concentration (r2 mMFe s!) was measured in 1 wt.% agar gel

(Figure 6-2), which is often used as a tissue equivalent phantom material for measuring
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contrast agent relaxivity [97]. Five concentrations were used for r2 acquisition: 9.0,
17.9, 44.8, 89.5 and 179.0 uM Fe, including a 1 wt.% agar control. For animal imaging,
25 slices, each 1-mm thick, were imaged using the sequence described above, and ana-
lyzed using ImageJ software. T2-relaxation times were calculated using the following

equation:

t
I =1, exp (— ?>

Eq. 6-1

where, I(t) is the MRI signal as a function of time, I, is the initial signal and T2
(units: s) is the relaxation time required to reach 37% of the original signal (I,). The T2-
relaxivity, R2 (units: s), is the inverse of T2 and is used to estimate SPION concentra-

tion in liver, spleen and kidneys according to the following equation:

RZSPION = RZO + TZ * C
Eq. 6-2
where, R2spronis the T2-relaxivity after SPION injection, R2,is T2-relaxivity be-
fore SPION injection, r2 is the T2-relaxivity as a function of concentration (units:

mMFe! s1) and C is SPION concentration (units: mMFe). Thus, from equation (28),
SPION concentration C'is given by AR2/r2, where AR2 = R2spion — R2o.

The relative tissue contrast before and after injections was also used for a qualita-
tive analysis of SPION uptake in liver, spleen and kidneys. For each organ, gray scale in-
tensities from five randomly selected regions of interest (ROI) were measured and aver-
aged. After 24 hours, mice were euthanized, their tissues harvested, and stained for iron

using Prussian blue.
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Figure 6-2. (a) T2-weighted images of UW-17-86 SPIONSs prepared at 5 concentrations in 1-wt%
agar gel and (b) their corresponding intensity-decay profiles fit to Eq. 6-1. (¢) Linear fit to T2-
relaxivity (1/T2) as a function of SPION concentration; slope of fit is r2 [mM™! 5]
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6.1.3 Results: in vitro SPION evaluation

In vitro evaluation of MPS performance proved critical to understanding SPIONs
relaxation behavior in biological environments, and thus predicting their in vivo MPI
performance. There are clear differences in the m’(H) of UW-17-86 and Resovist® SPI-
ONs (Figure 6-3) relative to their corresponding m’(H)s in DI water. UW-17-86 SPIONs
showed no loss in MPS signal when dispersed in either blood or RPMI+10%FBS cell-
culture medium, while in 1-wt% agar gel, the signal decreased marginally (~8%). Reso-
vist®, on the other hand, showed an 8% signal loss in blood, and significant loss in cell-

culture medium (53%), and 1-wt% agar gel (74%).

Our results indicate that magnetization reversal in UW-17-86 SPIONSs is inde-
pendent of changes in surrounding media, and thus predominantly Néel, whereas Reso-

vist® has a significant contribution from Brownian relaxation.
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Figure 6-3. In vitro MPS characterization of UW-17-86 SPIONs (left) showed nearly no change
in m’(H) in various biological media unlike Resovist® (right)
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6.1.4 Results: in vivo circulation study

To test the in vivo MPI performance of SPIONs, CD-1 mice were injected with
100 pl-2.0 gFe/L of either UW-17-86 or Resovist® via the tail-vein, and measured the
MPS signal from blood samples collected at various time intervals. Calibration curves of
UW-17-86 (Figure 6-4) showed that the signal was linear with concentration in both
MPS and VSM measurements (Resovist® also shows a linear relationship). Thus, they
were used to quantify the raw SPION signal (Figure 6-5.), which was normalized to
mouse body weight (in kg) and plotted as a function of time (Figure 6-6). Our results
highlight key features that distinguish the in vivo performance of MPI-tailored SPIONs
(UW-17-86) from traditional MRI-based SPIO contrast agents (Resovist®). First, as
UW-17-86 SPIONSs are cleared from circulation, the MPS signal, defined by the m’(H)
peak-height (Figure 6-5(b)), decreases with time; it takes ~5 minutes for the signal to
reach half its initial detected value, and nearly 15 minutes to reach the noise floor
(Figure 6-6(a)). On the other hand, MPS signal from Resovist® nanoparticles is consid-
erably low and nearly absent past 5 minutes of circulation (Figure 6-6(b)). The increase
in signal detected at 5 minutes suggests that the injected bolus takes 0-5 minutes for
uniform distribution, and is subsequently cleared from circulation. Second, unlike
Resovist®, UW-17-86 shows notable agreement between MPS (f = 25 kHz) and VSM (f
~ 5.0 x 10°® kHz) measurements. The latter leads us to conclude that the circulating
UW-17-86 SPIONs are superparamagnetic, as confirmed in the static VSM measure-
ment, but more importantly, are also suitable for MPI since the MPS signal is detected
readily for up to 10 minutes after injection. On the other hand, Resovist® SPIONs de-
tected in VSM are negligibly detected in MPS, suggesting that even though nanoparticles
are in circulation, only a fraction of Resovist® SPIONs are MPI-active; indeed, the in-
ventors of MPI hypothesized that only 3% of Resovist® contributes to MPI [1].

124



S > ]
= T
(_és 0.02 - .530.01 _§
2 7] 3
w g _(~<U ]
o J
e Sean o
0 == S 0.001 =
—20 0 20 | T T T T7T
H uoH [mT] um 100
Conc. ugFe/ml ugFe
—o— 62 —=— 187
—0— 94 1870
t 20 =
$ 7] { ...... (\E‘ 10 N
L & 2
LR B el B S
5 y < ]
£ © 13
5 —20- g 17
= T T T ]

| |
_500 0 500 T T T T T T T
HoH [MT] u 10 100

Conc. pgFe/mi ngFe
...... 47 JEp— 187
.......... 94 1870

Figure 6-4. The (a) MPS and (c¢) VSM signals of UW-17-86 SPIONSs are linear as a function of

concentration, (b) and (d) respectively. For clarity, the MPS signal and magnetization response at
low concentrations are magnified and included in insets.

There are several factors that affect circulation time of nanoparticles, including
hydrodynamic size, surface coating and charge, and opsonization dynamics (Chapter 3).
While it is important that the properties affecting circulation time of SPIONs are opti-
mized, it is also critical that the physical properties optimizing MPI response are pre-
served. Our in vitro study shows that the MPI response of UW-17-86 is predominantly
governed by Néel relaxation; thus magnetization reversal is independent of changes in
the environment and preserved in vivo. Further improvement in circulation time will

entail simultaneous optimization of the surface coating and the core. For instance, de-
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creasing hydrodynamic size to 30-40 nm, while maintaining colloidal stability in biolog-

ical media, will prolong circulation time and enable use of 20 nm (or larger) SPIONs
that show excellent MPI performance.
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Figure 6-5. VSM and MPS measurements of blood samples drawn retro-orbitally at different time
points from mice injected with either UW-17-86 (a & b) or Resovist® (c & d) SPIONs. Com-
pared to the rapid clearance of Resovist® SPIONs, mice injected with UW-17-86 SPIONs
showed a gradual decline in signal from both MPS and VSM measurements.
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Figure 6-6. (a) UW-17-86 and (b) Resovist® concentration in mouse blood as a function of time.
Concentration was determined by comparing the raw VSM and MPS signal with the calibration
curves constructed from known SPION standards (e.g. Figure 6-4). Note the excellent correlation
between concentrations predicted by MPS and VSM measurements in (a), suggesting the MPS
signal from circulating UW-17-86 SPIONSs is available for up to 10 minutes; in comparison,
Resovist® SPIONSs, though circulating, show negligible signal in MPS.
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6.1.5 Results: Biodistribution of UW-17-86 SPIONSs

SPIONs designed for MPI or MFH are tailored precisely by controlling size to re-
spond optimally to an applied frequency. This biodistribution study in mice provides

preliminary biocompatibility and safety assessment of UW-17-86 SPIONS.

For qualitative biodistribution analysis, the relative MRI contrast from axial slic-
es across the abdomen (Figure 6-7 a-c) was used, and the rate of MRI-signal decay (T2-
relaxivity) was used for quantitative analysis (Figure 6-7 d & e). It should be noted that
the MRI signal from mice dosed at 2.0 gFe/L UW-17-86 was quenched (Figure 6-7 (e)),
suggesting a high degree of SPION uptake in the liver. Since the quenched signal is diffi-
cult to quantify, an additional group of mice that was administered a 75% lower dose
(0.5 gFe/L) was included. At 0.5 hours post-injection, both groups (0.5 gFe/L: Figure
6-7(b), and 2.0 gFe/L: Figure 6-7(c) showed an increase in relative contrast in the liver
and spleen, while contrast in kidneys was similar to pre-injection state. At the 24-hour
end-point, a substantial signal recovery to pre-injection levels in the 0.5 gFe/L group
(Figure 6-7(b)) was observed — suggesting SPION digestion through metabolic pathways
in the liver and spleen — while the 2.0gFe/L group showed only marginal recovery
(Figure 6-7(c)).
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Figure 6-7. Image analysis of mice injected with (a) 1X PBS, (b) 0.5 gFe/L and (c) 2.0 gFe/L
UW-17-86 SPIONS; relative contrast in T2-weighted images (TE = 6.28 ms) is the ratio of gray
intensity value in ROI relative to the vertebrae in the same slice. (d & e) T2-plots for measuring
change in relaxivity (4R2) were used to quantitatively determine SPION uptake in liver, spleen
and kidney.

Quantitative analysis of the 0.5 gFe/L-group supported the qualitative assess-

ment (Table 6-2): from 0.5 to 24 hours, AR2 decreases 58.6% (42.3 s to 17.5 s) in the

liver and 54.8% (10.4 s to 4.7 s) in the spleen. Kidney AR2, in comparison, decreases

by a significant 84.8% (6.6 s to 1.0 s) from 0.5 hours to 24 hours. After 0.5 hours

post-injection, there was a 21.9% increase (AR2 = 6.6 s?) in kidney R2 value, which in-
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dicates SPIONSs are still circulating. However, the difference in R2 values (AR2 = 1.0 s!)
between pre-injection and 24 hours post-injection is less than the 5% variability in sig-
nal measurement, thus negligible. Quantitative analysis of the 2.0 gFe/L group is sum-
marized in Table 6-3; liver signal in the 2.0 gFe/L group was quenched and thus not
quantifiable. However, signal in the spleen was quantified and showed an increase in
AR2 from 0.5 hours to 24 hours post-injection, suggesting continued nanoparticle up-
take till the 24-hour endpoint. Histological analysis (Figure 6-8) of tissue sections
stained with Prussian blue further confirms MRI analysis — SPIONs accumulate primar-
ily in the liver and spleen. In summary, preliminary safety assessment of our tracers is
promising, since biodistribution and clearance routes are analogous to clinically ap-
proved SPION contrast agents (Feridex and Resovist®) that are cleared via the RES

[98] with no long-term renal involvement.

Table 6-2. Relaxivities of liver, spleen and kidney before and after injection with 100-ul 0.5
gFe/L UW-17-86 SPIONs. Equation 2 was used to estimate SPION concentration

R2[5 ] R2unt IS 1 AR2 = R2unt - R20[5 ] C [uMFe]

pre-MNT ~ t=0.5h  t=24h t=0.5h t=24h t=0.5h  t=24h
Liver 659 1082  83.4 423 175 2016 834
Kidney 301 367  31.1 6.6 1 315 4.8
Spleen 404  50.8 451 10.4 4.7 496 224

Table 6-3. Relaxivities of liver, spleen and kidney before and after injection with 100-ul 2.0
gFe/L UW-17-86 SPIONS.

R20 [S-I] RZMNT [S-I] AR2 = R2MNT - R20 [S-I] C [uMFe]

pre-MNT  t=0.5h  t=24h t=0.5h t=24h t=0.5h  t=24h
Liver 76.2 2 2 2 -2 -2 2
Kidney 33.8 312 323 -2.6 -1.5 =L -2
Spleen 52.4 53.8  67.1 1.4 14.7 6.7  69.6

a — T2-fit not possible due to quenched signal (see plot for liver in Figure 8e)
b — AR2 values negative
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Figure 6-8. Histology images confirmed MRI observation that nanoparticles accumulated pri-
marily in the liver and spleen, with no accumulation in kidneys. Furthermore, tissue analysis of
heart, lungs and brain showed no nanoparticle accumulation. Tissue sections collected 24 hours
post-injection and stained with Prussian blue (20x magnification). Control group was injected
with 1x PBS. Note the naturally high concentration of ferric iron in the spleen control makes
qualitative comparison between control and SPION group difficult.
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6.2 EFFECT OF HYDRODYNAMIC SIZE ON BIODISTRIBUTION

In this section we will look at the biodistribution of SPIONs as a function of hy-
drodynamic diameter. The biodistribution results of UW-17-86 SPIONs presented in the
previous section are now compared with UW-19-51, which has a 41% smaller hydrody-
namic diameter (Table 6-1). Animal and MR-imaging protocols were similar to that de-
scribed in §6.1.2.3 and 6.1.2.4. In the case of UW-17-86, which has an r2 value half of
UW-19-51, MRI signal in the liver was mostly quenched and unusable at the 2.0 gFe/L
high dose (Table 6-3); as a result, mice were only administered the low dose (0.5 gFe/L
in 100 pl 1x PBS) in the case of UW-19-51. However, due to the high r2 value, the low
dose also quenched the signal and made quantification difficult; thus, only a qualitative
image comparison with UW-17-86 was possible (Figure 6-9). Immediately, the effect of
UW-19-51’s large r2 is evident from the high relative contrast observed in the liver —
since this is only a qualitative comparison, the higher contrast should not be attributed
to a greater quantity of SPION uptake. Furthermore, UW-19-51 shows almost no renal
involvement similar to UW-17-86. Unlike UW-17-86, however, UW-19-51 does show a
gradual increase in liver contrast from 0.5 hour to 1 hour time points, which suggests a
potentially longer circulation time. More importantly, relative to UW-17-86, the differ-
ences in contrast between liver and spleen are substantial in the case of UW-19-51; criti-
cally, UW-19-51 shows significantly low contrast in the spleen. It is possible that the
smaller hydrodynamic diameter of UW-19-51 increases the probability of SPIONSs escap-
ing through the spleen’s interendothelial slits (see Chapter 3 and Figure 3-1) and mini-
mizes their phagocytic uptake by spleen macrophages present in the red pulp [62]. Fur-
thermore, the liver contrast does not show a complete return to pre-injection contrast
levels like UW-17-86; as a result, mice were monitored for a week (Figure 6-10). During
the 7-day monitoring period, MRI signal in the liver gradually declined, suggesting some
of the SPIONSs potentially cleared from the liver; however, signal still did not reach pre-
injection levels potentially because of conversion and storage of excess iron in the ferri-

tin protein. Elevated levels of ferritin in the liver is known to impact liver contrast [99].
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Figure 6-9. Image analysis of mice injected with 1X PBS, 0.5 gFe/L of UW-17-86 and 0.5 gFe/L
of UW-19-51; relative contrast in T2-weighted images (TE = 6.28 ms) is the ratio of gray intensi-
ty value in ROI relative to the vertebrae in the same slice.

After 7 days of MRI monitoring, mice were euthanized and tissue sections from
the liver, spleen, kidneys, heart, lungs and brain were stained for iron with the Prussian
blue stain (Figure 6-11). Compared to the 24 hour post-histology analysis of mice inject-
ed with 0.5 gFe/L. UW-17-86 (Figure 6-8), both the liver and spleen show visually low
amounts of iron 7 days post-injection with 0.5 gFe/L. UW-19-51. Needless to say, the
end-points of the two experiments are 6 days apart, and it is possible that UW-17-86
SPIONs would also show some clearance given longer time. Nevertheless, the decrease
in MRI image contrast with time observed in Figure 6-9 and Figure 6-10 suggest that
both UW-17-86 and UW-19-51 show some clearance of SPIONs from the liver.
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Figure 6-10. Biodistribution of UW-19-51 in mice monitored over a period of 7 days using MRI
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Figure 6-11. Histology analysis of a mouse euthanized 7-days post-injection with UW-19-51. The
tissue sections were stained with Prussian blue stain.
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6.3 EFFECT OF HYDRODYNAMIC SIZE ON CIRCULATION TIME

After evaluating the effects of hydrodynamic size on biodistribution in the previ-
ous section, we now turn our attention to the impact it has on blood circulation time — a
critical performance evaluation parameter for applications of SPIONs in MPI-based vas-
cular imaging or disease site-specific MFH therapy. In this study, the blood circulation
time of UW-17-86, presented earlier in §6.1.4, is compared with UW-20-42, which has
~50% smaller hyrdoydnamic diameter. Animal protocols were similar to those discussed
in §6.1.2.2. Mice (n = 12) were weighed before injection and as in the case of UW-17-86,

administered 2.0 gFe/L. UW-20-42 dispersed in 100 pl sterile 1x PBS solvent.

Raw MPS signal from blood samples collected at various time points and the cali-
bration curve for UW-20-42 is shown in Figure 6-12. Results of the circulation study
and comparison with UW-17-86 are shown in Figure 6-13 below. SPIONs appear to clear
according to the one-compartment pharmacokinetic model, which treats the body as a
single homogenous compartment. According to this model, clearance happens exponen-

tially with a single clearance rate constant:

I =1I,exp(—R *t)
Eq. 6-3
where, I is the SPION concentration at any given time t, I, is the initial concen-
tration and R is the clearance rate constant. After fitting the data, which is presented as
% initial concentration (I/I, x 100%) vs. time, the blood half-life was determined —
blood half-life is the time it takes for the concentration to reach 50% initial concentra-

tion, which is indicated by the dashed horizontal line in Figure 6-13.
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Figure 6-12. (a) Raw MPS data from blood samples collected at various time points. Mice were
injected with 100 pl 2.0 gFe/L. UW-20-42 SPIONSs. (b) MPS calibration curve for UW-20-42.

The results below clearly show that UW-20-42 has a longer circulation time than
UW-17-86; specifically, the blood half-life of UW-20-42 was ~18 minutes compared to
~4 minutes for UW-17-86. Since the core properties of the two samples are very similar
(Table 6-1), it is likely the differences in circulation characteristics are due to the differ-
ences in surface coating and hydrodynamic diameter. Our results seem to agree with the

general notion that blood half-life tends to increase with a decrease in hydrodynamic

size (83.1).
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Figure 6-13. Blood circulation study shows that SPIONs clear according to the one-compartment
pharmacokinetic model. The blood half-life of UW-20-42 SPIONs was 18 minutes, ~4.5x longer
than UW-17-86, which also had twice the hydrodynamic diameter compared to UW-20-42.

6.3.1 One month clearance study of UW-20-42

In addition to circulation time, the clearance of UW-20-42 SPIONs was studied
over a 1 month time period. Mice were administered the low dose — 0.5 gFe/L — due to
the high r2 value of UW-20-42 (Table 6-1). During the 1-month time period, the mice
were routinely monitored and did not show any overt signs of discomfort or deviation
from normal social and eating behavior; on average (n = 3), mice gained approximately
4-8% of their original body weight after the first week of SPION injections. MRI contrast
data averaged from 3 mice is presented in Figure 6-14; tissue histology data is also in-
cluded.
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Figure 6-14. MRI contrast data from liver, spleen and kidneys of mice administered UW-20-42
and monitored for a period of 1 month. Images from tissue histology slides are also included on
the left.

The 1-month clearance study of UW-20-42 SPIONs reveals interesting results
that were not seen previously in the shorter-term studies discussed earlier. The MRI
signal in the liver and spleen continued to increase approximately 7 days into the study,
after which the signal in the liver dropped significantly; signal in the spleen stayed rela-
tively flat during this period. After approximately 11 days, the liver signal spiked again
and then gradually started to decline with time. The signal in the spleen follows the
same trend as the liver after ~15 days. Meanwhile, signal in the kidney always remains
close to the pre-injection levels, suggesting renal involvement is minimal, similar to the
observations with UW-17-86 an UW-19-51 samples. Prussian blue stained tissue sec-
tions show a large amount of iron present in the liver and spleen, while the kidney is

mostly free of iron.

The transient drop in signal 7 days after administration is yet not understood and
further investigation is recommended. However, we can still hypothesize based on exist-
ing understanding about the iron metabolic cycle [100-102] and previous studies on
SPION pharmacokinetics [103,104]. In the body, iron is stored in several forms; majori-
ty of it is stored in the hemoglobin protein, where it plays the crucial role of delivering

oxygen and removing carbon dioxide from cells. Transferrins (Tfs) are a series of Fe-
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binding proteins that regulate the amount of free iron in circulation. One of them is se-
rum-Tf — found in the serum, it circulates to deliver wherever needed. Finally, ferritin is
also an iron-binding protein that stores iron in the ferrihydrite form [102]; it is found
primarily in liver parenchymal cells and is antiferromagnetic [99]. Our results, including
several studies on iron oxide biodistribution and clearance, have shown that SPIONs ac-
cumulate mostly in the liver, most likely by the Kupffer cells lining the sinusoidal capil-
lary walls. Kupffer cells are mainly responsible for recycling iron from senescent eryth-
rocytes and returning it back to one of the iron-binding proteins mentioned above. It is
highly likely that iron captured from metabolized SPIONSs is similarly incorporated in
one of the proteins. In fact, ferritin can store upto 4,500 iron atoms in its cage-like
structure. It is possible that this protein is overexpressed in the liver due to the presence
of excess iron after breakdown of SPIONs in the Kupffer cells, and in large amounts, fer-
ritin is known to affect the T2-relaxivity of the liver for long periods of time as observed
in our results [99]. Further investigation on the exact metabolic pathway of SPIONs
should be done using radiolabeling techniques [98,105]. Independent labeling of the
core and shell should provide the ability to trace the two components as they are cleared

or metabolized in the body.
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6.4 SUMMARY OF IN VIVO RESULTS

Monodisperse SPIONs synthesized in non-aqueous solvents and subsequently
transferred to aqueous phase using PMAO-PEG were administered in mice to study
their biodistribution and pharmacokinetics. UW-17-86 SPIONs showed 2-fold greater
signal per unit mass and 20% better spatial resolution than Resovist® in our 25 kHz
MPS. In the first set of experiments, in vitro evaluation showed that the MPI response
of UW-17-86 SPIONSs, unlike Resovist®, was independent of changes in hydrodynamic
size and the carrier fluid’s viscosity — a critical feature that ensures relaxation will be
preserved in the physiological environment. Furthermore, in vivo circulation time of
UW-17-86 in mice, as measured in our MPS (f = 25 kHz), was 3x longer than Resovist®
and showed excellent agreement with the corresponding static (VSM: t = 100s) meas-
urement. The latter confirmed that the UW-17-86 SPIONS still in circulation are MPI-
capable in vivo, while Resovist® SPIONs though circulating, are unsuitable for MPI.
The biodistribution of UW-17-86 SPIONs in mice was similar to clinically approved

SPIO agents, primarily distributing in the liver and spleen.

Furthermore, biodistribution study of UW-17-86 SPIONs was compared with
UW-19-51, which has a similar coating but smaller hydrodynamic diameter due to the
exclusion of SPION clusters. Both formulations showed minimal accumulation in the
kidneys, which demonstrates their potential safety for CKD patients (§1.1) and a poten-
tial pathway for clearance or breakdown of the iron oxide nanoparticles in the liver. On
the other hand, comparison of blood circulation time with UW-20-42 showed that a
smaller hydrodynamic size resulted in a prolonged blood half-life; specifically, UW-20-
42 had a half-life of 18 minutes, which was 4.5x longer than UW-17-86.
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Chapter 7.
CONCLUSIONS

Optimizing MPI and MFH performance of SPIONs for their respective radiofre-
quency ac-field conditions (MPI: 25 kHz; 40 mTp-ppo and MFH: 375 kHz; 17 mTp-ppo™)
imposes strict constraints on their magnetic relaxation properties, which must be tai-
lored with precise control of SPION size and size distribution. Unfortunately, existing
SPIONs designed for MRI contrast lack such tailored properties, and a new class of
SPIONs with precisely tuned properties and systematically characterized physiological
responses are required. Previous work in our group, conducted in optimizing SPIONs
for MPI (R. M. Ferguson, “Tracer design for Magnetic Particle Imaging: modeling, syn-
thesis, and experimental optimization of biocompatible iron oxide nanoparticles”, PhD
thesis, 2011) and MFH (M. Gonzales-Weyhmiller, “Synthesis, modeling and optimiza-
tion of iron oxide nanoparticles for magnetic fluid hyperthermia”, PhD thesis 2007) has
focused on tuning the magnetic core properties of SPIONs by controlling their size and
size distribution. In this thesis, the focus was on translating the optimized performance
of SPIONs to physiological environments and demonstrating in vivo biocompatibility;
as a result, the core and shell properties were tailored in concert. Since the SPION shell
bridges this translational gap, particular emphasis was given to optimizing and charac-
terizing the surface coating of SPIONs and the process of transferring SPIONs to the
aqueous phase. The key results of this work, and the resulting publications are summa-

rized below:

1. Hydrophobic SPIONs synthesized from the thermal decomposition of Fes+-oleate
were transferred to the aqueous phase using a PEGylated poly(maleic anhydride-alt-
1-octadecen) (PMAO) amphiphilic polymer. The hydrodynamic diameter of SPIONs,
measured using dynamic light scattering, was between 40-60 nm, and the nonionic

methoxy-poly(ethylene glycol) (m-PEG; Mw = 5,000 Da or 20,000 Da) polymer re-
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sulted in a neutral surface charge, suggesting steric stabilization of SPIONs (Figure
4-8). Furthermore, it was found from DLS data that increasing PEG density from a
PEG/PMADO of 20 to 30 inhibited protein adsorption and improved colloidal stability
of SPIONs in serum-rich cell culture medium (Figure 4-9(a) and (b)). However, the
density of PEG did not suggest any major differences in macrophage uptake, rather
SPIONs coated with both variations of PEG showed significantly lower uptake than
carboxy-dextran coated Resovist® (Figure 4-10). Increasing the PEG molecular
weight from 5,000 Da to 20,000 Da was also tested, though still in early stages, the
20,000 Da PEGylated PMAO is promising, showing improved colloidal stability of
bigger SPIONs (~25-27 nm) in serum-rich cell culture medium. Finally, cytotoxicity
study in Jurkat cells (Figure 4-11) showed that PMAO-PEG coated SPIONSs
(PEG/PMAO = 20) in general exhibit low toxicity (~15% from LDH release assay)

and reduced the cell metabolic activity by ~25% (from luciferase assay).

Publications:

AP Khandhar, RM Ferguson, JA Simon, KM Krishnan, “Tailored magnetic
nanoparticles for optimizing magnetic fluid hyperthermia”, J. Biomed. Mater. Res.,

100A:728-37 (2011)

. For MPI, phase transfer using a suitable density of PEG was found to be critical in
demonstrating optimal particle response function (m’(H)) in serum-rich media. Hy-
drodynamic diameter measurements in DLS (Figure 4-9) and m’(H) measurements
in the 25 kHz magnetic particle spectrometer (MPS) (Figure 5-4) combined to show
that either increasing the PEG density from PEG/PMAO of 20 to 30, or increasing
the PEG molecular weight from 5,000 to 20,000 Da prevented (1) protein adsorp-

tion on SPION surface — necessary for demonstrating long-circulation times — and
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preserved (2) the optimum relaxation properties of large core diameter SPIONs for

MPI applications.

Publications:

RM Ferguson, AP Khandhar, KM Krishnan, “Tracer design for magnetic
particle imaging (invited)”, J. Appl. Phys., 111(7):07B318 (2012)

AP Khandhar, RM Ferguson, H Arami, KM Krishnan, “Physical and biologi-
cal optimization of core-shell nanoparticle tracers for in vivo MPI”, 2013 Interna-
tional Workshop on  Magnetic  Particle Imaging (IWMPI), doi:
10.1109/IWMPI.2013.6528377

. Using our 25 nm (core dia.) MPI-optimized SPIONs, we performed phantom imag-
ing in independently developed MPI scanners at Philips Medical Imaging (Hamburg,
Germany) and University of California, Berkeley (Prof. Steven Conolly group). These
first images showed that UW’s size-tuned SPIONs produced 3x brighter images than
Resovist® independent of the imaging system. Furthermore, a point-source meas-
urement in the UCB scanner operating at 7 Tuo*m field gradient showed an imag-
ing resolution of 2.9 mm from UW SPIONs compared to 3.9 mm from Resovist®.
Our preliminary results in collaboration with MPI hardware developers establishes a
benchmark in MPI imaging; however, further improvement in imaging resolution
will be required if MPI is to compete on the clinical platform — the current approach
of coordinating SPION tracer development with MPI hardware development is a key

step towards achieving these goals.
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Publications:

RM Ferguson, AP Khandhar, E Saritas, L Croft et al, “Magnetic Particle Imag-
ing with Safe, Tailored Iron Oxide Nanoparticle Tracers”, IEEE T Med Imaging, in

press.

4. In MFH studies, systematic evaluation of SPIONs at 375 kHz (17 mTppuo™) in a
commercial hyperthermia system showed that SLP of monodisperse SPIONs after
removing clustered SPIONs increased with size according to the Stoner-Wohlfarth
model for predicting power losses (Figure 5-7). Furthermore, extracellular heating in
Jurkat cells with 16 nm SPIONs demonstrated a significant decrease in cell viability
(Figure 5-9). In contrast, the efficacy of intracellular heating was not clear due to the

preliminary nature of the experiments.

Publications:

AP Khandhar, RM Ferguson, JA Simon, KM Krishnan, “Enhancing cancer
therapeutics using size-optimized magnetic fluid hyperthermia”, J. Appl. Phys.,
111(7):07B306 (2012)

AP Khandhar, RM Ferguson, KM Krishnan, “Monodispersed magnetite nano-
particles optimized for magnetic fluid hyperthermia: Implications in biological sys-

tems”, J. Appl. Phys., 109:07B310 (2011)

5. Biodistribution in mice from MRI analysis showed that SPIONs accumulated pri-
marily in the liver, and to some extent in the spleen (Figure 6-10). Prussian blue
stains of tissue sections confirmed liver accumulation. However, large amounts of
iron in the control spleen (injected with 1x PBS) made it difficult to differentiate be-

tween SPIONs and pre-existing iron (Figure 6-8). Critically, MRI data suggested that
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SPIONs showed some clearance or breakdown pathway, mostly in the liver, with
some contribution from the spleen. A one-month clearance study also indicated
some long-term iron retention in the liver, but the nature of the iron — whether iron
oxide or stored in ferritin compartments — was unclear and needs further investiga-

tion.

. Blood circulation studies in mice showed that PMAO-PEG coated SPIONs in general
circulated substantially longer than carboxy-dextran coated Resovist® SPIONs. Fur-
thermore, excellent correlation between static (VSM) and dynamic (MPS) measure-
ments confirms that the circulating PEG-coated SPIONs are indeed suitable for MPI.
Finally, SPIONs with 42 nm hydrodynamic diameter showed 4.5x longer blood half-
life than 86 nm SPIONS, consistent with the general understanding that reducing

hydrodynamic size prolongs circulation time.

Publications for (5) and (6):

AP Khandhar, RM Ferguson, H Arami, KM Krishnan, “Monodisperse magnet-

ite nanoparticle tracers for in vivo magnetic particle imaging”, Biomaterials,

34(15):3837-45 (2013)

RM Ferguson, AP Khandhar, H Arami, L. Hua, et al, “Tailoring the magnetic

and pharmacokinetic properties of iron oxide magnetic particle imaging tracers”, Bio-

med. Tech., 19:1-15 (2013)

The key results and conclusions of this thesis summarized above highlight the

importance of tailoring the core and shell properties of nanoparticles in concert; critical-

ly, because the superparamagnetic core is responsible for the physical properties needed

in MPI and MFH, and the polymer shell is responsible for ensuring the core properties

are preserved in physiological environments, the two are intimately coupled. In order to
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accomplish clinical translation of promising technologies like MPI and MFH, progress
in both hardware and SPION design is necessary. Here, we have demonstrated an ap-
proach to optimizing SPIONs by using in vivo mouse models to provide critical feedback
on SPION performance. In the process, we have already developed a prototype SPION
formulation that offers sufficient blood half-life and sustained MPI signal for future ap-

plications in real-time cardiovascular imaging.

7.1 FUTURE WORK

In this thesis, a lot of emphasis was put on optimizing the surface coatings of
SPIONSs to preserve the fundamental properties of the core responsible for optimum
MPI and MFH performance. The surface coatings were primarily designed to protect the
iron oxide cores from the physiological environment; as a result, prolong the circulation
time of SPIONSs for future applications involving vascular imaging and passive targeting
of tumors for site-specific therapy — passive targeting refers to the accumulation of SPI-
ONs in the affected site due to the EPR effect [59], and without any active targeting or
binding mechanism. The next step is to find ways to functionalize the surface coatings so
as to attach targeting moieties that enable active targeting of disease sites. Targeted
SPION s will also enable disease diagnosis at a molecular level — further work on design-

ing SPIONSs for specific clinical indications should be done.

Secondly, the SPIONs designed in this thesis are already capable of bimodal im-
aging using MRI and, in the future, MPI imaging scanners. SPIONs with multimodal
imaging capabilities will offer clinicians a dynamic diagnostic tool and should be further

researched.

Finally, from a safety perspective, more information on the in vivo toxicity and
metabolism of SPIONSs is required. Radiolabeling of SPIONs with radioisotopes of iron
(e.g. Fesv) should enable researchers to chase the iron specifically linked to the SPIONs

146



and determine the eventual fate of SPIONs. Similar studies should be done on the sur-

face coating materials as well.
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APPENDICES

A. Synthesis of magnetite nanoparticles

Al Fe3*-oleate precursor synthesis

Magnetite SPIONs were synthesized according to a procedure based on the py-
rolysis of the Fe3+-oleate metal fatty acid salt in high boiling point organic solvents. The
Fe3+-oleate precursor was prepared according to published methods [106,107]. In a typ-
ical reaction, 3.23 g (20 mmol) of anhydrous FeCl; (Alfa Aesar) and 17.3 g of oleic acid
(90% tech. grade; Alfa Aesar) were dissolved in 100 ml of anhydrous methanol. A sodi-
um hydrodxide solution (2.4 g of NaOH dissolved in 200 ml methanol) was added drop
wise to the iron chloride + oleic acid solution. The solution was constantly stirred to en-
sure uniform mixing of the NaOH solution. After approximately 2 hours of stirring, a
brown sticky precipitate was formed. After decanting the solvent, the precipitate was
washed 5 times in methanol and subsequently dried under a steady flow of argon gas.
Next, the dry precipitate was dissolved in ~30 ml hexane and washed 4x with DI water
(~300 ml) in a 500 ml separatory funnel. After vigorous mixing, the emulsion was al-
lowed to separate before removing the bottom water layer. Finally, the hexane was re-
moved in a rotary evaporator and the washed Fe3*-oleate was dissolved in 1-octadecene
(ODE, technical grade 90%) to obtain the precursor stock solution, which was protected
from light with aluminum foil and stored at 4°C. The final concentration was typically
set to 18 wt%.
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A.2 Synthesis of hydrophobic oleic acid coated Fe;0,4 na-

noparticles

Synthesis of Fe;O, was based on the La Mer model for synthesizing monodis-
perse nanoparticles. It was accomplished by the thermal decomposition of Fe3+-oleate
precursor in the presence of excess oleic acid surfactant; critically, varying the precursor
to oleic acid ratio allowed precise and repeatable control over SPION size from 10 to ap-
proximately 22 nm (core diameter). For instance, synthesis of 15 nm particles required
0.2 mmol/g of Fe3+-oleate and 3 mmol/g of oleic acid in 2.5 g of reaction solvent (ODE).
The mixture was refluxed overnight (24 h) at 320°C under an argon blanket and vigor-
ous stirring. Nucleation of nanoparticles was observed as a sudden change in color, from
clear to black and the time for nucleation usually varied linearly with the surfactant to
precursor ratio as shown in Figure A.1. Furthermore, increasing the initial Fe-oleate
precursor concentration from 0.5 mM to 1.0 mM delayed the time for nucleation for the
same oleic acid/Fe-oleate ratio, suggesting that scaling up of the reaction will require
calibration of the synthesis to ensure repeatable SPION synthesis. The final product was
collected and washed to remove excess surfactant and solvent. SPIONs were washed 5-6
times with a mixture of chloroform and methanol (1:1 by volume), and separated using a
magnet. Vacuum dried SPION powder was coated with oleic acid and could be easily
dispersed in organic solvents such as toluene or chloroform. Synthesis of iron oxide na-
noparticles in the 23-27 nm (core dia.) range, which is also the optimal size range for
MPI at 25 kHz, reproducibility of the synthesis was found to be low; thus, further re-

search on their nucleation and growth kinetics is currently underway.
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Figure A.1. Nucleation time shows a linear relationship with oleic acid/Fe-oleate ratio. Further-
more, the initial concentration of the precursor also affects the nucleation time.
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B. Core and hydrodynamic size characterization

Since the choice in magnetic nanomaterials for medical applications is restricted
to the iron oxides (maghemite or magnetite), tailoring the size and size distribution of
SPIONSs is the quintessential approach to optimizing their performance for MPI and
MFH applications. Hence, size characterization is a basic requirement for evaluating
SPION performance.

B.1 Size measurements using VSM

The magnetic core diameter of SPIONs is determined from fitting the Langevin
function (Eq. 2-8) to the magnetization curve. Since a typical nanoparticle ensemble
consists of a distribution of sizes, the overall magnetization response is a weighted aver-
age of the particle size distribution (Eq. 2-23). While bigger particles in the ensemble
dictate the initial susceptibility (xo), smaller particles dictate the degree of magnetic sat-
uration (ms= &Ms) achieved in the SPION dispersion, where M; is the bulk saturation
value and ¢ is the volumetric packing fraction. Both y, and ms are determined from the
magnetization curve measured in a VSM as shown in Figure B.1, which is an experimen-
tally measured magnetization curve. The slope of the linear region (left) is yo, and the y-
intercept from the linear fit of m vs. 1/uoH (right) gives ms — the average of the positive

and negative saturation values is used.
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Figure B.1. (left) Slope of the linear magnetization region is the susceptibility, yy, and (right) the
y-intercept from fitting m vs 1/uoH is the saturation moment, m,, of the SPION dispersion.

Chantrell et al [43] used the lognormal size distribution to derive the following

expression for the median diameter (do) of superparamagnetic nanoparticles:

1
d—18ka ()(0><1>3
° | mM, 3mg/ \poHy

Eq. 7-1

where, 1/uoH, is the x-intercept from the linear fit of m vs. 1/uoH in Figure B.1.

The standard deviation, o, of the lognormal distribution is expressed as:
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The effect of size distribution on the magnetization response is illustrated in Fig-
ure B.2. The magnetization curves shown are actual measurements from SPION samples
with similar median diameters. In general, a broader size distribution deteriorates the

overall magnetization response — lower susceptibility and saturation are observed when

0 ~ 0.5 vs. 0.3 in Figure B.2.

m/mg

do (0)
= 19.7 (0.30)
o 19.9 (0.49)
0 .

0 100

MoH [mT]

Figure B.2. Magnetization curves of two SPION samples with similar median diameters but dif-
ferent size distributions. For clarity, only the positive quadrant of the magnetization measurement

1s shown.

Note that the median diameter in Eq. 7-1 is volume weighted and reflects the me-
dian magnetic core diameter; as a result, it is difficult to resolve individual nanoparticle

cores in an ensemble that consists of aggregated nanoparticles because each aggregate

153



behaves like one large nanoparticle. Secondly, at very high concentrations, nanoparticles
can magnetically interact; hence, it is critical that the VSM measurement is done in a
non-aggregating and fairly dilute dispersion of nanoparticles. The results of the fitting
shown in Figure B.1 are summarized in Figure B.3 — SPIONs have a 17 nm median di-
ameter and a standard deviation of 0.2. The solid line shows that the Langevin function

constructed using the same parameters fits the experimental data (filled circles) well.

do=17
17 0=0.2
3 i
= 0
-1 — Langevin fit

ottt
-200 -100 0 100 200

HoH [mT]

Figure B.3. Langevin function fitting to experimental data shows excellent agreement.

B.2 Size measurements using TEM

TEM images provide a direct visual characterization of the physical size of SPI-
ONs; however, unlike VSM measurements that measure the entire sample in a dispersed
state, TEM measures only a fraction of the sample visible in the images. Nevertheless, it
is possible to analyze several hundreds of particles using digital counting methods, such
as the particle size analysis plugin available in the imageJ software. TEM analysis of the
same sample characterized above in Figure B.3. is shown in Figure B.4. The results show
that the TEM size is slightly larger than the VSM size, which is probably due to the VSM

not accounting for the layer of disordered surface spins [108]. Secondly, TEM size
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measurements are number weighted since particles are individually counted; on the
other hand, since VSM measures the magnetic moment of the particles — a volume de-
pendent property — the size is volume weighted. In summary, the contribution of a given
size of particles in a number weighted distribution is proportional to d., while in the vol-

ume distribution the contribution is proportional to d.3.

Figure B.4. TEM image of the sample characterized in Figure B.3; the median diameter, which is
number weighted, is 19 nm and the standard deviation of the lognormal distribution is 0.15. In
contrast, VSM analysis derives a 17 nm volume weighted median diameter with a 0.2 standard
deviation.

B.3 Size measurements using DLS

Unlike VSM and TEM measurements, DLS measures the hydrodynamic diameter
of SPIONSs. Briefly, the hydrodynamic diameter is the total size of the SPIONs that dif-
fuses when dispersed in water, which includes the polymer shell, and often the hydra-
tion layer that is bound strongly to hydrodphilic polymer chains such as PEG. DLS actu-
ally relates the Brownian diffusion of particles to the particle size — bigger particles dif-
fuse slower than smaller ones. The hydrodynamic diameter ds is given by the Stoker-

Einstein equation:
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Eq. 7-3

where, 7 is the carrier fluid’s viscosity (fwater = 1 X 1073 Pa s) and D is the transla-

tional diffusion coefficient of the particles. The Zetasizer Nano S DLS instrument from
Malvern shines a laser on particles and measures the intensity of scattered light using a
time-correlator. The latter constructs a correlogram of intensity as a function of time,
which the software runs through various algorithms to determine the diffusion coeffi-
cient; typically, the intensity correlation as a function of time drops of faster for smaller
particles than bigger ones. The software processes the data and presents the data as an
intensity distribution, which is proportional to dx°, as derived from the Rayleigh scatter-
ing approximation [109]. Due to the di® dependence, the contribution from bigger parti-
cles dominates the signal and a lot of information in the smaller size particles is often
unresolved; hence, it is important to look at volume and number weighted distributions
as well to get a complete picture of the nanoparticles in the dispersion. The software
converts the intensity-weighted distribution into volume (~ di3) and number-weighted
distributions (~ dr). The final data consists of all three distributions, and in perfectly
monodisperse samples, all three distributions align perfectly together; however, in real
dispersions with a relatively monodisperse size distribution, the intensity distribution is
skewed furthest to bigger sizes, followed by volume and number distributions, respec-
tively. DLS data of the same sample characterized using TEM and VSM above is shown
in Figure B.5. Note that the intensity distribution only indicates a single size distribution
with an average diameter of 86 nm, but the volume distribution shows the presence of
some aggregates as indicated by the shoulder located at larger sizes. Furthermore, the
number distribution suggests that the actual number of aggregates is fairly small due to

the predominant single peak at ~ 40 nm.
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Figure B.5. Intensity, volume and number-weighted distributions obtained from a DLS measure-
ment shows the sample has a uniform size distribution. The shoulder in the volume distribution
shows the presence of clusters bigger than 100 nm; however, the actual number is relatively small
as indicated by the single peak at ~40 nm in the number-weighted distribution.
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C. Animal protocols

Ca Justification

SPION tracers are designed for biomedical imaging and therapeutic applications
in humans; thus, it is important to perform biodistribution and blood circulation studies
to accurately determine the fate of the imaging tracers in living animals. SPIONs were

tested in 8-week old female CD1 mice (Charles River).

C.2 Biodistribution study

The goal of this study was to determine the distribution of the tracers within the
organs of the animals, and thus the ultimate fate of the tracers. Specifically, organs re-
sponsible for clearance of foreign materials, but not restricted to, from the body, such as
liver, gall bladder, kidneys and spleen may be inspected. SPIONs were injected in a bo-
lus form via the tail vein of the mouse using a 27 or 30-gauge needle. The injection vol-
ume was 100 pl and the SPION dose — characterized as low, medium or high — was ei-
ther 2.5, 5 and 10 mg Fe;0,/kg body weight, respectively. Prior to injection, animals
were restrained or sedated according to usual procedures provided in Animal Use Train-
ing Session and Mouse Lab Handouts. Mice were imaged in a 14 T Magnetic Resonance
Imaging (MRI) scanner located at UW medicine’s South Lake Union campus. Prior to
imaging in the MRI scanner, 5% isoflurane anesthesia was administered in an induction
chamber until mice were recumbent. During the imaging procedure, which typically
took 15-30 minutes, isoflurane was maintained at 1-2% using a nose cone. The 14 T
MRTI’s circulating water-bath gradient heater was used to provide thermal support to the
mice. Once endpoint was reached, which ranged from 24 hours to 1 month depending
on the study, mice were euthanized via CO. exposure as per standard IACUC methods.

Additionally, cervical dislocation was performed as a secondary method of euthanasia.
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Tissues were harvested and then fixed using 10% neutral buffered formalin for histology

analysis.

C.3 Blood circulation study

The goal of this study was to determine the blood half-life of the SPIONS, and the
time taken for complete blood clearance. For each SPION formulation tested, a total of
15 mice were required — see Table C.1. SPIONs were injected as a bolus in the tail vein of
the mouse using a 27 to 30 gauge needle. The injection volume was 100 pl and the SPI-
ON concentration was 2.0 gFe/L. Prior to injection, animals were restrained or sedated
according to usual procedures provided in Animal Use Training Session and Mouse Lab
Handouts. From each mouse, blood was collected at 2 different time points to determine
the iron concentration — see Table C.1 below for experimental design. The total collec-
tion volume was not to exceed 1% of the body weight. For example, 200 pl is the maxi-
mum allowed for a 20 g mouse. Retro-orbital bleeding under anesthesia (1-4% isoflu-
rane) was used to collect blood samples at various time points. Mice were euthanized by
isoflurane overdose, followed by cervical dislocation as the secondary method.

Table C.1: Experimental design for the blood circulation study. Each SPION formulation required

a total of 10 mice (5 samples+5 controls), and each mouse was bled twice to get a total of 10 data
points per SPION sample or 1x PBS control tested.

Blood collection time points (min) # of mice/SPION formulation
Total of 10 data points PER formulation .
. . Formulation-1
(e.g. time points shown)
5,15 1 x 3 rep.
25,35 1 x 3 rep.
45,55 1 x 3 rep.
65,75 1 x 3 rep.
85,95 1 x 3 rep.
Total mice 15
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